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ELECTRONICS REVOLUTION
Earlier in the century, this country experienced a long era of sustained growth

in many aspects. There was a steady increase in level of education, life expectancy,

and standard of living. Growth of all kinds was welcomed, including industrial

expansion and population increase. A feeling of progress, of achievement, of well-

being was everywhere. As a corollary, a striving for excellence and the search

for understanding were widely admired.

Today the mood of this country has turned pessimistic and negative. Those

who are so inclined can find much evidence to support these views. Growth in

the use of energy in the form of oil was suddenly curtailed in 1974. Growth in

consumption of the kind seen in the 1950s and 1960s will not occur again. That
part of the standard of living that is based on large-scale consumption of energy

is not likely to improve during this century.

However, those who prefer optimism have reason for hope. Human ingenuity

in solving problems is great. And native intelligence has been amplified enor-

mously by the use of knowledge accumulated through research. An important

product of research and a basis for hoping for a bright new future is the vitality

of the continuing electronics revolution. This revolution has been in progress for

about 60 years. Lately its tempo has increased greatly. Until recently its im-

portance was overshadowed by changes brought about by the large-scale expan-

sion in the use of energy. But the electronics revolution promises to be more
important, of more enduring consequence, than the earlier Industrial Revolution.

Some of the great changes brought about by this revolution have gone on

comparatively unnoticed ; at the start they were evolutionary rather than sudden

and drastic. The telephone, which we take for granted, was invented 100 years

ago. Nearly every decade since then, the quality and scope of service have steadily

improved while the cost (measured in constant dollars) is now a tiny fraction

of what it was 50 years ago.

Numerous applications of electronics gradually affected individuals and almost

every component and activity of society. Americans listen to commercial radio

an average of nearly four hours daily. Television has come to most homes.

During the last few years the accelerated tempo of change has led to an increased

impact on society. For example, there is the rapidly burgeoning acceptance of

the citizen's band radio, the worldwide use of the telephone, and the current

astonishingly low prices at which hand-held computers and electronic watches

are being sold. Less evident to the individual but in total more important to

society are new and increasing applications of electronics to process control for

industry, to research equipment, to merchandising, to banking, to management, to

national defense, and to a host of other activities.

This revolution, which is destined to have great long-term consequences, is

quite different in nature from the earlier Industrial Revolution. The Industrial

Revolution was based on the profligate use of energy (mainly fossil fuels) . Much
of its technology was crude, with only a modest scientific or theoretical base. In

large measure what the Industrial Revolution did was to make available and to

employ large amounts of mechanical energy. History may well describe the past

century as the Era of Brute Force.

In contrast, the electronics revolution represents one of the most noble intel-

lectual achievements of mankind. Its development has been the product of the

most advanced science, technology, and management. In many applications

electronics requires little energy. Indeed, one factor that guarantees enduring

impact for the electronic revolution is that it is sparing of energy and materials.

3
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With electronics one can control the disposition of large amounts of energy

and force, but the relationship is much like the use of the brain in directing the

effort of muscles. In some aspects, electronics can be more subtle, more nimble,

more dependable than the brain. In other applications, electronics serves as a

great extender of human capabilities by rapidly carrying out routine but complex

calculations, thus freeing the mind to make intuitive judgments and short cuts

to new insights.

In laboratories devoted to extending the electronics revolution, the use of

powerful investigative tools based on electronics is speeding new developments.

Ultimately, there must be limits to what can be done. However, the barriers are

not yet obvious, and it is clear that the revolution has some distance to go. What
has been accomplished and something of what is possible may be found in the

history and potential of certain solid-state devices. Writing about integrated

circuits formed on silicon chips, Robert N. Noyce has commented:

The cost reductions resulting from higher levels of integration have

been remarkable. The individual diffused transistor sold for a price of

approximately one dollar in 1961, a few years after its introduction.

Today, a 1024 bit memory including over six thousand transistors sells

for about one dollar a few years after its introduction, representing a

cost reduction of about 6000:1 in 15 years. The resulting effect on

equipment costs can be seen in the electronic calculator, which has been

reduced in cost by a factor of 500:1 in the last 8 years, creating a

substantial new market unforeseen only 10 years ago.

Noyce and others are confident that the performance of silicon chips will be

improved by at least a factor of 10. Already a tiny device has the computing

power that earlier required a roomful of tubes and other electronic components.

One of the factors assuring a bright future for electronics is its high degree of

social acceptance. There have been sporadic attacks on various electronic devices

such as computers, but the intensity of criticism has diminished. In comparison

to the level of criticism of chemical products or the environmental concerns

associated with nuclear and fossil fuel energy, objections to electronics have been

few. Broadly available items such as the hand-held computer, electronic watch,

and citizen's band radio enhance the public's feeling of participating in the

benefits of electronics while not bringing with them discernible side effects.

In future, electronics will provide many new tools for humanity.

There are, of course, limitations to what electronics can do. It cannot supply

the basic human needs of food, clothing, and shelter. But it can increase the

efficiency of the processes by which these requirements are met. It can contribute

to economies in the use of energy, for example, by improving the engine efficiency

of automobiles through ignition control. Better electronic communications will

lessen the need for business travel. Solar panels of improved cost and efficiency

may be developed, making them an important energy source.

Just as electronics is increasingly changing the ways in which industry and
commerce are conducted, it has also altered and continues to change the tools

for scientific research, sometimes drastically, and the new tools are creating great

research opportunities.

The use of electronic instrumentation has very much affected the conduct of

research at the Carnegie Institution. In astronomy, it has increased the volume
of the measurable universe by as much as a factor of 50. In the physical and
biological sciences, electronics has expanded the time horizon and vastly increased

the sensitivity and accuracy of many measurements. Human response time is of
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the order of 1/10 to 1/5 second, but electronics enables humans to conduct

experiments with time spans as short as a picosecond (10-12 second).

Two examples may be cited to illustrate the increased sensitivity and ease

of analytical determinations. At one time the analysis of a silicate rock required

a sample of about a gram and the processing occupied about a week's time. A
skilled chemist might complete a dozen determinations in a week. Today, using

the electron microprobe, one can analyze a sample of perhaps 10-10 gram in about

10 minutes.

Another example involves the analysis of a mixture of organic chemicals such

as those found in petroleum. The original work to determine the composition

of a crude oil, the Ponca City crude, required the fractionation of many barrels

of oil—about a million grams—and efforts of many workers extending over about

two decades. Today such an analysis can be performed in a few hours em-
ploying a sample containing a tenth of a gram.

Of comparable importance is the use of small but powerful on-line computers.

These greatly facilitate the accumulation and interpretation of data and free

investigators from dull bookkeeping tasks.

Many of these tools are production models of major instrument makers such

as Hewlett-Packard. But leaders in research do not necessarily wait for some one

else to produce a new device. Indeed, they often become leaders by being first

to develop and exploit a new tool. Developing new tools and using them has

been a tradition and practice at Carnegie installations.

In the past, most new research instruments used at the departments of the

Institution were totally designed by them. The current practice is to combine

commercially available electronic packages such as amplifiers or minicomputers

with home-designed components to make a new device with unique capabilities.

Any account of the electronics revolution, however brief, would be incomplete

without mention of the key role that three Carnegie trustees have had and are

continuing to have in it. William Hewlett's company has made enormous con-

tributions. Scientists and engineers worldwide are impressed with the quality

and usefulness of the many instruments that Hewlett-Packard has innovated.

Lewis Branscomb has had a long association with electronics, and as Vice-

President and Chief Scientist for IBM he is helping guide the development of

new products for that company. Charles Townes, who received the Nobel Prize

for his research in quantum electronics that led to the maser-laser principle,

continues creative work. His current radio telescope studies of molecules in space

and his infrared work are advancing the frontiers of astronomy.

EVOLUTION OF THE INSTITUTION
On the surface the Institution appears much as it did six years ago. The five

major departments retain their names and most of the staff members. However,
there have been substantial changes. Four new directors have taken over, research

programs have evolved, new equipment has been obtained, and major facilities

have been constructed.

Department of Plant Biology

The changes at Plant Biology are particularly satisfying. Under Winslow R.
Briggs the department has become what some consider the world's best center

for plant research. He has built on solid foundations laid by his predecessor.

For many years, C. Stacy French had conducted a small though well-regarded
department. During his tenure, French attracted fellows and guest investigators,
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many of whom were or became leaders in the field. He also provided leadership

in creation and use of new instruments for plant research.

As the time for French's retirement approached, special thought was given to

the opportunities inherent in plant biology. It was obvious that advances in plant

biology might provide great benefits to a world seeking solutions to its problems

of food and energy. The great agricultural research stations could be expected

to conduct excellent studies on existing crops. For Carnegie, the optimal oppor-

tunities for research lay in long-term fundamental studies of plant biology that

carry with them the potential for breakthroughs. Such new knowledge could be

expected ultimately to lead the way to better plants and to better management
of existing species.

For some years the biology of plants did not enjoy so intense a study as that

devoted to other related sciences. The substantial funds available for medically

oriented research had led to great advances in molecular biology and biochemistry.

The emphasis was on studies of microorganisms or animals. But these large-scale

efforts developed concepts, techniques, and powerful equipment applicable to

plant research.

Briggs was fully aware of the possibilities. He was attracted also to the

abundant opportunities for interaction with biology professors and students at

Stanford University. It was clear, though, that to create an establishment com-
mensurate with the opportunities would require extensive renovation of the

laboratories and new construction. The necessary planning, design, and construc-

tion were completed with minimal disruption of. research efforts. The resultant

modern facilities are functional, versatile, and attractive to staff, fellows, and
guest investigators. In addition to standard laboratory equipment for biochemical

studies, the department has controlled plant growth chambers capable of main-
taining a broad range of environments. The department shares a mobile labora-

tory with Stanford (complete with minicomputer) that facilitates in situ studies

in diverse climatic areas. Special equipment is available at the laboratory for

observations on the photosynthetic processes at time spans as short as 10-6

second. Other equipment is designed to measure the absorption spectra or action

spectra of intact plant materials or of membrane preparations. The output of

such devices is electronic, and they arc programmed and their output is processed

by an in-house computer that has time-sharing capabilities.

The research program at the department includes major activities that con-

tinue from the past—studies of the mechanisms of photosynthesis and physio-

logical ecology. Briggs has brought a new program involving himself and others

in the study of membranes. Membranes have a role in photosynthesis, and the

temperature behavior of lipids of membranes is relevant to physiological ecology.

Thus the three major thrusts of the department interact well together.

One measure of the overall quality of the department is its attractiveness to

Stanford biologists and to guest investigators from elsewhere. In his current

annual report Briggs lists the many people who are now finding the department
a satisfying place for scholarship.

Hale Observatories

Astronomers of the Hale Observatories continue to be pathfinders in the

study of the universe and its contents. They are concerned with providing
answers to basic questions: the age of the universe, the formation and evolution

of galaxies and stars, and the nature of bizarre physical processes in x-ray
sources, neutron stars, and black holes. These profound problems have justified

the Institution's largest construction project in several decades—the new observa-
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tory at Las Campanas with its 2.5-meter Irenee du Pont telescope. Staff astron-

omers are at the forefront in developing new instruments for measurement of

the faintest and most remote objects that can be detected. Because optical

astronomy can provide enormous amounts of detailed information about chemical

composition, temperature, pressure, density, strength of gravity, electric fields,

and magnetic fields in particular regions of stars, earth-based telescopes will

continue to have a central role. Hale staff have interacted with observers studying

other portions of the electromagnetic spectrum. They have also been leaders in

developments that have extended the reach of telescopes.

New electronic devices detect and count individual photons. The ability of

telescopes to detect dim and very distant objects is limited by a faint but ever-

present airglow in the earth's atmosphere: That is, even when the telescope is

pointed to areas of the sky where there are no stars, some light is received. With
electronic detectors, it is possible to subtract the airglow effect when spectra

are being recorded. The use of such electronic detectors extends the distance to

which humans can measure the universe. By such means it will be possible to

detect light from an object so distant that the light that reaches us began its

journey 15 billion years ago.

For the Hale Observatories, one of the big developments of the past six years

has been the creation of a major observatory in the southern hemisphere.

The Mount Wilson Observatory of the Carnegie Institution was the world's

leader in astronomy for nearly four decades with its 1.5-meter and 2.5-meter

telescopes. With the inauguration in 1948 of the 5-meter telescope on Palomar
Mountain by the California Institute of Technology, a new powerful tool was
made available to Carnegie staff through an arrangement in which Mount Wilson

and Palomar were operated as a unit in what came to be called the Hale Observa-

tories. With the passage of time, the telescopes at Mount Wilson lost some of

their value because of an increase in scattered light from the metropolitan region.

If the Institution were to provide its share of facilities to the Hale Observa-

tories, it would be necessary to add something new. The southern skies held

relatively unexploited opportunities, and surveys showed that viewing conditions

in north-central Chile were particularly favorable. Initial efforts to obtain outside

support for a 5-meter telescope proved disappointing. However, a gift by
Henrietta Swope and a later gift from the Crawford Greenewalts provided

impetus to the building of an observatory on Las Campanas in the Norte Chico
district- of Chile. Facilities there include a 0.55-meter telescope owned and
operated by the David Dunlap Observatory of the University of Toronto, the

1-meter Swope telescope, and the 2.5-meter Irenee du Pont telescope.

Into the du Pont telescope have gone the products of the genius of two of

the world's most experienced designers and engineers—the optical skill of the

late Ira S. Bowen and the mechanical expertise of Bruce Rule. The 2.5-meter

du Pont telescope is smaller than, for example, the 5-meter Hale at Palomar, so

it takes longer to collect the same amount of light. But its capabilities are unique
among telescopes of its size. The du Pont telescope optics employ principles of

design that make it possible to expose photographic plates 51 centimeters square,

or 12 times the usable area of those employed with the 5-meter at Palomar. The
focal length is the same as the Hale 5-meter, so the du Pont can reach objects

as faint and distant as any other instrument on earth, although requiring more
time. But because of the enormous size of the photographic plates in the du Pont
telescope, it will be uniquely able to perform crucial astronomical surveys. It can
perform surveys three times faster than the huge 5-meter Hale telescope by scan-

ning much greater areas of the cosmos.
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Spectrograph^ observations are crucial to studies of stellar chemical composi-

tion and evolution. To provide maximum efficiency for spectrographic analysis of

light from the south polar region of the sky, a radically new coude system has

been designed that requires only three reflections of light instead of the usual five.

Since at each reflection a considerable amount of light is lost, the new design will

substantially increase the effectiveness of the instrument.

Another feature of the du Pont telescope is its electronic control system that

employs programmable microprocessors. These devices represent some of the

latest advances in electronics. The microprocessors of the telescope's electronic

control system are used to set the telescope accurately and quickly, move the

dome and the windscreen automatically, provide correct rates for driving the

telescope, and assist the astronomer with data acquisition. Automated controls

and sensing devices will permit much of the observing to be done remotely, with

the astronomer in the control room. An integrated closed-circuit television system

permits guiding on very faint objects.

With its exceptionally wide field for direct photography, the du Pont telescope

is well adapted for searching for distant quasars. It is also well adapted for

studying objects that are closer. Observers in the southern hemisphere have the

advantages of studying regions of the sky that have not been so thoroughly

examined as those of the northern. In particular, the Greater and Lesser Magel-

lanic Clouds present special opportunities. They are our nearest galactic neigh-

bors, and they contain very old stars, but they also contain very young ones.

The Magellanic Clouds are very active regions of star formation.

The new telescope is becoming operational at a time of great challenges and
opportunities for astronomy. The subjects are truly cosmic—events at the far

reaches of the universe, events at the beginning of time, the creation and evolution

of galaxies, the birth and death of stars.

Geophysical Laboratory

During the early years of this century, the easily available oil and mineral

resources were heavily exploited. Most of the oil that was formed during hundreds

of millions of years was consumed. At the beginning of this century, the copper

ore being mined contained about 3% of the metal. Currently the average grade

is about 0.7%. The degree of exhaustion of the high grades of various elements

differs, but the overall picture is similar to that of copper.

Man will continue to turn to the earth as an essential source of raw materials.

However, it will be necessary to employ much more advanced knowledge and
technology to the processes.

The Geophysical Laboratory has been a leading source of new information

about the earth. The late W. W. Rubey, one of the founders of modern geology

and a trustee of the Institution, evaluated the work of the Laboratory in an

article published in 1974 as part of a survey of major developments in earth

sciences occurring in the last 50 years. In discussing advances in knowledge about

the petrology of igneous and metamorphic rocks, Rubey cited the Geophysical

Laboratory as having made perhaps the most far-reaching contributions through

applications of principles of physical chemistry. He summarized his discussion

of the Institution's work by saying

It is probably fair to state that the science of petrology has been made
over by the results of experimental work at the Geophysical Laboratory
and by [N. L.] Bowen's theory. Perhaps an even greater contribution

of the Laboratory is one that extends beyond petrology into many
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other fields of science. This is the demonstration that problems of

seemingly hopeless complexity may be divided into simpler, more

tractable parts and brought into the laboratory for analysis and solution.

In general terms the objectives of the Geophysical Laboratory are much the

same as they were nearly 70 years ago. However, the specific research programs

are entirely different, and they are carried out using different equipment. Indeed,

a history of the laboratory would necessarily emphasize a continuing change of

equipment, techniques, and interpretations,, with many of the new tools invented

and developed there. Especially during the past decade, there has been heavy

and increasing use of electronics to better understand the processes involved in

the formation and evolution of the earth.

Various kinds of analytical tools, such as the electron microprobe, Mossbauer
equipment, chromatography coupled with electronic detectors, spectrophotometry,

and micro x-ray crystallography, have shortened the time for determinations by
factors of a hundred or more while diminishing the size of sample required by
many orders of magnitude—in some instances by factors of more than a million.

Much of the analytical equipment utilizes dedicated minicomputers to program

the analytical procedure and to record and analyze the results. Another important

use of electronics is in the storage and retrieval and processing of the vast

amounts of information produced by numerous workers. The rocks of the earth

are many and they have been generated by a variety of processes from differing

starting materials. Over the years many tens of thousands of chemical analyses

have been performed on rocks in laboratories around the world. Information of

this sort is now so voluminous and so widely dispersed as to make its retrieval

and reduction by conventional methods grossly inefficient. Chayes has designed a

computerized information system that efficiently scans a model data base con-

taining 16,000 multicomponent analyses, and he is planning a much larger and
more sophisticated world data base for igneous petrology.

Over the years, the Geophysical Laboratory has been a leader in the invention

and application of high-pressure techniques for the study of minerals. Using a

device that permitted accurate control of pressure and temperature, Yoder made
many pioneering studies at pressures of 10 to 15 kilobars during the 1950s and
1960s. This pressure corresponds to a depth of 30 to 45 kilometers and to the

region of many rock-forming processes. In 1960 Boyd and England developed

a solid media press routinely capable of pressures of 50 kilobars. This device has

been widely copied and used. During the last several years Mao and Bell have
redesigned and extended the range of the diamond press that was originally

developed by Van Valkenberg and others at the National Bureau of Standards.

This year they were able to achieve a pressure of 1200 kilobars and to make
routine measurements at 900 kilobars. They have accordingly been able to study

behavior of minerals at pressures of the core-mantle boundary (2000-2500 km
deep).

Department op Terrestrial Magnetism

Over the years a central thread of the work of the department has been the

physics of the earth and its environs. In the early days, a major effort was de-

voted to study of the earth's magnetic field first by expeditions, including those

of nonmagnetic ships, and then at magnetic observatories. The program was of

considerable practical importance, but after the accumulation of several decades
of data, scientific interest in the work diminished. These magnetic studies were
halted when Merle Tuve returned to the department as director following his



10 CARNEGIE INSTITUTION

very successful war work with the proximity fuze. Geophysical investigations of

seismicity, radioactive dating, and cosmic rays were initiated, and some ionospheric

studies were continued. A long-enduring program in low energy nuclear physics

was carried out. In addition, a dynamic effort in biophysics was successfully

launched and maintained. Interest shifted from the ionosphere to the new science

of radio astronomy and to development of the Carnegie image tube for astro-

nomical observations.

These broad programs of the department continued to progress following

Tiive's retirement in 1966. The biophysics group made many fundamental con-

tributions to molecular biology [see Roberts in Year Book 741- Eventually,

however, as the study of molecular biology matured, the DTM's biophysics

program lost some of its distinctiveness. With reluctance the biophysics program
was phased out.

In 1975 George W. Wetherill succeeded Ellis T. Bolton, who had followed Tuve
as director. Wetherill was trained in physics, and his research had included

geophysics. His current work on physics of the origin and evolution of the solar

system fits well with other research activities in the department.

As the success of DTM's program has shown, a training in physics is particu-

larly useful as a preparation for problem solving. Since the department is for the

most part staffed by physicists, it is not surprising that they have invented,

developed, or adapted many items of electronic equipment.

For example, two developments conceived by the radio astronomy group are

still in routine use at radio observatories. The development of the multichannel

line spectrometer only two years after the discovery of emission from interstellar

neutral hydrogen enabled radio astronomers to study the entire frequency spec-

trum of a region without retuning the receiver for each frequency. The develop-

ment of a traveling feed for large transit radio telescopes greatly increased the

sensitivity of these instruments. Also, image intensifiers developed under the

Carnegie image tube program were distributed to 34 observatories, and their

worldwide use opened a new era in observational astronomy.

The DTM geophysics group has long been recognized for its development of

instrumentation. In the last ten years two significant new instruments have

allowed acquisition of much valuable new seismic data.

In the mid-1960s, Sacks designed a broad frequency band, high dynamic range

seismograph system that for the first time allowed near-source recording of long-

period seismic waves. These seismometers are now produced commercially, and

special features of the magnetic tape recorder which enable stable low-speed

recording have been copied by other seismologists as well as having been in-

corporated into commercial recorders.

Toward the end of the 1960s, Sacks, working with Dale Evertson from the

University of Texas, developed a bore hole strainmeter, and it has now been

demonstrated that this device reliably records earth strain at a sensitivity several

orders of magnitude better than other strainmeters. Major use of this instrument

is being made in the Japanese earthquake prediction program.

In the field of isotope geochemistry, the DTM group was one of the first to

make use of minicomputers for automatic control and data acquisition in the

operation of mass spectrometers. This development increased the efficiency and
reproducibility of mass spectrometric operation enormously, and permitted the

reduction of quantities of data which would otherwise have been prohibitively

large. More than anything else, this made it possible to achieve the precise isotope

ratio measurements needed to carry out the investigations of the sources of

oceanic basalts by Hart and his collaborators.
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Department of Embryology

Few departments have changed as completely during the tenure of a director

as did Embryology under James D. Ebert. When he came to the Institution in

1956, the department was located in crowded quarters in the Johns Hopkins
Medical School. From his predecessors Ebert inherited a world famous collection

of human embryos, a monkey colony, and a program largely geared to primate

embryology. Though the department enjoyed a high standing in its field, the

challenges inherent in the study of morphology of embryos had diminished.

Ebert gradually changed the thrust of the research and moved the department

to a new building on the Homewood Campus of Johns Hopkins. Today there

are practically no vestiges of the earlier program. While the study of development

remains a general goal, the approach to it is largely in terms of molecular biology.

A typical major effort is one devoted to study of the structure, arrangement, and
evolution of genes.

In his last report as director of the department, Ebert has described some of

the changes that occurred during his tenure. A new director, Donald D. Brown,

took over on October 1, 1976. It is too early to guess the direction in which the

department will move. But evolve it will, for the new director has drive and
enthusiasm, and his tastes are somewhat different from those of his predecessor.

Moreover, the exterior environment is changing, and with it new opportunities

will emerge.





The Year in Review

GEOPHYSICAL LABORATORY
Considerable information is available from geophysical, geochemical, peno-

logical, and geological observations at or near the surface of the earth. But one

of the most challenging and tantalizing mysteries is the nature of the deep

interior of the earth.

The Geophysical Laboratory has been particularly active in furnishing the

foundations for intelligent speculation by determining the behavior of minerals

at temperatures and pressures prevalent in the interior of the earth. During recent

years the Laboratory has been a leader in two such major programs. Boyd has

led what now amounts to a sizable international effort to exploit the potential

of nodule suites propelled upward in kimberlite pipes. These mineral assemblages,

which may contain diamonds, originated at depths of about 200 km. In this

year's report are presented the results of examination of nodules from South

Africa, Siberia, and Colorado. These and earlier such studies were facilitated by
the pioneering research at the Laboratory that produced geothermometers and
geobarometers applicable to conditions at the site of origin of diamonds.

Another major program is being conducted by Mao and Bell in their experi-

ments with minerals under great pressures (about 1000 kilobars) in their new
diamond cell apparatus. One of the first steps in developing a physical model of

the earth's deep mantle and core is to determine the physical properties of

minerals and mineral assemblages likely to be there. Among the principal candi-

dates are close-packed oxides and metals including Si0 2 , MgO, iron oxides, and
metallic iron. For work employing the new cell, MgO and eFe were chosen.

Both phases had been studied earlier by shock wave techniques, and it was useful

to correlate those results with findings from static pressure measurements. Com-
pressibility of MgO and eFe was measured in the new study at 900 kilobars. It

was found that no phase changes occurred above 130 kilobars. There was agree-

ment between the shock wave and static results. The data serve to set constraints

on potential mineral properties to an equivalent depth in the earth of 2000 to

2500 km.
Exploration for ore minerals in 1900 was a simple matter. Prospectors roamed

the hills and inspected outcrops of rocks. Later, economic geologists established

empirical procedures based on observations that better guided deeper exploration.

13
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They observed, for example, that many ores are found in relation to geologic

structures. They also noted that such ores seemed to have been emplaced as a

result of motion of fluids through permeable regions associated with breakages

in the rock. A record of processes that have occurred is left in the rocks, because

the fluids react chemically during passage. The nature of the reaction is, of course,

governed by the chemical content of the fluids and the physical conditions at the

time of the reaction. Economic geologists have long used the products of such

reactions as a guide for seeking ore, but there has been no solid theoretical base

for systematizing field observations.

This year Frantz and Mao made considerable progress toward such a theoreti-

cal framework. They developed a general mathematical model to predict quanti-

tatively the mineral sequences that occur by mechanisms known as intergranular

diffusion and infiltration, and this year they solved the equations describing the

thickness of zones and the relative directions of movement of the zone boundaries.

Of particular importance, their theory aids in deducing the direction of transport

of the various species in solution. The model accommodates variable permeabili-

ties, diffusion constants, infiltration rates, and any number of components.

The model has yet to be applied to natural ore deposits; but they did show
its application to the system CaO-MgO-Si0 2-H 20-C0 2 . The mineral zone se-

quences were found to be entirely dependent on the mobilities of the various

diffusing species. The lack of data on diffusion constants will, for the moment,
retard application of the theory. Eventually, however, it will be necessary to

observe only the minerals in the end zones and the thickness of the zones. By
combining these data with the diffusion constants determined in the laboratory,

it will be possible to predict the mineral content and thickness of the intermediate

zones.

The behavior of minerals containing the abundant oxides (Si0 2 ,
A1 2 3 , MgO,

Na 20, CaO, and FeO) is extremely important to the understanding of earth

processes. These common minerals have valuable but limited usefulness as indi-

cators of earlier events in the evolution of igneous rocks. A basaltic lava can

arise from a broad range of original ingredients. In contrast, trace elements can,

in principle, provide much sharper diagnostic tools and they are also of interest

because of potential economic value. The behavior of a given trace element is

partly governed by the major components of the rocks or magmas with which
it is associated. If one or more of the elements present have ionic radius and
valence similar to that of the trace element, the trace element can readily enter

a crystal structure as proxy for the abundant element. When the radii and charge

differ, substitution becomes more difficult and complex. A particularly interesting

set of trace elements are the rare earths. For the most part these have the same
valence (3) but their ionic radii differ systematically. For more than a decade

it has been known that the rare earths are fractionated differently when magmas
are formed or are partially crystallized. But few attempts have been made at

calibrating trace element partitioning within the range of natural abundances.

Mysen has now developed a general method for measuring their fractionation.

In one application he studied the partitioning of samarium between olivine,

orthopyroxene, and a hydrous silicate liquid, using the number of beta-tracks

generated by samarium- 151 as a measure of the amount of samarium present

in the various phases. By this means he was able to determine accurately the

concentration of samarium at levels as low as parts-per-billion.

Mysen found that only approximately 1 ppm Sm can enter olivine and ortho-

pyroxene before the activity coefficients of samarium become dependent on the

samarium concentration. That is, the trace element concentration range of be-
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havior according to Henry's law is limited; the range is 25% larger in ortho-

pyroxene than in olivine. This concentration range in both minerals increases

about 15% per 100°C. He also found the crystal-liquid partition coefficients to

increase with pressure
;
yet increasing temperature results in increased partitioning

of samarium into the olivine relative to liquid, whereas the partitioning decreased

in orthopyroxene relative to liquid. These results are already leading to a more

definitive understanding of what constitutes trace element behavior. The deter-

mination of partition coefficients between crystals and between crystals and

liquid under known conditions will provide a novel method, presumably inde-

pendent of major components, for ascertaining the conditions of formation of

igneous rocks.

DEPARTMENT OF TERRESTRIAL MAGNETISM
During the past decade we have learned a great deal about the origin and

evolution of the earth. We are now reasonably certain that the solar system was
formed 4.6 billion years ago. The oldest rocks that have been dated on earth are

about 3.7 billion years old. From that time to the present, rocks of different ages

were formed, attesting to a restless, changing earth. What of the gap between

4.6 b.y. and 3.7 b.y.? If the earth were our only source of specimens, we could

not hope to learn much about the hiatus. But space exploration has brought

information from other bodies such as meteorites, Mercury, Mars, and especially

the moon. As a result of a detailed examination of lunar samples, events on the

moon from 4.6 b.y. to 3.7 b.y. ago are now fairly well known. The moon, though

a comparatively small body, was at least partially molten very early. It is

generally agreed that the necessary heat was derived from gravitational impacts.

A large body such as the neighboring earth must have had a similar history,

with early melting. The lunar samples also provide information about large-scale

impacts that occurred about 4.0 b.y. ago. Thus there is now a reservoir of infor-

mation about the solar system that merits study and interpretation. Wetherill

has devoted considerable attention to this matter and has arrived at a model
for the accretional history of the solar system that is somewhat different from
the currently accepted view.

It is commonly believed that a very rapid, 103 to 104 year time-scale is a rather

firm constraint on the formation of the moon, and by inference, of the terrestrial

planets as well. The principal observational basis for this is the evidence for very
early chemical differentiation of the moon, coupled with thermal history calcula-

tions that purport to show that this requires rapid accretion to prevent the

limited gravitational energy of accretion from being wasted by radiation into

space. If true, such a constraint would be very useful in limiting the range of

permissible speculation. If false, it would be an obstacle to understanding what
really happened.

The problem is that all serious quantitative theories of planetary accretion

lead to time-scales of approximately 108 years, a discrepancy of 4 or 5 orders of

magnitude (the principal contributors in this area are V. S. Safronov and his

colleagues at the Institute for the Physics of the Earth in Moscow). Safronov
and Ruskol (his wife) have pointed out that the presence of large (about 100

km) accreting bodies could overcome the thermal problem if the heat were buried

below the large craters resulting from their impact. Unfortunately, a quantitative

application of Safronov's theory leads to an initially cool moon.
During the past year Wetherill has pursued this problem, using a stochastic
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simulation of the solar system based on earlier work by Opik and Arnold. This

leads to much larger bodies and higher velocities than those found by Safronov,

and consequently much greater accretional energy—now primarily the kinetic

energy of heliocentric motion of the bodies rather than the gravitational energy

resulting from falling into the gravitational "potential well" of the moon. These

differences arise from the "lumpiness" of the planetesimal distribution and

particularly the presence of the biggest lump, the embryo of Venus accreting

nearby. From this point of view, the initial temperature of the moon and planets

would be high on any accretional time scale, and the range of permissible thermal

and petrological models greatly increased.

Since the beginning, much of the research of the Department of Terrestrial

Magnetism has been strongly oriented toward global problems of the earth and

its history. Today a major program at the department is the study of the earth's

mantle, using the most advanced techniques of geochemistry and geophysics.

In the first few years of the "plate tectonic revolution" it seemed likely that

continents were a superficial feature of the earth, riding along on lithospheric

plates similar to those in oceanic regions. This view has been changing, as a

consequence of several developments: (1) Surface wave dispersion down to the

wavelength-limited depth of 200 km showed the absence of a low velocity zone

under South America. (2) Sacks and Okada have shown that beneath continents

Q and seismicity are high down to 350 km but decrease below that depth. (3)

.

Isotopic and geochemical data on mantle-derived continental rocks show that

heterogeneities are preserved on a time-scale long compared to that of rates of

continental drift.

Because of these developments it is now believed that continental lithospheres

are fundamentally different from those below oceans, and some workers doubt

that there is any asthenosphere at all beneath continents.

This year Sacks and Snoke report direct evidence for a lithosphere-asthenosphere

boundary under South America at a depth of 400 ± 30 km associated with a

transition zone only a few kilometers thick. This evidence is in the form of a

seismic arrival that comes in between the p and s arrivals, which is interpreted

as resulting from an incident s phase converted to compressional waves at a

boundary. Unlike other models, this one fits all aspects of the data, such as

amplitude ratios of the different components. First-motion studies show the

polarity of the boundary—low velocity below, high velocity above. Thus the

bottom of a continent has been found, replacing the Moho, which has been known
to be superficial since acceptance of sea floor spreading and continental drift a

decade ago.

In some astrophysical work, Ford, Peterson, and Rubin report very high

resolution spectra of an e'liptical galaxy, spectra of such quality that at first

glance one would think they were those of a star rather than a galaxy. Previously,

high resolution spectra had been obtained for spirals in which the high abundance
of excited gas results in prominent emission lines. In contrast, these emission lines

are absent in the gas-poor elliptical galaxies; these new spectra are absorption

spectra, resulting from the integrated absorption of the stars in the galaxy. From
these spectra, velocity fields, a preliminary mass model, and a mass/light ratio

as a function of radius have been calculated. This development opens up for

observation the chemical and dynamical history of elliptical galaxies, a pre-

requisite for progress in understanding the reasons galaxies occur in two such

different forms. This development resulted from taking advantage of the high

spatial and spectral resolution of the 4-meter Carnegie image tube spectrograph

at Kitt Peak Observatory. The spectrograph is also being used to study absorp-
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tion spectra of other galactic features, such as the stars in the central bar of

barred spiral galaxies.

HALE OBSERVATORIES
Earlier in this report I discussed the approaching completion of the Las

Campanas Irenee du Pont telescope and described some of its novel features.

Obviously, design and construction of such an instrument places heavy burdens

on staff, on some more than others. But the new construction in Chile was only

one of the tasks to be addressed. The other Hale telescopes must be continually

mantained and upgraded. Electronic control systems have evolved. In addition,

the use of electronics at the observing end of the telescope continues to increase,

and Hale staff are necessarily involved in the design, development, testing, and

use of such equipment. Added to all this are time-consuming tasks such as allo-

cation of observing time and dealing with 60 or more guest investigators.

In spite of all these burdens, which are borne by a relatively small staff, the

Hale Observatories are remarkably productive of advances in astronomy.

The new electronic devices create opportunities, and these are being exploited.

A major new frontier has been created by instruments that can count individual

photons. Sky background can be subtracted so that very distant, faint objects

that had been inaccessible can now be studied.

There are now available digital or linear photoelectric devices capable of

precise photometry on large numbers of picture elements within an optical image.

Such devices are equally important in the focal plane of a telescope and at the

output end of a spectrograph that is attached to the telescope. But the photo-

graphic plate, especially with the most modern emulsions of high information

content and optimum color sensitivity, continues to be improved and is in-

dispensable, particularly for wide-angle recording.

At the Hale Observatories, Sandage and Kristian, using the photographic

method, and Gunn and Oke, using an image tube, are reporting the discovery of

impressive numbers of new faint clusters of galaxies. Such clusters are important

because the brightest galaxy in a cluster has a standard luminosity very nearly

the same for any cluster. From this information the relative distances to such

clusters can be derived, and if the redshift of several galaxies in each cluster can

be measured with the spectrograph, new points in the Hubble diagram of redshift

versus distance can be plotted.

Not only are dozens of distant clusters of galaxies being found, but the pro-

duction of spectra and the measurement of redshifts of galaxies in them is

proceeding at a record rate. For this work Sandage, Kristian, and Westphal are

using an SIT (silicon intensifier target) Vidicon on a prism spectrograph at the

5-meter telescope, while Gunn and Oke are using the SIT-Vidicon with a grating

spectrograph.

Most of the new redshifts being measured are greater than z = 0.2 and a

substantial fraction have z > 0.4. Each of these galaxies is of small angular

extent, and most are much fainter than the uniform light of the sky (airglow

and zodiacal light) that overlies them. Spectroscopy involves subtracting elec-

tronically the spectrum of the sky from that of the object plus sky. The principal

limitation now is not measuring the spectra but rinding faint candidates and
positioning them on the slit. Observing depends upon low-level closed-circuit TV
systems for these operations, which formerly involved the much more difficult

technique of making blind offsets from nearby stars.
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Sandage has made an important discovery of substantial quantities of dust in

regions lying above the galactic plane. Though the finding itself was serendipitous,

it illustrates the benefits of intensive, long-term observational programs of the

kind the Hale Observatories can sponsor. During the last five years while looking

for remote clusters of galaxies, Sandage surveyed extensively the sky in the

region of the north and south polar gaps. During that survey he noted occasional

high latitude fields that have bright nebulous regions often in patterns correlated

over distances of degrees. He was able to show that these structures are reflection

nebulae whose illumination comes from our galactic plane.

Schmidt has analyzed spectroscopic and photometric observations of a com-
plete sample of quasi-stellar sources in the 6-cm National Radio Astronomy
Observatory survey. The value of V/Vmax ,

which measures the position of an

individual source within the available volume, appears to be correlated with the

radio spectral index. Sources with steep radio spectra have a mean V/Vmax

around 0.7, similar to values found previously for quasars in the 3C catalogue of

radio sources and the revised 4C catalogue, most of which have steep radio

spectra. This implies that the space density of these quasars rises steeply with

redshift (declines with cosmic time) by a factor of around 1000 to a redshift of

2.5. In contrast, quasars with flat or inverted radio spectra have a lower mean
value of V/Vmax around 0.52 ± 0.05 (m.e.), consistent with a uniform distri-

bution in space.

Searle is making a comparative study of the chemical history of the globular

cluster systems of the Galaxy, of M31, and the Magellanic Clouds. A more
sensitive method of determining the metal abundance in individual red giants

belonging to a cluster has been developed. In this report year Searle and Zinn

calibrated the new system and began a program to determine the metal abundance
of all globular clusters for which color-magnitude arrays are available. They
are especially interested in remote clusters and other stellar systems on the fringes

of the Galaxy.

In a related investigation Searle has obtained low resolution spectrophoto-

metric scans of 70 of the globular clusters in M31. So far all the observations

appear to be consistent with the idea that the M31 globular clusters differ from

one another in one parameter only—presumably the metal abundance. However,
there are differences between the globular clusters of M31 and the Galaxy, and
those of the Magellanic Clouds. There are also important differences between the

clusters of the Small and Large Clouds.

DEPARTMENT OF PLANT BIOLOGY
In the past ten years very powerful techniques have been developed to study

the structure and action of DNA. Substantial contributions to this important

effort have been made by Carnegie staff. The work of Britten and others at DTM
and of Brown and others at Embryology has been outstanding. Their work has

largely been devoted to animal DNA.
These techniques are now being applied to plants by Thompson and colleagues

at Plant Biology. Thompson reports this year on an analysis of the sequence

organization of pea DNA. The pea genome has a pattern much like that of the

toad Xenopus, with single-copy DNA sequences less than 3000 nucleotides long

interspersed with repetitive sequences. It is already clear that the study of plant

DNA will be a powerful tool in the elucidation of evolutionary relationships in

plants. A typical question is the origin of C4 photosynthesis in Atriplex (saltbush)

and the DNA sequence comparison between C 3 and C 4 species of that genus.
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Using techniques available for examining DNA, Rogler, a fellow, and Thomp-
son have made a useful contribution to knowledge of crown gall tumors and to

the controversial topic of recombinant DNA.
Wounded plant tissue infected with Agrobacterium tumefaciens will, under

appropriate conditions, form tumors that have several physiological properties

in common with mammalian cancer. These properties include non-self-limiting

growth on synthetic medium devoid of hormones and the inability to differentiate

into organized, functional tissue in response to treatments causing such differenti-

ation in normal cultured cell lines. Crown gall tumor cells retain these properties

when cultured in the absence of the inciting organism and, when grafted into

healthy plants, produce tumorous overgrowths.

Recently it was discovered that all pathogenic strains of Agrobacterium

tumefaciens contain one or more large plasmids 1 and that loss of the plasmid

results in loss of virulence. 2 On the other hand, transformation with plasmid

DNA results in acquisition of virulence by the strain acquiring the plasmid.

These two lines of evidence strongly support the hypothesis that the plasmid is a

necessary genetic element for virulence in Agrobacterium.

Rogler and Thompson have described changes in plasmid DNA sequences in

Agrobacterium during either the loss or the acquisition of virulence. In their

report they discuss an instance in which a large deletion in the plasmid genome
is associated with loss of virulence. They also present evidence that acquisition

of virulence may involve replacement of a preexisting avirulent plasmid with a

virulent plasmid derived from another strain of Agrobacterium.

Rogler and Thompson do not attempt to relate their findings to the current

controversy over DNA work—perhaps wisely so. One can choose to view the

results with alarm or with equanimity. Today much recombinant DNA work
uses plasmids of Escherichia coli. The fact that a change in a plasmid of another

bacterium gives rise to crown gall tumors argues for caution when producing

new kinds of plasmids in Escherichia coli. A contrary view is that the patho-

genicity of Agrobacterium tumefaciens arose naturally and doubtless is the

result of innumerable experiments performed by nature. It may well be true, as

some argue, that among the countless experiments on DNA performed by nature

everything and every possible combination has already been tested.

The physiological ecology group continues to make good progress in under-

standing the factors that enable plants to cope with stress and thus to exist under
extreme conditions of temperature, moisture, light intensity, and other variables.

The general approach is to combine field observations using mobile equipment
with laboratory studies. When plants having unusual characteristics are noted

in nature, their photosynthetic machinery can be studied in the laboratory.

In the current report, Mooney, Bjorkman, Ehleringer, and Berry describe

some of their efforts in studying the native flora of Death Valley, California.

Although Death Valley is often identified as one of the hottest and driest en-

vironments on earth, these extremely high air temperatures (exceeding 50°) occur
only in the summer. In winter, relatively cool temperatures (20°C) predominate,
and in spring and fall air temperatures are often around 30° C. Consequently,

1 Zaenen, I., N. van Larebeke, H. Teuchy, M. van Montagu, and J. Schell, J. Mol. Biol, 85,

109-127, 1974.
2 van Larebeke, N., O. Engler, M. Holsters, S. van den Elsaker, I. Zaenen, R. A. Schilperoort,

and J. Schell, Nature, 225, 169-170, 1974.

Watson, B., T. C. Currier, M. P. Gordon, M. D. Chilton, and E. W. Nester, J. Bacteriol.,

123, 255-264, 1975.
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Death Valley provides a broad variety of thermal environments and a unique

opportunity to study the ways plants adapt to these seasonal thermal regimes.

Utilizing the mobile laboratory, the photosynthetic capacity of plants was
measured during the winter (January), spring (March), summer (late May),
and fall (October) seasons. Plants studied included a winter annual (Camissonia

claviformis) , a summer active herbaceous perennial (Tidestromia oblongifolia)
,

and two evergreen shrubs (Larrea divaricata and Atriplex hymenelytra)

.

Under natural conditions the two evergreen shrub species were photosyntheti-

cally active throughout the year, although their maximum photosynthetic rates

were considerably below those of the two that hold their leaves for a short period.

The two herbaceous species, Tidestromia (C 4 ) and Camissonia (C3 ), have ex-

tremely high maximum photosynthetic rates; yet their physiological activities

are restricted for the most part to a single season.

The Cs winter-active annual Camissonia germinates following heavy winter

rains and can, under certain conditions, complete its entire life cycle in six

weeks. This short-lived species has a remarkable capacity to capture sunlight

and fix carbon. Camissonia converts incident photosynthetically active radiation

(400-700 nra) to chemical energy with an efficiency of 8.5%. This is possible

because of the lack of light saturation at midday irradiances, a feature that is

also characteristic of Tidestromia. The in situ midday photosynthetic rate of

Camissonia was higher than the rate measured for such productive crop species

as corn, sorghum, and sugar cane.

Earlier studies had identified Tidestromia oblongifolia as a plant with a high

rate of photosynthesis at elevated temperatures. During the year Bjorkman,
Boynton, and Berry participated in studies to determine the thermal stability of

key components of the photosynthetic machinery responsible for the marked
differences in temperature tolerances between thermophilic higher plant species

such as T. oblongifolia and cool-temperate plants such as Atriplex sabulosa. As
reported last year, the two C 4 species differ in their high temperature stability

in several respects, including the maintenance of semipermeability of the cell

membranes, respiratory activity, and photosynthetic activity. While onset of high-

temperature damage differed by about 10°C in the two plants, photosynthesis

was affected at considerably lower temperatures than either respiration or mem-
brane semipermeability.

This year they studied the effect of temperature on the quantum yield for

photosynthesis by intact leaves with its effect on photosystem I and II activities;

ribulose 1,5-diphosphate carboxylase activity (the C3 enzyme for C0 2 fixation)

;

phosphoenolpyruvate carboxylase activity (the C 4 enzyme for C0 2 fixation) ; and
heat coagulability of soluble proteins as a measure of irreversible denaturation.

It is clear that the best fit with thermal inhibition of photosynthesis in both

cases is with system II activity. In addition, however, there were interesting

differences in heat stability of the C3 enzyme from the two plants, suggesting that

not just lipids but proteins may differ between plants adapted to high tempera-
tures and those adapted to low temperatures.

DEPARTMENT OF EMBRYOLOGY
James D. Ebert, the retiring director, leaves this department after having

brought it successfully through a major era of evolution from classical embryology
to a new form of developmental biology heavily based on molecular biology.

The two major classes of studies at this department are (1) broad-ranging
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fundamental research on DNA—its structure in chromosomes and its behavior

as genetic material and (2) researches aimed at better understanding of the

structure, behavior, and interactions of membranes. The investigations of DNA
are progressing very well and the department has compiled an impressive record

of achievements in this field. The studies of membranes are a newer, evolving

activity in the department which have already been fruitful and which have

great potential. The staff investigators (Fambrough, Muller, and Pagano) are

young and have been brought together fairly recently. Of the three, Fambrough
has been at the department longest and has accumulated an impressive record

of accomplishment in studies of nerve-muscle interactions with emphasis on the

acetylcholine (ACh) receptors in skeletal muscle fiber membranes. In a series

of articles Fambrough and his students and colleagues report on the appearance

of ACh receptors during muscle development, the production and incorporation

of ACh receptors into the surface membranes of myotubes and their subsequent

degradation, the clustering of ACh receptors at newly formed neuromuscular

junctions both in vitro and in vivo, the number and distribution of ACh re-

ceptors in adult rat skeletal muscle fibers, and the time course of change in these

parameters following denervation. They are continuing to explore physiological

aspects of receptor function, examining further the biosynthesis and degradation

of ACh receptors and obtaining more accurate estimates of ACh receptor density

on denervated muscle fiber membranes.
In this year's report, Fambrough and his student Peter Devreotes present a

model for the major events in receptor metabolism. The protein subunits that

are to form the ACh receptor are synthesized inside the muscle cells and are

rapidly assembled into receptor units in the cytoplasm of the muscle cells where

they constitute a "precursor pool." The average residence of a new receptor in

the precursor pool is 2 to 3 hours. Receptors are transferred from this pool to

the surface by an energy-requiring process and are then able to function. The
average half-life of an ACh receptor in the plasma membrane is 22 hours. Re-
ceptors are degraded by an energy-requiring process that involves the internali-

zation of the receptor and transport to secondary lysosomes and then proteolytic

destruction.

In his continuing professional development, Pagano illustrates one of the

principles on which the Institution is based: Andrew Carnegie's advice that the

Institution seek out talented individuals and support them.

Eber-t followed this course in choosing and fostering Pagano. Four years ago,

when this young scholar came to the department, his background was that of a

physical chemist who had worked with some nonliving model membrane systems.

He has since acquired substantial experience in cellular biology, and he and his

colleagues have been using artificially generated lipid vesicles to perturb mem-
brane components in living cells. In the report of the director they present findings

on the interactions of phosphatidyl choline vesicles with murine lymphocytes,

and the physiological consequences of these interactions. Pagano and postdoctoral

fellows Huang and Ozato have shown that the pathways of vesicle-cell inter-

actions enumerated in previous reports (vesicle-cell fusion, adsorption, and lipid

exchange) are exquisitely sensitive to the molecular composition and physical

properties of the artificial vesicles. In the lymphocyte system, the resulting

membrane perturbations lead to altered surface properties and greater prolifera-

tive activity of these cells when stimulated by various mitogens and antigens.

Muller, the most recently added staff member, is tackling the major question

of how single nerve cells are organized into a nervous system. He is especially

looking at the pathways neurons take to reach their targets. For this purpose he
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has been studying activities in the nervous system of the leech. This creature

has a very simple nervous system, yet its neurons behave in many ways like

the neurons of higher animals.

Neurons in this segmented worm are grouped 350 together to form essentially

identical ganglia that are linked in a chain by axon bundles; each ganglion

mediates the reflexes and controls the behavior of its segment. It has been

possible to monitor electrical activity from within single sensory and motor

neurons with microelectrodes and to correlate the physiological activity of func-

tionally identified neurons with their characteristic shape and position within

each ganglion. By recording from pairs of neurons, one can trace synaptic con-

nections, which have been found to be surprisingly uniform and in that sense

predictable between specific neurons.

In his current report, Muller describes the structural details of chemical

synapses, delineates their arrangement on sensory neurons, and explores the

sprouting of sensory neuron terminals.

Staff members active in DNA research include Brown, Dawid, Reeder, and

Suzuki. In a series of investigations inspired by Brown and Dawid, this group

together with fellows and guest investigators have made a significant impact in

developmental, molecular, and evolutionary biology. Studies of "developmental

genetics by gene isolation" have led to new and brilliantly successful approaches

to fundamental questions in development. The department has originated and

exploited techniques for gene purification. Studies of "gene anatomy"—the struc-

ture and arrangement of genes—have resulted in new insights into the mecha-

nism by which multiple tandem genes evolve together.

Brown has a long-term goal of reassembling the macromolecules that enable

DNA to be transcribed with fidelity in the living cell. In this way he hopes to

elucidate the control mechanisms of animal genes. For this purpose he and his

colleagues are now concentrating on the family of genes from Xenopus which

code for the small RNA molecule of ribosomes termed 5S RNA.
This year Brown's group reports progress along several lines. The "transcrip-

tion unit," that is, the region of the Xenopus DNA that is transcribed into 5S

RNA in the living cell, is relatively simple—only 120 base pairs long. Moreover,

the form of RNA polymerase that transcribes this gene in vivo has been identi-

fied. The fact that the mature RNA transcript does not appear to be derived from

a higher molecular weight precursor is especially important: It means that the

true initiation site of transcription from 5S DNA is known. Therefore, one can

detect faithful transcription when it occurs in vitro.

Three different kinds of 5S DNA have been cloned in E. coli by means of the

new recombinant DNA methology, thereby providing an order of magnitude

more material to work with and permitting the careful examination of a single

repeating unit of a tandem gene family. The "restriction maps" of these cloned

DNAs—the sites where they are cleaved by certain restriction enzymes—are

described by fellows Jeffrey Doering and Scott Emmons. Emmons is attempting

to develop an assay for proper transcription. Fellow Nina Federoff is exploring

DNA sequencing methods to determine the exact nucleotide sequence in the

spacer regions of 5S DNA, particularly those regions adjacent to the initiation

site of the gene.

DNA structure continues to hold the attention of several staff members and
fellows. Reeder and Dawid, along with fellow Peter Botchan, report on the

structure of nontranscribed spacer regions in Xenopus ribosomal DNA, based on
studies using cloned fragments of rDNA generated with the restriction endo-

nuclease EcoRI. Fellow Peter Wellauer and Dawid, a staff member, have under-
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taken the first stages of a study of the ribosomal DNA of Drosophila; Dawid
and his colleagues are cloning Xenopus mitochondrial DNA; and Carnegie fellow

Ohshima and staff member Suzuki are attempting to clone the silk fibroin gene.

In all these studies, the department has adhered to the safety standards pro-

posed by the Asilomar Conference on Recombinant DNA.

EDUCATION
To an unprecedented extent this country has become a nation of the here-and-

now with a great part of its efforts and resources devoted to instant gratification.

One of the few but important investments we make for the future is in education.

For most people, formal education stops at graduation from college or before;

comparatively few of these go on for advanced degrees in the sciences to form

the cadre from which our future leaders in science and technology will emerge.

But of the cadre only a fraction achieve creativity. After twelve years of primary

and secondary schools and four years of university, most young people have

mastered the memorizing of facts, have developed some judgment and some
synthetic abilities, and have arrived at a personal identity. But the effort needed

to become a creative scientist and to establish a professional identity is far more
demanding than the struggles of adolescence. Among other things, what is in-

volved is a metamorphism from a fact-accumulating to an idea-producing

organism—a change from depending on the direction of others to confidently

relying on one's own judgments and initiatives. The last two predoctoral years

and the first three postdoctoral years are the critical period. During that time

only those few who achieve the metamorphism are launched on a productive

career. There is evidence to show that a crucial factor in the outcome is the

intellectual environment in which the young scholar is immersed. At the Carnegie

Institution we have diligently sought, and I believe we have succeeded in pro-

viding, optimum circumstances for the metamorphism of our fellows. In turn we
feel that our fellowship program is one of the best kinds of investment that the

Institution and the nation makes for the future.

Each year the departments of the Institution makes contributions to knowledge

that win for them continuing recognition as leaders in their fields. At the same
time staff members enjoy a high reputation for innovation. This aura of success

attracts young scholars, many of whom seek to associate with experts in their

chosen fields and to savor the excitement and intellectual growth that a creative

group fosters. Since the departments can choose from among many excellent

candidates, the quality of our predoctoral and postdoctoral fellows is excellent.

They merit careful tuition and fostering, and they get them.

An important factor is the Institution's policies with respect to staff and
fellows. Staff members are expected to participate actively and personally in

research and teaching. They do not sit at command posts in offices while others

work for them. They devote almost all their time to scholarly activities with

few interruptions for administrative activities. Thus they are highly available

for discussions. Since the ratio of staff to fellows is about one to one, the young
scholars can have all the consultation and instruction they want. The situation

is a modern version of the ideal enunciated nearly a century ago of professor and
student sitting on a log discoursing together.

Optimal intellectual growth of fellows is promoted by another policy of the

Institution. They are encouraged to pursue projects of their own choosing, and
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they are given the kind of back-up in equipment and supplies that is enjoyed by

staff members.

The precise patterns of training differ from department to department, reflect-

ing the needs and opportunities of the respective fields of inquiry. However, some

general patterns prevail throughout the Institution, and these are outlined and

illustrated in an essay on education in the Department of Embryology that was
prepared for this report by the retiring director, James D. Ebert. His comments
follow:

For the past two decades training has been an integral part of the

department's program. It was clear in 1956, as the department prepared

to embark in new directions in molecular developmental biology and

genetics, that even if ample funds and space were available immedi-

ately to undertake all the tasks that had been set, the scientific talent

was not. The world's pool of able developmental biologists then was

small. President Haskins and the director agreed that the catalysis

provided by young minds—graduate students and postdoctoral fellows

—

would be a vital ingredient in the shaping of these new fields.

The wisdom of that decision has been demonstrated repeatedly. A
glance at today's staff tells a part—but only a small part—of the story.

Director-designate Donald Brown and staff members Igor Dawid,

Douglas Fambrough, Ronald Reeder, and Yoshiaki Suzuki all joined the

department initially for training. Thus, students become teachers and

they, in turn, set standards of excellence for new generations of students

to follow.

Douglas Caston, Professor and co-Director of the Developmental

Biology Center at Case Western Reserve University, emphasized this

point recently when he wrote "The experience I gained as a fellow [at

Carnegie] has been the major force in shaping not only my personal

career but in my helping junior colleagues shape their careers."

The department's purpose in offering its training program is to

encourage the development of research scientists. First consideration

is given to students who appear likely, by their intellectual gifts and
intentions, to contribute to the advancement of the field whether in

biology or in medicine. The previous training of applicants, whether in

embryology, molecular biology or genetics, pediatrics or physics, may be

of secondary importance, preference being given to the most promising

students. Thus the department's program has had a profound impact

not only in molecular developmental biology but in the clinical and

mission-oriented fields that draw from the same spring. Caston is a

molecular development biologist, yet his experience is matched by that

of Glenn Rosenquist, one of the nation's leading students of cardiology

and birth defects, now Professor of Pediatrics at the University of

Nebraska Medical Center, who wrote "The two years I spent at Car-

negie Institution were probably the most important years of my entire

career."

Although over the years opportunities have been provided for the

training of undergraduate students of exceptional promise, most of the

department's teaching has been focused on graduate students and

postdoctoral fellows. It is at the graduate and postgraduate levels that

the department's unique resources—both human and scientific—can

have their greatest impact. Several generations of fellows have written

about the department's unique intellectual climate. The department
provides well-organized and well-equipped laboratories where, in Dorothea
Rudnick's words, "Everything peripheral [is] taken care of." In such

an environment the most promising young people can be afforded the
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opportunity to exercise and extend their abilities, enabling them to take

their critical steps toward independence.

A listing of the department's graduate students and postdoctoral

fellows constitutes a veritable "Who's Who" of developmental biology.

Even a cursory glance reveals Carnegie fellows teaching and carrying

forward their research at Harvard, Princeton, Brown, and Rockefeller

Universities; at Virginia, Emory, Case Western Reserve, and Washing-

ton University, St. Louis; at the Universities of California (Berkeley),

Kyoto, Tokyo, and London. They are working actively in departments

of biology, in schools of medicine, and in an enormous variety of both

basic and clinical research institutions.

Thus far we have emphasized the "products" of training, that is, the

students themselves. Yet there is another factor to be considered: The
greatness of the department's contribution to science can itself be

attributed in part to its insistence that teaching and research are

inextricably interwoven. We spoke earlier of the catalysis provided by
young minds. The truth of that observation is reiterated year after

year in the department's Annual Reports. The interaction between staff

member and student is truly reciprocal, with students being an intimate

part of some of the department's greatest achievements. The classic

demonstration of the role of the nucleolus in the synthesis of ribosomal

RNA was provided by a staff member, Brown, working with a fellow,

Gurdon. Similarly, two fellows, Yoshiaki Suzuki and Patrick Gage,

worked closely with Brown in the isolation and characterization of the

gene for silk fibroin. Fambrough's far-reaching studies of the acetyl-

choline receptor sites in muscle have been advanced through the con-

tributions of graduate students Hartzell and Devreotes. Fellow Peter

Wellauer, working with Brown, Dawid, and Reeder, has led the way
in elucidating gene structure.

The crucial nature of the intellectual climate needed for the training

of young investigators is emphasized in our earlier expression "steps

toward independence." Each student or fellow must be considered an

individual. It is difficult, some may say impossible, to teach another

individual how to do research except by example. There must be a

special interplay between student and preceptor. The student or fellow

must be afforded an ample opportunity to, in the words of former

fellow Malcolm Steinberg, now Professor of Biology at Princeton Uni-

versity, "follow his own nose." Steinberg went on to say "The trail I

picked up as a fellow in the Department of Embryology has broadened
' into a significant field of investigation now pursued by many scientists

the world over." Turning again to the clinical side, Gilbert Greenwald,

Professor of Obstetrics and Gynecology at the University of Kansas
Medical Center, wrote "The freedom that I had to pursue a number
of my own ideas gave me the confidence to think that I could embark
on my own career as an independent and . . . imaginative investigator.

I believe the last point is the most important objective to be gained from

any postdoctoral experience.

LOSSES . . .

I am sorry to report that William I. Myers died in January. For 27 years the

board of trustees benefited from the insight and knowledge he acquired during

a career of distinguished service in government and education.

As one of President Roosevelt's top agricultural aides from 1933 to 1938,

Dr. Myers established and headed the Farm Credit Administration. He also
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served as president of the Federal Farm Mortgage Corporation and the American

Farm Economics Association. In addition, he was director of the Federal Surplus

Relief Corporation and the Commodity Credit Corporation.

In 1938 Dr. Myers accepted the chairmanship of the Department of Agri-

cultural Economics at Cornell University. He became dean of the department

in 1943 and held that post until his retirement in 1959. He was director of the

Eisenhower Exchange Fellowships from 1953 to 1969 and was a trustee of the

Agricultural Development Council from 1954 to 1971. He was also a trustee of

the Rockefeller Foundation (1941-1957) and later served on its Board of Con-

sultants for Agricultural Sciences until 1965.

At home in New York State, he was part of the Science and Technology

Foundation and a member of the Council of Economic Advisers and a director

of the Association for Crippled Children and Adults of New York. Dr. Myers
was a director or trustee of six companies as well as Marine Midland Banks, Inc.,

and the New York State Gas and Electric Corporation.

Another loss to the Institution is Berwind P. Kaufmann, the last director of

the Department of Genetics (1960-1962), who died in September 1975. After

distinguishing himself as a professor at Southwestern College and at the Uni-

versity of Alabama, he joined Carnegie Institution in 1936 and remained with

us until our research in genetics was phased out in 1962.

At the department, Dr. Kaufmann's cytological and cytogenetic research made
important contributions to the field, among them the pioneering discovery that

chromosomes contain double spiral bands and the first demonstration of inter-

change between X and Y chromosomes. His studies indicated the association of

RNA with a histone-type protein and of DNA with a tryptophane-rich protein

many years before confirmatory biochemical data were obtained. He also studied

the effects of radiation, especially on chromosomes, and was a member of the

National Academy of Sciences' Committee on Genetic Effects of Atomic Radiation.

After retiring from the Institution, Dr. Kaufmann continued his genetics

research at the University of Michigan, Ann Arbor, as professor of zoology and
botany and senior research scientist. He was made professor emeritus when he

retired from the University in 1967.

I must also report with sorrow the death in January of Rudolph Minkowski, a

staff member of the Hale Observatories from 1937 to 1960. A native of Germany,
he fled to this country in 1935 and became an American citizen in 1940.

Throughout his career he collaborated with another German-born Observa-
tories' astronomer, Walter Baade. Together they studied supernovae, which they

divided into two types on the basis of long sequences of supernovae spectra first

obtained by Minkowski. With Baade, he became interested in radio astronomy,

and in the 1950s was the first to identify and interpret correctly a radio source,

the remnant of a long-dead supernova in the constellation of Cassiopeia. For
years Dr. Minkowski supervised the National Geographic Society-Palomar
Observatory Sky Survey.

Dr. Minkowski received the Bruce Medal of the Astronomical Society of the

Pacific in 1961 and an honorary doctorate from the University of California,

Berkeley, in 1968. After his retirement from Hale, he worked at the University

of California's radio astronomy laboratory.

The decision this year by an exceptionally gifted scientist and administrator

to leave the Institution is, inevitably, cause for regret. Yet our sense of loss is
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assuaged by our pride in the accomplishments of James D. Ebert during the

twenty years he was director of the Department of Embryology. And we look

forward to Dr. Ebert's contributions to developmental biology at the Marine

Biological Laboratory, Woods Hole, Massachusetts, where he is the first full-time

president and director.

Since his appointment as director in 1955 by the late Vannevar Bush, Dr.

Ebert has guided the Embryology laboratory through a metamorphosis that

took it from a place in the forefront of classical embryology to a leading role

in molecular developmental genetics.

Among the outstanding achievements of the Department during Dr. Ebert's

administration are his own work on the cellular and molecular basis of heart

development in embryos, and his studies on the graft-versus-host reaction, the

relation of viruses to tumor formation, and the regulation of DNA synthesis.

Moreover, his leadership and encouragement created a stimulating and supportive

environment in which the research of his colleagues and students also flourished.

In addition to its standing as a foremost research center, the Department of

Embryology has become, under Dr. Ebert's guidance, internationally known for

its advanced training program in developmental biology.

Dr. Ebert's contributions to the scientific community go beyond his research

and his service to his "home" institution. He is professor of biology and pro-

fessor of embryology at The Johns Hopkins University, and he has lectured as

a visiting professor at other institutions in the United States and abroad. He is

the first chairman of the Assembly of Life Sciences of the National Academy of

Sciences; past president of the American Institute of Biological Sciences, the

American Society of Zoologists, and the Society for the Study of Development
and Growth. He is a trustee of the Board of Scientific Overseers of the Jackson

Laboratory, a member of the Corporation of Woods Hole Oceanographic Institu-

tion, and he is on the board of visitors of ten universities. He has served as a

consultant to the U.S. Department of Health, Education and Welfare. And he

has been the editor or a member of the editorial board of half a dozen biological

journals.

. . . AND GAINS

It is our privilege to welcome to the Institution this year two men of out-

standing achievement in their fields. Robert 0. Anderson and J. Paul Austin were
elected trustees at our annual meeting of the board on April 30.

Robert 0. Anderson, chairman of the board and chief executive officer of

Atlantic Richfield Company, has held those positions since 1965. His experience

in the business world is extensive and varied. He joined the American Mineral

Spirits Co. in his native Chicago soon after his graduation from the University

of Chicago in 1939. Within two years he had set up his own corporation, Malco
Refineries, Inc., which later became Hondo Oil and Gas Co. and merged with

Atlantic Richfield in 1963. At that time Mr. Anderson became one of the directors

of Atlantic Richfield.

Although the focus of Mr. Anderson's business career has been in the petroleum

industry, he has been involved in such diverse enterprises as mining, milling, and
general manufacturing. In addition, he operates his own livestock company in

Lincoln County, New Mexico. His experience is further broadened by being a
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trustee of three universities, and a director of the First Chicago Corporation and
the First National Bank of Chicago. His participation in cultural, civic, and
charitable organizations includes chairmanships with the Aspen Institute for

Humanistic Studies and The Lovelace Foundation.

J. Paul Austin, chairman of the board and chief executive officer of the Coca-

Cola Company, has enjoyed a distinguished career with that firm since 1949.

Joining the legal department of the Company in that year, Mr. Austin trans-

ferred to the Coca-Cola Export Corporation the following year and became
the Corporation's president in 1959. In 1962 he was elected the tenth president

of the Coca-Cola Company, in 1966, its chief executive officer, and in 1970,

chairman of the board.

Mr. Austin also holds directorships with other well-known companies, among
them Morgan Guaranty Trust Co. of New York; Dow Jones and Co., Inc.; and
the General Electric Co. He is a trustee of numerous organizations, including the

United States Council of International Chambers of Commerce, the National

Industrial Conference Board, the Rand Corporation, the Twentieth Century

Fund, and the California Institute of Technology. He is also a regent of the

Smithsonian Institution.

Mr. Austin was born in Georgia in 1915 and received his A.B. (1937) and
LL.B. (1950) degrees from Harvard University. He served with the U.S. Navy
in the Pacific during World War II, achieving the rank of lieutenant commander.
He was awarded the Legion of Merit.

When James Ebert moved to Woods Hole, we were especially fortunate to

have Donald D. Brown to take over the direction of the Department of Embryol-
ogy. Since 1961 when he was brought to the department as a promising fellow

by Ebert, Brown has matured in the Carnegie environment, becoming a pioneer

in developmental biology and molecular genetics and a gifted teacher.

Brown attended Dartmouth College and received the M.S. (in biochemistry)

and the M.D. degrees from the University of Chicago in 1956. After interning

at Charity Hospital, New Orleans, he embarked upon a research career, first as

a research associate in the National Institute of Mental Health (1957-1959)

and then as a special fellow of the National Cancer Institute in the Service de

Biochimie Cellulaire, Institut Pasteur, Paris. After a year as fellow at the

Department of Embryology, he was appointed staff member.
A leader in developing techniques for the recombination of animal genes with

bacterial DNA molecules, Dr. Brown was one of the first to isolate animal

genes—from the South African clawed toad Xenopus laevis. He has also studied

the fibroin gene of the larval silkworm Bombyx mori. In recognition of these

accomplishments he was chosen by the National Academy of Sciences to receive

the U.S. Steel Foundation Award in Molecular Biology (1973) and was awarded
the V. D. Mattia Lectureship of the Roche Institute of Molecular Biology (1975).

In 1976 he received the Distinguished Alumni Award from the University of

Chicago Medical School and an honorary D.Sc. from the University of Chicago.

A frequent contributor to scientific journals, Dr. Brown became editor of

Developmental Biology in 1975. He has been president and treasurer of the

Society for Developmental Biology and is a member of the National Academy of

Sciences and a fellow of the American Academy of Arts and Sciences. Con-
current with his work at Carnegie, Dr. Brown is part-time professor of biology

at The Johns Hopkins University.
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The following honors have been awarded to Staff Members during the year:

L. Thomas Aldrich of the Department of Terrestrial Magnetism was re-elected

General Secretary of the American Geophysical Union.

Peter M. Bell of the Geophysical Laboratory received the Exceptional Scien-

tific Achievement Medal of the National Aeronautics and Space Administration.

Donald D. Brown of the Department of Embryology was honored by his

alma mater with the Distinguished Alumni Award of the University of Chicago

Medical School and a D.Sc. degree from the University of Chicago. He also

received the V. D. Mattia Lectureship of the Roche Institute of Molecular

Biology and gave the John M. Prather Lectures in Biology at Harvard University.

Jesse L. Greenstein of the Hale Observatories received several awards, includ-

ing the Distinguished Public Service Medal of the National Aeronautics and
Space Administration, a Medal of the University of Liege, and the Gold Medal
of the Royal Astronomical Society.

James E. Gunn, Hale Observatories, was the first George Ellery Hale Visiting

Professor at the University of Chicago.

Elburt F. Osborn was given the 29th Albert Victor Bleininger Award by the

Pittsburgh Section of the American Ceramics Society.

The Institution has been fortunate in the generosity of its friends and associates.

Gifts from staff, former staff, and trustees, as well as other individuals and
organizations, have added $1,909,000 to the funds for research over the past six

years. Some of the recent donors are the late Dr. Vannevar Bush, Mr. William

Golden, Mr. and Mrs. Crawford H. Greenewalt, Mr. William McChesney Martin,

Jr., Mr. John C. Meyer, Mr. Henry S. Morgan, Mr. Walter H. Page, Dr. George

W. Preston, and Mr. Orley H. Truman.
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FACULTY, FELLOWS, AND STUDENTS
1975-1976

DEPARTMENT OF EMBRYOLOGY
Baltimore, Maryland

Director

James D. Ebert

Director Designate

Donald D. Brown

Staff Members
Igor B. Dawid
Douglas M. Fambrough
Kenneth J. Muller

Richard E. Pagano
Ronald H. Reeder

Yoshiaki Suzuki

Fellows

Peter Botchan

Diana Card
S. T. Carbonetto

Jeffrey Doering

Scott Emmons
Nina Fedoroff

Paul Geshelin

Elizabeth Godwin
Leaf Huang
Yasumi Ohshima
Keiko Ozato

Aileen K. Ritchie

Alex Sandra

Masatoshi Takeichi

Katherine Tepperman
Harvey Wahn
Peter K. Wellauer

Students

Peter Devreotes

John Gardner
Carol Kaushagen
Jose Ramirez

GEOPHYSICAL LABORATORY
Washington, D.C.

Director

Hatten S. Yoder, Jr.

Carnegie Institution Distinguished Professor

Elburt F. Osborn
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Emeritus

Emanuel G. Zies

Staff Members
Peter M. Bell

Francis R. Boyd, Jr.

Felix Chayes
John R. Cronin

Gordon L. Davis

David H. Eggler

Larry W. Finger

John D. Frantz

P. Edgar Hare
Thomas C. Hoering

T. Neil Irvine

Thomas E. Krogh
Ikuo Kushiro

Ho-Kwang Mao
Yoshikazu Ohashi

Douglas Rumble III

David Virgo

Fellows

Richard J. Arculus

Nicholas T. Arndt
Timothy M. Benjamin
John M. Ferry

Anthony A. Finnerty

Toshitsugu Fujii

John I. Hedges
Frank E. Huggins

Gifford H. Miller

Bj0rn 0. Mysen
Howard R. Naslund
Frank S. Spear

Juergen Trochimczyk
Rosemary J. Vidale

E. Bruce Watson
Bernard J. Wood

Students

Julia A. Dill

Dora Y. Lee

Catherine A. McCammon

HALE OBSERVATORIES
Pasadena, California

Director

Horace W. Babcock

Associate Director

J. Beverley Oke
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Staff Members
Halton C. Arp
Eric E. Becklin

Edwin W. Dennison

Jesse L. Greenstein
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INTRODUCTION

In Pentimento* , Lillian Hellman
wrote, "Old paint on canvas, as it ages,

sometimes becomes transparent. When
that happens it is possible, in some pic-

tures, to see the original lines: a tree

will show through a woman's dress, a

child makes way for a dog, a large boat

is no longer on an open sea. That is

called pentimento because the painter

'repented,' changed his mind. Perhaps
it would be well to say that the old con-

ception, replaced by a later choice, is a
way of seeing and then seeing again."

There have been three conceptions of

the Department of Embryology: the

conception of Franklin P. Mall and
George Streeter (1913-1940), the vis-

ion of George W. Corner (1940-1955),
and of the writer (1956-1976). Now
there will be another. By the time this

report is in the hands of its readers, the
Department's fifth Director, Donald D.

Brown, will be charting its course.

The departmental canvas is a large

one, painted and repainted over more
than six decades, not just by four di-

rectors, but by perhaps twenty "mas-
ters" and ten times that number of

their students. Here and there, espe-

cially in the older sections, the paint is

transparent, and one can see and see

again the classic works for which the

Department is justly renowned.
The Department was, for five dec-

ades, the world's leading center for the

study of the human embryo. It

pioneered in the development of pri-

mates for research, having the earliest

successful breeding monkey colony.

Using these animals, large strides

were made toward understanding
menstruation and cyclic changes in the

ovaries and uterus, laying much of the

groundwork for more recent advances
in family planning.

Earlier studies, culminating in Ram-
sey's classic works, set the standard for

^Pentimento: A Book of Portraits, 1973, Little,

Brown & Co., Boston.

research on the primate placenta.

Burns' studies of sex transformation

similarly provided a standard in the

field of sex differentiation. Although
the techniques of cell culture were born

in the neighboring Department of

Anatomy of the Johns Hopkins Medical

School, they came of age in the De-

partment of Embryology especially in

the contributions of M. R. and W. H.

Lewis and, later, Irwin Konigsberg.

During the past two decades the field

of developmental biology has been re-

shaped, as students of development
began to perceive that it should be pos-

sible to understand the factors regulat-

ing the synthesis of specific products

and their assembly during the shaping

of a new organism. The Department of

Embryology has played a part—at

times a key part—in this reshaping

process. However, the paint in these

newer sections of the canvas is not yet

transparent enough for the viewer

—

especially one as biased as the
writer—to make out all of the land-

marks. A few do stand out in bold re-

lief. Donald Brown pioneered in the

isolation and characterization of ani-

mal genes and their immediate prod-

ucts, the ribonucleic acids. His study

with Carnegie Fellow John Gurdon of

an anucleolate mutant strain of the

South African clawed toad Xenopus
constitutes a modern classic, offering

decisive proof of the role of the nuc-

leolus in the synthesis of ribosomal
RNAs. By further exploitation of the

anucleolar mutant, Brown was able to

map the genes encoding these RNAs.
He and his co-workers then proved that

during oogenesis the genes for

ribosomal RNAs are amplified into

about 900 copies. His research then

evolved to the point where it became
possible for him to isolate the genes
coding for the 28S and 18S ribosomal

RNA fragments—the first genes to be
isolated from any eukaryotic cell. A
further extension of these techniques
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culminated in the isolation and charac-

terization of the genes coding for 5S
ribosomal RNA.
Brown and his co-workers then

turned to the question of whether the

amplification of specific genes can be

demonstrated in specialized cell types.

Together with Suzuki, he isolated the

messenger RNA coding for the silk pro-

tein fibroin in the larval silkworm
Bombyx mori. Using this mRNA as a

probe, Brown was able to show that the

fibroin gene is not amplified in the cells

of the silk glands as compared to other

cells, thereby providing strong evi-

dence that the amplification of specific

genes is not a generalized mechanism
of cell differentiation. Brown's and
Suzuki's studies have provided what
may be the most complete account thus

far available of the waxing and waning
of gene action during development.

The group's continuing investiga-

tions have made a significant impact in

developmental, molecular, and evolu-

tionary biology. Studies of "develop-

mental genetics by gene isolation"

have led to new and brilliantly success-

ful approaches to fundamental ques-

tions in development. The Department
has pioneered in the development and
exploitation of techniques for gene
purification, genes of known function

having been characterized with the

long-term goal of reconstructing their

controls in vitro. Studies of "gene
anatomy," the structure and arrange-

ment of genes, have resulted in new in-

sights into the mechanism by which
multiple tandem genes evolve to-

gether.

It was just a decade ago, in his now-
classic articles in Journal of Molecular
Biology and Proceedings of the Na-
tional Academy of Sciences, that Igor

Dawid proved that the so-called cyto-

plasmic DNA of amphibian oocytes,

long an enigma to embryologists, is in

fact mitochondrial. In cooperation with
a series of able postdoctoral fellows and
students, he has explored in depth the
mitochondrial genes (mtDNA) and
their products, the mitochondrial
ribosomal RNAs (mt-rRNAs) and
transfer (mt-tRNAs).

Cell and tissue interactions are the

hallmark of development. The dif-

ferentiation of most cells requires, at

one or more points in their life his-

tories, interactions with their neigh-

bors, and failures in close range tissue

interactions may result in alterations

in the normal patterns of development.
The question has been posed in a gen-

eral way as follows. How does the mic-

roenvironment make its impact on cell

function via the cell membrane? Genes
direct the synthesis of the components
of cell membranes, and must, in turn,

be regulated by signals from the cell

membrane.
A better understanding of the role of

the microenvironment demanded the

capability to analyze cell differentia-

tion in vitro. Of the Department's
achievements in cellular develop-
mental biology in the 1960s one stands

out: Konigsberg's clonal analysis of

myogenesis. His was the first clonal

study of any differentiating cell. We
are indebted to T. T. Puck of the Uni-
versity of Colorado, who first developed
the "feeder layer" technique, enabling
him and others to clone a number of

established cell lines. It was
Konigsberg, however, who modified

the technique and applied it signifi-

cantly in developmental biology. It de-

serves special mention, too, that two
other members of the Department,
Coon and Kaighn, followed Konigs-
berg's initial success with uncommonly
important clonal analyses of chondro-

cytes and liver, and that a former Car-

negie Fellow, Tokindo Okada, has used
his experience in the Department to

great advantage in his studies of

"transdifferentiation" of pigmented re-

tinal to lens cells.

Another significant advance in cell

biology came in DeLanney and Ebert's

description of the graft-versus-host

reaction. .

But single "major discoveries" do not

tell the whole story. Equally important
is the steady flow of consistent, repro-

ducible findings that, over the years,

illuminate an entire subject. For
nearly two decades the Department
was the Nation's, indeed the world's,
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leading center of research on the devel-

opment of the heart, with the work of

DeHaan, Rosenquist, and Ebert being
especially noteworthy.

Finally, mention must be made of

the studies of a number of contributors,

notably Kaighn, Lee, Hay, and
Yoshikawa-Fukada, on the interplay of

tumor viruses and differentiating cells.

Their findings provided many of the
"building blocks" in our current under-

standing of viral oncogenesis.
Yoshikawa-Fukada's first description

of the viral oncogenic sequences, lost

sight of at times because of the flood of

related findings in the cancer virus

field, nonetheless marked her as an in-

novating spirit.

1975-1976

In recent years, no single research

program has attracted more attention

to the Department than Douglas Fam-
brough's continuing exploration of the
acetylcholine receptors in skeletal

muscle fiber membranes. Acetyl-
choline (ACh) receptors are of special

interest to Fambrough and his col-

leagues, both as membrane glycopro-

teins and as elements figuring promi-
nently in neuromuscular interactions.

In a series of definitive articles, they
have reported on the appearance of

ACh receptors during muscle develop-
ment, the production and incorporation
of ACh receptors into the surface mem-
branes of myotubes and their sub-
sequent degradation, the clustering of

ACh receptors at newly formed
neuromuscular junctions both in vitro

and in vivo, the number and distribu-

tion of ACh receptors in adult rat

skeletal muscle fibers, and the time
course of change in these parameters
following denervation. They are con-

tinuing to explore physiological aspects
of receptor function, examining further
the biosynthesis and degradation of

ACh receptors and obtaining more ac-

curate estimates of ACh receptor den-
sity on denervated muscle fiber mem-
branes.

In this year's report, Fambrough and

his student Peter Devreotes discuss in

detail their model for the major events

in receptor metabolism. Its main fea-

tures can be summarized briefly. The
protein subunits of which the ACh re-

ceptor is composed are synthesized

with the usual protein synthesizing

mechanisms of the cells and are rapidly

assembled into receptor units resem-

bling those in the plasma membrane.
These newly synthesized receptors

occur upon some membrane systems in

the cytoplasm of the muscle cells and
are collectively referred to as the "pre-

cursor pool." The average residence of a

new receptor in the precursor pool is

2-3 hours. Receptors are transferred

from this pool to the surface by an
energy-requiring process and are then
able to function. The average half-life

of an ACh receptor in the plasma
membrane is 22 hours. Receptors are

degraded by an energy-requiring pro-

cess which involves the internalization

of the receptor and transport to second-

ary lysosomes and then proteolytic de-

struction. Interested readers will find

the evidence supporting these conclu-

sions in the body of the report, along

with indications of the group's new di-

rections, including a foray into the

membranes of neurons.

Richard Pagano and his associates

are also focusing attention on the cell

membrane, their work being concerned

with the possible dynamic role which
membrane phospholipids and choles-

terol may play in the regulation of cell

behavior. During the past several

years they have utilized artificially

generated lipid vesicles to perturb

membrane components in living cells

in a controlled and systematic way. In

the present report they offer findings

on the interactions of phosphatidyl

choline vesicles with murine lympho-
cytes, and the physiological conse-

quences of these interactions. Pagano,

and postdoctoral fellows Huang and
Ozato, have shown that the pathways
of vesicle-cell interactions, enumer-
ated in previous reports (vesicle-cell

fusion, adsorption and lipid exchange)

are exquisitely sensitive to the molecu-

lar composition and physical properties
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of the artificial vesicles. In the lympho-
cyte system, the resulting membrane
perturbations lead to altered surface

properties and an enhanced prolifera-

tive activity of these cells, when stimu-

lated by various mitogens and anti-

gens.

In a separate line of research, Car-

negie Fellow Masatoshi Takeichi has
explored some of the adhesive prop-

erties of a fibroblastic cell line and re-

ports on his attempts to identify and
characterize membrane proteins which
participate in this phenomenon. Paral-

lel studies on the adherence of lipid

vesicles of known composition to cells

are also discussed.

The importance of cellular interac-

tions is illustrated strikingly in Ken-
neth Muller's studies of synapses in the

leech. The role that a neuron assumes
in the nervous system is dependent
upon the connections that it makes
with other neurons or with peripheral

targets. Therefore, an essential step

both in determining the forces that act

initially to organize the nervous sys-

tem and in characterizing the mecha-
nisms by which a neuron handles, or

integrates, information is to ascertain

the relationship between a neuron's

function and the arrangement of its

synapses. A related problem in

neurobiology has been to determine the

extent that a neuron's shape and other

properties are intrinsic, or whether its

contacts or associations with other

neurons are essential for certain as-

pects of its growth and maintenance.
The nervous system of the leech

Hirudo medicinalis has been particu-

larly favorable for study of the physio-

logical role and functioning of specific

neurons, largely because its organiza-

tion is relatively simple. Neurons in

this segmented worm are grouped 350
together to form essentially identical

ganglia that are linked in a chain by
axon bundles; each ganglion mediates
the reflexes and controls the behavior
of its segment. It has been possible to

monitor electrical activity from within

single sensory and motor neurons with
microelectrodes and to correlate the

physiological activity of functionally

identified neurons with their charac-

teristic shape and position within each
ganglion. By recording from pairs of

neurons one can trace synaptic connec-

tions, which have been found to be sur-

prisingly uniform and in that sense
predictable between specific neurons.

In his current report, Muller de-

scribes the structural details of chemi-
cal synapses, delineates their ar-

rangement on sensory neurons, and
explores the sprouting of sensory
neuron terminals. He also describes

the unexpected discovery of an electri-

cal junction between unpaired Rohde
neurons in neighboring ganglia.

Brown and his colleagues are now
concentrating on the family of genes
which code for the small RNA molecule
of ribosomes termed 5S RNA. The
"transcription unit," that is the region

of this DNA which is transcribed into

RNA in the living cell, is relatively

simple—only 120 base pairs in length.

Moreover, the form ofRNA polymerase
which transcribes this gene in vivo has
been identified. The fact that the ma-
ture RNA transcript does not appear to

be derived from a higher molecular
weight precursor is especially impor-

tant: It means that the true initiation

site of transcription from 5S DNA is

known. Therefore, one can detect faith-

ful transcription when it occurs in

vitro. Using this system Brown hopes
to reassemble the macromolecules
which enable this DNA to be trans-

cribed with fidelity in the living cell. In

this way he hopes to elucidate the con-

trol mechanisms of an animal gene.
This year his group reports progress

along several lines. Three different

kinds of 5S DNA have been cloned \r\E.

coli by means of the new recombinant
DNA methodology, thereby providing

an order of magnitude more material to

work with and permitting the careful

examination of one single repeating

unit of a tandem gene family. The "re-
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striction maps" of these cloned DNAs,
i.e., the sites where they are cleaved by
certain restriction enzymes, are de-

scribed by Fellows Jeffrey Doering and
Scott Emmons. The latter is attempt-

ing to develop an assay for proper
transcription. Fellow Nina Fedoroff is

exploring DNA sequencing methods to

determine the exact nucleotide se-

quence in the spacer regions of 5S
DNA, particularly those regions adja-

cent to the initiation site of the gene.

DNA structure continues to hold the
attention of several Staff Members and
Fellows. Reeder and Dawid, along with
Fellow Peter Botchan, report on the

structure of nontranscribed spacer re-

gions in Xenopus ribosomal DNA,
based on studies using cloned frag-

ments of rDNA generated with the re-

striction endonuclease EcoRI. Fellow
Peter Wellauer and Dawid have under-
taken the first stages of a study of the
ribosomal DNA of Drosophila, Dawid
and his colleagues are cloning Xenopus
mitochondrial DNA, and Carnegie Fel-

low Ohshima and Staff Member Suzuki
are attempting to clone the silk fibroin

gene.

In all of these studies, the Depart-
ment has adhered to the safety stan-

dards proposed by the Asilomar Con-
ference on Recombinant DNA.
Mention has already been made of

the contributions of several fellows

and students. Peter Wellauer, whose
time in 1975-1976 was shared between
California Institute of Technology and
this Department, will return to Swit-
zerland to a new position in the Swiss
Cancer Research Institute in

Lausanne. Scott Emmons will continue
his postdoctoral training at the Uni-
versity of Colorado. Leaf Huang has
taken up his new responsibilities in the
Department of Biochemistry of the
University of Tennessee, and
Katherine Tepperman will join the
University of Cincinnati's faculty.

Keiko Ozato will move to the Johns
Hopkins School of Medicine-Good
Samaritan Hospital.

Continuing in the Department are

Diana Card, a Fellow of the Muscular
Dystrophy Associations of America,

Inc., with Fambrough; Peter Botchan
and Harvey Wahn, with Reeder;
USPHS Fellows Jeffrey Doering and
Nina Fedoroff with Brown; Paul
Geshelin and Yasumi Ohshima, with

Suzuki; Alex Sandra, with Pagano;
Elizabeth Godwin, with Dawid; and S.

T. Carbonetto, with Muller and Fam-
brough.

This brief listing of postdoctoral fel-

lows beings me full circle to my start-

ing point in 1956. In his autobiog-

raphy, Anatomist at Large, George
Corner wrote that the secret of his suc-

cess was his ability to place himself
under wise leaders. His words ring true

for me as well. I would emphasize still

another ingredient: the catalysis pro-

vided by young minds—fellows and
students. When President Haskins and
I began to chart the Department's
course in 1956, a vital principle

emerged. It was clear that even if

ample funds and space were available

immediately to undertake all the tasks

we had set for ourselves, the scientific

talent was not. The pool of able devel-

opmental biologists then was small. It

was agreed, therefore, that training

would henceforth be an integral part of

the Department's program. The wis-

dom of that decision is demonstrated by
a glance at today's staff—Brown,
Dawid, Fambrough, Reeder and Suzuki
all joined the Department initially for

training. Thus the reshaping of the

Department has been gradual, not
cataclysmic. As I wrote in 1956 (Year

Book 55, p. 270), the Department may
be likened to an organism. Although
there has been considerable change or

turnover within its parts, as a whole it

enjoys stability. We achieve what
Rudolph Schoenheimer called a condi-

tion of stability with flux—working
toward a better understanding of the

mechanisms of development, using for

that purpose whatever methods be-

come necessary.
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DEVELOPMENTAL GENETICS BY GENE ISOLATION: THE DUAL
5S DNA SYSTEM IN Xenopus

D. D. Brown, J. Doering, S. Emmons, N. Fedoroff, and E. Jordan

In Year Book 74 (p. 12) we described

our reasons for concentrating on the

family of genes which code for the

small RNA molecule of ribosomes
termed 5S RNA. The "transcription

unit," that is, the region of this DNA
which is transcribed into RNA in the

living cell, is relatively simple—only

120 base pairs in length. The form of

RNA polymerase which transcribes

this gene in vivo has been identified by
Roeder as form III. The mature RNA
transcript does not appear to be derived

from a higher molecular weight pre-

cursor. This observation is especially

important because it means that we
know the true initiation site of trans-

cription from 5S DNA and therefore

can detect faithful transcription when
it occurs in vitro. Using this simple

system we hope to reassemble the mac-
romolecules which enable this DNA to

be transcribed with fidelity in the liv-

ing cell. In this way we hope to eluci-

date the control mechanisms of an
animal gene.

In this report we summarize progress

made along several lines. Three dif-

ferent kinds of 5S DNA have been
cloned in E. coli by means of the new
recombinant DNA methodology (see

Year Book 74). This approach provides

an order of magnitude more material to

work with and permits us to examine
carefully a single repeating unit of a

tandem gene family. We describe the

"restriction maps " of these cloned

DNAs, i.e., the sites where they are

cleaved by certain restriction enzymes
(Doering and Emmons). Various
schemes are being investigated to de-

velop an assay for proper transcription

(Emmons). DNA sequencing methods
will determine the exact nucleotide se-

quence in the spacer regions of 5S
DNA, particularly those regions adja-

cent to the initiation site of the gene
(Fedoroff). We have two new species of

Xenopus obtained from the collection of

M. Fischberg of Geneva, Switzerland.

We have purified partially the princi-

pal 5S DNA component from each of

these. Although we will not describe

these experiments in this report, we
have a specific purpose for isolating the

genes from different species which en-

code the same function. The spacer re-

gions that separate the genes have di-

verged considerably in their nucleotide

sequences. Control regions within
these spacers are likely to be con-

served. By comparing the nucleotide

sequences in comparable regions of 5S
DNA isolated from different species we
can identify possible control regions.

Preparation of 5S DNA
Recombined with the Plasmid

PMB9
D. D. Brown and E. Jordan

We have used exclusively the plas-

mid PMB9 for recombining with, and
cloning, Xenopus 5S DNA. This circu-

lar plasmid has a molecular weight of

3.5 x 106 (5400 base pairs). It has a

single site for several restriction en-

zymes into which foreign DNA can be

introduced and joined. We have used
the plasmid site that is cleaved by the

enzyme Hindlll for insertion because
three different Xenopus 5S DNAs also

have Hindlll sites. This enzyme leaves

at each end four nucleotide single-

stranded regions that are complemen-
tary and can be joined by ligase.

Xenopus laevis oocyte-type 5S DNA
has a single Hindlll site once per re-

peat, and Xenopus mulleri oocyte 5S
DNA has irregular Hindlll sites which
occur on the average about once every
four repeats. The newly isolated 5S
DNA from Xenopus mulleri also has a

single Hindlll site per repeat. The
scheme for insertion is as follows. The
plasmid is digested to completion with
Hindlll. The 5S DNA is digested either



DEPARTMENT OF EMBRYOLOGY 13

completely or partially with Hindlll,

depending upon whether monomers or

multimers are to be inserted. The
plasmid and 5S DNAs are mixed and
joined with T4 ligase. The bacteria are

transformed with the recombined
DNA. Those bacteria which incorpo-

rate a plasmid can be selected by their

resistance to colicine or tetracycline.

Grunstein and Hogness (Proc. Nat.

Acad. Sci. 72, 3961, 1975) devised a

simple screening test to detect bacteria

that contain a specific inserted gene.

Many individual colonies are grown on

a filter paper disc and their DNA is

immobilized on the paper after al-

kaline denaturation. The filter is then

hybridized with iodine- 125 labeled 5S
RNA. Only the clones that contain 5S
DNA hybridize with the 5S RNA and
become radioactive. The radioactive

clones are located by exposing the fil-

ters to x-ray film. Individual clones are

grown up for analysis. Figure 1 demon-
strates one such screening experiment.

This method of colony hybridization

not only simplifies the identification of

bacteria that contain 5S DNA sequen-

ces, but it avoids growing large amounts
of bacteria that might contain un-

known DNA sequences. Such bacteria

remain on the agar plate and are auto-

claved. Since 5S DNA occurs as a tan-

dem gene family, no other DNA
molecules are likely to be inserted into

a plasmid with the 5S DNA fragment.

These considerations are important be-

cause of our continuing concern with
safety precautions, especially when
there is a possibility of cloning un-

known animal DNA fragments. The
colony isolation method described
above minimizes this possibility. In

addition we have introduced a "chemi-
cal" containment step during the isola-

tion of recombinant DNA. When we
grow E. coli cultures containing a re-

combined plasmid, we kill the bacteria

before isolating their plasmid DNA.
This step is achieved simply by adding
small amounts of chloroform to the cul-

tures just before harvesting. No viable

bacteria remain after five minutes of

chloroform treatment.

Fig. 1. Autoradiograph of bacterial colonies

that had been hybridized with 1J3I-labeled 5S
RNA. Tetracycline-resistant colonies (containing

the plasmid or plasmid plus 5S DNA insert) were
grown on the filter paper, treated with alkali to

denature DNA, neutralized, dried, and hy-

bridized with the radioactive RNA. The excess

radioactivity was removed, and the labeled col-

onies containing 5S DNA molecules were de-

tected by autoradiography. Top, a photograph of

three filter papers with dried colonies. The mid-
dle filter contains bacteria that had been trans-

formed with PMB9 recombined with X. laevis

oocyte-type 5S DNA. Bacteria on the other two
filters were transformed with PMB9 recombined
with X. mulleri oocyte-type 5S DNA. The film

itself is shown in the middle panel, and it has
been placed over the filters to show which ones
contain the 5S DNA insert (bottom panel).
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The Structure of X. laevis Oocyte-Type

5S DNA
A model for one repeating unit of X.

laevis oocyte-type 5S DNA (XLo) was
first published in Year Book 74. This

model is refined and corrected in Fig. 2.

The A+T-rich spacer region was placed

erroneously at the 3' end of the trans-

cription unit (the 5S RNA gene). We
know that there is a short A + T-rich

region adjacent to the 3' end of the

gene from the experiments of R. D.

Brown {Year Book 74). However, the

recent sequencing studies by Claude
Jacq and George Brownlee at the Med-
ical Research Council Laboratory of

Molecular Biology in Cambridge, Eng-
land, have shown that the principal

A+T-rich spacer region is at the 5' end
of the transcription unit. Our current

model (Fig. 2) incorporates this change
in orientation. The A+T-rich 15-mer
oligonucleotides that comprise most of

this region are designated by short dot-

ted lines. Their exact location and
number are unknown. Jacq and
Brownlee also partly sequenced an in-

teresting region called the "pseudo-

gene," which differs from the gene se-

quence by only six bases in the region

from residue 45 to residue 100. The
terminal 20 nucleotides are completely

different; sequencing of the first 44
nucleotides is incomplete. The recogni-

tion site for the restriction enzyme
Haelll (Fig. 2) occurs in a part of the

pseudogene which is analogous to a

corresponding region in the gene. The
other Haelll sequence found in the

gene is missing in the pseudogene. The
function of the pseudogene is unknown.

Restriction Enzyme Maps of Two
Cloned Fragments ofI. mulleri

Oocyte-Type 5S DNA
J. Doering and S. Emmons

The restriction enzyme Hindlll cuts

X. mulleri oocyte-type 5S DNA (Xm )

occasionally yielding fragments which
are heterogeneous in length. Frag-
ments from a complete Hindlll digest

of Xm were cloned by the methods de-

scribed above in E. coli HB101 using

the plasmid PNB9. Two of these cloned

fragments were selected for detailed

study.

Xm 3 is a 2700 base-pair fragment.

It is cut by the restriction enzyme
Hpall into four fragments, the smallest

of which is present in two copies. To
determine the order of these frag-

ments, Xm 3 was end-labeled using

a-32P-labeled ATP and T4 polynuc-

leotide kinase. The labeled DNA was
digested with the enzyme and the

fragments run on a gel. Radioactive

terminal fragments were identified by
autoradiography. The order of the re-

maining fragments was deduced from
the sizes of partial digestion products

(Fig. 3). The pattern of fragments ob-

tained after double digestion with
Hpall and Haelll was indistinguish-

able from that obtained with Haelll

alone, indicating that all Hpall sites

are very close to Haelll sites. This im-

plies that Hpall cleaves only within

the gene sequence itself, since the rec-

ognition sequence for Hpall occurs

next to an Hae site in X. mulleri

oocyte-type 5S RNA. The restriction

map in Fig. 3 was constructed using

A + T regi on

Hind
nr

G + C region

Hind
Gene Pseudogene HE

*-$'

327- 507-

Hae Hae

->+« 120

Hae

-103 -H

Fig. 2. Model of one repeat ofX. laevis oocyte-type 5S DNA. Restriction enzyme sites are included.

The numbers refer to base pairs.
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Hind
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m

->!&*- +*fi 190*^190^7*-

190 100

t=Hpa H
I
=Hae m

: EHae HI (UNCERTAIN)

Fig. 3. Restriction map of oneX. mulleri oocyte-type cloned fragment (Xm„3). The numbers refer to

base pairs. Some cleavage sites are tentative. They are shown as dotted lines.

end-labeled fragments, partial digests,

and Haelll digests of each Hpall frag-

ment.
Xm l is an 800 base-pair fragment

containing one Hpall site, one Hhal
site, and six Haelll sites. A map is

being constructed using the methods
described above.

Characterization of a New 5S
DNA fromI. mulleri

J. Doering

In the search for the 5S DNA coding

for the somatic-type 5S RNA, new 5S
DNA-containing satellites were iso-

lated from both X. laeuis and X. mul-
leri. The new X. laevis 5S DNA was
found to code for a 5S RNA different

from both the oocyte and somatic types

(Year Book 74, p. 13).

The kind of 5S RNA gene carried by
the newX mulleri 5S DNA is still un-
known. Table 1 lists some characteris-

tics of Xm-new DNA compared with
those of the oocyte-type 5S DNA from
X. mulleri. The partially purified new
5S DNA from X. mulleri (Xm-new) is

cut by the restriction enzyme Hindlll
into homogeneous 900-base-pair frag-

ments (Fig. 4). Higher molecular
weight DNA is also present after diges-

tion, but only the 900-base-pair frag-

ments hybridize with 5S RNA. Frag-
ments from a complete Hindlll digest

of Xm-new were cloned by the methods
described above. The Xm-new DNA
from one clone has been subjected to

detailed study.

Fig. 4. Electrophoresis in a 2% acrylamide,

0.5% agarose composite gel of Hindlll digests of

Xm-new 5S DNA (left), purified from the ani-

mal's DNA, PMB9 containing one Xm-new 5S
DNA insert (middle), and a mixture of these two
samples (right). Electrophoresis is from top to

bottom.
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TABLE 1. Characteristics of the Newly Isolated 5S DNA fromX. mulleri

Compared toX. mulleri Oocyte 5S DNA

Oocyte-5S DNA New 5S DNA

Density (g/cm:i

) 1.695 1.712

Average no. of repeats 9000 700
Repeat length (base pairs) 1400 900
Length heterogeneity great not detectable

Strand separation in alkaline CsCl yes yes

5S RNA coding strand light light

Restriction Enzyme Sensitivity (cuts/repeat)

EcoRI resistant resistant

Hindlll less than one 1

Hpall variable 3

Hhal variable 2

Haelll variable > 5

The cloned Xm-new DNA has a

biphasic melting curve, and both re-

gions are high in G+C content. Haelll,

which cuts DNA at the sequence 5'-

GGCC-3', digests about one-third of

the 900-base-pair fragments into pieces

of less than 40 base pairs. This
suggests that the spacer has a short re-

peating sequence that contains a re-

petitive Haelll cleavage site. The
spacer region of cloned Xm-new DNA
has little, if any, homology with Xm 3

DNA by hybridization criteria. While
E. coli RNA polymerase was found to

transcribe the noncoding strand of X.
laeuis oocyte-type 5S DNA preferen-

tially, the enzyme transcribes both

strands of cloned Xm-new DNA about
equally.

A restriction enzyme map of the

cloned Xm-new DNA is being con-

structed in preparation for sequencing
studies to determine what type of 5S
gene the new DNA carries.

Reconstruction of 5S RNA
Transcription

S. Emmons

Our efforts to devise a system in

which to detect and study 5S RNA
transcription in vitro {Year Book 74, p.

19) have continued over the past year.

The immediate aim is to develop a sen-

sitive and specific assay for the initia-

tion of transcription at the beginning of

the 5S RNA gene.

For this purpose we have available to

us a number of small (one hundred to a

few hundred base pairs), well-

characterized DNA "restriction frag-

ments" cut from various regions of 5S
DNA by restriction enzymes. Some of

these fragments carry the initiation

site for 5S RNA transcription, being
produced by a cut before the gene re-

gion and a cut within the gene region.

We envisage that these fragments may
be used in one of two ways in transcrip-

tional studies. First, they may be used
as hybridization probes to determine
whether a population of RNA trans-

criptions contains any molecules whose
5' ends are identical to the 5' end of 5S
RNA. In this method, RNA transcripts

are hybridized to the restriction frag-

ment and treated with a single-

strand-specific ribonuclease. RNA
molecules resulting from a correct in-

itiation event will give rise to an RNA
fragment equal in length to the known
length of the gene region carried on the

restriction fragment. This RNA frag-

ment could be identified by gel elec-

trophoresis and nucleotide sequencing.

In the second method, the DNA restric-

tion fragment is used as a template for

RNA polymerase or for RNA-
synthesizing extracts. Since the frag-

ment ends within the gene, correct in-

itiation of transcription again results

in an RNA fragment of known length.

Both of these approaches have been
attempted using the (approximately)

450 base-pair fragment produced by
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the restriction enzyme Haelll from X.
laeuis oocyte 5S DNA. This fragment
carries all of the A + T-rich spacer, the

hypothetical promotor region(s) before

the gene, and the first eight nuc-

leotides of the gene itself (Fig. 2). To
determine whether this fragment could

be used as a hybridization probe, at-

tempts were made to hybridize it with
125I-labeled 5S RNA. For this purpose,

the fragment was denatured and bound
to nitrocellulose filters, and RNA an-

nealed to it under conditions favoring

the stability of the very short hybrid (

1

M NaCl, 0°C). Under these conditions a
13-nucleotide-long oligomer (produced

from 5S RNA by ribonuclease Tl) an-

nealed to 5S DNA, but shorter
oligonucleotides did not, and 125I-5S

RNA did not anneal to the restriction

fragment. It is presumed that this is

because the RNA was not at a high
enough concentration. Unfortunately,

higher concentrations are not obtaina-

ble easily in an assay using a mixture
of transcripts, so it is concluded that if

restriction fragments are to be used as

hybridization probes they must carry
more than the first eight nucleotides of

the gene.

The 450-nucleotide Haelll fragment
from X. laevis has also been used as a
template in transcription studies. A
protein extract ofX. laevis ovaries was
prepared following procedures of

Roeder (J. Biol. Chem. 249, 241-248,

1974; personal communication), and its

RNA polymerase activity analyzed
using various templates. This extract

was found to be relatively inactive on
Xenopus 5S DNA fragments, compared
with poly dAT and withE". coli plasmid
fragments. No activity at all (conver-

sion of precursor to TCA insoluble ma-
terial) could be observed even with
high concentrations of the 450 nuc-

leotide fragment. In one experiment,

the reaction mixture was nevertheless

fractionated in a system (homo-
chromatography on DEAE paper) that

would have revealed the presence of an
eight nucleotide oligomer, but none
was seen.

The 5S gene system of Xenopus re-

mains an optimal one for attempts to

reconstruct eukaryotic transcription in

vitro. Purified 5S DNAs from several

species are available as templates, and
the structure of these DNAs is being
studied intensely. Two classes of genes,

expressed in different tissues (somatic

and oocyte) exist, allowing an analysis

of the mechanisms operating to control

their expression. In addition, the pri-

mary transcription product in this sys-

tem is small and of known sequence.

Sequencing Studies on
Xenopus 5S DNA

N. Fedoroff

We have focused on the introduction

and development of direct DNA
sequencing techniques. DNA sequenc-

ing methodology has been evolving

rapidly over the past few years. The
approach that has proved most fruitful

is identification of the terminal nuc-

leotide in successively shorter frag-

ments having one fixed end. With
technical improvements in oligonuc-

leotide fractionation procedures, the

number of nucleotides that can be or-

dered in a single analysis has increased

steadily. Several laboratories are en-

gaged in developing and improving dif-

ferent methods for generating the req-

uisite fixed-end fragments and iden-

tifying terminal nucleotides.

Our immediate interest is in the nuc-

leotide sequence of the spacer region

adjacent to the 5
' terminal portion of

the 5S RNA gene in Xenopus, since this

is likely to contain a control region for

transcription. All of our studies so far

have been done on a single repeating

unit of X. laevis oocyte-type 5S DNA.
Quantities sufficient for sequencing
studies have been obtained by integra-

tion of the DNA into bacterial plasmids

as described in previous sections. The
distribution of restriction endonuclease
Haelll sites within this DNA, shown in

Fig. 2, makes the region of interest ac-

cessible to direct sequencing in several

ways.
We have, for example, used two dif-
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Fig. 5. Two schemes for direct DNA sequencing applied to the region adjacent to the initiation site

of 5S DNA. A series of labeled DNA fragments (wavy lines) are generated which have a unique 5'

terminus and a known 3'-end; that is, the nucleotide at the 3'-end is known to be A, T, G, or C. These
different-sized fragments are separated by polyacrylamide gel electrophoresis, (a) The Sanger-
Coulson method, (b) A modification developed in this laboratory. Details are given in the text.

ferent procedures to generate frag-

ments which have a common 5
' ter-

minus and which extend over the re-

gion adjacent to the gene (Fig. 5). Fig-

ure 5a represents a direct application

to 5S DNA of the scheme developed by
Sanger and Coulson (J. Mol. Biol. 94,

441_448, 1975). The strand of 5S DNA
containing the 5S RNA sequence (non-

coding strand) is used as a template for

E. coli DNA polymerase I. The Haelll
fragment extending from residue 9 to

residue 66 of the 5S RNA sequence
(Fig. 2) is used as a primer for the en-

zyme. The strand of the fragment com-
plementary to 5S DNA (coding strand)

is annealed to the template extended
with DNA polymerase in the presence
of cv-

:i2P-labeled nucleotides. This gen-
erates a population of labeled frag-

ments that begins at residue 8 of the 5S
gene and extends into the adjacent
spacer region (Fig. 5a). The identity of

the terminal nucleotide in the labeled

fragments is determined by the follow-

ing procedure. The extended primer-

template complex is purified and
aliquots are reincubated with DNA
polymerase in the presence of either

one or three unlabeled nucleotides.

Under the conditions used, the labeled

fragments are degraded until they

terminate at the single included nuc-

leotide, or extended until they termi-

nate just prior to the single omitted
nucleotide. For example, the reaction

mixture containing TTP will yield only

those oligonucleotides terminating in T
residues. Since all fragments have a

common 5
' end, the position of T resi-

dues in the sequence can be deduced
directly from the length of the
T-terminated fragments. Separation of

oligonucleotides that differ in length

by a single residue is carried out by
electrophoresis in high-percentage de-
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naturing polyaery 1amide gels.

One difficulty with this approach is

inherent in the organization of the 5S
DNA. As described in an earlier sec-

tion, each repeating unit of Xenopus
laeuis oocyte 5S DNA contains both a

gene and a very similar sequence,

termed the "pseudogene" (see Fig. 2).

The gene and pseudogene differ by ap-

proximately four nucleotides within

the segment covered by the primer
molecule. The primer, therefore, hy-

bridizes to both regions, and the ex-

tended primer molecules represent se-

quences adjacent to both gene and
pseudogene. One way around this diffi-

culty is to determine the sequence of

the short fragment released by digest-

ing the extended template-primer
complex with Haelll as shown in Fig.

5a. Since the pseudogene lacks this

Haelll site, the radioactive fragments
will be released from primer molecules

on gene sequences but not pseudogene
sequences. In principle, this permits

determination of at least the first 50
residues of the spacer sequence adja-

cent to the gene before the longer

fragments extended from the
pseudogene interfere. Using this ap-

proach, we have obtained useful se-

quence information over a 30-

nucleotide region beginning between
10 and 20 nucleotides from the first in-

tragenic Haelll site. The first 10 to 20
nucleotides are recovered in very low
yield or not at all because of differen-

tial labeling and probably also because
of differential degradation of short

oligonucleotides.

We have developed an alternative

procedure for generating the same
population of labeled fragments that

includes the region which is adjacent to

the gene. In this procedure, illustrated

in Fig. 5b, the population of labeled

oligonucleotides is derived directly

from the Haelll fragment of 5S DNA
which contains the A+T-rich spacer re-

gion and extends to the 8th residue of

the gene sequence (Fig. 2). The coding

strand of the fragment is labeled at the
5' end using a-32P-labeled-ATP and

polynucleotide kinase. Label is intro-

duced in only one of the two strands,

essentially as described by Maniatis et

al. (Proc. Nat. Acad. Sci., U.S.A. 72,

1184, 1975). A larger Haelll fragment
containing a Hindlll site is labeled at

both ends and cleaved with Hindlll.

The two resulting fragments, each
labeled in only one strand, are recov-

ered separately. The labeled fragment
of interest is then nicked internally

with DNase I at a low level. The nicks

are enlarged into gaps by the 3
' to 5

'

exonuclease activity of either the T4
DNA polymerase or snake venom
phosphodiesterase. The gapped com-
plex is equivalent to the extended
primer-template complex in Fig. 5a,

and subsequent steps in the sequencing
procedure are identical. The fragments
are extended with DNA polymerase in

the presence of either one or three of

the cold nucleotides and the lengths of

the specifically terminated fragments
are determined on a gel. As with the

previous method, we observed a dif-

ferential loss of short oligonucleotides.

Using a fragment of known sequence
(the intragenic Haelll fragment), we
have been able to derive an accurate

sequence to within about 20 nuc-
leotides from the 5

' end of the
molecule. Another difficulty we have
encountered is that certain nicks in-

troduced by DNase I appear to be rela-

tively resistant to one or the other of

the exonucleases used.

In general, the strengths and weak-
nesses of these enzymatic approaches
are those discussed by Sanger and
Coulson. The principal advantage of

this method is that each terminal nuc-

leotide is identified separately and
each sequence is, in effect, determined
twice within the same experiment. A
shortcoming of this method is in

sequencing runs of the same nuc-

leotide, since a run is usually repre-

sented only by the oligonucleotide ter-

minating just before the run and the

oligonucleotide containing all mem-
bers of the run.

In addition to the enzymatic methods
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described above, we are using a chemi-

cal sequencing method for DNA which
has been developed in the laboratory of

W. Gilbert. In this procedure, termi-

nally labeled DNA fragments are

cleaved chemically at specific bases,

followed by the gel electrophoretic sep-

aration described above.

THE STRUCTURE OF RIBOSOMAL DNA FROM Xenopus

R. H. Reeder, P. Botchan, and I. B. Dawid

The nontranscribed spacer regions in

Xenopus rDNA are heterogeneous in

length; the physical basis for this

length heterogeneity was described in

Year Book 74 (pp. 19-36). The studies

of spacer structure involved the use of

cloned fragments of rDNA generated
with the restriction endonuclease
EcoRI. EcoRI cuts each repeating unit

of rDNA (gene plus spacer) into just

two fragments—one containing only

gene sequences and a second fragment
that contains all of the nontranscribed

spacer region plus some gene region on

either end. Four of these spacer con-

taining fragments (each with a dif-

ferent length spacer) have been cloned

using a bacterial plasmid as vector.

These cloned EcoRI fragments were
used for the heteroduplex mapping ex-

periments reported last year and have
also been used in the restriction map-
ping described here. The structure of

one of the fragments, Xlrl4, is shown
in Fig. 6.

28S a B

500 f 900 800
430

760 660 660 660

BAM

Fig. 6. Structure of the cloned rDNA fragment
XIrl4. This fragment was generated by cleavage
with EcoRI. As shown on the upper map, it con-

tains some transcribed gene region on each end
and all of the nontranscribed spacer region in the
middle. The location of regions A, B, C, and D
were defined from heteroduplex mapping. The
dotted lines indicate regions that contain repeat-

ing sequences. The lower map shows the location

of BAMHI cutting sites on the same fragment.
Molecular weights are in base pairs.

Measurement of heteroduplexes
formed between long and short cloned

spacers led to the conclusion that each
spacer contains two regions, each com-
posed of a short repeating nucleotide

sequence. One such region (region B in

Fig. 6) is near the 28S sequence and the

other (region D) is near the 18S se-

quence. Regions B and D appear to be
separated from each other by a non-

repetitious sequence (region C). In

order to gain more insight into the

structure of the nontranscribed spacer,

we have begun to dissect these cloned

fragments with other restriction en-

zymes.
The procedure we have used for

mapping restriction cuts is as follows.

Cloned spacer-containing fragments
were labeled at both ends of the
molecule using polynucleotide kinase
to put a 52P atom on the 5' end of each
DNA chain. The label at the 28S end
can be eliminated by restriction with
endonuclease Hindlll, which cleaves

once, 500 bases from the 28S end. If the

fragment now labeled only at the 18S
end is partially cleaved with a restric-

tion endonuclease, an overlapping set

of fragments is created, all possessing
the same :i2P labeled 18S termini. If

the partial digestion products are then
electrophoresed on a 1% agarose gel

and their positions determined by au-

toradiography, the order of the termi-

nal digestion products can be deter-

mined by subtracting the molecular
weight of one partial product from the

molecular weight of the next largest

partial product. This procedure has
been used for ordering the fragments
produced by endonucleases Smal, from
Serratia marcescens, and BAMHI, from
Bacillus amyloliquefaciens. Results of
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Fig. 7. Autoradiographs of partial Smal digests

of four cloned spacer containing fragments. Four
EcoRI-generated spacer fragments (Xlrl2, 13,

14, and 15) were end-labeled with polynucleotide
kinase, digested with Hindlll to remove the 28S
end, and then partially digested with Smal. After

electrophoresis on 1% agarose the gels were
dried and autoradiographed. The bands at 5150
and 6450 are from ColEl plasmid carrier.

Molecular weights are in base pairs.

Smal partial digests on four cloned

spacer-containing fragments are
shown in Fig. 7 (the 500-base-pair ter-

minally labeled fragment has not been
separated out and appears as the
bottom-most band). The Smal diges-

21

tions reveal that the fragments pro-

duced from the 18S end of all clones are

identical up to a point 2420 base pairs

from the 18S end. At this point the lo-

cation of Smal sites diverges sharply

among the different clones. The loca-

tion of the divergence boundary agrees
well with previous estimates of the

gene-spacer boundary made from
RNA-DNA heteroduplex measure-
ment. Therefore, it appears that the

nontranscribed spacer region shows
some divergence close up to the gene-

spacer interface. Within the transcrip-

tion region, however, no sequence var-

iation has been found among the four

clones.

Smal also appears to recognize a re-

peating sequence in region B. The
clearest example is Xlrl2 in Fig. 7

where Smal produces a series of finely

spaced bands starting at 4000 bases

from the 18S end.

Mapping of the restriction fragments
produced by BAMHI reveals that this

enzyme recognizes sites only within

the spacer region of all four clones.

With three of the four clones BAMHI
produces a fragment of about 3300 base
pairs containing the 18S end, and from
the same clones a fragment of about
2100 base pairs containing the 18S
end. Internal to these terminal frag-

ments is a region of expanding size

which accounts for most of the size

heterogeneity of the four clones. The
internal spacer fragments vary from
about 500 base pairs on the smallest

clone to a 660 base-pair fragment that

tandemly repeats itself five times on
the largest clone. The exact order of

BAMHI fragments on cloned Xlrl4 is

shown in Fig. 6.

Further restriction analysis has been

done on the 2100 base-pair BAMHI
fragment containing the 28S end. This

fragment overlaps region B (Fig. 6)

which has been shown by electron mic-

roscopy to contain a highly repeating

sequence 100 base pairs or less in size.

Digestion of the BAMHI fragment with

either of the restriction endonucleases
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Hpall, RII, Smal, HHA or Haelll re-

veals that all recognize a higher order

repeating sequence of about 250-300
base pairs in length. Since all these en-

zymes recognize either the sequence 5

'

CCCGGG 3
' or a simple variation of

this, it is possible that the basic small

repeat in this region is closely related

to this sequence. In summary, the re-

striction analysis when combined with
the electron microscopy reported last

year indicates that: (a) the length

heterogeneity of the clones is largely

confined to one region of the spacer,

near the 28S end (region D; Fig. 6); (b)

the spacer is composed of a short re-

peating sequence that is probably 100
base pairs or less in size; (c) the D re-

gion and possibly the B region also ex-

hibit a higher order repeating struc-

ture superimposed upon the smaller

sequence repeat. The latter two obser-

vations are characteristic of all "satel-

lite" DNAs so far analyzed with re-

striction enzymes. The interest in this

case is that the satellite is regularly

interspersed between repeated gene
sequences.

STUDIES OF HUMAN X-CHROMOSOME DNA
B. Migeon

We have begun attempts to isolate

the human X-chromosome or portions

of it. The X-chromosome in mammals
is subject to a control mechanism
termed heterochromatinization in

which all but one X-chromosome in a

cell are in a condensed, inactive form in

interphase cells. Although there has
been much speculation, little is known
about the molecular basis for this

unique form of gene regulation.

In metaphase, inactive X-chromo-
somes (although indistinguishable
from their active homologues by all

chromosome staining techniques) can
be identified because they replicate

very late during DNA synthesis and
are the last chromosomes to terminate
replication. The inactive X is also iden-

tifiable in interphase nuclei because of
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Fig. 8. BrdU-labeled DNA from isolated chromosomes centrifuged to equilibrium in CsCl. The
purified chromosome fraction of human lymphocytes that had been stimulated to divide with a
mitogen was labeled with :1 H-BrdU for 1 hr and chased for 3 hr. cts/min (x x) A.
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its highly condensed state at a time

when the majority of DNA from other

chromosomes is dispersed. It may be
possible to isolate this highly con-

densed X (or Barr body) from inter-

phase cells, but this requires a highly

specific assay for X-chromosome DNA.
As a preliminary step we have ini-

tiated experiments designed to obtain

X-specific DNA sequences that may
provide the essential probe for the Barr
body isolation. We are attempting to

isolate X-specific DNA from the inac-

tive X-chromosome because the timing

of its replication enables us to label the

X-DNA selectively with bromo-
deoxyuridine (BrdU). The newly syn-

thesized DNA has a greater buoyant
density and can be separated on that

basis from other chromosomal DNA.
We have established short-term cul-

tures of leukocytes from the peripheral

blood of human females and exposed

these cells to a one-hour pulse of 3H-
BrdU (S.A. 1 Ci/mM) during the termi-

nal period ofDNA synthesis. After sev-

eral hours cells that had incorporated

BrdU into DNA reach metaphase and
are blocked at that stage with col-

chicine. The next step is to purify

chromosomes from interphase cells in

the culture. Chromosomes are sepa-

rated from contaminating interphase

nuclei by velocity sedimentation in a

sucrose gradient. The fractions con-

taining chromosomes—but no nu-

clei—are pooled, and the DNA is

extracted. Only late replicating DNA
incorporates the BrdU, thereby alter-

ing the buoyant density of DNA and
permitting the separation of the
BrdU-substituted DNA from the un-

substituted DNA by cesium chloride

density gradient centrifugation.

The BrdU-labeled DNA can be a

template for the synthesis of com-
plementary RNA and the cRNA ob-

tained can be hybridized in situ to

human metaphase chromosomes to de-

termine its specificity.

Examination of chromosomes from
cultured cells obtained just prior to cell

lysis has revealed that under the condi-

tions used, BrdU is incorporated into

the chromosomal DNA—and that most
of the label is confined to the
X-chromosome. However, under these

conditions, only a few metaphase cells

have labeled chromosomes. We have
been able to obtain a small smount of

BrdU-labeled DNA isolated as a satel-

lite of the main band (Fig. 8). The
quantity, however, has so far been in-

sufficient to use as template for cRNA
synthesis.

We are attempting to increase the

field of specifically labeled DNA and
decrease the small amount of contami-

nation released from breakdown of in-

terphase nuclei.

CHROMOSOMAL PROTEINS AND THE CONTROL OF GENE
FUNCTION

R. H. Reeder, A. Bokhon'ko, andH. L. Wahn
with the assistance ofE. Hogan

We have continued to improve the

method for isolating nucleoli from
Xenopus oocytes so that we can recover

not only the amplified ribosomal DNA
as chromatin but also several enzyma-
tic activities associated with it. We
have demonstrated both RNA poly-

merase I activity previously known to

be associated with rDNA as well as an
enzymatic activity that relaxes
superhelical turns in DNA. Some evi-

dence suggests this latter activity may
be involved in transcribing rDNA.

In Year Book 74, pp. 27-28, we pre-

sented evidence that at least some frac-

tion of the rDNA in Xenopus cultured

cells is in subunit configuration with

chromosomal proteins. This year we
expanded this observation by demon-
strating that the A+T-rich satellite

DNA of mouse is also organized with

proteins in the same subunit fashion.
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Isolation and Characterization
of Amplified Nucleoli

H. L. Wahn andR. H. Reeder

We have improved the previous

method for isolating amplified nucleoli

by the addition of a density gradient

separation as the final step. Immature
pigment-free oocytes were isolated es-

sentially as described in Year Book 73

(p. 28). The oocytes were then homo-
genized in a solution of metrizamide
and the homogenate used to pour a
linear metrizamide density gradient.

Metrizamide is an inert tri-iodinated

benzamido derivative of deoxyglucose
which can be used to form gradients

that cover the entire density range of

biological macromolecules. Since met-
rizamide is non-ionic, the gradients do
not dissociate nucleoli or other cellular

organelles and they can be isolated in

an apparently native state.

Figure 9 shows the result when a
metrizamide density gradient was used

to fractionate a whole oocyte homoge-
nate. Examination of each fraction by
phase contrast microscopy revealed

that nucleoli were banded at a rela-

tively high density location well sepa-

rated from contaminating nuclei.

Measurement of light scattering at 650
nm (metrizamide absorbs ultraviolet

light) showed a peak of scattering that

coincided with the location of nucleoli

in the gradient and which coincided

with a peak of rDNA as measured by
hybridization with radioactive rRNA.
If nucleoli were rebanded in a second-

round metrizamide gradient, it was
possible to reduce bulk chromosomal
DNA contamination to less than 10% of

the total DNA found in the nucleolar

peak (as judged by analytical ultracen-

trifugation analysis).

Nucleoli isolated by this method
have all the characteristics expected

for nucleoli that are active in rRNA
synthesis. As seen in Fig. 10 they show
RNA polymerase activity. This RNA
polymerase is sensitive to actinomycin
D and resistant to high concentrations
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of a-amanitin. Therefore, it has the

properties of the template requiring
polymerase I or nucleolar polymerase.
In addition, these isolated nucleoli ex-

hibit the normal morphology charac-
teristic of active nucleoli when
analyzed by electron microscopy, and
they contain both 40S and 30S rRNA
precursor.

However, when nucleoli are re-

banded on a shallow metrizamide gra-

dient, it is apparent that not all are
equally active in transcription. Figure
10 shows another gradient in which
RNA polymerase activity and rDNA
amount were measured in each frac-

tion. The more dense nucleoli have a

much higher polymerase to rDNA ratio

than do the less dense nucleoli. Al-

though we do not yet know the basis for

this subfraction of nucleoli, it has
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Fig. 10. Association of RNA polymerase-
relaxing and DNA-relaxing activities with nuc-

leoli. Nucleoli were banded in a second-round
metrizamide density gradient, and fractions

were assayed in various ways. Upper panel:

Ribosomal DNA hybridization (• •). Bulk
chromosomal DNA hybridization (o o).

Lower panel: DNA-relaxing activity (• •).

RNA polymerase activity (o o).

proved very useful in helping to deter-

mine which proteins are associated
with transcriptionally active rDNA.

Figure 11 shows an SDS-acrylamide
gel electrophoresis of total nucleolar
proteins from each fraction across a
second-round metrizamide gradient.

The distribution of RNA polymerase
activity and rDNA is also shown for the

same gradient. Our next major task is

to sort out these proteins, subtract

those which are involved only in ribo-

some assembly, and determine the
function and location of those proteins

which bind to the rDNA. Some pro-

teins, such as the four major histones,

have distributions that appear to coin-

cide with the distribution of rDNA.
Several other protein bands, however,
follow the distribution of RNA
polymerase activity and these are of

prime interest for future study.

One highly interesting protein that

distributes with the polymerase activ-

ity is an enzyme that relaxes super-

coiled DNA. To assay for this enzyme,
nucleolar fractions were incubated
with supercoiled Col El plasmid DNA
and the DNA was electrophoresed on a

1% agarose gel. A densitometer trace of

the stained gel is shown in Fig. 12.

Some of the supercoiled DNA has been
completely relaxed while some of it has
been trapped at intermediate levels of

supercoiling, giving rise to a series of

discretely spaced bands in the gel. The
relative level of DNA-relaxing enzyme
was assessed by measuring the amount
of completely supercoiled DNA left

after incubation for a standard time

interval. The distribution of relaxing

activity across a metrizamide gradient

is shown in Fig. 10. It is clear that the

relaxing enzyme tracks with RNA
polymerase activity and not with the

rDNA distribution. This suggests that

the relaxing enzyme may be an inte-

gral part of the transcription ma-
chinery. It seems unlikely that the pre-

sence of this relaxing enzyme is due to

the presence of DNA replication, since

these nucleoli are in a replication dead
end. They have previously replicated

their DNA weeks to months before iso-
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Fig. 11. SDS-acrylamide gel electrophoresis of proteins from nucleoli banded in metrizamide. Nuc-

leoli were banded in a second-round metrizamide gradient, and protein from each fraction was elec-

trophoresed on a 15% acrylamide-SDS gel. Aliquots of each fraction were also assayed for RNA
polymerase activity (o o) and ribosomal DNA location (• •). Lane H shows acid-extracted

Xenopus histones. Molecular weights are in daltons x 10~3
.

lation and they will never enter the re-

plication cycle again. Furthermore, we
cannot detect any significant DNA
polymerase activity associated with
these nucleoli even after adding an
exogenous template.

Since amplified rDNA is most likely

present as circular molecules, it is

quite reasonable that a relaxing en-

zyme might be necessary for some
phase of transcription. Initiation by
RNA polymerase requires localized
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Fig. 12. Assay of nucleolar DNA relaxing en-

zyme. Supercoiled ColEl plasmid DNA was in-

cubated in the presence (upper trace) and in the

absence (lower trace) of nucleoli purified through

metrizamide. The ColEl DNA was then elec-

trophoresed on a 1% agarose gel, and the DNA
was located by staining with ethidium bromide.

Direction of electrophoresis is from right to left.

Supercoiled ColEl (major peak in lower trace)

has a higher mobility than relaxed circular

ColEl DNA (major peak in upper trace). The in-

termediate bands differ from each other by inte-

grals of one supercoil turn.

strand separation of the DNA and
therefore must introduce superhelical

strain into the DNA. It is also possible

that chain elongation causes similar

physical changes in DNA structure,

especially if the polymerase must dis-

lodge histones as it transcribes the

gene. Therefore, an enzymatic activity

that would release physical strains

placed on the DNA by transcriptional

processes would be required to return

the DNA to its normal state.

The Subunit Organization of
Mouse Satellite Chromatin

A. Bokhon'ko

Most of the DNA in a eukaryotic

chromosome is complexed with his-

tones to form subunits resembling

beads on a string. This structure can be
observed with the electron microscope
and can be demonstrated in several in-

direct ways. One property of this sub-

unit organization is that DNA con-

tained within the bead is more resis-

tant to endonuclease attack than is

DNA between the beads. Thus, limited

digestion of chromosomes with nu-

clease cleaves the DNA into small

fragments that are multimers of about

200 base pairs of DNA. An example of

this phenomenon is shown in Fig. 13.

In this experiment mouse liver nuclei

were briefly digested with nuclease,

and the DNA was deproteinized and
electrophoresed on an acrylamide gel.

An oligomeric series of bands is ob-

served, resulting from histone protec-

tion in the chromatin subunits.

It is of interest to know if there are

any specific DNA sequences that are

exempt from this type of subunit or-

ganization. Last year we presented
evidence that some fraction of the
ribosomal genes were so organized and
suggested that histones may be present
on actively transcribed sequences. This
year we have used similar techniques
to examine the A+T-rich satellite se-

quences in mouse DNA. This DNA is

located in highly condensed cen-
tromeric heterochromatin and appears
never to be transcribed in the cell.

The experiment is shown in Fig. 13.

After brief digestion of mouse liver

nuclei with micrococcal nuclease the

protected DNA fragments were elec-

trophoresed on an acrylamide gel. The
gel was then sliced and the DNA in

each slice was hybridized with radioac-

tive RNA transcribed in vitro from
purified mouse satellite L-strand. The
hybridization essentially follows the

distribution of the bulk DNA, and we
conclude that mouse satellite is also

organized in a similar subunit fashion.

Together, these results increase the

likelihood that histones are associated

with all of the chromosomal DNA re-

gardless of its function.
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SLICE NO.
Fig. 13. Hybridization of mouse satellite cRNA to micrococcal nuclease fragments from mouse liver

nuclei. Mouse liver nuclei were partially digested with micrococcal nuclease, and the DNA fragments

were purified and electrophoresed on a 6% acrylamide gel. The gel was sliced and the DNA in each

slice was hybridized with :!H cRNA transcribed in vitro from the L-strand of purified mouse satellite

DNA. The bulk DNA was located by staining with ethidium bromide, (a) Fragments from nuclei

digested for 5 min. (b) Fragments from nuclei digested for 20 min. The arrow indicates the position of

the presumed monomer at approximately 170 base pairs.

THE POLARITY OF RIBOSOMAL DNA IN Xenopus

I. B. Dawid, R. H. Reeder, P. K. Wellauer, T. Higashinakagawa
in collaboration with O. L. Miller, Jr.*

Ribosomal RNA (rRNA) in Xenopus
and other eukaryotic nuclei is trans-

cribed as a precursor molecule contain-

ing both 18S and 28S RNA regions and
transcribed spacer segments. The ques-

tion of whether the 18S or the 28S re-

gion is closer to the 5' end of the pre-

cursor has been answered in opposing
ways (Year Book 69, 565; Year Book 72,

38; Year Book 73, 45; and Year Book
74, 20). We have undertaken a re-

investigation of this question which
leads to the strongly supported conclu-

sion that the 18S RNA sequence is

closer to the 5' end (transcription ori-

gin) of the precursor than is the 28S

*University of Virginia.

RNA sequence. This order of sequences

is almost certainly correct for rRNA
precursor molecules of other
eukaryotes as well. Transcription in

the direction of small-to-large rRNA is

a general feature of genomes, including

prokaryotes, eukaryotic nuclei,

chloroplasts and mitochondria. A
model of a segment of Xenopus laeuis

ribosomal DNA with the correct polar-

ity of the precursor is shown in Fig. 14.

Determination of Polarity with
DNA Exonucleases

The first test of polarity in rRNA
that we describe depends on the
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availability of fragments of rDNA
whose ends have been mapped with re-

spect to the rRNA (see Fig. 14) and of

DNA exonucleases with known speci-

ficities. Exonuclease III from E. coli

(specific for 3' ends) and lambda
exonuclease (specific for 5' ends) were
donated by former fellows of our De-

partment, John Chase and John Mor-
row, respectively. The principle of the

experiment is illustrated in Fig. 14. At
the top we show a model of a segment of

rDNA with the polarity that is sup-

ported by the experiments reported

here. EcoRI cleaves each repeat twice,

creating two types of fragments. Such
fragments have been cloned in E. coli

and two particular ones are named
Xlr11 and Xlrl2. In Fig. 14 the coding

strand is the "heavier" line and the po-

larity of each strand is indicated in

agreement with the polarity of the

RNA. Such rDNA fragments were par-

tially digested with each of the two
exonucleases until about 20% of the

DNA was hydrolyzed. The models in

Fig. 14 illustrate the resulting
molecules. Lambda exonuclease diges-

tion of Xlrll removes the anti-coding

strand in the 18S region, thereby ex-

posing 18S sequences on the coding
strand. At the other end of Xlrll the

same exonuclease digests the coding
strand only. The resulting DNA frag-

ment with single-stranded tails is

therefore expected to hybridize with
18S rRNA only, as indicated in the fig-

ure by dotted line. Similar models for

the other fragments and both exonuc-
leases are shown in Fig. 14. When the

opposite polarity is assumed in the

rRNA, the predictions for exonuclease
III and lambda exonuclease are simply
interchanged. We consider the con-

clusion from these experiments to be
firm because the specificities of the two
exonucleases have been well estab-

lished and because the test involves
four separate experiments (two frag-

ments, two exonucleases) all of which
give highly consistent data in support
of the same polarity.

Determination of Polarity
Using rDNA Transcription

Complexes

The second test of polarity makes use

of the fact that ribosomal gene trans-
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cription complexes can be spread for

viewing in the electron microscope.

This technique was first developed by

O. L. Miller, Jr., at the University of

Virginia, and this experiment was
done with his collaboration. The nas-

cent rRNA chains in such transcription

complexes are seen to be short at one

end of the complex (the 5' end of the

precursor) and to increase in length

until they are released at the other (3')

end. To determine which end the 18S
rRNA sequence was near, we digested

transcription complexes with the re-

striction enzyme EcoRI which cuts

rDNA at two known locations within

the transcribed region.

The cut transcription complexes
were then spread for electron micros-

copy, and we measured the distances

from cut sites to either termination (3'

end) or initiation (5' end) sites.

The experiment is diagrammed in

Fig. 15. In panel (a) a full-length trans-

cription complex is shown at top with
the location of EcoRI sites indicated,

assuming the 18S sequence is proximal
to the 5' end of the precursor. Below
are shown the four types of transcrip-

tion complex fragments that would re-

sult from this model. Four types of cut

ends are generated because proteins on
the rDNA block the EcoRI sites with a
certain probability so that only partial

digestion is achieved. Panel (b) shows
the predicted fragments if the opposite

polarity is assumed.
Measurement of 100 EcoRI cut

transcription complexes yielded results

that agreed well with model (a) and
strongly disagreed with model (b). This
supports the conclusion that the 18S
sequence is proximal to the 5', or initi-

ation, end of the rRNA precursor.
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Fig. 15. Determination of rDNA polarity using EcoRI on transcription complexes. The figure is

described in the text.

RIBOSOMAL DNA IN Drosophila melanogaster

P. K. Wellauer and I. B. Dawid
in collaboration with K. D. Tartof of the Institute for Cancer Research Philadelphia,

and with the assistance ofM. Rebbert

The genes that code for the large occur in multiple copies. The ribosomal

ribosomal RNA (rRNA) molecules DNA (rDNA) forms clusters of redun-
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dant genes in the nuclei of all or-

ganisms studied. Since the rDNA of

many species has special physical

properties, it may be isolated and
characterized. The rDNA of Xenopus
laevis was the first eukaryotic gene to

be purified (Year Book 67, 401), and
this DNA has since been characterized

extensively (see Year Book 74, p. 19,

and this Year Book). In spite of the fact

that Xenopus rDNA had been isolated

some time ago and the isolation of

rDNA from other organisms seemed
technically feasible, few reports on the

purification and detailed characteriza-

tion ofrDNAs have appeared in the lit-

erature. It is clear that the properties

of rDNA are of great interest, and that

generalizations about the structure

and evolution of this DNA can be based
only on the comparison of results with
several organisms. We decided to study
rDNA in Drosophila melanogaster be-

cause this organism offers the advan-
tage of producing many known mu-
tants that affect the ribosomal locus,

and because it shows the interesting

phenomena of compensation and mag-
nification of rDNA.

Purification of Drosophila rDNA

In constrast to X. laevis, Drosophila
rDNA is not a density satellite, i.e., the

buoyant density of rDNA is very close

to the density of the average DNA. We
achieved purification of the rDNA in

two different ways. In the first proce-

dure Drosophila DNA, purified from
embryos, was centrifuged in cesium
sulfate in the presence of 0.2 moles of

mercury ions per mole of nucleotide.

The rDNA was located by hybridiza-

tion with rRNA, the corresponding re-

gion of the gradient pooled, and the

DNA centrifuged in cesium chloride in

the presence of actinomycin D. Again,
rDNA was pooled and centrifuged in

cesium sulfate with mercury at a ratio

of 0.08. The rDNA pooled from this

third gradient was usually "pure,"

which means that we estimate its pur-

ity above 80% (see below).

The second method for rDNA purifi-

cation is based on the R-loop procedure
developed by White and Hogness of

Stanford University. When native
DNA and RNA are annealed in high
concentrations of formamide at the
right temperature, the RNA invades
the duplex and displaces one of the
DNA strands. The resulting complex is

suitable for mapping by electron mi-
croscopy and also for preparative pur-

poses, since the RNA/DNA hybrid is

more dense than native DNA. Thus,
Drosophila DNA was incubated with
rRNA and centrifuged in cesium sul-

fate. The rDNA region, which was
slightly more dense than the main
band of DNA, was pooled and cen-

trifuged again in the same way. The

r

Fig. 16. Electrophoretic patterns of Drosophila

rDNA digested with the restriction endonuclease

Smal. Electrophoresis is from top to bottom; the

gels were stained with ethidium bromide and
photographed in ultraviolet light. Lane a,

marker fragments from a Hindlll digest of

lambda DNA; lane b, partially purified rDNA
containing 10-20% rDNA; lanec, rDNA purified

by the mercury-actinomyein D method.
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resulting rDNA was pooled and the

RNA removed. The product was effec-

tively pure rDNA of high molecular
weight.

The purity of rDNA is most easily

checked by digestion with the restric-

tion endonuclease Smal. Figure 16

shows that rDNA is cleaved into one

class of fragments of about 8.5 kb

(kilobases or kilobase pairs); this class

is heterogeneous because of length

heterogeneity in the rDNA repeating

units (see below). Further, there are

discrete fragments of 2.8, 2.3 and 2.2

kb. Since Smal sites are rare in main-

band DNA, contaminating DNA is

largely uncleaved and appears in the

gel as a broad band moving more
slowly than the 8.5-kb fragment set.

This is easily seen in Fig. 166, which
shows the pattern given by an Smal di-

gest of partially purified rDNA. By
comparison, lane c of Fig. 16 shows lit-

tle if any contaminating material.

Analysis of EcoRI Fragments of
Drosophila rDNA

The restriction endonuclease EcoRI
cleaves rDNA into a number of frag-

ments (Fig. 17a). Predominant bands of

16.5 and 11 kb are seen. In addition,

there are bands of intermediate size,

STAIN rRNA

X Y

I #H KB

Fig. 17. Electrophoretic patterns of Drosophila rDNA digested with the restriction endonuclease

EcoRI. Lane a, from wild-type male and female flies stained with ethidium bromide. Lane b, purified

wild-type rDNA was digested and separated by electrophoresis, and the DNA fragments were trans-

ferred to membrane filters as described in Southern (Journal of Molecular Biology 98, 503-517, 1975),

and hybridized with labeled rRNA. The figure shows the autoradiogram of the hybridized filter.

Lanes c and d, autoradiograms of rDNA patterns from DNA isolated from flies that carried a bobbed
mutation on their Y chromosome so that at least 95% of the rDNA is derived from the X chromosome.
Lanee, rDNA pattern from flies of the genotype sc4-scK/Y in which the nucleolus organizer is deleted
from the X chromosome.
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and many bands smaller than 11 kb,

among which two bands at 7.4 and 5.4

kb are relatively abundant.

Electron microscopy was used to

analyze the structure of EcoRI frag-

ments of rDNA. We first summarize
the results and then illustrate some of

the evidence for it. The fragments of 1

1

kb and larger are the results of a single

EcoRI cut in the 18S RNA region of

each rDNA repeating unit. The 11-kb

fragments have a structure similar to

that of Xenopus rDNA: The 18S and
28S rRNA regions are separated by a

short spacer segment that is likely to

be transcribed (Spl in Fig. 18B) and by

a longer spacer segment that must con-

tain mostly nontranscribed sequences

(Sp2 in Fig. 18B).

The 16.5-kb fragments contain a

rather unexpected type of structure: In

addition to the regions found in the

11-kb fragments there is a spacer seg-

ment that is inserted within the 28S
gene region. We call this spacer the

"insertion." Figure 18A shows that this

insertion is located 1.13 kb from the

end of the 28S gene. In Drosophila as in

other insects, 28S rRNA as isolated has

a break about in the middle. The posi-

tion of this break is seen in the maps of

Fig. 18 as a gap, suggesting that the

break is generated from the original

continuous transcript by the removal of

about 140 bases. It is important to note

that the position of the spacer insertion

and the position of the gap are sepa-

rated by 740 base pairs. The insertion

occurs in different size classes. The
most abundant class is a long insertion

that is present in the 16.5-kb type of

repeating unit. Other insertion sizes

account for the EcoRI fragments found
in the gel between the 11- and 16.5-kb

positions. Remarkably, the insertions

occur in size classes that are multiples

of a basic size of close to 0.5 kb.

Whether the larger insertions are ac-

tually repetitions of the 0.5-kb se-

quence is not known. EcoRI fragments
smaller than 11 kb are produced by ad-

ditional cuts in some repeating units of

rDNA.
Before we discuss the implications of

these structures we show some of the

evidence for them in Fig. 19. The figure

shows hybrid molecules between single

strands of rDNA EcoRI fragments and
rRNA. In the DNA fragments that con-

tain insertions, one 28S rRNA
molecule hybridizes with its com-
plementary sequences on both sides of

Gap

I8S Spl

a

28Sb

0.20 1.23

V////////;/7)rV/////////77777l-

! 1.871.59

Sp 2 I8S

1.56

Ins 0.5 - 6.0

28Sb' 28Sb"

0.74 1.13

-ZZZZZZZZZZZA

Fig. 18. Models of EcoRI fragments of Drosophila rDNA. These fragments constitute complete
repeats. The EcoRI site is in the 18S RNA region. Spl is likely to be transcribed; Sp2 is mostly
nontranscribed. The gap in the 28S RNA region is the position where an interruption occurs in the
28S RNA. Sp2 is shown as a broken line, since length heterogeneity occurs in this region. Model B
shows the 11-kb fragment; the numbers are the sizes of the different regions in kb. Model A shows the
class of fragments that contain an insertion of spacer sequences within the 28S gene region. Those
regions not labeled in model A have the same length as in model B. The insertion occurs in size classes
from 0.5 to 6.0 kb and in multiples of 0.5 kb.
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Fig. 19. Electron micrographs of hybrid molecules between EcoRI fragments of Drosophila rDNA
and rRNA. Hybrids were prepared for electron microscopy by the formamide modification of the

Kleinschmidt technique. The various regions are indicated and are explained in the legend to Fig. 18.

Insertions are indicated by arrows. (A) 11-kb EcoRI fragment. (B) EcoRI fragment with a 1.5-kb

insertion. (C) EcoRI fragment with a 5.0-kb insertion.
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the insertion so that the insertion

forms a loop. Such molecules, which
were frequent, show most clearly that

the position of the strand interruption

in the 28S RNA and the position of the

insertion in the gene are distinct. In

Fig. 19 we show one 11-kb repeat and
two insertion repeats, one from the

major (16.5-kb) class and another
molecule with a 12.5-kb repeat that

has a 1.5-kb insertion.

These observations raise the ques-

tion of whether, and if so how, the

rDNA repeats with insertions are

transcribed. To produce intact 28S
rRNA there would have to be trans-

cription from gene sequences on both
sides of the insertion with subsequent
ligation of the products by a hypotheti-

cal RNA ligase. Or, the RNA
polymerase would "jump" across a loop

of DNA, as the RNA does in the hy-

brids of Fig. 19. Such a mechanism has
not been described in any system. Al-

ternatively, the genes with insertions

may not be transcribed, or transcrip-

tion may end at the insertion point (we
assume that transcription begins to the

left of the 18S region and proceeds to-

wards the 28S region. In the latter case

RNA transcripts would arise from the

insertion-carrying genes, but they
could not produce complete 28S rRNA
and would be nonfunctional. One
would then ask why the inserted genes
have been conserved during evolution.

At present we cannot choose among
these alternatives and cannot answer
the questions raised by the observa-
tions.

Length Heterogeneity in the
Spacer Region

In addition to the length differences

in the insertion there is also length
heterogeneity in spacer 2 (Fig. 18),

which corresponds to the "standard"
nontranscribed spacer of X. laevis

rDNA. This length heterogeneity is

'less extreme than in Xenopus, with
most spacers falling into a fairly nar-

row distribution. Nevertheless, we

have obtained unequivocal evidence for

the existence of heterogeneity by
examination of heteroduplex
molecules. EcoRI fragments of rDNA
were separated on gels, and 11-kb,

16.5-kb, and intermediate fragments
were isolated. These fragments were
denatured and allowed to reassociate.

Many of the duplex molecules that
formed had single-stranded deletion

loops in the spacer region. Especially in

those molecules where only a single

loop appeared we may conclude that

the spacers of the two strands which
formed the duplex differ in length.

Drosophila rDNA has two regions in

which length heterogeneity occurs: the

insertion, which comes in multiples of

0.5 kb and accounts for most of the

heterogeneity; and the nontranscribed

spacer, which varies in length in a nar-

row range without detectable size clas-

ses.

Arrangement of Length
Heterogeneity

We have tried to resolve whether
rDNA repeats without insertions and
with insertions of different length

occur in clusters, or whether they are

interspersed along the chromosome.
High molecular weight rDNA was iso-

lated, denatured, hybridized with
rRNA, and inspected in the electron

microscope. The results demonstrate
that repeats of different length are in-

terspersed. Repeats of 11 kb may occur

next to 11-kb, 16.5-kb, or intermediate

length repeats, and the same is true for

all classes of repeats. A statistical

evaluation of 85 pairs of adjacent re-

peats shows that the frequencies with
which different types of repeats are

nearest neighbors are close to those ex-

pected from a random assortment of

the different length classes. In some
cases a tendency toward clustering of

similar repeats was seen, and we can-

not decide whether the distribution is

fully random or not. But it is clear that

extensive scrambling of different re-

peat sizes occurs in Drosophila rDNA,
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as it does in the rDNA of Xenopus
{Year Book 74, p. 22).

Distribution of rDNA Repeat
Lengths on the X and Y

Chromosomes of D. Melanogaster

\nD. melanogaster the rDNA is clus-

tered in one nucleolus organizer each

on the X and the Y chromosome. About
200 repeats ofrDNA compose each wild

type nucleolus organizer. To test the

structural properties of rDNA derived

from the two genetic loci we digested

DNA from the appropriate stocks with

EcoRI, separated the fragments by
electrophoresis, and hybridized the

fragments with rRNA by the method of

Southern. Figure 17 shows some of the

results. While in resolution the hy-

bridized gels do not match the stained

gel of purified wild type rDNA, it is

clear that the X chromosome carries

both major classes of repeat length (11

kb and 16.5 kb), while the Y chromo-
some carries the 11-kb fragment but

not the 16.5-kb fragment. Minor frag-

ments occur on both chromosomes but

are not well displayed in Fig. 17 c to e.

These observations raise some intri-

guing questions about the evolution of

tandem repetitive gene families and

about the "correction mechanism" pos-

carnegie institution

tulated to operate during this evolution

(see Year Book 74, p. 19). There is prior

genetic evidence against recombina-

tion between the X and the Y chromo-
somes. The absence of 16.5-kb frag-

ments on the Y chromosome supports

this evidence: If such recombination
occurred, one would expect the 16.5-kb

fragments to spread to the Y chromo-
some unless some unknown mecha-
nism prevents these repeats from oc-

curring on the Y chromosome. If, how-
ever, the X and the Y are genetically

isolated, how are the similarities be-

tween them maintained? These
similarities are extensive, since rRNA
transcribed from either chromosome is

very similar and probably identical,

and the 11-kb fragments and some
other features of gene organization are

closely similar in X and Y rDNA. If

there were no genetic exchange, one
would have to postulate that selective

pressures maintain all these features

on the two separate chromosomes. It

appears to be difficult to adhere to such

a hypothesis in its strict form. How-
ever, we would like to raise the possi-

bility that selection plays a larger part

in the maintenance of homogeneity in

tandem gene families than had been
believed. Drosophila rDNA seems
highly suited for experiments that will

aid in understanding these processes.

STRUCTURAL AND FUNCTIONAL STUDIES OF FIBROIN GENES

Y. Suzuki, Y. Ohshima, P. Geshelin, and P. E. Giza

We wish to know how a tissue-

specific gene is transcribed in that tis-

sue at a given time. More practically,

our long-term goal is to understand fi-

broin gene control by reproducing its

function in vitro with the purified gene
and other necessary components. Each
gene system has certain advantages
and disadvantages for this kind of

study. The fibroin gene system in the
posterior silk gland of Bombyx mori
has the advantages that (1) the coding
sequence is extremely simple, inter-

nally repetitious, and of high G +C con-

tent; (2) the gene comprises a high pro-

portion of the genome; (3) its expres-

sion is temporally regulated, and fi-

broin mRNA comprises an unusually
high proportion of cellular RNA at cer-

tain developmental stages; and (4) iso-

lated nuclei also synthesize the mRNA
in high proportion. Making use of these

advantages, we have been employing
three approaches toward our goal: (1)

development of methods for purifying

fibroin genes, (2) development of

methods for cloning genes, and (3)

transcriptional analysis of fibroin
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genes in vivo and in vitro. Some of our

progress is summarized below.

Physical Purification of the
Gene Coding for Silk Fibroin

P. Geshelin

In order to characterize the manner
in which silk fibroin synthesis is con-

trolled, we need to isolate the DNA
that codes for the protein. Single-copy

genes from various organisms are

being isolated in several laboratories

at present using one of two general

methods. In the first, a small amount of

whole-organism DNA is partially

purified by proved physical methods,
enzymatically attached to plasmid
DNA, and grown in infected bacteria.

After the clone(s) of bacteria that con-

tain the sought-after sequences are

selected (usually by hybridization to

the corresponding messenger RNA),
the gene is replicated many times over

by growth of the clone(s). In the second

method the tiny amount of desired

DNA is isolated physically from a huge
amount of DNA from the whole or-

ganism by hybridizing messenger RNA
to the sheared DNA and separating the

DNA-RNA hybrids from the rest of the

DNA by utilizing the physical prop-

erties of the RNA. One makes use of

the higher density of the RNA, com-
pared to DNA. This density differential

can be increased by binding substances
to the RNA before hybridization. Al-

ternatively, the RNA can be covalently

bound to a solid support (i.e., agarose
beads) before hybridization, and the
DNA not annealed to it after hybridi-

zation may be simply washed away.
Attempts are under way to isolate

silk fibroin DNA by a modification of

these physical methods. Messenger
RNA coding for silk fibroin will be co-

valently bound to mercury atoms by
procedures developed by Ward and
co-workers (Biochemistry 14, 2447-
2457 and 2458-2469, 1975). The mes-
senger RNA will then be mixed with
whole-cell DNA and placed at the melt-

ing temperature of the DNA in high

formamide. Because RNA-DNA dup-

lices are more stable than DNA-DNA,
especially in the solvent formamide,
the RNA displaces the minus or coding

strand of DNA from the helix over the

region to which the RNA is homolo-

gous, forming a triple-stranded struc-

ture termed an R-loop. These R-loops

will then be separated from the rest of

the nucleic acid by affinity chromatog-
raphy on sulhydryl agarose, which
selectively binds the mercury atoms.
This new method could have several

advantages over previous procedures
for purifying single-copy genes. First,

one will get both strands of the silk fi-

broin DNA, in contrast to the methods
involving melting and annealing,
which yield only the coding strand.

Second, affinity chromatography
theoretically offers much greater reso-

lution between mercurated and non-

mercurated nucleic acids than does
density centrifugation between DNA
and RNA. Finally, since the resolution

of the separation technique does not

depend on DNA size, one can strive to

isolate whole-gene DNA with large

flanking sequences thought to contain

important control sequences.

Cloning of Fibroin Gene Plasmid

Y. Ohshirna and Y. Suzuki

The fibroin gene exists as a single

copy per haploid complement. How-
ever, the gene is so large (about 12-14
x 10 6 daltons) that it comprises 0.004%
of the B. mori genome. In order to be
able to carry out the structural and
functional analyses of the gene, we
need to have large amounts of it in a

pure form. Therefore, we are trying to

obtain an E. coli clone that carries a

recombinant plasmid including the

whole fibroin gene with some adjacent

DNA. Such plasmid DNA, when it is

isolated, can be produced in milligram
quantities and will be of crucial impor-

tance for our experiments.
The plasmid we have chosen is

tetracycline-resistant Col El type
plasmid PMB9. It has a molecular
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weight of 3.5 x 106 and carries a repli-

cation function in the presence of

chloramphenicol and one restriction

site each for the endonucleases EcoRI
and Hindlll. In order to recombine this

plasmid with a large DNA molecule

containing the full-size fibroin gene
and some extra sequences (about 25 x

10H daltons) we employ the dA-dT join-

ing method. Covalently closed DNA of

PMB9 was isolated and made into

linear forms by EcoRI. For poly(dA) or

poly(dT) addition we use terminal
deoxynucleotidyl-transferase from calf

thymus in the presence of 1 mM CoCl 2

(in either the presence or the absence of

MgCl 2 ). We have succeeded in adding
the single-stranded tail of poly(dA) or

poly(dT) directly to EcoRI ends of the

plasmid DNA without pretreatment of

the DNA by lambda exonuclease. Most
of the dA or dT incorporation was found
co-sedimenting with the plasmid DNA
in a neutral or an alkaline sucrose gra-

dient. When observed under the elec-

tron microscope, 80-90% of the ends of

the plasmid DNA have a single-

stranded tail.

For the fibroin gene part, in order to

obtain the adjacent control regions as

well as the whole coding sequence in a

plasmid we must start with a high

molecular weight preparation of B.

mori DNA, since the gene is extraordi-

narily large. We isolated a large quan-
tity ofDNA with a molecular weight of

15-30 x 106 from frozen silk glands.

After two successive CsCl-gradient
bandings in the presence of actinomy-
cin D, we obtained a DNA preparation
in which fibroin gene DNA assayed by
hybridization with 125I-mRNA was en-

riched by 40-fold (the gene concentra-

tion is about 0.2%). With this DNA we
propose to make poly(dT) tail additions

to the poly(dA)-tailed PMB9 DNA fol-

lowed by transformation of E. coli. E.

coli clones carrying the fibroin gene-
PMB9 plasmid will be selected by tet-

racycline resistance and hybridizabil-
ity with 125I-mRNA of high specific ac-

tivity (about 1 x 104 cpm/ng.

Accentuated Expression of
Fibroin Genes in vivo

and in vitro

Y. Suzuki and P. E. Giza

We have developed a direct chemical
method for quantitating fibroin mRNA
in RNA mixtures {Year Book 73, p. 20).

Using this method we have measured
the amount of fibroin mRNA in the

posterior silk gland of B. mori. Fibroin
mRNA accumulates throughout the

fifth instar, ultimately comprising as

much as 4.4% of the total cellular RNA
toward the end of the instar. The
number of fibroin mRNA molecules ac-

cumulated by the end of the fifth instar

was 5.8 x 10 4 molecules/gene, about
5-fold higher than the number ofrRNA
molecules (1.1 x 10 4 molecules/gene).

This observation has led us to estimate

the rates of fibroin mRNA and rRNA
accumulation at various stages of the

instar. As shown in Table 2, it was
found that (1) the rate of mRNA ac-

cumulation is almost constant
throughout the stage, whereas that of

rRNA changes as much as 30-fold, and
(2) mRNA accumulation relative to

gene number is proceeding at a higher

TABLE 2. Rates of Accumulation of Fibroin

mRNA and rRNA during the Fifth Instar

rRNA Fibroin mRNA

Time Intervals* molecules/gene/min

Ecdysis - 1st day
1st day - 2nd day
2nd day - 4th day
4th day - 6th day
6th day - 7th day

1.8

6.6

2.6

0.3

0.2

< 1.2

10

7.9

7.4

9.3

* Every 24-hr period after the fourth ecdysis

was designated as 1st day, 2nd day, etc. The
quantitation of the RNAs was done at ecdysis

and at the end of 1st, 2nd, 4th, 6th and 7th days.

The difference in amount of RNA between two
time points was divided by the total number of

genes and the time elapsed (24 hrs or 48 hrs in

minutes). The number of genes was calculated

from the amount of DNA present at the middle of

the two time points, with the further assumption
that each haploid complement of DNA contains

240 rRNA genes and 1 fibroin gene.
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rate than that of rRNA not only at

later stages of the instar but through-
out the instar except on the 1st day.

The most exaggerated situation is seen

on the 7th day of the instar. At this

stage new rRNA synthesis almost
ceases while mRNA accumulation con-

tinues actively. These results as well as

the consideration of the high propor-

tion of fibroin genes in the genome
have prompted us to try to detect fib-

roin mRNA in pulse-labeled RNAs by
our direct chemical method.
The calculated proportion of fibroin

mRNA synthesized and accumulated
for different labeling periods of 10 to

720 min at various stages of the fifth

instar and the preceding fourth moult-

ing stage are summarized in Table 3.

As expected from the exaggerated situ-

ation found on the 7th day of the instar,

fibroin mRNA was detectable even by a

10-min pulse, and occupied as much as

about 4% and 6% of the total cellular

RNA pulse-labeled on the 7th and 8th

day of the instar, respectively (Table

3). These are the highest proportions of

transcription ever found for a single

mRNA species. The proportion of

mRNA becomes even greater with
longer pulses, and reaches as high as

24% of the total RNA labeled in a

240-min pulse, indicating that fibroin

mRNA is much more stable than other

heterogeneous RNAs. When 30-min
pulses were given at various stages of

the fifth instar as well as the fourth

moulting stage, it was found that fi-

broin mRNA was not detectable during

the moulting stage, but in contrast, as

the fifth instar proceeded the propor-

tion of mRNA increased from 1.2% up
to 7.5% (Table 3). These observations

indicate that the synthesis of RNAs of

non-fibroin mRNA type is active at the

earlier stages, decreasing drastically

toward the end of instar, since it was
already shown that the rate of fibroin

mRNA accumulation is constant
throughout the stage (Table 2). As for

the moulting stage, we cannot deter-

mine whether fibroin genes are inac-

tive or whether their transcription is

not detectable simply because of a

rapid and selective degradation of fi-

broin mRNA.
From the proportion of fibroin

mRNA (Table 3) and rRNA (not shown)
synthesized in a 4-hr and a 12-hr pulse

in the 7th day we calculated rates of

each RNA synthesis per gene. The
ratio of the rates of fibroin mRNA syn-

thesis to that of rRNA synthesis was
about 50 to 1 both for the 4-hr and
12-hr pulses. This result indicates that

fibroin mRNA is being synthesized

TABLE 3. Proportion of Fibroin mRNA to Total Cellular RNA
i Synthesized during Short-Pulse Periods*

Time of Pulse Labeling

10 min 30 min 90 min 240 min 720 min
Staget Proportion (%)

Fourth moulting ...* <1.7 <0.5
Fifth instar

1st day 0.6

2nd day 1.2 1.8

3rd day 2.0

4th day 3.0 4.6

6th day 4.8 10

7th day 3.9 7.5 12 24 27

9th day 5.9

* Pulse-labeling experiments were done in the middle of the day.

t Defined as in Table 1.

tNot determined.
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about 50 times more rapidly than
rRNA. Because the ratios are the same
between the two time points, we infer

that rRNA and fibroin mRNA have
similar stabilities during these label-

ing periods and that the ratio of trans-

cription for these genes would also be

near 50 during shorter labeling periods

at this stage.

Because of this accentuated expres-

sion of fibroin genes in vivo, we have
tried to isolate and characterize silk

gland nuclei aiming at transcription in

vitro (Year Book 74, p. 36). The nuclear

isolation method has been applied to

the determination of the distribution of

unlabeled and newly synthesized fi-

broin mRNA in the cell. The results are

shown in Table 4. More than 80% of the

long lived mRNA which was identified

by A 2 6 o oligonucleotide profile after

T , RNase digestion was found in the

cytoplasm, and only 8% in the nuclei.

With our current nuclear isolation

method we must admit the possibility

of contamination of cytoplasmic RNA
in our nuclear preparations. Therefore,

we conclude that most, if not all, of the

long-lived mRNA is localized in the

cytoplasmic fraction. The result also

indicates that with our current method
we can eliminate about 90% of un-

labeled fibroin mRNA from the nuclear

preparation. The newly synthesized

fibroin mRNA (in 30 min) was found

about equally in the cytoplasmic frac-

tion (47%) and the nuclear fraction

(51%). This indicates that it takes less

than 30 min to transport fibroin mRNA
from the nucleus to the cytoplasm.

RNA synthesis with disrupted and
isolated nuclei using endogenous RNA
polymerase was carried out at 25 °C.

The incorporation of 3H-UTP or a-32P-

UTO was almost linear for 30 min, and
then slowed, but a slight increase was
still observed at 120 min. The labeled

RNA was usually extracted after 30
min incubation for characterization.

RNA transcribed in vitro was hybri-

dized to B. mori DNA fractionated by
Act D/CsCl (Fig. 20). The hybridization

conditions were such that only trans-

cripts of repetitive sequences, which
include fibroin mRNA because of its

internal repetitive nature, hybridized.

As shown in Figure 20, a prominent
hybridization peak is seen at fractions

9 to 11. This peak is presumed to be
rRNA since it was competed for by cold

rRNA. A small and heterogeneous
peak at fractions 16 to 19, which is the

region for fibroin genes, was competed
for by unlabeled pure fibroin mRNA
(see Table 5). It was also observed that

virtually all of the counts hybridized

were competed for by total posterior

gland RNA. These results indicate that

similar repetitive sequences are trans-

cribed both in vivo and in vitro.

The RNA labeled in vitro for 30 min
was fractionated by a Bio-Gel A-50m
column (Fig. 21a) and compared with
the RNA labeled in vivo for 30 min

TABLE 4. Localization of Fibroin mRNA in Cytoplasmic and Nuclear Fractions

Fractions

Newly Synthesized

mRNA*
(%)

Long-Lived,

Unlabeled mRNAt
(%)

Cytoplasmic sup (a)

Sucrose sup (b)

Nuclear pellet (c)

47
2

51

84

Homogenate of posterior silk glands from the 7th day of the fifth instar was washed and centrifuged

three times in the presence of NP40, and the combined supernates were designated as cytoplasmic sup

(a). Crude pellet thus obtained was centrifuged through 2.2 M sucrose, and the supernate (b) and

nuclear pellet (c) were obtained.
* Posterior silk glands were labeled in vivo for 30 min with :iH-uridine and subjected to the

fractionation mentioned above, and radioactive fibroin mRNA was quantitated by T, RNase
fingerprint method.
tThe long-lived, unlabeled mRNA was quantitated by A260 oligonucleotide profile after T, RNase

digestion.
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Fig. 20. Hybridization of RNA synthesized in

vitro to B. mori DNA fractionated by Act D/CsCl
and competition of the hybridization by un-

labeled posterior silk gland RNA. The RNA was
labeled with 500 /xCi of a- i2P-UTP (23.7 Ci/

mmole) in vitro for 30 min in disrupted nuclei

(170 jug of DNA). Aliquots equivalent to 5% of

whole nuclear preparation from a pair of pos-

terior silk glands were hybridized toS. mori DNA
(200 yu.g/gradient) in the presence or absence of

competitor at 50°C for 17 hr in 50% formamide-4
x SET. No competitor added (•); competitor RNA
equivalent to 20-fold excess of posterior-gland

nuclei added (o o); competitor equivalent to

200-fold excess of posterior-gland nuclei added
(A A).

(Fig. 21b). Comparison of Fig. 21a and
Fig. 21b reveals that the radioactivity-

profiles from Bio-Gel columns are simi-
lar for RNA labeled in vitro and in

vivo. However, there is a higher pro-

portion of lower molecular weight
RNAs labeled in vitro than in vivo.

More than 55% of the radioactivity of

the RNA in vitro was found in the re-

gion larger than 28S (Fig. 21a).

The void volume fraction shown in

Fig. 21a, which contained 14% of the
total radioactivity, was recovered and
an aliquot was subjected to RNase T

1

digestion for characterization. The
sample was estimated to contain about
15% fibroin mRNA (Fig. 22c). There-
fore, we conclude that about 2.1% of the
total transcripts synthesized in vitro by
disrupted nuclei in 30 min was fibroin
mRNA of apparent full-size length.

This is the highest value ever found for

a single mRNA species and is about
two orders of magnitude higher than
that of globin mRNA sequences syn-
thesized in vitro. The hybridization
assay was used to confirm the presence
of mRNA sequences. An aliquot of the
void volume fraction of Fig. 21a was
hybridized to DNA in the fibroin gene
region (Fig. 23). The hybrid was recov-

ered from filters 10 to 15, digested with
T j RNase, and the digest was subjected
to a DEAE-Sephadex A25 column (Fig.

22d). Figure 22d demonstrates the
existence of fibroin mRNA sequences
in the RNA in vitro, and a comparison
of Fig. 22c (15% pure fibroin mRNA)
with Fig. 22d (40% pure) indicates that
mRNA was selected by the hybridiza-
tion procedure.

Nucleoplasmic RNA polymerase II is

known to be sensitive to low concentra-
tions of cv-amanitin and is possibly the

TABLE 5. Inhibition of Fibroin mRNA Synthesized in vitro by Low Dose of a-Amanitin

System of RNA Synthesis

Hybridization to Partially Purified Fibroin Genes

Without Cold Fibroin mRNA With Cold Fibroin mRNA

Complete (a)

Complete + a-amanitin (b)

474 cpm
156 cpm

124 cpm
112 cpm

Nuclei containing 150 fj.g of DNA were incubated with 80 /iiCi of :!H-UTP for 30 min in the absence
(a) or presence (b) of 0.2 /u.g/ml of a-amanitin. For assay 2.0 mg of 5. mori DNA was fractionated by
Act D/CsCl, and 10% aliquots of the fractions containing fibroin genes were used for hybridization.

For the hybridization 2.5% aliquots of each reaction mixture (a or b) were used in the absence or

presence of unlabeled fibroin mRNA (5.1 /i.g/ml). Hybridization was done at 50°C for 2.5 hr in 5 ml of

50% formamide-4 x SET.
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Fig. 21. Bio-Gel fractionation of the RNAs synthesized in vitro by disrupted nuclei (a) and in vivo

(b) in 30 min. (a) On the 7th day of the fifth instar disrupted nuclei were isolated from the posterior

silk glands. An aliquot of the nuclei containing about 200 /xg of DNA was incubated with 250 /^Ci of

a- ,2P-UTP (10 Ci/mmole) and other ingredients in 1.0 ml volume at 25°C for 30 min. The RNA
products were applied to a 2.6 x 66 cm column of Bio-Gel A-50m, 5.5-ml fractions were collected, and

0.5-ml aliquots were counted after TCA precipitation, (b) A larva was injected with 2.5 mCi of

'H-undine on the 7th day of the fifth instar and incubated at 25°C for 30 min. The RNA was extracted

from the posterior gland and fractionated as in (a). cts/min/0.5ml (• •); A, (i„ monitored by a Gilson

spectrophotometer ( ).

polymerase form that is involved in

transcription of the nuclear precursors

to mRNAs. Therefore, we wondered
whether fibroin mRNA synthesis in

disrupted nuclei is sensitive to low

doses of a-amanitin. RNA synthesis

was carried out for 30 min in the pre-

sence or absence of 0.2 fxg/ml of

a-amanitin. The drug inhibited 21% of

RNA synthesis in vitro. Each product

was hybridized to partially purified

fibroin genes in the presence or ab-

sence of unlabeled pure fibroin mRNA
as a competitor (Table 5). Fibroin

mRNA, as defined by labeled RNA that

hybridized to fibroin DNA and was
competed for by excess cold fibroin

mRNA, was not synthesized in the pre-

sence of a-amanitin, thus providing the

first direct evidence that RNA
polymerase II is the form that trans-

cribes structural genes in the living

cell.

We wanted to test the ability of the

disrupted nuclei to initiate RNA syn-

thesis in vitro. Incorporation of y-32P-

ATP was carried out for 30 min. The

RNA was fractionated on a Bio-Gel

A-50m column (Fig. 24). Aliquots of

fractions 14 to 19 were pooled and sub-

jected to the following analysis. The

sample was digested with RNase Tt

and the digest was divided into two.

One part was directly fractionated by a

DEAE-Sephadex column (Fig. 25a).

The other was digested further with

alkaline phosphatase and then sub-

jected to a DEAE-Sephadex column

(Fig. 25b). In Fig. 25a, digests having

negative charges of 5.5, 6.5, 7.5 and so

on were observed. These are tenta-

tively identified as 32ppp
A
p
G
p,

32
ppp

ApxpGp,
32
ppp

Ap
x
p
x
p
G
p and so on.

The 32P-radioactivity shown in Fig. 25a

was mostly sensitive to alkaline phos-

phatase (Fig. 25b). This result excludes
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Fig. 22. RNase T, "fingerprints" of various RNAs labeled with a-'
2P-UTP. (a) Pure fibroin mRNA

from the posterior glands labeled in vivo for 24 hr during the 6th day of the fifth instar. (b) High
molecular weight RNA (void volume fraction of a Bio-Gel A-50m column) from animal's carcass

labeled in vivo for 24 hr during the 6th day. (c) An aliquot of crude fibroin mRNA fraction (the void

volume fraction shown by the bracket in Fig. 21) synthesized in vitro in disrupted nuclei, (d) Other
aliquot of the void volume fraction of Fig. 21 was hybridized to fibroin genes (Fig. 23), and purified. 32P
cts/min (• -•).

the unlikely possibility that a strange
structure like A(5')ppp32 (5')Gp or
A(5')ppP32(5')XpGp is the product. Frac-
tions 20 to 54 were also pooled, and
analyzed. Hydrolysis of an aliquot of
the sample by 0.3N KOH gave a single

peak at a negative charge of 4.3 (Fig.

25c), which we tentatively identify as
32
ppp

A
ppp. Therefore, 32P was not in-

corporated into internal positions. Di-
gests having negative charges of 5, 6, 7,

etc., were obtained by pancreatic
RNase digestion (Fig. 25d) together
with an unidentified peak having -3.8
charge. By T

1
RNase digestion we

found digests having negative charges
of 5.5, 6.5, 7.5, etc. (Fig. 25). There was

a small peak cochromatographing with
5'-ATP marker and a large peak hav-

ing -4.3 charge which we could not

identify (Fig. 25e). Although there are

some unidentified products in the di-

gests, we conclude that most of the

y-32P-ATP was incorporated at the 5'

end of RNA molecules in the void col-

umn fraction, which contained 15% fi-

broin mRNA, as well as in the lower
molecular weight region of the Bio-Gel

column (Fig. 24). These observations
that the disrupted nuclei retain their

ability to reinitiate RNA synthesis
strengthen the usefulness of the sys-

tem for the study of fibroin gene regu-

lation in vitro.
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Fig. 23. Hybridization of crude fibroin mRNA
synthesized in vitro to partially purified Fibroin

genes. B. mori DNA (2.0 mg) was fully sheared,

actinomycin D (1.0 mg) was added, and the re-

fractive index was adjusted to 1.3842. The mix-

ture was centrifuged at 32,000 rev/min at 20°C

for 66 hr in a Spinco 50.2 rotor, and fractions

were trapped on filters. The void volume fraction

of Fig. 21a was hybridized to the DNA filters in

50% formamide-4 x SET at 50°C for 20 hr, and

the RNA hybridized to fibroin gene region shown
by the bracket was recovered for RNase T,

"fingerprint" analysis (Fig. 22d). In order to ob-

tain enough counts the hybridization and elution

of the hybrid RNA was repeated, cts/min
(• •); A,60 ( ).

Fig. 24. Incorporation of y- i2P-ATP into RNA
synthesized in vitro by disrupted nuclei. Nuclei

containing 150 /xg of DNA were incubated with

500 fid of y-:i2P-ATP (18.7 Ci/mmole) and other

ingredients in 1.0 ml volume at 25
CC for 30 min.

The RNA was phenol-extracted, precipitated

twice with ethanol, passed through a 0.9 x 66 cm
column of Sephadex G25, precipitated again

twice with ethanol, and fractionated by a 2.6 x

66 cm column of Bio-Gel A-50m. Out of 5.5-ml

fractions each 1.0-ml aliquot was counted after

TCA precipitation. Fractions shown by the brac-

kets were pooled and subjected to analyses shown
in Fig. 25.
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Fig. 25. Characterization of the RNA synthesized in vitro labeled with y-32P-ATP. Aliquots of

fractions 14-19 of Fig. 24 were pooled; E. coli tRNA was then added as a carrier, precipitated with

ethanol twice, and the precipitate digested with T, RNase and divided into two. One was applied

directly to a DEAE-Sephadex column (a), and the other was digested further with alkaline phos-

phatase (b). Aliquots of fractions 20-54 of Fig. 24 were pooled, and E. coli tRNA was added and
precipitated with ethanol twice. Aliquots were subjected to digestion with 0.3 A KOH (c), pancreatic

RNase (d), and T, RNase (e). All the digests were fractionated on DEAE-Sephadex A25 columns with

an NaCl gradient 0.10-0.40M in the presence of1M urea. Before application to the column the digest

for (c) was neutralized' and carrier oligonucleotides were added. Cold 5'-ATP was added as marker to

the digest for (e).
i2P cts/min (• • ); A,

(1„ (
); [MJNaCl (- - -).

BIOGENESIS OF MITOCHONDRIA
/. B. Dawid, E. A. Godwin, C. K. Klukas, J. L. Ramirez, S. Ohi, and W. B. Upholt

with the assistance ofM. Rebbert

We have continued our studies on
the structure of mitochondrial DNA
(mtDNA) in several animal cells with
the aim of obtaining comparative maps
of different mtDNAs (see Year Book 74,

p. 46). Ultimately, we would like to

know what functions are coded for by
mtDNA; how these functions are ar-

ranged on the DNA; how the primary

sequence and the overall anatomy of

mtDNA changes in evolution; and
what kind of evolutionary forces and
mechanisms operate on this DNA.
MtDNA codes for two specific

ribosomal RNAs (rRNAs), a set of

transfer RNAs (tRNAs), and several

poly(A)-containing RNAs that may be
messenger RNAs. The rRNAs and
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tRNAs have been well characterized in

a number of organisms. Our aim has
been to map the location of the regions

coding for these RNAs in the mtDNA of

Xenopus laevis and X. mulleri. We
have also studied the location of the

D-loop, which marks the replication

origin. Experiments have been ini-

tiated to study nonribosomal RNAs in

Xenopus mitochondria. A mapping
study of Drosophila melanogaster
mtDNA has been completed during
this year. A detailed comparison of the
mtDNAs of the goat and sheep has
been carried out.

The major results of these experi-

ments are as follows. The mt-rRNA
genes in Xenopus and Drosophila as

well as in Hela mtDNA are located

next to each other on the H-strand with
a gap of 120 to 160 nucleotides between
them. In X. laevis and Hela this gap
carries the gene sequence for a
mitochondrial 4S RNA, and one 4S
RNA gene is located immediately be-

yond the ends of the rRNA genes. A
total of 15 to 16 genes for 4S RNA are

distributed widely over the H-strand.

These features are again similar to the

situation in Hela mtDNA as reported

by Wu and her colleagues {Journal of

Molecular Biology, 71, 81-93, 1972).

We further determined the polarity of

the mt-rRNA in Drosophila and
Xenopus: transcription proceeds from
the smaller to the larger RNA. Trans-

cription in the direction small-to-large

rRNA is now recognized to be generally

true for rRNA genes. In both X. laevis

and X. mulleri the D-loop begins at a

distance of about 800 base pairs from
the end of the rRNA genes and replica-

tion is directly away from the rRNA
genes.

We reported previously {Year Book
71, p. 22; Year Book 70, p.44) that the
primary sequence of mtDNA changes
quite rapidly in evolution. Our recent
observations show that the overall

anatomy of the mtDNA molecule is

highly conserved over long evolu-

tionary distances.

Cloning OFXenopus laevis

Mitochondrial DNA

/. B. Dawid, W. B. Upholt, and J. L. Ramirez
with the assistance ofM. Rebbert

To aid structural studies ofX. laevis

mtDNA, we prepared hybrid plasmids
between mtDNA and suitable vectors

and grew these plasmids in E. coli (see

Year Book 74, pp. 16 and 20). In this

work we adhered to the safety stan-

dards proposed by the Asilomar Con-
ference on Recombinant DNA. The re-

striction endonuclease EcoRI cleaves

X. laevis mtDNA into two fragments,

one of 15 kb and one of 2 kb (kb is

kilobases or kilobase pairs). The small

fragment was linked to the
kanamycin-resistant vector PCR11
(PCR11 is 12.6 kb); the larger fragment
was linked to the tetracycline-resistant

vector PMB9 (PMB9 is 5.3 kb). After

growth in E. coli the recombinant
plasmids were isolated, digested with
EcoRI, and the mitochondrial frag-

ments were purified. Both cloned

fragments were shown to be identical

with the EcoRI fragments of frog

mtDNA by gel electrophoretic analysis

of the patterns obtained by digestion

with other restriction enzymes. These
cloned mtDNA fragments were then
used in mapping studies in addition to

fragments isolated directly from frog

mtDNA.

Maps of X. laevis and X. mulleri
mtDNA: Restriction Sites, the
D-loop, and the rRNA Genes

J. L. Ramirez and I. B. Dawid

In Year Book 74, pp. 46-47, we
showed maps for these two mtDNAs
which contain the locations of EcoRI
sites, the Smal site in X. mulleri

mtDNA, and the D-loop positions. We
now add the positions and the polarity

of the rRNA genes (Fig. 26).
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Fig. 26. Maps ofX. laeuis andX. mulleri mtDNA. EcoRI sites are numbered in italics inside the

circles. Other restriction sites are labeled. The rRNA genes and the D-loops are shown, and the

polarity of transcription and replication is indicated with an arrow pointing in the 5'-to-3' direction

on the growing RNA or DNA strand. Distances are given as percent of total genome, which is 17,100

base pairs. The H-strand is shown on the outside, the L-strand on the inside.

The mapping of the rRNA genes was
done in the following way. We know
that the two genes are located next to

each other with a gap of about 120
bases separating them {Year Book 72,

p. 45). EcoRI fragments of X. laevis

mtDNA were annealed with mt-rRNA,
and the hybrid molecules were in-

spected in the electron microscope. The
rRNA/DNA hybrid regions were close

to the end of the larger EcoRI frag-

ment, with the small mt-rRNA located

at the end. This position for the rRNAs
was confirmed by "R-loop mapping," a
method developed by White and Hog-
ness of Stanford University. In this

method, native DNA and RNA are an-

nealed under conditions in which the

RNA invades the DNA duplex and dis-

places one of the strands. A loop is

clearly visible in the electron micro-

scope. To determine the relation of the

rRNA genes and the D-loop, the DNA
is fixed with glyoxal to preserve the

D-loop, then digested with EcoRI, and
finally hybridized with large rRNA be-

fore examination in the electron micro-

scope. Figure 27 shows such a molecule
which established the relative posi-

tions of the D-loop and the rRNA genes
in X. laevis mtDNA. The X. mulleri

map was derived in an analogous way
and is also shown in Fig. 26.

The polarity of the mt-rRNA was de-

termined by digestion of EcoRI frag-

ments of the DNA with specific exonu-
cleases, followed by hybridization of the

resulting single-stranded tails with
rRNA. The result is incorporated into

the models of Fig. 26. The direction of

replication was deduced from the ob-

servation of a number of "expanded
D-loop molecules" in X. mulleri
mtDNA, and is also shown in the maps.
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Fig. 27. Electron micrograph and tracing of an X. laeuis mtDNA molecule with the D-loop in the

"H-form" ID) and an R-loop formed by the large rRNA (R). Note that the R-loop has a "whisker," i.e., a

portion of the RNA is displaced by the DNA strand and forms a single-stranded tail.

Mapping of 4S RNA Genes on
X. laeuis mtDNA

S. Ohi, W. B. Upholt and I. B. Dawid

In Year Book 74, p. 47, we described

our initial experiments on the mapping
of mitochondrial 4S RNA genes of X.

laeuis. The covalent attachment of fer-

ritin to 4S RNA was achieved by the

method of Wu and Davidson (Journal

of Molecular Biology 78, 1, 1973);

ferritin-4S RNA complexes were hy-

bridized to separated strands of

mtDNA, and the hybrids were
analyzed in the electron microscope.

The H-strand of mtDNA carries the

genes for the mt-rRNAs and a majority

of the 4S RNA genes. The rRNA re-

gions were used as reference points in

the mapping. The result of the meas-
urements of these hybrid molecules is

shown in Fig. 28. At least 15 and possi-

bly 16 sites for 4S RNA were found on
the H-strand. The more remarkable
positions are those between and im-
mediately flanking the rRNA genes:

Hela cell mtDNA has 4S RNA posi-

tions at the analogous points, as de-

termined by Wu and her colleagues (J.

Mol. Biol. 71, 71-93,1972). The remain-
ing 4S RNA sites are distributed

widely over the H-strand. This wide
distribution is also similar to the situa-

tion in Hela mtDNA.
Our results with the L-strand of X.

laeuis mtDNA are incomplete. There is,

however, tentative evidence for 5 or 6

sites on this strand. If these results can
be confirmed in future experiments, we
would have evidence for 20 to 22 sites

for 4S RNA on Xenopus mtDNA. This
number would come close to the ex-

pected number of tRNAs required for a

complete protein synthesizing "ma-
chine" that depends fully on endogen-
ous tRNAs.



DEPARTMENT OF EMBRYOLOGY 49

Fig. 28. Map of 4S RNA sites on the H-strand of X. laevis mtDNA. Closely adjacent sites are only

then considered to represent two sites if both sites were seen repeatedly to be occupied by ferritin on
the same DNA strand. Site 10 may be a doublet site, but it has been observed only twice out of 158
molecules examined as a doublet and is not considered certain. Comparison with Fig. 26 shows that the
D-loop position is from about 0.82 to 0.90 on this map. Thus, position H14 may be within the D-loop,

but this is not certain.

Mapping Studies with mtDNA
from Drosophila melanogaster

C. K. Klukas and I. B. Dawid

mtDNA and mt-rRNA from
Drosophila have been isolated and
characterized {Year Book 74, pp. 49-

53). The circular mtDNA molecule has
a molecular weight of 12 x 106

, i.e., it

consists of 18,400 base pairs. About
25% of this molecule has a very high
content of adenylic and thymidylic
acids and can be visualized as an early
melting region by electron microscopy.
The mt-rRNAs have molecular weights
of about 300,000 and 530,000.
We have mapped the positions of the

cleavage sites of the restriction en-

donucleases Haelll and Hindlll rela-

tive to each other and relative to the
early melting region. The map was
constructed from electron microscopic
measurements of partially denatured

total and partial restriction digestion

of the DNA, and from gel electrophore-

tic analysis of the DNA with each en-

zyme separately and both enzymes to-

gether. Figure 29 shows the results.

We next mapped the location of the

rRNA genes relative to restriction sites

by electron microscopy of RNA/DNA
hybrids. The assignment of positions to

the rRNA genes was confirmed and re-

fined by a quantitative hybridization

experiment in which the small and the

large rRNA were separately hybridized

to Hindlll and Haelll fragments of

mtDNA. The resulting map shows the

two rRNA genes located in close prox-

imity and separated by a gap of 160
nucleotides.

The polarity of the rRNA was deter-

mined in an analogous way to the

method outlined forX. laevis mt-rRNA.
As in the case ofXenopus the direction

of transcription in Drosophila mtDNA
is from the smaller to the larger rRNA.
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Both the close proximity of the two
rRNA genes and the polarity of the
RNA are highly conserved in the evo-

lution of animal mtDNAs, since the
identical arrangement is found in frogs

and fruit flies.

280

Fig. 29. Map of D. melanogaster mtDNA. The
cleavage sites of Haelll and Hindlll are indi-

cated by arrows, and the early melting region is

indicated by an open section of the circle. The
rRNA genes are indicated and are separated by a

gap of 160 nucleotides. The direction of trans-

cription, i.e., 5' to 3' polarity of the RNA, is

shown. Distances are given in base pairs. The
total genome size is 18,400 base pairs.

Mapping and Sequence
Comparisons of Goat and

Sheep mt DNAs

W.B. Upholt

A detailed comparison of sheep and
goat mtDNA was initiated with the
aim of observing the differences in the
mtDNAs of closely related animals
(Year Book 74, p.48). This study should
give information about the least con-
served regions of the mtDNA rather
than the most conserved ones, which

CARNEGIE INSTITUTION

are best studied in more distantly re-

lated species (see Year Book 70, p. 44).

The analysis of restriction fragments
of sheep and goat mtDNA was carried

further. Endonuclease Haelll yields 27
to 30 fragments from these mtDNAs.
From a consideration of conserved
fragments it follows that sheep and
goat mtDNAs have diverged to the ex-

tent of 7% to 11% of their sequences. In

the course of these studies the interest-

ing fact was observed that the mtDNAs
from individual sheep and goats dif-

fered from each other with respect to

the Haelll fragment pattern and there-

fore with respect to primary sequence.

Figure 30 shows the electrophoretic

separation of these fragments from the

mtDNA of two goats and three sheep.

No two patterns are exactly alike. The
sheep patterns are all rather similar to

each other, the two goats differ sub-

stantially, and the sheep and goat pat-

terns are very different. On the basis of

these experiments and with certain as-

sumptions, one may calculate a se-

quence divergence of 0.5% to 1% among
the sheep mtDNAs and about 2% be-

tween the DNAs of the two goats.

Detailed maps were constructed for

the cleavage sites of endonucleases

EcoRI and Hindlll on both sheep and
goat mtDNAs. The two goats differed

with respect to EcoRI and Hindlll sites,

a fact that emphasizes the considerable

difference in sequences of the two
DNAs. The position and lengths of the

goat and sheep D-loops were deter-

mined and are also shown on the maps
of Fig. 31. Several EcoRI Hindlll sites

were conserved between sheep and
goat, but some of the sites differ. The
D-loops are at analogous positions on
the two mtDNAs, but the lengths of the

loops are different. We reported last

year that a region of high evolutionary

change overlaps one end of the D-loop

(the left end in Fig. 31). This region

where the two D-loops differ in length

and the area immediately beyond it

have been studied in more detail by
electron microscopic heteroduplex
mapping. We confirm the earlier con-

clusion that this region shows a high
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Fig. 30. Haelll fragments of sheep and goat mtDNA. The direction of electrophoresis is from top to

bottom. Fragment sizes range from just under 2000 to 200 base pairs. Smaller fragments occur but are

not shown in this figure. mtDNA fragments from three individual sheep (S) and two goats (G) are

displayed; the unmarked lane contains Haelll fragments of the plasmid PSC101. Differences in the

band patterns of individual sheep and goats are apparent.

rate of evolutionary change and
further suggest that it contains a dup-

lication of about 150 base pairs. Thus,
the segment of DNA overlapping and

adjacent to the D-loop may show a high
rate of base mutation and also a ten-

dency to rearrangements on a larger
scale.
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Fig. 31. Maps for sheep (S) and goat (G) mtDNAs. EcoRI sites are labeled/? and numbered; Hindlll
sites are labeled//; fragments are labeled with capital letters. Subscripts refer to sites or fragments
that are present in one of the two goat mtDNAs only. The position and length of each D-loop are
indicated. The lengths of the different regions in the molecules are shown on the outer circles in base
pairs.

PHOSPHOLIPID-CHOLESTEROL DYNAMICS IN MAMMALIAN
CELLS

R. E. Pagano, L. Huang, K. Ozato and M. Takeichi
with the technical assistance ofE. Asch, E. Someruille and D. Duncan

Work in this laboratory is concerned
with the possible dynamic role that
membrane phospholipids and choles-

terol may play in the regulation of cell

behavior. During the past several

years we have been developing a tech-

nique utilizing artificially generated

lipid vesicles, which permits a con-

trolled and systematic perturbation of

these membrane components in living

cells. In the present report we empha-
size our recent findings on the interac-

tions of phosphatidyl choline vesicles

with murine lymphocytes and the

physiological consequences of these in-

teractions. We show that the pathways
of vesicle-cell interactions, enumerated
in previous reports (vesicle-cell fusion,

adsorption, and lipid exchange) are ex-

quisitely sensitive to the molecular
composition and physical properties of

the artificial vesicles. When lympho-
cytes are the "recipient" cells, the re-

sulting membrane perturbations lead

to altered surface properties and an
enhanced proliferative activity of these

cells, when stimulated by various

mitogens and antigens.

In a separate but related line of re-

search, Takeichi has explored some of

the adhesive properties of a fibroblastic

cell line and reports on attempts to

identify and characterize membrane
proteins that participate in this

phenomenon. Parallel studies on the

adherence of lipid vesicles of known
composition to cells are also discussed.

Finally, a critique of the use of small
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hydrophobic fluorescent probes to

monitor changes in the physical state

of the lipids in natural membranes is

presented.

Details of our studies on each of

these topics are presented in separate

sections below.

Interactions of Phospholipid
Vesicles with Murine

Lymphocytes: Vesicle-Cell
Adsorption and Fusion as
Alternative Pathways of

Uptake

L. Huang, K. Ozato, and R. E. Pagano

The various mechanisms by which
unilamellar lipid vesicles interact with
cells and the subsequent modification

of cell behavior that would result have
been the subject of recent investiga-

tions from this and other laboratories.

In Year Book 74 (p. 53) we showed that

the incorporation of lecithin into

Chinese hamster fibroblasts from
dioleyl lecithin (DOL) vesicles were
primarily via vesicle to cell fusion and
lipid exchange processes. The interac-

tion of dimyristoyl lecithin (DML) vesi-

cles with these cells was also studied,

and exhibited an enhanced uptake
when the temperature of vesicle-cell

incubation was below the thermotropic

phase transition temperature (Tc
—

25 °C) of DML. While the detailed

mechanisms for DML uptake were not

explored, this peculiar temperature

dependence suggested an additional

pathway for vesicle incorporation. In

the present study with mouse thymic

lymphocytes, we identify this pathway
as vesicle-cell adsorption. Further-

more, in a survey of the uptake of vari-

ous lecithin vesicles by thymocytes, it

is shown that these lipid vesicles can be

classified according to whether they

are incorporated principally by vesicle

to cell fusion or a stable vesicle to cell

adsorption.

Evidence for a Stable Vesicle-Cell

Adsorption

In an EM autoradiographic survey of

thymocytes treated with a variety of

[
3H] lecithin vesicles, we observed two

distinct patterns of silver grain distri-

butions in treated cells. In the case of

EYL (egg yolk lecithin) or DOL vesi-

cles, most of the exogenous lipid label

appeared inside the cell, while for DML
or DPL (dipalmitoyl lecithin) vesicle-

treated cells, relatively large amounts
of radioactivity appeared to reside at

the cell surface. Typical examples of

such autoradiograms are shown in Fig.

32 for cells treated with EYL vesicles

at
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Fig. 32. Electron microscope autoradiographs of mouse thymocytes treated with (a)
[

3H] DML
vesicles (2°C, 60 min), x 14,000 and (b)

[

:iHj EYL vesicles (22-23°C, 30 min), x 7,700. Bar is 0.1 /xm.



54 CARNEGIE INSTITUTION

(30 min at 22-23 °C) and DML vesicles

(1 hr at 2 °C). Similar auto-radiograms

were also obtained for thymocytes
treated with these lipids at 37 °C. Thin
layer chromatographic (TLC) analysis

of the extracted lipids from these cells

revealed that most (—90%) of the

radiolabel was still in lecithin, indicat-

ing that the grains seen in the au-

toradiograms represent the approxi-

mate location of the exogenously intro-

duced lecithin and not some degrada-
tion product. This qualitative observa-

tion of two classes of grain distribution

was confirmed in a statistical analysis

of a large number of autoradiograms of

treated cells and is summarized in

Table 6. The accumulation of silver

grains at the surfaces of DPL or DML
(vs. EYL or DOL) vesicle-treated cells

is readily apparent, both from calcula-

tions of the percentage of grains found
near the cell surface and from the ratio

of the normalized grain densities.

It should be noted that all vesicle-cell

incubations were carried out at 22-

23 °C except in the case ofDML. In this

instance, incubations were carried out

at 2 °C to avoid complications which
might arise from the phase transition

of the DML vesicles. A suggestion of

the complex uptake behavior which re-

sults from this transition is seen in Fig.

33, where the temperature dependence
of DML and EYL uptake by thymo-
cytes is compared. Each data point in

this figure represents the lipid uptake
by cells following a 60-min incubation

at a given temperature. For EYL vesi-

cles, the lipid uptake increased mono-

tonically with temperature between
0°C and 37°C. In striking contrast, the

lipid uptake from DML vesicles showed
a peculiar temperature dependence,
exhibiting a sharp maximum at about

20°C and minima at about 15° and
24°C. Furthermore, the uptake at 0°C
was greater than at 37°C. DML uptake
was always larger than EYL uptake;

for example, about 1.5 ^ig of EYL vs. 4
/u,g of DML were taken up by 107 cells

at 37°C.

10 20 30 40

Temperature (°C)

Fig. 33. Temperature dependence of J
:iH] EYL

(1 mg/ml, 1 x 10" cpm/mg) and
[

14Cj DML (1

mg/ml, 4 x 10s cpm/mg) uptake by mouse thymo-
cytes. 107 cells/ml were incubated 60 min with

vesicles in Gey's balanced salt solution.

The existence of two types of lecithin

vesicle-cell interactions suggested by
the data above was confirmed in ul-

TABLE 6. Distribution of Autoradiographic Grains over Mouse Thymocytes
Treated with

[

:!H] Lecithin Vesicles

(Surface Grain*

Treatment
Percent Grains

in Surface

Density)
. + SEM

Time Temp. Total Silver (Interior Grain
Lipid Type (min) CO Grains Counted Compartment* Density)

:!H DML 60 2 565 69 8.1 ± 1.0

<H DPL 30 22-23 342 71 8.6 ± 1.2

'H EYL 30 22-23 348 27 1.5 ± 0.2
:!H DOL 30 22-23 133 25 1.4 ± 0.2

'See Pagano, Ozato, and Ruysschaert, elsewhere in this report, for description of analysis.



DEPARTMENT OF EMBRYOLOGY 55

trastructural studies of vesicle-treated

cells. Thymocytes incubated with EYL
or DOL vesicles at temperatures be-

tween 2 ° and 37 °C showed smooth cell

surfaces identical to those of untreated

control cells. A typical example of the

surface of an EYL-treated cell is shown
in Fig. 34a. In the DPL-treated cells

(Fig. 34b), many of the intact vesicles

had apparently adsorbed to the cell

surface. These vesicles ranged in size

from about 250 A to about 650 A in

diameter, possibly reflecting heteroge-

neity in the applied vesicle population.

Furthermore, the distribution of ad-

sorbed vesicles on the cell surface was
not uniform. Micrographs obtained

from cells treated with DML vesicles

also showed evidence of adsorbed ma-
terial at their surfaces. However, the

DML vesicles were apparently rup-

tured or collapsed in the 2 °C treat-

ments (Fig. 34c), while large masses of

amorphous material were seen ad-

sorbed to cells treated at 37 °C (Fig.

34d). From the ultrastructural studies

shown in Fig. 34 and the autoradio-

graphic data (Fig. 32; Table 6) showing
an accumulation of [

[6H] DPL or [
3H]

DML at the surfaces of treated cells, it

is concluded that the adsorbed mate-

rials seen in Fig. 34b, c, d actually rep-

resent native or modified applied vesi-

cles. In the case of DML, intact vesicles

were rarely seen adsorbed at the sur-

face of treated cells. The presence of

collapsed or ruptured vesicles and
amorphous material suggests a reor-

ganization of the vesicle membranes.
This modification of vesicle morphol-

ogy could be a consequence of an inher-

ent bilayer instability in this relatively

short chain lecithin. Our findings of an
enhanced uptake of DML by thymo-
cytes near or below the phase transi-

tion temperature (T c ) or DML (Fig. 33)

and the ultrastructural evidence pre-

sented in Fig. 34c and d suggest an en-

Fig. 34. Transmission electron micrographs of mouse thymocytes treated for 30 min with vesicles

comprised of (a) EYL (22-23°C), (b) DPL (22-23°C), (c) DML (2°C) and (d) DML (37°C) x 78,000. Bar is

1 pirn. Intact vesicles (b), collapsed or ruptured vesicles (c), and amorphous material (d) are seen at

arrows.
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hanced adsorption of DML at these
temperatures. Such an enhancement
could be due to the increase in bilayer

thickness below the Tc of the lipid.

Vesicle-Cell Fusion and Lipid
Exchange

Since the EM autoradiographic data

as well as the micrographs presented in

Fig. 34a suggested an absence of

vesicle-cell adsorption for DOL and
EYL vesicles, other possible mecha-
nisms for the uptake of these vesicles

have been investigated. In Year Book
74 (p. 62) we suggested that EYL vesi-

cles were incorporated by thymocytes
principally by a vesicle-cell fusion

mechanism. This suggestion was based
in part on the finding that when
thymocytes were treated with [

14C]
EYL vesicles containing trapped [

3H]
inulin, both components became cell

associated at identical rates, consistent

with the uptake of "intact" vesicles.

Additionally, the uptake of EYL vesi-

cles was insensitive to NaN 3 and
cytochalasin-B, two known inhibitors

of endocytosis in other cell types. Dur-
ing the past year, further direct evi-

dence for the fusion of EYL vesicles

with thymocytes was obtained. Cells

were treated with EYL vesicles con-

taining high specific activity [
3H] in-

ulin under various conditions. EM au-

toradiography was then used to

examine the intracellular distribution

of the vesicle marker in treated cells.

Statistical analysis of a large number
of autoradiograms showed approxi-

mately 75% of the trapped PH] inulin

was randomly distributed in the cyto-

plasm and nucleoplasm of the treated

cells, suggesting that the contents of

EYL vesicles were released into the

cells by fusion.

In order to explore the possibility of

lipid exchange between vesicles and
cells, thymocytes with endogenously

(
3 H-palmitate) labeled lipids were in-

cubated with [
14C] EYL unilamellar

vesicles for 1 hr at 37 °C. Following

this incubation, the vesicles were sepa-

rated from the cells and subjected to

molecular sieve chromatography on

Sepharose 4B. Each fraction was
examined for both 14 C- and 3H-cpm.
The results of such an experiment are

given in Fig. 35. The 14C-cpm showed
one broad symmetrical peak, typical of

unilamellar lipid vesicles. Three
3H-cpm peaks were observed. The first

peak eluted at the exclusion volume of

the column and probably represents

20 30 40

FRACTION NUMBER

Fig. .'35. Elution profile of ["C] EYL vesicles on Sepharose 4B following incubation (1 hr at 37°C)
with mouse thymocytes. Endogenous cell lipids were labeled with

[

:iHj palmitic acid. Fractions
between arrows were analyzed for lipid composition.
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unremoved whole cells or fragments.
The third and major 3H-cpm peak
eluted at the end of the column volume;
its radioactivity was chloroform-
methanol nonextractable and presum-
ably represents some secreted
metabolic products of small molecular
weights. The second 3H-cpm peak pre-

cisely cochromatographed with the un-
ilamellar 14C-vesicle peak. Between
fractions 15 and 27 (Fig. 35, arrows) a
total of 3 x 103 3H-cpm was found. In

control experiments in which the [
14C]

EYL vesicles were incubated with a
balanced salt solution previously in

contact with the 3H labeled cells, a

total of only 5 x 102 3H-cpm was found
in these fractions. Practically all

(-90%) of both the 3H-cpm and 14C-cpm
in these fractions was chloroform-

methanol extractable; TLC analysis

shows more than 80% of the 3H-cpm
was lecithin. These results demon-
strate that transfer of cellular lipid to

the vesicles, always present in excess,

can occur in addition to EYL vesicle-

cell fusion. In this experiment, al-

though lecithin was a minor lipid

(—30%) in the endogenously labeled

thymocytes, it constituted a major frac-

tion (—80%) of the cell lipids trans-

ferred to the vesicles. This indicates an
apparent specificity in the vesicle-cell

lipid transfer process. From the data in

Fig. 35, the number of lecithin
molecules per EYL vesicle, and a lower
limit for the specific activity of the cel-

lular lecithin, it was calculated that no
more than two cellular lecithin

molecules were transferred per 100
EYL vesicles. If it is assumed that the
transfer of cell lipids to vesicles is ac-

companied by an equal amount of

transfer of vesicle lipids to the cells, it

is further calculated that only 1-2% of

the total EYL uptake (37°C) is due to

the lipid exchange process.

Thus we conclude that the major
pathways of lecithin vesicle uptake by
mouse thymocytes are (1) a stable vesi-

cle to cell adsorption in the cases of

DML or DPL and (2) vesicle-to-cell fu-

sion for EYL (or DOL) with a minor
contribution due to lipid exchange.

Since all these processes require an ini-

tial vesicle-to-cell contact, it follows

that for DML and DPL this contact is

further developed into a state of stable

adsorption, while for EYL or DOL it

leads to subsequent fusion. We specu-

late that the physical properties of the

lipid vesicles, dictated by the fatty acyl

composition of the vesicle lecithin, ul-

timately determine the predominant
pathway for vesicle uptake.

Interaction of Phospholipid
Vesicles with Murine

Lymphocytes: Vesicle-Cell
Adsorption Leads to Altered

Surface Properties and
Enhanced Proliferative

Response

K. Ozato, L. Huang, and R. E. Pagano

In order to delineate the relationship

between cell surface properties and
membrane lipid composition, we have
explored the use of unilamellar lipid

vesicles to perturb the surface of mouse
lymphocytes, stimulated by various

mitogens to undergo blast transforma-

tion. This approach seemed particu-

larly hopeful, since previous studies

from this and other laboratories using

other cell types had demonstrated that

vesicle lipids could be incorporated into

cells by vesicle-to-cell fusion and lipid

exchange processes. We first made a

detailed study of the interactions of a

variety of lecithin vesicle types with

mouse lymphocytes and confirmed the

existence of these pathways of vesicle

uptake (Huang, Ozato, and Pagano;
this report). Surprisingly, in certain

types of lipid vesicles, a previously un-

reported mechanism of vesicle uptake
was also found, namely, a stable

vesicle-to-cell adsorption. We report

here on the ability of lipid vesicles to

modify the agglutinability and lectin

binding of lymphocytes. Most signifi-

cantly it is shown that vesicle pre-

treatment can also enhance .the pro-

liferative activity of stimulated cells.

The extent of these modifications of cell
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behavior depends on the lipid vesicle

type and is correlated directly with the

ability of vesicles to adsorb to the cell

surface.

Enhancement of Proliferation by Lipid

Vesicle Pretreatment

Cortisone-resistant thymocytes
(CRT) were briefly (30 min) treated

with unilamellar lipid (lecithins or 1:2

lecithin: cholesterol) vesicles and sub-

sequently cultured in a serum- and
lipid-free medium containing a

mitogenic dose of Con A (1 fxg/ml). The
proliferative activity of these cultures

was periodically examined using the

criteria of increased PH] TdR incorpo-

ration and increased number of total

cells and lymphoblasts. Figure 36

shows the time course of DNA synthe-

sis in CRT, activated by Con A, for both

DML vesicle pretreated and, for con-

trol, untreated cells. In both cultures

[
3H ] TdR incorporation reached a peak

on day 3. The pretreated cells showed

obviously higher DNA synthesis than
control at every time point tested, with
the largest differences (2-3 x ) occurring

at days 3 and 4 in culture. By the fifth

day, DNA synthesis in both cultures

had practically ceased. The degree of

enhancement of the mitogenic response

by DML varies from experiment to ex-

periment (2-5 x control) but was always
the largest of the lipid vesicles tested.

The level of the DML effect was depen-

dent on the temperature of the vesicle

pretreatment with pretreatment at

2 °C giving about a twofold larger ef-

fect than vesicle-cell incubations car-

ried out at 22-23 °C. Table 7 compares
the effect of different lipid vesicle pre-

treatments on the level of DNA syn-

thesis in Con A-stimulated CRT. Each
of the vesicle pretreatments also re-

sulted in an increase in total cells as

well as lymphoblasts in the culture.

The degree of enhanced proliferation

depended on the type of lipid vesicle

used, with DML always giving the

largest stimulation and EYL the least.

DML PRETREATMENT

• CONTROL

12 3 4 5 6

DAYS IN CULTURE

Fig. 36. Time course of DNA synthesis in cortisone-resistant thymocytes stimulated by Con A (1

/xg/ml).
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TABLE 7. Effects of Lipid-Vesicle Pretre'atments on Cortisone-Resistant

Thymocytes Stimulated with Con A

Temperature of Typical Experiment Total/ Lymphoblast/

Lipid Vesicle Pretreatment (cpm/culture Culture Culture

Pretreatment* (0°) x 10- ;!

t x 10"" x 10-

EYL 22-23 11.5 ± 0.9 3.0 ± 0.1 6.1 ± 0.2

DOL 22-23 11.4 ± 0.8 3.0 ± 0.2 6.0 ± 0.3

1:1 EYL:Chol 22-23 14.6 ± 1.2 3.1 ± 0.2 6.3 ± 0.3

DPL 22-23 29.0 ± 1.5 3.7 ± 0.3 9.0 ± 0.5

DML 22-23 18.3 ± 1.1 3.6 ± 0.3 8.7 ± 0.4

DML 2 37.8 ± 1.3 4.4 ± 0.3 14.3 ± 0.8

Control: no vesicles 10.5 ± 0.4 2.8 ± 0.1 5.2 ± 0.3

Control: no mitogen 0.4 ± 0.0 1.7 ± 0.0 0.0

no vesicles

Control: DML or DPL 22-23 0.9 ± 0.0 1.6 ± 0.0 0.0

vesicles;

no mitogen

*Optimum lipid concentration of vesicle suspension was 0.5 mg total lipid/ml cell suspension, except

for 1:1 EYL:Chol vesicles (1.0 mg/ml).

tMean of triplicate cultures ± standard deviation.

The observed order was DML (2-5 x ) >
DPL (2-3 x )> 1: 1 EYL:Chol ( 1.5-2.5 x

)

> EYL = DOL (1.2-2 x) > untreated

cells.

Cells pretreated with lipid vesicles

and subsequently cultured in the ab-

sence of mitogen did not exhibit signif-

icant DNA synthesis 72 hr after cul-

ture. Additional experiments in which
cells were continuously cultured in the

presence of lipid vesicles at sufficiently

low concentrations (0.1 mg/ml) to pre-

vent toxicity even for periods of incuba-

tion up to 72 hr, also showed no signifi-

cant enhancement of DNA synthesis

levels. Thus it is concluded that none of

the lipid vesicles tested were them-
selves mitogenic for T-cells.

The effects of lipid vesicle pretreat-

ment on spleen cell cultures stimulated

by a B-cell mitogen, bacterial

lipopolysaccharide (LPS), were also

studied. In nearly every case lipid-

vesicle pretreatment of B-cells resulted

in a significant enhancement of their

proliferative activity when stimulated
by LPS. Again, a graded enhancement
in DNA synthesis, depending on the

vesicle lipids used, was observed in the

same order as that found in T-cells.

Lipid vesicle pretreatment of spleen

cell cultures was not itself mitogenic.

Alterations in Lectin-Induced

Agglutinability and Lectin-Binding in

Vesicle-Treated Cells

The lectin-induced agglutinability of

normal thymocytes pretreated with
lipid vesicles was assayed quantita-

tively by measurements of the total

particle number in cell suspensions in-

cubated with and without Con A. As
shown in Table 8 pretreatment of

thymocytes with lipid vesicles prior to

incubation with Con A significantly

enhanced the agglutinability of the
treated cells. Furthermore, the degree

of enhanced agglutinability was de-

pendent on the vesicle type and showed
exactly the same order as that found in

the proliferation studies, that is, DML
> DPL > 1:1 EYL:Chol > EYL ~ DOL
> no treatment. Vesicle pretreatments
themselves did not induce thymocyte
agglutination in the absence of lectin.

In control and EYL or 1:1 EYL:Chol
vesicle pretreated cells, a-MM (but not

galactose) could almost completely re-

verse Con A-induced agglutination.

However, the agglutination was only

partially reversed for DML or DPL pre-

treatments. These effects of vesicle pre-

treatments on lectin induced aggluti-

nation were consistently observed for
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different lectin concentrations (5-50

ixg/m\). The effect of vesicle pretreat-

ments on the binding of radiolabeled

Con A to normal thymocytes was also

studied. In Fig. 37, the binding of [
125I]

Con A (1 /Ltg/ml; 60 min at 2 °C) to nor-

mal thymocytes pretreated with vari-

ous lipid vesicles is compared. The
binding of [

125 I] Con A to 1:1

EYL:Chol, EYL or DOL vesicle pre-

treated cells was indistinguishable

from that of untreated control cells,

both in terms of the total as well as the

«-MM inhibitable portion of the bind-

ing. In the case of DML or DPL vesicle

pretreatments, however, the binding

was significantly enhanced. Cells pre-

treated with DPL vesicles always
showed greater total [

125 I] Con A bind-

ing than DML-pretreated cells, while

the opposite order was found when the

a-MM inhibitable portions were com-
pared. Binding studies carried out at

37 °C showed increased lectin binding

and an identical trend with respect to

the ability of different vesicle types to

modify that binding. The binding of

PHI Con A to vesicle-treated cells

studied at higher lectin concentrations

(50 /xg/ml) also showed a striking en-

hancement of overall and a-MM in-

hibitable binding of DML and DPL
vesicle-pretreated cells.

TABLE 8. Effect of Lipid-Vesicle Pretreatment
on Lectin-Induced Agglutinability of

Thymocytes

Agglutination Index*

Con A (10 pig/ml)

Vesicle Pretreatment -MM -MM

None
DML(2°C)
DML(22-23°C)
DPL(22-23°C)
1:1 EYL:Chol
(22-23°C)

DOL(22-23°C)
EYL(22-23°C)

76.5 ± 1.7t 1.0 ± 0.0

93.0 ± 2.4 25.8 ± 0.2

91.8 ± 1.5 12.3 ± 0.1

89.7 ± 1.8 31.6 ± 0.1

87.7 ± 2.0 2.4 ± 0.0

85.0 ± 0.3 NDt
84.4 ± 0.8 1.2 ± 0.0

* Defined as

Particle no. in presence of Con A
1-

_ Particle no. in presence of Con A
1

tMean ± standard deviation.

tNot determined.

Alteration of Cell Surface Properties by

Vesicle Adsorption

In the foregoing studies (Huang,
Ozato, and Pagano) on the mechanism
of lecithin vesicle uptake by lympho-
cytes, it was shown that DML or DPL,
but not EYL or DOL, vesicles become
associated with lymphocytes princi-

pally through a stable vesicle-to-cell

adsorption process. Thus, those lipid

vesicles which have the most signifi-

cant effect on the mitogenic response
and on lectin binding and agglutina-

tion are those which adsorb to the cell

surface. This correlation suggests that

the alteration of lymphocyte surface

properties may be a direct consequence
of vesicle-to-cell adsorption.

The stable adsorption of vesicles to

cells could lead to an enhanced binding
of mitogen to vesicle-treated cells, in

those cases in which mitogen binds di-

rectly to lipid. Thus, the enhanced Con
A binding observed in DML or DPL
pretreated cells may be a result of di-

rect interaction between Con A and ad-

sorbed vesicles. The finding that a sig-

nificant fraction of Con A binding is

noninhibitable by «-MM, particularly

in DPL treated cells, supports the idea

that some fraction of the binding might
represent a direct association of lipid

with Con A. In further support of this

notion is a recent study (van der Bosch
and McConnell, Proc. Nat. Acad. Sci.

U.S.A., 72, 4409-4413, 1975) demon-
strating a strong interaction of Con A
with DPL vesicles, which results in

vesicle- vesicle fusion.

The adsorption of vesicles to cells, as

well as the postulated vesicle-lectin in-

teractions, can also be used to explain

the differential effects of vesicle treat-

ments on lectin-induced agglutinabil-

ity. Thus, in the presence of Con A,

agglutination could be mediated both

by cell-bound Con A and Con A bound
to cell-associated vesicles. In this re-

gard it is interesting to note that the

agglutination of DPL or DML vesicle

pretreated thymocytes could not be
fully reversed by a-MM (Table 8). This
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may be due to the large residual Con A
binding found in cells treated with
these vesicles (Fig. 37).

The present findings demonstrate an
enhanced proliferation in stimulated T
cells and B cells following incubation

with various unilamellar lipid vesicles.

This observation is particularly signif-

icant, since T and B cells respond to

different specific mitogens and may
have different triggering mechanisms.
The stable adsorption of lipid vesicles

to lymphocytes may provide a common
element by which the enhancement in

these different cell types can take
place. Thus, the enhancement of cell

proliferation following vesicle treat-

ment may be due to the increased

mitogen binding resulting from
vesicle-to-cell adsorption and the sub-

sequent utilization of mitogen in

vesicle-treated cells.

In conclusion, our results suggest a
direct correlation between the surface

localization of exogenous lipids result-

ing from vesicle to cell adsorption and
their ability to modify lymphocyte cell

surface properties such as agglutina-

bility and lectin binding. It is further

suggested that vesicle-to-cell adsorp-

tion can have profound physiological

consequences in treated cells—namely,

enhancement of the proliferative activ-

ity of stimulated lymphocytes.

Studies of Membrane Adhesion

M. Takeichi and R. E. Pagano
with the assistance ofW. Duncan

The adhesive properties of cells are

among the more important factors con-

trolling cell behavior and mor-
phogenesis in multicellular organisms.

While many investigators have at-

tempted to elucidate the mechanisms
of cell adhesion, the molecular basis of

this phenomenon remains unclear. In

4-

2-

I I Total Binding

Binding Inhibitable by a _ MM

DML DPL EYDChol
I'l

EYL DOL Cont.

Fig. 37. Effect of different lipid vesicle pretreatments on the binding (1 hr at 2°C) of
[

125
l] Con A (

1

fig/ml) to normal thymocytes.
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the present study of membrane-
membrane interactions, we describe

the adhesive properties of Chinese
hamster V79 fibroblasts to each other

as well as to artificial lipid vesicles,

and we present a preliminary charac-

terization of some of the cell surface

molecules that may play a role in the

adhesion process.

Vesicle to Cell Adhesion

Elsewhere in this report we have
documented the formation of a stable

adsorption between unilamellar phos-

phatidyl choline vesicles comprised of

dimyristoyl lecithin (DML) or dipal-

mitoyl lecithin (DPL) in vesicle-treated

lymphocytes. Such a stable vesicle-to-

cell adhesion appears to be a general

phenomenon and has also been found

to occur in the V79 fibroblast cell line.

The characteristics of this vesicle-to-

cell adhesion phenomenon are de-

scribed below.

Monolayer cultures of V79 cells were
dissociated into single cells with
chelating agents (EDTA; E cells) or a

combination of EDTA followed by tryp-

sin treatment (ET cells). The dispersed

cells were then incubated with [
3H]

DML vesicles for 1 hr at 2 °C, washed
and analyzed for the incorporation of

radioactive phospholipid. Figure 38
shows the dependence of DML uptake
on vesicle concentration. Between con-

centrations of 0.005 and 5.0 mg/ml of

applied DML vesicles, the DML uptake
increased monotonically from about 0.1

to 8.7 x 109 molec DML/cell. Further-

more, the technique used to dissociate

the cells from the culture dish prior to

vesicle-cell incubation had a marked
effect on the amount ofDML which be-

came cell associated, with E cells tak-

ing up about an order of magnitude

9.0

<u 5.0-

Q 4.0

E 3.0

0.00 10.0

(ng. DML/cell) applied

Fig. 38. Concentration dependence of DML uptake by V79 cells in suspension. Cells were dis-

sociated with EDTA (o o) and subsequently treated with trypsin (x x) prior to incubation with

vesicles.
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more exogenous phospholipid than ET
cells. The presence of the divalent cat-

ions (Ca++ or Mg++
) in the vesicle sus-

pension had no effect on the amount of

DML uptake in E or ET cells.

EM autoradiograms of E cells and
ET cells (Fig. 39) treated with [

3H]
DML vesicles (1 mg/ml) for 1 hr at 2 °C
clearly show that the radiolabeled

DML is confined primarily to the cell

surface, consistent with the stable

adhesion of this vesicle type of cell. Ad-
ditionally, it is seen that the amount of

radiolabel found associated with ET
cells is considerably less than for E
cells, in agreement with the data in

Fig. 38. In preliminary experiments, a
protein homogenate of E and ET cells

incubated with [
3H] DML vesicles was

subjected to SDS-polyacrylamide gel

electrophoresis. The distribution of

[
3H] DML in the gel suggests that a

few of the protein bands had a high af-

finity for the radiolabeled DML. Thus,
it is concluded that the adsorption of

intact DML vesicles may involve some
trypsin-sensitive material at the cell

surface. A further characterization of

this material is in progress.

Cell to Cell Adhesion

Monolayers of V79 cells were dis-

sociated into single cells with chelating

agents or proteases, and the ability of

these cells to reaggregate was deter-

mined. Cells dispersed with EDTA (E

cells) possess strong reaggregability in

the absence of divalent cations, which
was enhanced in the presence of CA2+

(Fig. 40a). Cells dispersed with crystal-

line trypsin in Ca2+
- and Mg2+ -free

medium or with trypsin in the presence

of EDTA (TE cells) had no ability to

reaggregate in any medium tested

(Fig. 40c). Cells dispersed with crystal-

line trypsin in the presence of Ca2+ (TC
cells), however, totally retained the

reaggregability in a Ca2+ containing

medium but showed no indication

that there may be two pathways for

cell-to-cell aggregation, a Ca 2 +
-

independent and a Ca2+-dependent one.

The function of Ca2+-dependent adhe-

sion sites seems to be protected from
trypsin digestion by the presence of

Ca2+ (Fig. 40b vs. 40c). Mg*+ at physio-

logical concentration could not substi-

¥

Fig. 39. EM autoradiographs of V79 cells incubated with [
:!H] DML vesicles (1 hr at 2°C). (a)

EDTA-dissociated cell, (b) EDTA-dissociated and trypsin-treated cell.
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Fig. 40. Reaggregation of cells dissociated with 1 mM EDTA (a), 0.01% trypsin + 0.1 mM Ca2+ (b),

and 0.017r trypsin + 1 mM EDTA (c) in the medium with or without 1 mM Ca2 +
. The extent of

aggregation was represented by an index Nt/No, where No is the initial particle number in cell

suspension and Nt is the total particle number at the time t,. of incubation.

tute for Ca2+ in the phenomenon de-

scribed above.

Additional experiments were carried

out to compare the adhesive properties

of cells to a noncellular substrate with
the cell-to-cell adhesion described

above. Ca2+ (but not Mg24" or Mn2+
) was

totally ineffective in promoting the

adhesion of cells to gelatin-coated plas-

tic substrate. Furthermore, reagents

that inhibit cell-to-substrate adhesion

(e.g., cytochalasin B, colcemid, and tet-

racaine) did not significantly affect the

Ca2+-dependent cell-to-cell adhesion.

TC and TE cells were not markedly dif-

ferent in their adhesiveness to noncell-

ular substrates. These observations

suggest that a Ca2+-dependent mecha-
nism observed for cell-to-cell adhesion

is absent in cell-to-substrate adhesion.

In order to explore the possibility

that changes in cell-to-cell adhesive-

ness correlate with modifications of cell

surface proteins, the surface proteins of

intact fibroblasts were labeled with 125
I

using lactoperoxidase, and the protein

species subsequently examined by
SDS-polyacrylamide gel electro-

phoresis. While a number of proteins

are labeled with 125
I in all three cell

types (Fig. 41a), several iodinated

bands were more intensely labeled in E
cells than the others, suggesting that

one of the cell surface proteins could be

related to the Ca2+-independent adhe-

siveness of cells. The difference in iodi-

nated bands between TC and TE cells,

however, was clear and simple. One
protein whose molecular weight (MW)
is in a range of 140K to 150K was pre-

dominantly found in TC cells. No other

qualitative difference in iodinated
bands was observed between these two
types of cells. The above 140-150 MW
band was also present in E cells.

The correlation of the presence of

140-150 MW protein with the ability

of cells to aggregate in Ca2+ was also

found in another experiment. TE cells

did recover the Ca2+-dependent adhe-

siveness after several hours of incuba-

tion in normal cell culture medium.
This recovery could be completely in-

hibited by the addition of cy-

cloheximide to the medium. Interest-

ingly, the recovery of cell adhesiveness
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Fig. 41. Autoradiograph of [
125I]-labled cell-

surface proteins electrophoresed in 7.57c SDS-
polyacrylamide gel. (a) E cells (1), TC cells (2),

and TE cells (3). (b) TE cells cultured for 6 hr in

the medium without (1) and with (2) 100 /xg/ml

cycloheximide. Iodination was carried out in

Ca2+ -free medium at 5°C (a) and at 20°C (b). The
difference in the pattern of iodinated bands be-

tween (a) and (b) is due to the different tempera-
ture used for the iodination. Bars indicate the

position of 140-150K molecular weight region.

Top is cathode.

directly correlated with the appearance

of the 140-150 MW protein at the cell

surface of TE cells (Fig. 41b).

Evidence was also obtained suggest-

ing that the 140-150 MW cell-surface

protein can interact with Ca2+ . This is

supported by the finding that the

radiolabeling of this protein was sensi-

tive to the presence of Ca in the iodina-

tion medium. Thus, the 140-150 MW
protein in TC cells could be iodinated

only in the absence of Ca2+ (Fig. 42a vs.

42c), while the labeling of the other

proteins in TC cells and all the proteins

in TE cells were unaffected by the pre-

sence or absence of Ca2+ (Fig. 42b).

This effect of Ca2+ might be equivalent

to another effect of Ca2+ to protect the

140-150 MW protein from trypsin di-

gestion. These phenomena suggest that

the 140-150 MW protein undergoes a

CM MIGRATED

Fig. 42. Densitometer traces of autoradio-

graphs of
[

,25
l] -labeled cell-surface proteins elec-

trophoresed in 7.5% SDS-polyacrylamide gel. (a)

TC cells iodinated in the absence of Ca2 +
; (b) TE

cells iodinated in the absence or presence of Ca2+
;

(c) TC cells iodinated in the presence of Ca2+
. Bar

indicates the position of 140-150K molecular

weight region in each figure.

conformational change or alters its

molecular state in the cell membrane
as a result of an interaction with Ca2+ .

In summary, these observations

suggest a correlation of the appearance
of the 140-150 MW surface protein

with the Ca2+-dependent mechanism
for cell adhesion. The ability of this

protein to interact with Ca2+
is consis-

tent with the possible participation of

this protein in a Ca2+-dependent cell

adhesion mechanism. Future experi-
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ments will focus on the isolation and

purification of this protein to deter-

mine its role in cellular adhesion pro-

cesses.

Distribution of Lipophilic
Fluorescent Probes in Intact

Cells

R. E. Pagano, K. Ozato, and J. M. Ruysschaert*

The use of small lipophilic fluores-

cent molecules for probing the physical

state of lipid bilayer model membranes
has been the subject of investigation by

"membranologists" for a number of

years. Such probes partition into the

hydrophobic phase of the lipid bilayer

and can be used to detect, by fluores-

cence changes, subtle changes in the

molecular packing of the lipid

molecules in the vicinity of the probe.

Recently, such probes have been used

to monitor the membranes of intact liv-

ing eukaryotic cells; however, no direct

examination of the location of these

molecules in whole cells has been

made. We report here on the in-

tracellular distribution of three such

fluorescent probes, l,6-phenyl-l,3,5-

hexatriene (DPH), perylene, and 2-p-

toluidinyl-6-naphthalene sulfonate

(TNS), in murine thymocytes, using

radiolabeled probes and the technique

of EM autoradiography.

DPH, perylene and TNS were
radiolabeled by tritium gas exposure

method of Wilzbach and subsequently

purified by crystallization from the ap-

propriate organic solvents. Labeling of

mouse thymocytes was performed with

a 2 x 10"6M solution of each of the

probe molecules dispersed in 0.15 M
KC1. One volume of cell suspension

(0.5-2 x 107 cells/ml) was mixed with

one volume of probe suspension and in-

cubated for 60 min at 25 °C. The
labeled cells were then washed twice,

fixed in glutaraldehyde, and processed

for electron microscope autoradiog-

raphy by standard methods.

*Free University of Brussels.

Micrographs of thymocytes treated

with [
3H] fluorescent probes were

taken at 14,000 x , and the outline of in-

dividual cells and location of grains

traced on paper. Each traced cell was
then divided into two compartments
and the number of silver grains in each

compartment determined. A cell-

surface compartment was defined by a

zone two half distances (HD) wide and
centered over the cell-surface mem-
brane contour. The remaining portion

of the cell defined the internal com-
partment. The HD determined by
Salpeter for the electron microscope

autoradiographic conditions used in

the present study (

:i H; 100-nm sections;

Ilford L4 purple interference color;

Microdol-X development) was 160 nm.
For each cell, the areas of these com-
partments were measured. Grain den-

sities were obtained by dividing the

number of grains in each compartment
by the area of that compartment. The
ratio of surface grain density to inte-

rior grain density and the average
±SEM were then calculated. The re-

sults of these measurements for each of

the probes tested are summarized in

Table 9. It is readily seen, both from
the percentage of silver grains found in

the surface compartment and from the

ratio of surface to internal compart-

ment grain densities, that in DPH and
perylene the probes are largely inter-

nalized in the treated cells while most
TNS is confined to the cell surface.

The cell population used for these

studies was contaminated with a small
fraction ( — 1%) of red blood cells and
thus permitted a simultaneous
analysis of the distribution of each of

the probes in this cell type. The data

obtained for [
:!H] DPH is given in Fig.

43 and shows a symmetrical distribu-

tion of the radioactivity about the cell

membrane, with approximately 80% of

the grains found within a distance of±
0.3 microns of the membrane surface.

Similar data were obtained for [
3H]

TNS and [
3H] perylene.

These autoradiographic findings are

consistent with the known physical
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TABLE 9. Distribution of Autoradiographic Grains over Mouse Thymocytes
Treated with

[

:iH] Fluorescent Probes

Probe

(Surface Grain

Percent Grains
Total Grains in Surface (Interior Grain
Counted Compartment Density)

± S.E.M.

!H TNS
!H DPH
!H Penylene

302
990
918

69

16

27

11.4 ± 1.3

2.0 ± 0.3

2.4 ± 0.1

o 10-

II
-0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 +0.1 +0.2

Distance (microns)

1-0.3 +0.4 +0.5 +0.6 +0.7

Fig. 43. Distribution of autoradiographic silver grains in murine red blood cells, treated with
[
3H]

DPH. Number of grains found is plotted vs. their distance in microns from the cell surface ( + , outside;

-, inside).

properties of the fluorescent probes
used, and suggest that except for TNS
or cells such as the erythrocyte, consid-

erable ambiguity may arise in inter-

preting fluorescence data obtained
with whole cells containing various in-

tracellular membranes into which
these probes can partition.

MEMBRANE TRANSPLANTATION BY FUSION

L. Huang and A. K. Ritchie

The goal of this work is to establish

methods by which one can transfer a
membranous protein molecule with a
well-defined function to the plasma
membrane of cells normally devoid of

such function ("membrane transplan-
tation") and to study the physiological

function of the protein in its altered

environment.
Since most hydrophobic proteins re-

quire a lipid environment for their

function, the transplantation process

can best be accomplished by using the

lipid membrane as a carrier for the pro-
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tein. Joining the carrier membrane
with the receiving membrane, a fusion

process, should then transfer the pro-

tein molecules to their target mem-
brane. One approach is to solubilize

and isolate protein molecules and to re-

constitute them into lipid vesicles. The
reconstituted vesicles can then be used

for fusion with the recipient cell. An
alternative method is to fuse intact

membrane vesicles, isolated from a

source very much enriched with a pro-

tein, directly with the plasma mem-
brane of the recipient cell. The
molecule used in this study is the

nicotinic acetylcholine receptor

(AChR), an integral membrane protein

responsible for the selective ion per-

meability found in the postsynaptic

membrane of some nerve and muscle

cells. We hope to introduce chemosen-
sitivity toward cholinergic agonists in

recipient cells. The ACh receptor is a

convenient protein, since in addition to

its well-defined functional activity it

can also be tagged in a highly specific

and relatively irreversible manner
with 125I-a-bungarotoxin.

We have isolated AChR from the

electroplax of Torpedo californica. The
electroplax contains membrane that is

extremely rich in nicotinic acetyl-

choline receptors. Tissue from the elec-

troplax (stored at -70 °C) was
homogenized in a buffered isotonic salt

solution, centrifuged (100,00G£ x 30
min at 4°C), then successively washed
in a high and low salt concentration be-

fore solubilization by 2% triton X-100
(1 hr at room temperature). All solu-

tions contained 0.02% NaN
:i
and 5 mM

EDTA to minimize bacterial contami-

nation and protein degradation and
were kept at 4°C where possible. Par-

tial purification and detergent ex-

change were achieved by sedimenting
the AChR into a sucrose density gra-

dient containing 1% Na cholate. AChR
sedimented as a 10S peak, occasionally

with faster sedimenting shoulder. This

preparation had about 0.2 /umoles of

a-bungarotoxin binding sites/g protein

which is about 20-fold less than that

reported for Torpedo AChR purified by

affinity chromatography. The partially

purified AChR was then mixed with

dioleyl lecithin (DOL) which had been
predispersed in 2% Na cholate solu-

tion. The final concentration of lipid

was 10 mg lipid/ml in 1.5% cholate, 100
mM NaCl, 5 mM EDTA, 0.02% NaN3

and 10 mM Tris, pH 7.4. The clear

mixture was then exhaustively
dialyzed against six changes of the buf-

fered salt solution at 4°C for 72 hours.

The solution became slightly turbid

after dialysis. Thin-section transmis-

sion electron microscopy revealed the
presence of very uniform unilamellar

vesicles with an average diameter of

500 A (Fig. 44a). If the DOL-cholate
dispersed solution was dialyzed with-

out protein, similar vesicles of smaller
size (average diameter 400 A) were
found (Fig. 44b). The homogeneity and
efficiency of vesicle formation was also

demonstrated by the presence of a
single peak on Sepharose 4B gel

chromatography which represented

99% of the radioactivity when using
tritium labeled DOL. The reconstitu-

tion of the AChR into vesicles was de-

termined by velocity sedimentation in

a detergent free sucrose density gra-

dient. AChR was always associated

with the 3H-DOL vesicles which floated

at the top of the gradient (Fig. 45a). If

vesicles were first ruptured by 2% tri-

ton X-100, dissociation of AChR from
the lipids occurred (Fig. 45b) with the

lipids remaining at the top of the gra-

dient and receptor migrating to its

usual 10S position. The amount of re-

ceptor which could be incorporated into

the vesicle fraction increased linearly

then saturated as the protein/lipid

ratio reached 45 ng protein/mg lipid.

About two a-bungarotoxin binding

sites per vesicle were found under sat-

uration conditions. Such a low satura-

tion level of reconstitution may be due
to the differential affinity ofAChR and
other contaminating proteins for the

hydrophobic sites in the lipid vesicles.

We expect much higher efficiency for

reconstitution when pure AChR is

used. The reconstituted vesicles were

also tested for 125I-a-bungarotoxin ac-
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Fig. 44. Reconstituted vesicles prepared by dialysis method, (a) Vesicles containing AChR and
DOL. (b) Vesicles containing DOL alone. Bar is 2,000A.
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Fig. 45. Velocity sedimentation profiles of '-^I-a-bungarotoxin labeled AChR and 'H-DOL in the
reconstituted vesicles in (a) detergent-free linear sucrose density gradients (5-20%- w/w), and (b)

similar gradient but containing 1% triton X-100. Fractions of 0.22 ml were collected from the bottom
of the gradient. These receptors were prelabeled by treatment of the crude triton extract with 0.1

/xg/ml '- sI-a-bungarotoxin prior to reconstitution. Free ,25I-a-bungarotoxin was separated from toxin

receptor complexes on a BioGel P60 column.
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tivity in the presence or absence of tri-

ton X-100. About 80% of the total

AChR in the vesicle population was
available for binding when vesicles

were not ruptured by detergent, i.e.,

most of the reconstituted receptors had
their toxin-binding sites facing the ex-

terior of the vesicle.

Simple adsorption of the receptor to

the exterior of the lipid vesicle seems
unlikely, since co-migration of lipid

and receptor on a triton-free sucrose

gradient failed to occur when dialyzed

receptor was mixed with preformed
vesicles. We have also attempted to

distinguish between incorporated re-

ceptor and loosely adsorbed receptor by
testing for sensitivity to chymotrypsin
digestion. Chymotrypsin digestion (0.1

mg/ml) of receptor extracted with tri-

ton from Torpedo or from cultured

chick myotubes and of dialyzed Tor-

pedo receptor results in a shift of 10S
material to a 3S position on the sucrose

gradient. On the other hand, receptors

on the surface of cultured chick

skeletal myotubes or on reconstituted

vesicles remain as 10S material after

digestion by chymotrypsin. Thus, re-

ceptors associated with vesicles occupy

a protected position (i.e., failure to be

degraded to 3S material) similar to the

receptors in the membrane of intact

chick myotubes. The comparable ex-

periments on Torpedo membranes are

still in progress. These results encour-

age us to believe that the reconstituted

receptor is an integral part of the vesi-

cle membrane and not merely adsorbed

to its surface.

When the reconstituted AChR vesi-

cles were incubated with Chinese
hamster V79 cells for 45 min at 37 °C,

extensive uptake of AChR by the cells

was found with no evidence of

cytotoxicity. The intact cell-associated

AChR remained available for specific
125I-a-bungarotoxin (the binding was
inhibited by 10~4M curare and formed
a receptor toxin complex that migrated
as 10S on sucrose gradients). The
vesicle-treated cells acquired about 5x
10 4 a-bungarotoxin binding sites per

cell. An autoradiograph of a sparsely

plated culture dish of V79 cells that

had been treated with reconstituted

vesicles then labeled with 125
I-oi-

bungarotoxin revealed that most of the

grains were directly over cells. This is

in contrast to the random labeling of

the dish when cells were treated with
dialyzed receptors. An EM autoradio-

graph of vesicle-treated cells that had
been labeled with 125I-a-bungarotoxin
further showed that the 125 I-label was
randomly distributed over the cell sur-

face. The persistence of the surface lo-

cation of AChR in these cells was also

examined. Vesicle-treated cells that

were incubated for various times in

complete growth medium at 37 °C still

retained over 70% of their original ac-

tivity when tested for toxin binding
after 10 hr of incubation. If vesicle-

treated cells were labeled with 125I-a-

bungarotoxin and subsequently incu-

bated at 37 °C, those cells also retained

over 70% of their radioactivity after 10

hr (Fig. 46). About 43% of the radioac-

Fig. 46. The persistence of labeled receptor on

the surface of V79 cells containing transplanted

AChR. Monolayer cultures of V79 cells were in-

cubated for 45 min at 37°C with reconstituted

AChR. The cells were washed three times with

Gey's medium, then labeled with ,25 I-a-

bungarotoxin. The washed cultures were then

incubated at 37°C for the indicated amount of

time. The percentage of '-"'I-a-bungarotoxin re-

maining on the culture is plotted against the in-

cubation time.
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tivity that was lost from the cells into

the medium after 10 hr of incubation

was receptor-toxin complex, while 57%
was low molecular weight material (in-

cluded on a Bio-Gel P60 column) simi-

lar to the receptor- 125I-a-bungarotoxin

degradation product that results from

the metabolism of the internalized

membrane of cultured chick myotubes.

Thus, the specific ct-bungarotoxin bind-

ing activity of AChR can be trans-

planted to the surface of V79 cells pre-

viously devoid of any toxin-binding

ability, and such activity remains on
the cells for relatively long periods of

time.

The uptake of receptor by V79 cells

treated with vesicles was time depen-
dent (Fig. 47a) but independent of the

temperature of incubation. This is in

marked contrast to the uptake of

labeled lipid by the same cultures. The
uptake of labeled lipid was dependent
on both the time and temperature of

incubation and consistent with the

kinetics observed using vesicles formed
by other methods. The amount and na-

ture of lipid uptake was the same

whether pure lipid vesicles or vesicles

containing receptor were used. Only
0.1% of the receptor was associated

with the cells after 45 min of incuba-
tion at 0°C, whereas 0.33% of the

lipids were associated with the cells

under the same conditions (Table 10).

When the study was repeated with ves-

icles containing prelabeled receptors,

then the percentage of incorporation

was higher, since this assay measures
internalized receptors as well as the

externally available receptors. In this

case the percentage Of incorporation of

the lipid (0.26%) and! that of the recep-

tor (0.2%) at 0°CJwere nearly the

same. The discrepancy between the

amount of lipid uptake and the recep-

tor uptake becomes very large at 37 °

due to the absence of any enhancement
of receptor uptake at the higher tem-
perature. The mechanism responsible

for the temperature-dependent portion

of lipid uptake (a process involving ves-

icle fusion) is thus different from the

process involving receptor uptake. It is

not clear to us at this time how the re-

ceptor is being transplanted.

Fig. 47. The uptake of AChR and :!H-DOL by V79 cells. A confluent 35-mm dish of V79 cells was
incubated with reconstituted vesicles at 0° (• • ) and 37°C (O O) for the indicated times. Each
dish was treated with vesicles containing 8 mg/ml of DOL and 0.36 fig/ml of protein, then washed
three times with Gey's medium. The plates were then incubated with 0.1 fig/ml of 125I-a-bungarotoxin
for 30 min at room temperature. The cells were washed six times with Gey's medium, then extracted
with 1% triton and counted by liquid scintillation (for :iH; Fig. 47B) and/or a Gamma well counter (for
,25

I; Fig. 47A).
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TABLE 10. Uptake of Lipid and ACh Receptor by V79 Cells Treated with Vesicles

Containing the Reconstituted Receptor

Temp. (°C)

'H-DOL incorporation

into cells as percent

of the total :iH-DOL
applied

Receptor incorporation

into cells as percent

of the total applied

* Receptor and 3H-DOL
vesicles

t
125I-a-bungarotoxin

receptor and :!H-DOL
vesicles

37

37

0.33

1.1

0.26

0.66

0.1

0.1

0.2

0.2

* Cells were treated for 45 min at 37 °C with vesicles containing unlabeled receptors. The cultures

were then washed three times with Gey's medium and incubated for 30 min at room temperature with

0.1 /ti-g/ml
125I-a-bungarotoxin. Cultures were washed 6x5 min, then extracted with 19c triton X-100.

tCells were treated in the same manner as above except that the vesicles contained receptors that

had been prelabeled with 125I-a-bungarotoxin prior to reconstitution.

We have also attempted to introduce

the AChR into the plasma membrane
of V79 cells by treating these cells with
membrane fragments isolated from the

Torpedo electroplax. A membrane frac-

tion containing 10 2 moles of

a-bungarotoxin binding sites/g protein

was obtained by sedimenting a crude

membrane preparation on a discon-

tinuous sucrose density gradient.

Thin-section electron microscopy of

this fraction showed closed membrane
vesicles of very heterogeneous size dis-

tribution (0.1-2 /u. in diameter). A sus-

pension of this material was incubated

with a monolayer of cultured V79 cells

in the presence of UV-inactivated Sen-

dai virus or lipid vesicles comprised of

90% phosphatidyl choline and 10%
phosphatidyl glycerol or phosphatidyl

serine. Some toxin binding activity was
observed, but this method did not ap-

pear to be as promising as the use of

the reconstituted vesicles to transplant

membrane proteins.

Finally, we have tried to test our re-

constituted vesicles and V79 cells

treated with the reconstituted vesicles

for some indication of functional activ-

ity by the receptor (i.e., ion permeation

specifically induced by a cholinergic

agonist). The most satisfactory method
of testing the vesicles for 22Na ion flux

was a 1-ml P60 Bio-Gel column in

which vesicle-associated 22Na could be

completely separated from free 22Na in

1 min. When reconstituted receptor

vesicles were tested, they demon-
strated an uptake of 22Na which was
saturated within 10 min. This influx,

however, was not enhanced by the pre-

sence of carbachol, a cholinergic

agonist. Attempts to test the V79 cells

that had been treated with vesicles for

AChR activity by electrophysiological

techniques were also negative. These

cells had resting potentials of about

-25 mV but did not respond to bath or

iontophoretic application of ACh.
There was no change in the ACh sen-

sitivity of cultured chick myotubes
similarly treated with reconstituted

receptor after blockade of endogenous

receptors with a-bungarotoxin. There
are a number of possibilities for our

failure to detect receptor functional ac-

tivity: (1) The receptor, although re-

taining its oi-bungarotoxin binding ca-

pacity, may have lost its ability to

function as an ionophore due to some
denaturation or degradation of the pro-

tein. (2) The isolated receptor may be

lacking some other necessary compo-

nent that was discarded or inactivated

in the isolation process. (3) The recep-

tor may have been transferred but was
not situated in the membrane in an in-

tegral manner that allowed it to func-

tion as an ionophore. Limited success

by other investigators in restoring both

crude and purified AChR into artificial
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membranes and vesicles, although
with only intermittent success, leads

us to believe that the first possibility is

the most likely reason for our failure.

Experiments are in progress to de-

termine the conditions necessary for

restoring functional activity to the re-

ceptor. The mechanism by which

transplantation occurs will also be of

primary importance, using either the

ACh receptor as a marker—-provided

that functional activity can be

restored—or some other membrane
protein. Our preliminary data indicate

that this is a promising method of

membrane transplantation.

MECHANISM OF SYNGENEIC RESPONSE INDUCED BY LECTINS
K. Ozato and J. D. Ebert

In Year Book 74, pp. 90-92, we dem-
onstrated that the modification of the

lymphocyte surface by lectins renders

the cells responsive to syngeneic lym-

phocytes, as revealed by the prolifera-

tion of T cells stimulated by spleen

cells bearing the same histocompatibil-

ity antigens. A syngeneic response can

be obtained when either responding

cells or stimulating cells are pretreated

with native or succinyl-Con A (N-Con
A or S-Con A).

During the past year we attempted a

more analytical study of this syngeneic

response. Two directions of research

were undertaken. We first undertook
to determine the characteristics of the

cellular stimulus produced by
syngeneic spleen cells. We have ob-

tained data that suggest that the re-

sponse is characteristic of T cells. Con-
genital athymic mice (nu/nu) provide a
lymphocyte population deficient in T
cells. The spleen cells from nu/nu mice
did not respond to syngeneic cells.

Further, in an allogeneic situation,

they did not manifest the Con A pre-

treatment effect that usually augments
the mixed lymphocyte reaction. Con A
coating of either responding cells or

mitomycin-C treated spleen cells failed

to respond in nu/nu mice. Since we first

observed the syngeneic response in a

pure T-cell population, we now believe

that the response is a pure T-cell spe-

cific phenomenon.
The analysis of the stimulating

population has been carried out by
treating the cells with antibodies
against specific surface components of

T cells or B cells. Goat antimouse Ig or

AKR anti CBA# were used for elimina-

tion of B cells and T cells, respectively.

Antibody treatment was carried out be-

fore the cells were coated with Con A.

The effect of antibodies was studied

when both responding cells and
stimulating cells were coated with Con
A. As shown in Table 11 (a and b) when
stimulating spleen cells were treated

with anti-Ig, the response was effec-

tively suppressed, whereas anti-0 anti-

body treatment did not affect the re-

sponse. This finding indicates that

stimulatory function depends on the

presence of B cells. We have tested the

possible participation of adherent cells

(mostly macrophages). Spleen cell

populations that are deleted of adhe-

rent cells by passing the cells through
plastic petri plates still manifest their

stimulatory function.

Then how do responding T cells

interact with stimulating cells (proba-

bly B cells)? Do B cells release a factor

into the medium? Do stimulating cells

somehow enable Con A molecules to

associate with T cells more effectively?

Stimulating and responding cells must
either be in contact or be "very close

neighbors," for the culture fluid in

which stimulating cells have been
grown does not stimulate. Moreover,
when stimulating cells and responding

cells are cultured separately, using

nucleopore filter membranes, the

syngeneic response is not observed.

The role of stimulating cells does not

appear to be to provide physical sup-

port of Con A molecules on the surface,
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TABLE 11(a). Effect of Anti-0 or Anti-Ig on Con A-induced Syngeneic Response
CRT vs. [N-Con A]-Syngeneic Spleen

3H-TdR Uptake on Day 3 (cpm x 10 :i/culture)

Treatment B10.D2 CBA

Medium RPMI 27.2 ± 3.0 18.3 ± 1.4

Normal Serum AKR (1/20) 30.3 ± 2.4 16.7. ± 1.0

Normal Serum Goat (1/20) 32.4 ± 2.6 16.2 ± 1.3

Rabbit C (1/15) 15.6 ± 1.6 17.6 ± 1.5

AKR Anti- 0(1/20) 25.3 ± 3.0 18.8 ± 1.0

AKR Anti- 0(1/40) 38.0 ± 2.5 16.0 ± 0.7

AKR Anti- 0(1/40) + C (1/15) 29.3 ± 3.0 17.2 ± 2.0

Goat Anti-Ig (1/20) 0.8 ± 0.1 0.8 ± 0.1

Goat Anti-Ig (1/40) 0.2 ± 0.0 1.0 ± 0.0

Goat Anti-Ig (1/40) + C (1/15) 0.4 ± 0.0 0.3 ± 0.0

Spleen cells pretreated with mitomycin C were then treated with antibodies for 45 min at 37°C in

the presence or absence of complement (C). The parentheses indicate the dilution of the antiserum.

After washing the cells to remove killed cells as well as unbound antibodies, cells were further treated

with N-Con A at 50 /u-g/ml at 37°C for 30 min. They were then mixed with responding cells

(cortisone-resistant thymocytes) in a 1:1 ratio (2x 106 cells) in 0.5 ml. The response was measured by
:lH-TdR uptake on day 3.

TABLE 1Kb). [N-Con A-CRT] vs. Syngeneic Spleen

!H-TdR Uptake on Day 3 (cpm x 10 3 /culture)

Treatment C57BL/10 CBA

Medium RPMI
Normal Serum AKR (1/20)

Normal Serum Goat (1/15)

Rabbit C (1/15)

12.7 ± 0.5

10.3 ± 0.8

14.4 ± 1.1

13.0 ± 0.6

12.3 ± 0.7

11.5 ± 0.8

10.0 ± 0.8

10.0 ± 0.8

AKRAnti-0(l/2O)
AKR Anti- 0(1/40)

AKR Anti- 0(1/40) + C (1/15)

11.4 ± 0.7

10.9 ± 0.3

12.0 ± 1.0

9.0 ± 0.1

13.5 ± 1.3

8.9 ± 0.9

Goat Anti-Ig (1/20)

Goat Anti-Ig (1/40)

Goat Anti-Ig ( 1/40) + C ( 1/15)

0.3 ± 0.0

0.9 ± 0.1

0.2 ± 0.0

4.3 ± 0.7

4.7 ± 0.3

3.0 ± 0.1

Stimulating spleen cells were treated with antibodies in the same manner as (a), after which they

were mixed with responding cells that had been treated with N-Con A (50 /u.g/ml).

for when stimulating cells are killed by-

fixation or by freezing and thawing
after they were coated with Con A, the

response is completely abrogated (Ta-

ble 12). However, treatment with

metabolic inhibitors or the microfila-

ment disrupting agent, cytocalasin B,

did not affect the response. Thus we
may suggest that the intact cell mem-
brane of stimulating cells is required.

It is an interesting possibility that

membrane components may be ex-

changed between responding cells and

stimulating cells and that Con A
molecules are transferred from
stimulating cells to responding cells or

vice versa. We are now studying the

fate of Con A molecules, using 125 I-Con

A bound to either stimulating cells or

responding cells to test this possibility.

Another goal of our research has
been to delineate the role of lectins. If

the response is entirely dependent on
stimulating cells, the role of Con A or

other lectins must be to enhance the

"physical contact" of responding and
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TABLE 12. No Syngeneic Response from Fixed "Stimulating" Cells

!H-TdR Uptake on Day 3 (cpm xlO"3 ")

Treatment of Stimulating Cells

I. Responding Cells:

Coated with N-Con A
II. Stimulating Cells:

Coated with N-Con A

1. No treatment

2. Glutaraldehyde(2.5%)

3. Ethanol
4. Acetone
5. Freezing and thawing
6. Cytochalasin B (40 fxg/ml)

7. Dinitrophenol (2 mM)
8. Sodium azide (50 mM)

18.5

0.2

0.3

0.1

0.2

23.7

22.4

23.1

15.6

0.0

0.3

0.1

0.1

18.4

19.2

17.8

Stimulating cells (mitomycin-C treated) were treated with various reagents for 15 min at room
temperature (2 to 4) or treated for 45 min at 37°C (5 to 8). Freezing and thawing were repeated twice.

In column II, Con-A pretreated cells were used. The response of cortisone-resistant thymocytes was
measured on day 3.

stimulating cells. If so, any lectin that

can agglutinate lymphocytes should
give the same effect. Among lectins we
have tested, similar syngeneic re-

sponse was observed with two other

lectins, namely, leucoagglutinin
(purified form of phytohemagglutinin)

(Fig. 48), and lentil lectin (a gift from
John Cebra at Johns Hopkins Univer-
sity). Although wheat germ aggluti-
nins agglutinate lymphocytes, they do
not induce the syngeneic response.
Binding to a sugar does not seem to be
a specific requirement. The ability to
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Fig. 48. CBA cortisone-resistant thymocytes were cultivated with syngeneic (CBA) (• •) or

allogeneic (B10.D2) (o o) spleen cells pretreated with leucoagglutinin at the concentrations indi-

cated at 37°C for 30 min. As controls, spleen cells (A A) were cultured alone.
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produce a syngeneic response appears

to be limited to those lectins that have
mitogenic properties in T cells. It is

therefore conceivable that such lectins

CARNEGIE INSTITUTION

not only effect a physical association

between cells but also provide a

stimulus to the responding cells.

STUDIES ON SKELETAL MUSCLE AND NEURONAL PLASMA
MEMBRANES

D. M. Fambrough, R. E. Pagano, P. N. Devreotes, K. Tepperman, D. J. Card, and S. Carbonetto

with the technical assistance ofA. Mabin, W. Duncan, andH. W. Chen

The acetylcholine (ACh) receptor is a

major glycoprotein in the muscle
plasma membrane of the neuromuscu-
lar junction and a minor component of

extrajunctional plasma membrane.
The ACh receptor has been our point of

focus in studies on the differentiation

and organization of skeletal muscle
plasma membrane, and it has become
clear that the number and distribution

of ACh receptors in skeletal muscle
(which vary with the developmental
and physiological state of the muscle)

are regulated largely by regulation of

ACh receptor metabolism. Our studies

of the metabolism of extrajunctional

ACh receptors have led us to propose a

model for the major events in receptor

metabolism, illustrated in Fig. 49.

The main features of the model are

as follows. The protein subunits of

which the ACh receptor is composed

are synthesized by the conventional

protein synthesizing mechanisms of

cells and are rapidly assembled into re-

ceptor units resembling those in the

plasma membrane. These newly syn-

thesized receptors occur upon some
membrane system(s) in the cytoplasm

of the muscle cells and are collectively

referred to as the "precursor pool." The
average residence time of a new recep-

tor in the precursor pool is 2-3 hr. Re-

ceptors are transferred from this pool

to the surface by an energy-requiring

process and are then able to function.

The average half-life of an ACh recep-

tor in the plasma membrane is 22 hr.

HYPOTHETICAL "LIFE-CYCLE" of ACETYLCHOLINE

RECEPTORS

mRNA(s)

V = PRECURSOR

V = SURFACE

M- I-TYROSINE

Fig. 49. Hypothetical "life cycle" of acetylcholine receptors in cultured chick skeletal muscle. The

figure depicts a cross section through a myotube with receptors symbolized as triangles in membrane

profiles. Arrows indicate processes consistent with data on receptor metabolism. Symbols for precur-

sor and surface receptors and for 125I-a-bungarotoxin and ,25 I-tyrosine are indicated on figure.
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Receptors are degraded by an energy-

requiring process that involves the in-

ternalization of the receptor and trans-

port to secondary lysosomes and then

proteolytic destruction.

This model for ACh receptor biosyn-

thesis and turnover was developed

mostly on the basis of data from exper-

iments involving the use of

a-bungarotoxin and [
125

I] labeled

a-bungarotoxin as probes for ACh re-

ceptors. The strategies for using these

probes to measure the accumulation of

receptors in plasma membranes, the

incorporation of newly synthesized re-

ceptors into plasma membranes, and
the degradation of receptors have been

described in previous Year Books.

Some of the details of the models were
based upon data from studies involving

inhibitors of various cellular processes.

In Year Book 74 (pp. 68-73) we de-

scribed the application of two new
techniques to the study ofACh receptor

metabolism: electron microscope au-

toradiography and the "density shift"

technique. EM autoradiographic
studies during the past year have pro-

vided quantitative supporting data for

the degradative aspects of the model of

receptor metabolism. The density shift

technique has made it possible to label

ACh receptors directly and thus to ver-

ify the kinetics of receptor biosynthesis

and incorporation into plasma mem-
branes.

Now that we can confidently meas-

ure many steps in the metabolism of

extrajunctional ACh receptors, we
have begun to investigate the manner
in which external stimuli influence the

number and distribution of ACh recep-

tors in skeletal muscle fibers via their

influence upon receptor metabolism.

The two classes of stimuli postulated to

affect receptor metabolism are (1)

hypothetical "trophic" factors released

by motoneurons onto muscle fibers and
(2) muscle activity (which is normally
driven by the activity of motoneurons
but can be artificially driven by electri-

cal stimulating). So far we have only

investigated the effect of artificially

driven or suppressed muscle activity on

the metabolism of extrajunctional re-

ceptors. These studies suggest that

muscle activity leads to a reduction in

the number of receptors because of a
decrease in the rate of receptor biosyn-

thesis or incorporation into plasma
membranes.
The organization of ACh receptors

into dense clusters at postsynaptic sites

may involve active "gathering" of ex-

trajunctional receptors or merely
stabilization of receptors implanted in

the plasma membrane at the site of

nerve-muscle interactions. From an
experimental point of view, one can

pose the question: Can preexisting ex-

'

trajunctional receptors be accumulated
into postsynaptic receptor arrays? To
investigate this question and also to

gain some insight into the number and
distribution of receptors on embryonic
skeletal muscle during differentiation

and synapse formation, we have begun
a study of the chick anterior latissimus

dorsi muscles. We are also developing

techniques to determine whether or not

ACh receptors on muscle are free to

move in the plasma membrane.
We consider the ACh receptor both a

functional entity of great interest in its

own right and also an example of a

membrane glycoprotein. In this latter

frame of reference, we are interested to

know whether the kinetics of turnover

of ACh receptors are typical of or iden-

tical to the kinetics of turnover of other

membrane proteins. To investigate this

matter we have been attempting to

label a set of membrane proteins by the

lactoperoxidase iodination technique

and then to study the turnover of this

class of proteins. Some progress and
the definition of some difficulties are

summarized in the report.

Our interest in excitable cells has ex-

tended to neurons, and as a first ap-

proach to studies of membrane
metabolism and control of membrane
properties in neurons we have selected

chick sympathetic neurons. This choice

was based largely upon the work of

Greene and collaborators, who have
demonstrated the specific binding of

a-bungarotoxin to such cells. We are
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currently testing whether or not
tv-bungarotoxin binds to ACh receptors

in cultures of such neurons and
whether the binding is strong enough
to permit us to develop strategies simi-

lar to those used to study the
metabolism of skeletal muscle ACh re-

ceptors.

ACh Receptor Biosynthesis

[
125I] mono-iodo-a-bungarotoxin. In

addition, a-bungarotoxin receptor
complexes can be sedimented through
dense sucrose-deuterium oxide gra-

dients. As will be demonstrated below,

receptors synthesized from [
2 H, 13C,

15N] amino acids and complexed with
ct-bungarotoxin can be separated from
normal density cc-bungarotoxin-
receptor complexes on such gradients.

P. N. Devreotes

Purification of the plasma mem-
brane and its proteins poses a major
technical difficulty to membrane
biologists. The total plasma membrane
protein usually represents only about

1% of the cell protein, and specific

membrane components may represent

only a small fraction of this total. In

their investigations of membrane pro-

teins, therefore, membrane biologists

have turned to specific markers or spe-

cific chemical modification techniques

to tag these proteins. Marking methods
generally label membrane components
exposed on the outer surface of the

membrane after synthesis and after in-

sertion into the plasma membrane. Ac-

cordingly, attempts to study biosyn-

thesis and turnover of membrane com-
ponents have been indirect, including

our studies of ACh receptor metab-
olism with the use of ct-bungarotoxin.

Criticism is usually raised that the de-

gradation or turnover of the bound
marker rather than the native protein

itself is being studied. Attempts have
been made to study biosynthesis and
turnover directly by labeling the mem-
brane components with radioactive

amino acids. With this approach, how-
ever, the advantages gained through
the specificity of the marker must be

sacrificed. Marker specificity can be re-

tained in direct labeling experiments if

receptors are directly labeled not with

radioactive amino acids but with
amino acids that change a physical

property of the receptors—their densi-

ty.

A specific and nearly irreversible

marker for acetylcholine receptors is

['h,
I2
c,

,4
n]

RECEPTORS

30
FRACTION

Fig. 50. Density-shifted receptors from dif-

ferentiating cells. Twenty large-muscle cultures

were grown for 24 hr in normal medium. At that

time, there were very few myotubes in culture,

and the myoblasts were fed with medium con-

taining
[

2H, 13C, 15N] -amino acids. After the cells

had fused in the density-labeled medium, the

surface receptors were complexed with
[

l25
l]

mono-iodo-a-bungarotoxin. The complexes were
then extracted into 259c cholate, 10-mM Tris and
mixed with a marker of

[

i:"l] mono-iodo-a-

bungarotoxin-receptor complexes prepared from

myotubes grown in normal medium. A 0.4-ml

aliquot of the mixed extract was carefully

layered over a 25-40% sucrose-deuterium oxide

gradient containing Y7c triton, ImM EDTA-
PMSF, 10 mM Tris,pH 7.8. Centrifugation was
for 2 days in a Beckman SW41 rotor at 36K at

4°C. Gradients were pumped into scintillation

vials and the activity of each isotope determined.
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So far, the most reliable method of

preparing a sample of pure density

labeled [
125 I] mono-iodo-a-bungaro-

toxin-receptor complexes is to allow

cells to differentiate in medium con-

taining [
2H, 13C, 15N] amino acids,

with [
125

I] mono-iodo-a-bungarotoxin

and extracted in nonionic detergents.

Nearly complete separation of these re-

ceptors from [
XH, 12C, 14N]-receptors

has been obtained, as shown in Fig. 50.

Over 90% of the acetylcholine recep-

tors extracted from cells that have dif-

ferentiated in pH, 13C, 15N] amino acid

medium are of altered buoyant density.

An estimate of the apparent density

shift between PH, 12C, 14N]-receptors

and [
2H, 13 C, 15N]-receptors can be ob-

tained by measuring sedimentation

rates of the respective complexes with

a-bungarotoxin in shallow gradients of

different average densities. The aver-

age density of the gradients was varied

by substitution of D2 for H2 0. It can

be shown that for shallow gradients the
logarithm of the distance traveled by a

given protein versus time is a straight

line. For a given protein, the slope of

this line is a function of the average
density of the gradient medium. In fact

if X is the slope, then

A = k (l-p lp)

where k is a constant dependent on
molecular weight, rotor speed, and
temperature; p is the density of the

protein; and p is the average density

of the medium. Plots of A. versus p ,

therefore, intersect the p axis at p.

This kind of analysis has been carried

out for PH, 12 C, 14N]- and [
2H, 13C,

15N]-receptors. As shown in Fig. 51, the

apparent density of PH, 12 C, 14N]-
receptors is 1.26 and that of [

2H, 13C,
15N]-receptors is 1.33. When correc-

tions are made for detergent binding to

the a-bungarotoxin receptor complexes
(detergent binding causes, in part, the

4 6 8 10

TIME (HOURS)
1.2 1.3

p (g/CM3 )

Fig. 51. Estimate of density shift. Identical aliquots of the same mixed extract described in the

legend to Fig. 49 were layered onto identical gradients and centrifuged for different times. Gradients
for each series were 5-20% sucrose in H20, 50% D2 or D2 containing 1% triton, 10 mM Tris.

Gradients were collected into scintillation vials, and the position of the two bands determined at each
time for the three different series. X„ and X refer to the distance from the center of the rotor to the
meniscus and the position ofthe band, respectively. Lambda is the slope of the straight lines shown on
the left. Experiment was repeated twice.
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anomalous low density of the receptor),

a density shift of 0.08 g/cm3
is calcu-

lated. This corresponds to a shift of ap-

proximately 6%. The maximum at-

tainable shift (calculated from the

amino acid composition of purified re-

ceptors from Electrophorus electricus)

is about 8.5%. Since the calculated

shift is a minimum estimate, a sub-

stantial fraction of the amino acids of

the receptor must be substituted by

PH, 13 C, 15N]-amino acids.

As has been described in the previ-

ous section, the model for acetylcholine

receptor biosynthesis suggests that re-

ceptors undergo a 3-hr transit time be-

fore being inserted into the plasma
membrane. This feature of the model
has been derived from observations

using puromycin and cycloheximide to

block protein synthesis. When protein

synthesis is inhibited, new receptors

are incorporated into the surface for

about 3 hr and then incorporation

stops, suggesting that the pool of pre-

synthesized receptor has been depleted.

Direct evidence of a 3-hr transit time

for receptors can be obtained by the

density shift technique. Density-
shifted [

2H, 13 C, 15N]-receptors should

begin to appear in the cell surface

about 3 hr after their synthesis.

The experiment was carried out as

follows. The existing surface receptors

were first blocked by an overnight ex-

posure to unlabeled a-bungarotoxin.

After rinsing away the unbound
a-bungarotoxin, myotubes were incu-

bated in medium containing [
2H, 13 C,

15N]-amino acids. New receptors then
appear on the surface of the myotubes
as a linear function of time (in these

experiments, the heavy medium may
have had a slightly deleterious effect

on the cultures at late times) and can
be labeled at subsequent times with

[
125

I] mono-iodo-a-bungarotoxin. After

extraction into nonionic detergents,

these [
125 I] mono-iodo-a-bungaro-

toxin-receptor complexes were mixed
with a marker of [

,31
I] mono-iodo-a-

bungarotoxin-receptor complexes
extracted from myotubes grown in

normal medium. The mixed extract

was then centrifuged through
sucrose-deuterium oxide gradients to

determine the fraction of [
2H, 13 C,

15N]-receptors. These density-shifted

receptors represent the fraction of

newly appearing receptors that were
synthesized after addition of dense
amino acids to the medium. As shown
in Fig. 52 new receptors begin to ap-

pear on the surface without a lag; how-
ever, [

2H, 13 C, 15N]-labeled receptors

appear at the maximum rate only after

a lag of about 3.5 hr. Small amounts of

[
2H, 13C, 15N]-receptors appear at 2 and

3 hr; after 3.5 hr most of the newly ap-

pearing receptors are density shifted.

Since most receptors only appear on
the surface at the maximum rate 3.5 hr
after their biosynthesis, it is suggested
that newly synthesized receptors
undergo a 3-hr transit time within the
cell. Since small amounts of receptors

appear at 2 and 3 hr, however, it is

suggested that the intracellular trans-

port of receptors is not a strictly linear,

assembly-line process. Newly synthe-

sized receptors and receptors already in

transport can become, to a certain ex-

tent, intermixed and inserted at ran-

dom into the plasma membrane. Alter-

natively, the small amounts of receptor

appearing at 2 and 3 hr after synthesis
might be in a subpopulation of

myotubes in which the transit time is

shorter than average.

It has also been learned from these

experiments that acetylcholine recep-

tors are not "unmasked" during the de-

velopment of the cultures. Most of the

newly appearing receptors are synthe-
sized a few hours before incorporation

into plasma membranes. Furthermore,
as evident from the experiment de-

scribed in the legend to Fig. 50, the
acetylcholine receptors expressed dur-

ing differentiation of myoblasts into

multinucleated myotubes are newly
synthesized. It is unlikely, therefore,

that presynthesized receptors are
stored within myoblasts and expressed
during differentiation.

The density shift technique for

acetylcholine receptors has enabled us
to confirm several aspects of the model
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for acetylcholine receptor biosynthesis

without purification of the receptor or

the plasma membrane. We are using

density labeling technique to measure
the kinetics of incorporation of isotop-

ically substituted amino acids into the

receptors undergoing intracellular

transport and to measure directly the

half-life of receptors once they become
members of the surface population.

4 6

TIME (HOURS)
Fig. 52. Appearance of density-labeled receptors on surface membrane. Three-, four-, or five-day-old

cultures of myotubes were saturated with unlabeled a-bungarotoxin (0.2 /u,g/ml for about 15 hr). After

rinsing away unbound a-bungarotoxin, the medium was replaced with medium containing
[

2 H, I:i C,
15N] amino acids. After incubation for the indicated times at 37°C, sets of cultures were cooled at 4°C

and saturated with
[

125
l] mono-iodo-a-bungarotoxin. The

[

125
l] mono-iodo-a-bungarotoxin-receptor

complexes were then extracted in 2.5% cholate, 10 mM Tris, mixed with a marker of 131
I mono-iodo-

a-bungarotoxin-receptor complexes prepared from myotubes grown in normal medium. Samples were

layered in thin bands on 10-20% sucrose-deuterium oxide gradients containing 1% triton, lOmM Tris.

After centrifugation for 1 day in a SW41 rotor at 36K at 4°C, gradients were collected into scintilla-

tion vials. Total receptors (o). Amount of material running to the position of [
2H, 13C, 15N]-

receptors (• ••) was determined by curve fitting. Different ratios of "heavy" and "light" peaks were
added together by a computer program which used, for the shape of each peak, the shape of the

marker on each gradient. These curves were matched to the data and could be fit within 5% . Similar
results could be obtained by counting the area outside the marker peak and expressing it as a fraction

of the total area.

Autoradiographic Analysis of
Receptor Degradation

P. N. Devreotes and D. M. Fambrough

The rate of appearance of radioactiv-

ity in the medium after [
125I]-mono-

iodo-a-bungarotoxin is bound to ACh
receptors is a measure of receptor de-

gradation. Our data on the mechanism
of degradation of receptors are consis-

tent with a model (Fig. 49) in which
receptors are internalized and then de-

graded. For example, homogenates of

myotubes labeled with [
125

I] mono-
iodo-a-bungarotoxin have little or no

capacity for degradation; and deg-

radation is inhibited by 2,4-

dinitrophenol and is very temperature

sensitive, having a Q1()
of 8. After a

brief "pulse" incubation of myotubes
with [

125
I] mono-iodo-a-bungarotoxin,

the rate of release of [
125

I] mono-iodo-

tyrosine into the medium (due to deg-

radation of the [
125 I] labeled

a-bungarotoxin initially bound to sur-

face ACh receptors) requires about 90
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min to reach a maximum (Fig. 53).

During this time some of the labeled

toxin-receptor complexes must move
into a small compartment of receptors

earmarked for degradation. Since the

lag time is equivalent to about one

hour of degradation and since receptors

are normally degraded at about 3% per

hour, the compartment should contain

about 3% as many receptors as there

are surface receptors. We have looked

for the subcellular location of this

hypothetical compartment, using elec-

tron microscopy autoradiography. In

these studies the location of radioactiv-

ity on and within cultured muscle cells

was determined as a function of time

after brief exposure of cells to [
125

I]

a-bungarotoxin. The large secondary
lysosomes of the muscle cells were
found to accumulate radioactivity up to

a plateau level of slightly over 2% of

total cellular radioactivity (Fig. 53).

This accumulation occurred with kine-

tics consistent with a model of degrada-

tion in which the transport of [
125I]-a-

bungarotoxin-receptor complexes to

lysosomes and their hydrolysis in lyso-

somes results in the production of

[
125I]-tyrosine.
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Fig. 53. Kinetics of transport of radioactivity to secondary lysosomes (° o) and kinetics of

liberation of iodo-tyrosine from chick muscle cultures (• •) after brief exposure of muscle to

'"I-a-bungarotoxin. Data obtained from electron microscope autoradiographs and from chromato-

graphic analysis of culture medium.
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Effect of Muscle Activity on
Receptor Turnover

D. J. Card and D. M. Fambrough

Recent experiments have shown that

muscle activity is important in regulat-

ing extrajunctional chemosensitivity of

skeletal muscles. Acetylcholine sen-

sitivity of muscle increases following

denervation and decreases upon rein-

nervation. Electrical stimulation of

denervated or cultured embryonic
muscle can lead to a decline in ex-

trajunctional ACh sensitivity; on the

other hand, an increased sensitivity to

ACh can be produced after blockade of

spontaneous contractions in cultured

cells by tetrodotoxin (a selective in-

hibitor of voltage-sensitive sodium cur-

rent). These changes in ACh sensitiv-

ity reflect changes in the number of ex-

trajunctional ACh receptors. Thus, the

changes should be understandable in

terms of the incorporation of receptors

into the muscle membrane and their

subsequent degradation.

Experimental strategies for measur-
ing incorporation of new ACh receptors

into unstimulated cultured chick
skeletal muscle fibers and the degrada-

tion of receptors thereafter have al-

ready been reported by this laboratory.

We were able to reproduce the observa-

tion of Shainberg and Nelson that tet-

rodotoxin induced a twofold increase in

ACh receptor number within 24 hr of

application to active cell cultures.

However, a quantitative assessment of

the synthesis and degradation of ACh
receptors in active vs. quiescent cul-

tured cells is difficult because it is

nearly impossible to control or to quan-
titate the amount of activity of the cul-

tured cells. After 4 to 5 days in culture,

muscle cells usually begin to develop

spontaneous contractions, but not all

the muscle cells contract. Also, the

time of onset of spontaneous contrac-

tions differs greatly between cultures,

so not all 5-day or even all 11-day cul-

tures are spontaneously active. It has
not been possible to electrically stimu-

late and drive every cell or even most
cells in a culture dish.

This laboratory has previously re-

ported measurements of degradation

rates of extrajunctional receptors from
denervated mouse extensor digitorum

longus (EDL) muscle. Because EDL
muscle is easily activated by electrical

stimulation, it was used to study the

effects of muscular activity on degrada-

tion of receptors. After mid-thigh re-

section of the sciatic nerve, the lower

leg (including the EDL muscle) is de-

nervated. The time course of develop-

ment of extrajunctional ACh receptors

after denervation is tabulated in Table

13. In our studies on receptor degrada-

tion, muscles denervated for at least 5

days were used.

TABLE 13. Accumulation of ACh Receptors

Following Denervation of Mouse EDL

ACh Receptor Sites*

Days After (molecules x

Denervation 109/mg muscle)

2.0

1 2.0

2 2.1

3 3.5

4 8.8

5 12.5

7 15.6

9 17.6

14 14.1

21 13.6

*Measured as a-bungarotoxin binding sites.

The degradation rate of extrajunc-

tional receptors was inferred from
measurements of the rate at which
[
125I]-labeled a-bungarotoxin bound to

these receptors was degraded with con-

comittant release of radiolabeled de-

gradation products from the muscle fi-

bers. We have not yet characterized re-

leased radioactive species, but this has
been done with denervated rat dia-

phragm. Metabolic inhibitors such as

cycloheximide and dinitrophenol and
reduced temperature decreased the

degradation rate, as expected. The per-

fusion chamber used in the degrada-

tion measurements was similar to that

reported last year, but instead of
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mounting the muscle on a screen it was
tied and stretched between two
platinum electrodes (used for electrical

stimulation) mounted on a Plexiglas

strip. Oxygenated Trowell T-8 medium
was dripped over the muscle and was
continuously aspirated out of the mus-
cle chamber into test tubes; the

radioactivity of the perfusate was then

measured in a gamma counter. The
half-life ofACh receptors in the plasma
membrane averaged 27 hr under these

conditions. After several hours, the

muscle was stimulated at 50 stimuli

per sec for 1 sec every 10 sec for 8 hr.

The degradation rate of receptors de-

creased rapidly to 78% of the value be-

fore stimulation. Thus stimulation of

the denervated EDL muscle increased

the half-life of the receptors in the

plasma membrane to approximately 34

hr.

Degradation rate for extrajunctional

ACh receptors does not appear to

change during the first two weeks of

denervation (Table 14). Also the

stimulation-induced reduction in rate

is independent of the length of the de-

nervation period. Since chemosensitiv-

ity declines during electrical stimula-

tion without any acceleration of degra-

dation, it follows that electrical stimu-

lation must repress the biosynthesis or

incorporation of new receptors into

plasma membranes.

TABLE 14. Degradation Rate of Receptors from

Muscle Denervated 5-13 Days

Denervation Time Receptors Degraded/Hour
(days) (%)

5 2.75

6 2.38

7 2.15

12 2.34

13 2.01

The effects of muscle activity on ACh
receptor biosynthesis and incorpora-

tion into plasma membranes are not

known. We are attempting to perfect a

strategy for the high time-resolution

measurement of incorporation rate of

new receptors into extrajunctional

membranes of denervated adult mus-
cles.

Organization of Muscle Plasma
Membrane in vivo

D. J. Card

Acetylcholine receptors are found
over the entire surface of embryonic
skeletal muscle fibers in vivo. These
sites gradually disappear after inner-

vation, as clusters of acetylcholine re-

ceptors form in the postsynaptic mem-
brane. The junctional receptors may
result from the organization of some of

the extrajunctional receptors into a
much more compact spatial arrange-

ment. In assessing the role of ex-

trajunctional acetylcholine receptors

as components of newly forming
synapses, it is necessary to know
whether junctional receptors appear
before, during, or only as a result of,

formation of functional neuromuscular
synapses. We are studying muscle
morphology and acetylcholine receptor

number and distribution at different

developmental stages of the chick an-

terior latissimus dorsi (ALD) muscles
to learn the time of nerve outgrowth,

synapse formation, appearance ofjunc-

tional receptors, and disappearance of

extrajunctional receptors.

Muscles were removed from the em-
bryos, fixed in 2% glutaraldehyde, 100
xnM cacodylate buffer, sliced into

1-micron sections and then stained

with toluidine blue. In order to study
receptor binding sites the muscles were
incubated for 1 hr in a solution of

[
125 I]-a-bungarotoxin (0.5 /xg/ml),

washed several hours and then fixed in

2% glutaraldehyde, 100 mM cacody-

late buffer. Following this treatment,

the total number of acetylcholine re-

ceptors was measured, and single mus-
cle fibers were dissected for au-

toradiography.

Some preliminary observations
based upon light microscopy and au-

toradiography and on the binding of

[
123I]-mono-iodo-o;-bungarotoxin follow.

Initially (5-6 days incubation) the pre-

sumptive anterior latissimus dorsi

(ALD) muscle was composed of loosely

organized, undifferentiated cells. How-
ever, after 9 days, muscle cells and
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nerve bundles were evident. Au-
toradiography of single ALD muscle fi-

bers (6-9 days of incubation) show
radioactive label (ACh receptors) dis-

persed uniformly over the muscle sur-

face. No receptor aggregations were
present. After 13-15 days incubation

the ALD muscle fibers looked mor-
phologically similar to post-hatch mus-
cles, except that fiber size was smaller

and ACh receptors were scattered over

the cell surface. Some areas of each
muscle fiber from 13 to 15 days devel-

opment appeared to have a high recep-

tor density, but these observations

have not been quantified.

At 16 days the ALD had well-defined

clusters of ACh receptors spaced every
120-170 microns along each muscle fi-

ber, with many ACh receptors still

scattered outside the clusters. The
spacing of the dense clusters of ACh re-

ceptors, presumably junctional recep-

tors, agrees favorably with morpholog-
ical, electrophysiological, and cholines-

terase data obtained by others (Gordon,

Perry, Ruffery and Vrbova, Cell Tiss.

Res. 155: 13-25, 1974; Bennett and
Pettigrew, J. Physiol. 241: 515-545,
1974).

Total number [
125I]-a-bungarotoxin

binding sites was measured in muscles

from embryonic day 6 to 2 days post-

hatch (Table 15). Most of the [
125

I] is

present as receptor-[125I]-o;-bungaro-

toxin complexes as judged by sucrose

gradient velocity' sedimentation of de-

tergent extracts. It is not clear yet

when functional synapses are formed.

However, Gordon and her collaborators

and Bennett and Pettigrew have re-

ported morphological nerve contacts

TABLE 15. [
125I]-a-Bungarotoxin Binding to

Embryonic Chick ALD Muscles at Different

Developmental Ages

Developmental Age Muscle Weight (mg)

(days) cpm/muscle

6 7,000

11 15,300

13 9,800

16 7,700

19 3,200

20 3,000

+ 2 1,300

and acetylcholinesterase staining at

days 9 to 15. The number ofACh recep-

tors per mg muscle is also highest at

that time. As extrajunctional binding

sites disappear, the number of total

ACh receptors/per mg muscle also de-

creases.

Studies on the Mobility of
Extrajunctional ACh Receptors

In Plasma Membrane

R. E. Pagano and D. M. Fambrough

The principal objective of this study,

which is aided by a generous grant

from the Whitehall Foundation, is to

examine the general role of membrane
fluidity in membrane organization and
function. This problem will be tackled

by measuring the lateral (transla-

tional) mobility of acetylcholine recep-

tors in skeletal muscle fibers, and by
studying the effects which a variety of

membrane perturbants (local anesthe-

tics; exogenous phospholipid and
cholesterol treatments) have on this

mobility. Quantitative fluorescence

microscopy will form the basis for de-

termining protein (ACh receptor) mo-
bility. The measurement will be made
by complexing fluorescent-labeled

a-bungarotoxin with ACh receptors on
muscle fibers. A small area of fluores-

cent cell surface will then be bleached
with a short pulse of bright light, and
the rate at which unbleached
molecules from adjacent areas of the

cell surface migrate into the bleached
area will be quantified by measuring
the fluorescence intensity from that

area as a function of time.

During the first year of this study,

some of the necessary background
work for carrying out our experiments
was completed. Fluorescent-labeled

a-bungarotoxin was prepared using
fluorescein isothiocyanate (FITC), and
the preparation was well charac-
terized. It was shown that incubation of

mono-FITC-bungarotoxin, with skele-

tal muscle at 1 /xgm/ml results in

highly fluorescent neuromuscular
junctions as judged by fluorescence

microscopy. The rate of FITC-a-
bungarotoxin binding was also com-
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pared with that of iodinated
a-bungarotoxin, and found to be about
50-fold slower than the radioactive

species—inconsequential for our exper-

iments. Preliminary experiments
further demonstrated that FITC-a-
bungarotoxin receptor complexes on
skeletal muscle are readily bleachable

and that reversal of this process is a
very slow process.

Preliminary experiments were car-

ried out to test the feasibility of man-
ipulation of cultured muscle cell lipids,

using artificial phospholipid vesicles as

agents for introducing foreign phos-

pholipids into the cell surface. Cells

treated at 2°C with dimyristoyl phos-

phatidyl choline (DMPC) vesicles

showed a significant accumulation of

CMPC in their surface as evidenced by
high resolution electron microscopy

autoradiography. Furthermore, lipid

analyses showed little degradation of

the exogenously supplied lipid. Thus, it

is concluded that significant amounts
of perturbing foreign phospholipids can
be introduced into the cell surface.

Their effect on ACh receptor mobility

remains to be tested.

Preparation of a Fluorescent Derivative

of a-Bungarotoxin

Native a-bungarotoxin binds ex-

tremely tightly to acetylcholine recep-

tors on cultured skeletal muscle cells

and is routinely used as a potent, very

selective, and virtually irreversible in-

hibitor of receptor function. The
radioactive derivative, mono-iodo-a-

bungarotoxin, retains the potency of

the native toxin.

During the past year we have de-

veloped methods for the production of

fluorescent derivatives of a-bungaro-

toxin and have determined the toxicity

of the most useful fluorescent deriva-

tive. In essence the method involves

the interaction of purified a-bungaro-

toxin with fluorescein isothiocyanate

in the cold at pH 9.0 in sodium
carbonate-bicarbonate buffer. An
eight-fold molar excess of FITC is used

and the reaction proceeds slowly, first

forming a mono-FITC-a-bungarotoxin
and later, further derivatized forms.

The unreacted FITC is then separated

from the FITC-a-bungarotoxin by
chromatography on Bio-Gel P-4 and
any unreacted a-bungarotoxin is re-

moved from the FITC-a-bungarotoxin
by ion-exchange chromatography on
CM-Sephadex C-50. It has been found

that the mono- and di-FITC bungaro-
toxin are also separable from each

other in Bio-Gel P-4, the di-FITC
a-bungarotoxin being retarded by the

column. When mono-FITC a-bungaro-
toxin is fractionated on Sephadex C-50,

using a gradient of NaCl in 3.3 raM
phosphate bufferpH 7.2, it is eluted far

ahead of unreacted a-bungarotoxin and
thus quantitatively freed of this con-

tamination.

Properties ofFluorescent

a-Bungarotoxin

The purified mono-FITC a-bungaro-
toxin binds to acetylcholine receptors

with a very high affinity. After incuba-

tion of muscles in a solution containing

about 1 fJLg/m\ FITC a-bungarotoxin,

followed by rinsing to remove unbound
toxin, the acetylcholine receptors at

the neuromuscular junctions are com-

plexed with FITC-cc-bungarotoxin and
appear as vividly fluorescent struc-

tures when examined by fluorescence

microscopy. This interaction is essen-

tially irreversible, and these fluores-

cent structures maintain their fluores-

cence for more than 6 months at 10°C

in a dilute buffer solution.

The relative rates of interaction of

FITC-a-bungarotoxin and of radioac-

tive iodinated a-bungarotoxin have
been compared by mixing these two
toxin derivatives in different concen-

tration ratios and then measuring the

amount of iodinated a-bungarotoxin
that bound to cultured skeletal muscle.

Such competition curves have been
carried out on three preparations of

FITC-a-bungarotoxin, and all suggest

that the speed of binding is reduced

50-fold for the fluorescent derivative.

Thus, higher concentrations are re-
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quired to saturate the acetylcholine re-

ceptors in a short incubation period.

Even so, 10" 7 M FITC-a-bungarotoxin
will saturate the receptors in cultures

of skeletal muscle in about 20 minutes.

Use ofFITC-a-Bungarotoxin as

a Probe in Studying Membrane
Structure

Following our original proposal we
have developed the FITC-a-bungaro-
toxin as an easily bleachable fluores-

cent tag for cholinergic receptors. Pre-

liminary experiments using micro-

scopic equipment at the Leitz and Zeiss

showrooms in New Jersey and New
York and qualitative experiments done
with our yet incomplete fluorescence

microscopy set-up at Carnegie demon-
strate that fluorescent FITC-a-bun-
garotoxin-receptor complexes on
skeletal muscle fibers are readily

bleached and that the bleaching is

mainly irreversible or only very slowly

reversible. Also, stable fluorescence

measurements can be made when ap-

propriate filters and light chopping are

employed. Thus the main prerequisite

for a fluorescent probe to use in execut-

ing our proposed experiments on the

mobility of receptors in plasma mem-
branes has been met.

Turnover of Plasma Membrane
Proteins

K. Tepperman

The model for the turnover of the
ACh receptor of muscle cells raises the
question of the relationship of the re-

ceptor to other plasma membrane pro-

teins. The study of ACh receptor turn-

over is aided by the availability of the
specific probe a-bungarotoxin. Since
other membrane proteins are not so

easily identified, new approaches to

studying turnover of populations of

proteins are being devised. One ap-
proach is to covalently label surface
proteins by enzymatic iodination and
to follow loss of radioactivity from spe-

cific proteins. Another approach, de-

veloped by Robert Schimke, is to allow

the cells to incorporate different

radioactive isotopes of leucine on two
successive days and to look at the ratio

of the different isotopes for each of the

membrane proteins. We are using both

of these approaches to study the turn-

over of plasma membrane proteins of

cultured muscle cells.

In Year Book 74, p. 78, we reported

preliminary observations on enzymatic
iodination of muscle cells. At that time

the total material on iodinated tissue

culture dishes was extracted in SDS
and run on polyacrylamide gels, result-

ing in approximately 15 radioactive

bands. It is difficult to determine which
of these proteins are actually part of

the membrane and which proteins may
be less intimately associated with the

surface. In the past year, several

methods for dissociating loosely bound
proteins from membranes were ex-

plored. One currently in use is treat-

ment of cells with low ionic strength

medium, followed by homogenization
and centrifugation to obtain a mem-
brane pellet. When this pellet is used

for SDS gels, the resulting pattern of

iodinated polypeptide chains is much
simpler than when total material is

used. The number of radioactive bands
is reduced to approximately seven, and
one of the major bands in the original

preparation, one with a molecular
weight of about 230,000 daltons, is

among those which are lost, suggesting

that this protein is not an integral

membrane protein.

Preliminary results using surface

iodination for turnover studies have
suggested that most of the proteins

that are accessible to iodination are

degraded at the same rate. In these ex-

periments, sets of cultures are iodi-

nated, then incubated at 37 °C for dif-

ferent periods of time. After extraction,

equivalent amounts of radioactivity

from different chase periods are loaded
onto gels. Densitometer traces of au-
toradiographs of the gels show that dif-

ferent bands have essentially the same
relative amounts of radioactivity. Ex-
periments are now in progress in which
[
13, I]-bungarotoxin is bound to cells
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that have been treated with lac-

toperoxidase and [
125

I]. This is done to

provide an internal measure of the rate

of ACh receptor turnover with which to

compare the loss of [
125I]-label from

other membrane proteins of the cells.

Initial results are compatible with the

idea that turnover of the iodine-labeled

proteins occurs at the same rate as

turnover of the ACh receptor.

In the iodination experiment, several

points have been raised which require

further clarification. Although pub-

lished reports on lactoperoxidase iodi-

nation of cells generally indicate little

labeling of lipids, when muscle cells

are iodinated, approximately 35% of

the radioactivity in a membrane frac-

tion is chloroform methanol extracta-

ble, indicating that lipids have been
labeled. Thin-layer chromatograms
have been done which show that the

label is present in a variety of lipid

fractions. Another result of the iodina-

tion experiments is that during the

course of incubation following iodina-

tion, the radioactivity lost from the

cells can be fractionated into three

components by column chromatog-
raphy on Bio-Gel P-2. One fraction

probably represents nonspecifically as-

sociated iodide, which comes off the

cells and the tissue culture dishes dur-

ing the incubation. Another fraction is

iodotyrosine, which probably results

from internalization and degradation
of labeled proteins. A third fraction,

excluded by the P-2 columns, may rep-

resent proteins or other material that

is lost from the cells.

Another approach to studying turn-

over of populations of proteins is the

double isotope method of Schimke. In

his reports using this method, he gen-

erally finds a correlation between
turnover rates of proteins and their

molecular weights. Preliminary results

using this method with cultured mus-
cle cells show that the correlation for

the major polypeptides of a crude

membrane preparation holds. How-
ever, experiments are in progress
which will study this question on
plasma membranes specifically. Also,

the effects of various treatments de-

signed to remove all but integral mem-
brane proteins will be studied to de-

termine whether the molecular weight
correlation with turnover rate still

holds. Such a correlation is contraindi-

cated by the iodination results.

Studies on Neuronal Plasma
Membranes

S. Carbonetto

Much of our work on the plasma
membrane during differentiation of

skeletal muscle has relied upon the use
of a-bungarotoxin and its radioactive
derivatives that bind selectively to the
acetylcholine receptor molecule in

muscle cells. Similar information
about formation of neuronal plasma
membranes has been unobtainable due
to lack of a suitable ligand. This report

deals with our initial studies on a
neuronal preparation that apparently
binds a-bungarotoxin with high affin-

ity.

Sympathetic ganglionic chains have
been dissected out of 11 to 12 day old

chick embryos, dissociated in 0.25%
trypsin, washed and plated onto
collagen-coated culture dishes in

Eagles MEM plus Nerve Growth Fac-
tor (2 units/ml; Burroughs Wellcome).
Within 24 hr neurons become attached
to the surface of the plate and begin to

send out processes. Intracellular elec-

trophysiological recordings from these

cells after three days indicate that
neurons have resting membrane poten-

tials of 30 mV, and can be stimulated to

generate action potentials (Fig. 54).

Furthermore, when cultured chick
sympathetic neurons are incubated
with [

125
I ]-a-bungarotoxin and

analyzed by light microscope au-
toradiography, grains appear over the

neuron soma and down to the tip of the

processes but are absent over non-
neuronal cells in the culture (Fig. 54).

Washing the culture for 28 hr at 14 °C
after [

125 I]-a:-bungarotoxin binding
only slightly reduced the density of

grains over neurons. In one experiment
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Fig. 54. (A) Intracellular recording from a chick sympathetic neuron in culture. The voltage record,

V, shows an action potential evoked by a stimulating pulse, S, applied to the surface of the neuron by
an extracellular microelectrode. The uppermost trace is at mV. The calibration is 50 mV; 20 msec.

(B) Autoradiograph of cultured chick sympathetic neurons incubated with 125I-a-bungarotoxin. When
viewed with phase optics the neuron and several nonneuronal cells are visible in the field (B,). With
bright field illumination (B 2 ) only exposed emulsion grains are visible and these cover the neuronal

cell body and its neurites. There is no localization of grains over any of the nonneuronal cells.

10~3M d-tubocurarine prevented the

association of radioactivity with the
cells.

These preliminary data suggest that

chick sympathetic neurons in culture

exhibit properties of well-differen-

tiated neurons and also may specif-

ically bind a-bungarotoxin. Experi-
ments are in progress to determine the

association and dissociation kinetics of
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bungarotoxin binding to neurons and
also to localize the appearance of the

grains by EM autoradiography. We are

testing whether these neurons contain

functional acetylcholine receptors by

electrophysiologically monitoring their

response to iontophoretically applied
acetylcholine and testing if such re-

sponse can be blocked by application of

bungarotoxin.

SIGNALING IN THE NERVOUS SYSTEM: SYNAPSES OF SPECIFIC
NEURONS IN THE LEECH

K. J. Muller and S. T. Carbonetto

with the technical assistance of B. Thomas

The role that a neuron assumes in

the nervous system is dependent upon
the connections it makes with other

neurons or with peripheral targets.

Therefore, an essential step both in de-

termining the forces that act initially

to organize the nervous system and in

characterizing the mechanisms by
which a neuron handles, or integrates,

information is to ascertain the rela-

tionship between a neuron's function

and the arrangement of its synapses. A
related problem in neurobiology has
been to determine whether a neuron's

shape and other properties are intrin-

sic or whether its contacts or associa-

tions with other neurons are essential

for certain aspects of its growth and
maintenance.
The nervous system of the leech

Hirudo medicinalis has been particu-

larly favorable for study of the physio-

logical role and functioning of specific

neurons, largely because its organiza-

tion is relatively simple. Neurons in

this segmented worm are grouped 350
together to form essentially identical

ganglia that are linked in a chain by
axon bundles; each ganglion mediates

the reflexes and controls the behavior

of its segment. It has been possible to

monitor electrical activity from within

single sensory and motor neurons with

microelectrodes and to correlate the

physiological activity of functionally

identified neurons with their charac-

teristic shape and position within each

ganglion. By recording from pairs of

neurons one can trace synaptic connec-

tions, which have been found to be sur-

prisingly uniform and in that sense

predictable between specific neurons.

Last year we described studies under
way that provided a morphological de-

scription of sensory and motor neurons
and of the distribution of their

synapses within the ganglion (Year

Book 74, p. 85). These investigations,

using the enzyme horseradish
peroxidase (HRP) as an intracellular

marker for both light and electron mic-

roscopy, were to lay the groundwork for

our determining any structural basis

for physiological changes that we had
previously produced with selective le-

sions of the leech nervous system (J.

Physiol. (Lond) 242, 289, 1974), as well

as ft)*- charting the course of regenerat-

ing neurons. An additional feature of

HRP as an intracellular marker is that

although it diffuses extensively within
an injected neuron, it does not pass be-

tween electrically coupled neurons, as

do smaller markers used by others.

Neuron terminals that make electrical

contacts are therefore sharply demar-
cated even within an intricate

meshwork of neuron processes.

Chemical Synapses in the Leech

K. J. Muller and B. Thomas

Structural Details of the Synapse

A good picture of the normal, fully

developed synapse is requisite for the

study of the distribution and formation
of synapses. Because the chemical
synaptic transmission that one can
record in the leech central nervous sys-
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tern resembles that in other inverte-

brates and vertebrates, it is not sur-

prising that in the electron microscope

customary synaptic features—the pre-

sence of presynaptic vesicles, mem-
brane densities and a widened, uniform
intercellular cleft—serve to delineate

the synapse. In the leech, synapses are

made almost exclusively in the center

of the ganglion in the region called the

neuropil rather than on cell bodies that

form layer or cortex around the gan-

glion. Sections through the neuropil

manifest a variety of synaptic profiles,

but careful analysis reveals that most
result from different planes of section

through the same structural configura-

tion (Fig. 55). Typically, agranular ves-

icles (—50 nm diameter) are clustered

near a ridge of presynaptic density that

apposes a pair of conjoint postsynaptic

profiles across a cleft about 30 nm
wide. Larger (—100 nm) dense-core

vesicles and mitochondria are also

found in the presynaptic terminal.

Identified mechanosensory neurons
that have been injected with the HRP
for an intracellular marker have
branched processes that exhibit similar

features (Fig. 56). This indicates, in ac-

cord with their physiology, that these

neurons are presynaptic. The same
processes are also postsynaptic to other

neurons. In contrast with the sensory

neurons, the large longitudinal (L) and
annulus erector (AE) motoneurons that

act to shorten the animal and to erect

its annular rings into ridges, respec-

tively, are seen in the electron micro-

scope to be solely postsynaptic within

the neuropil. Physiologically these are

neurons upon which the mechanosen-
sory neurons synapse. One class of ap-

parently presynaptic terminals (Fig.

59, white arrow) has been found that

does not readily fit the pattern of ter-

minals that contain agranular vesicles:

These terminals, which contain small
granular vesicles (—50 nm diameter)
and extremely dense, eccentric cored
large vesicles (— 100 nm), are generally

found to be cells that stain with the dye
Neutral Red and are widely regarded

to contain serotonin as a transmitter.

What are in fact the membrane spe-

cializations at synapses made by such
neurons remains to be determined.

The Arrangement ofSynapses on
Sensory Neurons

One remarkable pattern in the or-

ganization of the leech nervous system
is that synapses of mechanosensory
neurons are clustered upon fingerlike

swellings or enlargements. Their line-

aments are sufficiently similar within

a modality, e.g., touch, pressure or

stimulus, but different between them
to permit a reliable distinction to be

made between sensory modalities
solely on the basis of the shapes and
distribution of synaptic terminals
viewed in the light microscope. A pos-

sibility raised by the differences in the

shapes of synapse clusters is that, as

with certain vertebrate motor neurons,

the morphologies of terminals are in-

trinsic to the presynaptic neurons and
are not dependent upon the type of

postsynaptic target. This will be dis-

cussed in the next section.

From a functional standpoint, the

separation of clusters from one another

and the difference in synaptic inputs to

them suggest that clusters may some-
times act autonomously. But this

means a single neuron that synapses
onto two neurons in two spatially sepa-

rate regions could produce differential

postsynaptic effects. We have reported

such differential actions {J. Physiol.

(Lond) 238, 357, 1974), and studies are

under way to determine if indepen-

dence of clusters from one another can

account for these and other integrative

phenomena.

Sprouting of Sensory Neuron
Terminals

The paired connectives that link ad-

jacent ganglia to form the leech nerve
cord are axonal pathways that are vir-

tually free of synapses. Certainly the
mechanosensory neurons, which syn-

apse in their own neuropil and in adja-

cent ganglia, run directly between
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Fig. 55. Top: General scheme of synaptic specializations in the leech, based on serial sections. The
presynaptic terminal contains numerous 50-nm agranular vesicles (only those clustered next to the

plasma membrane are shown) and is separated from postsynaptic processes by extracellular space

widened to about 30 nm. Lateral to a dense band along the inner surface of the presynaptic mem-
brane, an occasional vesicle fuses with the membrane. Bottom: A band in such a terminal, cut in cross

section, is indicated by an arrow.

ganglia without branching and synaps-

ing until they pass the connective. It

was recently reported that crushing a

leech connective can cause synapses to

form within the connective at the

crush. This presents us with a system
that promises to make it possible to

examine the formation de novo of
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Fig. 56. Sites of synapses of the pressure, P, touch, T, and nociceptive, N, sensory cells culled from

serial electron micrographs of regions like those indicated by arrowhead in Fig. 57 a and b. Three-

dimensional reconstructions of injected neurons (upper left) were projected (upper right) and stippled

to indicate approximate distributions of synaptic vesicles within the irregular fingers that arise from
secondary processes. Points of contact onto pairs of postsynaptic processes are indicated by large dots;

at the triangles the sensory neuron is postsynaptic.

synapses made by functionally iden-

tified neurons whose developed syn-

apses have now been well described.

We have found that in animals
whose connectives have been severed
or crushed between a pair of ganglia
several months previously and not
permitted to regenerate, the crushed
portion of sensory axons has in some
cases sprouted a profusion of branches
at the site of the cut or crush (Fig. 57).

The branching unfortunately occurs

within a mass of scar tissue that be-

comes dense after staining for specific

neuron processes, so comparisons were

made with a cleaner, in vitro system
developed by others. In culture,

neurons also sprout at the crush, but

scar tissue is not present to obscure the

details of branching (Fig. 57). We have
seen no qualitative differences in vivo

and in vitro with the light microscope.

This system provides an ideal chance to

examine the growth of new processes

and the requirements for synapse for-

mation. In the light microscope, we can
now say that sensory neurons form
swellings that look like presynaptic

terminals along and at the ends of new
branches, and that such branches form
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not only at a crush or cut between gan-

glia, but even at free cut end. In oper-

ated animals a comparison has not yet

been made between modalities, but the

shapes of enlarged fingers along new
branches of touch-sensitive (T) cells do

resemble normal T-cell presynaptic

terminals. In culture a clear distinction

cannot be made between the new T-cell

arbors and the new branches of

pressure-sensitive (P) neurons. The
complex and distinctive cluster of en-

larged fingers of the P cell within the

neuropil (see Fig. 57) has not developed

at the crush for periods up to 3

weeks—a time sufficient for regenera-
tion across the cut. It is now necessary
to examine the sequence of growth and
to determine if some of the regenera-
tion we have seen might involve a fu-

sion of a growing axon with the old,

distal stump. Whether it is a loss of its

target, direct damage to its axon, or the

presence of new targets that fosters a
neuron's sprouting is testable with a
variety of lesions, particularly in cul-

ture.

It remains unclear whether some en-

Fig. 57. Experimentally induced sprouting of the sensory neuron axon in the connective. A crush or

cut was made between two ganglia as shown at left. Sensory neurons were injected at their cell bodies

with HRP, stained with diaminobenzidine, and their processes traced from whole mount using camera
lucida. (a) and (b): Normal secondary branches of pressure, P, and touch, T, neurons within the

ganglion neuropil. Arrowheads indicate where synapses are typically clustered, for comparison with

swellings along new branches in the connective (c) to (f). (c): Sprouting where the connective was cut

100 days previously, (d) and (e): Crush between ganglia maintained in culture for 24 days,P, and 13

days, T. (f): Crush at end of connective rather than between ganglia (24 days in culture), (g): Regener-
ation across cut at 24 days in culture. Note the fewer sprouts. T andP placed at ends nearest cell body;

dashed line, edge of connective and lesions.
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largements at early stages might rep-

resent growth cones. One likely pros-

pect is that such enlargements will be-

come synaptic terminals in a new
neuropil formed at the site of the crush

as reported in the connective of another

species of leech. We have not yet ob-

served structures that can be clearly

identified as synapses, but the presence

of large dense-core and small agranu-

lar vesicles at ends of branches of iden-

tified sensory neurons suggests that

synapse formation may be in its early

stages. In this case, the structures that

make synapses take shape before

synapses are made and would appear to

dictate the association of synapses that

are peculiar to sensory cells.

An Electrical Synapse in the
Leech

K. J. Muller and B. Thomas

Both types of neuronal synapses

—

chemical and electrical—are readily

detected physiologically with mic-
roelectrodes in the leech. Yet in leech

ganglia electron microscopy has failed

to provide us with a clear example be-

tween neurons of gap junctions, the

putative sites of electrical transmis-

sion. The reason for our failure re-

mains obscure, but it is likely that the

actual extent of synaptic membrane is

limited and that the separation be-

tween membranes is, as at other inver-

tebrate gap junctions, wider than at

tl

25p

D

30 \l

Fig. 58. Rohde fibers extend to meet in the connective. (A) Rohde neuron injected in the cell body in

one ganglion reaches halfway to the next. The region of overlap with the uninjected Rohde cell in the

lower ganglion is included in (B). When both are injected and a cross section taken through such a

region, axons of the two cells (A, and A2 ) can be resolved. (C) light micrograph; and (D) corresponding
electron micrograph of boxed region in (C). The axons run in the small, unpaired nerve (Faivre's

nerve).
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gap junctions in vertebrates. It was
therefore unexpected when an electri-

cal junction was discovered between
unpaired neurons in neighboring gan-

glia, neurons that were reportedly syn-

cytial. The junction across which dye
molecules as large as Procion yellow

(MW about 500) can readily pass but
not horseradish peroxidase (MW about

40,000) occurs between "giant" Rohde
fibers in the middle of the unpaired
connective (Fig. 58). The electrical

coupling between adjacent Rohde
neurons is so strong that no junction

was thought to exist between them, yet

it is only at this mid-connective region

that the two neurons meet and
synapse. Visible in the electron micro-

scope is the extensive arborization of

the two cells into fine, connecting pro-

cesses, rather than an extensive con-

tact along a septum (Fig. 59). The de-

tails of the contact between the
neurons is still under intensive exami-
nation, but the region of overlap along
the connective is nearly 200)U, and the

extent of the many contacts is nearly as

great. Also peculiar to this region of

apposition are numerous terminals

(Fig. 59, white arrow) containing small
and large granular vesicles of the sort

that have been shown by others to be
inhibitory upon leech muscle. Such an
inhibitory action upon the fine Rohde
fiber collaterals could have pronounced
and perhaps directional effects upon
electrical transmission between Rohde
fibers. This possibility is currently

under physiological and anatomical
investigation using selective stimula-

tion and marking techniques.

Interruption of the Rohde Neuron

The discovery that Rohde neurons
contact each other across an electrical

junction that is physically separate

from the neuropil and is permeable
enough for some large molecules to

pass has presented us with an unusual
opportunity to examine the interde-

pendence of the two neurons.

For example, by crushing or severing

a connective near one ganglion, the

distal portion of one Rohde axon is iso-

lated from the soma. Can it then be
maintained through its synapse? Or
does the interruption stimulate the

Fig. 59. The electrical synapses between Rohde filters in the connective. The principle axons (1 and
2) branch profusely as they terminate (left). The cells contact each other principally along their

branches (right) at areas of narrowed extracellular space (black arrow) 3-4 nm wide as at gap
junctions in some other invertebrates. Terminals containing small granular vesicles (white arrow)

are seen in close association with the branches. Only neuron 1 has been injected with HRP, but axon 2

is recognizable by its size and location.
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other intact Rohde fiber to grow beyond
the synapse until it can reestablish

functional contact with the adjacent

Rohde neuron? Our results are pre-

liminary, but where we have been able

to examine this problem, we have
found in an animal operated upon 79
days previously that the undamaged
neuron does grow beyond the synapse.

The neighboring Rohde neuron, its

axon severed and unable to reestablish

contact, has undergone a massive and
unusual arborization within the gan-

glion while eliminating much of its

large axon (Fig. 60). Whether the new
processes are making functional con-

tacts is not clear, but it is noteworthy

that the level of spontaneous synaptic

and impulse activity that can be re-

corded from such cells is elevated, while

the basic features of the nerve impulse

are preserved.

A study of the role that this synapse

can play in the structure and
metabolism of the interacting cells is in

progress using ganglia in culture.

Here, by selectively destroying one

neuron and thereby eliminating prin-

cipal target tissue, the relative impor-

tance of intrinsic and extrinsic stimuli

to growth and synapse maintenance in

the nervous system may be weighed.

Normal Crushed
Connective

79 days

crush

Fig. 60. Plasticity of the Rohde interneuron. The connective between ganglia was crushed in an
animal 79 days prior to injection of the neuron, identified by the location of its soma and the size and
shape of its action potential. The principal axon has disappeared beyond the open triangles, even
within the anterior connective that was untouched, and new sprouts have appeared (black triangles)

that reach toward the connective but only slightly beyond the ganglion.

THE COLLECTION OF HUMAN EMBRYOS
Ronan O'Rahilly and Ernest Gardner

The Carnegie Embryological Collec-

tion was opened formally at the Uni-

versity of California in Davis on 21

November 1975. Drs. Ronan O'Rahilly
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and Ernest Gardner were in atten-

dance, and speakers included Drs. J. D.

Ebert, Elizabeth M. Ramsey and Ar-

thur T. Hertig. Dr. Ramsey presented a

book on the Carnegie monkey colony,

and Dr. Hertig later donated the

binocular dissecting microscope he had
used in his searches for early human
embryos. Dr. George W. Corner was
unable to be present. The University

was represented by Deans Allen G.

Marr, C. John Tupper, and William R.

Pritchard. Carnegie President Philip

H. Abelson visited the laboratories on
the following day.

All inquiries concerning the collec-

tion, as well as requests for permission

for publication, should be addressed to

Professor R. O'Rahilly, Carnegie Labo-

ratories of Embryology, University of

California, Davis, California 95616.

Dandy-Walker and Arnold-Chiari mal-
formations," "The prenatal develop-

ment of the human eye," and "The tim-

ing and sequence of events in the de-

velopment of the limbs in the human
embryo" were published. An account of

"The nerve supply and conducting sys-

tem of the human heart at the end of

the embryonic period proper" is due to

appear in the Journal of Anatomy.
Studies of the developing anterior fal-

cate artery are being undertaken by
Dr. F. Muller.

The Bluntschli Collection

Developmental Stages in Human
Embryos

Work continues on the revision of

stages 10 to 23 (R. O'Rahilly), on the

tabulation of the timing and sequence
of developmental events in staged
human embryos (R. O'Rahilly), and on
the establishment of a computer
catalogue (Alexander Barry).

Development of the Nervous System

Work continues on the develop-

mental neurobiology of primates (E.

Gardner and associates). A chapter on
"The developmental anatomy and his-

tology of the human central nervous
system" is awaiting publication in the

Handbook of Clinical Neurology, edited

by Vinken and Bruyn. Articles on "The

Renewed interest has been shown in

the comparative collection of the late

Professor Hans Bluntschli of Bern. It

was established on expeditions to

Amazonia in 1912 and to Madagascar
in 1930, and was acquired by the Car-

negie Institution in 1950. The
Bluntschli collection comprises insec-

tivores (tenrecs), prosimians (lemurs),

and platyrrhines (New World mon-
keys), as shown in Table 16. During the

past year, the Bluntschli microscope

slides were studied by Dr. F. Muller
(Basel) and by Prof. F. Strauss (Bern).

Professor Strauss had worked with
Professor Bluntschli in Switzerland
and is donating further material rele-

vant to the collection. Professor David
B. Meyer has been studying the com-
parative development of the eye.

Theses (for the M.Sc. degree) on "Em-
bryonic limb development in the
rhesus monkey (Macaca mulattaV by
G. Stone and on "Staging of the early

embryonic brain in the baboon (Papio

sp.) and rhesus monkey (Macaca
mulatto)" by R. Davignon have been
approved.
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TABLE 16. Chief Insectivores and Primates in the Carnegie Collection
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BLUNTSCHLI COLLECTION
Insectivora

Centetes (Common tenrec)

Hemicentetes (Banded tenrec)

Ericulus (Hedgehog tenrec)

Prosimii

Microcebus (Mouse lemur)

Avahi laniger (Woolly lemur)

Platyrrhinae
Saguinus fuscicollis (Hapale; Mystax

bluntschlii) (Tamarin)

Aotes trivirgatus (Nyctipithecus vociferans)

(Owl-faced or night monkey)
Alouatta senculus (Mycetes auratus)

(Red howler-monkey)
Saimiri sciurea (Chrysothrix nigrivittata)

(Squirrel monkey)
Cebus apella (C. macrocephalus) (Hooded

or brown capuchin)

Cebus albifrons (C. gracilis) (White-fronted

capuchin)

Lagothrix lagotricha (L. infumatus) (Brown
woolly monkey)

HARTMANN COLLECTION
Catarrhinae
Macaca mulatta (Macacus rhesus)

(Rhesus macaque)

MALL COLLECTION
Catarrhinae
Homo sapiens

Chiarelli's (1972) Decimal Key

Suborder Family Genus Species

1. 4. 1. 1

1. 5. 2. 1

2. 1. 4. 3

2. 3. 1. 1

2. 3. 6. 3

2. 3. 7. 1

2. 3. 8. 1

2. 3. 8. 3

2. 3. 11. 1

STAFF ACTIVITIES

International conferences and sym-
posia in which members of the De-
partment participated during the year
included three in Scotland ("The
Synapse," in St. Andrews, sponsored by
the Scottish Electrophysiological Soci-

ety; "Genetic Engineering," in Glas-

gow, the Second Tenovus Symposium
of the Nucleotide Group, Chemical and
Biochemical Societies; and the annual
symposium of the British Society of

Developmental Biologists, also in

Glasgow). The annual symposium of

the Japanese Society of Developmental
Biologists at Osaka also proved to be
attractive. Others attended symposia

held before and during the meeting of

the Federation of European Biochemi-
cal Societies in Paris, one on "Or-

ganelle Biogenesis" and another on

"Structure of the Eukaryotic Genome."
Similar topics, "Genetic Function of

Mitochondrial DNA" and "The Organi-

zation and Expression of Chromo-
somes," were treated in Bari, Italy, and
in Berlin, respectively. Also deserving
mention was the Institut de la Vie's

Conference on "Teratogenesis" in Mar-
tinique, and the Symposium on
"Biochemistry of Cell Surfaces" held at

the Fogarty Center of the National In-

stitutes of Health, Bethesda.
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Among the other conferences engag-

ing the interest of members of the

group, the following should be men-
tioned: the Cold Spring Harbor Sym-
posium on "The Synapse"; the annual
Symposium of the Society of General
Physiologists, on the subject
"Biogenesis and Turnover of Mem-
branes"; a related symposium on
"Membrane Receptors" at Duke Uni-

versity; a meeting sponsored by the

Neurosciences Research Program (Bos-

ton) on "Depolarization-Release Cou-
pling Systems in Neurons"; Gordon Re-

search Conferences on "Developmental
Biology" and "Molecular Pharmacol-
ogy"; and the ICN-UCLA Symposium
on "Molecular Mechanisms in the Con-
trol of Gene Expression."

Lectures were presented on a

number of campuses, including Albert

Einstein College of Medicine, Califor-

nia Institute of Technology, Case
Western Reserve University, Columbia
University, Cornell Medical College,

DePaul University, Harvard Univer-

sity, Hershey Medical Center, Middle-

bury College, Rockefeller University,

University College, London; and the

Universities of Alberta, Arizona, and
Bern; California at Davis, Irvine, Los
Angeles, San Diego, and San Fran-
cisco; Chicago, Cincinnati, Connec-
ticut, Iowa, Kyoto, Maryland, Michi-

gan, Pennsylvania, Rochester, Tokyo,
Utah, and Virginia; Vanderbilt Uni-
versity, Washington University, and
Yale University.

Special presentations included The
John M. Prather Lectures in Biology at

Harvard, the Mitsubishi Lecture in

Tokyo, and a Lowell Lecture in Boston.

Members of the group also spoke at

hospitals and research centers, among
them the Radiation Effects Research
Foundation in Hiroshima, Japan; the

Beatson Institute for Cancer Research,

Glasgow; the Roche Institute for

Molecular Biology; Oak Ridge As-

sociated Universities; Sloan-Kettering
Institute; National Institutes of

Health; and the Muscular Dystrophy
Research Laboratories at Newcastle-
upon-Tyne.

Members of the Department took

part in meetings of learned societies,

including, in addition to those already

mentioned, the American Association

for the Advancement of Science,

American Association of Anatomists,

American Society of Biological

Chemists, American Society for Cell

Biology, American Philosophical Soci-

ety, Biophysical Society, Federation of

American Societies for Experimental
Biology, National Academy of

Sciences, Society for Developmental
Biology, Society of Neurochemistry,
Society for Neuroscience, and Tissue

Culture Association.

Advisory and consultative services

included Editor-in-Chief of Develop-

mental Biology and membership on the

editorial boards of Anales del Desar-

rollo, Cell, Excerpta Medica (section on
Human Developmental Biology), Cur-

rent Topics in Developmental Biology,

Oceanus, and Quarterly Review ofBiol-

ogy.

Members of the staff also acted in

these capacities: Chairman, Assembly
of Life Sciences, National Academy of

Sciences-National Research Council;

Member of the Board of Governing
Trustees and the Board of Scientific

Overseers, Jackson Laboratory; Trus-

tee, President, and Director, Marine
Biological Laboratory; Member of Cor-

poration, Woods Hole Oceanographic
Institution; Trustee of International

Medical Congress, Ltd., and member of

its program committee planning the

Fifth International Congress on Birth

Defects.

Other posts occupied by members of

the Department include the following:

in the American Institute of Biological

Sciences, member, Council of Past

Presidents and member, Finance
Committee; in the Institut de la Vie,

Chairman, World Committee on the

Formative Weeks of Human Life; in

the National Academy of Sciences,

member, Committee on Energy; in the

National Institutes of Health, member,
Board of Scientific Counselors, Na-
tional Institute of Child Health and
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Human Development, member, Geron-
tology Research Center Resources Ad-
visory Committee, member, Physiolog-

ical Chemistry Study Section, and
member, Cell Biology Study Section;

and in the Society for Developmental
Biology, Past-President.

Members of the Department served

on several visiting committees, includ-

ing those for the Departments of Biol-

ogy at Harvard University, Mas-
sachusetts Institute of Technology, and
Princeton University; the Department
of Molecular Biology and Biochemistry
at Harvard; and the External Advisory
Committee of the University of

Chicago's Cancer Research Center.

Special service was rendered as co-

Chairman of the "Cluster on Develop-

mental Biology" of the President's

Panel on Biomedical Research.

Staff members taught courses at the

Marine Biological Laboratory as well

as at Johns Hopkins (in the Depart-
ments of Biology, Biophysics, Pediat-

rics and Physiological Chemistry).

Seminars

The roster of speakers at the semi-

nars organized by the Department to

serve all those working in develop-

mental biology in the region included:

Aftab Ahmed, National Naval Medical
Center; S. T. Carbonetto, University of

North Carolina; James Darnell, Rocke-

feller University; Sarah Elgin, Har-
vard University; Walter Gilbert, Har-

vard University; Robert Grainger,
Yale University; Alan F. Horwitz,
University of Pennsylvania; Karl
Illmensee, Institute for Cancer Re-

search, Philadelphia; Lionel Jaffe,

Purdue University; Stuart Kauffman,
University of Pennsylvania; M. S.

Letinsky, University of California at

Los Angeles; D. K. Morest, Harvard
Medical School; Josh Sanes, Harvard
Medical School; Susumu Tonegawa,
Basel Institute for Immunology; Her-
man Vandenburgh, University of

Pennsylvania; David Ward, Yale Uni-
versity; and K-W Yau, Stanford Uni-

versity.
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INTRODUCTION

It has become a rather tiresome

cliche to contrast the universal genius

or "Renaissance man" of former years

with today's specialist. Concentration

of one's work into limited areas of

knowledge is often blamed for the fre-

quent, inability of scientists to grasp

adequately the relationships between
their work and that of others, and to

achieve the unifying syntheses which
are the goal of intellectual endeavor.

Worse yet, in the political and enter-

tainment world simple mention of the

titles of specialized research projects

results in serious scholars becoming
sources of public amusement or objects

of public ridicule.

In this context it is sometimes forgot-

ten that there is a unifying countercur-

rent upon which even the most spe-

cialized scientists are borne. The main-
stream of twentieth century physics

and chemistry has been the develop-

ment of a universal theory of matter,

applicable to all times and all places. In

addition to blurring the boundary be-

tween physics and chemistry almost to

the point where the difference is unrec-

ognizable, this development has been
ofprofound importance to all of natural

science. Astronomy, geology, and biol-

ogy have lost their taxonomic and de-

scriptive flavor.

For a time those in the vanguard of

this development felt it necessary to

identify their activity (often in a

somewhat superior tone) as geophysics
or geochemistry rather than geology,

or as astrophysics rather than as-

tronomy. (Even between these so-

called interdisciplinary fields there is a
certain hierarchy. I once annoyed a

famous solar spectroscopist by intro-

ducing him to a class of chemistry stu-

dents as an astrochemist; upon gaining
the floor he firmly reestablished his

identity as an astrophysicist.) Al-

though these distinctions are still

made, they are less useful, and possibly

as part of the current vogue for nostal-

gia, there are now many scientists

primarily concerned with ther-

modynamics of multiphase systems
who proudly describe themselves as

geologists, and experts in nuclear reac-

tions who would object to being called

anything but astronomers. In many
universities, if you really want to learn

thermodynamics you will attend lec-

tures in the geology department, and if

you really want to learn fluid mechan-
ics you will go to meteorology or

oceanography; and the genuine physics

and chemistry departments find them-
selves only one among many and not

always the best. Thus the battle is

over; physics and chemistry are now
the cornerstone of all science. The
earth is now treated as a chemical and
mechanical system; stars and galaxies

are to be understood only through
knowledge of plasmas, nuclear reac-

tions, and molecular chemistry.

However, even though physicists and
chemists have reproduced themselves
within geology and astronomy depart-

ments to the point where their progeny
are now dominant, it is also apparent
that the unity in the basic approach to

science which has now been achieved
has not been as fully exploited as it

could be, and that many of the old bar-

riers remain, even though they are

more often surmounted today than in

the past.

The reasons for the continued exis-

tence of these obstacles are manifold.
To a significant extent they are a con-

sequence of practical problems bas-

ically of a nonscientific nature. In a
university, lecture courses have to be
taught, and students have to be accred-

ited as bona fide geologists, astrono-

mers, or meteorologists if they wish to

find employment. The department
needs to be sure it gets at least its fair

share of university positions, funds,

and space. The need to deal with these

109
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problems can unite the faculty of a de-

partment more effectively than their

mutual scientific interests, and it de-

flects their attention from what might
become mutually stimulating scientific

interaction with those in other de-

partments. In another area, the sheer

size of the federal funding structure re-

quires agencies such as the National

Science Foundation to be com-
partmented into "disciplines," even
though this word has lost most of the

significance it formerly possessed. Pro-

gram directors and the associated peer
reviewers can impose severe penalties

on those scientists who stray too far

from what may be regarded as the most
fundamental and important subjects

for research even though they may
simply be the most fashionable at the

moment within a limited group of sci-

entists.

We have been given the opportunity

to be remarkably free of these essen-

tially nonscientific pressures to iden-

tify with a particular professional

group. Our more informal mode of in-

struction avoids the problem of re-

peatedly "covering" a prescribed body
of knowledge. Our endowed research

support and our freedom from govern-

ment influence is much greater than
that available to our colleagues
elsewhere, and historically there has

been within the Department a tradi-

tion of extending our research beyond
the point which a reviewer might well

regard as the limits of our competence.

Freedom from duties associated with a

professorial position and the obligation

to serve on institutional and federal

committees also can provide us with
the time and tranquility necessary to

look inward to the Department, to un-

derstand and value the work of one
another, and to contemplate in greater

depth the meaning of our work and its

relationship to that of others. With this

unusual opportunity comes the respon-

sibility to break away from artificial

boundaries associated with our profes-

sional origins and to build a research

community dedicated to viewing the

earth, solar system, stars, and galaxies

as a continuous and unified field of sci-

entific investigation. Although at

greater risk, workers elsewhere have
taken steps to achieve this. The princi-

pal barrier to our success in this effort

should be only our finite abilities.

The reader of this report can judge
the extent to which we have accepted

this responsibility. Some changes from
previous reports can be seen. There are

no longer organized reports of "sec-

tions" of astrophysics, geophysics, and
atomic physics. The report has been
subdivided into units only in order to

make it easier to read. The boundaries
between these units are intentionally

arbitrary. New work has begun in an
area of science transitional between
our previous work in astronomy and
earth science. This is the study of the

solar system and its history, as re-

vealed by the most primitive material

available, the meteorites, and by
theoretical investigations ultimately

based upon observations of the earth,

the moon, and the planets. Of course,

all of this could be viewed as a facade; a

perceptive reader will note that to a

large extent the same people are work-
ing on the same problems as before. A
cynical reader could conclude that all

of the foregoing is a pretense and that

things will always be the same. That is

not our intention. Only time will tell.

Current Research in the
Department

There is a natural hierarchy in the

organization of the universe. On the

largest scale there are the clusters of

galaxies, galaxies, and their con-

stituent stars and interstellar mate-

rial. Within the stars are formed the

elements that are the matter from
which new stars and planetary systems

are in turn formed. The formation of

new stars and planetary systems is

controlled by the physical and chemical

structure of the interstellar medium. It

is the structure of the interstellar

medium that defines the initial and
boundary conditions for the formation

of planetary bodies such as the earth
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and moon. These conditions largely de-

termine the nature and magnitude of

the processes which have occurred dur-

ing subsequent earth history, and
which have resulted in the present

chemical and physical state of our
planet. Underlying and unifying all

are the fundamental properties of mat-

tter
as learned from atomic and nuclear

physics.

At all levels in this hierarchy we are

confronted with mysteries. Although
the earth has been extensively studied,

one need go only a few tens of kilome-
ters beneath its surface to arrive at the

frontier area of current research. The
formational solar system has tended to

be treated as a magical wonderland
where one qualitative speculation is as

good as another. Although much prog-

ress has been made in understanding
stellar evolution during the past sev-

eral decades, there does not exist at the

present time any usable quantitative

theory for understanding either the

beginning or the end of a star's life. In
the area of galactic evolution we are at

best emerging from a descriptive stage

where masses, velocity fields, and
chemical abundances are measured for

various types of objects including
"peculiar" ones in the expectation that

before too long these data will form the

basis for a more general understanding
of galaxies. The strong coupling be-

tween the nature and history of

galaxies, stars, and planets results in

this imperfection of understanding in

one area affecting our ability to under-
stand another. Some sort of simultane-
ous attack on the unknown is needed.

We are obviously too small to under-
take this mighty task. However, in

working simultaneously at several of

these frontiers along with other scien-

tists throughout the world we are in an
excellent position to contribute to the

I

solving of these problems and to the
understanding of their relationship to

Galaxies and Stars

During the past year investigations

of the universe at the galactic scale

have made use of the all-sky sample of

Scl galaxies which was established by
Ford, Rubin, and Thonnard in their

study of the anisotropy of the Hubble
expansion. This work has now been
completed, with the conclusion that the

observed anisotropy has its origin in

motion of both our Galaxy and the

Local Group of galaxies, relative to the

more distant sample galaxies, at a ve-

locity of about 450 km s" 1
. The conflict

between this result and the reported
isotropy of the 3°K relic black body
radiation remains as a problem to be
resolved theoretically or observation-

ally.

Now that optical spectra and radio

observations exist for such an all-sky

sample, they can be used for the inves-

tigation of other fundamental prob-

lems. Rubin and Thonnard have in this

way explored the possibility that be-

tween the members of the group of

nearby galaxies there is an excess of

extragalactic matter, analogous to the
interstellar material within a galaxy.

Such material would be expected to lie

within the plane defined by these

nearby galaxies, and should lead to ex-

cess extinction in the direction of this

plane, compared with the perpendicu-
lar direction. No significant excess ex-

tinction is found. It is concluded that

the density of this intergalactic mate-
rial is similar to the average density of

the universe, and that no significant

portion of the missing matter required

to cause the universe to be gravitation-

ally closed was found in the form of this

"intergalactic medium."
In past exploration of the nature of

the various types of galaxies, principal

attention has been directed toward ob-

servation of spiral galaxies, their veloc-

ity fields and masses being determined
by observation of bright emission lines

of the gas that is abundant in these

galaxies. The velocity fields of the un-
derlying stars that form the bulk of the

mass of galaxies have been relatively

little studied in the spirals and in the

equally important gas-free elliptical

galaxies. Ford, Peterson, and Rubin
report on the use of absorption lines



112 CARNEGIE INSTITUTION

originating in the stars. Velocity fields

and mass and angular momentum
models have been obtained for two ob-

jects, a barred spiral galaxy and an
early-type galaxy. It is found that the

rotation over the radial extent of the

bar is that of a solid body, but whether
the stars are permanently associated

with the bar or the bar is a density-

wave phenomenon passing through the

stellar distribution cannot be deter-

mined from the data. Overall the
dynamics of the barred galaxy are very
similar to those of a normal galaxy. For
the first time, high resolution spectra

of an elliptical galaxy are available to

provide a sound observational basis for

constructing a realistic dynamical
model. In addition, investigations of a

peculiar colliding pair of galaxies dis-

covered by Minkowski 20 years ago
show that the galaxies are still ap-

proaching one another, and the evi-

dence for an earlier explosive event in

one of the galaxies cannot be explained

by the presence of the other galaxy.

The all-sky sample of galaxies has
also been used by the same workers to

illustrate the good general agreement
of both optical and 21-cm meas-
urements of redshifts when measured
on the same galaxies.

Ford, ^Peterson, and Rubin also re-

port on the more detailed structure of

the nearby Andromeda galaxy, M31.
They find evidence that the angular
momentum vector of the nucleus may
be tilted with respect to the plane of the

disk of the galaxy. If this is the case,

this will be an important fact to be in-

cluded in attempts to understand the

general principles of the dynamics of

galaxies. Other interpretations are

possible. However, future observations
should permit these alternatives to be

tested.

Thonnard reports 21-cm observa-

tions of neutral hydrogen in the irregu-

lar galaxy WLM, which lies in proxim-
ity to the Magellanic Stream. He finds

that this galaxy, although containing

relatively few stars, contains almost as

much neutral hydrogen as the Large
Magellanic Cloud, and that this hydro-

gen is located within WLM rather than
being a portion of the adjacent Magel-
lanic Stream.
Turner has carried out a Monte

Carlo study of the statistics of galaxy
alignments in order to understand the
significance of reported observations of
such alignments. He finds that the
probability of such alignment by
chance is surprisingly high, and that a
fair number of such alignments should
occur even in the absence of a genetic

or dynamic association between the
aligned galaxies.

Peterson has continued his work on
globular clusters, and reports new star

counts and comparisons with dynami-
cal models for 27 clusters. Globular
clusters are perhaps the oldest type of

object available for investigation and
may predate the galaxy with which
they are associated. Their structure
may therefore still bear a record of the
earliest events of galactic history.

These data provide constraints which
must be satisfied by theories of galactic

evolution.

Going to more recent events in the

history of the Galaxy, new results on
supernovae are described. An under-
standing of these explosion events is

essential to understanding the termi-
nal stages of stellar evolution, element
formation, x-ray sources, pulsars,

neutron stars, cosmic ray sources, and
possibly the initiation of the formation
of new stars. Consequently there has
been considerable recent interest in the
development of supernova models.
Such models require observational
data against which they may be tested.

Assousa reports calculations which
may explain why in his previous work
neutral hydrogen was found in only a
few of the supernova remnants studied.

Use of remnant expansion velocities

from other workers permits calculation

of the mass of the objects studied and
shows good agreement between the

predicted and the observed neutral hy-
drogen mass.

Assousa, Ford, Peterson, and Rubin
describe new spectra of extragalactic

type I supernovae and their compari-
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son with generated synthetic spectra.

They conclude that these spectra ap-

pear to be dominated by transitions in

ionized iron, which could possibly be

produced by radiative excitation dur-

ing the explosive event.

In the area of instrumentation, much
effort of both the scientific and techni-

cal staff (Ecklund, Little, Thonnard,
and Turner) is going into the construc-

tion of a modernized 21-cm receiver for

use on the 30-meter radio telescope at

the Instituto Argentino de Radioas-

tronomia. It is expected that this will

permit much higher quality observa-

tions of Southern sky high velocity

clouds and spiral galaxies than has
hitherto been possible. Digital equip-

ment for an 820-MHz survey of the

Southern sky is also under construc-

tion.

Ford continues his work with image
tube systems, in addition to his col-

laborative use of the present "Carnegie
Image Tubes" in the current investiga-

tions described earlier in this report.

Two new spectrographic image tube

systems have been constructed in our
shop. In addition, facilities are under
development for analysis and evalua-

tion of the new generation of digital

imaging devices as they become avail-

able.

A brief report is also given of the ac-

tivities of the Instituto Argentino de
Radioastronomia, with which we at

DTM have been closely associated

since its beginning. In spite of severe

economic difficulties, a significant pro-

gram of instrument development and
observation has continued. Of particu-

lar significance has been the near com-
pletion of a low velocity neutral hydro-

gen survey which reveals the large-

scale structure of this material over
most of the Southern sky.

The Earth and the Solar System

At the interface between astronomi-
cal science and earth science lies inves-

tigation of the formation of the solar

system. The processes are adjuncts of

star formation. Many of the facts

against which theories can be tested

are based on measurements of rocks,

particularly meteorites.

In this area of science there is a se-

vere need for the development of

theories sufficiently quantitative to be

testable and communicable. There
needs to be developed a community of

scientists who have enough respect for

the work of one another to seriously at-

tempt to understand its details,

criticize what they believe to be wrong,
and build upon what is of value. Unfor-

tunately such a community does not

exist at present; rather too frequently,

investigations are pursued in splendid

isolation from one another, and while

there is much disagreement, there is

too little effort to understand the origin

of these differences.

Weidenschilling has made signifi-

cant progress in development of a

quantitative model of the dynamics of

particles of various sizes moving in a

gaseous disk of the type generally be-

lieved to have been present during the

early stages of planet formation. This
builds upon and extends earlier work of

Whipple. He shows that there is a
strong dependence on particle size

which may influence the rate at which
the initial ^ 1-km bodies are formed
and possibly also the chemical compo-
sition of these bodies.

Somewhat later in the formation of

the solar system these earlier conden-

sations must somehow or other have
coagulated to form planets. There has
developed in the past five years or so a

common belief that the time scale for

this accumulation must have been very
short, on the order of 103 to 104 years.

There exists at present no quantitative

dynamical theory which predicts such
a rapid time scale. Perhaps the princi-

pal reason for widespread acceptance of

this short time scale has been the evi-

dence that at least much of the moon
was heated above its melting point es-

sentially at the time of its formation,

leaving insufficient time for the slow
buildup of temperature by the decay of

long-lived radioactive elements and
therefore requiring the trapping of
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gravitational energy associated with
rapid accretion. In 1969, V. S. Saf-

ronov, working at the Institute of the

Physics of the Earth in Moscow, pub-
lished a theory of early terrestrial

heating in which a calculated distribu-

tion of large impacting bodies during
accretion "buried" a sufficient quantity

of their interplanetary kinetic energy
beneath the accreting surface of the

earth to heat much of the interior to

near its melting temperature. We were
fortunate in having the opportunity of

hearing Safronov explain this work
further at a recent DTM seminar.

When applied to the moon, however,
this theory still fails to provide the

necessary initial temperature, primar-
ily because in the case of the earth the

interplanetary kinetic energy is aug-

mented by acceleration during the fall

of the body into the earth's gravita-

tional field. This effect will be much
less for the smaller moon.
During the past year a variant of

Safronov's theory has been developed
(Wetherill) using techniques previ-

ously employed by the author for the

study of the evolution of meteorite or-

bits. This leads to a considerably

greater fraction of the accreting bodies

being large (>200 km in radius) and of

high velocity (~8 km/s). Both of these

result in much greater burial of kinetic

energy during the formation of the

moon, and thereby provide a mecha-
nism for obtaining initial high lunar

temperature even if the time scale is as

large as that given by quantitative

dynamical theories (~10 8 yr).

Application of the same and similar

techniques to two other solar system
problems are reported. These are the

causes of the late heavy bombardment
(4.0 b.y. ago) which produced the

crater-saturated surface of the moon
(and probably other planets as well) of

that age and the role played by present

earth-crossing interplanetary bodies

(Apollo objects) as sources of chondritic

meteorites.

Extension of realistic theoretical in-

vestigations into early solar system
history, both here and elsewhere, may

be expected to clarify considerably our
thinking with regard to these prob-

lems, but taken alone, are not likely to

be able to distinguish between alterna-

tive hypotheses. Fortunately they do

not have to be taken alone, as there are

available samples of meteoritic rocks

which in various senses have preserved

relic information concerning the ear-

liest history of the solar system and
quite likely of some presolar events as

well. In addition, at least some meteor-

ites have been affected by more recent

events prior to their impacting the

earth, and these must be disentangled

somehow from the primordial effects in

order to be well understood. A promis-

ing opening into this area was found by
Brownlee and Rajan several years ago

in the discovery of submicron impact

craters on the surfaces of meteorite

grains. When combined with the oc-

currence of solar flare tracks in the

same grains, this leads to an analogy
between the surface of the meteorite

parent body and the lunar regolith

(soil), for which such phenomena have
been extensively studied. Rajan and
his collaborator Poupeau of C.N.R.S.,

France, report a continuation of this

work, directed toward an understand-

ing of similarities and differences be-

tween the lunar regolith and the in-

ferred regolith surfaces of the parent

bodies of meteorites of various kinds.

Lunar studies show that the proba-

bility of a grain found on the surface

being cratered increases as the regolith

matures, as a consequence of being

continually impacted, turned over, and
mixed. These new results show the

meteoritic data lie on the extrapolation

of this lunar trend and correspond to

very immature regoliths. This correla-

tion suggests a common dynamical
mechanism that is operative on all re-

goliths. On the other hand, glassy

splashes are absent from meteorite

grains, although they are quite abun-

dant even on immature lunar soils, an
effect which is not yet understood.

Other extraterrestrial research re-

ported here concerns measurement of

reversals of the sun's poloidal magnetic
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field as inferred from ionization cham-
bers operated continuously by the De-
partment since 1937 (Forbush). This

time scale of almost three decades is

long compared with that of changing
emphases in the field of high energy
physics with which cosmic-ray re-

search was associated in 1937, but it

represents less than two cycles in the

variations of the sun's poloidal field.

The success of these measurements is a
tribute to the value of making observa-

tions on the time scale peculiar to the

phenomena being studied rather than
on the basis of changing fashion.

Since the beginning much of the re-

search of this Department has been
strongly oriented toward global prob-

lems of the earth and its history. This

continues to be the case. Currently

major emphasis is being placed upon
using geochemical and geophysical

techniques to learn as much as possible

concerning the nature of the earth's

mantle.

During the past year, much of the

time of those working in isotope

geochemistry (Brooks, James, and
Hofmann, in collaboration with Hart,

now at M.I.T.) has been devoted to tak-

ing stock of the isotopic data developed

here and elsewhere in recent years,

and attempting to understand its im-

plications regarding the earth's mantle
beneath the oceans and the continents.

A compilation of all the data of suffi-

cient quality shows that in both these

regions the initial isotopic composition
of the strontium mantle-derived rocks

is not uniform. The initial 87 Sr/8H Sr

ratios of rocks from both oceanic is-

lands and continental areas are usu-

ally distinctly higher than the much
more uniform values found in mid-
ocean ridge basalt. Such elevated Sr
isotope ratios have commonly been in-

terpreted as indicating either a crustal

origin of the rocks or at least crustal

contamination. This interpretation is

particularly untenable for oceanic
rocks; arguments are presented
against this being the case for most of

these continental rocks as well.

A key point in these arguments is

that in a given region the data indicate

not only higher initial Sr isotope ratios

but a correlation between the 87 Sr/ 86Sr

ratio and the Rb/Sr ratio. Thus a

"pseudoisochron" is obtained which re-

sembles the more familiar whole-rock

isochrons which are used for age de-

terminations and are based on the pre-

sent 87Sr/ 86Sr ratio of the rocks rather

than their initial ratio. This correla-

tion is interpreted as indicating that

the present rocks possess not only a
"memory" of some mean Rb/Sr ratio of

their source as indicated by their ini-

tial Sr isotope ratio but that some in-

formation concerning the time scale for

the variation of this Rb/Sr ratio in the

mantle source has also been preserved.

Thus "pseudoisochrons" are in fact

mantle isochrons and may possess real

time significance, even though
obscured by scatter in the data result-

ing from the superposition of later

events. More specific models are pro-

posed for the chemical development of

these mantle source regions. The seis-

mic evidence for the great thickness of

the continental lithosphere and the

possible complete absence of continen-

tal asthenosphere is incorporated into

these models, and it is hypothesized
that the continental mantle isochrons

are the result of more or less closed sys-

tem evolution of an ancient heteroge-

neous continental lithosphere, with a

typically higher Rb/Sr ratio than the

more depleted asthenosphere sources of

ocean ridge basalts. In the oceanic is-

lands, there is not thick lithosphere of

this kind, and it is proposed that the

deeper mesosphere plays an analogous
role in the formation of these rocks.

In addition to this synthesis of

isotopic data obtained during the past

several years, some new results are

also reported. Whitford and his col-

laborator Bloomfield in the Institute of

Geological Sciences in London are
working on orogenic volcanic rocks

from Mexico which are situated on old,

typically continental crust adjacent to

a convergent plate boundary. The rocks
are compared with typical island arc
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volcanics from the Sunda arc of In-

donesia. The Mexican rocks appear to

be geochemically distinct from those of

the island arc. They are richer in Si02

and Na2 and are characterized by
higher atomic Mg/Mg+Fe2+ ratios. Al-

though this work is still in progress,

the isotopic data now obtained together

with the high Mg/Mg + Fe2+ ratios

suggest a mantle origin for the Mexi-
can rocks.

James has obtained a minimum
Rb/Sr whole-rock age of 1012 ± 52 m.y.

for rocks from the central Andean
basement complex near Arequipa,
Peru. This is the oldest age measure-
ment reported from this basement
complex and suggests a similar or older

age for the mantle lithosphere underly-

ing this region, which is believed to be
the source of those rocks exhibiting the

mantle isochrons discussed earlier in

this introduction.

These geochemical results are re-

lated to geophysical data in the same
area. Sacks, Snoke, and Linde sum-
marize their work on the distribution

of volcanism, mantle anelasticity, and
seismic activity in South America.

They find that in southern Peru and
Chile there is an anelastic zone (low Q)
between the subducting oceanic plate

and the >300 km thick continental

lithosphere. This is correlated with

seismic activity in the downgoing plate

and presence of volcanoes, indicating

partial melting of the mantle in this

region. Farther to the north in Peru,

the low-Q zone is absent, the subduct-

ing slab has low seismicity, and vol-

canoes are absent. It appears that the

development of a well-defined seismic

plane in the subducting slab of oceanic

lithosphere near its interface with the

rocks above requires these overlying

rocks to be hot and partially molten.

Both geophysical and geochemical

data indicate more and more that old

continental areas are underlain by

lithospheres hundreds of kilometers

thick, and thus despite the occurrence

of continental drift on moving plates,

continents are not an extremely super-

ficial feature of the earth. This gives

rise to the question of whether a lower

boundary to the continental litho-

sphere exists at all, and if so, if it can
be detected. Conventional techniques,

using surface waves, have no resolu-

tion below about 200 km depth. Sacks
and Snoke describe seismic arrivals in

Peru, northern Chile, and Argentina
which they have been able to model
only as converted phases arising from a

nearby horizontal transition zone at a

depth of 400 km. Furthermore, these

data indicate the seismic shear velocity

is lower below the interface, which
leads to the interpretation that a boun-

dary between the thick continental

lithosphere and an underlying as-

thenosphere has been found.

Sacks, Rodriguez, Snoke, and Linde
report results from the long-term col-

laboration between DTM and the Uni-

versity of San Agustin in Arequipa,

Peru. These data show that there is an
earthquake-free shallow (<50 km
thick) region on the continental side of

the trench extending for about 80 km.
This same feature is found elsewhere,

e.g., in the Aleutians. The explanation

offered for this phenomenon is that al-

though the rocks in these regions are of

normal strength they are subjected to a

superposition of stresses (a compres-

sion resulting from the relative plate

motion and a tension caused by the

curvature of the plates at the trench)

which leads to the region being nearly

stress free.

These results in observational seis-

mology have been supported by several

interesting theoretical studies. In 1974
Sacks reported anomalies in the
amplitudes of seismic phases that have
traversed the earth's core, and he

showed that these are correlated with

certain regions on the core-mantle

boundary. Thus in some unclear way
these results were maps of "geogra-

phic" regions on the core-mantle inter-

face. Snoke and Sacks now propose a

velocity model that fits these data. In

this model the anomalous regions con-

sist of cells ~ 150 km in dimension
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which multiply scatter the seismic sig-

nals traversing them along near-
grazing ray paths. The size and veloc-

ity variations required are of a mag-
nitude compatible with their being
small convection cells. These cells are
believed to occur in clusters in those
areas of the lowermost mantle corre-

sponding to the anomalous regions
found earlier.

Sacks, Snoke, Evans, and their col-

laborators King and Beavan at Cam-
bridge University report a technique
for the measurement of seismic phase
velocity at a single site. Conventional-
ly, determination of the phase velocity

requires a widely spaced network that

measures travel times through the
network as a function of frequency. The
large spacing required limits the seis-

mic wavelength that can be used and
hence limits determination of the earth
structure to relatively shallow depths
(<200 km). It is now found that a verti-

cal seismometer and a volume
strainmeter operating at a single site

can, at least in principle, be used to de-

termine phase velocity without any in-

trinsic upper wavelength limit and
without uncertainties introduced by
local heterogeneities and tilts.

Seber, James, Snoke, and Linde have
investigated the application of
maximum entropy spectral analysis to

seismic data. This has the potential

advantage that in contrast to the more
usual Fourier analysis this technique
is well suited to extract the spectral
content from noisy or incompletely re-

corded signals. Calculations using
simulated signals bear out this expec-
tation to a considerable extent, but
some puzzling results were found
which will require further investiga-

tion.

Atomic Physics and Properties of
Materials

Hofmann and Magaritz have consid-

erably extended earlier work on cation

diffusion in natural melts. In addition

to increased understanding of the role

played by diffusion in natural systems,
these new results display effects that

must be relevant to the fundamental
atomic and molecular structure of sili-

cate liquids.

Measurements of diffusion rates in

basaltic melts show that diffusive mix-
ing distances in a partially molten
mantle may be expected to be on the

order of hundreds of meters in 10 9 yr.

These results are used to test a model
for the development of "hot spot"

sources of oceanic islands which has
been proposed by others and for which
mixing by processes other than diffu-

sion is not expected. The limited diffu-

sion lengths appear to preclude the de-

velopment of enriched regions suffi-

ciently large to be of geochemical im-
portance.

Measurements of diffusion in Sr and
Ba obsidian glass also indicate the ex-

tent of diffusive transport as a

geochemical mechanism. These results

show that at metamorphic tempera-
tures of 700°C, transport distances may
be limited to 20 cm in a million years.

This shows that large widely spaced
whole-rock samples may not indicate a
reliable age of metamorphism when
used for Rb-Sr dating, and that small-

scale (~cm) sampling may be required

to ensure the isotopic equilibration re-

quired to establish an age.

These workers give examples of the

wide applicability of these diffusion

data to problems of trace element
geochemistry, igneous petrology, and
to the microscopic structure of liquids.

Hofmann and Brown have developed
a new technique for measurement of

cation diffusion in basaltic melts
wherein the radioactive tracer is ini-

tially located in a sharply defined zone
within the sample rather than being
located on the surface. This is accom-
plished by bombardment of basaltic

glass with 40-Mev deuterons for the
formation of radioactive species such as
22Na, 4,iSc, and 5,iCo within the sample.
This approach minimizes convective
mixing during the subsequent melting
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of the sample and eliminates evapora-

tion of volatile tracers such as sodium
from the surface. This technique is

found to be highly successful and has
been used to confirm and extend the

measurements found using the earlier

technique.

Brown and Pepper continue their in-

vestigations of fundamental problems
in atomic structure. These are ap-

proached by study of the x rays pro-

duced when heavy ions collide at ener-

gies of a few Mev. From the theoretical

point of view it is not clear how the

transient "molecule" formed by the two
ions at the moment of their collision

should be treated, and there are a

number of experimental results that

still require explanation.

These workers report the most clear

example of the formation of a "united

atom" in which both nuclei temporarily

combine as a single center of charge.

The l and m x-ray bands characteristic

of such an atom are clearly observed,

and the limits of these bands change
exactly as predicted when the atomic
number of the target is changed.

In another experiment it is found
that when praseodymium is bom-
barded with potassium atoms, the

praseodymium l shell x-ray lines are

found as expected, as a consequence of

transfer of electronic vacancies from
the k shell of the potassium ion. How-
ever, the remarkable thing is that only

two of the several possible l lines are

seen. The exchange is selective. This is

believed to represent a form of charge
exchange not observed before, and it is

suggested that it is a consequence of

rotational coupling that occurs while

the two colliding nuclei are relatively

distant from one another.

GALAXIES AND STARS

G. E. Assousa, E. T. Ecklund, W. K. Ford, Jr., C.A. Little, C. J. Peterson, V. C. Rubin, N. Thonnard,
K. C. Turner, and M. A. Tuve

Collaborators

B. Balick, B. F. Burke, J. W. Erkes, J. Graham, C. K. Kumar, J. Oort, M. S. Roberts, and R. E. White

Evidence for Motion of the
Galaxy

W. K. Ford, Jr., V. C. Rubin, and N. Thonnard

During the past year we completed

our study, made in collaboration with

Dr. J. A. Graham from Cerro Tololo

Inter-American Observatory and Dr.

M. S. Roberts from the National Radio

Astronomy Observatory*, of a sample
of Sc I galaxies, which was undertaken
to investigate the isotropy of the Hub-
ble expansion (Rubin et at., 1976a,b).

As discussed in detail in last year's re-

port {Year Book 74, p. 113), we have
detected an anisotropy, in the sense

* Operated by Associated Universities, Inc.,

under contract with the National Science Found-

ation.

that galaxies on one half of the sky
have velocities that are small for their

magnitudes; galaxies on the remaining
half of the sky have velocities that are

large for their magnitudes. From the

extensive observational and statistical

study making use of optical mag-
nitudes, optical velocities, 21-cm mag-
nitudes, 21-cm velocities, and diamet-

ers and maximum velocities of the ro-

tation curves, we conclude that a mo-
tion of the Galaxy and of the Local

Group of galaxies relative to the sam-
ple is the only interpretation consistent

with all of the observations. The
Galaxy is moving approximately edge

on, with the leading edge in the anti-

center direction. The velocity of the

center of the Galaxy is VGM ~ 450 ±
125 km s

_1
; as observed at the sun (and
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therefore including the rotation of the

sun about the center of the Galaxy) the
velocity is V ~ 600 ± 125 km s '.

Alternative explanations of the ob-

served effect which we have considered
but rejected include the following: (1)

Galaxies on one half of the sky are in-

trinsically fainter than those on the

other half. (2) Galaxies observed be-

yond the central region of our Galaxy
are less obscured than those observed
in the anticenter direction. (3) The
Hubble expansion increases by 20%
across the sky for galaxies in the dis-

tance range 3500 < Vc < 6500 km s "'.

After correction for the motion of the

observer, the random motions of gal-

axies are small [o-(Au) < 200 km s
-1

],

and the Hubble flow is very uniform
[a(AH/H) < 0.04]. This result thus sup-

ports the similar earlier conclusions of

deVaucouleurs (1958) and Sandage
and Tammann (1975). The conflict

with the observed isotropy of the 3°K
relic radiation, which implies V < 300
km s

_1
, remains unresolved.
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A Search for Extragalactic
Extinction

V. C. Rubin and N. Thonnard

Knowledge of the type and quantity
of intergalactic material is of interest

because it can help determine the total

amount of matter in the universe and
place limits on the amount of material
outside the galaxies. Attempts to de-

termine this have involved searching

in the direction of galaxy clusters for

excess reddening of galaxies, changes
in the number density of distant

galaxies, and excess luminosity in the

space between galaxies. We have ex-

tended the approach used by Rubin et

al. (1976) in determining the extinction

within our Galaxy to search for excess

extinction between the galaxies in the

direction of the supergalactic plane,

the flattened disk of nearby galaxies

(radial velocities less than 2000 km s
_1

)

of which we are an outlying member.
Because we are located in the super-

galactic plane, if extragalactic matter
is distributed in this plane, our line of

sight to more distant galaxies passes

through this layer of obscuring matter.

Taking a uniform sample of distant

galaxies that have a small spread in

intrinsic luminosity (Sc Fs with 3500 <
V < 6500 km s

_1
) and correcting the

observed magnitudes and velocities for

all known systematic effects, one can
form a parameter called the Hubble
Modulus. When we examine the Hub-
ble Modulus as a function of super-

galactic latitude, any systematic
change can be interpreted as a varia-

tion due to the change in path length

through the obscuring material for

galaxies at different latitudes. We find

no variation in extinction as a function

of supergalactic latitude, which implies

that we have detected no intergalactic

material.

An analysis by Takase (1972) of the

corrected colors for 650 galaxies in the

Reference Catalogue of Bright Galaxies
marginally showed that elliptical and
SO galaxies within 10° from the super-

galactic plane are reddened with re-

spect to galaxies at supergalactic
latitudes greater than 30° by approxi-

mately 0.04 magnitude at blue
wavelengths. G. deVaucouleurs et al.

(1972) repeated this analysis and in-

cluded colors for 262 additional
galaxies observed at the 91-cm
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Fig. 1. Hubble Modulus for 49 Sc I galaxies at supergalactic longitude less than 180° as a function

of the absolute value of supergalactic latitude. Solid line is least-squares fit to data giving total

change from SG pole to SG equator of -0.07±0.10 magnitudes. Dashed line is from de Vaucouleurs et

al., (1972), using galaxy colors, and gives a total change from SG pole to SG equator of +0.18±0.05
magnitudes.

McDonald reflector. Their results also

marginally indicate excess reddening
in the supergalactic plane for both el-

liptical and spiral galaxies and fur-

thermore indicated a greater effect in

the direction of the Virgo cluster.

If one assumes that the excess red-

dening is due to wavelength-dependent
intergalactic absorption and that the

reddening mechanism for galaxies in

the supergalactic plane is the same as

in the galaxy, then the excess redden-

ing seen by Takase implies an excess

extinction of +0.16 magnitude between
the supergalactic plane and the pole.

However, we see the not significant dif-

ference of -0.12 ±0.08 magnitude. In

Fig. 1 we plot the Hubble Modulus
against the argument of the empirical

reddening law derived by deVau-
couleurs. The solid line is a least-

squares solution to the data, while the

dotted line is the effect found by
deVaucouleurs et al., converted from
colors to blue magnitudes. Their re-

sults indicated a total extinction of

+ 0.18 + 0.05 magnitude toward the

supergalactic plane, whereas we see

-0.07+0.10 magnitude. Our results

imply an upper limit to the density of

intergalactic material in the Local

Supercluster of 10~ :!I g cm !

, which is

approximately the same as the
minimum average density of the uni-

verse and therefore would at most only

double the density. Therefore, the
"missing matter" needed to close the

universe is not in intergalactic space in

a form that can cause significant ex-

tinction.

References

deVaucouleurs, G., A. deVaucouleurs, and
H. G. Corwin, Jr., Intergalactic extinc-

tion in the Local Supercluster. I. Selec-

tive extinction, Astron. J., 77, 285, 1972.

Rubin, V. C., W. K. Ford, Jr., N. Thonnard,
M. S. Roberts, and J. A. Graham, The
motion of the Galaxy and the Local
Group determined from the velocity

anisotropy of distant Sc I galaxies. I. The
data, Astron. J., 81, in press, 1976.

Takase, B., Intergalactic reddening of

galaxies, Publ. Astron. Soc. Japan, 24,

295, 1972.



DEPARTMENT OF TERRESTRIAL MAGNETISM 121

The Statistics of Galaxy
Alignments

K. C. Turner

From time to time in the astronomi-

cal literature, processes are inferred on
the basis of the alignment of various

objects. For example, a number of

galaxies are found to lie along a

straight line. Such alignments have
been offered as evidence for the ejection

of small galaxies by large ones. Quan-
titative estimates of the unlikelihood of

such arrangements, however, have
been very rare and not of high quality.

An attempt to understand the probabil-

ity structure of such alignments was
begun some two years ago.

Extensive Monte Carlo calculations

to determine the probability of finding

m objects lying within a given distance

of a straight line when there are N ob-

jects in a square field have been com-
pleted (see Year Book 73, pp. 886-887.)

This approach has been necessary be-

cause the problem is quite intractable

analytically. (A recently published at-

tempt at such a calculation [Barnothy,

1974] is incorrect). Figure 2 illustrates
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Tables produced by these calcula-

tions have been used to make estimates
of the likelihood that the alignments of

galaxies proposed by Arp (1972 and
references therein) as evidence for the

expulsion of QSOs and galaxies from
galactic nuclei are merely coinci-

dences. In all cases examined, the

probability of finding such alignments
by chance has exceeded 10~ 3

. Figure 4
illustrates one such case, the region of

NGC 520, a peculiar galaxy repre-

sented by the square. All quasi-stellar

objects in the Parkes Catalog in this

region are plotted as open circles if



122 CARNEGIE INSTITUTION

Fig. 4. Quasi-stellar objects near NGC 520.

they lie near Arp's suggested line of

ejection and as filled points if they are

far from the line. The field contains ten

objects, six of which are near the line.

The ratio of line width to the side of the

area searched (calculated from dis-

tance of the farthest open circle to the

line) is 0.03. The probability of finding

such an arrangement by chance is

0.013 (If we eliminate the farthest

point, we can reduce the accuracy ratio

to 0.02, but then only five of the ten

points lie on a line, and the probability

becomes 0.048.)
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Kinematic Studies of NGC 3351,
3115, and 1275

W. K. Ford, Jr., C. J. Peterson, and V. C. Rubin

A fundamental question of cosmol-

ogy concerns the arrangement of mat-

ter in the universe. Is most of the mass
of the universe contained in galaxies,

or is there a sizable fraction of mass
outside the galaxies? A second question

concerns the significance of the divi-

sion of galaxies into two major types.

Why do some galaxies have flattened

disks, contain gas, dust, and young
stars in significant quantities, and
usually exhibit spiral structure; while

other galaxies are spheroidal, dust and
gas free, generally structureless, and
contain principally older, evolved

stars? Answers to these questions can

be approached by (1) statistical exami-

nation of large galaxy samples, and (2)

studies of masses of fairly nearby typi-

cal galaxies (deduced from a detailed

study of their velocity fields). It is the

latter approach which has occupied

part of our research efforts over the

past few years.

During the last decade, significant

progress has been made in observing

the velocity fields and hence the mas-

ses of spiral galaxies, as measured from

the emission lines in their spectra.

These emission lines arise in the ex-

cited gas in each galaxy. Although the

gas constitutes in general only a small
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percentage of the mass of the galaxy, it

is assumed that the gas is in dynamical
equilibrium in the gravitational field

of the stellar population, and can thus

be used as a tracer of the underlying
velocity pattern.

For gas-free stellar populations such

as are found in the bars of barred spiral

galaxies or in elliptical or SO galaxies,

velocity data are almost nonexistent

and mass data are meager. During the

past year, we have directed our obser-

vations toward these difficult objects,

and have obtained spectra of suffi-

ciently high quality so that we could

measure the velocities of the stellar

populations from the absorption lines

in the integrated galaxy spectra. We
report here on studies of three such

galaxies: NGC 3351, a barred spiral

galaxy in which for the first time it has
been possible to measure the velocities

of stars in a bar; NGC 3115, an E7/S0
galaxy that had been studied earlier

but with contradictory results; and
NGC 1275, an exceedingly peculiar

galaxy whose nature has long been a

puzzle.

Motions of the Stars and the Excited-

Gas in the Barred Spiral Galaxy NGC
3351

Although numerous studies of mo-
tions in barred spiral galaxies have
been made, such studies have been re-

stricted to the motions of the excited

gas in the nuclei and in the outer spiral

arms. Because of the difficulties in de-

termining accurate velocities from stel-

lar absorption features, no velocities

for the stars in the bars had been ob-

tained. We have now completed a study

of the velocities of both the stars and
the gas in the barred spiral NGC 3351,
and so for the first time can describe

the motions of the stars in the bar of a

galaxy of this type.

NGC 3351 is one of the few bright

barred spirals in the Northern sky
(Fig. 5a). It is a particularly good can-

didate in which to search for noncircu-

lar motions of the stellar population in

the bar because the galaxy is oriented

on the sky with the bar only a few de-

grees from the line of sight. A spectrum
taken at the 4-m telescope with the

spectrograph slit aligned along the bar
is shown in Fig. 5a (right). Prominent
absorption lines arising from the stel-

lar population in the bar are marked. A
careful inspection of the spectrum re-

veals that each galaxy line is red-

shifted — 800 km s
_1 (due to the sys-

temic velocity of the galaxy) from a

corresponding but generally weaker
line at V = km s

_1
. The latter lines

arise from the scattered solar spectrum
in the night-sky radiation. It is the

high resolution of the spectrum that

permits us to resolve the galaxy fea-

tures from these night-sky features

and to obtain accurate measures for the

galaxy lines. Velocities measured
along the bar indicate that the stars

are moving in circular orbits around
the nucleus, with velocities that in-

crease linearly with distance from the

nucleus. There is no evidence of large-

scale stellar streaming motions in the

bar.

Measures of both stellar and gas fea-

tures in the galaxy lead to the follow-

ing conclusions:

1. The nuclear region contains a

ring of HII regions r ~ 340 pc, which is

rotating with Vrot
= 126 ± 16 km s" 1

and contracting to the nucleus with Vc

= 34 ± 11 kms" 1

.

2. The stars in the bar (r =£ 3 kpc)

are rotating with constant angular ve-

locity 80 ± 20 km s" 1 kpc" 1

. The bar is

thus a quasi-stationary feature in this

galaxy. There is no evidence for large-

scale streaming motions of the stars in

the bar, nor evidence of excited gas in

the bar.

3. Beyond the region of the bar, the

velocities of the HII regions within the

outer ring reach a maximum of Vrol
~

220 km/s at R ~ 3-5 kpc and then

begin to decrease.

4. A simple mass model for the

galaxy gives a total mass and angular

momentum consistent with values

found for normal spiral galaxies. Thus
in NGC 3351 there is no indication that

the presence of the bar, so prominent in

optical photographs, distorts the
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NGC 3351

NGC3115
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Fig. 5. Absorption line spectra from three different types of galaxies; all spectra taken with the

Kitt Peak 4-m spectrograph, which incorporates a Carnegie image tube, (a) NGC 3351, a barred spiral

galaxy. Spectrum of the bar shows prominent galaxy absorption lines displaced to red from corre-

sponding lines in the night sky. (b) NGC 3115, a spheroidal (E7/S0) galaxy and a spectrum along the

bar. Note the variation in velocity along the disk, indicated by the curvature in the absorption lines.

Galaxy photograph courtesy of S. Strom, KPNO. (c) The peculiar galaxy NGC 1275 and a spectrum
crossing the nucleus. To the south, prominent absorption lines are seen which are obscured to the

north. This is attributed to the presence of an intervening galaxy. Emission lines from both galaxies

(at different velocities) are seen to the north (bottom of spectrum).

large-scale gravitational field in the

galaxy. The surprising result from this

study is that NGC 3351 has a velocity

field that appears normal, much like

that of a typical nonbarred spiral

galaxy.

The Rotation Curve of the E7/S0 Galaxy
NGC 3115

NGC 3115 is a nearby galaxy origi-

nally classified as an elliptical. More
recent photographs have revealed a

flattened disk embedded in a spheroi-

dal system (Fig. 5b). Because of its rel-

atively high surface brightness, its

large angular extent, and the presence

of a disk, it is a prime target for a study

of the dynamics and kinematics of an
elliptical galaxy, albeit a nontypical

one. Earlier spectroscopic studies at-

tempted to determine the rotation of

these galaxies. An early one by Min-
kowski (1960) indicated a minimum in

the circular velocities at large dis-

tances from the nucleus; a more recent

study by Williams (1975) failed to re-

veal the minimum, but his data showed
a large scatter in the measured veloci-

ties.

We have obtained two spectra of very

high resolution along the major axis of

the galaxy (Fig. 5b), using the 4-m
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Mayall telescope with Carnegie image
tube spectrograph. Measurement of the

positions of 14 absorption features of

Call, Fel, H, Mgl, and CrI as a function

of distance from the nucleus gives rota-

tion curve data with extremely small

statistical errors (Fig. 6). The central

angular velocity is 17.5 ±1.0 km s" 1

arcsec-1
. The velocity curve rises

rapidly, but beyond 20 arcsec it re-

mains level at V ~ 270 km s" 1
. Al-

though we intend to obtain additional

observations at greater distances from
the nucleus before making a final mass
model, we can draw some preliminary
conclusions based on an extremely
simple model. A spheroid of axial ratio

cla = 0.4 and density distribution given

by p = 9 x 10 10
[1 + r/0.2]

" 2
' will re-

produce the flat rotation curve outside

of the nucleus. An additional nuclear

mass of some 109 9TC©is implied by the

shape of the rotation curve and the ve-

locity dispersion: The mass out to r = 5

kpc is about 7 x 10 10 3TC©. The projected

surface density of the adopted spheroid

gives a mean surface brightness as a

function of distance from the nucleus

which is too bright near r = 5 kpc com-
pared with the observed surface

brightness (Strom et al., 1976). Hence
the mass-to-light ratio of the inte-

grated starlight must increase by a fac-

tor of 3 or 4 from r = 1 to r — 5 kpc in

the disk. We will attempt to use this

variation, together with the observed
radial gradient in color, to model the

dynamical and chemical history of the

galaxy.

The distance of NGC 3115 is uncer-

tain. It does not appear to be a member
of any clearly definable group of

galaxies, and its systematic velocity of

395 km s" 1 (corrected for the motion of

the sun and Galaxy in the Local Group
of Galaxies) is too small to give an ac-

curate distance estimate by use of the

Hubble law. Minkowski (quoted by
Williams 1975) gives a distance ofD —
6.6 Mpc based on the apparent bright-

ness of the globular clusters associated

with the galaxy. We have adopted a

distance ofR = 10 Mpc for our calcula-

tions.
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Fig. 6. The observed velocity in the E7/S0 galaxy NGC 3115 as a function of distance from the

nucleus. Each data point represents the mean velocity over a radial range of 5 " from measurements of

stellar absorption lines due to Call, Cal, Fel, Mgl, CrI, and H.
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The Peculiar Galaxy NGC 1275

NGC 1275 (Perseus A) is one of the

most peculiar objects in our region of

the universe. Twenty years ago, Min-
kowski (Year Book 54, p. 25) discovered

in its spectrum two sets of emission

lines, one set with a redshift of V ~
5200 km s" 1 and a second with V—
8200 km s" 1

. Since that time NGC 1275
has been interpreted as either an
exploding galaxy or a collision between
two galaxies. In order to study the un-

derlying stellar population and the ex-

cited gas in NGC 1275, an extensive

body of spectroscopic and photographic

material has been obtained at the

2.1-m and 4-m telescopes of Kitt Peak
National Observatory. Analysis of this

material in collaboration with Profes-

sor J. H. Oort leads to the following

conclusions:

1. The luminosity profile of the stel-

lar continuum (see Fig. 7) shows that

NGC 1275

. PLATE 4M-I938

-.
"..

".

N
KING MODEL CURVE

C = 1.5 ''•

'

_

1.2

Log r
1

2.0

Fig. 7. The luminosity profile of the con-

tinuum light from NGC 1275, from an east-west

trace. The plate is a 144-min exposure at the

prime focus of the 4-m Mayall telescope, N2
-

baked 0.98 emulsion + A.6558 filter; FWHM
92A. In the passband of this plate and filter com-
bination, there is no light from emission in either

velocity system in the galaxy. The ordinate is the

logarithm of the surface brightness, f, of the

galaxy in units of the surface brightness of the

sky. The abscissa is the logarithm of the radius

in seconds of arc. The dashed line is a profile from
the dynamical models of King (1966) with con-

centration parameter C = 1.5. The surface

brightness (solid squares) diverges from the

model curve at small radii (r < 4"( due to an un-

resolved component in the nucleus of the galaxy.

the main galaxy is spheroidal (Fig. 5c).

A strong absorption line spectrum is

seen at V = 5200 km s ', which agrees

with the velocity of the extensive fila-

mentary material surrounding the
galaxy. South of the nucleus is a strong

A-type absorption line spectrum; to the

north the Balmer lines are obscured.

Emission lines of H, O, and N are also

seen (Fig. 5c).

2. Emission patches at V = 8200 km
s
-1 over the northern part of NGC 1275
are associated with obscuration that

hides the stellar continuum of the un-

derlying galaxy. The pattern of veloci-

ties in the high-velocity system (Fig. 8)

shows a fairly smooth transition from
velocities near 8100 km s" 1 in the east

to velocities of 8400 km s~' in the west.

This pattern is consistent with that ex-

pected from a late-type galaxy rotating

with a maximum velocity of V
r

max = 150
km s~Vsin (inclination angle). In addi-

tion, the emission line ratios seen in

this high velocity gas are typical of

large, low-density HII regions observed

at large distances from the nucleus in

late-type galaxies. No stellar absorp-

tion lines have been found associated

with this system. This high-velocity

gas is in front of the low-velocity sys-

tem.

NGC 1275 is at the center of the Per-

seus cluster of galaxies. A count of

galaxies in the central region of the

cluster suggests that the probability of

finding a spiral galaxy within 30" of

the nucleus of NGC 1275 has the rea-

sonably high value of 1/30.

3. NGC 1275 is a strong radio source

as well as a strong infrared and strong

x-ray source. This plus the optical ap-

pearance of the low-velocity fila-

mentary material, reminiscent of the

Crab Nebula supernova remnant in

our own Galaxy, implies that the object

has undergone a violent event in the

past. The A-type stellar spectrum indi-

cates that a burst of stellar formation

was associated with this event. It is

likely that the time scale required for

the dispersal of material into the low-

velocity filament system is longer than
the time scale over which the two



DEPARTMENT OF TERRESTRIAL MAGNETISM

NGC 1275 HIGH VELOCITY SYSTEM

127

N

82808340
840

8108 "» 8122 8167 8 02 8100 8209 8302 8344 8392 8386 837C

8360
' 8236

8144
8167

.

10"

8279. 8399
i

8390

8384

-w

Fig. 8. Observed velocities in the high velocity system in the galaxy NGC 1275. The coordinate

system is centered at the nucleus of the early-type galaxy. High velocity gas is seen only in the

northern section of this peculiar object. The smooth variation in observed velocity from east to west is

consistent with that expected from an almost edge-on galaxy, rotating with a maximum velocity near

200 km s-'.

galaxies may have been in gravita-

tional interaction (the two objects are

still approaching each other); thus, the

presence of the second galaxy cannot

have triggered the explosion in the un-

derlying galaxy. Hence our interpreta-

tion of the NGC 1275 phenomenon re-

quires both an explosive event in the

elliptical galaxy and a high-excitation

late-type intervening galaxy. While it

is unlikely that the two main galaxy

masses are interacting, it is still possi-

ble that an energetic nuclear source in

the underlying elliptical may be the

source of excitation for the high-

excitation spectrum observed in the

late-type galaxy.

Moderately peculiar galaxies are

commonplace in the universe. Severely
peculiar galaxies are less so, but the

attempt to understand them has led

some astronomers to question whether
yet unknown laws of physics govern
their behavior. Our observations of

NGC 1275 show that individual prop-

erties, i.e., the luminosity profile of the

underlying galaxy, the observation of

the northern part, the velocity and
line-intensity pattern of the high veloc-

ity system, all can be understood in

terms of previously known characteris-

tics of galaxies. Such is the progress of

astronomy. Only when detailed studies

reveal characteristics that are outside

the realm of previously observed prop-

erties of galaxies can we properly ap-

peal to an unknown physics.
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An Illustration of Galaxy
Redshifts

W. K. Ford, Jr., C. J. Peterson, V. C. Rubin, and
N. Thonnard

In connection with the observing

program to study the radial velocities

of high-luminosity spiral galaxies, we
have obtained optical and 21-cm radio

spectra of a homogeneous sample of

galaxies. Figure 9 has been constructed

to illustrate the effect of increasing

redshift with distance, using both the

optical Ha and the 21-cm hydrogen
lines. Photographs of the galaxies, all

at the same scale, are copied from the

National Geographic Society-Palomar
Observatory Sky Survey prints.
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The optical spectra of the Northern
Hemisphere galaxies were obtained

with the 84-inch (2.1-meter) reflector of

Kitt Peak National Observatory, and
spectra of the Southern galaxies with
the 60-inch (1.5-meter) reflector at the

Cerro Tololo Inter-American Observa-
tory near La Serena, Chile. A two-

stage Carnegie image tube was incor-

porated into each spectrograph. The
spectra are reproduced here as nega-

tives; dark features indicate emission.

Wavelength increases toward the

right. In each spectrum, the horizontal

band is the spectrum from the inte-

grated starlight in the nucleus. The
superimposed emission knots arise

from the hot gas in the nucleus and in

regions of ionized gas surrounding
young massive stars in the spiral arms.
The principal emission line is Ha, indi-

cated by the arrow.

The Ha emission arises when an
electron in an excited atom makes a

transition from the n = 3 to the n = 2

orbit. The wavelength of the emitted

light, 6563A, corresponds to 6.563 x

105 cm. In contrast, the neutral hydro-

gen emission at 21 cm (a wavelength 3

x 105 larger than that of Ha) occurs

when the electron in the hydrogen
atom reverses its spin with respect to

the spin of the nucleus. Because neu-
tral hydrogen is a significant compo-
nent of the interstellar material and
hence of the total mass of an Sc I

galaxy, the 21-cm line can be observed
in these galaxies even though the spin

reversal in an individual atom is a rare

event.

The theoretical resolving power of a
telescope is a measure of the diameter
of the telescope in units of the
wavelength of the observed light; the
size of the 84-inch (2.1-m) is 2.1

m/6.563 x 10"5 cm = 3 x 10,; Ha

wavelengths. In practice, however, the

limiting resolution is set by the turbu-

lence of the atmosphere, and the
resolving power is generally about 1",

or 2 x 105
. To observe a galaxy at a

wavelength of 21 cm with the equiva-

lent resolving power would require a

telescope of 21 cm x 2 x 105 = 40 km,
or about 25 miles. Lacking this, we
have used the largest single telescope

at the National Radio Astronomy Ob-
servatory, the 300-foot (91-m), which
gives a resolving power of 91 m/21 cm
= 4 x 10 2

, or only l/500th that of the

84-inch telescope. Hence, instead of re-

solving 1" in the galaxy, the radio tele-

scope integrates over about 10' of the

sky.

With the 300-ft transit telescope

equipped with a new low-noise cooled

receiver, we have obtained spectra of

program galaxies with velocities up to

V = 10,800, or AA/A = 0.036. The
galaxy with the largest redshift,

1058 + 11, is the most distant one thus
far for which the 21-cm emission line

has been detected. The galaxy velocity

V is adopted as the midpoint of the in-

tensity profile; the arrow beneath each
profile marks the optical velocity. In

general, the optical and the 21-cm ve-

locities agree well. Where they do not,

the difference might represent a dif-

ference in the velocity of the excited

hydrogen in the nucleus compared with
the mean velocity of the neutral hydro-

gen throughout the galaxy. More
likely, the velocity difference reflects

uncertainties in the optical and 21-cm
velocities. The general agreement of

the two velocities over a wavelength
range of 3 x 105 is a stringent test of

the wavelength invariance of the Dop-
pler expression.

The final adopted velocity V for each
galaxy is listed in Fig. 9. With a value

Fig. 9. A new illustration of the Hubble recession of the galaxies, showing both optical and radio

spectra for 13 spiral galaxies. The galaxy photographs are reproduced from the National Geographic
Society-Palomar Observatory Sky Survey. The optical spectra were taken with an image tube spec-

trograph on the 84-in (2.1-m) reflector at Kitt Peak National Observatory or the 60-in (1.5-m) reflec-

tor of the Cerro Tololo Inter-American Observatory near La Serena, Chile. The 21-cm observations
were taken with the 300-ft (91-m) transit telescope of the National Radio Astronomy Observatory.
With increasing distance from the observer, the emission line of Ha in the optical spectra and the
21-cm line in the radio spectra are shifted farther toward longer wavelengths (right).
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for the expansion parameter ofH = 50

km s" 1 Mpcr 1

, the distance of each

galaxy is found from W50. These dis-

tances are indicated at the top of Fig.

10. Because the value ofH is still un-

certain, the indicated distances will

have to be changed if the value fori/ is

revised.

The Irregular Galaxy WLM and
Its Surroundings

N. Thonnard

Irregular galaxies frequently have
neutral hydrogen envelopes that are

considerably larger than their optical

image. Recently, a large band of ex-

tragalactic neutral hydrogen, a few de-

grees wide and extending nearly 180°

across the sky, was discovered by
Mathewson et al. (1974). They named it

the Magellanic Stream, as one end of it

was in the direction of the Magellanic
Clouds. It was soon realized that many
irregular galaxies were close to the

stream, and it was even suggested that

some of the concentrations in the

stream might be "proto-galaxies" that

had not yet formed stars. Observations
made in 1973 with the 100-foot CIW-
IAR* radio telescope in Argentina
(Year Book 73, pp. 918-919) of WLM a

low surface brightness irregular
galaxy, similar in many respects to the

Large Magellanic Cloud but much
smaller in angular size—indicated that

the neutral hydrogen extent is consid-

erably larger than the optical image. In

addition, a large concentration of neu-

tral hydrogen at approximately the

*Carnegie Institution of Washington-Instituto
Argentino de Radioastronomia.
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Fig. 10. Contours of neutral hydrogen integrated flux density in Jy km s ' superimposed on the

optical image of WLM.
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systemic velocity was seen in the vicin-

ity of WLM, which in retrospect was
realized to be part of the Magellanic
Stream. To study the neutral hydrogen
structure of WLM and to attempt to

understand its relationship with the

Magellanic Stream, it was decided to

make higher resolution and higher

sensitivity observations with the
facilities of the National Radio As-

tronomy Observatory (NRAO).
The WLM galaxy was mapped with

the 300-foot transit telescope at NRAO
on a 6 x 6 arcmin grid. Figure 10 is a

contour map of the integrated neutral

hydrogen distribution of the galaxy
superimposed on a high-contrast copy

of the National Geographic Society-

Palomar Observatory Sky Survey
blueprint. Note the large extent of the

neutral hydrogen contours compared
with the optical image, especially at

the southern end of the galaxy. At the

northern end, there is some suggestion

that the hydrogen contours are dis-

torted westward in the same sense as

the "kink" in the optical image. Pro-

files from cuts through the major and
minor axes are shown in Fig. 11a and
Fig. lib. The rotation of WLM can

-370 -320 -270 -220 -170 -120 -70 -20 30 -370 -320 -270 -220 -170 -120 -70 -20 30 80

VELOCITY (km S" 1

)

Fig. 11. (a)Velocity profiles along the major axis ofWLM. The declination is indicated at the right

of each profile, (b) Velocity profiles along the minor axis ofWLM. The right ascension is indicated at
the right of each profile. Note that the intensity scale is twice as sensitive as in Fig. 12a.
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Fig. 12. (a) Position-velocity map at 8 = -14°30' in the vicinity ofWLM observed with the 140-ft

telescope, (b) Identical map, but observed with the 300-ft telescope. The intensity scales were nor-

malized on the broad feature at 23h45m .

readily be seen in the velocity shift of

the profiles from approximately —80
km s

_1
to -190 km s

_1 along the major
axis. The weak signals at -— 200 km
s ' seen at the southern and western
edges are due to the eastern edge of the

Magellanic Stream; the peaks at zero

velocity are from neutral hydrogen in

our own galaxy.

The total neutral hydrogen inte-

grated flux density for WLM is 446 Jy+

km s
]

. Using a distance of 2 Mpc to

WLM, (Abies, 1974) the total neutral

hydrogen mass is 4.2 x 10* 9TC Q . From
the velocity width of the profiles and
approximate inclination for the galaxy

derived from the neutral hydrogen con-

tours, the total mass ofWLM is 3 x 109

9TC . Therefore, WLM is about half as

massive as the Large Magellanic Cloud
but contains more than three fourths

as much neutral hydrogen as the LMC,
indicating it is a rather normal irregu-

lar galaxy.

A 5° x 3° region around WLM was
also mapped with the NRAO 140-foot

*1 jansky (Jy) = lO"26 W m"- Hz~

telescope on a 15 x 15 arcmin grid to

see the fine structure of the Magellanic
Stream and determine its relationship

with the galaxy. One cut in right as-

cension was also made with the 300-

foot telescope to determine the
minimum size of some of the features.

The analysis of these observations is

just beginning, but the remarkable
similarity between Fig. 12a and Fig.

12b indicates that most features are

completely resolved with a 20-arcmin
beam. Even for the "hot" spot at a =

23 h 53m , one can estimate from the dif-

ference in peak signal between the two
telescopes that its angular dimensions
are not much smaller than approxi-

mately 30 minutes of arc. Therefore,

the hydrogen in the Magellanic Stream
in the vicinity ofWLM is ofmuch lower

concentration and of much larger an-

gular extent than in the galaxy itself.
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The Nucleus of M31

W. K. Ford, Jr., C. J. Peterson, and V. C. Rubin

There are very few galaxies suffi-

ciently close so that their nuclear re-

gions can be studied in detail. M31, the

Andromeda Nebula, is a major excep-

tion. The limiting resolution generally

available on earth, 1", subtends 3 pc on

M31. (In our Galaxy, at the position of

the sun, a sphere of radius 3 pc con-

tains only about ten known stars; at

the nucleus of M31, a comparable re-

gion contains about 10(i stars.) High-

resolution photographs of M31 can
supply details of galactic structure

with high spatial resolution. Above the

atmosphere, still higher resolution can

be obtained; a recent Stratoscope bal-

loon flight photographed the nucleus of

M31 with a resolution of 0"2 (Light,

Danielson, and Schwarzschild 1974). A
major result of these observations is an
indication that the position angle of the

major axis of M31 is not constant with
distance from the nucleus but appar-

ently rotates with increasing nuclear

distance. If this apparent change in the

major axis arises from the presence of

absorbing clouds and lanes near the
nucleus, then it has no important rele-

vance to the dynamics of M31. How-
ever, if the observations reflect a true
tilt of the angular momentum vector of

the nucleus with respect to the disk,

this fact may be an important piece in

the puzzle of what relation the nucleus
bears to the structure and dynamics of

the outer disk of a fairly normal
galaxy.

Because the earlier observations

cover only a limited range in r, we have
obtained a sequence of direct narrow-
band red photographs of the nucleus of

M31 with a Carnegie image tube at the

Ritchey-Chretien focus of the 4-m tele-

scope with a large spatial scale (6"7/

mm). We have fitted ellipses to the
isophotes to determine the alignment
of the major axis as a function of

radius. In Fig. 13, we show our data
together with previous measures. In

the region from r — 0"2 to r - 1000",

the position angle of the major axis de-

creases uniformly fromPA ~ 70° toPA
~ 40°.

90

<
Cl.

<jO

X
<

O
<

80 -

70-

60-

50-

40

30

M31
THIS STUDY
LIGHT etal. (1974)

JOHNSON (1961)

DE VAUCOULEURS (1958)

LINDBLAD (1956)

HUBBLE (1929)

A
A
AAA

A A

10 12 3

Log f"

Fig. 13. The alignment of the major axis as a function of radius for the Andromeda Nebula.
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It is not possible to deduce the cause

of this variation from our results. How-
ever, from a similar set of observations
in a different spectral region it would
be possible to separate dynamical ef-

fects from absorption effects because of

the wavelength dependence of absorp-

tion.

References

Johnson, H. M., The nucleus of M31, As-

trophys, J., 133, 309, 1961.

Light, E. S., R. E. Danielson, and M.
Schwartzchild, The nucleus of M31, As-

trophys. J., 194, 257, 1974.

Star Counts in Globular
Clusters

C. J. Peterson

A resurgence of interest in globular

clusters has occurred in the last few

years. A primary factor has been the

totally unexpected discovery (Clark et

at., 1975; Canizares and Neighbors,

1975) that several clusters are the

sources of variable x-ray emission. The
role of the globular clusters in the

study of the Galaxy is important: The
numerous cluster color-magnitude dia-

grams that have recently become
available have permitted a reassess-

ment of the scale of the Galaxy (Harris

1975), and other spectroscopic and
photometric studies are being inter-

preted in terms of the evolution of the

chemical abundances in the Galaxy.

As part of a long-term study of the

globular cluster system {Year Book 74,

pp. 133-135), star counts have been ob-

tained in 27 clusters, using available

photographic material in the plate col-

lections of David Dunlap Observatory,

Hale Observatories, and Ray White at

Steward Observatory. The derived dis-

tribution of stars (log surface density

versus log radius) is shown in Fig. 14

for four representative clusters. The
observed data has been fitted with

theoretical curves from self-consistent

dynamical models (King 1966); these

model curves depend on three parame-

ters. The core radius rc is the radius at

which the observed surface density has
dropped to one half the central value; it

is closely related to the binding energy
of the cluster. The tidal or limiting

radius r, defines the "edge" of the clus-

ter; this limit is imposed upon the clus-

ter by the gravitational tidal field of

the Galaxy during the closest approach
of the cluster to the Galactic Center. A
third parameter indicates the bright-

ness scale of the cluster and may be
either the central surface brightness

m or the total brightness of the cluster

m,. The lack of correlation between rc ,

r,, and either scale factor m or m,
shows that three parameters are in-

deed necessary to define the structure

of any given cluster.

The statistical distributions of these

data quantities, as well as their corre-

lations with other cluster properties

and with the spatial position in the

Galaxy of the clusters, are the result

not only of the formative process of the
Galaxy but also of the subsequent
dynamical evolution of the clusters in-

dividually and within the framework of

the Galaxy as a whole. In principle,

therefore, these data hold clues to dis-

tinguish between the two models that

have been proposed for the origin of the

cluster system. The first, proposed by
Peebles and Dicke (1968), suggests

that the clusters formed very early in

the history of the universe. At a later

epoch galaxy formation occurred and in

that process the clusters became spa-

tially associated with the much more
massive galaxies. The alternative

hypothesis suggests that the clusters

formed coevally with the initial col-

lapse of the material that was to form
the Galaxy. Neither theory, however,
has advanced to the point where either

general or specific predictions of clus-

ter properties have been made.
Any theory of the formation and evo-

lution of the cluster system must be
consistent with the following prop-

erties of the cluster system:

1. The three structural parameters
do not correlate with each other or with
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Fig. 14. Surface density profiles for a representative set of four globular clusters. The data repre-

sents star counts and concentric aperture photoelectric photometry. The ordinate is the logarithm of

the surface density (stars per unit area in arbitrary units), and the abscissa is the logarithm of the

radius in minutes of arc. The solid line in each figure is a theoretical surface density profile from the

dynamical models of King (1966). Core and tidal radii are indicated as well as the concentration class

(c = log r,lr
(
.) for each cluster.

other cluster properties (e.g., color,

metallicity, HR diagram morphology)
which are related to the stellar popula-
tion of the cluster.

2. There is no correlation between
the concentration class (defined as c =
log r,/r

(
.) of a cluster and its position in

the Galaxy. There is, however, a gen-

eral tendency for clusters with large

core radii (i.e., weakly bound clusters)

to be absent from the center of the

Galaxy. This is not unexpected, as

these weakly bound clusters would be
preferentially disrupted near the cen-

ter of the Galaxy by the strong galactic

gravitational tidal field. Because the
limiting radius r, is set by the tidal

field of the Galaxy, larger clusters tend
to be found farther from the Galactic

Center.

3. As the radial extent of a cluster is

set by the tidal field of the Galaxy at

that point in the cluster orbit where
the gravitational forces are strongest,

this datum (r
t
) can be used to deter-

mine the closest approach of the cluster

to the Galactic Center. This gives a
fifth orbital parameter which, when
combined in a statistical analysis with
the three components for the present
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position of the cluster and its observed
line-of-sight velocity, yields the distri-

bution of orbital eccentricities for the

cluster system (Fig. 15). This distribu-

tion is consistent with an isotropic ve-

locity distribution (i.e., the dependency
on velocity of the phase space distribu-

tion functionary) goes only as |l>|
2
);

this result has one immediate conse-

quence of great importance. As the

clusters range to great distances from
the Galaxy, they are the best objects to

use for the study of the effect of the

total gravitational field of the Galaxy.
With this conclusion, more stringent

limitations can be applied to the

theoretical analysis of the positions

and velocities of the clusters which will

yield a more accurate estimate for the

total mass of the Galaxy.

0.2 0.4 0.6 0.8

ECCENTRICITY

1.0

Fig. 15. A histogram showing the distribu-

tion of orbital eccentricities computed from the

data for 61 globular clusters. The straight line is

the distribution of eccentricities expected if the

phase space distribution f(r,v) for the clusters is

isotropic in velocity.
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Neutral Hydrogen Supernova
Remnant Study

G. E. Assousa

The survey of old galactic supernova
remnants (SNR) at 21 cm reported ear-

lier (Assousa and Erkes, 1973; As-

sousa, Balick, and Erkes, 1974) was
carried out to study interaction of

SNRs with the interstellar medium,
and in particular to test the hypothesis

that SNRs accrete a shell of interstel-

lar material during the last phase of

their evolution. This is the phase of the

SNR's history during which the rem-
nant expands while conserving
momentum but not kinetic energy. The
onset of this phase is characterized by a

shock velocity of 200 km/s (Woltjer,

1972) and ends when the shock velocity

becomes comparable to the random in-

terstellar gas motions, i.e. —10 km/s.

Although in principle, estimates of

the mass accreted by the SNR can be
made on the basis of the Sedov-Oort So-

lution (Woltjer, 1972), it could not be
calculated without knowing both the

SNR's radius and its expansion veloc-

ity.

Until recently, only two large rem-
nants, Cygnus Loop and HB21, with
filament expansion velocities below
200 km/s., had been measured. To date

we could only verify the existence of

expanding fragmentary neutral hydro-

gen shells in the vicinity of two rem-
nants: HB21 (Assousa and Erkes,

1973) and S147 (Assousa, Balick, and
Erkes, 1974). We have obtained their
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masses and expansion velocities. We
found marginal evidence for a shell as-

sociated with the Cygnus Loop (As-

sousa, Balick, and Erkes, 1974) and
W41 (Assousa, 1975). A detailed study
of 3C396.1, W50, CTB 63, W63, CTB 1,

HB 3 and HB 9, and PKS 0607+ 17

shows no evidence for any shell struc-

ture. The remaining objects CTB 72,

CTA 1, CTB 13, VRO 4205.01, and OA
184 have been partially analyzed, but
even for these objects, with the excep-

tion of VRO 4205.01, there appears lit-

tle evidence for HI which we are able to

detect with present instrumental sen-

sitivity (peak-to-peak noise 0.3° K).

The absence of these shells, initially

puzzling, becomes understandable, at

least for some remnants, with the

availability of filamentary velocity

data (Lozinskaya, 1975). Knowledge of

these velocities and the radii of the

SNR allows us to make the mass esti-

mates. Table 1 lists in columns 1

through 9 the object name, longitude

and latitude of object, distance to object

(R) in kpc, filament or shell velocity (V)

in km/s; radius (r) in pc; interstellar

density (p ) in H atoms/cm3
, accreted

mass (3TC) in 911 , age (t) in 10 3 yr, and
initial explosion energy (EJ in 1050

ergs.

Given R and V, the interstellar

medium density p is uniquely defined

by the Sedov (adiabatic-energy con-

serving phase)-Oort (isothermal-
momentum conserving phase) solution

(Woltjer, 1972) for an initial explosion

energy of 1 x 1050 ergs. The family of

solutions forp = 0.01, 0.1, 1.0, and 10.0

H atoms/cm3
is given in Fig. 16.

Examination of the mass column shows

io3

10°

lO* 10-

TIME (YEARS)

Fig. 16. The evolution of a 1 x 105" erg SNR. The family of curves represents the expansion
velocity vs. time (double-slope lines, decreasing), radius vs. time (double-slope lines, increasing), and
accreted mass vs. time for a range of ISM densities.



138 CARNEGIE INSTITUTION

PS

CO

O

w CO CM o
O O i—

1 r-1 CO

CO ^o o o oo m * cm in
CD <* t-H Tf T?

T to o o o of"tONON
(N rH <* iH

O l>O CN

^ Tf S?

co co
tH O

in p oq co ©
O r-i O O r-i

• m • -co
. OQ

O CO i—I I-H T—

I

OKffi >C0

£>

in »
CN ^o I C#INOOlOO

inskaya,

vey.

dov-Oort

ents

that

H(M D- C005

t> O t-h o oOHH^H 8 5% 6

CD t> CO CO t~
CO Tt OJ Tt T-H

OHU3NO
ned

from

L

ned

from

s

ined

from

11

detected,

no

HI

fila

rfOJOtOO
t> CO CD <X> 00

+5 j$ wQ

fl-S

^ cosiz;



DEPARTMENT OF TERRESTRIAL MAGNETISM 139

good agreement with measured and es-

timated mass where available and
shows a mass too low to be detected for

the remaining objects, consistent with
our results. The list represents objects

observed in the survey for which veloc-

ities are available.

Lozinskaya (1975) has suggested
that a homogeneous class of objects ex-

panding into a medium of variable

density may account for the observed
properties of a sample of remnants she

has studied. Our observations are con-

sistent with this suggestion. More pre-

cisely, we see that 1050 ergs is a good

estimate of the initial energy.

We thus summarize that present ob-

servational data for old galactic SNRs
may have arisen from nearly identical

initial conditions (presupernova mass
and SN kinetic energy 1050 ergs) but

expanded into regions of varying in-

terstellar medium densities.
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Type I Supernovae:
Interpretation of Optical

Spectra

G. E. Assousa, W. Kent Ford, Jr., C. J. Peterson,

and V. C. Rubin

Supernovae (SN) represent an end-

stage of stellar evolution. An under-

standing of this phenomenon is critical

for the determination of the rates at

which SNs contribute to the synthesis

of elements, to cosmic rays, and to the

energy released into the interstellar

medium.
Observationally one is hampered by

the relatively low rate of SN produc-

tion. Ilovaisky and Lequex (1972) es-

timate on the basis of a galactic survey

of supernova remnants a rate of

(50±25 years/SN).

For the optical astronomer the

spectra of SNs and their evolution with

time, following initial detection, pro-

vide one observational handle. An un-

derstanding of the nature and the

time-behavior of these spectra may not

provide direct evidence of heavy-
element (more massive than oxygen)

synthesis. It may do so indirectly by
identifying those elements which give

rise to the spectrum. Simultaneously,

it provides information regarding the

physical conditions in the SN which
give rise to these lines.

To date, the problem of line identifi-

cation remains only partially solved.

This is particularly true for supernovae
of type I (SNI). This problem is aggra-

vated by the lack of data in the litera-

ture. While many spectra of super-

novae exist and have been used for

classification of their spectral type,

most spectra have never been pub-
lished. Published spectra exist for only

about 10% of recorded supernovae (Oke
and Searle, 1974).

There are, of course, difficulties in

obtaining supernovae spectra. Few are

bright at the time of discovery. Their
rapid decline in brightness severely

limits the time over which spectra may
be easily acquired; in addition, nearly

one half of the possible observation

time is lost due to the brightness of the

moon-lit sky. The development of fast

image tube systems in the past decade
has made practical the recording of

spectra of faint supernovae. As part of

a continuing program on the study of

extragalactic systems, two of us (VCR
and WKF) have made a practice of se-

curing spectra of supernovae whenever
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possible (Rubin and Ford, 1967; Ford
and Rubin, 1968).

Here we present the spectra of three

supernovae, SN 1970j in NGC 7619,

SN 1971 1 in NGC 6384, and SN 1971 p
in MCG 5-26-14.

Based on the present and other

available data on the spectra of SNIs,

we have generated synthetic spectra

that closely resemble the observed

spectra.

The original spectra and microden-

sitometer tracings are shown in Figs.

17 through 19. In Fig. 20, the spectrum
of SN 1971 I (C-47) at 18 days after

maximum has been replotted. The bot-

tom plot is a synthetic spectrum com-
posed of emission time of Fell, Call,

Nal, Hu , H/i, Hy , H«, and the Hell R,

line at 4686 A. There are 48 lines due

to Fell, 2 lines each for Call and Nal, 4

lines for HI, and a single line for Hell.

The wavelength is the rest frame of the

galaxy. The lines have been Gaus-
sian-broadened to reflect a velocity

dispersion of 3000 km/s. For all except

Hell, the relative strengths of the lines

were obtained from the relative line

widths in the Nova DQ Hercules (Mus-
tel, 1974). The Hell contribution was
arbitrarily chosen at twice Ha. Al-

though the C-47 spectrum is in density,

the marked similarity of the actual and
synthetic spectra is very striking. In

the synthetic spectra the Fell is the

dominant contributor. Kirshner et al.

(1973) have shown that the peak at

4600 A gradually shifts with time. A
reasonable interpretation is that the

Hell 4686 line becomes more promi-
nent with time, becoming considerably

stronger than the Fell.

Improved spectral fits may be ob-

tained by including other lines ex-

pected to be present, such as Sill, but
the improvement remains small.

We are thus led to conclude that

spectra of SNIs are primarily domi-
nated by Fell transitions. We have not

attempted to devise a complete model
to determine the physical conditions in

the SN which give rise to this result. A
radioactive excitation mechanism by
resonance transitions at 2500 A, fol-

lowed by permitted transitions to lower
metastable states as suggested by
Wampler and Oke (1967) for identify-

ing the Fell lines in the QSO 3C273 is

physically plausible for SNIs.

But, regardless of the mechanism,
the presence of Fe in SNI appears ines-

capable.
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The 21-cm Receiver for the
Instituto Argentino de

RADIOASTRONOMiA

E. T. Ecklund, C. A. Little, N. Thonnard, and
K. C. Turner

The joint proposal to modernize the

21-cm receiver at the IAR and to

undertake an investigation of high-

velocity clouds and southern spiral

galaxies at the neutral hydrogen line

was funded as of November 1, 1975, by
the National Science Foundation and
the Agencia Ejecutiva Argentina. We
have already had a four-week visit in

January by Ing. E. Filloy, the chief en-

gineer of the IAR, during which we
finalized all of the details in the re-

ceiver design.

Most of the components for the

front-end of the receiver have been re-

ceived or are on order. A block diagram
of the receiver front-end package is

shown in Fig. 21. The parametric

amplifier has been received, and using

the noise figure and/or losses in the

other components, we expect a total

receiver-noise temperature of 56°K.

This leads us to expect a system tem-
perature of 70°K on the sky. The use of

dual frequency conversion allows a

large separation between signal and
image frequencies and simplifies the

design of band rejection filters.

Figure 22 is a block diagram of the

"back end" of the receiver. By utilizing

an on-line computer for phase detection

and integration, we hope to avoid many
nonlinearities and temperature-
dependent effects which proved
troublesome in the old system. In addi-

tion, we will be able to automatically
calibrate the system gain and baseline

every few seconds, thus eliminating

several other possible instability prob-

lems. All components for the digital

part of this system are now on hand,
and their assembly into a working sys-

tem is under way.
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820-MHz Survey of the Southern
Sky

N. Thonnard and K. C. Turner

A recent development in radio as-

tronomy, pleasing both aesthetically

and scientifically, is the possibility of

constructing maps of the whole sky
with respectable angular resolution

(i.e., —1°). Such pictures are revealing

structures so large in angular size as to

be heretofore unobservable.

One such survey of local neutral hy-

drogen by Heiles and his collaborators

at the University of California, Berke-
ley, is now being completed at the IAR
in cooperation with our Argentine col-

leagues.

We are presently designing a system
to produce such an all-sky picture of

the continuum radiation at 820 MHz in

a cooperative program with members
of the IAR and Professor H. Weaver's
group at Berkeley. The northern por-

tion of the survey already exists down
to declination —7° by Berkhuijsen
(1972), done at Leiden. The southern
portion will be done at the IAR, and a
central region overlapping both halves

to ensure proper calibration of scales

will be done at the Berkeley Hat Creek
Observatory. Both polarizations of the

incoming radiation will be measured.
Design and construction of the

back-end and data-acquisition systems
will be done at DTM, while the Berke-

ley group will be responsible for the

front-end system. All of the digital

equipment has already been acquired
and is now being assembled. A KIM-1
microprocessor based system made by
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MOS-Technology will serve as the cen-

tral control for the system. The
availability of such sophisticated data

handling systems at very low prices

makes possible much more adequate
control of the gain and baseline offset

of the receiver, as these parameters can

be measured automatically every few
seconds.
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Image Tube Systems

W. K. Ford, Jr.

The combination of the Carnegie
Image Tube and the Ill-aJ recording

emulsion continues to be used to pro-

duce astronomical data of high quality.

The tubes, which are manufactured by
RCA (Type C33063EP3), were origi-

nally developed with the support of

grants from the National Science

Foundation. These improved versions

of the original Carnegie Tube are now
in operation at a number of obser-

vatories including Kitt Peak, Cerro To-

lolo, and Las Campanas.
During this report year two image

tube systems for spectroscopic work
were built in the Department of Ter-

restrial Magnetism's shop. One of these

systems was designed in collaboration

with Drs. Searle and Brucato of the

Hale Observatories for use with a

Bowen-type f/1.4 Schmidt camera on
the Boiler and Chivens spectrograph at

the new Irenee du Pont Telescope at

Las Campanas. The second system was
built for use on the DTM spectrograph

at Lowell Observatory. It replaces the

early Carnegie Image Tube System
(incorporating RCA tube type C33011)
that has been in regular operation at

Lowell Observatory, especially by Drs.

Rubin and Ford, since 1966.
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We anticipate that much of our as-

tronomical work in the next few years

will continue to be done with photo-

graphic recording of the image inten-

sifier output. In spite of the problems of

accurate photometric calibration of the

plates on one hand and the great prog-

ress that is being made with direct re-

cording of data with digital sensors on
the other, there are some types of ob-

servations for which the size (or

number of picture elements), stability,

and efficiency of the present intensifier

systems still give an overwhelming ad-

vantage. Therefore, we are undertak-
ing a modest renovation and modern-
ization of the DTM scanning mic-

rophotometer. The principal mechan-
ical improvement is the replacement of

the old traveling stage with a precision

transverse stage of one micron resolu-

tion and driven by a stepping motor.

Also, the card-punch recording of the
data is being replaced by a digital

magnetic tape recorder. These changes
will ease the task of extracting relative

intensity information from the plates.

The intensifier-image dissector
scanners at Lick Observatory and at

the Kitt Peak National Observatory
and the Silicon Intensified Target (SIT)

systems at Hale, Kitt Peak, and Cerro
Tololo Observatories are operating
successfully and are yielding photo-
metric astronomical data with sky
background subtraction. However,
these types of systems appear to fall

short in performance over what might
be achieved with some silicon detectors

now in the development stage. In these

detectors an image is read out serially

point by point by moving photogener-

ated charge laterally through the bulk
silicon of the device to an output gate.

The charge can be accumulated during
an exposure or integration period and
then moved by manipulating in appro-

priate phase the potential applied to

metallic electrodes insulated from the
bulk silicon. These structures are gen-

erally described by the generic term
charge coupled devices, or more fre-

quently simply CCDs.

The basic advantage of the CCD over

more conventional camera tubes that

astronomers seek to exploit is the in-

herent geometrical stability, compact-
ness, and long-term stability of sen-

sitivity. There are two broad ap-

proaches: the photon-in mode, analo-

gous to the silicon target vidicon; and
the electron-bombardment mode,
analogous to the SIT vidicon. The
photon-in mode has the advantage of

high quantum efficiency, a high
signal-to-noise ratio for high signal

levels, and probably a higher dynamic
range than conventional camera tubes.

The relative lack of problems as-

sociated with electron beam-landing on
the target should simplify obtaining
quantitative information. The elec-

tron-in, or event-counting, mode may
eventually offer advantages at very
low light levels with the quantum ef-

ficiencies associated with photoemis-

sive surfaces. The commercial devel-

opment of prototypes of both these de-

vices is proceeding along several com-
petitive lines.

As a result of the long program of

development and evaluation of image
tube systems at DTM we are in a good

position to analyze and evaluate the

characteristics of some of the more
promising of these devices. In particu-

lar, the data handling system we have
used with our image dissector scanner

can be adapted to measuring the per-

formance of the CCDs as they become
available. This preliminary evaluation

can be done without the expensive de-

velopment of a full data handling sys-

tem. As a step toward making some in-

itial tests at DTM and in order to pro-

vide some on-line data compression for

spectroscopic applications, Ford and
Thonnard, assisted by a very capable

summer student, Mr. Charles Bennett,

have designed and built a fast arithme-

tic logic unit to operate with our signal

averaging device. This unit allows us

to sum repetitive scans of an image,

thereby improving the signal-to-noise

ratio and at the same time reducing the

total number of picture elements that
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need to be stored at the expense of re-

duced resolution in one dimension.

Acknowledgments

We thank the Directors of the Cerro

Tololo Inter-American Observatory,

Kitt Peak National Observatory, and
National Radio Astronomy Observat-

ory for making telescope time avail-

able, and the Director of the Hale Ob-
servatories for granting permission to

reproduce the National Geographic
Society-Palomar Observatory Sky
Survey prints. One of us (CJP) wishes

to thank Drs. R. Racine and S. van den
Bergh of David Dunlap Observatory

and H. Swope of Hale Observatories for

their hospitality during visits to these

institutions. We also wish to thank the

Office of Naval Research for the con-

tinuing loan of the lead ballast used in

the counterweights of our Derwood
telescope (Contract No. N0014-71-C-
0211).

each of one month duration. These
trips are intended for personnel of the

IAR to cooperate in the design, assem-

bly, testing, and data processing for the

joint project.

Five parametric amplifiers at 21 cm
have been received from the Nether-

lands Foundation for Radioastronomy.

These amplifiers were used in the Wes-
terbork Synthesis Radiotelescope dur-

ing its earlier observations. They are

going to be used in the near future in

the radio interferometer of the IAR,
which is planned as an aperture syn-

thesis instrument.

The scientific staff has increased this

year with two young members: Drs. T.

E. Gergely and M. Zales de Caponi,

both of whom received the Ph.D. at the

University of Maryland.
Since July, E. Bajaja has been the

Director of the IAR.

Technical Activities

Activities of the Instituto
Argentino de Radioastronomia

For the IAR as well as for most of the

Argentine observatories, 1975 was a
difficult year because of the economic
situation. Nevertheless, some major
projects have been carried out. One of

them was the relocation of the 21-cm
line receiver to a new control building.

Except for the necessary interruption

during the movement of the receiver,

observations have continued an aver-

age of 16 hours a day.

The joint project between CIW and
IAR for the new 21-cm receiver was
started after the agreement between
the Ajencia Ejecutiva Argentina and
the National Science Foundation was
finalized. Under this agreement the

Consejo National de Investigaciones
Cientificas y Tecnicas de la Republica
Argentina will support the expenses
for three round trips to Washington,

The main task of the Technical De-

partment this year was the installation

of the 21-cm receiver in the new build-

ing. This building was built between
the two 30-m dishes and equipped with

an effective air conditioning system.

There is enough room for the receivers

and for the operation facilities.

The electrical wiring, cable ducts, air

conditioning, lighting, and appliances

were ready around March. The move-
ment of the receiver started in April.

At the same time, some parts were re-

placed with new ones designed and
built at the IAR; for example, the low
frequency section of the LO and the old

SOLA AC regulators were replaced by
small units with harmonic rejection

and better stability. A complete set of

interconnected boxes allows easy
maintenance of the whole system; and
individual power distribution was
added to each rack. Some of the old IF

amplifiers were replaced by new ones
with better stability. A more reliable

temperature controller was installed in
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the filter boxes, and some of the chassis

were rewired and readjusted. First

tests of the system started in June, and
in July the receiver was put into nor-

mal operation.

The new set-up is much more reli-

able, and stability has been improved
by a factor of 5, allowing a better

front-end adjustment. The system-
noise temperature is about 180°K.
At the end of the year some work was

also done on the second 30-m dish, such
as painting, and construction of cable

ducts, interconnection house, and part

of the electrical installation.

Summary of Current Research

E. Bajaja, F. R. Colomb, and R. Mor-
ras have extended their observations at

intermediate galactic latitudes and are

now analyzing the results of the region
200 ssZ ^315; -10 ^b ^ -32.

Bajaja, Colomb, G. Dubner, and T.

Gergely are completing the study of

four supernova remnants: G 296.3 + 10,

G 261.9+ 5.5, G 327.6 + 14.5 and G
330.7 + 15. Other supernova remnants
of small angular diameter have also

been observed.

Colomb, W. Poppel, and C. Heiles of

the University of California continued
the observations for the hydrogen sur-

vey at low velocities (-50 =5 V *£ 50
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km/s) of the Southern Hemisphere.
They completed about 60% of the ob-

servations and produced a radio map of

the Southern sky every 2° in 8.

Colomb and I. Mirabel observed
emission profiles in the direction of 23
southern pulsars.

Bajaja, Colomb, and Poppel began
observations of spiral and irregular

galaxies with m< 9. Thirty wide filters

(AV = 25 km/s) and the multichannel
integrator have been used in this pro-

gram.
Poppel and M. Franco observed the

region 0^ / ^ 20; -3° 5* b ss -17° every
1° in I and b, and continued with the

analysis of the region 348" «s I «£ 372°;

3° =£ b *£ 17° (Atlas of Galactic Hydro-
gen, Poppel and Vieira, CIW, 1974).

Poppel and D. Vota completed the

observation of the galactic clusters

NGC 5460, Rn 106, and G 394.

E. Arnal completed the observations

of the galactic clusters NGC 2243,

3688, 2345, 2204, 4755, 3680, 6611,
and 6994, IC 2391, Mel 227, and A
(Blanco) as a general survey of HI in

the direction of galactic clusters.

Gergely and Arnal completed the ob-

servations of the globular clusters B46,
B67a, B87, and B63.
Arnal completed the observations of

the association CMaOBl.
Gergely and Mirabel completed the

observations of globular clusters with
known reddening.
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Gas-Solid Interactions in the
Solar Nebula

S. J. Weidenschilling

It is widely believed that the planet-

ary system was formed from matter in

a cloud of gas and dust which sur-

rounded the sun. The origin and struc-

ture of this solar nebula are disputed,

but it is generally depicted as a rotat-

ing, flattened disklike structure. It is

reasonable to assume that it was
somewhat centrally condensed, with
the gas pressure and density in the

central plane decreasing with distance

from the axis. Such a pressure gradient
would partially support the gas against

the sun's gravity, requiring its rotation

rate at any radius to be less than the

local Kepler orbit velocity.

Solid bodies are not supported by the
pressure gradient; in the absence of

gas, they would pursue Kepler orbits.

A balance of gravitational, centrifugal,

and drag forces requires that a particle

always have some velocity relative to

the gas. The radial component of its

motion is always in the direction of in-

creasing pressure, i.e., inward. We de-

fine the "stopping time," te , as the time
for a particle's velocity to be reduced by
a factor e by drag in the absence of

other forces; te depends on the prop-
erties of the particle and the gas, and
on the velocity. The particle motion is

characterized by the ratio of te to the
orbital period, tp . Two limiting cases

were examined quantitatively by
Whipple (1973);

1. Small body (te /tp« 1). The parti-

cle is constrained to move with the an-

gular velocity of the gas. It feels a re-

sidual central attraction. In a frame
rotating with the gas, it falls directly

inward. The terminal velocity in-

creases with particle size.

2. Large body (te/tp» 1). The parti-

cle pursues a Kepler orbit, which is

perturbed by drag. It loses angular

momentum and spirals inward. The
larger the body, the smaller is the ef-

fect of drag.

In the limits of very large and very

small bodies, the radial velocity ap-

proaches zero. Somewhere between
these cases (when telt„

~ 1), it must
reach a maximum, as shown schemati-

cally in Fig. 23. This case, potentially

the most interesting, had not been
examined in detail before the present

study. In general, the equations of mo-
tion for the strongly perturbed case

must be solved numerically. However,
some interesting properties of the solu-

tion can be shown analytically:

1. There is an upper limit to the ra-

dial velocity, which depends only on
the nebular structure. It is indepen-

dent of the drag law and the particle

properties.

2. The radial and transverse compo-

nents of the "wind" velocity felt by the

particle are uniquely related. They also

depend only on the nebular structure.

3. If the gas is assumed ideal, the

maximum radial velocity is indepen-

dent of the gas density. The results for

any case are therefore insensitive to

the nebular mass.

The particle properties and drag law
determine the velocity components cor-

responding to a given particle size. The
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Upper Limit (%-V.)

t e«t
Radial Drift Perturbed Kepler

Orbit

particle radius

Fig. 23. Radial velocity as a function of particle size (schematic). The shape of the curve depends
on the drag laws, but the value of the upper limit does not.

solution is complicated by the fact that

any of four drag laws may be appli-

cable, depending on the Reynolds
number and the ratio of mean free path
to particle size. Each drag law must be
tried until a self-consistent solution is

found. I have written a computer pro-

gram that performs this task, solving

the equations of motion numerically.
The velocity components can be deter-

mined for a (spherical) particle of any
size and density in a nebula of arbi-

trary structure. Results to date must be
considered preliminary, but the follow-

ing conclusions appear to be justified

for a wide range of "reasonable" nebu-
lar models:

(1) The maximum radial velocity

can be large. In the inner nebula, it

may exceed 100 m/s ] at 1AU, decreas-

ing by about an order of magnitude in

the outer part. (2) These velocities gen-
erally correspond to particle of radii ~
10-100 cm (Fig. 24). (3) Characteris-

tic lifetimes for spiraling into the sun
can be very short for such particles,

ranging from a few tens of years in the

inner nebula to 10 4 years in the outer
part. The loss of solids from any region,

or mixing between regions, could have
been significant, depending on the par-

ticle size distribution. (4) For small

particles (te «tp), larger and/or den-

ser bodies are removed more rapidly.

For large particles (te »tp), the oppo-

site is true. Fractionation by composi-

tion, e.g., Fe from silicates, could occur

in either direction. The rate of mass
loss is greatest in the inner nebula;

Mercury's high Fe content may be ex-

plainable by this effect. (5) Radial

and transverse velocities are strongly

dependent on particle size. It is gener-

ally assumed that gas drag would
damp their relative motions. However,
if the particles vary in size, they may
have large relative velocities because

of the gas. It is not clear whether the

growth of large bodies would be aided

or hindered. High relative velocities

would inhibit gravitational instability

(Goldreich and Ward, 1973), but if par-

ticles stick together on impact, the in-

creased rate of collisions might be con-

ducive to growth.

These and many other consequences

remain to be investigated in greater

detail.
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Interplanetary Bodies and
Solar System History

George W. Wetherill

Studies of the solar system and its

origin have been primarily directed

toward the largest bodies—the sun and
the planets. However, during the past
few decades it has become increasingly

clear that equally significant informa-
tion can be obtained from the smaller
bodies of the solar system: the satel-

lites of the planets including our moon,
and the asteroids, comets, meteoroids,

and meteorites. The small size of these

bodies has permitted their record of

primordial events in solar system his-

tory to be preserved to a much greater

extent than is the case for hot and in-

ternally active planets. The inter-

planetary orbits of comets and many
asteroids produce a cratering record on
the moon and planets which reveals

their size and number throughout the

history of the solar system. Study of

meteorites and lunar samples permits
direct chemical investigation of the

record of events dating back to the for-

mative period of the solar system. Re-

cent evidence for presolar grains in

meteorites (Clayton and Mayeda, 1975)
provides a link between planetary for-

mation and the presolar galactic his-

tory of the matter from which it was
formed.

Interpretation of the data obtained

from studies of these small bodies re-

quires understanding of their sources

in the solar system and the evolution of

their orbits. Very significant advances
in these areas have followed the devel-

opment of new techniques for tracing

their orbital evolution over billions of

years (Opik 1951, Arnold 1965), for

understanding the detailed structure of

the asteroidal regions (Williams 1969,

1971), and for calculation of the devel-

opment of the swarm of interplanetary

bodies which preceded the formation of

the planets themselves (Safronov
1969). Examples of application of these

achievements are given in the follow-

ing three subsections, which deal with
the role of interplanetary bodies in dis-

tinct periods in solar system history:

(1) the formation of the planets and the

moon (4.5 billion years ago); (2) the late

heavy bombardment of the moon and
terrestrial planets which produced the
heavily cratered terrains preserved on
the lunar highlands, Mercury, and
Mars (4.0 billion years ago); and (3) the

earth-crossing Apollo objects that have
dominated the cratering record of the

earth and moon during the past three
billion years.
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The Role of Large Impacting Bodies in

the Formation of the Earth and Moon

Introduction. Over the years many
processes have been suggested which
involve the existence of large (> 10 24

g,

~ 500 km radius) planetesimals during
the formation of the solar system.

These include lunar-sized meteorite
parent bodies (Urey, 1959), capture

theories for the formation of the moon
(Gerstenkorn, 1969; Singer, 1972), dis-

integrative capture by passage of

bodies within the earth's Roche limit

(Opik, 1972; Smith, 1974; Mitler,

1975), impact heating of the earth (Saf-

ronov, 1969) and moon (Ruskol, 1974),

tilting of the earth's rotation axis by a

small number of large impacts (Saf-

ronov, 1960), formation of the moon by
"splashes" resulting from grazing im-

pacts with the earth (Hartmann and
Davis, 1975; Cameron and Ward,
1976), predifferentiation of lunar
planetesimals (Kaula and Bigeleisen,

1975), and the existence of large post-

accretional residual bodies needed to

produce the late heavy bombardment
which continued for —600 m.y. after

the end of the accretion of the planets

(Wetherill, 1975b). An evaluation of

the plausibility and relative impor-

tance of these processes requires a

theory that predicts at least semiquan-
titatively both the size and the velocity

distribution of the planetesimals that

accumulated to form the terrestrial

planets and the moon. Considerable

progress toward such a theory has been
made by Safronov (1969) and his co-

workers (Zvyagina et al., 1973). Other,

less comprehensive treatments of this

problem have been given by Marcus
(1965, 1969), Hallam and Marcus
(1974), Hartmann and Davis (1975),

and Weidenschilling (1974). A charac-

teristic of these theories is that ac-

cumulation of the planetesimals into

the terrestrial planets and the moon by
random encounters is slow (10 5 to 10*

years) compared with the time scale of

~10:i yr proposed for accumulation
from a gaseous solar nebula rather

than from a protoplanetary swarm of

planetesimals (Cameron, 1973). Seri-

ous difficulties with the latter type of

theory have been discussed (Safronov,

1975). In spite of these difficulties,

gravitational accretional heating as-

sociated with very rapid accumulation
has been the starting point of most dis-

cussions of the geochemical and
geophysical evolution of the moon, and
it is commonly stated that such dynam-
ically unlikely rapid accretion is re-

quired if one is to understand the evi-

dence for early chemical differentiation

of the moon.
As discussed by Safronov (1969), ap-

preciable accretional heating does not

require rapid accretion, provided that a

sufficiently large number of the ac-

cumulating bodies are massive and
energetic enough to deposit a signifi-

cant quantity of energy deep beneath
the accretional surface and thereby to

preclude loss by surface radiation into

space.

Calculation of the size distribution of

the largest bodies is not readily amen-
able to coagulation theory (Safronov

and Zvyagina, 1969) even though con-

siderable insight is provided by this

approach to the size distribution of

smaller bodies, especially when the

combined effects of accumulation and
fragmentation are considered
(Zvyagina et al., 1973). One reason for

the failure of the theory for the largest

accumulating bodies is that for these

bodies the gravitational field of the

growing body can augment its effective

cross section in such a way that the

cross section becomes nearly propor-

tional to the fourth power of its radius

rather than to the geometrically de-

termined square of the radius. This ef-

fect is partially included in the only so-

lutions to the coagulation equation

which have been reported, i.e., for a

coagulation kernel linear in the mass
and hence proportional to the cube of

the radius. This approximates the situ-

ation over much of the mass range but

not at the uppermost end of the range,

in which a small difference in radius

might, at least in principle, lead to a

great difference in the rate at which
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the radius increases. Numerical exam-
ples of such "runaway accretion" have
been given by Hartmann and Davis
(1975).

Safronov (1969) has made use of

runaway accretion to predict a "second

largest mass" in the earth's accumula-
tion zone of 10~ ! earth masses, i.e., 6 x

1024
g. In the present work a variant of

this model is proposed which leads to

the second largest body being more
massive, and thereby also implies sig-

nificantly greater accretional heating

of the moon.
Runaway accretion. The rate of

growth of the ratio of the radii of the

two largest bodies (R = rjr.z ) is by the

elementary rules of differentiation:

dR
dt L d

dr
x

df
R dr,

dt
(1)

In a simple accumulation model in

which a body of radius r sweeps up
smaller bodies with relative velocity V,

dr_

dt

p,.(t)
V (i + Jfc) (2)

where pc(t)
= the spatial density of

mass in the form of smaller bodies, p„ =

the density of the larger body, and Ve
= the escape velocity of the larger

body.

In Safronov's accretion theory the

mean relative velocity is related to the

escape velocity of the largest body by
use of the dimensionless ratio 6:

V1 =
2H

~

and =
GM„

R,y2

(4)

where G is the gravitational constant,
and the subscript p refers to the escape
velocity, mass, and radius of the
largest body in the earth's zone. Saf-

ronov, following earlier work of
Gurevich and Lebedinskii (1950), pre-

sents calculations that support his con-

clusion that 6 varies slowly (i.e., by a
factor of ~2), while Mp increases by a

factor of ~10 12 during accretion. This
implies that the mean relative velocity

"keeps step" with the growth in radius
and escape velocity during accumula-
tion. The numerical value of 6 depends
on the balance between acceleration by
mutual perturbations by planetesimals
and dissipation of energy in collision of

planetesimals. Under a variety of con-

ditions in which accretion occurs after

loss of most of the nebular gas (appro-

priate to earth's zone), the value of 6 is

estimated to range from about 7 down
to about 1. Therefore, the mean veloc-

ity with which smaller bodies collide

with the largest body is always less

than its escape velocity. Calculations

such as those reported by Marcus
(1969) using experimental data of

Gault et at. (1963) then lead to the con-

clusion that at these velocities the

largest bodies will grow in radius
rather than fragment. Smaller bodies

may either accrete or erode, depending
upon their mass.

Substitution of 6 into (2) permits (1)

to be developed to:

dR

dt
\/ pc(t)\ (2d-R)(R-l)\

(5)

where G is the gravitational constant.

For constant 6, the solution of (5)

may be written as:

1 +28

(3) R
L 20-R J v 26 + 1 y

I- 2Q-R... J \ 9,ft+-[ /

(6)

where it!
(l
is the initial value of/?,

A- (20+1) Pr(o)\ I-—1 V2

L 3 6p„ -I

and f is a time-like variable:

fi: =—^~ f p(
.(t)dt.

pr (o)
J "

H
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Equation (6) shows that the extent of

the runaway accretion is limited, as

discussed earlier by Safronov (1969).

As t becomes indefinitely large, R—>26,
which is therefore the maximum ratio

of the final radii. For nonzero values of

the initial radius

R<26 (7)

The final ratio of the masses of the two
largest bodies is therefore less than

(20) 3
. By use of 6 = 5 and assuming t*

to be infinite, Safronov obtained the re-

sult mentioned earlier, that the second

largest body in the earth's zone had a

mass of ~ 6 x 10 24
g.

As will be seen later, in this case the

number of bodies surviving to the ter-

minal stages of growth of the moon will

be too small to produce much accre-

tional heating.

However, there is no reason to sup-

pose that 6 must be as large as 5. In

fact, Safronov (1969, Table 8, Chapter
7) gives 6—2 during the stage of

planetesimal growth prior to the time
in which most of the mass is in a single

largest body, the planetary embryo.
This value limits the mass ratio to less

than 64. It is very difficult to know the

correct value of 6 to be used at this

stage, as direct knowledge of the ap-

propriate dissipation to be assumed in

protoplanetary planetesimal collisions

is not available. However, the values

assumed by Safronov to obtain 6 — 2

appear plausible. During later stages

of growth of the planetary embryo, Saf-

ronov shows that the value of 6 in-

creases to ~5, implicitly assuming that

the remaining planetesimals cross the

orbit of only one dominant planetary

embryo, moving in a circular orbit. In-

sofar as this assumption is correct, this

is a consequence of the fact that succes-

sive encounters with the embryo will

always occur at the same value of the

mean geocentric velocity, provided that

no perturbations by a third body occur

between these successive encounters.

This in turn is a consequence of the

conservation of energy in these en-

counters in the geocentric reference

frame, related to the constancy of the

Tisserand criterion and the Jacobi in-

tegral in the restricted three-body

problem.
The fact that when the earth has

reached —10% of its final mass, bodies

with geocentric velocities of 2.5 km/s
will cross the orbit of Venus invali-

dates the above assumption. The case

where a small body is crossing the orbit

of both Earth and Venus has been in-

vestigated both by analytical and
Monte Carlo techniques, and it has
been found that Venus-crossing results

in 6 decreasing to the range 2 to 0.5

during the final stages of planetary

accretion, rather than increasing to

~5, as is obtained when this effect is

not considered. This leads to mean ve-

locities of ~8 km/s for objects crossing

the orbits of both Earth and Venus. Re-

sults of calculations of the masses of

the second largest body are given in

Table 2.

Elimination of the residual planetes-

imals. These lower values of 6 lead to

much larger objects in the zone of

Earth and Venus during the final

stages of accumulation. In the case of

runaway accretion the overwhelming
dominance of the planetary embryo
was established by the much more
rapid growth of the largest body. For
these lower values of 6, this dominance
is established by an alternative effect:

the greater stability of the embryo dur-

ing the regime of fragmentation which
exists during the final stage of accumu-
lation of the embryo. This fragmenta-
tion primarily results from two pro-

cesses: disruption following approach
within the Roche limit of the Earth or

Venus, or collisional fragmentation.

The largest residual planetesimals

(~10 2,i
g) will probably be immune to

destruction by collision and are likely

to be continuing to accrete until they

are disrupted by tidal forces. Their

mass is greater than that of the present

moon, which is near equilibrium with

respect to accretion vs. erosion by crat-

ering (Gault et al., 1963; O'Keefe and
Ahrens, 1975, 1976) at an average im-

pact velocity about twice as great. At a
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TABLE 2.

A. Mass of the Second Largest Body When the Earth Embryo is 2

Initial Mass Ratio atM, = 10 21
g:

x 10 27
g

6

1

2

3

4

5

1.16

1.1 x 10 27
g

4.0 x 10 2,i

1.9 x 10 2,i

1.1 x 10 2,i

7.2 x lO 25

2.20

4.2 x 10 2li

g
7.4 x 1025

2.4 x 10 25

1.1 X lO 25

6.4 x 10 24

8.00

2.0 x 10 2,i

g
3.9 x 10 25

1.2 x 10 25

5.5 x 10 2J

2.9 x 10 2J

B. Mass of the Second Largest Body When the Largest Body is 4 x 10 27
g

1

2

3

4

5

2.2 x 10 27
g

7.0 x 10 2B

3.0 x 10 2,i

1.6 x 10 2 «

1.1 x 10 2li

6.4 x 10 2,,

g
1.3 x 10 2,i

4.3 x lO 2 '

2.0 x 10 25

1.1 x 10 25

5.0 x 10 2,i

g
7.7 x 10 25

2.3 x 10 25

1.0 x 10 25

5.5 x 10 2J

mean impact velocity of 8 km/s, bodies

less than ~ 2 x 10 24 g in mass will be
subject to fragmentation rather than
continuing to accrete. The lifetime for

collisional destruction of these bodies

by smaller residual bodies in the zone

of Earth and Venus may be estimated
by methods used earlier (Wetherill,

1967) to be in the range of 10" to 10 7

years. Smaller bodies of mass less than
10 22 g will be very short lived (<105

yr), and a collisional mass distribution

may be expected to be established

among these smaller bodies. The popu-
lation of small bodies will be main-
tained by supply of ~102i g bodies re-

sulting from Roche limit destruction of

bodies <1024 g in mass. Fragments will

be removed from this population of

fragmental material by accretion onto

those bodies large enough to accrete

(i.e., < 2 x 10 24
g), which will ulti-

mately be only the Earth and Venus
embryos. Therefore, the final result

will be the same as was the case for the

alternative of runaway accretion. All

the mass will be in the planetary em-
bryos (except for a small fraction accel-

erated to Jupiter-crossing). The dif-

ference will be that large bodies, up to

~3 x 102,i g in mass will have had a
transient existence during the final

stages of accretion. The time scale for

sweep-up of all the bodies will be
somewhat extended by the higher ve-

locities during the final stages but will

still be ~108 yr.

Heating of the moon by impact of

large planetesimals. As discussed ear-

lier (Safronov 1969, Ruskol 1974,
Wetherill 1975a), large high-velocity

impacts will deposit their kinetic en-

ergy beneath the lunar surface, which
will be buried by fallback of crater

ejecta into the transient cavity. This

trapping of energy will be particularly

pronounced for the largest impacts in-

asmuch as in this case most of the

fragmented material will fail to escape
the cavity because of the large gravita-

tional energy required.

In an accreting body, the heat trap-

ped in this manner will be further

buried by deposition of newly accreted

material onto the floor of the crater,

thereby minimizing the radiation into

space which limits the temperature in

most accretion models (i.e., Hanks and
Anderson, 1969; Mizutani et al., 1972).

This effect has been estimated by a

simple model in which the depth of bu-

rial of the heat increases as a result of

accretion and decreases by conduction

of heat to the surface.

Under the conditions of accretion,

the dominant mode of heat transfer to

the surface will not be ordinary lattice

conduction but mixing of previously
buried material to the surface by sub-

sequent impacts. The appropriate
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value of "eddy conductivity" to be used
is quite uncertain. Values of —2 cm2

/s

are calculated by Safronov (1969), and
similar values can be estimated from
the work of Blake and Wasserburg
(1976) carried out in a different con-

text. Use of this value indicates that

bodies with radii larger than —40 km
in radius, i.e., with masses <1021 g will

have a large fraction of their kinetic

energy permanently trapped beneath
the accreting surface. At first the frac-

tion of impact melt produced in any
single impact will not be large. Much of

the melted material will be mixed with
pulverized unmelted crater debris; it

will merely heat it slightly and produce
little igneous differentiation. However,
the cumulative effects of further im-

pacts will cause the temperature of the

multiply reworked debris to approach
and exceed the melting point. Very
close estimates are difficult, but pre-

liminary calculations suggest that dur-

ing the addition of the final half of the

moon's mass (outer 360 km) about 10%
of the impacting mass was in the form
of bodies more massive than 102 " g.

This leads to an average kinetic energy
trapped within the outer 360 km of ~8
x 109 ergs/g. This is about 40% of the

energy required to produce complete
melting of this region. If these figures

are correct, the outermost portion of

the moon will be heterogeneously
melted and differentiated at the end of

accretion. The individual large accret-

ing bodies will be sufficiently energetic

to completely melt many times their

own volume of material, which has al-

ready been heated much of the way to-

ward melting point. Regions which by
chance failed to be impacted by a very

large body would contain only small

regions of total melt and much fine ma-
terial mixed with quenched glass. The
resulting state of primordial dif-

ferentiation may be quite different

from a "magma ocean" resulting from
uniformly distributed heat sources.

In the alternative model, in which
runaway accretion causes the second

largest body to be much smaller, it

seems unlikely that lunar heating

would be sufficient to account for the

evidence for primordial lunar dif-

ferentiation, especially if the larger

bodies are still destroyed by encounters
within the Roche limit. The resulting

trapped energy in the outer 360 km is

estimated to be ~ 3 x 107 ergs/g, suffi-

cient to melt only —0.1% of this region.

Because of many uncertainties in these

calculations, the absolute values of

these numbers should probably not be
taken too seriously. However in the al-

ternative model, the much smaller
number of large bodies, impacting at

less than half the velocity, must in-

evitably result in much smaller quan-
tities of trapped energy.

Concluding remarks. This rather

sketchy account of a chain of events

within the framework of the Safronov
accretion theory should at least show
that significant primordial differentia-

tion of the moon could have occurred

even on a long — 108 time scale. The
subsequent magmatic evolution of a

heterogeneously melted and dif-

ferentiated moon will be more complex
than that of the "magma ocean." Al-

though this complexity may be an in-

convenience, in no way does complexity
or simplicity bear on the question of

whether the moon was uniformly or

heterogeneously differentiated. The
possibility of heterogeneous dif-

ferentiation was not introduced as an
ad hoc complexity to complicate the

lives of petrologists; it is merely a
probable consequence of an equally

simple, and dynamically more plausi-

ble, model of accretion. It may be that

exploration of the petrological conse-

quences of this variant may result in

its seeming more satisfactory than the

magma ocean, or vice versa. This re-

mains to be done; some speculations

bearing on this have been presented
(Wetherill 1975a).

Primordial heating of the terrestrial

planets would also result from this

mechanism. The differences in the ini-

tial temperatures between the larger

bodies such as the earth and the moon
would be less than in the case of heat-

ing by the very rapid accretional mod-
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els that have been published (e.g.,

Hanks and Anderson, 1969). This
arises from the fact that in the theory
presented in this work the energy
input depends primarily upon the kine-

tic energy of the heliocentric planetes-

imals, the acceleration by the gravita-

tional field of the accreting planet

being of secondary importance. How-
ever, somewhat higher initial tempera-
tures may be expected for the earth, if

only as a consequence of all the impacts

being caused by heliocentric bodies

rather than largely geocentric bodies,

as is the case for a coaccreting moon.
Insofar as planetesimals in the range of

10 25 - 10 2,i g are. still accreting prior to

tidal disruption, significant heating

and even igneous differentiation of

their interiors are possible but difficult

to estimate with any degree of cer-

tainty.

As mentioned in the introduction,

numerous other authors have invoked
large bodies in connection with various

problems of lunar origin. The accre-

tional model outlined herein can, when
more fully worked out, lead to fairly

definite predictions concerning the size

(distribution, orbits, and evolution of

large bodies in the early solar system.

In this context these suggestions by
others represent processes which are

possible, rather than being contrived,

I

as has sometimes been alleged. It re-

mains to be seen to what extent they
are probable rather than simply possi-

ble.

It is also of interest to inquire into

the ultimate fate of the large bodies

that were initially present in the inner
solar system. Most of them simply ac-

creted to form the moon and terrestrial

planets. A small percentage of them
were ejected from the solar system.

However, the Monte Carlo calculations

mentioned earlier indicate that if Mars
was present during the accretion of the

earth, about 1% of the earth planetes-

imals remaining after the growth of

the earth was essentially complete
would be removed from earth-crossing

by Mars perturbations. Most of these
would have been deep Mars-crossers in

orbits similar to the present Amor ob-

jects and returned to earth-crossing on
a time scale of ~2 x 10* years. The role

of these bodies in the late heavy bom-
bardment of the terrestrial planets has
been discussed elsewhere (Wetherill

1975b). Of greater interest are the

smaller number (— 10%) of these which
evolve into shallow Mars-crossers with
lifetimes comparable to the age of the

solar system. Of the ~10 2li g which re-

mained when the growth of the earth

was 98% complete, perhaps 10 2i g was
"implanted" into these long-lived or-

bits. If Mars accumulated on the same
time scale as the earth, those bodies

would be outnumbered by similar re-

sidua from the formation of Mars. On
the other hand, the formation of Mars
is difficult to understand unless it rep-

resents an "aborted" earth-size planet,

the growth of which was terminated by
the early heavy bombardment of Jupi-

ter planetesimals, as suggested by Saf-

ronov (1969) and Weidenschilling
(1975). In this case the Mars residua

would have been destroyed before the

implantation of the earth planetesi-

mals, and this region of the asteroid

belt would now be largely populated
with residual material from the forma-
tion of Earth and Venus. The dif-

ferentiated meteorites, such as the

basaltic achondrites, are likely to arise

from this region of the asteroid belt,

and it is possible that these objects are
fragments of earth planetesimals that

have now returned home after an ab-

sence of 4.5 billion years. When viewed
from this standpoint it is possible that

the dynamic and chemical heterogene-
ity of the present asteroid belt is a con-

sequence of this region of the solar sys-

tem being a "sink" for residual mate-
rial from both the inner and the outer
solar system.

Late (4.0 b.y.) Bombardment of the

Moon and Terrestrial Planets

Introduction. Prior to the recent pro-

gram of manned and unmanned explo-

ration of the moon and terrestrial

planets, there was a tendency to sepa-
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rate earth history into two discrete and
nonoverlapping periods of time. These
were the last ~ 3.5 x 109 yr, revealed

by the terrestrial geological record, and
the primordial nebular and accretional

periods, 4.6 x 109 years ago. Evidence
concerning the latter was inferred from
theoretical considerations and observa-

tional and meteoritic data. It was
commonly believed that the cratered

surface of the moon represented bom-
bardment during the terminal phase of

this primordial period.

Following the Apollo 14 mission to

the Fra Mauro region of the moon and
dating of these rocks at 3.9-4.0 x 10 9

years, it became apparent that the

period of intensive lunar cratering and
mare basin formation continued long

after the completion of the — 10 8-year

formational period of the moon and
planets. In addition to the "early heavy
bombardment" which more or less ac-

companied the accretion of the planets,

there was a "late heavy bombardment"
which continued for hundreds of mil-

lions of years and may well have been
episodic in character (Tera etal., 1974).

The Mariner 10 spacecraft photo-

graphed —40% of the surface of Mer-
cury to a resolution of 10 km and
selected regions to a resolution of 200
m. Photogeological study of these data
indicates a remarkable similarity be-

tween the impact flux on Mercury and
the moon (Murray et al., 1975). Both
planets contain densely cratered re-

gions containing more than 200
craters/10" km2 larger than 10 km in

diameter. The lunar regions of this

kind represent a steady-state crater

population, whereas Mercury contains

both steady-state regions of this kind
and poorly understood "intercrater"

terrains in which a high density of

craters larger than 50 km in diameter
appears to be superimposed on an older

relatively uncratered surface (Trask
and Guest 1975). Both planets contain

ringed impact basins and associated

ejecta deposits ranging up to ~ 1000 km
in diameter. In both cases postbasin

surfaces have crater densities of —120
craters/10" km2 greater than 10 km

diameter. Finally, both planets contain
younger basin-filling surfaces presum-
ably of volcanic origin with lower cra-

ter frequencies of —40 craters/10" km2

greater than 10 km in diameter. Al-

though the Martian crater record is

obscured by erosional and depositional

processes, photogeological studies
suggest a similar impact history for

that planet (Wilhelms, 1973; Chap-
man, 1974; Soderblome^a/., 1974).

These similarities between the three
planetary bodies could be coincidental

or could be the result of their experi-

encing a very similar impact flux his-

tory. If the latter is the case, the rela-

tively lightly cratered postbasin sur-

faces with crater counts of —120/10"
km2 represent a "marker horizon"

throughout the inner solar system cor-

responding to a time of 3.9±0.1 b.y.

ago, as indicated by the lunar
radiometric chronology.

The purpose of this work is to quan-
titatively explore alternative models
for the interplanetary flux during the

first — 10 9 years of solar system history

in order to evaluate whether any of

these are compatible with the hypothe-
sis of a uniform flux history for these

planets. The other consequences of

these models must also be examined in

order to understand the extent to

which they can be reconciled with
other features of the solar system, its

origin, and history.

Size distribution of the impacting
bodies. Insofar as the crater density is

not so high as to represent a steady
state between crater production and
destruction (Gault 1970), the size dis-

tribution of craters can be used to infer

the size distribution of the impacting
bodies. Although the most densely cra-

tered regions of the lunar highlands
are in such a steady state, the more
lightly cratered plains regions such as

the Fra Mauro and Cayley plains are

well below a steady-state density.

Detailed investigations of lunar cra-

ter size distributions (Neukum et al.,

1975) show that the pre-Imbrium,
plains, and mare surfaces contain the

same size distribution of craters. This
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distribution cannot be described by a

single-power law exponent over the en-

tire range of crater sizes. For the

largest craters (>10 km diameter) the

slope of the distribution is rather flat

and approximately corresponds to a

cumulative distribution:

N = N D ~ a

where a is in the range 1.4 to 1.6. This

is in agreement with the results of pre-

vious authors (Shoemaker et al., 1962;

Baldwin, 1963) and represents a pro-

jectile mass distribution in which the

total mass is strongly concentrated in

the largest projectiles.

If the size range of bombarding pro-

jectiles is continued to include the Im-

brium planetesimal, this concentration

of mass in the largest bodies is at least

equally pronounced. The projectile

mass required to produce the large

mass craters can be estimated by com-

bining mare crater counts (Shoemaker
et al., 1962) with a reasonable energy-

scaling law based on nuclear explo-

sions and which relates diameter to

impacting mass:

D = 0.115Mm

where D is the crater diameter in me-
ters,M is the impacting mass in grams,

and an impact velocity of 15 km/s is

used. This calculation gives 3 x 10

as the total flux since the filling of the

mare basins. The integral flux on the

Fra Mauro and Cayley plains forma-

tions is about three times as great, cor-

responding to a mass flux of ~ 10 20
g. A

similar calculation for the mass of the

Imbrium planetesimal gives a mass of

~10 21
g. In the same way, the mass of

the Orientale projectile comes out to be
—2 x 10 2<)

g. Therefore, up to and in-

cluding projectiles of Imbrium size

(—50 km in radius), the large pro-

jectiles are characterized by the fact

that the largest body has a mass
greater than that of the remaining ob-

jects.

This is not the kind of size distribu-

tion expected for objects that are in a

steady state resulting from mutual col-

lisional comminution. It more closely

resembles the end product of an accre-

tional process in which larger bodies

have grown at the expense of smaller

ones. In the treatment of specific mod-
els for the sources of the late heavy
bombardment, one relevant considera-

tion should be whether or not a colli-

sional mass spectrum should be ex-

pected under the conditions assumed
for the model.

Insofar as there is some propor-

tionality between the quantity of im-

pact breccias and the extent of impact
resetting of measured ages, a mass dis-

tribution dominated by a few large im-

pacts will produce an episodic age dis-

tribution. Therefore the ~ 30-fold de-

crease in mass flux between the time of

the Imbrium impact and the older

mare surfaces need not be entirely ex-

plained in terms of a uniformly decay-

ing mass flux but will be in a major
way a consequence of a statistical fluc-

tuation in this flux. Therefore, to a cer-

tain extent episodicity will result sim-

ply from the "lumpiness" of the size

distribution. This effect in itself is in-

sufficient to produce simultaneous
episodes on several planets. However,
approximate simultaneity of the cessa-

tion of the late heavy bombardment
could result from a flux decreasing

with a characteristic half-life of —50
g m.y.

Relative bombardment rates on the

moon and terrestrial planets. The
hypothesis that the density time scale

of the lunar craters can be extended to

the other terrestrial planets requires

that there have existed one or more
populations of bodies in the inner solar

system which had a nearly equal prob-

ability of impacting a given area on
any of the planets. Candidate popula-
tions will be characterized by their or-

bital element and mass distributions

and by their total mass.
The two principal classes of orbits

which should be considered are those of

bodies in heliocentric orbit and those

orbiting as satellites of a terrestrial

planet. Apart from the possibility that

a constant crater density may arise by
coincidence, the latter class must
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evolve into heliocentric orbits in order

to impact planets other than the one

they are initially orbiting. No detailed

discussion of this evolution from
planetocentric to heliocentric orbits

exists, although treatments of tidal

evolution of satellites (reviewed by
Kaula, 1971) and geocentric swarms
(Ruskol, 1960, 1963, 1972; Ruskol et

al., 1975; Kaula and Harris, 1975) are

relevant to this problem. This class of

initial orbits will not be discussed here.

However, this possibility should not be

forgotten.

The evolution of various classes of

heliocentric interplanetary orbits has

been discussed previously (Wetherill

1974). This treatment included a dis-

cussion of the modifications made in

the Monte Carlo techniques which
permitted an adequate statistical sam-
ple of impacts on small bodies such as

the moon and Mercury. The results of

these calculations are given in Table 3.

The first two entries in this table

represent bodies evolving from initial

orbits similar to those required to ex-

plain the orbital distribution of the

Prairie Network fireballs, and the ob-

served time of fall and radiants of

chondritic meteorites (Wetherill 1968,

1971). Such orbits can evolve from
those of short-period comets. The sec-

ond entry in Table 3 is such an object,

Comet Temple 2. These data are nor-

malized so that the lunar impact prob-

ability per unit area is assigned the

value of unity. The impact probability

per unit area on the four terrestrial

planets is seen to agree with the lunar

value within a factor of about 3. This
result is largely independent of the

large difference in the efficiency with
which these bodies impact the planets,

shown in the third column. Objects ini-

tially in orbits similar to those of the

first entry will very frequently strike

an inner planet; 24% of them will hit

the earth. In contrast, those in orbits

similar to that of the second entry will

more often be perturbed into Jupiter-

crossing and ejected by that planet into

interstellar orbits. Only a fraction of a

percent of these bodies will impact a

terrestrial planet.

The next three entries represent ini-

tial orbits that penetrate more deeply

into the inner solar system, penetrat-

ing the perihelia of Venus or Mercury.

The orbits calculated are those of ac-

tual bodies in the present solar system,

but this is done only for illustrative

purposes and not to suggest that these

modern objects have any relation to the

late heavy bombardment. The objects

with the smaller perihelia will cause a

greater crater density on Mercury than
on the moon and Mars. Strictly speak-

ing, these initial orbits are not consis-

tent with a uniform flux history. How-

TABLE 3. Relative Impact Probability/Unit Area*

Initial Orbit Earth
Impacts

Aphelion Perihelion (%) Mercury Venus Earth Mars

1 1.01 4.00 24.0 0.30 0.94 2.26 1.15

2 1.36 4.67 0.11 0.69 1.26 1.78 0.71

3 0.34 4.18 6.0 4.21 2.37 1.23 0.37

4 0.19 1.97 18.5 7.50 1.97 1.08 0.45

5 0.70 3.61 5.2 1.60 2.34 1.34 0.27

6 1.27 1.89 27.8 1.08 2.58 2.82 11.9

7 0.98 0.99 45.0 1.05 3.02 3.99 0.96

8 0.67 0.82 29.6 1.08 2.44 1.36 0.18

9 0.33 0.41 <0.01 >1.5 x 10 4

* Normalized to Moon = 1.0.
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ever, an admixture of such orbits with
others with perihelia nearer to that of

the earth (the first two entries) would
lead to an approximately uniform flux

history as an average result.

The last four entries represent initial

orbits of sufficiently low eccentricity to

cross the orbit of only one planet. It

might be thought that this would
greatly favor impacts on that planet.

To some extent this is true. The Mars-
crossers are about ten times more
likely to strike Mars (per unit area)

than the moon. Mercury-crossers only

very rarely evolve into even Venus-
crossing before they strike Mercury.
The results for these two planets are

largely a consequence of these small
planets having insufficient mass to

readily "pump" the eccentricity to high
enough values to cross another planet-

ary orbit. In contrast, the larger ter-

restrial planets, Venus and the earth,

perturb bodies into highly eccentric or-

bits that have a good chance of striking

the moon or any of the terrestrial

planets.

The general result of these calcula-

tions is that planetary perturbations

tend to spread interplanetary bodies
throughout the inner solar system, re-

sulting in a comparable flux on the

moon and terrestrial planets. There are

exceptions to this; those which initially

cross only Mercury are a particularly

striking exception. Nevertheless, it

will usually be difficult to confine an
interplanetary population primarily to

a particular planet, and many distribu-

tions of initial orbits will lead to a simi-

lar flux on the moon and Mercury.
To compare crater densities on the

various planets it is necessary to con-

sider the impact velocity as well. These
have been calculated by the same tech-

niques used to obtain the data of Table
3. Examples of these calculated veloc-

ity distributions are given in Figs. 25
and 26. Those orbits with initial

perihelia well beyond Mercury will im-
pact Mercury with about two to three
times the velocity they impact the

moon. When this result is combined
with the size distribution discussed in

Initial Orbit: (Mars Grosser)

Aphelion = 1.90 A.U.

Perihelion =1.27 A.U.
" —

Inclination = 6°

- Mercury

\—V—r— , ,

Moon

Lti
10 20 30 40

RELATIVE VELOCITY
50 60 ?0

KM/SEC

Fig. 25. . Distribution of impact velocities on
the moon and Mercury for a swarm of bodies ini-

tially in Mars-crossing orbit. The velocity is

given as Va , i.e., prior to the additional accelera-

tion resulting from the gravitational field of the

planet. For small planets like these this effect is

small.

the previous section, it turns out that

the effect of velocity is to increase the

crater density by a factor of about 2.5.

For objects such as those given in the

first two entries of Table 2, this effect

offsets the factor of 2 to 3 lower impact
probability on Mercury relative to the

moon, which arises from the rather in-

effectual "Earth and Venus barrier"

these bodies must surmount. This ve-

locity effect is less pronounced for or-

bits that are initially Mercury-
crossing, as shown in Fig. 26. These
bodies produce a greater flux on Mer-
cury than on the moon. The effect of

velocity is thus seen to partially offset

the effect of the initial perihelia, tend-

ing to result in more uniform crater

densities.

Storage places. Much of the earlier

discussion of this problem has centered
on the question of whether there are

places in the solar system in which
large bodies can be "stored" for hun-
dreds of millions of years prior to their

impacting the moon or planets. Typical
lifetimes, given by Monte Carlo calcu-

lations, characterizing the stability of

various types of initial orbits, are given
in Table 4. It may be seen that two re-

gions of the solar system will store
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Fig. 26. Distribution of impact velocities for bodies initially in orbits equal to that of periodic
Comet Encke.

bodies for the required length of time.

They are the inner Mars-crossing edge
of the asteroid belt and the outer por-

tion of the solar system in the vicinity

of Uranus and Neptune.
Breakup within the Roche limit.

There are no known storage places

which lead to a simultaneous sharp

peak in the flux on the moon and ter-

restrial planets. Insofar as the photo-

geological and radiometric age data do

indicate a peak flux or "cataclysm" at

— 3.9 b.y. and possibly at other discrete

earlier times, some other explanation

must be found. Several authors have
proposed the breakup of a large body in

the asteroid belt at that time. This is

possible but improbable.

There is another, more probable way
in which ~ 200-km bodies in earth-

crossing orbits may be fragmented. As
discussed by Opik (1951), secular per-

turbation of the argument of perihelion

will cause planet-crossing orbits to

evolve on a time scale of ~10 4 years
into orbits that intersect those of the

crossed planets. Collisions with the

planets can occur during the time
interval for which this intersecting

condition exists. Quantitative evalua-

tion of the problem leads to the well-

known collision formula of Opik that

forms the basis for subsequent Monte
Carlo calculations of orbital evolution.

The same formula can be used to calcu-

late the probability of close encounter
within a given distance of a planet
simply by use of the encounter radius

rather than the planetary radius. The
probability of encounter within a dis-

TABLE 4. Typical Lifetimes of Planet Crossing Orbits

Type of Orbit

Approximate Half-Life

(10" yr)

Earth crosser, aphelion —3 A.U.
Earth crosser, aphelion —4.50 A.U.
Mars crosser, perihelion —1.2 A.U.
Mars crosser, perihelion — 1.5 A.U.
Jupiter crosser

Saturn crosser

Uranus crosser

Neptune crosser

40

10

200
1200

1

2

100

200
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tance of R e planetary radii is simply
R 2

e times the probability of impact. A
consequence of this is that close

planetary encounters do not in any
sense constitute an improbable or ad-

hoc assumption but are a natural con-

sequence of the same dynamical pro-

cesses that have produced the observed
craters on the moon and planets.

When a small body passes suffi-

ciently close to a planet, differential

gravitational attraction by the planet

will generate a stress field within the

body which, if strong enough, can lead

to its disruption. Roche (1847) consid-

ered this problem for the case of a self-

gravitating liquid satellite and ob-

tained the result:

R. 2.44 ipjp)
1/3

When the encounter distances (in

planetary radii) are less than R e , dis-

ruption will occur; p and p are the den-
sities of the planet and the small body,
respectively. This expression must be
modified in the case of a solid body with
nonzero rigidity. The latter problem
has been treated by Jeffreys (1947),

Opik (1950, 1966), and Sekiguchi
(1970). This earlier work has been re-

viewed and extended by Aggarwal and
Oberbeck (1974). The latter authors
show that a 200-km radius body with a
reasonable tensile strength of 10 7

dynes/cm2 will undergo tensile failure

along a v complete plane passing
through the center of the body within
an encounter distance of 1.18 (p /p)

1/3

planetary radii. For a "rocky" body
with p = 3 encountering the earth (p ()

= 5.5) this distance is 1.44 planetary
radii, whereas for a predominantly
"icy" body with p = 1, the correspond-
ing encounter distance will be 2.08
planetary radii. Somewhat smaller dis-

tances will be found for Venus encoun-
ters. Because of these assumptions,
very close approaches are required for

disruption. Under these circumstances
the number of disruptive encounters
will be similar to the number of Earth
or Venus impacts. Because of the
greater surface area of Earth or Venus,
impacts with these planets are much

more frequent than lunar or Mercury
impacts (Table 3). Consequently a

large body is more likely to undergo a

disruptive encounter with Earth and
Venus and to distribute fragments to

the moon and Mercury than it is to im-

pact these smaller planetary bodies di-

rectly. For the observed mass distribu-

tion law (equation 8), and disruption

into —100 fragments of more or less

equal mass, lunar impacts of ~10 21 g
fragments of a 10 2:! g body will out-

number direct impacts of 10 21 g bodies

by a factor of about 5. Therefore, even

in this extreme case, disruption can be

expected to produce episodes of heavy
bombardment distributed throughout

the inner solar system.

The discussions given lead to the

conclusions that a modest total mass of

~10 2:i g will suffice to produce the late

heavy bombardment, that storage

places with sufficiently long lifetimes

exist, and that there is at least one
mechanism for producing simultane-

ous episodes of bombardment in the

inner solar system.

In work presented elsewhere a dis-

cussion of alternative specific models
for the late heavy bombardment is pre-

sented (Wetherill 1975b). The most
satisfactory of these are derivation of

the impacting bodies from residual

planetesimals in the vicinity of Uranus
and Neptune, possibly the proto-

cometary cloud, and derivation from
residual Mars-crossing bodies. Both of

these models are compatible with
probable concentrations and size dis-

tributions of mass in these regions of

the solar system 4 billion years ago. In
both cases Roche limit disruption pro-

vides a mechanism for producing a
simultaneous late heavy bombardment
similar to that suggested by the crater-

ing record.

The Mars-crossing source has the

property of requiring a different crater-

ing time scale for Mars than for the
moon and Mercury. A difficulty with
the Mars-crossing model is the re-

quirement of a rather special initial

distribution of Mars-crossing orbits to

obtain the sharp cut-off in lunar bom-
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bardment about 3.9 billion years ago.

Further detailed treatment of the

Uranus-Neptune source requires de-

velopment of new theoretical tech-

niques for proper handling of dynami-
cal problems in the outer solar system.

Concluding remarks. The central

question of whether it is dynamically
permissible to extend to other planets

the late heavy bombardment observed

and dated on the moon can be an-

swered. The answer is yes: Bodies in a

wide class of orbits will have very simi-

lar probabilities for impacting the

moon and terrestrial planets; there are

at least two "storage places" that are

sufficiently long-lived; the mass re-

quirements are not excessive; and
there is a dynamically plausible mech-
anism for producing simultaneous
episodes of heavy bombardment on all

the terrestrial planets.

Attention can then be shifted from
the question of whether this hypothesis

of simultaneous late heavy bombard-
ment is permissible to the much more
difficult question of whether or not it

actually occurred.

Positive evidence for the hypothesis

may some day come from radiometric

dating of impact-related rocks from
other terrestrial planets. At present

the only bodies in the solar system
other than the earth and the moon
which can be dated in this way are the

parent bodies of the meteorites. As re-

viewed elsewhere (Wetherill, 1974),

there is considerable uncertainty con-

cerning the location of these parent

bodies in the solar system. It seems
likely that at least most differentiated

meteorites-achondrites, irons, and
stony-irons are of asteroidal origin,

even though skepticism on this matter
would prove difficult to refute. The
projectiles of the late heavy bombard-
ment should have spent much of their

time in the asteroid belt and thereby

increased the impact rates on the par-

ent bodies of these differentiated

meteorites, and this should be reflected

in the meteorite age measurements.
Even if it occurred, this increased

impact rate in the asteroid belt may

not have been very pronounced because
of the high background collision rate in

this region of the solar system. For
example, there are at present about 30
asteroids equal to or larger than the

Imbrium planetesimal (R = 50 km). If

the late heavy bombardment involved

an additional 100 projectiles of this

size, the number of such bodies would
be increased by only a factor of 4. The
duration of the bombardment would be
~ 30-100 m.y., and the integral flux on
the asteroids would represent primar-

ily impacts unrelated to the late heavy
bombardment. It may also prove dif-

ficult to distinguish between impact
metamorphism and melting, and simi-

lar rocks resulting from internal heat-

ing of the meteorite parent bodies. At
present there is some evidence for dif-

ferentiated meteorite ages in the vicin-

ity of 3.8 b.y. (e.g., Burnett and Was-
serburg, 1967; Papanastassiou et al.,

1974). However, it is premature to say

whether these data argue for or against

a simultaneous late heavy bombard-
ment in the inner solar system.

The Earth-Crossing Apollo Objects

The study of meteorites is central to

geochemical research. The remarkable
similarity in the concentration of the

abundant nonvolatile elements (e.g.,

Mg, Si, Fe, Na, Al, Ca) in carbonaceous
and chondritic meteorites and the sun
shows that the chondrites represent

solar system material that has under-

gone only limited chemical processing.

Therefore, it is likely that chondritic

ratios such as K/Rb, Fe/Ni, and Mg/Fe
represent an approximation to funda-

mental solar system values for these

quantities rather than being more or

less random numbers associated with

special types of rocks. Also, the parti-

tion of trace elements between silicate,

metal, and sulfide phases in meteorites

is a principal basis for the geochemical

classification of the elements as

lithophile, chalcophile, and sidero-

phile. The primitive nature of meteor-

ites is indicated by their —10* yr I-Xe

formation intervals, and therefore the
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age of the solar system can be inferred

from the —4.6 x 10 9 yr age of most
meteorites. Consequently, it is quite

likely that isotopic inhomogeneities

such as those found in neon (Black and
Pepin, 1969), oxygen (Clayton and
Mayeda, 1975), and magnesium (Lee

and Papanastassiou, 1974) can be at-

tributed to nebular or even presolar

system phenomena.

For these and other reasons, our un-

derstanding of solar system history de-

pends heavily on meteoritic data. In-

valuable as these data have been, their

full importance cannot be realized

until we identify the actual bodies in

the solar system of which the meteor-

ites are fragments. Our understanding

of this problem has advanced consid-

erably during the past decade. To a
large extent these advances have made
more clear the intricacies of the prob-

lem and have shown that simple solu-

tions, whether or not they are "gener-

ally accepted," may be incorrect or at

least inconclusive. The present status

of the general problem has been re-

viewed (Wetherill 1974). It is con-

cluded therein that the present sources

of meteorites are probably multiple: It

is plausible that both comets and as-

teroidal bodies of several kinds con-

tribute to the flux of meteorites on the

earth.

During the past year attention has

been focused on a particular class of po-

tential meteorite source, the kilome-

ter-sized interplanetary bodies known
as Apollo objects. These are earth's

nearest neighbors in space; one will

pass within the orbit of the moon about

once in 50 years. The name of the first

of these bodies to be discovered, 1862

Apollo, has been used to give the name
"Apollo objects" to the entire class. The
common association of the term "as-

teroid" with this class may be mislead-

ing. Rather than being related to the

true asteroids, primarily confined to

orbits between Mars and Jupiter, these

Apollo "asteroids" may actually be the

exposed nonvolatile cores of comets,

remaining after their icy mantles have

been evaporated by solar radiation

(Opik, 1963).

There is no doubt that both Apollo

objects and their fragments impact the

earth. Their elliptical orbits extend

into the asteroid belt, and while in this

portion of their orbits they cannot es-

cape collisions with the asteroidal col-

lision debris present in that region

(Wetherill, 1967). The larger collision

fragments derived from the Apollo ob-

jects will typically have velocities less

than 100 m/s relative to the body of

which they are fragments (Gault et al.,

1963). They will travel in orbits very
similar to that of their Apollo object

source, and therefore the orbits of the

fragments will also cross the orbit of

the earth. Precession of the argument
of perihelion will cause orbits that

cross earth's orbit to evolve on a time
scale of ~10 4 years into orbits which
intersect earth's orbit. The earth will

be actually present at the point of in-

tersection a calculable fraction of the

time, and an impact with the earth will

result. Whether or not we have meteor-

ites in our collections which are frag-

ments of Apollo objects depends upon
whether the total annual number of

fragments impacting the earth is suffi-

ciently large to ensure their being rep-

resented among the —2000 meteorites

that have been found. In addition, it is

necessary that the fragments have suf-

ficient strength to survive passage
through the earth's atmosphere at the

entry velocities of typical meteorites

(11-20 km/s).

In contrast, fragments of most belt

asteroids cannot impact the earth.

Whereas the Apollo object fragments
when produced are already in earth-

crossing orbit, fragments of typical as-

teroids ejected at —100 m/s following

collisions will remain in the asteroid

belt. Only if they are ejected at very
high velocity ( — 5 km/s) will they be
placed directly into earth-crossing.

However, any reasonable partition of

this kinetic energy into internal de-

grees of freedom will melt or pulverize

the fragment, and it will no longer re-
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semble typical relatively unshocked
meteorites. The absence of lunar rocks

in our meteorite collections contributes

empirical evidence for this conclusion.

Special mechanisms have been pro-

posed which may permit removal of a
small quantity of collision fragments
from the asteroid belt without these

shock effects. The most promising of

these involve proximity of the asteroid

to an orbit that is resonant with the

motion of Jupiter (Williams, 1973;

Zimmerman and Wetherill, 1973).

These also constitute promising
meteorite sources, particularly for dif-

ferentiated meteorites such as irons.

In recognition of their prima facie

candidacy as meteorite sources a quan-

titative evaluation of the mass yield,

lifetime, and orbital characteristics of

meteorites derived from Apollo objects

was carried out a few years ago
(Wetherill and Williams, 1968). This

work showed that if the mass yield is

calculated from the approximately 20

observed Apollo objects alone, it is

much too low. Estimates were given of

the number of unobserved similar ob-

jects required in order for the mass
yield to be adequate to produce a major
part of the observed meteorite flux. Al-

though the fairly large number re-

quired could not be ruled out on obser-

vational grounds, an assumption that

there actually were so many would
have been excessively conjectural.

Extension of an approach first used

by Whipple (1967, 1973) now shows
that the total number of these bodies

larger than about 500 meters in radius

is about an order of magnitude higher

than most previous estimates. This ap-

proach makes use of the fact that no

Apollo object has been accidentally dis-

covered twice, even though the mode of

discovery approximates a random
search procedure. This would obviously

be an improbable result if there were
only a few more bodies than actually

observed. More quantitatively, this

fact has been inverted to estimate the

most probable number of Apollo ob-

jects. This procedure requires estab-

lishing an upper limit on the number of

Apollo objects; otherwise the most
probable number would be arbitrarily

large. Rather good upper limits can be
set in two ways. Shoemaker et al.

(1975) have used completeness of

search calculations to show that it is

unlikely there are more than 1200 of

these bodies. Impacts of these bodies

will produce lunar and terrestrial crat-

ers about 10 km in diameter. The small

number of these craters on surfaces 3

billion years in age shows that

Shoemaker's upper limit is if anything
too high. Thus bounded, the inverse

problem can be solved, with the result

that it is 95% probable there are more
than 200 of these bodies; a value com-
patible with all the evidence is about
600. This is in agreement with the re-

cent estimate of 800 ±400 given by
Shoemaker et al. based on complete-

ness of search.

Use of this higher abundance, to-

gether with more recent results on as-

teroid diameters and cratering me-
chanics leads to a revision of the esti-

mates of meteorite yield given previ-

ously. The total quantity of earth-

impacting Apollo fragmentation debris

in the meteorite size range ( 10 2 - 10 ,;

g)

is now estimated to be about 2 x 10 8

g/yr. This is in good agreement with

estimates of the actual impact rate, as

determined by observations of fireballs

with the Prairie Network (McCroskey,
1968) and lunar seismometry (Duen-

nebier et al., 1975). Thus, provided

these fragments have sufficient

strength to penetrate the atmosphere,

it may be that most meteorites are de-

rived from these bodies.

If so, what kind of meteorites are

they likely to be? Good spectrophoto-

metric data have been obtained on one

Apollo object, 1685 Toro (Chapman et

al., 1973). They indicate a surface com-

position similar to the most abundant
class of meteorites: the metamorphosed
ordinary chondrites. Albedo and lower

resolution spectral data suggest this is



DEPARTMENT OF TERRESTRIAL MAGNETISM 167

the case for several other Apollo ob-

jects.

Discrepancies exist between the ob-

served distribution of meteorite
radiants and time of fall and that pre-

dicted for fragments of Apollo objects.

Possible but by no means assured ways
to remove these discrepancies have
been studied and discussed (Wetherill,

1976).

The short (~10 7 yr) dynamical
lifetime of Apollo objects requires a
source to maintain the supply through-

out solar system history. Various pos-

sible asteroidal sources have been in-

vestigated. Several mechanisms for

removing kilometer-sized asteroid

fragments from the asteroid belt are

qualitatively acceptable. However,
quantitatively these mechanisms fail

by at least an order of magnitude. An
adequate theory of asteroidal origin

requires a mechanism by which ~5% of

all the Apollo-sized fragments being

produced in the asteroid belt undergo
the necessary ~5 km/s velocity change
to cause them to become earth-

crossing. No such efficient mechanisms
are known at present. An alternative is

that most Apollo and many Amor ob-

jects are the cores of comets that have
lost their volatiles by solar heating
(Opik, 1963). Observational evidence
exists that there actually are a suffi-

cient number of such cores, and it is

believed that this is a likely possibility.

The principal uncertainty in relating

chondritic meteorites to comets is the

possibility that the Apollo material

does not have the mechanical strength

characteristic of ordinary chondrites.

If the foregoing chain of reasoning is

followed, then ordinary chondritic

meteorites are fragments of comets. In

spite of the fact that this conclusion

does not fit well with our present

thinking regarding the chemical his-

tory of the early solar system, these in-

vestigations indicate that there is a

problem to which this conclusion may
be a solution.
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Particle Tracks and
Micro-Impact Features in
Grains from Gas-Rich

Meteorites

G. Poupeau* and R. S. Rajan

Introduction

Gas-rich meteorites are extraterres-

trial breccias made of single crystals

and lithic fragments once exposed to

free space before compaction, as evi-

denced by the presence in individual

grains of tracks from solar flare, iron

group nuclei (Lai and Rajan, 1969; Pel-

las et al., 1969) and solar wind 4He
(Poupeau et al., 1974). From the aniso-

tropy of solar flare irradiation effects in

single crystals, it was inferred that the

irradiation occurred in a regolith on
the surface of a parent body (Poupeau
and Berdot, 1972; Rajan, 1974). From
analogy with the lunar soil samples,
we should expect that impact features

such as microcraters and glassy
splashes will also be found on crystal

surfaces of gas-rich meteorites. This

expectation was indeed confirmed
(Brownlee and Rajan, 1973) when such
features were found on solar flare ir-

radiated glass balls of the gas-rich

howardite Kapoeta. Similar observa-

tions have recently been reported for

carbonaceous chondrites (Goswami et

al., 1976). Radiometric studies of indi-

vidual clasts from a few gas-rich

meteorites have shown that these brec-

cias could have been compacted as

early as —3.5 AE ago in the case of

Kapoeta (Papanastassiou et al., 1974;

Rajan et al. 1976), -3.7 AE for Malvern
(Rajan et al, 1975) to -4.3 AE for

Bununu (Rajan et al., 1975). Fission

track evidence also suggests that the

carbonaceous chondrite Murchison was
probably compacted —4.2 AE ago
(Kothari and MacDougall, 1975).

So far, extensive studies of the solar

flare tracks/microcraters record in

single grains of extraterrestrial re-

* McDonnell Center for the Space Sciences of

Washington University, St. Louis, Missouri
63130. On leave from Centre National de la Re-

cherche Scientifique, Paris, France.

golith have been limited to the lunar
soils (Poupeau et al., 1975; Poupeau
and Johnson, 1976) and the carbonace-
ous chondrite Murchison (Goswami et

al., 1976). We are extending these

studies to a number of gas-rich meteor-
ites, with the main purposes of ( 1) de-

fining the micrometeorite mass distri-

bution over different geological times

as inferred from microcrater meas-
urements, and (2) studying the tem-
poral variations of the micrometeorite
flux relative to the solar flare flux and
ultimately, in collaboration with E.

Zinner, to the solar wind flux. The
solar wind record can be studied in

single grains with the help of an ion

probe (Zinner et al., 1976). Finally, the

combined study of glassy splashes as

well as microcraters and tracks on
single meteoritic grains should give

some insight into the regolith

dynamics of their parent body.

In this report we present results of a

search for microcraters and other im-
pact features (glassy discs/splashes) as

well as the measurement of the

cosmic-ray track records in the gas-rich

meteorite Kapoeta.

Sampling and Experimental
Procedures

Gas-rich meteorites are known in

several groups of stony meteorites: or-

dinary and carbonaceous chondrites as

well as achondrites such as howardites
and aubrites. We have selected for our

work, on the basis of their high content
of solar wind gases and abundance of

track-rich grains, one meteorite from
some of these groups: the howardite
Kapoeta and the aubrite Khor Temiki.

For comparison, we have also included

the carbonaceous chondrite Murchison.
The samples of Kapoeta and Murchison
were single fragments and weighed
— 0.5 and —0.8 grams, respectively.

Our sample of Khor Temiki is an
aliquot of a 92-150 ,um sieved powder
previously used by Eberhardt et al.

(1965) for rare gas analysis.

In order to study the impact record of

micrometeorites on single grains, we
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have disaggregated the fragments of

Kapoeta and Murchison into their orig-

inal grains. It is very important that

during this process the "external" sur-

faces of the crystals and chondrules are

preserved. Although gentle crushing

may partly preserve the external sur-

face of crystals, we have increased the

recovery of original surfaces by ther-

mally induced disaggregation.

For this purpose at DTM we have de-

signed and built an automated device

for gentle disaggregation of the
meteorite samples. The sample is first

evacuated to ~1 fx and filled with

deionized water. The tube containing

the sample is then alternately cycled

between liquid nitrogen and water at

45°C. A schematic diagram of the de-

vice is shown in Fig. 27. The method is

very effective in recovering grains with

their original surfaces intact for grains

greater than 50 /x, as deduced from
scanning electron microscope (SEM)
observations.

The Khor Temiki powder was pre-

pared by Eberhardt et al. (1965) from
gentle crushing of a fragment of this

meteorite. The low degree of compac-
tion of this meteorite allows an easy

separation of its constituent crystals. It

has been shown from the presence of

both solar wind 4He and solar flare

VH-ion tracks in single crystals that

original surfaces have in fact survived

the crushing process at least partially

(Poupeau^ a/., 1974).

Impact features on the surface of ex-

traterrestrial grains consist of micro-

craters and a variety of glassy splashes

(cf. Blanford et al., 1974). The presence

of microcraters, in either meteorites or

lunar material, seems to be limited to

grains irradiated by the solar flares

(Brownlee and Rajan, 1973; Goswami
et al., 1976; Poupeau and Johnson,

1976). On the contrary, it has been
shown that in lunar soils, glassy

splashes were present on almost all

crystals (Poupeau and Johnson, 1976).

We therefore applied different proce-

dures for the search of microcraters

and glassy splashes on meteoritic crys-

tals. For glassy splashes, a series of

crystals chosen randomly among those

exhibiting euhedral to nearly euhedral
shapes were observed in an SEM. For
microcraters, as the abundance of solar

flare irradiated grains is usually
rather low, a selection had to be made
on the basis of nuclear track data.

Therefore, series of crystals were
mounted in epoxy, polished, and
etched. Only crystals having solar flare

TIMER
0- 300 SEC
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+ REV. SWITCH

LIQUID N SUPPLY

1 10 VAC

1 10 VAC

REVERSIBLE
MOTOR

DEIONIZED WATER

RIGHT LIMIT
+ REV. SWITCH

IMMERSION HEATER

:-H«
45°C WATER

Fig. 27. An automated device for gentle disaggregation of meteorites (and lunar samples).
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tracks were extracted from the epoxy
and their remaining external surface

studied for microcraters in an SEM.

Results and Discussions

We have studied for impact features
— 70 crystals and glassy objects from
the three meteorites Kapoeta, Khor
Temiki, and Murchison. The search for

microcraters and glassy splashes was
carried out under a standard 5000 x

magnification scan (Poupeau et al.,

1975) in order to make a meaningful
comparison with the results from the

lunar samples. The results are reported

in Table 5, where they are compared
with other available lunar and
meteoritic data. All our measurements
(including the data on lunar soils) have
been obtained on crystals in the
— 100-150 /xm range.

Of the 45 crystals studied from
Kapoeta, Khor Temiki, and Murchison,
none had any detectable microcraters.

Brownlee and Rajan (1973) had found

microcraters in 2 out of the 9 glassy

spherules from Kapoeta. We scanned
16 more spherules, but no additional

microcraters (^0.2 /xm) were detected.

Lunar and meteoritic microcraters
present the same general morphology
illustrated in Fig. 28. Figure 28(a and
b) shows cratered glass balls from the
lunar breccias 15086 and Kapoeta, re-

spectively. The largest microcraters

found in the meteoritic spherule (Fig.

28b) have diameters of 9 and 6 fxra, re-

spectively Brownlee and Rajan, 1973).

One of the above craters is shown in

Fig. 28(d), and a crater found in a lunar
glass sphere from the regolith breccia

15086 is shown for comparison in Fig.

28(c). Both craters on Fig. 28(c and d)

present characteristic spall zones sur-

rounding the central pits. Submicron
craters in both lunar and meteoritic

grains are typically characterized by
raised rims around the pits (Fig. 28, e

and f). By analogy to the lunar soil

studies, we have classified the thin

discs of 5£2 jam diameter (the "pan-

cakes" of Blanforde^ al., 1974) from the

thicker glassy splashes on the surface

of crystals (Fig. 28f). No glassy discs

have yet been found on any meteoritic

crystal, but some are possibly present

on the surface of glassy spherules.

Thicker glassy splashes are defi-

nitely present on glassy spherules in

TABLE 5. Cosmic-Ray Tracks, Microcraters, and Glassy Discs on Crystals from

Lunar Soils and Gas-Rich Meteorites

Fraction of Crystals with:

Track Glassy
Mineral Densities Microcraters Discs

Sample Phase 3= 10*/cm2
(N)t ssO.Lum s*2/um dia. (AD*

Lunar Soils'"

12033 Ft 0.03 (156) 0.07 (14)

14141 F 0.35 ( 60) 0.14 0.74 (19)

Mature Soils F 2*0.8 O200) 0.35-0.67 &0.90 O200)

Meteorites

Kapoeta F.Pyt 0.13 ( 65) (15)

"glass" balls 0.20 ( 15) 0.08 -0.04 (25)

Khor Temiki Py 0.12 ,2) (1203) (15)

Murchison Olt (15)

01 0.01-0.05 I:" (3000) -0.001 N.D. (20)

*(/V) = total number of observed crystals.

tF = Feldspar; Py = pyroxene; 01 = olivine; N.D. = not determined.

(1) Poupeau and Johnson, 1976.

(2) Poupeau et al., 1974.

(3) Goswami et al., 1976.
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Fig. 28. Microcraters and glassy splashes on meteoritic and lunar glassy spherules and crystals,

as observed under a scanning electron microscope (SEM). (a),(c) Glassy spherule from the Apollo 15
regolith breccia 15086. (b),(d) Glassy spherules from Kapoeta meteorite, (e) A feldspar crystal from
the lunar soils. Flat glassy discs ("pancakes") are indicated by arrows, (f) A glassy splash on the

surface of a spherule from Kapoeta. A submicron crater is indicated by the arrow.

Fig. 28(e). On crystal surfaces, we have
not yet found any features that can be

unambiguously attributed to glassy

splashes. This may be in part due to the

large background of adhering grains on
the crystal surface, many of which are

in fact embedded.
Our track density (= P) meas-

urements on 40 feldspar grains from a
single centimeter-sized fragment give

well-defined peak in the range of 1.5 ±
0.8) x 10'Vcm 2

, containing 29 crystals.

The above peak is well understood as

due to the stopping iron nuclei from the

galactic cosmic rays during the

cosmic-ray exposure age of the meteor-

ite. An example of such a crystal is

shown in Fig. 29(c). Six crystals had p
values in the range of 2.4-4.0 x 10 (V

cm 2
, which is possibly due to a some-
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Fig. 29. Cosmic-ray tracks in Kapoeta feldspars. (a),(b) "Track-rich" crystals with track density
gradients from the edges, as viewed under an optical (a) or in a transmission electron microscope (b),

using a C-Pt replica technique (Rajan, 1974). The scale bars are 10 /j. and 2 /x and track density values
at the edges are -2 x 10>7cm2 and ~2 x 10 !7cm2

. (c) Crystal with a low homogeneous track density,
accumulated from galactic cosmic rays during the cosmic-ray exposure age of the meteorite. The track
density is ~2 X 10'Vcm2

.

what closer location to the preatmo-
spheric surface. The remaining five

crystals have significantly higher

track densities, indicative of a precom-
paction irradiation history. While one
crystal had p = 1.5 x 10 7/cm 2

, the re-
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maining four crystals were "track-

rich", i.e., they had track density at the

edges of 2= 10 8/cm 2 and had character-

istic steep gradients toward the center

of the crystal, with p values at the cen-

ter of the crystal being ~2 x 10 7/cm 2
.

An example of a track-rich grain is

shown in Fig. 29 (a and b), and the

measured track-density profile across

the crystal is shown in Fig. 29(d), indi-

cating the dramatic gradient.

Finally, we removed the track-rich

crystals from the epoxy mounts and ob-

served their remaining external sur-

faces under an SEM. No microcraters

larger than 0.15 fim (our detection lim-

it) were found in any of these four crys-

tals.

It is known from lunar soil studies

that for a grain to be cratered, being

track-rich is a necessary but not suffi-

cient condition (Poupeau and Johnson,
1976). The probability of a track-rich

grain being cratered increases with the

maturity of the soil, being essentially

zero for immature soils, evolving in a

complex way, and approaching unity

for very mature soils. Interestingly,

from the present work we find that the

meteorites lie on the extrapolation of

the same trend line exhibited by lunar

soils. Such a correlation would be sig-

nificant when confirmed with more ob-

servations on meteorites and would
suggest a common dynamical mecha-
nism operative on all the regoliths.

However, we do not yet understand the

scarcity of glassy splashes on meteori-

tic grains, since they are quite abun-
dant even on rather immature lunar

soils (see Table 5).
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Cosmic-ray Research

Scott E. Forbush

Cosmic-ray diurnal anisotropy and
the reversals of the sun's poloidal mag-
netic field. Variations with a "period"

of two solar cycles in the cosmic-ray
diurnal anisotropy component in the

asymptotic direction 128° east of the

sun which are related to the reversals

of the sun's poloidal magnetic field

have been discussed in previous annual
reports. The component of the diurnal

anisotropy in the asymptotic direction
90° east of the sun varies with
geomagnetic activity and exhibits a
solar cycle variation. Together these
two components account for essentially

all the variations of the annual means
of the diurnal anisotropy from 1937 to

1974, as was reported by Forbush at

the 14th International Cosmic-Ray
Conference in Munich, August 1975.

These results could only have been de-

rived from data covering the long

interval since 1937; such data are

available from three stations with
Carnegie Institution of Washington
ionization chambers. Nevertheless,
this interval is less than that covered
by two "cycles" in the variation of the

sun's poloidal magnetic field. Thus, it

is desirable to extend the observational

series for at least another two or three
years (circa 1978), which fortunately is

being achieved by the unselfish, whole
hearted, gratuitous cooperation of in-

dividuals at three stations,

Observations and reduction of data.

Cosmic-ray ionization chambers were
operated throughout the report year at

Huancayo, Peru; at Fredericksburg,

Virginia, U.S.A.; and at Christchurch,

New Zealand. It is anticipated that by
the end of 1976 the scaling and reduc-

tion of records will again be on a cur-

rent basis.

Cooperation in operation of cosmic-

ray meters. Appreciation is expressed

to the U.S. Geological Survey and the

U.S. Department of the Interior and its

staff at the Fredericksburg Geomagne-
tic Center for efficient operation of the

cosmic-ray meter there during the past

report year, and to the Government of

Peru and the Director and staff of the

Instituto GeofTsico del Peru for making
cosmic-ray records from Huancayo
available. Appreciation is also ex-

pressed to the Director and staff of the

Geophysical Observatory at Christ-

church, New Zealand, for the excellent

maintenance of the equipment there

and for the fine records obtained.

Rb-Sr Mantle Isochrons

C. Brooks, D. E. James, S.R. Hart,

and A. W. Hofmann

INTRODUCTION

The use of isotopic abundances of

strontium in volcanic rocks as tracers

of the source composition has long been
an important geochemical tool for the

study of the earth's mantle. Because of

their uniquely low 87 Sr/ Hti Sr ratios, it

has been shown, for example, that the

mid-ocean ridge volcanics must tap a

mantle source that is different from
virtually all other volcanic rocks in-

cluding those found on oceanic islands.

A difficulty encountered in the in-

terpretation of the isotopic data is that

these other groups of volcanic rocks,

though nearly always higher in K7 Sr/
K,;Sr than mid-ocean ridge basalts, tend

to have much more variable isotope

ratios, thus obscuring the isotopic dis-

tinction even between crustal and
mantle derived material.

In the two sections of this report we
attempt to obtain additional informa-

tion by using both the 8T Sr/ H,iSr ratio

and the Rb/Sr ratio of these rocks in

conventional isochron diagrams. Be-

cause isolated occurrences of apparent
Rb-Sr isochrons with "ages" greatly in

excess of the age of the volcanic erup-

tions have been reported before, we
undertook a systematic search of the

literature and our own data for such
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pseudoisochrons. We found that pseu-

doisochrons are indeed very common in

individual groups of volcanic rocks.

Moreover there is a well-defined single

pseudoisochron for a world-wide sam-
pling of oceanic tholeiitic basalts.

We believe that these pseudoiso-

chrons are inherited from the mantle
and that the volcanic rocks therefore

contain much more specific informa-

tion about the local and world-wide

evolution of the mantle than had been
realized. For example, the world-wide
Rb-Sr isochron age of 1.6 ±0.2 b.y. for

tholeiites from oceanic islands and
mid-ocean ridges may date a major
event in the evolution of the earth's

mantle. Similarly, the more variable

and mostly younger ages derived from
isochron correlations for more localized

groups of continental volcanic rocks

are interpreted as inherited from old

subcontinental lithosphere.

To account for this heterogeneous
structure of the mantle we propose a

model for the mantle whereby diapirs

or "blobs" rise from the lower mantle
(mesosphere) through a partially mol-

ten upper mantle (asthenosphere) until

they encounter the completely solid

uppermost mantle (lithosphere). In

oceanic regions the lithosphere is rela-

tively thin (100 km or less), and the

blobs rise directly to the surface to form
oceanic islands. The world-wide mantle
isochron for these rocks is generated by
mixing of mesosphere and asthenos-

phere in different proportions, and the

age of 1.6 b.y. may date the chemical
fractionation and segregation of these

largest-scale heterogeneities of the

mantle. In continental regions the

lithosphere is thicker (up to 400 km),
and the mesospheric material does not

necessarily penetrate directly to the

surface. Rather, much of it remains
near the base of the lithosphere and is

gradually incorporated by the slowly

thickening lithosphere which grows by
freezing out of partially molten as-

thenosphere. Continental volcanism is

caused by reactivation of this hetero-

geneously accreted lithosphere, and

the mantle isochrons contain a record,

possibly distorted, of the accretion his-

tory of this lithosphere.

PART I: CONTINENTAL REGIONS

In this report we discuss apparent
Rb-Sr isochron relationships of vol-

canic (and a few intrusive igneous)

rocks, believed to be derived from the

subcontinental mantle. Most of the

rocks included in this discussion are

basalts and andesites, but others are

more exotic rock varieties, mostly of

strongly alkalic affinity (phonolites,

nephelinites, syenites, ijolites, and
shoshonites). The intrusive rocks in-

clude two suites of granites from
California. In most cases the age of the

continental crust is greater than 10 9

years, so it is reasonable to expect that

at least some of the underlying litho-

sphere is also quite old. In contrast

with the results reported in Part II (for

oceanic volcanic rocks), we have not

averaged any of the data by geographi-

cal (or any other) groupings because we
do not attempt to show (nor would we
expect to find) any meaningful world-

wide correlations, except perhaps that

from a statistical point of view rocks

with high Rb/Sr ratios would tend to

have high * 7Sr/ Ki;Sr ratios.

The terminology adopted is as fol-

lows: Lithosphere is the rigid outer

shell of the earth which includes the

.crust and upper mantle; asthenosphere

is mobile (probably incipiently melted)

mantle material underlying the litho-

sphere; mesosphere is the rigid mantle
material underlying the asthenosphere
and constituting the bulk of the man-
tle. Subcontinental mantle is a general
term used primarily to mean litho-

spheric mantle but not necessarily ex-

cluding asthenosphere and meso-
sphere. Undepleted refers to a mantle
system with Rb/Sr and Sr-isotopic

ratios compatible with closed system
evolution for 4.5 b.y. Enriched and de-

pleted refer to systems in which present
Rb/Sr ratios are higher and lower, re-

spectively, than those required for

closed system evolution. Thus, the typ-
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ical mid-ocean ridge tholeiite comes
from partially depleted mantle and is

therefore much lower in K, Rb, Sr, Ba,
and Rb/Sr ratio than tholeiites of

otherwise similar composition from
oceanic islands and from continental

regions. Homogeneous implies that
chemical composition is uniform from
place to place, provided that the sample
is large enough to average out mineral
scale compositional variation. Hetero-

geneous is used to refer to composi-
tional variations on any scale. A man-
tle

rr

age" refers to the time of some
geological event in the mantle, such as

the development of large-scale
heterogeneities.

Pseudoisochrons. Because mantle-

derived magmas in continental areas

have traversed some 30-40 kilometers
of ancient radiogenic sialic crust, the

high and variable Sr-isotope ratios ob-

served in these magmas are commonly
ascribed to crustal contamination (e.g.,

Bell and Powell, 1970; Compston et al,

1968; Compston, 1974; Doe etal, 1969;

Ewart and Stipp, 1968; Faure et al.,

1972; Green and Ringwood, 1967; Hal-

pern et al., 1974; Hedge, 1966; Hurley
etal., 1966; Kudo et al., 1971; Laughlin
etal, 1972; Manton, 1968; Montignye^
al, 1969; Pushkar, 1968; Pankhurst,
1969; Scott et al, 1971). It is also possi-

ble, however, that these higher Sr

ratios are primary, inherited from sub-

continental mantle possessing higher
and more variable abundances of

radiogenic Sr. The observed range in

values would reflect lateral and/or ver-

tical heterogeneities within this man-
tle. The recent literature increasingly

favors the latter possibility, mostly due
to studies of alkalic rocks (e.g., Powell
and Bell, 1974), and volcanics of west-

ern U.S.A. where subcontinental litho-

sphere and asthenosphere are appar-

ently playing a major role in surface-

reaching magmatism (Hedge and No-
ble, 1971; Leeman, 1974, 1975; Leeman
and Manton, 1971; Mark et al, 1975;

Peterman et al, 1970). The possibility

that the Sr-isotopic ratios are inherited

directly from subcontinental mantle is

further strengthened by the presence of

ubiquitous pseudoisochrons. (We note
here that we use the term pseudoiso-

chrons or mantle isochron for any posi-

tively correlated array of data, as long
as this correlation is statistically sig-

nificant. In the conventional usage of

the term isochron, one usually requires

the data to define a straight line within

the limits of analytical error. The im-
plication of our more relaxed usage is

that the initial K7Sr/K,iSr need not be
perfectly correlated for all samples).

Prior to discussing the data upon
which this paper is based, it is essential

to distinguish between the simple iso-

chron plot and the pseudoisochron plot

utilized throughout our data presenta-

tion. The isochron diagram for a group
of igneous rocks plots their individual
K7 Sr/ 8,iSr composition as measured
today (termed present-day ratios) ver-

sus their respective Rb/Sr ratios. The
pseudoisochron diagram, however,
plots the initial 87 Sr/ 8,;Sr ratios of the

samples versus their respective Rb/Sr
ratios. In other words, on a pseudoiso-

chron plot the K7 Sr/ K(i Sr of the samples
have been individually "corrected

back" to their time of crystallization,

using independent information for the

age of crystallization. Ideally, a group
of volcanics 100 m.y. old would define a
line on an isochron diagram whose
slope corresponds to an age of 100 m.y.

The same volcanics on a pseudoiso-

chron plot, however, should define a
horizontal line (i.e., zero age) whose
intercept is the unique 87Sr/H(iSr compo-
sition of the parent magma. When
these volcanics do not plot as a horizon-

tal array on the pseudoisochron plot,

then there is a hint that some precrys-

tallization history in H7Sr/ K,iSr has been
preserved in the rocks. If the data ac-

tually define a good linear array, the

hint is strengthened, and there is a

strong possibility that the information
given in the pseudoisochron plot per-

tains directly to the source region of

the volcanics. For many volcanic rock

associations of continental regimes this

source region is the mantle. Therefore,
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we searched the literature for pseudo-
isochrons with the aim of evaluating

the possible preservation of mantle
isotopic properties in surface-reaching

igneous rocks.

The results of the literature survey
are given in Table 6 and Table 7. Here,
each measured 87Sr/8(iSr ratio has been
corrected for the true age of the rock,

and the whole-rock initial 87Sr/8liSr
ratios then plotted vs. Rb/Sr on a

pseudoisochron diagram. Correlation

theory and regression analysis indicate

that most of these pseudoisochron have
slopes significantly different from zero

at confidence levels up to 95% (in some
cases up to 99.9%) and that they define

excess "ages" ranging from 70 m.y. to

more than 3000 m.y. Some examples
are shown in Fig. 30.

For the most part the pseudoiso-

chrons come from young volcanic ter-

ranes in which no age correction of the

measured present-day Sr isotopic com-
position is necessary. Noteworthy are
the numerous examples from western
U.S.A., where pseudoisochrons are ob-

served in rock associations of widely
differing chemical composition. Fur-
thermore, pseudoisochrons are not re-

stricted to young volcanics. Examples
are also encountered in plutonic and
hypabyssal rocks of Mesozoic age (the

California batholith, the Jurassic dol-

erites of Antarctica), Caledonian basic

igneous rocks of Scotland (Haddo
House mass), and in ancient, layered,

mafic intrusions (Usushwana Complex
of South Africa).

There are a variety of mechanisms
that could produce the pseudoisochrons
given in Table 6. These mechanisms
can be divided into crustal and mantle
types. The crustal-related processes

simply involve mixing of mantle-
derived magmas with crustal material

of higher 87Sr/8,iSr (crustal contamina-
tion). The criteria for evaluating this

process as a potential means of raising

the 87Sr/8,iSr of mantle-derived magmas
are well illustrated in studies of young
island arc volcanics (Ewart and Stipp,

1968; Pushkar, 1968). In these studies,

a hyperbolic relationship between
87 Sr/ 8,iSr and Sr concentrations is taken
to be indicative of contamination.
Clearly, however, many forms of dis-

equilibrium melting or mixing of het-

erogeneous mantle may produce simi-

lar curves and otherwise be indistin-

guishable from crustal contamination.
Hence such relationships cannot be
considered diagnostic.

On the other hand, there is often in-

dependent evidence against crustal

contamination of mafic volcanics. We
include in this category such pertinent

features as:

1. Limited range of Sr isotopic com-
position of the volcanic rocks despite

the very large range in isotopic compo-
sition of the supposed contaminating
materials.

2. Limited range of Sr isotopic com-
position in many volcanic associations

despite a wide range in Sr concentra-

tions.

3. Persistence of normal rock com-
positions (e.g., tholeiites) despite sig-

nificant variability in isotopic composi-

tion and hence presumed wide varia-

tion in the nature and quantity of con-

taminant required.

4. Constancy of composition of dif-

ferentiates, irrespective of the nature
and amount of the supposed contamin-
ant.

5. Lack of correlation between
thickness or age of continental sialic

crust and the 87Sr/86Sr ratios observed
at the surface.

6. High "initial" 87 Sr/86Sr ratios

that ought not to be influenced by crus-

tal contamination, assuming linear

mixing relations.

7. Lack of geographic correlation of

isotopic compositions for many tectonic

environments.
8. Lack of correlation between Sr

and Pb isotopic ratios.

9.
206Pb/204Pb ratios in basalts and

rhyolites which commonly show the

same range of values.

10. Paucity of included material
such as crustal xenoliths.
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TABLE 7. Reference Key to Table 6

Key No. Reference

1 Bell and Powell (1970)

2 Church and Tilton (1973)

3 Compston et al. (1968)

4 Davies eial. (1970)

5 Ewart and Stipp (1968)

6 Faure etal. (1972)

7 Halpern etal. (1974)

8 Hedge et al. (1970)

9 Heier etal. (1970)

10 Jameses al. (1976)

11 Kistler and Peterman ( 1973)

12 Leeman (1970)

13 Leeman(1974)
14 Leeman and Manton ( 1971)

15 Nobel etal. (1973)

16 Pankhurst(1969)
17 Peterman et al. (1970a)

18 Peterman et al. (19706)

19 Powell and Bell (1970)

20 Stipp (1968)

In a detailed study on the cause of

high 87 Sr/ 8,iSr ratios in Cenozoic ande-

sites and dacites of southern Peru,

criteria of this nature led us to reject

crustal contamination as a plausible

mechanism for either the high 87 Sr/ 8,iSr

ratios or the pseudoisochrons observed

there (James et al., 1976). This conclu-

sion is especially remarkable when it is

noted that the Andean crust through

which these magmas have passed is

about 70 km thick, thicker than any
other known crustal section in the

world save that of the Himalayas.

Based on this synthesis, we advocate

that the hitherto durable and facile

crustal contamination explanation for

high 87 Sr/ 8i;Sr in continental volcanic

rocks be considered improbable, and
that other possible mechanisms lead-

ing to the observed isotopic composi-

tions be evaluated. We believe that

these mechanisms are all mantle re-

lated, implying that both the high Sr

ratios and the pseudoisochrons are the

result of mantle processes. This view-

point is supported by the observation

that some pseudoisochrons and high
87Sr/8(iSr ratios are observed in oceanic

regions where little or no possibility of

sialic contamination exists (Brooks et

al, 1976).

Mantle-related processes that could

lead to Rb-Sr pseudoisochrons include:

(1) mixing of heterogeneous mantle
material; (2) selective melting of heter-

ogeneous mantle material of the same
or different age; and (3) disequilibrium

melting of homogeneous mantle in

which individual mineral phases are in

isotopic disequilibrium.

Distinguishing between these pos-

sibilities is difficult, as none of the pro-

posed mechanisms leads to a uniquely

identifiable compositional property in

the rocks, other than that of Pb and Sr

isotopic variation; nonetheless, it is

important to inquire whether the
pseudoisochrons do contain meaningful
age and isotopic information about the

mantle.

One means of evaluating pseudo-

isochrons is to determine whether they
involve identifiable mixing-line
chemistry. Rb-Sr variation diagrams
and plots of 87 Sr/ 8,iSr versus 1/Sr can be
used for this purpose. Examination of

such plots for the data used to build

Table 6 reveals that a good pseudoiso-

chron is commonly accompanied by a
good positive correlation between
(

87 Sr/ 8,iSr) and 1/Sr but no correlation

at all between Rb and Sr. The absence
of a Rb-Sr correlation is inconsistent

with simple magma mixing. Thus,
while we cannot discount mixing of

heterogeneous mantle material, the
data in general seem to preclude sim-

ple two-component magma mixing as

an important factor in most
pseudoisochrons. The volcanics of Peru
are among the few examples that dis-

play good correlations between (
87 Sr/

8,; Sr) and 1/Sr, and Rb and Sr (James et

al., 1976). In this case, the pseudoiso-

chrons could result either from mixing
or selective melting of a heterogeneous
source region of uniform age or from
disequilibrium melting of homogene-
ous mantle.

Selective withdrawal of magma from
mantle material that is heterogeneous
(and of uniform or nonuniform age)

will result in the generation of

pseudoisochrons that do not necessar-
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ily reflect the average age of the source

region; however, we cannot avoid the

conclusion that such pseudoisochrons

reflect a' long history of isolated

isotopic evolution of the subcontinental

mantle. Thus, whatever the specific

origin of pseudoisochrons, they do

imply a significant age for mantle
heterogeneities, and for this reason we
refer to them as mantle isochrons, a

general term designed to emphasize
the unique nature of the ancient

isotopic imprint borne to the surface in

mantle-derived magmas.
Accepting that pseudoisochrons are

mantle isochrons places major con-

straints on the nature of the mantle
source regions. First, the age informa-

tion embodied in mantle isochrons de-

mands the existence of mantle that has
long preserved a distinct chemical

identity. This in turn demands that the

mantle source region be sufficiently

immobile as to be static and resistant

to reworking and mixing processes dur-

ing most of its history. Second, the ele-

vated Sr-isotopic ratios indicated by
the mantle isochrons suggest that the

mantle source region is not chemically

depleted. Third, the wide range in ob-

served Sr-isotopic composition requires

that the mantle be grossly heteroge-

neous, probably on both regional and
local scales (Hofmann, 1975; Hofmann
and Hart, 1975).

What sort of mantle fits these re-

quirements? Asthenosphere most
probably does not, leaving either sub-

continental lithosphere or mesosphere
as the likely source region. The linear

arrangement of continental island arc

volcanoes associated with magmatic
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activity derived from above subducted
lithosphere would seem to preclude

mesosphere as a likely direct source,

even though its nature and composi-

tion are probably compatible with the

mantle isochrons. Is continental
lithosphere compatible with these re-

quirements, however? In the following

section we will show that there is a
substantial amount of evidence that al-

lows an independent case to be built for

thick, ancient, heterogeneous and
chemically undepleted continental
lithosphere with an isotopic composi-

tion consistent with that implied by
mantle isochrons.

Nature of continental lithosphere.

Most of our knowledge concerning the

nature of continental lithosphere

comes from three sources: seismic

studies, heat-flow measurements, and
the analysis of ultramafic nodules be-

lieved to be samples of lithosphere

rafted to the earth's accessible regions

in mantle-derived magmas. These
broad areas are so interdependent that

it is impractical to isolate the indi-

vidual contributions originating in

each. Consequently, in this discussion

we synthesize the evidence from these

sources by treating successively the

questions of thickness of continental

lithosphere, chemical composition of

lithosphere (and the resulting implica-

tions for heat flow), isotopic heteroge-

neity of lithosphere, and the age of

lithosphere.

Although there is no consensus

among geophysicists on the thickness

of continental lithosphere, with esti-

mates ranging between about 200 and
400 km (Dziewonski, 1971; Kanamori,
1970; Jordan, 1975; Okal and Ander-
son, 1975; Sipkin and Jordan, 1975;

Toksoz and Anderson, 1966), the lack

of agreement is largely one of defini-

tion and not substance. In particular,

the lower estimates of lithosphere

thickness are based on the determina-
tion of the minimum depth below
which oceanic and continental velocity

structures need not differ. But depths

so calculated provide no information on

actual lithosphere thickness; that

thickness is determined by the depth at

which shear-wave velocities or Q de-

crease rapidly or discontinuously to as-

thenospheric values. By this criterion,

few seismic studies successfully iden-

tify the base of the lithosphere. They do

show, however, that lithosphere be-

neath cratons may be at least 300-400

km thick (Alexander and Sherburne,

1973; Goncz and Cleary, 1976); that is,

the continental mantle is subsolidus to

that depth, exhibiting no significant

low velocity or low Q zone at lesser

depths. While there may be a low-

velocity channel at greater depths, the

poor resolving power of the seismic

data precludes its unequivocal identifi-

cation. One important study of Q be-

neath the Andes of South America,

however, clearly demonstrates the

existence of a low-rigidity (and proba-

bly low-velocity) channel at a depth of

350 km beneath a high-rigidity lithos-

phere (Sacks, 1969; Sacks and Okada,
1974). This result is of considerable

general importance because the An-

dean orogen evolved atop the ancient

South American shield, and the integ-

rity of the underlying lithosphere ap-

pears to be intact (James, 1971).

Additional evidence favoring thick

continental lithosphere comes from an

analysis of global heat-flow data by

Pollack and Chapman (Pollack and

Chapman, 1976; Chapman and Pol-

lack, 1975). Although the results of

their study are not conclusive, they in-

dicate that the lithosphere beneath an-

cient continental interiors may attain

thicknesses in excess of 300 km. This

estimate is based upon regional varia-

tion in geothermal gradient and the

corresponding depths at which the

geotherm intersects an empirically

postulated temperature of incipient

melting. Pollack and Chapman (1976)

take the temperature at the litho-

sphere-asthenosphere boundary to be

0.85 the temperature of dry melting of

peridotite. This value is obtained em-
pirically by considering the thickness

of oceanic lithosphere as a function of

varying oceanic geothermal gradients.

The general form of continental geo-
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thermal gradients inferred from heat

flow is corroborated by the results of

geochemical studies in which experi-

mentally determined phase relation-

ships and mineral compositions of

coexisting pyroxenes as functions of

temperature and pressure are applied

to nodules to obtain estimates of their

equilibration temperatures and
pressures (e.g., Boyd and Nixon, 1975).

The persistence of subsolidus tempera-

tures to great depth is further attested

to by the absence of interstitial glass in

ultramafic nodules (e.g., Kudo et al.,

1972). The Pollack and Chapman
model, as in most previous thermal

models (Clark and Ringwood, 1964;

Sclater and Francheteau, 1970), as-

sumes that the continental lithosphere

is somewhat depleted in heat-

producing elements. Yet, one of the

principal conclusions to be drawn from
the interpretation of mantle isochrons

is that continental lithosphere is essen-

tially undepleted. Since chemical com-
position is the input to the thermal

model, our conclusion must be consis-

tent with both the observed heat-flow

data and with what is known about the

composition of continental lithosphere

as revealed by studies of ultramafic

nodules found in kimberlites and
basalt (see Ringwood, 1975, pp. 100-

114 for general discussion and exten-

sive bibliography)

.

Kimberlites crystallize from vola-

tile-rich magmas that appear to have
originated at depths greater than 200
km (Dawson, 1972; Boyd and Nixon,

1970; Ringwood and Lovering, 1970;

Ringwood, 1975). They apparently as-

cended rapidly, and in so doing incor-

porated many ultramafic xenoliths

which are believed to represent sam-
plings of different depth zones of the
mantle (Wagner, 1928; Dawson, 1972;

Harris et al., 1972; Harris and
Middlemost, 1969; MacGregor, 1975;

Boyd and Nixon, 1975; Lovering and
Tatsumoto, 1968). Although there is

debate about the source region of the

kimberlite magma and no assurance
that it lies in the lithosphere, there is

general consensus that many of the

xenoliths are subsolidus mantle frag-

ments showing little reequilibration to

lower temperature and pressure as-

semblages (MacGregor, 1968; Boyd and
Nixon, 1975; Dawson, 1972; O'Hara et

al., 1975). The nodule compositions can
therefore be used as guides to real

mantle compositions. Studies of

nodules in kimberlite indicate that the

subcontinental mantle has high Rb/Sr
ratios, correspondingly high 87Sr/8<iSr

ratios, and is otherwise undepleted in

its basaltic fraction (Rhodes and Daw-
son, 1975; Barrett, 1975; Ridley and
Dawson, 1975; Hutchinson and Daw-
son, 1970; O'Hara etal., 1975). The un-

depleted character of the mantle from
which the nodules were derived is at-

tested to by the dominance of the fertile

garnet peridotite (especially the
sheared variety) over other more de-

pleted nodules (O'Hara et al., 1975).

Thus, nodule studies corroborate our

conclusions based on Sr-isotopic com-
positions and argue for the existence of

a continental lithosphere that is far

from depleted and which, under favor-

able thermal conditions, would be a

ready source of basaltic magma.
Steady-state thermal models based

on undepleted mantle compositions can
be constructed that are entirely consis-

tent with measured heat flow and pos-

tulated geothermal gradients. Consid-
er, for example, a surface heat flux for

a continental craton of 1.05 heat flow

units (HFU), a standard 40-km crust

which produces 0.43 HFU, and a
lithospheric mantle 310 km thick that

consists of undepleted peridotite con-

taining 1000 ppm K, 0.06 ppm U, and
0.23 ppm Th. Crustal heat production
and steady-state heat flow are taken
from Sclater and Francheteau (1970),

and are consistent with the relation-

ship between heat flow and surface

heat production proposed by Roy et al.

(1968). K/U and U/Th ratios are taken
from Clark and Ringwood (1964). This
mantle material will contribute 0.38

HFU to the steady-state heat flux,

leaving 0.24 HFU to be derived from
below 350 km, a deep-mantle contri-

bution that is only about one half the
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value assumed in the static earth
model of Clark and Ringwood. Our
thermal model, in which most surface

heat flow originates in the lithosphere

rather than at greater depth, results in

slightly lower geothermal gradients for

the same surface heat flux; this in turn
forces the point of incipient melting to

even greater depths, thereby making
thick continental lithosphere even
more feasible. This example illustrates

that steady-state thermal models based
on undepleted mantle compositions are

entirely consistent with observed heat
flow and postulated geothermal gra-

dients.

The study of ultramafic nodules pro-

vides evidence not only that the conti-

nental lithosphere is chemically unde-
pleted but that it is ancient, isotopi-

cally enriched, and grossly heteroge-

neous. Kimberlite nodules typically

show 87Sr/ 8('Sr ratios that vary between
0.703 and 0.710 (average, 0.707) (Bar-

rett, 1975; Allsoppeia/., 1969; Mitchell

and Crocket, 1971; Ridley and Dawson,
1975; Hutchinson and Dawson, 1970;

Harris et al., 1972). The consistent and
wide variation in isotopic ratio cannot

be attributed to contamination and
must reflect mantle inhomogeneity
(Barrett, 1975; Ridley and Dawson,
1975). Furthermore, the existence of

isotope disequilibrium between min-
eral phases in individual nodules
suggests that the heterogeneity is pre-

sent even on the scale of mineral grains

(Kudo et al, 1972; Paul, 1971; Com-
pston and Lovering, 1969; Steuber and
Ikramuddin, 1974; Burwell, 1975; Bar-

rett, 1975; Peterman et al, 1970; Har-
rises al, 1972; Dasch and Green, 1975).

The high average 87 Sr/ 8,i Sr ratio

suggests significant prehistory for con-

tinental lithosphere, long isolated from
less enriched asthenosphere. More di-

rect evidence that the subcontinental

mantle is very old comes from Sr and
Pb isotope studies on ultramafic
nodules. Measurement of apparent
ages indicates mantle ages up to 3 b.y.

or more (Burwell, 1975; Manton and
Tatsumoto, 1971; Paul, 1971; Steuber
and Ikramuddin, 1974; Dasch and

Green, 1975; Cooper and Green, 1969;

Harris et al, 1972). Other studies

showing wide variation in Sr isotopic

ratios between nodules provide indirect

evidence that parts of the mantle have
remained in isotopic isolation over very
long periods of time (Barrett, 1975;

Kudo et al., 1972; Compston and Lover-

ing, 1969). Thus while no single geo-

chemical study yet provides definitive

evidence of ancient mantle, the inte-

grated result of all studies argues for

an aged and heterogeneous subconti-

nental lithosphere.

Implications. Because continental

lithosphere exists at relatively low,

subsolidus temperatures, it is protected

from transport into subduction zones

by the buoyancy of the overlying conti-

nental capping; as a result, parts of the

lithosphere may be as old as the

coupled sialic crust (e.g., early Pre-

cambrian for continental cratons). Any
sections of lithosphere that are not de-

pleted will, by virtue of their sheltered

existence, possess distinctive isotopic

compositions that result from both re-

gional and local variation in Rb/Sr

ratios. If this ancient lithosphere par-

ticipates in younger magmatism, then
those volcanic products will contain

isotopic evidence of the source region's

"pre-history." This evidence, manifest

as mantle isochrons, raises two major
questions: first, how does this litho-

sphere form, and second, how does such
lithosphere, isolated for long periods of

time, become involved in young mag-
matism?
The range in initial 87Sr/ 8(iSr of

mantle-derived magmas (Table 6 and
Figure 30) provides strong evidence

that the continental lithosphere is

characterized by a degree of regional

isotopic heterogeneity that is more
pronounced than that observed in other

mantle provinces. Specifically, the sub-

continental mantle has Sr isotopic

ratios ranging from as low as 0.703 to

more than 0.710, a range of values

nearly identical to that found for

mantle-derived ultramafic nodules. By
comparison, ocean-ridge basalts, taken
to represent oceanic asthenosphere,
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display a quite limited range of values

(about 0.7027) (Hofmann and Hart,

1975), indicating that this astheno-

sphere is comparatively homogeneous
isotopically as might be expected in

rapidly convecting, partially molten
material. On the other hand, oceanic

islands, taken to represent at least part

mesosphere, exhibit a considerable

range in Sr-isotopic values (from about

0.703 to 0.706), which suggests that the

mesosphere has substantial regional

isotopic heterogeneities, although not

as pronounced as those of continental

lithosphere (Brooks et al., 1976; and
Sun and Hanson, 1975).

The upper limits of these ranges in
87gr/8«gr ratios lead to an important in-

ference concerning the relative en-

richment of the different mantle pro-

vinces. Continental lithosphere consis-

tently has Sr-isotopic values that are

significantly higher than those of oce-

anic asthenosphere, indicating that

some parts of the subcontinental man-
tle are considerably more enriched in

radiogenic components and LIL (large-

ion-lithophile) elements than sub-

oceanic mantle. Mesosphere, as man-
ifest in oceanic islands, can be regarded
as a nondepleted base to oceanic and
continental regions alike, locally pos-

sessing a degree of enrichment in

radiogenic components comparable to

but possibly somewhat smaller than
that of continental lithosphere.

Our review of mantle isochrons and
related Sr-isotopic data indicates that

continental lithosphere is in part both

more enriched and more heterogeneous
in its radiogenic components (and LIL
elements) than other mantle provinces.

Such lithosphere enrichment and
heterogeneity could result from a vari-

ety of processes operating either indi-

vidually or in concert, and possible

models include:

(i) Thermal accretion by "freezing" of

enriched asthenosphere. Since litho-

sphere begins its formation soon after

crustal formation, the lithosphere

under old continental areas may have
started its formation at a time when
the asthenosphere was enriched or

nondepleted (as contrasted with its

present state of chemical depletion).

(ii) Trapping of an enriched as-

thenosphere boundary layer (formed by
progressive crystallization of the

lithosphere with concomitant concen-

tration of LIL elements into the

partial-melt zone of the asthenosphere

directly beneath the lithosphere boun-

dary).

(iii) Upward percolation of a LIL-

element and volatile-rich phase (not

miscible with the silicate partial melt)

from mesosphere or asthenosphere into

the subcontinental lithosphere.

(iv) Diapiric rise of LIL-element en-

riched mantle diapirs or blobs from the

mesosphere, which underplate and be-

come incorporated into the thickening

subcontinental lithosphere. The mech-
anism of rise of diapirs from a buoyant
mantle layer has been considered at

length by Ramberg (1972). The forma-

tion of oceanic island volcanism by as-

cent of chemically distinct blobs or

plumes forms a background to our

model and has been discussed by Schil-

ling (1975).

Model (i) would produce a zoned

lithosphere grading from enriched at

the top to depleted at the base (since

present-day asthenosphere is de-

pleted). Derivation of continental

magmas from such a lithosphere might
reflect this zoning, with magmas
formed at the greatest depths
(youngest lithosphere) carrying a de-

pleted signature. There is no convinc-

ing evidence, however, for the exis-

tence of significant quantities of "de-

pleted" magmas in continental regions,

and hence operation of this model re-

quires either that no magmas are de-

rived from this depleted zone of the

continental lithosphere, or that such
magmas reequilibrate with shallower,

more enriched lithosphere.

Model (ii) has been proposed by Kay
(1975) for the formation of het-

erogeneities in the suboceanic mantle;

however, consideration of the rates of

diffusion of LIL-elements in silicate

melts (Hofmann, 1975; Hofmann and
Hart, 1975), shows that any such en-
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riched boundary-me It layer will be
very thin (—10 m) and quantitatively

insignificant for the later production of

enriched magmas. The main difficulty

in this model (for both oceanic and con-

tinental regions) arises because litho-

sphere accretes at a velocity larger

than the scale lengths of LIL-element
diffusion in silicate melts, so that the

steady-state composition of the litho-

sphere would be close to that of the as-

thenosphere from which it forms, and
only trivial amounts of "enriched" par-

tial melt could result from this process.

Model (iii) requires a mobile phase
that is not miscible in the partial melt
phase of the asthenosphere at the

pressures and temperatures character-

istic of the asthenosphere. Such a
phase might be a hydrous, carbonate-

rich fluid that separates from the

mesosphere and rises buoyantly
through the asthenosphere to be trap-

ped against the advancing lithospheric
front. Later partial melting of litho-

sphere containing this enriched phase
could produce magmas showing en-

riched characteristics. In extreme
cases, this enriched phase might pro-

gress directly through the lithosphere,

forming members of the kimberlite-

carbonatite suite at the surface. While
this model has many plausible charac-

teristics (and is closely related to model
iv with which it could operate in con-

junction), we note that it also implies

the presence of kimberlite-carbonatite
magmas throughout the geologic rec-

ord. They are in fact rare in Precamb-
rian time, a time when presumably
thinner crust and lithosphere would
have greatly enhanced the likelihood of

such magmas reaching the surface.

Model (iv) involves a convecting
mesosphere containing thermal or

chemical heterogeneities (Anderson,

1975), such that blobs or plumes of ma-
terial can become separated, rise

through the asthenosphere and become
plastered-on and slowly incorporated

into the thickening subcontinental
lithosphere. This mesospheric material

is presumed to be enriched in the LIL-
elements relative to asthenosphere so

that the resulting subcontinental
lithosphere will be a heterogeneous
combination of frozen-out astheno-
sphere and included mesosphere-
derived blobs. This model is attractive

because it can be applied equally well

in oceanic regions to explain the exis-

tence of oceanic islands (variously re-

lated to hot spots or plumes) which in-

variably are built of volcanic material
enriched in LIL-elements and Sr and
Pb isotopes relative to the depleted,

asthenosphere-derived spreading-ridge
basalts.

In oceanic regions, the mesospheric
blobs or plumes (a plume may be sim-

ply a more or less continuous train of

blobs) do not necessarily go through a

two-stage process of lithosphere under-

plating and subsequent remelting. In-

stead, they may diapirically penetrate
the thinner oceanic lithosphere and di-

rectly supply the partial melt leading

to ocean island volcanism. If the blobs

do not penetrate the lower boundary of

oceanic lithosphere, they will produce
heterogeneity similar to that of the

continental lithosphere. By this con-

cept, then, oceanic regions provide us
with a recent (<200 m.y.) record of the

continuous upward migration of en-

riched blobs from the mesosphere, a

process which has been going on under
continents for billions of years.

The main difference between mantle
isochrons of oceanic and continental

regimes is that higher Rb/Sr and * 7 Sr/
8,iSr ratios are found for continental

volcanics. This implies that there must
be an additional fractionation (in-

crease) of Rb/Sr ratio associated with
the two-stage continental case (under-

plating and subsequent remelting) re-

lative to the single-stage oceanic case

(direct penetration). We explain this as

follows: At some point in the rise of

mesospheric blobs, they become par-

tially molten; this silicate melt, with a

higher Rb/Sr than the initial value of

the blob, becomes partially segregated
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from the crystalline residue as the blob

ascends and is plated onto the bottom
of the continental lithosphere. Later
partial melting of this material will

favor the previously partially segre-

gated melt, leading to a second stage of

Rb/Sr enrichment. The relatively high
87Sr/ 8('Sr ratios observed in continental

volcanics (relative to oceanic-island

volcanics) arise because of the isotopic

aging that follows the initial Rb/Sr
fractionation. Cases of more or less

complete melt-crystal segregation
prior to or during the underplating

stage would result, on further cooling,

in an eclogite solid (frozen melt) and
ultramafic residue. The eclogite nod-

ules commonly brought to the surface

in kimberlitic rocks may be evidence

for such a segregation process.

The combined weight of the evidence

discussed in this paper suggests that

continental lithosphere accretes

through a combination of processes (i)

and (iv). Such a model provides a satis-

factory explanation for mantle iso-

chrons from both continental and
oceanic regions. A schematic view of

this model is given in Fig. 31A, and
although it is recognized that some as-

pects of the other models discussed may
be of local importance, we have re-

stricted our figure to a portrayal of the

main features of continental litho-

spheric growth.

The data of Table 6 show that mantle
isochrons are associated with a number
of specific tectonic environments where
ancient lithosphere can become reacti-

vated and involved in partial melting
processes. These environments are

created where, (1) subcontinental
lithosphere overlying a subduction
zone is activated by proximity to that

zone; (2) continental-scale rifting forms
fractures that penetrate deep, un-
loaded lithosphere; and (3) a

continent-bearing plate over-rides an
oceanic rise or plume.
Schematic representation of these

reactivation environments is illus-

trated in Fig. 3 IB.

Recognition that ancient lithosphere

can play a major role in younger mag-
matism in these tectonic environments
allows us to formulate hitherto un-

treated models of magma genesis.

As an example of subduction zone

reactivation, consider the well-studied

Cenozoic volcanic rocks of the Andean
region of southern Peru. These provide

documentation of the role of ancient

continental lithosphere in producing
both high * 7 Sr/KliSr ratios and well-

defined mantle isochrons in subduction

zone environments (James et at., 1976).

Here, the ancient lithosphere of the
South American shield extends be-

neath the Andes to a depth of at least

200 to 300 km and forms, throughout
the depth range over which magma is

generated, a continuous lithosphere-

lithosphere boundary with the de-

scending Nazca plate. The model which
most plausibly explains the isotopic

and trace element data is one in which
andesitic magma is produced by sub-

duction zone melting of the ancient

South American lithosphere. The
isotopic imprint of that aged litho-

spheric mantle material is preserved in

the mantle isochrons and anomalously
high 87 Sr/8,iSr ratios of the young vol-

canics of the Andean region.

The rifting-related reactivation en-

vironment is represented by the alkalic

complexes of Africa and the Jurassic

tholeiitic flood basalts (and dolerite

sheets) associated with the break-up of

Gondwanaland. The latter define

mantle-isochrons both on a local (Ant-

arctica) and regional (Antarctica,

Tasmania, and Africa) scale (Table 6),

and document the existence of very un-

depleted mantle in these regions. Man-
tle isochrons are also common in re-

gions where a continent appears to

have over-ridden an ocean rise or man-
tle plume. Our examples all come from
western U.S.A., where many rock asso-

ciations have mantle isochron ages in

the range 600 to 1000 m.y. This par-

ticular region is probably the most
complex of those discussed, and despite
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Fig. 31. Diagram showing development (A) and subsequent reactivation (B) of blob-enriched

continental lithosphere (vertical exaggeration about 5 = 1). (A) Blobs are released from mesosphere
by buoyancy and convection, ascend through convecting asthenosphere, and penetrate through either

under-plate thickening continental lithosphere or oceanic lithosphere. Ascending blobs (diagonally

ruled pattern) may be partially molten, with some segregation of liquid occurring before they become
subsolidus in the lithosphere (solid pattern). Dashed "age" lines in lithosphere represent progressive

positions of the boundary representing accretion of lithosphere from asthenosphere. Note that oceanic

lithosphere is shown to be younger than 200 m.y. An oceanic "plume" is indicated schematically as a

continuous train of blobs. (B) Various reactivation environments, where partial melts (stippled pat-

tern) are formed in continental lithosphere: (1) above a subducting oceanic plate; (2) over a thermal or

upwelling anomaly in the asthenosphere (plume or overridden ridge, arrows); and (3) during conti-

nental rifting (initial stage shown without causal mechanism).
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numerous studies a definite pattern of

ancient lithosphere consumption is not
yet forthcoming. However, the possible

participation of the lithosphere in the

magmatism of the region is discussed

in the literature (Hedge and Noble,

1971; Leeman, 1974, 1975; Leeman
and Manton, 1971; Mark et al, 1975;
Petermane^a/., 1970).

An important aspect of Table 6 is

that mantle isochrons are not re-

stricted to young volcanics but are also

encountered in young hypabyssal and
plutonic intrusives (Jurassic dolerites

of Antarctica; California Mesozoic
batholiths), metamorphosed basic
rocks of early Palaeozoic age (Caledo-

nian basic-igneous Province, Scotland),

and in ancient layered-intrusions

(Usushwana complex of South Africa).

These examples are encouraging be-

cause they demonstrate that mantle
isochrons are not necessarily masked
by either differentiation or meta-
morphism, thereby considerably ex-

tending their usefulness as petrogene-

tic indicators.

One consequence of the mantle iso-

chron model is that crystallization ages
determined on basic igneous rocks by
the Rb-Sr whole-rock technique can be
in excess of the true age by many hun-
dreds of millions of years. This problem
of inherited age is more serious for

younger rocks, and there are well-

documented instances of conflicts be-

tween stratigraphic age and Rb-Sr age
in the literature (e.g., Compston, 1974;
Cormier, 1969).

Effective use of the mantle isochron

concept requires knowledge of actual
crystallization ages (so that the meas-
ured isochron can be divided into its

pre- and postcrystallization compo-
nents), and determination of isochron

parameters on rocks that have been
subjected to minimal postmelting pro-

cesses (fractional crystallization, wall-

rock contamination, etc.). The concept
of Rb-Sr mantle isochrons as we have
presented it provides a new tool for un-
derstanding the petrogenesis of

mantle-derived igneous rocks.
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PART II: OCEANIC REGIONS

Introduction

Tatsumoto (1966) showed that

basalts from oceanic areas preserved a

correlation between U/Pb ratio and
lead isotopic ratio, and concluded that

this correlation, presumably inherited

from the mantle source of the basalts,

suggests a mantle in which U/Pb
heterogeneities have existed for a bil-

lion years or more. A similar general

correlation was noted between * 7 Sr/H,iSr

and Rb/Sr for oceanic basalts (Hart,

1971; Allegre, 1972). Recently, this

systematic Rb-Sr isochron correlation

was emphasized by Sun and Hanson
(1975), who showed that Sr isotope

data for alkali basalts (and nepheli-

nites) from 14 oceanic islands defined a

correlated array which, if interpreted

as an isochron, suggested an age for

mantle heterogeneities of about 2000
m.y. We were impressed with these re-

lationships and undertook a careful

screening of published data to look at

the Rb-Sr systematics of both tholeiitic

and alkali basalts from oceanic re-

gions. We found striking regularities

in almost all cases and present these

results because of their importance in

constraining the space and time evolu-

tion of mantle chemistry.

Compilation of Data

The data were compiled from the lit-

erature, using only those analyses of

relatively high precision which could
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be confidently normalized to an Eimer
and Amend standard value of 0.7080.

For some islands the published 87Sr/
8,'Sr was not accompanied by Rb/Sr
data. In these cases, powders of the

original sample were requested (and

are here acknowledged with thanks),

and the Rb/Sr ratio was measured
using conventional x-ray fluorescence

techniques. In other cases, unpublished

data were made directly available to

us, and these are also gratefully ac-

knowledged.
During the oceanic-island compila-

tion, we attempted to retrieve data for

basaltic rocks only, because dif-

ferentiation effects might distort the

Rb-Sr systematics. This screening, to-

gether with the identification of asso-

ciation (tholeiitic or alkali basalt) was
based on published assignments; for

some islands earlier literature was
searched for chemical analyses and de-

scriptions as an aid to proper evalua-

tion. The rock types from some islands

were classed as transitional, possessing

chemical compositions between
tholeiite and alkali basalt. Such rocks

were grouped with the alkali basalts in

order to keep the potentially "primi-

tive" tholeiitic association as unclut-

tered as possible.

Results and Treatment

* 7 Sr/*'
; Sr-Rb/Sr analyses were re-

trieved for 167 alkali basalts and 109

tholeiites. There are three principal

ways in which correlations between
Rb/Sr and H7 Sr/8,1Sr can be evaluated:

(1) On a local scale using individual

data. Wherever the number of samples

permits, intra-island (or island group)

relationships can then be examined. (2)

On a regional scale using individual

data. The islands from a given ocean

can be grouped and the relationships

between the individual data examined.

(3) On a regional scale using averaged

data. The data for each island (or is-

land group) can be averaged to give a

single representative data point, and
the relationships between these aver-

age data points examined. Obviously
treatments (2) and (3) will provide the

same result only if each island is repre-

sented by a comparable number of in-

dividual analyses. However, many is-

lands are represented by a few
analyses, and a few islands by many
analyses, and it is the latter that then

dominate the relationships obtained by
use of treatment (2). This is well por-

trayed in a trial comparison of the

Pacific and Indian Ocean tholeiites.

The averaged island data are well cor-

related (r = 0.90) and form an 1100-

m.y. isochron. The individual data

however are uncorrelated (r = 0.12)

and do not define an isochron. In this

example, the difference is due to the

sample weight of the Hawaiian Islands

(n = 30), an island group that displays

no internal correlation between Rb/Sr

and K7 Sr/8H Sr on even an intra-island

scale. The manner in which the data

are treated is essential to the discus-

sion that follows, and we are confident

that the average island treatment (3)

provides an insight to the regional

Rb-Sr systematics of mantle-derived

volcanics that otherwise would be lost

in the more conventional individual-

data treatments. Consequently we will

use only treatments (1) and (3) in our

appraisal of the data.

The averaged data for the oceanic is-

lands (or island groups) are given in

Table 8, together with the number of

samples and the appropriate source(s)

of the data. When plotted on an Rb/Sr

versus * 7Sr/ K(i Sr (isochron) diagram
(Fig. 32) the averaged data show two
striking features: Tholeiites and alkali

basalts occupy distinct and essentially

nonoverlapping fields; and each field

indicates a pronounced positive corre-

lation between K7 Sr/ K,i Sr and Rb/Sr. The
tholeiite data appear more closely cor-

related than the alkali basalt data, as

there are four alkali-basalt data points

which appreciably extend that field

toward higher Rb/Sr ratios. We note

that two of these island points (Gough
and Rodriquez) contain only one and
two individual analyses, respectively,
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TABLE 8. Average Rb/Sr and K7Sr/ HliSr for Basalts from Oceanic Islands

(or Island Groups) and the Ocean Floors

Graph Data
Location Rb/Sr "Sr/ WiSr N* No.t Sources^

Oceanic island tholeiites

Bouvet 0.016 0.70369 4 1 1

Hawaiian Islands 0.017 0.7038 30 2 2,3,4,5,6

Iceland 0.014 0.70307 13 3 1,7,(A)

Kerguelen 0.033 0.7048 5 4 8

Kolbeinsey 0.009 0.70290 1 5 1

Reunion 0.033 0.7042 8 6 8,9,(B)

Samoa 0.049 0.7053 5 7 10,11

St. Pauls 0.039 0.7045 7 8 8,12

Ocean floor tholeiites

Indian 0.015 0.70314 8 9 13,14

Pacific 0.011 0.70265 15 10 13,15

Atlantic 0.008 0.70264 13 11 13,(A)

Oceanic island alkali basalts

Amsterdam 0.045 0.7039 4 12 8

Ascension 0.066 0.7028 4 13 1,16

Azores 0.046 0.7035 26 14 1,17,18

Canary 0.032 0.7033 7 15 1,5

Cape Verdes 0.028 0.7031 4 16 19

Crozet 0.060 0.7041 2 17 8

Easter 0.019 0.7030 7 18 20,(C)

Eniwetok 0.048 0.7038 2 19 21,(C)

Gough 0.059 0.7033 1 20 16

Guadeloupe 0.024 0.7033 4 21 20,(C)

Hawaiian Islands 0.028 0.7033 32 22 4,5,6,(D)

Iceland 0.040 0.7032 10 23 1,7,(A)

Jan Mayen 0.074 0.7036 9 24 1,22

Kerguelen 0.069 0.7052 4 25 8
Madiera 0.036 0.7031 1 26 5

Rodriguez 0.077 0.7038 2 27 9,(B)

Samoa 0.067 0.7054 14 28 11,23

St. Helena 0.034 0.7030 18 29 10,24

Tahiti 0.047 0.7042 9 30 20,(C)

Tristan de Cunha 0.062 0.7052 7 31 1,5

*N = number of samples averag

t Reference number for figures.

tSee Table 9.

and that the Jan Mayen point may be
anomalous because of the possibility

that the island is built on continental

crust.

When individual samples are
examined, only two islands, Kerguelen
and Samoa, show an intraisland corre-

lation with a positive slope (Fig. 33).

The other islands show either horizon-
tal data arrays (constant H7Sr/8liSr,

variable Rb/Sr, e.g. Iceland, Tristan da

Cunha, the Azores), equidimensional

fields with significant variation in both
directions (e.g., St. Helena, Hawaii), or

correlations with a negative slope (Ca-

nary Islands, Jan Mayen, Cape Verde
Islands). We find it interesting that the

only two islands which internally show
positively correlated data are the two
which have the highest average K7 Sr/
H,i Sr (and Rb/Sr) and we shall return to

this point.



194 CARNEGIE INSTITUTION

TABLE 9. Reference Key to Table 8

Key No. Reference

1 O'Nions and Pankhurst ( 1974)

2 Hart (1973)

3 Heier, Compston, and McDougall
(1965)

4 Powel 1 and DeLong ( 1966

)

5 Bence(1966)
6 Lessing and Catanzaro ( 1964)

7 Hart, Schilling, and Powell ( 1973)

8 Hedge, Watkins, Hildrett, and
Doering(1973)

9 McDougall and Compston ( 1975)

10 Hedge ( 1966)

11 Hedge, Peterman, and Dickinson

(1972)

12 Girod, Camus, and Vialeth (1971)

13 Hart (1976)

14 Subbarao and Hedge ( 1973

)

15 Subbarao (1972)

16 Gast, Tilton, and Hedge ( 1964)

17 White, Hart, and Schilling ( 1975)

18 Hart and Brooks ( 1974)

19 Klerkx, Deutsch, and DePaepe ( 1974)

20 Peterman and Hedge ( 1972)

21 Hedge and Peterman (1970)

22 Lussia, Berdou, Polve, and
Vidal(1973)

23 Hubbard (1971)

24 Grant, Powell, Walther, and
Burkholder(1976)

(A) S. R. Hart (unpublished data)

(B) C. Brooks (unpublished data)

(C) C.E. Hedge (unpublished data)

(D) M. A. Lanphere, G. B. Dalrymple,
and D. A. Clague (unpublished data)

To decide if the positive correlations

shown in Figures 32 and 33 are statis-

tically significant, the data of Table 8

have been appraised by calculating the

correlation coefficient r, and testing

the slope of the fitted line for signifi-

cance against zero. The regression

treatment used to obtain slopes and in-

tercepts was that of York (1966); the

errors in the "age" and initial ratio are

calculated solely from the data scatter

and are given at 1 standard deviation

(following recommendations of Brooks
et al., 1972). While it is convenient to

express the slopes of these correlated

arrays as ages, we emphasize here that

these "ages" need not have time sig-

nificance. This point is discussed in

considerable detail later in the paper.

The statistical parameters relevant

to oceanic islands are presented in

Table 10. The significance levels of the

correlation coefficients range from 95%
(e.g., for Samoa and Kerguelen) to

greater than 99.99% (e.g., for the com-

plete tholeiite suite including ridge

basalts, and for the high-density por-

tion of the alkali-basalt field). We find

these correlations remarkable and
suggest that these data provide impor-

tant and hitherto unused constraints

relating to processes of oceanic mag-
matism.

Discussion

Possible causes for the positive iso-

chron correlations presented in the

previous section include surficial wea-
thering and contamination by crust,

sediments, or sea water; and inher-

itance of these isochron parameters

from a heterogeneous and aged mantle.

We believe direct weathering is

ruled out because of the fresh and unal-

tered nature of most of the samples in-

volved. Other contamination processes

might include mixing of low * 7 Sr/* ,; Sr

magma of direct mantle derivation

(ridge basalts) with more radiogenic

material represented by sediments or

oceanic crust which has interacted

with sea water. Oceanic sediments may
have * 7 Sr/K,iSr values as high as 0.717

and Rb/Sr values greater than 1.0

(Dasch, 1969; Biscay and Dasch, 1971;

Church, 1971). Only limited data exist

for altered oceanic crust, but material

has been analyzed with Rb/Sr ratios of

0.15-0.25 (Dasch et al., 1973; Hart,

1969), and presumably * 7 Sr/H,;Sr ratios

could rise to values as high as sea

water (0.709). Thus, both sediments

and altered oceanic crust could provide

a mixing component that would pro-

duce positive correlations of the kind

shown in Fig. 33. This mechanism has

been described in detail in earlier pa-

pers and generally dismissed as a sig-

nificant effect in the petrogenesis of

oceanic basalts (Tatsumoto, 1966;

Powell and DeLong, 1966; Gast et al.,

1964; Grant et al, 1976). The fact that
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Fig. 32.

K7Sr/K,iSr-Rb/Sr isochron plot of tholeiites (filled circles) and alkali basalts (open circles)

from oceanic islands. Each point represents an average of available data on individual samples from a

given island or island group. Numbers refer to the data index in Table 8.

the lead isotope regression line for

oceanic basalts is distinctly different

from the regression line for oceanic

sediment (and sea water) also argues

against such a contamination mecha-
nism (Sun and Hanson, 1975; Chow
and Patterson, 1962; Church and Til-

ton, 1973; Meijer, 1976). Furthermore,
the marked uniformity of H7Sr/8li Sr
values for some islands (O'Nions and
Pankhurst, 1974; Hart et al., 1973),

and the general lack of a positive iso-

chron (mixing-line) correlation be-

tween individual intra-island samples
also argues against a sediment-crust

contamination model. As we have dis-

cussed, only Samoa and Kerguelen
show intra-island "isochrons," whereas
these might be expected to be ubiquit-

ous under the operation of a contami-

nation model. Some islands do show
correlations of negative slope, as would
be expected from contamination pro-

cesses involving carbonate.
The conventional interpretation of

oceanic island strontium (and lead)

0.706 -

0.705 • ^•s--^
o--""^

0.704

n7fH i

•

i

Kerguelen
i i i i
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Fig. 33. Isochron plot of data for individual

samples of tholeiite (filled circles) and alkali

basalt (open circles) from the Samoa Islands and
Kerguelen Island. Best-fit regression lines and
slope values are shown.
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TABLE 10. Mantle Isochrons of Rb/Sr versus Present-Day
87Sr/8HSr for Basalts of Oceanic Regions

Location Identity Age (m.y.)* (

K7Sr/ 8,iSr)* Nt

Oceanic Islands

Alkali basalts: all averaged island data

Alkali basalts: all data except points

3,20,24 and 27

Tholeiites: all averaged island data

Tholeiites: all averaged island data
plus MORB§

Kerguelen, tholeiites: individual data
Kerguelen, alkali basalts: individual data

Kerguelen, all basalts: individual data

Samoa, tholeiites: individual data
Samoa, alkali basalts: individual data

Samoa, all basalts: individual data

600±210 0.7025±4 20 0.56(3)

1190±150 0.7017±3 16 0.91(4)

1430 ±180 0.7025±2 8 0.96(4)

1570±150 0.7023±2 11 0.97(4)

485±210 0.7041±4 5 0.80(1)

248±20 0.7045±1 4 0.99(2)

355±90 0.7042±2 9 0.83(2)

466±(250) 0.7044±3 5 0.74(1)

584±200 0.7039±6 14 0.65(1)

510±150 0.7041±4 19 0.62(2)

* Errors given at lcr

+Number of samples regressed.

tPearson correlation coefficient. Value in parentheses indicates at what level of confidence the

fitted regression line differs from zero (given in increments of standard deviation).

§MORB indicates mid-ocean ridge basalts.

isotope variations ascribes these to de-

rivation from an isotopically heteroge-

neous mantle (a review of this model is

given by Hofmann and Hart, Year
Book 74, p. 195, 1975). We consider this

the most tenable model at present, and
advance it here to explain the "iso-

chron" correlations shown in Fig. 32.

We view these positive "isochron" cor-

relations as being inherited by oceanic

basalt during derivation from a heter-

ogeneous suboceanic mantle.

Rb-Sr coherence during basalt

genesis. Figure 32 shows that oceanic

island tholeiites and alkali basalts

have a similar range of 87Sr/ 8fi Sr values

and suggests that the separation of

data fields is due to higher Rb/Sr ratios

in the alkali basalts. On the average,

the alkali basalts of Table 8 have Rb/Sr
ratios about a factor of 2 higher than
the tholeiites (whereas the average
tholeiite 87Sr/8fi Sr, 0.7037, is essen-

tially identical with the average alkali

basalt 87Sr/8fi Sr, 0.7038).

We believe this is a significant ob-

servation and propose that the ob-

served Rb/Sr and strontium isotope

ratios of the tholeiites are directly rep-

resentative of the mantle source but
that the alkali basalts are displaced

toward higher Rb/Sr ratios relative to

the mantle source. The following dis-

cussion is an attempt to justify this

proposition.

While it is generally accepted that a

basalt will inherit the strontium
isotopic composition from its source

(Hofmann and Hart, Year Book 74, pp.

195-210), it is less obvious that a
basalt will also preserve the Rb/Sr
ratio of that source (because of the ef-

fect of partial melting and fractional

crystallization processes). This will

happen only if the partial melting pro-

cess leaves no residual mantle phase
which is a significant carrier of Sr and
Rb, and if all fractional crystallization

occurring after melting involves only

phases that are poor in Rb and Sr or

that do not fractionate Rb relative to

Sr. In the case of tholeiites, which in-

volve large degrees of melting, phases
that carry Rb or Sr (such as phlogopite

and amphibole) will probably not per-

sist after melting, so we would expect

the partial melt to have the same Rb/Sr
ratio as the original source material.

Phlogopite has been shown to have a

field of stability well above the wet sol-

idus of peridotite (Bravo and O'Hara,

1975; Modreski and Boettcher 1973;

Forbes and Flower, 1974; Boettcher et

al., 1975; Holloway and Eggler, this
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Year Book). However, the phlogopite

content of the mantle must be quite

small (probably less than 1% : Hofmann
and Hart, Year Book 74, pp. 195-210),

and phlogopite will be consumed dur-

ing a large degree of melting even if its

upper stability limit exceeds the tem-

perature at which melting occurs.

Amphibole may also be stable during

hydrous melting of peridotite

(Boettcher et al., 1975; Allen and
Boettcher, 1973). However, it is less ef-

fective than phlogopite at fractionating

Rb/Sr during large degrees of melting.

For example, for 25% melting of am-
phibole peridotite, where one half of an
original 20% of amphibole persists

after melting, the Rb/Sr ratio of the

liquid will be only slightly higher (6%

)

than that of the starting material (us-

ing partition coefficients from Phil-

potts and Schnetzler, 1970). For
clinopyroxene, the partition coeffi-

cients of Rb and Sr are sufficiently

small (DSr -0.08, DRb -0.003) (Hart

and Brooks, 1974; Shimizu, 1974), that

residual clinopyroxene produces neg-

ligible (<3%) fractionation of Rb/Sr

during melting. Arguments similar to

these led Gast (1968) to the conclusion

that tholeiites formed by large degrees

of melting (15-25%) would contain

most of the Rb and Sr (and many other

trace elements) of the original mantle
source.

Gast (1968) also showed that frac-

tional crystallization is relatively inef-

fective in fractionating Rb from Sr.

Only crystallization of plagioclase will

be effective in changing the Rb/Sr
ratio, as the partition coefficients of Rb
and Sr in olivine and pyroxene are too

low to cause any significant fractiona-

tion of Rb from Sr. However, limits can
be placed on the extent of plagioclase

fractionation by noting that most
oceanic basalts have little or no detect-

able europium anomaly (Schilling,

1971; Sun and Hanson, 1975b). A de-

tectable europium anomaly (5-10%)
will be produced by crystallization of

15-25% of plagioclase, which in turn

will generate an increase in the Rb/Sr

ratio of the liquid of from 25-60% (us-

ing partition coefficients appropriate to

a 75-80% plagioclase (Philpotts and
Schnetzler 1970). We conclude that in

the case of oceanic tholeiites, the ex-

truded basalt very closely represents

the 87 Sr/8,iSr and Rb/Sr ratios of the

mantle source.

Alkali basalts, on the other hand,

which are thought to be derived by rel-

atively small degrees of partial melting

(Gast, 1968; Green, 1973), may offer

more possibility of leaving behind re-

sidual phases such as phlogopite (Bes-

wick, 1976) or amphibole. In these

cases, using reasonable values for par-

tition coefficients (Philpotts and
Schnetzler, 1970) and phase propor-

tions, major changes in Rb/Sr ratios

can be brought about. For example, if a

3% melt fraction is derived from a
source containing 15% amphibole and
10% clinopyroxene and the amphibole
provides all of the melt (i.e., 12% am-
phibole and 10% cpx remain after melt-

ing), the Rb/Sr ratio of the melt will be
35-65% higher than that of the origi-

nal source (the range is due to selection

of two different sets of partition coeffi-

cients from Philpotts and Schnetzler

(1970). Phlogopite is surprisingly inef-

fective at fractionating Rb/Sr at low
degrees of melting because of the com-
peting effect of clinopyroxene (residual

clinopyroxene raises the melt Rb/Sr,

whereas phlogopite lowers it). A 3%
melt fraction of a source containing 1%
phlogopite and 20% clinopyroxene
(where 0.5% phlogopite and 2.5%
clinopyroxene enter the melt) will have
a Rb/Sr ratio about 10% higher than
the source material. Note that liquids

derived from a mantle source contain-

ing only phlogopite as a Rb-Sr carrier

will have Rb/Sr ratios lower than the

source.

These model calculations are not in-

tended to include all possible varia-

tions of parameters but only to suggest
approximate magnitudes of certain

limiting cases. To explain the higher

Rb/Sr ratio in alkali basalts than in

tholeiites (Fig. 32) we suggest that am-
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phibole, not phlogopite, is a necessary
residual phase during alkali basalt

genesis. For melts derived from depths
greater than the stability limit of ara-

phibole, reequilibration between such
melts and shallower amphibole-
bearing mantle may be required.

Alternative explanations for the

Rb/Sr and Sr isotopic pattern in

tholeiites and alkali basalts. In the pre-

ceding section, we gave our preferred

interpretation of the pattern observed
in Fig. 32. Some other conceivable ex-

planations are: (i) Alkali basalts and
tholeiites come from chemically dif-

ferent mantle sources, (ii) Alkali
basalts have undergone more frac-

tional crystallization of plagioclase (or

clinopyroxene) than tholeiites. (iii)

Basalt derivation from the mantle does
not occur under conditions of chemical
equilibrium between melt and residue
(O'Nions and Pankhurst, 1974). (iv)

Tholeiites and alkali basalts are gen-

erated sequentially by fractional melt-

ing from the same source material
(Beswick, 1976).

Explanation (i) is difficult to recon-

cile with the fact that many islands

erupt both tholeiites and alkali basalts

and that the strontium isotope ratios of

both are generally very similar. Com-
pare in Table 8, for example, the

isotope ratios of tholeiites and alkali

basalts from Iceland (0.7031 vs.

0.7032), Samoa (0.7053 vs. 0.7054),

Kerguelen (0.7048 vs. 0.7052), and the

Hawaiian Islands (0.7038 vs. 0.7033).

Explanation (ii) would require about

30% more plagioclase crystallization in

alkali basalts than in tholeiites.

Plagioclase crystallization of 30%
would lead to a consistent and easily

observable europium anomaly of some
15-20% alkali basalts relative to

tholeiites (presuming oxygen fugac-

ities and resultant REE partition coef-

ficients to be the same in both cases). In

addition, there should be a significant

"plagioclase" effect in the major-
element data and norms of alkali

basalts relative to tholeiites, and this is

also not observed (CaO and A1,0, con-

tents of oceanic tholeiites and alkali

basalts are quite similar). Extreme and
unrealistic amounts of clinopyroxene
crystallization would be required to

produce significant changes in Rb/Sr
ratios; the ratio is increased only 50%
after 99% crystallization.

Explanation (iii) is not consistent

with the relative coherence of trace

element patterns and the observed con-

stancy of major element composition in

various basalt types (Yoder, 1976).

Disequilibrium melting has also been
considered on the basis of existent dif-

fusion data (Hofmann and Hart, Year
Book 74, pp. 195-210), and judged to be
highly unlikely.

Explanation (iv), as proposed by
Beswick (1976), depends on the persis-

tence of a minor phase, phlogopite,

through a first stage of extensive par-

tial melting (tholeiite production). By
retaining K and Rb in residual phlogo-

pite, this first melt would have a lower

Rb/Sr (and higher K/Rb) ratio than the

bulk source. The reserve of K and Rb
stored in phlogopite is then released

during alkali basalt production, giving

rise to a higher Rb/Sr (and lower K/Rb)
ratio in the melt. As noted above, the

persistence of a minor refractory phase
is difficult to reconcile with an equilib-

rium involving large degrees of melt-

ing. No one, to our knowledge, has yet

studied a peridotite system containing

1% phlogopite or less, where residual

phlogopite remains after, say, 20% of

partial melting. Beswick's model also

requires a considerably higher K/Rb
partition coefficient for phlogopite-

melt (~3) than has yet been reported

(Philpotts and Schnetzler, 1970).

In summary, the alternative expla-

nations outlined in this section all ap-

pear unsatisfactory, and we conclude

that small degrees of melting with am-
phibole as a residual phase during al-

kali basalt genesis is the best explana-

tion for the differences in Rb-Sr be-

tween tholeiites and alkali basalt.

Comparison of Rb-Sr and U-Pb sys-

tematics. First, while tholeiites have
the same range of 87 Sr/*

(; Sr as alkali
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basalts, it appears that tholeiites show
a smaller range in 206Pb/204Pb than al-

kali basalts (Tatsumoto, 1966; Sun and
Hanson, 1975a,b; Church and Tat-

sumoto, 1975; Sun and Jahn, 1975).

This may in part reflect the fact that no
lead isotope data are available for

tholeiites from the high 87 Sr/8(iSr is-

lands such as Samoa and Kerguelen.

Second, the alkali basalts invariably

have higher U/Pb ratios than the

tholeiites. Furthermore, the observed

U/Pb ratios of alkali basalts are higher
than the inferred U/Pb ratios of the

mantle source (these can be calculated

from the lead isotope ratios), whereas
the observed U/Pb ratios of tholeiites

are similar to the inferred U/Pb ratio of

the source (Tatsumoto, 1966; Allegre,

1969). Thus the lead isotope systema-
tics provide strong evidence for a frac-

tionation ofU relative to Pb during the

derivation process of alkali basalts,

and this supports the arguments pre-

sented above for an increase in Rb/Sr
ratio during alkali basalt genesis.

Finally, for many islands the lead

isotope ratios appear to exhibit signifi-

cant variations, whereas the strontium
isotope ratios appear almost constant.

For example, Iceland shows a 4%
spread in 2<,,iPb/204 Pb ratio (Sun and
Hanson, 1975a; Sun and Jahn, 1975),

but only a barely detectable variation

in 87Sr/8(i Sr (O'Nions and Pankhurst,
1974; Harte^ al., 1973). This effect may
be largely one of experimental preci-

sion in the isotope measurements. The
spread in Pb ratios on Iceland requires
a 35% range in source U/Pb ratio (av-

eraged over 1.5 billion years); a 35%
range in Rb/Sr ratio would produce
over the same time interval a spread of
87Sr/8,i Sr of only 0.7029-0.7031. This is

close to the observed spread of Sr
isotope ratios for young Icelandic
tholeiites but is only barely significant

in terms of analytical precision.

Rb-Sr mantle isochrons. If the
tholeiite correlation of Fig. 32 is inher-

ited from a mantle source, what mean-
ing can be attached to the parameters
of this correlation? One model would

invoke a mantle that is heterogeneous

on a scale larger than the scale sam-
pled by individual island magmatism,
with the magmas essentially sampling
a continuum of mantle Rb/Sr systems.

The correlation of Fig. 32 thus would
be in a sense a mantle isochron, and the

slope could have definite age signifi-

cance. If the mantle heterogeneities

developed at a discrete time (two-stage

process), then the slope of the tholeiite

correlation shown in Fig. 32 suggests

an age of about 1.6 ±0.2 billion years

for this process. If the development of

the Rb-Sr heterogeneity was a continu-

ous or multiepisodic process, then any
"age" inferred from the slope is simply
some average age for the process as a

whole (it is possible to construct math-
ematical models of such processes in

such manner that subsequent mixing
of the appropriate reservoirs will give

rise to linear trends or "isochrons"

[Church and Tatsumoto, 1975]).

Another model would consider a

mantle that has only two discrete com-
positions, one at each end of the

tholeiite trend shown in Fig. 32, with
intermediate points representing vari-

ous mixtures of the two compositions.

For example, the mantle that supplies

MORB (asthenosphere) is relatively

uniform and distinct isotopically (Hof-

mann and Hart, 1975), and could be the
lower end-member. A uniform meso-
sphere might be the upper end-
member, with mixing of these two tak-

ing place during mantle convection and
diapirism. In this case, the slope of the

mixing line can only be interpreted di-

rectly as an age if the system from
which the two end-members developed
had a uniform strontium isotopic com-
position. A simple test for such a bi-

nary mixing process might be a linear

relationship between 87Sr/8tiSr and the

reciprocal of Sr concentration ( no such
linear relation is apparent in our data).

However, such a test is valid only if it

is applied to mixtures of melts rather
than mixtures of mantle source mate-
rial. The Sr concentration of melt
extracted from a mixed mantle source
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will vary inversely with the degree of

melting, and any significant variation

in the degree of melting would perturb

the expected inverse mixing relation-

ship between isotopic composition and
concentration.

At this point, it is important to note

that many oceanic islands have lead

isotopic compositions that define linear

trends (Sun and Hanson, 1975a, b; Sun
and Jahn, 1975). These trends are sub-

ject to the same uncertainty of in-

terpretation as the Rb-Sr trend of Fig.

32. They may be secondary isochrons,

implying the age of a geological event,

or they may be mixing lines. Ages cal-

culated from the slopes of these lead

isotope trends are in remarkable
agreement with the Rb-Sr "age" of the

tholeiite trend in Fig. 32. For basalts

from sea mounts and spreading ridges

in the N.E. Pacific, the Pb isotope trend
gives an age of 1.75 ±0.1 b.y. (Church
and Tatsumoto, 1975). Alkali basalts

from oceanic islands fall along this

same trend, with a Pb isotope age of

about 2 b.y. (Sun and Hanson, 1975a).

We feel this general concordance of

U-Pb and Rb-Sr systematics is not for-

tuitous but is strong evidence against a

random mixing process—i.e., any mix-

ing process in which the end-members
started with uncorrelated isotopic pa-

rameters. Granted this point, then

there is little essential difference be-

tween binary (or multicomponent) mix-
ing models and a two-stage model with

a continuum of subsystems: both result

in trends that have definite age signifi-

cance. The difficulty lies in distin-

guishing these two-stage models from

continuous or multistage models in

which the trends no longer have a spe-

cific age interpretation.

At present, the simplest model seems
to be that of mixing between relatively

radiogenic mantle (mesosphere) and
unradiogenic mantle (asthenosphere),

with the isochrons for both Pb-Pb and
Rb-Sr systems having a distinct age

significance. A definitive test of these

models will depend on further refine-

ment of U-Pb and Rb-Sr data, compari-

son with other decay schemes (Lu-Hf or

Sm-Nd), and analysis of materials from
similar tectonic settings in the past

geologic record.

Scale of mantle heterogeneities. We
have previously indicated that two is-

land groups display significant positive

intra-island Rb-Sr isochron correla-

tions, and we would like to suggest that

they are also derived from aged hetero-

geneous mantle. Two facts then need

explanation: Why do only these two is-

land groups retain a "mantle isochron",

and why is the apparent age of these

isochrons younger (360-510 m.y.) than

that of the oceanic island ensemble as a

whole (1200-1600 m.y.) and younger
than both intra-island and inter-island

Pb-Pb isochrons? Our ideas on this are

admittedly speculative, but we suggest

that the heterogeneities in the mantle

exist on variable size scales, and that

the more extreme mantle compositions

(note that Samoa and Kerguelen are

both the most radiogenic end-members
of the trends in Fig. 32) may only exist

as smaller volumes. Magmatism in a

given island group can thus sample a

finite variety of compositions from a

mantle in which the heterogeneities

exist on a smaller scale. At the same
time, the limited size of these

heterogeneities may allow for some
isotopic reequilibration between the

various systems, and thus the "age"

which would be detected by magmatic
sampling would be in some sense par-

tially "reset". This reequilibration or

internal redistribution may take place

by severe shear during diapirism or

during the final magmatic stage, keep-

ing in mind that diffusive transport

distances for Sr in silicate melts can be

of the order of 50 meters per 10 m.y.

(Hofmann, 1975; see also Hofmann and
Magaritz, this report).

Rb-Sr model calculations show that

redistribution of Sr can lead to partial

rotation of isochrons, with relatively

little disturbance of the linear aspect of

the data array (Farhat, 1975). Pb-Pb
isochrons will not be rotated by this

mechanism, as internal redistribution

of Pb in these cases will simply move
subsystems up or down the existing
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isochron. An analogy could be drawn
here between the behavior of mineral
isochrons and whole-rock isochrons

during the metamorphism of an igne-

ous pluton (the mineral systems are

smaller than the whole-rock systems
and may undergo isotopic reequilibra-

tion leading to clockwise rotation of

Rb-Sr mineral isochrons and con-

vergence of points on mineral Pb-Pb
isochrons). Further evaluation of these

concepts can be made when Pb isotope

data become available from Samoa and
Kerguelen.
The mantle isochrons discussed here

are compatible with the model outlined

in the preceding companion report by
Brooks et al. for the development of a

heterogeneous subcontinental litho-

sphere by the incorporation or under-
plating of ascending plumes or blobs.

The main difference is that there is no
old lithosphere in oceanic regions, and
the blobs or partial melts derived from
mesophere penetrate the oceanic
lithosphere directly, thus generating
oceanic island magmatism.

Summary and Conclusions

Rb/Sr ratios and * 7Sr/ 8li Sr ratios,

when averaged by ocean basin (for

mid-ocean ridge basalts) and by
oceanic island or island group, yield

significant positive correlations on an
Rb/Sr isochron diagram. The correla-

tion for tholeiitic basalts is especially

strong, and we interpret it as a mantle
isochron that may date a major event

(or events) of mantle differentiation,

such as the segregation of a chemically

isolated asthenosphere 1.5-2.0 b.y.

ago. Alkali basalts show greater scat-

ter and are displaced toward higher
Rb/Sr ratios relative to the tholeiites.

We attach no direct age significance to

the alkali-basalt correlation because

these basalts are derived by much
smaller degrees of partial melting than
are tholeiites, so that the probability of

significant fractionation between Rb
and Sr (and therefore change of Rb/Sr
ratio) is much greater.

The Rb-Sr mantle isochron for

tholeiites is identical in age (1.6±0.2

b.y.) to ages (so-called secondary iso-

chrons) of oceanic rocks based on the

isotopic composition of lead (1.8±0.1

b.y.). This is an important finding, as it

strengthens the conclusion that the

isochron ages represent real geological

events rather than the result of ran-

dom mixing processes of no age signifi-

cance.

Although we do not argue that the

data could not also be explained by a

continuous or multiepisodic dif-

ferentiation and remixing event, the

simpler, first-order explanation, if cor-

rect, may date an event of fundamental
importance in the earth's history that

is not easily recognized from the sur-

face geological record.

We conclude by stating that the ap-

parent coherence of strontium isotope

ratio and Rb/Sr ratio in basaltic mag-
mas lends strong support to the cur-

rently popular ideas of a mantle in

which chemical heterogeneities have
existed on a long time scale (billions of

years). This coherence can be a power-
ful tool in mapping mantle heteroge-

neities and in understanding their

time evolution.
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Geochemistry of Late Cenozoic
Volcanic Rocks from the Nevado

de Toluca Area, Mexico

D. J. Whitford and K. Bloomfield*

Introduction

Orogenic igneous rocks are charac-

terized by a wide diversity of composi-

tions ranging from island arc tholeiites

through a spectrum of calc-alkaline to

high-K calc-alkaline (or shoshonitic)

varieties. Although they are usually

associated with zones of lithospheric

subduction, they occur in a variety of

tectonic environments, from purely in-

traoceanic island arcs such as the

Tonga-Kermadec island chain to conti-

nental margins such as the Andes of

South America. It is the purpose of this

report to outline the geochemistry of a

suite of orogenic igneous rocks from a

continental margin, to compare these

rocks with those from a typical island

arc, and to outline some of the

geochemical implications and limita-

tions on petrogenetic models.
The major and trace element and Sr

isotopic compositions of a representa-

tive suite of volcanic rocks have been
determined. The rocks, which range in

age from Miocene to Recent, are from
an area of approximately 2500 km2

centered on the volcano Nevado de To-

luca (Bloomfield and Valastro, 1974).

This volcanic ruin lies within the Mex-
ican volcanic belt approximately 80 km
west^southwest of Mexico City. It is

situated on old, typically continental

crust, approximately 40 km thick

(Cummings and Schiller, 1971). The
volcano, which has been built up on a
series of Tertiary and Mesozoic vol-

* Overseas Division, Institute of Geological

Sciences, London.
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canics and sediments, consists of an
eroded central strato-volcano composed
mostly of andesitic and dacitic flows

with lahar and fluvial deposits, often

capped by pumice on the lower slopes

(Bloomfield and Valastro, 1974).

Analytical Techniques

Major elements have been deter-

mined by electron microprobe on di-

rectly fused glasses following the

methods of Nicholls (1974a). The trace

elements Rb, Sr, Zr, and Y were deter-

mined by x-ray fluorescence spec-

trometry on pressed powders following

the methods of Norrish and Chappell

(1967). Major and trace element
analyses were performed at the Re-

search School of Earth Sciences, Aus-
tralian National University.

The Sr isotopic composition of the

lavas was determined at DTM on a
6-inch automated mass spectrometer.

All 87Sr/86Sr ratios have been nor-

malized to an 86Sr/88Sr ratio of 0.1194,

and all analyses have been corrected to

an E and A SrC03 standard 87Sr/86Sr

ratio of 0.70800. Repeated analysis of

the E and A standard during the time
in which the analyses were performed
yielded an average 87Sr/86Sr ratio of

0.707934 ± 0.000044 (2a of popula-

tion.

Major and Trace Elements

Results. Selected representative
analyses are listed in Table 11. The
lavas exhibit many features character-

istic of orogenic igneous rocks, includ-

ing generally low concentrations of

Ti02 and MgO and high concentrations
of A12 3 . Concentrations of K2 0, Rb,

and Zr and the FeO-MgO relationships

indicate calc-alkaline affinities (Jakes

and Gill, 1970), which are typical of the
volcanic rocks of continental margins.
However, in many important re-

spects they differ from typical island

arc volcanics such as those found in the

western Pacific. The Mexican rocks are

distinctly richer in Si02 , Na2 0, and
MgO relative to FeO. In these respects,

they are similar to some Recent vol-

canics from the Andes (Noble et al.,

1975). Some of these differences are

summarized in Figs. 34 and 35
Figure 34 illustrates the frequency

distribution of Si02 concentrations in

both the Mexican lavas and a represen-

tative suite of typical island arc lavas

from Indonesia (Nicholls and Whitford,

1976). The Mexican rocks have Si02

concentrations ranging from 55% to

70% with a mode of about 67%. Basalts

(< 52% Si02 ) are totally absent. This

contrasts with the Indonesian rocks,

which have a mode of approximately

TABLE 11. Selected Representative Major and Trace Element Analyses

157-72 133A-72 91-72 183-72 134-72 161-72 9-72

'SiO, 55.1 57.6 59.4 62.4 64.1 66.2 67.0

TiO, 0.74 0.96 0.84 0.90 0.68 0.57 0.50
Al,6, 16.4 16.2 17.1 16.7 18.3 16.9 16.8
2FeO 7.43 6.49 6.08 5.08 4.21 3.62 3.41

MO <0.12 <0.12 <0.12 <0.12 <0.12 <0.12 <0.12
MgO 7.94 6.86 4.86 4.04 2.20 1.97 1.96

CaO 8.18 6.66 6.05 5.11 4.44 4.10 3.97

Na,0 3.31 3.62 4.11 3.71 4.55 4.57 4.47

K,6 0.82 1.68 1.55 2.07 1.50 2.14 1.98

Mg/Mg + Fe* + 0.66 0.65 0.59 0.59 0.48 0.49 0.50

'Rb 15.7 34.6 28.4 48.2 14.2 51.3 42.9

Sr 366 541 537 448 518 570 516
Zr 100 182 142 244 158 158 161

Y 59 23 21 25 17 16 15

X A11 values in wt % normalized to 100% total.

2 Total Fe expressed as FeO.
3A11 trace element concentrations expressed as ppm.
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Nevado de Toluco

Sunda arc- Indonesia

S1O2 (wt %)

Fig. 34. Histograms of Si02(wt% ) contents of

analyzed lavas from the Nevado de Toluca area

and from the Sunda arc of Indonesia (Nicholls

and Whitford, 1976).

vado de Toluca

j
Sunda arc -Indonesia

Mcj/(Mg+Fe Hmol )

Fig. 35. Histograms of the atomic ratio

Mg/Mg + Fe2+ in analyzed lavas from the

Nevado de Toluca area and from the Sunda arc of

Indonesia (Nicholls and Whitford, 1976). Before

calculation of Mg/Mg + Fe2 "
1

", ferrous iron in all

analyses was adjusted to FeO = 0.85 £ FeO (total

Fe as FeO). This relationship is similar to that

determined for basaltic to andesitic liquids

equilibrated at oxygen fugacities of the
wiistite-magnetite buffer (Fudali, 1965); similar

oxygen fugacities are believed to prevail in the

upper mantle (Boettcher, 1973).

55% Si02 . In this respect the Mexican
volcanics are very similar to the
Cenozoic lavas from Peru (D. E. James,
personal communication).
Figure 35 shows the frequency dis-

tribution of the atomic ratio Mg/Mg +
Fe2 "^ in both the Mexican and Indone-
sian rocks. Although the division is not
as well defined as in Fig. 34, the Mexi-
can rocks are, on average, more mafic
in terms of the ratio Mg/Mg + Fe2+

than those from Indonesia. Experimen-
tal data for the partitioning of Fe2+ and
Mg between olivine and coexisting sili-

cate liquid (Green and Ringwood, 1967;

Roeder and Emslie, 1970; Nicholls,

19746) indicate that liquids in equilib-

rium with olivine of supposed upper
mantle peridotite must be highly
magnesian (Mg/Mg + Fe2+^ 0.61)

(Nicholls and Whitford, 1976). Depend-
ing upon both total pressure and water
content, experimental evidence indi-

cates that these equilibrium liquids

may have up to 60% Si02 (Nicholls,

19746). These results suggest that de-

spite being relatively silicic, rocks such

as 157-72 and 133A-72 (Table 11) may
represent unfractionated partial melt-

ing products of the mantle.

The magnesian character of the Mex-
ican volcanics together with the Y
abundances, which suggest heavy rare

earth concentrations 7-30 times chon-

dritic abundances, also argues against

any single-stage petrogenetic model
involving partial melting of quartz ec-

logite (Nicholls and Whitford, 1976,
and references therein).

Sr Isotopes

Table 12 lists the concentrations of

SiO,, K,0, Rb, and Sr together with the

ratios K/Rb, Rb/Sr, and 87Sr/86Sr. Sr
exhibits a significant spread in isotopic

composition, with 87Sr/86Sr ratios rang-

ing from 0.70321 to 0.70446. Because of

uncertainties about the absolute ages
of the older samples, no corrections

have been applied for the 87Sr that has
accumulated since eruption. Assuming
an extreme age of 25 m.y. for the oldest

samples, the Rb/Sr ratios are suffi-

ciently low that the differences be-

tween the measured and calculated ini-

tial ratios lie within the uncertainties

of the isotopic analyses.

It is important to note that rocks

which are related in both space and
time have significantly different

isotopic compositions. The 87Sr/86Sr
ratios are plotted as histograms accord-

ing to age in Fig. 36. On average, there

is a poorly defined overall decrease in
87gr/86gr rati with increasing age.

The observed range of isotopic com-
positions is similar to that observed in

volcanic rocks from many other island
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TABLE 12. Trace Element and Sr Isotopic Results

Age Sample Si0
2(%) K20(%) Rb Sr K/Rb Rb/Sr 87Sr/86Sr* ±2cr

Miocene 91-72 59.4 1.55 28.4 537 453 0.0529 0.70374 0.00009
221-72 61.0 1.57 30.7 667 425 0.0460 0.70385 0.00010
172-72 63.5 1.79 20.4 500 728 0.0408 0.70420 0.00009
125-72 64.0 1.90 38.1 621 414 0.0614 0.70368 0.00008

t 107-72 64.3 2.02 39.6 609 423 0.0650 0.70372 0.00011
1 116-72 64.6 1.57 25.7 754 507 0.0341 0.70321 0.00005

45-72 65.4 1.87 46.6 432 333 0.108

147-72 69.0 2.50 50.5 542 411 0.0930
Pliocene 208B-72 64.6 1.70 26.7 478 529 0.0559 0.70376 0.00005

162-72 65.4 2.20 163 668 112 0.244 .70385 0.00007
161-72 66.2 2.14 51.3 570 346 0.0900 0.70401 0.00005
47-72 67.0 2.24 57.8 445 322 0.130 .70391 0.00006

Pleistocene 157-72 55.1 0.82 15.7 366 434 0.0429 0.70381 0.00009
186-72 55.1 1.15 20.5 657 466 0.0312 0.70378 0.00005

132A-72 57.0 2.37 32.8 1330 600 0.0247 0.70419 0.00005

133A-72 57.6 1.68 34.6 541 403 0.0640
181-72 60.8 1.67 36.3 540 382 0.0672 0.70420 0.00007
236-72 62.0 1.76 36.1 593 405 0.0609 0.70421 0.00007
183-72 62.4 2.07 48.2 448 357 0.108

134-72 64.1 1.50 14.2 518 877 0.0274 0.70446 0.00005
1 10-72 65.3 1.97 39.0 681 419 0.0573 0.70379 0.00008

44-72 66.1 1.99 41.2 525 401 0.0785
153-72 66.7 1.92 40.7 516 392 0.0789 0.70409 0.00009

196-72 66.9 2.04 42.2 503 401 0.0839 0.70400 0.00005

Recent 89-72 60.9 1.71 30.3 644 469 0.0470

tVIII/A 63.1 1.58 30.1 528 436 0.0570 0.70358 0.00005

tVIII/5 66.1 1.89 41.9 512 374 0.0818 0.70400 0.00012

t27-71 66.1 1.92 42.2 528 378 0.0799 0.70412 0.00011

1108-72 66.6 2.05 42.3 550 402 0.0769 0.70397 0.00004

t9-72 67.0 1.98 42.9 516 383 0.0831 0.70408 0.00005

t Samples used in Fig. 39.

Corrected to £ and A 87Sr/86Sr = 0.70800.

i r
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Fig. 36. Histograms showing the frequency distribution of K7Sr/*"Sr ratios in the volcanic rocks

from the Nevado de Toluca area. Average values are indicated by arrows.
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arcs and continental margins including

the Cascades, most of the northwestern
Pacific arcs, and Japan (Whitford,

1975, and references therein). Despite
some similarities in major and trace

element composition, the Mexican
rocks have 87Sr/86Sr ratios generally
lower than those from the Andes
(James e* al., 1974a, 19746).

Figure 37 is a plot of 87Sr/86Sr versus
87Rb/86Sr in the analyzed lavas from
Nevado de Toluca. Overall, there is

clearly no correlation. However, if only

those samples from the immediate vic-

inity of the volcano itself are chosen,

there is a significant positive correla-

tion (Fig. 38). Using the method of

York (1966), an "age" of 430 ±97 m.y. is

indicated (A 87Rb = 1.39 x 10" n yr" 1

).

It may be significant that the age of

approximately 400 m.y. is similar to

that observed by James et al. (19746)

for the Arequipa and Barroso volcanics

of Peru. The fact that the rocks from
Nevado de Toluca have been erupted
within an area of approximately 100
km2 over a time interval of up to 25
m.y. obviously has important implica-

tions in terms of magma genesis and
eruption. This theme has been de-

veloped in some detail in the report by
Brooks et al. (this Year Book). Apart

from this relationship, the Mexican
lavas show no correlation between
87gr/86gr anci either major or trace ele-

ments.

Discussion

Without knowledge of the nature of

the deep crust beneath Nevado de To-

luca, quantitative evaluation of the

possible importance of crustal melting
and/or assimilation is not possible.

However, it is clear that the relatively

low 87Sr/86Sr ratios in the volcanics and
their high Sr concentrations place very

severe limitations on such models and
that the ultimate origin of these rocks

lies in the mantle. Despite higher 87 Sr/
86Sr ratios in many of the Recent vol-

canics from Peru, James et al. (19746)

were forced to the similar conclusion

that crustal processes were not primar-
ily responsible for the observed
geochemical variations.

This immediately raises the question
of why volcanic rocks from at least

some continental margins differ from
those of island arcs. Assuming that the
process of subduction and the sub-

ducted lithosphere itself are similar in

each environment, the differences in

the erupted rocks must therefore re-

0.7045

0.7025
0.1 0.2 0.3 0.4 0.5 0.6 0.7

87
Rb/

86
Sr

Fig. 37. Plot of K7Sr/KI,Sr vs. 87Kb/86Sr in all analyzed lavas from the Nevado de Toluca area.
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de Toluca. Two u error limits in the isotopic determinations are also plotted.

fleet differences in the chemistry
and/or the physical state of the mantle
wedge above the subducted litho-

sphere. Sacks and Okada (1974)
showed that the mantle wedge above
the subducted lithosphere beneath the

Andes is itself lithospheric rather than
asthenospheric. The possibility of

lithospheric thickening beneath older

continental areas has been invoked by
Brooks et al. (this Year Book) as an ex-

planation for certain Sr isotopic effects

such as the existence of initial iso-

chrons similar to that shown in Fig. 38.

Although presently unconstrained,
lithospheric thickening beneath conti-

nents offers a solution to the problem of

generating differences between the

mantle source regions beneath island

arcs and some continental margins

Conclusions

1. Late Cenozoic calc-alkaline vol-

canic rocks from the Nevado de Toluca

area of Mexico display features such as

low concentrations of TiQ> which are

characteristic of orogenic igneous
rocks. However, they differ from typi-

cal island arc rocks in having generally

higher concentrations of Si02 and
Na,0 and higher Mg/Mg + Fe2+ ratios.

2. The Mexican volcanics have rela-

tively low 87Sr/86Sr ratios, ranging
from 0.7032 to 0.7045. There are signif-

icant differences in 87Sr/86Sr ratios be-

tween spatially and temporally related

rocks. Miocene to Recent rocks from
the Nevado de Toluca volcano itself

have an apparent age of 425 m.y.

3. The low 87Sr/86Sr ratios and the

higher Mg/Mg + Fe2+ ratios in at least

some of the volcanics suggest an ulti-

mate origin within the mantle. Dif-

ferences between continental margin
and island arc volcanic rocks may re-

flect lithospheric thickening beneath
older continental regions.

References

Bloomfield, K., and S. Valastro, Late Pleis-

tocene eruptive history of Nevado de To-



DEPARTMENT OF TERRESTRIAL MAGNETISM 213

luca volcano, Central Mexico, Geol. Soc.

Am. Bull., 85, 901-906, 1974.

Boettcher, A. L., Volcanism and orogenic

belts—the origin of andesites, Tectono-

physics, 17, 223-240, 1973.

Cummings, D., and G. I. Schiller, Isopach

map of the earth's crust, Earth Sci. Rev.,

7, 97-125, 1971.

Fudali, R. F., Oxygen fugacities of basaltic

and andesitic magmas, Geochim. Cos-

mochim. Acta, 29, 1063-1075, 1965.

Green, D. H., and A. E. Ringwood, The
genesis of basaltic magmas, Contrib.

Mineral. Petrol., 15, 103-190, 1967.

Jakes, P., and J. Gill, Rare earth elements

and the island arc tholeiitic series, Earth
Planet, Sci. Lett., 9, 17-28, 1970.

James, D. E., C. Brooks, and A. Cuyu-
bamba, Strontium isotopic composition

and K, Rb, Sr geochemistry of Mesozoic

volcanic rocks of the Central Andes, in

Carnegie Inst. Wash. Year Book 73, pp.

970-983, 1974a.

James, D. E., C. Brooks, and A. Cuyu-
bamba, Andean Cenozoic volcanism:
magma genesis in the light of Sr isotopic

composition and trace element
geochemistry, in Carnegie Inst. Wash.
Year Book 73, pp. 983-997, 19746.

Nicholls, I. A., A direct fusion method of

preparing silicate rock glasses for energy
dispersive electron microprobe analysis,

Chem. Geol, 14, 151-157, 1974a.
Nicholls, I. A., Liquids in equilibrium with

peridotitic mineral assemblages at high
water pressures, Contrib. Mineral. Petrol.

45, 289-316, 19746.

Nicholls, I. A., and D. J. Whitford, Primary
magmas associated with Quaternary vol-

canism in the western Sunda arc, In-

donesia, in Volcanism in Australasia, pp.

77-90, R. W. Johnson, ed., N. Y., Elsevier

Publ. Co., 1976.
Noble, D. C, H. R. Bowman, A. J. Hebert,

M. L. Silberman, C. E. Heropoulos, B. P.

Fabbi, and C. E. Hedge, Chemical and
isotopic constraints on the origin of low-

silica latite and andesite from the Andes
of central Peru, Geology, 3, 501-504,
1975.

Norrish, K., and B. W. Chappell, X-ray
fluorescence spectrography, in Physical
Methods in Determinative Mineralogy, pp.
161-214, J. Zussman, ed., N." Y.,

Academic Press, 1967.

Roeder, P. L., and R. F. Emslie, Olivine liq-

uid equilibrium, Contrib. Mineral. Pet-

rol, 29, 275-289, 1970.

Sacks, I. S. and H. Okada, A comparison of

the anelasticity structure beneath west-

ern South America and Japan, Phys.

Earth Planet, Inter., 9, 211-219, 1974.

Whitford, D. J., Strontium isotopic studies

of the volcanic rocks of the Sunda arc, In-

donesia, and their petrogenetic implica-

tions, Geochim. Cosmochim. Acta, 39,

1287-1302, 1975.

York, D., Least squares fitting of a straight

line, Can. J. Phys., 44, 1079-1086, 1966.

Preliminary Rb/Sr Data on the
Minimum Age of the Central

Andean Precambrian Basement
Complex

D. E. James and C. Brooks

Introduction

The Andean volcanic arc obscures

both figuratively and literally the Pre-

cambrian basement of that part of

South America. It is generally
accepted, however, that the orogenic

belt in Peru is underlain at least in

part by the westward extension of the

Brazilian shield (e.g., Stewart, et al.,

1974; Isaacson, 1975), although this

has not been established for adjacent

northern Chile (Gonzales-Bonorino
and Aguirre, 1970). The basement
complex (see Fig. 39), consisting
primarily of granite gneisses and mig-

matites, is best exposed to the west of

and on the westernmost flank of the

Cenozoic volcanic belt (Cobbing and
Pitcher, 1972; Isaacson, 1975). There
imple evidence to suggest that much of

the central Andean volcanic arc is

underlain by ancient sialic crustal

remnants, although the gneiss massif
cannot constitute the whole of the

lower crust as Cobbing and Pitcher

speculate—if for no other reason than
that the crust was probably less than
half its present thickness 100 m.y. ago
(James, 1971).

In studies reported in earlier Year
Books we have concerned ourselves

with the Peruvian coastal gneiss com-
plex only enough to show that it cannot
have contributed in any significant

way to the contamination of the
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Mesozoic and Cenozoic volcanic rocks.

This neglect, however, is not to deny
the considerable interest we have in

knowing the age and composition of the

basement complex. Its age is of particu-

lar importance because it bears upon
the question of the age of the litho-

spheric mantle that underlies that part

of the South American continent. We
have proposed (James et al., 1976) that

the anomalous isotopic character of the
late Cenozoic magmas of the central

Andes is inherited from ancient sub-

continental lithosphere with a compo-
sition significantly different from that

of other parts of the mantle. The only
practical means available for placing
age constraints on mantle rocks of the
continental lithosphere is to determine
the history of the oldest rocks exposed
at the surface.

The Rb-Sr measurements given
below are ultimately to be used in con-

junction with zircon age measurements
not yet completed. We consider the
Rb-Sr ages to be minimum or

metamorphic ages. Ages were obtained

by cutting slabs about 1 cm thick and
15 cm across from the samples perpen-

dicular to the banding and measuring
Rb and Sr concentrations (by x-ray

fluorescence) and 87 Sr/8,;Sr ratios in

each individual band.

Results

The results of the analyses are plot-

ted in Fig. 40. Sample PE 210 is from
the Charcani gneiss exposed in the Rio

Chili River valley near Arequipa,

Peru, which represents one of the most
easterly exposures of the Peru coastal

gneiss complex. Its Rb-Sr age of

1012 ±52 m.y. is significantly greater

than the K/Ar ages of about 650 m.y.

obtained by Stewart et al. (1974) for

two gneiss samples from the same gen-

eral region of Arequipa. It is remark-
able that PE 210 still retains a 1 b.y.

age despite the fact that the outcrop

from which it was collected is tightly

sandwiched between opposing flanks of

Misti and Chachani, two of the largest
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regression. Solid dots are for PE 111, open circles for PE 210.

andesitic strato-volcanoes of southern

Peru. This Rb-Sr age further pushes
back the minimum age of the central

Andean basement complex.

Sample PE 111 is from a coastal out-

crop south of Pisco on the Paracas
Peninsula. The outcrop is cut by veins
and dikes of basaltic material, indicat-

ing that the gneiss was intimately in-

volved with Mesozoic or Cenozoic
magmatism. The scatter in the Rb-Sr
data may be due in part to the effects of

this later magmatism. We calculate an
age of 671 ±138 m.y. from the best-fit

line through the data but place little

reliance on this result. The basis of our
skepticism is found in the considerable

data scatter and in the progressive

change of initial K7 Sr/K,iSr with position

in the slab (Fig. 41). The points on the

isochron diagram that tend to lie below
the best-fit line come from one end of

the slab; points that lie above the line

come from the other end of the slab,

irrespective of Rb/Sr ratio. This corre-

lation could, for example, be caused by
mixing of the gneiss material with in-

jected material that is isotopically dis-

tinct. Such an interpretation is

suggested by prominent veining found
in the outcrop and in the sample itself.

Whatever the explanation, the slab is

not in isotopic equilibrium for a given
age from one end to the other. Because
of this, the Rb-Sr age measurements on
PE 111 are necessarily suspect, and
hence the difference in isotopic age be-

tween PE 111 and PE 210 is not neces-

sarily real.
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Volcanoes, Q, and Seismicity in

Western South America

I. S. Sacks, J. A. Snoke, and A. T. Linde

Introduction

Subduction zones are regions where
oceanic plates, generated at mid-ocean
ridges, plunge into the asthenosphere
under an adjacent oceanic or continen-

tal plate. This interaction generates a

characteristic pattern of seismic and
volcanic activity as well as a clearly

recognizable anelasticity structure. We
have studied the distribution of these

features along the extensive subduc-

tion zone of western South America,
using their expression in the Japan re-

gion as a reference for normal distribu-

tion. Regions of anomalous anelasticity

structure are also found to have diffuse

seismicity and an absence of volcanoes.

The study of the anelasticity struc-

ture of various parts of the earth has
been our major focus for a number of

years (see Year Book 72, pp. 226-233;

Year Book 74, pp. 256-266). In particu-

lar, from broadband seismographs in-

stalled in South America and in Japan,

we have learned that there is a thick,

low absorption (high-Q) keel beneath

the South American continent. This

has been confirmed by a technique

using converted shear to compressional
energy, which is described in the fol-

lowing paper. From the study in the

Japan region (Sacks and Okada, 1974),

we learned, inter alia, that the subdue-
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tion of a cool oceanic lithosphere can
reduce the amount of partial melt in

the adjacent asthenosphere. This
causes relatively rapid thickening of

the continental lithosphere and re-

duces the thermal gradient in the

downgoing lithosphere. A possible

manifestation of these effects in the

subduction zone of western South
America is described in this report.

Anelasticity . The absorptive part of

seismic energy propagation may be
used to calculate an anelasticity struc-

ture of a region. The effect of an ab-

sorptive medium on seismic waves is to

attenuate the amplitudes at higher

frequencies more than at lower. Seis-

mographs with a wide frequency range
(Sacks, 1966) are used and allow accu-

rate absorption (1/Q) determinations to

be made. Records from local seismo-

graphs, though of smaller bandwidth,
are used to expand the coverage. Spec-

tral ratio techniques (e.g., Sacks, 1968)

are used throughout to avoid depend-
ence on the source spectra of the

earthquakes used for the study.
Anelasticity is often used as a sensitive

indicator of the lithosphere (high-Q, or

low absorption) and the asthenosphere
(low-Q, or high absorption).

Anelasticity studies of the upper
mantle have been made for regions be-

neath Japan (Katsumata, 1960; Utsu,

1966; Sacks and Okada, 1974), Fiji

(Isacks et al., 1968; Barazangi and
Isacks, 1971), South America (Sacks,

1969, Sacks and Okada, 1974), and
New Zealand (Mooney, 1970). The
anelasticity structure of a typical sub-

duction zone consists of a high-Q (Qp
~

1000) lithosphere overlying a low-Q

(Qp— 200-500) asthenosphere, which in

turn overlies the dipping subducted
oceanic lithosphere with Q tJ

of 1000
near the surface and 3000 or more at

depth. The lithosphere beneath Japan
is about 70 km thick, whereas that be-

neath South America is in excess of 300
km. The study leading to these conclu-

sions is fully described in Sacks and
Okada (1974), and the gross anelastic-

ity structures are shown in Fig. 42.
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Fig. 42. The Q,,-structure beneath Japan (left) and South America (right). Dots indicate areas of

high Q (1000-3000); slant lines, intermediate Q- values (300-500); and cross-hatching, low Q- values

(50-100). The small numbers in the dotted region indicate earthquake hypocenters. The region above
the dipping seismic plane is of intermediate Q in Japan, whereas in South America it has high Q. The
high-Q slab in Japan is continuous down to the deepest earthquakes; in South America there is a
substantial decrease in Q below 350 km even though there are earthquakes 600 km deep. In northern
Chile and southern Peru, a distinct low-Q region, marked C, overlies the dipping plane.
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In some regions, such as northern
Chile and southern Peru, the gross

anelasticity structure is similar to that

beneath Japan except for the much
thicker lithosphere beneath South
America. In these regions, a low-Q zone

was found between the high-Q subduc-

ting lithosphere and the high-Q conti-

nental lithosphere. Intermediate depth
(200-300 km) earthquakes occurring in

the subducting slab were found to have
low-Q paths to the broadband seismo-

graph at Toconce, which is 210 km
from the coast in northern Chile. How-
ever, paths to the same seismograph
originating at, or penetrating to, the

same depth but staying wholly within

the continental lithosphere have high

Q. Fig. 43 shows these seismic ray

paths. Paths to a coastal seismograph
at Antofagasta have high Q from the

same intermediate depth subduction
zone earthquakes which had low Q at

Toconce. Therefore, there must be a

low-Q region between the subducting
lithosphere and the continental litho-

sphere. It is difficult to determine the

thickness of this low-Q zone; it is less

than 100 km but probably not less than
40 km. This zone has a Q„ of about 400,

which is in the range of asthenosphere

values found elsewhere, e.g., Japan.
The low-Q zone can be traced from

200 400 600

Fig. 43. A seismicity section 50 km wide,

normal to the trench in northern Chile. The
numbers indicate earthquake locations (accord-

ing to CGS) and the arrows show the position of

two seismographs whose records were compared.
TCC (Toconce) arrivals from 200-250 km events

show asthenosphere-type Q- values.

Puno in southern Peru to Peldehue in

central Chile. Seismograms from these
stations show the same absorption dis-

tribution as those from Toconce in

northern Chile.

Beneath central Peru, which has
similar seismic station coverage, we
have not been able to find an equiva-
lent low-Q zone. All paths from
earthquakes at depths less than 300
km to the broadband seismograph at

Cusco (340 km from the coast) have
high Q. This seems to be true also for

the Huancayo seismograph farther to

the northwest. These paths are consid-

ered in greater detail in Sacks (1969).

The anelasticity structure described

above is in agreement with the areal

distribution of absorption given by
Barazangi et al. (1975).

In summary, south of Cusco (i.e.,

southern Peru and northern Chile)

there is a low-Q zone between the sub-

ducting lithosphere and the continen-
tal lithosphere; Q values in this zone
are similar to those found in the as-

thenosphere. In the region north of

Cusco, no low-Q zone between the
high-Q subducting and continental
lithospheres has been found, presuma-
bly because such a zone is either very
thin or nonexistent.

Seismicity. The seismicity of subduc-
tion regions is characterized by a dip-

ping seismic plane some tens of

kilometers thick, which is thought to

delineate the upper surface of the sub-
ducting lithospheric plate. There are

no earthquakes in the asthenosphere
on either side of this subducting plate.

Earthquakes do occur in the continen-
tal lithosphere above the subduction.

The seismicity is not uniform along the
subducting plate; regions of low or zero

seismic release are found. In some re-

gions, such as New Hebrides, the
deeper part of the subducted slab ap-

pears to be detached (Barazangi et al.,

1973). This is suggested to be the case

beneath South America as well (Sacks
and Okada, 1974; Snoke et al, 1974,

and others). However, Isacks and
Barazangi (1973) interpret the sub-

ducting plate to be continuous, though
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having zero seismicity, in the depth

range 350-500 km.
For regions in which the subduction

is not clearly delineated by the seismic-

ity, an alternative method developed

by Okada (1974) may be used to detect

the upper surface of the descending
plate. This technique relies on the effi-

cient conversion of near vertical shear

waves, ScS, into compressional waves
at an inclined interface. Figure 44
shows the ray paths giving rise to the

phase ScSp. The time difference be-

tween ScSp and ScS gives a locus of

possible conversion points in the earth,

indicated by the shaded line in Fig. 45,

which also shows an example of the

phase. The amplitude ratio ScSp/ScS is

used to determine the depth, indicated

by a circle, at which the conversion of

shear-to-compressional energy takes

place (Snoke and Sacks, 1975; Okada,
1976). This method has been confirmed
in areas where the subducting plate is

clearly delineated by earthquakes, e.g.,

Japan and southern Peru (Okada,
1974).

At Peldehue in central Chile, clear

ScSp arrivals originate from the

deeper part (150 km) of the dipping

seismic plane. The interpretation of the

Arequipa (southern Peru) records indi-

cates an interface that coincides well

with that delineated by seismicity.

Farther north, however, this is no
longer the case. The Nana (central

Peru) seismograms show clear ScSp
arrivals (Fig. 45), which also indicate

the probable conversion point. This
conversion point lies on an extension of

the shallow seismicity (near the
trench) which seems to disappear
below 100-km depth. This suggests

that the subduction has a dip angle
similar to the other regions discussed

(southern Peru to central Chile) but is

of low seismicity.

There is considerable seismic activ-

ity in what we have interpreted to be
the continental lithosphere. This is in-

terpreted by some, e.g., Stauder (1975)

and Isacks and Molnar (1971), to be
subducting oceanic lithosphere with a

dip of about 15°. The ScSp observations

and the trend of shallow seismicity

persuade us that this is not the case.

Volcanism. Volcanoes generally
occur in subduction regions at some

SOuTh 4M£R/(

Station

• Hypocenter
* Earthquakes

CORE

Fig. 44. A schematic model showing the paths of the ScSp phase (solid line) and the ScS phase
(dotted line). The shear energy reflected from the earth's core, ScS, is efficiently converted to com-
pressional energy at the dipping interface.
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fairly well defined position relative to

the dipping seismic plane. In both
South America and Japan (and other

regions as well), the earthquakes in the

dipping seismic plane are at a depth of

about 150 km beneath the line of vol-

canoes. Figure 46 shows the recent vol-

canism in South America as well as

seismic sections through Chile and
Peru. In central Chile, there is a well-

defined dipping seismic plane down to

about 150 km, above which the vol-

canoes occur. In northern Chile, there

is a similar situation, i.e., volcanoes
150 km above the earthquake plane,

except that the seismic plane extends
down to about 300 km. In southern
Peru, volcanoes occur about 150 km
above the dipping seismicity, which ex-

tends down to 250 km.

In central Peru, however, there are

no recent volcanoes. The northern

margin of volcanic activity coincides

with the disappearance of a clear low-Q
zone between the subducting and con-

tinental lithospheres as well as a

poorer delineation of the subducting

plate by the seismicity.

Discussion

For the interaction between the sub-

ducting and continental lithospheres,

three independent observations
suggest that there is a difference be-

tween the southern Peru- Chile region

and that of central and northern Peru
(see Fig. 47).

In the southern regions, there is a

well-developed low-Q zone, presumably
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indicated.

indicating temperatures high enough
to cause partial melting, between the

subducting plate and the thick (greater

than 300 km) continental keel. Most of

the seismicity in these regions (see

lower two seismicity sections in Fig.

46) is confined to the subducting plate,

although there is also considerable ac-

tivity in the continental block. Vol-

canoes occur, and the seismic plane is

about 150 km beneath them, as is the

case in other regions such as Japan.
In central Peru, however, the low-Q

zone (sliver of asthenosphere) is small
or absent, and the subducting slab is

not characterized by seismicity below
about 100 km. There is no recent vol-

canism in this region (see Fig. 46).

Note that there are earthquakes at

depths of 150 km, but these occur in-

land far from the subducting slab (as

determined in the studies discussed

above) and are considered to be in the

continental lithosphere.

It appears that the contact of hot and
therefore weak material (characterized

by low values ofQ) with the subducting
lithosphere provides the boundary con-

ditions that give rise to a well-defined

seismic plane and the generation of

magma.
We conjecture further that in the

case of an interaction of a subduction
zone with a thick continental litho-

sphere, the cooling effect of the down-
going oceanic lithosphere in the as-

thenosphere between it and the conti-

nental lithosphere can eventually
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Fig. 47. Schematic drawing indicating the key features in the Chile-southern Peru region (left

diagram) and the central Peru region (right diagram). The shaded zone indicates asthenosphere.
Where this exists, the earthquakes (dots) are mainly confined to the subducting slab, and volcanoes
occur above the 150-175 km deep earthquakes. Where asthenosphere is absent, as in central Peru,
volcanoes do not occur and the seismicity is more dispersed.

freeze out that asthenosphere. There is

then direct contact between the sub-

ducting lithosphere and the continen-
tal lithosphere which inhibits vol-

canism and causes diffuse or low seis-

micity. Of the 58°-long subduction zone

south of the equator in western South
America, 25° is already devoid of active

volcanism.
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Determination of the
Lithosphere-Asthenosphere
Boundary Using Converted

Waves

/. S. Sacks and J. A. Snoke

Introduction

There is considerable evidence for a
thick lithosphere under South
America. A study of surface-wave dis-

persion across the shield area by Alex-

ander (1972) showed an absence of a
low-velocity zone down to at least 200
km, which implies that the lithosphere

extends to at least that depth. Sacks
and Okada (1974) found that there is a

Q reversal at about 350 km depth
under the continent and that the Q at a

given depth above 350 km is approxi-

mately the same as in the downgoing
plate. They concluded that the litho-

sphere extended to about 350 km de-

pth. Also, the seismicity is absent be-

tween depths of about 350 km and 500
km, which is consistent with the theory

SEISMOGRAPH

EARTHQUAKE

Fig. 48. Ray paths of direct S, direct P,
and sp.

that this depth range contains weak
(asthenospheric) material incapable of

supporting the stress concentrations

necessary for earthquakes.

In this report we describe a tech-

nique to determine the depth of the

lithospheric-asthenospheric boundary
by utilizing the fact that the astheno-

sphere probably has a partial melt, so

that there is a significant rigidity con-

trast at the boundary, leading to rela-

tively efficient conversion of incident

shear waves to transmitted compres-
sional waves (Fig. 48; see also Sacks,

1968 and Jordan and Frazer, 1975).

Data

Arrivals intermediate betweenP and
S were observed at the Carnegie
broadband stations (Sacks, 1966) CUZ
in Peru and TCC in northern Chile,

and at stations employing mechanical,

horizontal seismographs at An-
tofagasta (ANT) in northern Chile, and
in Argentina at La Plata (LPA), Zonda
(ZON), La Quiaca (LQA) and Jujuy
(JUJ). The data are summarized in

Table 13, and station locations and the

epicentral regions of analyzed
earthquakes are shown in Fig. 49.

Examples of the arrivals are shown in

Figs. 50 and 51. The arrivals were ob-

served at epicentral distances of 4° to

13° from events in the depth range
526 -650 km. The locations of epicen-

ters and seismographs are such that it

is impossible that the intermediate

arrivals result from conversions at in-

terfaces related to subduction.
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TABLE 13. List of Observed Arrivals between P and S . Locations from

USCGS/NOAA. 57
1 = rarrivaI

- T„-

Date Depth Back Dist. 8T
(d-m-y) Mag. (km) Station azim. (deg.) Comp. (s)

6-7-59, „ 6.75 600 LQA 137 6.06 NS
EW

24
24

6-7-59
(2)

6.9 600 JUJ 125 4.13 NS
EW

22
22-26

LQA 140 5.76 NS
EW

25
22

ZON 53 8.04 NS 21.5

28-12-59 650 LPA 327 8.13 NS
EW

30

19-8-61 7.0 649 ANT 357 12.85 NS 42.5

29-9-62 6.5 575 ZON 46 6.33 EW
NS

20.30

8-12-62 5.9 620 ZON 40 7.36 EW
NS

28
15

9-12-64 5.9 586 ZON 51 6.24 EW 29
5-3-65 5.5 573 ZON 47 6.52 EW

NS
19,29

13-5-65 5.1 589 ZON 21 7.25 NS 24.5

30-7-65 4.5 526 TCC 98 4.17 EW 15

ZON 28 9.78 NS 14.5

20-12-66 5.7 586 ZON 44 7.24 EW
NS

24.5

9-9-67 5.9 578 ZON 53 6.18 NS 24
12-1-72 5.9 580 CUZ 6.67 UD

NS
EW

23
24

Fig. 49. Location map showing seismograph

stations and the epicentral regions (hatched

zones) of analyzed earthquakes. The arrival at

CUZ was for a northern (Peru-Brazil)

earthquake; all observations at other stations

were for southern earthquakes.

Figure 52 has tracings of the

waveforms for the intermediate arrival

(labeled sp) and directs for an event as

recorded at TCC. The similarity of the

two waveforms suggests that the phase

was radiated as a shear wave. The in-

termediate arrival has relatively more
high frequencies than does direct S
(Fig. 50), from which we infer that the

phase traverses the low-Q zone below
350 km (Sacks and Okada, 1974), with

a steeper path through that region

than does direct S. The amplitude of

the arrival is largest on the vertical

component of the seismogram (Fig. 50)

but is in all cases much smaller than

direct S at long periods.

These arrivals were not observable

on WWSSN seismograms because of

the high magnification and limited

dynamic range and frequency response

of these seismographs.

Theory and Interpretation

The only model we have found con-

sistent with the data is that the inter-
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V, 2 SEC

E-W, 2 SEC

-S, 2 SEC

||^|^.m>/a>vw^^^^

P sp S.

CUZCO 12 JAN 1972 H = 580 A= 6.1 5.9

Fig. 50. Three-component, filtered P, sp, and S arrivals for an earthquake as recorded by the

Carnegie broadband seismograph CUZ. The upper trace is the vertical component filtered at 1-s

period. The other traces are vertical, E-W (transverse horizontal), and N-S (radial horizontal) fil-

tered at 2-s periods. The sp arrival is strongest on the vertical and weakest on the transverse, as

predicted. The shorter periods ( =£ s) are attenuated in the low-Q region below the lithosphere for S and
sp.

mediate arrivals are sp phases for tinuity, in which case the arrival is ob-

which the S-to-P conversion occurs at served as an immediate precursor to

an approximately horizontal interface directs.

at about 400 km depth (Fig. 48). Previ- The variation of the displacement

ous studies (e.g., Jordan and Fraser, amplitude ratio at sp to S with epicen-

1975) of sp or Sp have considered only tral distance is shown in Fig. 53 (verti-

S-to-P conversion at the Moho discon- cal component) and Fig. 54 (horizontal

a b

|l| Mil
J,

i 'II-
i

'

I'M III ,'
'

P sp S P sp S

LPA 27 DEC 1959

h = 650km
A=8.I3° NS

LQA 6 JULY 1959,

h=600 km m = 6 8
A = 6.06° E W

Hi 1 1 '

I

|I)|.J
,|| j| ,

,

/If 1:1
'i ; i

P sp

LQA 6 JULY 1959

h=600km m = 6.9

A = 5.76° E W

(2)

Interruption

of energy

supply

ZON 20 DEC 1966

h= 586 km m= 5.7

A =7. 24° EW

Fig. 51. Tracings ofP, sp, and S arrivals for earthquakes as recorded by mechanical seismographs
at ZON, LQA, and LPA. (See Fig. 50 for station locations.) Note that the clear sp arrival on record d
has the same polarity as S.
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TCC E-W 30 JULY 1965 A = 4.I7

/^VVN

Sp (X5)

Fig. 52. Tracings of filtered (at 2.5-s period)

sp and S arrivals for an earthquake as recorded

by the Carnegie broadband station TCC. The
waveforms are very similar, and the polarity is

the same.

radial component). (The sp amplitude
should be zero on the horizontal trans-

verse component.)
The ratios are calculated using ray

theory and include the effects of

geometrical spreading, S-to-S and
S-to-P conversion at the interface (for

enhancements of both 5% and 10% of

the velocities above the interface), re-

lative attenuation below the interface,

and the free-surface conversion of

amplitudes into ground displacement.

For this example of a focal depth of 580
km and a conversion depth of 400 km,
there is a cutoff at about 12°. The rela-

tive amplitude is larger on the vertical

(Fig. 53e) than on the radial (Fig. 54e)

but is always much less than unity.

(Including earthquake radiation-

pattern effects may change the
amplitude ratios somewhat.)

RELATIVE AMPLITUDE OF sp TO S

VERTICAL DISPLACEMENT
FOCUS 580km CONVERSION 400km

RELATIVE AMPLITUDE OF sp TO S

RADIAL DISPLACEMENT
FOCUS 580 km, CONVERSION 400 km

DISTANCE (degrees)

Fig. 53. (a) The transmission coefficient forP
transmitted with an incidents vs. epicentral dis-

tance for sp. (b) and (c) vertical displacement
amplitude for sp and S, respectively, based on
geometrical spreading, (d) Relative attenuation
of S to sp below the conversion depth at 400 km
assuming Qs = 50 and a period of 2.5 s. (e) The
relative amplitude of sp to S for vertical dis-

placement. The focus is at 580 km, and 5% and
10% enhancements for Vim_IVi{m+ are included.

DISTANCE (degrees)

Fig. 54. Same as in Fig. 53 but showing the

relative radial displacement amplitudes instead

of the vertical.

The amplitude ratios would be ap-

proximately the same if one assumed
instead a 5% or 10% decrease in the ve-

locities above the interface, and for our

data set, one cannot determine the di-
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rection of the velocity change at the

interface on the basis of travel time

alone (Fig. 56). It is important
geophysically to know which it is: A
decrease above the interface could

imply that the usual 400-km discon-

tinuity is a sharp discontinuity rather

than the more usually modeled gradual

(over 60-km) velocity increase with

depth, while an increase above the

interface would lead to the interpreta-

tion that the interface is the boundary
between the continental lithosphere

and the underlying asthenosphere.

The polarity of the outgoing P wave
for an S-to-P refraction depends on the

sign of the velocity change at the con-

version interface. The sign of the veloc-

ity change can be determined by com-
paring the waveforms, or even the di-

rections of first-motion, of the sp and
the direct S on radial-component seis-

mograms. Enhanced velocities above
the interface result in iivphase
waveforms and hence in first-motions

in the same direction; enhanced veloci-

ties below the interface result in oppo-

site polarity waveforms and hence in

first-motions in opposite directions.

The first-motions and waveforms from
Figs. 52 and 5 Id are in phase, indicat-

ing that the interface is a velocity re-

versal which we interpret to be the
lithosphere-asthenosphere boundary.
From the plot 8T = Tsp -TP vs. epi-

central distance (Fig. 55) we determine
that a one-second increase in ST results

from an increase in focal depth of about
12 km at short epicentral distances, or

about 7 km for larger epicentral dis-

tances. Keeping the focal depth fixed

and decreasing (increasing) the con-

version depth gives similar results for

increases (decreases) in ST.

Figure 56 has curves of 8T vs. epi-

central distance for different velocity-

depth models. Compared with the nor-

mal J-B model, a model with a sharp
increase-with-depth of the velocities

instead of the normal 400-km discon-

tinuity gives essentially identical re-

sults. A model with velocities above the

interface enhanced by 5% (10%) gives

similar 8Ts by up to 3 (6) seconds. For

50r

40-

30-

20-

10
5 10 15

DISTANCE (degrees)

Fig. 55. The calculated difference in sp andP
arrival times is plotted vs. epicentral distance for

a conversion depth at 400 km and focal depths at

526, 580, and 650 km. The long-distance cutoff is

indicated by a dashed line. The J-B model is

used.

1 1

FOCAL DEPTH km

CONVERSION DEPTH IS 400 km Je>50

- A -

I

/lu

'c/>

.q580_

°

/3

/ // 526

^

1 1

40

30-

uj 20

PERCENT
ENHANCEMENT

CONVERSION DEPTH =400 km
FOCAL DEPTH = 580 km

DISTANCE (degrees)

Fig. 56. Differential travel times as in Fig. 55
for a focal depth of 580 km and a conversion

depth of 400 km for different velocity-depth mod-
els. Indicated are the percentages of the velocity

contrasts for the velocity above the interface rel-

ative to those below.
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our data these differences are not sig-

nificant.

Figure 57 is a plot of the observed 8T
minus the calculated 8T (using the

normal J-B model) vs. epicentral dis-

tance. It should be noted that the data
include events for focal depths of 526-
650 km and for epicentral distances of
4°-13° and are at a large range of

azimuths. The observations suggest a
probable conversion depth of 400±30
km.
An indication of the thickness of the

transition zone can be obtained from
the high-frequency content of the arri-

vals. From Fig. 50 we see that the arri-

val is clearly recorded at periods as

small as 2 seconds, so that to a 10-km
wavelength the discontinuity is sharp.

Hence the transition zone must be only

a few kilometers thick.

Concluding Remarks

Anelasticity and surface-wave
studies, the seismicity and the sp
studies provide conclusive evidence

that there is a thick lithosphere under
South America. Thesp arrivals provide

a high-resolution technique to deter-

mine the lithosphere-asthenosphere

boundary. Our results show that the

bottom of the lithosphere is approxi-

mately horizontal under a substantial

part of the continent; the depth of the

boundary is within a few tens of

kilometers of 400 km; and the transi-

tion zone is at most a few kilometers

thick with a velocity contrast of 5%-
10%.
Preliminary investigations of other

geographical regions indicate that sp

and Sp arrivals exist and that conver-

sion depths correlate with other evi-

dence for the lithosphere-astheno-

sphere boundary in those regions.
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Shallow Seismicity in

Subduction Zones

/. S. Sacks, A. Rodriguez B.*,

J. A. Snoke and A. T. Linde

Introduction

The study described here is one of the

results of long-term collaboration be-

tween this department and the
Characato Observatory of the Univer-

sity of San Agustin in Arequipa.
The seismicity of subduction regions

is characterized by a dipping seismic
plane, some tens of kilometers thick,

which is thought to delineate the upper
surface of the subducting lithospheric

plate. There are no earthquakes in the

asthenosphere on either side of this

subducting plate. Earthquakes do
occur in the continental lithosphere

above the subduction. The seismicity is

not uniform along the subducting
plate; regions of low or zero seismic re-

lease are found.

In this report we describe and inter-

pret the shallow seismicity under
southern Peru using high-resolution

data from a net operated by the Uni-
versity of San Agustin in 1965 (James
et al., 1969). The hypocenters (Figs.

59,60) delineate a 30° dipping Benioff

zone but also indicate intraplate activ-

ity. Of particular interest is the exis-

tence of an aseismic wedge between the
shallower earthquakes in the subduct-
ing lithosphere and those in the conti-

nental lithosphere. We show below
that this aseismicity can be explained
quite simply on the basis of the elastic

forces involved in the tectonics.

* Characato Geophysical Observatory, San
Agustin University, Arequipa, Peru.

Data

During 1965 the Characato Obser-

vatory of the University of San Agustin
operated a net of nine high-sensitivity

seismographs in southern Peru. The lo-

cations of these stations, as well as

some others used for this study, are

shown in Fig. 58.

The method used to locate the

earthquakes recorded by the Arequipa
net is discussed in detail by James et al.

(1969). Stable hypocenters for the local

earthquakes were determined by an it-

erative method utilizing both theP and
the S arrival times. In this method the

origin time is determined indepen-
dently from the spatial location pa-

rameters at stations at which S is ob-

served, and a least-squares iteration

procedure is applied to only the three

spatial parameters.

Figures 59 and 60 show vertical dis-

tributions of shallow (<100 km)
earthquakes located by the Arequipa
net. For comparison, Fig. 61 is a verti-

cal seismicity cross section for the same
geographical area as in Fig. 60, but

using earthquake hypocenters located
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Fig. 58. Location map of seismograph sta-

tions used in this study. The stations in the

Arequipa net are CUS, PUN, CRV, ONG, SHP,
ATI, SGP, AYE, and ARE. Also used, but not

shown, were ANT (Antofagasta, Chile) and LPB
(La Paz, Bolivia).
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by USCGS/NOAA for the period
1964-1974.
In addition, bathymetric data (Getts,

1975), as shown in Fig. 61, indicate a
curvature in the ocean floor on both

sides of the trench.

The Aseismic Wedge

The seismicity cross sections in Figs.

59 and 60 indicate that between the

trench and the west there is an aseis-

mic wedge of about 80 km in lateral

extent and about 50 km in maximum
depth. This feature can also be seen on
the cross section using USCGS/NOAA
locations (Fig. 61), but because of the

smaller data set and less reliable loca-

tions one could not propose the exis-

tence of this wedge on the basis of the

USCGS/NOAA data alone.

A model that is consistent with the

observations is illustrated in Fig. 63. It

is proposed that the hatched area
labeled "low stress zone" in Fig. 63C
corresponds to the aseismic wedge. The
relative plate motion leads to drag at

the upper boundary of the downgoing
plate and compressive stress in the

oceanic and continental plates far from
the subduction (Fig. 63a). (The com-
pressive stresses in these regions are

consistent with the focal mechanisms
found by Stauder, 1975; Mendiguren,
1966). Counteracting the compression
near the subduction zone is tension

caused by the downwarping of the con-

tinental lithosphere due to the drag of

subduction (Fig. 63b). The curvature of

the interacting plates at the trench can
be seen from the bathymetry (Fig. 62).

The tension can be explained by
beam-bending theory (e.g., Sokolnikoff,

1956), according to which, near the

upper surface of a (convexly) bent plate

there is a tension inversely propor-

tional to the radius of curvature. A
superposition of the stresses indicated

in Figs. 63a, 63b results in a low-stress

zone (hatched regions in Fig. 63c).

Earthquakes occur in regions ofhigh or

rapidly varying stress, so that the

lower-stress zones in Fig. 63c are also

seismically quiet regions. That this is a
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global phenomenon can be seen from
high-precision seismicity studies such
as were made in the Aleutians (Eng-

dahl and Sleep, 1976), which also show
a shallow aseismic wedge.

Shallow earthquakes are therefore

not expected between the trench and a

region fairly well inland. In most sub-

duction regions, the coast (C in Figs.

59, 60) is earthquake free.
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A Model for Laterally
Heterogeneous Velocity

Structure at the Base of the
Mantle

J. A. Snoke and I. S. Sacks

Introduction

Sacks and Beach (1974) showed that

the core phase PKPAB (Fig. 64), which
has near-grazing incidence at the
mantle-core boundary, has an

Fig. 64. Ray paths for the phasePKPAB lead-

ing to large-amplitude (a) and small-amplitude

(b) arrivals due to scattering in the lower mantle
near the core-departure crossing.

amplitude anomaly that correlates

with the regions of the core-mantle

boundary crossings. Regions of high
and normal transmission were iden-

tified, and a correlation was found be-

tween these regions and the isostatic

anomalies in the earth's gravity field

as determined from satellite orbits. We
have used a ray-theory approach to

model regions at the base of the mantle
to determine the characteristics of the

velocity structure that gives rise to

large-amplitude PKPAB arrivals.

It was suggested by Sacks and Beach
that there are two types of regions at

the base of the mantle: regions with

small convection cells (A in Fig. 65)

and regions that are involved in

large-scale (whole mantle) convection

(B in Fig. 65). In this report we de-

scribe, for the A-type region, a

velocity-structure model that leads to

results consistent with the observed

amplitude anomalies.

The Model
Figure 66 shows the velocity-

structure model used for the bottom
150 km of the mantle at either the

core-entry or core-departure region for
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nTiDluTr)

Fig. 65. Models for the lowermost mantle. (A) Nonconvecting whole mantle. If the whole mantle
does not convect, the lower viscosity region (Sacks, 1972) at its base probably will, the convection cell

being bounded at the top by static material with a higher viscosity. (B) Whole-mantle convection (or

plumes).

MANTLE

VELOCITY MODEL AT

BASE OF MANTLE

V(X,Z)=V (Z)He I + COS(2tt-^ +</>)]
j

Fig. 66. The velocity model for the lowest 150 km of the mantle used in this study. x u is fixed

relative to the source. The minimum velocity at a given depth z is V (z), and the maximum is V (z)

(\+A).

the core phase PKPAB , the phase that

has the amplitude anomaly when it

crosses a type-A region. Figure 67 is a
comparison of our model and the struc-

ture inferred by the small-scale convec-

tion cells.

Our model superimposes a cosine

lateral (x) variation on a normal
velocity-depth model (the B 1 model
developed by Jordan and Anderson,
1974). In our model the lateral varia-

tion is independent of depth in the low-

ermost 150 km of the mantle. The pa-

rameter jc„ is kept fixed relative to the

source, so there are three variables in

the model (Fig. 66): A is the maximum
deviation of the velocity from the nor-

mal value at a given depth (all devia-

tions are positive); L, the "wavelength"

of the cosine, is a measure of the lateral

extent of a cell; and $, the "phase" of

the cosine, gives the lateral position of

the cells relative to the source. Only
two-dimensional structure was consid-

ered, and only great-circle paths were
calculated directly. The simulation of

the third dimension is discussed below.

For each model run A , L, and $ were
fixed for either a core-entry or core-

departure crossing. Then ray paths
were calculated to include all PKPAB
arrivals with epicentral distances

greater than 158°. Relative amplitudes
were calculated by comparing the



DEPARTMENT OF TERRESTRIAL MAGNETISM 235

MANTLE

Fig. 67. Comparison of our velocity model and the convection cells it is intended to simulate. The
velocity variations in the model are independent of the depth.

change in epicentral distance for a

given change in departure angle from
the source (Fig. 64). The two-dimen-
sional ray-tracing routine is based on a

method developed by Jacob (1970).

In a laterally homogeneous medium,
the ray parameter p = dT/dA is con-

stant along a ray path, where T is the

travel time and A the epicentral dis-

tance between any two points along the

ray path. Lateral heterogeneities re-

sult in variations in p. Rays traveling

to a single point at the earth's surface

can come from a region at the base of

the mantle of extent d, which can be

determined if the variation in p is

known. We simulate off-great-circle

paths by which a ray travels from
earthquake -to seismograph by assum-
ing that the deviations off the great

circle are similar to those along it

—

that is, by superimposing, with a suit-

able weighting, runs of a range in 4> of

8</> = 360d/L.
The lateral position of the cells rela-

tive to the source is probably not de-

terminable, so we average over $.

Hence our model is not strictly deter-

ministic, and the comparison with data
must be on a probabilistic or statistical

basis.

The observed AB amplitudes are de-

fined relative to the PKBDF amplitude
for the same earthquake-seismograph
pair (Fig. 68). The DF branch has ap-

proximately normal incidence at both

core-mantle crossings, which makes it

far less sensitive than the near-grazing
AB rays to any lateral velocity struc-

ture at the base of the mantle. Our
criterion for largeAB amplitude is that
it be 1.5 times the size of the corre-

sponding DF amplitude. Our compari-

son with the data will be on the basis of

the percentage of large amplitudes and
the ability of the model to predict the

observed frequency dependence of the
amplitude anomaly.

Results

For each run, the lateral heterogen-

eities cause multiple arrivals at most
epicentral distances (Fig. 69). Suffi-

ciently small steps in departure angle

were taken to ensure that no aliasing

occurred. The difference in arrival

times of the mutliple arrivals is small
enough (<0.2 s for a 1.5% heterogene-

ity model) that, for periods considered,

the arrivals can be added coherently.

We considered models with L = 40 km,
150 km, and 600 km; and A = 0.008,

0.015, and 0.03. The analysis will be
described in detail for the model we
found to be most successful: A = 0.015

and L = 150 km. (The rejected models
and the criteria for their rejection will

be discussed later.) So far we have
analyzed in detail applications of the

model to only the core-departure re-

gion.
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Fig. 68. Tracings oiPKPAB and PPBDF arrivals from long-period and short-period seismograms
illustrating the possible frequency dependences for large A5-amplitude anomalies. For the top pair
the AB amplitude is large on only the short-period record; for the middle pair it is large on both, and
for the bottom it is large on only the long-period record. For an explanation in the context of our
model, see text and Fig. 74.
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0°. The circles are model-derived points, and the lines connecting the circles indicate the continuous
variation in the input ray parameter/} = clT/dA. Note that the scatter in arrival time is <0.2 sec.
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Figure 70 contains a summary of the

model data. Plotted are the large-

amplitude regions at epicentral dis-

tances for {/> ranging from 0° to 330° in

30° steps. For each run (a fixed (f>)
one

sees there are brightly illuminated re-

gions as well as small-amplitude re-

gions, as is required by energy conser-

vation. Some of those bright regions

are less than 0.1°; others are as large as

a half degree. For different 0s the pat-

terns are similar, but the position of

the bright regions shifts. For these

runs the standard deviation in the

change in the ray parameter/? was 0.04

s/degree, which implies a source region

at the base of the mantle of extent d ~

200 km. Following our technique for

simulating off-great-circle paths, this

results in a range in cf> to be superim-

posed of ±240°. The resulting model
probability for large amplitudes is

34%, and this result is insensitive to

the central value of (/>.

In the data analysis, event-
seismograph pairs were selected so

that the data set included a large area

at the core-entry crossing for the rays

for a given core-departure region (Fig.

71). The data therefore include rays

with traversal regions of both type A
and type B on the core-entry side. As-

suming that the model results for the

core-entry side will be similar to our
results for the core-departure side and
that the two types of regions have ap-

proximately equal probability, we get

an additional 11% in expected large-

amplitude arrivals and thus an overall

expectation of 45%. The observed
large-amplitude-arrival probability for

type A regions is 48% (Fig. 72).

A model with L = 600 km and A =

0.015 led to a 7% probability of large

amplitude arrivals, and a model with L
= 40 km and A = 0.015 led to a proba-

bility approximately the same as the

model withL = 150 km andA = 0.015.

The probability for L = 600 km can be
increased by increasing A , but in order
to get results comparable with the

other model, A must be large enough to

cause measurable shifts in the travel

times, which are not observed. Hence
we reject L = 600 km.
The other two models give different

predictions for the size of the illumi-

nated (large-amplitude) regions on the

earth's surface (Fig. 73). The L = 150
km model is capable of explaining the
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Fig. 70. Results of model runs for A = 0.015 and L = 150 km and different values of (/>. Large-

amplitude arrival regions on the earth's surface are indicated by rectangles. Regions smaller than
0.1° are filled rectangles. See the text for the method of determining the large-amplitude-arrival

probability.
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Fig. 71. Technique used to resolve the ambiguity of the two core crossings. The dotted lines

indicate areas at the base of the mantle whose transmission properties are being investigated. L
indicates low-amplitude transmission, and H indicates high amplitudes. Circles are seismographs;

asterisks, earthquakes; full lines show mantle paths; and broken lines, paths in the core. The average
amplitude for theL region sampled is {LL + LH + LL + LH)/4. If the adjacent// region was sampled,
the average would be (HL + HH + HL + HH)/4, which is clearly larger.

different types of observations (Fig. 68;

see also Fig. 74): (1) where the

amplitude of the AB is large on the

short-period but not on the long-period

seismograms (because the extent of the

illuminated region is small compared
to the wavelengths for which the long-

period seismometer is sensitive), and
(2) where the amplitude is large on
both short-period and long-period in-

struments (because the extent of the il-

luminated region is above the
threshold for the long-period seis-

mometer). For the L = 40 km model
there are no illuminated regions larger

than 0.1° in length (Fig. 73). We can
therefore rule out the L = 40 km model
because it cannot explain the observa-

tions for which the AB arrivals are

large on both long-period and short-

period seismograms (e.g., Fig. 68).

Model runs for the PKPDF branch
using the same parameterization as for

the PKPAB branch produced results

that were essentially the same as for

the laterally homogeneous {A = 0)

case.

Concluding Remarks

We have shown, therefore, that in

some regions at the base of the mantle
cells of 150 km x 150 km with a
maximum lateral velocity variation of

1.5% can explain the observed
amplitude anomaly of PKPAB arrivals.

The possibility of convection occurring

is proportional to the cube of the cell

size, so it is encouraging for the convec-

tion model that smaller cells are not

required to fit the seismic data. The
limits on the cell size and velocity vari-

ations obtained from this study impose
constraints that will be invaluable in

studies of convection and heat flow at

the core-mantle boundary.
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SIZE OF AB ARRIVAL

Fig. 72. Number versus size of the PKBAB
amplitude arrival for a type-A (small-scale con-

vection) region for the core-departure crossing of

the PKPAB rays. The percentage of large arri-

vals is 48.
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are observed large amplitudes on long-period seismograms rules out L = 40 km.
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Fig. 74. Explanation for the observed frequency dependence of the large AB amplitudes (see Fig.

68 for examples). A large amplitude on only short-period records (A,) occurs for a triplication over an
epicentral distance range of less than 0.1°. A large amplitude on only the long-period record (A2 )

results from diffractive scattering from the caustic. Such arrivals were not considered in this study.

Large amplitudes on both short-period and long-period records (A,) result from a triplication over an
epicentral distance range greater than 0.1° in extent.

Single Site Phase Velocity
Determinations

/. S. Sacks, J. A. Snoke, J. R. Evans, G. C. P.

King* and R. J. Beavan*

The lithosphere beneath oceans is

generally less than 120 km thick. Evi-

dence is mounting that beneath large,

old continental areas, such as South
America, the lithosphere is very much
thicker. Anelasticity studies by Sacks
and Okada (Year Book 72, pp. 226-233)
and the interpretation of converted sp

phases (Sacks and Snoke, this Year
Book) indicate that the lithosphere be-

neath South America must be about
400 km thick and that it overlies as-

thenosphere which has much higher
absorption (lower Q).

A method to determine subcrustal

velocity structure utilizes surface-wave
phase velocities (see Fig. 75). Phase ve-

locities are traditionally obtained by
using sets of widely spaced seismome-
ters which record simultaneously. The
velocity determination follows then
from measurements of the travel times
of different frequencies over known
distances. For low-frequency (long-

*Department of Geodesy and Geophysics,

Cambridge University, Cambridge, England.

wavelength) waves, the separation of

the instruments must be large to per-

mit satisfactory resolution, and even at

shorter wave lengths, large spacing is

an advantage as it prevents velocity es-

timates being contaminated by multi-

pathing resulting from lateral refrac-

tion and diffraction. The best results

for phase velocity using these methods
are obtained only when two or more
stations lie close to a greater circle in-

cluding the seismic epicenter (Brune

and Dorman, 1963).

The lithosphere asthenosphere
boundary is characterized by a velocity

reversal and beneath large, old conti-

nents this boundary may be as deep as

400 km (see Sacks and Snoke, this Year

Book). Because of the long-period limi-

tations in the determination of phase

velocities by the technique described

above, Alexander (1972) was able to

show only that there is no velocity re-

versal under the shield area in South

America above 200 km.
We describe a method whereby it is,

in principle, possible to determine the

phase velocity of any seismic wave
from the simultaneous measurement of

the wave amplitude (or its time deriva-

tive) and its spatial derivative (strain

or tilt) at the same site. Mikumo and
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TWO STATION METHOD

SEISMOMETERS 4 AT A AND B

C(T)
tB-t.
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SEISMOMETER

AND STRAINMETER
AT SINGLE SITE

C(T)-
DISPLACEMENT

STRAIN

Fig. 75. Sketch illustrating the two methods for determining the phase velocity: the single-site

method discussed in this report and the traditional two-site method. T, the period, = 2tt/<d.

Aki (1964) have previously used this

technique for the combined analysis of

records from a horizontal seismometer
and a horizontal strainmeter at a
single station. For the five earthquakes
studied they found good agreement be-

tween measured and predicted phase

velocities for body waves and in some
cases for surface waves.

Rodgers (1968) has shown that for

long periods (>100 s) horizontal accel-

eration and tilt cannot easily be sepa-

rated instrumentally, and recent work
by King et al. (1976) indicates that

near-station crustal inhomogeneity
may give rise to strain-strain and
strain-tilt interactions. Thus, records

from long-period horizontal strain-

meters are heavily contaminated by
tilt and strain. Records written by ver-

tical seismometers do not suffer this

defect. We rederived (Sacks et al., 1976)

the principle of single-site velocity de-

termination, taking into account the

strain-coupling effects noted by King et

al. and using vertical acceleration. Our
discussion is presented for Rayleigh

waves and assumes that the ellipticity

of particle motion at the surface is in-

dependent of frequency. (The validity

of this assumption may be tested if

there is a site-calibrated horizontal

seismometer at the same site.)

In this report we present and discuss

a method for phase velocity determina-
tion employing a vertical seismometer

and a volume strainmeter. The deriva-

tion for this case and for the more gen-

eral case of a vertical seismometer and
a linear strainmeter are to be found in

Sacks et al. (1976).

From Sacks et al. (1976) the phase
velocity c as a function of angular fre-

quency, co, can be written

c(co) = YW(co)/co, (1)

where Y is a constant (assuming the

ellipticity to be independent of fre-

quency) and

W(to) = u
:i
(co)/D(co), (2)

where u
:i

is the vertical displacement
and D the dilatation. The ~ indicates
that the quantity is averaged over
areas of extent large compared to the
size of the local heterogeneities but less

than or equal to the wavelengths of

interest. If the region^were uniformly
layered, u A

= u
:i
and D = D so that W

from Equation 2 would be given in

measured quantities. However, if there
are local heterogeneities, King et al.

(1976) have shown that, to a good ap-

proximation

and
u-> (co) = u

:
, (co) (3)

D(d,co)=A(d)D(co), (4)
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where 6 is the back-azimuth of the

Rayleigh wave. Hence from Equations
2-4, Equation 1 can be rewritten in

terms of the measured quantities u
:i

and/):

where
c((o) = YA($)W(e,ai)/(o, (5)

W(d, o)) = u
:i
((o)/D(6, w). (6)

There is therefore an azimuthally

dependent factor Aid) in the expression

for the phase velocity due to the pre-

sence of local heterogeneities. Figure

76 is a sketch of log10c(^>) vs. co for dif-

ferent azimuths based on Equations 5

Log, [EM]

Fig. 76. Sketch to show the expected rela-

tionship of log,„[c(w)] versus w for Rayleigh

waves arriving from three different directions 0,

,

6>, and
:i

. The curves are shifted vertically rela-

tive to each other by the presence of local

heterogeneities, but their shape remains un-

changed.

and 6. If the region is uniformly
layered the curves for different

azimuths should superimpose. The pre-

sence of local heterogeneities, on the

other hand, would result in the curves

being displaced from one another.

Hence determining the phase velocity

for Rayleigh waves from a number of

different azimuths allows an estimate

of the local heterogeneity. (An alterna-

tive technique for determining the site

effects using tidal observations was de-

scribed by King et al., 1976.)

The shape of the curves in Fig. 76 is

independent of Aid). By normalizing

these curves at some frequency and av-

eraging over determinations for a

number of different azimuths, it should

be possible to reduce the effects of

signal-generated noise in the determi-

nation of the spectral shape of the

phase velocity. If c(&>) can be deter-

mined at any frequency o> by other

methods (such as from crustal refrac-

tion), Equation 5 can be rewritten as

c(a>) = c(wo)W(0,w)/W(0,a>„) (7)

Hence the phase velocity can be deter-

mined for all frequencies without
knowing the ellipticity or Aid).

Single-site phase velocity determi-

nations have two main advantages:

There is no inherent limitation in the

maximum period such as is caused by
finite station spacing using the tradi-

tional techniques; and phase velocities

can be averaged for any azimuth,
which will increase the precision of the

velocity determinations, particularly

at longer periods. This technique will

be particularly useful in studies of the

structure of continental lithospheres

with thicknesses up to 400 km.
The implementation of this tech-

nique requires seismometers (ac-

celerometers) and strainmeters with
high sensitivity at long (>400 s)

periods. Suitable strainmeters have al-

ready been developed at the Depart-

ment of Terrestrial Magnetism (see

Year Book 68, pp. 448-452; Year Book
69, pp. 426-430; Year Book 70, pp.

336-340; Year Book 71, pp. 321-325;
Year Book 72, p. 326; Year Book 73,

1058-1060; Year Book 74, pp. 287-
291). A suitable seismometer is being

developed.
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Maximum Entropy Spectral
Analysis

C. Seber, D. E. James,
J. A. Snoke, and A. T. Linde

Introduction

Spectral analysis of seismic waves is

used to investigate a wide range of

problems in seismology. This is be-

cause a great deal of information con-

tained in a seismogram is not readily

observable in the time domain but can
be observed in the frequency domain.
Frequency domain information for

both body waves and surface waves had
been used by us previously to study

earthquake mechanisms and earth

structure (Year Book 69, pp. 447-464,
and Year Book 70, pp. 343-344). For
body waves generated by earthquakes,

we calculated spectral amplitudes as

functions of frequency to investigate

the nature of rupture processes in the
earth (e.g., fault length, speed of rup-

ture propagation along the fault, fault

offset); for dispersed surface waves,
period was plotted vs. time to obtain

dispersion curves that yielded informa-

tion on the velocity structure of the

earth's crust and the upper mantle be-

neath the central Andes.
In nearly all previous work, both by

us and by others, frequency domain in-

formation was obtained by Fourier

analysis. The advantages of the
Fourier technique are many, including

the fact that it is completely under-

stood theoretically and has a fast com-
puter algorithm. Because of these obvi-

ous advantages, most workers have
been content to ignore, or at least tol-

erate, the manifest disadvantages of

the technique, notably that it gives

poor resolution of spectral peaks, espe-

cially at long periods, and that it

makes arbitrary and predetermined
assumptions about the behavior of the

signal outside the interval in which it

is being analyzed. To understand these

limitations better, we must first recog-

nize that any block of data is by neces-

sity only a finite subset of an infinite

data set. Therefore, any scheme of

spectral analysis necessarily results

only in a "spectral estimate." To keep
the error of this spectral estimate
within tolerable limits using Fourier

analysis, it is usually necessary that

the length of data be many times

longer than the greatest period of

interest. Even when this is possible,

however—and it commonly is not

—

Fourier analysis often cannot yield

satisfactory results because it assumes
that the signal outside the data block is

either zero or a periodic duplication of

the data within the block to be
analyzed. These inherent weaknesses
in Fourier techniques led Burg and
others in the late 1960s to discard such
convenient devices and to seek a more
flexible approach to spectral analysis.

(For a more complete and particularly

lucid summary of the rationale for dis-

carding Fourier techniques and apply-

ing the maximum entropy methods in-

stead, see McGee 1969.)

Maximum entropy spectral analysis

as formulated by Burg (1967, 1968) re-

sults from applying entropy consid-

erations to spectral determinations so

that information is carried from the

time domain (e.g., seismogram) to the
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frequency domain with a minimum of

distortion. The method is particularly

powerful in that it avoids the Fourier

assumptions about the nature of the

signal outside the analyzed region; in-

stead, no a priori assumption is made,
and an estimate of the signal outside

the known interval is based only upon
information (entropy) extracted from
the data themselves. (Entropy is used
in the sense of statistical entropy as de-

fined by Shannon and Weaver [1949]

and may be considered to be equivalent

to information. Since we wish the

spectral estimate to exhibit as much in-

formation as is fully consistent with
the data and no more, we state that

[McGee, 1969]: "The most reasonable

spectral estimate for any set of data is

that estimate which exhibits

maximum entropy and yet fully agrees

with the available data."). The
maximum entropy method (MEM) has
been shown to give improved spectral

resolution compared to Fourier
analysis (FA) for many kinds of sig-

nals.

The theoretical basis for MEM is

given by Burg (1967, 1968), McGee
(1969), Claerbout (1976), Seber (1976),

and many others. A recent review of

the technique is given by Ulrych and
Bishop (1975), who also evaluate the

optimum filter length criterion of

Akaike (1969, 1970). Our computa-
tional methods are based on algorithms

given by Ulrych and Bishop.

Most previously published work on
MEM has involved simple synthetic

signals such as sine waves or superim-

posed sine waves with various amounts
of added random noise. Results from

these studies have shown that: (1)

MEM produces highly peaked spectra

compared to FA for short record seg-

ments (one half to two cycles) of con-

tinuous sine waves, giving frequencies

that are correct to within a few percent.

The addition of noise to the signals

does not significantly degrade the re-

sult. The largest single effect on calcu-

lated frequency appears to be the start-

ing phase of the input signal (Chen and

Stegen, 1974). (2) For superimposed

sinusoids of different frequencies,

MEM resolves the frequencies far bet-

ter than FA (Fig. 77). If the sinusoids

have equal amplitude, the power
spectra should have equal areas under
the curves. MEM appears to err in this

regard by as much as a factor of 2. The
theoretical reason for this is not

known, and as a consequence
amplitude instability has been a major
reason MEM has not been more widely

used for spectral analysis. We note,

however, that FA produces even
greater errors for these simple signals.

It is the purpose of this study to test

MEM on synthetic seismic signals to

evaluate the applicability of the

method to problems in seismology. We
have analyzed both body waves and
dispersed surface waves and obtained

results that show sufficient promise to

warrant further investigation.

Synthetic Seismic Signals

Body waves. Difficulties in the
Fourier frequency analysis of body
waves often arise because the signal of

interest may be affected by either ear-

lier or later arriving phases. The prob-

lem is to determine the spectral con-

tent of the complete signal, uncon-

taminated by other arrivals. Because
MEM works well on short pieces of in-

formation relative to Fourier tech-

niques, it might prove a more effective

tool for extracting frequency informa-

tion from signals suffering interference

from earlier or later arrivals.

Moreover, the prediction potential of

MEM might allow one to predict fre-

quency content of the interfering sig-

nal so that it could be subtracted from
the signal of interest. Another tech-

nique that might be considered (Ulrych

et al. , 1973) is using MEM to extend the

given short signal to a length where
Fourier analysis can be used success-

fully. This seems to have been done

with considerable success. Where
phase information is of interest this

would be especially useful, since phase
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Fig. 77. Burg power spectrum and periodogram of signal shown in inset. Input signal consists of

20 points at 1-s intervals of a time series made up of three superimposed equiamplitude sine waves

with frequencies of 0.04, 0.08, and 0.12 Hz. Adapted from Ulrychet al., 1973.

information is available in the Fourier
transform but is lost in MEM.
Simple radiated pulse. Brune (1970)

gives an expression for the radiated

pulse for a simple earthquake model.

From many studies using real data, it

has been shown that the shape of the

displacement amplitude in the fre-

quency domain for an earthquake is

reasonably well approximated by
Brune's empirically derived model.

This model has simple analytical ex-

pressions in both the frequency and
time domains and provides a

straightforward comparison of the re-

lative accuracy of FA and MEM for

signals of the kind encountered in

seismology.

Brune's model is defined by a func-

tion, f(t), for a finite time interval such
that fit) =te~'H(t) where

H(t) =
t <0

1 t>0

where b is the length of the signal in

the time domain. No truncation corre-

sponds to the limit 6^> °°.

Figure 78 shows a Brune's model
pulse with various points of truncation.
The maximum entropy spectrum
agrees very closely with the theoretical

spectrum (see Fig. 79). Truncating the

signal on the left (reducing the number
of zeros) had no significant effect on the

spectrum. With just one zero value pre-

ceding the signal onset, MEM was still

able to detect the discontinuity and
give a good spectrum.



246 CARNEGIE INSTITUTION

The effects of successive truncations

on the right side of the signal are

shown in Fig. 78. For a -1 to 4 second
record, MEM was significantly better

than Fourier analysis. A signal trun-

cated at point 61 (see Fig. 78) gives a

MEM spectrum that compares very fa-

vorably with theory. Similarly, signals

from points 15 to 31 (5 s) and from
points 15 to 25 (3 s) also give very good
spectra, although they are not as accu-

rate at higher frequencies. The 15-21
(2 s) segment produces a spectrum that

deviates significantly from the spec-

trum of the full signal. It was observed
that the zero frequency amplitude was
inversely proportional to the length of

the window. This seems to indicate a

high degree of amplitude stability.

The MEM results can be compared to

those obtained using Fourier analysis.

At a 5-s truncation, there is a strong
effect on the spectrum which progres-

sively worsens with increasing severity

of truncation (see Fig. 78).

We conclude that the MEM gives a

very good estimate of the true spectral

content even if the pulse is severely

truncated. This result is encouraging
and indicates that MEM may be useful

in estimating the spectral content of

truncated seismic signals.

Sine wave convolved with instrument

response. Linde and Sacks (1971) have
described the spurious spectral

amplitudes in the long-period part of

the spectrum that result from having

to analyze long-period body-wave arri-

vals of essentially one cycle. Studying a

sine wave convolved with instrument
response, they found that increasingly

severe truncations resulted in increas-

ing emphasis of long-period ampli-

tudes, even though the amplitude of

the truncated part of the signal was
small (see Fig. 79).
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Fig. 78. Maximum entropy and Fourier power spectra of Brune's model pulse (see inset) for

various truncation points indicated in inset. Point intervals over which signal has been analyzed are

indicated on the figure.MEM andFA denote maximum entropy method and Fourier analysis, respec-

tively.



DEPARTMENT OF TERRESTRIAL MAGNETISM 247

TRUNCATION POINTS

60
I

>/oOF MAX. TIME (SEC)

I CYCLE OF 20 SEC PERIOD, CONVOLVED
WITH 30 SEC SEISMOMETER-100 SEC
GALVANOMETER INSTRUMENT

/,•/•'" \ \

—

78 SEC

// / \ \—— 50 SEC

/ // '—-38 SEC

INPUT SIGNAL SPECTRUM

/ (.78.5 SEC)

I

200 100 50 30 20

PERIOD (SEC)

EFFECT OF TRUNCATION

NOISELESS, BOXCAR WINDOW 20SEC SINGLE CYCLE

Fig. 79. Normalized maximum entropy power spectra (dashed lines) and Fourier amplitude
spectra (solid lines) showing the effect of truncation in the time domain (upper figure) of a noiseless

1-cycle 20-s sine wave convolved with a 30-s seismometer, 100-s galvanometer instrument. Successive
truncation at shorter and shorter times drastically affects the long-period end of the Fourier spectrum
but results mostly in a shift in the peak frequency for the maximum entropy spectra. The input signal

spectrum is the theoretical Fourier spectrum.

When this signal is essentially of in-

finite length, the area under the curve

is zero (i.e., the zero frequency term
will be zero) but truncation results in a
positive area (i.e., positive zero-

frequency term). Erroneous low-

frequency amplitudes are further

magnified when multiplied by the

transform of the instrument response,

which is large at very low frequencies.

It was hoped that MEM would not

produce these spurious effects for the

long-period part of the spectrum. As

can be seen in Fig. 79, MEM makes a

good estimate of the frequency of the

convolved sine wave but does not pro-

duce zero amplitude at very long

periods. Hence, multiplication by the

instrument correction causes an er-

roneous rise in amplitude at the long-

period end of the spectrum. We note,

however, that the amount of spurious

long-period signal is not due to trunca-

tion effects but seems to remain
roughly constant regardless of the

amount of truncation. We are unable to
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explain these spurious amplitudes at

long periods, since for single sine

waves MEM has no difficulty in recog-

nizing zero area under the curve. As a

further test of MEM on more complex
signals with zero spectral amplitude at

zero frequency, we also analyzed a
double Brune pulse. The double pulse

has the property that its Fourier trans-

form at zero frequency is zero. The
function fit) is given by fit) — {te~' —

a 2te at
\ Hit). It begins discontinu-

ously in the time domain and dies off

exponentially as t —» °°. Once again

MEM gives similar incorrect results in

the low frequency range, tending to a
nonzero amplitude plateau rather than
to zero.

Surface waves. All modern analytical

techniques used to obtain dispersion

curves for surface waves require that

some form of filtering (in either the

time or the frequency domain) be

applied to the record. These techniques

are generally satisfactory for short

periods but are incapable of high reso-

lution at long periods. This is to say

that as the period of a given wavelet

increases it becomes more difficult to

determine its exact "arrival time."

Some of this difficulty arises from an
inherent uncertainty of measuring the

time of arrival to an accuracy much
greater than the time scale of a single

cycle, but it seems likely that part of

the problem lies with the analytical

techniques. Because MEM can give

vastly improved results over Fourier
analysis for short segments of har-

monic waves, it is appropriate to inves-

tigate whether or not it can provide

better time resolution for the arrival of

long periods over conventional tech-

niques.

To test the performance of MEM on
dispersed waves, we generated a syn-

thetic signal that was linearly disper-

sive with a flat amplitude spectrum be-

tween 0.078 and 0.156 Hz. The spec-

trum was cosine-tapered over 20
Fourier harmonics outside that fre-

quency interval. Various window
lengths for MEM analysis were used,

and the results are shown in Fig. 80.

Over a fairly wide range of frequencies

MEM gives results close to the theoret-

ical line in the nontapered frequency
range, between 0.078-0.156 Hz. The
results of this analysis are encourag-

ing, although the long period part of

the spectrum still presents some prob-

lems. Further experimentation needs
to be done using real data, with various

window lengths.
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Concluding Remarks

Maximum entropy analysis of syn-

thetic signals of geophysical interest

suggests that this technique may be a

powerful tool. These preliminary in-

vestigations indicate that, at least for

the Brune model and the dispersed

wave, MEM does not suffer from the

signal truncation effects in the same
manner as the Fourier transform. For
the dispersed wave, MEM correctly ob-

tains a linear dispersion curve over a

fairly wide range of frequencies. The
failure to find the curve at the upper
and lower ends of the frequency range
may be due to artificial tapering of the

data. MEM does not seem to provide
the desired results at the low frequency

end of the spectrum of signals such as

the sine wave convolved with instru-

ment response or the double Brune
pulse. It is no t clear why MEM pro-

duces a nonzero plateau at the long-

period end of the amplitude spectrum
yet succeeds on simple sine waves and
a few more complex signals such as the

Brune pulse.
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ATOMIC PHYSICS AND PROPERTIES OF MATERIALS
L. Brown, A. W. Hofmann, M. Magaritz, and G. H. Pepper

Diffusion in Silicate Melts
and Glasses

Albrecht W. Hofmann and Mordeckai Magaritz

Introduction

Our experimental work on cation dif-

fusion in natural melts was originally

motivated by the need to know more
about the length and time scales of

chemical processes in a partially mol-
ten upper mantle (see Hofmann, Year
Book 73, pp. 935-941, 1974; Year Book
74, pp. 183-189, 1975). For this pur-

pose, calcium and strontium diffusion

were investigated in a natural basalt
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(olivine tholeiite). We have continued
and expanded this work and report

more complete diffusion data for stron-

tium and data for barium and cobalt in

the same basalt matrix. The results

confirm that at temperatures of

1300°-1400°C, i.e., somewhat above
the basalt liquidus at 1 atm. pressure,

the diffusion coefficients of all divalent

cations so far investigated lie in the

range of 10 7 to 10 _,) cm2 s" 1

.

In addition, we have started exten-

sive diffusion studies on glass of grani-

tic composition. This glass serves as a

model for melts typical of those occur-

ring in the earth's crust, and the re-

sults are of particular importance to

the interpretation of Rb-Sr age meas-
urements on partially molten crustal

rocks, migmatites. We report results

for Sr and Ba diffusion in this glass. We
find that diffusive transport distances

of strontium in granitic melts do not
exceed a few tens of centimeters in 10"

yr, so that the range of isotopic equilib-

ration of Sr in migmatites is expected

to be small also.

The measured diffusion coefficients

for Ba and Sr in both basaltic and
granitic melts (which have viscosity

differences of several orders of mag-
nitude) demonstrate that the mobility

of these cations is not related in a sim-

ple way to the viscosity of the liquid as

would be predicted by the Stokes-

Einstein relation. Rather, ionic charge
and ionic radius are shown to have a

very strong effect on the mobility, es-

pecially in the lower temperature
range of the obsidian measurements of

675°-890°C. Many ionic species such as

Fe, Co, and Eu can be present in more
than one oxidation state in the silicate

melt, and the contrast in diffusivities

can be used to determine the propor-

tions, for example, of Co+:!/Co+2 in the

melt. The determination of oxidation

state is particularly important for

europium, whose partition coefficient

in plagioclase melt systems depends on
the relative abundance of the 2 + state.

In this way it is advantageous to use

kinetic measurements to determine
equilibrium behavior. Because of its

CARNEGIE INSTITUTION

importance to rare earth geochemistry,

we plan to explore this prospect more
fully in the future.

Diffusion in Basalt Melt

Tracer diffusion of K5Sr and '
i!Ba was

determined by the thin-source tech-

nique explained in last year's report

(Hofmann, Year Book 74, pp. 183-189,
1975). To overcome the effects of initial

convective movement in the region of

the tracer source, the charges (basalt-

filled Pt tubes) were generally 2.0-2.5

cm long, and run durations were sev-

eral days. The Ba-diffusion and Co-
diffusion measurements were made in

a new high-temperature furnace with a

large (about 5-in diameter) heating

chamber, MoSi2 heating elements, and
thermocouple (Pti0Rh,j) controlled tem-
perature regulation. The sectioning

method was improved by using a bench
micrometer capable of measuring
lengths to about l/xm.

Figure 81 shows the results of the

measurements of the residual activity

of 1:i:iBa after successive length reduc-

tions by grinding the basalt rod from
the "hot" end. The residual activity for

diffusion from a thin source into a
semiinfinite medium is given by:

Aresid/A„ = erfcy

where y = x/2 / Dt
(1)

For convenience of data analysis the

measured activities are converted (us-

ing Equation 1) to the dimensionless

parameter y, which is then plotted as a

function of length removed, x, or as a

function of x/2 /Mvhere t is the dura-
tion of the diffusion experiment. The
analytical data will define a straight

line if the results conform to the initial

and boundary conditions of one-
dimensional Fick's Law diffusion with
constant diffusion coefficient from a
thin source into an infinite medium. A
least-squares regression analysis de-

termines the best line through the

data, and the diffusion coefficient is

given by the square of the slope of the
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Fig. 81. Linearized plot of residual activity versus x/2 vTfor mBa diffusion in olivine tholeiite
basalt: x is the length removed from the cylinder; t, the derivation of the diffusion experiment; and Y
is the dimensionless parameter calculated from the measured residual activity using Equation 1.
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degrees Celsius for each experiment.

line. Inspection of Fig. 81 shows that
the data do in general define excellent

straight lines. Significant deviations

occur only in the region near the origin

where convection appears to disturb
the diffusion profiles and where the
melt frequently forms a convex or con-

cave meniscus against air so that the
position for the origin itself is poorly
defined. Occasionally, significant de-

viations are also found for large values
of x/2 JT~where small errors in the
background, correction cause signifi-

cant systematic deviations from the
straight line.

Figure 82 is an Arrhenius plot (log

diffusion coefficient versus the inverse
absolute temperature) of the new Ba,

Sr, and Co data. Also shown is the Ar-
rhenius line for Ca diffusion previously
reported (Year Book 74, pp. 183-189)
and three additional measurements of

Sr diffusion determined by the
diffusion-couple method reported in

Year Book 73, pp. 935-941. In that re-

port the error for the two lower-
temperature points had been estimated
to be within a factor of 2, and that of

the highest-temperature measurement
had beenjudged less reliable because of

deformation of the diffusion couple dur-

ing the run. These error estimates ap-

pear to have been realistic; the Ar-
rhenius line is drawn on the basis of

the new thin-source data alone; and the

activation energy of 44 kcal/mol super-

sedes the previously given value of 114
kcal/mol. The extreme error in the
original estimate of the activation en-

ergy is largely a result of the error in-

troduced by the above-mentioned
high-temperature point whose D value
is too large by a factor of 3. The Ar-
rhenius lines given in Fig. 82 are de-

scribed by the equations: D(Ca) =

0.535 exp(-44.0 x WIRT), D(Sr) =
0.278 exp( -43.5 x 1W/RT), and D(Ba)
= 0.059 exp(-39.4 x 1(P/RT), where R
is the gas constant and T is the abso-

lute temperature.
Figure 82 shows that there is a small

but significant decrease in D values as

a function of increasing ionic radius

(Ca2+ = 0.99A, Sr2 * = 1.13A, Ba2+ =
1.35A Pauling radii). On the other

hand, the activation energies for the

three species (44,44, and 39 kcal/mol)

are not significantly different from one
another. Also shown on Fig. 82 are a
few results for cobalt diffusion. Under
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Fig. 82. Log,,, D versus \IT (Arrhenius plot) for l:iiBa, K5Sr, 45Ca, ''"Co diffusion in olivine tholeiite

basalt in air at 1 atm. Triangles = Co, circles = Sr, crosses = Ba. The line representing Ca diffusion is

taken from Hofmann ( 1975).

the conditions of the experiment, dry
heating in air, cobalt ions are expected

to be primarily divalent at tempera-
tures above 1000°C (Coons et al., 1976),

and the diffusivities are very close to

those of calcium. These results conform
roughly to the "compensation law" pos-

tulated by Winchell (1969), which
states that the diffusion coefficient of

all species is the same at some critical

temperature. Winchell and Norman
(1969) found that the critical values
were D ~ lO^cirfs » and T = 1500°C.

In detail, our results differ from this

behavior in that the four Arrhenius
lines are essentially parallel rather

than intersecting at a single point.

Nevertheless, estimates of diffusion

coefficients using the compensation
law appear to be much closer to the

true values than those based on the

Stokes-Einstein relation as done by
Donaldson (1975). In the Stokes-
Einstein relation the diffusion coeffi-

cient is proportional to the inverse of

the viscosity of the liquid. As
Donaldson showed, the estimated dif-

fusion coefficients are within a factor of

10 or 20 of the correct value for basalt

near its liquidus, but this agreement
appears to be fortuitous, because as

will be shown below, the Stokes-

Einstein estimate of the diffusion coef-

ficient fails by many orders of mag-
nitude when it is applied to high-

viscosity silicate liquids such as gran-

ite melts.

When these data are compared with

those given in the companion report by
Hofmann and Brown, it appears that

the diffusion coefficients for many ca-

tions in basalt in the temperature
range of 1300°C to 1400°C are approx-

imately logZ) = -6.5±0.9. If the (un-

known) effects of higher pressure and
possible volatile content can be ig-

nored, the characteristic transport dis-

tance by diffusion in a partially molten
mantle can be estimated using the ex-

pression x — JDt, or about 1 km in 109

yr. This very limited chemical trans-

port in the mantle provides some strin-

gent restrictions on the choice of physi-

cally possible models for the chemical

evolution of the mantle. Some of these

have been discussed in previous reports

(Hofmann, Year Book 73, pp. 935-941,

1974; and Year Book 74, pp. 183-189,

1975). The following may serve as an
additional example of the consequences

.of the slow diffusion transport.

Kay (1975) proposed a model for the

upper mantle "involving downward
zone refining within a thickening
lithosphere plate." The lithosphere is

assumed to grow by downward solidifi-
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cation of a partially molten mantle.

"LIL(= Zarge ion Zithophile) elements
and volatiles are largely excluded from
the crystallizing solid phases and ac-

cumulate in a downward migrating

zone at the base of the plate." The re-

sult is taken to be a zone of LIL
element-enriched mantle that ulti-

mately serves as the source material of

oceanic islands. This model, like other

zone refining processes, requires chem-
ical transport and mixing in the molten
zone. Without such transport the bulk
composition of the solidifying liquid

cannot change and no refining takes

place. In the vicinity of the slowly ad-

vancing solidification front the melt
fraction must be very small. This is re-

quired by the phase relations of ther-

modynamic systems that contain
phases of continuously variable compo-
sition. As the melt fraction decreases

toward the solidification front, the bulk
viscosity of the material increases,

thus inhibiting convection progres-

sively toward the boundary. In addi-

tion, the zone refining mechanism re-

quires that mixing occur on a scale that

is small relative to thickness of the so-

lidified material (so that a significant

enrichment factor can be attained) but
large enough so that the quantity of

enriched material is of some geochemi-
cal significance. Thus, ideally the mix-
ing zone below a 100-km-thick litho-

sphere should be on the order of 10 km
thick. We .must therefore consider a
zone of increased viscosity (relative to

the bulk of the partially molten man-
tle) and restricted size of convection

cells (relative to "normal" mantle con-

vection cells expected to have a charac-

teristic size of 100-1000 km or more).

Simple dimensional considerations
show that the velocity in thermally
driven free convection is proportional

to pagUAT/fjL (Bird et al., 1960, Ch. 9),

where p is the density, /x the viscosity,

a the thermal expansion coefficient, g
the gravitational acceleration poten-

tial, L a characteristic length, and AT"

the temperature difference. Conse-
quently, if we allow a velocity of 10
cm/yr for large plate-driving convec-

tion cells with a minimum cell diame-
ter of 100 km and if the bulk viscosity

in the vicinity (i.e., within 10 km) of

the solidification front increases by a
minimum of a factor of 10, the
maximum velocity in a hypothetical

mixing cell of 10-km diameter would be
on the order of 10~ 2 cm/yr or less—that

is, at least an order of magnitude
slower than the average rate of litho-

sphere growth (assumed to be 100
km/108 yr or 0.1 cm/yr). In view of this

it seems reasonable to consider the case

where chemical transport occurs pre-

dominantly by diffusion alone. This
process will produce an LIL element-
enriched zone in the vicinity of the sol-

idification front. If the diffusion coeffi-

cient is 10 _,i cm2 sec
-1

, and the velocity

of the front is 0.1 cm/yr, a steady-state
chemical gradient will evolve within
about 105 years, after which the sol-

idifying lithosphere will have a compo-
sition identical to that of the original

partially molten asthenosphere. The
width of the enrichment zone can be
roughly estimated by the relation x =
D/V, where D is the diffusion coeffi-

cient and V is the velocity of the sol-

idification front (see Albarede and Bot-

tinga, 1972). This yields a characteris-

tic distance of 3 meters. It is unlikely
that an enrichment zone of such min-
ute thickness would be of any impor-
tance to the chemical evolution of the
mantle, and Kay's model of downward
zone refining is not expected to be ef-

fective. On the other hand, some degree
of reenrichment of the asthenosphere
as a whole cannot be excluded.

Diffusion in Obsidian Glass

An obsidian sample from Valles

Caldera, New Mexico, was chosen as a
model for granitic melts. Shaw (1963,

1974) had previously used this sample
for measurements of viscosity and
water diffusion. Cylinders were drilled

from slabs of this glass, and radioactive

tracer was loaded on the polished ends
of the preannealed cylinders. Care was
taken to avoid contamination of the
sides of cylinders (1) by loading and
drying only small drops of tracer solu-
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tion near the center of cylinder face

and (2) by annealing the loaded cylin-

der for about 60 min at 700°C to allow

diffusion into a thin surface layer of the

glass and subsequently dissolving the

excess tracer salt from the surface by
washing in dilute HC1. After this pre-

liminary treatment the cylinders were
annealed at temperatures between
675° and 950°C for periods of several

days. The diffusion profiles were then
determined by the same method of sec-

tioning and residual-activity counting

as previously explained for basalt.

Figure 83A shows two typical activ-

ity profiles for Sr and Ba at 850°C. Fig-

ure 83B shows the same data plotted as

explained above for Fig. 81. Figure 84
is an Arrhenius plot of all the results

for Sr and Ba. Judging from the fit of

the data to the least-squares regression

line, the precision is considerably bet-

ter than was achieved in the basalts.

We ascribe this to the absence of any
convective movement in the case of the
obsidian glass. In addition, the activa-

tion energy (proportional to the slope of

the Arrhenius line) is more precisely

defined because of the greater spread of

measurements along the 1/T axis. The
Arrhenius equations are: D(Sr) = 0.09

exp (-43.8 x WVRT) and D(Ba) =
0.053 exp (-45.8 x 1WRT).
The results are relevant to the in-

terpretation of Rb-Sr isochron meas-
urements of migmatites (rocks of

roughly granitic composition formed by
partial melting of crustal rocks). Mig-
matites are typically inhomogeneous
in composition and appear in layers of

centimeters or tens of centimeters
thickness. Thus it is immediately obvi-

ous that the high-grade metamorphic
process that produced the migmatites
did not cause chemical homogenization
on a scale greater than a few tens of

centimeters. On the other hand,
isotopic homogenization is required
(and frequently assumed to occur in

high-grade metamorphism) in order for

an Rb-Sr isochron to be "reset" by the

metamorphism. The minimum dis-

tance of isotopic equilibration can be
estimated assuming minimum values
for temperature and duration of the

metamorphism. Choosing values of t =

10(i years for the duration of near-peak
temperature and 700°C for the temper-
ature itself, we obtain D = 10"' 's

-1 and
the characteristic transport distance of:

x = fDi = 20 cm.
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Fig. 83. Diffusion profiles in obsidian for Sr, Ba, and Ge at 850°C. (A) Plot of residual activity

versus length of cylinder removed. The solid lines are ideal diffusion curves, Equation 1.
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Fig. 83. (B) Linearized plot of the same data with Y calculated from Equation 1 (see also Fig. 81).

These results show that diffusion of Sr and Ba can be described by a single constant diffusion

coefficient, but that the Ge data either require a variable diffusion coefficient, or have more than one
chemical species of Ge present.
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Fig. 84. Arrtenius plot for Sr (circles) and Ba (crosses) diffusion in obsidian (in air).
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Such small transport distances must
be considered when samples are taken
for isochron measurements in order to

determine the age of migmatization.
For example, it is common practice to

collect blocks of at least 20 cm diameter
as individual samples and to space
such samplings over meters or even
kilometers. Isochron measurements on
such suites of whole-rock samples are
then frequently interpreted as deter-
minations of the age of metamorphism.
Although nondiffusive migration of

aqueous pore fluids or melt may con-

ceivably have accomplished such
wide-ranging isotopic homogenization
of strontium, that interpretation would
need to be confirmed by small-scale
sampling.

The similarity of inferred distance of

Sr migration and major-element equi-

librium leads to the rule of thumb that
centimeter-scale sampling should be
included for Rb-Sr age determinations
of metamorphic rocks and that the
range of major-element equilibrium in

a rock should be used as a guide to the
presumed range of isotopic equilibrium
needed for the age measurements.
Some caution is in order for the

geological interpretation of these diffu-

sion data because the effect of water on
these diffusivities is unknown. We are
therefore preparing a new set of exper-

iments to be conducted under hy-
drothermal conditions.

The determination of one of the fun-

damental properties of natural melts,

ion mobility, has many applications in

the earth and planetary sciences as

well as in material science. These in-

clude such diverse problems as deter-

mination of quenching times and spa-

tial configurations used in experimen-
tal petrology; interpretation of concen-
tration gradients in natural terrestrial

and lunar glasses; problems of crystal-

lization kinetics, such as the develop-

ment of oscillatory zoning in plagio-

clase (Bottingae^a/., 1966); determina-
tion of the structure of silicate melts;

and measurement of oxidation state of

ionic species in melts. We will discuss

briefly the latter two of these applica-

tions.

It is shown on Fig. 83 that the diffu-

sion profile for Ge in obsidian is not

compatible with a single constant dif-

fusion coefficient. Similar results were
obtained for Co diffusion. Both ele-

ments can be present in more than one
oxidation state, and we have attempted
to deconvolute the Ge profile into two
components, each diffusing indepen-

dently of the other. The solid symbols
shown in Fig. 85 form approximately
straight lines, which correspond to a
diffusion coefficient ofD = 1.8 x 10~8

.

This was calculated by subtracting

from the measured profiles (open sym-
bols) a slow-moving component, assum-
ing this accounts for 90% of the total

Ge activity and has a diffusion coeffi-

cient of D =3.8 x 10" 12 cm2 s" 1

. Our
interpretation that the two species in-

volved are two oxidation states of Ge is

subject to confirmation by experiment
under controlled partial pressure of

oxygen. This offers the possibility of

measuring the proportions in which
different oxidation states of the same
chemical element are present in a melt.

To our knowledge, other methods for

determining this are not feasible for

trace elements.

Figure 86 shows a compilation of our

diffusion data. Also shown are tracer

diffusion coefficients for alkalies in ob-

sidian measured by Jambon and Car-

ron (1973) on a single diagram. It is

clear that extrapolation for the obsi-

dian data to the temperature range of

the basalt liquidus yields diffusion

coefficients that differ from the various

basalt diffusivities by factors of about
20 for barium and 2 for strontium. In

contrast, the viscosity of these two
melts varies by about three to four or-

ders of magnitude (Murase and McBir-
ney, 1973). From this it is evident that

the Stokes-Einstein relation (which re-

lates diffusivities to viscosity) is not

applicable to liquids of this kind. Fur-

thermore, the results are compatible
with structure models that consider ca-

tion species such as Ca2
, Sr2^ and Ba2+
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and Carron (1973). The points for Ge are derived by using the deconvolution procedure shown in Fig.
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as single ions that migrate through the

network of silica tetrahedra at a rate

primarily dependent on ionic size and
charge and nearly independent of the

degree of polymerization of the silica

tetrahedron. Figure 86 shows, for

example, that Ba2+ and K+
, which have

similar ionic radii but different ionic

charge, differ drastically in their mo-
bility in obsidian. At 800°C the tracer

diffusion coefficient for K+
is greater by

a factor of 10 ! than the coefficient for

Ba2+
. In addition, it appears that the

effect of ionic radius differences is more
important for univalent ions than for

divalent ions. Preliminary data for tri-

valent ions (Gd3+ and Al:i+
, also shown

on Fig. 86) give diffusion coefficients

smaller than about 2 x 10~ 12cm2 s
_1

at

850°C in obsidian.

The above model for the structure of

silicate liquids contrasts with models
that propose the existence of larger

complexes or "units of structure related

to species or subspecies of minerals"

(Yoder, 1973). These complexes are

thought to mimic the composition of

solid phases that would crystallize

below the liquidus temperature. The
presently available diffusion data are

not compatible with such a model be-

cause the cations are evidently not suf-

ficiently bound to the silica tetrahedra

to form stable complexes.
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Diffusion Measurements Using
Fast Deuterons for in situ

Production of Radioactive
Tracers

A. W. Hofmann, and L. Brown

In connection with our program to

measure diffusion in silicate melts we
have carried out preliminary experi-

ments to determine the feasibility of

creating a sharply defined zone of

radioactive tracers within a sample of

quenched basalt glass. Such a tech-

nique has at least two potential advan-
tages over the more conventional tech-

nique of applying a thin layer of tracer

to the surface of the sample (see com-
panion report by Hofmann and
Magaritz): (1) Relatively volatile ele-

ments such as sodium can be easily

contained within the sample; and (2)

convective movement of the melt dur-

ing initial heating of the sample may
be less severe in the center than at the

surface of the sample.

Sodium is quite volatile at tempera-
tures of 1300° to 1400°C, and much of

an externally applied sodium tracer

would be expected to be lost by surface

evaporation. In addition, the boundary
conditions for the diffusion experi-

ments would be uncertain and temper-
ature dependent. This problem is elim-

inated if the sodium tracer is at the

center of the sample and if the diffusion

experiment is terminated before a sig-

nificant amount of the tracer reaches
the surface.

Convective mixing was found to

cause significant errors in short-term
diffusion experiments (less than one
day) and it was believed that this con-

vection may be confined to a relatively

narrow zone near the open end of the

platinum capillary tube that contains

the melt (see Hofmann, Year Book 74,

pp. 183-189, 1975). If this is correct,

the problem of convective interference

could be circumvented by introducing

the tracer in the center of the Pt tube
and thus avoiding the near-surface

convection. In addition, it is very dif-

ficult to prove conclusively that trans-

port occurred primarily by volume dif-

fusion rather than by some other pro-

cess, perhaps resembling eddy diffu-

sion, unless differential transport be-

tween different chemical species can be

demonstrated.

Experimental Method

The basalt (olivine tholeiite, 1921
eruption of Kilauea) was contained as

quenched glass in 2-mm Pt tubes.

These were exposed to a collimated

d beam of 40 MeV energy from the

Lawrence Berkeley 88-in cyclotron

which had passed through a 0.0025-cm
Al foil and through 2 in of air before

reaching the samples. A slotted 0.178-

cm-thick brass plate was used for col-

limation. The width of the collimation

slit was 1 mm in some experiments and
0.5 mm in others. The exposure varied

between 5 and 40 /i.A-min per sample.

In order to determine the initial distri-

bution of activity within the sample,

one basalt-filled tube was sectioned

after irradiation, and the activity was
measured using a 3 x 3 in Nal well

detector with the sample placed in the

well. Figure 87 shows this initial pro-

file of the 0.847-MeV gamma peak,

which is produced by 5,'Co within the

basalt. Also shown is the profile for the

0.099-MeV gamma peak combined
with lower-energy Pt-x-ray peaks pro-

duced by I9,iAu and 195Au within the Pt
tube. The gold isotopes are produced by
deuteron interactions with platinum.
The activity profiles in Fig. 87 show
that the collimation is excellent and
that the activity within the irradiated

zone is uniform. The nonhorizontal
slope on the right side is due to absorp-

tion effects during counting. The small

tail beyond the 1-mm zone amounts to

less than 2% of the total activity and is

considered negligible for the purpose of

these experiments.
A gamma-ray energy spectrum

taken with the Nal detector showed
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Fig. 87. Profile of residual activity (arbitrary

scale) versus length (x) of cylinder after deuteron
irradiation and before diffusion anneal. A con-

ventional, well-type Nal detector was used for

this profile only. The low-energy profile contains

0.099 MeV gamma and lower-energy Ptr-x rays
and shows the effects of absorption by the sam-
ple: The increase in apparent activity occurs as

absorbing material near the "hot" zone is re-

moved by successive sectioning. The absorption
effect is much less pronounced in the 0.847-MeV
profile for 5HCo. The actual width of the irradia-

tion window is shown by the dashed vertical

lines.

prominent peaks at 0.1, 0.35, 0.51, and
0.85 MeV, and a broadened peak at

about 1.25 MeV. The only energies that

were apparently associated with a

single isotope were due to 196Au and
5,iCo. Fortunately, Dr. J. Rowe of the

U.S. Geological Survey kindly made a

Ge(Li) detector available for this study.

This permitted us to obtain a high-

resolution spectrum in which the fol-

lowing species were easily resolved:
22Na, 46Sc, 48V, 54Mn, 56Co, 57Co, ,95Au,
,9,sAu. The only overlap of spectral lines

occurred between the 0.835-MeV and
0.847-MeV peaks of 54Mn and 56Co.

Five annealing experiments were
made at a temperature of 1300°C with

run durations varying between 17 min
and 15.5 hr, using the equipment and

technique described in the companion
report by Hofmann and Magaritz (this

Year Book). The results of the 15.5-hr

run are shown in Fig. 88. This clearly

demonstrates the differential transport

between the different chemical species.

Two features argue strongly that this

transport is primarily caused by vol-

ume diffusion rather than some other

process such as convection: (1) the dif-

ference in transport distances between
species, such as Na and V, and (2) the

fit of the profiles to theoretical
volume-diffusion profiles drawn as

solid lines for Na {D = 2.45 x

lO^citfs- 1
), Co and Mn (D = 4.58 x

10 7cm2
s ) and V (D = 5.03 x

10" 8cm2 s~ 1

). Only Sc does not fit such a

diffusion profile. This may mean that

there are two Sc (chemical) species pre-

sent, perhaps with different oxidation

states and with two different diffusion

coefficients. These results show that

any contribution by convective trans-

port must have been smaller than the

smallest total transport, that of van-

adium. It has been our experience,

however, that a small but significant

convective contribution to the total

transport is not necessarily detected as

a significant deviation from the ideal

diffusion profile. For example, if an in-

finitely thin source were spread out to

a width of 1 mm by convection at the

beginning of the annealing experi-

ment, the resulting profiles after sev-

eral hours of diffusion annealing would
be essentially indistinguishable from
profiles due to pure volume diffusion.

Such convective contributions do, how-
ever, show up quite well when short-

duration and long-duration anneals
are compared (see Hofmann, Year Book
74, pp. 183-189, 1975). We believe

therefore that isothermal time studies

are indispensable in demonstrating the

validity of any experimental technique

concerned with diffusion.

The results of a series of five experi-

ments at 1300°C for Na and Co trans-

port are shown in Fig. 89, where the

apparent diffusion coefficients are plot-

ted against run duration. The total

range of apparent D value is less than a
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Fig. 88. Diffusion profiles (residual activity versus sample length) for five deuteron-activated

species: 22Na (1.275 MeV), >' ;Co (0.847 and 1.238 Mev), 54Mn (0.835 MeV), 4,iSc (0.889 and 1.121 MeV),
and J8V (0.983 and 1.312 MeV). The temperature was 1300°C, and the run duration was 15.5 hr. The
solid curves are calculated diffusion profiles for D = 2.45 x 10~ Hcm2

s~'(
22Na), D = 4.58 x

10- 7cm2
s-'(

5,iCoand 54 Mn),and£) = 5.03 X 10 Kcm2s-'(48V).

factor of 3 for Co and less than 1.5 for

Na. In no case do the measured profiles

deviate significantly from calculated

volume diffusion profiles. The results

indicate that some convective trans-

port does occur in some of the experi-

ments. However, the effect is much less

pronounced than that found in a study

of Ca diffusion reported last year

(Hofmann, Year Book 74, pp. 183-189,

1975). In that study a thin source of
45Ca was applied to the open surface of

the melt at the end of the Pt tube. Also

a Pt furnace with a vertical muffle tube
was used in the Ca study, whereas we
now use a furnace with a completely

enclosed heating chamber, MoSi2
-

heating elements, and SCR-type tem-
perature control.

We believe that convective move-
ment occurs during heating-up time
(which takes several minutes) and that

its magnitude depends on small dif-

ferences in the heating schedule not

yet under our control. In particular, we
were surprised to find the apparent dif-

fusion coefficients derived from the

shortest (17-min) run to be identical

within analytical error to the values

derived from the longest run (15.5 hr).

This indicates that there was a negli-

gible amount of convective movement
during this short run. This result and
the comparatively small total range of

apparent D values lead us to the esti-

mate that the results obtained from the

longest run (shown in Fig. 88) are cor-

rect within 20% for Na and 50% for Co
and Mn. We are also encouraged by the

excellent agreement obtained for Co
diffusion at 1300°C between the con-

ventional technique using a surficial

thin source (D ((1
= 4.7 x 10~ 7cm2

s
_1

; see

companion report by Hofmann and
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Fig. 89. Results of isothermal diffusion study for tholeiite basalt at 1300°C under atmospheric
conditions. D is the apparent diffusion coefficient for Na (circles) and Co (crosses), and t is the run
duration.

Magaritz) and the result of this study,

Oco
= 4.6 x lO^cnr-'s" 1

.

Further improvement in accuracy

should be easily obtainable by simply

increasing the run duration. This was
avoided in the current experiments in

order to prevent the Na profile from

reaching the ends of the cylinders (al-

though this did occur inadvertently in

one experiment for which no D value is

plotted for Na; it also occurred margi-

nally in the experiment shown in Fig.

88). We conclude that this is an excel-

lent technique to study diffusion of cer-

tain chemical species, including the

volatile species Na, and we expect that

it will be applicable also to diffusion

studies at high pressure for which the

more conventional techniques are not

suitable.

The results also show that the mag-
nitude of the diffusion coefficient of ca-

tions is strongly dependent on ionic

charge: Na (D = 2.5 x lO^cmV) is

monovalent, Mn and Co (D = 4.6 x

10" 7
) are divalent; Sc is generally be-

lieved to be trivalent (although the

shape of the diffusion profile might be
taken to indicate the presence of some
divalent Sc); and V (5.0 x 10" 8

) is at

least trivalent. This effect is even more
pronounced at lower temperatures (see

the companion report by Hofmann and
Magaritz). We believe that the appar-

ently very simple relationship between
ionic charge and diffusivity will prove

to be an extremely useful tool to de-

termine the oxidation state of transi-

tion elements in natural melts.
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Observation of X Radiation
Characteristic of a United Atom

L. Brown and G. H. Pepper

Introduction

During the past year the Van de

Graaff accelerator was used exclu-

sively for the investigation of processes

present in the collision of heavy ions at

energies of a few MeV. Crucial to these

studies, as well as serving as an incen-

tive for them, was a newly purchased
lithium-drifted silicon detector capable

of resolving 800-eV spectral lines. This

instrument, which is decidedly
superior to the one we previously used
through loan, has allowed us to

examine regions of the x-ray spectrum
that have disclosed two phenomena:
One is the clearest manifestation yet

observed of the formation of a united
atom; the other is a selective transfer of

an electron vacancy from a K shell to a
single L subshell, a form of transfer not

heretofore recognized.

When considering the collision of

heavy ions wherein the electron shells

of the two atoms interpenetrate, it is in

some cases useful to consider them as

having formed a united atom, i.e., an
electronic system that has the nuclei of

both target and projectile briefly form-

ing a common center of attraction. This

view, with its attendant idea of the

formation of states in the united atom
by way of the transformation from
separated-atom levels through
quasimolecular states, has difficulties,

some of which were treated in last

year's Annual Report, but it has cer-

tain elements of truth. When heavy
ions collide, a continuum of x rays is

observed (Macdonald et al., 1973) that

can result from neither nucleus-
nucleus nor electron-nucleus brems-
strahlung. This continuum is generally

interpreted as resulting from a transi-

tion of an electron to a vacancy in a
molecular state formed during the col-

lision. Since such states have energies

that vary with time, these transitions

obviously form continua. However,
transitions to orbitals terminating on a
given united atom shell should have a

limit given by the binding energy of

that shell. This has not been observed

for the K band. Instead, an
exponential-shaped continuum is seen

to extend well beyond the united atom
limits.

The energies attainable with our ac-

celerator do not allow an excitation of

the K band sufficiently intense for

study but do allow excitation of the L
and M bands. These have been ob-

served by others (Mokler et al., 1975)

and are more suggestive of a united

atom than the K band, but these previ-

ous observations suffer from the inter-

ference of characteristic lines with the

continuum and from few data showing
the dependence of the continua on
atomic number and projectile velocity.

We have found a projectile-target com-
bination that allows these two de-

ficiencies to be removed and that shows
continua, both of L and M bands, with
easily recognized limits, which move
exactly as predicted when the atomic

number of the target is changed. Ob-
servations of the projectile velocity de-

pendence of the continua show two ob-

vious features: (1) Near the united-

atom limit the cross section increases

rapidly near the threshold and then
levels off at high energies; (2) the con-

tinuum extends beyond the united-

atom limit and its width increases with
projectile velocity.

The lifetimes of united atoms could

be estimated by dividing the radius of

the shell in question by the projectile

velocity. These lifetimes then give an
upper limit to the uncertainties in the

energies of the states through simple

application of the Heisenberg uncer-

tainty principle. It has been clear from
the beginning that the observed exten-

sion of the spectrum beyond the
united-atom limit follows from this,

but previous attempts to explain
K-band spectra theoretically (Macek
and Briggs, 1974; Miiller, 1976) have
been in vain. Two circumstances com-
bine to make interpretation difficult:
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(1) No united-atom limit has been ob-

served for the K band; (2) the observed
broadening increases as the square
root of the projectile velocity, whereas
a simple approach to Heisenberg
broadening would seem to require a
broadening proportional to the veloc-

ity.

We observe a clear limit for L and M
bands, as shown in Figs. 90 and 91. Its

dependence on atomic number is

Photon Energy

Fig. 90. The Z dependence of united-atom

limits. The top three spectra show continua re-

sulting from vacancies in the target L shell (2p

and 2s) that transform through molecular orbi-

tals into united-atom L shells; transformations

are shown morphologically at the upper right.

The energy of the 2s united-atom subshell is

shown by vertical arrows for sodium (Z = 11)

projectiles onto targets of titanium, iron, and zinc

(Z = 22, 26, and 30, respectively). The spectra are

normalized at the united-atom limit. The lower

two spectra show the same phenomenon for

M-shell limits produced by sodium projectiles on

targets of palladium and tin (Z = 46 and 50) but

use a different manner of presentation. The pal-

ladium spectrum has been shifted 285 eV to the

right, the difference in the 3s energies of the

united atoms Z = 57 and 61. This shows the iden-

tical shape of the two continua beyond the

united-atom limit. This manner of presentation

could have been used with equal effect for the

L-limit data.

'10-2

10-2-

Photon Energy (keV)

Fig. 91. The velocity dependence of the

broadening beyond the united-atom limit. The
continuum extends beyond the united-atom limit

because that energy must be uncertain by an
amount AE = fy/At, where At is the lifetime of the

state, a lifetime dependent on the projectile ve-

locity. Spectra for three projectile energies are

shown with smooth curves, which are halves of

Gaussians that have been corrected for thick

target effects, fitted to the portion beyond the

united-atom limit of Na + Ni (11 + 28). The
smooth curves are reproduced at the top to bring

out the velocity dependence of the data. If the

effects of detector resolution are removed, the

broadening is found to be proportional to the
square root of the projectile velocity.

exactly as predicted. The broadening
beyond the united-atom limit is very
nearly half of a Gaussian, the flank of

which drops more than two orders of

magnitude; this appearance of the

united-atom limit was expected when
the molecular-orbital continuum was
discovered, but determined searches

failed to reveal anything but the expo-

nentially shaped continuum. We
undertook a study of the energy de-

pendence of the broadening and found

that it was proportional to the square

root of the projectile velocity. Although
in agreement with the K-band studies,

this was somewhat disappointing be-
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cause we had hoped that this simple

manifestation would have the equally

simple velocity dependence, i.e., a

broadening proportional to velocity. A
curious aspect of the matter is that the

only theories now under serious con-

sideration predict a square-root de-

pendence but do so on the basis of as-

sumptions that seem to us questiona-

ble. Since our data are the best verifi-

cation of this dependence, our pre-

judices to the contrary notwithstand-

ing, we are seeking to remove the weak
elements of these theories or to find an
acceptable alternate set of assump-
tions.

Vacancy Sharing in Heavy-Ion
Collisions

The most striking phenomenon of

heavy-ion collisions is the large proba-

bility for producing electron holes in

the less tightly bound of two inter-

penetrating shells that have nearly

equal binding energies, e.g., K shells of

two atoms with Z, ~ Z2 . Conventional
theory predicts a small probability, if

applied strictly. The novel approach
proposed here last year has found little

acceptance because it predicts only the

relative Z dependence (quite satisfac-

torily) and utilizes a mechanism not

observed elsewhere. Whatever the de-

tails of its operation, molecular excita-

tion depends in some way on the trans-

formation of atomic into molecular
wave functions, and its complete eluci-

dation is the central problem of this

field of research.

If one sets aside the mysterious

manner in which vacancies appear in

the more weakly bound shell and con-

siders instead the method by which
vacancies appear in the more strongly

bound shell, then one finds things in a

more satisfactory condition. Meyerhof
(1973) demonstrated that, given the

vacancy in a light K shell, he could cal-

culate the probability of its transfer to

the heavy K shell. The mechanism for

this is radial coupling, which links

molecular states of the same parity.

We set about to see if this process

also coupled K and L shells and noted
an unusual circumstance best illus-

trated with the raw data. In Fig. 92a is

shown the spectrum of praseodymium
produced by bombardment with 2-MeV
Li+

; it is a normal example of Coulomb
excitation, showing all the L lines that

the detector is capable of resolving

with intensities easily understood
through conventional theory. In Fig.

92b is shown the spectrum of

praseodymium when bombarded with

2-MeV K +
; the K lines of potassium are

the most prominent feature and result

from the molecular excitation dis-

cussed previously. L lines from
praseodymium are also shown but are

in marked contrast to the spectrum of

Fig. 92a, as the total intensity is much
less and the intensity ratio is entirely

different; indeed only the La and L^2

lines are observed.

Reference to x-ray tables quickly dis-

closes that these lines are transitions

to vacancies in the 2p 3/2 subshell and
that transitions to the other L sub-

shells, the 2p 1/2 and 2s1/2 , are absent
within the observational limits im-

posed by the continuum radiation. The
transfer of vacancies from the K shell

of potassium, if the process is a trans-

fer, is obviously selective. A study of

the velocity dependence of the ratio of

potassium K lines to praseodymium L
lines shows values that lie along an ex-

ponential in 1/v, which present in-

terpretations would indicate as charge
exchange.
Our tentative interpretation of the

process can be understood by reference

to Fig. 93a, which shows the manner by
which the atomic energy levels trans-

form through molecular orbitals into

the energy levels of a united atom for

the collision of K + Pr. One notices

that the potassium K shell transforms

by a 3dcr orbital which has the initial

vacancy and the three praseodymium L
subshells by a 2p77, 2pcr, and 2scr. Ra-

dial coupling proceeds between states

of the same molecular parity, here be-

tween the 3dcr and the two orbitals 2pcr

and 2scr. Rotational coupling between
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Fig. 92. The spectra of praseodymium L lines produced by (a) direct excitation with 2-MeV Li+ and
(b) vacancy sharing with 2-MeV K +

. The identity of various praseodymium L lines capable of being

resolved by the detector are indicated for both spectra with the location of the potassium K lines also

shown for spectrum (b). Unmarked peaks are the result of target contaminants and a photon escape

peak, an instrumental effect. The L lines of praseodymium in spectrum (b) are thought to result

primarily from the transfer of vacancies from the potassium K shell to the praseodymium L III

subshell (2p 3/2 ) through rotational coupling.

-Ne + Ne

Fig. 93. Correlation diagrams for the collision of (a) K + Pr and (6) Ne + Ne. In both diagrams the

morphology of the transformation of separated-atom through molecular levels to united-atom energy

states is shown. The vertical axis is proportional to the logarithm of the energy; the horizontal axis

shows the internuclear distance schematically. The energy scales for (a) and (b) are different.
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orbitals of opposite parity is also

known to occur, but it has been ob-

served only in collisions in which the

exchanging orbitals attained nearly

the same energy at small radii of sep-

aration, an example of which is shown
in Fig. 93b. This shows the correlation

of orbitals in the collision of neon and
neon, a collision in which the transfer

of a vacancy from the 2p shell of an
incident ion is transferred by the 2pcr

to the 2p7r orbital. The theory of this

transfer (Fastrup, 1976) agrees well

with experiment. Except at very low
velocities, the probability of transfer is

nearly unity because the two orbitals

have nearly the same energy at small

values of internuclear radius.

Because of the different probability

observed for 3dcr —» 2p7r compared with
3dcr —> 2po- and 2sct, we think that it

must be a new manifestation of rota-

tional coupling—a case of rotational

coupling at large rather than small

internuclear radius.
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INTRODUCTION

New data on very faint sources far

out in the Universe are beginning to

accumulate at impressive rates. This

situation, long worked for by observers,

results from years of effort on the part

of many individuals and groups to per-

fect digital or linear photoelectric de-

vices capable of precise photometry on
large numbers of picture elements
within an optical image—in other
words, to count incoming photons in

the picture elements and to present the

resulting large amount of information

in a useful way. Such devices are
equally important in the focal plane of

a telescope or at the output end of a

spectrograph that is attached to the

telescope. But the photographic plate,

especially when employing the most
modern emulsions of high information

content and optimum color sensitivity,

continues to be invaluable, particu-

larly for wide-angle recording.

Two groups at the Hale Obser-
vatories, Drs. Allan Sandage and
Jerome Kristian, using the photo-
graphic method, and Drs. James E.

Gunn and J. B. Oke, using an image
tube, are reporting the discovery of im-

pressive numbers of new faint clusters

of galaxies. Such clusters are of impor-

tance because it is known that the

brightest galaxy in a cluster (for rea-

sons not yet understood) has a standard
luminosity that is very nearly the same
for any cluster. Thus the relative dis-

tances to such clusters can be derived,

and if the redshifts of a number of the

galaxies in each cluster can be meas-
ured with the spectrograph, new points

in the Hubble diagram of redshift ver-

sus distance can be plotted.

Not only are dozens of distant clus-

ters of galaxies being found, but the

production of spectra and the meas-
urement of redshifts of galaxies in

them is proceeding at a record rate. For
this work, Westphal, Kristian, and
Sandage are using an SIT (silicon in-

tensifier target) Vidicon on a prism

spectrograph at the 5-meter telescope,

while Gunn and Oke are using the

SIT-Vidicon with a grating spectro-

graph. Both of these SIT systems have
been derived, with various technical

improvements, from the system de-

scribed in 1971 by Dr. Thomas B.

McCord and Westphal (Year Book 71,

p. 705). Most of the new redshifts being

measured are greater than z = 0.2, and
a substantial fraction have z > 0.4.

These individual galaxies are of small

angular extent, and most are much
fainter than the uniform light of the

sky (airglow and zodiacal light) that

overlies them. Spectroscopy involves

subtracting electronically the spec-

trum of the sky from that of the object

plus sky. The principal limitation now
is not measuring the spectra but find-

ing faint candidates and positioning

them on the slit. Observing depends
upon low-level closed-circuit TV sys-

tems for these operations, which for-

merly involved the much more difficult

technique of making blind offsets from
nearby stars.

A significant new finding by San-
dage further illuminates our under-
standing of the structure of the Galaxy.

A photographic survey of the north and
south galactic polar caps, in progress

for several years, has not only resulted

in discovery of many new remote clus-

ters of galaxies, but has revealed, in

our own Galaxy, faintly luminous
nebulous regions, often in irregular

connective patterns that extend over

distances of degrees (see Fig. 4). The
patterns display much local structure.

Sandage's filter photography shows
them to be reflection nebulae consist-

ing of dust. The local surface bright-

ness of the dust clouds that scatter il-

luminating radiation depends upon
their optical thickness. Sandage shows
that the observations are in good
agreement with the hypothesis that
the dust clouds are diffusely illumi-

nated by general light of stars in the

277
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galactic plane. The surface brightness

of the denser reflection nebulae is pre-

dicted to be about 25.5 magnitudes per

square arc second. The brightness of

the clouds viewed as reflection nebulae
is directly related to their extinction of

the light of distant galaxies observed
through them; this extinction can be as

high as Am ~ 0.3 even in the direction

of the pole of the Galaxy. Some parts of

the north polar cap are free of detecta-

ble nebulosities to a level of 26 mag per

square arc sec. Studies of the distribu-

tion and surface brightness of irregular

reflection nebulosities in high galactic

latitudes should produce detailed
knowledge of the extinction, leading to

more precise photometric corrections

for the magnitudes of remote galaxies.

This year marks the completion of

basic construction of the 2.5-meter
Irenee du Pont Telescope of the Las
Campanas Observatory in Chile. This

project was initiated in December 1970

by a gift to the Carnegie Institution

from Mr. and Mrs. Crawford H.
Greenewalt. Design of the instrument
by the staff of the Hale Observatories

was begun soon thereafter, following a

resolution by the Trustees that the In-

stitution should augment the funds

available to permit construction of a
telescope of the 100-inch class. The
telescope was constructed in the
United States, shipped to Chile, and
erected at the Observatory under the

direction of Mr. Bruce H. Rule with the

collaboration of Las Campanas person-
nel. In May 1976, optics were installed

and preliminary test photographs ob-
tained. Staff members believe that the
care taken in achieving near-perfection
of the Cassegrain optical system of the
telescope should permit the instrument
to match the excellent quality of the
natural observing conditions that pre-

vail at the site.

The lengthy process of installing and
adjusting the electronic control system
and of perfecting all supplementary
systems required for routine operation
of the telescope is under way. Comple-
tion of these activities, together with
the requirements for adjusting and
testing the first series of auxiliary in-

struments for the telescope, is expected
to require several additional months.
Construction of the large coude spec-

trograph is a separate task that is ex-

pected to require three to four years.

It can now be made known that Miss
Henrietta H. Swope was the donor of a

very substantial gift to the Institution

in 1967. This gift permitted develop-

ment of the Las Campanas Observa-
tory site, with its road and water sys-

tem, as well as purchase of the 1-meter
telescope that was installed in 1971. In

accord with the wish of the donor, this

gift remained anonymous for a number
of years. It is evident that Miss Swope's
generosity was of primary importance
in the establishment of the new obser-

vatory.

OBSERVING CONDITIONS

The 2.5-meter Hooker Telescope at

Mount Wilson was used for observa-

tions on 276 complete nights and 41

partial nights for a total of 2117 ob-

serving hours. Rainfall for the year
was 551 mm, and total snowfall was
1066 mm.
The 5-meter Hale Telescope at

Palomar Mountain was used for a total

of 3489.8 hours, of which 3085.1 were
nighttime hours, as shown in Table 1.

The difference represents twilight time
that was used for infrared or planetary
observations not requiring a dark sky.

Total precipitation at Palomar was 596
mm, with 1168 mm of snow. The
maximum temperature was 35.0°C in

July; minima were -7.8°C in January
and March.

Public visitors at the Palomar Ob-
servatory numbered 133,990 for the
year.
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TABLE 1. 5-Meter Observations

Zero Total Hours of

Complete Partial Observation Hours Nighttime

Month Nights Nights Nights Worked Observing

July 25 5 1 261.5 239.6

August 29 1 1 303.3 255.9

September 29 1 305.9 301.3

October 26 4 1 345.4 294.0

November 28 2 1 354.3 307.6

December 25 3 3 326.5 289.8

January 28 2 1 382.3 329.4

February 16 4 9 238.1 196.9

March 22 4 5 278.8 247.2

April 19 6 5 214.3 199.7

May 25 3 3 261.2 212.2

June 27

299 35

3

33

218.2 211.5

Totals 3489.8 3085.1

PHYSICS OF THE SUN

Synoptic observations of the sun con-

tinue on Mount Wilson under the
supervision of Howard. Between June
1, 1975, and May 31, 1976, the follow-

ing observations were obtained:

Direct photographs 334
Ha spectroheliograms,

9-meter focus 621
K2 spectroheliograms,

9-meter focus 618
Full-disk magnetograms 341
Integrated-light magnetic-field

measurements 317
Sunspot drawings 330
Sunspot magnetic-field

measurements 327
Solar observations were made on
341 days.

The daily magnetic-field plots are

published monthly in the National
Oceanic and Atmospheric Administra-
tion Bulletin Solar Geophysical Data.
The magnetic synoptic charts are pub-
lished in the Quarterly Bulletin on
Solar Activity of the International As-
tronomical Union. Partial support for

these observational programs comes
from the National Aeronautics and
Space Administration and the Office of

Naval Research.

Solar Magnetic Fields

A study by Howard of magnetic-field

measurements made on the same day
with two different apertures shows a

daily zero-level error in the setting of

the Mount Wilson magnetograph of

about 0.35 gauss (standard deviation).

From the same observations, the scale

(calibration) errors were found to be

about 10%. On the size scale of the

apertures used in this analysis
(
— 10,000 km), the polarity mixing of

magnetic elements varied from one
portion of the period covered by these

observations to the other. During the

period of lower flux values, the
polarities are more mixed. It is this

mixing of polarities which, at least to

some extent, is responsible for the
lower flux measurements. Thus the dif-

ference in the measured total flux be-

tween activity maximum and mini-

mum, which is only a factor of 2, is at

least partially caused by a mixing of

positive and negative elements within

the aperture.

Howard, in collaboration with Z.

Svestka, A. S. Krieger, and R. C. Chase
of American Science and Engineering,
Inc., has studied transequatorial co-
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ronal loops seen in soft x rays from the

A.S.&E. experiment on the Skylab
mission. The loop system was probably
born through reconnection within a

few days after the birth of the second
region. The loops could be seen in soft x
rays for 2V2 days. Transient "sharpen-
ing" of the loops and a striking
brightening of the whole loop system
for about six hours seem to have been
caused by changes in the magnetic-
field configuration in one of the active

regions. The electron temperature in

the loops, equal to 2.1 x 10(; K in the

quiet phase, increased to 3.1 x 10" K
during the brightening. At the same
time, the loops became twisted while
rising in the corona.

A study of the magnetic sector struc-

ture of the sun has been carried out by
L. Svalgaard, J. M. Wilcox, and P. H.
Scherrer at Stanford and by Howard.
Using interplanetary magnetic-field
data, 454 sector boundaries were iden-

tified, and the corresponding solar

magnetic field configurations were
mapped. The sector boundaries are

clearly visible in the photospheric
magnetic field as north-south polarity

demarcation lines, extending to about
35° latitude on both sides of the
equator.

Large-Scale Velocity Fields of the Sun

The study of the accumulated Mount
Wilson solar velocity data continues by
Howard and H. Yoshimura of the Uni-
versity of Tokyo. Evidence has been
found in several instances for a large-

scale boundary in the rotational veloc-

ity separating high and low velocity

rates. The years preceding the solar ac-

tivity minimum are characterized by
an increase in the equatorial rotation

rate, a striking decrease in the latitude

gradient of the rotation rate at low
latitudes (<40°), and a corresponding
increase in the latitude gradient at

high latitudes. The rotation of the
polar latitudes remains unchanged.
The rotation rate of the equatorial

latitudes is now (May 1976) nearly up

to the sunspot rate (2.9 /jl rad s
_1

). This
is the first time that such rotation
changes have been observed, and it is

the first time that such sensitive
measurements have been available for

this phase of the solar cycle, which is

now very close to minimum.

Big Bear Solar Observatory

The 65-cm vacuum reflector was fi-

nally brought into proper alignment,
and the coude axis was aligned as well.

Excellent photographs were obtained
with a limiting resolution of 0.3", but it

was found that only rarely did the at-

mosphere permit such good results.

Drs. Alan Patterson and Kenneth
Marsh are now resident at Big Bear to

conduct the observational programs.

Coronal Holes

Zirin took part in the Skylab Coronal
Hole Workshop, which met on several

occasions in Boulder, Colorado, to com-
bine the efforts of a number of people
from different subdisciplines toward
understanding the phenomena of co-

ronal holes. Zirin devoted most of his

efforts to trying to detect the presence
of coronal holes in ordinary Ha and
K-line filtergrams. The results of this

study were somewhat indeterminate;
coronal holes clearly coincide with ex-

tensive areas where the chromosphere
is quiet and relatively free of emission.

It was found that if a hole is known to

be present, it is fairly easy to draw in

its boundaries from the Ha and K-line

pictures. However, given an Ha or

K-line picture, it is at present impossi-
ble to determine whether or not there
is a coronal hole in it. One may thus
conclude that the presence of a coronal
hole has little effect on the underlying
chromosphere, and that the chromo-
spheric phenomena we see do not de-

pend on conduction downward from the

corona. (See also the report of William
Adams on solar rotation near coronal

holes.)
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Surge of 1971

Zirin completed work on the analysis

of a peculiar solar surge observed in

1971. This surge ejected a great mass of

material that flew across the surface of

the sun and formed a filament several

hundred thousand kilometers away.
The filament lasted for about 20 min-
utes, whereupon the material rose and
returned to its origin. The significance

of this most unusual event is not clear.

It was possible to explain the radio

emission from the surge with a simple

thermal model at 200,000 °K. In addi-

tion, there is a hotter component of

about 10% of the material at a temper-

ature of several million degrees.

X Rays from Solar Flares

Zirin has made a study of nonther-

mal x rays from solar flares, comparing
Big Bear data with data obtained by a

number of different spacecraft. In

every case (about 15 flares), the hard
x-ray flux (greater than 20 keV) meas-
ures the time derivative of Ha inten-

sity. However, after the third hard
x-ray burst ends, the Ha intensity may
continue near the maximum level if a

thermal cloud is formed. This cloud is

then responsible for the soft x-ray
burst. The energy emitted in Ha is

often about 10% the energy of the

nonthermal electrons, which typically

have a hardness index of about 3. The
radio spectrum produced by these elec-

trons was then modeled, using the in-

ferred density and spectrum from the

hard x-ray burst and the observed Ha
area. It is possible to fit the observed
radio-burst data in almost every case

by appropriate use of synchrotron
self-absorption and free-free absorp-

tion, but unfortunately there are many
parameters and the results are not

convincing. Typical values of magnetic
field of several hundred gauss and den-

sity of 109 electrons in the nonthermal
plasma are found. It is not possible to

differentiate between the thin foil and
thick foil models of hard x-ray bursts.

It was found that a clear distinction

existed in Ha between thermal and
nonthermal x-ray bursts. The non-

thermal bursts are invariably visible

in offband Ha (about 0.8 A from line

center), while the thermal bursts pro-

duce no emission offband. Thus the line

width of Ha excited by nonthermal
particles is broad compared to that in a
thermal x-ray flare. The profiles in im-

pulsive x-ray bursts are consistent

with the possible momentum transfer

by hard electrons incident on protons.

It is postulated that the initial energy

input in a nonthermal flare occurs

through acceleration of electrons ac-

cording to a power-law spectrum, the

entire input occurring in the first mo-
ments of the flare.

It was found that x-ray bursts with

multiple spikes usually were related to

optical flares with several stages, each
new Ha brightening or ejection corre-

sponding to a new spike in the x-ray

flux.

The Lifetime and Evolution of Fibrils

A detailed study has been made of

the lifetimes and evolution of fibrils in

McMath 12417, using high-resolution

filtergrams in Ha and Ca II K made at

Big Bear Solar Observatory. It was
found that when viewed near disk cen-

ter the lifetime of a fibril is a monoton-
ically increasing function of its

maximum apparent length. This rela-

tionship, together with the form of the

variation of fibril lengths as a function

of time, suggests that fibrils result

from material being impulsively in-

jected into magnetic-field lines at ap-

proximately 30 km s" 1 and returning

under gravity. The lifetimes and ap-

parent lengths of fibrils are then a

function of the inclination of the field

lines only. A study of wavelength scans

through the Ha line confirms that the

apparent extension and retraction of

fibrils represent true mass motion.
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Macrospicules and Microflares

From careful scrutiny of Big Bear
full-disk Ha time-lapse movies under
high magnification, Tang has found a
class of small flarelike events that
occur in quiet regions at all latitudes,

including the polar regions. These
events are most noticeable at the limb,

where they typically have the appear-

ance of erupting loops or surges. They
are smaller than a supergranule
(heights, 5-15 x 10 :; km; widths, 1-15
x 10 :; km), last for 5 to 10 minutes, and
rise at velocities up to about 100 km
s~'. In the polar regions, the larger of

these eruptions are apparently the so-

called polar-limb surges that have been
observed in Ha at several observatories

since at least as long ago as 1957 (G.

Godoli and F. Mazzucconi, Astrophys.

J., 147, 1131, 1967).

Small surgelike events, termed mac-
rospicules, have been detected and
studied on the polar limbs in EUV
spectroheliograms from Skylab (J. D.

Bohlin et al, Astrophys. J. [Lett.], 197,
L133, 1975; P. L. Withbroe et al., As-

trophys. J., 203, 528, 1976). The Ha
limb events are similar to the EUV
macrospicules in shape, size, motion,

and duration. On this basis, Moore and
Tang (Bull. Amer. Astron. Soc, 7, 423,

1975) proposed that the Ha limb erup-

tions were the Ha counterpart of the

EUV macrospicules and named the Ha
events Ha macrospicules.

Another discovery from Skylab was
the observation of flare events in x-ray

bright points (L. Golub et al., As-
trophys. J. [Lett.], 189, L93, 1974).

X-ray bright points are the x-ray im-

ages of ephemeral active regions: bipo-

lar magnetic regions that are smaller
than supergranules and with lifetimes

usually less than a day. Since x-ray

bright points occur at all latitudes and
are the only observed centers of activ-

ity in the polar regions, Moore and
Tang (Bull. Amer. Astron. Soc., 7, 423,

1975) proposed that macrospicules are

produced by flares in these ephemeral
active regions. Because of their very

small size, these flares are appropri-

ately termed microflares.

The above interpretations proposed

by Moore and Tang were based on indi-

rect evidence rather than on direct

identification of Ha events with either

EUV macrospicules or flares in ephem-
eral active regions. However, more re-

cently Moore, in collaboration with J.

D. Bohlin at the Naval Research Labo-

ratory and L. Golub at American Sci-

ence & Engineering, has found several

direct identifications of Ha macro-
spicules with EUV macrospicules and
with flares in x-ray bright points on the

limb. Thus the identifications proposed

by Moore and Tang have been con-

firmed.

Differential Rotation

Solar differential rotation meas-
urements give a wide variety of results,

depending upon the method of meas-
urement employed, and it appears that

the differences are genuine properties

of the sun, i.e., different rotation trac-

ers actually rotate at different rates.

Long-lived filaments have long been
used as such rotation tracers, but it is

not at all clear that they are represen-

tative of filaments as a class (of which
they compromise only about 5%). A
study of short-lived filaments was
therefore begun in the hope that the

higher quality of the Ha data currently

available would make it possible to

overcome the difficulties inherent in

such an undertaking. The resulting
measurements produced a rotation

curve with a differential term approx-

imately half the size of the correspond-

ing term in the long-lived filament ro-

tation curve.

A variation of the same measure-
ment technique was then applied to a

small sample of filaments bounding the

unipolar magnetic region occupied by
CHI, a large coronal hole observed by
Skylab. This coronal hole had shown
very little differential rotation during

its several-month life span, and the ro-



HALE OBSERVATORIES 283

tation of the underlying unipolar re-

gion was consequently of considerable

interest. Inasmuch as filaments are
known to form preferentially along
field reversal lines, they furnish a pos-

sible tool for measuring the rotation of

the underlying unipolar region, and
this provided the motivation for our
measurements. The resulting rotation

curve was in remarkably good agree-

ment with that of the overlying coronal

hole.

SOLAR SYSTEM STUDIES

Jupiter

The systematic observation of the

variations in time of the intensity of

the SI and SO lines of the (3, 0) band of

H2 over various regions of the Jupiter

disk {Year Book 73, p. 131) was con-

tinued by Munch in collaboration with

C. Pilcher of the University of Hawaii.
For the purpose, the coude inter-

ferometric scanner of the 2.5-meter
Mount Wilson telescope was used, with
a spectral resolution of 0.074 A and an
angular resolution of 2". Similar meas-
urements were also made on various

regions of the Saturn disk.

Io

With the 150-mm aperture PEPSIOS
spectrometer of the University of Wis-

consin installed at the coude focus of

the 5-meter telescope, Munch, in col-

laboration with Drs. John Trauger and
Fred Roesler of the University of Wis-

consin, has studied the characteristics

of the sodium emission associated with

Io. The field optics (f/40) allowed use of

a maximum entrance aperture 25" in

diameter for a spectral resolving power
of 150,000. A series of 60 profiles of the

D2 line was obtained when Io was near
both its eastern and western elonga-

tions. The intensity-velocity distribu-

tion of the D2 emission within 25" of Io

was studied by line profiles obtained

with a nested set of concentric annular
quadrants of various radii. In addition,

sample D 2 scans were obtained from
regions 25" in diameter centered on the

plane of Io's orbit, at distances of 69",

138", and 207" from Io in the direction

away from Jupiter, and at a distance of

69" from Io toward Jupiter. The main

results of the observations can be
summarized as follows:

1. The D2 emission rate at a distance

of 2.5" from Io has a value, near eastern

elongation, of 80 kilorayleigh (KR),
corresponding to a column density of 2

x 10+u cm-2
. The emission rate de-

creases exponentially from this value,

with a scale of 3", out to distances from
Io of around 40". Farther out, the rate

of decrease in surface brightness ap-

pears to be slower according to power
law r~" of the distance r from Io, with n
= 1.7.

2. The line profiles for regions cen-

tered on Io are peaked at the value cor-

responding to the Io orbital radial ve-

locity but are asymmetric, with a tail

extending toward the larger velocities

without regard to sign. This high-
velocity tail extends beyond the veloc-

ity of escape from Jupiter. The degree

of asymmetry of the profiles appears to

increase with distance from Io.

3. At distances ^69" from Io in the

direction away from Jupiter, peak
emission occurs at the Keplerian veloc-

ity around Jupiter; but at r = 69" to-

ward Jupiter, peak emission corre-

sponds to the projected Io orbital veloc-

ity. It thus appears that the density of

sodium atoms falls off sharply inside

Io's orbit toward Jupiter.

4. The brightness distribution of D2

line emission is not symmetric with re-

spect to Io or to the trace of its orbital

plane.

The presence of the K I a 7699 line in

the spectrum of the Io emission region

was discovered by Munch, Roesler, and
Trauger on August 28, 1975, also with
the PEPSIOS spectrometer. Unlike the

Na D2 line, the profile of the K I line is
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symmetrical, with a nearly gaussian
form of 3.16 km s" 1 dispersion. The
measured emission rates imply a ratio

of 20 between the column densities of

sodium and potassium. The paths of

line formation for both species are,

however, different, as indicated by
their different line shapes. Since the

lifetime of the neutral K and Na atoms
is determined by collisional ionization

with thermal electrons in the Jupiter
plasmasphere, and the cross section for

this process is about twice as large for

K as for Na, for a plasma temperature
of 100 ev the abundance ratio Na/K
will be less than the ratio of column
densities, and depending on the results

of model calculations under way, it

may be closer to the value correspond-

ing to the earth's crust (4:1) rather
than the solar value (40:1).

The dependence on time of the shape
of the Io emission cloud, expected from
its interaction with the Jupiter mag-
netospheric plasma, has been studied

by Munch in a series of spatial inter-

ferograms. The rings of a 40-mm aper-

ture Fabry-Perot etalon were projected

on the plane of the sky around Io by
means of a collimator and then reim-

aged with an f/1.4 lens on a magnet-
ically focused intensifier. The device

was mounted on the coude spectro-

graph of the 1.5-meter Mount Wilson
telescope in order to obtain a field of

110" diameter. The etalon spacer was
chosen to make the rings of the D2 and
Di lines coincident at a central order of

interference equal to 7945. Using a

focal-plane occulting disk to block off

the light of Io, it was possible to photo-

graph rings of 35" diameter with an ex-

posure of one hour. The limiting expo-

sure, around two hours, was set by the

amount of scattered continuum light

from Jupiter. The interferograms ob-

tained show clearly the strong concen-

tration of the Na emission toward Io

and toward a plane close to but not

coincident with Io's orbit. The emission

cloud appears to be flattened to a de-

gree increasing with distance from Io,

and its form varies with the magnetic
latitude of Io in the sense that the

emission lines are weaker toward the

Jupiter magnetic equator.

Satellites and Asteroids

Kowal, working under Sargent's
general direction, continued his search
for faint satellites of the outer planets

and discovered a probable fourteenth

satellite of Jupiter. The new object was
photographed with the 1.2-meter
Schmidt telescope on September 30,

October 1, and October 2, 1975. Its vi-

sual magnitude is approximately 21,

and it is estimated to be between 5 and
10 km in diameter. Not enough obser-

vations were obtained to allow the de-

termination of an orbit for this object,

but a heliocentric orbit has been ruled

out. It is hoped that more observations

can be obtained at the next opposition

of Jupiter, in November 1976.

Plates of the outer satellites of Jupi-

ter were also obtained for the U.S.
Naval Observatory in a project to de-

termine better ephemerides of those

satellites.

A search was conducted for new
satellites of Saturn, but none were
found.

On December 27, 1975, Kowal dis-

covered a new Apollo asteroid with the

46-cm Schmidt telescope. This object,

designated 1975 YA, was found on a

film taken for the supernova search

and was moving across the sky at a

rate of 21° per day when first sighted.

The asteroid's orbit has the unusually
high inclination of 64° and a perihelion

distance of 0.9 A.U.

STELLAR SPECTROSCOPY

White Dwarfs

A deeper insight into the physical

processes that separate the degenerate

stars with hydrogen from those with
helium atmospheres has been obtained

by Greenstein, largely with the mul-
tichannel spectrophotometer. With in-
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creased numbers of helium stars, it be-

came clear that convection to various

depths must be episodic for degenerate

stars in the range of temperature
25,000° to 12,000°K. No helium-rich

white dwarf atmosphere has been
found hotter than 25,000°, where
helium lines have their maximum
strength. (Only one star, probably near
50,000°, has both ionized helium and
hydrogen in its spectrum.) Among the

cooler helium-atmosphere white
dwarfs, two have been found in which
the lines of ionized calcium appear.

This extraordinary range of excitation

is still compatible with a reduced
abundance of calcium compared to the

opacity-producing elements. Most
cooler white dwarfs with metallic lines

are extremely metal deficient. A work-
ing hypothesis is that degenerate stars

start very hot, with or without hydro-

gen at the surface, but in any case, ac-

crete interstellar matter of normal
composition. In a relatively short time,

the high gravity results in a very com-

plete separation, with hydrogen at the

top, helium below, and the metals still

deeper. Near 25,000° the stability of

this molecular weight gradient is over-

turned by convection, and both helium
and varying small amounts of metal di-

lute the accreted hydrogen for a time.

The helium atmosphere with metals
visible may represent a later stage as

the molecular weight gradient reestab-

lishes itself when convection stops. It is

not obvious that this happens only once
in the life of a white dwarf, nor that it

requires the star to evolve in the direc-

tion mentioned. An alternate view is

that convection may start at a lower
temperature and because of the de-

crease of opacity result in a higher-

temperature object that gradually cools

again.

An important feature of the hydro-

gen white dwarfs has been discovered

in collaboration with Drs. Alec Bok-
senberg, Robert Carswell, and Keith
Shortridge of University College Lon-
don. The Image Photon Counting Sys-

tem was used in the coude spectro-

graph of the Hale reflector to study a

phenomenon discovered earlier by
Greenstein in 40 Eridani B (Fig. 1) and
Wolf 1346. Abnormally sharp cores

exist at the center of the hydrogen lines

Ha and H/3. The efficiency of the IPCS
system permitted observation of ten
hydrogen-atmosphere white dwarfs,

with proof of the existence of sharp
cores in Ha or H/3 for seven of them.

Observations by Greenstein with the

coude image-tube spectrograph at 27 A
mm-1 had already revealed the exis-

tence of sharp Ha cores in five other

white dwarfs of type DA. These cores

arise from the large optical depth at

the center of Ha and the low boundary
temperature of hydrogen atmospheres
caused by Balmer and Lyman line

blanketing. Greenstein and Deane
Peterson of the State University of

New York at Stony Brook predicted

nonlocal thermodynamic-equilibrium
profiles with cores essentially of ther-

mal width (about 15 km s ', mean ve-

locity). If the projected rotational veloc-

ity of a white dwarf is larger than this

thermal velocity (30 or 40 km s" 1

) the

sharp core would be destroyed. It is

now clear that very slow rotation, cer-

tainly less than 40 km s_I and probably
for some stars less than 10 km s

_1
, is

the rule for hydrogen white dwarfs.

The implication is that during the
red-giant phase considerable transfer

of angular momentum between the
center and envelope of the star must
occur. The mass loss of the red giant

should be accompanied by selective loss

of matter of greater than average an-

gular momentum per gram. The brak-

ing of the object, possibly by interac-

tion of the stellar wind with the in-

terstellar medium via magnetic fields,

seems to be very successful. The core is

finally exposed as a hot subdwarf and
eventually a white dwarf of small spe-

cific angular momentum. If the sun
were to shrink homologously to a white
dwarf, the rotational velocities would
be over 500 km s

_1
. Since in many

white dwarfs the mass lost is approxi-

mately three quarters of the star's ini-

tial mass, this mechanism is quite effi-

cient.
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Fig. 1. The line profiles of hydrogen in the classical white dwarf 40 Eridani B. These were obtained

with the Hale Telescope at Palomar, using the Image Photon Counting System developed by A.

Boksenberg of University College London. The plots show the photon counts per picture element with

this modern television system. The background slope is caused by the sensitivity changes within the

entire system. Significant is the enormous width of the Hy line, caused by Stark broadening in the

high-pressure atmosphere. The unusual feature of the Ha line, however, is an extremely sharp deep

core, less than 5 picture elements wide in toto. This deep core is produced at the top of the atmosphere
where the pressure is so low that the Stark broadening is minimal. Part of the apparent width is

instrumental in origin, in spite of the original dispersion of 15 A mm -I
. The deep core is produced by

effects of nonlocal thermodynamic equilibrium. However, its sharpness proves that the white dwarf
cannot be rotating rapidly, since rotation of as much as 30 km s

-
' at the equator would blur the core

out of existence. The estimated rotation is certainly less than 20 km s" 1 and perhaps less than 10 km
s
_1

. Thus the period of rotation of the white dwarf must be longer than 30 min and possibly longer

than 1 hr. Were the sun to contract without loss of angular mometum to the size of a white dwarf, its

equatorial velocity would be about 300 km s~'.
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As a further result of the sharp line

cores in the hydrogen-line white
dwarfs, it has been possible to derive

rather accurate radial velocities. The
correlation between these and the
prime-focus spectrograph results as

measured by Virginia Trimble of the

University of California at Irvine and
Greenstein is fairly good, with 0.84

correlation coefficient and only small

systematic difference. For the stars

with sharp cores observed either with
the coude image tube or the IPCS, a

mean K-term (i.e., a systematic expan-

sion due to the gravitational redshift)

of +44 km s
_1

is derived. This is within

the probable errors of the photographic

value of Trimble and Greenstein, +51
km s" 1

. This confirms a mean mass of

about 0.6 to0.8 9TIo for the white dwarfs.

Individual white dwarfs of special

interest are being searched for by the

multichannel spectrophotometric pro-

gram. In studies made in collaboration

with Boksenberg, the hot star Feige 7

seems almost certain to be a magnetic
white dwarf, showing, without a

Zeeman analyzer, resolved triplet pat-

terns of H/3 and Hy. The 12,000°
helium-rich white dwarf Gill -54 was
found by Greenstein and Boksenberg to

have only the strong, relatively sharp
lines of ionized calcium. Several sus-

pected late-type red degenerates were
also studied for very weak metallic fea-

tures. The difficulty of separating such
metal-poor, helium-rich, cool degener-

ate stars from extremely high-velocity,

metal-poor, hydrogen-rich G or K sub-

dwarfs is extreme. Only parallax and
proper motion will decide.

Greenstein has published data on
189 multichannel spectra observed for

various types of degenerate stars, in

the form of a number of monochromatic
colors and magnitudes. Study of the
correlation of colorimetric properties

and luminosity for stars ofknown paral-

lax indicates that the degenerate stars

form a relatively narrow sequence with
a spread of about ±0.7 magnitude.
These color-luminosity curves are pre-

sented in the Astronomical Journal
(81, 323-338, 1976) and predict the ex-

pected photometric parallax to be com-
pared with trigonometric parallaxes. A
considerable number of cool degenerate
stars exist with relatively large pre-

dicted parallax but have not yet been
measured. The space motions are those

of the old disk population, although
some Population I and about 9% Popu-
lation II degenerate stars exist. The
number of cool (<7000°) degenerate
stars has been doubled, but this is not

enough for an elementary theory of

cooling. The low number of red degen-

erates probably arises from the rapid

drop in specific heat of the core below
effective temperature 6000°.

There is evidence that Population II

stars more than 1.5 mag subluminous
are rare. When allowance is made for

differential line blanketing, part of this

discrepancy is eliminated. A large gap
remains between the faintest red sub-

luminous star and the faint red degen-

erates.

Studies of Proper-Motion Stars

A systematic program to improve the

relation between luminosity and color

for proper-motion stars has been con-

tinued by Greenstein with the mul-
tichannel spectrophotometer. About
100 stars of known parallax are in-

cluded in this program, and another
300 of large proper motion. Prelimi-

nary indications are that a sublumin-
ous sequence approximately 1 mag
below the main sequence exists in al-

most any color-luminosity plot of paral-

lax stars. With a still insufficient

number of parallaxes for late-type,

very high-velocity stars, this difference

seems to disappear at dM2 or dM3. The
earlier high-velocity M stars are dis-

tinguished by a relatively greater ratio

of hydride to oxide bands. At lower
temperatures, the hydride bands
weaken, and differential line blanket-

ing may disappear. Alternatively,
there may be few or no very high-
velocity stars of late type and low
luminosity. To illuminate the latter

problem, basic for the existence of a

possible galactic halo of low-mass M
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dwarfs, a systematic program has been
undertaken. The color-luminosity
curves permit calibration of stars of

known multichannel color. Green-
stein's program will measure all Low-
ell stars with proper motion larger

than 1" per year that are brighter than
magnitude 16.4.

Rotation of B-Type Stars

Preston has used 20 A mm-1
spec-

trograms obtained with the Mount
Wilson 2.5-meter telescope to estimate
projected rotational velocities for 180

stars of types B1-B5. This study com-

pletes his survey of the rotational

properties of the bright northern
B-type stars. No new chemically pecul-

iar stars were detected. Higher-
dispersion (9 or 4.5 A mm-1

) spectro-

grams were subsequently obtained for

some 40 of these stars with u sin i < 40
km s~~' to better define the v sin i dis-

tribution near the origin and to lower
the detection limits for chemical
peculiarities. This effort led to the dis-

covery of only one peculiar star, HR
7467, which exhibits enhanced lines of

P II and P III and no detectable rota-

tional broadening (v sin i< 5 km s ').

As in the case of 3 Centauri A and t

Orionis B, positive wavelength shifts

for the He I lines XX 4921, 5015, and
6678 indicate a gross overabundance of

3 He ( He/4He ~ 2), but unlike 3 Cen A,

HR 7467 does not exhibit lines of Ga II

or Kr II that can be detected at 4 A mm
dispersion.

P -He Stars

The companion of Rigel is a double-

lined spectroscopic binary with a

period of 10 days. Preston has found

lines of P II and P III in the spectrum of

the primary component and a +0.25-

A

shift of He I X 6678 that indicates a

He/4 He ratio comparable to those
found for 3 Cen A, i Ori B, and HR
7467. The P III/P II and Si Ill/Si II line

ratios for Rigel B (primary) indicate a

spectral type considerably earlier than
B9, as estimated by Sanford, and more

nearly like that of 3 Cen A. Lines of Ga
II and Kr II are not visible on 4 A mm-1

spectrograms. Instead, enhanced lines

of A II are present, including the lead-

ing lines of RMT multiplets 1, 2, 6, 7,

and 10. Thus, of the four P- H stars

known at present, no two are spectro-

scopically alike. Three, curiously, are

members of visual binary systems in

young stellar associations, while one,

HR 7467, is an isolated field star with
MK type (B5 II-III) and (3, c indices

that indicate a late stage of main-
sequence evolution. All four are slow
rotators, but the low incidence of such

stars among slow rotators in the field

sample suggests that slow rotation is

not a sufficient condition for the pro-

duction of the peculiarities of these ob-

jects.

Braking of Magnetic Ap Stars

Hartoog has completed a study of the

rotation of Ap stars in clusters and as-

sociations to look for magnetic braking.

No evidence for magnetic braking was
found. Hot Ap stars seem to rotate

more rapidly than cool Ap stars at all

ages, so the observed decrease in aver-

age rotational velocity with decreasing
temperature must not be an age effect.

It would appear that most of the angu-
lar momentum is lost very early, prob-

ably before the star reaches the main
sequence.

He Stars

Hartoog, using plates from the Hale

Observatories' plate collection, has

identified He in a Sculptoris. The

wavelengths of XX 6678, 4387, and

5015 all indicate about 50% He.

Jugaku and Sargent (Publ. Astron.

Soc. Pacific, 73, 249, 1961) describe

this star as having underabundances of

oxygen and helium and overabun-

dances of strontium, chromium, and

titanium. In this respect a Sculptoris is

quite different from other He stars.



HALE OBSERVATORIES 289

Circumstellar Envelopes

The direct measurement of the angu-

lar diameter of the circumstellar en-

velope around a Orionis (M2 lb) by A.

P. Bernat and D. L. Lambert (As-

trophys. J. [Lett.], 201, L153, 1975) led

Munch and S. Roesler and J. Trauger of

the University of Wisconsin to attempt

a similar measurement for the more
luminous and distant star /x Cephei
(M2 la). The observations were carried

out at the coude focus of the 5-meter

telescope with the 150-mm PEPSIOS
spectrometer. Using both an annular
diaphragm with a central occulting

disk of 2.7" diameter and the com-
plementary aperture with the same
diameter, scans of the K I \ 7699 and
D2 lines were obtained over a range of

75 km s
_1 under excellent seeing condi-

tions. By subtracting one scan from the

other after normalizing them to the

same continuum level, an excess of

radiation was found in the scan corre-

sponding to the annular diaphragm;
this has been ascribed to emission of

the circumstellar shell. The circumstel-

lar D2 -line emission has an apparent

width at half maximum of 15 km s" 1

and its peak intensity is 10% of the

stellar continuum. Since /x Cep is at a

distance of no less than 1 kpc, it follows

that the radius of its circumstellar en-

velope is of the order of 2000 A.U.

Stellar Spectroscopy at 1 /a: R Aquarii

In the course of reducing spectra
taken in the 1-micron spectroscopy
program, Zirin found that the variable

star R Aqr, which had been identified

as a source of radio emission by P. C.

Gregory and E. R. Seaquist {Nature,

247, 532, 1974), also displayed the Fe
XIII coronal line at 10747 A. The co-

ronal line was positively identified on
two plates obtained in 1971 and 1972.

A new plate obtained in 1976 did not

show this line. On the basis of the co-

ronal line identification, its intensity,

and the absence of the companion
10798 A line, it was possible to make a

rough model of the coronal cloud that

surrounds R Aqr. At a temperature of

1,000,000°K, the product of the cloud

radius and electron density is 2 x 10' 8
,

and the thermal radio flux at 3.5 cm is

1.44 x 10" 15 Rcm mJy. Thus, if the
radius of the corona is less than 4 x
10' 5 cm, the observed flux of 8 mJy can
be obtained with a temperature of 2 x
10" K.

STELLAR CHROMOSPHERES

Absolute Luminosities

Wilson has completed and published

his work on the absolute magnitudes of

over 700 late-type giants, subgiants,

and supergiants from the widths of the

chromospheric K-emission compo-
nents.

H and K Fluxes in Main-Sequence
Stars

The investigation of variations in

flux of the chromospheric H and K

emission in main-sequence stars has
continued. Several objects have com-
pleted about one cycle of variation, and
several others appear close to comple-

tion. These cyclic variations are pre-

sumably the stellar analogs of the solar

cycle. It is anticipated that this work
will be published sometime in the com-
ing calendar year.
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INFRARED AND MILLIMETER-BAND PHOTOMETRY

Extragalactic Objects

This year marked the conclusion of a

long-term infrared study of several ex-

tragalactic objects carried out by
Neugebauer and Becklin to set limits

on the source of infrared energy by
studying the objects' time history. The
1967 and 1976 light curves for 3C273
and 3C345 are shown in Figs. 2 and 3.

For 3C273 no significant variability

greater than the uncertainties of about
10% is seen at either 2.2 or 3.5 /jl. Since

the infrared energy distribution of

3C273 appears to peak at 3.5 /jl, it can
be concluded that there is no evidence

for infrared variability from this QSO.
For 3C345, 2.2-yu. variations of a factor

of 3 are shown over the years; the vari-

ations appear to have the same phase
and amplitude as visible variations.

Changes by a factor of 2 within one
month's time rule out a simple thermal
source for the 2.2-^t radiation from
3C345.

2.5-/U spectra of several of the 2.2-^u

point sources shown on the high-
resolution maps of Becklin and
Neugebauer (Astrophys. J. [Lett.], 200,
L71, 1975) have been made. Three of

the sources, including the brightest,

show strong carbon-oxide absorption at

2.3 /jl, indicating that they are probably
individual late-type giant or super-
giant stars at the galactic center. Two
sources do not show CO absorption; one
is associated with the brightest 10-yu

emission, while the other is near the

nonthermal radio source found by B.

Balick and R. L. Brown (Astrophys. J.,

194, 265, 1974).

Observations at 10 \x have been
made by Willner. The major result is

that the 10-yu, silicate feature is shown
to be mostly interstellar. Also, the Ne
II line at 12.8 /jl has been mapped at 5"

resolution; the results indicate that the

10-/X emission is not correlated closely

with the ionized gas.

Galactic Center

During the past year much work has
been done on the central 3-pc core of

the center of the Galaxy by Becklin and
Neugebauer. In particular, the 2.1 to

Nova Cygni 1975

During the past year extensive in-

frared observations of Nova Cygni
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Fig. 2. Photometry of 3C 273 at 2.2 /x and 3.5 tt over the time period 1967-1976.
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Fig. 3. Comparison of visual light and 2.2-/U. variability of 3C 345 over the time period 1967-1975.

1975 have been made by Neugebauer,
Becklin, and many members of the in-

frared group. The photometric results

are in basic agreement with those of J.

S. Gallagher and E. P. Ney (Astrophys.

J., 204, L35, 1976) but are much more
extensive, particularly in the early and
later phases of the nova. In addition,

spectroscopy with 1% resolution was
obtained in the 2.2-fx region. The ob-

servations are easily interpreted in

terms of a uniformly expanding shell of

ionized gas. The gas in initially opti-

cally thick at infrared wavelengths and
shows a Rayleigh-Jeans spectrum and
the Brackett y line at 2.16 fx in absorp-

tion. After four days the gas becomes
thin, the infrared spectrum becomes
flat, and the By line goes into emission.

The flux decreased as t~ 2 until —200
days, indicating that the gas is in a

shell rather than uniformly filling an
expanding volume. This dependence is

now becoming closer to a t~'
A function,

which indicates that the shell has be-

come more diffuse.

1-mm Photometry of Compact
Extragalactic Objects

This program, headed by M. Werner,
has resulted in the detection of five

sources: 3C84, 3C120, 3C273, 3C279,
and BL Lacertae. The derived fluxes lie

in the range 5-20 janskys. Addition-

ally, 3or upper limits of <5 Jy have
been set for a number of objects, includ-

ing NGC 1068, NGC 4151, and M82.
None of the sources detected show any
significant 1-mm flux over what is ex-

pected from an extrapolation of the

microwave spectrum. The latter limits

are, however, just at the point where
they are becoming significant in dif-

ferentiating thermal from nonthermal
origins for the large amount of infrared

radiation present in these objects. Ad-
ditionally, 3C273 has been monitored
on a bimonthly basis from December
1973 to March 1976 and has shown no
firm evidence for variation greater
than —30% of the mean flux, which is

-13 Jy.

GLOBULAR CLUSTERS

Dynamical Models

Theoretical dynamical models of

globular clusters incorporating veloc-

ity anisotropy and rotation have been
constructed by Gunn to aid in interpre-

tation of his and Dr. R. F. Griffin's

(Cambridge Observatories, England)
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radial-velocity data. The data for M3
will be analyzed first. The analysis is

not quite complete as of this writing,

but it is clear that models constructed

from central-velocity dispersions alone

are woefully inadequate to describe the

true dynamical state of clusters. M3's
light in its central regions, as

elsewhere, is dominated by giants, and
the radial-velocity data clearly indi-

cate that there is a "cold" (low-velocity

dispersion) population of giants in the

nucleus. Conventional dynamical ar-

guments for systems with relaxation

times as short as those for globular
clusters require that any such popula-

tion have high mass, and it is possible

that these stars arise as the result of

the evolution of close binaries, al-

though no radial-velocity radiation
survives to this epoch.

For M13, rotation is evident, and an
exciting possibility exists of combining
the radial-velocity data with the preci-

sion proper-motion measurements of

Dr. Kyle M. Cudworth at Yerkes Ob-
servatory to find complete space mo-
tions for individual stars. This will not

only give an almost completely unam-
biguous look at the dynamics but will

also yield a distance for the cluster in-

dependent of all astrophysical assump-
tions (except perhaps for 1/r2 gravity

and the Boltzmann equation).

INTERSTELLAR MATTER AND GASEOUS NEBULAE

High-Latitude Reflection
Nebulosities Illuminated by Stars

of the Galactic Plane

A new survey of the north and south
galactic polar caps has been in progress

for several years by Sandage, using the
1.2-meter Palomar Schmidt with fine-

grain IllaJ and 127-04 high-
information-capacity plates. Its pur-

pose is to find remote clusters of

galaxies with which to extend the
HubBle diagram in a program con-

ducted jointly with Kristian and
Westphal.
During the five years of the survey,

there have been found occasional
high-latitude fields that show bright

nebulous regions, often in connective
patterns that are correlated over dis-

tances of degrees.

A particularly interesting region oc-

curs near the galaxies M81 and M82 at

/ = 142°, b = +41°, shown in the very
high contrast print of Fig. 4. The fila-

mentary nebula of highest surface
brightness at a5()

= 9h48m , S, = +71°
10' is almost due north of M81 and
M82, which are shown as very overex-

posed images near the lower left border
of the print.

The nebulosities over the print form
only part of a very extensive network of

bright structures that extends over the

adjacent Sky Survey field at +72°, 9h

4m ; it can be seen on the original Sky
Survey prints.

The fact that regions are nearly
equally visible on the red and the blue
prints, and especially that they are
equally bright on a 103aD emulsion
behind a Wratten-16 filter (XX 5200-
6000 A) where no emission lines occur,

is strong evidence that the structures
are reflection nebulae. The source of il-

lumination at these high-galactic
latitudes is of much interest.

The observed surface brightness of

the regions in Fig. 4 averages SB = 25
mag/D" for the brightest area. Calcula-

tions of the flux due to the light from
the galactic plane show that the appar-
ent magnitude of the plane at any
height is -6.7 V magnitude. The sur-

face brightness of dust that scatters

this light depends on the optical thick-

ness of the structure. But if the same
dust that obscures the background
galaxies by Am also scatters the light

from the galactic plane, then the sur-

face brightness of the nebulosities

should be SB V ~ 24.2 - 2.5 log Am
mag/D".

From galaxy counts on and off the

brightest nebulosity in Fig. 4, and from
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Fig. 4. A high-contrast print from part of a Illa-J plate (+ Wratten 4 filter) of a high-latitude region

(a3„
= 9 h49 m

, 8 5( |
= +71°10', / = 142°, b = +42°) that contains varied reflection nebulae. Overexposed

images of the galaxies M81 and M82 are in the lower third of the print near the left border. The
surface brightness of the brightest reflection nebulae is SB, — 25 mag per square sec, which agrees

with predicted values from a model in which the illumination of the high-latitude dust is provided by
the galactic plane. The scale of the print is 2°45' in width and 3°32' in length.
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the 21-cm column density of iVH ,
= 5 x

1020 atoms cm-2
in the same region, as

measured by Heiles, it is estimated
that Am = 0.3 mag for the dense
nebulae shown. Hence, if the galactic

plane is the source of illumination, the

surface brightness is predicted to be ~
25.5 mag/D". This is in such good
agreement with the observations as to

suggest that the plane is in fact the il-

luminator.

Because the plane is always there,

everywhere, the presence or absence of

faint nebulosities at high latitudes that

have SB less than or equal to —25
mag/D" should act as an indicator of

dust clouds with extinction contrasts of

Am =s 0.3 mag. Hence the presence or

absence of reflection nebulae of this

brightness should aid in new studies of

the extinction through the halo in the

polar directions.

The polar survey is not yet complete

but is far enough along to note that al-

though some fields do have many re-

flection nebulosities at this level and
fainter, many parts of the north polar

cap are free of detectable nebulosities

to SB, ~ 26 mag/D", which means that

the extinction is not lumpy on a scale of

~ 0.2 mag in these regions. But,
equally interesting, the presence of any
reflection nebulae at high latitude

shows the presence of dust above the

galactic plane with optical depths that

can be as high as r = 0.921 Am ~ 0.3.

Interstellar Matter

The study of several cometary reflec-

tion nebulae by Greenstein had shown
peculiarities in the form of differences

in the spectrum between the reflection

nebula and the central object. In col-

laboration with Dr. E. Ye. Khachikyan
of the Byurakan Observatory, a study

of Greenstein's spectra of R
Monocerotis and NGC 2261 showed an
outward acceleration, increasing nega-

tive velocities outward from the central

object. There is also increasing
strength of hydrogen and Ca II. The
nebula is in general somewhat bluer

than the central object and does not

show a steep upturn toward the in-

frared at 1 ix. Greenstein and Oke have
discovered anomalously high reflectiv-

ity near A 6500 in the "Red Rectangle"
centered on the star HD 44179. The
dust grains in the Red Rectangle differ

substantially in physical properties,

therefore, from those in NGC 2261. HD
44179 has an enormous Balmer jump,
requiring a temperature near 8000°,

and surface gravity log g ~ 0. No
available model atmosphere fully ex-

plains the spectrum of HD 44179, al-

though a circumstellar envelope of hy-

drogen can produce a large Balmer dis-

continuity.

Herbig-Haro Object in the Orion
Nebula

Photographs of the Orion Nebula in

radiation of the [O I] A. 6300 line show a

nonstellar double object, 13" in p. a.

280° from the star U 1782 (P. P.

Parenago, Trudy Sternberg Astron.
Inst., 25, 1954), which does not appear
on photographs in recombination lines.

A series of spectra of this object at 29 A
mm _1 dispersion was obtained by
Munch with the f/1.5 camera of the
5-meter telescope coude spectrograph
and an image intensifier. Guiding on
the object was possible through the use
of a two-stage electrostatically inten-

sified eyepiece, filtered to cut down [O
III] and Ha light. The spectra obtained
show the characteristics of classical

Herbig-Haro (HH) objects; namely,
great strength of [N I], [Fe II], [O I],

and [S II] with respect to Ha. The most
remarkable feature of the object, how-
ever, is that its spectral lines are dis-

tinctly double, with one component
shifted by -250 km s

_l with respect to

the other, which is intrinsically

brighter in [O I] and which has nearly

the same radial velocity as the mean of

the Orion Nebula. It is conjectured that

the two kinematically separated com-
ponents correspond to the two distinct

nuclei seen in the [O I] direct imagery.

The large shift of the weaker line spec-

trum with respect to the nebula allows

recognition of its [N II] and Ha lines
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within the greatly overexposed lines of

the nebula. The intensity ratio be-

tween [O I] A 6300 and Ha in this

high-volocity component is 1.5. The
large relative shift between the two
components of this HH object implies a

time scale of only 50 years for its for-

mation as a double. The violent nature
of the phenomena involved in the evo-

lution and formation of the HH objects

is thus exhibited in a more striking

fashion than heretofore.

The H II Region W3

Further observations of the region

W3, a site of recent active star forma-

tion, have been carried out by S. Will-

ner, a Caltech graduate student who
discovered the presence of an emission

line of Ar III at 8.99 /x. He also meas-
ured more accurately the Ne II and S
IV lines found previously. On the basis

of the 8 to 13-/JL spectrophotometry and
broadband measurements at 5 and 20

fx, the compact sources in NGC 7538
and W3 can be divided into two classes.

The first class, which includes NGC
7538, IRS-1, and W3-IRS-3, consists of

compact sources whose emission from 5

to 20 fx can be described by a single

dust temperature. The second class,

which includes all the other sources in

the two H II regions, consists of both

compact and extended objects that ex-

hibit a range of dust temperatures. The
mass of the emitting dust can be de-

rived for those objects with a single

temperature; for the others, only a

lower limit can be obtained. The mass
of ionized gas can also be deduced for

those objects that have been observed

at radio wavelengths. NGC 7538-IRS-l
has a gas-to-dust ratio of 75; many of

the other objects have upper limits

below 1000. Other workers have found
that the dust inside H II regions is de-

pleted; little evidence for depletion has
been found here.

Infrared Properties of OH Masers

The 1.5-meter telescope at Mount
Wilson, which has recently become op-

erational as a good infrared telescope,

was used by S. Beckwith, a graduate
student at Caltech, in the continued
program related to OH maser sources.

The work was done in collaboration

with N. Evans of Owens Valley Radio
Observatory. Discovery of the infrared

sources associated with OH 1821-12
(E. G. Hardebeck, Astrophys. J., 172,

583, 1972) and OH 21.4-0.7 (Evans e*

at., in preparation), as well as meas-
urements of ON-4 at 10

fj.
and 20 /x,

concluded the observations of 1612
MHz, Type II OH maser emitters (W.J.

Wilson, A. H. Barrett, and J. M. Mo-
ran, Astrophys. J., 160, 545, 1971). The
major results of the study are:

1. Of the eight OH maser sources in-

cluded in the study, every one has an
associated infrared source.

2. Of five sources followed for more
than one year, four were found to vary
both in the infrared (2-20 /x) and at 18

cm. In all cases the infrared and radio

fluxes varied in the same sense.

3. One of the infrared sources, that

associated with OH 30.2-0.3, is shown
to have 2A-fx CO band, characteristic

of stars with spectral type later than K.

4. Based on the observed flux at 3.4

[X and 12.5 \x, infrared pumping of the

1612 MHz radio line is possible at 34 fx

but not at 2.8 /x.

Work continued on the properties of

1665 MHz OH masers with the dis-

covery of two more infrared sources as-

sociated with the 1665 MHz masers OH
35.6 and OH 40.6 (Evans etal., in prep-

aration). The infrared sources are very
weak and there appears to be no corre-

lation between near-infrared flux and
1665 MHz line strength in all of the

sources studied. No property character-

istic of infrared sources associated with
these masers has been found.

Dark Clouds

Scanning of dark clouds has con-

tinued by J. Elias, a Caltech graduate
student. To date, three small cloud
complexes have been scanned, those
near IC 5146, NGC 7023, and Sharp-
less 239. In addition, scanning of the
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two closest large complexes, in Taurus
and Ophiuchus, has continued. Scan-

ning of these regions is from half to two
thirds completed.

The results to date demonstrate that

the sources detected so far—about 10 :i

in number—are for the most part
background objects similar to those de-

tected by earlier, lower-sensitivity sur-

veys. Several interesting objects have
been found. Some photometry and
low-resolution spectrophotometry have
been done on these, but the results are

not yet fully analyzed, and definite

conclusions cannot be drawn.

Mapping of Thermal Emission from
Molecular Clouds

Maps with 1' resolution covering ~
5' x 5' have been made by Werner and
his collaborators of the 1-mm emission

from four sources, W3, Sgr B2, W49,
and M42 (OMC-1). In each case, the

distribution of 1-mm surface bright-

ness shows a sharp peak superposed on
an extended background having < 25%
of the peak brightness. The peak 1-mm
flux density into the 1' beam is 35 Jy
for W3, 90 for Jy for W49, 215 Jy for

OMC-1, and 310 Jy for Sgr B2. These
fluxes are much too high to be due to

free-free emission or unresolved
molecular lines, and the 1-mm radia-

tion is almost certainly due to thermal
emission from dust. Thus it is notewor-
thy that the peaks are seen at the posi-

tions of compact H II regions and/or

pointlike infrared sources, which are

thought from other considerations to be
the youngest and/or most dust-
embedded objects in each of the regions

mapped.
The data have been analyzed in

terms of a simple model of a central

object heating a surrounding dust
cloud in which the dust density de-

creases radially outward as p(r) oc r~".

The best fits to the data are found for

values of n between 1.5 and 2. This
type of density gradient arises very
generally in a variety of gravitational

collapse calculations, so the steep den-

sity gradients inferred from the 1-mm

data may have been produced by the

collapse process that led to the forma-
tion of the central luminosity source.

NGC 7538

The infrared group has continued its

studies of the sites of recent star forma-

tion. One area studied is NGC 7538
(Sharpless 158), an object visible as a

nebulosity on the Palomar Sky Survey.

Aperture synthesis measurements at

21 cm (F. P. Israel, H. J. Habing, and T.

de Jong, Astron. Astrophys., 27, 143,

1973) show a large (5' diameter) H II

region associated with the nebulosity

and a compact H II complex about 3' to

the southeast. A 20-/x map of this com-

pact region shows three infrared

sources within a region about 30"

square, which higher-resolution radio

observations (A.H.M. Martin, Mon. No-
tic. R. Astron. Soc, 163, 141, 1973)

show to be young H II regions. The
most compact of these sources is IRS-1,

which spectroscopy has shown to have
a deep silicate feature.

During the past year, observations

on NGC 7538, centered on the "in-

frared cluster," have been made simul-

taneously at 30, 50, and 100 jx with 1'

resolution from the NASA C-141 Air-

borne Telescope. An exciting aspect of

these observations is the discovery of a

new source not corresponding to any
known radio or near-infrared feature,

located about 1 arcminute to the south-

east of the "infrared cluster," desig-

nated here NGC 7538 (East). The far-

infrared color of this source is similar

to that of the "infrared cluster," but its

luminosity is about 5 times smaller.

Subsequently, a search at near in-

frared wavelengths with the Mount
Wilson 1.6-meter telescope has located

this source, and broadband photometry
shows its 1.6-13 (jl spectrum to be iden-

tical in shape and intensity to that of

IRS-1. However, no radio emission is

seen from this region down to 10 mJy
at centimeter wavelengths (C.G.

Wynn-Williams, private communica-
tion). Size measurements with the

5-meter telescope show that NGC 7538
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(East) and IRS-1 are both less than 1"

in size at 10 /x.

Recently a 1-mm map of this region
was constructed by Werner from obser-

vations made during twilight hours
from the prime focus of the Hale
5-meter telescope. At 1 mm the
maximum emission comes from the po-

sition of the "infrared cluster," but a
significant extension is seen that in-

cludes both NGC 7538 (East) and a re-

gion about 1' to the south, which con-

tains an OH maser designated OH(S).
The region around OH(S) shows signif-

icant 100-^t flux but is not seen at 30 or

50 /x, implying that it is extremely cold.

In summary, infrared observations of

the region NGC 7538 between
wavelengths of 1.6 fi and 1 mm have
revealed a wealth of structures and
varying conditions. Detailed analysis

of these data should provide great in-

sight into the evolution of young re-

gions.

PULSARS

Search for the Hulse-Taylor
Binary Pulsar

Kristian, Clardy, and Westphal have
given the first results of a search for

the optical counterpart of the binary
pulsar PSR 1913 + 16, discovered by R.

A. Hulse and J. H. Taylor. The 59 msec
period of this pulsar is the shortest
known except for the Crab pulsar. The
frequency shows cyclic variations with
an 8-hour period, due to an orbital mo-
tion about an undetected second body:
The source is the radio analog of a
single-line spectroscopic binary. It is

the only pulsar known to occur in a bi-

nary system and is of considerable
interest. Among other things, it offers

the possibility of the direct determina-
tion of a pulsar mass and of a "labora-

tory" for a number of new tests of

gravitational theories.

Early synchronous photoelectric
measurements give a limit of V > 23

mag for visible pulsed radiation. This

limit scaled against the Crab pulsar is

roughly the fourth power of the period

ratio. A recent improvement of the

radio position accuracy to 0.2" offers

the possibility of (1) a search for fainter

visible pulsations and (2) detection of

nonpulsed visible light, including that

of the companion, at the pulsar posi-

tion. The Palomar Sky Survey plates

are empty at the radio position, which
sets limits of B > 21 mag and R > 20
mag for any object, pulsating or not,

associated with the pulsar. Rough es-

timates of the distance and absorption

give a limit ofM S3 for the absolute

magnitude of the pulsar and/or the

companion. Deeper data taken with the

SIT area photometer show two faint

red objects 3" to 4" from the pulsar posi-

tion. Further observations of these

stars and a deeper search for pulsed

radiation are anticipated during the

1976 observing season.

X-RAY SOURCES

Oke and Greenstein have made a
study of the x-ray nova A0620-00,
which appeared first as a strong x-ray
source in August 1975. Observations
between September 2, 1975, and March
20, 1976, were made with the mul-
tichannel spectrometer, the SIT digital

spectrograph, or the Boksenberg cam-
era in the coude spectrograph. Infrared
observations at 1.65, 2.2, and 3.5 fx

were also obtained by Neugebauer and
Becklin. The flux below 600 A can be
represented accurately by an energy
distribution somewhere between that

of a model atmosphere and a blackbody
at 25,000°-30,000°K. This radiation

appears to come from an accretion disk

around the x-ray source. One possible

source for the red and infrared radia-

tion is a hot gas at 10"°K, also as-
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sociated with the accretion disk; in this

case, the density of the gas must be
such that it becomes optically thick in

the near infrared. A second possible

source of the red and infrared radiation

is a cool (4000°K) blackbody, which
must be substantially larger than the

binary system itself. The emission
lines appear to come from the accretion

disk. The derived reddening is consis-

tent with ER_ V = 0.39 obtained from
the Astronomical Netherlands Satel-

lite UV observations. The distance is

approximately 1200 pc. Using the ob-

served data for September 2, 1975, it is

found that the x-ray flux can be pro-

duced by a flow of 1.2 x 10 18 gm s"' of

matter into a neutron star. Using a

simple accretion disk model, this same
flow can generate the energy flux actu-

ally observed from the disk. The model
predicts too small ah energy release in

the outer parts of the disk; this outer

portion of the disk may be heated by
the x rays themselves. The total mass
in the disk is approximately 1.6 x 102!

gm, which is much more than the mass
of optically thin gas in the disk and is

of the right order to explain the charac-

teristic times associated with variation

in the optical and x-ray flux.

Oke has completed a study of the

x-ray binary HZ Herculis (Her X-l),

using spectrophotometric observations
around the 1.7-day eclipse cycle.

Analysis of the data at minimum light

yields MIM Q =2.60, L/L Q = 80.7, and
RIR Q = 4.2 for the large primary star,

assuming the standard mass-
luminosity law and conventional stel-

lar evolution. Different but consistent

results can be obtained, provided log g
= 3.60. The hot x-ray heated cap of the

primary star has an angle of 26° and an
effective temperature of 25,000°K.
Analysis of the energy distributions at

phases other than minimum suggests

an accretion disk with a diameter of 2.1

x 10 11 cm; its radiation is consistent

with half of the visual flux coming from
a plasma at 10

,;oK and Ne
= 10 14 cnr :;

and the other half from an opaque body
with a temperature of about 20,000°K.

Another x-ray source, A0535 + 26,

which has an x-ray period of 104 s but

no detected optical period, is being
studied by Wade and Oke. Both mul-
tichannel observations and single-

trailed SIT digital spectra were ob-

tained around the 104s period. The
spectral energy distribution is nearly
flat from 3300 to 10,000 A. Balmer
emission lines are seen and occasion-

ally A. 5876 of He I. No periodicity has
been found so far either in the con-

tinuum or in the emission lines.

SUPERNOVAE

Nine supernovae were discovered in

the course of the Palomar supernova
search during the report year, all with
the 1.2-meter Schmidt telescope. Sar-

gent decided to terminate this part of

the search, which was mainly for

statistical purposes, at the end of 1975.

In all, 178 supernovae have been dis-

covered with the 1.2-meter Schmidt
since the systematic search was begun
by Zwicky in 1959. The search on the

46-cm Schmidt is to go on in an ex-

panded form. The main aims will be to

study the statistics of supernovae in Sc

I galaxies and to maximize the chance
of discovering a really bright super-

nova of Type II.

Kowal completed the work of setting

up photoelectric UBV sequences in 20
of the 1.2-meter supernova fields. Work
is now proceeding on measuring light

curves for several supernovae observed

during the 17 years of the search.
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THE GALAXY

Metal Abundances in Globular
Clusters

Searle is making a comparative
study of the chemical history of the

globular cluster systems of the Galaxy,

of M31, and of the Magellanic Clouds.

In this connection, Zinn and Searle are

mapping the spatial distribution of

clusters of different metal abundances
within the Galaxy. A new method of

determining the metal abundances in

individual red giants belonging to a
cluster has been developed. It is based
upon measurements of the integrated

metal-line absorption from spec-

trophotometric scans. This method is

much more sensitive than any previ-

ously used. The observations deter-

mine an intrinsic (reddening-free)

index that varies by a full 1.5 mag over

the abundance range between M71 and
M92.

In this report year Searle and Zinn

have calibrated the new system and
have begun a program to determine the

metal abundances of all globular clus-

ters for which color-magnitude arrays

are available. Particular emphasis has
been placed on remote clusters and
other stellar systems on the fringes of

the Galaxy. So far in this program,
abundances have been determined for

200 stars belonging to 25 systems.

GALAXIES

New Redshifts for Bright Galaxies

A long-range program to obtain red-

shifts for all (—1200) galaxies in the

Shapley-Ames catalogue (whose limit

is mm = 13) in both hemispheres is

nearing completion by Sandage. Dur-
ing the report year, he prepared for

publication new redshifts for 700
galaxies from 1100 plates taken be-

tween 1969 and 1975 with image-tube
spectrograms on the Mount Stromlo
1.9-meter ami the Hale 5-meter tele-

scopes.

All but about 50 Shapley-Ames
galaxies now have measured redshifts,

either from literature sources or from
the new data; so the redshift program
begun in 1935 by Humason and Mayall
is essentially complete.

Sandage and Dr. G. A. Tammann of

the Astronomisches Institute der Uni-
versitat Basel are preparing a redshift

catalog for the complete Shapley-Ames
list, where all available data will be
combined. New two-dimensional mor-
phological classifications of the same
galaxies, using large-scale reflector

plates from Mount Wilson, Palomar,

and Las Campanas, have also been
completed, and these, combined with

the redshift data, are expected to pro-

vide improved luminosity functions for

the various Hubble-van den Bergh
classes.

Distances to Nearby Galaxies Derived

from Brightest Stars

Accurate photometric distances to

nearby resolved galaxies just beyond
the Local Group are still largely un-
known. The brightest resolved stars

provide the easiest fairly accurate
method to find them, short of the very
time-consuming search and photom-
etry of Cepheid variables.

Sandage has begun a long-range
program to use brightest stars to find

distances to many of these resolved ir-

regular dwarf systems whose distance

moduli are less than m — M ~ 28 {D <
4 Mpc).

The first phase of the program is a
strengthening of the absolute mag-
nitude calibration of the brightest

stars. The color-magnitude diagram for
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the Local Group irregular IC 1613 has
been completed by Sandage and
Katem. The galaxy is at the faint end
of the calibration sample, with an inte-

grated absolute magnitude of only M
tt

— -14.4. A special blink survey of

5-meter plates for the reddest stars

shows that the brightest M-type super-

giant has Mv
= -8.0, MB = -6.0, and

the brightest blue supergiant has M, =

-7.4, MB = -7.6, in agreement with
previous studies of this galaxy reported

in Year Book 69 (p. 95).

Other calibrating galaxies, such as

M33 and the Large and Small Magel-

lanic Clouds, are currently being
searched for the brightest stars on
plates taken with the Mount Wilson
2.5-meter and the Las Campanas 1.0-

meter reflectors.

The strengthening of the present

calibration is expected to take several

years, but the main program for the

unknown galaxies has also begun, with
the first results on the Wolf-
Lundmark-Mellotte (WLM) system
completed by Sandage and Katem. The
color-magnitude diagram from 5-m
plates shows the brightest three blue

stars to have (fi(3)> = 17.85, (V(3)) =

18.00. The brightest red supergiants

have (V) = 18.20. The previous calib-

ration by Sandage and Tammann, done
as a part of their steps toward the Hub-
ble constant, gave, for luminosity class

V galaxies, Mfl(3)
= -7.99 for the

brightest blue supergiant, and M, (red)

= -7.90, with concordant moduli of (m
- M) AB = 25.95 and (m - M),, =

26.10, for a mean of 26.02 (orD = 1.6

Mpc). This puts the WLM system at the

outer edge of the Local Group.

Plates in good seeing were obtained

with the 5-meter telescope for the addi-

tional dwarf galaxies Pegasus A, Sex-

tans A, Sextans B, Leo A, Leo B, GR 8,

and Ho IX, which is the companion to

M81. Photoelectric calibration of field

stars to V = 17 was completed in each

of these fields, using the Mount Wilson
2.5- and 1.5-meter reflectors. The se-

quences were extended to V = 22,

using 5-m photographs that had sec-

ondary images 5 mag fainter, made
with the Racine wedge calibrator in the

converging prime-focus beam.
It is known that these very nearby

dwarfs partake of the expansion (all

have positive redshifts). The aim of the

long-range program is to determine,

from the distances, the deceleration ef-

fects of the Local Group, and hence to

find its mass from deviations of the

dwarf velocities from the global Hubble
rate.

Supergiant cD Galaxies

Gunn and Thuan are using a new di-

gital spectrograph with a cooled inte-

grating SIT-Vidicon camera at the

Cassegrain focus of the 5-meter Hale
telescope to obtain velocity dispersions

and rotation curves of cD galaxies in

clusters. A synthesis of the total light

of these intriguing systems will also be

performed. This dynamical informa-
tion, along with the light distributions

obtained from plates taken by Thuan
with the Schmidt camera, should per-

mit construction of dynamical models
of the supergiant galaxies.

Markarian Galaxies

Becklin, Neugebauer, Oke, and
Searle have obtained slit spectra in the

visible and spectrophotometric and in-

frared broadband observations of 18
Markarian galaxies with emission
lines. Eight of the program galaxies
can be classified as Seyfert galaxies. In

general, thermal, nonthermal, and
stellar radiation components are pre-

sent. Broadly speaking, one group of

Seyfert galaxies is characterized both
by the presence of a high-density re-

gion of gas and by a continuum domi-
nated by nonthermal radiation. The
continua of the remaining program
Seyferts that do not have a high-
density region of gas are dominated by
thermal radiation from dust and stellar

continuum. The 10 galaxies that are
not Seyfert galaxies are examples of

extragalactic H II regions. There is
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evidence for thermal emission at 10 fx

from dust in four of these galaxies.

In a continuing study, Sulentic has
completed a morphological study of

Markarian galaxies 1 through 604,

using the Palomar Sky Survey. The re-

sults have been correlated with radio-

continuum measurements previously

obtained with the National Radio As-

tronomy Observatory 300-foot tele-

scope. It is found that useful coarse

structural information can be obtained

for most of the bright (m =s 15.5) Mar-
karian galaxies from the Sky Survey.

The Markarian galaxies could be dif-

ferentiated into spiral and irregular

morphological types covering a wide
range in absolute luminosity.

Previously Sulentic had suggested
the existence of unusually high radio

luminosities and radio detection frac-

tions for a sample of multiple galaxy

systems. In pursuing this idea, photo-

metric and spectroscopic data are being

obtained for a large sample of these

systems. The correlation of these data

with radio emission and structural

morphology is in progress.

Seyfert Galaxies

Dr. Gregory A. Shields of the Uni-

versity of Texas at Austin and Oke
have obtained and analyzed spectral-

energy distributions for the two Zwicky
compact galaxies ZW 2130+09 (II Zw
136) and Zw 0051 + 12 (I Zw 1), as well

as for 3C273. All of these have strong

Fe II lines in emission. The permitted

line intensities are consistent with a

filamentary emission region havingN
(

~ 109 cm"', R ~ 1 pc,M ~ 10- 3TC
, and

v ~ 3000 km s" 1

. The observed H/3 in-

tensities are smaller than expected on
the basis of an extrapolation of the vi-

sual continua to ionizing frequencies,

and this suggests that the emission-

line region does not completely sur-

round the continuum source or that the

continuum slope becomes steeper for A.

< 3000 A. The Fe II line intensities can
be explained by continuum fluores-

cence if the observed line widths result

from radial rather than circular mo-
tion. The derived column density is

~102i±1 cm- '

2
, comparable with the

value implied by the x-ray absorption

in NGC 4151. The O I K 8446 emission

may result from continuum fluores-

cence; alternatively, it can be ex-

plained by Lyman-/3 fluorescence if a

portion of the broad-line region has
t(H«) > 100 as a result of time-
dependent ionization.

Infrared Observations

Persson, J. A. Frogel of the Cerro To-

lolo Inter-American Observatory, and
M. J. Aaronson of Harvard College Ob-
servatory continued their studies of the

stellar populations of elliptical

galaxies by means of infrared photom-
etry. The program of measuring the CO
absorption at 2.2 /jl was largely com-
pleted, and the results are being pre-

pared for publication.

New observational programs were
initiated to investigate further the in-

frared properties of galaxies with the

1.5-meter and 2.5-meter telescopes at

Mount Wilson, the 5-meter telescope,

and the 1-meter telescope at Las Cam-
panas. The first program consists of

measuring the depth of the 2.0-fj. H2

band in spectra of galaxies and stars.

The band-strength is quite sensitive to

effective temperature in both giant and
dwarf stars later than M2 and offers a

means of studying the relative num-
bers of very late-type stars in galaxies.

A preliminary result of this work is

that the H2 band is strong in galaxies

and, hence, that a substantial fraction

of the galaxy light at 2 /x is contributed

by M stars. The effect of this parameter
upon stellar synthesis models is under
study.

A second program consists of deter-

mining accurate V - [2.2 /jl] colors for

galaxies. Some preliminary results

were reported by Frogel et al. (As-

trophys. J. [Lett.], 200, L123, 1975).

The importance of these colors follows

from an earlier finding that giant stars

contribute much of the 2.2-^t light of
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elliptical galaxies. The V - [2.2 fi]

color should thus depend to some ex-

tent upon the morphology of the com-
posite giant branch through the effect

of metal abundance on the luminosities

and effective temperatures of the indi-

vidual stars. A correlation between the

line-blanketing-sensitive U—BorU —

V colors and V - [2.2 /x] should there-

fore exist. The data for three samples
of galaxies, Virgo (30 galaxies), Coma
(12 galaxies), and the field (40

galaxies), show the effect in an unam-
biguous way: A(£/ - V) is approxi-

mately equal to A(V - 2.2 fx]. The V -

[2.2 fi] color thus provides a means of

studying metallicity, and perhaps also

the relative distance moduli of clusters

of galaxies.

Nuclear Regions of M31

Thuan and Oke have obtained spec-

trophotometry measurements of the

nuclear region of M31 under conditions

of excellent seeing and with M31 near

the zenith. A round 3"6-diameter aper-

ture was used for the nucleus meas-
urements, while an annulus with a
diameter of 3"8- 9"9 was employed for

the bulge observations. It is found that

the nuclear region with r =s 1'.'8 is only

slightly redder and shows marginally
stronger CN blends that the bulge from
r = 1'.'9 to 4"9. The data can be inter-

preted in terms of an increase in

heavy-element abundance toward the

center of M31 by a factor substantially

less than 2.

Observational Search for the

"Missing Mass"

Thuan used the 1.2-meter telescope

at Palomar to obtain plates of several

edge-on galaxies. They will be used to

test observationally the Ostriker-

Peebles proposal that massive halos

may exist around spiral galaxies and to

study color-gradients in the halos of

galaxies. Photoelectric data will also be

obtained to supplement the photo-

graphic material.

Redshifts, Magnitudes, and Colors of a

Sample of Galaxies

Thuan, in collaboration with G. R.

Knapp of the Owens Valley Observa-
tory and J. Huchra, has started a pro-

gram to obtain redshifts, UBVR
photometry and morphological data for

a complete sample of about 1100
galaxies selected from the Zwicky
catalogue of galaxies and groups of

galaxies, such that m vg
=£ 14m , 6 11 5s

40°, and 8 5= 0°. Since most of the

galaxies (—90%) are spirals, the possi-

bility exists of measuring their red-

shifts via their H I radio emission.

Measurements of a large number of

redshifts are being made quite accu-

rately (—10 km s
_1

) with the sensitive

21-cm system on the 300-foot telescope

at the National Radio Astronomy Ob-
servatory. Redshifts of ellipticals, and
the photometry, are being obtained

with the Palomar 1.5-meter reflector

and the Kitt Peak 91-cm reflector.

The investigations that can be car-

ried out with these data are many, and
all have important implications for

cosmology and for the theories of for-

mation and evolution of galaxies:

1. The study of systematic dif-

ferences (if there are any) in properties,

such as colors between cluster and
noncluster galaxies.

2. The color-magnitude relation

(Sandage, Astrophys. J., 176, 21, 1972)

for elliptical and SO galaxies may be

improved. If the tightness of the corre-

lation holds, it may prove to be a very
powerful cosmological tool.

3. The distributions of colors and ab-

solute magnitudes of galaxies from a
statistically complete sample could be
compared with simple models of star

formation in galaxies (Searle, Sargent,

and Bagnuolo, Astrophys. J., 179, 427
',

1973).

4. By mapping the local velocity

field, we can apply a "cosmic" virial

theorem to deduce a local mean density

and hope to make headway toward the

outstanding problem of an open or

closed universe.
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5. In addition to the radial-velocity

information, the H I data will provide

virial masses and total H I content.

Such a large sample should provide an
interesting statistical study of H I con-

tent as a function of morphological

type.

Chemical History of Galaxies

As part of an investigation into the

comparative chemical histories of the

Galaxy, of M31, and of the Magellanic

Clouds, Searle has begun a program of

classification of the integrated spectra

of their globular clusters. In collabora-

tion with A. Boksenberg of University

College London, spectra were obtained

of 12 globular clusters in M31. These
spectra, obtained with the University

College London image-photon-
counting system, cover the range aa
3500-5000 with a spectral resolution of

5 A. Douglas Rabin, a Caltech
graduate student, is collaborating with
Searle and Boksenberg in the interpre-

tation of these spectra. In a related in-

vestigation, Searle has obtained low-

resolution spectrophotometric scans of

70 of the globular clusters in M31. So
far, all of the observations obtained ap-

pear to be consistent with the idea that

the M31 globular clusters differ from
one another in one parameter only

—

presumably the metal abundance.

The situation is essentially different

in the Magellanic Clouds. During the

report year, Searle obtained five-color

photometric observations of the inte-

grated light of 30 Magellanic Cloud
globular clusters at Las Campanas.
These show that there are intrinsic dif-

ferences between the globular clusters

of M31 and of the Galaxy on the one
hand and those of the Magellanic
Clouds on the other. There are also in-

trinsic differences between the clusters

of the Small and Large Clouds.

A possible explanation of the obser-

vations is that in the Galaxy and in

M31 metal enrichment occurred sud-

denly, so that all globular clusters, of

whatever composition, have closely

similar ages; whereas, in the Magel-

lanic Clouds enrichment was slower

and the metal-poor globular clusters in

the Clouds have a substantial range of

age.

Large Magellanic Cloud

The importance of the study of stel-

lar populations in the Magellanic
Clouds, and in particular of the old

stellar component of the LMC disk, has
been previously emphasized. Knowl-
edge of the population structure of the

LMC would make that galaxy, our
closest neighbor, an ideal testing

ground for some aspects of the kind of

synthetic models that must be used
with the unresolved, distant galaxies.

Hardy has studied a number of re-

gions, 3.'4 in diameter each, free of

supergiants, and smooth in the distri-

bution of stars, in and near the bar of

the LMC. Observations were made
photographically in B and V and
photoelectrically in the integrated
light of the UBVR and DDO systems.

His main conclusions are:

The surface-brightness distribution

shows the existence of an exponential

disk of which the bar is a narrow
axisymmetric perturbation. The blue-

length scale for the exponential disk

was found to be aH
~

l = 1.36 ± 0.42 kpc,

while the central surface brightness
was ^B (0) = 21.93 ± 0.22 mag/D".
There are no significant color gradients

over the sampled baseline of 1.5 kpc,

which roughly corresponds to one
e-folding length over the surface
brightness. But color asymmetries due
to either population or reddening ef-

fects were detected when the bar was
taken as an axis of symmetry.
Color-magnitude diagrams to Mv

=
0.5 were constructed, and it was found
that the observed giant branch resem-
bles that of intermediate Population II

clusters such as M4 or M75. The sur-

face colors, which include new observa-

tions in the R region obtained at Las
Campanas, are compatible with this

interpretation. There are indications of
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the existence of a horizontal branch of

Population II, but an important con-

tribution from intermediate-age stars

cannot be ruled out only on the basis of

the colors and the color-magnitude
diagrams.

Luminosity functions were con-

structed by Hardy and then normalized

to the total, light contained in the area

counted (count- brightness-ratios:

CBR). A method was devised that in-

volved comparison of the observed CBR
in both V and B with those of known
globular clusters of different metallic-

ity to determine the fraction of the

total light in Population II stars. It was
found that if the giant branch is inter-

preted as belonging to an M4-M75
type of population, then Population II

contributes 70% ± 10% of the total

light in V and 80% ± 20% in B in the

regions studied, thus leaving only a

small fraction of the light to be ac-

counted for by stars of the solar-

neighborhood type that were too faint

to be detected photographically.

The alternative, that the LMC disk

is a scaled version of the galactic disk,

was discussed. It was shown that the

observed CBR in B light did not fit the

CBR derived from the van Rhijn func-

tion for the solar neighborhood, and it

was argued that this was not only an
effect on the young stellar population

but involved the old component as well.

Alternatives for the formation and
evolution of the LMC disk were consid-

ered. Hardy concluded that the ob-

served disk is likely to be as old as the

galactic disk but, being more metal
poor, resembles an enriched globular-

cluster population rather than an
M67-NGC 188 population, as in the

galactic disk.

New data obtained with the 4-meter

telescope at Cerro Tololo Inter-

American Observatory in January
1976 are now being analyzed.

Population Synthesis

Turnrose has determined the stellar

content of the nuclear regions of seven

nearby Sc galaxies by means of popula-

tion syntheses, utilizing narrow-band
spectrophotometry covering the
wavelength range XX3300- 10,400. A
linear-programming fitting technique

was used in conjunction with simple

models of star formation to provide
physically consistent population mod-
els incorporating multiple generations

of stars. Evidence is found for substan-

tial intrinsic reddening in the nuclear

regions studied. Upper-main-sequence
stars are significant contributors to the

light in most cases, and the lower main
sequence contributes significantly in

all cases. All available indicators are

consistent with evolved- M-star domi-

nance at the longest wavelengths and
low photometric mass-to-light ratios

(0.3 < MIL r
< 10). Using absolute

measurements of the emission-line

spectra of the nuclear regions, it is

found that the O-B stars, which arise

naturally in the population models, are

just sufficient to provide the observed

nuclear ionization in all cases except

that of NGC 5194, which may be colli-

sionally ionized. The inferred stellar

populations are largely consistent with

simple evolutionary models of star

formation, using a "local" initial mass
function and a variety of time depend-

ences ranging from exponential decays

with time constants —3-6 billion years

to constant rates. A possibly significant

correlation between nuclear stellar

content and overall dynamical prop-

erties among four of the program
galaxies is pointed out.

Variable Stars in the Dwarf Spheroidal
Galaxies

A rare class of variable stars that

seem to occur preferentially in the

dwarf spheroidal galaxies has been the

subject of two investigations by Zinn in

the current report year.

Together with Searle, he obtained

spectrophotometric scans of five of

these peculiar Cepheids in the Draco

system. Comparing these with similar

observations of RR Lyrae variables in

this system, Zinn and Searle have
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found that the masses of the anomalous
Cepheids are from two to three times
the masses of the RR Lyrae stars. This

result, which was unexpected in an old

stellar system whose evolved stars

were believed to have the same mass,
confirms the hypothesis put forward by
J. Norris of Yale University and Mt.

Stromlo-Siding Spring Observatory
and Zinn on the basis of theoretical ar-

guments. How the anomalous Cepheids
acquired their large masses remains
something of a puzzle, however. Either,

as Norris and Zinn argued (see Year
Book 74, p. 338), star formation oc-

curred recently in Draco or, as

suggested as an alternative by Zinn
and Searle, the large masses were pro-

duced by the fusion of the components
of close binary systems.

Until recently, the anomalous
Cepheids had been found in only the

dwarf spheroidal galaxies and the
Small Magellanic Cloud. This past

year Zinn and Conrad C. Dahn of the

Naval Observatory showed that Vari-

able 19 in the globular cluster NGC
5466 obeys the same period-luminosity

law and has the same mass as the un-
usual Cepheids in the Draco system.

The as yet unidentified characteristic

of the dwarf spheroidal galaxies, the

Small Cloud and NGC 5466 that dis-

tinguishes them from other systems is

clearly a key to understanding the ori-

gin of these peculiar variables.

Image Processing of Galaxy
Photographs

There has always been interest in

extracting maximum information from
astronomical photographs. In an ex-

perimental project that utilizes the
capabilities of modern digital com-
puters, Jean Lorre of the Jet Propul-
sion Laboratory's Image Processing
Laboratory and Arp have collaborated

in the analysis of a number of galaxy
photographs. The photographs were
made by Arp on fine-grain plates and
under especially good observing condi-

tions with the 4-meter reflector at

Palomar. The plates have been scanned

with a PDS microphotometer and pro-

cessed by a variety of mathematical al-

gorithms by Lorre at JPL. Techniques
have been demonstrated that (1) en-

hance the contrast and clarity of

nebulous features, (2) detect previously

invisible features, (3) moderately im-

prove resolution (through partial see-

ing compensation), (4) add information

from different plates to improve
signal-to-noise ratios, and (5) compare
response at different wavelengths in

order to portray color differences.

In certain well-known and interest-

ing groups of galaxies, new features

were detected by these procedures. For
example, in the region of NGC 7331
and Stephan's Quintet, luminous
nebulous filaments were discovered
(see Astrophys. J., 210, No. 1, 1976,

November 15). Additional detail is also

revealed in some of the galaxies in

Seyfert's Sextet. In one of the most
striking results, a photograph of the

famous jet in the spherical galaxy M87,
taken with the 5-meter telescope on
fine-grain emulsion, has been pro-

cessed for maximum resolution. The
deconvolution algorithm has reduced
the smallest image sizes by about a fac-

tor of 2 and compressed the dynamic
range so that the jet is seen in this pic-

ture as consisting of a very small well-

spaced and well-aligned series of

luminous points emerging from the nu-

cleus of M87 (see Fig. 5a, b).

Ejection from the Spiral Galaxy
NGC 1097

While cataloging peculiar southern

galaxies in Edinburgh, using plates

from the U.K. 1.2-meter Schmidt in

Australia, Arp learned of the discovery

by R. D. Wolstencroft and W. J. Zealey

of luminous jets emerging from the
bright southern spiral galaxy, NGC
1097. A few months later, with the new
4-meter telescope at Cerro Tololo in

Chile, he obtained a series of deep
plates on this object which reveal that

it is one of the clearest examples of

ejection from a galaxy that has so far

been encountered. The 4-m plates show
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Fig. 5a. A photograph of the jet in M87 with the 5-meter telescope on fine-grain Illa-J emulsion.

This photograph has been subjected to an image deconvolution algorithm that improved the obtaina-

ble resolution by about a factor of 2 and increased the dynamic range.

that the three jets all point exactly

back to the nucleus of the galaxy and
suggest, therefore, that material has
been ejected from the nucleus.

Neighborhoods of Galaxies

A two-year collaborative project was
initiated by Arp with Francesco Ber
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Fig. 5b. The resulting image-processed picture shows the well-known jet resolved into a series of

evenly spaced, well-aligned points of light.

tola and Cesare Barbieri of Padova Ob-
servatory. Its purpose is to study the
contents of fields in the vicinity of

bright galaxies. Ninety-nine bright
spiral galaxies between magnitudes 10
and 12 have been selected, as well as 99
control fields carefully chosen to be

more than 6° distant from any bright

galaxies. The region within 1° of each
of the spirals has been carefully
studied in order to catalog companion
galaxies and disturbed or nonequilib-

rium galaxies, including interacting

double galaxies in which a quantita-
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tive measure of relative separation

may be recorded. Jack W. Sulentic,

postdoctoral Hale Observatories Fel-

low, has completed the initial survey.

The same kind of census has been com-
pleted for each of the associated control

fields.

In May 1976, Dr. Graziella de Tullio

of the Padova Observatory visited

Pasadena to work on this same prob-

lem, comparing her independent
cataloging of the fields with Sulentic's.

Now a program is under way in both

Pasadena and Padova to obtain photo-

metric magnitudes, colors, spectro-

scopic classifications, and redshifts of

these objects with the Palomar 1.5-

meter and the Asiago 2.3-meter reflec-

tors. A secondary phase of this program
is to determine whether there are any
photometric or spectroscopic dif-

ferences that distinguish companions
of the bright spirals from the back-

ground galaxies in the control fields.

With A. G. Willis and H. de Ruiter of

Leiden Observatory, Arp has com-
pleted optical identifications of accu-

rate Westerbork radio positions around

a number of bright galaxies. Some of

the more interesting identifications in-

clude a new 16.5-17.0 mag object of the

BL Lacertae type very near the large

spiral galaxy NGC 6503, a quasar that

brightened almost 4 magnitudes in less

than one month, and a number of

quasars with redshifts greater than 2,

including one with z = 3.19 (see Year

Book 74, p. 333).

Sulentic and Arp have obtained U, B
double-image plates of a number of

their galaxy and control fields. These

plates permit selection of ultraviolet

excess stars that are quasar candidates

and will allow an independent deter-

mination on the value of radio-quiet

quasar numbers in the general field.

M87 and Its Globular Clusters

Sargent collaborated with C. R.

Lynds of Kitt Peak National Observa-
tory, F. D. A. Hartwick of the Univer-

sity of Victoria, and A. Boksenberg and
R. F. Carswell of University College

London in an attempt to measure the

dispersion in velocity of the system of

globular clusters around M87. The ob-

servations were made with Boksen-
berg's IPCS detector on Lynds' "Gold"

spectrograph at the Cassegrain focus of

the Kitt Peak 4-meter telescope. Be-

cause of indifferent seeing conditons, it

proved possible to obtain a good spec-

trum of only one suspected cluster

(IV-122 in an unpublished catalog by
D. A. Hanes of David Dunlap Obser-

vatory). This object, which has B =

20.6 mag, proved to be a globular clus-

ter (based on its redshift). Remarkably,
IV-122 turns out to be more metal-rich

than the galactic globular cluster M71,
despite the fact that it is in the halo of

M87, about 34 kpc from the center.

This object was measured in a 3-hour
exposure. It thus appears to be feasible

to carry out the original project, given

good seeing. A further attempt on the

problem will be made on the Hale Tele-

scope in 1977.

In view of the poor seeing during the

run at Kitt Peak, the above team de-

voted a considerable effort to M87 it-

self. Lengthy exposures were made to

determine the radial dependence of the

velocity dispersion of the stars in M87
out to 150" from the center. Usable
data were obtained despite the fact

that at this radius M87 is about 1 mag
fainter than the sky. They are now
being analyzed. The ultimate aim of

the observations of M87 and its clus-

ters is to measure the total mass of the

galaxy and its radial distribution.

CLUSTERS OF GALAXIES

Redshifts and Magnitudes

Kristian, Sandage, and Westphal are

continuing a program to extend the

Hubble diagram to redshifts greater

than 0.2. The main candidate lists in

the first stage are (1) the fainter Abell

clusters, (2) clusters found on a special

high-latitude 1.2-meter deep survey

with Illa-J and 127-04 plates, and (3)



HALE OBSERVATORIES 309

faint clusters associated with 3C radio

sources. Redshifts are being measured
with the SIT-prism digital spectro-

graph and BVR magnitudes with an
S20 photomultiplier and the SIT area

photometer. Redshifts have been
measured for 80 clusters, including 60
with z > 0.2, 15 with z > 0.3, and 3

with^ > 0.5 (3C330 at^ = 0.53, 3C123
at z = 0.63, and 3C343.1 at z = 0.75

[preliminary!). With observations by
Spinrad, using the image-dissector
scanner at Lick Observatory, by Gunn
and Oke, using the multichannel scan-

ner, and those reported here, the 20-

year-old "wall" atz = 0.2 has collapsed,

and redshifts to 2Vz or 3 times larger

distance are now routine. The principal

limitation at present is not measuring
the spectra but finding faint candidates

and positioning them on the spectro-

graph slit. It now appears likely that

about 100 clusters in the important
range z = 0.3-0.5 can be measured in

the next few years. Larger redshifts re-

quire rare nights of exceptionally good
seeing and are likely to come more
slowly.

Analysis of some early results in the

range z = 0.2 to 0.3 shows several fea-

tures: (1) In the absence of evolu-

tionary corrections, the Friedmann
models with qu — 1 continue to fit the

data reasonably well. (2) The cosmic

dispersion of 0.25 mag in the absolute

magnitude of the brightest member
and cluster richness found earlier by
Sandage and Hardy is confirmed but is

remarkably small over a large range of

richness. This implies that if the mag-
nitude of the brightest member is gov-

erned by a general luminosity function,

then the slope of the function at the

bright end must be very steep: d log

f(M)ldM 5= 5.

Preliminary analysis of 35 addi-

tional clusters to z > 0.5 supports the

earlier conclusions and begins to show
the expected turnover to bluer B — V
colors at large redshift, as the pass
bands move into the ultraviolet regions

of the galaxy rest spectrum. This color

change is expected to be a useful dis-

covery discriminant, and a program

has been started to use it to find ex-

tremely distant clusters.

The Hubble Diagram

The survey by Gunn and Oke with
the 90-mm image tube and the 5-meter
Hale Telescope now consists of 250-300
plates. On these plates approximately
60 faint clusters have been found. The
south galactic hemisphere sample is

essentially complete, but considerable

work needs to be done on one or two of

the spring fields, where progress has
been slow due to bad weather. Since

their first analysis of the Hubble dia-

gram, an additional 38 galaxies in

faint clusters have been observed, and
redshifts and energy distributions now
exist for most of these. A substantial

fraction of these 38 objects have red-

shifts of 0.40 or more. The SIT spec-

trograph with on-line data handling
and reduction system is now fully op-

erational and is being used to obtain

spectra of very faint galaxies; its ex-

pected speed advantage over the mul-
tichannel spectrometer is realized.

In their first analysis of the Hubble
diagram, Gunn and Oke found that a

significant uncertainty was introduced

because of poor statistics for the rela-

tively close clusters. This has been rec-

tified by work with Thuan on a com-
plete sample of nearby Abell clusters

(all with distance class «s 4, richness

5=1, and |6
|

> 30°, 102 in all). Photom-
etry with an intermediate-band sys-

tem, designed to be easily tied to the

spectrophotometric system used for the

distant objects with the 5-meter, has
been carried out on the Palomar 1.5-

meter telescope, and redshifts have
been obtained, mostly with the image-
tube spectrograph and more recently

with the SIT digital spectrograph on
the 5-meter telescope. This sample
should provide very good statistics at

the brighter end of the Hubble dia-

gram. Since the sample is in some
sense complete, it also allows more
careful statistics to be done on sys-

tematic effects with richness and mor-
phological type than have been possi-
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ble before. Some of this work is being

undertaken in collaboration with J. G.

Hoessel, a graduate student doing
thesis research with Gunn. It is clear

that this sample is slightly brighter

than the sample used in their last

paper on the Hubble diagram and the

deceleration parameter; this is not sur-

prising since it is on average slightly

richer, much more in accord with the

mean richness of the distant sample.

The change results in a decrease of the

formal value of q {)
toward even more

negative values.

The various kinds of systematic ef-

fects which must be guarded against

point up the need to understand the

evolutionary effects in galaxies much
better. The observational work on
galaxy synthesis by Gunn and B.

Tinsley at Yale was finished last

spring. It awaits resolution of some
minor troubles with the photometric

standards before the data can be finally

put together in what they hope will be
a definitive population synthesis for

giant elliptical galaxies.

The study of the evolution of first-

rank galaxies in faint clusters that is

being made by Althea Wilkinson in-

volves a sample of 36 galaxies meas-

ured with an aperture within 15% of a

32-kpc metric diameter, for which good

absolute spectral energy distributions

exist. Using the average of galaxies

with redshifts between 0.10 and 0.20 as

the standard galaxy spectrum, the

comparisons with averaged galaxies in

other redshift intervals show large

scatter. Although the spectral resolu-

tion is poor (160 or 260A), this scatter

appears to be caused by known absorp-

tion features such as Mg-b k 5175, the

G-band, and the CN k 4200 band. The
resemblances of some of the individual

galaxies are striking enough that an
attempt to isolate a more homogeneous
subsequence has been made, using the

technique of cluster analysis. A signifi-

cant sequence involving about half of

the galaxies and roughly related to the

redshift is found; this is mainly due to

the decrease in strength of the absorp-

tion features mentioned above with in-

creasing distance. The sequence can be
regarded as defining a mean giant el-

liptical spectrum, and the remainder of

the spectra outline approximately the

intrinsic scatter in the population at

any given redshift. Both the changes
with redshift and the means and dis-

persions of the populations will be
much better defined when more and
higher resolution SIT spectrograph ob-

servations are available. The rate of

change of overall color with distance or

lookback time is extremely small.

Photometry and Redshifts of First

Brightest Cluster Members

Thuan and Gunn have obtained
photometric data for all of a sample of

106 high-latitude Abell clusters (see

Year Book 74, p. 339). The desired red-

shift data for some 40 clusters are still

missing, but the program should be

completed within the coming year.

Brightest Cluster Galaxies

P. Hickson, E. Turner, and Richstone

discovered a correlation of the size of

the largest galaxy in dense small
groups with the mean intergalactic

separation. They find that this correla-

tion can be understood in terms of a

simple theory of galaxy collisions.

In 1957, E. Scott at Berkeley pro-

posed that the luminosity of the
brightest galaxy in clusters of galaxies

was determined by a statistical sam-
pling of the same underlying luminos-

ity function as the other galaxies. A
minor controversy has recently de-

veloped over the validity of this model,

inspired in part by its relevance to de-

termining q {)
from the redshift mag-

nitude diagram and to understanding
the dynamics of clusters of galaxies. In

the past, tests of the model have been
based on an assumption of a specific

universal underlying luminosity func-

tion. Scott Tremaine and Richstone
have discovered a new class of tests of

the model which does not depend on the

form or universality of the underlying

luminosity function. The application of
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one of these tests to the magnitudes of

first and second brightest cluster

galaxies published by Sandage and
Hardy yields a result that is inconsis-

tent with any statistical sampling of

any luminosity function. This result

suggests that the luminosities of
brightest cluster galaxies are deter-

mined by some physical process.

The Dynamics of Galaxies and Clusters

of Galaxies

The new SIT-Vidicon spectrograph

has been used by Gunn to obtain high-

resolution spectra of several elliptical

and early-type spiral galaxies in an at-

tempt to elucidate the dynamical struc-

ture of these objects and, in particular,

to study rotation and velocity disper-

sion far from the nucleus. If the MIL
ratio of galaxies increases outward as

markedly as studies of the dynamics of

groups, clusters, and binary galaxies

suggest, the effect should show up in

these data at about the present level of

sensitivity. Thuan and P. Schechter of

the Institute for Advanced Study,
Princeton, are collaborating on this

project.

The same code that constructs mod-
els of globular clusters can be used to

build model galaxies; elliptical

galaxies with exterior massive halos

have been constructed, and fits to the

mass of luminous density with radius

fully as satisfactory as earlier one-

component models have been obtained.

Dynamically, the models are quite dif-

ferent, with the halo models remaining
quite hot all the way to the edge. Ob-
servations such as those being con-

ducted with the SIT spectrograph now
should be able to distinguish the two.

Equality of Redshifts of E and SO
Galaxies in the Virgo Cluster

From time to time it has been
suggested that the elliptical and spiral

galaxies in the Virgo cluster have dif-

ferent mean redshifts. The result,

taken to be real, occasionally has been
cited as evidence either for nonvelocity

redshifts or that the Virgo cluster is

not a single dynamical unit (the spirals

being more distant than the ellipti-

cals). In either case, use of the Virgo
cluster as a calibration step to the
global value ofH

{t
could be questioned

because the distance to the spirals (in

both the radio and the optical methods)
is used to determine the absolute mag-
nitudes of the ellipticals.

Sandage has obtained new redshifts

for 32 Shapley-Ames, E, SO, and spiral

galaxies in the Virgo cluster for which
no prior data exist, and with Tammann
has combined these values with other

new data from other sources to redis-

cuss the problem.

Redshifts now exist for 111 galaxies

in the core of the cluster. All Shapley-
Ames galaxies are in the sample. The
extended material gives (u„) = 1105 ±
120 km s"' for the spirals and (i>„)

-1070 ± 79 km s~ ] for E and SO types,

which are the same numbers to within

0.2 cr of their combined errors. Equality

of the two values supports the view
that there is no nonvelocity redshift

component that differs between E and
S galaxies in this sample, that the
Virgo E and S galaxies are members of

the same dynamical unit, and that the

Virgo cluster can be used with no spe-

cial problems of this type in the deter-

mination of the expansion rate.

A New Nearby Group

During the reclassification of

galaxies in the Shapley-Ames catalog,

Sandage noticed that galaxies in the

confused Ursa Major-Coma region
could be separated into three distance

groups on the basis of ease of resolution

into stars. This separation also gave an
almost unique separation into three ve-

locity groups, one at (y„) = 285 km s ',

another at (v )
= 750 km s~\ and the

third at (v )
~ 980 km s

_l
. Galaxies in

the low-velocity group are from a small
area of about 15° radius on the sky,

which contains the very well resolved

late-type galaxies NGC 4144, 4214,
4244, 4395, and 4449. The brightest

stars are very easy to resolve in these
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systems, starting at about B ~ 18 mag,
and the group has been put on the

bright star program. Its importance is

that it is as close as the M81-NGC
2403 and the South Polar Group, whose
study is expected to provide the next

steps in refining the extragalactic dis-

tance scale.

K-Ray Clusters

Sargent and graduate student Jorge

Melnick used large-scale plates ob-

tained at the Cassegrain focus of the

Palomar 1.5-meter telescope to study

the radial dependence of morphological

type in several clusters of galaxies that

are x-ray sources. It was found that in

all cases the ratio of spiral to SO
galaxies increases outward. This is

consistent with the notion that spirals

are converted into SOs as they traverse

the hot gas thought to be responsible

for the x-ray emission from the clus-

ters' centers. It was also found that
there is a good correlation between the

velocity dispersion of the galaxies in a

cluster and the overall proportion of

SOs.

Intergalactic Hydrogen Clouds

A search for intergalactic neutral
hydrogen clouds in nearby groups of

galaxies was begun by Sargent and Dr.

K. Y. Lo of the Owens Valley Radio
Observatory. Extensive observations,

principally of the M81 group, were
made with the Hat Creek 85-foot dish

and with the Owens Valley 130-foot

dish. The idea is to search for inter-

galactic clouds that may be responsible

for quasar absorption lines.

RADIO SOURCES

3CR Identifications

Katem, Kristian, and Sandage are

continuing a program of identifications

of 3CR radio sources to a uniform faint

limit. The results of searches in 40

fields are being prepared for publica-

tion. Some of the new faint identifica-

tions are 3C13, 3C68.1, 3C123 (z =

0.63), 3C265, 3C325, and 3C437.

Perseus A

Dr. Gregory A. Shields of the Uni-

versity of Texas at Austin and Oke
have analyzed absolute spectral-

energy distributions of NGC 1275 (Per

A). The data are consistent with the

heavy reddening discovered by Wam-
pler. The line-emitting region has a
characteristic density of about 3 x 104

cm_;
, a mass of 3 x 10"1 9TCq and a

volume-filling factor of 10~' ;

. The gas
may be ionized by shock waves or by
nonthermal or stellar radiation. It is

again suggested, in the vein of Min-
kowski's original proposal, that the

high-velocity emission-line knots de-

scribed by Minkowski are H II regions

in a galaxy or an intergalactic gas
cloud seen in projection against NGC
1275.

QUASARS AND QUASI-STELLAR OBJECTS

Spectroscopic Observations

Schmidt has completed spectroscopic

and spectrophotometric observations of

a complete sample of quasi-stellar

sources in the 6-cm National Radio As-

tronomy Observatory survey. The
value of V/y„,,, which measures the

position of an individual source within

the available volume, appears to be

correlated with the radio spectral in-

dex. Sources with steep radio spectra

have a mean V7Vmax around 0.7, simi-

lar to values found previously for

quasars in the 3CR and 4C catalogs,

most of which have steep radio spectra.
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The space density of these quasars
rises steeply with redshift (i.e., declines

with cosmic time) by a factor of around
1000 to a redshift of 2.5. In contrast,

quasars with flat or inverted radio

spectra have a lower mean value of

V/VmHX , around 0.52 ± 0.05 (m.e.), con-

sistent with a uniform distribution in

space. It is not clear why flat-spectrum

quasars would have a uniform space

distribution; further work is needed to

derive the optical and radio luminosity
functions of these objects.

Quasar Surveys

Richard Green, a Caltech graduate
student, is continuing his work on a

Palomar 46-cm Schmidt survey, over

an area of around 10,000 square de-

grees, designed to find bright quasars
from their ultraviolet excess. He has
determined UBV magnitudes for sev-

eral stars each in the 300 survey fields,

to allow calibration of the U — B colors

corresponding to the ultraviolet and
blue images. Almost half of the films

have been scanned and digitized with
the PDS microdensitometer at the
Image Processing Laboratory at the Jet

Propulsion Laboratory. A reduction
program has been designed that de-

rives magnitudes and colors for all

stars (
— 50,000 on each film), selects

UV excess objects, and supplies overlay
finding charts to scale for the 46-cm
film.

Dr. O. Ulfbeck, a Caltech Research

Fellow, has reduced a two-color {U, B)
1.2-meter Schmidt plate of a field just

north of M3. He has produced a list of

40 objects with a strong ultraviolet ex-

cess down to a magnitude of around 20.

Schmidt and Richstone have observed
most of these objects with the Gunn-
Oke SIT-Vidicon spectrograph. About
two thirds of the objects are quasars,

most of which have redshifts between 1

and 2.5. Ulfbeck is extending the list to

objects with less ultraviolet excess.

Search for High-Redshift QSOs

All of the five QSOs known to have
redshifts zem > 3 were discovered

through their radio emission, although

at lower redshifts the radio-quiet QSOs
vastly outnumber those that are radio

sources. Sargent began an experimen-
tal program to try to find objects simi-

lar to OH471 that have no radiation

beyond the Lyman limit. The idea is to

photograph fields with the 1.2-meter

Schmidt through three filters: one cen-

tered at \ 3800, one at A 5200, and one

at k 6600. The plates are then scanned
for objects in which the two long-
wavelength images are roughly equal

and in which the ultraviolet image
is absent. It proved possible to isolate

OH 471, which is in a rich star field, by
a suitable choice of filters. At the end of

the report year, no quasars had been
found in two fields.

Absorption Lines

Sargent continued collaboration
with A. Boksenberg and R. F. Carswell

of University College London on spec-

troscopy of quasar absorption lines

with the Image Photon Counting Sys-

tem (IPCS). The instrument was used

for five nights in the fall and three and
one half nights in the spring at the

coude focus of the Hale Telescope on
high-resolution (0.8-0.4 A ) studies of

relatively bright (m < 17) quasars with
rich absorption spectra. It was also

used for five nights in the fall on
lower-resolution (~3 A) observations of

fainter objects at the Cassegrain focus.

Work continued on the reduction and
analysis of these observations and of

observations made in previous years.

The high-resolution observations
were concentrated on three objects: Pks
0237-23 (zem = 2.22), which had been

studied in 1974 and 1973; 1225 + 31 (zcm
= 2.2, mp

= 16) was studied for the first

time; and the "BL Lacertae" object Pks
0735 + 178, which has the Mg II a 2800
doublet in absorption at a redshift of

2 ilbs
= 0.424. The major effort was put

into observing particular spectral re-

gions at as high a resolution and
signal-to-noise ratio as possible in

order to check the suggestion by Bok-
senberg and Sargent {Astrophys. J.,
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198, 31, 1975) that absorption redshift

systems tend to be split into close pairs

separated by a "magic velocity" of 140

km s
_1

. Preliminary work has shown
that there is indeed no magic splitting,

but that almost all redshift systems
exhibit velocity structure on a scale of

less than 200 km s '. It is not yet clear

whether the distribution of these fine

splittings is consistent with Bahcall's

hypothesis (Astrophys. J. [Lett.], 200,

LI, 1975) that it results from clouds in

the halos of intervening galaxies. A
second aim was to try to resolve the

individual lines; however, the lines in

Pks 0734 + 178 were still unresolved at

25 km s" 1 FWHM.
Sargent, Boroson, and Boksenberg

completed a reanalysis of the spectrum
of Pks 0237-23 based on the addition

of three seasons' data covering the

wavelength region kk 3700-4300. The
new data revealed the existence of

many faint lines; the total number
identified was 280. A large statistical

excess of these lines could be identified

with the C IV resonance doublet kk

1548, 1550 at redshifts between 2abs
=

1.4 andz abs = 1.75. The fifty or so red-

shifts are not distributed uniformly in

this interval but exhibit a pronounced
peak centered on z abs = 1.65. The
half-width of the peak is Az abs ~ 0.06 or

7000 km s" 1

. If these redshifts arise in

intergalactic clouds, then the width of

the peak is too large for them to be ac-

counted for by a single cluster of

galaxies; a structure such as a large

cluster of clusters would be required.

Moreover, it should be about 3° across

on the plane of the sky. There is a high
probability that a faint quasar withzabs

3= 1.65 could be found in such a large

area. A search for absorption redshifts

with a similar peak in the distribution

of zabs as that found in Pks 0237-23
would be a direct test of the intergalac-

tic hypothesis. It is planned to search

for other QSOs around Pks 0237-23 in

the coming season.

Several QSOs, for example Phi 957,

have been found to have a large

number of absorption lines shortward

of the Lyman-a emission line; C. R.

Lynds has conjectured that these must
be single Ly-a absorption lines. This
hypothesis is strongly supported by the

discovery of the many weak C IV doub-
lets longward of the Ly-a emission line

in Pks 0237-23. Boksenberg, Sargent,

and Carswell obtained excellent high-

resolution spectra of Phi 957 with the

IPCS in 1974. As was mentioned in

Year Book 74 (p. 342), little progress

was made in identifying the complex
absorption spectrum. However, during

1976 it was found that several lines

longward of the Ly-a emission line

could be identified as C IV doublets.

The experience with Pks 0237-23
suggests that these identifications are

likely to be correct and gives a ration-

ale for a renewed attempt to obtain bet-

ter data on the spectrum of Phi 957.

Analysis of the high-resolution
spectra of 1225+31 (zem = 2.2) was only

begun toward the end of the report
year; however, it seems likely to be
identifiable since, like Pks 0237—23, it

contains clumps and groupings of

strong lines. For example, there is a

cluster of six lines near A. 4050 that are

obviously three sets of C IV doublets at

zabs = 1.62406, 1.62510, and 1.62574. A
similar cluster of four C IV doublets

near A. 4330 leads to four close red-

shifts, zabs = 1.79374, 1.79482, 1.79570,

and 1.79643. The splittings between
adjacent pairs of redshifts are 119, 73,

116, 95, and 79 km s" 1

. These values

are significantly less than the supposed

"magic splitting" alluded to earlier.

The "BL Lac" object Pks 0735 + 178 is

the brightest quasarlike object to show
absorption lines. Sargent, Boksenberg,

and Carswell were able to observe the

Mg II double X 2800 seen atzabs = 0.424

in this object at a resolution of 0.35 A.

It was found that each Mg II line splits

into four components at this resolution.

The components are separated by
intervals of 50-70 km s

_1
. Fits to

theoretical profiles indicate that the

individual clouds have Doppler param-
eters of about 5 km s~\ very similar to
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those found in galactic interstellar H I

clouds.

The main effort in the low-resolution

work went into a survey of a complete

sample of QSOs with 1.90 < zem < 2.20

that were brighter than 18.5 mag and
with R.A. from 22h to ll h

. The spectral

range XX 3200-4500 was observed at a

resolution of 3 A in all the 19 objects in

the above sample. Care was taken to

accumulate the same number of con-

tinuum counts in all of the objects. It

was found that 18 of the 19 QSOs
showed certain absorption lines, with

the remaining one being doubtful. The
preliminary analysis shows that the

mean number of clouds per object is

about three and that the distribution is

consistent with the Poisson distribu-

tion expected if the absorbing clouds

are randomly distributed in space. This

is contrary to earlier suppositions and
means that an intergalactic nature for

the clouds is not ruled out by this test.

Other low-resolution work was also

done on the quasars OH471 (zem = 3.40)

and 0830 + 119 (zem = 2.98). The obser-

vations of OH471 confirmed an earlier

finding by Carswell et al. {Astrophys.

J., 195, 269, 1975) that the Lyman dis-

continuity is not at the wavelength
corresponding to the emission redshift

in this object. Several new redshifts

were found in a detailed analysis of the

spectrum.
In further work, Sargent and under-

graduate Todd Boroson used the mul-
tichannel scanner on the Hale Tele-

scope to search for evidence for emis-

sion from the absorbing regions of sev-

eral high-redshift QSOs. It has been
shown empirically in the case of

OH471 that most of the ionizing radia-

tion beyond the Lyman limit is ab-
sorbed in the clouds that produce the

absorption lines and not in the region

which gives rise to the broad emission
lines. Simple arguments, based on a

knowledge of an upper limit for the

electron density in the clouds and their

observed ionization states, show that

they must be more than about 10 kpc
from the QSO if they indeed provide

the source of ionizing radiation. At zem
= 2.0, a distance of 10 kpc corresponds

to an angle of 1.5", 1.8", and 2.4" for q l}

= 0, 0.1, and 0.5, respectively. Sargent

and Boroson searched for the extended,

diffuse Ly-a emission from the absorb-

ing clouds by measuring the equivalent

width of Lyman-a through apertures of

radius 1" and 7". No increase with aper-

ture size was observed. If the clouds are

much farther away from the QSO than

10 kpc, their masses and kinetic ener-

gies become implausibly large. The
simplest conclusion, therefore, is that

they are in intervening intergalactic

space, unrelated to the QSO.

Optical Continuum

The large redshifts, variability, and
power-law optical spectra of quasi-

stellar objects indicate that they are

nonthermal energy sources of immense
volume emissivity. A natural mecha-
nism for these sources, electron-

synchrotron radiation, is implausible

because of short energy-loss time scales

for the electrons and huge predicted x-

and y-ray fluxes, which are ruled out

observationally. A variety of other

mechanisms have been proposed with-

out wide acceptance. Delineating the

optical spectral properties of these ob-

jects may provide the foundation for an
eventual understanding of the

energy-generation mechanism. With
this in mind, Richstone has investi-

gated the properties of 80 quasi-stellar

objects observed with the multichannel

spectrophotometer. Most of these ob-

jects come from Schmidt's complete
samples of 4C and 5000 MHz radio

quasars.

The continua of these sources are ap-

proximated by a power law of spectral

index ranging from +0.3 to —3.0, with

a median value of -0.7. Superimposed
on the power law is a broad wave,
which appears as a depression at

4500-4000 A and as an excess at 3000
A (rest wavelength). The strength of

the depression is anticorrelated with

the luminosity. This feature may result
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from broad wings of the strong lines

combined with unresolved weak lines

and the Balmer continuum, but it

seems more likely to be a property of

the continuum. Richstone observed for

the first time a dip in the continuum at

2100 A. If it is due to dust grains simi-

lar to those in the Galaxy, then the

dust-to-gas ratio in the line of sight to

the quasar is very small. The absence
of a correlation between the radio and
optical spectral indices indicates that

the optical photons are not radio

photons that have scattered off their

parent electrons.

Emission Lines

The systematics of the emission-line

strengths are somewhat anomalous. If,

as is generally believed, the Balmer
lines are formed in a region that is

photoionized by the quasar, a strong

anticorrelation should be observed be-

tween the Balmer-line equivalent
widths and the optical spectral index of

the quasar. This is not observed. The
absence of such a correlation may re-

sult from a wide range in continuum
optical depths in the gas responsible for

the emission lines.

SIT-Vidicon spectra of 25 low-
redshift quasars have been obtained at

7 A resolution in the wavelength range
3700-6500 A to study further the prop-

erties of the emission lines of these ob-

jects.

OBSERVATIONAL COSMOLOGY

The Hubble Constant and
Deceleration Parameter

Sandage and Dr. G. A. Tammann of

the Astronomisches Institut der Uni-

versitat Basel have continued work on

the rate of expansion of the universe,

following the discovery of a new
method by R. B. Tully and J. R. Fisher

of the National Radio Astronomy Ob-

servatory. When these radio astrono-

mers showed last year that the ob-

served widths of the 21-cm line of neu-

tral hydrogen in Sc, Sd, and Ir-Sm
galaxies (corrected to edge-on inclina-

tion) were well correlated with abso-

lute optical magnitude, the way was
opened to test again the distance scale

to very nearby galaxies. Distances to

the M81-NGC 2403 and the M101
groups had been determined earlier by

Sandage and Tammann from studies of

the stellar content as the first step in

their prior determination of the Hubble
constant//,,.

The result of the independent test is

that the optical scale is confirmed to

within 4% ± 8% for the M81-NGC
2403 and to within 10%, ± 17% in the

opposite direction from the M101

group. The radio distance moduli are

(M - M\ = 27.64 ± 0.09 and 29.08 ±
0.16 mag for the M81 and M101
groups, to be compared with the earlier

optical values of 27.55 ± 0.15 and 29.30

± 0.3, respectively. (All these values

are based on an assumed Hyades clus-

ter modulus, which is the fundamental
calibrator of m - M = 3.03.) The
method was then applied to the Virgo

cluster, with the result that (m — M)„ =

31.4 ± 0.2 from the radio data and (m
- M\ = 31.5 ± 0.1 from the optical

data, based on the optical scales that

had been previously adopted.

Taking the revised m - M = 3.23 for

the Hyades gives (m - M)„ for Virgo as

31.70 ± 0.1 (orZ) = 21.9 ± 1 Mpc), from
which the Hubble constant follows as

Hu = 50.3 ± 4.3 a km s" 1 Mpc" 1

.

This is equal to the value derived ear-

lier from the six-step optical procedure,

taking account of the Hyades revision.

Sandage and Tammann state that

the value is the global expansion rate

independent of local deviations from a

pure Hubble flow, no matter how large.

This is because the calibrations via the

Virgo cluster have been applied to a
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sample of clusters at intermediate red-

shifts, where any local density

anomalies have no effect.

This value of//„ gives a Hubble time
of #„-' = (19.4 ± 1.6) x 109 years.

Comparison with the age of globular

clusters, taking into account the col-

lapse of our Galaxy from the pregalac-

tic medium, shows that the time since

the creation of the Universe at T
{>
~ 16

x 109 years is so close to//,," 1 = 19.4 x

109 years as to put significant limits on
the deceleration parameter q {)

. With
i/<T7T

()
= 1.21 ± 0.10, it follows that qu

= 0.15 ± 0.10, which is well below the

critical value of V2 and in agreement
with conclusions reached earlier from
other methods. If the deceleration has
been so mild, then the expansion is ir-

reversible and the Universe has appar-

ently happened only once.

Two general methods have been pro-

posed to determine the cosmological

density parameter ft = 2q {}
directly.

One method involves adding up the

mass per unit volume of all of the visi-

ble matter in a local volume of space.

The second method involves an
analysis of perturbations in the Hubble
flow induced by density enhancements
in the distribution of matter. Sargent
and former graduate student Dr. E. L.

Turner have devised a new method of

the second type. In this method, the

distribution of galaxies in space is ap-

proximated by their distribution in a
"redshift space" whose radial coordi-

nate is czlHu . Deviations from a smooth
and uniform Hubble expansion, due
either to perturbations arising from
unbound density fluctuations in the

distribution of galaxies or to virial mo-
tions in bound groups and clusters,

cause characteristic distortions in this

"redshift space." A method of detecting

and measuring these distortions from
the redshifts and relative positions on
the sky of pairs of galaxies is proposed.

Sargent and Turner have tried a
simplified version of their general
method on the available limited sam-
ple of data. They obtained O ~ 0.07,

which is consistent with other recent

lines of evidence. They have also inves-

tigated the data requirements for a de-

finitive application of their procedure.

They estimate that redshifts for the
4000 brightest galaxies, accurate to ±
20 km s

_1
, would be required. This is a

formidable observational task but is

not out of the question with the use of

modern detectors and digital on-line

analysis. Sargent, Turner, and
Shectman are drawing up plans to pur-

sue the above goal with the "Shecto-

graph" detector when the du Pont Tele-

scope comes into operation.

THEORETICAL STUDIES

Gravitational Radiation from
Pressureless Nonaxisymmetric

Stellar Collapse

Thuan and J. P. Ostriker of Prince-

ton University Observatory (As-
trophys. J. [Lett.], 191, L105, 1974)
have computed the amount of gravita-

tional radiation emitted during a

pressureless and axisymmetric stellar

collapse, using Newtonian theory and
the quadrupole-moment formalism.
They are expanding the calculations to

the case of nonaxisymmetric collapse.

In particular, they are investigating

two possible situations: (1) If tf
=

I

ZVot/^| final? the ratio of the final rota-

tional energy to the final total binding

energy is between 0.14 and 0.27, then
the final state is secularly unstable and
the star goes from an axisymmetric
mode (Maclaurin sequence) to a

nonaxisymmetric mode by conserving

circulation. The star then follows the

Dedekind sequence and loses angular
momentum by emitting gravitational

radiation to get back to the Maclaurin
sequence. (2) If t, > 0.27, the star is

dynamically unstable and breaks up to

form a binary, which in turn emits
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gravitational radiation while losing

angular momentum.

Gravitational Radiation from Axisym-
metric Stellar Collapse with Pressure

Dr. I. D. Novikov of the Mathemat-
ical Institute, USSR Academy of Sci-

ences, Moscow, has pointed out that by
neglecting pressure the calculations by
Thuan and Ostriker may have
underestimated the amount of gravita-

tional radiation emitted. The collapse

of the star is likely to be stopped ab-

ruptly when neutron star densities
(~10 15 gm cm_:;

) are reached, and the

star will bounce. This abrupt decelera-

tion will cause a substantial amount of

gravitational radiation to be emitted.

Thuan and Ostriker are extending
their axisymmetric collapse calcula-

tion, including pressure, in order to fol-

low the bounces a neutron star would
undergo before reaching its final equi-

librium. The competing effects of

gravitational radiation and neutrino

cooling are being taken into account.

Angular Momentum of Galaxies and
Tidal Interaction

Hoyle and Peebles have argued that

tidal interactions of protogalaxies,
originally frozen in the Hubble flow at

recombination and with a quadrupole

moment of order unity, generate suffi-

cient torques to give galaxies a typical

angular momentum that agrees in

order of magnitude with the observed

values. Tidal interactions are espe-

cially appealing since they occur natu-

rally in the gravitational instability

theory of the formation of galaxies;

therefore, extra sources of angular
momentum, such as primordial turbu-

lence, need not be invoked.

Thuan and J. R. Gott III of Princeton

University have applied the tidal in-

teraction concept to the Local Group.
They assume that the Galaxy and M31
derive their angular momentum from
each other. This is supported by the ob-

servational fact that the two galaxies

are nearly in a mutual plane. The
theory predicts correctly that the rota-

tion of M31 is counterclockwise as seen
by us. M31 has 1.7 times the angular
momentum of the Galaxy.
Since the tidal-interaction concept

relies on statistical gravitational in-

teractions, it can be used to predict

more than just the rms angular
momentum of galaxies. Thuan and
Gott have used Monte Carlo calcula-

tions to predict the distribution of total

angular momenta for galaxies of a

given mass (or luminosity) from the
tidal interaction picture and have com-
pared the predictions with the observed
distribution of ellipticities of elliptical

galaxies as a function of absolute mag-
nitude. They find a remarkable agree-

ment, not only in the shapes of the in-

dividual distributions but also in the

correlation of systematic properties
with mass. The tidal theory predicts

that the distribution of ellipticities in

elliptical galaxies should be indepen-
dent of absolute magnitude for M 3=

-20.7, but that very bright galaxies (M
< -20.7) should be systematically
rounder than the others. The results

are in excellent agreement with a dis-

sipationless collapse picture for ellipti-

cals in which star formation is essen-

tially completed by the time of

maximum collapse. Using the observed

distribution of ellipticities, they are

able to set rather severe limits on the

amount of dissipation (if any) that can
occur. They also discuss the predictions

of the theory concerning the sizes of

spiral galaxies; the tidal theory pre-

dicts many more disks of high surface

brightness and small scale length com-
pared to Freeman's observations.

INSTRUMENTATION

SIT Acquisition and Guiding
System (SITEX)

A new system has been built for use

at the Cassegrain focus of the Hale

Telescope. It is intended to be used in

place of, and is functionally similar to,

the system that has been in use since

1971. The earlier system has been ex-
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tremely successful and has become in-

dispensable for observing faint objects.

The new system is adapted, in collab-

oration with Gunn and S. Knapp, from
the Westphal-Kristian SIT photome-
ter. The main differences are (1) the

use of a SIT-Vidicon detector, which is

less noisy and more rugged than the

earlier SEC, and (2) a digital scan con-

verter, which is less noisy than the ear-

lier analog devices and has a movable
cursor whose position can be read to

better than 1". This last feature is very
useful for blind offsets. It is expected

that the new system can be used to de-

tect, acquire, and guide on appreciably

fainter objects than the old system, and
its first use at the telescope supports

this expectation. It has been used to ob-

tain the spectrum of a galaxy at V =

20.8 mag (preliminary z = 0.75); the

exposure was guided on a substantially

fainter object. With 20" integration

times on fields with photoelectric se-

quences, stars of V magnitude 23 are

seen.

Remote Operation of Cassegrain Ring
Rotation

To facilitate remote operation at the
Cassegrain focus of the 5-meter tele-

scope, which now accounts for most of

the operations at that station, West-
phal has implemented remote control

and readout of the orientation of the

instrument mounting ring.

SIT-Vidicon Digital Spectrographs

There are now two such spectro-

graphs for the 5-meter telescope, both
based on the cooled SIT-Vidicon de-

scribed by Westphal and McCord in

Year Book 71 (p. 705). The system used
by Sandage, Kristian, and Westphal
has been improved by addition of a unit

that uses microprocessors to average
the data on-line, do star-sky subtrac-

tion, and display the results in analog
form, either on a digital scan convertor
oranx —y plotter. This detector is used
on a prism instrument.
Another SIT-Vidicon spectrograph,

this one using a grating, became fully

operational and has been used by
Gunn, Oke, Shectman, Schmidt, and
Arp to obtain data on a wide variety of

problems. The interface and software

have been refined by Knapp and Zim-
merman and Oke so that real-time re-

duction of both spectroscopy and spec-

trophotometry is possible and is carried

out routinely. The most serious lack to

date has been the poor UV response; a

new special vidicon with UV-
transmitting fiber optics on the input

has been obtained and will be tested

soon. If the red response is satisfactory,

the new tube will become standard.

Photon-Counting Image-Intensifier
System

In July 1975, Shectman began the

construction of a photon-counting
image-intensifier system intended for

high-resolution spectrophotometry at

the Mount Wilson 2.5-meter and the

Palomar 5-meter coude spectrographs.
The instrument was successfully put
into operation in May 1976 at Mount
Wilson.

Individual photoelectrons from the

first photocathode in a six-stage image
intensifier generate bursts at the final

phosphor which emit ~10 8 photons
over an interval of several mil-
liseconds. A fast transfer lens images
these photon events onto a linear self-

scanning diode-array image sensor.

The complete row of 256 photodiodes is

scanned in sequence every 0.5 mil-

lisecond. A sufficient change in the
output of the sensor from one sweep to

the next indicates the onset of a photon
event at a particular location in the
image.
The precise position of the center of

each photon event is measured by an
analog circuit, and a digital address
corresponding to the event location is

generated. This address is used by an
on-line minicomputer to accumulate a

tally of the number of photons detected
at each wavelength in the spectrum.
On a computer graphics terminal, the

spectrum is constantly displayed as it

is accumulated. The final result is rec-

orded on magnetic tape.
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The output of the photo-counting
system is a spectrum of 1500 channels,
each channel corresponding to a 10-fi

interval in the focal plane of the spec-

trograph. The FWHM resolution for

spectral lines is consistently better

than 40 fx. The advantages of this de-

vice lie in the high quantum efficiency

of the photocathode, from 10 to 100
times that of photographic plates, and
in the linearity and repeatability of its

response. Corrections of sky back-
ground can be measured and accu-
rately applied to the data. A ther-

moelectric cooling device lowers the
thermal background of the image in-

tensifier to a level at which it does not

seriously compete with signals that
take hours to accumulate. The use of a

solid-state diode array results in a high
degree of geometric stability. Com-
pared to an earlier generation of
single-channel photoelectric detectors,

the ability to monitor all 1500 channels
simultaneously for the arrival of

photons results in vastly improved effi-

ciency.

The minicomputer program allows

the astronomer to monitor the progress

of each observation and to control the

system at each contingency. Data
analysis and reduction are carried out,

using the computing facility at the
Santa Barbara Street offices. Both the

data acquisition and reduction pro-

grams were developed by Ken Clardy.

During the coming year, several as-

tronomers are scheduled to use the sys-

tem for a variety of projects. Foremost
among these are a program to measure
the kinematical properties of the halo
of our Galaxy, using as tracers Mira
variables 3 mag fainter than have pre-

viously been practicable, and a pro-

gram to observe the population of

globular clusters in the Andromeda
galaxy at resolutions unattainable
with conventional detector systems.

Support for the development of this

system was provided by a grant from
the Sloan Foundation to the California

Institute of Technology.

Charge-Coupled Devices

Using a grant from the President's

Fund (Caltech), a program has been
under way in collaboration with the Jet

Propulsion Laboratory to build a CCD
camera for both direct imaging and
low-resolution spectroscopy. The work
has been done by F. Landauer and L.

Hovland of J.P.L. and Dennison and
Oke of the Hale Observatories. The
camera has been completed and used

successfully with the digital spectro-

graph on the 5-meter Hale Telescope.

The present detector is a 100 x 160-

element device with very high quan-

tum efficiency; used at -73°C, the dark

current is negligible. The camera elec-

tronics have been designed so that the

camera is controlled by the PDP 11/40

computer, which also collects and pro-

cesses the data, using the programs de-

veloped for SIT spectra reductions. In

operation, the system performed well

but there may be residual problems
with charge transfer. The overall

quantum efficiency also appears to be

too low for reasons that are still being

investigated. There are plans to re-

place the 100 x 160 array by a 400 x

400 array when it becomes available in

the next few months.

Photometry of Stellar H and K Lines

The Carnegie Institution has re-

ceived a grant of $34,510 from the Na-
tional Aeronautics and Space Adminis-
tration to assist in the continuation of

Olin Wilson's studies of cyclic varia-

tions in stellar chromospheres. Under
the direction of Vaughan and Preston

as principal investigators, the grant is

being used in the construction of a
special-purpose spectrometer that will

measure photoelectrically the inten-

sities of Ca II, H, and K line emission,

which have been developed in Wilson's

study as indices of stellar chromo-
spheric activity. The new instrument is

designed to make nearly simultaneous
measurements of both H and K and the

nearby continuum with a single detec-
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tor, to yield precise ratios of these

quantities with the necessary stability

for the monitoring of variations over an
interval of many years. The instru-

ment will be used at the Cassegrain
foci of the Mount Wilson 1.5-meter and
2.5-meter telescopes, replacing the
coude spectrograph of the 2.5-meter for

this purpose once the new technique
has been calibrated. Construction of

the instrument is in progress and a
new four-channel digital data recorder,

incorporating a microprocessor with
PROM storage of software logic con-

trolling the system, has reached the
testing stage at the Astroelectronics

Laboratory.

Infrared Detection Systems

During the past year, two major in-

strumental developments were made

for use in the 1-40 /x ground-based pro-

gram. First, a very sensitive indium-

antimonide system was completed. It

includes a 1.5-3.0 /x and a 3.0-6.0 jx 1%
spectrometer. On the 5-meter tele-

scope, spectra of 13-mag objects can
easily be recorded at 2.0 /x. In the

broadband colors at 1.65 and 2.2 /x,

17-mag objects can be observed. Sec-

ond, improvements have been made on
the wobbling secondary systems of the

1.5-meter at Mount Wilson and the

5-meter telescope at Palomar Moun-
tain. At the present time, 2-hour inte-

gration on the 5-meter telescope

reaches a 1 cr limit of approximately

0.003 Jy (10th magnitude). The latter

number is 3-5 times smaller than any
other reported 10-^u flux limit for a

similar integration time.

ASTROELECTRONICS LABORATORY

The laboratory directed its major ef-

forts this year toward completing the

installation of the 2.5-meter Irenee du
Pont Telescope control system and the

design and construction of the local and
remote control assemblies for the vari-

ous auxiliary instruments that are to

be used on the telescope. These in-

cluded the Cassegrain rotating ring

and the associated cable wrap-up, the

auxiliary instrument mounting base

and the offset guider, the plate camera,
and the Cassegrain spectrograph.

The multiplexing technique was
adopted for instrument control signals

in a way similar to that in which data

are multiplexed by the telescope's Mic-

roprocessor Automatic Control System
(MACS). By using this method, in-

strumentation requirements for indi-

vidual cable conductors on the tele-

scope were reduced by a factor of 10.

Each auxiliary instrument now has
its complete self-contained control sys-

tem, designed for minimum power dis-

sipation. In addition, each instrument
will have a remote box with the neces-

sary switches and displays for control

from the data room, using the proven
MACS multiplexing system and
hardware. A similar design philosophy

has been followed for each of the auxil-

iary instruments, with standardization

in circuitry and in mechanical design.

Another major project this year was
the development of a new data system
for the multichannel spectrometer
(Multichannel II) to replace the exist-

ing counter assembly. Multichannel II

is a self-contained, 64-channel pulse-

counting system with integration
times adjustable from 1 second to 2.78

hours. The system can operate as a

stand-alone instrument or with a PDP
11 computer. All front panel controls

and data entry are accessible from the

computer. At the end of an integration,

all data are transferred to the com-
puter with full "handshake" action

—

the computer-to-printer signal that
data is being transferred and the re-

sponding printer-to-computer signal

acknowledging the data.
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GUEST INVESTIGATORS

Dr. Saul J. Adelman of Boston Uni-

versity used the coude spectrograph of

the 2.5-meter telescope at Mount Wil-

son and the Cassegrain scanner with

the 1.5-meter telescope at Palomar to

continue his studies of sharp-lined

magnetic Ap stars and suitable com-

parison main-sequence stars. He ex-

pects to complete shortly an abundance
analysis of? Herculis, B5IV, for which
he has performed a line-identification

study of ultraviolet scans, which were
obtained with the Copernicus satellite.

Mr. Gonzalo Alcaino of the European
Southern Observatory has continued

his photographic study of southern
globular clusters. Work has been com-

pleted on NGC 362, NGC 1904, and
NGC 4590.

Dr. T. B. Austin and Mr. K. L. Dixon
of Oxford University used the 1.2-

meter Schmidt to obtain plates in the

fields of rich clusters of galaxies. In the

context of the ongoing program of mul-

ticolor photographic photometry of

clusters, the plates will be used for the

study of the morphology, dynamics,
and evolution of cluster galaxies.

Plates were taken in five colors, the

standard plate-filter combinations in

U, B, V, and the combinations Illa-J +
Wratten 2C, and 127-04 + RG1. In ex-

cellent observing conditions, many
good quality plates were obtained, in-

cluding two clusters in all five colors.

All plates were calibrated using a tube

sensitometer built at Oxford along the

lines of those described extensively in

the A.A.S. Photo Bulletins. This sen-

sitometer, which can be calibrated

photoelectrically on site, produces 45

sensitometer spots over an intensity

range of a factor 1000.

In October and November 1975, Dr.

J. Bergstralh of the Jet Propulsion

Laboratory and Munch collaborated to

image the neutral sodium cloud which
surrounds Io (JI) in the light of the D
lines. The latter appear in emission

due to resonant scattering of sunlight.

A Fabry-Perot etalon was set up in the

coude spectrograph of the Mount Wil-

son 1.5-meter telescope; a camera lens

imaged the etalon onto the photo-
cathode of an intensified silicon vidicon

(SIT). Since the Io sodium cloud is an
extended discrete-line source, its image
through the etalon appears as a series

of partial circular fringes. By adjusting

gas pressure in the etalon cell, it is pos-

sible to "scan" the fringes spatially. A
sequence of images at different cell

pressures thus recorded the entire

D-line emitting portion of the sodium
cloud. Drs. T. V. Johnson and D. L.

Matson, also from the Jet Propulsion

Laboratory, collaborated by making
the vidicon system available and as-

sisted in several observations. The data
are being processed at the J.P.L. Image
Processing Laboratory.

Dr. Howard E. Bond of Louisiana
State University used the Hale Tele-

scope to obtain coude spectrograms of

subgiant CH stars and extremely
metal-deficient red giants. The sub-

giant CH stars are F- and G-type sub-

giants showing enhancements of CH
and the s-process elements (H.E. Bond,
Astrophys. J., 204, 810, 1976) and can

probably be interpreted as former red

giants that returned to the vicinity of

the main sequence following a

partial-mixing event, possibly at the

helium core ignition. Since these are

weak-lined, relatively hot stars, they

offer the most favorable known circum-

stances for the study of the s-process of

nucleosynthesis. Excellent spectro-

scopic material was obtained for two
subgiant CH stars, HD 216219 and HD
182274. Spectra of a bright, carbon-

deficient red giant, HR 6791, were also

obtained. Using objective-prism plates,

several new members of the rare class

of extremely metal-deficient red giants

have been found, which are bright

enough for coude spectroscopy. Suffi-

cient coude material for abundance
analysis was obtained with the Hale
Telescope for two such stars, HD 2796
and HD 4306, located near the south
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galactic pole. The analysis of these

spectra is expected to be completed dur-

ing 1977. The results should provide

new information on element-producing
processes occurring in the stars them-
selves or in previous generations of

stars during the early evolution of the

galaxy.

Drs. M. S. Burkhead and J. K.
Kalinowski of Indiana University used
the 1.2-meter Schmidt at Palomar to

obtain multiple plates (127-04 emul-
sion and Wratten 23 filter) of M104,
M94, NGC 2903, NGC 3379, and NGC
3628 in January 1976. All these plates

have been digitized and initial contour
maps produced at the Los Alamos Sci-

entific Laboratory. The plates are quite

deep and have been digitally added,
and smooth background corrections

have been applied. Together with
photoelectric drift scans, these data
will yield improved values for the sizes,

shapes, and colors of any extended fea-

tures. This work is a continuation of a
project that will provide uniform data
(UBVI) for a sample of galaxies rang-
ing from E0 through Sc.

Drs. D. G. Currie, K. M. Liewer, and
Mr. R. Braunstein of the University of

Maryland and Dr. S. L. Knapp of the

California Institute ofTechnology have
continued the program of stellar

diameter measurements using the
Amplitude Interferometer. A summary
of the observations conducted from
1972 to 1976 has recently been submit-
ted for publication. This includes
measurements of the effective diamet-
ers of 12 late-spectral-type stars
(K0-M6), of which five have not been
previously reported (p Persei, 8

Ophiuchi, g Herculis, y Draconis, R
Lyrae). These measurements were
conducted at as many as 10 different

wavelengths. The diameters range
from 0.013" to 0.052". The internal

precision of the more recent meas-
urements ranges from 0.001" to

0.006", with accuracies of 0.002" to

0.006".

Test observations using the Univer-
sity of Maryland Array Photometer on

the 2.5- and 5-meter telescopes were
conducted. This system, which will be a

photon-counting array detector with a

100 by 100 array of channels, uses an
Intensified Charge Coupled Device.

This will be used both in a Direct Imag-
ing mode, providing a very large
dynamic range, and in the Multi-
Aperture Amplitude Interferometer.

The latter is the next generation
Amplitude Interferometer, which has a

data rate 8000 times greater than the

current instrument.

Dr. Santo Catalano of the Astrophys-
ical Observatory at Catania employed
the coude scanner of the 2. 5-meter tele-

scope at Mount Wilson to obtain photo-

electric scans of the H and K lines and
the continuum near 3950 A at a resolu-

tion of about 0.2 A. Twenty main-
sequence and giant stars later than F8
were observed. Four scans of the K line

of the integrated light of the Sun
through the Moon were also obtained.

The profile at the center of the line

shows considerable variations from one
scan to another, while the wings ap-

pear to remain unchanged. Absolute
fluxes of the integrated H and K lines

will be obtained to study the behavior
of stellar chromospheric emission in

these lines. The ratio of the central in-

tensity K3/H3 appears to be constant
and equal to unity in giant stars, while
it appears to become greater than unity
with advancing spectral type of main-
sequence stars, as already shown by
Wilson.

Dr. Pierre Connes of the Obser-
vatoire de Meudon has continued to use
his Fourier infrared spectrometer
mounted in the lower coude spectro-

graph room of the 5-meter Hale Tele-

scope. The previously detected O., emis-

sion on Mars has been analyzed by
Carleton, Traub, and Noscon. In

November 1975, four days and nights

were used to produce high-resolution

spectra of Mars with good spatial reso-

lution. Since the 2 emission is under-
stood as a result of the photolysis of

:!

and Mariner 9 showed
:!
to be far more

abundant over the poles, the O. emis-
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sion should appear much weaker along

the equator. The new spectra fully con-

firm this prediction. In addition,

spectra of Mars suitable for the detec-

tion of argon through pressure
broadening of C(X lines were obtained.

It has not been possible, however, to

produce corresponding laboratory
spectra of adequate quality due to the

lack of a long-path-length cell con-

nected to the interferometer. Much bet-

ter spectra of Jupiter and Saturn have
been secured in the 0.9-1.6 /x region;

they are being analyzed by a group

under Dr. D. Gautier. Spectra of the

dark side of Venus were obtained
under rather poor conditions. Surpris-

ingly, intense O. emission was found

but no OH emission was detected. This

is the first evidence for non-blackbody

emission in the visible and near in-

frared from the dark side of Venus.

The 1.2-meter Schmidt was used by

Mr. P. M. Corben of the Royal
Greenwich Observatory to obtain deep

plates in the B, V, and / bands for two
fields in the north galactic cap. These

plates are now being measured on the

"Galaxy" measuring machine at RGO.
Photoelectric measures of stars in

these fields have been obtained by Dr.

D. H. P. Jones et al., using the 1.5-

meter telescope on Teneriffe. From
these observations it is hoped to deter-

mine the number of faint red stars at

the north galactic pole with a view to

determining the absolute number of

red dwarfs in the solar neighborhood.

Drs. Richard M. Crutcher and W. D.

Watson of the University of Illinois

employed the coude scanner on the

2.5-meter Mount Wilson telescope to

study interstellar lines. Searches were
made for the previously undetected op-

tical interstellar lines of OH ( As-
trophys. J. [Lett.], 203, L123, 1976) and
NH. The interstellar OH line A3078
has been measured toward o Persei and
probably detected toward £ Ophiuchi.

This marks the first detection of the op-

tical OH line in the interstellar

medium and the first accurate abun-

dance determination of OH in diffuse

clouds. In current "ion-molecule"

schemes for gas reactions in diffuse

clouds, OH formation is initiated by
the H+ + O charge transfer. Assuming
that the OH is produced by these pro-

cesses, the rate coefficients for the
charge-transfer reaction have been de-

rived. An upper limit for the interstel-

lar NH line \3358 toward o Per has
been obtained which is a factor of 10

below the previous upper limit for dif-

fuse clouds; the NH abundance is less

than 1% of that of OH in the same di-

rection. Since interstellar NH is ex-

pected to be produced at about the

same rate per atom as OH if formation

of NH occurs on grain surfaces, the ab-

sence of NH at the observed sensitivity

is strong evidence in favor of pure gas

phase formation for molecules other

than H, in diffuse interstellar clouds.

Dr. S. J. Czyzak of Ohio State Uni-

versity and Dr. L. H. Aller of the Uni-

versity of California at Los Angeles
mounted an image-tube camera de-

signed by Mr. Holland Ford at the Cas-

segrain focus of the 1.5-meter telescope

at Palomar to obtain monochromatic
photographs in radiations of Ha, A.4686

He II, A6584 [N II], \3727 and \7330
[O II], \5007 [O III], X6717 and A6730
[S II], and several continuum
wavelengths. The following objects

have been examined: NGC 40, 588,

604, 650, 2371-72, 2392, 3242, 4361,

6058, 6210, 6309, 6445, 6543, 6720,

6751, 6853, 6905, 7008, 7009, and
IC1747. The monochromatic photo-

graphs for NGC 6720 have been pub-

lished (L. H. Aller, H. W. Epps, and S.

J. Czyzak, Astrophys. J., 205, 798,

1976).

Dr. M. M. Dworetsky of University

College London used the Palomar
50-cm telescope to obtain UBV
photometry of approximately one
hundred 8th to 10th visual magnitude
ultraviolet objects found by the S2/68
experiment on the TD1 satellite. Most
of these were also observed with the

x-spectrograph on the 1.5-meter reflec-

tor at Mount Wilson at a dispersion of

42 A mm -1
. The spectrograms are

being analyzed with the PDS mic-

rodensitometer at the Royal Greenwich



HALE OBSERVATORIES 325

Observatory. Preliminary examination
indicates that most UV objects are
probably early B stars with very little

reddening despite their large distances

and low galactic latitudes. Two previ-

ously unreported hot subdwarfs and a

probable new binary (K+B?), -3°5357,

were also found.

Observations of 78 known spectro-

scopic binaries and 30 standard stars

were made by Dr. P. B. Etzel of San
Diego State University and Lanning
with the 2.5-meter telescope at Mount
Wilson. A Varo image-tube system in

the coude spectrograph was used. Mul-
tiple spectra were obtained in most
cases. The Li A.6707 line strengths are
being correlated with various orbital

parameters such as period, eccentric-

ity, semimajor axis, and mass function.

In most cases the primaries are in the

spectral range of GO to MO and at vari-

ous stages of evolution from dwarfs to

supergiants. Special attention is being
given to previously published observa-
tions of chromospheric activity such as

emission in the Ca II, H, and K lines. It

has been pointed out by R. P. Kraft and
O. C. Wilson (Astrophys. J., 141, 829,

1965), and G. H. Herbig {Astrophys. J.,

141, 588, 1965) that for single stars

there is a very strong correlation be-

tween the strengths of the Li line and
the presence of Ca II emission. They
also noted striking exceptions to the
correlation for components of some vi-

sual binaries. The study of a large
sample of spectroscopic binaries may
provide some insight into these seem-
ingly anomalous cases. The detection of

Ha emission features in several of the

binary systems was an interesting
byproduct of the project. It was discov-

ered in the spectrum of the unique
white dwarf-red dwarf eclipsing binary
V471 Tau (BD +16° 516). This has
ramifications for various models de-

scribing the observed period and light

curve changes.

Dr. Neal J. Evans II of the Univer-
sity of Texas completed work on a proj-

ect involving infrared sources as-
sociated with OH masers. Meas-
urements from 2 ix to 20 fx were made of

each of the six new objects found dur-

ing this program. The measurements,
made during July 1975, followed
closely measurements of the OH flux at

Owens Valley Radio Observatory.
These observations provide a compari-

son of OH flux and infrared flux at a

fixed time, thereby allowing an evalua-

tion of infrared pumping models. It was
found that pumping by 35-yu. photons is

consistent with the observations, but

that 2.8-/x pumping is very unlikely.

Several of the sources had varied dur-

ing the year following their discovery,

some by a factor of ~ 4. In addition to

the OH project, further work was done
on the project in an attempt to relate

infrared sources to molecular clouds.

Measurements at 20 fx and through the

10-/x silicate feature of S140 IR were
made. This source is an unresolved, ex-

tremely red source at the peak of the

molecular cloud in S140. Its luminosity
exceeds 2 x 103 L , and it is an excel-

lent candidate for studies of protostel-

lar objects and for studies of the in-

teraction of such objects with the sur-

rounding molecular cloud. Combining
the infrared data with molecular ob-

servations of CO and ECO has led to a

model for the energetics of the molecu-

lar cloud and a prediction for the far-

infrared emission. Similar work on
other objects is under way to check
whether the model developed for the

S140 molecular cloud/infrared source is

representative of other such regions.

During eight nights on the 1.2-meter
Schmidt telescope, Drs. R. P. Fenkart
and G. A. Tammann of the Basel Ob-
servatory obtained 45 RGU-plates of

star fields in the galactic anticenter di-

rection and around NGC 2420. The
plates will be used to derive stellar

density and absorption functions. This
will be another step in W. Becker's
program to investigate star distribu-

tion as a function of distance and of

galactic longitude and latitude.

Dr. J. Frogel of the Cerro Tololo

Inter-American Observatory, Persson,
and Dr. Marc Aaronson of Harvard
College Observatory have pursued a
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number of infrared projects. They com-
pleted an initial survey of strong

southern H II regions and molecular

sources with the 1 -meter telescope at

Las Campanas. Twenty-three such
sources have now been found to be

strong 1-25 /x emitters. A survey in the

J, H, and K photometric bands and
measures of the strengths of CO and
H2 features in a selection of bright el-

lipticals has been nearly completed.

The main results were known last year

and were described in Year Book 74 (p.

360). New observations of globular-

cluster red giants have shown that the

CO index is very metal sensitive for

stars with metal abundances less than

one-tenth solar. Combined with galaxy

results, these observations suggest

that at least out to AID iff) = 1.0, the

2.2-/JL light of ellipticals is dominated
by stars at least as metal rich as the

sun. They have begun a program at the

Hale Observatories and at C.T.I.O. to

obtain JHK photometry of a large

sample of ellipticals in clusters and the

field. Initial results, when combined
with UBVR data, indicate the follow-

ing: (a) The U-K index is twice as sensi-

tive as U-V to galaxian absolute mag-
nitude over a range of 8 magnitudes;

(b) the relative distance moduli of the

Virgo and Coma clusters obtained by

IR photometry is the same as that ob-

tained by visual methods alone; and (c)

use of an absolute K magnitude rather

than a V magnitude may further im-

prove the sensitivity of the U-K or V-K
color indices to luminosity.

Plates were taken with the 1.2-meter

Schmidt telescope by Dr. T. Gehrels of

the Lunar and Planetary Laboratory

and sent to the Leiden Observatory for

photometry of the outer satellites of

Jupiter. In a similar program for as-

teroids, peculiar rotation statistics

were found for the asteroids of about

1-kilometer radius in the sense that ro-

tation periods are between IV2 and 5

hours, compared to typically 4-15 hour
periods for the large asteroids. Appar-

ently, the small ones are spun up by

collisions. Shorter periods than lVfe

hours are not found, however, presum-

ably because of low tensile strength of

these small asteroids. Gehrels found
his fifth comet at Palomar (1975o).

Dr. R. F. Griffin and Mr. G. A. Rad-
ford of the Cambridge Observatories,

England, in collaboration with Dr. L.

Hansen of Copenhagen University Ob-
servatory, undertook a large program
ofphotometry in the north galactic pole

field with the 50-centimeter and 1.5-

meter telescopes on Palomar Moun-
tain. Using the Copenhagen narrow-

band system, they made observations

that are expected to give estimates of

temperature, absolute magnitude, and
chemical abundance for all the late-

type HD stars within 15° of the pole

(about 700 stars) and for more than 100

fainter objects.

Griffin and Gunn continued their

radial-velocity observations with the

5-meter telescope. Their four nights

falling within this report year were in

December, the principal objective

being the Hyades. Bad weather greatly

curtailed the observing program, but

about 40 stars, including most of the

particularly interesting ones, were
measured. One unexpected result of

the Hyades work has been the dis-

covery that two of the four giants in the

cluster, 8 and 6 1 Tau are spectroscopic

binaries. In the case of 8 Tau, the orbit

has already been established and is

confirmed by published photographic

observations going back to 1899.

Mr. Frank Holden of San Jose,

California, used the 1-meter telescope

at Las Campanas to measure visual

double stars with a bifilar micrometer
on loan from Lick Observatory. Some
200 measures of 80 pairs were ob-

tained. These measures extended the

series obtained during the previous

year and again showed the suitability

of the telescope for fine-resolution ob-

servations.

Drs. T. Johnson, D. Matson, and G.

Veeder of the Jet Propulsion Labora-

tory have continued their study of the

surface compositions of selected as-

teroids and satellites, using 0.3 to 2.5 fx

spectrophotometry. The emphasis has

been on obtaining accurate photometry
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at 0.5, 1.65, and 2.2 fx. The data for 15

asteroids are being reduced at the pre-

sent time. Preliminary results show
that the reflectance of asteroids at 2.2

fx ranges at least from about 0.9 to

greater than 1.7 (scaled relative to a
value of 1.0 at 0.56 /x). This large range
and the spread seen in the data for so-

called S asteroids indicate that the

classification scheme proposed on the

*
basis of 0.3 to 1.1 /x spectral data is not

adequate. Over the next year a better

system of classification will be intro-

duced. Results obtained for the Amor
group Asteroid 433 Eros (nearly an
Earth crosser) show a relatively bright

reflectance at 1.65 and 2.2 fx. This
suggests that a metallic phase is pre-

sent in Eros's surface regolith layer

{Icarus, 28, 79, 1976). The discovery of

the new Apollo asteroid 1976 AA by
Helin, Bus, and Pryor, using the 46-cm
Schmidt at Palomar, provided a unique
opportunity to observe this most un-
usual object. From the Mount Wilson
1.5-meter data, a 2.2-/x relative reflec-

tance of 1.5 ± 0.3 was derived, indicat-

ing that 1976 AA has a silicate surface

similar to all other Apollo-Amor ob-

jects for which surface composition
data exist. From August 31, 1975, to

September 3, 1975, the 2.5-meter tele-

scope at Mount Wilson was used to ob-

serve Nova Cygnus 1975 (shortly after

its discovery) with the Cassegrain
scanner at 10 A spectral resolution.

The changes ~in emission lines from
night to night were followed over the

wavelength interval 0.38-1.1 /x

Dr. R. P. Kirshner of Kitt Peak Na-
tional Observatory worked with Dr.

Keith Taylor using the Fabry-Perot in-

terferometer on the 1.5-meter telescope

at Palomar. Their principal result is on
the Cygnus Loop. By using very thin

(10-/jl) Mylar spacers in a single etalon,

and pressure scanning with propane
gas, a large free spectral range from
-500 to +500 km s" 1 at Ha was
achieved. They observed regions of low
surface brightness and found radial ve-

locities of -300 km s ' in two locations

near the center of the Loop. This is so

much higher than Minkowski's value

(from slit spectra) of 116 km s"\ that it

requires a substantial revision of ideas

about the age and physical state of that

supernova remnant. In particular, it

makes the presence of thermal x-rays

at 2-3 x 10fiOK and coronal line emis-

sion from [Fe XIV] quite comprehensi-

ble. The higher velocity also implies

that the Loop has an adiabatic shock,

not a radiative one, and that it may be

as young as 18,000 years rather than

about 60,000 yr. However, the simul-

taneous presence of high velocities,

such as those found here, and low ones,

such as Minkowski found, requires

that inhomogeneities play an impor-

tant role in the appearance of the Loop
and that the distance estimate made by

comparing Hubble's proper-motion de-

termination with Minkowski's largest

velocity may be a serious overestimate.

Dr. John Kormendy of the Univer-
sity of California at Berkeley has con-

tinued a study, begun in a Caltech

thesis, of lens and related components
in galaxy brightness profiles. This in-

cludes disks like the one in NGC 2841,

which have many short spiral features

but no global spiral pattern. Like
lenses, they have a shallow brightness

gradient and a steep outer cutoff. How-
ever, both a lens and an NGC 2841-
like disk appear in one object, NGC
2775, shown in the Hubble Atlas. Ap-
parently these are distinct components.
The present study aims to determine
profiles and characteristic parameters
for these components, and to investi-

gate their differences and dynamical
structure. Also under investigation is

the intimate connection between bars

and lenses, illustrated in the Hubble
Atlas. The ultimate goal is a better un-

derstanding of the features that define

Hubble types. Sixty-four surface
photometry plates of 13 galaxies have
been obtained with the 1.2-meter
Schmidt telescope, mostly using Ilia-

J

emulsions with a Wratten 4 filter.

Plate material is complete for nine ob-

jects. Lunar bright time was used to

photograph galaxy centers, which are

otherwise difficult to study on normal
short exposures because the sky is un-
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derexposed but not negligibly faint.

Two peculiar galaxies, NGC 2685 and
NGC 3077, were also photometered.
All plates will be measured with the

Berkeley PDS microdensitometer.

Speckle interferometry observations

were carried out by Dr. A. Labeyrie

and his collaborators of the Obser-
vatoire de Meudon in August 1975 and
May 1976. During the May run, a new
digital processor built at Meudon was
used to analyze the data on-line. The
processor correlates the photon-
counting television signal and pro-

duces a three-dimensional display on
which stellar morphology features such
as duplicity, oblateness, or a resolved

disk are visible. More than 100 objects

were observed, up to visual magnitude
17, but usable signal levels were ob-

tained only up to magnitude 14 with

then prevailing seeing conditions. The
spectroscopic binaries £ Leonis, ft Cap-
ricorni, 8 Capricorni, -q Pegasi, a
Equulei, and o Andromedae were re-

solved. Most of the previously resolved

binaries were also confirmed, except in

a few cases where orbital motion is be-

lieved to have decreased separations

below 0'.'02. Mass determinations are

under way. Among the supergiant stel-

lar disks which were resolved are R
Leonis, a Herculis, a Cygni (not cer-

tain), and ft Pegasi. Determinations of

size and limb-darkening in several col-

ors, being made from these data,

should benefit from the improved accu-

racy afforded by digital reduction. Cer-

tain objects have a resolved structure

that is more difficult to interpret: ft

Lyrae is likely to have a shell, r)

Aquilae to be oblate or to be a barely

resolved binary, and P Cygni to have a

shell. Asteroids Ceres and Vesta are

resolved but too large for precise size

determinations. 3C 273, observed in

H/3 emission and in the continuum, is

probably unresolved, although a re-

fined analysis of the data is being pur-

sued to evaluate the possible presence

of nebulosity around the point source.

Two Mira-type variables, o Ceti and R
Leonis, are well resolved and should

easily yield information on their possi-

ble size or shape variations if observed
at appropriate times of their cycles. Be-

cause of the operational simplicity of

the speckle interferometer with digital

readout, such observations and others

could now be achieved by local as-

tronomers more efficiently than is pos-

sible for groups based overseas.

During the last year Dr. J. D. Land-
street of the University of Western On-
tario and Dr. E. F. Borra of the Univer-
sity Laval at Quebec have continued to

use the 1.5-meter telescopes at
Palomar and Mount Wilson to search
for and measure magnetic fields in

peculiar A stars, using a Pockels-cell

Cassegrain polarimeter with narrow-
band interference filters. The tech-

nique is to measure the circular polari-

zation induced in the wings of stellar

H/3 lines by the longitudinal Zeeman
effect. Magnetic curves have been ob-

tained by this method for 53
Camelopardalis, a 2 Canum Ven-
aticorum, 78 Virginis, CS Virginis, HD
133029, ft

Coronae Borealis, HD
215441, and field geometry modeling is

in progress. Fields have been discov-

ered in 8 Aurigae, CU Virginis, 3 Scor-

pii, <p Draconis, HD 170397, and HD
196178. The first results using this

technique are presented in Astrophys.

J., 201, 624, 1975, and in the Proceed-
ings of International Astronomical
Union Colloquium No. 32, Physics of
Ap Stars (Vienna, Austria, September
8-11, 1975).

Mr. Howard Lanning of Mount Wil-

son Observatory, using the Mount Wil-

son 1.5-meter telescope, continued his

study of eclipse timings and UBVR
photometry of the short period eclips-

ing white dwarf V471 Tau
(BD + 16°516). Significant changes in

the light curves have been observed, as

well as a continued rapid decrease in

the period of the binary.

Of the twelve quasar fields to be
studied in detail at the Anglo-
Australian Telescope by MacKay, Ma-
dore, and Lynden-Bell, three now have
photoelectric observations of sequence
stars within 10 arc minutes of the
quasar. These preliminary sequences
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were established by Dr. B. F. Madore of

Cambridge University, England, and
Mr. MacKay on two nights in August
1975, using the Las Campanas 1-meter
reflector. The UBVR sequences are
needed for magnitude and color cali-

bration of the SIT television system,
which will be used to study these fields

for underlying galaxies and clusters of

galaxies. The remaining sequences will

be established next season.

Dr. A. E. Martin of Rio Hondo Col-

lege and Lanning used the 1.5-meter

telescope at Mount Wilson to investi-

gate A-type stars in several galactic

clusters to look for Ap stars. Using the

x-spectrograph, stars in NGC 6611,
NGC 6910, NGC 6823, NGC 6531,
NGC 6871, and the Coma cluster were
observed, as was the binary star BD
-3°5357.

Dr. D. H. McNamara of Brigham
Young University, using the coude
spectrograph of the 2.5-meter Mount
Wilson telescope, obtained spectro-

grams of the dwarf Cepheid variables

DE Lacertae and DY Pegasi. The spec-

trograms have been measured for ra-

dial velocities. These new data give

much more precise information on the

radial velocity variations of these two
stars than obtained heretofore (Publ.

Astron. Soc. Pac, 88, 168, 1976). DE
Lac was previously classified as a RRc
variable, but it is apparently a RRs
variable (dwarf Cepheid). Spectro-
grams of several A-F stars in the clus-

ter NGC 2264 were also obtained. The
radial velocity measurements of some
of these stars indicate that they have
velocities quite different from those of

B stars; therefore, many of these A-F
stars that had been thought to be clus-

ter members in gravitational contrac-

tion are in reality foreground stars.

Radial velocity studies have also been
made of the RRc variables SS Piscium,
and T Sextantis.

In August 1975, Dr. A. G. Millikan of

the Eastman Kodak Company and Mr.
W. C. Miller of the Hale Observatories
used the 1.2-meter Schmidt telescope

at Palomar to evaluate the utility of

experimental plates which were slower

and finer grained than Kodak spectro-

scopic plate, type Illa-J. The plates
yielded an increase of approximately
0.5 magnitude in the limit of detection.

This gain was at the expense of in-

creased exposure time (requiring ap-

proximately 3V2 hours to reach the sky
limit on the f/2.5 Schmidt). Even with
optimum nitrogen baking, the plates

were judged to be sufficiently slow to

exclude them from most observing pro-

grams. The gain in limit detection of

0T5 was somewhat less than that ex-

pected from laboratory experiments.
This resulted from the fact that the

image size in the exposure plane is

seeing-limited (better-than-average
seeing was encountered during the ob-

servations). Type Ilia-J plates are suf-

ficiently fine grained so that the
further reduction in grain size in the

experimental plates did not signifi-

cantly improve the limit of detection.

The gain observed is attributed almost
entirely to the higher contrast of the

experimental plates.

Drs. S. C. Morris and G. Hill of the

Dominion Astrophysical Observatory
employed the 1.2-meter Schmidt to ob-

tain plates to derive proper motions of

faint stars, using the Palomar Sky
Survey as a source of first-epoch mate-
rial. Plates were centered on the Sky
Survey fields and the same emulsion
and filter (103a-E and red Plexiglas)

were used. The fields covered were the

Pleiades, the Hyades, Praesepe, and
the Coma galactic clusters. For the
first two regions, which overlap, a total

of 19 plates were taken, while four
plates were taken for each of the other

fields. The 19 plates covering the fields

of the Pleiades and Hyades were scan-

ned against duplicate (and reject)

first-epoch plates with Luyten's auto-

mated proper-motion machine. The
data were subsequently processed on
the University of Minnesota CDC 6600
computer. Preliminary results (by
Luyten) indicate that about 35,000 real

motions (> O'.'04/year) have been de-

tected. Proper motions of Hyades stars

to the red plate limit (about 19 mag)
have all been extracted from the com-
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puter output, although they must still

be confirmed by blinking. An examina-
tion of overlap measures of proper mo-
tion indicates errors of the motions of

> 0'.'007 annually. The Pleiades
analysis will begin when the computer
printouts and plate material (both

epochs) arrive at the Dominion As-
trophysical Observatory in the near fu-

ture.

Drs. D. C. Morton and T. B. Williams
of the Princeton University Depart-
ment of Astrophysical Sciences used
the multichannel spectrophotometer to

obtain spectral-energy distributions

and redshifts for the QSO III Zw 2 and
two other galaxies in the group sur-

rounding this quasar, and for the QSO
PHL 1070. Using an occulting disk,

they attempted to measure the
spectral-energy distributions and red-

shifts of the nebulosities surrounding
these quasars. Also with the same in-

strument, they attempted to detect the

light of an extended halo around the

spiral galaxy MK 10 and obtained
spectral-energy distribution for super-

nova 1975 N in NGC 7723 and coude
spectra of MK 79 and M31. The spec-

trum of M31 has been used to verify

several interstellar lines previously de-

tected by Morton and C. David An-
dereck.

The Palomar 1.5-meter telescope was
used by Morton and Williams to test

the use of the Princeton SEC-Vidicon
television camera for direct imagery.

They obtained sky-limiting exposures
in B and V of the galaxies NGC 3115,

5194, 4594, 4472, and of the globular

NGC 5272, and also narrow-band Ha
exposures of NGC 5194 and 4449.

As part of a continuing program of

systematic observations of a complete
and kinematically unbiased sample of

late-type M dwarfs, Dr. Peter Pesch of

Warner and Swasey Observatory ob-

tained slit spectra of 24 stars from
Sanduleak's catalog of probable dwarf
stars of type M3 and later in the direc-

tion of the north galactic pole. The
spectra, obtained with the image-tube
spectrograph on the Palomar 1.5-meter

telescope, cover a wavelength range Kk

3800-7200 at a reciprocal dispersion of

285 A mm-1
. Although unsuitable for

precise radial-velocity measurements,
they were used for classification pur-

poses. Photoelectric BVRI photometry
of 40 stars from the same catalog was
obtained with the Mount Wilson 1.5-

meter telescope. These observations,

combined with proper motions by
Luyten, were used to derive absolute

magnitudes, distances, and tangential

motions. This sample of 40 stars out of

274 from Sanduleak's catalog, which
was selected for bright apparent mag-
nitude only, is characterized by a me-
dian R-I (Kron system) of -1.1 mag,
median M

r
~ 11 mag, and a median T

- 35 km s" 1

. Thus these stars are in-

deed primarily late, intrinsically faint,

nearby dwarf M stars with moderate
space velocities.

Dr. C. Pilcher of the University of

Hawaii and Munch obtained data on
the center-to-limb variation of the
equivalent widths of the 3-0 S(l) quad-

ruple absorption line of H2 on both
Jupiter and Saturn, using the Fabry-

Perot coude scanner system of the
2.5-meter Mount Wilson telescope. The
Jovian equivalent widths were gener-

ally constant across the disk, decreas-

ing somewhat within 2-3 arc sec of the

planetary limb. The Saturn data
showed no apparent variation. The
data for both planets are being
analyzed, using anisotropically scatter-

ing, inhomogeneous atmospheric mod-
els.

Dr. M. W. Rayne of the Cambridge
Observatories, England, devoted 10

nights on the 1-meter telescope to a

study of the short-period variability of

a small group of T Tauri stars, using

photometry in the U, B, V, R, and H/3

bands. The weather was very poor for

most of the time, but variability was
clearly observed in some of the T Tauri

stars during the good nights. A pre-

liminary analysis shows that during

the run, changes of up to one mag-
nitude in V occurred in RU and RY
Lupi, the most active of the stars ob-

served. Changes on a timescale of

about one hour could be detected in RU
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Lup. By contrast, the T Tauri stars in

the p Ophiuchi dark cloud showed very

little change. This is in agreement with

the observations of Rydgren, Strom,
and Strom (Astrophys. J. SuppL, 30,

307, 1976), who regard the p Ophiuchi T
Tauri stars as older, less active objects

than the very extreme examples which
show rapid variability, large (U-B) ex-

cesses, and strong spectral veiling.

Dr. Eugene M. Shoemaker and Mrs.

Eleanor F. Helin of the California In-

stitute of Technology continued the

photographic search program for new
planet-crossing asteroids, using the

46-cm Schmidt telescope at Palomar.

Favorable weather conditions permit-

ted 348 independent fields to be photo-

graphed. This sky coverage has led to

the discovery of four new asteroids:

1975 TA, 1975 VA, 1975 VB, and 1976
AA. The object 1975 TA is a relatively

bright eccentric main-belt asteroid.

The second discovery, 1975 VA, is a

Mars-crossing asteroid with a low in-

clination. 1975 VB is a bright Themis
family asteroid. In January, 1976 AA,
an Apollo asteroid, was discovered; it

has an unprecedented orbit. It is the
first known minor planet with an orbit

smaller than that of the earth and a

period of less than one year. It appears
that 1976 AA presents an exception-

ally favorable objective for a future

space mission. Observations made over

a period of several months have en-

abled the computation of well-defined

orbits for these new discoveries. By
supporting other observers, deter-
minations of the orbits of other newly
found fast-moving asteroids have been
expedited. Based on the Palomar sur-

vey and two other surveys, initial es-

timates of the populations of Apollo,

Amor, and Mars-crossing asteroids

have been published.

Dr. S. M. Simkin of Michigan State

University, using the 1.2-meter
Schmidt telescope, obtained sky-
limited plates in the U, G, and R spec-

tral regions for the radio galaxies
3C33, 3C405, NGC 7385, and NGC
891. The faint outer structures of 3C33
and 3C405 have been analyzed, using

numerical mapping techniques and
numerical methods for "cleaning" the

data of star images. The intensity dis-

tributions of both galaxies are similar

to those of the nonradio cD galaxies

studied recently by Oemler. The posi-

tion angle of the major axis for the
outer isophotes of both objects changes
with distance from the center and is

not correlated with the inner plane of

rotation in either galaxy. The plates of

NGC 7385/86 and NGC 891 are being
reduced, using similar techniques, and
will be analyzed together with Wester-
bork radio continuum data. One
noteworthy feature of the head-tail

radio galaxy NGC 7385 is the presence
of a very blue double structure in the

nucleus that coincides with a compact
double feature in the head of the radio

source.

Drs. R. V. Stachnik and P. Nisenson
of the Itek Corporation and Dr. D. M.
Peterson of the State University of

New York at Stony Brook collaborated

in a test of the speckle imaging process

at the Mount Wilson 2.5-meter tele-

scope. Speckle imaging is a technique
derived from speckle interferometry
which permits recovery of telescope

diffraction-limited images rather than
image autocorrelations from sequences
of short exposure photographs. To first

order, the resulting images are unaf-

fected by either atmospheric seeing or

telescope aberrations. The technique
involves recording the short exposure
photographs in the same manner as in

speckle interferometry, optically pre-

processing each sequence of photo-
graphs to obtain an ensemble-average
phase-coded Fourier transform, and di-

gitally processing the mean phase-
coded transform to obtain the final im-
age. This procedure is an implementa-
tion of the algorithm proposed by Knox
and Thompson {Astrophys. J. [Lett.],

193, L45, 1975). In addition to observ-

ing close (p< 0'.'25) binaries, which had
already been studied using speckle in-

terferometry, and suspected close

binaries, a number of wide binaries

were observed to measure the size of

the isoplanatic region, over which the
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effect of the atmosphere on different

parts of the image is substantially the

same. Images of the lunar limb and
terminator region were the principal

data collected to test the image recon-

struction process, but observations
were also obtained for Mars, Saturn,

and Titan surface image processing, as

well as Uranus limb-darkening meas-
urements. Some observations were ob-

tained for the quasar 3C 273.

The Palomar 1.5-meter telescope was
employed by Dr. B. E. Turnrose, now of

the NASA Johnson Space Center, to

obtain calibrated photographic image-
tube spectra of the nuclear regions of

eight spiral galaxies at dispersions of

285 and 155 A mm-1
. The observations

were obtained to provide spec-
trophotometric and kinematical data
for both barred and normal spirals. The
spectra have been digitized with the

PDS microdensitometer at the Johnson
Space Center, and, upon complete re-

duction, the measured line strengths
can be used in conjunction with the re-

sults of Turnrose's thesis to estimate
stellar-population parameters in the
galaxies observed. Particular emphasis
was placed on the peculiar spiral NGC
1614 = Arp 186. A number of unwid-
ened spectra obtained under conditions

of good seeing indicate that the bright

knot located in the western spiral arm
6 arcseconds from the nucleus is sub-

stantially bluer than the nucleus it-

self,with a strong early-type absorption

spectrum. The strong emission-line
spectrum seen in the nucleus, however,
is absent from the spiral-arm conden-
sation. The strength of the Ca II K-line
in absorption is roughly equal in the

nucleus and the western knot. The ob-

served weakness of the higher
Balmer-series lines in the absorption

spectrum of the nucleus is likely due in

part to emission-line fill-in, since net

emission is visible down to at least H8
in the nucleus.

Dr. Sidney van den Bergh and Mr.

Kamper of the David Dunlap Obser-

vatory have used prime-focus plates

taken with the Hale 5-meter reflector

during the last 25 years to derive
proper motions for more than 100 fast

moving knots and for 30 quasi-
stationary "flocculi" in the optical

remnant of Cassiopeia A. These data
yield a center of expansion for the sys-

tem of fast moving knots at a (1950) =
23 h 21'n2^0 ± 0?1 and S (1950) =
+ 58°23'17"9 ± Or 8 relative to the
AGK3. An explosion date of 1667 ± 3

a.d. is obtained from an expansion so-

lution for all knots that remained visi-

ble for ten or more years. Knots that

have appeared recently seem to be ex-

panding less rapidly than predicted by
the general expansion solution,

whereas the knots that are located out-

side the shell are moving faster than
expected. Explosion dates derived from
the main shell of this supernova and
from knots outside this shell are 1653
a.d. and 1671 a.d., respectively. The
system of quasi-stationary "flocculi" is

found to be expanding with a timescale

of - 11,000 years. The origin of the ve-

locity dispersion of - 3000 km s
_1 in fil-

ament No. 1 remains a mystery. Radial
velocity observations extending over a
four-year period rule out large
present-day accelerations, whereas the

small size of the filament militates

against large accelerations that took

place long ago. The space distribution

of the knots in which [O III] is very
much brighter than [S II] differs signif-

icantly from that for the knots in which
this ratio is more nearly normal.
Somewhat surprisingly, knots showing
[O I] and [O III] but not [S II] seem to be
lagging slightly behind the general ex-

pansion of the remnant. This contrasts

with the behavior of "sulfur knots" in

the jet that are expanding somewhat
faster than would be expected from the

general expansion solution. By stack-

ing ten 5-meter red plates on the PDS
microphotometer of the David Dunlap
Observatory, it was found that any
stellar remnant at the position of the

center of expansion must now be
fainter than M,. = +8. The magnitude
limit on a stellar remnant moving
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rapidly away from the center of expan-

sion is M,. =£ +5.

Dr. P. C. van der Kruit and Mr. A.

Bosnia of the University of Groningen
used the 1.2-meter Schmidt telescope

to obtain deep exposures of a number of

bright spiral galaxies in order to do re-

lative surface photometry in the outer

parts. Spectroscopic observations with

the Cassegrain spectrograph on the

5-meter Hale Telescope were made for

a few of these systems in order to de-

rive rotation curves and orientation

parameters. These data will be com-
bined with H I 21-cm line observations

with the Westerbork Synthesis Radio
Telescope to derive detailed mass dis-

tribution, radial variation of the gas-
to-local mass and mass-to-light ratio,

and information on deviations from
circular symmetry and from flat planes

(warps). The data are being reduced.

Dr. G. Wallerstein of the University

of Washington has started a program
to obtain the carbon and oxygen abun-

dances in extremely metal-poor stars.

Spectrograms from A6000 to a6600 at a

scale of 14.5 A mm-1 have been ob-

tained at the 90-cm camera of the

5-meter coude using a 90-mm image
tube. Spectra of various field stars and
one plate of one star each in M13, M22,
and M92 have been obtained. The O I

line at A6300 is seen only in stars of

moderate metal deficiencies. The pre-

sence of two lines of Ba II will permit

the determination of the ratio of heavy
s-process elements to iron-peak and
lighter elements. Wallerstein has com-
pleted and submitted for publication a

paper on the optical velocities of super-

giants that show microwave maser
emission. The stellar photospheric ve-

locity for the supergiant maser sources

was found to lie near the middle of the

wide velocity pattern shown by the OH,
1612 mHz, lines. A special study was
made of the M supergiants in h and \
Persei, using spectrograms taken
many years ago by A. J. Deutsch and
O. C. Wilson, and measured by Louise
Lowen. The M supergiant velocity (in-

cluding the master star S Per) is very

nearly the same as that of the A and B
supergiants. Wallerstein has also

found that Giclas 23-7, previously
thought to be a dwarf with an extreme
metal deficiency, is a subgiant that is

deficient in metals by only a factor of

about 10.

Dr. R. M. West of the European
Southern Observatory, using the
1-meter telescope at Las Campanas,
has made photographic observations on
Illa-J and 127-04 plates of about 35
galaxies found on ESO Schmidt plates

for the Quick Blue Survey. As a result

of a period of exceptionally good seeing,

it was possible to achieve very high
resolution, and it was found that a

number of galaxies showed blue and
red knots. Following these observa-

tions, image tube spectra were ob-

tained with the ESO 1.5-meter tele-

scope on La Silla, which showed that

seven of the studied galaxies had
strong emission lines (Astron. As-
trophys., 46, 327, 1976). Radial veloci-

ties and morphological descriptions of

the remaining galaxies have been
submitted and accepted for publication

{Astron. Astrophys., Suppl. Ser., 1976).

Spectra were obtained of approxi-
mately 35 galaxies from the ESO/
Uppsala list of southern galaxies.

Fourteen of these showed strong emis-

sion lines. Among these, it was found

that NGC 2915 is a very close, fairly

large intergalactic H II region and that

5 other galaxies showed comparatively

broad emission lines (-500 km s" 1
), al-

though none were bona fide Seyfert

galaxies. Three faint objects, recently

found on red ESO Schmidt plates, were
confirmed to be highly reddened
planetary nebulae.

Dr. W. C. Wickes of Princeton Uni-
versity is commencing a program of

double-star interferometry, using the

Mount Wilson 1.5-meter telescope and
a special interferometer developed by
R. H. Dicke and Wickes. This telescope

is ideal because of its excellent optics

and the consistently good seeing condi-

tions on Mount Wilson.
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Dr. R. L. Younkin of the Jet Propul-

sion Laboratory has continued his

spectrophotometric measurements of

solar-system objects. The strengths of

very strong methane bands of Titan
have shown time variations, indicating

the presence of weather on that satel-

lite. The program of monitoring the
strengths of strong infrared methane
bands of Uranus over an aspect-angle

period is continuing. A new program to

measure the strength and shape of as-

teroid absorption bands has been
started.

LAS CAMPANAS OBSERVATORY

Observations were conducted with
the 1-meter telescope on 154 nights by
18 different observers. Most of this

time was scheduled during the dark of

the moon.
Dr. Donald A. MacRae of the Univer-

sity of Toronto reported that the Uni-
versity's 61-cm telescope at Las Cam-
panas was in use for 2700 hours, out of

a possible 3500 hours; 2275 hours were
of photometric quality.

2.5-Meter du Pont Telescope

The unaluminized primary mirror

(together with the f/7.5 secondary) was
installed for the first time in the tele-

scope in March 1976, and preliminary

cell support system adjustments were
carried out. What may be regarded as

"first light," consisting of visual obser-

vation of the star Sirius, was recorded

by Brucato, Clark, Minnix, Poindexter,

and Vaughan on the night of March 7.

Further optical tests, final support ad-

justments, tracking and alignment
tests were continued during May and
were still in progress at the end of the

report year. Preliminary assessment of

optical performance was possible under
excellent seeing conditions. Several
conclusions could be drawn.

1. Notwithstanding lack of thermal
equalization in the dome, excellent see-

ing was experienced, with star images
of '/, arc sec or better.

2. Photographic star images having
a limiting diameter of about 0.7 arc

seconds (as affected by seeing and by
halation) were obtained, thus confirm-

ing substantially the performance an-

ticipated on the basis of shop optical

tests. (In due course, Hartmann tests

will be made to provide a definitive

measure ofperformance independent of

atmospheric effects.

3. Knife-edge photographs of excel-

lent quality were obtained. These re-

sults confirm the high quality of the

optical figure.

4. The performance of the radial and
axial support systems of the primary
mirror are well within the desired tol-

erance limits. An engineering study is

in progress concerning the rigidity of

the focusing carriage of the secondary

mirror, in which field tests have re-

vealed excessive deflection; means for

correcting this deflection are under
consideration.

Optical polishing and figuring of the

lightweight Ultra-Low- Expansion
Fused Silica Cassegrain Secondary
Mirror was completed by Mr. Don
Loomis of Loomis Custom Optics in

Tucson. Final acceptance of the mirror

was made in November 1975. It was
subsequently aluminized in Pasadena
and shipped to Chile. The final shop
tests, carried out in collaboration with
Loomis, using a Hindle arrangement,
knife edge, and Hartmann camera,
showed that the performance of this

mirror is within the tolerances estab-

lished. The tests indicated an energy
concentration of substantially 100%
within V3 arc sec diameter, and 70%
within '/,; arc sec, if the mirror were
employed with a perfect primary.
These aberrations do not exceed those

inherent in Bowen's geometric design

of the Cassegrain system.

Progress on optical finishing of the

coude secondary and flat at Loomis
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Custom Optics and of the wide-field

Gascoigne corrector at the Santa Bar-

bara Street Optical Shop continued
throughout the report year. The coude

secondary was essentially completed
but not yet tested for acceptance in

June of 1976.

Cassegrain Camera

The Cassegrain camera is nearing

completion. As previously noted, it will

use square photographic plates of the

following sizes: 16 cm, 25 cm, 36 cm,

and 51 cm (1.5°). Standard glass UBVR
filters will be used for all plate sizes

except the 51 cm, for which gelatin fil-

ters will be provided.

The camera is equipped with two
guider systems on opposite sides of the

instrument body. Each guider may be

used either visually or with the televi-

sion viewing system. Other features

include an electric hoist for lifting the

large plate holders from the handling
cart to the camera, a vacuum system
for bending the large plates to the

curved focal surface, a spot sensitome-

ter for plate calibration, and a degree of

freedom to permit rotation of the plate

through small angles for partial com-

pensation of differential refraction.

Because long exposures will some-
times be made, a computer algorithm

for automatic rotation of the plate

holder and optimum translation of the

guide heads has been written by
Clardy. A control system for the three

stepping motors, using a microproces-

sor, has been designed and will be pro-

vided as part of the automatic camera
control. The camera may be operated
remotely from the telescope control

room. The remote control system was
designed and built at the Astroelec-

tronics Laboratory and will provide for

control of the two guiders, camera rota-

tion, dark slide, and vacuum system.

Darkroom equipment required for

photographic processing has been pro-

vided. It includes a large oven for plate

baking and a rotating rocker for de-

veloping. Equipment for hypersensiti-

zation of photographic emulsions by

nitrogen baking will be installed soon.

Cassegrain Spectrograph

In 1975, Boiler and Chivens deliv-

ered the Cassegrain spectrograph, a

modified version of their standard de-

sign. Subsequent activity consisted of

design and construction of a system for

remote operation of the spectrograph

and installation of the image-
intensifier assembly. The control sys-

tem is designed for operation by the ob-

server from the telescope control room.

The observer will be able to control the

shutter, integrating exposure meter,

slit decker, slit length, comparison
sources, spectrum widener, and plate

position. The image-tube assembly,

built by Dr. Kent Ford, Jr., of the De-

partment of Terrestrial Magnetism,
was installed in January 1976. It con-

sists of a two-stage magnetically fo-

cused image intensifier and a transfer

lens to reimage the spectrum onto the

photographic plate. The spectrograph,

with four interchangeable gratings,

provides dispersions ranging from 224

to 30 A per millimeter over the range

3000-8000 A. The camera is designed

for acceptance of interchangeable de-

tectors; at present the choice is either

the image tube or a photographic plate

holder.

Television System

The two-channel integrating televi-

sion viewing system was tested and
modified before acceptance in April

1976. It consists of two intensified

SEC-Vidicon television cameras, two
high-resolution image storage tubes
with associated monitors and elec-

tronics. Each channel can be used for

real-time viewing or in an integration

mode in which the image is accumu-
lated on the SEC target. The cameras
will be mounted either on the two
guiders of the Cassegrain camera or on
the Cassegrain instrument mounting
base—one camera for the offset guider,

the other for aperture viewing.
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Infrared Photometer

Together with K. Matthews, E. E.

Becklin, and G. Neugebauer at Cal-

tech, an infrared photometer for the du
Pont Telescope was designed and is

nearing completion. This device has
the capability of simultaneous infrared

and optical measurements, and very

wide chopper spacing (5' on the plane

of the sky). A modified and more flexi-

ble version of the near infrared In Sb
system in use in California is also

under construction.

Coude Spectrograph

Structural engineering analysis of

the coude spectrograph frame was
completed by structural engineering

consultant H. Robert Hoggan with a

view to support and stability require-

ments and earthquake safety. Prepara-
tion of detail drawings was initiated

and is in progress in the telescope en-

gineering office. Because of limited

in-house facilities and manpower, it is

anticipated that manufacturing of the

frame and, in due course, of other

major spectrograph components will be

contracted to outside firms. The coude

spectrograph project is being supported

in part by a grant from the National
Science Foundation.

Dome

The contractor's work on the du Pont
Telescope building was completed in

June 1976. Observatory employees at-

tended to many secondary require-

ments, including revision of the venti-

lation system, completion of the pas-

senger elevator, revision of the dome
shutter and wind screen, and installa-

tion of machine tools in the basement
instrument shop.

Astronomers' Lodge

Basic work by the contractor is in the

final stages, although much exterior

masonry work and grading remains for

the coming months. The total work
force by the contractor on the Lodge
complex as well as the du Pont Tele-

scope building has averaged 38 people

for the report year.

Observatory personnel are complet-

ing the interior of the common building

of the Lodge and are coping effectively

with the many operations involved in

completion of observatory buildings
and facilities. Chlorination equipment
has been added to the water system,

and the principal service well has been
lined with 30 feet of 4-foot diameter
steel pipe. Several improvements have
been made in the equipment for

generating electric power on the moun-
tain. Access roads in the vicinity of the

telescopes have been paved by Ecomac
Ltda. to the extent of 7200 square me-
ters, primarily for the purpose of allay-

ing dust. The service area and office

facilities on the mountain have been
improved.
At the El Pino office of the observa-

tory in La Serena, a 290-meter
concrete-panel wall has been installed

facing the city, and a new auto repair

shop has been built.
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the facilities of the Las Campanas Ob-
servatory in Chile.
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INTRODUCTION

On Friday, September 12, 1975, the

Department of Plant Biology welcomed
over 100 plant scientists to a brief

symposium on the scientific programs
of the department, followed by a recep-

tion and dinner. The purpose of the oc-

casion was to celebrate the completion
of construction and the beginning of

normal scientific activity in the De-
partment for the first time since the

autumn of 1973. At that time, of

course, we had no idea what consti-

tuted normal scientific activity, al-

though we had made some guesses.

One of these guesses is found in the in-

troduction to last year's Report, in

which I stated that we anticipated a

total of about 15 scientific visitors at

steady state. A brief glance at the sec-

tion entitled "Personnel" at the end of

this report will reveal how wide of the

mark this estimate was. In addition to

11 postdoctoral visitors whom we were
able to support with our fellowship

funds, we had an additional 8 who
came with their own support, and the

steady-state level was 17 most of the

time. There were in addition 15 stu-

dents, both undergraduate and
graduate, yielding an overall steady

state of 32, over twice that predicted a

year ago!

The principal reason for the large in-

crease in the population of visitors

doing science is the increased emphasis
of the Department of Plant Biology on
education below the postdoctoral level.

Thus, three Stanford University un-
dergraduates have been doing senior

honors research with us, and five Stan-

ford graduate students spent some or

all of their research time at the De-
partment. Four graduate students are

finishing thesis work, having started it

with a present faculty member while
he was elsewhere, and two of our senior

guests, with us on sabbatical leave,

brought an additional three graduate
students with them. These dry statis-

tics should not hide the kinds of in-

teractions that have made the Depart-

ment's contribution to predoctoral edu-

cation remarkable: A single example
will suffice. Dr. George Johnson, a

senior visitor, brought two graduate
students with him from Washington
University of St. Louis, Mary Enama
and William Curtis, both in the begin-

ning stages. Curtis learned gas ex-

change measurement techniques from
Professor Mooney of Stanford, another
senior visitor; he learned about the
genus Viola from Professor Solbrig of

Harvard, a third senior visitor. Curtis,

who has developed a sound thesis prob-

lem on this genus, will spend the rest of

the summer of 1976 working with Pro-

fessor Solbrig at Harvard. Enama
began learning the kinds of powerful
electrophoretic techniques that
Johnson has used to uncover hidden
genetic variability in insects, with the

object of applying them to higher plant

proteins. That they can be used effec-

tively is indicated by what she has con-

tributed to this Year Book. Both Dis-

tichlis spicata and Atriplex lentiformis,

species that fix C02 by the C4 pathway
of photosynthesis, are elegantly
adapted for such analysis. Enama also

has found a sound thesis project. We
expect to see both of these students
again.

The Department made a number of

formal teaching contributions to Stan-

ford University. Dr. Briggs joined Pro-

fessor Philip Hanawalt of the Depart-
ment of Biological Sciences to offer a
course in photobiology. Drs. Berry,
Brown, Fork, and Stemler gave lec-

tures in the series on photosynthesis in

the course. In addition, Drs. Briggs and
Berry participated in a series of lec-

tures on photosynthesis for the
Biochemistry Department at Stanford,

and Drs. Fork, Briggs, Berry, and
Thompson gave lectures in Professor

Ray's plant physiology course. We fully

expect this sort of teaching contri-

bution to continue in the future.

351
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Before considering some of the scien-

tific accomplishments of the past year,

a brief word about instrumentation is

in order. The most important major ad-

dition is a Hewlett-Packard minicom-
puter the Department purchased last

fall. It has analog-to-digital capability,

and two spectrophotometers are al-

ready on line with it. Thus absorption

or fluorescence spectra or kinetic data
can be stored and manipulated. We an-

ticipate putting more instruments on
line in the near future. A fine library of

programs has already been developed

and is continually being augmented.
For most applications at present, two
people can work simultaneously at dif-

ferent terminals without interference.

With ample core memory and double

disc storage capacity (one disk is inter-

changeable in addition) we are far from
reaching the full potential of the sys-

tem.

I am gratified to report that the past

year has been extremely productive

scientifically. The large increase in the

number of active workers makes the

sorting out and summarizing of the

year's accomplishments a very difficult

task, however, and one that I under-

take with some trepidation.
Thompson's group, the newest in the

Department, has made substantial
progress in several directions. Rogler
and Thompson have made a notable

contribution to our knowledge of what
is required for virulence in the crown
gall bacterium Agrobacterium tumefa-

ciens. They have been able to show,

using restriction endonuclease, that

only a relatively small portion of plas-

mid DNA from the bacterium is corre-

lated with infectivity. Less than the

entire plasmid is required. Thompson
has continued and extended his careful

analysis of the sequence organization

of pea DNA. The pea genome shows a

pattern much like that of the amphi-
bian Xenopus, with single-copy DNA
sequences less than 3000 nucleotides in

length extensively interspersed with
repetitive sequences. Belford and
Thompson have successfully applied

DNA-DNA hybridization techniques to

an analysis of the relationships be-

tween several species of the genus At-

riplex, a genus already the subject of an
enormous amount of physiological and
ecological work in the Department.
Preliminary results from hybridization

of single-copy DNA from each species

did not completely support the current
evolutionary scheme for relationships

between these species. Though further

experimentation is obviously required,

it is already clear that the technique is

going to be useful in assessing evolu-

tionary relationships within the genus,
particularly with regard to the origin

of C4 photosynthesis within the genus
and the DNA sequence homology dis-

tance between C3 and C4 species. These
experiments are an important counter-

part to the continuing interspecific

hybridization studies in the genus At-

riplex being carried out by Nobs.
Briggs' group also has progress to re-

port on several fronts. Efforts have con-

tinued to isolate and identify the pig-

ment system that serves as the photo-

receptor for a large number of blue-

ultraviolet sensitive processes both in

higher plants and fungi. Brain, work-
ing with the mold Neurospora, and
Freeberg and Weiss, working with
corn, have isolated membrane fractions

that respond to light by showing absor-

bance changes. In darkness the absor-

bance changes decay. The responses
are caused by the reduction of a b -type

cytochrome, and the actual photorecep-

tor is almost certainly a flavoprotein.

The behavior of the system in vitro is

strikingly similar to in vivo systems
previously studied by others.

Cross has shown that the corn frac-

tion contains a monovalent cation-

dependent ATPase, and Brain has ver-

ified this result with Neurospora. Most
recently Cross has used a fluorogenic

reagent with an extremely short
lifetime in water to attempt surface

labeling of corn cells. The object was to

determine which of the membrane
fractions found in homogenates was
the outermost one, the plasma mem-
brane in intact cells. Preliminary ex-

periments strongly suggest that the ac-
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tive fractions in the experiments de-

scribed briefly above are indeed plasma
membrane. If these experiments are

confirmed, then it follows that the

plasma membrane contains some sort

of cytochrome system. The implica-

tions, therefore, go beyond photorecep-

tion problems into the area of mem-
brane regulation of ion movement.

In keeping with long Department
tradition, Britz has developed some el-

egant instrumentation to use in his

studies on the circadian movement of

chloroplasts in the alga Ulva lactuca,

sea lettuce. He has developed an au-

tomatic monitor that can handle 30
samples simultaneously, measuring
transmittance of light through the

samples once an hour. The measuring
beam is dim enough to have no influ-

ence on the rhythm itself. Using the

monitor he has been able to demon-
strate antagonistic effects of the two
inhibitors colchicine and cytochalasin

B on chloroplast movement. Since the

first is known to interact with mic-

rotubules and the second with microfi-

laments, the results suggest that these

two contractile protein systems regu-

late chloroplast position by operating
in opposing directions in a push-pull

fashion. The data are sufficiently pre-

cise that extremely small perturba-
tions of chloroplast movement are
readily detected. For example, in less

than two hours of a phase-shifting
pulse of light there is a dramatic
change in the course of chloroplast

movement. Some progress has also
been made in putting the data into the

computer for normalization, averaging,

and other manipulation, but the sys-

tem is not yet on line.

In another kind of study with corn

membrane fractions, Dohrmann and
Professor Peter M. Ray of Stanford
University have made some exciting

progress in isolating and solubilizing a

membrane-bound binding site for the
plant growth hormone 2-indoleacetic

acid. Though hormone receptors are by
now well known in several animal sys-

tems, plant receptors have remained
refractory despite strenuous efforts in a

number of laboratories. The Dohrmann
and Ray results are extremely promis-

ing and could be a prelude to a major
step forward in our knowledge of the

action of this important plant hormone.
The Physiological Ecology group

have continued and extended their

series of studies on the ways in which
plants adapted to extreme environ-
ments withstand stress, and on which
systems are normally limiting. Thus
Bjorkman, Boynton, and Berry have
investigated a number of systems in

two species, an extremely thermophilic
species, Tidestromia oblongifolia, and a

cool temperate species, Atriplex
sabulosa, both C4 species. They com-
pared the effect of temperature on the

quantum yield for photosynthesis by
intact leaves with its effect on photo-

system I and II activities; ribulose 1,5-

diphosphate carboxylase activity (the

C3 enzyme for C0 2 fixation); phos-
phoenolpyruvate carboxylase activity

(the C4 enzyme for C02 fixation); and
heat coagulability of soluble proteins

as a measure of irreversible denatura-
tion. It is clear that the best fit with
thermal inhibition of photosynthesis in

both cases is with system II activity. In
addition, however, there were interest-

ing differences in heat stability of the

C3 enzyme from the two species,

suggesting that not just lipids but pro-

teins may differ between high- and
low-temperature-adapted plants. An
additional finding, obtained in collab-

oration with Enama, was that the
molecular weight of the C4 enzyme
from Tidestromia was almost twice
that of the various Atriplex species,

another oddity of this remarkable
plant.

Mooney, Bjorkman, Ehleringer, and
Berry have continued their seasonal
studies of photosynthetic capacity of

Death Valley plants. The creosote bush
Larrea divaricata maintained an al-

most constant photosynthetic capacity

under natural conditions all through
the year. This homeostatic adjustment
could be partially explained by changes
in the temperature optimum for photo-

synthesis with the season, a response
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shown by none of the other species. Of
particular interest was the discovery

that Camissonia claviformis, a C 3

winter annual, had a midday photo-

synthetic rate exceeding that ofsome of

the best crop plants, such as corn and
sugar cane.

Ehleringer completed quite a dif-

ferent kind of study on adaptation to

high temperature in his work on leaf

pubescence in the genus Encelia.
Across a cline from cool and moist to

hot and dry conditions there is a

dramatic increase in leaf pubescence
from species to species, within a single

species along the cline, or with precipi-

tation received during the growing
season. Plants growing under the most
extreme conditions of aridity and high
temperature form a layer ofpubescence
that reflects more than 60% of the inci-

dent irradiation, substantially modify-

ing the leaf energy balance and reduc-

ing the photosynthetic rate. However,
the consequent reduction in heat load

should be a considerable adaptive ad-

vantage to a desert plant.

Ehleringer and Bjorkman also

looked carefully at the influence of

both CQ> concentration and tempera-
ture on the quantum yield for photo-

synthesis in the C3 plant Encelia
californica and the C4 plant Atriplex

rosea. Under atmospheric oxygen
(21%) the quantum yield for the C3

plant showed a sharp dependence upon
C02 concentration, while at 2% 2 it

was independent of C02 concentration.

In the C, plant, the quantum yield is

independent of C02 concentration re-

gardless of 2 concentration. Thus the

C4 plant is clearly at a great advantage
under extremely high light intensities

in that its quantum efficiency is inde-

pendent of intercellular C02 concentra-

tion. The quantum yield of the C3 plant

under normal atmospheric conditions

declines with increasing temperature,
while the yield of the C4 plant does not.

The crossover for the two is at about
30°C. Thus, at high temperature as

well as at high light intensity the C4

plant has the advantage.

Carey and Berry have investigated

the influence of temperature on ion up-

take and respiration in barley roots

grown at two different temperatures
arid in corn roots. With barley roots

grown at low temperature, respiration

at any given temperature below 30°C is

higher than for roots grown at higher
temperature. The patterns for ion up-
take, however, are different. For the

cool-grown barley, the activation en-

ergy for rubidium uptake is inordi-

nately high, suggesting that the ion ac-

cumulation mechanism is either dam-
aged or incompletely developed during
prolonged exposure to low tempera-
ture. There is no clear relationship be-

tween the influence of low temperature
on ion uptake and its influence on res-

piration. In corn roots, however, the in-

fluence of temperature is parallel for

both respiration and ion uptake. The
corn response is what one would expect

for roots that are generally chilling

sensitive. The sharp effect of low tem-
perature on ion uptake by barley roots

at low temperature without much of an
effect on respiration suggests that
perhaps membranes associated with
ion uptake are chilling sensitive, while
those in the mitochondria are not.

In a sharp departure from studies in-

volving desert plants in the desert or in

the laboratory, Berry, Boynton, Kap-
lan, and Badger have carried out a de-

tailed study of growth and photosyn-
thesis of the unicellular motile alga

Chlamydomonas reinhardtii as a func-

tion of C02 concentration. The C02 ex-

change kinetics are dramatically af-

fected by growth conditions. For exam-
ple, cells adapted to 5% C02 have a C02

requirement similar to that of C 3

species of higher plants, while those

adapted to air levels (0.03%) are far

more efficient. The difference is not in

a change in C02 -fixation pathway, nor
does it involve a change in the effi-

ciency of the C0 2 -fixing enzyme
ribulose 1,5-diphosphate carboxylase.

Inhibitor studies suggested that the

enzyme carbonic anhydrase played an
essential role in the low-C02 adapted
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cells and that there is a metabolic in-

flux pump for HC03
" in these cells. The

anhydrase would then be required to

convert the HC03
~ to C02 , the sub-

strate for the fixation enzyme.
It may come as a surprise to find two

papers in the Report of the Department
of Plant Biology clearly devoted to

studies of the butterfly Colias. Johnson
has been collecting field and laboratory

data on this insect for the past five

years and has used his time in the De-
partment partially to sort it out,

analyze it, and prepare it for publica-

tion. The thrust of the work is, first,

that there is a large amount of enzyme
polymorphism across and between
populations of Colias and, second, that

this polymorphism is perhaps best

viewed as adaptive strategy to match
the flexibility of the metabolic
phenotype with the heterogeneity of

the environment. In the case of several

key enzymes such as a-glycero-
phosphate dehydrogenase, the argu-

ments are compelling ones. Enama's
studies with Distichlis and Atriplex

should provide an excellent botanical

proving ground for this hypothesis.

Johnson also reports in detail on
electrophoretic methods for detecting

electrophoretically hidden varia-
bility—procedures involving using a

series of gels of different porosities, al-

lowing determination of net charge
(divided by a constant), and determin-
ing a retardation coefficient by molecu-
lar weight and conformation. It is clear

from his results that differences in

electrophoretic mobility may exist be-

tween allelic proteins even when these
proteins have the same molecular
weight and charge. The mobility dif-

ferences thus seem to arise exclusively

from changes in the retardation coeffi-

cient.

Experiments with D2 clearly elimi-

nate variations in the hydration shell

as accounting for the variation in re-

tardation coefficient, but do not distin-

guish between a conformational
change and a change in a subunit dis-

sociation constant. Johnson is applying

a different kind of test to determine
which of the two is responsible. How-
ever, careful analysis reveals that

whichever the cause is, it has a genetic

basis.

Brown has continued her studies on
the isolation, purification, and charac-

terization of the reaction center
chlorophyll-protein complex from a

variety of algae and from spinach
chloroplasts. She discovered that a rel-

atively modest decrease in the ratio of

chlorophyll a to P700 yielded a large

increase in a 695-nm fluorescence band
at low temperature. A reasonable
hypothesis is that the 695 band repre-

sents fluorescence from an oxidized

form of P700 absorbing near 690 nm.
Since the rise time for this fluorescence

did not parallel the bleaching of P700
with illumination, the results

suggested a two-step reaction involv-

ing a pair of associated P700 molecules.

Studies with Fork on bleaching kine-

tics of the reaction center complex at

room temperature revealed that the

course of dark reduction after a

saturating light flash depended upon
the length of the initial light flash used
to induce bleaching. With very short

light exposures there is a far larger

rapidly recovering component after

photooxidation than there is with ex-

posures more than 100 msec in length.

The photobleaching and recovery kine-

tics support the hypothesis that the

reaction center chlorophyll of photosys-

tem I is a dimer and that the reaction

proceeds by two steps.

In wide-ranging studies with a vari-

ety of algae and higher plants, Fork
continued work initiated with Murata
on fluorescence changes with changes
in temperature. He also examined
chloroplasts and a chlorophyll-protein

reaction center complex. Although the

curves obtained are extremely com-
plex, some features were fairly consis-

tent: a fluorescence maximum at a

moderate temperature consistent with
the temperature for a physical state

change of membrane lipids, and a

maximum (not seen in every case)
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above which irreversible thermal dam-
age occurred. The maximum for the

chlorophyll-protein reaction center
complex was very high, at 63°C, consis-

tent with evidence from elsewhere that

photosystem I is more resistant to high
temperature than photosystem II.

Parallel measurement of photochemi-
cal activity versus temperature with
some of the organisms showed good
correlation between change in fluores-

cence and change in photosynthetic ac-

tivity.

Whereas Fork's studies involved rel-

atively slow and steady temperature
changes, Schreiber studied the effects

both of slow heating and of a very rapid

temperature jump (largely completed
within 2 sec), on fluorescence kinetics

with the alga Scenedesmus obliquus.

He used cells grown at two different

temperatures, and monitored fluores-

cence under two extreme conditions:

with photosystem II reaction centers

closed (high light intensity, electron

transport blocked by an inhibitor) or

with photosystem II reaction centers

open (low light intensity, system kept
aerobic). The fluorescence under the

second condition, F„, shows a sharp rise

between 46° and 52°C, while the
fluorescence under the first, Fmax ,

showed a continuous decline with in-

creasing temperatures, with a sugges-

tion of a steeper decline above 46°C.

The slope changes began a degree
higher for cells grown at higher tem-
perature. The kinetics for changes inF

(l

and Fmax with a sharp temperature
jump revealed an inverse relationship

with an increase inF„ paralleling a de-

crease in Fmax . Although the kinetics

are complex, the relationship holds for

jumps to temperatures below those
causing irreversible damage. A work-
ing hypothesis is that temperature af-

fects the distribution of energy be-

tween photosystems I and II, with
higher temperatures favoring photo-

system I, as monitored by the F„
fluorescence. Schreiber also docu-
mented a role of preillumination in the

expression of heat damage in fluores-

cence measurements. His studies, to-

gether with Brown's and Fork's,

further underline the value of fluores-

cence studies in attempts to unravel
the extreme complexities of photosyn-

thesis.

Finally, Stemler has made some de-

tailed studies of the binding of HC03

~

to washed thylakoid membranes. He
had previously demonstrated the im-

portance of bicarbonate in activation of

the CX-evolving system (entirely inde-

pendent of its role as carbon donor). By
careful binding studies, he has now
shown that thylakoids have at least

two classes of bicarbonate binding
sites: a high affinity class, saturated by
about 1 mM HCO, , and a lower affin-

ity class, saturated above 10 mM. The
second class is more strongly impli-

cated in the 2 evolution role, since at

least 10 mM bicarbonate is required to

restore normal oxygen-evolving capac-

ity to washed thylakoids.

The above summary can hardly do
justice to this past productive year. It

should, however, provide evidence for a
viable and vigorous group of inves-

tigators working on fundamental prob-

lems of plant biology and making excit-

ing progress on a number of fronts. As
we inevitably must depend more and
more on solar energy for food, fuel, and
fiber, basic knowledge of solar energy
conversion as practiced in photosyn-

thesis, of the nature of adaptation to

conditions permitting extremely rapid

conversion in nature, and of the fun-

damental mechanisms of plant growth
and development must assume high
priority.

SEQUENCE ORGANIZATION IN PEA DNA
W. F. Thompson

In a majority of animal genomes so

far studied, single-copy DNA se-

quences are extensively interspersed

with repetitive sequences. A variable

but usually prominent fraction of the

repetitive DNA in these genomes ap-
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pears to be composed of elements some
200-400 nucleotides in length. Addi-

tional repetitive elements appear to be
much longer (greater than about 1500
nucleotides). This pattern of sequence
organization is often called the
Xenopus pattern, in recognition of the

extensive studies carried out on the

DNA of this organism. Although dif-

ferent patterns have been found in

Drosophila and honey bee DNA (Man-
ning et al., 1975; Davidson et al.,

1975a), the main features of the
Xenopus pattern have been found to

hold for a surprisingly wide variety of

animal genomes (Goldberg et al., 1975;

Davidson et al., 1975 a, b). Extensive
interspersion of repetitive and single-

copy DNA sequences has provided the

basis for an attractive model of

eukaryotic gene regulation (Davidson
and Britten, 1973) which is consistent

with a rather large body of experimen-
tal evidence from animal systems.
Until recently, however, no informa-

tion was available concerning in-

terspersion of sequences in DNA of

higher plants. Higher plants typically

have much larger genomes, with much
higher percentages of total repetitive

sequence DNA, than most animals. In-

formation on sequence organization in

plant DNA will be of use in studies of

molecular evolution and in experi-
ments on gene regulation during de-

velopment.
A recent study of the cotton genome

(Walbot and Dure, 1976) shows that
repetitive and single-copy sequences
are interspersed in a fashion consistent

with the Xenopus pattern, although
both types of sequences are longer in

cotton DNA, and the size distribution

of repetitive elements is considerably
more heterogeneous. The cotton
genome (0.795 pg/cell, haploid) is con-

siderably smaller and contains a
smaller proportion of repetitive se-

quences (40%) than the genomes of

many other higher plants. For exam-
ple, Flavell et al. (1974) studied 23
species with DNA contents (1C) rang-
ing from 0.75 to 49 pg per nucleus and
found repetitive sequences accounted

for between 46% and 92% of the total

DNA. Excluding polyploid species, the

range ofDNA content was from 0.75 to

31 pg, with the same range of repeti-

tive sequence content. Thus, while the

cotton genome data represent a signifi-

cant advance in our understanding of

plant DNA sequence organization,

studies of plant species with more typi-

cal genome sizes and repetitive se-

quence contents are clearly required.

We report here the results of some pre-

liminary experiments on the garden
pea {Pisum sativum L.), which has a
haploid nuclear DNA content of 5 pg
and about 75% repetitive DNA.

Interspersion

Figure 1 depicts the reassociation of

short fragments of pea DNA (350-400
nucleotides) in 4M NaC104 (Hoyer and
van de Velde, 1974). Almost two-thirds

of the DNA reassociates by C
{)
t 5 (corre-

sponding to approximately C,/ 18 in

0.12 M Na phosphate). The remaining

Fig. 1. Reassociation of pea DNA in 4 M
NaClO4-0.18 M Na phosphate buffer at Tm-25.
Open circles represent the reaction of short
(350- 400 nucleotide) fragments as measured by
hydroxylapatite binding, while the solid circle

shows the binding (standard deviation of 5 de-
terminations) of 3200 nucleotide fragments reas-
sociated to C t 5 under the same conditions.
Samples were diluted into 0.12 M Na phosphate
buffer and fractionated on columns equilibrated
at 60°C; bound DNA was eluted with the same
buffer by raising the temperature of the column
to 97°-98°C. C t values are not corrected for the
accelerating effect of NaC104 (about 3.5-fold, rel-

ative to 0.18 M Na+).
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approximately one-third is composed of

a small fraction of more slowly reas-

sociating repetitive sequences and
single-copy DNA. When DNA frag-

ments 3200 nucleotides long are reas-

sociated to C
{)
t = 5, about 93% bind to

hydroxylapatite, indicating that the

majority of slow repetitive and single-

copy sequences are distributed in such

a way that most fragments of 3200 nuc-

leotides containing such sequences also

contain repetitive DNA capable of

forming duplexes by C t 5. Or, put
another way, the slowly reacting se-

quences are mostly interspersed with

rapidly reacting sequences, and there

appear to be relatively few regions of

slowly reacting DNA in excess of about

3000 nucleotides in length. Experi-

ments in progress are designed to pro-

vide a more quantitative analysis of

single-copy sequence lengths in pea
DNA.

Length of Repetitive Sequences

In most plant genomes, repetitive

sequences account for 2-3 times as

much DNA as do single-copy sequen-

ces. If all the repetitive DNA were pre-

sent as 200-400 nucleotide elements
separated by single-copy elements, the

average length of single-copy se-

quences could only be of the order of

100-150 nucleotides. This length is

less than that observed in other
organisms—and smaller than a typical

structural gene—by about an order of

magnitude. Thus we would expect a
priori that regions of repetitive DNA
substantially longer than 200-400
nucleotides must exist in plant
genomes, including pea genomes.
Aggregation (or hyperpolymerization)

during repetitive sequence reassocia-

tion with short DNA fragments from
peas and other plants is probably re-

lated to the presence of such long re-

petitive sequence regions (Thompson,
1975, 1976).

However, several possibilities exist

for the organization within a long re-

petitive region. On one extreme, an en-

tire region may be composed of a single

long sequence (or a series of identical

short sequences), repeated in its en-

tirety at different sites in the genome.
The other extreme would involve clus-

tering of several smaller repetitive

units. Clusters at different locations in

the genome could involve different or-

ders and/or combinations of short se-

quences, so that any given sequence
would have different neighbors each
time it occurred.

In beginning experiments on organi-

zation of repetitive sequences in pea
DNA, we have tried to determine how
much of this DNA is contained in long

repetitive regions or tandem repeats.

The experiments involve reassociating

long fragments so that only repetitive

sequences can react (C
{)
t 5 in 4 M

NaCIO, buffer). Single strands are
then removed by digestion with the
single strand-specific nuclease Si
(Ando, 1966; Britten et al, 1974), and
the size distribution of the remaining
duplexes is determined. Long repeti-

tive sequences or tandem repeats are

expected to produce long Sl-resistant

duplexes, while short repeats occurring
in different combinations or in-

terspersed with single-copy sequences
will yield short duplexes after SI diges-

tion.

Figure 2 shows the specificity of Si
nuclease for single strands under our
digestion conditions. Native or dena-
tured AH-E. coli DNA was mixed with
reassociated 3200-nucleotide frag-

ments of pea DNA and subjected to SI
digestion. Digestion products passed
through hydroxylapatite in 0.03 M Na
phosphate at room temperature; essen-

tially all the resistant DNA remained
bound to the column at 60°C in 0.15 M
Na phosphate and was eluted by rais-

ing the temperature to 97°C. Com-
pletely single-stranded DNA is di-

gested rapidly, and there is little or no
digestion of native DNA. Reassociated

pea DNA is digested rapidly early in

the reaction, presumably reflecting the

removal of completely single-stranded

regions. Subsequently the reaction is

slow but significant, which may reflect
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Fig. 2. Kinetics of SI nuclease digestion. 3200 nucleotide fragments of pea
DNA were reassociated to Cut 5 in 4 M Na C104

- 10 mM PIPES, pH 6.9, and
then adjusted to 0.2M NaC104 , 0.1M Na acetate, 0.5 mM PIPES, 0.1 M ZnS04 ,

pH 4.5. Aliquots were mixed with native or denatured 3H-£. coli DNA and
treated with 20 units of Si nuclease per /xg of DNA for various times at 40°C.

Aliquots were adjusted to 0.06 M Na phosphate, pH 6.8 and assayed on hy-
droxylapatite as described in the text. Filled circles, C t 5 pea DNA; filled

triangles, denatured •''H-.E. coli DNA; filled squares, native :iH-E. coli DNA.

slow digestion of DNA in regions of

mismatched base pairs within other-

wise duplex structures. To minimize
this second process while ensuring
complete digestion of single-stranded

DNA, experimental treatments were
carried out for 30 min. After correcting

for the approximately 5% of A2fi(,
which

failed to bind in 0.03 M NaPB" without

SI treatment, about 58% of the pea
DNA is resistant to digestion. This

value is in reasonable agreement with

the binding of short fragments to hy-

droxylapatite after reassociation to the

same C t, and it therefore appears that

these SI conditions set approximately

the same criterion for recognition of

duplex structure as fractionation on
hydroxylapatite at 60°C.

Nuclease-resistant duplexes were
analyzed by chromatography on
agarose (A50 m) gel filtration columns

in 0.12 M Na phosphate (Davidson et

al., 1974; Goldberg et al, 1975). These
columns are thought to exclude
double-stranded DNA longer than
about 1000-15000 nucleotide pairs.

Fragments of pea DNA 3200 nuc-
leotides long were reassociated and
treated with SI nuclease as above. The
resistant duplexes were isolated by
binding to hydroxylapatite and eluting

with 0.4 M Na phosphate. This mate-
rial was then mixed with marker 'H-E.
coli DNA (400 nucleotide pairs) and
applied to the column. The results are

shown in Fig. 3A. About one-third of

the sample was in the form of long du-

plexes in the exclusion peak. The re-

mainder eluted as a broad band, indi-

cating a heterogeneous distribution of

lengths, although there is some
suggestion of a peak in the region of

300-400 nucleotide pairs. These re-
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Fig. 3A. Agarose gel filtration of SI nuclease- resistant duplexes. Pea DNA fragments (3200
nucleotides) were reassociated and treated with SI nuclease for 30 min under the conditions of Fig. 2.

Resistant duplexes were eluted from hydroxylapatite with 0.4M Na phosphate buffer and mixed with
trace amounts of sheared, native 3H-2?. coli DNA (400 nucleotide pairs) and 14C-thymidine. The
mixture was applied to a 1.2 x 45 cm column of Bio-Gel A50m equilibrated with 0.12 M Na phosphate
buffer. Filled circles, pea DNA A260 ; open circles, 'H-E. coli DNA; filled triangles, 14C-thymidine
inclusion marker.

suits may underestimate the propor-

tion of long duplexes which form by C
{)
t

5, since some 10%-15% of the Si-

treated DNA could not be recovered
from hydroxylapatite by salt elution,

and we have observed in other experi-

ments that hydroxylapatite fractiona-

tion reduces the size of long DNA
fragments. In a preliminary experi-

ment in which an Si digest was
analyzed without prior fractionation,

about 60% of the DNA eluting prior to

the void volume was in the excluded
peak.

In alkaline sucrose gradients, most
of the DNA from the excluded fraction

sedimented as a relatively symmetrical
peak around approximately 1500 nuc-

leotides. Thus reassociation, Si treat-

ment, and HAP fractionation caused
about a twofold reduction in the
single-stranded length. Rice (1974) has
found a similar reduction after SI
treatment of reassociated T-4 DNA,
which is presumably caused by the

failure of randomly sheared fragments
to reassociate over their entire length.

Smith et al. (1975) have recently de-

termined the average first collision

overlap for randomly sheared simple

DNA to be 0.55 of the single-stranded

length. Thus, the data do not differ

markedly from results predicted on the

assumption that most of the DNA giv-

ing rise to the excluded fraction was
composed of repetitive sequences as

long as or longer than the 3200-
nucleotide fragments used. Further
analysis of the size distribution of long

repetitive sequences will therefore re-

quire DNA fragments much longer
than 3200 nucleotides. However, it is

clear that individual repetitive se-

quences of substantial length are a

prominent feature of the pea genome.
In several animal DNAs, including

Xenopus, sea urchin, clam, and cow, it

has been found that the longer repeti-

tive sequences melt with a higher T,„

than the short, interspersed repetitive

sequence elements, even after correct-

ing for the effect of duplex length on
thermal stability (Davidson et al.,

1974; Davidson et al., 1975a, 19756;

Goldberg et al., 1975). This observation

appears to hold also for pea DNA, as
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shown in Fig. 3B. Duplexes eluting in

the exclusion peak of agarose columns
exhibit high thermal stability, with a

T',„ only about 1.5° lower than that of

native DNA, but the T
lh

is rapidly re-

duced in later fractions. Length effects

per se would be expected to result in

only about a 2°-3° reduction in Tn , for

fragments in the range of 300 nuc-
leotides in length (Britten et al., 1974).

Thus, most of the Tm reduction seen in

short duplexes from the agarose col-

umn profile must be attributed to mis-

matched bases, and the short duplexes

must therefore contain a larger frac-

tion of mismatched bases than longer

duplexes. While the significance of this

observation is not understood, one may
speculate that the shorter sequences
are, on the average, evolutionarily
older and more diverged than are
longer repetitive sequences.

Conclusion

Although many details remain to be
worked out, it is clear from the data so

far that sequence organization in the

pea genome resembles the pattern for

Xenopus and is distinctly different

from that for Drosophila. Pea single-

copy sequences are mostly less than
3000 nucleotides in length and are ex-

tensively interspersed with repetitive

sequences, which is consistent with the

Xenopus pattern but contrasts sharply

with the very long (10,000 nucleotides

or more) single-copy elements in the

Drosophila genome (Manning et al.,

1975). Short (200-400 nucleotide) re-

petitive elements are less

prominent—and longer repetitive se-

quences more prominent—in pea DNA
than in the DNA of most animals
(Goldberg et al., 1975). However, the

main features of the Xenopus
pattern—extensive interspersion of

single-copy DNA sequences and the

presence of at least some short repeti-

tive elements—are to be found in pea
DNA as well. A more quantitative
comparison must await more data.

We do not yet know whether all the

short repetitive sequences in pea DNA
are adjacent to single-copy sequences,

as they appear to be in several animal

1.00

i 1 1 1 1 1 1 1

,.D n--;Q..-.Q---Q

B y /of
0.95 -

D / /
o / 6 /
<o '

f- /
M „ „ ~ P i : IQ 090
O v' / /

<y a / O /

Z 0.85 -

o D-

CC 0.80 -
A'' J' o /

-^ /

A- -A-—-"' /J
0.75 "

~

~

• * m » f) i

"2 —^*^

c\ic\ i i i i i i i

60 65 70 75 80 85

Temperature, °C

90 95 100

Fig. 3B. Melting profiles of native pea DNA and DNA from various fractions of the agarose profile

shown in Fig. 3a. Samples in 0.12 M Na phosphate buffer were melted in a Gilford model 2527
Thermal Programmer cuvette. Solid circles, native DNA; open circles, fraction 22; open triangles,

fraction 25; open squares, fraction 32. Absolute hypochromicity values for fraction 32 are unreliable,

due to the low optical density of this fraction.
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genomes. At present it is equally possi-

ble that some, or even most, of these

short sequences might be arranged in

variously ordered clusters, as in the

"permuted tandem repetition" model
proposed by Cech and Hearst (1976) for

highly repetitive mouse main-band
DNA. We hope that more information

on this question can be obtained in fu-

ture experiments.
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DNA SEQUENCE COMPARISONS IN Atriplex

Heather Strong Belford and W. F. Thompson

Last year {Year Book 74, pp. 780-

791) we reported on the early stages of

a project involving evolutionary
studies ofAtriplex DNA. Our objectives

are to provide information on the

phylogenetic relationships among the

species in this genus which we hope
will be of value in interpreting the evo-

lution of C4 photosynthesis and other

adaptations, and (more generally) to

characterize DNA changes associated

with speciation and evolution in higher
plants. This year, we report our first

results from comparisons of single-copy

DNA sequences in four species. While
still preliminary, these results clearly

demonstrate the applicability of the

technique to Atriplex species and raise

some questions concerning previous
phylogenetic interpretations. To our
knowledge, this communication repre-

sents the first report of evolutionary

comparisons carried out with single-

copy DNA sequences from higher
plants.

The use of single-copy DNA for evo-

lutionary comparisons has several ad-

vantages, in spite of the fact that the

experiments are technically more dif-

ficult than those using total DNA. In

contrast to total DNA, in which rapid

reassociation between related but
nonidentical repetitive sequences oc-

curs, single-copy sequences reassociate

slowly and form precisely paired du-

plexes. Thus interspecific DNA hy-
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bridizations may be carried out with
purified single-copy tracer under con-

ditions in which the reaction of tracer

sequences with themselves is insignifi-

cant and in which virtually all the

mispairing in interspecific duplexes
can be attributed to evolutionary di-

vergence between the species being
compared (Kohne, 1970). In addition,

the use of single-copy DNA avoids

problems associated with possible addi-

tion or differential amplification of re-

petitive sequences in different species,

with the result that measurements of

single-copy DNA homology can be
more simply related to evolutionary
divergence time than measurements
using total DNA.
Because these considerations

simplify interpretation of data ob-

tained from experiments with single-

copy DNA (and because we are able to

isolate a reasonable amount of single-

copy DNA from Atriplex), we have cho-

sen to focus our initial experiments on
this fraction. We hope that experi-

ments with single-copy DNA will yield

useful phylogenetic information and
provide a more solid foundation on
which to base future studies of repeti-

tive sequence evolution.

Table 1 shows the evolutionary rela-

tionships thought to exist among a

variety of Atriplex species and indi-

cates the four species chosen for initial

investigation. We wished to determine
the degree of DNA homology between
representatives of closely related
species groups as well as between
species presumed to be much more dis-

tantly related. Atriplex hortensis and
A. triangularis were therefore selected

as representing groups closely related

by morphological criteria. A. serenana
should be distinctly different, since it is

considered to represent a relatively

high degree of advancement in a dif-

ferent subgenus. A. sabulosa was ex-

pected to be intermediate, although
closer to A. hortensis than A. serenana.

Single-copy sequences were purified

from A. hortensis DNA which had been
sheared to about 350-400 base pairs in

a Vir-Tis "60" homogenizer (Britten et

al., 1974). It was heat denatured and
allowed to reassociate at 25°C below
the Tm of native DNA (T„,-25°C) in 4

M NaC104 containing 0.18 M Na phos-

phate buffer (Hoyer and van de Velde,

1974) to a C
{)
t of 100. (Under these con-

ditions reassociation proceeds at about
3.5 times the rate in 0.12 M NaPB at

60° [Hoyer and van de Velde, 1974; our
unpublished results] and thus the
"equivalent C £" for this reaction is

about 350.) After reassociation, the

samples were diluted 30-fold in 0.12 M
Na phosphate and fractionated on hy-

droxylapatite columns at 60° by stan-

dard techniques. About 70% of the
total DNA bound to the column and
was considered to be reassociated re-

petitive sequences. The 30% which
failed to bind (containing unreas-
sociated single-copy DNA) was passed

over a column of AG-50W X 8 cation

exchange resin (Bio Rad) to remove
Ca++ and any other residual basic im-

purities. It was then chromatographed
on a column of agarose gel (A1.5 m, Bio

Rad) to remove any degraded frag-

ments, and the material eluting in the

void volume (about 75% of the A
2(i(l ) was

used to prepare highly radioactive
single-copy tracer by iodination.

Iodination was carried out for 10 min
at 60° with Na125

I (Amersham, pH
8-11) following the technique of Orosz
and Wetmur (Orosz and Wetmur,
1974), except that the buffer was 10
mM Na acetate,pH 5.2, and most of the

unbound iodine was removed by
chromatography on Sephadex G50
prior to the dialysis step.* The product
had a specific activity of 5 x 105-6 x

10 5 cpm/^ig (approximately 5% of

cytosine residues iodinated) and a

mean fragment length of 250-300
bases. It was highly enriched in

single-copy sequences, as shown in Fig.

4.

*These conditions were designed for iodination

of single-stranded total DNA under conditions

minimizing reassociation of repetitive sequences

during the reaction.
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TABLE 1. Phylogenetic Scheme for the Genus A triplex Based on Morphological Criteria

A. Tartarica, C4

A. rosea, C4

A. sabulosa, C 4

A. californica, C3

A. triangularis, C,

A. glabriuscula, C3

A. hortensis, C
:!

A. nitens, C,

Euatriplex

A. canescens, C 4

A. hymenelytra, C4

A. nuttalli, C 4

A. coronata, C4

A. argentea, C4

A. truncata, C4

A. phyllostegia, C 4

A. serenana, C4

A. pentandra, C4

A. powelli, C4

I

A. cordulata, C 4

A. dioeca, C
:i

A. monolifera, Q,

Primitive stock, C3
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Fig. 4. Reassociation of 125
I single-copy tracer

(filled circles) with a 3000-fold excess of un-

labeled total A. hortensis DNA (open circles). In-

cubations were in 4 M NaClO4
-0.18 M Na phos-

phate buffer at Tm -25. Samples were diluted in

0.12 M Na phosphate and assayed on hy-

droxylapatite at 60°C. C„t values have not been

corrected for the accelerating effect of NaC104

(see text). The line through the tracer points rep-

resents a single theoretical second order compo-

nent accounting for 95% of the reaction.

To measure sequence homology be-

tween this tracer and DNA from other

species, aliquots of the tracer at low
concentration (1.7 /Lcg/ml) were mixed
with a 3000-fold excess of total sheared

DNA (5 mg/ml) from each of the four

species. The mixtures were heat dena-
tured and reassociated at T

III
—25°C in

NaC104 buffer. Under these conditions,

the tracer is too dilute to reassociate

significantly with itself (this was ex-

perimentally verified in control reac-

tions containing only the tracer DNA),
and the observed duplexes therefore

result from reassociation between
tracer and unlabeled DNA sequences.

Since the high concentration of un-

labeled DNA is required to drive the

reaction, this DNA is often called

"driver" DNA in the following discus-

sion.

After dilution in 0.12 M NaPB, the

reassociated mixtures were passed over

hydroxylapatite at 60°C. The bound
fraction, containing duplexes between
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125I-A. hortensis single-copy sequences

and driver DNA from the various
species, was then subjected to thermal
elution with 0.12 M Na phosphate at

increasing temperatures. The ap-

paratus used consisted of multiple col-

umns maintained in the same (rapidly

stirred) water bath in order to assure

temperature uniformity among the
various samples. Results may be ex-

pressed both in terms of the extent of

tracer reaction (cpm bound to HAP =
total interspecific duplex) and the
thermal stability of the hybrids.

Figure 5 shows the results of a ther-

mal elution experiment using duplexes
formed by incubation to a driver DNA
C

[t
t of 1200 at Tm -25°. The data are

plotted in a differential form which al-

lows simultaneous visualization of the

amount of interspecific duplex and the

distribution of this material in various

thermal stability classes. In the control

reaction, most of the tracer forms
high-stability duplexes as expected for

single-copy DNA. The shoulder at 70°C
is consistent with the small contamina-
tion by repetitive sequences noted in

the reassociation kinetics (Fig. 5),

while most of the duplexes elute as a
symmetrical peak around the Tm for

native DNA (indicated by the arrow at

85°C).

In contrast, most products of the

interspecific reactions show much re-

duced thermal stability, melting as

broad peaks between 65° and 85°C.

Data from this experiment are sum-
marized in the left column of Table 2.

Relative to the control, mean thermal
stability of all three interspecific prod-

ucts is depressed to nearly the same ex-

Fig. 5. Thermal elution profiles for duplexes

formed between l25l-A. hortensis single-copy

DNA and unlabeled DNA from A. hortensis

(filled circles), A. triangularis (open triangles),

A. sabulosa (filled squares), and A. serenana
(open circles). Incubations were as described in

Fig. 4 to C t 1200. After dilution with 0.12M Na
phosphate buffer, samples were applied to hy-

droxylapatite at 60°C. The bound DNA was
eluted with 0.12 M Na phosphate by raising the

temperature in five increments. Each point rep-

resents the percentage of total 125
I counts in the

reaction which eluted at the indicated tempera-

ture.

tent (7.3°-8°C), indicating that the du-

plexes formed involve sequences hav-

ing nearly the same degree of evolu-

tionary divergence from the A. horten-

sis single-copy sequences. Although es-

timates of the correlation between
mismatching and thermal stability

vary between 0.7° and 1.5°C per 1%
mismatched base pairs, it is often as-

sumed, as a convenient approximation,
that a IT,,, depression corresponds to

1% mismatch (Bonner et al., 1973).

Thus, these duplexes would be mis-

matched in 7%-8% of the bases.

TABLE 2. Reaction of 125
I Single-Copy DNA from Atriplex hortensis with Total Unlabeled DNA

from A triplex Species

Unlabeled DNA

T,„ -25, CV = 1200

% Bound AT,,, (°C)

-25, c„t = 5000

% Bound

T,„ -35, Cu t = 1200

% Bound AT,,, (°C)

A. hortensis

A. triangularis

A. sabulosa

A. serenana

71

51

43

33

7.3

8.0

8.0

89
71

50
48

79
55

48
48

8.0

10.5

9.8
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The extent of tracer reaction at C £

1200, T,„-25°, decreases in the order

expected for the relative relationships

based on morphology. The most exten-

sive cross-reaction is observed with A.

triangularis and the least with A.

serenana. However, these reactions are

not complete at C t 1200, and the ap-

parent differences could reflect dif-

ferent rates of heterologous reaction in

different driver DNAs. This point is es-

pecially important because mis-

matched duplexes are known to form at

a much reduced rate relative to well-

matched sequences, especially at

Tn
-25° (Bonner et al., 1973). There-

fore, we have also measured the cross-

reactivity of these DNAs after longer

incubations (Cu t = 5000), and after re-

association at a lower temperature (Tni

-35°). The lower temperature was used

in an attempt to achieve a more favor-

able compromise between the rates of

heterologous and homologous reac-

tions. In both cases, no significant dif-

ference was observed between cross-

reactions with A. sabulosa and A.

serenana (Table 2). For the experiment

at Tm -35°, thermal stability meas-
urements showed a decrease in the rel-

ative thermal stability of interspecific

duplexes. This decrease suggests that

the more permissive reaction condi-

tions allowed some sequences to react

which would have been unstable at Tm

-25°C. The decrease was most pro-

nounced in A. sabulosa and A.

serenana, the species showing the least

homology with A. hortensis in the orig-

inal experiment. Both T',„ and cross-

reactivity for these two species were
virtually the same after reassociation

atT„, -35°C.
The data so far are surprising in two

respects when compared with the

"classical" evolutionary scheme shown
in Table 1. First, we did not expect to

find such a large difference between A.

hortensis and A. triangularis, two
species considered to be fairly closely

related. Second, the degree of homology
between A. hortensis (subgenus Euat-

riplex) and A. serenana (subgenus
Obione) was essentially the same as

that between A. hortensis and A.

sabulosa (Euatriplex), and nearly as

great as that between A. hortensis and
A. triangularis. If evolution of single-

copy DNA is assumed to proceed at a

more or less constant rate, the time
that has elapsed since any of these

three species last shared a common an-

cestor with A. hortensis must be nearly

the same. The possibility thus exists

that the morphological distinction be-

tween the two subgenera (which is

based principally on the position of the

embryo on the seed) (Hall and Cle-

ments, 1923) may not reflect the actual

phylogeny of the group. This considera-

tion might have important implica-

tions with respect to the evolution of C4

photosynthesis, since the conclusion

that C4 photosynthesis has arisen at

least twice independently within Atri-

plex (Bjorkman et al., 1973) is based
largely on the idea that C 4 species

evolved separately from C3 progenitors

in each subgenus. Clearly, the molecu-

lar hybridization data at present are

inconsistent with the linear form of

Table 1. On the other hand, both the

molecular data and the results of an
extensive series of attempted genetic

hybridizations (Nobs, this Year Book)
suggest that the main species groups of

Atriplex are quite distinct from one
another. It therefore seems possible

that lines leading to the present-day C4

species might have diverged more or

less directly from the ancestral stock

rather than from more recent C
:i
pro-

genitors. Molecular hybridization ex-

periments using a greater variety of

species and several different sources of

tracer DNA will be required to clarify

the situation. In particular, it will be of

interest to examine the pattern of rela-

tionships obtained with A. serenana
and A. sabulosa tracers, and to include

additional Obione species in the com-
parisons.
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PLASMID MODIFICATION ASSOCIATED WITH THE LOSS AND
ACQUISITION OF VIRULENCE IN Agrobacterium tumefaciens

Charles E. Rogler and William F. Thompson

Introduction

Infection of wounded plant tissue

with Agrobacterium tumefaciens re-

sults, under appropriate conditions, in

the formation of tumors that have sev-

eral physiological properties in com-
mon with mammalian cancer tumors.

These properties include non-self-

limiting growth on synthetic medium
devoid of hormones required by normal
cells and the inability to differentiate

into organized, functional tissue in re-

sponse to treatments causing such dif-

ferentiation when applied to normal
cultured cell lines. Crown gall tumor
cells retain these properties when cul-

tured in the absence of the inciting or-

ganism and, when grafted into healthy

plants, produce tumorous overgrowths
(Braun, 1972; Lippincott and Lippin-

cott, 1975). The crown gall system is a

useful model system for studies of

tumorigenesis, since tumors are easily

induced experimentally and the incit-

ing organism (Agrobacterium) can be
isolated and studied both biochemi-

cally and genetically. In addition, it

seems likely that studies of the origin

and maintenance of the tumor state

may allow better understanding of the

controls functioning in normal plant

cells.

Recently it was discovered that all

pathogenic strains of Agrobacterium
tumefaciens contain one or more large

plasmids, with molecular weights
ranging from about 90-160 x 106

(Zaenen et al., 1974). Curing experi-

ments have shown that loss of the
plasmid results in the loss of virulence

(van Larebeke et al., 1974; Watson et

al., 1975). On the other hand, trans-

formation with plasmid DNA results in

the acquisition of virulence by the

strain acquiring the plasmid (personal

communication with J. Schell). These
two lines of evidence strongly support

the conclusion that the plasmid is a

necessary genetic element for viru-

lence in Agrobacterium.
Our research has focused on charac-

terizing changes which occur in plas-

mid DNA sequences in Agrobacterium
during either the loss or the acquisition

of virulence. In this report we will first

discuss an instance in which a large de-

letion in the plasmid genome is as-

sociated with loss of virulence and the

alteration of certain serological prop-

erties of the original pathogenic strain.

We will then present evidence that ac-

quisition of virulence may involve re-

placement of a pre-existing avirulent

plasmid with a virulence plasmid de-

rived from another strain of Agrobac-

terium.
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Correlation of Altered Serological

Properties with the Deletion of

Plasmid Sequences

One approach to identifying the spe-

cific sequences on the Agrobacterium
plasmid which code for pathogenicity is

to obtain plasmid deletion mutants
that have lost virulence. In these
studies, we have used two non-
pathogenic mutants of Agrobacterium
tumefaciens obtained from Dr. James
DeVay of the University of California

at Davis. These mutants were of inter-

est because DeVay and co-workers had
observed that one (strain 210) had
serological properties different from
those of its parent strain (209), while
the other (strain 226) remained
serologically similar to the parent.

In view of the association of viru-

lence with the presence of a large

plasmid, we wished to determine
whether or not the mutant strains still

contained a plasmid and, if so, whether
or not the nucleotide sequences had
been altered. Dye buoyant density cen-

trifugation in cesium chloride-
ethidium bromide gradients revealed

the presence of a plasmid in both mu-
tant strains (210 and 226) as well as in

the parent strain (209). We then de-

termined the molecular weight of these

plasmids by analysis of their contour

length in the electron microscope (Fig.

6 and Table 3). It appears that the

plasmid of strain 210 (abbreviated pAT
210) resulted from the deletion of se-

quences totaling 4.8 x 107 daltons from
pAT 209 while no measurable loss of

DNA occurred during the derivation of

pAT 226. However, definitive proof

that the lesions affecting virulence are

TABLE 3. Molecular Weights of Plasmids from
Pathogenic and Nonpathogenic Strains
of A. tumefaciens as Determined by
Contour Length Measurements Using

Electron Microscopy

Strain Pathogenicity
Plasmid Molecular

Weight

209
210
226

110 ± 4.6 x 10"

62 ± 1.3 x 10"

110 ± 3.8 x 106

located on these plasmids will require

that they be tested in a strain of Ag-
robacterium with a known permissive
chromosomal background.

In strain 210 the loss of plasmid se-

quences can be correlated with changes
in the serological properties of the
strain. It seems likely that the an-

tigenic determinant causing the pre-

cipitin bands close to the antigen well

in strain 209, which are absent in the

reaction with 210 antigen (Fig. 7), are

coded by some of the plasmid sequences
deleted from pAT 210. This conclusion

is still speculative because we cannot
eliminate the possibility of indepen-

dent chromosomal mutations. How-
ever, transformation experiments with
pAT 209 may answer this question. If

chromosomal mutations have not oc-

curred, strain 210 should regain both
virulence and its original serological

properties as a result of transformation

with pAT 209 DNA. If so, these exper-

iments will establish a new biochemi-
cal marker on the plasmid.

The Acquisition of Plasmid DNA
Sequences Associated with the

Transformation to Virulence

Many attempts have been made in

the past to demonstrate virulence
transfer between strains of Agrobac-

terium using standard methods of mat-
ing. These attempts have generally

been unsuccessful. Recently, however,

Alan Kerr reported successful transfer

of virulence in Agrobacterium (Kerr,

1969, 1971). His experiments involved

a novel system in which recipient

strains are inoculated into a growing
crown gall tumor that still contains the

original inciting bacteria (donor

strain). The donor and recipient strains

carry appropriate chromosomal genetic

markers which permit subsequent
reisolation of recipients on selective

media. After a period in which both

strains grow together in the tumor,

virulence transfer occurs and a high
percentage (in many cases 50%) of the

recipient bacteria reisolated from the

tumor have acquired virulence. Details
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Fig. 6. Molecular weight determination by contour length analysis of Agrobacteriurn plasmids.

Top: standard plasmid pSC 120, molecular weight = 18.7 x 10H
, with Agrobacteriurn plasmid from

strain 209 (pAT 209). Bottom: pSC 120 with nonpathogenic plasmid from strain 210 (pAT 210).
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Fig. 7. Serological reaction of antigen preparations from strains 209 and 210 with antisera from

strain 209. Center well: antisera to strain 209. Well at three o'clock: antigen from 209. Well at six

o'clock: antigen from strain 210. Strain 210 was obtained by culture of strain 209 on high-glycine

media and exhibits stable loss of virulence when transferred to nutrient agar. Strain 226, mentioned

in text, was obtained by UV irradiation of strain 209. It also exhibits a stable loss of virulence. The
strains and serological data were obtained from Dr. J. E. DeVay, University of California, Davis.

of the mechanism by which virulence

transfer occurs in this system (com-

monly called a "Kerr cross") are un-

known. However, several groups (Wat-
son et al., 1975; Van Larebeke et al.,

1975) have shown that the mechanism
involves plasmid transfer from the
donor pathogenic strain to the reci-

pient strain. One specific case is the

cross between pathogenic strain C-58
and nonpathogenic strain S1005. In

this cross, virulence transfer was
shown to be associated with the trans-

fer of the C-58 plasmid to the initially

plasmid-free recipient. The exconju-

gant contained the C-58 plasmid in an
unaltered state, according to DNA-
DNA hybridization criteria.

We were interested in studying
plasmid transfer in several different

crosses to determine if modification of

the plasmid could occur during the pro-

cess. The experiments to be reported

were conducted with a set of donor, re-

cipient, and exconjugant strains (K27,

K18, and K18A, respectively) obtained

from Alan Kerr. In this cross, the
plasmid genes for nopaline utilization,

agrocin 84 sensitivity, and virulence

were transferred from the donor to the
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exconjugant strain (Table 4; Roberts

and Kerr, 1974).

Our initial experiments produced the

unexpected result that both donor and
recipient strains (K27 and K18, respec-

tively) contained a plasmid. Therefore,

this cross was significantly different

from those previously reported in

which the recipient strain did not con-

tain a plasmid. The presence of a plas-

mid in both donor and recipient raised

the possibility that both pAT K18 and
pAT K27 plasmids would be present in

the exconjugant strain K18A. How-
ever, closely related plasmids are often

incompatible in the same cell (Falkow,

1975), and site-specific recombination

of sequences between plasmids has
been reported (Kopecko and Cohen,
1975). Thus it was also possible that a

recombinational event had occurred

and that only a single hybrid plasmid

was present in strain K18A. Therefore,

an experiment was carried out to dis-

tinguish between these two alterna-

tives.

A sensitive method for comparing
the DNA sequences of large plasmids is

to compare the DNA fragments pro-

duced by restriction endonuclease di-

gestion (Hedgepeth et al., 1972). The
fragments are separated according to

molecular weight by agarose gel elec-

trophoresis, and the pattern of frag-

ments observed is analogous to a

"fingerprint" analysis of the DNA se-

quences of the plasmid, reflecting the

distribution of specific nuclease sensi-

tive sites in the molecule. This proce-

dure was carried out for plasmid DNA
preparations from strains K27, K18,

and K18A, using the restriction en-

donuclease EcoRI. The patterns of

fragments observed are diagramed in

Fig. 8. Analysis of Fig. 8 enables one to

make the following statements about

the nature of the plasmids in these

strains:

1. There are very few fragments
common to pAT K27 (strain K27) and
pAT K18 (Fig. 8, A). Therefore, the dis-

tribution of restriction endonuclease

sites on each plasmid is different, and
it may be inferred that these two plas-

mids differ significantly in their nuc-

leotide sequences.

2. The pattern for the plasmid DNA
of strain K18A is not merely the sum of

those for pAT K27 and pAT K18 If

both pAT K27 and pAT K18 were pre-

sent in strain K18A, one would expect

to find all the bands from each plasmid

present in the plasmid fraction of

strain K18A. This is clearly not the

case, and we conclude that the entire

plasmid of strain K18 is not present in

strain K18A.
3. All the fragments of pAT K18A

correspond in size to fragments present

in pAT K27. (Fig. 8). This observation,

together with item (2) above suggests

that a plasmid from strain K27 was
transferred to strain K18, and that the

resident plasmid (pAT K18) was elimi-

nated due to its incompatibility with

the newly acquired plasmid.

TABLE 4. Genetic Markers on Kerr Cross Strains

Strain Plasmid Markers Chromosomal Markers

Pathogenicity

Plasmid
Presence

Nopaline
Utilization'

Bacteriocin 84

Sensitivity2

Growth on

Shroth Media
Ketolactose

Production 2

K27 donor

K18 recipient

K18A exconjugant

+

+

+

+
+

+

+

sensitive

resistant

sensitive

+
+

+
+

'Unpublished data.
2 Roberts and Kerr, 1974.
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PAT KI8

P AT KI8A

pAT K27

i 111 i i mi mi i ii i i 1 1 i i i

i in ii ii in i in i !ii ii in 1 1 in

i ii i i i n ii ii i ii iiiiiiiiniiii miii ii ii in 1 1 mi

Molecular weight x 10

Fig. 8. Diagram representing profiles of DNA fragments obtained by EcoRI digestion of plasmid

DNA from strains K18, K18A, and K27. Molecular weight of fragments greater than 3.4 x 10* d was
determined from their mobility in 1.0% agarose gels and the molecular weight of fragments less than

3.4 x 10K d was determined from their mobility in 1.5% agarose gels. EcoRI fragments of R6-5 plasmid

DNA run simultaneously in each gel were used as molecular weight standards. Solid circles: frag-

ments common to pAT K18A and pAT K27 vir. Triangles: fragments common between pAT K18, pAT
K18A and pAT K27 vir. Open circles: fragments present in pAT K27 and not represented in pAT 18A.

4. Plasmid pAT K27 has an addi-

tional set of fragments which are not

present in pAT K18A (Fig. 8). These
results are consistent with the report of

Watson et at. (1975) in which strain

K27 was shown to contain two plasmids.
The additional fragments found in pAT
K27 and not in pAT K18A can be in-

ferred to represent the second plasmid
in strain K27. The common fragments
between pAT K27 and pAT K18A must
therefore comprise the virulence plas-

mid which is transferred to strain K18.
These results provide indirect evi-

dence for incompatibility between the
virulence plasmid of strain K27 and
the cryptic plasmid of strain K18. The
stability of plasmid pAT K18 in strain

K18 when it is grown in a crown gall

turner has not been directly tested, and
it is therefore possible that strain K18
lost its plasmid before acquiring the

virulence plasmid from strain K27.
However, pAT K18 is stable in strain

K18 under all in vitro growth condi-

tions so far tested.

Although it appears that recombina-

tion did not occur between plasmids of

strains K27 and K18, preliminary ex-

periments indicate that recombinant
plasmids may exist in two other, unre-

lated exconjugant strains. If recombi-

nation does occur, further studies of re-

combinant plasmids may help to iden-

tify portions of the plasmid genome re-

quired for virulence, since fragments
containing virulence genes would be
expected to be conserved in successive

crosses.

A major question concerning the
mechanism of crown gall tumorigen-
esis is whether or not the tumor induc-

tion process involves the transfer of

genetic information from Agrobacteri-
um to the plant cell. Specific fragments
of DNA associated with the acquisition

of virulence in several exconjugant
strains would be likely candidates for

transfer to the plant cell. The use of

these specific fragments as probes in

DNA-DNA hybridization experiments
would enable one to test this possibil-

ity. Although some previous hybridiza-

tion experiments with plasmid DNA
have been unable to detect the pre-

sence of plasmid sequences in certain

lines of plant tumor cells, a small frac-

tion of the total plasmid genome might
easily have been missed (Chilton et al.,

1974). On the other hand, evidence for

plasmid sequences in a different plant

tumor cell line has been obtained by
hybridization with whole plasmid DNA
(Matthysse, 1976). Experiments using
only a selected portion of the plasmid
DNA should provide a much more sen-

sitive test and help to resolve the dis-

crepancy between these two sets of re-

sults.
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BLUE LIGHT-INDUCED ABSORBANCE CHANGES IN MEMBRANE
FRACTIONS FROM Neurospora crassa

Robert D. Brain and Winslow R. Briggs

The effects of blue light on photo-

tropism, the biological clock, oxygen
uptake, and a number of other biologi-

cal processes have been known for

some time (see Briggs, 1976). Only re-

cently, however, has real progress been
made in the possible identification of

the blue light photoreceptor associated

with these effects. Following the initial

studies of Poff and Butler (1974) with
Dictyostelium and Phycomyces, work
by Muhoz and Butler (1975) implicated

the flavin-mediated photoreduction of

a b -type cytochrome as possibly a cen-

tral element in the photoreception pro-

cess in Neurospora. Since Muhoz and
Butler worked with intact mycelium of

Neurospora, it seemed appropriate to

attempt isolation of a cell fraction that

would show the same response.

A carotenoid-free albino mutant of

Neurospora crassa (albino-timex) was
used and treated in the following way:
A liquid suspension (100 ml) was made

from a dark-grown five-day-old agar
culture and poured into 1000 ml of a

liquid medium (2% [v/v] Vogel's solu-

tion (1956), 0.5% [w/v] Difco Casamino
acids, and 0.5% [w/v] dextrose). Liquid

cultures were grown aerobically in the

dark on a rotary shaker at 250 rpm for

24 hr at 30°C.
Approximately 40 g of mycelium

were harvested by suction filtration,

torn into small strips, and immersed in

about 55 ml of extraction buffer (250

raM sucrose, 100 mM N-morphol-
inopropane sulfonic acid, 14 mM
2-mercaptoethanol, 3 mM ethylene-

diaminetetraacetate, and 0.1 mM
MgS04 , adjusted topH 7.4 by titration

with KOH). The strips of mycelium
were broken by vigorous shaking with
small glass beads in a mechanical
homogenizer, and the homogenate was
then centrifuged at 2000, 9000, 20,000,

and 50,000 x g for 10, 15, 30, and 75
min, respectively, at 4°C. The pellets
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are designated 2KP, 9KP, 20KP, and
50KP, and the final supernatant is des-

ignated 50KS. The 2KP, containing
mostly broken walls and larger cell

fragments, was discarded, and the 2000
x g supernatant (2KS) served as a

starting point for the assays to deter-

mine final yields in the subsequent
fractions. The 9, 20, and 50KP's were
resuspended in 4, 2, and 1 ml, respec-

tively, in a buffer identical to that used
in extraction except without
2-mercaptoethanol, and adjusted topH
7.0 instead of 7.4. A 5-ml aliquot was
kept from the 2KS and 50KS for the

assays.

Measurements of light-induced ab-

sorbance changes were made with a

Perkin-Elmer 365 dual wavelength
spectrophotometer in the dual
wavelength mode, with the beams set

at 410 and 423 nm except during dif-

ference spectrum measurements. The
readout was thus absorbance at 423
minus that at 410 in most cases. Ac-

tinic light was from a tungsten iodide

source filtered through a Corning blue

filter, 4-96. The intensity was 1.1 x 10*

ergs cm-2
sec

-1
. The assays for various

organelle marker enzymes were those

used by Jesaitis et al. (1976) except for

the monovalent cation-dependent AT-
Pase. This assay was a slight modifica-

tion of the procedure ofHedman (1964),

that was used by Cross and Briggs (this

Year Book).

We were unable to measure absor-

bance during actinic irradiation with
our instrumentation and therefore

could only look for changes following

the end of the actinic exposure. Figure

9 shows the characteristic absorbance
change seen after 60 sec of actinic il-

lumination for the 20KP, following re-

suspension. The kinetics of decay for

this signal (at room temperature) are

very similar to those reported by
Muhoz and Butler (1975), with half-

lives of roughly 30 sec. Signal height

was next measured as a function of

length of actinic irradiation. A
measurable signal occurs with as little

as 1 sec; 10 sec yields half saturation;

and full saturation is achieved by 60

sec. Hence, 60 sec was used in all sub-

sequent assays for relative amount of

photo-inducible absorbance change
present.

A light-minus-dark difference spec-

trum for the resuspended 20KP was ob-

e
c
O

00

o

<
<

1 1

0.0

1

2 A

1
1 1 I

- . v
*

1 1 1
l

*

3 4 5

Time, mm

Fig. 9. Blue light-induced absorbance changes in a resuspended 20,000 x g pellet from Neuro-

spora. Upward arrow indicates light on, downward arrow, light off.
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tained by setting one wavelength at

500 nm and varying the other from one

actinic exposure to the next. Light in-

duced a small decrease in absorbance
near 410 nm, a sharp increase at 423

nm, and a sharp decrease at 450 nm.
There was another small increase near

556 nm. These light-induced changes

are very similar to those shown by
Muhoz and Butler, and are indeed
suggestive of a flavin-mediated reduc-

tion of a 6-type cytochrome, as they

proposed. Another important point of

similarity between the signals reported

here and those studied by Muhoz and
Butler involves the intermediate redox

state of the system required for actinic

light to produce a signal. Muhoz and
Butler had to wait with their sample in

a cuvette until the normally reduced

cytochromes became partially oxidized.

In the 20KP preparation described
here, the cytochromes are all com-
pletely oxidized at the start of an ex-

periment. After a few irradiations dur-

ing which little or no signal can be

seen, the system begins spontaneously

to become reduced. After two or three

irradiations and about 10 min, it

reaches a level of partial reduction, and
then remains stable for as much as 8

hr, during which time it yields consis-

tent signals like those in Fig. 9. Addi-

tion of dithionite reduces it completely,

and a signal can no longer be obtained.

Figure 10 shows absorption spectra of a

20KP in its initial oxidized state (A),

its partially reduced state in which
good signals are obtained (B), and in

the presence of dithionite (C). The sys-

tem will spontaneously go to the par-

tially reduced state without the initial

blue light irradiations, but the light

treatment hastens the process. In the

present case, the preparation goes from
fully oxidized to partially reduced; in

the Muhoz and Butler case, from com-
pletely reduced to partially oxidized;

but the net result is the same inter-

mediate redox state at which signals

can be obtained.

Table 5 lists the distribution of the

marker enzymes among the centrifugal

fractions as well as the distribution of

D
_Q

_Q

<

350 400 450 500 550 600

Wavelengf h, nm

Fig. 10. Absorption spectra of a resuspended

20,000 x g pellet from Neurospora (A) in its fully

oxidized state, (B) in a stable partially reduced

state during which light-induced cytochrome re-

duction can be demonstrated, and (C) fully re-

duced by dithionite. Curves vertically displaced

for clarity. Excessive ultraviolet absorption in

(C) caused by dithionite.

the potential for a light-induced absor-

bance change. Neither mitochondria
(cytochrome c oxidase) nor endoplasmic
reticulum (NADH-dependent cyto-

chrome c reductase) has a distribution

like that of the light-induced absor-

bance change. However, correspon-

dence is excellent between the distri-

bution of the signal and that of the

Na-dependent ATPase. This corre-

spondence could well indicate associa-

tion of the pigment system with the

plasma membrane, though definitive
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TABLE 5. Distribution of Marker Enzymes and Light-Inducible Cytochrome in the Various Cell

Fractions from Neurospora crassa (assays per mg protein)

Na+-Dependent NADH-Dependent
Adenosine Cytochrome Cytochrome c

Absorbance Triphosphatase c Oxidase Reductase
Protein Change mM P04

x min-1 mM x sec
-1 mM x sec -1

Fraction mg; ml -1 (Relative) x 10~ 3 x 10"3 x 10" 3

2KS 224 15.11 5.01 11.33 2.42

9KP 185 48.96 (38)* 11.26 (39) 65.80 (207) 0(0)

20KP 169 130.07 (100) 28.98 (100) 31.82 (100) 0.015 (100)

50KP 228 64.01 (49) 14.41 (50) 21.47 (67) 6.380 (4.3 x 104
)

50KS 188 2.69 0.723 0.842 2.97

"Figures in parentheses represent amounts relative to the 20KP, normalized to 100.

evidence is still lacking. Calculations

(not shown) indicate that recovery was
close to 100% for all the markers and
for the potential for a light-induced

signal, based on what was initially pre-

sent in the 2KS, except for the

ATPase, which showed a loss of about

20%.
Preliminary studies have been ini-

tiated to determine more precisely

which cytochromes might be involved

in the process described above. The
20KP fraction from a poky mutant of

Neurospora (Fungal Genetics Stock
Center #3627-2) appears to give signif-

icantly smaller signals than the
albino-timex mutant described here.

Many studies have examined
mitochondrial cytochrome deficiencies

in poky mutants (Lambowitz and Bon-
ner, 1974; Lambowitz et al, 1972a,6),

but there are as yet no studies on
extra-mitochondrial cytochrome ab-

normalities. Preliminary reduced-
minus-oxidized difference spectra show
poky to be deficient in 6 -type cyto-

chromes generally, as expected, but to

be noticeably deficient in an NADH-
reducible cytochrome in the 20KP and
50KP. Further studies are planned
with low temperature and derivative

spectra to analyze these deficiencies in

detail. Studies are also under way to

determine whether the poky mutant
shows altered photosensitivity, mea-
sured either by suppression of expres-

sion of the circadian rhythm of conidia-

tion (Sargent and Briggs, 1967; Sar-

gent, Woodward and Briggs, 1966) or

by induction of carotenoid synthesis in

mycelia grown in liquid culture (De
Fabo, Harding and Shropshire, 1976;
Zalokar, 1955).

In conclusion, the photoreduction
measurements and light-minus-dark
difference spectrum reported here for

the 20KP are very similar to those re-

ported by Muhoz and Butler for intact

Neurospora mycelium. In both sys-

tems, an intermediate redox state is

required for the signals to be obtained.

It therefore seems reasonable that the

same pigment system is involved in

both cases. Hence the signals described

by Muhoz and Butler appear to have
their origin in a fraction that could be
plasma membrane (and is clearly not

mitochondria, endoplasmic reticulum,

or the soluble fraction). However, it is

still premature to state that this sys-

tem is the photoreceptor complex for

the various physiological blue light re-

sponses mentioned above. Such a con-

clusion would require evidence linking

the behavior of this fraction to that of

the physiological responses in ques-

tion. Thepoky mutants seem promising
objects for obtaining such evidence.
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BLUE LIGHT-INDUCED ABSORBANCE CHANGES IN MEMBRANE
FRACTIONS FROM Zea mays

Winslow R. Briggs, Jack Freeberg, and Charles V. Weiss

There is now a substantial amount of

literature concerning light-induced ab-

sorbance changes in various fungi, and
a detailed action spectrum for such a
change in Neurospora mycelium is

very similar to the action spectra for a

host of blue light-induced physiologi-

cal responses both in fungi and in

higher plants (Muhoz and Butler,
1975). If such absorbance changes re-

flect a light reaction of the physiologi-

cally important blue light photorecep-

tor, one would expect to find similar

changes in higher plants as well.

Widell and Bjorn (1976) have indeed
found light-induced absorbance
changes in dark-grown wheat coleop-

tiles, but the light-minus-dark dif-

ference spectrum did not resemble that

reported for the various fungi (see

Briggs, 1976), and the action spectrum
for the absorbance changes suggested
that the cytochromes themselves were
serving as photoreceptors, perhaps as

in the Dictyostelium system described
by Poff and Butler (1974). After
eliminating spectral changes caused by
blue-induced phytochrome photo-
transformation and protochlorophyll

photoconversion, Poff (personal com-

munication) also saw complex absor-

bance changes in corn coleoptiles.

These changes did not resemble those

described for the several fungi either.

Thus, two studies with intact tissue of

higher plant tissue failed to reveal a
light-sensitive system with properties

like those of Neurospora mycelium,
and the evidence to date would suggest
that the Neurospora system is not
ubiquitous.

Brain and Briggs (this Year Book)
report on the isolation of a membrane
fraction from Neurospora which yields

the characteristic light-induced absor-

bance changes described for Neuro-
spora mycelium by Muhoz and Butler
(1975). This report describes similar

absorbance changes in a comparable
membrane fraction isolated from corn

coleoptiles.

Corn seeds (Zea mays, L. hybrid WF9
x Beo 38, Bear Hybrid Corn Co., De-
catur, 111.) were soaked overnight in

running tap water and then grown in

darkness in a constant temperature
room at 25°C, 90% relative humidity
for four days. The seedlings received 2

hr red light every night but the last for

suppression of mesocotyl growth and
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stimulation of coleoptile elongation.

Coleoptiles were harvested directly

into ice under dim green light as de-

scribed by Hertel and Flory (1968).

Corn coleoptiles were harvested,
homogenized, and the homogenate sub-

jected to differential centrifugation as

described elsewhere (Year Book 74, pp.

807-809). The pellet obtained following

the 21,000 x g centrifugation (21KP)
was resuspended and used for the ir-

radiation studies. For each 6 g of tissue

homogenized, the final resuspension
volume was 1 ml. This preparation is

comparable to the Neurospora 20KP
described by Brain and Briggs. The in-

strumentation and techniques for

measuring absorbance changes on ir-

radiation with blue light were also

those of Brain and Briggs.

Figure 11 shows light-induced ab-

sorbance changes detected when ab-

sorbance at 410 nm is subtracted from
that at 423 nm. The signal is clearly

similar to that described by Brain and
Briggs for the Neurospora fractions,

with a half-life of about 30 sec. Under
identical conditions of sample
geometry and actinic light intensity,

the dose-response curve for the corn
signal is also much like that for Neuro-
spora preparations. Between 10 and 15
sec of the actinic blue light (1.1 x 104

ergs cm-2
sec-1 ) yielded half-

saturation, with 1 min close to com-
plete saturation.

The corn preparations gave smaller
signals than those from Neurospora,
and were far less stable. Whereas from
the fungal membranes one could obtain

consistent signals repeatedly over a
period of hours, the corn fractions

rapidly lost the capacity to produce
signals (sometimes within 15 min). For
this reason, the only fraction examined
was the 21KP.

Since it was not possible to obtain ex-

tensive data from any one preparation,

a complete light-minus-dark difference

spectrum could not be made. However,
partial difference spectra were ob-

tained on three different occasions. On
each of these occasions, a maximum
near 425 nm was found, with minima
near 410, and on two occasions, 450
nm. Thus the light-minus-dark dif-

ference spectrum for corn appears simi-

lar to that described for intact Neuro-
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Fig. 11. Blue light- induced absorbance changes in a resuspended 21,000 x g pellet from corn.

Upward arrow indicates light on; downward arrow, light off. A 30-sec and a one-min radiation are

shown.



DEPARTMENT OF PLANT BIOLOGY 379

spora mycelium (Murioz and Butler,

1975) or Neurospora membrane prepa-

rations.

The corn preparations resembled
those from Neurospora in another way.
Signals could not be seen unless the

system was poised with the cyto-

chromes at an intermediate redox
state. At the beginning of an experi-

ment, the cytochromes were normally
almost fully oxidized. Irradiation
yielded either no signal or a slight de-

crease in the absorbancy difference be-

tween 423 nm and 410 nm. Following a

series of 1-min irradiations, however,
the cytochromes became partially re-

duced, as with Neurospora, and signals

such as those shown in Fig. 11 could be
observed. More fully reduced prepara-

tions no longer yielded signals, or

showed light-induced oxidation of the

cytochromes.

In conclusion, corn 21KP and
Neurospora 20KP membrane prepara-

tions show very similar responses to

blue light. The dose-response curves for

the light-induced absorbance changes,

the dark decay kinetics, and the
light-minus-dark difference spectra re-

semble each other; and both prepara-

tions require an intermediate redox
state to show the light responses. These
similarities between the fungal and the

higher plant systems support the
hypothesis that they may indeed repre-

sent the physiologically active blue
light photoreceptor. Future work will

involve efforts to stabilize the corn
preparations and determine the distri-

bution of the potential for light-

inducible absorbance change in the
various fractions.

References

Briggs, W. R., in Light and Plant De-

velopment, H. Smith, ed., But-
terworths, England, in press, 1976.

Hertel, R., and R. Flory, Planta, 82,

123-144, 1968.

Muhoz, V., and W. L. Butler, Plant
Physiol, 55, 421-426, 1975.

Poff, K. L., and W. L. Butler, Photo-

chem. Photobiol., 20, 241-244, 1974.

Widell, S., and L. O. Bjorn, Physiol.

Plantarum, 36, 305-309, 1976.

AN EVALUATION OF MARKERS FOR PLASMA MEMBRANES IN
MEMBRANE FRACTIONS FROM Zea mays

John W. Cross and Winslow R. Briggs

The plasma membranes of plant cells

are rapidly becoming the subject of in-

creased research attention. This activ-

ity is partly because of the generally

increasing interest of biologists in cell

surfaces per se, and partly because
these membranes are now suggested to

be sites of biochemical activities that

are uniquely vegetable, including blue
light photoreception (Jesaitis et al.,

1976; Brain and Briggs, this Year
Book) phytochrome action (Haupt,
1973; Yu, 1975), and auxin activity

(Hertel et al., 1972). In each of these
cases the isolated membrane fractions

involved have been identified as
plasma membrane by means of en-
zymatic "markers" or from "specifi-

cally" stained electron micrographs. Of
course this identification is valid only

insofar as the "markers" are authentic.

Unfortunately, the specificity of each of

the various plasma membrane markers
is subject to question.

Table 6 lists these "markers," and
the basis for using each of them to

identify the plasma membrane. They
divide roughly into two groups, those

expected on theoretical grounds to be

associated with the cell surface, and
those empirically selected (see Table

6). As can be seen, the "markers" in

Class 1 are verified either by good cor-

relation of their presence with PTA
staining or with napthylphtalamic acid

(NPA) binding. NPA binding itself was
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TABLE 6. "Markers" Used for Plasma Membranes of Higher Plants

Marker Grounds for Validity

Class 1 (chosen on theoretical grounds)

Glucan synthetase, Mg++

independent

ATPase (cation-dependent)

Naphthylphthalamic acid

(NPA) binding

Steroid content elevated

Thought to be involved in cell wall synthesis;

correlation with NPA-binding activity in membrane
fractions (VanDerWoude et al., 1974).

Thought to be involved in monovalent cation uptake
by correlation of its kinetics with the kinetics

of ion transport in roots (Leonard and Hodges, 1973);

correlation with PTA staining (Hodges et al., 1972).

An inhibitor of auxin transport; correlation with
PTA staining (Hertel et al., 1972).

Analogy with animal cells, which have most steroids in

the plasma membrane; correlation with NPA binding
(Hartmanne^a/., 1975).

Class 2 (empirically selected)

PTA staining for electron microscopy Thin sections of whole tissues or cells stain mainly
(PTA = chromic-perchloris- at the plasma membrane (Roland, et al., 1972).

phosphotungstic acid)

Note: Several well-known markers for the plasma membranes of animal cells are absent from plant

cells (i.e., 5'-nucleotidase, Na + -K + -stimulated ATPase, adenyl cyclase, sphingomyelin, characteristic

hexagonal protein complexes (Roland et al., 1972).

verified by correlation with PTA stain-

ing (Hertel et al., 1972), so the validity

of each of these "markers" depends ul-

timately on the validity of this stain.

PTA staining was originally de-

veloped as a stain for plant plasma
membrane by Roland et al. (1972) and
subsequently improved (Leonard and
VanDerWoude, 1976). It acts by oxida-

tion and binding of complex membrane
carbohydrates (Roland et al., 1972). In

thin sections of whole tissues, the stain

definitely shows preference for the
plasma membrane. However, its use as

a selective stain with isolated mem-
brane fractions seems more questiona-

ble. Since each membrane fraction is

sectioned and stained separately, it is

difficult to interpret light staining in

one fraction and heavy staining in

another, especially since the process of

membrane fractionation itself might
alter the intensity of staining. Is the

observed variation in stain intensity

caused by differences in staining or

photography, or by actual specific dif-

ferences in the binding of stain? Mem-
brane fractions that are sedimented to

about 38% sucrose consistently stain

most heavily, so the variation does not

appear random (Hodges et al., 1972;

Leonard and VanDerWoude, 1976).

However, considerable stain can be
found in other fractions. Since the va-

lidity of all the other markers cur-

rently depends upon that of this stain it

would seem best for caution to prevail.

Because of this situation we are at-

tempting to verify the reliability of

some of these "markers" for the plasma
membrane and to develop new ones.

Our initial work in this area centered
on the monovalent cation-dependent
ATPase. This enzyme activity has been
correlated with the plasma membrane
not only by coincidence with PTA
staining of sucrose gradient fractions

but by the similarity of Eadie-Hofstee
plots of its kinetics with the plots for

monovalent cation uptake in whole
roots (Leonard and Hodges, 1973). This
analysis assumes that only one such
ATPase enzyme exists, and that it is

present only in the plasma membrane.
We harvested the coleoptiles of

dark-grown corn seedlings and
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homogenized them at 0° in the light.

The homogenates were then fraction-

ated by differential sedimentation and
by isopycnic sucrose density gradients.

The highest specific activities of K+ -

stimulated ATPase were found in the

21,000 x g and 48,000 x g pellets

(21KP and 48KP; (Table 7). This dis-

tribution was clearly distinct from
basal ATPase (mostly in the 48,000 x g
supernatant) and cytochrome c oxidase

(mostly in the 9000 x g pellet (9KP). It

is also distinct from the microsomal
marker, NADH-cytochrome c oxido-

reductase, which generally is enriched

in the 48KP pellet ( Jesaitis et ai, 1976;

and data not shown). On isopycnic gra-

dients (not shown) the K+ -stimulated

ATPase formed two distinct peaks of

activity. The lighter was at 30% suc-

rose, distinctly denser than the mic-

rosomal marker, NADH-cytochrome c

oxido-reductase (267c sucrose). This
membrane fraction does not correspond

to the density of any of the other
plasma membrane "marker" enzymes.
This peak was similar in density to the

peak of Mg + + -dependent glucan
synthetase activity (glucan synthetase

I, a golgi membrane marker [Ray et al.

,

1969]), although the glucan synthetase

has not as yet been tested on the same
gradient with the ATPase.

The second peak occurred at higher
density (38% sucrose), just above the
peak of cytochrome c oxidase activity

(40% sucrose), but not identical to it. It

did not correspond to the peak of NPA
binding activity, which was closely cor-

related with the cytochrome c oxidase
peak. Thus it appears that NPA bind-

ing and K + -stimulated ATPase do not
reside exclusively in common mem-
brane fractions and therefore cannot
represent markers for the same mem-
brane. In addition, the NPA binding
activity becomes equilibrated in close

correspondence to cytochrome c oxidase
and may in fact be bound to mitochon-
dria rather than plasma membranes,
although this possibility remains to be
proven.

The two distinct bands for K + -

stimulated ATPase could reflect the

observation that plant cells contain

two separate internal compartments of

K +
, believed to be protoplasm and vac-

TABLE 7. Basal and K + -Stimulated ATPase Activity from Maize Coleoptiles: Differential

Sedimentation*

ATPase Activity Cytochrome c Oxidase
nm P min' 1 mg protein '

Sample Basal K +-stimulated AA-))0min_l mg
protein"

'

Crude homogenate 206 8 0.94

500 x gmav 15 min pellet 32 30 0.87

9 x 10 3 x gmaK 15 min pellet 80 44 1.22

21 x 103 x gmax 15 min pellet 108 81 0.69

48 x 10 3 x gmax 60 min pellet 136 67 0.36

48 x 10 3 x gmax supernatant 261 9 206

*Coleoptiles (10 g) were chopped with a razor and ground in a mortar in 0.25 M sucrose, 50 mM
tris-acetate ipH 8.0), 1 mM EDTA, 0.1 mM MgCl, and 14 mM 2-mercaptoethanol (2 vol buffer/g of

tissue), filtered through 2 layers of cheese cloth and centrifuged as described in the Sorvall SS34 rotor.

Operations were at 0-5°C. ATPase was assayed (Hodges et al., 1972) in a 1 ml reaction mix with 30

mM Tris-MES (pH 6.0), 1.5 mM MgCL, 3 mM ATP«Tris (pH 6.0), and 0.050 ml of the washed
membrane fraction resuspended in the grinding buffer at 0.5-2 mg protein per ml. Tests began by

addition of ATP after 10 min preincubation and were continued for 15 min, when 0.4 ml 20%-

trichloroacetic acid was added. P
(
in the centrifuged supernatant was determined by the method of

Hedman (1964). Basal ATPase activity was corrected for ATP hydrolysis in the absence of enzyme,
and K + -stimulated activity represents the activity at 50 mM KC1 in the reaction minus basal activity.

Cytochrome c oxidase was assayed by the method of Jesaitis et al. (1976).
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uole, at different K + potentials (Davis

and Higinbotham, 1976). The lighter

K+ -stimulated ATPase could reside in

the tonoplast membrane (for which we
do not as yet have a marker), and the

denser activity in the plasma mem-
brane, although other possibilities

exist.

In order to resolve some of the prob-

lems mentioned above, we are attempt-

ing to label the plasma membrane of

intact cells prior to homogenization
and fractionation. Our initial experi-

ments have made use of Fluorescamine
(FLURAM), which reacts rapidly with
primary amines to yield a fluorescent

product. This reaction occurs with a t,
t

of milliseconds (Udenfriend et al.,

1972), and excess reagent spontane-

ously hydrolyzes to nonfluorescent
products within a few seconds. Since

this rapid hydrolysis should prevent
significant labeling within the cells,

fluorescamine should be an ideal cell

surface label. Indeed, it has recently

been reported that fluorescamine can
label surface-specific peptides of chick

fibroblasts without labeling internal

peptides (Hawkes et al., 1976).

To test the utility of this reagent as a
surface label, 2 -mm segments of corn

coleoptiles were briefly exposed to

fluorescamine and then homogenized
and fractionated by differential

sedimentation (Table 8). The distribu-

tion of fluorescence in the fractions was
quite similar to that reported above for

K 4 -stimulated ATPase, with the
greatest label bound to the 21KP and
145KP. In another experiment (not

shown) it was found that homogenizing
the tissue before adding fluorescamine

resulted in a tenfold increase in the

labeling of soluble amines with only a

twofold increase in the labeling of

membranes. From these results it ap-

pears that fluorescamine does primar-

ily label the surface of intact cells un-

less the permeability barriers of the

cell are first broken. The reasonable

correspondence of fluorescamine label-

ing with the presence of K + -stimulated

ATPase suggests that at least one of

the ATPases may be present on the
plasma membrane. Further experi-

ments are now in progress to optimize

the specificity of this label and to verify

that it reacts with the cell surface.

TABLE 8. Fluorescamine Labeling of Maize Coleoptile Segments: Differential Sedimentation*

Sample

Relative K+ -Stimulated
Fluorescence ATPase

(per mg protein) nmoles P.min'mg protein

1.0 (0.33)t 178 (0.46)

2.2 (0.73) 0(0)
1.5 (0.50) 164 (0.42)

3.0(1.00) 390 (1.00)

2.9(0.97) 364 (0.93)

0.7 (0.23) 151 (0.39)

Crude homogenate
500 x gmax 15 min pellet

9 x 10 :i x g miiS 15 min pellet

21 x 10 ;l x gmax 15 min pellet

145 x 10'< x gmax 30 min pellet

145 x 10 :i x gmax supernatant

* Dark-grown corn coleoptiles were collected on ice and weighed into two groups of 10 g each. These
were chopped into 2-mm segments, and washed three times at room temperature in 10 mM sodium
phosphate-pyrophosphate buffer, pH 7. The first two washes were accompanied by vacuum
infiltration (5 min each). Washed segments were rinsed and suspended in 30 ml labeling buffer (0.25

M sucrose, 1 mM EDTA, 25 mM Na,P,0
7
brought to pH 8.5 with 25 mM NaH,P0

4 ). The samples
received either 0.30 ml of fluorescamine freshly dissolved in pure acetonitrile (10 mg/ml), or 0.30 ml of

acetonitrile alone. After 1 min at 20° the solutions were aspirated and the samples rinsed three times
in the same buffer at 0°, then rinsed and resuspended in 30 ml of grinding buffer (see Table 7).

Coleoptile segments were then homogenized and fractionated as described in the legend to Table 7. To
assay fluorescence, a 0.10 ml aliquot was removed from each fraction, diluted in 2.0 ml SDS (0.25%,
w/v), and centrifuged at 1000 x g, 5 min. Fluorescence at 475 nm was excited at 390 nm. Half-band
widths were 10 and 8 nm for emission and excitation, respectively. The fluorescence of each sample
was corrected for protein content and for the auto-fluorescence of the corresponding unlabeled sample
(which was at least tenfold lower than the labeled sample). K + -stimulated ATPase activity was
assayed as described in the legend to Table 7.

Figures in brackets represent amounts relative to the 21KP, normalized to 1.00.
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A MULTI-SAMPLE AUTOMATIC MONITORING DEVICE FOR THE
CIRCADIAN RHYTHM OF TRANSMITTANCE CHANGE IN Ulva

S. J. Britz

As discussed last year {Year Book 74,

p. 794), a circadian rhythm of chloro-
plast movement in the green alga Ulva
lactuca L. causes a differential sieve ef-

fect and results in a corresponding
rhythm of visible light transmittance
change (Britz and Briggs, 1976). The
vegetative thallus of Ulva forms a flat

sheet two cell layers thick, with each
cell containing one large, cup-shaped
chloroplast. In daily light-dark (LD)
cycles the chloroplasts cover the outer
cell face (face position) during most of
the day, and the transmittance is low.
Starting late in the day and continuing
through most of the night, the chloro-
plasts move slowly down the side walls,

expose the central portion of the cell

(profile position) and greatly increase
the transmittance (up to 200%).
Movement back to face position begins
before the end of the dark period and
continues more rapidly with the onset
of light. Rhythmic chloroplast move-
ment continues during periods of con-

stant darkness (DD) or constant light

(LL).

The relation between chloroplast po-
sition and thallus transmittance has
been studied in detail by direct tech-
niques and computer modeling (Britz,

manuscript in preparation). The re-

sults of these studies show that within
certain bounds, the correlation be-
tween chloroplast position and trans-
mittance is excellent. For a given
orientation change, the transmittance
change depends mainly on the absor-
bance; the higher the absorbance, the
greater the transmittance change and
the better the correlation with chloro-
plast position. The correlation between
position and transmittance is also bet-
ter for rhythmic movement in DD than
in LD; orientation during the light
period appears to be accompanied by
chloroplast shape changes. At
wavelengths at which absorbance is

low, the transmittance changes not
only become much smaller but are in-
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fluenced more by changes in other fac-

tors such as light scattering and reflec-

tance. These features of chloroplast

movement can be matched by a com-
puter model (a preliminary version of

which has been described; Year Book
74, p. 794) indicating the movement-
related transmittance changes can be

described quantitatively in terms of

known and measurable parameters.

For various reasons (ease, objectiv-

ity, integration of the result over many
cells), transmittance measurements
are useful for the study of chloroplast

orientation. Long-term, rhythmic
transmittance changes in a single Ulva
thallus have been monitored both by
an automatic, continuously recording

microphotometer and flow-through
cuvette combination and by non-flow-

through cuvettes measured manually
(Britz et al., 1976). The transmittance

changes were large, highly regular,

and persistent for many days. In both

cases sampling noise was minimized
because the thalli were kept in a con-

stant geometry with respect to the

measuring beam. Moreover, thalli

were measured without disturbing the

rhythm, something not possible with
conventional techniques.

The following paper describes the de-

sign, construction, and operation of a

practical system to monitor rhythmic
transmittance changes automatically

for multiple samples. This system is

useful for the study of any type of slow

transmittance change, such as that ac-

companying chloroplast movement.

Design and Construction

The basic unit of the monitor is the

sample holder. It must be convenient in

terms of size, manipulation, and
amount of tissue and medium required

(the latter, an important consideration

in inhibitor experiments). While it is

not necessary that the sample holder

reproduce a "natural" environment, it

must offer physiological conditions for

long-term measurement. Moreover, the

design should be simple and flexible.

Thus, it was decided to make the sam-
ple holder essentially a small dish in

which the Ulva thallus would be held

horizontally and for which the measur-
ing beam would be vertical. This de-

sign is suitable for in situ light micros-

copy (particularly with an inverted mi-

croscope) or spectrophotometry. Exper-

iments parallel to those in the monitor
can be conducted on the physiological

and biochemical properties of other

samples maintained in small Petri

dishes, a comparable environment.

The sample holder and dimensions
are depicted in Fig. 12. The holder is

constructed with a clear Plexiglas cyl-

inder melded to a circular black Plexi-

glas base. The base has a large central

hole over which a cover slip masked
with black photographic tape is paraf-

2.7 cm

Fig. 12. Perspective view of the disassembled

sample holder: a, clear Plexiglas cylinder (3

mm thick); b, black Plexiglas base (3 mm thick)

with a 20-mm diameter central hole (not shown);

c, 22-mm circular cover slip paraffined over the

central hole and masked on the underside with

black photographic tape with a window 4 mm in

diameter; d, nylon filament-Plexiglas support

ring (2 mm thick, 3 mm wide); e, 11.5-mm diame-

ter Ulva thallus disc fastened between the

crossed nylon filaments; f, clear plastic cover; g,

orientation pin. The raised support ring fits

snugly against the base, holding the Ulva about

1 mm off the bottom.
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fined in place. The Ulua thallus can

then be positioned flush against the

cover slip by dialysis membrane or

nylon mesh. Alternatively, as shown in

Fig. 12, the thallus can be supported

above the cover slip by a nylon fila-

ment and Plexiglas ring combination.

The tape mask has a 4-mm diameter
window such that when the Ulua thal-

lus is positioned over the window only

light passing through the sample is

transmitted by the holder. In this con-

figuration the sample should be il-

luminated by a measuring beam com-
ing from above, thereby exposing the

entire thallus and eliminating any pos-

sible effects of differential light treat-

ment. An advantage of the cover slip is

that the size of the window may be var-

ied. The holder is covered by a clear

polystyrene top and there is a small

notch cut in the top of the cylinder to

allow for gas exchange. There are no
problems with evaporation or conden-

sation on the clear cover, at least under
the operating conditions described be-

low. Pins extending from the holder

anchor it reproducibly in the monitor.

The choice of lighting conditions for

the monitor poses the next problem;

obviously light must be used for

transmittance measurements. Since
the transmittance changes depend
strongly on the absorbance, the opti-

mal wavelength to monitor the rhythm
should be about 436 nm, the absor-

bance maximum. However, there are

several problems which urge caution.

The period of circadian rhythms de-

pends on the quality and quantity of

ambient lighting. Both blue light and
red light shift the phase of the Ulua
rhythm (Britz, unpublished data), and
continuous exposure to blue light (and

presumably red) can decrease the free-

running period (Britz et al., 1976). For
photosynthetically active organisms,
light may supply energy and affect the

amplitude of the rhythm. In addition,

light .may modify chloroplast shape,

thus influencing transmittance (Britz,

manuscript in preparation). Meas-
urements made in higher intensity
light run the risk of error due to bubble

formation in the measuring beam.
Thus, the monitor should operate at

light intensities approaching effective

DD with the potential to operate under
LL.

The requirement for minimal light

(less than 1 erg cm-2
sec

-1 continuous

exposure of which from 5% to 20%
would reach the photodetector; Britz et

al., 1976) eliminates at present the

possibility of continuously illuminat-

ing an array of samples, each with its

own inexpensive solid-state photo-

detector. A more sensitive light-

detecting system is required, such as a

single photomultiplier past which
samples are moved sequentially. For

this purpose a device like a fraction col-

lector seems ideal. However, the
transmittance signal is quite sensitive

to sample position. When many sam-
ples must be measured, precise reposi-

tioning becomes a problem. Therefore,

it was decided to have the monitor con-

sist of 30 sample holders positioned

along the rim of a constantly revolving

wheel (one revolution per hour) such

that the samples are swept through a
dim, vertical measuring beam with the

transmitted light measured by a

photomultiplier beneath. The output
from the photomultiplier, amplified

and recorded on a strip chart recorder,

constitutes a single channel of data on
which the records of 30 samples appear
in sequence every hour. This number of

samples and measurements is reason-

able and sufficient for most purposes. A
schematic representation of the
monitoring device is shown in Fig. 13.

The wheel consists of an aluminum
frame and an outer circle of plywood
with holes for the sample holders. Next
to these holes are raised supports for

the orientation pins. A small electric

motor drives the wheel, which is con-

nected to the drive shaft by cork
pressure plates that allow optional

manual rotation.

The entire apparatus (sample hol-

ders, wheel, light source, and photo-

multiplier) is enclosed in a

temperature-controlled chamber, with

the associated power supplies,
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Fig. 13. Schematic representation of the automatic monitoring device: a, revolving (1 rph) sample
holder wheel; 6, sample holder, one of 30 positioned along rim of wheel; c, electric motor and worm
gear to drive wheel; d, measuring beam lamp; e, interference and neutral density filters; f, end-on

photomultiplier tube;g, measuring beam lamp regulated power supply, Dressen-Barnes Model 61-55;

h, photomultiplier high-voltage power supply, Fluke Model 412B; i, amplifier, Keithley 150B
Microvolt-ammeter with 100 mV output; j, strip chart recorder, E&K; k, constant temperature
chamber, Percival Model E-54B. Additional details are discussed in text.

amplifier, and strip chart recorder lo-

cated outside in a dimly lit room. The
walls of the constant temperature
chamber are black, and the measuring
beam is shielded so that stray light is

not a problem. Temperature control is

necessary, not only for the samples but
also for the lamp and photomultiplier

whose characteristics are temperature
sensitive.

The monitor could be modified to

measure transmittance changes in LL
by illuminating the surface with a
homogeneous field of constant inten-

sity and inserting suitable color, neu-

tral density, and/or interference filters

before and/or after the sample. With
more rapid rotation of the wheel the

monitor could be used for faster trans-

mittance changes, and with modifica-

tion of the LL measuring beam system
(see Pfau et al., 1974) the monitor

would be suitable for studies on light-

induced chloroplast movement.

Operation

Ulva for these experiments was cul-

tured in an aerated, enriched seawater
nutrient medium on LD 16:8 (light in-

tensity 150 fc from one 40-W cool-white

fluorescent lamp) at 20°C. Except for

aeration (by an aquarium pump) and
illumination, the general growth and
experimental conditions are as de-

scribed elsewhere (Britz and Briggs,

1976; Britz et al, 1976). After inocula-

tion, the thalli go through a rapid

phase of growth for two to three weeks,

followed by several weeks of much
slower growth. After five weeks the

thalli are usually too wrinkled to be

suitable for photometric meas-
urements.
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For a given experiment, a single

large Ulua thallus is cut into discs (11.5

mm in diameter) with a cork borer; the

discs are mounted in the sample hol-

ders, and the holders are filled with
"aged" nutrient medium (i.e., the same
medium in which the original large

thallus had been cultured, refiltered in

the meantime). The samples are then
adapted for up to three days in normal
LD cycles and loaded into the monitor
at the end of a light period. Additional

details of sample preparation are dis-

cussed below.

When monitored at constant tem-
perature, circadian rhythms typically

have periods that are almost tempera-
ture independent. However, rhythms
are sensitive to changes in tempera-
ture, and even diurnal fluctuations as

small as 1°C might suffice to syn-
chronize the period of a rhythm to a
24-hr cycle. Thus, all experiments were
at 20 ± 0.25°C, the same temperature
as culture. The temperature of the

monitor chamber was recorded con-

tinuously (Partlow RFT, dry bulb
thermometer). Within the limits of the

temperature sensing system, no diur-

nal fluctuations were observed.

The monitor measuring beam
wavelength is 436 nm isolated with an
interference filter (Baird-Atomic;
half-band width, 11 nm; blocked past

800 nm, and IR opaque as measured
with a Corning 7-56 IR-transmitting
filter and a thermopile) from a 6-V
tungsten microscope illumination lamp
operated at 4.5 V by a regulated power
supply (stable to 0.01%). Neutral den-

sity filters are inserted in the beam to

give a light intensity on the sample
holders of approximately 0.1 erg cm-2

sec-1 . Intermediate diaphragms de-

limit the beam to about 15 mm which,
centered over the samples, is large

enough to illuminate the thallus disc

completely. The end-on photomulti-
plier tube, an RCA 6217 run at about
500 V, is mounted underneath the
wheel.
Shown in Fig. 14 are typical strip

chart recordings of the photomultiplier

output for 1-hr periods corresponding

to times when the chloroplasts occupy
profile (DD5 to DD„) and face (DD 14 75 to

DD 15 75 ) positions. The results show a
dark current base line when the
measuring beam is occluded by the
wheel with spikes of photocurrent oc-

curring at 2-min intervals as the sam-
ples pass in and out of the measuring
beam. Each sample is in the beam for

about 1 min every hr. Spike height is

linearly proportional to transmittance.

The monitor is always run with one of

the 30 samples as a reference. Note
that while the reference remains con-

stant, the sample transmittances de-

crease considerably in face position
(Fig. 14).

The reference is used to assess in-

strument stability and to correct for

drift, if desired. It contains a filter that
gives it approximately the same
transmittance as Ulua thalli with pro-

file position chloroplasts. The absolute
transmittance of the reference relative

to sample holders alone is about 17.5%.

With the above-mentioned instrument
parameters, the reference gives an ab-

solute photocurrent of about 7 nA.
When monitoring constantly the refer-

ence photocurrent or the dark current,

there is almost no short-term noise,

and long-term drift over several days is

less than 1%. Thus, the chamber pre-

sumably is keeping a constant temper-
ature, and the lamp and instrumenta-
tion are stable. However, under normal
operating conditions when the wheel is

moving samples in and out of the
measuring beam, there is substantial

variability in the reference, short-term
noise of a few tenths of a percent
superimposed on a long-term drift of as
much as 2%-3%. There are sometimes
rapid shifts in the reference over a
range of l%-3%, but there may also be
periods of relative stability.

Spike heights are measured directly

by ruler at hourly or two-hourly inter-

vals and sorted out by sample for

analysis. The average values for a
group of five samples all treated in the
same way are plotted in Fig. 15 along
with the individual values for the two
most extreme samples in that group.
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reference

DD 5

reference

DD 6

reference

DD14.75
reference

DD15.75

Fig. 14. Typical strip chart recordings of photomultiplier output at times when chloroplasts oc-

cupy profile (DD5 to DD
ti

) and face (DD1475 to DD1575) positions. The bar represents approximately 1

nA. The spike height (nA) is proportional to transmittance. Note the change in sample transmittance

with respect to the reference.

Also shown are the hourly values for

the reference.

The individual samples present a

regular and even pattern of transmit-

tance change. Thus, one does not de-

pend on sample averaging to relieve

hidden noise. While there are obvious

differences in the magnitude of trans-

mittance and the amplitude of change,

the patterns are remarkably similar to

one another and to their average. Such
repeatability within an experiment is

typical and, on the basis of 16 monitor

runs, the reproducibility between dif-

ferent experiments is almost as good.

Considering many experiments and
expressing the transmittances as a

percentage of the first transmittance

maximum, one can state the value for

the first transmittance minimum is

usually 50%-60%, the second maxi-
mum is 80%- 110%, and the second
minimum is about 70%-80%. These re-

sults compare well with transmittance

values obtained in parallel experi-

ments that were correlated to direct

microscope observation of chloroplast

position (Britz, manuscript in prepara-

tion). For the first two maxima the

chloroplasts are approximately in full

profile position, and the highest
transmittance values are measured.
For the first transmittance minimum
the chloroplasts are in full face posi-

tion, and the lowest transmittance
value is measured. At subsequent
minima and maxima the chloroplasts

fail to reach the extreme positions, and
intermediate transmittance values are

measured. The rhythm generally
damps out with the chloroplasts in an
intermediate-to-face position. With the

monitor, rhythmic transmittance
changes can be detected for at least six

cycles, although the last cycles fre-

quently become distorted by noise, at

least part of which may be related to

reference instability.

There is also excellent repeatability

within one experiment for the times of

transmittance maxima. The maxima
for the five samples from Fig. 15 have
been calculated by the parabola slope

technique (Britz et ai, 1976) and are

presented in Table 9. The phase align-

ment between different samples also
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reference

20 40 60 80

Time in constant conditions, hr

Fig. 15. Reproducibility of the Ulva transmit-

tance change rhythm. The average values for

five samples treated in the same way and the

individual values for the two most extreme sam-
ples are plotted together. Also shown are the ref-

erence values. The ordinate is the spike height in

cm.

shows that the averaging of samples
does not "smear out" the peaks.

The free-running period of the Ulva
transmittance change rhythm is usu-

ally observed to be about 24 hr, a value

comparable to previous determinations
(Britz et al., 1976). Because the value is

so close to 24 hr, it is impossible to rule

out diurnal synchronizing factors such

as small temperature fluctuations.

However, a major role for such factors

is unlikely because it is possible to

alter experimentally the length of the

free-running period as well as to reset

stably the phase of the rhythm.
While the above-mentioned sample

differences in transmittance mag-
nitude and amplitude of change are not

important for rhythm studies per se,

they present serious problems for

quantitative application of the trans-

mittance change measurements to

chloroplast movement studies. How-
ever, the direct dependence of

amplitude on the magnitude of trans-

mittance suggests normalization as an
empirical correction. This observation

is surprising, since spectrophotometry

studies determined the amplitude of

transmittance change to be inversely

proportional to the minimum (i.e., face

position) transmittance (Britz, manu-
script in preparation). The spec-

trophotometry studies were done with
special attention to keeping the thalli

flattened, but in the monitor sample
holders the thalli may be more or less

wrinkled. Because the sieve effect due
to chloroplast orientation is very sensi-

tive to the angle of incidence of the

measuring beam, the wrinkling factor

will decrease the maximum transmit-

tance more than the minimum, thereby
decreasing the amplitude of the
change. In fact, maximum transmit-

TABLE 9. Phase Coincidence of Ulva Transmittance Change Rhythm Maxima*

Maxima (hr after start of DD)

sample First Second Third

25 5.37 ± 0.51 30.72 ± 0.14 53.54 ± 0.12

26 5.5t 30.96 ± 0.13 52.55 ± 0.28

27 4.99 ± 0.29 30.99 ± 0.14 53.33 ± 0.16

28 4.76 ± 0.36 30.8 ± 0.15 52.89 ± 0.16

29 5.27 ± 0.28 30.8 ± 0.17 53.28 ± 0.15

*The values are the zero slope times in hours ± 95% confidence limits of the estimate. The larger

errors for the first maxima result from taking fewer points (5 vs. 7) over a shorter period of time (5 hr
vs. 12 hr) than for the second and third maxima.
tThis value is estimated because the fifth point is higher than the fourth (Fig. 15), which causes

aberrant behavior of the parabola slope method.
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tance values are less than expected.

There is also a fair amount of variabil-

ity, probably caused by the wrinkling.

The effects of normalization are
shown in Fig. 16 where the average of

the raw data from Fig. 15 plus stan-

dard errors of the mean are depicted

along with the average of the same
data after normalization to 1.0 at the

estimated transmittance value for the

first maximum. Normalization has re-

duced the standard errors to 25%-50%
that of the raw data when expressed in

terms of the transmittance change.
Thus, the data within one experimen-
tal treatment can be made more com-
patible, and the data between different

treatments can be made more compa-
rable.

O 20 40 60 80

Time in constant conditions, hrs

Fig. 16. Normalizing the Ulva transmittance

change rhythm values. The upper curve shows
the average values of five samples after each
sample has been normalized to the estimated

transmittance value of the first maximum. The
lower curve shows the average values of the raw
data (spike height in cm) expressed on a scale

normalized to give the same amplitude as the

upper cover. The bars represent one standard

error of the mean. The data is the same as that

presented in Fig. 15.

With this background, a brief survey
was made to ascertain reasonable sam-
ple preparation methods for reproduci-

ble operation of the monitor. The first

concern was the method of fastening

Ulva in the sample holder. As men-
tioned above, samples could be held
flush against the cover slip or sup-
ported slightly above the surface. Con-
tact of the thallus with nutrient
medium may be critical in terms of

free-running period, amplitude, and
damping characteristics (Britz et al.,

1976).

In the present study it has been ob-

served for flush-mounted thalli that

bottom cells not exposed to medium are

about twice as large as top cells after a

typical experimental protocol of three

days' adaptation in LD cycles and six

days in the monitor. The bottom cells

are apparently inhibited from dividing

but not from enlarging. This effect was
not observed in samples mounted di-

rectly before the start of monitoring
(i.e., without LD adaptation in cu-

vettes) and may therefore depend on
events during adaptation. It is not
known whether there is a differential

movement rhythm between top and
bottom cells, although the transmit-

tance rhythm curves appeared "nor-

mal" (i.e., no peak splitting or broaden-
ing of the peaks was observed). The
flush-mounted samples had rhythms
with similar amplitude and damping
characteristics but somewhat longer

free-running periods than samples in

the raised mounts (24 vs. 23 hr based
on one trial with three samples for each

treatment). No top-bottom cell size dif-

ferential has been observed in samples
adapted in support rings.

The raised support mode offers ad-

vantages for the removal of oxygen
bubbles that form in bright light and
become trapped under the thallus.

However, thalli grow under these con-

ditions, and with the raised support
mode they can become wrinkled. Thus,

it is necessary to rearrange the sam-
ples once during adaptation. The in-

creased distance of the sample from the

cover slip obviates the use of inverted
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microscopy and requires a larger thal-

lus disc to ensure that none of the
measuring beam leaks past. The
agreement between monitor studies

and parallel spectrophotometric
studies indicates this increased dis-

tance does not introduce complications

caused by light scattering.

The amount of nutrient medium in

the sample holder is important in

terms of volume-to-surface ratio (gas

exchange relies on diffusion) and
volume-to-thallus area ratio. The smal-
lest thallus disc that can be used reli-

ably with the support ring is 11.5 mm
in diameter, and the cuvette can con-

veniently hold up to 10 ml. This combi-
nation provides a volume-to-thallus
area ratio about twice that in the
growth flask. The use of either 7.5 or 10
ml of medium made no difference in the

results.

Since the length of adaptation in the

sample holders can affect the sample,
this factor was also tested. Adaptation
of one day or less consistently gave ir-

regular rhythms with drastically
skewed baselines, nonmonotonic damp-
ing patterns, and periods greater than
25 hr. However, no difference appeared
between samples adapted 2 xk and 3 x

/2

days.

In earlier work, Ulua from the
"slowly growing" phase of culture was
used, as it gave the longest-lasting
rhythms (Britz and Briggs, 1976). The
monitor was therefore used to compare
the rhythm patterns of samples from
rapidly growing and slowly growing
phases of culture. The "younger" thalli

were similar through three to four days
of monitoring. Then in about 50% of

the cases (out of 14 trials) the transmit-

tance change rhythms appeared to be-

come uncoupled from the clock and
began to drift around in varying pat-

terns. Control samples continued to

give normal patterns. No systematic
differences in the rhythms have been
detected for Ulua from various times
during the slowly growing phase of cul-

ture. Also, for a three-week-old culture

it did not appear to matter from where
in the thallus sample discs were cut.

The most perplexing matter has been
that ofpH control. Because of contami-
nation problems the culture medium is

unbuffered. During several weeks of

growth under LD the pH can therefore

rise to 9.0 or 9.5, conditions under
which Ulua can still actively photosyn-

thesize. During adaptation the medium
in the sample holders becomes
stabilized around 8.5 in the daytime
and drops a few tenths of a pH unit at

night. During constant darkness in the

monitor the pH drops to about 8.0.

Since certain studies require pH con-

trol, the effect on the rhythm of buf-

fered medium was tested.

Five mM Tris buffer did not stabilize

thepH except near 8.0 and, in any case,

appeared to have no effect. Ten mM
Tris had some distinct effects indepen-
dent ofpH (tested werepH 8.1 and 8.8

which bracketed the pH of the unbuf-
fered controls); these included
lengthening of the free-running period

and some initial inhibition of the
transmittance change. Ten mM
HEPES had only a slight effect on the

period (also lengthening it, apparently
independently of thepH at 8.1 and 8.6)

and no effect on the initial amplitude.

The rhythm under both Tris and
HEPES appeared to damp more rapidly

and was noisier by the fifth cycle than
the unbuffered controls; the Tris-

treated samples were worse. The actual

transmittance for the pH 8.1 samples
under both Tris and HEPES was con-

siderably lower than for the higher-pH
buffered samples or the unbuffered
controls. It was not clear whether this

feature was caused by the chloroplasts

being more in face position or, for

example, by increased pigment.
On the basis of the above discussed

results, a routine protocol was selected.

Thallus discs 11.5 mm in diameter are

cut from Ulua in the slowly growing
phase, mounted in holders with raised

support rings, filled with 9-10 ml of

unbuffered culture medium per sam-
ple, and then allowed to adapt for 2Vz

days in LD cycles before loading in the

monitor. With this protocol, samples
mounted in the wheel and shielded
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from the measuring beam for the first

72 hr of monitoring (DD„ to DD
7
.,) had

rhythms from DD
7:

, to DD 1U identical

in terms of amplitude and phase with
those of the continuously monitored
controls. The effects of the measuring
beam are therefore negligible and the

monitor may be assumed to offer condi-

tions approaching DD.

Discussion

The results of the present study show
the Ulua transmittance change rhythm
to be not only large and regular but

also remarkably precise, quantitative,

and reproducible, provided that certain

methods of sample preparation and
data handling are employed. For
example, adaptation in sample holders

seems to enhance reproducibility and
may have been a factor in an earlier

study where samples were not adapted
and where substantial variability in

rhythm patterns between samples was
observed (Britz et al., 1976).

It was not intended here to charac-

terize different sample preparation

methods exhaustively or to optimize

monitoring conditions. Certainly,
many details remain unresolved, such

as the role ofpH control, temperature,
and prior culture conditions. Nonethe-
less, a sufficient basis has been estab-

lished to realize the advantages of mul-

tiple sample monitoring and to employ
rhythmic Ulua transmittance changes
as an experimental system for chloro-

plast movement and circadian rhythm
studies.
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TWO APPLICATIONS OF A MULTI-SAMPLE AUTOMATIC
MONITOR FOR RHYTHMIC TRANSMITTANCE CHANGES IN Ulua

S. J. Britz

The completion of an automatic
monitoring device for rhythmic
changes in transmittance in Ulua of-

fers expanded possibilities to study the

underlying chloroplast movement,
from the standpoints of the motility

mechanism and the controlling circa-

dian rhythm. This paper presents the

results of two experiments that
exemplify the quantitative application

of the monitor in such studies.

Inhibitors have been applied to

examine the mechanism of chloroplast

movement. Experiments with the
monitor have repeated and expanded
upon preliminary work with conven-
tional transmittance measuring tech-

niques (Britz, 1975). Several features

of the monitor have aided in the exper-

iments. The ability to measure the
same sample in the same position re-

peatedly increases the accuracy. The
ability to gather data at hourly inter-

vals and to continue measurements for

at least three to four days facilitates

the determination of small effects and
effects that do not become apparent
until after the first cycle has passed.

Moreover, it is easier to distinguish

possible action on the clock from inhi-

bition of movement mechanism.
Table 10 shows the effects of two

common inhibitors of cellular move-
ment, colchicine and cytochalasin B, on
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TABLE 10. Cytochalasin B Reversal of Colchicine-Inhibited Rhythmic Ulva Chloroplast
Movement*

Treatment
and

Movement in the Direction from Profile to Face, Relative

Thallus Transmittance Change

Samples (n) First Second Third

Control

(n =4)
0.437 ± 0.028 0.286 ± 0.036 0.185 ± 0.033

52 fiM
Cytochalasin B

(n = 4)

.1 mM colchicine

(n =4)

0.461 ±

0.421 ±

0.014

0.017

0.260 ±

0.064 ±

0.010

0.022

0.183 ±

0.024 ±

0.044

0.016

52 fiM cytochalasin B
+ 1 mM colchicine

(n = 3)

0.385 ± 0.054 0.274 ± 0.018 0.192 ± 0.016

* Presented are the first three successive transitions in the direction from profile to face. Interven-

ing face to profile movement is not shown. "First" refers to the movement from the first transmittance

maximum to the first minimum in DD. Control exhibits normal damping. The extent of movement is

measured by reference-corrected and normalized relative thallus transmittance changes ± 2 x S.E.

Note that values are amplitudes and not absolute transmittances. All treatments were given starting

at DDH , immediately following the first transmittance maximum and point of normalization. Concen-
trated solutions of the drugs were added to nutrient medium, partially removed from the sample
holders (cytochalasin B formed a flocculent upon addition and required a minute or two to dissolve),

and then redistributed, to yield the above final concentrations. These treatments do not seem to

disrupt greatly either the amplitude or phase characteristics of the rhythm. All treatments are 0.5%
(v/v) dimethyl sulfoxide (DMSO) which is used as a carrier for the cytochalasin B. DMSO by itself does

have an effect upon both the rhythm and movement.

chloroplast movement in Ulva. Col-

chicine is a presumptive inhibitor of

microtubule-related phenomena
(Weisenberg et al., 1968), and
cytochalasin B is a presumptive in-

hibitor of microfilament-related
phenomena (Wessellse^a/., 1971). Mic-
rofilaments and microtubules are
major candidates for the contractile,

movement-generating forces with cells

(Hepler and Palevitz, 1974). Both col-

chicine and cytochalasin B have side

effects which limit their application as

diagnostic tools for microtubules or

microfilaments. However, the attempt
here has been to dissect various aspects

of the movement through the differen-

tial sensitivity of the two phases (face-

to-profile and profile-to-face) to these
drugs.

The data in Table 10 are amplitudes
and therefore do not show the relative

thallus transmittance relationships be-

tween treatments. Thus, Table 10 does
not present a complete view of the ac-

tion of these inhibitors. Nonetheless, it

is clear that colchicine dramatically

inhibits the extent of movement after

the passage of one cycle, while cyto-

chalasin B alone has little or no effect.

However, if both cytochalasin B and
colchicine are added at the same time,

the colchicine effect fails to develop.

Cytochalasin B has in a sense reversed

the action of colchicine.

The present experiment and others

indicate that chloroplast movement in-

volves the action of two different and
opposing mechanisms (possibly mi-

crotubules vs. microfilaments) and that

actual rhythmic movement may result

from changes in the balance between
these two systems.

Light-induced phase shifting exper-

iments have also been undertaken with
the monitoring device. Preliminary re-

sults are shown in Table 11. A 1-min

light pulse was given at DD
(i , the first

transmittance maximum and, as pre-

viously determined, the time of

maximum sensitivity to phase ad-

vances. The times of subsequent
transmittance maxima were deter-

mined with the parabola slope tech-
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TABLE 11. Light-Induced Phase Shifting of the Ulva Transmittance Change Rhythm*

Maxima (hr after start of DD)

Sample Second Third Fourth

4

5

26.52 ± 0.24

26.72 ± 0.16

49.56 ± 0.13

49.81 ± 0.11

73.47 ± 0.22

73.59 ± 0.16

6

7

8

30.38 ± 0.15

30.72 ± 0.10

30.57 ± 0.16

53.77 ± 0.14

54.43 ± 0.09

54.32 ± 0.06

77.49 ± 0.21

78.76 ± 0.18

78.04 ± 0.17

average
phase shift

(hr)

± 2 x S.E.

3.94 ± 0.16 4.49 ± 0.28 4.57 ± 0.47

*Samples 4 and 5 were given 1 min of white light (67 kerg cm-2
sec

-1 from a 500-W tungsten

projection lamp filtered through 3 cm of 1.4% CuSCv,, IR-opaque as judged by a Corning 7-56 IR-

transmitting filter and a thermopile) at time DD
(i

. Samples 6, 7, and 8 received no treatment. Times of

relative transmittance maxima and 95% confidence limits are calculated by the parabola slope tech-

nique (Britz e^ al., 1976).

nique. The 1-min light treatment has
resulted in a steady-state, 4 1/2-hr

phase advance within two cycles.

Dose-response characteristics have not
yet been determined, but such a treat-

ment is probably many times beyond
saturation.

Four aspects of the analysis deserve

emphasis. First, the parabola slope

technique gives a very accurate esti-

mate for the times of the maxima. Sec-

ond, the behavior of the samples is very
reproducible. Third, based on the first

two points, it is possible to estimate the

magnitude of the shift with great accu-

racy. Fourth, the treatment came to

equilibrium quickly (i.e., minimal
transient behavior). As a result it

should be possible to get multiple esti-

mates of the shift within one experi-

ment.

The mechanics of measuring shifts is

clearly well established. The ability to

produce a shift with as little as one
minute of light indicates that Ulva is

considerably more sensitive to such
treatments than other photosynthetic

organisms (Cummings and Wagner,

1968). Since a shorter light exposure is

less likely to influence processes other

than the rhythm, Ulva should be an at-

tractive organism for further phase
shifting studies.
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MEASUREMENTS OF AUXIN BINDING TO SOLUBILIZED
RECEPTOR SITES OF CORN SEEDLING TISSUE

Ulrike Dohrmann 1 and Peter M. Ray2

Kinetics and properties of mem-
brane-associated binding sites for aux-

ins have been studied with an in vitro

system of homogenized and purified

membrane preparations from corn col-

eoptiles; the physiochemical interac-

tion between ligand and target unit

was demonstrated by the pelletable

binding of radioactive-labeled auxin
(mostly 14 C-naphthaleneacetic acid =

NAA) to membrane vesicles, which are

formed during extraction (Hertel et al.,

1972; Ray et al., in preparation, 1976).

The binding can be considered specif-

ic, since it is a saturable, reversible

process and is in agreement with the
physiological characteristics of auxin
action: Analogs compete according to

their affinity in growth and transport

tests; further, binding is mainly seen

with hormone-sensitive tissues (Ray et

al., in preparation, 1976). Graphical
analysis of the data indicates a single

class of binding sites with a Kv of 407
x 10~'M as being responsible for the

specifically bound radioactivity; total

binding is about 10% if a concentration

of labeled NAA below the K}l is mixed
with the particles, whereas 6% is

bound specifically. The receptor is ex-

pected to be a protein, but in its func-

tion may be dependent upon lipids:

Pronase digestion, for example, only
results in a significant loss of binding if

it is preceded by an incubation with

phospholipase C (Ray et al., in prepara-
tion, 1976).

Binding studies on fractionated, sub-

cellular membranes showed significant

quantitative and certain qualitative

differences of auxin binding properties

within the three investigated classes of

ER, golgi, and plasmamembrane vesi-

cles (Ray et al., in preparation, 1976;

Dohrmann, 1975). In an isopycnically

centrifuged, linear sucrose density
gradient, a sharp peak of specifically

bound UC-NAA is seen at 25% sucrose,

coinciding with the ER-marker enzyme
NADH-cytochrome c reductase, while

a minor amount of binding occurs at

densities higher than 30% sucrose;

these fractions should contain mainly
golgi and plasmamembrane vesicles, as

suggested by the simultaneously
measured activity of the markers
(3-1,4- and /3-1,3-glucansynthetase and
'H-naphthylphthalamic acid binding.

By changing the binding assay condi-

tions it has been possible selectively to

demonstrate specific binding charac-

teristics for each of these membrane
types.

In order to get further information

about the nature of the receptor site(s),

we are presently attempting to isolate

and identify the molecular binding
component. The binding pattern of

density-separated vesicles raises the

question, whether there are chemically

and kinetically different receptors
present in those membranes or

whether the sites may be basically

similar but somewhat modified, for in-

stance as a result of membrane flow se-

quences. Also, we hope to obtain data

that will explain the function of the

ligand-receptor complex.

Isolation and purification steps after

membrane disruption have to be moni-
tored by assaying for capacity to bind
auxin, using a method other than the

previously employed centrifugation as-

say, which is not applicable to a soluble

receptor. Several possible approaches
have been tried:

(a) Equilibrium dialysis did not turn
out to be satisfactory; in the sedimen-
tation assay, bound and unbound
ligand (about 90%) are separated to a

maximal extent, whereas in equilib-

rium dialysis the concentration of free

"Carnegie Department of Plant Biology Fellow
and Stanford University, Stanford, California.

-Stanford University, Stanford, California.



396 CARNEGIE INSTITUTION

labeled auxin creates a very large

background of radioactivity in contrast

to the small amount of bound ligand,

which therefore cannot be detected re-

liably.

(b) Ultrafiltration also is not an ap-

propriate method to measure binding

to solubilized receptors in the corn
membrane system.

(c) A third possible method was to

reduce the background of unbound
radioactivity by absorption of free

NAA; in this case the limiting factor

will be the timing of dissociation of the

ligand-receptor complex. However, ex-

posure of 14C-NAA-containing receptor

suspensions (either unsolubilized or

solubilized with Triton X-100) to

Dowex-1 or charcoal, for instance,' for

only a few minutes resulted in a virtu-

ally complete removal of radioactivity;

therefore, either the bound NAA dis-

sociated completely from the receptor

or the receptor itself was absorbed—in

either event the assay failed.

Finally a gel filtration method was
designed which yielded a successful

assay for the NAA-binding activity of

solubilized membrane components.
This type of method has been used with

animal tissues to demonstrate both

ligand-protein (Hummel and Dreyer,

1962; Fairclough and Fruton, 1966;

Henderson and Wang, 1972) and
ligand-lipid (Jennings and Salomon,
1976) interactions. In the column
chromatography binding test with corn

coleoptile tissue, Sephadex G25 is used

in a pasteur pipette with a bed volume
from 0.5-1 ml. All steps of the experi-

ment are done at 0°-4°C. The column is

equilibrated with the standard assay

buffer (250 mM sucrose, 10 mM Na-
citrate, 5 mM MgS04 ,pH 5.5) to which
1% Triton X-100 and 5 x 10 K - 10" 7 M
UC- NAA was added (these concentra-

tions of radioactive auxin are below the

affinity measured with the sedimenta-

tion test and therefore should not satu-

rate all binding sites). Washed mem-
brane pellets from 4-day-old
homogenized corn seedling shoots are

resuspended in the equilibration
medium without detergent at a concen-

tration of 15-30 g fresh weight per ml
(1 g fresh weight contains about 1 mg
membrane protein). Aliquots of this

suspension are assayed for binding
conventionally by centrifugation at

133,000 x g x 20 min. The remaining
homogenate is incubated with 1% Tri-

ton X-100 for 30 min on ice; then mem-
brane structures that remain unsol-

ubilized are pelleted for 60 min at

133,000 x g. Since not more than 10%
of the original binding activity is re-

covered in the small pellet obtained
after this step, at least 90% of auxin
binding receptor sites should be pre-

sent in the solubilized form in the
supernatant.

A typical gel filtration binding ex-

periment is done as follows: 0.3 ml of

the supernatant (which had been al-

ready mixed with labeled auxin) is

added to the top of the column; before

the run is started, the sample is over-

layered without mixing with equilibra-

tion buffer, which then is continuously

applied during the flow. A constant

flow rate of about 5 ml/hr is provided

by pumping out the effluent with a

peristaltic pump; 0.1-0.2 ml fractions

of the effluent are collected and as-

sayed for radioactivity.

With regard to the principles of gel

chromatography there are certain

theoretical predictions: Since Sephadex
G25 has a resolution range of 1000-

5000 daltons molecular weight, pro-

teins and other larger molecules of the

sample should emerge with the

excluded volume of the column. If they

do bind auxin during their passage, the

elution diagram of radioactivity should

have a characteristic pattern; as the

ligand-receptor complex comes out of

the gel bed, the measured radioactivity

should rise above the equilibrating

level; in fractions corresponding to the

included volume of the column,
radioactivity should be decreased
below the initial basal value because

the solution within the gel has been

depleted by free ligand during the flow

of auxin-binding molecules; sub-

sequently, radioactivity in the effluent

should return to its initial value, which
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is that of the equilibration and elution

buffer. Peak and trough fractions can
be separated by effluent fractions con-

taining basal radioactivity if the col-

umn is long enough to separate
excluded and included molecules well

and if the amount of applied binding
material is small in proportion to the

bed volume. The area under the deple-

tion trough should equal the area
under the peak if the concentration of

radioactive ligand is identical
throughout the Sephadex beads, the
elution buffer, and the sample; there-

fore either the surplus of radioactivity

seen in the peak or the decrease ex-

pressed by the trough can give measure
for the amount of bound ligand.

Figure 17A shows that this predicted

elution pattern of 14C-NAA activity is

seen when solubilized membrane prep-

arations from corn seedling shoots are

applied to Sephadex G25; this result

indicates that the auxin-binding capac-

ity is not eliminated by the detergent

treatment. A sharp increase in radioac-

tivity is followed by a depletion area;

peak and trough in this case are not

separated by a plateau region because
of the ratio between column length and

sample size. But since this method was
not developed to separate molecules on

a very sensitive scale, the normally
recommended relationship between
sample size, bed volume, and efficiency

of resolution can be neglected to some
extent; also, this test for binding is the

only step within the whole program of

receptor isolation and identification

during which a loss of binding activity

has to be expected, and for that reason

it is necessary to reduce the time for

these tests.

When the remaining resuspended
pellet from the Triton supernatant
used in the first experiment is passed

through the column, data as plotted in

Fig. 17B are obtained: No significant

deviation from the basal activity is

seen. Thus, the detergent treatment

does result in an almost complete re-

lease of membrane-associated binding

sites. If the assays are carried through

as described, it can be noticed that the

area under the peak is less than that in

the trough region. This discrepancy

can be explained by the fact that resus-

pension of the relatively large pellets

(before solubilization) in the same
(
14C-NAA-containing) buffer as used

O
CVI

b

12 16 20 4 8

Fraction number

12 20

Fig. 17. A Triton-treated membrane homogenate was sedimented at 133,000 x g x 60 min;

supernatant and pellet were separated, and the pellet was resuspended in an equal volume of assay

buffer with Triton X-100; 0.3-ml aliquots of the supernatant and the pellet suspension were assayed
for binding activity by the column method.
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for equilibration and elution causes a

dilution of radioactivity in the suspen-

sion. Correcting calculations show that

the difference in labeled auxin, which
has to be bound to gain just the concen-

tration of 14 C-NAA present in the
Sephadex bed before additional ligand

can be bound, is exactly reflected in the

difference between trough and peak.
Considering this, the amount of bound
14C-NAA can be calculated as:

% bound =
(cpm^eak) - (cpmbasal ) x 100

(cpm2
total )

where (cpm 1
) = amount of 14C-NAA in

cpm measured in all fractions which
contain radioactivity exceeding the
basal value, and (cpm2

) = cpm per vol-

ume of column (sample before run).

The amount of bound 14C-NAA is di-

rectly proportional to the amount of

sample added to the column and is also

dependent upon the concentration of

unlabeled NAA used in the assay, as

seen in Fig. 18. These data were ob-

tained from a series of column assays

using increasing concentrations of

nonradioactive NAA up to saturation

of all specific receptor sites with ligand.

The elution figures show gradually de-

creasing peaks and troughs and finally

come close to zero deviation from the

base line. For a clear illustration only

the data with 5 x 10" 7M NAA (in the

range of half-saturation) and 10~ 4M
NAA (virtually all specific sites should

be occupied by unlabeled NAA) are

plotted. With the first NAA concentra-

tion the peak is reduced by about 50%
(cpm, = 2273 with 14C-NAA alone

vs. 1230 when 5 x 10" 7 M NAA is

added), whereas addition of 10~ 4 M
NAA reduces the amount of bound
radioactive NAA almost completely
(144 cpm).

These data show that the column
assay is a quantitative measure for the

binding capacity of solubilized receptor

sites for auxin. Differences in the bind-

ing properties between solubilized and
membrane-associated receptor sites on

the other hand may be expected, as

"i
1 1 r

IO"
7 M l4C-NAA

°—° + 10 M NAA
-— +5x|0"7 M NAA

*'=-£[

4 8 12 16 20 4 8 12 16 20

Fraction number

Fig. 18. Membrane suspensions were solubilized and centrifuged as described in the text. To equal

amounts of the supernatant mixed with 14C-NAA none, 5 x 10" 7 or 10"4 unlabeled NAA was added;

the samples were assayed with Sephadex G25 columns which had been equilibrated with the l4C-NAA
buffer to which in each case nonradioactive NAA was added to yield the same concentration as the

sample.
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further experiments indicate. Table 12

is a summary of assays done so far to

compare the specific binding features.

Addition of benzoic acid, structurally

related to auxin but not growth pro-

moting, at a concentration of 10"3 M,
which only at this high concentration

will affect 14C-NAA binding to intact

vesicles at all, competes to some extent

when used in the column test. Dif-

ferences are also seen with dithioery-

thritol (DTE): It has a strong inhibitory

effect on the auxin binding to mem-
branes, but it is less effective on sol-

ubilized preparations. Furthermore,
data reflecting the heat sensitivity are

included in Table 12. The samples were
incubated at different temperatures for

60 min, before the binding tests were

done at 4°C; these results (see values

for 50°C and 100°C) suggest that sol-

ubilized receptor sites have a reduced

heat lability. Digestion with pronase or

phospholipase C causes only partial in-

activation of binding activity, both
with vesicle suspensions and with sol-

ubilized binding sites. Although one

has to account for differences in the

binding properties of unsolubilized and
detergent-treated particles, there is no

doubt that the Sephadex G25 test can

be taken as a quantitative auxin bind-

ing test. Questions concerned with

these discrepancies will be approached

in the future, following the planned
isolation of the component that is re-

sponsible for the binding.

Preliminary data from fractionation

experiments using appropriate
Sephadex or agarose gels for separa-

tion of larger molecular weight sub-

stances resulted in a pattern of binding

activity not identical with the general

protein profile.
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TABLE 12. 14C-NAA Binding Assay on Membrane-Associated and Solubilized Receptor Sites

Binding Assay

Treatment By Sedimentation Sephadex G25 Column

25°C (60 min) „

50°C (60 min)

100°C (60 min)

83*

3.5

71*

43

4.6

3mM DTE (0°C, 120 min) 16 49

Pronase (18.5 mg/ml;
25°C, 60 min) 45 43

Phospholipase C (1.5 mg/ml;

25°C, 60 min) 39 79

10~3M Benzoic Acid 88 43

*The numbers represent the relative specific binding (sedimentation) or the relative radioactivity

over basal activity compared to the controls (= 100).

The original suspensions from washed membrane preparations were mixed with 14C-NAA and
divided in half. One portion was treated with 1% Triton X-100 and centrifuged for 60 min at 133,000
x g; the supernatant from this step and the original suspension with unsolubilized vesicles were
incubated as indicated in the left column. Aliquots of each incubate were then assayed for binding: 0.1

ml particles/ml HC-NAA assay buffer ± 10"4M NAA were pelleted at 133,000 x g for 20 min; 0.3 ml
supernatant was passed through a 0.5-ml Sephadex G25 column equilibrated with 14C-NAA buffer.
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COMPARISON OF THE HEAT STABILITY OF
PHOTOSYNTHESIS, CHLOROPLAST MEMBRANE REACTIONS,
PHOTOSYNTHETIC ENZYMES, AND SOLUBLE PROTEIN IN

LEAVES OF HEAT-ADAPTED AND COLD-ADAPTED C 4 SPECIES

Olle Bjorkman, John Boynton, and Joseph Berry

During the year studies have been
continued to determine the thermal
stability of key components of the

photosynthetic machinery responsible

for the marked differences in tempera-

ture tolerances between thermophilic

higher plant species such as Tides-

tromia oblongifolia and cool-temperate

plants such as A triplex sabulosa. As
reported last year {Year Book 74, pp.

743-759), the two C4 species differ in

their high-temperature stability in

several respects, including the mainte-

nance of semipermeability of the cell

membranes, respiratory activity, and
photosynthetic activity. While onset of

high-temperature damage differed by
about 10°C in each case, photosyn-

thesis was affected at considerably

lower temperatures than either respi-

ration or membrane semipermeability.

Complete inhibition of photosynthesis

occurred before other symptoms of

high-temperature damage could be de-

tected. Thus, the high-temperature in-

hibition of photosynthesis could not re-

sult from a general breakdown of the

integrity of the cell.

Light-saturated photosynthesis was
inhibited at 37°C and above in A.
sabulosa (a C, plant native to cool

oceanic habitats), but no signs of inhi-

bition were evident in T. oblongifolia (a

summer-active C_, plant native to the

floor of Death Valley) until the leaf

temperature exceeded 47°C. It was un-

equivocally shown that the high-

temperature inhibition of photosyn-

thesis in A. sabulosa and T. oblon-

gifolia was not even in part due to

changes in the resistance to diffusive

transport of CO.,. This conclusion was
valid for CO. transport through the

stomata as well as inside the leaf

parenchyma.
Our previous studies indicated that

thermal inhibition occurred at very

similar temperatures for light-

saturated and light-limited photosyn-

thesis. Measurements of fluorescence

kinetics on leaf discs and photochemi-
cal activities of chloroplasts isolated

from heat-treated leaves pointed to the

possibility that inactivation of photo-

system II was primarily responsible for

the observed high-temperature inhibi-

tion of the quantum yield of photosyn-

thesis in intact leaves. Studies this

year comparing the quantum yield for

C02 uptake by intact leaves and the

quantum yield for DCIP reduction by
isolated chloroplasts, as a function of

the temperature at which the leaves

had been pretreated, provide strong

evidence that inactivation of a compo-
nent of photosystem II, or a breakdown
of the integrity of the membranes with

which this photosystem is associated,

constitutes one of the sites most sensi-

tive to high temperature.

As shown in Fig. 19A and 19B, the

responses to the quantum yield of

photosynthesis measured at a non-
limiting temperature for intact leaves

exposed to increasing pretreatment
temperature closely matches changes
in the relative quantum yield for DCIP
reduction of chloroplasts isolated from
pretreated leaves of each species. In

both cases, T. oblongifolia is able to

sustain a constant quantum yield at

much higher temperatures than A.

sabulosa. In contrast the quantum
yield of electron transport driven by
photosystem I (reduction of NADP
using DCIP ascorbate as electron donor
in the presence of DCMU) in chloro-

plasts isolated from similar heat-

treated leaves, remains fully active at

temperatures that cause nearly com-
plete inactivation of both photosystem
II and CO. fixation by intact leaves.

This result agrees with our previous

findings that the light-saturated rate



DEPARTMENT OF PLANT BIOLOGY 401

100

100

100

PSI

30 40 50

Pretreatment temperature, °C

Fig. 19. Comparison of the heat stability in

vivo of complete photosynthesis of A. sabulosa

and T. oblongifolia with that of selected light and
dark reaction components. Quantum yields for

complete photosynthesis (A) and for photosystem
I and II activities (B and C) of isolated chloro-

plasts together with activities of RuDP and PEP
carboxylases (D and E) and extractability of total

soluble protein (F) are shown for leaves treated

at the temperatures indicated. The quantum
yield of complete photosynthesis by attached

leaves as influenced by pretreatment was meas-
ured at 30°C as described in Year Book 74, pp.

760-761. Chloroplasts were isolated as a 2000 x

g pellet from leaves after 5 min pretreatment,

using media containing 0.33 M sucrose, 0.05 M
Tricine, 15 mM KC1, 1 m MgCl,, 1 mM MnCL,
pH 7.4. Photosystem I was assayed as NADP re-

duction at 340 nm and photosystem II as DCIP
reduction at 600 nm in a Perkin-Elmer 356 spec-

trophotometer equipped with an actinic illumi-

nation attachment. The intensity of actinic il-

lumination was varied by use of neutral density

filters from a maximum intensity of 3 nE cm"2

sec-1 . The reaction mixtures contained: (1) for

NADP reduction, media plus chloroplasts to 25

Hg chlorophyll/ml 3 x 10 5 M DCIP, 10 2 M as-

corbate, 2.5 x 10~ 4 M NADP and 50 /ug/ml

spinach ferridoxin; (2) for DCIP reduction, isola-

tion media plus chloroplasts to 10 /xg

chlorophyll/ml, 3 x 10~5 M DCIP and 10"2 M
NH 4 C1 2 . The light-dependence curves were
linear, and since chlorophyll concentrations were
identical, changes in the slopes of these curves

with pretreatment were taken to indicate

changes in the relative quantum yield of the

reactions assayed. The chloroplasts used were
derived predominantly from mesophyll cells.

Leaves heat-treated for 10 min were extracted by
grinding exhaustively with glass beads in a pre-

chilled mortar followed by homogenization in a

glass tissue grinder. Microscopic examination
indicated nearly complete breakage of the bundle
sheath cells. The supernatant after 40,000 x g
centrifugation was assayed for soluble protein by
the Lowery Method; RuDP carboxylase was acti-

vated and assayed according to Lorimer et al.

( 1976), and PEP carboxylase was assayed accord-

ing to Bjorkman and Gauhl (1969).

of photosystem I was highly heat stable

{Year Book 74, pp. 743-759).

These studies substantiate the

hypothesis that thermal damage to

specific sites of the photochemical ap-

paratus is a major factor limiting
photosynthetic performance after ex-

posure of intact tissue to damaging
temperatures. Furthermore, substan-

tial differences exist among plants in

their resistance to such damage. While
photosystem II is the most heat-

sensitive photosynthetic component
assayed, neither the mechanism re-

sponsible for the damage nor how spe-

cific this damage may be is clear. Sev-

eral reports (Krause and Santarius,

1975; Mukohata et al., 1973; Emmett
and Walker, 1969) suggest that ATP
formation by photophosphorylation is

also sensitive to heat in isolated

chloroplasts. Our studies indicate that

chloroplasts damaged by pretreatment
of intact leaves are also uncoupled. We
feel that thermal damage is probably

not specific to only one site or compo-
nent in photosystem II but rather may
be a secondary result of either ionic or

pH changes in the chloroplast envi-
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ronment or a modification of the or-

ganization of the lipid-protein mem-
brane structure necessary for photo-

synthetic activity.

One factor known to play an impor-

tant role in membrane function is the

degree of unsaturation of the fatty

acids of the membrane lipids. The fatty

acids of the major chloroplast lipids

—

monogalactosyl diglycerides (MGDG),
digalactosyl diglycerides (DGDG), and
phosphatidyl glycerol (PG)—are
somewhat more saturated in Tides-

tromia than in A. sabulosa or in A.

glabriuscula, a C3 species also from cool

marine habitats (Table 13). However,
this difference in extent of saturation

of the glycolipids is small. In contrast,

the relative difference in unsaturation

of the fatty acids of phosphatidyl
glycerol is much greater than that of

the other chloroplast lipids. Anderson
(1975) suggests that this lipid, because
of its charge, may play a specific role in

lipid-protein associations within the
membrane. We are currently examin-
ing the hypothesis that changes in the

unsaturation of fatty acids of this lipid

might have specific effects upon the
heat stability of chloroplast mem-
branes.

While differences observed in the
susceptibility of photosystem II activ-

ity to heat inactivation in the two
species are sufficient to explain the ob-

served high-temperature inhibition of

the quantum yield for complete photo-

synthesis in intact leaves, one cannot
rule out the possibility that other
photosynthetic components, such as

key enzymes of the carbon fixation and
reduction process, have the same tem-

perature sensitivity and are being in-

activated together with photosystem II.

Inactivation of nonphotochemical com-
ponents would not affect the quantum
yield, but might have substantial ef-

fects upon the light-saturated photo-

synthetic capacity, which as previously

noted {Year Book 74, pp. 748-751) is

affected at lower temperatures than
those which cause inhibition of the
quantum yield.

This year systematic comparative
studies of the heat susceptibility in

vivo of a number of key photosynthetic

enzymes have been initiated. To date

we have examined the heat stability of

the activity of the two carboxylation

enzymes, ribulose-diphosphate car-

boxylase (RuDPCase) and phos-
phoenolpyruvate carboxylase (PEP-
Case). In addition, we have followed

the effect of heat treatment of intact

leaves of denaturation of the bulk solu-

ble protein.

As shown in Fig. 19D, RuDPCase is a

remarkably heat-stable enzyme. In T.

oblongifolia leaves, no inactivation was
observed until the temperature ex-

ceeded 55°C and even after exposure of

the leaves to 60°C for 10 min, 80% of

the activity remained. In A. sabulosa

leaves inactivation of this enzyme
could be detected at about 10°C lower
temperature. Yet this temperature is

much higher than the temperature at

which inhibition of light-saturated
photosynthesis sets in. After heat
treatment of the leaves at 47°C, which
causes complete inhibition of photosyn-

thesis in this species, at least 90% of

the RuDPCase activity remained.
Thus, even though a difference be-

TABLE 13. Comparison of the Extent of Unsaturation, Expressed as Double Bonds per Carbon Atom,
of the Fatty Acids Separated by Gas Chromatography from the Chloroplast Lipids of Tidestromia

oblongifolia, Atriplex sabulosa, and A. glabriuscula*

Double Bonds Per Carbon Atom

Lipid T. oblongifolia A. sabulosa A. glabriuscula

Monogalactosyl diglyceride

Digalactosyl diglyceride

Phosphatidyl glycerol

0.150

0.120

0.052

0.151

0.140

0.086

0.161

0.151

0.092

*Data is from an undergraduate honors research thesis by Thomas H. Payne (1976).
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tween the species in apparent heat sta-

bility of this enzyme in vivo was de-

tected, the onset of heat denaturation

was at a temperature 10°C higher than
that required to inactivate complete
photosynthesis. These results indicate

that RuDPCase from both a cool- and a

heat-adapted CA species is highly heat

stable and that heat inactivation of

this enzyme is not involved in high
temperature inhibition of photosyn-
thesis.

PEPCase (Fig. 19E) exhibits a con-

siderably lower heat stability in vivo

than RuDPCase, although marked dif-

ferences again exist between the two
species. However, inhibition of PEP-
Case activity in each species also oc-

curs at considerably higher tempera-
tures than inhibition of photosyn-
thesis. In contrast, Phillips and McWil-
liam (1971) report that RuDPCase and
PEPCase from Atriplex nummularia, a

(\ species, begin to show a

temperature-dependent decline in ac-

tivity at considerably lower tempera-
tures when detached leaves are heat
treated for several hours. These studies

do not necessarily contradict our find-

ings, since such long-term changes in

activity may be due to factors other
than heat-induced protein denatura-
tion per se. The studies reported here
are for short-term (10 min) heat expo-

sure during which changes other than
protein denaturation should be
minimized.
As shown in Fig. 19F, one or several

unidentified components of the soluble

protein in the leaves evidently undergo
heat denaturation and aggregation so

that they are no longer soluble in the

aqueous extraction buffers. The tem-
perature at which this denaturation
commences in each species is very close

to the temperature at which heat in-

hibition of leaf photosynthesis can first

be observed and is considerably lower
than the corresponding temperatures
for inactivation of the two car-

boxylases. Hence, high-temperature
inhibition of photosynthesis may in-

volve both inactivation of photosystem
II, associated with the chloroplast

membranes, and denaturation of one or

more soluble, non-membrane-bound
enzymes which constitute a significant

fraction of the bulk soluble protein.

Studies are now being initiated to de-

termine whether this denaturation in-

volves other heat-labile photosynthetic

enzymes in A. sabulosa and T. oblon-

gifolia.

The heat stabilities of the various

components of the photosynthetic ap-

paratus observed in vivo for the two
species might not necessarily reflect

the intrinsic heat stabilities of the
components. For example, heat inacti-

vation of a certain component may be
an indirect effect caused by a high-

temperature-induced change in its

immediate cellular environment, such
as a change inpH or ionic composition,

both of which are known to influence
strongly the stability of proteins.

Therefore, differences in heat stabil-

ity between the species could in part be
due to factors determining the heat
stability of the cells' partitioning
membranes. Experiments reported last

year {Year Book 74, pp. 751-759)
showed that differences in the heat re-

sistance to loss of semipermeability of

the membrane which prevent leakage
of solutes from immersed leaves into

the surrounding aqueous media cannot
account for the differences in heat sta-

bility of the photosynthetic apparatus.
However, these results do not rule out
the possibility that the heat stability of

other partitioning membranes within
the cell are involved.

Krause and Santarius (1975) have
shown that chloroplasts isolated with
their outer membranes intact are more
resistant to thermal damage than are
chloroplasts lacking this membrane.
Presumably the only effect of the outer

membrane on thermal stability of the
photosynthetic membrane is to main-
tain a more favorable internal envi-

ronment than that provided in the ex-

ternal medium. Within an intact leaf

cell the possibilities of such interac-

tions are manifold.

Therefore, we chose to compare the
heat stabilities of the various photo-
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synthetic components in vitro as well

as in vivo. To date, our in vitro studies

have been limited to comparisons of

isolated and purified RuDP car-

boxylase from leaves of A. glabriuscula

and of RuDP carboxylase and PEP car-

boxylase from leaves of T. oblongifolia.

For this purpose, extracts containing

all of the soluble leaf protein were
applied to 38 ml 0.29-0.88 M linear

sucrose density gradients (Boynton et

al., 1972). After centrifugation for ap-

proximately 40 hr at 25,000 rpm in an
SW-27 rotor at 2°C, the gradients were
fractionated and the distribution of

protein, RuDPCase, and PEPCase ac-

tivities determined. With most C
;!
and

C, species, in which Fraction I protein

(RuDPCase) constitutes a large frac-

tion of the total soluble protein, this

technique provides an excellent yield of

highly purified enzyme in a single-step

procedure (Fig. 20A and B). With T. ob-

longifolia, in which RuDPCase consti-

tutes only a small fraction of the total

protein (Fig. 20C), prior enrichment
using (NHj)2SOj fractionation is neces-

sary to obtain adequate amounts and
purity of the enzyme.

Preparations of RuDPCase from A.

glabriuscula and T. oblongifolia ap-

peared homogeneous as determined by
sedimentation velocity centrifugation

in the analytical ultracentrifuge and
by polyacrylamide gel electrophoresis.

No differences between RuCPCase in

the two species in molecular weight
(ca. 530,000 daltons), net charge, or

specific activities (2.0 /xmole C02
•

min-1 mg protein -1
at 30°C) could be

resolved. Similar analyses are in prog-

ress on RuDPCase purified from A.

sabulo.su.

Heat inactivation of the proteins in

vitro was assayed either as the time-

dependent decline in catalytic activity

in high-speed supernatants subjected

to various temperatures or as the in-

crease in absorbance at 285 nm of the

purified enzyme. These two assay
techniques gave very similar estimates

of denaturation in our experiments.

The heat stability of RuDPCase and
PEPCase in vitro was strongly influ-

enced by pH during treatment of the

proteins in 10 mM Mg+2 and 5 mM
dithiothreitol (omitted in the absor-

bance assays) in 0.1 M HEPES or MES
buffers over the pH range of 5.5-8.5

Maximum heat stability for PEPCase
was observed inpH range 5.5-6.0, and
the rate of inactivation increased
sharply as thepH was increased from 6

to 7. RuDPCase exhibited maximum
heat stability at pH 7.0-7.6, and the

rate of inactivation increased steeply

below pH 6.8 and above pH 7.8. At
their respective pH optima for

maximum heat stability, appreciable

inactivation of the T. oblongifolia

PEPCase and RuDPCase was not de-

tected until 48° and 57°C, respectively.

This difference in high-temperature
inactivation is similar to that found in

vivo, suggesting that the two carbox-

ylation enzymes have intrinsically dif-

ferent heat stability characteristics.

Comparative data on the heat stability

in vivo of RuDPCase and PEPCase
from A. sabulosa remain to be ob-

tained.

Preliminary results also indicate

that the heat stability of RuDPCase in

vitro is appreciably lower in A. glab-

riuscula than in T. oblongifolia, again

resembling the situation in vivo.

Further comparative studies of the

heat stability of this enzyme isolated

from T. oblongifolia, A. sabulosa, and
other cold-adapted and heat-adapted

species of higher plants, together with

determinations of the relative hy-

drophobicities of the proteins should

provide additional insight into a prob-

lem of considerable evolutionary and
ecological interest.

It is also interesting from an evolu-

tionary viewpoint that PEPCase shows
a large difference in molecular weight

between the two C, species A. sabulosa

and T. oblongifolia, whereas RuDP-
Case does not. Clearly different peak
positions for PEPCase activity are seen

in Fig. 20B and 20C, with the T. oblon-

gifolia enzyme position at higher den-

sity (greater molecular weight) than

the A. sabulosa enzyme. This dif-

ference in molecular weight was con-
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Fig. 20. Comparison of the distribution of total soluble protein with RuDP and PEP carboxylase

activities in A. glabriuscula, A. sabulosa, and T. oblongifolia. 40,000 x g supernatant fractions pre-

pared as in Fig. 19 were loaded on 38 ml 0.29-0.88 M sucrose gradients containing 25 mM Tris,pH

7.5, 25 mM MgCL>, 25 mM KC1, 5 mM Dithiothreitol (Boynton et al., 1972) and centrifuged in an
SW-27 rotor at 25,000 rpm, 2°C for 40 hr. PEPCase and RuDPCase activities were assayed on aliquots

of 1 ml fractions as outlined in Fig. 19. Protein content was determined after TCA precipitation by the

Lowery Method.

firmed by polyacrylamide gel elec-

trophoresis with crude leaf extracts,

followed by a staining procedure spe-

cific for PEPCase activity. The molecu-
lar weights estimated by this method
were 170,000 and 340,000 for A.
sabulosa and T. oblongifolia enzymes,
respectively. We previously reported
(Year Book 71, pp. 135-141) two elec-

trophoretic forms of PEPCase in C4

species ofA triplex and a third isozyme
in C3 species of this genus. A survey of

the molecular weights of PEP car-

boxylase in a number of related
species, covering a very wide geograph-
ical and ecological range, has now been
started to determine the extent and
possible significance of this variation.

In addition to providing a convenient
method for enzyme purification, su-

crose density gradient centrifugation

also permits an accurate, direct, and
reasonably simple means of assessing

the fraction of the total soluble leaf
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protein that different plants allocate to

a single major protein, RuDPCase, and
how this allocation is influenced by en-

vironmental factors. As shown in Table
14, this enzyme accounts for 417c-467c

of the total protein in A. giabriuscula, a

value typical of those reported in the

literature for C
:{
plants. A. sabulosa

(C4 ), which like A. giabriuscula (C
:i

) is

native to cool oceanic habitats, allo-

cates one-fifth of its soluble protein to

RuDPCase when grown under identi-

cal conditions (22°C day/15°C night).

However, both species have similar

growth and photosynthetic rates (Year

Book 73, pp. 748-767; Year Book 74,

pp. 743-748). The amount of total sol-

uble protein is similar in the two
species. In contrast, the thermophilic

C4 plant T. oblongifolia allocates less

than 10% of its soluble protein to

RuDPCase when grown under a 45°C
day/32°C night regime, which is close

to the optimum temperature for growth
in this species. This low proportion of

RuDPCase is not compensated for by a
higher content of total soluble protein,

since the soluble protein content is con-

siderably lower than in the other spe-

cies. The smaller amount of RuDPC-
ase detected in this C 4 species is not a

result of an incomplete breakage of the

bundle-sheath cells, because special

precautions were taken to make cer-

tain that complete breakage of all cells

was obtained.

One might ask how T. oblongifolia is

able to get by with a much smaller

amount of RuDPCase than, for exam-
ple, A. sabulosa, and yet is capable of at

least as high photosynthetic rates at

the optimum temperature. A simple

answer to this question may be that at

a temperature of 45°C, the total cata-

lytic activity of this amount of RuDPC-
ase is as high as that of the larger

amount of enzyme in A. sabulosa at

22°C.
Preliminary studies suggest that

while total RuDPCase activity is not
limiting photosynthesis in T. oblon-

gifolia at 45°C, it may well be rate lim-

iting at lower temperature. This
suggestion could explain the rapid de-

cline in photosynthetic rate with de-

creasing temperature (Year Book 70,

pp. 511-520), and thus also the high
optimum temperature for photosyn-
thesis in high-temperature-grown
plants of this species (Year Book 74, pp.

743-759). These early results further

suggest that the amount of RuDPCase
increases with decreasing growth tem-
perature over a 25°C range, as does

also the photosynthetic capacity at

rate-limiting temperatures. Studies
designed to test the validity of such a

proposed temperature-controlled ad-

justment of RuDP carboxylase synthe-

sis are planned.
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GENETIC VARIATION AFFECTING METABOLIC PHENOTYPES:
AN APPROACH TO ANALYZING PHOTOSYNTHETIC

CARBON REDUCTION IN A C, PLANT

Marv Enama

The physiological processes of an or-

ganism depend on the action of many
enzymes. Because the various path-

ways are coordinated, it has been ar-

gued that the associated allelic varia-

tion should show similar coordination,

comprising a "metabolic phenotype."
To date, there has been no reported

study of genetic variation among the

enzyme loci of a single physiologically

important metabolic pathway in

plants. This paper describes a series of

investigations to provide this informa-

tion for a C4 plant.

A multi-locus study of evolutionary

adaptation of a metabolic process
should have the following characteris-

tics in additiomto those described for a

single locus study:

(1) The metabolic process should be
of primary physiological importance.

(2) The process should be well
characterized biochemically.

(3) The organism studied should be

found in a variety of habitats in which
individuals of one habitat are known to

differ physiologically and genetically

from those in other natural locations.

(4) The organism should be easily

grown and should produce a sufficient

quantity of tissue to allow analysis of

several enzymes from each individual.

In plants, such a metabolic process is

photosynthetic carbon reduction. Gas-
exchange analysis has shown it to be

influenced by and adapted to environ-

mental parameters such as light, tem-

perature, and water stress (Bjorkman
et ai, 1975). The biochemical pathway
is well known, and its various compo-
nents are under intensive investiga-

tion in many laboratories. In addition,

for a variety of plants, transplant
studies have indicated the existence of

ecotypes in which primary productivity

varies in individuals of a given species

transplanted between two natural
habitats of the species (Bjorkman et al.

,

1974). That is, the physiological plas-

ticity of individual plants is genetically

controlled and differs with site of ori-

gin. Thus, it would be very informative

to do a multi-locus analysis of such
ecotypes with regard to photosynthetic

carbon fixation.

Two species that are likely candi-

dates for such a study are Distichlis

spicata and Atriplex lentiformis, both
NAD-malic enzyme C

4
species. Both

species grow naturally in desert and
coastal habitats. Existing data indicate

that a biochemical analysis might
show interesting differences between
ecotypes (Bjorkman et al., 1974; Pearcy
and Harrison, 1974).

The set of enzymes chosen for the

analysis should include those thought
to be of major regulatory importance
for the metabolic process under consid-

eration. For photosynthetic carbon re-
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duction in a C 4 plant one might con-

sider the following ten enzymes: phos-

phoenolpyruvate carboxylase (E.C.

4.1.1.38) [PEP carboxylase]; ribulose-

1,5-diphosphate carboxylase (E.C.

4.1.1.39) [RuDP carboxylase];

glutamate-oxaloacetate transaminase
(E.C. 2.6.1.1) [GOT]; NAD-malic en-

zyme (E.C. 1.1.1.39); phosphoglyceric

acid kinase (E.C. 2.7.2.3); NADP
glyceraldehyde-3-phosphate dehydro-
genase (E.C. 3.1.3.11) [NADP G-3-

PDH]; fructose-1, 6-diphosphatase
(E.C. 3.1.3.11) [FDPase]; phos-
phoribulokinase (E.C. 2.7.1.19); pyru-

vate, Pj dikinase (E.C. 2.7.9.1); and
adenylate kinase (E.C. 2.7.4.3) [AK].

Electrophoretic assays for some of

these presently exist (Shaw and
Prasad, 1970; Hatch et al., 1972) and
are being developed for the others.

Individuals of Distichlis spicata have
been used as a trial system to test and
develop assays. To date, electrophoretic

assays for PEP carboxylase, RuDP car-

boxylase, GOT, NADP G-3-PDH,
FDPase, and AK have been successful

in a Tris-glycine electrophoretic sys-

tem (Davis, 1964) using crude leaf

extract. Of these six enzymes, three

show multiple bands: four bands for

GOT, two for FDPase, and two for AK.
As the isozyme literature shows, these

multiple bands may represent
isozymes from different organelles,

participating in separate metabolic
functions (Scandalios et al., 1975; Vis-

wanathan and Krishnam, 1962). Since

the interest of the proposed study is to

characterize allelic variation in photo-

synthetic carbon reduction, it will be
necessary to show by subcellular frac-

tionation or other means which
isozyme* s) are involved in the process

under consideration.

The band which appears for NADP
G-3-PDH seems to be NADP-specific,

since no band appears if NAD is substi-

tuted in the stain. In the case of

NAD-malic enzyme one has the prob-

lem of distinguishing malic enzyme
from malate dehydrogenase. In ani-

mals and many plants malic enzyme is

NADP-specific, so the same basic assay

can be used for both by adding NAD
when assaying MDH or NADP for a

malic enzyme assay. For some species

NAD-malic enzyme requires Mn++ for

activity (Hatch, Mau, and Kagawa,
1974). This information offers a possi-

bility for distinguishing the various

malate-utilizing enzymes since dif-

ferent bands do appear, depending on
what combination of Mn + +

, Mg + +
,

NAD, and NADP are used in the elec-

trophoretic stain. Whether this ap-

proach is valid will have to be con-

firmed by an independent method.
Thus, the outline of the proposed

study is to collect plants of the same
species from two dissimilar habitats

and to survey the suggested ten en-

zymes from each individual, using
standardized Ferguson plots as de-

scribed by Johnson elsewhere in this

Report. It will be interesting to see if

distinct arrays of structural alleles

characterize the different ecotypes and
if in vitro characteristics of the en-

zymes can reasonably be correlated

with in vivo differences in photosyn-

thesis.
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MOLECULAR WEIGHT VARIATION OF
PHOSPHOENOLPYRUVATE

CARBOXYLASES FROM C, PLANTS

Mary Enama

The phosphoenolpyruvate car-

boxylase reaction is the first step in

photosynthetic carbon fixation in C 4

plants. As such, it plays an important
role in metabolic regulation and is pre-

sent and highly active in C 4 plants. In

the course of purifying this enzyme by
means of sucrose density gradient cen-

trifugation it was noted that the en-

zyme from Tidestromia oblongifolia

had a considerably larger molecular
weight than that from Atriplex
sabulosa (this Year Book). An elec-

trophoretic Ferguson plot analysis is a
quick means of measuring size and re-

lative charge of proteins even from
crude extracts when a specific stain is

available.

A Ferguson plot analysis has been
done for the phosphoenolpyruvate car-

boxylases from T. oblongifolia, A.

sabulosa, Atriplex hymenelytra, and
Distichlis spicata. Leaf tissue was pre-

pared by grinding in 2-4 volumes of 0.1

M Tris, pR 7.8, 0.01 M MgCL, 2.5 x

10" 4 M EDTA, 2% Na ascorbate, 5 vaM
DDT, and 4.5 raM diethyldithio car-

bamic acid at 4°C. The mixture was
then centrifuged at 27,000 g for 30
minutes at 4°C. The supernatant was

run on 47c , 57c , 6% , 19c , 87c , and 9%
polyacrylamide gels in a Tris-glycine

electrophoretic system (Johnson,
1975). The gels were stained with 2

mM phosphoenolpyruvate, 1 mM
NaHCO,, 10 mM MgCL, 6.5 mM Fast

Violet B Salt, and 2.5 x 10" 4 M EDTA
in a 0.1 M Tris buffer, pU. 7.8. A red

band appears within 15 minutes at the

location of the phosphoenolpyruvate
carboxylase. Figure 21 shows the re-

sults of a sample run for each species.

Replicate runs for each species yield

similar results within experimental er-

ror.

The equation which describes the

lines depicted in Fig. 21 is discussed

elsewhere in this Report. The
y-intercept is the free electrophoretic

mobility (M„) and the slope is the re-

tardation coefficient iK,.), which can be

correlated with molecular weight
(Johnson, 1975). Table 15 shows the

values of K, and the estimated molecu-

lar weights for the phosphoenolpyru-
vate carboxylases of the four species

tested and average values for the two
internal standards used in every gel,

hemoglobin and ferritin. These esti-

mates indicate that the Tidestromia

TABLE 15. Values of K, and Estimated Molecular Weight for Phosphoenolpyruvate Carboxylases of

Four C, Species and Two Protein Standards from a Typical Run

K,. Est. Mol. Wt. : Actual MW

A. sabulosa

A. hymenelytra
D. spicata

T. oblongifolia

Hemoglobin
Ferritin

0.094 ± 0.006 170,000
0.106 ± 0.006 190,000
0.099 ± 0.005 180,000
0.142 ± 0.005 340,000
0.049 ± 0.002 50,000 64,500
0.164 ± 0.009 440,000 450,000

*The molecular weight value shown was calculated from a standard curve (Johnson, 1975). As can

be seen from the value for hemoglobin there can be up to 20% error in the values obtained. Thus,

there is no significant difference between the estimated molecular weights from the first three

species, but these values are significantly different from that for T. oblongifolia.
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Fig. 21. Ferguson plots for phosphoenolpyruvate carboxylases from four C4 species: open circles,

D. spicata; open triangles, A. sabulosa; open squares, A. hymenelytra; filled circles, T. oblongifolia.

enzyme is about twice the molecular

weight of the phosphoenolpyruvate
carboxylases from the other three

species. Whether or not the apparent

size difference is an evolutionarily and
structurally significant increase of the

enzyme size is not yet known. The
available information in the plant lit-

erature indicates a molecular weight of

350,000 for the phosphoenolpyruvate
carboxylase from Atriplex spongiosa

(Ting and Osmond, 1973).

Other C
4
plants, including A. spon-

giosa and plants in the Amaranthaceae

related to Tidestromia, will be tested to

see if Tidestromia has a unique phos-

phoenolpyruvate carboxylase or if

there are apparently two size classes of

phosphoenolpyruvate carboxylase
among C 4 plants.
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PHOTOSYNTHETIC CAPACITY OF in situ DEATH VALLEY
PLANTS

H. A. Mooney, O. Bjorkman, J. Ehleringer, and J. Berry

As part of our long-term studies on
the physiological ecology of plants we
have been concentrating our efforts on
the characteristics of components of the

native flora of Death Valley, Califor-

nia. While Death Valley is often iden-

tified as one of the hottest and driest

environments on earth, these ex-

tremely high air temperatures (exceed-

ing 50°C) occur only during the sum-

mer months (Fig. 22). In the winter

months relatively cool temperatures

(20°C) predominate, and in the spring

and fall months air temperatures are
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Fig. 22. The yearly course of mean maximum daily air temperatures on the floor of Death Valley,

California.

often around 30°C. Consequently, T
ti

Death Valley provides us with a broad

variety of thermal environments and a

unique opportunity to study the mech-
anisms plants possess to adapt to these

seasonal thermal regimes.

We report here studies of the intrin-

sic photosynthetic capacities of several

species in response to seasonal changes

in thermal regimes of their natural-

habitat. The measurements were made
on plants growing under natural condi-

tions on the floor of Death Valley {Year

Book 73, pp. 748-757).

Using the mobile laboratory, we
measured the photosynthetic capacity

of plants during the winter (January),

spring (March), summer (late May),

and fall (October) seasons. Plants
studied included a winter annual
{Camissonia clauiformis), a summer-
active, herbaceous perennial (Tides-

tromia oblongifolia ), and two evergreen

shrubs [Larrea divaricata and Atriplex

hymenelytra ).

Under natural conditions the two ev-

ergreen shrub species were photosyn-

thetically active throughout the year,

although their maximum photosynthe-

tic rates were considerably below those

of the two that hold their leaves for a

short period (Fig. 23). "The two her-

baceous species Tidestromia (C4 ) and
Camissonia -(C 3 ) possess extremely
high maximum photosynthetic rates

1

Camissonia _

• -

Atriplex

Larrea

m
Tidestromia -

Winter Spring Summer Fall

Season

Fig. 23. Light-saturated rates of photosyn-

thesis of four plant species native to the floor of

Death Valley. Rates were measured on natural

plants at leaf temperatures of 30°C, except Tides-

tromia, which was measured at 35°C. All meas-

urements were made at 325 /ubar C02 , 21% 2 ,

and a water vapor pressure deficit of less than 15

mbar.

(exceeding 5 nmol CO. crrr-'sec
-1

), yet

their physiological activities are re-

stricted for the most part to a single

season during the year. There appears

to be an inverse relationship between
maximum photosynthetic rate and leaf

longevity among the species in this
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study. Of the species with the highest

rates observed, the winter-active an-

nual Camissonia is a C3 plant, whereas
the summer-active herbaceous species

Tidestromia is a C4 plant.

At the 30°C measurement tempera-

ture, Larrea, the C
:{
evergreen species,

maintained a relatively constant
photosynthetic capacity under natural

conditions at all times of the year. This

homeostasis persisted in spite of widely

disparate midday seasonal air temper-

atures (20° to 45°C) and leaf water po-

tentials (-25 to -50 bars). The un-

usual homeostatic adjustment comes
about, in part, because of changes in

the photosynthetic thermal optimum
(Fig. 24). These data were obtained

with plants receiving irrigation to

eliminate the effect of water stress. Al-

though the photosynthetic rate was
relatively constant at the various sea-

sonal temperature optima (2.4-2.7

nmol COv cm -sec
-1

), the temperature

optimum shifted from 20°C during the

cool season to over 30°C in the fall.

Atriplex, the C 4 evergreen species,

exhibited its highest photosynthetic

rate under natural conditions in the

spring with newly produced leaves.

The photosynthetic rates were reduced

during the other season coincident

with changes in leaf reflectivity (Year

Book 73, pp. 846-852). Associated also

with the lower photosynthetic rates

were decreases in leaf water potential,

leaf conductance, and leaf nitrogen. In

contrast to Larrea, Atriplex showed lit-

tle change in its temperature optimum
for photosynthesis between seasons
(data not shown). As shown in Fig. 25

the optimum temperature for photo-

synthesis was 30°C.

The summer-active C, plant Tides-

tromia is characterized by a very high

photosynthetic rate during its princi-

pal growth period. In the summer
months when Tidestromia is active,

leaf temperatures may be in excess of

45°C. The optimum temperature for

photosynthesis was similar (Year Book
74, pp. 743-751). Under spring and
winter temperatures Tidestromia
would have very low photosynthetic

rates. The measured photosynthetic

rates were lower in the fall, however,

because of the onset of leaf senescence.

The C
:i
winter-active annual Camis-

sonia germinates following heavy
winter rains and can, under certain

conditions, complete its entire life cycle

in six weeks. This short-lived species

has a remarkable capacity to capture

sunlight and fix carbon. Camissonia
converted incident photosynthetically

active radiation (400-700 nm) into

100

20 25 30

Leaf temperature,

45

°C

Fig. 24. Seasonal photosynthetic temperature responses of Larrea in Death Valley. These values

were measured on irrigated plants under conditions of 170 nE cm-2 s~\ an ambient C02
concentration

of 325 jiibar, and a water vapor pressure deficit of less than 15 mbar.
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Fig. 25. Seasonal photosynthetic temperature responses of three plant species native to the floor of

Death Valley. Measurement conditions as given in Fig. 24.

chemical energy with an efficiency of

8.5%. This is a consequence of the lack

of light saturation at midday ir-

radiances, a feature that is also charac-

teristic of Tidestro/nia {Year Book 70,

pp. 540-550). The in situ midday
photosynthetic rate of Camissonia was
nearly 6 nmol COv cm_2

sec
-1

, a rate

that is higher than has been measured
on such productive crop species as corn,

sorghum, and sugar cane.

The thermal optimum of photosyn-

thesis of the various species coincides

with the prevailing temperatures dur-

ing their principal growing period (Fig.

25). The winter-active C
:s
Camissonia

has a thermal -optimum near 20°C and
the summer-active C 4 Tidestromia, of

over 45°C. The C
:i
plant Larrea can po-

tentially grow throughout the year, ex-

cept during midsummer. This plant
shifts its thermal optimum in concert

with the prevailing air temperatures.

The C 4 plant A triplex grows only dur-

ing the winter and spring months and
maintains a thermal optimum at 30°C.

The major results from these studies

will be published elsewhere in greater

detail along with a full analysis of the

physiological components responsible

for the changing seasonal photosynthe-

tic responses of the plants.

This work was supported in part by
the National Science Foundation. We
thank the U.S. Park Service in Death
Valley for their considerate assistance.

LEAF ABSORPTANCE AND PHOTOSYNTHESIS AS AFFECTED BY
PUBESCENCE IN THE GENUS Encelia

James Ehleringer

Among higher plants there is a trend

toward increasing leaf pubesence (pre-

sence of leaf hairs) along environmen-
tal gradients of decreasing precipita-

tion (Schimper, 1903; Warming, 1909;

Clausen, Keck, and Hiesey, 1940).

These hairs, covering the surface of the

leaf, are generally considered to be an
adaptive feature of plants occupying

arid habitats. The reason is that pubes-

cence can reduce the heat load of leaves

by increasing the reflectance from the

leaf surface, reducing the amount of

radiation absorbed. The adaptive value
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of a reduced heat load to plants grow-
ing in hot or arid climates is great be-

cause it can result in lower leaf tem-

peratures and less transpirational
losses.

In the southwestern United States

and northern Mexico there are several

species of the genus Encelia (Com-
positae), each species characteristically

showing differences in its degree of

pubescence and each occupying
habitats differing in precipitation and
temperature. Two extremes of leaf

pubescence in Encelia areE. farinosa, a
drought-deciduous shrub with white,

densely pubescent leaves, and E.

californica, also drought-deciduous,
but with green nonpubescent leaves

(Fig. 26). The two species are allopatric

in their distributions: E. californica is

restricted to the relatively moist coas-

tal regions of southern California and

northern Baja California, and E.

farinosa occurs in the dry desert areas

of the southwestern United States and
northern Mexico.

The absorption spectra of leaves from
each of these two species were meas-
ured between 400 and 700 nm (visible

light) to determine to what extent
pubescence was modifying light ab-

sorption. The waveband between 400
and 700 nm was chosen because (1) it is

these wavelengths that are useful for

the photosynthetic process, and (2)

some 80% of the sun's light that is

normally absorbed by green nonpubes-
cent leaves is in this waveband. Light

absorptance of intact, metabolically ac-

tive leaves was measured mono-
chromatically using an Ulbricht sphere

(Rabideau et at., 1946). Solar absorp-

tion coefficients for the 400-700 nm
spectral range were calculated from

Fig. 26. Typical leaves of the white pubescent Encelia farinosa (left) and green nonpubescent E.

californica (right).
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the absorption spectra of the upper leaf

surface in conjunction with the solar

spectrum at the earth's surface. The
solar absorption coefficients represent

the integrated percentage of quanta
absorbed by the leaf over the photosyn-

thetically active wavelengths. The per-

centage of quanta absorbed is not
necessarily equivalent to the percent-

age of energy absorbed, since quanta of

different wavelengths contain different

amounts of energy. Over the range
400-700 nm, however, the percentages

were nearly identical for leaves ofEn-
celia.

Absorption spectra for a nonpubes-
cent E. californica and a very pubes-

cent E. farinosa were measured and
have been published elsewhere
(Ehleringer et al., 1976). The non-
pubescent E. californica exhibited a

spectrum typical of intact green leaves

(Year Book 64, pp. 420-425; Gates et

al., 1965), but in the pubescent E.

farinosa, the absorptance values were
sharply reduced (Ehleringer et al.,

1976). The transmittance through the

leaf hairs was less than 1%. This low
transmittance and high reflectance at

all wavelengths indicated that the
pubescent layer was serving as a blan-

ket reflector, decreasing the light ab-

sorbed by approximately 56% below
the values of E. californica at all

wavelengths. The differences between
the two spectra were due only to dif-

ferences in pubescence. The chloro-

phyll contents of leaves from both
species were equivalent (about 40 /xg

cm-2
), and the thickness of the epider-

mis and that of the mesophyll layers

were similar. Solar absorption coeffi-

cients for the examples described were
84.8% and for E. californica and 29.0%
for E. farinosa. The degree of pubes-

cence appears most certainly to modify
energy absorption by the leaf. In the

example described the pubescent E.

farinosa is absorbing only 29% of the

incident radiation between 400 and
700 nm. This value represents only
34% of the radiation being absorbed by
the nonpubescent E. californica leaf

over the same waveband.

If this pubescence layer is indeed act-

ing as a blanket reflector, removal of

the pubescence from E. farinosa should

yield a spectrum similar to that of E.

californica. Figure 27 shows the ab-

sorption spectra for a leaf ofE. farinosa

with hairs intact, the same leaf after

the pubescence has been removed, and,

for comparison purposes, the absorp-

tion spectra of an intact E. californica

leaf. As shown, once the pubescence of

E. farinosa has been removed, it is not

possible to distinguish the spectrum of

that leaf from the spectrum of non-

pubescent E. californica. This compari-

son provides conclusive evidence that

between 400 and 700 nm the pubes-

cence layer is serving as a blanket re-

flector and that it is not preferentially

reflecting particular wavelengths.

In addition to variation in pubes-

cence between species there are tem-

poral or seasonal changes in ab-

sorptance among some of the pubescent

species. To illustrate this, the seasonal

course of solar absorption coefficients

was measured in leaves of the pubes-

cent E. farinosa and nonpubescent E.

100

80 -

<s 60

-o
1 1 '.

Encelia fa rinosa, ha rs removed

Encel a californ CO

/

/*-*-*-

Encelia
/
f arinosa. ha rs intac t

400 500 600 700

Wavelength, nm

Fig. 27. Absorption spectra from 400 to 800
nm of intact leaves of Encelia farinosa with hairs

intact and after hairs had been removed, com-
pared to the spectrum of E. californica.
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californica . Field observations of solar

absorption coefficients for both species

were made in December (1974), March
(1975), and July (1975). E. californica

was sampled at Point Mugu (362 mm
mean annual precipitation) and San
Diego (240 mm) in southern California.

Encelia farinosa was sampled at

Superior (433 mm), Tucson (270 mm),
Tonopah (155 mm), and Ehrenberg (90

mm) in southwestern Arizona. Five
representative samples were collected

from each site. The means of all sam-
ples of a species at a given sampling
time were reduced to a single value.

As shown in Fig. 28 the mean solar

absorption coefficients for E. califor-

nica were 83.9%, 83.8%, and 82.4% and
for E. farinosa 71.7%, 63.4%, and
52.5%, respectively, for sampling dates

of December, March, and July. The
range of values between sites averaged

2% for E. californica and 10% for E.

farinosa, while the range within a site

averaged 2% for both species. These
field data clearly show that the solar

absorption coefficient for E. californica

remains higher than that for E.

100

80

o 60

40

E
. californica

1

E. f a r i r, o s a

Dec Mar

Time of year

Jul

Fig. 28. Seasonal course of changes in the

solar absorption coefficients in leaves of Encelia

californica and E. farinosa. Points represent

means of samples from different sites, and verti-

cal bars represent the ranges of values between
sites.

farinosa at all times through the grow-
ing season. Additionally, whereas the
solar absorption coefficients for E.

californica remained constant through
the season, the absorption coefficients

for E. farinosa steadily declined as the

season progressed. By July E. farinosa
averaged 30% less visible light ab-

sorbed than E. californica. This de-

crease in leaf absorptance by E.
farinosa through the season occurred

in conjunction with an increase in

mean maximum air temperatures.
This correlation suggests a role for

pubescence in modifying the leaf en-

ergy balance as the environment be-

comes harsher and reduces leaf tem-
peratures. Cunningham and Strain
(1969) have also shown that leaf size

decreased through the season, further

providing a more favorable energy bal-

ance.

If pubescence is adaptive for E.

farinosa, then a positive correlation

should exist between leaf absorptance
and precipitation for sites occupied by
this species. Solar absorption coeffi-

cients from each of the E. farinosa dur-

ing March, the period of peak produc-

tivity, were plotted against the precipi-

tation received up to the sampling date

at the site during the current growing
season (Fig. 29). These data reveal a
strong correlation (r

2 = 0.995,P < 0.01)

between the solar absorption coeffi-

cient and precipitation, suggesting,

first, that the reduction in energy ab-

sorbed by pubescent leaves is directly

dependent on the aridity of the envi-

ronment and, second, that the degree of

pubescence is a plastic response by the

leaves to the amount of precipitation

received. Since transmittance through
pubescent leaves is quite small, there

is also a strong correlation between the

solar reflection coefficient and precipi-

tation. It should be noted that it is the

plastic response by pubescent leaves

which is responsible for most of the

variation in solar absorption coeffi-

cients between E. farinosa sample
sites. The possible correlation between
pubescence and aridity on a commu-
nity basis rather than on a single
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Fig. 29. Solar absorption coefficients for

leaves ofEncelia farinosa on several sites plotted

as a function of the seasonal precipitation re-

ceived at that site during current growing sea-

son.

species basis was discussed by Billings

and Morris (1951), but solar absorption

coefficients were not reported.

The decrease in light absorbed by
pubescent E. farinosa leaves over the

400-700 nm waveband is sufficient to

cause significant reduction in the heat

load of leaves. This decreased radiation

load should indeed be of selective ad-

vantage to E. farinosa in arid desert

sites since nearly 50% of the solar radi-

ation load on the leaf and approxi-

mately 80% of the radiation absorbed

by typical green leaves is in the 400-
700 nm range. Yet a reduction in the

amount of light absorbed carries with

it a great disadvantage because reduc-

tion in light absorption means less

light is available for photosynthesis. To
minimize these effects of pubescence on

light-limited photosynthesis it is likely

that there is an inverse relationship

between the degree of pubescence and
the water available to the plant, such

that as plants are less stressed the de-

gree of pubescence is lowered. The
strong correlation between solar ab-

sorption coefficients and precipitation

(Fig. 29) serves as indirect evidence for

such a relationship.

To determine to what degree the ad-

vantages of pubescence—in terms of

reduced heat load on the leaf—may be

offset by lower rates of carbon gain,

photosynthetic rates were measured on

individuals of E. farinosa differing in

degree of pubescence. All plants were

grown under conditions of sufficient

water and nutrients and full sunlight

in phytocells (Year Book 72, pp. 393-

403). Simultaneous measurements of

CO, and water vapor exchange were

made on single attached leaves using a

leaf chamber and gas-exchange system

(Mooney et al., 1971; Osmond and
Bjorkman, 1975). All measurements
were made in normal air, 325 yubars

CO,, and 21% O,.

Photosynthesis-light response curves

for leaves of E. farinosa with solar ab-

sorption coefficients of 53%, 65%, and
82%- are shown in Fig. 30. Three signif-

icant features evident in these curves
are: (1) The incident quantum yield

(slope of linear part of curve between
and 30 nE cm-2

sec
-1

) decreases as

the pubescence increases; (2) the
maximum rates decrease as pubes-
cence increases; and (3) unlike most
plants, net photosynthesis under all

three pubescence conditions is not light

saturated even at 200 nE cm-2
sec

-1
,

which is equivalent to full noon sun-

light during the summer. Quantum
yields on an incident light basis were
0.025, 0.033, and 0.041 for ab-

sorptances of 53% , 65% , and 82% , re-

spectively. When calculated on an ab-

sorbed quanta basis, the quantum
yields were 0.048, 0.050, and 0.050.

These quantum yields, typical for

higher plants {Year Book 74, pp. 760-
761), indicate that although pubes-
cence in E. farinosa increases light re-

flectance and reduces net photosyn-
thesis, it does not affect the basic
photosynthetic process (CO, fixed per
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Fig. 30. Light dependence of net C02 uptake
by single attached leaves ofEncelia farinosa dif-

fering in their degree of pubescence. Rates were
determined at a leaf temperature of 30°C, a CO,
partial pressure of 325 /iibar, an 2 concentration
of 21% by volume, and a water vapor pressure
deficit of less than 10 /xbar. a = absorption coeffi-

cient.

quantum absorbed). Net photosyn-
thesis is so dramatically affected by
pubescence that at a leaf absorptance
of 53% the net photosynthetic rate is

nearly linear with light intensity up to

full sunlight. Stomatal conductances to

water and CO. exchange were similar

for the leaves at any given light inten-

sity, suggesting that CO., diffusion lim-

itations were not responsible for dif-

ferences among the curves. When
photosynthetic data from these three

curves are plotted against absorbed
rather than incident quanta, all data

lie on a single curve, indicating that

the principal differences among the

curves were due primarily to decreases

in light absorption due to pubescence
and not to physiological differences.

Studies on the ecophysiology of the

genus Encelia will continue in the on-

coming year. Having documented the

extraordinary capability of the pubes-

cence layer to reflect light and also to

affect physiological processes, this com-
ing year's work will focus on three
main questions that have arisen dur-

ing the past year: (1) What are the

causes of the extremely high photo-
synthetic rates observed in leaves of

Encelia species? (2) What other heat
transfer or energy balance functions

does the pubescence layer have? In par-

ticular, does the pubescence serve as an
insulating layer between the metaboli-

cally active tissues and the hot, arid

external environment? (3) What are

the ecological relationships in the
tradeoff between carbon gain and re-

duced heat load on the leaf in pubes-

cent leaves along aridity gradients?
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CARBON DIOXIDE AND TEMPERATURE DEPENDENCE OF THE
QUANTUM YIELD FOR CO, UPTAKE IN C

:i
AND C 4 PLANTS

James Ehleringer and Olle Bjorkman

Last year we reported that at a leaf mal air the quantum yield for C02 up-

temperature of about 30°C and in nor- take in plants possessing the C
:i
path-
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way was equivalent to that of plants

possessing the C, pathway {Year Book

74, pp. 760-761). This seemed remark-
able since it means that the decrease in

the quantum yield of C4 plants by its

inherent higher energy requirement (2

additional ATP molecules per CO.
fixed) offsets the decrease in the quan-

tum yield of G, plants caused by oxygen
inhibition under normal atmospheric

conditions. This year we have extended

this study to include the effects of

changing CO. partial pressure and leaf

temperature on the quantum yield of

leaves to determine how these factors

interact with the inhibitory effect of (X

and if the quantum yields of G, and C,

plants are indeed equivalent over a

range of temperatures. All meas-
urements were made at strictly rate-

limiting light intensities on intact

leaves attached to the plants. All

plants were potted and grown under
conditions of sufficient water and nut-

rients in growth cabinets.

The quantum yield for CO. uptake at

normal atmospheric CO. concentration

is markedly inhibited by 2V7c O. in G,

plants, but it is unaffected by oxygen in

C 4 plants (Bjorkman, 1966; Year Book

68, pp. 629-631; Year Book 70, pp.
522-524; Year Book 71, pp. 141-148;

Year Book 74, pp. 760-761). Similarly,

at normal atmospheric O. concentra-

tion the quantum yield is markedly
CO, dependent in C

;i
but not in C,

plants (Year-Book 70, pp. 522-524;
Year Book 71, pp. 141-148). Figure 31

shows the quantum yield of the G.

plant Encelia californica as a function

of CO. concentration in low and normal
O. concentration and 30°C leaf temper-
ature. Over the range of intercellular

CO., concentrations normally encoun-
tered by leaves (8-14 /jlM, equivalent

to a partial pressure of 200-350 fibar)

the quantum yield in 219^ oxygen is

markedly dependent on CO. concentra-

tion, ranging from 0.042 to 0.059 mol
CO./absorbed einstein over this span.

Even at intercellular CO., pressures as

high as 1500 /ubar, the quantum yield

is still measurably lowered by 219f

oxygen. At low CO., intercellular

pressures (less than 200 ptbar) the oxy-

C02 intercellular, uM
10 20 30 40 50 60

0.08

0.06

21% 2

Encelia californica

30 °C

400 800 1200 1600

C0 2 intercellular, ^ibar

Fig. 31. Quantum yield for C02
uptake in

Encelia californica (C3)
determined as a function

of intercellular pressure in 21% and in 2% oxy-

gen. Leaf temperature was 30°C.

gen inhibition is much greater than at

normal CO. pressures and the quan-
tum yield extrapolates to zero at the
CO. compensation point. In contrast,

under low oxygen the quantum yield of

the Cj plant E. californica is indepen-

dent of CO. pressure. The absence of a

CO. dependence of the quantum yield

in low oxygen suggests that the car-

boxylase activity of RuDP
carboxylase-oxygenase in vivo is satu-

rated by 300 //bar CO. at rate-limiting

light intensities. The presence of a
strong CO. dependence of the quantum
yield in C

:j
plants at higher O. concen-

trations is consistent with the view
that the O. inhibition of net CO. up-

take is primarily caused by the
oxygenase activity of RuDP car-

boxylase.

The steep dependence of the quan-
tum yield in C. plants such as E.
californica (and other G

{
species) on

CO. concentration at normal atmo-
spheric O. concentration and the inde-

pendence of the quantum yield on CO.
in C

4
plants such as Atriplex rosea

point out one of the selective pressures

favoring the evolution of the C 4 path-

way. The ability of the C
4
pathway to

concentrate CO. at the Calvin cycle
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carboxylation sites effectively makes
light-limited photosynthesis of C 4

plants independent of intercellular CO.
pressure over a very wide range. How-
ever, in a primitive atmosphere of high

C02 , or low Ov concentrations, or both,

selective pressures would strongly
favor the C3 pathway because of its

lower intrinsic quantum requirement
for CO. fixation.

Figure 32 compares the temperature

dependence of the quantum yield for

CO. uptake in the G, species E. califor-

nica with that of the C
4
species A triplex

rosea in normal air of 325 fxbar CO.
and 21% 0. (Fig. 32). These results

show clearly that in normal air the

quantum yield of the C3 plant is

superior to that of the C 4
plant at leaf

temperatures below approximately
30°C, but at higher temperatures the

quantum yield of the C 4
plant is

superior to that of the C
;j
plant. This

change in the quantum yield in the C
:i

species with temperature cannot be ac-

counted for by changes in the liquid

phase solubilities of CO. and O. over

the temperature span, since corrections

for changes in the solubilities of these

gases fail to alter the observed quan-

tum yields significantly. The change in

0.08 - -

°^ Encelia californica c 3

0.06 "

Atripiex rosea, C 4 ^^\
0.04 ^

325 fibar

21%
2

CO;

0.02 -

n

"

10 20 30 40

Leaf temperature, C

Fig. 32. Quantum yield for C02 uptake in

Encelia californica (C,) and Atripiex rosea (C4) as

a function of leaf temperature. The CO., pressure

was held constant at 325 ^bar and the oxygen
concentration was 21% by volume.

the quantum yield in C
:i
plants such as

E. californica with leaf temperature
must therefore be due to a change in

the degree of oxygen inhibition with
temperature. Oxygen inhibition of the

quantum yield increases exponentially

as the temperature is increased from
10° to 40°C. In normal air the oxygen
inhibition is only 147c at 14°C but in-

creases to 47% at 38°C. Over this same
temperature span there is no change in

the absolute value of the quantum
yield of E. californica when measured
in low oxygen. The change in quantum
yield due to inhibition by 21% O. in E.

californica follows the Arrhenius equa-
tion, giving an activation energy ap-

proximately equivalent to -8 Kcal
mol" 1

. If the view is correct that the O.
inhibition of the quantum yield is

caused by the oxygenase activity of

RuDP carboxylase, then the present
results imply that oxygenase activity

increases more steeply with tempera-
ture than does carboxylase activity.

Experiments designed to determine if

this is the case are being conducted
with the purified enzyme by Dr. Mur-
ray Badger in this laboratory.

The distribution of G, and C 4 species

in nature correlates generally with
daylight temperature, i.e., C 4 species

are more common in hot climates than
in cool or cold climates. Since the rate

of photosynthesis and primary produc-

tion in many plant canopies is strongly

light limited, the observed difference in

quantum yield between C
:i
and C 4

species as a function of leaf tempera-
ture may be an important factor in de-

termining their distribution. Under
conditions of sufficient soil moisture, a

C
:s
plant will have greater potential for

carbon gain at low temperatures. Con-
versely, a C 4 plant will have greater

potential for carbon gain at high tem-
peratures with a crossover point at ap-

proximately 25°-30°C. This greater po-

tential for carbon gain in C3 plants at

low temperatures would imply that C 4

photosynthesis would be at a disadvan-
tage in cool, Zoic-light habitats such as

the floor of cool temperate forests and
the arctic tundra. On the other hand,
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the C
4
pathway would be selectively

more advantageous in shaded habitats

of high temperature and in dense
stands in high-light, high-temperature

habitats such as tropical grasslands. C,

photosynthesis would of course be par-

ticularly advantageous in hot, sun-

baked desert habitats where little

mutual shading of the leaves occurs

within the plant stands. However,
under these conditions the advantage

of C, photosynthesis is largely due to

the increased capacity for photosyn-

thesis at high light intensities. Never-

theless, the higher quantum yield at

high temperatures would also be ex-

pected to confer a significant advan-

tage. It is apparent that both the in-

creased capacity for photosynthesis at

high light intensities and the higher

quantum yield at high temperatures
are the results of the same mechanism,
namely the ability of the C

4
pathway to

increase the concentration of C02 at

the site of fixation by RuDP carbox-

ylase.
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HYBRIDIZATIONS IN Atnplex

Malcolm A. Nobs

In 1968 the first hybrid between a

species having the C 4 photosynthetic

pathway and one with the C
;j
pathway

was successfully obtained. This F, hy-

brid, Atriplex rosea L. x A. triangularis

Wildenoo (A. patula ssp. hastata. Hall

and Clements), was a diploid with 2n =

18. During the reduction division in

this hybrid, only four pairs of chromo-
somes formed, resulting in less than
10% fertility. The progeny obtained in

the second generation formed a series

of polyploids ranging from triploid to

above pentaploid, making a critical ge-

netic analysis of the inheritance of the

C 4 vs. the C
:i
pathways impossible.

During the ensuing years, 22 addi-

tional intraspecific hybridizations have
been attempted. These attempts were
made for three basic reasons. The first

was to obtain a hybrid combination be-

tween C.j and C 4 species which would
remain diploid and be sufficiently fer-

tile for genetic analysis. The second

was to obtain hybrid combinations be-

tween different C, species to determine
whether in later generations there

would be segregation within the C 4

characteristics. The third was to obtain

data on the genetic relationships with-

in the genus Atriplex which could sup-

plement the studies by Thompson on
DNA hybridization.

The crossing diagram (Fig. 33) sum-
marizes these accumulated data. It is

apparent that during the evolution of

Atriplex the Obion e subgenus diverged

profoundly from the subgenus Eua tri-

plex. Only one hybrid combination out

of eight attempts, A. rosea x argentea

ssp. expansa, has yielded hybrids;
within Euatriplex, by contrast, six of

the eight attempts have yielded hybrid

progeny, and within Obione two out of

five have been successful.

Within Euatriplex the species

studied have become highly differ-

entiated genetically. Table 16 sum-
marizes the cytological data. In three of

the combinations the hybrids were so

weak that they never reached matur-
ity. The remaining three form a pro-

gressive series from nearly sterile to

partially fertile. The low fertility in the

rosea x sabulosa combination, both in

the rosea group and believed by Hall

and Clements (1923) to be very closely

related, is in part due to chromosomal
rearrangements. Bridges and frag-

ments are commonly seen during the

first anaphase of reduction division.

The one fertile hybrid, as judged by
regular reduction division resulting in

98% normal pollen, is A. fruticulosa x

A. serenana. Both species are diploids

in the pentandra group of Obione. It is
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Euatnplex Obione

Fertile F|

Strong F, , less than 10% fertile

Sub-lethal F,

No seed set

Fig. 33. Summary of crossings between species ofAtriplex. Open ovals are species which possess

C, photosynthesis. The shaded ovals possess the classic C
:i
pathway.

TABLE 16. Cytological Characteristics of Euatriplex Hybrids.

Combination Chromosome Pairing Normal Pollen

rosea x hortensis

rosea X heterosperma

sabulosa X triangularis

rosea x triangularis

rosea x glabriuscula

rosea x sabulosa

Sub lethal

Sub lethal

Sub lethal

4" 10' 6%- 7%
6" 6 1 8%-10%
8" 2 1 29%
rarely, 9"

a vigorous hybrid and is intermediate

morphologically between the parents.

It has regular Kranz-type leaf anatomy
as do both of its parents. The second
generation of this combination should

yield valuable material for the study of

the C, photosynthetic system.

The other successful hybrid combi-
nation within Obione is A. serenana x

A. argentea ssp. expansa. The former is

diploid while the later is tetraploid.

The hybrid is triploid with 27 chromo-

somes. At first metaphase in reduction

division frequently nine pairs of chro-

mosomes are formed with nine univa-

lents. As the A. argentea parent fre-

quently has 1-3 multivalents at this

stage, the observed pairing is pre-
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sumed to be auto-pairing between the

chromosomes of the argentea parent.

A similar situation exists in the one
hybrid between Euatriplex and Obione,

A. rosea (diploid) x A. argentea ssp. ex-

pansa (tetraploid). This hybrid is also

triploid, and has 27 chromosomes, with
nine chromosome pairs at metaphase
and nine univalents. If autopairing
does occur, it would form a physiologi-

cally sound genomic foundation which
could accommodate foreign chromo-
somes. The lack of success in the at-

tempted cross between A. phyllostegia

and A. dioeca came as a surprise, since

they are morphologically very similar.

Both are diploid, possess the rudimen-
tary perianth in the female flowers,

have succulent leaves with classic C
:i

anatomy, and have very similar in-

florescences. In fact Hall and Clements
(1923) consider them closely enough re-

lated that they might be united into

one species. Apparently, however, they
have diverged considerably genetical-

ly, for although aborted embryos were
formed, no hybrid seed matured.
At the present time not all of our

basic objectives have been fulfilled, for

we have not achieved a diploid hybrid
between a C

:i
and a C, Atriplex which is

sufficiently fertile to produce a second
generation for genetic and physiologi-

cal study. However, considerable prog-

ress has been made on our understand-
ing of the genetic structure of the
genus.
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GROWTH AND PHOTOSYNTHESIS OF Chlamydomonas reinhardtii
AS A FUNCTION OF CO, CONCENTRATION
Joseph Berry, John Boynton, Aaron Kaplan, and Murray Badger

Earlier studies by Bowes and Berry
{Year Book 71, pp. 148-157) showed
that photosynthesis by cells of the
green alga Chlamydomonas rein-

hardtii was competitively inhibited by
O, and that a portion of the carbon
fixed (depending upon the CO, and O,

concentration) was excreted to the
medium as glycolic acid. These effects

were correlated with the effects of O,
and CO, on ribulose 1-5 diphosphate
(RuDP) carboxylase/oxygenase, the en-

zyme that catalyzes CO, fixation and
appears to be the site of O, inhibition in

species of higher plants having C
;!

photosynthesis.

Experiments were initiated this year
to investigate the effect of O, and CO,
concentration upon the growth of
Chlamydomonas. The initial objective

was to find an appropriate combination
of high O, and low CO, concentration

which would inhibit growth of the wild
type strain and serve as a positive

selective method for mutant genotypes

with altered CO, requirements. We
hypothesized that such mutant
genotypes might result from changes

in the properties of the RuDP
carboxylase/oxygenase molecule which
would affect its K„(0,) or K u (CO,).

Selective screening of mutagenized
haploid and diploid genotypes under
this condition might permit the iden-

tification of nuclear or chloroplast gene
loci, respectively (heeet al., 1973), cod-

ing for the peptides comprising the

small and large subunits of the enzyme
RuDP carboxylase/oxygenase (Wild-

man et al., 1975).

In similar experiments with higher

plants (Year Book 70, pp. 507-511), a

controlled atmosphere of 60 ppm CO,
and 217c O, was found to permit very

little growth of the C3 plant Atriplex

patula, while the C 4 species A. rosea

grew well under this condition. This

growth regime was used to screen F,

hybrid genotypes derived from a cross

between A. rosea and A. patula for the
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more efficient C4 mechanism of C02

fixation.

In the present experiments, the wild

type C. reinhardtii (haploid Strain

137C, Stock GB-126) was grown photo-

trophically in 300 ml shake cultures of

HS culture media (Sueoka, 1960) aer-

ated with different mixtures of 2 and
C0 2 . Light intensity was 50 nE
cm~2sec

_1 from VHO fluorescent lamps
in the physiology and biochemistry ex-

periments and 41 nE cm~ 2sec
_1 from

cool white fluorescent lamps in the

growth experiments. The results of the

growth experiments are presented in

Table 17. Maximum growth rate

(minimum doubling time) was ob-

tained in air enriched with 3 x 104 ppm
C02 . At this C02 concentration, growth
rate was substantially inhibited by in-

creasing the 2 partial pressure to

97%. However, decreasing the C02 con-

centration from 3 x 104 to 350 ppm had
little effect upon growth, suggesting

that C02 uptake is nearly saturated at

air levels of C02 under the light levels

and cell densities used. Substantial but
slow photosynthetic growth was ob-

tained at less than 100 ppm. At both 65

and 33 ppm, growth rate was not sig-

nificantly affected by changing the 2

concentration dramatically. Since
growth rate under the low C02 regimes
appears to be linearly dependent upon

C02 concentration, the C02 compensa-
tion point for photosynthetic growth
must be quite close to zero (or very
low). These results are remarkably dif-

ferent from those obtained with C3

species of higher plants, and indicate

both a greater resistance of 2 inhibi-

tion and a higher efficiency ofC02 fixa-

tion at low C02 concentrations. Super-
ficially, these algae would appear to

use a mechanism of C02 assimilation

which differs from that of normal C3

species of higher plants and resembles
C4 photosynthesis in the sense that the

organism can utilize very low exogen-

ous C0 2 concentrations for photo-
synthetic growth.

Photosynthetic C0 2 Fixation

The earlier studies by Bowes and
Berry {Year Book 71, pp. 148-157) in-

dicated that photosynthesis by cells of

C. reinhardtii grown on air enriched

with 2-3 x 104 ppm C02 was quite

similar to C3 photosynthesis of higher
plants. They reported a KA1(C02 ) of ap-

proximately 30 fxM atpH 7.8 and low

2 , incorporating 14C02 into acid stable

products as the assay method. C02 fix-

ation was competitively inhibited by
increased 2 concentrations. Very effi-

cient C02 uptake has been reported for

certain algal species. Whittingham

TABLE 17. Phototrophic Growth of C. reinhardtii in HS Media Aerated with Gas Mixtures
of Differing 2 and C02 Concentrations (balance N2 ) at 25°C and 41 nE cm~2 sec

_1

Cool White Fluorescent Light*

GrowthGas Mixture

C02 , ppm 2 ,%

3 x 10 4 21
3 x 10 4 97
350 21

350 97

65 4

65 84
33 2

33 92

100

Doubling Time (hr) Final Yield (cells/ml x 106
)

9.1

25.3

9.9

14.6

21.9

19.2

41
37

14.4

11.9

15.2

1.5

1.9

0.89

0.90

0.29

0.25

*Flow rates varied from 9 to 18 1/hr per flask. Cultures were inoculated at a density of 1 x 105 cells/ml

from log phase phototrophic cultures pre-grown at 350 ppm C02-21% 2 . Cell density was followed

daily by hemocytometer counts. Experiments were terminated when each culture reached stationary

phase, and the doubling time was calculated for the linear portion of the growth curve.
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(1952), Steemann-Neilsen (1955), and
Brown and Tregunna (1967) have dem-
onstrated that Chlorella species be-

come CO.-saturated at CO., concentra-

tions less than atmospheric. Brown and
Tregunna (1967) and Steemann-
Nielsen and Jensen (1958) have shown
that this alga has a very low CO. com-
pensation point, and Bjorkman {Year
Book 65, pp. 446-454) reports that, in

contrast to the findings of Tamiya and
Huzisige (1949), photosynthesis of

Chlorella is not inhibited by 21% O..

The growth experiments reported in

Table 17 suggest that Chlamydomonas
has photosynthetic characteristics
similar to those discussed above for

Chlorella.

The apparent contradiction of the

growth studies with the photosynthetic

properties reported by Bowes and
Berry {Year Book 71, pp. 148-157) can
be explained on the basis of different

physiological states of the algae. An
abundance of literature, starting with
J. S. Turner (unpublished) and R.

Howels (1940), reviewed by Briggs and
Whittingham (1952), indicates that

Chlorella can exist in two distinctly dif-

ferent states depending upon whether
the cells were exposed to air (0.03%

CO.) or air enriched with l%-5% CO.
during growth. The alga may be in-

duced to change from one state to the

other by exposure to the appropriate

CO. supply. Induction may take from Vi

hr to several hours depending upon the

strain and direction of the transforma-

tion (Briggs and Whittingham, 1952;

Graham and Whittingham, 1968;
Steemann-Neilsen and Willemoes,
1966). Clearly, the physiological effi-

ciency for use of CO. in photosynthesis

differs dramatically for Chlorella in-

duced to one state or the other. Such
cells also differ in their metabolism of

glycolic acid (Nelson and Tolbert, 1969)
and their content of carbonic anhy-
drase (Graham et al., 1971). A similar

phenomenon has been documented in

the blue-green alga Coccochloris (Ingle

and Coleman, 1976), and Chlamy-
domonas reinhardtii (Nelson et al.,

1969; Graham et al, 1971). Thus,

Chlamydomonas grown at low CO,
might be expected to have quite dif-

ferent kinetics of CO. assimilation and
interaction with O. than those reported

by Bowes and Berry {Year Book 71, pp.

148-157), for cells adapted to higher

CO..
While the general features of this

adaptive developmental differentiation

by algae are known, the mechanism(s)
responsible are not clear. Some work-

ers assume the photosynthetic capa-

bilities of high-CO. grown cells to be

impaired (Osterlund, 1950; Steemann-
Neilsen, 1955; Steemann-Neilsen and
Willemoes, 1966). Our interest in this

topic was whetted by the indication

(discussed previously) that high-CO.
adapted cells have kinetics of CO. as-

similation which resemble higher
plant species with C

:{
photosynthesis,

and low-CO. adapted algae appear to

be exceptional and are considerably

more efficient in assimilating CO.. No
comparable data of the kinetics of CO.,

exchange of high- and low-CO. adapted

algae were available to evaluate this

hypothesis, nor had the factors govern-

ing the kinetics of CO. assimilation in

the respective states been investigated.

For these reasons, a comparative study

of C. reinhardtii adapted to low- and
high-CO. concentration was initiated.

Photosynthesis was measured as O.

production in a closed electrode

chamber (Rank Brothers, Bottisham,

Cambridge, England) modified for in-

creased sensitivity as described previ-

ously {Year Book 72, pp. 405-407).

After depletion of endogenous CO.
(contained in the media, or as a pool

within the cells) O. evolution was com-

pletely dependent upon addition of CO.
or NaHCOj to the electrode chamber.
The dependence of photosynthesis

(measured as O. evolution) upon added
HCO

:i
concentration in 50 xnM

HEPES,pH 7.0, is shown in Fig. 34 for

both low- and high-CO. grown cells.

Similar maximum rates are achieved

on a per-cell basis for cells cultured

under both regimes, but the concentra-

tion dependence is dramatically dif-

ferent. The apparent KM's on a HCO
:j

~
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5% C0 2 grown

50 100 150
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Fig. 34. Dependence of photosynthesis of low- and high-CCX-adapted cells of C. reinhardtii upon
added HCO, concentration in 50 mM HEPES buffer atpH 7.0. Saturating light of 70 nE cm" 2 sec" 1

was provided. Temperature was 20°C. O. increased with use of HCO
:
, and ranged from 5% to lb%.

Data for low HCO
:
,
concentrations were obtained at the lowest 2

concentration measured. OJHCO
:i

"

exchange ratios were between 0.9 and 1.0.

basis are 3.6 ±/jlM and 64.4 ± 10.8

fxM for the low-CO., and high-CO.,

grown cells, respectively. The K^iCOo)
calculated for high-CO. grown cells at

thispH is 15 /jlM, which is quite similar

to the apparent Ku(C02 ) of C3 species

of higher plants and that reported ear-

lier (Year Book 71, pp. 148-157) for

high-CO. adapted C. reinhardtii. In

contrast, cells grown at low CO. con-

centrations have nearly 20-fold greater

affinity for CO., at thispH (K y(CO,) =

0.83 ftM) than the high-CO. grown
cells. The CO. requirement of low-CO.
adapted C. reinhardtii is similar to that

reported by Whittingham (1952) and
Steemann-Neilsen and Jensen (1958)

for low-CO. adapted Chlorella. These
CO. requirement studies were made
under low (<15%) O, concentration,

with the lowest HCO
:i

~ concentrations

always at the lowest O. concentration,

and the ratio of O. evolved/CO. fixed

was nearly one. As will be discussed

later, this ratio falls below 1.0 at limit-

ing CO. concentrations under high O..

Chromatographic analysis of the

acid stable products formed by low-CO.
and high-CO. grown cells fed n CO. at

half-saturating concentrations for

short periods did not indicate any sub-

stantial difference in the pathway of

CO. assimilation (data not shown).
Sugar phosphate and 3-PGA were
major products, and only small quan-
tities of label appeared in malate and
aspartate.

Supernatant fractions from extracts

of high-CO. and low-CO. grown cells

were assayed for activities of RuDP
carboxylase/oxygenase and PEP car-

boxylase. As shown in Table 18, there

was little difference between cells

grown under either condition. RuDP
carboxylase is the predominant car-

boxylase in both cell types.

Kinetic properties of RuDP car-

boxylase isolated from Chla-
mydomonas grown at high-CO. and
low-CO. concentrations were also

studied using methods described by
Lorimer et al. (1976). We found appar-

ent K), (CO.) of the activated form of

this enzyme to be 57 ± 5 fxM for both

high- and low-CO. grown cells. Purifi-

cation of the cell extract by Sephadex
G25 did not affect the apparent K u

(CO.). Our assays of RuDP carboxylase

from the C
:i
plant Encelia ealifornica by

the same method yielded a fourfold

lower K u (CO.) of 15 yM. Since the

Chlamydomonas RuDPCase was found
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TABLE 18. Comparison of RuDP Carboxylase and PEP Carboxylase Activities in Cells of C.

reinhardtii Grown at Low (Air) and High (5%) CCX, Concentrations*

nmol C02 (02 ) fixed per min per 10" cells

RuDP
Carboxylase

RuDP
Oxygenase PEP Carboxylase

Air grown
5% C02 grown

17

26
1.5

1.8

1.6

2.0

*Cells were harvested by centrifugation and broken in the French press at 6000 psi in 0.1 M Tris,

pH 8.0, 5 mM Dithiothreitol buffer at a density of 2 x 10K/ml. Enzyme assays were carried out on S4()

fractions for 2 min at 25°C in 0.1 M Tris buffer,pH 8.2. The RuDP carboxylase/oxygenase enzyme was
activated, RuDP carboxylase was assayed at 25°C, 10 mM HCO

:i

", and RuDP oxygenase assayed at

20°C and 0.251 mM C\ at saturating RuDP concentrations according to the methods of Lorimer et al.

(1976). PEP carboxylase was assayed as described by Bjorkman and Gauhl (1969). Chlorophyll con-

tent was 5.2 jjig and 6.7 yu,g per 10 7 air-grown and 5% C0
2-grown cells, respectively.

to become activated by preincubation
with CO, and Mg +

- in a manner quite

similar to the higher plant enzyme, the

higher K h (CO-,) of the activated
Chlamydomonas enzyme does not ap-

pear to be an artifact of our assay sys-

tem. The significance of this higher
/£,

;
(COv) of the Chlamydomonas en-

zyme is not clear. However, no evi-

dence was obtained for a change in the

properties of RuDP carboxylase with
high-CO-, or low-CO-, adaptation.

We have compared high-CO-, and
low-CO-, grown cells for their capacity

to excrete glycolate and for their

0-,/COv exchange ratio. These studies

were conducted in an oxygen electrode

fitted with a syringe pump that permit-

ted continuous injection of bicarbonate

to the reaction compartment, and thus

permitted indefinite maintenance of

steady-state conditions at subsaturat-

ing rates of bicarbonate injection. Al-

though the steady-state bicarbonate
concentrations maintained in this sys-

tem could not be determined directly,

they could be inferred from compari-

sons of the photosynthetic rate ob-

tained with the curve for the depend-

ence of photosynthetic rate upon bicar-

bonate concentration for the same cell

type, concentration, and pH. At
saturating rates of HCO," injection the

concentration becomes undefined. Fig-

ure 35 summarizes the results of these

experiments, conducted in the presence

of 20%-25% O,. The ratio of 2/HCO ;f
was calculated from the ratio of the

rate of 0-, evolution to HCO," injection.

Glycolate was measured by the tech-

nique of Calkins (1943) on cell-free fil-

trate of the medium after 20 minutes of

steady-state photosynthesis. The ratio

of glycolate excreted to HCO
s

assimi-

lated increases when the HCO
:i

" con-

centration is limiting. Similar data
were obtained with high-CO., adapted
algae (cf. Fig. 39, Year Book 71, p. 153).

The data reported here illustrate that

low-CO, adapted C. reinhardtii also ex-

cretes glycolate. This had not been de-

tected before because much lower
HCO," concentrations are required in

low-CO. adapted cells to induce glyco-

late excretion (1 jiM HCOj for the low
CO, cells vs. 50 fiM HCO," for the

higher CO, cells at pH 7.0). Nelson e*

al. (1969) reported that low-CO,
adapted C. reinhardtii has an increased
capacity to metabolize glycolate. While
this could contribute to the difference

in glycolate excretion, we believe that

the difference in the affinity of the
low-COv and high-CO., grown cells for

CO, is the reason that glycolate excre-

tion is not normally observed in low-

COv adapted algae. This is supported
by the finding (not shown) that 10 m.Vf

isonicotinic acid hydrazide did not af-

fect glycolate excretion in low-COv
adapted cells of C. reinhardtii and the

blue-green alga Coccoehloris (Ingle and
Coleman, 1976).

Since glycolate is more oxidized than
carbohydrate, the normal product of

photosynthesis, less O, should be
evolved per CO, fixed when glycolate is

a major product of photosynthesis. This
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Fig. 35. Comparison of glycolate excretion, the (X/HCOj ratio and 2 evolution as influenced by
the steady state HCO

:l

~ concentration for high-C02 adapted (A) and low-CO, adapted (B) cells of C.

reinhardtii. Conditions were as described in Fig. 34 except that 10 rnM phosphate buffer,pH 7.0, was
used and

2
was 20%-25%. Note that the scale of the bicarbonate axis differs by a factor of 10.

result is in fact obtained with both
high-CO. and low-COv grown cells. In

experiments with several combinations

of O, and HCO
:i

~ concentrations, we
were able to account quantitatively for

the changes in the measured CX/HCO
:i

"

ratio of high-CO. adapted cells by the

amounts of glycolate formed (Fig. 36).

In low-CO. adapted cells glycolate

excretion followed the same trend but

could not quantitatively explain the

drop in the O./HCOj" ratio. The sig-

nificance of this difference is not clear.

Under conditions of low 0. (~ 1%—5%),
neither cell types excreted detectable

amounts of glycolate, and the OJ
HCO.j" ratio was very close to unity.

Because glycolate formation alters the

OJCO, exchange ratio, the effect of 0.

upon the kinetics of C(X assimilation

cannot be assessed by measuring O,

evolution with respirometers (cf.

Tamiya and Huzisige, 1949), or by
using the oxygen electrode system of

these studies without also monitoring
the exchange ratio. The reports that

low-CO. adapted algae are resistant to

0.1 0.2 0.3 0.4 o.s 0.6

Glycolate/HC0 3
" ratio

Fig. 36. A plot of the ratio of O, evolved to

HCCv assimilated vs. the ratio of glycolate/

HCO3" observed. The line drawn is a linear re-

gression. Experiments were conducted with
high-C02 adapted cells as in Fig. 35.

(X inhibition of photosynthesis should

be reexamined in view of the observa-

tion reported here that effects of Ov

upon photosynthesis of low-CO.
adapted C. reinhardtii are only evident

at very low bicarbonate concentrations.
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Several lines of evidence reported

here including products of CO, fixa-

tion, studies of carboxylase enzyme
levels and effects of (X upon photosyn-

thesis suggest that RuDP carboxylase

is the mechanism of initial CO. fixa-

tion utilized by both high- and low-CO,
adapted cells. Studies of the kinetics of

CO, assimilation by these cells indicate

a very large difference in the quantita-

tive requirement for CO.. The very low
CO, requirement of low-CO, adapted
cells verifies the hypothesis that C.

reinhardtii can adapt to become sub-

stantially more photosynthetically ef-

ficient than C
:!
species of higher plants.

This also appears to be true of the
green algae Chlorella and Scenedes-
mus, the blue-green alga Coccochloris

(Ingle and Coleman, 1976), and
perhaps many other algal species. Evi-

dence presented indicates that, as in

plants with C4 photosynthesis, RuDP
carboxylase is not more efficient in

low-CO, adapted C. reinhardtii com-
pared to C

:!
plants. In contrast to G,

plants, no evidence for an alternate ini-

tial carboxylation mechanism in C.

reinhardtii was obtained either from
studies of PEP carboxylase levels or

studies of initial products of CO. fixa-

tion.

Reed and Graham (1968) have
suggested that changes in the level of

the enzyme carbonic anhydrase might
explain the improved efficiency of

low-COv adapted Chlorella. Sub-
sequently, carbonic anhydrase activity

in low-COv grown cells, was found to be
manyfold higher than in high-CO,
grown cells (Graham and Reed, 1971;

Graham et al., 1971; Nelson et al.,

1969). Furthermore, Graham et al.

(1971) showed that when high-CO,
grown cells of either Chlorella or C.

reinhardtii were transferred to low
CO,, both carbonic anhydrase activity

and O, evolution increased dramati-
cally during the first 90 minutes with-

out detectable changes in activity of

the Calvin cycle or /3-carboxylation en-

zymes. We question whether this in-

crease in carbonic anhydrase activity is

in itself sufficient to explain the more

efficient photosynthetic behavior of

low-COv adapted cells. Carbonic
anhydrase catalyzes the equilibration

of unhydrated CO, with HCO, , but
should not be able to alter the position

of this equilibrium. Thus, in the pre-

sence of carbonic anhydrase alone, the

affinity of the system for CO, should

not exceed that of the carboxylating

enzyme. Furthermore, C
:i
species of

higher plants have more carbonic
anhydrase activity than either low-CO,
adapted C. reinhardtii or C

4
plants

(Graham et al., 1971).

In order to explain the behavior of

low-COv adapted cells, we postulate

that either (1) an unknown and unde-

tected carboxylation enzyme with a

greater affinity for CO, is present, or

(2) a mechanism capable of enhancing
the concentration of CO, at the site of

fixation by RuDP carboxylase is

operating. The requirement of such a

concentrating mechanism for CO,,
combined with glycolate excretion,
may explain the 0,/HCO

(

~ ratio in

low-COv adapted cells.

Raven (1968, 1970, 1974) has pro-

vided experimental evidence and re-

viewed the work of others indicating

that some algae are capable of as-

similating HCO.j'. In contrast to CO,
assimilation, which appears to be via

passive diffusion, HCO
:!

assimilation

by the alga Hyrodictyon africanum ap-

pears to occur via a metabolic influx

pump that operates across a cellular

membrane. Raven (1970) has invoked
this mechanism to explain the ability

of certain algae to photosynthesize at

alkaline pH. Since metabolic energy
may be coupled to ion transport to ef-

fect large concentration gradients
(Mitchell, 1966), there is no reason in

principle why such a mechanism might
not also be invoked to serve as a means
of concentrating HCO

:i

~ or CO, within

the cell under conditions of limiting

CO, supply.

Findenegg (1974) has shown that
low-CO, adapted cells of Scenedesmus
obliquus possess a CI" influx pump
that is absent in high-CO, adapted
cells. The CI uptake is inhibited by
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HCO
:i
", and he suggests that the nor-

mal physiological substrate is HCO
:i

".

Whether or not Chlamydomonas has

the capacity for HCO
:j

" uptake is not

clear from the literature {see Raven,
1970). Therefore, experiments were
conducted to determine if CO. or

HCO
:j

" is the form of carbon assimi-

lated. Since the ratio of HCO
:i

~ to

FLCO
:!
present in solution can be ma-

nipulated by changing the pH, one
should be able to assess the effect ofpH
on the total inorganic carbon require-

ment for photosynthesis in whole cells

and infer which form (CO. or HCO
:!

~) is

actually utilized {see Raven, 1970).

We have determined Michaelis-
Menten constants for photosynthesis in

high-CO. and low-CO. grown cells cal-

culated on the basis of CO., or HCO
:i

" as

a function of pH (Table 19). Over the

pH range 7.0-8.0, the K u (CO,) of the

high-CO. grown cells is fairly constant
(15-23 flM) while the K w (HCO,-) var-

ies by a factor of more than 10. This
result indicates that CO. is probably

the form utilized in photosynthesis by
the high-CO. grown cells. In the low-

CO. grown cells, the K v (CO,) falls and
the fir

iy(HC03

-
) increases with increas-

ing pH over the range from pH 7.0 to

pH 8.0. These data do not permit a

clear decision as to which form of car-

bon is assimilated by the low-CO.

adapted cells, but rather suggest that

the cells are capable of utilizing vari-

able proportions of CO. or HCO
:!
~, de-

pending upon the inorganic carbon
concentration and pH. Regardless of

the form of carbon present, the KSI (CO.

)

of low-CO. adapted cells of C.

reinhardtii is much lower over the pH
range examined than for species of

higher plants with C
:i
photosynthesis.

This contrasts with Hydrodictyon af-

ricanum (Raven, 1968) and Scenedes-

mus (Brown and Tregunna, 1967),

which can utilize HCO
:i

" at high pH
but do not appear to have enhanced
CO. uptake at low pH. Either C.

reinhardtii has a higher affinity for

HCO.j" and thus can utilize HCO
:!

" at a

lower pH, or its accumulating mecha-
nism can utilize CO. as well as HCO

;i

~,

depending upon the form available.

Another insight into the question of

how carbon is assimilated in C.

reinhardtii is provided by studies with

Diamox, an inhibitor of carbonic
anhydrase in Chlorella (Graham and
Reed, 1971; Graham et ah, 1971) and
Coccochloris (Ingle and Coleman,
1976). We have found that Diamox al-

ters the efficient response of low-CO,
adapted cells to added HCO

:r, (Fig. 37)

and shifts the concentration depend-
ence toward that of high-CO. adapted
cells. The effect of Diamox suggests

TABLE 19. The Influence ofpH upon the Apparent K,„ (Total CO, + HCOt,) and K,„ (HCO7
(CO.) of Photosynthetic O, Evolution by Cells of C. reinhardtii Adapted to

High- or Low-CO, Concentrations*

orK„

K,„ vmax

Km (HCO^) K,„ nmol 2

pH (total) MM (C02 ) min_1
/107 cells

Low-CO, Grown Cells

6.5 6.3 ± .0.5 3.6 2.7 12.3 ± 0.2

7.0 2.9 ± 0.1 2.4 0.5 20.0 ± 1.0

7.5 6.8 ± 0.5 6.3 0.5 13.7 ± 0.2

8.0 9.0 ± 1.0 8.8 0.2 12.6 ± 0.3

High CO, Grown Cells

6.5 61 ± 4 35 25.7 28.2 ± 0.6

7.0 149 ± 9 121 27.9 23.2 ± 0.4

7.5 504 ± 34 470 34.2 14.5 ± 0.4

8.0 1163 ± 64 1137 26.2 11.7 ± 0.2

* Conditions as in Fig. 34 except forpH. Kinetic constants were calculated according to Wilkinson
(1961).



DEPARTMENT OF PLANT BIOLOGY 431

50 100 150 200

HC0 3
" concentration, u M

Fig. 37. The effect of Diamox upon the HCO.
(
dependence of photosynthesis of low-CO. adapted C.

reinhardtii. Conditions are the same as for Fig. 34 except that phosphate buffer, pH 7.0, was used.

Diamox was used at 4 x 10~ 5 M.

that carbonic anhydrase is essential for

the mechanism of carbon assimilation

by low-CO, adapted cells. High-CO.
adapted cells of C. reinhardtii have
only very low levels of carbonic anhy-
drase (Graham et al., 1971; Nelson et

al., 1969).

We found that addition of carbonic

anhydrase to the media of high-CO,
adapted cells has no influence on the

kinetics of photosynthesis. Thus the
difference between low- and high-CO,
adapted cells cannot be explained by
the effect of carbonic anhydrase on the

rate of CO. and HCO
:i

" equilibration in

the medium.
More than a single isozyme of car-

bonic anhydrase has been observed in

14 species of higher plants (Graham et

a/., 1971), and Everson (1970) has
shown that carbonic anhydrase is pre-

sent both at the surface of and within

spinach chloroplasts. Graham and
Reed (1971) discuss several possible in-

tracellular roles for carbonic anhy-
drase, none of which appears to explain

the specific role of this enzyme in low-

CO, adapted algal cells. Findenegg
(1974) showed that adaptation of

Scenedesmus to low-CO, concentration

correlates with induction of carbonic

anhydrase activity and a CI" (pre-

sumed HCOj ) influx pump. If HCO
:i

~

is the form of carbon entering the cell,

it must be converted to CO., prior to

fixation by RuDP carboxylase (Cooper

et al., 1969). Thus, both a bicarbonate

influx pump and carbonic anhydrase
should be required for the uptake
mechanism of low-CO, adapted cells to

enhance photosynthesis.

In summary, key components
theoretically required for a CO,-
accumulating mechanism based on an
HCO, influx pump have been indi-

vidually characterized in various algae

by a number of workers. However, in

no single experimental system have
these observations been integrated
with one another or with studies of the

kinetics of CO. assimilation. If this can

be achieved, it may document yet

another mechanism, in addition to the

C 4 and CAM pathways evolved by
green plants, to increase photosynthe-

tic competence without altering the

molecular properties of RuDP car-

boxylase.

Studies reported in this paper indi-

cate that the CO,-exchange kinetics of

Chlamydomonas reinhardtii are
dramatically changed by the previous

growth conditions of the algae. Cells

adapted to 57c CO. during growth have
a CO. requirement similar to C

:s
species

of higher plants, while cells adapted to

air levels of CO. (0.037c) are substan-

tially more efficient at low-CO. concen-

trations. We have shown that the im-

proved efficiency of the CO. uptake
cannot be attributed to a new pathway
of CO. fixation or to induction of a more
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efficient form of RuDP carboxylase.

The increased efficiency of low-COv
adapted algae was abolished by the in-

hibitor Diamox. This suggests that

carbonic anhydrase plays an essential

role in the mechanism which improves
the efficiency of CO, uptake. We
suggest that HCO

:j

~ may be actively

accumulated by a metabolic influx

pump in low-CO, adapted cells. Car-

bonic anhydrase would be required to

convert HCO
:J

to CCX, the substrate

for carboxylation by RuDP car-

boxylase. A concentration gradient be-

tween the inside of the cells and their

surroundings, established by the influx

pump, could account for the increased

efficiency of CCX uptake observed.
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EFFECTS OF TEMPERATURE ON RESPIRATION AND UPTAKE OF
Rb + ION BY ROOTS OF BARLEY AND CORN

Richard Carey and Joseph Berry

The root has received little emphasis
in physiological interpretations of a

plant's adaptation to different temper-
atures. Previous studies have meas-
ured the influence of the environmen-
tal temperature on various metabolic

processes in the aerial portions of sev-

eral plant species (Billings et al., 1971;

Bjorkman and Holmgren, 1961;
Mooney and Billings, 1961). Grob-
belaar (1963) observed the virtual ces-

sation of root growth in corn grown at

5°C. MacLean and Donovan (1973) and
Porter and Moraghan (1975) have
shown a differential response to low
root temperatures by different cul-

tivars of corn as well as a lower tem-
perature limit for root growth that is

above freezing. However, these studies

have not examined the physiological

mechanisms that determine the influ-

ence of temperature on root function.

Chapin (1974) found that species of

plants from cool soil regimes maintain
a greater capacity for phosphate ab-

sorption than species native to warm
regimes, regardless of whether the

growth temperature was 5° or 20°C, but
too few temperatures have been
analyzed to determine the nature of the

effect of temperature on ion uptake.

This paper will investigate how ion

accumulation and respiration are in-

fluenced by short-term temperature
variation and whether the rate of

either process is modified by environ-

mental growth temperatures. Uptake
of rubidium was used because of its

similarity to K + uptake and because of

the desirable features of the tracer KI'Rb

(Epstein, 1972).

Materials and Methods

Barley seeds (Hordeum uulgare cv.

Mariout Ferry Morse) and corn seeds
(Zea mays, cv. WF9 x Bear 38) were
weighed (10 g) and rinsed three times
with fresh 0.5 m.Vf CaSO, solution. The

seeds were spread onto acrylic-framed

polyethylene-coated fiberglass mesh
screens floating on 3 liters of aerated

0.5 m.W CaS0
4
solution in polyethylene

boxes. These boxes were placed in the

dark either for 5 days at 28° ±0.5°C
(warm barley and corn) or for 14 days
at 10° ± 0.5°C (cool barley). The seed-

lings were rinsed daily with deionized

water and transferred to clean boxes
with fresh CaSO, solution. At the end
of the growth period the seedlings from
the 10° or 28°C regimes were of compa-
rable size. These were rinsed with
CaSOj solution, and the terminal 10

cm of roots extending below the screen

were excised for the experiments de-

scribed below.

Oxygen consumption at various
temperatures was measured on approx-

imately 100 mg excised roots in the 5

ml vessel of a Rank Brothers' oxygen
electrode. Oxygen consumption by the

electrode was subtracted from the total

oxygen consumed by the sample
whenever the amount consumed by the

electrode exceeded 2% of the total.

After conditioning the roots for 15-20
min at each temperature in an aerated

solution, respiration measurements
were obtained. Data reported is on a

fresh weight basis.

Rubidium uptake was measured
from an 0.05 mVf RbNO, solution (0.5

mVf CaSO, added) labeled with si;RbCl
(approximately 1 ,uCi/300 ml). This
concentration is rate-saturating for the

low concentration isotherm mechanism
(Epstein et al., 1963a). Roots with a
fresh weight of 200-300 mg in a "tea

bag" (Epstein et al., 19636) were con-

ditioned for 20 min in a 0.5 mW CaSO,
solution at the appropriate tempera-
ture. The "tea bags" were then trans-

ferred to 300 ml of labeled solution at

the appropriate temperature for either

20 min below 15°C or 10 min above
15°C. After the uptake period, the roots
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were immediately plunged into a (0°-

4°C) desorption solution (0.05 m.W
RbNO, and 0.5 vaM CaSO,) for 1 min
and then transferred to a room temper-
ature desorption solution of the same
composition for about 30 min. The roots

were then freeze-dried and dry weights

obtained using an electro balance accu-

rate to 3 x 10 4 mg. The 86Rb was
counted on an LKB liquid scintillation

counter by placing the root samples
into vials and directly adding scintilla-

tion fluid toluene, Triton X-100, om-
nifluor, water, 1000 : 500 : 6.66 : 166).

Results and Discussion

In Fig. 38 the rate of rubidium ac-

cumulation is plotted as a function of

root temperature for barley grown at

two temperatures. Warm-grown barley

shows a temperature optimum above
30°C in contrast to the 20°-25°C op-

timum of cool-grown barley. The max-
imal rate of rubidium accumulation for

cool-grown barley is 5.0 yumoles g^hr" 1

and for warm-grown barley is 12.2

Mmoles g-'hr-'. Even at 20°C the

warm-grown barley has a rate of 9.7

/jl moles g
_1
hr"', twice the rate of cool-

grown barley at the same temperature.

This difference may indicate that pro-

^ 5

• • Cool barley

0---0 Warm barley

10 15 20 25 30

°C

Fig. 38. Rubidium accumulation as a func-
tion of temperature by roots of warm (28°C) and
cool (10°C) grown barley. Rubidium concentra-

tion was 0.05 mM in the solution. Each data
point represents the average of at least four
separate experiments. Rates are expressed on a
gram fresh weight basis.

longed exposure to low temperature
inactivates portions of the ion accumu-
lation mechanism. The change in rate

from 5° to 30°C in warm-grown barley

is from 1.8 to 12.2 /xmoles g^'hr-1
,
giv-

ing a Q 10 of 2.11 (5°-30°C). A similar

Q 1U for barley roots was suggested by
Epstein (1972) based on the difference

between the rate at 4.5° and at 30°C.

However, in warm-grown barley Q UI

does not remain constant over the en-

tire range of 5°-30°C, indicating a
changing activation energy.

The shape of the curve for warm-
grown barley does not fit the monotonic
exponential increase in rate normally
associated with the increase in rate of a

single enzymatic reaction with tem-
perature. The very steep temperature
dependence of ion uptake at low tem-
perature lessens at temperatures be-

tween 15° and 30°C. This is seen more
clearly in Fig. 39 where the natural

logarithm of the rate for rubidium ac-

cumulation by barley roots is plotted as

a function of the inverse of tempera-
ture (an Arrhenius plot). The data for

warm-grown barley fit two different

straight lines for the temperature

g 2.0

r-

:

—• Coo barley

*

>i(2I.S)

X

-o War Tl barley
""

3.3 3.4 3.5 3.6

l/T x I0
3

, °K~'

Fig. 39. Arrhenius plots for rubidium uptake

by warm- and cool-grown barley roots shown in

Fig. 38. Each data point represents the average
and standard error of the mean (vertical bars) of

at least four separate experiments. The numbers
in parentheses equal the activation energy in

kcal mol_1
deg~' calculated from the slope of the

line.
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ranges 11°-30°C and 5°-9°C. At tem-
peratures from 11° to 30°C, apparent
Arrhenius activation energy is 3.6 kcal

mole _1 deg_1
, equivalent to a Q 1(l

of 1.3,

and indicates that ion uptake is little

affected by temperatures above 10°C.

Similarly, Holmern et al. (1974) have
shown that sulfate accumulation in

barley is little affected by tempera-
tures from 20° to 30°C. Below 10°C
(Fig. 39), small changes in temperature
have a dramatic effect on the rate of

Rb+ ion accumulation in the roots, with
an apparent activation energy of 21.5

kcal mole_1 deg_1 and a Q UI of 5.5. Such
dramatic changes in Q Ul do not occur in

cool-grown barley. The reasons for this

difference are not clear, but one possi-

bility is that ion accumulation by the

roots grown at high temperatures be-

comes limited by their respiratory ca-

pacity at low temperatures.

Temperature control of respiration

was also measured. As shown in Fig.

40, the respiratory rate of cool-grown
barley roots is in excess of the rate for

warm-grown barley roots at tempera-
tures below 30°C. Stimulation of respi-

ratory capacity by cool growth temper-
ature has also been shown by Billings

et al. (1971). They reported that lower

environmental growth temperatures
yielded higher dark respiration at a

given temperature by leaves of Oxyria
digyna adapted to arctic regimes than
by those from warmer alpine regimes.

Many other workers have found simi-

lar plant responses (Bjorkman and
Holmgren, 1961: Chapin, 1974; and
Mooney and Billings, 1961).

Respiration of barley roots grown at

either temperature increases exponen-
tially with temperature (Fig. 41 ), yield-

ing an activation energy of 8.0 kcal

mole 'deg-1
for warm-grown barley,

and an activation energy of 10.6 kcal

mole^deg" 1 or 8.7 kcal mole^deg" 1 for

cool-grown barley, depending on the

temperature range. Warm-grown bar-

ley does not show the same sharp
change in activation energy for respi-

ration as seen for ion uptake.
Cool-grown barley roots have more

respiratory capacity than warm-grown
barley and hence more energy avail-

able to the root tissue, yet they have a
lower rate of ion uptake. Both the
higher rate of ion accumulation and
the sharp drop in rate below 10°C (Fig.

38) of warm-grown barley are distinct

from the pattern in cool-grown barley.

Because the rate of ion accumulation

30

"5 20
e

10 Cool barley

0---0 Warm barley

10 20 30

°C

40 50

Fig. 40. Total respiration measured as oxygen consumption by warm and cool grown barley roots

over the temperature range of 5" to 45°C. One root sample was used to examine a range of tempera-
tures, either from the temperature optimum down or from the lowest temperature upward. No dif-

ference between upward or downward direction of temperature change was observed.
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Fig. 41. Arrhenius plots for respiration by warm- and cool-grown barley roots shown in Fig. 40.

The vertical bars are the S.E. of the mean obtained from each experiment. Stable rates were obtained

3-5 min after transfer into the electrode cell. Numbers in parentheses equal the activation energy in

kcal mol 'deg-1 calculated from the slope of the line.

for roots grown at low temperature is

much lower than the rate for roots that

develop at normal temperatures, we
suggest that development of the ion up-

take mechanism may be abnormal at

low temperature.

Ion accumulation in warm-grown
barley is much more severely reduced

(by 60%) than respiration (by 30%) as

the temperature is reduced from 10° to

5°C. This suggests that respiratory lim-

itation may not be solely responsible at

low temperatures. We suggest that the

effect of low temperature on ion uptake
may be related to a temperature effect

upon a cellular membrane. Such
membrane-based temperature effects

have been extensively studied in rela-

tion to chilling injury in chilling-

sensitive plants such as corn, sweet

potato, and tomato. Sharp changes at

low temperature in the activation en-

ergy of some membrane-associated
reactions and changes in the permea-
bility of membranes have been related

to chilling injury in these plants (Lyons

and Raison, 1970; Raison, 1973). The
temperature response of many
membrane-associated activities, in-

cluding sugar uptake by bacteria (Lin-

den et al., 1973), also show such
chilling-sensitive responses.

We have also examined the effect of

temperature on respiration and Rb+

ion uptake by roots of corn, which is

known to be chilling sensitive. In corn,

in contrast to barley, rates of ion ac-

cumulation and respiration are closely

correlated over the temperature range
examined, and both have discontinu-

ous Arrhenius plots with high activa-

tion energies at low temperatures (Fig.

42). The temperature response of corn

root respiration is similar to that re-

ported for isolated corn mitochondria

(Raison, 1974). The sharp break in ac-

tivation energy is taken to indicate a

chilling-sensitive response. This au-

thor has shown that this type of discon-

tinuity is caused by a change in state or

phase of the membrane lipids. Later

studies which considered the physical

nature of membrane changes with
temperature, using techniques such as

electron spin resonance, indicated that

the membrane phase change was de-

pendent on the degree of saturation of

fatty acids in the membrane lipids
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Fig. 42. Arrhenius plots of rubidium accumu-
lation and oxygen consumption by excised corn

roots over the temperature range of 5°-35°C.

Rubidium concentration and method of analysis

are similar to the barley roots. Numbers in par-

entheses equal the activation energy in kcal

mol_1deg_1 calculated from the slope of the line.

(Raison, 1973). Organisms that lack

chilling sensitivity were found to have
a greater degree of unsaturation in

their lipids and to lack the characteris-

tic membrane phase transitions.

Within one species, Kangaroo grass,

chloroplast membranes from strains

native to temperate regions have a

phase change at 7°C, whereas the trop-

ical strain had the transition at 14°C

(Raison, 1974), indicating phenotypic
or evolutionary adjustment to the envi-

ronment.
However, since the activation energy

for both ion accumulation and respira-

tion are almost identical and respira-

tion could limit ion uptake, it is not

clear whether ion accumulation is also

subject to chilling sensitivity in corn.

The effect of low temperature on ion

uptake by barley roots is similar to

that observed with corn and may indi-

cate an effect of low temperature on a

membrane involved in ion uptake. If

the response of ion uptake by barley to

low temperature is caused by a phase
change of the lipids of a membrane,
that membrane would appear to have a

different lipid composition than that of

the mitochondria of barley grown at

warm temperature.

Power et al. (1970) have shown that

barley germinated at 25°C and then
placed at 9°C does not grow for the first

3 weeks and subsequently has a lower

maximum growth rate when compared
to plants grown with 15.5° or 22°C. The
plants grown at low temperatures,
however, eventually equal the yields

obtained by those grown at the highest

temperatures. The sharp effect of low
temperature (below 10°C) on growth of

barley may be related to the effect of

low temperature on the functioning or

development of ion uptake capacity by
barley roots described in the present

study.

Chapin (1974) examined the degree

to which plants native to warm and
cool edaphic environments can main-
tain the capacity for phosphate uptake
with severe alteration of their normal
root temperatures. Data presented
here indicate the need to examine
these species over a range of tempera-
tures (5°-30°C) to reveal the mecha-
nisms responsible for limitation of ion

uptake. Our studies also indicate a

need to differentiate between chilling

injury to the membranes functioning in

ion uptake and the effect of tempera-
ture on the capacity for ion uptake or

on the turnover of the ion uptake
mechanisms.
In summary, we have shown

phenotypic adjustment to low growth
temperatures. Root respiration is

clearly stimulated when barley is ex-

posed to low root temperatures during
growth. Activation energies for

rubidium accumulation in corn and
warm-grown barley indicate that up-

take of this ion is not dramatically in-

fluenced by root temperature over the

normal edaphic range (10°-30°C). A
lower capacity for rubidium accumula-
tion in cool-grown barley and a higher
apparent activation energy may be
caused by a damaged or incomplete ion

accumulation mechanism due to pro-

longed exposure to low temperature.
However, a phenological lag in devel-

opment cannot be discounted. Unlike
barley, corn exhibits a parallel pattern

for the effect of low temperature on
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both ion accumulation and respiration.

The effect of low temperature on these

activities indicates that both are in-

volved in chilling sensitivity. A similar

sharp effect of low temperature upon
ion uptake by barley roots at tempera-

tures below 10°C indicates that the ion

uptake mechanism of barley may be

subject to membrane-based chilling in-

jury at low root temperatures.

References

Billings, W. D., P. J. Godfrey, B. F.

Chabot, and D. P. Bourque, Arct.

Alp. Res., 3, 277-289, 1971.

Bjorkman, 0., and P. Holmgren, Ann.
R. Ag. Coll., Sweden, 27, 297-304,
1961.

Chapin, F. S., Science, 183, 521-523,
1974.

Epstein, E., Mineral Nutrition of
Plants: Principles and Perspectives,

John Wiley and Sons, Inc., New
York, p. 108, 1972.

Epstein, E., D. W. Rains, and O. E. El-

zam, Proc. Nat. Acad. Sci. U.S.A., 49,

684-692, 1963a.

Epstein, E., W. E. Schmid, and D. W.
Rains, Plant Cell Physiol., 4, 79-84,
19636.

Grobbelaar, W. P., Meded. Land-
bouwhogesch. Wageningen, 63, 1-71,

1963.

Holmern, K., M. S. Vange, and P. Nis-

sen, Physiol. Plant., 31, 302-310,
1974.

Linden, C. D., K. L. Wright, N. M.
McConnell, and C. F. Fox, Proc. Nat.

Acad. Sci. U.S.A., 70, 2271-2275,
1973.

Lyons, J. M., and J. K. Raison, Plant
Physiol., 45, 386-389, 1970.

MacLean, A. J., and L. S. Donovan,
Can. J. Soil Sci., 53, 128-129, 1973.

Mooney, H. A., and W. D. Billings,

Ecol. Monogr., 31, 1-29, 1961.

Porter, O. A., and J. T. Moraghan, Ag-
ron. J., 67, 515-518, 1975.

Power, J. F., D. L. Grunes, G. A.
Reichman, and W. O. Willis, Agron.
J., 62, 567-571, 1970.

Raison, J. K., in Membrane Structure

and Mechanisms of Energy Trans-
duction, J. Avery, ed., 559-583,
Plenum, 1973.

Raison, J. K., CSIRO Bull., 12, 487-

494, 1974.

POSSIBLE USE OF HOLLOW FIBER HEMODIALYSERS
IN SOIL-PLANT WATER RELATIONS RESEARCH

Bruce E. Xlahall 1

A major limitation of research in

soil-plant water relations has been the

inability to control the water potential

in soil rooting media at moisture con-

tents of less than field capacity. As
pointed out long ago by Shantz (1925),

the addition of small quantities of

water to dry soil (less water than that

necessary to reach field capacity
throughout the soil volume) results in

nonuniform water potential distribu-

tions with large moisture gradients.

With such techniques the water poten-

tial around roots is unknown and un-

controllable at any particular time. It

is also nearly impossible to control soil

water potential accurately through
time in the presence of a plant trans-

piring at variable rates. Recent at-

tempts to control soil water content at

levels below field capacity have not

been successful (Kramer, 1974).

In studies of soil-plant water rela-

tions, hydroponic culture has become
an important alternative to soil be-

cause it allows precise control of water

potential uniformly distributed around
roots, and the water potential may be

easily altered through time. The artifi-

ciality of the hydroponic technique re-

sults in some important disadvantages,

however. Solutes such as polyethylene

'Current address: Department of Biological

Sciences, University of California, Santa Bar-

bara, California 93106.
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glycol (PEG), used to maintain osmotic

potentials, may be taken up by plants

and may have direct physiological ef-

fects unrelated to osmotic effects

(Leshem, 1966; Greenway et al., 1968;

Janes, 1974). Perhaps even more im-

portant is the unnatural (for most ter-

restrial plants) absence of gas space
surrounding roots. It has been shown
that this absence may affect root
anatomy by a response to soil water
content rather than directly to oxygen
diffusion rates (Varade et al., 1970,
1971). Moreover, Mexal et al. (1975)

have demonstrated that availability of

oxygen for root respiration may be se-

verely limited in solutions of PEG of

higher molecular weights.

The purpose of this note is to intro-

duce the possibility that the problems
of control of known water potentials

through space and time, solute poison-

ing, and aeration may be greatly re-

duced by the use of hollow fiber

hemodialyser units as root chambers.
These units are now commonly used in

artificial kidney machines and in

routine laboratory dialysing opera-
tions. There are many models of

hemodialysers commercially available,

but because of their cost (- $25 each)

and geometry, the Cordis-Dow C-DAK
Models 4 and 5 appear to be most ap-

propriate for soil-plant water relations

research. These units consist of over
13,000 regenerated cellulose hollow
fiber membranes aligned parallel to

each other and extending 16-20 cm
from one manifold to another. The fi-

bers have an inside diameter of 200 /jl,

a wall thickness of 30 /jl, and a collec-

tive surface area in excess of 1.3 m'-'.

Between the manifolds the fibers are
enclosed by a polycarbonate jacket,
closed off from the manifold chambers
except by passage through the fiber

walls. When in use as an artificial kid-

ney, blood is pumped through the hol-

low fibers and dialysate is flushed
through the jacket.

I have modified the jackets of such
devices by adding a hole with a collar

so that plants may be grown with their
roots enclosed in the jackets among the

hollow fibers. A nutrient solution con-

taining an osmotic solute too large to

pass easily through the fiber mem-
brane pores at the hydrostatic

pressures present is pumped slowly

through the fibers. Solutes as small as

PEG 600 (average molecular weight)

show no tendency to leak through these

membranes under the small hydrosta-

tic transmembrane pressure produced

by a Buchler Polystaltic Pump. When
transmembrane pressures exceeding

0.05 kg cm - are produced by adding a

solution to the jacket with an osmotic

potential exceeding that inside the fi-

bers, even PEG 6000 will slowly diffuse

through the membranes. The rationale

here is that the relatively small gas

volume inside the jacket surrounding

the fibers should quickly reach a water

potential in equilibrium with the os-

motic potential inside the fibers since

water moves freely through the mem-
branes. In addition, the physical con-

tact between the fibers and the plant

roots should result in a water film con-

nection between the inside of the fibers

and the roots through which inorganic

nutrients may diffuse to the roots. Be-

cause the hollow fibers are cellulose,

the root chamber must be maintained

free of microorganisms capable of de-

composing the fibers.

With this method, uniform distribu-

tions of accurately known water poten-

tials around roots may be maintained

and controlled precisely through
short-term or long-term changes. Since

the contact of the osmotic solute with

roots will be restricted, the solute

poisoning problem may be reduced to a

large degree. Because the hollow fiber

rooting medium is a composite of gas,

liquid, and solid, it much more closely

simulates the natural conditions than

do hydroponic solutions, and oxygen
around the roots may be controlled and
made readily available. In fact, by con-

necting the root chamber to a gas
analysis system, it should be possible

to monitor root gas exchange.
Tests are now being conducted to de-

termine rates of movement of various

osmotic solutes and inorganic nu-
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trients through the membranes and
their uptake from the fibers into

plants. Comparisons of plants growing
hydroponically with those growing in

hemodialyser-root chambers will be

made with regard to nutrient and os-

motic solute uptake, growth rates, and
gas exchange.
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ENZYME POLYMORPHISM IN THE BUTTERFLY Colias:

SELECTION ON METABOLIC PHENOTYPES

George B. Johnson

Introduction

In the last decade it has become
abundantly clear that levels of genetic

variability detected by electrophoresis

are very high in animal populations.

However, the evolutionary significance

of this variation is not clear. The diffi-

culty is in understanding why there is

so much of it. Most natural populations

seem to be polymorphic at around a

third of their enzyme loci, and over
10% of individuals are heterozygous at

a typical enzyme locus. This is far more
genetic variability than theory had led

us to expect. The disparity from expec-

tation is not unlike Diogenes searching

for one honest man—and finding hun-
dreds! Among population geneticists

there has been a lively discussion con-

cerning the possibility that these very

high levels of polymorphism are simply

"noise," with no adaptively important
differences between alleles. Allozymes
are viewed as reflecting small changes
in protein structure large enough to

change migration in electrophoresis,

but too small to alter enzyme activity

significantly. Because selection cannot
differentiate between two alleles with

the same activity, the polymorphism is

spoken of as "selectively neutral."

Many workers, however, have not ac-

cepted this hypothesis; they argue in-

stead that each of the polymorphic var-

iants is functionally different in activ-

ity and that these activity differences

affect fitness in such a way that the

polymorphism is maintained by selec-

tion.

I will not review the history of this

argument here. It has been treated in

depth in a variety of recent articles

representing a spectrum of opinion
(Crow, 1972; Johnson, 1973; Selander
and Johnson, 1973; Harris et al., 1974;

Lewontin, 1974). My personal judg-

ment is that the weight of the evidence

favors a selective view, but a clear and
unambiguous general case has not yet

been made.

Experimental Approach:

A Single Locus Study

To assess the adaptive significance of

genetic variation is not a trivial mat-

ter. It is not enough to simply observe

patterns of allele frequency which cor-

relate with some aspect of the natural

environment, as many factors other
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than adaptation may generate such
patterns: Migration, founder effect, ge-

netic drift in small populations, link-

age to other loci under selection, all

may have important effects. What is

required is a well-defined empirical

question designed to contrast adaptive

values directly. To study polymorphic
variation at a single gene locus, an
ideal system would involve at least five

factors: ( 1 ) The organism should be typ-

ically polymorphic (e.g., heterozygosity

at enzyme loci of between 10% and
20%). (2) The organism should lend it-

self to formal genetic analysis, so that

the allelic nature of variants may be

verified. (3) The chosen locus should be

that of a single enzyme whose physio-

logical function is clearly understood.

(4) The chosen physiological function

should be influenced by a discrete

quantifiable habitat factor. (5) The or-

ganism should occur in natural popula-

tions where this habitat factor differs.

The investigator may then directly ask

whether different alleles function dif-

ferently, whether the habitat variation

affects that difference, and whether the

functional difference may in any way
be construed as an adaptive response to

the habitat variation. An approach like

this, although focused on only one
locus, is very powerful because the in-

vestigator knows and can measure all

the important experimental factors.

Such a single locus approach has
been applied 'to lactate dehydrogenase
in fish (Merritt, 1972), alcohol dehy-

drogenase in Drosophila (Day et al.,

1974; Clarke, 1975), and a-glycero-

phosphate dehydrogenase in Colias

butterflies (Johnson, 1975a). The ap-

proaches and results of the three
analyses are similar; I will describe the

a-GPdH system in Colias, the subject of

my work, as typical. I have collected

experimental data on this system for

five years, and over the course of the

last year have analyzed these data and
published them as CIW-DPB publica-

tion 559 (Johnson, 1976a; CIW-DPB
publication 562 (Johnson, 19766); and
CIW-DPB publication 568 (Johnson,

1976c).

The a-GPdH system has all the prop-

erties of a good single-locus experimen-

tal system:
1. In five Colias species, mean

heterozygosity varies from 11% to 24%

,

based upon examination of 14 loci in

samples exceeding 100 individuals.

2. The function of «-GPdH is well

understood in insects, where it plays

much the same role that LdH does in

vertebrates—It modulates cell redox

potential [(NADH)/(NAD+
)] so as to re-

generate NAD + during prolonged
flight (Sacktor, 1970). Thus, null mu-
tants for this enzyme locus in insects

are flightless.

3. Formal genetic analysis of

a-GPdH variants may be carried out

routinely, if not conveniently. Variants
segregate in crosses in a simple Mende-
lian fashion.

4. Flight in Colias is influenced by a

discrete and measurable habitat factor,

temperaure. The interaction has been
elegantly investigated by Watt (1968),

who implanted thermistors in Colias

butterflies and asked under what con-

ditions they fly. They fly only within a

narrow range of body temperaure. Be-

cause this critical flight temperature is

usually higher than ambient, the but-

terflies raise their body temperatures
by solar heating. This behavior is un-

mistakable in the field. When a cloud

covers the sun, all flying Colias drop to

the ground; when the sun comes back
out, they warm up again in a few min-

utes and resume flying. By recording

solar flux with a pyrothermograph, one
may quantitatively characterize a

habitat in terms of available flight

windows for Colias. Thus habitat tem-
perature, particularly solar flux, seems
a promising choice for an environmen-
tal factor importantly affecting the
functioning of a-GPdH. Temperature
has proven a fortunate choice, as the

biochemical behavior of enzyme alleles

of a-GPdH in Colias is indeed dif-

ferently affected by reaction tempera-
ture (Johnson, 1976a). By marking the

wings of live individuals, one may
carry out mark-release-recapture
studies in a straightforward manner,
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and thus learn the size and genetic
structure of natural populations.

5. Finally, the available habitats of

the Colorado Colias encompass many
very different thermal environments.
The alpine species C. meadii is typi-

cally found on tundra, above timber-
line 012,000 ft). The montane species

C. alexandra occurs in montane open
valleys at elevations of about 9500 ft.

C. scudderi lives in montane habitats

of 9000-11,000 ft in conjunction with
willow (the other species are restricted

to legumes). The lowland species com-
plex C. philodice-C. eurytheme occurs

as an agricultural pest in lowland
farmland from 5000 to 8000 ft. Tran-
sitional populations occasionally occur

in which populations of the lowland
complex occupy montane meadows, or

in which the alpine species occurs in

montane habitat.

Polymorphism at the a-GPdH
Locus IN

Colias (Summary of CIW-DPB
Publication 562)

Polymorphism at the a-GPdH locus

was examined in 18 populations over a

period of five years. Two variant forms

were detected by analysis of population

samples on lc/c polyacrylamide gels

(there is reason to believe that addi-

tional "hidden" alleles exist which are

not detected by this approach). Chemi-
cal characterization of the two al-

lozymes indicates that the same
homologous alleles occur in each of the

five species examined. The two alleles

segregate in crosses in a Mendelian
manner, and heterozygous individuals

can be shown to possess three elec-

trophoretic bands (the middle band
being a heterodimer or hybrid mole-

cule). The substrate-binding kinetics of

the two forms are significantly dif-

ferent. In particular, the faster-

migrating variant enzyme binds sub-

strate more effectively at 10°C (has a

lower K„), while the slower-migrating

variant is more effective at 30°C. As
this corresponds roughly to the ther-

mal range of the butterfly habitat dur-

ing the Colias flight season, this dif-

ference between the alleles is likely to

be of adaptive significance.

When polymorphism for a-GPdH is

compared for the 18 populations, a sig-

nificant pattern is evident (Table 20):

All nine montane populations are quite

polymorphic (heterozygosity greater
than 10%), while alpine or lowland
populations are far less variable. This
is true within species as well as be-

tween them. Thus alpine populations of

C. meadii are not variable at this locus,

while montane populations are. The
result seems quite general over the five

species: For 162 alpine individuals,

heterozygosity was 35%; for 174 low-
land agricultural individuals, average
heterozygosity was 19c

.

This pattern of genetic variability is

consistent with what we know of the
thermal nature of these habitats.
While the montane valleys may get

quite cold at night, they offer warmer
habitats during the day than the wind-
swept open tundra of the high alpine

populations. It is in the colder high al-

titude populations that the fast allele

predominates, and it is the fast allele

which is the most effective binder of

substrate at low temperature. Montane
environments are consistently less

predictable in their thermal extremes
than are alpine areas, so that the pat-

tern as well as the range of the two
habitats differ.

The general results are thus quite

consistent with the hypothesis that en-

zyme polymorphism at the a-GPdH
locus reflects adaptation to a heteroge-
neous thermal environment. This
hypothesis makes a clear and testable

prediction: When single populations
occupy diverse habitats, different por-

tions of the population should experi-

ence very different selection. Thus, for

example, a number of populations of C.

meadii are known which occur right at

timberline. Portions of these popula-
tions live in alpine habitats, while
other portions extend down into the
montane. The genetic structure of one
such population (Mesa Seco) has been
studied intensively by Watt and co-
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TABLE 20. Patterns of a-Glycerophosphate Dehydrogenase Polymorphism in

Several Species oiColias

Species Location (Altitude) Habitat

No. of

Individuals Heterozygosity

Analyzed of a-GPdH

C. meadii Cumberland Pass (12,000')

Uncompahgre Peak (12,500')

Mesa Seco (12,200')

Upper Cement Creek (12,000')

Upper Queen Basin (12,100')

Copper Creek (10,200')

Los Pinos Pass (10,500')

C. scudderi Upper Cement Creek (11,700')

Lower Cement Creek (9,800')

Taylor Park (10,500')

C. alexandra East River (9,500')

Brush Creek (9,400')

C. philodice Slate River (9,100')

Lower Cement Creek (9,400')

Hotchkiss (5,000')

St. Louis, Mo.

C. eurytheme Lower Cement Creek (9,200')

Los Banos, Calif. (500')

Alpine 48 0.04

Alpine 23 0.04

Alpine 30 0.17

Alpine 36 0.03

Alpine 18

Montane 16 0.50

Montane 20 0.45

Alpine 7

Montane 21 0.24

Montane 32 0.17

Montane 76 0.42

Montane 40 0.45

Montane 46 0.39

Montane 22 0.27

Agricultural 89 0.10

Agricultural 40 0.05

Montane 19 0.21

Agricultural 45 0.02

workers, and it is known from their

mark-release-recapture studies that

the population is genetically continu-

ous, with at least a few individuals

passing along its entire length each
generation. Thus, migration within the

population would be expected to render

it genetically uniform—unless very
strong differential selection were act-

ing upon the two alleles.

When a-GPdH polymorphism is

examined along a transect from alpine

to montane within the Mesa Seco popu-
lation, the transect is not uniform (Ta-

ble 21). A pronounced cline in hetero-

zygosity is seen: The alpine sites are

essentially monomorphic for the fast

allele, as observed previously, but the

slow allele becomes increasingly more
common as lower sites are examined.
Only in the highly heterozygous lower

sites are the two alleles in Hardy-
Weinberg equilibrium; the higher sites

show large deficiencies in the slow
homozygote.
Again, this result seems quite gen-

eral. When the same population was
sampled again two years later, an iden-

tical cline was seen. Two other timber-

line populations, geographically quite

distant, exhibit similar alpine-mon-
tane clines in a-GPdH heterozygosity.

Thus variation at this locus is in all

respects consistent with an adaptive
hypothesis. One cannot, of course, rule

out the possibility that selection actu-

ally is occurring on some other locus

that we don't know about, and that
a-GPdH is simply linked to it. How-
ever, if linkage forms the basis for the
observed a-GPdH polymorphism, it is

remarkably fortunate that it has pro-

duced such a functionally suitable dis-

tribution of alleles!

Variation at Other Loci—
The Multi-Locus Problem

While a single-locus approach such
as described above accounts reasonably
well for the genetic polymorphism seen
at the a-GPdH locus, the result need
not be general. Species of the genus
Colias exhibit high levels of genetic

variability at many enzyme loci, and
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TABLE 21. a-GPdH Polymorphism along a Transect through the Mesa Seco Population

No. of Observed Frequency
Site Altitude Individuals ofa-GPdH

Year No. of Site Analyzed Heterozygotes

1971 13 12,200 21 0.19

13a 12,000 9 0.11

12 11,500 24 0.21

10 11,000 21 0.43

9 10,800 5 0.80

1973 13 12,200 40 0.11

12 11,500 40 0.21

11 11,300 40 0.38

10 11,000 40 0.43

9 10,800 20 0.47

we have accounted for only one. What
of the others?

To account for the generalized oc-

currence of enzyme polymorphism, one
of two hypotheses is usually advanced.
They are both fundamentally single-

locus hypotheses. One is the hypothesis

we have used to account for the
a-GPdH variation: a heterogeneous
environment selecting for different al-

leles under different circumstances.
Similarly contrasting environmental
influences are known to produce a

polymorphism for sickle-cell hemoglo-
bin in man and have been implicated in

lactate dehydrogenase (AdH) poly-

morphism in Drosophila. However, if

such single-locus explanations provide

the basis for most of the polymorphic
enzyme variation that is being re-

ported, then we shall have to do a great

deal of work to document this fact!

An alternative hypothesis is that of

molecular overdominance: Hybrid en-

zyme molecules (formed from subunits
of both parental types) are viewed as

intrinsically more stable or kinetically

superior. This functional superiority

produces a direct heterosis, and be-

cause heterozygotes are always at an
advantage, high levels of polymorph-
ism result. This hypothesis has great

difficulty, however, in accounting for

polymorphisms at loci of monomeric
enzymes without multiple subunit
structures.

Thus, neither of these single-locus

hypotheses is particularly satisfactory.

I believe that the reason for this situa-

tion lies less with the hypotheses than
with the question they address. The
key is in realizing that a-GPdH, LdH,
AdH, and hemoglobin were selected for

study because each involves a discrete

physiological function directly affected

by environmentally imposed reaction

conditions; it is not unreasonable that

a single-locus hypothesis would be
satisfactory in these cases. However,
this is true of few of the other polymor-
phic loci of Colias. Most of the
polymorphic enzymes are intimately

involved in intermediary metabolism,
and a change in the activity of one may
influence the functioning of many
others. Thus a change in hexokinase,

which generates glucose-6-phosphate,

cannot help but affect the reactions of

phosphoglucomutase, phosphoglu-
coisomerase, and glucose-6-phosphate

dehydrogenase, all of which use
glucose-6-phosphate as a substrate. It

seems likely that only a multi-locus

hypothesis will be able to account for

variation among such loci. In this re-

gard it is worth noting that polymor-

phic variation occurs primarily at reg-

ulatory (rate-limiting) steps in inter-

mediary metabolism. This is a pattern

one would expect only if selection were
acting on the integrated metabolic
phenotype rather than on individual

loci per se.

One multi-locus hypothesis which
seems to me very attractive is that en-

zyme polymorphism is selected at regu-
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latory loci so as to buffer these reac-

tions from environmental perturba-
tion. To maintain metabolic integra-

tion in a variable environment is of

major evolutionary importance, as

many metabolic control systems are in-

terrelated. Yet critical reactions may
respond quite differently to changes in

temperature, etc. It may be of signifi-

cant adaptive advantage to be able to

maintain a constant relationship
among critical regulatory reactions.

It is easy to envision molecular
mechanisms that would produce such a

homeostasis. If the activities of two al-

leles respond differently to a habitat

variable such as temperature (and such
differences are well documented for

tissue-specific isozymes), then the
functional displacement with respect to

temperature can buffer the coordina-

tion of metabolism from the effects of a
temperature change. Any one allele of

a regulatory enzyme can exhibit a low
K u (e.g., bind substrate well) only over

a relatively narrow temperature range.

This thermal sensitivity is an inevita-

ble result of the requirement that regu-

latory enzymes be structurally flexible

enough to be sensitive to allosteric "ef-

fectors" (low molecular weight
molecules such as ATP whose binding
acts as a metabolic signal). Over a

broad temperature range a regulatory

reaction cannot maintain a constant af-

finity for substrate and a constant
binding affinity for effector molecules.

As a result, it is difficult to maintain
coordinate regulation with respect to

other pathways catalyzed by different

proteins responding differently to the

change. A heterozygous individual,

however, has two allelic forms present
in each cell. For alternative alleles a
and /3, the a allozyme may have the

stronger binding affinity for substrate

(lower K„) at lower temperatures.
When substrate concentrations are
low, which is typically the case, only

the a form will bind substrate at low
temperature, and it will determine the

reaction rate. Were it the only form
present, the rate of binding would
change at higher temperature. How-

ever, if there is a functional displace-

ment of the /3 allele, the fi allele has the

lower K„ at higher temperatures. As a
result, in heterozygotes it is the form
which binds the substrate at these
temperatures—and the realized bind-

ing affinities have not changed over
the broad range of temperatures!
This model suggests that heterozy-

gotes are not overdominant so much as

conditionally hemizygous, and that it

is the very difference between the al-

leles which produces the adaptive ad-

vantage. Polymorphism is seen as a

genetic strategy for maintaining
metabolic integration in the face of en-

vironmental heterogeneity.

Multiple Loci in Colias

(Summary of CIW-DPB
Publications 559 and 568)

The highly coordinated nature of in-

termediary metabolism suggests that if

polymorphic alleles at regulatory en-

zyme loci are functionally different,

then the particular allele present at

one locus will importantly affect the

activity of many other reactions. Thus
if an individual possesses a "low-tem-

perature" allele at one locus rather
than a "higher temperature" form,
then it makes a difference which func-

tional forms are present at other regu-

latory loci. If a network of related regu-

latory enzymes are all optimally suited

to low temperature, then one may
speak of a metabolic phenotype adapted
to these conditions. It is at this level

that selection would be most rea-

sonably expected to act on the ex-

pressed phenotype of individuals
rather than upon individual loci. Be-
cause the particular functional variant
occurring at each regulatory locus in-

fluences the physiological state of the
individual, selection on metabolic
phenotypes implies selection on al-

lozymic genotypes. To understand en-

zyme polymorphism, then, it will be
necessary to characterize simulta-
neously a variety of loci in each sam-
pled individual of a population.
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Such a study is best carried out
within a single population to eliminate

the possibility that differences in allele

frequencies arise from demographic
complications. If different loci sampled
from the same individuals exhibit dif-

ferent patterns of allele frequency,
then the result may not be attributed

simply to migration or habitat selec-

tion by mobile adults.

For such a genotypic comparison, 12

loci of C. meadii were characterized,

each butterfly being tested for all 12

loci. The Mesa Seco population was
selected for the study, and samples col-

lected at each of five sites along a

transect from alpine to montane: an al-

pine site (#13), timberline (#12), mon-
tane forest (#11), montane forest-

meadow boundary (#10), and open
montane meadow (#9). The total dis-

tance traversed by the transect was
about 2 miles, and the elevational dif-

ferences about 2000 ft. The population
size was known from previous mark-
release-recapture studies to exceed
1000 individuals (one generation per

year) and seemed to maintain approx-
imately the same numbers from year to

year. Individuals are seen to exchange
between adjacent sites at a frequency
of about 10% , although little or no ex-

change is seen between the more distal

sites.

The general result of this survey is

that despite extensive migration, a

variety of different patterns of allele

frequency are seen at different loci

sampled from the same individuals.

There is no way in which migration
alone may be evoked to account for

these results.

What then of the genotypes? The re-

sults from site #9 are typical. Of 20
individuals, fully nine appear to have
highly organized genotypes: Five indi-

viduals have identical alleles at each of

seven of the 12 loci; four others are
identical at six loci. The odds that an
individual would exhibit such coordi-

nation by chance are very low. For the
first group, the common genotype and
associated allele frequencies are:

LOCUS (l-GPdH EST-1 EST-2 AK-1 AK-2 G6PdH HK-1 HK-2 ME PGM FUM MdH-1 MdH-2 TPI

Allele B ACACA/BABAAAA AB
(Genotype)

Allele 0.79 1.0 0.50 1.0 0.84 0.80 0.25 0.37 1.0 1.0 1.0 1.0 1.0 0.61

Frequency

The joint probability that one indi-

vidual will have this genotype is the

product of the allele frequencies, P =

0.02. The probability that five indi-

viduals would possess this genotype by
chance is only (5

20
)p

5
q

15
, or 3.66 x 10~5

!

Two such commonly recurring
genotypes are apparent in the sample
from site #9, one involving six loci and
one involving seven. The implication is

very strong that they reflect selection

for particular constellations of alleles.

When the other sites are examined,
similar results are obtained: Highly
organized genotypes involving more
than half the examined loci repeatedly

occur at high frequency. However,

these genotypic combinations are dif-

ferent for each site! In the face of the

observed adult migration, this is a re-

markable result. None of the genotypic

combinations common at one site are

ever observed at any other. These re-

sults are summarized in Table 22. In

this table, loci where more than one
genotype occur among the group are

symbolized by a dash.

The genotypic organization seen in

the results of Table 22 clearly relates to

the overall metabolic phenotype, as it

involves almost exclusively regulatory

as opposed to nonregulatory loci. Only
those reactions which significantly af-

fect the rate of intermediary
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metabolism seem to be included in the

organized genotypes.
I have considered a-GPdH and the

esterases separately, as their functions
are individually relatable to habitat
factors such as temperature or second-
ary plant compounds. The genotypes of

these loci also appear highly correlated

with the localized habitat.

The unavoidable conclusion one
must draw from these results is that

organized genotypes do exist in natural
populations, apparently maintained by
selection in the face of significant mi-
gration.

Polymorphism as Genetic Strategy

The genotypic associations described

above suggest rather strong selection.

For the genotypes of site #9, the indi-

cated fitness (expected genotypic
frequency/observed) is about 0.10. This
seems very strong selection, and it

raises the question of how the genetic

and population structure of C. meadii
has evolved to cope with what appear
to be stringent environmental con-
straints.

The observed properties of the C.

meadii genetic system are: (1) It in-

volves a very large number of small

chromosomes (2 N = 62). (2) Although
each female will lay several hundred
eggs during a yearly flight season,

population sizes remain relatively con-

stant (this suggests a mean zygotic fit-

ness of the order of 0.005). (3) Mark-
release-recapture studies indicate low
adult mortality, suggesting that selec-

tion is primarily at the larval stage. (4)

Mating appears to be panmictic within
local populations. (5) Members of indi-

vidual subpopulations appear to be
quite sedentary; while some individu-

als may forage for several hundred me-
ters, the distribution of most adult in-

dividuals appears localized to portions

of the cline. (6) Unlike alpine popula-

tions of C. meadii studied at other lo-

calities (where there is little exchange
between subpopulations), there is sig-

nificant exchange between adjacent

subpopulations of the Mesa Seco popu-
lation.

The observed genotypic associations

may be maintained in such a genetic

system by at least two very different

genetic strategies. One strategy is that
of linkage. If the key loci are tightly

linked, then the observed high-linkage
disequilibrium would be an inevitable

result of the low recombination frac-

tion between them. Such a hypothesis
implies that the subpopulations along
the cline must be genetically isolated

from one another, despite migration.

Otherwise genotypes common in one
subpopulation would appear in adja-

cent ones. To maintain the observed
genotypic discontinuities would re-

quire strong selection.

The alternative hypothesis is that

the genetic system of C. meadii is

analogous to that of the plants on
which it feeds—that it utilizes the
great segregational power of its high

chromosome number to produce in each

generation a wide array of genotypes.

From this varied assortment a small

fraction survive to become adults at

any given site. Different sites might
then select for different genotypes.
Such a genetic strategy is highly flexi-

ble, being capable of reorganizing the

genotypic constitution of a local sub-

population yearly. Such a strategy

would constitute ideal adaptation to an
unpredictably variable local habitat.

In this respect it is worth noting that

efficient food processing is of

paramount importance to Colias lar-

vae, and that the regulatory loci of

Table 22 encompass many of the key
points of physiological regulation of in-

termediary metabolism.

Both segregation and linkage strate-

gies imply a heterogeneous habitat and
strong selection within the Mesa Seco

population. It is possible to distinguish

experimentally between them by reex-

amining these sites in subsequent
years. The population subdivision
suggested by a linkage strategy pre-

dicts temporal stability: The local

genotypic combinations should recur
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from year to year. In contrast to this, a

segregational strategy implies tem-

poral as well as spatial habitat varia-

bility: The local genotypic combina-
tions may be quite different from year

to year. The data are not yet available

to distinguish between these two alter-

natives.

It is clear that a great deal remains

to be done to understand these patterns

of genetic variation. To me, the most
attractive conceptual framework
within which to organize the findings

discussed above is to view the patterns

of enzyme polymorphism seen within

Colias butterflies as adaptive strate-

gies, which in each case match the flex-

ibility of the metabolic phenotype to the

heterogeneity of the environment. The
detailed information needed to evalu-

ate this interpretation involves both

biochemical study of the differential

functioning of allozymes and far more
extensive surveys of natural popula-

tions.
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CHARACTERIZATION OF ELECTROPHORETICALLY HIDDEN
VARIATION IN THE BUTTERFLY Colias

George B. Johnson

Several lines of evidence have re-

cently begun to suggest that allelic

variants detected by electrophoresis

may be heterogeneous—discrete elec-

trophoretic" variants actually repre-

senting a collection of alleles, each
migrating to the same position on a gel.

This paper describes a series of investi-

gations carried out over the last six

years employing gel-sieving analysis to

detect and characterize electrophoreti-

cally "cryptic" variation. A method has
been developed during the past year
which permits characterization of such
variation in natural populations. This
approach is described in Carnegie In-

stitution of Washington-Department
of Plant Biology Publications 561 and
569, and implications of the results are

discussed in Carnegie Institution of

Washington-Department of Plant
Biology Publications 563, 572, and 573.

Gel-Sieving Analysis

Electrophoretic alleles of enzyme loci

are typically detected and charac-

terized by comparing their mobilities

on starch or acrylamide gels. This has
provided a particularly straightfor-

ward and convenient approach to de-

tect genetic polymorphism, as mobility

classes appear clearly discontinuous in

most systems. In discussing elec-

trophoretically detected enzyme
polymorphism of this sort, differences

between alleles are commonly ascribed

to amino acid substitutions involving

charged residues. The observed discon-
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tinuities in gel mobility would be an
integral property of such "charge state"

variation.

From a theoretical point of view,

such a model is overly simple. In ideal

electrophoresis a protein migrates in a

field at a rate (the free electrophoretic

mobility) determined by its net charge.

Gel electrophoresis does not conform to

ideal conditions, however, as the gel

and protein interact during the course
of the protein's migration. Whether one
visualizes the interaction as frictional

(the protein "bumps into" fibers) or

hydrodynamic (sheer forces are gener-

ated by the protein's movement past fi-

bers), the shape and size of proteins

should also affect their migration rates

on gels.

The migration of proteins in polyac-

rylamide gels has been studied by
physical chemists in some detail (the

matter is reviewed in Chrambach and
Rodbard, 1971). The theory describing

how a protein migrates in polyac-
rylamide gel electrophoresis stems
from the observation by Ferguson that

a protein's mobility in gel elec-

trophoresis is a logarithmic function of

gel pore size (Ferguson, 1964). This
suggests a straightforward theoretical

description:

Rf
M,

U,
-

e (K,.T) (1)

Where R, = protein mobility relative

to front; Uf
= a buffer constant; M„ =

free electrophoretic mobility, a func-

tion of net charge; Kr
= retardation

coefficient, a function of molecular
weight and protein conformation; and
T = percentage of acrylamide, which
determines pore size and is inversely

proportional to it.

A considerable body of theory has
been developed elaborating this simple

model (Fawcett and Morris, 1966; Rod-
bard and Chrambach, 1970, 1971;
Chambach and Rodbard, 1971; Gon-
nenne and Lebowitz, 1975). In this

model the rate of migration is seen to

vary not only as a function of net
charge (expressed as free electrophore-
tic mobility, M„, corrected by a con-

stant, Uf, for the buffer employed) but
also, as suggested by Ferguson, as a
logarithmic function of the gel pore size

(expressed as percentage of ac-
rylamide) and of the gel-protein in-

teraction as the protein passes through
these pores (expressed as the retarda-

tion coefficient, Kr ).

The approach suggested by Equation
1 permits independent characteriza-
tion of the contributions of charge and
of interactive effects such as size or

conformational differences to the elec-

trophoretic behavior of a protein. These
parameters may be empirically esti-

mated by the simple expedient of tak-

ing the log of both sides of Equation 1,

yielding a function of linear form:

\ogR f
= log -pL + Kr T (2)

intercept

One runs replicate samples of an indi-

vidual in parallel on several gels of dif-

fering pore size (T), and determines for

each gel the corresponding mobility

(Rf), thus characterizing directly the

degree to which reducing the pore size

retards migration. Regressing \ogR f on
T, one obtains a linear plot with a slope

ofKr and an intercept whose antilog is

M divided by a constant. A typical re-

sult is presented in Fig. 43.

One may standardize determinations

of K,. and M„ for an enzyme of an indi-

vidual by expressing the values rela-

tive to the corresponding value of the

(similar) internal standard determined
from the same gels. Because the stan-

dard is evaluated many hundreds of

times in population survey work, the

procedure permits standardization of

any error affecting both proteins. De-

tails of such standardization proce-

dures are given in CIW-DPB Publica-

tions 561 and 569.

In order to demonstrate that an en-

zyme characterized in one individual is
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Fig. 43. Gel-sieving analysis of two alleles of

a-gylcerophosphate dehydrogenase (a-GPdH)
with identical charge. Hemoglobin (Hb) and fer-

ritin (Fe) are run in the same gels as internal

standards, after Johnson, in press (a).

electrophoretically different from that

characterized in another, it is neces-

sary to demonstrate that Kr or M or

both differ significantly between the

two forms. In comparing estimates of

Kr and M„, it is important to note that

Kr and M„ pairs are determined from a

single linear regression as slope and
intercept, and that error in the estima-
tion of an intercept is not independent
of error in the estimation of the corre-

sponding slope.

One simple approach to estimating
the error associated with a mobility es-

timate independent of that associated

with a corresponding Kr estimate is to

express mobility in terms of the Rf ob-

served at the mean value of T. A linear

regression may be considered to rotate

around such a midpoint as its slope

varies, the midpoint remaining un-
changed despite great changes in the y
intercept. The error in the estimate of

this parameter is independent of the
error in the estimate of the slope Kr .

When sampling from a natural popu-
lation, there will be an error variance
in K r and in mid-Y associated with
each protein type present in the sam-

ple. To document the existence of mul-
tiple classes requires an independent
estimate of experimental error. This
estimate may be readily obtained from
the internal standards run in the same
gels. In plotting K r , mid-Y estimates

from a natural population, points re-

flecting homologous proteins should

have a distribution no greater than
that seen for the standard. A signifi-

cantly greater distribution is evidence

of heterogeneity.

Variation at the oGPdH Locus
wColias 1

When gel-sieving analysis such as

described above was carried out on in-

dividuals sampled from natural popu-

lations of butterflies, it was im-
mediately apparent that the variation

in mobility observed previously re-

flected more than simple charge dif-

ferences. If the only source of difference

is net charge (presumably produced by
amino acid substitutions involving
charged residues), then one would ex-

pect variants to have similar retarda-

tion coefficients, Kr , and to differ

primarily in free electrophoretic mobil-

ity, M . The range of variability in

their Kr values would be expected to be
limited to about that observed for the

hemoglobin internal standard. In fact,

the distribution of Kr values obtained

is very much broader than the corre-

sponding hemoglobin distribution.

Noncharge differences clearly contrib-

ute to the differences seen in mobility

on 7% acrylamide gels.

This proved an important result, as

it provided the basis for understanding
the apparently continuous variation in

mobility consistently seen in samples
of natural populations. The difficulty

in analysis on 7% acrylamide gels is

that charge and size/conformation
interact in determining mobility, and
these two protein properties prove to

vary concordinately—As M„ values in-

crease, so do the absolute values of Kr

(e.g. bigger or more asymmetric pro-

teins have greater net charge). The re-

'Summary of CIW-DPB Publication 561.
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suit is that the mobility functions de-

scribed by Equation 2 intersect at in-

termediate gel pore size. The nature of

the mobility variation at the ct-GPdH
locus is now clear (Fig. 44): A survey

conducted at 5% acrylamide (equiva-

lent to 10%-11% starch) will not dis-

criminate between variants and will

reveal a single, uniform mobility type.

Such a survey would classify this locus

as uniformly homozygous. A survey

conducted at 5% acrylamide, as were
my previous surveys, would report two
segregating alleles (see, for instance,

Johnson, 1972, or Johnson, 1976b),

with considerable variation in the

exact mobility observed. This mobility

variation reflects the fact that there is

a minimum of five alleles segregating

at this locus.

Gel-sieving analysis thus provides

direct evidence of protein heterogenei-

ty within electrophoretic classes. Note
also that there are alleles that do not

differ in net charge but only in K,..

2 4 6 8 10 12

Acrylamide concentration, percent

Fig. 44. Gel-sieving analysis of the five

a-GPdH alleles in Colias (from Johnson, 1976a).

The Nature and Extent
of Heterogeneity

The results reported above raise a

variety of interesting questions con-

cerning the nature and extent of elec-

trophoretically detectable protein var-

iation. I will address myself here to

four: (1) To what extent is the newly
detected variation genetic? Particu-
larly, does variation in Kr have a ge-

netic basis? (2) Does such elec-

trophoretically cryptic variation occur

in other oganisms than Colias? Do in-

tensively studied groups such as
Drosophila also exhibit this class of

variation? (3) How much variation of

this sort is there? Is it restricted to one
or a few loci, or is it typical of most loci?

What is the allele frequency distribu-

tion of these electrophoretically cryptic

alleles? (4) Are the many newly de-

tected variant proteins significantly

different in how they function? Par-

ticularly important, does a heteroge-

neous electrophoretic class of uniform
(5% T) R f contain variant proteins with
differing KAI or Vmax values?

The Genetic Basis of Variation

inKr*

When variants of the five allelic

classes shown in Fig. 44 are crossed

and their progeny analyzed (CIW-DPB
Publ. 571), the resulting ratios are con-

sistent with normal Mendelian segre-

gation, indicating that the variants

represent true alleles (Table 23): When
two individuals presumed homozygous
for the same allele are crossed, the pro-

geny exhibit Kr values for ct-GPdH
with standard errors of approximately
6% of the mean, very similar to the 5%
standard error associated with the K,.

values of hemoglobin determined from
the same gels. In presumptive
backcrosses, involving a homozygote
and a presumed heterozygote, 1:1

segregation was observed. In the single

dihybrid cross, the results were consis-

tent with a 1:2:1 pattern of segrega-

tion. It should be noted here that the

Class 4 of Table 23 has proven hetero-

geneous upon subsequent study; this

will be discussed below.

When the progeny of a gravid female

homozygous for a Class 4 variant of

a-GPdH are analyzed, only three clas-

*CIW-DPB Publications 561, 563 and 569.
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TABLE 23. Genetic Crosses ofa-GPdH Variants

of Colias philodice*

Phenotype
Classes Numbers (Phenotype)

of Crosses of Progeny

9
xd a a/b b

2/3 2/3 18 (2/2) 46 (2/3) 12 (3/3)

4/3 3/3 24 (3/3) 19 (4/3)

2/3 3/3 31 (3/3) 27 (2/3)

3/3 4/4 30 (3/4)

4/4 3/3 13 (3/4)

2/2 2/2 17 (2/2)

3/3 3/3 62 (3/3)

* After Johnson, 1976a.

ses of protein variant are seen among
20 progeny subjected to analysis

(CIW-DPB Publ. 569): female parental

type, heterodimer, and presumptive
male parental type (8 progeny were
single-banded, Class 4, while 12 were
triple-banded). These results are con-

sistent with segregation from an a/a x

a/b mating. It is important for the dis-

cussion below to note that no other var-

iant types were observed in the
analysis of these progeny.

More powerful genetic analysis is

available in Drosophila than in

difficult-to-raise Colias. As discussed

in the following section, Drosophila
species also exhibit the heterogeneity

described in Colias. Detailed genetic

studies have been carried out on elec-

trophoretically cryptic variants within

the standard 1.00 allele class at the

esterase-5 locus of D. pseudoobscura
(the strain was kindly provided by R. L.

Lewontin). Two variants are revealed

by gel-sieving analysis. They differ

only in K,., having identical M values.

The results of crosses between these

two variants support a genetic in-

terpretation (CIW-DPB Publ. 563).

When variant 0.76 is crossed with it-

self, only this variant type is found
among the F2 progeny. However, when
the two variants are crossed with each

other, both variant types segregate
among the F2 progeny.

Thus, a variety of studies indicate

that electrophoretically cryptic var-
iants are in fact alleles in the accepted

sense of the word, segregating in

crosses just as electrophoretically dis-

tinct alleles do. This does not, of course,

establish that all such variation need
be allelic, but no evidence of post-

translational or other nongenetic ef-

fects has been obtained to date. Gen-
eral verification of the allelic nature of

electrophoretically cryptic variants

will require more extensive genetic

data.

Heterogeneity in Drosophila*

To assess the degree to which com-
monly employed "homozygous" strains

of Drosophila may also carry hidden
heterogeneity, gel-sieving analysis has
been carried out on several species.

Drosphila pseudoobscura. Gel-
sieving analysis of the esterase-5 locus

of D. pseudoobscura indicates that at

least 14 variants are detected by gel-

sieving analysis of seven presumably
homozygous esterase-5 lines. These
variants are not routinely detected by
electrophoresis, as all analyzed indi-

viduals yield indistinguishable R
t

values on 5% acrylamide gels. In all,

seven allelic classes were examined,
and all but one proved heterogeneous.
Drosophila aldrichi. Nineteen lines

of D. aldrichi, representing five alleles

of the esterase-C locus, were provided
by Dr. R. H. Richardson, and their gel-

sieving characteristics analyzed. Ele-

ven distinct variants are observed,
each presumptive allelic class proving
heterogeneous. (Johnson,unpublished ).

Drosophila mulleri. Twelve lines of

D. mulleri were examined (again pro-

vided by R. H. Richardson), represent-

ing two alleles of the esterase-C locus.

Five variants were detected. (Johnson,
unpublished data).

Gel-sieving analysis thus appears to

discriminate a significant amount of

heterogeneity in each of the three
Drosophila species examined to date. It

seems quite likely that the finding of

extensive electrophoretically cryptic

variation will prove a general result in

surveys of natural populations.

*CrW-DPB Publ. 563.
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Evaluating Patterns ofHidden
Heterogeneity*

The discovery of extensive variation

among a-GPdH and esterase alleles

raises the question of whether these

two enzyme loci are typical in this re-

spect. Certain loci, particularly es-

terases, typically exhibit far more elec-

trophoretically detectable variation

than others. Is the newly detected var-

iation concentrated among a particular

subset of enzyme loci? To address this

question, gel-sieving analyses were
carried out on 14 loci of the alpine but-

*CIW/DPB Publication 569.

terfly Colias meadii. For all loci but

MdH, several common variants were
detected (Table 24). Most of them
would not have been detected in

routine 7% acrylamide gels, as the as-

sociated values of Rf (7% T) indicate.

At all loci, a number ofunique variants

occur clearly distinct from the common
forms. A typical locus, G6PdH, is illus-

trated in Fig. 45.

The common variants. Among the 14

loci examined, 32 variants occur at fre-

quencies of greater than 10%. Sixteen

of the 32 variants would not have been
distinguished on 7% acrylamide gels.

TABLE 24. Electrophoretic Characterization of Common Variants at

14 Enzyme Loci of Colias meadii*

Locus Rf l% K, M" Frequency

Adenylate
Kinase-1

0.20

0.20

-0.027
-0.053

1.11

1.71

0.39

0.22

Adenylate
Kinase-2

0.28

0.29

0.035

-0.041
1.06

1.15

0.50

0.23

Esterase-

1

0.62

0.57

0.54

-0.083
-0.082
-0.082

1.06

1.15

1.24

0.13

0.26

0.43

Esterase-2 0.32

0.20

-0.058
-0.057

1.41

1.83

0.32

0.16

Fumarase 1.6

1.5

1.3

1.5

-0.32
-0.27

-0.22

-0.09

4.67

3.01

2.04

0.17

0.16

0.24

0.28

0.12

Glucose-6-phosphate

dehydrogenase
0.60

0.56

-0.086
-0.083

1.16

1.22

0.54

0.24

a-glycerophosphate

dehydrogenase
0.33

0.34

0.34

-0.065
-0.068
-0.071

1.52

1.57

1.63

0.24

0.32

0.29

Hexokinase-1 0.21

0.20

-0.052
-0.054

1.64

1.74

0.44

0.33

Hexokinase-2 0.23

0.23

-0.050

-0.054
1.50

1.62

0.36

0.36

Malic enzyme 0.73

0.72

-0.148
-0.144

2.31

2.30

0.50

0.27

Malate
dehydrogenase-

1

0.69 -0.068 0.69 0.43

Malate
dehydrogenase-2 1.66 -0.342 6.21 0.47

Phosphoglu-

comutase
0.38

0.36

0.33

-0.056

-0.056
-0.054

1.18

1.24

1.28

0.32

0.25

0.16

Triose phosphate
isomerase

0.34

0.35

0.34

-0.064
-0.068
-0.068

1.48

1.50

1.56

0.19

0.21

0.48

*The sample represents a single collection from one natural population (after Johnson ).
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Fig. 45. Electrophoretic gel-sieving survey of

glucose-6-phosphate dehydrogenase (G6PdH) in

a natural population ofColias meadii. Values for

hemoglobin (Hb) were determined from the same
gels, after Johnson, in press (a).

Of the 32 common variants, 30% dif-

fer only in charge, 10% differ only in

Kr , and 70% differ in both M„ and Kr .

Thus fully 80% of the common variants

differ significantly in K,.. If differences

in Kr reflect conformational differen-

ces, as seems likely (the matter is dis-

cussed below), then it seems quite un-

likely that this widespread variation in

shape does not affect the functioning of

the enzymes.
The rare variants. Among the 14 loci,

a total of 97 "rare" variants occur! In a

sample of 20 individuals, 91 variants

occur only once and 6 others occur
twice. Fully 30% of the genes analyzed
in this survey code for proteins that ap-

pear only once in the sample. Perhaps
these variants all occur typically at

frequencies of 5%; or, they may be
unique alleles occurring only once. A
larger sample is required to resolve

this issue. The variants appear allelic:

Note that Class 4 of a-GPdH discussed
earlier is heterogeneous and composed
of rare variants. Class 4 variants were
observed to segregate in crosses in a

Mendelian fashion.

All 14 loci exhibit rare variants.

Fully 70% of the rare variants are not

detected on 7% acrylamide gels.

Of the 97 rare variants, 34% differ

solely in charge, 21% differ solely in K,.,

and 45% involve differences in bothM
and Kr . Thus fully two-thirds of the

rare variants involve significant dif-

ferences in Kr ; Again, conformational

variation seems prevalent.

Other classes of variation. It seems
likely that cryptic variation reported in

the thermal stability of proteins is

quite different from the sorts of varia-

tion reported here. These variants may
well represent polymorphism for con-

servative (polar —> polar; nonpolar —>

nonpolar) amino acid substitutions

within the interior of the protein which
alter hydrogen bonding and thus affect

stability. It is unlikely that such var-

iants would be detected by gel-sieving

analysis.

The chances of detecting variation

cryptic because of identical net charge
(as described by the charge state model
of electrophoretic mobility) are much
better. A body of data indicate that the

pK's of amino acids may be strongly in-

fluenced by an amino acid residue's po-

sition in a protein (the matter is dis-

cussed in detail in Johnson, 19756).

Two proteins with different amino acid

substitutions but with the same net

charge at one pH would be very un-

likely to exhibit identical changes in

net charge at a different pH. Thus se-

rial analysis at two different pH's (in

my laboratory, 7.0 and 8.9) should re-

veal any amino acid differences cryptic

at one pH because of identical net
charge. The finding of substantial mic-

roheterogeneity in isoelectric point
within M„ classes (Johnson, 1976a) re-

flects this same underlying hetero-
geneity.

Are Electrophoretic Classes

Functionally Heterogeneous?

Extensive K,. variation, if conforma-
tional, suggests that biochemical com-
parisons of polymorphic alleles may be
difficult to interpret unless the alleles
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are demonstrably homogeneous. The
extensive literature on functional var-

iation within alleles ofD. melanogaster
alcohol dehydrogenase perhaps reflects

to some degree undetected structural

heterogeneity.
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THE EFFECT OF DEUTERIUM OXIDE ON THE
GEL-SIEVING BEHAVIOR OF PROTEINS

IN ELECTROPHORESIS

George B. Johnson

In animal and plant populations ex-

tensive genetic variation occurs at en-

zyme loci. Several papers in this Year
Book describe variation in the gel-

sieving properties of proteins. This var-

iation is too small in magnitude to be

ascribed to different states of subunit

aggregation, and appears heritable. It

is usually discussed as reflecting allelic

proteins which differ in conformation,

although other interpretations are pos-

sible.

Any interpretation of variation in

the "conformational" retardation coef-

ficient, Kr , must account for at least

three unexpected phenomena:
1. At a given locus, the spacing be-

tween the K r values of the variants is

unexpectedly uniform. For a-glycero-

phosphate dehydrogenase (ct-GPdH) in

Colias, for instance, the values ob-

tained are:

0.065 0.068 0.071 0.077 0.080

.003 .003 .006 .003

2. The value of the step in K, mag-
nitude varies from one enzyme to

another and is not a function of subunit

molecular weight.

3. Hybrid dimer molecules seen in

heterozygous individuals are not in-

termediate in K, but rather assume a

Kr similar to one of the parental types.

There are three basic hypotheses
that would entail genetically heritable

variation in gel sieving behavior while

at the same time accounting for these

three phenomena:

A. Variation in K, may reflect con-

formational differences. A variety of

studies are consistent with this in-

terpretation: (1) When a-chymotrypsin
is made asymmetric, its K r value
changes significantly (Johnson, 1976).

(2) Fibrinogen is a molecule of 341,000
molecular weight which is known to be

very asymmetric. Such a molecular
weight would produce a K r value of

-0.14 for a symmetrical molecule, but

the observed value is -0.065, indicat-

ing that asymmetry is easily detected

by this approach. However, because
asymmetry may alter K, does not
imply that all K,. variation is produced
by asymmetry. Nor do conformational

interpretations readily account for the

uniform spacing seen between variants

in the magnitude of K r .
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B. Variation in K, may reflect

changes in the hydration shells of the

proteins. Much of the sieving behavior
of proteins in electrophoresis may be
hydrodynamic and could in principle be

sensitive to the diameter of the hydra-

tion shell. If substituting a polar amino
acid for a nonpolar one (or vice versa)

on the surface of a protein altered the

hydration shell diameter, then uniform
spacing in K, between variants may
easily be explained. This hypothesis
would require that single amino acid

substitutions produce rather large
changes in the volume of the hydration
shell (up to 20% ).

C. Variation in K, may reflect alter-

ation in the dissociation constant of

dimers, «a ^ 2 «. If the rate is fast and
the equilibrium towards dimer forma-
tion, then only one band (the dimer)
will be seen in electrophoresis. A slight

decrease in such a rate has the effect of

lessening the fraction of time the pro-

tein molecules are in the dimer form.

This will decrease the sieving retarda-

tion of the protein by the gel fibers in

electrophoresis. The perceived result

will be a K, suggesting a smaller
molecule. Uniform changes in Kr might
reflect polar/nonpolar substitutions in

the hydrophobic patch comprising the

subunit binding site. This hypothesis
would suggest that the magnitude of

the uniform change in K,. between var-

iants would be a function of the area of

the hydrophobic subunit binding re-

gion, and therefore a function of sub-

unit molecular weight.

It is possible to test the suitability of

these alternative conceptualizations by
altering the conditions of elec-

trophoresis. This paper reports data
that permit the rejection of the hydra-
tion shell hypothesis.

The hydration shell of a protein is

produced largely by the hydrogen bind-

ing of uncharged polar surface amino
acids with the polar solvent water. A
significant increase in the polarity of

the water solvent would be expected to

contract the water envelope. Thus a
protein in 99.8% D,0 rather than H,0
would exhibit a smaller hydration

shell. If the magnitude of K, reflects

the volume of the hydration shell, then
electrophoresis in D.O should alter K,..

More to the point, two proteins with

similar molecular weights but with dif-

ferent K, values ought to respond dif-

ferently to D.O, one exhibiting a

greater Kr alteration than the other.

Two such similar protein pairs are

bovine hemoglobin and Drosophila
pseudoobscura esterase-5, or the same
hemoglobin and Colias meadii
ct-glycerophosphate dehydrogenase.
The subunit molecular weights are

64,500, about 66,000, and 65,000, re-

spectively. For each pair the effect of

D.O was examined by running eight

gels for each individual: 5%, 6r/c , 7%

,

and 8% acrylamide in H.,0, and 57c,

67c, 17c, and 87c acrylamide in 99.8%

DvO. For the D.,0 runs, all gel reagents

and running buffers were made up in

99.8% D,0. The two sets of four gels

were run in parallel simultaneously
under controlled temperature (10°C),

assayed, scanned, and K rIM u values

calculated for the matched treatments.

Data for the two protein pairs are pre-

sented in Tables 25 and 26 (with the

dissimilar standard protein ferritin).

In Table 27 the differences in K,. pro-

duced by D.,0 are summarized. For
both Hb/esterase and Hb/a-GPdH, the

responses of the two proteins to D.,0

are precisely parallel, despite very dif-

ferent K
t
values. This relationship is

illustrated in Fig. 46 for Hb/a-GPdH,
where all points fall about the axis of

symmetry. When the a-GPdH results

are standardized to the hemoglobin run
in the same gels (o-GPdH) to reveal any
pattern of difference from hemoglobin,
very little difference is seen as a result

of D.,0. These results are not consistent

with the hypothesis that the K, dif-

ferences between the protein pairs re-

flect hydration shell differences.

It is important to note that changes
in K, do occur, both enzyme and
hemoglobin standard exhibiting K,

values 10%—20% more negative. This
result is consistent with a conforma-
tional interpretation if the initial dif-

ferences in K, are produced by strong
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TABLE 25. The Retardation Coefficient of Esterase-5 from Drosophila pseudoobscura Determined in

Parallel in H,0 and in 99.8% D,0*

Hb Fe
No. Standard Standard Esterase EST

-Kr (H20)

1 0.055 ± .019 0.203 ± .060 0.080 ± .023 0.081

2 0.050 ± .008 0.206 ± .055 0.075 ± .015 0.082

3 0.055 ± .016 0.210 ± .059 0.079 ± .021 0.081

4 0.054 ± .004 0.205 ± .022 0.078 ± .006 0.080

5 0.051 ± .008 0.201 ± .033 0.074 ± .004 0.079

6 0.055 ± .007 0.217 ± .046 0.076 ± .006 0.079

-KT (D?0)
1 0.052 ± .011 0.201 ± .030 0.075 ± .018 0.080

2 0.050 ± .005 0.205 ± .024 0.072 ± .009 0.079

3 0.061 ± .001 0.212 ± .027 0.081 ± .009 0.078

4 0.060 ± .011 0.235 ± .098 0.083 ± .016 0.079

5 0.050 ± .008 0.219 ± .062 0.076 ± .007 0.080

6 0.060 ± .009 0.235 ± .090 0.085 ± .013 0.081

*Numbers represent different individuals. Kr values are determined from four gels of 5%, 6%, 7%,
and 8% acrylamide. EST values represent point-to-point standardization of esterase to hemoglobin
(this Year Book). Hb: Hemoglobin; Fe: Ferritin.

TABLE 26. The Retardation Coefficient of a-Glycerophosphate Dehydrogenase from Colias meadii

Determined in Parallel in H,0 and in 99.8% D.,0*

No.
Hb

Standard
Fe

Standard aGPdH aGPdH

K r (H20)
1 0.049 ± .001 0.202 ± .031 0.060 ± .003 0.068

2 0.051 ± .008 0.195 ± .015 0.062 ± .009 0.068

3 0.055 ± .007 0.214 ± .021 0.067 ± .004 0.068

4 0.053 ± .010 0.193 ± .042 0.063 ± .007 0.066

5 0.050 ± .003 0.207 ± .055 0.065 ± .010 0.072

0.059 ± .023 0.066

6 0.055 ± .008 0.209 ± .047 0.066 ± .010 0.068

0.057 ± .040 0.057

-Kr (D,0) GPdH GPdH

1 0.063 ± .004 0.245 ± .089 0.073 ± .016 0.067

2 0.055 ± .005 0.224 ± .083 0.068 ± .016 0.071

3 0.061 ± .008 0.231 ± .061 0.075 ± .016 0.071

4 0.060 ± .011 0.231 ± .059 0.071 ± .010 0.068

5 0.060 ± .003 0.236 ± .086 0.069 ± .004

0.070 ± .031

0.067

0.067

6 0.057 ± .008 0.232 ± .067 0.071 ± .011

0.070 ± .035

0.070

0.070

* Numbers represent different individuals. Kr values are determined from four gels of 5%, 6,%, 7%,
and 8% acrylamide. EST values represent point-to-point standardization of esterase to hemoglobin

(this Year Book). Hb: Hemoglobin; Fe: Ferritin.
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TABLE 27. Effect of D2 on Value ofK*

Hb Fe
No. Standard Standard Esterase EST

Drosophila pseudoobscura

1 -0.05 -0.01 -0.06 -0.01

2 -0.01 -0.04 -0.04

3 0.09 0.01 0.08 -0.04

4 0.11 0.03 0.06 -0.01

5 -0.02 -0.01 0.03 -0.06

6 0.10 0.02 0.12 -0.04

Colias meadii aGPdH
1 0.19 0.21 0.22 0.01

2 0.08 0.15 0.10 0.04

3 0.11 0.08 0.12 0.04

4 0.13 0.20 0.13 0.03

5 0.20 0.14 0.19 0.01

0.06 0.01

6 0.08 0.11 0.08 0.03

0.23 0.03

*Data are presented as the fractional dif-

ference p observed in K", [e.g., Kr(H,0) + Kr (H,0)
• p = Kr (D20)].
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Fig. 46. A comparison of percentage dif-

ferences in electrophoretic behavior of hemoglo-

bin with Colias meadii a-GPdH produced by D,0.

Filled circles, if,.; open circles, M„.

also be similar and therefore equally

sensitive to the polarity of the solvent.

The effect is variable from one Colias

individual to another. This variability

is of some interest because the stan-

dard hemoglobin also varies in its re-

sponse to DvO. When run alone (no

extract), there is no significant varia-

tion in the effect of D2 on hemoglobin.

When run with Colias extracts, on the

other hand, hemoglobin exhibits great

variation in the magnitude of its re-

sponse to D20. Clearly, some physiolog-

ical variable is important in the DvO
effect.

Finally, D.,0 is seen to produce large

positive changes in M„. Such a rela-

tionship is expected, as isotope effects

alter hydrogen ion dissociation con-

stants. The effect is to increase the net

negative charge in alkaline buffer and
thus to increase M„. While hemoglobin
and a-GPdH have different M„ values,

the effect of D2 is the same for both

molecules because D 2 acts on all

charged residues and not simply on the

small fraction that constitutes the net

difference in charge.

These experiments with DvO permit
rejection of the hypothesis that varia-

tion in K,. reflects variation in the hy-

dration shell of proteins. They do not,

however, serve to distinguish between
the conformational and subunit dis-

sociation hypotheses. Entirely dif-

ferent lines of experimentation will be
required to do this. The most obvious

approach is to obtain purified protein

from each of several K r variants and to

determine whether varying the protein

concentration affects the magnitude of

K,.. A subunit dissociation hypothesis

would predict a significant dependence,

while a conformational hypothesis
would not. Such experiments are cur-

rently being initiated.

localized binding forces. It is also con-

sistent with a subunit dissociation

hypothesis: As mol wt's are similar, the

size of the subunit binding sites should
Johnson,

1976.

Reference

G., Genetics, 38, 149-167,
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P700-CHLOROPHYLL a-PROTEIN COMPLEXES
J. S. Brown

Studies of P700-chlorophyll-protein

complexes have continued this year,

and the results may be divided into two
sections. The first describes some pre-

liminary attempts to isolate these
complexes from different kinds of al-

gae. The second deals with fluorescence

and light-induced absorbance changes
of a highly enriched P700 complex from
spinach chloroplasts and leads to a new
interpretation of electron transfer

through the photosystem I reaction
center.

Isolation of Chlorophyll-Protein
Complexes from Diverse Algae

Among the green algae,

Chlamydomonas has been a frequent

choice of study because it has a known
sexual life-cycle which makes genetic

analysis possible and because it is eas-

ily cultured and broken. CPI* has been
isolated from this alga (Kan and
Thornber, 1976) and appears to be
similar to that from higher plant
leaves. Chlorophyll-proteins enriched

in P700 have also been isolated from
various blue-green algae (Thornber,

1975).

In the present study, various mic-

roalgae were grown in liter batches

under appropriate conditions, har-

vested by centrifugation, washed and
broken with a French pressure cell.

The fragments were washed to remove
much of the soluble protein, pelleted,

and stored in a freezer. If cells are har-

vested and frozen before breaking,
phaeophytinization of some of the
chlorophyll may occur during early

steps of the following procedure and
prevent recovery of the reaction center.

The method of Shiozawa et al. (1974)

was followed for the preparation of CPI
except that 20 mM sodium ascorbate

was omitted from the washing solu-

tions. A pellet containing a measured
amount of chlorophyll was homo-
genized in sufficient 1% Triton X-100

*CPI = P700-chlorophyll a -protein.

to give a Triton-to-chlorophyll ratio of

about 75 (w/w). CPI was eluted in 0.2M
sodium phosphate, pH 7.5, except for

Euglena as noted below.

The yellow-green algae, which con-

tain only chlorophyll a of the photo-

synthetic pigments, have been little

studied. After some trial and error, we
chose from this group two species that

grow readily in batch culture and can

be broken by one passage through a

French pressure cell. These species are

Bumilleriopsis filiformis (No. 309, Cul-

ture Collection of Algae, Indiana Uni-

versity) and Botrydiopsis sp. (AB-2a-

ADN, kindly supplied by Professor

Ralph Lewin, Scripps Institute of

Oceanography, University of Califor-

nia at San Diego). Preliminary exper-

iments with both of these species indi-

cate that a fraction enriched in P700
can be eluted in 0.2 M phosphate. Thus
far, the lowest molecular ratios of

chlorophyll to P700 obtained were 41

for Bumilleriopsis and 80 for Bot-

rydiopsis. It is to be expected that both

these ratios can be lowered by further

experimentation.

Considerable effort was spent in at-

tempting to isolate a P700-chlorophyll

a-protein from Euglena gracilis (No.

752, Culture Collection of Algae, In-

diana University). Eventually it was
discovered that the fraction most en-

riched in P700 is eluted from the hy-

droxylapatite column by the 10 mM
phosphate normally used as a washing
solution and is therefore gone by the

time the 0.2 M phosphate is applied.

This 10 mM phosphate fraction usually

had a chlorophyll to P700 ratio of

60-70, but in one experiment this ratio

was lowered to 46 by a repeated chro-

matography on hydroxylapatite.

A second result of the Euglena frac-

tionation was the finding that the 0.2

M phosphate eluate contained another

chlorophyll a-protein (CPa,) having
the unique absorption spectrum shown
in Year Book 73, p. 703 (1974) and
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without detectable P700. Not only is

the appearance of a 684-nm absorption

band unusual, but the steepness of the

slope on the long wavelength side of

this band is also remarkable. This year

the corresponding fluorescence emis-

sion spectrum of this fraction was
measured. The emission maximum is

at 683-684 nm at 20°C and 687 nm at

-196°C. At both temperatures this

emission band is unusually narrow
(half-band width ~ 12 nm at -196°C).
This is about 60% as wide as emission

bands in other comparable chlorophyll

complexes in vivo. These unusual
characteristics have been observed in

CPoj preparations from at least five

separate experiments and do not seem
to have any obviously trivial explana-

tion.

Previously Shiozawa et al. (1974) re-

ported that P700 and cytochrome f
were found in equimolar amounts in

CPI prepared from tobacco leaves.

However, this relationship does not

mean that they are associated. Differ-

ence spectra between samples oxidized

by ferricyanide and reduced by ascor-

bate have been measured from dif-

ferent eluates from Euglena chroma-
tography and with CPI preparations

from spinach chloroplasts. The
amounts of cytochrome f and P700 can

be calculated from the differences in

absorption at 552 and 697 nm. Occa-

sionally an equimolar amount of P700
and cytochrome f was observed in

spinach CPI, but usually the propor-

tion of P700 increased and cytochrome
decreased following repeated chroma-
tography. The Euglena CPI eluted in

10 mM phosphate did not show any
evidence of a cytochrome in its dif-

ference spectrum. Furthermore, meas-
urement of light-induced absorbance
changes of a spinach CPI preparation

(described below) gave no evidence od a

change near 550 nm characteristic of a

cytochrome coupled to P700 oxidation.

All of this evidence suggests that
cytochrome/' is probably a contaminant
in CPI preparations made according to

Shiozawa et al. (1974) and is not bound
closely to P700 as an electron donor.

Absorption and Fluorescence of

CPI

Fluorescence emission spectra of

spinach CPI were published in last

year's Report (Year Book 74, p. 779).

Even at that time, considerable varia-

bility had been encountered when
measuring different preparations, par-

ticularly at low temperature. We now
understand some of the reasons for that

variability and have improved proce-

dures for preparing CPI routinely with
a chlorophyll a to P700 ratio of 30 to 35.

The main problem seems to have
been the tendency of CPI to aggregate
on the hydroxylapatite column, in solu-

tion and especially during freezing. Re-

cently it has been found that this prob-

lem can be alleviated by making the

0.2 M phosphate eluting buffer 0.02%
in Triton X-100. This small amount of

detergent does not modify the spectral

characteristics of the chlorophyll-
protein complex itself.

Figure 47 shows the fluorescence

emission and Fig. 48, the absorption at

-196°C of CPI preparations having dif-

ferent ratios of chlorophyll to P700. All

samples were dilutions of 0.2 M phos-

phate eluates from hydroxylapatite

650 700

Wavelength, nm

Fig. 47. Fluorescence emission spectra of

spinach CPI preparations. Excitation at 438 nm,
slit-width = 10 nm, emission slit-width = 3 nm,
-196°C.
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Fig. 48. Absorption spectra of spinach CPI
preparations. Curves normalized at 677 nm,
-190°C.

columns. The only difference between
them was the proportion of light-har-

vesting or antenna chlorophyll a which
had been removed from the reaction

center complex by repeated chromatog-
raphy. In numerous experiments CPI
has been prepared from spinach
chloroplasts and rechromatographed
several times to give different

chlorophyll to P700 ratios; so far 30 has
been the lowest ratio observed.

Figure 47 illustrates the difference

between CPI preparations as a function

of their P700 concentration. As the
chlorophyll to P700 ratio decreases
from 100 to 30, a shoulder near 695 nm
on the side of the 685 nm band in-

creases until it becomes the maximum.
Also, as the proportion of antenna
chlorophylls to reaction centers de-

creases, the fluorescence yield also de-

creases because more of the actinic

light energy is funneled directly to a

reaction center.

The amount of fluorescence near 670
nm varies in different preparations and
is thought to come from a small
amount of highly fluorescent Triton-

solubilized chlorophyll a. The longer

wavelength bands around 720-730 nm

may be due to lower vibrational bands
of the biological forms of chlorophyll a.

It can be seen in Fig. 48 that there is a

small redshift in chlorophyll absorp-

tion with increased P700 concentra-

tion. The amount of this shift does not

vary consistently with a change in

P700 concentration, but the shoulder

near 670 nm always decreases as the

proportion of antenna chlorophyll de-

creases. Therefore, the differences in

relative proportion of the long wave-
length emission bands (720-730 nm)
may reflect changes in proportion of

the 670-nm and 684-nm forms of

chlorophyll a. We have not yet been
able to do detailed curve analysis as in

previous years because of a change in

computer hardware at Stanford Uni-

versity.

This rather detailed discussion of the

differences in fluorescence and absorp-

tion spectra has been given to show
why it is unlikely that the small dif-

ferences in absorption that occur when
the relative concentration of P700 is

increased can account for the large in-

crease in emission near 695 nm. It

seems very probable that this emission

is related in a direct way to P700. The
difficulty, of course, is to determine
how a pigment absorbing at 700 nm
could fluoresce at shorter wavelengths.

One very reasonable explanation
comes from the observation first made
by Kok (1956) that the negative band
near 700 nm in light-minus-dark dif-

ference spectra of various algae did not

have the normal shape of an absorption

band but was skewed, being steeper on

the shorter wavelength side. If this

band was made symmetrical and the

experimental curve subtracted from it,

a new absorption band with a lower ex-

tinction coefficient appeared at about

690 nm. This experiment has now been

repeated with CPI, and the hypotheti-

cal absorption band occurs at 687 nm.
Lozier and Butler (1974) and Visser

and Rijgersberg (1975) have measured
the light-minus-dark difference spectra

of chloroplasts at -196°C. In both cases

an increase in absorption near 690 nm
was observed when P700 was photo-
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oxidized. Therefore, it could be oxidized

P700 absorbing near 690 nm that

fluoresces near 695 nm.
If this were strictly true, one might

expect to see a rise in 695-nm fluores-

cence that is kinetically identical to

P700 bleaching. Ulrich Schreiber
looked for such corresponding changes

both at room and low temperature in

CPI preparations. He did not see the

predicted kinetic change in fluores-

cence but only the effect of the trans-

mission change and reabsorption of

fluorescence when P700 was bleached.

It was therefore necessary to look fur-

ther for an explanation of the 695-nm
fluorescence.

A suggested explanation was found

in the paper by Lozier and Butler

(1974), who were attempting to explain

both the positive absorbance change
near 690 nm and the fact that only a

part of the P700 absorbance change is

reversible at low temperature. They
proposed a formulation similar to the

following:

r -\ h^ r -.

[P • P] • Y ^ [ P+
• P-] • Y -»

[P+ • P] • Y,-

where P is a chlorophyll molecule in a

P700 dimer and Y is an electron accep-

tor. The species [P+
• P] would be the

candidate for the 690-nm absorption

band and, in the present case, the

source of 695-nm fluorescence. This
scheme can account for the lack of

fluorescence yield change in parallel

with the light-induced bleaching and
also for a low extinction coefficient of

the 690 absorption band because one of

the pair of chlorophylls is oxidized or

bleached.

Recently Katz et al. (1976) found
strong evidence from line-width
studies of the EPR signal caused by the

photooxidation of P700 that the reac-

tion center must indeed be a dimer or,

as they prefer to say, a "special pair" of

chlorophyll molecules. They also

suggest a formulation for the electron

transfer from P700 to the acceptor Y
that is almost identical to the above.

The only major difference is that the

Argonne group believes there may be a

water molecule bound between the

chlorophyll molecules in the "special

pair." However, an equally valid hypo-

thesis is that it is the electron acceptor

Y and the protein which serve to bind

and orient the chlorophyll dimer in a

particular way that is necessary to

make the charge separation energeti-

cally feasible.

The natural electron acceptor is pro-

bably a type of bound ferredoxin or

iron-sulfur protein (Malkin, 1975).

Nelson et al. (1975) have also been
studying the relationship between
P700 and the iron-sulfur protein in

reaction center complexes using EPR
spectroscopy. They were able to meas-

ure the signal from P700 oxidation

after the signal from the iron-sulfur

protein had disappeared following spe-

cial treatment. This experiment indi-

cated that the iron-sulfur protein is not

the primary electron acceptor. The
above formulation also accounts for

their results, since in this case one of

the chlorophyll molecules is the pri-

mary acceptor.

Absorption Change Kinetics

Absorption change kinetics in the
millisecond time range were measured
in a CPI sample having a chlorophyll to

P700 ratio of about 40. These experi-

ments were performed in collaboration

with David Fork, using equipment de-

scribed in Year Book 71, p. 183. We did

not average a series of signals as we did

last year because the dark reduction of

the photooxidized P700 by ascorbate
was very slow {ti— 1 min). The change
from a single flash was displayed on an
oscilloscope and then transferred to an
X-Y recorder.

A light-minus-dark difference spec-

trum was measured using a saturating

actinic light of 1.4 sec duration and
2-min dark time between exposures.

The sample contained approx. 30 mM
sodium ascorbate but no other artificial

electron donors or acceptors. The dif-
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ference spectrum was similar to that

reported last year (Year Book 74, pp.

779-783) with negative peaks at 700

and 430 nm, typical of P700. However,
there was no shoulder near 420 nm or

change near 550 nm that would have
indicated the photooxidation of cyto-

chrome f in this CPI preparation (see

discussion of cytochrome f in Euglena
section above).

While measuring the difference spec-

trum, we again noticed biphasic re-

covery kinetics that last year were at-

tributed to some involvement of cyto-

chrome f. However, further investiga-

tion has now revealed that the propor-

tion of the rapid recovery phase {t± ~ 35

msec) depends upon the length of the

light exposure. The curves at the top of

Fig. 49 show that after a 60-msec expo-

sure, 82% of the P700 was reduced
rapidly, whereas after 680 msec only

23% was reduced rapidly. The percent-

age of rapid recovery was measured for

a number of different exposure times,

and these results are plotted on the

lower half of Fig. 49. It is apparent that

after about 100 msec, the rapidly re-

covering component begins to disap-

pear.

An extension of the same formula-

tion shown above to explain the
fluorescence results can also be used

for these kinetic measurements: ,

hv 680 msec

1000

Exposure time, msec

Fig. 49. Upper: absorbance change at 430 nm
after 60 and 680 msec exposure to saturating red

light; AOD after 680 msec = 5.4 x 10"3
, 5 mm

light pathlength, 9.6 yM chlorophyll a. Lower:
the percent recovery of the rapid component (^
~ 35 msec) as a function of the light exposure
time.

35 msec

[P • P] s Y ^± [ P+
• P- ]

• Y ->
[ P+

• P ]
• Y" O2

[ P+
• P ]

• Y

tx ~ 1 min

We assume that in this CPI prepara-

tion the natural electron acceptor, Y~
can react back with P + with a half-time

of about 35 msec. But during a longer

exposure time, Y is oxidized by 2 ,

and then P+ can only be reduced by as-

corbate. Malkin (1975) reported the

light-dependent electron transfer from
ascorbate to 2 with the half-time of

~ 1 min by a similar CPI preparation.

This model formulation suggests
several experiments to test the hypoth-

esis further, e.g., to test the effect of

anaerobiosis and viologen dyes upon
the kinetics of the chlorophyll absorp-

tion changes. It also predicts that the

light-dark difference spectrum meas-
ured after a flash too short for the

transformation of [P +
• P"] to [P +

• P]
would show only the symmetrical band
of bleached P700 and not be skewed by
the 690 band.
The model that Lozier and Butler

(1974) originally proposed accounts for

the partial reversibility of the absor-

bance change at -196°C by the back
reaction of P+ and P". It would also be

expected that the difference spectrum
of the reversible change would show
only the symmetrical bleached band,

whereas the spectrum of the irreversi-

ble change would be skewed by the
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formation of the 690 band. Such spec-

tral differences were actually observed

by Mayne and Rubinstein (1966) when
they measured absorption changes in

Anacystis nidulans at — 196°C.

The new data presented here on the

spectral characteristics of P700-
chlorophyll a-protein, as well as the

reinterpreted data of several other ex-

perimenters, provide strong support for

the concept that the reaction center of

photosystem I is a chlorophyll dimer.

Light energy may effect a charge sep-

aration within this special pair of

chlorophyll molecules; one becomes
oxidized and the other reduced. The re-

duced chlorophyll may in turn reduce

another electron acceptor that is prob-

ably a bound iron-sulfur protein. In

vivo, the oxidized chlorophyll of the

dimer is probably reduced by an elec-

tron from photosystem II passed
through plastocyanin and cytochrome

f, but in CPI preparations this electron

must come from an artificial donor
such as ascorbate.
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TEMPERATURE DEPENDENCE OF CHLOROPHYLL a

FLUORESCENCE IN ALGAE AND HIGHER PLANTS
IN RELATION TO CHANGES OF STATE
IN THE PHOTOSYNTHETIC APPARATUS

David C. Fork

Introduction

Measurements made last year (Year

Book 74, pp. 766-776; Murata et al.,

1975; Murata and Fork, 1975) of

fluorescence as a function of tempera-
ture in the blue-green alga Anacystis

treated with DCMU to eliminate the

influence of photosynthetic photochem-
ical reactions on the fluorescence yield

revealed maxima in fluorescence yields

that changed depending upon the tem-
perature used to grow the algae. These
maxima were found to reflect a change
in the physical phase of the lipids in

the photosynthetic membrane and oc-

curred at approximately 13° or 24°C in

the organisms grown at 28° or 38°C, re-

spectively. The activation energies of

several photosynthetic reactions were
found to change at the temperature of

phase transition.

In this investigation fluorescence
versus temperature curves were meas-
ured over a wide range of temperatures
and for a number of algae and higher
plants adapted both to warm and to

cool growth conditions and for chloro-

plasts and a chlorophyll-protein prepa-

ration. The resulting curves were com-
plex and varied widely, depending
upon the growth temperature of the or-

ganism in question. Some parallel
measurements of the photochemical
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activity versus temperature were also

made, and correlations could be seen
between the changes of fluorescence

yield and photosynthetic activities.

Temperature Dependence
of Chlorophyll a

Fluorescence in Algae

The thermophilic unicellular alga

Cyanidium caldarium inhabits acidic

hot springs where it has been found
growing at temperatures up to 56°C.

This organism grows best at a pH be-

tween 2 and 3. Although this alga con-

tains the chromoprotein phycocyanin,

as do the blue-green algae, it neverthe-

less has a morphological and cytoplas-

mic organization more like a red alga
(Doemel and Brock, 1971).

Figure 50 shows the fluorescence

versus temperature {F-T) curve meas-
ured for Cyanidium grown at 45°, 39°,

and 21°C. In these and other meas-
urements of the FT curves, 10

~

5 M
DCMU [(3-(3; 4'dichlorophenyl(-l,
1-dimethylurea)] was added to prevent
the effect of photosynthetic photochem-
ical reactions on the fluorescence yield.

For cells grown at 45°C, broad maxima
were seen near 37.5° and 10°C upon
lowering the temperature. These peaks
were much more pronounced when the

temperature was immediately in-

creased after attaining 1°C and were
separated by a clear minimum near

27.5°C. Increasing the temperature
still further gave rise to a broad shoul-

der centered around 47°C and minima
at 60° and 65°C, a small maximum
near 63.5°C, and a large peak in

fluorescence emission at 67°C. Above
this temperature the fluorescence de-

creased sharply.

Upon lowering the temperature of

Cyanidium grown at 39°C, a broad
maximum was seen around 9°C; and
upon increasing the temperature, con-

spicuous maxima appeared at 8°, 30°,

62°, and 67°C and minima at 21.5°, 57°,

and 65°C. TheF-T curve for cells grown
at 21°C shows less distinct maxima
around 2°, 22°, 55°, and 65°C and
minima near 19° and 38°C, as well as at

i
i '

I
| I

l0
. Cyanidium

1 ' 1 1 1

100

'£/ ^T^X^ Grown at 45°C 6
.

7
°

80 V ^
60 275°

= 63.5°/

Av 1

-

60" 1

40 I -

* 67 °\ f

100

~9°
39°C -

80
- \\^^ 62°

-

60
21.5° ~^N. / 6S

"• 11
40 V -

65°

120 2I°C I

100 -

80 -~2° -

\^S^7-22' 55° 1

60
~I9° ~"""\^___^^56j\ /

1

40
^^ 38*

i -r

10 20 30 40 50 60 70

Temperature, C

Fig. 50. Temperature dependence of chl a

fluorescence in Cyanidium caldarium grown at

45°, 39°, and 21°C upon excitation of chl a with

440 nm actinic light (500 ergs cm -2
sec

-1
).

Fluorescence at 685 nm was measured continu-

ously as the temperature was decreased and in-

creased at the rates of 0.5° and l°C/min, respec-

tively. The sample was held in a 5-mm thick

brass cuvette whose top was covered by a Lucite

window and bottom surface soldered to a 100 ml

insulated brass container through which circu-

lated 100 ml of coolant fluid DCMU, 10" 5 M.

61°C. In this experiment two different

samples were used; one was cooled

from 20° to 5°C and then heated to

60°C, and another sample was heated

from 20° to about 70°C. Maxima and
minima at about these same tempera-
tures were observed previously
(Murata and Fork, 1975) in the F-T
curve measured in the region from
about 2° to 40°C for Cyanidium grown
at 38°C. These and earlier observations

show how the intensity of fluorescence

varies with temperature and how the

positions of these maxima and minima
depend upon the growth temperature.
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Heating cells above the high-
temperature fluorescence peak leads to

irreversible loss of fluorescence varia-

tions as a function of temperature.
Figure 51 shows an example of this for

Cyanidium grown at 39°C and heated

to 67°C and then cooled immediately to

39°C. It can be noted that theF-T curve

upon cooling lacks the previously seen

maxima and minima.
The F-T curves for Anacystis grown

at 39° and 22°C are given in Fig. 52.

Fluorescence maxima appeared near
13°C when the temperature was low-

ered and around 19°C when the tem-
perature was raised. In the culture

grown at 22°C the maximum appeared
at 6°C upon lowering the temperature
and 10°C upon increasing the tempera-
ture. Maxima appeared near 55°C for

both cultures. Similar results were re-

ported previously for Anacystis grown

a> 80

Temperature, C

Fig. 51. The temperature dependence of chl a

fluorescence in Cyanidium grown at 39°C and
treated with 10" 5 M DCMU. The cells were
heated to 67°C and then cooled at once to 27°C.

Fluorescence was measured as described in Fig.

50.

Anacystis A
.

I 3 « ~ 19° Grown at 39°C 555 .

Anacystis B

22°C

10 20 30 40 50 60

Temperature, °C

Fig. 52. The temperature dependence of chl a

fluorescence for Anacystis grown at 39°C (A) and

at 22°C (B) and for a high-temperature strain of

Chlorella grown at 39°C (C) DCMU, 10" 5M.
Fluorescence was measured as described previ-

ously (Murata et
l

al'.
, 1975) with blue actinic light

(440 nm, 500 ergs cm-2
sec

-1
).

near these temperatures. (Year Book
74, pp. 766-776; Murata et al, 1975).

The F-T curve of a high-temperature
strain of Chlorella (Sorokin and Myers,

1953; Sorokin, 1967), which has its op-

timum temperature for growth near

39°C, showed a maximum, as did

Anacystis, around 55°C (Fig. 52). Un-
like Anacystis, however, it did not show
maxima near 13° or 20°C. It seems that

a fluorescence maximum will occur at

temperatures somewhat below 0°C.

Cells of the high-temperature strain of

Chlorella that had been heated to 60°C
and cooled again produced a flat

fluorescence versus temperature curve

with none of the previously seen max-
ima or minima.
A number ofF-T curves were meas-

ured for intertidal marine algae. The
red alga Iridaea had a complex curve
with maxima at 37°, 46°, and 51.5°C
and minima at 30°, 43.5°, and 48°C.

The green alga Ulua did not show the

complicated curve of Iridaea but had a
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steep decline of fluorescence with in-

creasing temperature, with a shoulder

around 32°C. The brown alga
Laminaria also showed a steep decline

of fluorescence with increasing tem-
perature, with an inflection near 38°C.
The red alga Porphyra perforata was

used to compare the behavior of

fluorescence and photosystem II activ-

ity. This alga inhabits the upper
reaches of the tidal zone and undergoes
repeated cycles of drying and rehydra-

tion with tidal changes. It was found
previously {Year Book 72, pp. 384-388)
that dried Porphyra lost its photosys-

tem II activity upon drying but still re-

tained measurable photosystem I activ-

ity (P700 oxidation). However, the
photosystem II activity was restored

immediately when the dried alga was
rehydrated with seawater.

The ratio of variable fluorescence to

maximum fluorescence yield (Fr/Fmax )

was measured in Porphyra as a func-

tion of increasing temperature. This
ratio has been proposed (Duysens and
Sweers, 1963; Butler and Kitajima,
1975) to be a measure of the photo-

chemical activity in photosystem II.

Figure 53 shows a plot of F
(
./Fmax and

Fmas versus temperature in Porphyra
treated with 10" 5 M DCMU. The Fvl

Fmax ratio (Fig. 53B) decreased with in-

creasing temperature above 20°C. At
temperatures above 37.5°C the F

t
JFmax

ratio declined steeply and the Fmax
curve (Fig. 53A) increased rapidly. The
Ff/Fmax ratio reached zero when the

•^max curve had attained its maximum.
Figure 53 C illustrates that features

of the FT curve seen previously were
lost when a dried thallus was meas-
ured. After reconstitution of the thal-

lus with seawater, the F-T curve
showed features noted previously (Fig.

53 D).

Temperature Dependence of

Chlorophyll a Fluorescence

in Higher Plants

The F-T curves measured for a

number of higher plants leaves are

presented in Fig. 54. A leaf from

tt) 20

60

D. Seawater
added

37 5'

10 20 30 40 50 60

Temperature, °C

Fig. 53. The temperature dependence of chl a

fluorescence in Porphyra perforata treated with
10" 5 M DCMU. As the temperature was in-

creased at the rate of 0.8°C/min, measurements
were made of the time course of the fluorescence

of chl a at 685 nm, using a broad band of green
actinic light (140 ergs cm-2

sec
-1

). (C), a piece of

the thallus (not treated with DCMU) was ex-

posed to the sun for 2 hr and air dried for an
additional 9 hr, after which the F-T curve was
measured. D, the temperature dependence of chl

a fluorescence in Porphyra that had been dried as

described in C above and reconstituted with sea-

water to which DCMU was added to a final con-

centration of 10" 5 M.

"winter" spinach had minima at 31°

and a maximum at 42.5°C (Fig. 54A).

Chloroplasts prepared from spinach
leaves by contrast showed only an in-

flection at 31°C and a faint shoulder

around 43°C (Fig. 54B). Chloroplasts

prepared from winter spinach were
used to measure the photochemical ac-
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10 20 30 40 50 60

Temperature, °C

Fig. 54. The temperature dependence of chl a

fluorescence in leaves of spinach (A), sunflower

(D), and tomato (E) vacuum infiltrated with 10"5

M DCMU and for spinach chloroplasts (B)

treated with 10" 5 M DCMU. The spinach chloro-

plasts and leaves used were obtained from winter

frost-hardy spinach plants. The chloroplasts

were suspended in 0.4 M sucrose, 0.01 M NaCl,

0.05 M phosphate buffer, pH 7.4. The F,./Fmax

ratio in spinach chloroplasts (C) was measured
by the chl a fluorescence at 685 nm produced

using 5.7-sec exposures to blue actinic light that

was obtained by filtering white light through two
Corning 9782 filters. Dark intervals between ex-

posures = 40 sec. InE, a tomato leaf at 26°C was
cooled to 5

CC and then heated to 50
CC and cooled

again to
C
C.

tivity of photosystem II as a function of

temperature from 10° to 46°C as the

Fv/Fmax ratio described above. The ac-

tivity of photosystem II declined slowly

with temperature to about 30°C and
declined steeply thereafter. This de-

cline corresponded to the beginning of

the steep fluorescence increase with
temperature of Fmax (Fig. 54C). In

another experiment the ratio ofF,JFmax
in a spinach leaf harvested in the
spring after freezing conditions had
ended showed an abrupt change of

slope at a somewhat higher tempera-
ture (35°C).

In sunflower leaf (Fig. 54 D) the

minimum appeared at 41.5° and a
maximum at 46°C, with a small inflec-

tion around 52°C. In a pea leaf (not

shown) an indistinct minimum was
seen near 38°C and a peak near 46°C.

In tomato (Fig. 54 E) fluorescence in-

creased as the temperature was low-

ered to 5°C. Increasing the tempera-
ture from this point resulted in a de-

cline of fluorescence to a minimum at

35.5°C and a subsequent increase to a

maximum at 46°C. Cooling the leaf

again after passing over the 46°C peak
produced a fluorescence to temperature
curve that increased with increasing

temperatures and did not show the
characteristic features seen previously.

Although no low-temperature fluores-

cence maximum appeared in the to-

mato curve, it appears that a

maximum could be seen at slightly

lower temperatures, perhaps near or

below 0°C.

Chlorophyll a Protein from
Spinach

The temperature dependence of

fluorescence was measured for a

chlorophyll protein preparation made
from spinach that contained a

chlorophyll a/P700 ratio of about 50.

Some characteristic properties of this

preparation are described elsewhere in

this Report. The temperature depend-
ence of this preparation is shown in

Fig. 55. Unlike spinach chloroplasts, it

has a broad minimum near 40°C and a

maximum around 63°C.

This survey of the variation of

fluorescence as a function of tempera-
ture in a number of plants having dis-

tinct pigmentation and growing under
different conditions reveals several

common features.

The fluorescence maxima seen at

13°C upon decreasing and at 19°C upon
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10 20 30 40 50 60 70

Temperature, °C

Fig. 55. The temperature dependence of

chlorophyll a fluorescence in a P700-chlo-
rophyll-protein complex isolated from spinach.

No DCMU was added.

increasing the temperature in A nacys-

tis grown at 22°C were attributed last

year {Year Book 74, pp. 766-776;
Murata et al., 1975; Murata and Fork,

1975) to a thermal transition of the

physical phase ofmembrane lipids. The
maxima occurred near the tempera-
tures where the transition of the phase
of membrane lipids changed from the

liquid crystalline to the mixed, solid-

liquid crystalline states. In Anacystis

we found that the Arrhenius plots of

reduction rates of P700, of oxygen evo-

lution, and of the configurational
change of the thylakoid membrane
that are related to the state 1 and state

2 shifts (Murata, 1969, 1970; Bonaven-
tura and Myers, 1969) were composed
of two straight lines with breaks near
the phase transition temperatures as

determined by electron spin resonance

or by the appearance of fluorescence

maxima. Activation energies were al-

ways lower above the transition tem-

perature and higher below the transi-

tion point.

The fluorescence maxima seen in

Cyanidium near 10°C for cells cultured

at 45°C, and near 8°C for cells cultured

at 39°C, and from 0° to 5°C in cells cul-

tured at 21°C also appear to represent

similar phase changes in this alga. As
is the case with Anacystis, the lipid

composition of Cyanidium changes
with growth temperature. The ratio of

unsaturated to saturated fatty acids

has been found to decrease threefold

with increasing growth temperature.

Cells cultured at 20°C contained 30% of

their fatty acids as linoleic acid. This
fatty acid was not found in cells grown
at 55°C (Kleinschmidt and McMahon,
1970a, 19706). Studies are in progress

with Cyanidium to see if, as in Anacys-
tis, fluorescence maxima represent
lipid phase changes that can also be

correlated to changes of photosynthetic

reactions.

It was expected that the high tem-
perature strain of Chlorella might
show a phase change like those seen for

Anacystis cultured at 39°C. Perhaps
the phase change as detected by the

appearance of a fluorescence maximum
may occur at temperatures near or

slightly below 0°C, and the lipid com-
position of Chlorella adapted to high
temperatures will be found to be dif-

ferent from that of Anacystis or

Cyanidium.

Most of the plants examined exhib-

ited a high-temperature fluorescence

maximum. At temperatures above this

maximum irreversible effects were
produced such that the previously ob-

served variations of fluorescence with
temperature were lost. Lavorel (1969)

has observed similar maxima in

fluorescence yield in the green algae

Chlorella and Scenedesmus heated at a

rate of 0.7°C/min. The rise began at

about 42°C, peaked near 52°C, and
then declined at higher temperatures.

The high-temperature fluorescence

peak was not invariably seen, however.
It could not be detected in Ulva and
was seen only as a shoulder in

Laminaria. It was likewise indistinct

in pea leaf, and chloroplasts from
spinach showed only a minor inflection

where a peak was seen in the leaves. It

may be, as discussed previously (Year

Book 74, pp. 751-759), that the high-

temperature fluorescence peak, par-

ticularly as seen in leaves, represents

some alteration in the scattering or ab-

sorption properties produced by heat

damage of cells and chloroplasts of the

leaves. This explanation, however,
does not explain the 55°C maximum
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seen in the blue-green alga Anacystis.

These organisms, like the bacteria,

have a primitive cellular organization.

They lack vacuoles and do not have
lamellae organized into grana stacks

as do higher plants but have them dis-

tributed throughout the entire cell. It

may be that the fluorescence peak seen
at high temperatures represents the ir-

reversible denaturation of a pigment-
protein complex. The disappearance of

variations of fluorescence as a function

of temperature after heating above the

high-temperature fluorescence
maximum is consistent with this idea.

In addition, the system I chlorophyll-

protein preparation that has only a
trace of lipid (Thornber, personal com-
munication) also showed a high-
temperature fluorescence peak. The
maximum at 63°C seen in this prepara-

tion is consistent with many observa-

tions that system I is more resistant to

high temperatures than is system II.

The high-temperature fluorescence

maximum did not change much with
growth temperature in Anacystis or

Cyanidium; however, the smaller
satellite peak at temperatures below
the high-temperature fluorescence
peak did vary with growth tempera-
ture in Cyanidium.

Most of the leaves examined had a

high-temperature peak around 46°C,

as did leaves of Atriplex sabulosa,
which is native to a cool habitat (Year
Book 74, pp. 751-759). Exceptions to

this observation were seen in winter
spinach (maximum at 42.5°C) and in

Tidestromia oblongifolia native to a
hot habitat (peak near 57°C) {Year
Book, 74, pp. 751-759).

In this study the loss of photosystem
II activity as revealed by the steep drop

in the FvIFmax ratio in the red alga Por-

phyra and in spinach chloroplasts
seemed to be correlated with the be-

ginning of the steep rise of fluorescence

to its high-temperature maximum.
This was also seen earlier in a leaf of

Atriplex; but in Tidestromia, damage
to photosynthesis was seen already
around 46°C, whereas the beginning of

the high-temperature fluorescence rise

occurred near 53°C (Year Book 74, pp.
751-759).

A decline of photosynthetic activity

with increasing temperature was ob-

served by Mukohata et al. (1973), who
showed that ferricyanide reduction in

spinach chloroplasts was inhibited at

temperatures higher than about 40°C.

Krause and Santarius (1975) noted
that the rate of rise of variable fluores-

cence in the light was slowed down by
mild heat treatment. This rate dropped

rapidly at temperatures above 40°C, as

did the activity of cyclic photophos-

phorylation.

Santarius (1974) found seasonal
changes in plant membrane stability to

heat treatment. In thylakoid mem-
branes isolated from frost-hardy
spinach plants harvested in November,
the decline of the Hill reaction meas-
ured as ferricyanide reduction began at

temperatures above about 40°C. Sur-

prisingly, the Hill reaction and cyclic

photophosphorylation in thylakoid
membranes isolated from summer
spinach were found to be more sensi-

tive to heat treatment, the decline in

activity of both beginning around 30°,

similar to that observed here for the

FJFm„ ratio.
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CORRELATION BETWEEN GROWTH TEMPERATURE AND
HEAT-INDUCED CHLOROPHYLL FLUORESCENCE CHANGES IN

Scenedesmus obliquus

Ulrich Schreiber

Introduction

Chlorophyll fluorescence is a sensi-

tive intrinsic probe to determine the ef-

ficiency of quantum conversion in

photosynthesis. The fluorescence yield

in chloroplasts or algae is primarily de-

termined by the rate of charge separa-

tion at photosystem II reaction centers.

But substantial yield changes can also

be effected by changes in other radia-

tionless de-excitation processes, such

as energy transfer, including that to

photosystem I (spillover), quenching by
molecular oxygen, and heat dissipa-

tion. Both PS II reaction centers and
antenna pigments are embedded in the

fluid mosaic of the thylakoid mem-
brane. The properties that determine
fluorescence yield are correlated with
the state and intactness of this mem-
brane. Murata etal. (1975) and Murata
and Fork (1975) have demonstrated a

correlation between maximum fluores-

cence yield in Anacystis nidulans and a

thylakoid membrane fluidity change in

the 10°-25°C region, adaptable to

growth temperature. We have reported

previously on large increases (up to

400%) in fluorescence yield with a

jump from room temperature to 45°-

55°C in a variety of plants (Schreiber et

al., 1975; Schreiber et al., 1976). In

those studies, the heat-induced fluores-

cence increase was most pronounced in

plants from a low-temperature envi-

ronment, suggesting a correlation be-

tween heat stability and heat-induced

fluorescence increase.

In the present study, a unicellular

alga, Scenedesmus obliquus, was
grown at 20° and 28°C. It was found

that fluorescence properties at 45°-

55°C are substantially altered by a

change in growth temperature. In-

cluded are changes in fluorescence

yield with slow heating and changes in

fluorescence induction with a tempera-

ture jump (T-jump). It will be shown
that there is a close correlation be-

tween these fluorescence changes mon-
itored at high temperatures and heat

damage in the vicinity ofPS II centers,

assayed after returning the algae to

room temperatures.

Methods

Scenedesmus obliquus (Indiana Cul-

ture Collection) was grown either at
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20° or at 28°C. Samples were dark-

adapted for 2 hr at room temperature
(20°-23°C) before the experiments.
The apparatus for rapid temperature

changes (95% of a 25°C change in 2 sec)

and fluorescence measurements was
essentially the same as described ear-

lier (Schreibere^aZ., 1976). The method
was improved by using solenoid valves

to regulate cold and hot water flow
through the cuvette. Usually, very di-

lute cell suspensions were used with
approximately 5 x 103 cells//xl.

Fluorescence curves were corrected for

stray excitation light reaching the
photomultiplier.

Results

Slow Heating Curves

Temperature and temperature adap-

tation can be expected to affect a great

number of photosynthetic partial reac-

tions, all of which will more or less di-

rectly determine fluorescence yield. In

order to study the direct effect of tem-
perature and temperature adaptation

on the state of Chi a and PS II reaction

centers in the thylakoid membrane via

fluorescence measurements, it is nec-

essary to eliminate the influence of

photosynthetic dark reactions on
fluorescence. Such influences are
minimized in two extreme situations.

The first is that of all PS II centers

being closed, e.g. in the presence of

DCMU in continuous strong light, with
fluorescence displaying its maximum
level, Fmax . The second is that of all PS
II centers being open, e.g. in an ex-

tremely weak fluorescence measuring
beam, yielding minimum fluorescence,

In practice it is difficult to assure
complete inhibition of fluorescence
quenching in Fmax measurements.
Even in the presence ofDCMU there is

fluorescence quenching via molecular
oxygen, spillover, and the back-
reaction at PS II reaction centers. It

can be expected that these quenching
mechanisms show some temperature
dependency. For example, it is known

that the PS II back-reaction is stimu-

lated substantially at higher tempera-

tures (Bennoun, 1970). On the other

hand, it becomes irreversibly blocked

at 45°-55°C (see section below). To
exclude this factor NH2OH, which pre-

vents the back-reaction, was added for

Fmax measurements. In F meas-
urements it is difficult to keep Q fully

oxidized with extended periods at ele-

vated temperatures, where 2 uptake
is stimulated and an endogenous elec-

tron donor, possibly related to hydro-

genase, is induced when conditions be-

come anaerobic (Gaffron, 1944;
Schreiber et al., 1976). Use of ex-

tremely dilute algal suspensions re-

tards the development of anaerobic
conditions.

With these precautions, Fmax and F
changes with slow heating of

Scenedesmus cells grown at 20° or 28°C
are shown in Fig. 56. BothFmax andF
curves display a correlation with
growth temperature. The characteris-

tic yield changes are shifted by approx-

imately 1°C in the 28°C cells, relative

to the 20°C cells. This shift is particu-

larly clear in theF
{)
curves, which have

a main rise phase (at 46°-52°) well

separated from a minor rise at T < 46°

and a decay at T > 52°. TheFmax curves

show a less conspicuous main decay
phase extending over the whole tem-

perature region, with some character-

istic slope changes. The significance of

these slope changes will become clearer

from an analysis of the Fmax T-jump
curves to be shown below. It appears
that the F curves are a sensitive indi-

cator for a dramatic change within a

relatively narrow temperature interval

of a parameter essential in regulating

fluorescence yield. The same change
causes an inverse effect onFmax , but as

far as slow-heating curves are con-

cerned, the information from F seems
to be more specific.

The fact that F and Fmax slow-
heating curves are shifted with growth
temperature indicates that beyond ex-

pected changes in the enzymatic dark
reaction part of photosynthesis, tem-

perature adaptation has also affected
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Fig. 56. Slow heating curves forF,, andFmax in cells grown at 20 and 28°C. ForFmax measurement
5 x 1G- 5 M DCMU and 10~3 M NH.,OH was added; light intensity 5 x 104 erg/cm2

s. Light intensity for

Fu , 2 erg/cm2
s. Units forF,, andFmax are on the same relative scale normalized with respect to light

intensities. Note the shifted scales forFu andFmax . Rate of heating, approximately l°C/min. Correla-

tion between beginning of major rise phase in F and corresponding decay in Fmax is indicated by full

arrows for 20° cells (at 46°) and broken arrows for 28° cells (at 47°).

some parameter associated with the

pigment system and PS II reaction cen-

ters. Slow-heating curves as such do

not reveal which parameter is affected.

T-Jump Curves

With a T-jump the time course of the

heat-induced fluorescence changes can

be monitored, giving additional infor-

mation on the nature of changes. Fig-

ure 57 shows T-jump curves ofF and
Fmax for the 20° and 28° cells. As with
the slow-heating curves, there is a
clear correlation with growth tempera-
ture. Heat-induced changes are more
pronounced in the 20° cells. Tempera-
tures for roughly equivalent fluores-

cence time courses are shifted by ap-

proximately 1°C upward for the 28°

cells. At a given temperature, 28° cells

have to be heated about twice as long

as 20° cells to give an equivalent
fluorescence increase (e.g. compare
curves for 47°C). The T-jump curves
reveal several phases, suggesting that

there are several mechanisms by which
heat induces fluorescence changes. A

detailed analysis fori*
1

,,
curves has been

presented elsewhere (Schreiber et al.,

1976). A new finding is the inverse re-

lationship between the time courses of

the F and Fmax curves, particularly

pronounced in the slower part of the

curves. At present no definite explana-

tion can be given for this phenomenon.
However, it appears unlikely that it is

based on changes in quenching at PS II

centers or changes in de-excitation rate

constants of Chi a in the pigment sys-

tem. Such changes should affect T1

,, and
Fmax in the same direction. As a work-
ing hypothesis it may be proposed that

the process that leads to the increase in

F and the decrease in Fmax affects the

energy distribution favoring PS I in the

F state and PS II in theFmax state. Any
disturbance of such an active distribu-

tion mechanism would cause an in-

crease inF and a decrease in Fmax .

Reversibility of the Light-Induced

Fluorescence Increase in the

Presence ofDCMU
In the sections above it was shown

that Scenedesmus grown at different



DEPARTMENT OF PLANT BIOLOGY 475

[ ' 1 ' '
'

'

46° 47° 48° 49°

- ^_-
y^** / ,.,-

/>"""
/,'

-

r^--'""
^f,.

--''

f
.'

I 2 I 2 I 20 1 2

Time, mm

Fig. 57. T-jump fluorescence induction for F and ,Fmax in 20° and 28° cells. T-jump from 30° to

indicated temperatures. Solid lines, 20° cells; broken lines 28° cells. Conditions as in Fig. 56. Units for

Fmax and F are on the same relative scale, normalized with respect to light intensities.

temperatures displays consistent dif-

ferences in heat-induced fluorescence

changes. It remains to be shown that

these differences relate to a difference

in thermal stability. It has been shown
previously that heat treatment inhibits

the back reaction at PS II centers
(Schreiber, 1971). When a sample is il-

luminated in the presence of DCMU, a

high steady-state fluorescence yield re-

flects complete reduction ofQ . In a fol-

lowing dark period Q normally be-

comes reoxidized, as indicated by a re-

producible fluorescence rise curve with
subsequent illumination. Heat treat-

ment prevents this reoxidation. Figure

58 compares fluorescence rise curves in

the presence of DCMU in a nonheated
control and a sample heated for 1 min
at 56°C. In Fig. 58A dark-adapted
samples are compared; heating causes

only a small increase inF . Figure 58B
demonstrates that there is no reoxida-

tion ofQ in the heat-treated sample fol-

lowing preillumination. The light-

induced fluorescence rise in the pre-

sence of DCMU is irreversible. This

behavior is identical to that in the pre-

sence of NH 2OH, which has been
shown to inhibit the back-reaction at

PS II centers by keeping the donor
Z-reduced (Bennoun, 1970).

When a sample is only partially heat
damaged, only part of the PS II reac-

tion centers will be inactivated in their

back-reaction, and part of the DCMU
fluorescence rise is reversible. The de-

gree of irreversibility can be considered

a measure of heat damage.

In Fig. 59 the term (Fmax - Fu )/Fmax is

plotted as an expression of still active

centers versus heating temperature for

the 20° and 28° cells. Inhibition of the

back-reaction occurs in the same tem-

perature region where slow-heating

and T-jump curves showed characteris-

tic fluorescence yield changes. The in-

hibition characteristic is shifted by
about 1°C toward higher temperatures
for the 28° cells.

Heat damage in higher plant
chloroplasts has been correlated with
changes in FJFmax by Berry et al. in

this laboratory (Year Book 74, p. 751,

and elsewhere in this Report). New as-

pects suggested by the present study
are the importance of controlled preil-

lumination and the similarity of the

heat damage to the action of NH2OH.
As with NH2OH, heat damage does not
block the PS II primary reaction as

such, because without preillumination

a close-to-normal fluorescence rise is

observed (see Fig. 58). By analogy with
the effect of NH2OH, heat damage ap-

pears to prevent reoxidation of Q via

electron transfer to Z+ at the PS II

donor side (Bennoun, 1970). To date, it

is difficult to distinguish between two
alternate hypotheses. Heat damage
possibly causes the breakdown of a
barrier that normally prevents reduc-

tion of Z + by endogenous electron
donors. This barrier may be provided
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by an intact membrane. Alternatively,

heat damage could cause denaturation
of the water-splitting enzyme. Both
hypotheses account for a block of the

PS II back-reaction and a block of 2

evolution.

There is close similarity between F
slow-heating curves (see Fig. 56) and

the deactivation curves in Fig. 59. One
may conclude that irreversible heat
damage and the F increase measured
at elevated temperatures are related.

Deactivation of the PS II back-reaction

or the water-splitting enzyme system
as such should not cause the dramatic
increase inF„. Both phenomena appear
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to be caused by a common drastic

change in the photosynthetic ap-

paratus in a critical temperature re-

gion. This critical temperature region

is higher in plants grown at higher

temperatures, suggesting the capacity

for partial adaptation. The common
cause may be a fluidity change in the

thylakoid membrane, affecting energy

transfer and distribution as well as

lipid-protein interaction. Adaptation to

growth temperature could involve a

change in the ratio of unsaturated to

saturated fatty acids, as is known for

blue-green algae (Holton et ah, 1964).

Conclusions

The above results demonstrate a cor-

relation between growth temperature,

heat damage, and heat-induced
fluorescence changes in Scenedesmus
obliquus. Similar experiments were
carried out with other unicellular
algae (Chlorella pyrenoidosa and
Anacystis nidulans) and gave similar

results. It can be concluded that these

algae can partly adapt their photo-

synthetic apparatus to their thermal

environment. Chlorophyll fluores-

cence, particularly in F meas-
urements, appears to be a sensitive in-

dicator for heat-induced damage and,

consequently, for assaying heat sen-

sitivity in plants.
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DARK UPTAKE OF HCO," BY WASHED CHLOROPLAST GRANA
Alan Stemler

Bicarbonate ions play an important
role in both the light and the dark reac-

tions in photosynthesis. Of the two
light reactions, HC03

~ is necessary for

photosystem II activity. Evidence
suggests (Stemler and Govindjee, 1973)
that HC03

" is taken up by broken
chloroplasts as a prior condition to ac-

tivation of oxygen evolution during a
Hill reaction. A quantitative estimate

of HCO3" uptake by broken chloro-

plasts is therefore desirable to allow
insight into possible modes of action of

this ion. To obtain such an estimate,

competitive binding studies were done
using H14C03

~ and maize chloroplast

fragments.

Chloroplasts were isolated by a pro-

cedure described elsewhere (Stemler

and Govindjee, 1973). During isolation,

they were subjected to an osmotic
shock, after which they were washed,

frozen, and then thawed before use.

Such chloroplasts normally cannot as-

similate C02 in the usual fashion and
cannot evolve oxygen without an added
Hill oxidant such as ferricyanide.

Nevertheless, under certain conditions

such chloroplast fragments can bind

large amounts of HC03
~ in the dark.

When grana are provided with
H14C03

" and increasing concentrations

of cold HCO3" , competition develops for

a limited number of binding sites on or

within the thylakoid membranes. After

correction for "trapped" H14C03 (i.e.,

unbound HC03
~ associated with the

chloroplasts because of their finite vol-
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ume), results are expressed in a
Scatchard plot (Scatchard, 1949) shown
in Fig. 60. Where a single binding site

is involved, a Scatchard plot will yield

a straight line with the intercept of the

abscissa indicating the concentration

of the binding site. The plot in Fig. 60
shows instead a curved line, indicating

the presence in chloroplast grana of

more than one binding site for HC03
~.

The sharp drop in the left portion of the

curve shows a small pool of binding
sites having a relatively high affinity

for HCO.i". A rough estimate of the

maximum size of this pool can be ob-

tained by a line tangent to the upper
section of the curve and intersecting

the abscissa (Klotz and Hunston,
1971). The dashed line so drawn in Fig.

60 intersects the abscissa at 3.5 jxM,

and this represents the upper limit of

the concentration of this binding site

(or sites, as the pool may be heteroge-

neous) when the chlorophyll concentra-

tion is 1.0 ml.
The long tail of the Scatchard plot

(Fig. 60), which approaches the
abscissa very obliquely ^ indicates that

there also exists in grana another quite

large pool of relatively low affinity

HC03
~ binding sites. The size of this

pool is difficult to determine, since it

cannot be saturated on account of the
limited solubility of HC03-/C02 at the

pH at which the experiment was done
(6.5). However, the size must be
greater than 160 /jlM when the
chlorophyll concentration is 1.0 mM,
since this amount was actually ob-

served bound under a nonsaturating
concentration ofHC03

~. The conditions

of this experiment, however, may not

have been optimal for HC03
~ binding,

so conclusions concerning the actual

number of both high- and low-affinity

sites can only be tentative until other

parameters such as temperature, il-

lumination, and incubation time can be
studied.

An example of a very critical factor

controlling the amount of H 14C03

~

bound to grana is thepH of the suspen-

sion. This relationship is plain in Fig.

61. Chloroplasts take up very little

H14C03
~ abovepH 7.0, but show nearly

a tenfold increase in bound H14C03

~

when thepH is lowered from 7.0 to 5.6.

As other factors that may influence

binding are examined, a better idea of

the size and function of the binding

sites should emerge.
With our present limited knowledge,

we can only guess the significance of

the two pools of bound HC03
" in grana.

40 160 180

Fig. 60. Scatchard plot for the binding ofHCO,~ to chloroplast grana. The suspension contained 1.0

mg chlorophyll ml" 1

(i.e., 1.0 mM), 0.1M Na phosphate,pH 6.5, 0.2 m NaCl, 1.2 /x Ci NaHHCO
:i

. The
concentration of unlabeled NaHCO

:j
was varied from 0.0 to 50 mM. The grana were incubated for 5

min at 30°C after addition of H14CO,-.
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:r to chloroplast

grana as a function of pH. The suspension con-

tained 384 fig chlorophyll ml-1
, 0.1 M Na phos-

phate, 0.2 M NaCl, 33 fiM NaHCQ, (1.2 /nCi

ml^ 1
). The pH was varied by addition of appro-

priate amounts of NaOH.

We know, for instance, that depleting

chloroplasts of HC03
~ has two distinct

effects (Stemler et al., 1974): About half

the photosystem II reaction centers be-

come totally inactive, while those still

able to evolve oxygen have dramati-

cally reduced recovery rates. Assuming
both pools of bound HC03

~ are indeed
functional in photosystem II activity,

each may control one of the above ob-

served effects.

Of the two pools of bound HC03
", the

larger is already more strongly impli-

cated in oxygen evolution. The small
pool is saturated by addition of about 1

mM HCO3- while 10 ml HC03
", a

concentration needed to fill the larger

pool substantially, is required to re-

store oxygen evolution fully in HC03

~

depleted chloroplasts. Both pools, how-
ever, may be equally important, and
will be studied in detail.
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BIBLIOGRAPHIC INFORMATION RETRIEVAL

J. S. Brown

In Year Book 72, p. 407, a computer-
based system for the storage and re-

trieval of bibliographic information
from the photosynthesis literature was
described. Also, the Thesaurus (list of

categories) under which the references

in the "Plantbio" file are listed was
printed out. Currently, the file size has
increased to more than 6000 entries,

and the following new categories have
been added to the Thesaurus: C-3,

ecological; C-4, solar energy; D-6,
xanthophylls; G-14, temperature ef-

fects; G-15, oxidation/reduction; G-16,

pH effects; H-14, superoxides; L-3,

superoxide dismutase; R-6, N2 fixation.

Unfortunately, the cost of storing the

file in a way that makes on-line search-

ing possible at any time has become
prohibitive (about $10.00 per day) un-

less justified by a large number of us-

ers. An attempt was made to form a

Users' Club by sending out information

about the file to approximately 150
photosynthesis workers around the

world. Many were interested, but few
could support it financially.

Therefore, we now have a new proce-

dure whereby we can unload the com-
plete file on to tape and restore it again

when we choose for about $20.00. This
means that we can search and update
the file only during specified periods,

but on-line storage costs are greatly

reduced.

However, we have found another
way in which the file can be useful. It is

easily possible to search and print out

all of the references in a particular cat-

egory alphabetically by first author for

a reasonable cost ($5.00 for categories

having less than 300 references). We
have already sent several of these cat-
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egory listings to other laboratories, and and costs upon request. Inquiries
we shall be glad to provide more spe- should be addressed to "The Librar-

cific information such as category size ian."
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DIRECTOR'S COMMENTARY AND REVIEW

The world population has recently

passed four billion people and the per

capita consumption of minerals is rising

at an increasing rate. These facts alone

are sufficient to warrant an accelerated

effort in locating new mineral resources.

No country can be completely independ-

ent in the acquisition of mineral re-

sources; greater dependence on other

nations for world supplies, restricted by
the natural limitations of their geo-

chemical concentrations in the earth, is

inevitable. In addition, the United States

is particularly vulnerable to the chang-

ing political alignments that have al-

ready led to one serious shortage of a

vital mineral resource. Many other min-

eral resources that are obtained almost

entirely from other nations may sud-

denly be cut off. The prudent nation

will develop a set of alternatives to meet

such catastrophes: one of several rea-

sonable alternatives, and deterrents, is

the establishment of domestic standby

reserves that may or may not now be

economical. First, however, it will be

necessary to find and outline those min-

eral resources.

There is an urgent need, therefore, to

rejuvenate and reorient that field of

economic geology in which the tech-

niques for exploration and discovery of

ore deposits are developed. The prin-

ciples of element concentration need to

be established, and an understanding of

the chemical transport mechanisms of

specific elements must be gained. It is

essential to know why elements accumu-
late in special environments. The prob-

lem demands an organized effort on the

scale of the lunar-sample program or

the JOIDES core studies. Recent discus-

sions indicate that mechanisms for de-

veloping a national program are not

clear; however, there are several labora-

tories where new efforts could be ini-

tiated.

The Geophysical Laboratory has been

dedicated since its beginning to develop-

ing basic research of the kind needed to

resolve some of the problems of element

concentration, in particular those in-

volving the major elements of the earth's

crust. Because of the great array and
diversity of talent that will be required

to resolve mineral resource problems,

especially those for minor elements, new
avenues of scientific training must be

explored. The fellowship programs of a

few small institutions, however, will not

be adequate for training the required

number of investigators. Universities

and other organizations, whose economic

geology staffs are generally at a low

ebb now, will have to assemble their

thermodynamicists skilled in irreversible

processes, metallurgists,, physical chem-

ists, field geologists, experimental pe-

nologists, geophysicists, solid state

physicists, and spectral mineralogists

under an institute arrangement, for ex-

ample, to ensure the proper training of

a new generation of scientists. As the

nucleus groups grow through interaction

and self-instruction, it would appear

that a productive program could be op-

erational and significant research direc-

tions defined within a relatively few

years. Enlargement of the effort could

be carried out through concerned gov-

ernment agencies, an enlightened mining

industry, and the universities staffed

with the new breed of scientists. The
smaller institutions would continue to

provide the highly innovative ideas and

take the initiative—and the risks—in

assessing the directions for major devel-

opments.

Facets of the required basic research

are taking form at the Geophysical Lab-

oratory under headings that do not even

smack of economic geology. Current

studies of trace element partitioning,

metasomatism, ultramafic rocks, and

others noted below include fundamental

ideas that bear on the mineral resource

491
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problems. In each case, the principal

stimulus for the research has been the

curiosity of the individual investigator—
none was project-oriented research. It is

still believed at the Geophysical Lab-
oratory that the best research is carried

out by talented people free to pursue

their quest for knowledge. There is

nothing like a fascinating idea backed

by exciting preliminary results that at-

tracts one's colleagues to the search. And
with the nucleus of talent now at the

Geophysical Laboratory, the ideas have

come as will be seen in the pages that

follow. What dedicated scientist can re-

sist the opportunities presented by the

diamond-anvil high-pressure apparatus,

the new theory of infiltration, the ana-

lytical techniques sensitive to the parts-

per-billion level, or the direct measure-

ment of enthalpy of melting at high

pressure?

Experimental Studies Bearing on the

Core-Mantle Boundary

A major advance in the capability of

investigating experimentally the physi-

cal chemistry of the region near the

postulated core-mantle boundary was
recently achieved. Temperatures in ex-

cess of 3000°C at pressures close to 1.2

Mbar can now be sustained in a device

developed by Mao and Bell. They have

concluded a series of experiments from

which they derived simultaneously the

equation of state of MgO (periclase)

and of pure Fe at 510, 670, 730, and 865

kbar. A ruby crystal contained in the

sample was used to determine pressure

by the fluorescence technique. The vol-

umes of MgO and Fe determined inde-

pendently at shock-wave pressures agree

with the values based on ruby fluores-

cence. The compressibility values are

the first obtained at static pressures

above 300 kbar.

Rosenhauer, Mao, and Woermann
measured the compressibility of mag-
nesiowustite in the range 1-270 kbar in

an effort to determine its stoichiometry

and its volume relative to other min-

erals that are predicted to occur in the

earth's mantle. The volume curve for

magnesiowustite (Mg
. cFe .4O) falls be-

tween those of MgO and wiistite, and

thus magnesiowustite also appears to be

a possible mantle mineral, at least to a

depth of 1000 km.
Reactions involving the chemical dis-

proportionate of ferrous iron in min-

erals to produce assemblages in which

ferric and metallic iron coexist were dis-

covered to be of great importance at

pressures above 100 kbar, corresponding

to depths of 300 km or more in the

earth. Bell, Mao, Weeks, and Van Valk-

enburg document the presence of ferric

iron in their experimental products by
electron paramagnetic resonance and

Curie temperature methods. The con-

firmation lends weight to the idea that

the core and mantle are in chemical equi-

librium. The disproportionation process

probably began as the pressure rose in

the interior of the accreting earth. Melt-

ing of the metallic iron by radioactive

heating and conversion of gravitational

energy to heat is believed to have led to

core formation. It is evident that this

study is a major contribution to an un-

derstanding of the early stages of the

formation of the earth.

Ultramafic Rocks and Minerals

The determination of fossil geotherms

by Boyd using the compositions of py-

roxenes coexisting with garnet has stim-

ulated much new work on nodules from

kimberlite pipes and alkali basalts. The
inflections in some of the geotherms were

at first believed by Boyd to result from

the stress-heating of sheared nodules

from the low-velocity zones. He now
thinks it more likely that the inflections

are due to convective movements in the

mantle that preceded most major kim-

berlite eruptions. The point of inflection

is about the same at a variety of widely

separated localities and is perhaps re-

lated to a partially melted zone of low

seismic velocity. Such a hypothesis,

however, is not wholly supported by re-

cent seismic studies, and other explana-

tions are being sought.
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A geotherm obtained by Boyd, Fujii,

and Danchin from nodules in the

Udachnaya kimberlite pipe in Siberia

shows no inflection. The fact that both

inflected and noninflected geotherms

have been obtained from studies of nod-

ule suites from kimberlite suggests that

inflection is not likely to be an artifact of

the method of estimating temperature

and depth. The ultramafic nodules from
Udachnaya and other Siberian pipes are

very similar in texture and mineral

chemistry to rocks from the mantle be-

neath southern Africa.

The unique Precambrian nodule suite

from the Premier kimberlite pipe in the

Republic of South Africa has been com-
pared by Danchin and Boyd with the

Late Cretaceous nodule suites from other

South African pipes. They conclude that

the chemical and thermal evolution of

the African mantle was essentially com-
plete at least 1115 m.y. ago, the time of

formation of the Premier pipe. The
source of the vast outpouring of Karroo
basalts that covered southern Africa

150-190 m.y. ago may thus have been a

section of mantle deeper than that sam-

pled by the kimberlite eruptions (200

km) . The nodule suite from the Premier

pipe includes a previously undiscovered

variety of harzburgite in which the com-
positions of garnet and chromite are

identical with those found as inclusions

in diamonds. Such harzburgites are be-

lieved by Danchin and Boyd to be the

source rocks for most diamonds.

A group of kimberlite diatremes on
the Colorado-Wyoming state line has

received considerable attention recently

because of the discovery by Eggler and
McCallum of diamonds in a peridotite

nodule from them. Their study, bearing

on the mantle region from which the

diamonds are believed to have come, in-

cluded the determination of the fossil

geotherm using megacryst assemblages

from the Sloan pipes in Colorado. They
found two assemblages, one Cr-rich,

similar in composition to minerals from
peridotite nodules, and the other Cr-
poor, unlike those from nodules of pe-

ridotite. The latter group overlaps in

composition part of the discrete nodule

suite from Lesotho described by Boyd
and Nixon (1973). The geotherm is in-

terpreted to have been partially in-

flected, perhaps by movement of a diapir

into a depleted subcontinental section.

Nodules from dikes and one pipe of

kimberlite in the newly discovered Iron

Mountain, Wyoming, district were ex-

amined by Smith, McCallum, and Eg-

gler. The nodules, principally peridotites

and eclogites, are similar to nodules in

pipes of the State Line district 70 km to

the south (described by Eggler and Mc-
Callum). Some distinctive nodules are

present, including clinopyroxene-ilmenite

symplectic intergrowths. These inter-

growths resemble those found in South

African pipes (Monastery) but have

apparently equilibrated in a lower tem-

perature regime, on the basis of the two-

pyroxene geothermometer.

The upper mantle nodules from the

Kimberley, South Africa, pipes differ

from a number of other well-studied

nodule suites, according to Boyd and

Nixon, in that they lack both high-tem-

perature (>1100°C) lherzolites and Fe-

rich pyroxene-ilmenite intergrowths.

Low-temperature (<1100°C) lherzolites

are little deformed in most occurrences,

but at Kimberley some of them are in-

tensely deformed. The differences in the

kinds of nodules found in different areas

appear to reveal heterogeneity in the

upper mantle, whereas differences in de-

formation probably reflect variation in

the tectonics of kimberlite eruption. The
geotherm for the Kimberley pipes ex-

hibits an inflection.

Among the nodules believed to come
from the mantle are those composed of

garnet peridotite, the most likely paren-

tal material for the formation of basal-

tic liquids by partial melting. Two nat-

ural garnet peridotites were melted at

high pressures by Mysen and Kushiro,

and the proportion of melt at each tem-

perature was determined with the /?-

track mapping technique. They found

that melting of volatile-free peridotite
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can be described almost quantitatively

by the phase relations in appropriate

simple systems. The partial melts in

equilibrium with two pyroxenes, olivine,

and an aluminous phase have reaction

relations with their residual phase as-

semblages similar to those proposed by
Kushiro and Yoder (Year Book 73, pp.

266-269) in the simple system CaSi0 3
-

MgSi0 3-Al 2 3 . Mysen and Kushiro also

found that melting of volatile-free spinel

peridotite can yield alkali basalt, tho-

leiite, picrite, and peridotitic komatiite

compositions, depending on the phase

assemblage present.

A sample of the very olivine-rich lava

komatiite from Munro Township in

northeastern Ontario was melted at a

series of temperatures by Arndt to as-

certain its phase relations at 1 atm. A
striking difference between the crystal-

lization behavior of samples under ex-

perimental conditions and the apparent

crystallization sequence of the lavas as

they cooled after eruption was revealed.

In the laboratory, olivine is the only

silicate phase present through most of

the melting interval at 1 atm; clinopy-

roxene appears only close to the solidus,

and orthopyroxene is absent. By con-

trast, in many of the lavas clinopyroxene

or orthopyroxene appears relatively

early in the crystallization sequence, on
the basis of textural evidence, and in

some lavas is even the liquidus phase.

A possible explanation is that the lavas

were altered by either seawater inter-

action or low-grade metasomatism, with

loss of CaO, SiO;., and alkali elements,

and gain of MgO.
In another phase equilibrium study of

an ultrabasic rock, a natural garnet-

plagioclase pyroxenite from the Ronda
massif of southern Spain, the experi-

mental results led to three possible ex-

planations of origin. In the light of their

field studies, Obata and Dickey con-

cluded that the pyroxenite could have

formed by (1) partial fusion of perid-

otite without fractional crystallization

at less than 8 kbar, (2) partial fusion of

peridotite followed by olivine fractiona-

tion at less than 30 kbar, or (3) frac-

tional crystallization of a mafic or ultra-

mafic magma at 23-30 kbar.

The compositions of pyroxenes that

occur in nodules and among the melt-

ing products of laboratory experiments

on natural rocks can yield valuable tem-

perature-pressure information if suit-

ably calibrated. Some compositional

parameters are especially sensitive to

temperature, whereas others are sensi-

tive to pressure. According to Fujii, it is

now clear that the solubility of alumina

in enstatite coexisting with forsterite

and spinel is not highly sensitive to pres-

sure but depends largely on temperature.

It is proposed by Fujii, therefore, that

the alumina content of orthopyroxene

coexisting with spinel is a potential geo-

thermometer. Preliminary experiments

in analogous iron-bearing systems indi-

cate that the geothermometer is applica-

ble in more complex systems. Additional

experiments in Cr2 3-bearing systems

are needed, however, before this geo-

thermometer is applied to Cr 2 3-rich

natural rocks.

The partitioning of iron and mag-
nesium between garnet and clinopyrox-

ene is also an extremely useful geo-

thermometer for mafic and ultramafic

rocks crystallized at high pressure. The

influence of composition and pressure

on the partition coefficient has been in-

vestigated by Wood. Garnet-clinopyrox-

ene pairs from ultramafic rocks give

partition coefficients similar to those of

pairs crystallized from mafic composi-

tions. It appears, however, that pres-

sure has a larger effect on iron-mag-

nesium partitioning for mafic than for

ultramafic compositions. The probable

reason for the difference lies in the de-

pendence of the Ca content of garnet on

pressure. In mafic compositions, the

garnet becomes more calcic with in-

creasing pressure, whereas in ultramafic

compositions little pressure dependence

is observed. Nonideal Ca-Mg-Fe inter-

actions in garnet solid solutions serve to

alter the overall partitioning relation-
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ships as a function of Ca content of that

phase.

Melilite, a relatively rare ultramafic

mineral, occurs in rocks believed to have

formed at low pressures, yet related in

an as yet unknown way to magmas gen-

erated at great depths. The available

analyses of melilite-bearing eruptive

rocks were assembled from the litera-

ture by D. Velde and Yoder, who found

that on the basis of bulk chemical com-

position there were two compositional

groups. A high-alkali, low-magnesium

group consists of rocks that commonly
contain melilite phenocrysts; and a low-

alkali, high-magnesium group includes

lavas in which melilite is a groundmass

phase. A comparison between the chemi-

cal composition of melilite-bearing ig-

neous rocks and that of feldspar-free

lavas indicates that melilite appears in

silica-poor and alumina-poor liquids,

that is, in lavas in which the molar alu-

minum content is seldom much greater

than the molar sum of Na -\- K. These

observations led them to reconsider the

available experimental data, and they

were able to show that the addition of

alkalies (Na or K) to a nephelinite com-
position will induce the crystallization

of melilite. The nepheline-CaO-MgO-
Si0 2 system considered by Bowen (1928)

was further analyzed by Yoder and D.

Velde, using the vast amount of new
phase equilibrium data, and this analy-

sis led them- to the same conclusion,

namely, that the alkali content of the

magma is a most important factor in the

generation of melilite-bearing rocks.

Sahama used the electron microprobe

to obtain more detailed information on

the composition of melilite and its co-

existing clinopyroxene from lavas of the

volcano Nyiragongo, Zaire. He found

unusual sector zoning in both the meli-

lite and the clinopyroxene, with the

variability in the clinopyroxene almost

equal to that in some of the lunar zoned

clinopyroxenes. Sahama noted that the

peg structure of melilite is probably just

one stage in the eventual complete al-

teration of melilite by metasomatic

processes.

Igneous Petrology: Experimental

and Field

Liquid immiscibility was dismissed

many years ago as being an unimpor-

tant factor in the generation of the di-

versity of igneous rocks. New discov-

eries, however, in iron-rich rocks from

the moon and on earth have revived in-

terest in the concept. Although direct

observation of the products of immisci-

ble liquids in rocks is confined to the

later stages of magma evolution, the

immiscibility fields are now believed to

affect profoundly, albeit indirectly, the

course of liquid fractionation. One senses

a major concept evolving in the role of

immiscibility regions in affecting magma
equilibria.

A series of compositions in the system

KAlSi 3 8-FeO-Fe 2 3-Si0 2 was studied

by Naslund to determine the effect of

/o2 on the low-temperature immiscibility

field of this system (Roedder, 1951a).

Both the degree of liquid-liquid separa-

tion and the upper temperature limit of

liquid immiscibility showed a progres-

sive increase with increasing oxygen

fugacity. A similar series of composi-

tions in the system NaAlSi
:i 8-FeO-

Fe 2 3-Si0 2 showed no low-temperature

immiscibility field under reducing condi-

tions (/o = 10~ 12 atm), but at higher

oxygen fugacities a low-temperature

immiscibility field was observed that

expanded with increasing /0o - Naslund

suggests that, in natural magmas, liquid

immiscibility would be most likely to

occur in those systems in which the /o2

is buffered to either the fayalite-mag-

netite-quartz or the magnetite-hematite-

quartz univariant curves.

Liquid immiscibility in silicate melts

can be expected to have important effects

in magmas extending far beyond the

compositional regions in which it ac-

tually occurs, according to Irvine. He
has undertaken a detailed study of these

effects in the system Mg.Si0 4-Fe 2Si0 4
-

CaAl 2Si 2 8-KAlSi.,Os-Si0 2 (Fo-F~a-An
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Or-Q). He has outlined experimentally

extensive regions of metastable liquid

immiscibility in the bounding joins Fo-

Or-Q and Fa-Or-Q, extending from pre-

viously defined fields of stable immisci-

bility and detectable to temperatures as

much as 600°C below the liquidus in

some compositions. Particular attention

was given to the relationship of Fe/Mg
liquidus fractionation patterns to these

regions. His data show that, in the ab-

sence of Or, melts crystallizing on the

olivine-plagioclase and pyroxene-plagio-

clase cotectics do not change toward

silica-rich compositions. He suggests

that this is because of a barrier of high-

silica activity associated with the im-

miscibility. The result is an iron-rich,

silica-poor final liquid. With the intro-

duction of substantial amounts of Or (or

presumably of NaAlSi 3 8 , Ab) this bar-

rier, however, is bypassed and a haplo-

rhyolitic residual liquid develops.

Irvine concludes that immiscibility is

such a fundamental feature of this type

of system that the observed contrast in

fractionation patterns is probably rep-

resentative of the difference between the

Skaergaard-type of differentiation trend

toward extreme iron enrichment (the

Fenner trend) and tholeiitic and calc-

alkaline trends leading to rhyolitic or

granitic end products (the Bowen trend)

.

He notes, moreover, that all the major

magmatic series extending from basic to

acidic compositions apparently pass

close to regions of immiscibility and that

even if they did not intersect these re-

gions, the magmas probably underwent

a change in the structure of the liquid so

fundamental that it could be reflected in

almost any aspect of the chemistry of

the series as well as in certain physical

properties of the magmas, such as vis-

cosity.

Kushiro determined the viscosity of

melts of NaAlSi 2 6 , K 2MgSi 5 12 , and
Na 2Si 3 7 composition. He found that

the viscosity of all three melts decreased

isothermally with increasing pressure.

The NaAlSi 2 6 melt composition showed
a particularly rapid drop in viscosity

between 5 and 10 kbar at 1350° C. Ku-
shiro reasoned that because a coordina-

tion shift of A1IV to A1VI would effect a

breakup of (Al,Si)-0-(Al,Si) bonds in

tetrahedral polymers with a concomitant

decrease in viscosity, the rather abrupt

change in viscosity of the NaAlSi 2 6

melt at 1350°C between 5 and 10 kbar

probably resulted from a transformation

of the type A1IV -» A1VI in the melt. The
other two melt compositions showed a

continuous decrease in viscosity with in-

creasing pressure. A similar continuous

decrease was seen in the NaAlSi 2Os melt

composition above 10 kbar and below 5

kbar. Kushiro therefore reasoned that

cations such as K+, Na+, Mg2+ , and

Si4+ in silicate melts also change coor-

dination with changing pressure. On the

basis of these data, Kushiro argues that

silicate magmas in the upper mantle

probably are denser and more fluid than

previously supposed.

To evaluate the proposed effects on

natural magmas, Kushiro, Yoder, and

Mysen selected the Kilauea 1921 olivine

tholeiite and a Crater Lake, Oregon,

andesite for viscosity measurements

along the liquidi up to 30 kbar pressure.

The viscosity of tholeiite decreased from

about 170 poise at 1 bar to 10 poise at

30 kbar. Similarly, the viscosity of a

Crater Lake andesite decreased from

about 5000 poise at 1 bar to about 1000

poise at 20 kbar. In addition, they found

that the addition of about 4 wt % H 2

to the andesite melt lowered the vis-

cosity about 2 orders of magnitude,

probably as a result of breakup of tetra-

hedral polymers of H 20. Kushiro, Yoder,

and Mysen emphasize that the high

fluidity of silicate melts has important

effects on models of the separation and

ascent of magma in the upper mantle.

The viscosity data also place constraints

on the rate of ascent of magmas carry-

ing ultramafic nodules from the upper

mantle. For example, a magma carrying

garnet peridotite nodules 10 cm in diam-

eter must have ascended from at least

100 km depth in less than about 55 hr

to avoid settling-out of the nodules.
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Infrared transmission spectra of

quenched high-pressure silicate melts

have been made by B. Velde and Ku-
shiro in order to understand the struc-

ture of these melts. Hydrous and anhy-

drous Na 20-3Si0 2 and jadeite composi-

tions were studied. They deduce from

the results that the addition of H 2

tends to depolymerize the melt. At pres-

sures between 10 and 30 kbar, the an-

hydrous jadeite melt also seems to be-

come less polymerized. It is possible that

Al ions are regrouped into Al-0 com-
plexes at elevated pressures instead of

being distributed in silica tetrahedral

chains as they are in glass at 1 bar. The
decrease in polymerization is presumed

to result in a decrease in the viscosity of

the melts.

Also using infrared spectroscopy, My-
sen studied the proportions of molecular

C02 and carbonate in silicate melts and

found that the relative importance of

C0 3
2~ decreases isothermally with in-

creasing polymerization of silicate melt

as the pressure is increased. At 1450°C
Mysen noticed that the proportion of

carbonate relative to total amount of

dissolved C0 2 in albite melt doubles be-

tween 20 and 30 kbar. He reasoned that

this change reflects a coordination trans-

formation of A1IV -> A1VI in the NaAl-
Si 2 6 melt similar to that seen by B.

Velde and Kushiro in quenched NaAl-
Si 2 6 melt. The somewhat higher pres-

sure of the. inferred transition in

quenched melts compared to the transi-

tion deduced from Kushiro's viscosity

data at higher pressure and temperature

may be due to the overpressure required

to preserve the transition in the quench

experiment. Mysen speculated that crys-

tal-liquid partition coefficients of transi-

tion metals probably decrease equally

abruptly as a result of the octahedral

transformation. Furthermore, he sug-

gested that at constant temperature and

/oo, the Fe2 + /Fe3 + of silicate melts may
increase as a result of such coordination

changes.

The effects of C0 2 on the composition

of liquid produced on the partial melt-

ing of peridotite have been found to be

most important. Eggler had shown pre-

viously that in the system CaO-MgO-
Si02-C0 2 , at pressures above 29 kbar,

dolomite is stable on the peridotite soli-

dus. Near that pressure the solidus falls

dramatically in temperature. He has

now determined the composition of the

liquid on that solidus at 30 kbar pres-

sure and finds that the liquid is ex-

tremely silica-undersaturated. It is

known that liquids formed at lower

pressures and in the presence of H 2 are

silica-saturated. One can now appreciate

the conclusion that small changes in the

depth of origin, in the concentrations of

volatiles, and in the amount of melting

can produce dramatic changes in com-

positions of primary magmas, particu-

larly in suites of carbonatite-kimberlite-

melilitite rocks.

Holloway, Mysen, and Eggler have

made the first measurements of C0 2

solubility in highly larnite-normative

liquids on the join CaO-MgO-Si0 2 .

Their systematic investigations of the

effect of liquid composition on C0 2 solu-

bility lead to the conclusion that the

primary factor in controlling C0 2 solu-

bility is the ratio of network-modifying

cations to the network-forming cations.

That effect is exhibited on the join

diopside-dolomite, along which there is

a tenfold increase in C0 2 solubility,

reaching values near 35 wt % in dolo-

mite-rich compositions at 30 kbar pres-

sure. Smaller variations in C0 2 solubil-

ity were found for the exchange of one

network-modifying cation for another,

the order from highest to lowest solu-

bility being CaO > MgO > CoO (CoO
is an analogue for FeO). Holloway, My-
sen, and Eggler conclude that C0 2 solu-

bility will be less than 3 wt % in melts

rich in olivine or hypersthene at pres-

sures up to 35 kbar.

Because of the extensive effects of

H 2 on the stability of carbonates, Eg-

gler, Kushiro, and Holloway have inves-

tigated the carbonation of forsterite

composition in the presence of fluids

containing H 2 and C0 2 (20%-100%
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COo). They have found that magnesite

is almost as stable in these hydrous

fluids as in pure C0 2 . Carbonate min-
erals, therefore, could be stable mantle

phases and might be present on or above
the solidus of peridotite for a wide range

of volatile compositions. They calcu-

lated the phase equilibrium relation-

ships as well, using Holloway's modified

Redlich-Kwong data on fugacity. En-
couraged by the agreement between the

calculated and the experimentally deter-

mined curves, they have calculated other

decarbonation reactions that are im-

portant under conditions in the lower

crust and upper mantle in the system

CaO-MgO-Si0 2-C0 2 .

Although the melting of peridotite

has been previously studied in the ab-

sence of volatiles and in the presence of

volatiles contained in a fluid phase, Hol-

loway and Eggler have performed the

first experiments on melting of perid-

otite containing C0 2 and H 2 entirely

bound in crystalline phases (dolomite

and phlogopite). They find that this as-

semblage melts isobarically (30 kbar)

at a single temperature to a eutectic-like

liquid, regardless of the ratio of H 2 to

C0 2 . For a wide range of volatile ratios,

dolomite melts at the solidus, but phlog-

opite persists over a short supersolidus

temperature interval. Over that interval,

a wide compositional range of liquids

can be produced whose trace element

patterns will no doubt reflect partition-

ing with phlogopite. Above that inter-

val, liquid will be in equilibrium with

olivine and pyroxenes, but phlogopite

will be absent.

From time to time classic field areas

of petrologic interest are reexamined in

the light of new theory and technique.

The often investigated layered gabbroic

intrusion of the Skaergaard, east Green-

land, is now being studied again by a

group formed from several organiza-

tions. Naslund participated in the field

work and has made an electron micro-

probe study of silicate minerals from

the upper part of the intrusion. His re-

sults confirm the general chemical trends

proposed by Wager and Deer (1939),

but there appear to be systematic varia-

tions in different parts of the intrusion.

These variations led to the interpreta-

tion that the Skaergaard magma was
laterally inhomogeneous during the last

stages of its crystallization and that lo-

cal inhomogeneities existed during most

of the differentiation process. It is also

suggested by Naslund that there was a

systematic difference in the conditions

of crystallization between the upper

border group and the layered series.

An alternative to direct observation of

the crystallization sequence of minerals

in igneous rocks is the determination of

the sequence on the basis of the calcula-

tion of structural energies of the com-

peting minerals. Precise atomic coordi-

nates are available for many minerals,

yet the exact calculation of structural

energies is still a goal of the future.

Ohashi has adopted Bertaut's Fourier

series method to calculate electrostatic

energies, as well as site energies, for the

ions of various rock-forming minerals.

He used a high-speed digital computer

to obtain convergence of the Fourier

series. With these values he was able to

treat the degree of polymerization of the

silicate tetrahedra more quantitatively,

and he found that the oxygen bridging

two tetrahedra has a lower energy than

the apical oxygen by approximately 200

kcal/mole. Although the calculations

are only at the beginning stages, it now
appears possible to gain some insight

into the energetics of crystallization of

complex silicates.

The thermal effects associated with

the melting or crystallization of silicates

have considerable bearing on the gen-

eration and transport of magmas. Little

is known about the pressure effect on

the enthalpy of melting, particularly if

volatiles such as H,0 and C0 2 are pres-

ent. A modified DTA technique adapted

by Rosenhauer has led to the direct de-

termination of the pressure dependence

of the enthalpy of melting of diopside.

The principle of the method is to com-

pare an accurately known amount of
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heat generated inside the DTA capsule

with the latent heat of the sample. The
present preliminary results indicate an

increase in the latent heat with pressure

for the dry system consistent with theo-

retical estimations. Under H 20-satu-

rated conditions, however, the heat of

melting is essentially independent of

pressure between 1 and 4 kbar.

In theories of magma generation and

ascent to the earth's surface the adia-

batic gradient and adiabatic compressi-

bility are important reference parame-

ters. The thermodynamic equations for

these quantities quoted by geophysicists,

however, are oversimplified and for-

mally valid only for a one-phase, one-

component system. Rumble has derived

thermodynamically valid equations for

the adiabatic gradient and compressi-

bility for a binary system containing

two binary solutions. The method may
be readily extended to treat still more
complex phase equilibria. Multicompo-

nent, multiphase equilibria have a num-
ber of effects on the adiabatic gradient,

such as (1) changing phase composition

and proportion affect the slope of the

gradient and (2) passage from higher

variance to lower variance phase as-

semblages introduces discontinuities in

the slope of adiabats.

Trace Element Partitioning

The definition of a trace element is

somewhat obscure because under some
conditions an element may have the

properties of an element in trace amounts
or exhibit the characteristics of a major
element, yet under other conditions

obey Henry's law. Some investigators

believe, however, that the partitioning

of trace elements may be more sensitive

to ambient conditions than that of ma-
jor elements and therefore is more likely

to yield detailed and independent infor-

mation on the conditions of formation of

mineral assemblages. The current ex-

periments are contributing to a more

rigorous definition of a trace element

and are calibrating trace element parti-

tioning in terms of temperature, pres-

sure, and bulk composition.

Mysen studied fractionation of the

rare earth elements (REE) between oli-

vine, orthopyroxene, and hydrous sili-

cate liquid. Samarium was used as a

representative REE, the content of Sm
in the products being determined by
counting /? tracks generated by the de-

cay of the samarium-151 source. He es-

timates that only about 1 ppm Sm can

enter olivine and orthopyroxene before

the activity coefficients of Sm3 + become
compositionally dependent. He also noted

that the concentration range of behavior

according to Henry's law is about 25%
greater in orthopyroxene than in olivine

and increases in both minerals about

15%/100°C. The crystal-liquid parti-

tion coefficients of both minerals within

the range of Henry's law increase with

decreasing pressure. However, increas-

ing temperature results in increasing

#sm0l " lifl

,
whereas Ksmopx " liq decreases.

Mysen reasoned that because the Al

content of orthopyroxene decreases rap-

idly with increasing temperature, the ac-

tivity coefficient of Al probably changes,

thus affecting the XSm
opx "liq

. He also

speculated that a similar effect may be

expected in other alumina-bearing

phases. Most mantle minerals contain

less samarium and other REE than the

limit of behavior according to Henry's

law, and it is likely that the total REE
content of a given phase affects the in-

dividual partition coefficients and per-

haps changes them by as much as a fac-

tor of 2. Such effects must be considered

when deducing the genesis of igneous

rocks in light of their REE content.

The partitioning of samarium between

garnet and liquid at high pressures was
also studied by Wood. The REE content

of igneous rocks is greatly affected by
the presence or absence of garnet among
the phases crystallizing from magmas
during their ascent to the surface. Wood
used the /?-track mapping technique at

concentrations of samarium present in

nature. The partition coefficient CSm
garnet

/
C Sm

llquid was found to depend strongly
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on temperature and bulk composition

and to be less dependent on pressure.

Because there are at least two mecha-
nisms of Sm substitution into garnet, the

partition coefficient at very low Sm con-

centrations is dependent on the total

amount of samarium in the system as

well as on major element composition.

The values of the partition coefficient for

basaltic liquids could aid in improving

petrogenetic modeling of igneous proc-

esses.

Nickel has been a most important ele-

ment in arguments concerning the depth

of origin of igneous rocks. For example,

a high nickel content of olivine is be-

lieved by some investigators to indicate

a great depth of formation. Mysen,
using the /?-track mapping technique

with 63Ni as a source of /? particles,

found that the partition coefficient of

nickel between olivine and liquid at 10-

20 kbar and 1025°-1075°C varies be-

tween 12 and 18 as a function of physi-

cal conditions within the range of

applicability of Henry's law. The olivine-

liquid partition coefficient decreases

slightly with increasing pressure and
with increasing temperature. The effects

of temperature and pressure on the or-

thopyroxene-liquid partition coefficient

are less pronounced than for olivine-

liquid. Nickel follows Henry's law in

olivine up to about 1000 ppm. At higher

concentrations, the partition coefficient

decreases by a factor of 3-4 and reaches

a minimum at about 5000 ppm in oli-

vine, and then increases again as the Ni
content is increased further. Orthopy-

roxene-liquid partition coefficients show
that Ni solution in orthopyroxene be-

haves according to Henry's law until

about 100 ppm is dissolved in the ortho-

pyroxene. The lowest value of the oli-

vine-liquid partition coefficient (<5),
according to Mysen, occurs near the Ni
content of olivines from peridotite be-

lieved to have formed in the upper man-
tle. Olivine fractionation of magma de-

rived from the mantle, therefore, will

result in an increasing olivine-liquid

partition coefficient of nickel as frac-

tionation proceeds and in rapid reduc-

tion of the Ni content of magma as

olivine fractionation proceeds. The effect

of the Ni content of other mantle min-
erals on the Ni content of partial melts

is less pronounced because the partition

coefficients are near unity.

Another long-standing problem in the

olivine system, Mg 2Si04-Ni 2Si04, is that

the liquid has a higher Ni/Mg than the

crystals, whereas in basaltic and more
acidic magmas, the reverse is true. Two
explanations in particular have been ad-

vocated for the reversal: one, that it is

related to the presence of iron in the

natural magmas ; the other, that it is due

to crystal-field stabilization effects as-

sociated with the greater polymerization

of the magmatic liquids owing to their

higher contents of silica and alkalies and
their lower temperatures. Irvine and

Kushiro have tested these possibilities in

two sets of experiments with simple sys-

tems. In one set, the partitioning was
examined at 20 kbar in a composition

lying approximately on the olivine join

Mg2Si04-Fe 2Si04-Ni 2Si04 . The results

show that although Fe has some effect

on shifting the partitioning of Ni in

favor of olivine, the liquid continues to

have a higher Ni/Mg. In the other ex-

periments, carried out under 1-atm con-

ditions, the partitioning was measured

at stages during the fractional crystal-

lization of compositions produced by
combining Ni-bearing forsterite with

Si0 2 and K 20-6Si0 2 . It was found that

simply raising the level of silica to that

of pyroxene composition was sufficient

to cause the partitioning to switch so

that the Ni/Mg was higher in olivine.

The change became extreme with the

high silica values achieved by the addi-

tion of the potassium silicate. The par-

titioning correlates strongly with tem-

perature but also shows features that

may be attributed to changes in melt

structure.

Mysen and Holloway selected appro-

priate degrees of melting of one of the

nodules studied by Mysen and Kushiro

and determined experimentally the REE
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fractionation patterns of the partial

melts. They combined the REE data

with the major element data of Mysen
and Kushiro. Mysen and Holloway, us-

ing /?-track mapping, chose cerium- 141,

samarium-151, and thulium-171 as rep-

resentative elements for generating the

experimental REE patterns. They found

that only the patterns from the experi-

mental melt of tholeiitic composition

resemble those of natural tholeiite and

concluded that only olivine tholeiite can

be generated by partial melting of vola-

tile-free peridotite.

The Ni-Fe-Mg distribution between

metallic sulfide, oxides, and silicates in

a partially molten sample of Allende

type-3 carbonaceous chondrite was stud-

ied by Mysen and Kushiro as a function

of oxygen fugacity at 1 atm. They found

the Ni partitioning between sulfide and

silicate (determined with /3-track map-
ping) and the Mg/(Mg + Fe) of sili-

cates quite different from terrestrial

averages but similar to values observed

in lunar ferrobasalt when the /o2
is kept

within the stability field of metallic iron.

Because the nickel partitioning between

molten metal sulfide and olivine is about

2 orders of magnitude smaller than that

of metallic sulfide phase and olivine in

chrondritic meteorite, separation of

nickel between these two phases in

chondrites must result from some other

process. It is unlikely that a composition

similar to „Allende meteorite could be

representative of the bulk composition

of the earth.

Models of stellar nucleosynthesis and
the relative contributions of the proc-

esses involved are constrained by the

observed abundances of Pu, Th, and U
in meteorites. An experimental study of

the fractionation of 239Pu, 230Th, and
235U between whitlockite [Ca 3 (P04 ) 2],

apatite, and diopsidic clinopyroxene was
required to determine the contributions

of nucleosynthesis and crystal-chemical

fractionation deduced from the meteor-

itic actinide (Pu, Th, U) element ratios.

Fractionations determined experimen-

tally by Benjamin, Burnett, and Seitz

are remarkably similar to those obtained

in recent measurements on the primitive

achondrite Angra dos Reis, suggesting

that equilibrium was achieved. The
strong fractionation of Pu relative to U
implies an order of magnitude reduction

in the observed meteoritic Pu/U for the

Angra dos Reis achondrite source reser-

voir that excludes this meteorite from

models of noncontinuous stellar nucleo-

synthesis. The experimental partition

coefficients may be applied to meteorite

data to calculate relative ages of objects

formed in the early evolution of the

solar system.

Petrology of Lunar Rocks and
Meteorites

Optical spectra of the moon's surface

obtained by telescope have been difficult

to interpret because of a previously un-

recognized spectral imprint caused by

glass particles in the lunar soil. Bell,

Mao, and Weeks report on the results of

a comprehensive experimental study of

the spectra of synthetic lunar basalt

glasses of different compositions formed

at specific temperatures and oxygen fu-

gacity. From the spectra of these prod-

ucts they are able to deduce the concen-

trations and oxidation states of iron and

titanium in lunar soil samples. The data

can be used to interpret optical spectra

of various parts of the moon's surface in

terms of oxygen fugacity and certain

compositional parameters.

Perhaps one of the most important

assessments to be made of the lunar sur-

face regolith is the contribution of mete-

orites to the surface layer. Although

earlier investigators had thought that

the composition of metallic particles

could be used to determine whether the

particles are of lunar or meteoritic ori-

gin, Mao and Bell have found complex

relationships between metals, melts, and

host anorthosite in an electron micro-

scope study of rocks from the Apollo 16

site. The relationships illustrate the ef-

fects of melting processes on the surface

where heating was apparently caused by
meteorite impact. The metallic grains
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have apparently changed composition

during melting, and Mao and Bell have
concluded that impact melting on the

surface has severely contaminated rocks

of the lunar highlands.

The fine, welded particles in lunar

soils, thought to result from heat gen-

erated by the impact of micrometeorites

striking the moon's surface in a continu-

ous flux, contain finely divided metal

grains less than 1 ^m in diameter. Bell

and Mao have analyzed the absorption

spectra of these particles by precipitat-

ing metal coatings of iron and carbon on

mineral and glass powders and deter-

mining their spectral properties. It was
discovered that the metal coatings trans-

mit visible and near infrared radiation

and that the resulting spectra can be

used semiquantitatively to determine

the agglutinate content of lunar soils.

Pyroxene crystals from the Angra dos

Reis meteorite are found by Bell and

Mao to have extraordinary optical ab-

sorption properties in the visible region;

these properties apparently are related

to complex electric and magnetic inter-

actions of iron and titanium. These

crystals are the first reported to have

both electric and magnetic vectors; they

have five absorption directions rather

than the three directions normally ob-

served in pyroxenes. A sixth direction in

the Angra dos Reis pyroxene shows vir-

tually no absorption in the visible spec-

trum. The Angra dos Reis pyroxenes

have a unique transmission direction of

visible light, for which the electric vec-

tor and propagation directions are de-

fined. The optical properties were stud-

ied to determine the redox potential and
its influence on the processes of forma-

tion of this ancient (8-10 b.y. old)

meteorite.

Mineralogy

The characterization of a single min-

eral often requires a wide variety of

talent and technique. A cooperative pro-

gram involving Huggins, Virgo, Huck-
enholz, and Rosenhauer reached a re-

warding climax this year in the study of

the petrology and crystal chemistry of

natural titanium-bearing garnets. Their

investigation generated many new in-

sights into these complex garnets and

brought to the fore a fundamentally dif-

ferent rationale for the petrogenesis of

many alkalic, silica-undersaturated ig-

neous rocks.

Huggins, Virgo, and Huckenholz re-

examined the crystal chemistry of a suite

of natural Ti-rich garnets, using elec-

tron microprobe analyses and 57Fe Moss-

bauer spectroscopy. For the first time, it

was demonstrated that such garnets can

contain up to five distinct coordinations

of iron cations: tetrahedral and octa-

hedral ferric and tetrahedral, octahedral,

and dodecahedral ferrous. Furthermore,

small but significant concentrations of

octahedrally coordinated Ti3 + are also

inferred. On the basis of principles pre-

viously established for synthetic gar-

nets, it was shown that during crystalli-

zation of natural garnets from a melt,

all octahedral and tetrahedral Al, Fe,

and Ti cations are involved in an ex-

change process. Extensive electron-hop-

ping occurs between the Fe and Ti ca-

tions so that different oxidation states of

Fe or Ti cannot be distinguished. During

subsequent cooling, the electrons be-

come localized on specific cations. Thus,

the observed coexistence of Fe3 + and

Ti3 + in the garnet structure at room

temperature may result from an arrested

electron-hopping equilibrium process.

Consistent with the low /o2
conditions

of formation that are inferred from the

presence of octahedrally coordinated

Fe2 + and Ti3 + in these garnets, Hucken-

holz, Holzl, Huggins, and Virgo have

determined the stability and phase rela-

tions of two natural and two synthetic

Ti-garnets hydrothermally at 1 kbar

over the temperature range from 600°

to —'1100°C as a function of oxygen

fugacity. In general, the stability field

of the natural garnets occurs at a lower

/oo than that of the synthetic garnet

solid solution containing only Fe3+ and

Ti4+ and extends to below the iron-

quartz-fayalite buffer. The experimental
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results indicate that at high oxygen fu-

gacities and necessarily high tempera-

tures, the stability field of natural Ti-

rich garnets, having oxidation ratios

calculated as (Fe3 + + Ti4 + )/2(Fe +
Ti) and approximately equal to 1.0, is

rather restricted in terms of composition

but can extend to /o2
values of the order

of 1 bar. With decreasing /o2 ,
garnets

with a wider range of oxidation ratio

(0.80-0.95) are stable, but in general,

the garnet solid solution becomes more
reduced and thus less Si-deficient and
may have crystallized at lower tempera-

tures. Within this framework, the sta-

bility ranges of natural Ti-rich garnets

from different geological environments

are related to the /o2
at the time of for-

mation, as indicated by their oxidation

ratios.

To provide quantitative data regard-

ing the conditions of formation of spe-

cific Ti-rich garnets, Virgo, Rosenhauer,

and Huggins have measured the 1-atm

intrinsic oxygen fugacity as a function

of temperature of six natural Ti-rich

garnets using the solid-state, Zr0 2 elec-

trolyte method. The results show that

the values of the intrinsic /o2
of the

natural garnets plot in a restricted field

that is confined between the Fe-Qtz-Fa

and Fe-Wu buffer curves in a log /o2
vs.

\/T diagram. Above a certain critical

temperature, Tr , the oxygen fugacity in-

creases rapidly and irreversibly. These

data are interpreted as indicating that

Tc and the associated /o2
value reflect

the oxygen fugacity prevailing at tem-

perature Tc during crystallization of the

garnetss . In fact, Tc is the maximum
temperature at which the garnet could

have crystallized.

Despite the predominance of the oxi-

dized cations Ti4+ and Fe3+ in the gar-

net structure, the low /o9 values empha-
size the importance of the crystalline

structure in controlling the relationship

between /o2 and cation oxidation states.

The compatibility of the low /o2
values

and the crystal chemistry of the garnets

is reconciled, however, because of the

different valence states of iron and ti-

tanium at the tetrahedrally and octa-

hedrally coordinated sites of the garnet

structure.

The natural Ti-rich garnets appear to

reflect the lowest oxygen fugacities in

terms of the representative results for

terrestrial igneous rocks. Such low /
'

2

values, according to Virgo, Huggins, and
Rosenhauer, however, are consistent

with the strongly reducing conditions

prevailing in deep-seated magma cham-
bers. It is suggested by them that the /o2
values for the natural garnets are con-

sistent with the low /o2
boundaries of

the stability fields of other minerals from

alkali-rich rocks and that the highly

oxidized characteristics of the host rocks,

e.g., Fe 2 3/FeO > 1, may result from a

strong degree of nonideality in the melt

due to high alkali or volatile contents.

They caution against the general appli-

cation of previous experimental studies

carried out under oxidizing conditions to

questions concerning the petrogenesis of

alkalic, Si0 2-undersaturated rocks con-

taining garnet.

The manner in which atoms are

bonded together in a crystal structure is

fundamentally important, according to

Hafner and Raymond, because the chem-

ical bonding controls the response of a

crystal structure to different conditions

of pressure and temperature. They have

developed an ionic model of the elec-

tronic charge distribution that also in-

cludes the effect of oxygen polarization

and overlap distortion to explain the

nuclear quadrupole coupling tensors at

the cationic sites in the garnet solid so-

lution series Y3Fe5_a.Ala.O12 and related

aluminates of the same structure type.

The computed electric-field gradients in

these rare earth garnets are predicted to

be negative in accord with the experi-

mentally determined values. The ob-

served trends in the Fe3+ nuclear quad-

rupole coupling tensors at the cationic

sites can be interpreted with the model
principally in terms of the overlap dis-

tortion; the latter effect, however, does

not account for the significant differ-

ences between the Al3 + and Fe3+ field
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gradients of the different sites and in

samples of the same composition. These
electric-field gradient ratios are shown
to be critically sensitive to the contribu-

tion provided by the dipole polarization

of the oxygen ions.

Hafner, Raymond, Virgo, and Hug-
gins also demonstrate that the model
can be applied to the geologically impor-

tant silicate garnets pyrope, spessartite,

andradite, and grossular. The relative

magnitudes and the sign of the electric-

field gradients at the tetrahedral and
octahedral sites are in agreement with

experiment for these silicate garnets. The
sign of the gradient at the octahedral

sites is reversed compared with the rare

earth garnets. The application of their

chemical bonding model to members of

the garnet family has demonstrated that

purely geometrical considerations of the

garnet crystal structure (e.g., poly-

hedral distortion, edge-sharing) are

insufficient for interpreting a critical

bonding parameter like the quadrupole

coupling tensor.

It has been suggested that pyroxenes

may exhibit a certain amount of solid

solution toward Mg 2Si04 (in silica-

undersaturated compositions) or toward
Si0 2 (in silica-saturated compositions).

Wood has found that in clinopyroxenes

coexisting with quartz and liquid at high

pressures and temperatures the extent

of solid solution toward Si0 2 increased

with increasing A1 2 3 content of the

pyroxene. The resulting nonstoichiome-

try appears to be linked to the presence

of the component Ca
. 5AlSi 2O 6 . The sub-

stitution of significant amounts of this

component explains the observed dis-

crepancy between the stability of CaAl 2
-

Si06-rich clinopyroxenes in quartz-bear-

ing and quartz-free bulk compositions.

Simplicity in chemical composition of

minerals does not always imply simple

phase relationships; the polymorphs of

enstatite, MgSi0 3 , are an example. The
incorporation of a small amount of Ca
in clinoenstatite has recently been found

to stabilize the structure, and as a result

a narrow field of pigeonite exists be-

tween protoenstatite and diopside. The
lack of refined structures near the ensta-

tite composition, however, has curtailed

discussion of the structural changes as-

sociated with the Ca substitution. For
this reason Ohashi and Finger investi-

gated the effect of Ca on the clinoensta-

tite structure, using synthetic single

crystals of iron-free clinopyroxenes.

With addition of Ca, one cation poly-

hedron expands slightly, and this change,

in turn, causes straightening of the chain

of silicate tetrahedra. This relatively

sharp change in the chain leads to the

suggestion that the two different chains

in enstatite become identical with the

addition of 15-20 mole % CaSi0 3 ,
pro-

ducing the augite structure.

Knowledge of not only the limits on

bulk chemical composition but also the

degree of intracrystalline order-disorder

is essential for understanding solid solu-

tions in mineralogy. As a part of their

study of pyroxenoids, Ohashi and Finger

refined crystal structures and cation site

occupancies for three bustamites and

two wollastonites in an attempt to eluci-

date differences in the way the solid so-

lutions are formed in the two minerals.

Although bustamite and wollastonite are

both chain silicates with the formula

(Ca,Mn,Fe,Mg)Si0 3 , the calcium con-

tent varies from 30% to 80% of the to-

tal octahedral cations in bustamite,

whereas deviation from the ideal com-

position, CaSi0 3 , rarely exceeds a few

mole % in wollastonite. Ohashi and

Finger have found that the very wide

field of solid solution in bustamite is

mainly due to stepwise substitutions in

two of the four cation sites. On the other

hand, the three cation sites in wollaston-

ite are found to be disordered, with the

manganese or iron almost equally dis-

tributed.

Electron spin resonance measurements

are especially helpful in ascertaining the

presence of small amounts of ferric iron.

Weeks, Mao, and Bell used the tech-

nique to record for the first time the

spin components of ferric iron in syn-
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thetic, iron-bearing spinels and mag-
nesiowiistites.

The striking red-blue color change in

gillespite, BaFeSi4Oi , at high pressure

has been investigated with 57Fe Moss-
bauer spectroscopy. In a synthetic sam-
ple the color was observed by Huggins,

Mao, and Virgo to change from red to

deep purplish blue at a pressure of 12 ±
1 kbar. The color change was not ac-

companied, however, by the appearance

of extra peaks in the Mossbauer spec-

trum. The small changes in Mossbauer
parameters across the transition appear

to be compatible with the very slight

distortion of the Fe2+ square-planar

site responsible for the color change.

On further increase of pressure, the color

changed gradually from deep purplish

blue to a paler greenish blue. The obser-

vation of a second Mossbauer doublet

with octahedral parameters, as reported

in Year Book 74, did not occur until the

pressure exceeded 30 kbar. Above 70

kbar, this octahedral doublet dominated

the Mossbauer spectrum, and the min-

eral became colorless. These results in-

dicate that a second transition occurs in

gillespite at about 70 kbar and that it

is this transition, not the red-blue color

change, that results in the observation

of a second doublet in the Mossbauer
spectrum.

Metasomatism

Reaction "zones have great attraction

for mineralogists because of the devel-

opment of large masses of one or rela-

tively few kinds of crystals, and for

petrologists because the sequence of

zones contains information on the con-

ditions of formation. Frantz and Mao
have developed a general theoretical

model and a numerical technique useful

in the calculation of metasomatic zones

resulting from intergranular diffusion or

infiltration, or both, of any number of

components. Solution concentrations at

noninvariant boundaries were found to

be dependent on diffusion coefficients,

zone thicknesses, and volume flux. After

the fluid concentration profiles were cal-

culated, the growth of solids at each

point was characterized and calculated.

To illustrate the method, reaction paths

resulting from ternary diffusion in the

system CaO-MgO-Si0 2-H20-C0 2 have

been calculated. Relationships between

the various mobilities of the diffusing

species and the sequence of bimineralic

and monomineralic reaction zones have

been shown. The zone sequence was

found to be entirely dependent upon the

mobilities of the various diffusing spe-

cies, and what often appears to be uphill

diffusion was found to be the result of

widely differing mobilities. The new
theoretical model now provides a basis

for calculating the conditions of forma-

tion of complex metasomatic rocks using

the observed sequence of assemblages,

the zone thicknesses, and the composi-

tion of minerals as well as the measured

diffusion coefficients. In addition, the

Frantz-Mao theory will be useful for the

determination of the genesis of ore de-

posits that occur in skarns formed by
metasomatic processes.

Skarns are often associated with the

emplacement of igneous bodies. Exten-

sive interaction between granites, for ex-

ample, and the rocks they intrude is a

most important process by which ore

bodies are formed. Many investigators

have tried to deduce the effects of fluids

from the country rocks on the granites

by observing the changes of stable iso-

topes in the vicinity of the contract.

Utilizing a petrologic approach, Ferry

has observed several effects of fluids

active during the intrusion of granitic

rocks and simultaneous metamorphism

of sediments, on both the igneous rocks

and the metasediments. Formation of

zoisite in the carbonate sediments re-

cords an introduction of H 20-rich fluids

from the cooling granite. Alteration of

feldspars in the granitic rock to calcite,

epidote, muscovite, and quartz records

an introduction of C0 2 derived from

metamorphic decarbonation reactions in

the sediments. The fluid composition in

both the granite and the sediments has

been estimated from mineral relations.
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Mineral assemblages in the sediments

and garnet-biotite pairs in the granitic

rocks both record a common 520°C tem-

perature that may represent the tem-

perature at which fluid interaction be-

tween granite and sediment terminated.

Feldspar and biotite alteration assem-

blages and feldspar pairs in the granites

record a common 425°C temperature

that may represent the temperature at

which residual fluids within the granite

were consumed by hydration reactions.

It is evident that the simple observations

of mineral composition and assemblage

provide a sound basis for deducing di-

rection of flow of various fluid compo-
nents in metasomatic processes.

Thermodynamic calculation of reac-

tion involving C0 2 or H 2 in the fluid

phase requires accurate fugacity and ac-

tivity coefficients for these species. Hol-

loway has further modified a recently

published modification of the Redlich-

Kwong equation of state for mixtures of

molecular gases. An evaluation of the

accuracy of the resulting equation sug-

gests that it can be used to calculate

fugacities of pure H 20, C0 2 ,
H 2 , and

CH 4 with a relative accuracy of ± 5%
or better and to calculate activities of

these species in mixtures with a relative

accuracy of ± 20% or better over the

temperature range 450°-1600°C and the

pressure range 0.5-35 kbar. Holloway

uses the equation to calculate the mo-
lecular composition of C-O-H fluids in

equilibrium with graphite at total pres-

sures up to 30 kbar, thus opening the

way for experiments in iron-bearing sys-

tems under known conditions of H 20,

C0 2 , and 2 fugacity.

As a result of the introduction of H 20,

basalts are commonly converted to am-
phibolites. Spear determined the com-

positions of amphiboles synthesized

hydrothermally from a basalt over a

range of temperature, fluid pressure, and

oxygen fugacity. He found that amphi-

boles are enriched in K, Na, Ti, and Al

at the expense of Si with increasing tem-

perature and decreasing oxygen fugac-

ity. Most of the compositional variation

could be described in terms of the sub-

stitutions (Na,K)U site) + R3 +(VI)

+ 2A1 (IV) = + R2 + (VI) + 2Si (IV)

and Ti4 +(VI) + 2A1(IV) = R2+(VI)
-4- 2Si(IV). These substitutions are simi-

lar to those found in amphiboles from

regionally metamorphosed amphibolites,

and several heterogeneous reactions be-

tween amphiboles and coexisting phases

are presented that can describe these

variations. He suggested that the "par-

gasitic trend" displayed by amphiboles

from natural amphibolites can be

brought about by a change in either

temperature or oxygen fugacity at a

constant bulk rock composition or by a

change in the activity of Si0 2 at con-

stant metamorphic grade.

Statistical Petrology

Chayes has found that distributions

of three of the major elements (Al, Ca,

Fe) in Cenozoic volcanic rocks are neg-

atively skewed and that the third mo-
ment about the mean (ra 3 ) for each is

comparable in absolute value to those of

the positively skewed elements Mg, Na,

K, and Ti. The net skew of cations

would thus be strongly positive, for the

absolute value of m3 for Si is very much
larger than that of any other element,

and as shown in last year's report, the

skew of Si is positive. Curiously, the dis-

tribution of the only essential anion,

oxygen, calculated from the same data,

shows very slight asymmetry.

The sampling variance of the coeffi-

cients of multivariate equations gen-

erated in discriminant function, princi-

pal component, and factor analysis is a

source of experimental variation usually

ignored in geologic applications of these

increasingly popular procedures. Prelim-

inary results of Trochimczyk suggest

that the coefficients of functions that

yield remarkably similar partitions of

sample variance in random samples of

the same body of data may differ widely.

Even though the statistical interpreta-

tion of such coefficients may be clear and

forthright, their sampling variance may
render geological or geochemical inter-
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pretation of them—as, for instance, when
the coefficients of a principal component

are used as coefficients in a mass-balance

equation—exceedingly difficult and un-

clear.

By means of binary discriminant

function analysis Chayes has been able

to characterize numerically the chemi-

cal consistency of current usage of the

commoner names of Cenozoic volcanic

rocks. The work will provide a back-

ground against which inconsistencies in-

evitably introduced by proposed changes

in the denotations of existing rock names
can be evaluated.

Development of a standard form for

use in building a world data base for

petrology is still in its initial stage, but

Chayes reports that the work already

suggests that construction of such a base

will be a much more demanding and

time-consuming task than had been an-

ticipated. It now seems apparent that

the services of his existing information

system, and of similar systems else-

where, will be required for considerably

longer than had been expected. Accord-

ingly, he has restructured the system so

that its increasingly complex file struc-

ture does not interfere with ready ex-

pansion of its program repertoire, and

Trochimczyk has been expanding the

program repertoire. They and D. Velde

are collaborating in a substantial re-

vision of the data base, scheduled for

completion by the end of 1976.

Biogeochemistry

Sugars and amino acids readily con-

dense to form polymers known as me-
lanoidins that closely resemble natural

humic substances. In a series of experi-

ments Hedges reacted glucose with one

of three amino acids: glutamic acid,

valine, or lysine. The basic amino acid

lysine was found to react with glucose at

a much greater rate than either the neu-

tral amino acid valine or the acidic

amino acid glutamic acid. The polymers

formed from these condensations have
some chemical properties that closely

resemble those of the amino acid from

which they were produced. These inher-

ent properties are reflected by differ-

ences in the associative reactions of the

individual melanoidins with kaolinite

and montmorillonite clay minerals. Over

a wide range of pH and melanoidin con-

centration, the polymer produced from

glucose and lysine was removed from

solution by both clays to a greater ex-

tent than were the valine and glutamic

acid products. Montmorillonite removed

more of each melanoidin than did kao-

linite under most reaction conditions.

The extent of uptake of all polymers by
montmorillonite clays that were satu-

rated with Na +
, Ca2+ , or Fe3+ increased

with increasing ionic potential of the ex-

changeable ions. Some of the observed

associative trends appear to result from

ion-exchange reactions. These studies

suggest that sugar-amino acid conden-

sation reactions may occur in seawater

and marine sediments. Nitrogen-rich

polymers formed from the more rapid

reaction of basic amino acids have a

great affinity for clay mineral surfaces

and should be preferentially incorpo-

rated in fine-grained marine sediments.

The free amino acids found in ancient

fossils have had a complex chemical his-

tory. These free amino acids arise from

the hydrolytic splitting of a protein that

was once part of a living organism. After

formation, they can racemize and also

decompose to non-amino acids. In order

to apply amino-acid geochemistry to the

paleothermometry and geochronology of

fossils, knowledge of the relative rates

and activation energies for hydrolysis,

racemization, and decomposition is nec-

essary. The rate of release of various

amino acids during the hydrolysis of

protein was found by Hare to follow a

simple exponential law. The temperature

dependence of the rates yields activa-

tion energies that average about 21-23

kcal/mole. Aspartic acid and glycine are

released about an order of magnitude

faster than valine or isoleucine, but the

activation energies are similar. The rates

of racemization of free amino acids also

follow a simple first-order rate law but
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have activation energies of about 30

kcal/mole, about 7-8 kcal greater than
for hydrolysis. A mathematical treat-

ment of the rate expressions shows that

it is possible to deduce the age and mean
temperature of fossils forming a closed

system with both partially hydrolyzed

proteins and partially racemized free

amino acids.

Hoering has developed an analytical

scheme for fractionating and identifying

components of saturated hydrocarbon

mixtures that occur in Precambrian
rocks. The new computer-based data-

handling system on the tandem gas

chromatograph-mass spectrometer is a

key part of the experiment. Hydrocar-

bons from the oil seep in the well-pre-

served billion-year-old Nonesuch shale

of Michigan were examined for six classes

of molecules that can be related to

known precursors of living cells, the so-

called molecular fossils. Four of the

classes—normal, isoprenoid, 2-methyl

and 3-methyl hydrocarbons—are pres-

ent in appreciable concentrations. The
other two, sterane and triterpane hydro-

carbons, contribute less than 50 ppm to

the material. The presence of the four

classes indicates that a number of bio-

chemical pathways existing today were

operative at the time of deposition of

the shale. The absence of appreciable

sterane hydrocarbons is puzzling and

raises questions about the state of cellu-

lar evolution at that time. Hoering points

out that understanding of Precambrian

life is directly tied to the state of knowl-

edge about mechanisms of transforma-

tion and preservation of organic matter

in rocks.

Geochronology

Proterozoic volcanic and intrusive

rocks from Mount Isa, Australia, where

field relationships are well known, have

been studied by Page, using U-Pb ages

of zircons. The detail of the geochrono-

logical control and its accord with the

geology lead to simple conclusions about

the petrogenesis of the igneous rocks en-

countered. Comparison of the U-Pb re-

sults, field constraints, and earlier deter-

mined Rb-Sr total-rock isochrons from

these slightly altered acidic volcanic

rocks and granites shows that the Rb-Sr
ages in most of these rocks are about

100-200 m.y. less than the U-Pb ages.

The Rb-Sr isochrons of these rocks (es-

pecially acidic lavas) portray all de-

grees of disturbed isotopic systems. Some
of the isochrons are approximately

linear; others are curved. Curved iso-

chrons at low Rb/Sr yield higher appar-

ent ages than samples with higher Rb/
Sr. This comparative isotopic study

conclusively demonstrates that such

spurious Rb-Sr isochrons on low-grade

metamorphosed acidic igneous rocks

may not give dependable ages for either

primary crystallization or metamor-

phism.

Uranium-lead ages were measured for

the first time for zircons from kimber-

lites, using the hydrothermal decomposi-

tion technique and the 205Pb tracer de-

veloped at this Laboratory. Zircons from

kimberlite pipes located near the center

of the African shield give ages close to

90 m.y., but zircons from the edge of the

shield, where the lithosphere is thinner,

crystallized 70 m.y. ago. These prelimi-

nary results of Davis, Krogh, and Er-

lank can be interpreted to indicate that

the zircons crystallized from a magma
only a few million years before the kim-

berlite erupted through overlying Creta-

ceous sediments.

New Techniques and Equipment

A major event in high-pressure re-

search took place in December 1975

—

a pressure in excess of 1 Mbar was sus-

tained in a laboratory device for 1 week.

The diamond-anvil high-pressure appa-

ratus of Weir et al. (1959) was greatly

improved by Mao and Bell so that sam-

ples of geological interest could be held

at pressures up to 1.2 Mbar and sub-

jected to temperatures up to 3000°C

with the use of a laser beam. At sus-

tained high-pressure conditions it is now
possible to monitor pressure continu-
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ously by means of the spectral shift of

the sharp fluorescent R lines of a ruby

crystal situated in the sample cell and
excited by a Cd-He gas-diffusion laser

beam. The sample can be observed vis-

ually, and x-ray diffraction, infrared

spectral, and Mossbauer spectral data

can be taken. Mao and Bell succeeded in

melting metallic iron at 1 Mbar in the

first of many exciting experiments. It

will now be possible to study routinely

the properties of materials under condi-

tions approximating those near the

earth's core-mantle boundary.

In the study of melting and crystal-

lization of minerals, it is highly desir-

able to observe the phenomena under

the microscope. Ohashi and Hadidiacos

have built a microheater in which the

Pt-PtRh thermocouple has three func-

tions: holding, heating, and measuring

the temperature of the sample. Because
of its small heat mass and fast thermal

response, any changes in temperature

are instantaneously measured and cor-

rected, thus resulting in precise tem-

perature control. The highest operating

temperature is at present 1600°C, a use-

ful maximum temperature for the melt-

ing of many common rock-forming sili-

cates. The new furnace may also be

especially useful for determining the

structure of crystals in the temperature

region just below the melting point.

Kushiro designed a new furnace as-

sembly of 3/4-in diameter for work at

pressures up to 30 kbar with more than

0.5 g of rock powder in an individual

sample. By tapering the ends of the

graphite furnace, the temperature gradi-

ent along a 12-mm section of the furnace

is kept within 15°C compared with the

more than 50°C gradient in a normal

untapered furnace with similar sample

volume capacity.

Beta-track counting was employed by
Mysen as a means of determining ac-

curately the proportions of melts formed

in experiments with natural rocks and

simple synthetic systems. The technique

is based on a tracer that preferentially

enters the melt and does not affect the

phase relations. About 50 ppm 14C-
spiked C0 2 was used as tracer to test the

technique on melting experiments on a

natural garnet peridotite. The /?-track

maps are also useful in studying the

geometry of melt formation in rocks and

in determining the volatile content of

partial melts.

EXPERIMENTAL STUDIES BEARING ON THE
CORE-MANTLE BOUNDARY

Compressibility and X-Ray
Diffraction of the Epsilon Phase

of Metallic Iron (c-Fe) and
Periclase (MgO) to 0.9 Mbar
Pressure, with Bearing on the
Earth's Mantle-Core Boundary

H. K. Mao and P. M. Bell

One of the first steps in developing a

physical model of the earth's deep man-
tle and core is to obtain physical prop-

erties of the minerals and mineral as-

semblages that are considered likely to

occur at the mantle-core boundary.

Seismic and experimental data indicate

that the minerals are close-packed oxides

and metals (Mao, Year Book 73) ; thus

the phases MgO and e-Fe were selected

for the present study as possible repre-

sentative phases. Both phases have been

studied by shock-wave methods, and

their equations of state are determined

(McQueen and Marsh, 1960; Carter et

al., 1971). Compressibility of the two

phases was measured experimentally in

the present study to 0.9 Mbar, and it

was found that no phase changes oc-

curred above 130 kbar. The data serve

to set volume- (and density-) pressure

constraints on the potential mineral

properties to an equivalent depth in the

earth of 2000-2500 km. These are the

first static high-pressure experiments
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that can be used directly to set physical

constraints at the mantle-core boundary.

Experimental Procedures

These experiments utilized a unique

sample configuration in the diamond-
anvil high-pressure cell. Crystals of ruby
and powdered MgO of reagent grade

were placed on both sides of a thin sheet

(0.003 mm thick) of iron (99.999% Fe).

The assemblage was placed between the

diamonds. The crystals and powder were
embedded in the iron sheet as pressure

was applied. A pressure gradient existed

in the sample, but the gradient could be

mapped out accurately to a scale of 30

ftm, as described below. A beam of

MoKa x rays of 70 fim diameter was in-

cident upon the central portion of the

sample, and a precision x-ray film cas-

sette attached to the pressure cell re-

corded the diffracted beam.

Within and surrounding the central

70-;iim-diameter area intersected by the

x-ray beam, five circular areas, each 30

//.m in diameter, were sampled for pres-

sure measurement using the ruby-fluo-

rescence technique (Fig. 1). Pressure

measurement was done by focusing a

He-Cd laser beam in epi-illumination

apparatus described last year (Bell and
Mao, Year Book 74). The ruby R x fluo-

rescent line was measured in each of the

five areas, and an average pressure was
calculated. This method offered an ex-

cellent opportunity to compare the ruby

pressure scale with shock-wave data.

Pressure Calibration of the

Compressibility of MgO
The five circular areas where pressure

was measured by ruby fluorescence are

shown in Fig. 1. The pressure distribu-

tion within the overall areas that in-

cluded the five areas sampled was as-

sumed to be parabolic, and a weighted

average of 3/4 Fcenter + 1/4 Pvim was

used to calculate the pressures listed in

Table 1 (Pruby ).

Calibration of the pressure values de-

termined by ruby fluorescence was done

by measuring the volume of MgO by

00^

Fig. 1. Location of areas sampled for pres-

sure measurement in the pressure cell (cross-

hatched, x-ray beam; stippled, laser beam).

x-ray diffraction at the pressures at

which the ruby fluorescence technique

was employed. The volumes of MgO
thus determined are compared with the

volume-pressure curve for MgO of Car-

ter et al. (1971) in Fig. 2, and the ex-

perimental pressures are listed in Table

1. On the basis of this calibration the

pressures are plotted in Fig. 3 with a

linear extension of the ruby fluorescence

scale (Piermarini and Block, 1975). The
ruby fluorescence scale appears to be

linear to approximately 0.9 Mbar.

Compressibility of e-Fe

The compressibility of e-Fe deter-

mined simultaneously with that of MgO
is listed at the calibrated pressures in

Table 1. The experimental points are

plotted in Fig. 4 with existing data on

a-Fe to 150 kbar and e-Fe to 300 kbar

(Mao, Bassett, and Takahashi, 1967)

and the shock-wave Hugoniot curve for

e-Fe of McQueen and Marsh (1960).

The present data can be fitted to an

isothermal Birch equation of state with

£ = 0:

P=1.5B [(V/V )-^3 - (V/V )- 5/3
1

where B = 1.86 Mbar and V (e-Fe) =
6.72 cm3 mole-1 . The Hugoniot curve is
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0.5 1.0

Pressure, M bar

Fig. 2. Calibration curve for pressure versus volume of MgO (curve after Carter et al., 1971).

uncorrected for temperature, and part or

all of the differences between the Hugo-
niot and the present data may lie in the

correction.

The present data show that no phase

change occurs in e-Fe to approximately

0.9 Mbar. Figure 5 shows a plot of the

lattice parameter ratio (c/a) of e-Fe as

a function of pressure. This line c/a =
1.607-0.018P (Mbar) fits the present

data points and the points of Mao, Bas-

sett, and Takahashi (1967). There is

strong departure between both sets of

data and the data of Clendenen and
Drickamer (1966).

Discussion

The present data are the first direct

measurements of compressibility of iron

calibrated with the compressibility of

MgO and can be used as primary physi-

cal constraints in geophysical models of

the earth. The data carry no uncertain-

ties regarding spherical and radial ho-

mogeneity in the mantle and core as do

the theoretical derivations and calcula-

tions of the Adams-Williamson solution.

Recent seismic observations by M. N.

Toksoz (personal communication, 1976)

suggest that the core is radially inhomo-

geneous and that the molar volume of

TABLE 1. Pressure and Compressibility Measurements

PT uby* (kbar) MgO Fe
Experiment

No. Center Rimf AverageJ V/Vo P(kbar)§ V/Vo\\ c/a

4C1 528 495 520 0.8120 510 0.7772 1.599

5C1 702 630 684 0.7802 670 0.7519 1.592

5C2 806 759 794 0.7696 730 0.7411 1.593

5C3 878 807 860 0.7473 865 0.7233 1.592

* Calculated on the basis of linear extrapolation of the calibration below 300 kbar (Pier-

marini and Block, 1975)

.

f Average of four measurements outside the rim of the x-rayed area.

t Weighed average of V± Prim + % Pcenter.

§ Based on the P-V relations determined by shock-wave technique (Carter et al., 1971).

II
Fj>,<r-Fe/Fo,a_Fe = 7.093 cm3/mole.
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0.5

Pressure, M bar

Fig. 3. Pressure of MgO (calibrated- by shock-wave data) versus AX (nm) of the ruby Ri
line (measured simultaneously with MgO compressibility). Solid curve, after Piermarini and
Block (1975) ; dashed curve, linear extrapolation; circles, present data.

0.9 -

O 0.8 -

>

>

0.7 -

0.6

a Fe.Mao et al.(l967)

298°K

Fe.Mao et al.(l967)

298° K

Iron

-Shock Hugoniot

Present Data °"*-«.^
o.^

0.5 1.0

Pressure , M bar
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Fig. 4. Compressibility of e-Fe. Circles and dashed curve, present data; a-Fe and e-Fe curves,

Mao, Bassett, and Takahashi (1967) ; shock Hugoniot curve, after McQueen and Marsh
(1960).
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e-Fe

Clendenen S Drickamer (1966)

1.58 -

1.57
.00.5

Pressure, M bar
Fig. 5. Lattice parameter ratio (c/a) of e-Fe as a function of pressure (curve and solid

points, after Mao, Bassett, and Takahashi, 1967; curve, Clendenen and Drickamer, 1966; open
circles, present data)

.

the outer core is at least 8%-10% higher

than that of pure iron. With direct com-
pressibility measurements of iron alloys

it may be possible to resolve the ques-

tion of the composition of the outer core.

The present data on pure Fe are the

limiting compositional values of com-
pressibility and thus are the physical

constraints on any model involving pres-

sures of the order of 1 Mbar (cf. An-
derson, Sammis, and Jordan, 1972)

.

Compressibility of Magnesiowustite
(FEo. 4MGo. 60) TO 264 KBAR

M. Rosenhauer, H. K. Mao,
and E. Woermann

Magnesiowiistite is a stable phase in

the system Mg-Fe-O. The density and
electrical properties of the magnesio-

wiistites are considered appropriate for

models of the earth's mantle (Mao, Year
Book 73). The correlation of compressi-

bility and stoichiometry of magnesio-

wiistite is crucial to the understanding

of disproportionation processes (Mao,
Year Book 74)- In this study direct

measurements of molar volume data of

a magnesiowustite with well-character-

ized Fe3 +/Fe2+ were obtained with the

diamond-anvil high-pressure cell. These

results are the first compressibility data

on magnesiowustite at pressures of 264

kbar calibrated with the sodium chloride

internal standard.

Synthetic magnesiowustite was pre-

pared from mixtures of reagent-grade

Fe 2 3 and MgO. Ten-gram samples

were ground and fired in air at 1000°C

for 15 hr. The samples were reground

and pressed into pellets (6 mm diameter,

6 mm thickness) and then placed in a

C0 2-H 2 gas mixing furnace at 1300°C

for 24 hr. The gas mixture was adjusted

to the richest hydrogen mixture at which

metallic iron did not precipitate. Chem-
ical analyses of the run products are

given in Table 2. Lattice parameter

measurements obtained by x-ray dif-

fraction are plotted against composition

in Fig. 6. The composition selected for

this study was Fe .4Mgo. 60, with a lat-

tice parameter of 4.262 A.

The magnesiowustite was studied by
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TABLE 2. Chemical Analyses of Magnesiowiistites Synthesized along the Join FeO-MgO

Fe Fe

Fe + Mg
(weighed)

Fe + Mg
(analyzed)

Weight Percentage

Fe Fe2+ Fe3+ Mg2+ O2

Atomic Ratio (O2- = 1.0)

Va-
can-

Fe2+ Fe3+ Mg2+
cies

0.4 0.4021 41.82 40.32 1.50 27.08 30.01 98.91

0.6 0.6030 55.88 53.84 2.04 16.02 26.84 98.74

0.8 0.8006 68.06 63.46 4.60 7.38 25.01 100.45

1.0 1.0 77.07 68.81 8.26 ... 23.26 100.33

0.3849 0.0143 0.5937 0.0

0.5747 0.0218 0.3927 0.0

0.7269 0.0527 0.1947 0.02

0.8475 0.1017 ... 0.05

x-ray diffraction at nine pressures in the

range 7-264 kbar; the data are given in

Table 3. The pressures were determined

by measuring the volume of NaCl a? an

internal standard, using the volume
equation of state determined by Decker

(1965). A plot of the data is given in

Fig. 7.

A Birch equation of state (high-order

terms truncated), P = 1.5B [(V/
y )-7/3 _ (y/y )-5/3] was fitted to

the data, and the B was found to be

1.57 ± 0.1 Mbar. The pressure-volume

curves for wiistite (Mao et al., 1969)

and periclase (Weaver, Takahashi, and
Bassett, 1971) are also plotted on Fig. 7

for comparison.

Figure 7 shows the uniform self-con-

sistency of the present measurements of

compressibility of magnesiowiistite. One
can approximate an intermediate value

for compressibility between values for

MgO and FeO in constructing physical

models of the mantle, but it should be

4.35

+ Hahn and Muan
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• This work
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Fig. 6. Lattice parameters of magnesiowiistites along the join FeO-MgO.

MgO
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TABLE 3. Effect of Pressure on the Lattice

Parameter, a, and the Volume of

Magnesiowiistite, (Mgo.oFeo.JO

Run aNaCl P aMW
No. (A) (kbar) (A) V/VMW

15UP-3 5.585 7 4.249 0.991

15UP-4 5.499 21 4.248 0.990

1C-2 5.303 67 4.203 0.959

1C-3 5.106 140 4.153 0.926

15UP-7 5.070 158 4.140 0.916

15UP-9 5.051 168 4.130 0.910

1C-4 5.008 192 4.121 0.904

15UP-5 4.985 205 4.116 0.901

15UP-1 4.900 264 4.080 0.877

noted that the magnesiowiistite is not

stoichiometric: Fe3+/Fe2 + = 0.04 (see

Table 2).

The compressibility values for mag-
nesiowiistite are accurate representa-

tives of the chemical series between FeO
and MgO end members to 264 kbar. The
pressures studied are equivalent to a

depth range of approximately 10-900

km.

High-Pressure Disproportionation

Study of Iron in Synthetic
Basalt Glass

P. M. Bell, H. K. Mao, R. A. Weeks,
and A. Van Valkenburg

Oxide minerals produced at high pres-

sure are postulated to form the min-

eralogical framework of the earth's

mantle (Mao, Year Book 73). Because

of the abundance of iron in the total

composition of the earth, the production

of iron oxide phases by chemical dispro-

portionation reactions could thus be a

predominant process if such dispropor-

tionation actually occurs. This study is

part of an effort to explore the process

itself and to determine its applicability

to geochemical processes at high pres-

sure.

The results of high-pressure experi-

ments with spinel of fayalite composi-

tion (Fe 2Si0 4 ) constitute direct evidence

that ferrous iron spinel disproportionates

to stishovite plus nonstoichiometric

wiistite (Mao and Bell, Year Book 70).

0.9
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V -

V
v^
X^x -

« >o>
s ^^Periclase

NXx
Wu 40Pe60^ • X>VxN

-

vv>
-

Wiistite^ s^zOx

vs\
- W\

x\>- \>C\-\^v >

\ ^
*\

i i i i 1
1 1 1 1 1 1 1 1 1

100 200
Pressure, kbar

300

Fig. 7. Volume of magnesiowustites synthesized in this study versus pressure. Also shown are
the volume of MgO (Weaver, Takahashi, and Bassett, 1971) and that of wiistite (Mao et al,

1969).
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The reaction is stabilized by high pres-

sure (Mao, Year Book 73). Further ex-

periments on a more complex system of

basalt composition indicated that dis-

proportionation may occur as well in

common rock compositions (Mao and
Bell, Year Book 74)- The present results

confirm the general nature of the process.

Experiments

A basalt glass studied previously (Bell

and Mao, Year Book 74; glass F 3T , this

Report) was used as starting material.

The glass was first fused in air and then

reduced chemically by a 6-8 hr treat-

ment at 1400°C in an atmosphere of log

Po2
= —9.1. The reduced glass was then

subjected to 150 kbar in the diamond-
window high-pressure cell. At pressure,

the glass was remelted at 2000°C by
scanning a focused laser beam onto the

sample. No pressure gasket was used,

and thus a radial pressure gradient was
developed in the cell, with pressures of

approximately 100-150 kbar restricted

to a central circular area 100 /mi across.

Figure 8 shows a view into the diamond
cell while under pressure, after the laser

beam has been scanned. The area of

dark precipitates is the central portion.

As the laser beam was scanned across

the pressure gradient, formation of the

dark material ceased at approximately

100 kbar and only clear glass that

quenched along the scan into the low-

pressure region was observed. Figure 9

shows a portion of the high-pressure

zone after the pressure was released and

the sample removed. Analysis by elec-

tron microscopy and x-ray diffraction

showed that the dark zones contained a

mixture of quenched garnet and metallic

iron (Bell and Mao, Year Book 74) .

These results are consistent with a

disproportionation reaction but are in-

complete because a mixture of ferric iron

and metallic iron must be demonstrated

to coexist. The metallic iron was ob-

served, but analysis for ferric iron in

these small samples required electron-

spin resonance techniques, described be-

low.

Electron Paramagnetic Resonance

The products of 60 experimental runs

were combined into a sample sufficient

for electron paramagnetic resonance

(EPR). This technique was employed

because it is sensitive to the presence of

ferric and metallic iron but does not de-

tect ferrous iron. The reaction that prob-

ably occurred in the experiments was
3Fe2 + -» 2Fe3+ + Fe°, so the EPR
technique was ideally suited. There is no

possibility of confusing the oxidation

states of the starting material with those

of the products. Figure 10 shows ferro-

magnetic resonance spectra for (a) the

oxidized basalt glass, (b) the reduced

basalt glass used as starting material,

and (c) the 60 run products of reduced

basalt glass that had been held at 150

kbar and melted at 2000°C. The strong

resonance in the (a) and (c) spectra is

caused by ferric iron. Asymmetry of the

resonance in spectrum (c) is caused by
the existence of metallic iron, crystal

shape, and magnetic anisotropy. Figure

11 shows temperature dependence of the

ferromagnetic resonance. (A plot of the

line width of resonance versus tempera-

ture is given in comparison with other

materials by Weeks, Mao, and Bell, this

Report.)

Conclusions

The new data are a confirmation of

preliminary observations of chemical

disproportionation of iron in a complex

basalt. The experiments above 100 kbar

produced detectable reaction, and theo-

retically the amount of reaction should

increase with increasing pressure. The
temperature of these experiments

(2000°C) was set sufficiently high to

cause complete melting but was not in-

tended to correlate with average tem-

peratures at depths equivalent to 100

kbar. The conclusion drawn from these

results is that at depths in the earth

greater than approximately 350 km
(equivalent to 100 kbar), ferrous iron-

bearing compounds will disproportionate

into phases containing ferric iron plus a

metallic iron phase.
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Fig. 8. View into the diamond cell of laser melting scans of basalt glass. Precipitate of

metallic iron plus ferric iron-bearing phases occurs in the dark region where pressure exceeds

100 kbar; no precipitate is observed in the melted portion of the laser scan where pressure is

less than 100 kbar. (Photomicrograph is slightly defocused by the diamond window; width of

laser scan is 10 jum.)
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Fig. 9. Photomicrograph of sample in Fig. 8 after removal from pressure cell (enlarged from
Fig. 8 by a factor of 2)

.
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(a) BASALTIC GLASS FUSED IN AIR

SIGNAL GAIN = 100

(b) BASALTIC GLASS FUSED AT L % 10
9

u2
SIGNAL GAIN =800

(c) BASALTIC GLASS 150 K-BARS,
2000 °C

1000 2000 3000 4000 5000 6000 7000

H, MAGNETIC FIELD (Gauss)

8000 9000 10,000

Fig. 10. Ferromagnetic resonance of (a) basalt glass fused in air, (b) basalt glass fused at

/o2
f=> 10~9

,
(c) basalt glass run products, a sample of sixty experimental run products of

reduced basalt glass (b), that had been melted at 150 kbar, 2000°C.
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BASALTIC GLASS
150K-BARS. 2000 °C

(a) 480 °K

SIGNAL GAIN =200

(b) 300 °K
SIGNAL GAIN =200

(c) 280 °K
SIGNAL GAIN = 400

(d) 180 °K
SIGNAL GAIN = 400

(e) 100 °K
SIGNAL GAIN = 400

1000 2000 3000 4000 5000 6000
/-/, MAGNETIC FIELD (Gauss)

Fig. 11. Temperature dependence of ferromagnetic resonance of high-pressure fused basaltic

glass.
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Inflected and Noninflected
Geotherms

F.R.Boyd

Inflected geotherms based on pyrox-

ene geothermometry and geobarometry

have now been obtained for a number of

areas in southern Africa in addition to

the original determination for northern

Lesotho (Boyd and Nixon, 1975). These

include Kimberley (Boyd and Nixon,

this Report) and the Frank Smith pipe

(Boyd, Year Book 73, p. 285) in the cen-

tral portion of the Kaapvaal Craton and

Farm Louwrencia in Southwest Africa

(MacGregor, 1975). The Kimberley

pipes and those in northern Lesotho

have been dated at approximately 90

m.y., whereas those in Southwest Africa

are significantly younger, about 70 m.y.

(Davis, Krogh, and Erlank, this Re-

port). Moreover, Danchin and Boyd
(this Report) have obtained an inflected

geotherm for the Precambrian Premier

pipe, Transvaal, and this geotherm is

very similar to the plots obtained for

Late Cretaceous nodule suites.

Inflected geotherms thus appear to be

the rule in southern Africa, regardless of

age, and the data of Hearn and Boyd
(1975) suggest a similar pattern for an

Eocene diatreme in Montana. Neverthe-

less, not all geotherms based on pyrox-

ene compositions are inflected. Boyd,

Fujii, and Danchin (this Report) have

determined a geotherm for the Udach-

naya pipe (Late Paleozoic) in Siberia

that shows no inflection whatsoever.

Moreover, results obtained by McCal-
lum and Eggler (1976) for the Sloan II

diatreme (Devonian) in Colorado also

suggest no inflection, although Eggler

and McCallum (this Report) note that

some enstatite discrete nodules from

Sloan II appear to have equilibrated at

temperatures above this geotherm. In

view of the fact that inflections are

sometimes present and sometimes not, it

is suggested that the inflections based

on pyroxene compositions are real and

are not an artifact of the method of

estimation.

The nodule suites from most pipes in

northern Lesotho show an approxi-

mately progressive increase in the de-

gree of deformation with increasing

depth of origin (e.g., Boyd and Nixon,

1975). This relationship led to the pro-

posal that the inflection in the geotherm

was caused by stress-heating during

creep in the Low Velocity Zone (LVZ),

and it was conjectured that the point of

inflection marked the top of the LVZ. In

this hypothesis the predominantly gran-

ular rocks that define the "normal" limb

of the geotherm, that portion which is

approximately parallel to the shield geo-

therm of Clark and Ringwood (1964),

are interpreted to represent the base of

a rigid, little-deformed lithosphere.

Subsequently, Mercier and Carter

(1975) showed that creep in the LVZ
was unlikely to be an adequate source

of heat to produce a thermal anomaly

that appears to be as large as 200°-

300°C. Moreover, Goetze (1975) argued

that the deformation textures exhibited

by the high-temperature, sheared lher-

zolites were produced under conditions

of high stress and strain rate and that

they were produced in a short period of

time ("minutes or days") prior to erup-

tion. It thus appears that the deforma-

tion texture of these rocks may have

been impressed on preexisting assem-

blages of minerals whose solid solutions

have been largely unaffected by the de-

formation. Exceptions are the fine-

grained groundmasses of some sheared

peridotites from Kimberley that have

been altered or reequilibrated or both

during deformation (Boyd, Year Book

74, p. 525).

Some geologic evidence that has been

obtained in the past several years also

appears inconsistent with the stress-

heating hypothesis. Lherzolite nodules

with high equilibration temperatures

from the Frank Smith pipe (Boyd, Year

Book 73, p. 285) show wide variations
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in degree of deformation, but they all

appear to have originated at a common
depth. Similar relations have been found

for the nodule suite from the Sloan II

pipe (McCallum and Eggler, 1976) . The
Kimberley lherzolites were deformed at

lower temperatures (Boyd and Nixon,

this Report), but here too intensely

sheared rocks appear to have come from

the same depth range as little-deformed

rocks. Moreover Dawson, Gurney, and
Lawless (1975) described wide variation

in deformation in individual nodules

from the Bultfontein Floors. The lher-

zolites with fluidal mosaic textures from

Udachnaya (Boyd, Fujii, and Danchin,

this Report) appear identical to in-

tensely sheared nodules from Africa and
North America, and they have equili-

bration temperatures near 1200°C. Nev-
ertheless, they plot on a normal, nonin-

flected geotherm. Clearly, these results

do not support the concept of major

stress-heating.

In most cases the deformation ap-

pears to have strongly affected only the

most deep-seated rocks, those that had

equilibrated near the maximum depths

"sampled" by the kimberlite eruption.

Presumably the deformation is in some

way connected with the kimberlite erup-

tion itself (e.g., Nicolas, 1975). Never-

theless in the eruption of the Kimberley

pipes and possibly also at Matsoku
(Harte, Cox, and Gurney, 1975) the

eruptive tectonics differed in such a

way that peridotites of shallower origin,

with equilibration temperatures below

1100°C, have also been deformed.

It is possible that an inflected geo-

therm would result from convective

movement of partially melted mantle.

Parmentier and Turcotte (1974) have

shown that an off-center thermal profile

of a plume would have exactly the shape

of the Lesotho geotherm. Green and

Gueguen (1974) have argued that such

a profile could be produced by a thermal

section through the top of a diapir. Es-

sentially what is required is that the

convecting mass be sufficiently large not

to cool and that it move sufficiently

slowly that there is continuous reequili-

bration between pyroxene and garnet,

reflecting changes in depth. Unfortu-

nately, there are insufficient diffusion

data for one to be quantitative about

these equilibration rates at this time.

A difficulty with the diapir hypothesis

is that the depth to the point of inflec-

tion is approximately the same for

northern Lesotho, Frank Smith, the

Kimberley pipes, and the Premier pipe

near Pretoria. In Southwest Africa this

depth appears to be somewhat less

(MacGregor, 1975) . The Kimberley area

is 400 km west of northern Lesotho, and

Premier is 400 km to the north. Premier

is Precambrian, whereas the kimberlites

of northern Lesotho and the Kimberley

area are Late Cretaceous (Allsopp,

Burger, and Van Zyl, 1967; Davis,

Krogh, and Erlank, this Report). Obvi-

ously the presence of a number of

diapirs would have to be assumed, and

if so, why is the point of inflection, which

might be taken to be the top of the

diapir, the same?

A Low Velocity Zone model over-

comes this difficulty. Obviously it is pos-

sible to combine a diapir hypothesis with

the assumed presence of a partially

melted LVZ. It could be reasoned that

diapirs rise through the asthenosphere

and erupt as they impinge on the base

of a rigid lithosphere. The fact that geo-

therms that are not inflected have been

obtained from studies of nodule suites

from Yakutia and possibly Colorado

could be interpreted to mean that diapi-

ric activity is not a prerequisite to kim-

berlite eruption.

A problem with a hypothesis that in-

volves a postulated LVZ, however, is

that recent seismic research suggests

that differences between continental and

oceanic mantles persist to depths as

great as 400 km (e.g., Jordan, 1975).

There is a well-defined LVZ in the

oceanic mantle, but beneath the stable

continental shields "this low velocity

zone is weakly expressed and in some

regions it may be nonexistent" (Jordan,
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1975). The solution to this problem is

not apparent at present.

A NONINFLECTED GeOTHERM FOR THE
Udachnaya Kimberlite Pipe, USSR

F. R. Boyd, T. Fujii, and R. V. Danchin

Kimberlite pipes on the Siberian Plat-

form are dispersed in clusters over an
area that extends northward from Lake
Baikal over 2000 km to the mouth of

the Lena River on the Arctic Ocean.

Those kimberlites that occur around the

margins of the Platform are nondia-

mondiferous and are believed to be Late
Mesozoic in age, whereas those in the

central portion of the Platform are dia-

mondiferous and are thought to be of

Late Paleozoic age (Sobolev, 1974).

A group of six peridotite nodules from
the diamondiferous Udachnaya kimber-
lite pipe are of special interest because

they include both sheared lherzolites

with high (>1100°C) equilibration

temperatures and granular peridotites

with low (<1100°C) equilibration tem-

peratures. This relationship is precisely

the same pattern of occurrence found

for a number of localities in southern

Africa and North America (Boyd, this

Report) . Temperature-depth estimates

for five Udachnaya lherzolites, supple-

mented by estimates made on the basis

of mineral analyses reported by Sobolev

(1974), appear to define a geotherm that

is not inflected (Fig. 12). In this respect

the Udachnaya geotherm is possibly

similar to that obtained for the Sloan

II pipe, Colorado, by McCallum and
Eggler (1976; Eggler and McCallum,
this Report)

.

Two nodules from the nondiamondif-

erous Obnazhennaya pipe, described

below, are not suitable for geotherm cal-

culations because their clinopyroxenes

exhibit very reduced solid solutions to-

ward enstatite and have hence equili-

brated below 900°C. However, points

obtained for two granular lherzolites

from an unidentified Yakutian kimber-
lite (which may be the Mir pipe) plot in

a temperature range distinctly lower

than that defined by the Udachnaya
granular xenoliths. This temperature

difference of 75°-100°C is comparable

to the difference found to exist between

the granular nodules from northern Le-

sotho (Boyd and Nixon, 1975) and the

granular nodules from the Frank Smith

Mine, 400 km to the west in South

Africa (Boyd, Year Book 73, p. 285)

.

The fact that the Udachnaya sheared

lherzolites have textures identical with

those of the intensely deformed lherzo-

lite nodules from southern Africa, yet

plot on a normal, noninflected geotherm,

strongly suggests that the stress-heating

hypothesis proposed by Boyd (1973) is

incorrect.

Udachnaya Suite

The three sheared lherzolites from the

diamondiferous Udachnaya pipe show a

considerable range in texture and degree

of alteration. Specimens Uv-1111* and
Uv-1 are very strongly serpentinized,

but the original fluidal mosaic texture

(Harte et al., in preparation) can still

be seen. Remnant grains of pyroxene

and olivine have strained, undulate ex-

tinction. Rounded porphyroclasts of gar-

net with thin (0.2-mm) kelyphite rims

are up to 6 mm in diameter. The ser-

pentine in the groundmass preserves the

original outlines of the olivine neoblasts,

including some euhedral crystals. Dark
lenticles of serpentine and magnetite

(?), enveloping or trailing out from en-

statite porphyroclasts, mark the original

zones of disaggregated, fluidized en-

statite.

Specimen UDA-1, on the other hand,

is quite fresh. The texture is also mosaic,

but the deformation was less intense,

and there is only slight fluidization of

enstatite. The rock is crowded with por-

phyroclasts of pyroxene and a few re-

maining coarse olivine grains. There are

* The specimen numbers used in this report

are those that were attached to the specimens
when they were received from Soviet col-

leagues.
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Fig. 12. Temperature-depth estimates for Iherzolite nodules from the Udachnaya kimberlite

pipe together with two points (M-511 and M-607) for nodules that are believed to have come
from the Mir pipe. Solid and open points are calculated from analyses given in Tables 4-8.

Points marked X are calculated from analyses given by Sobolev (1974). The latter are be-

lieved to be all sheared lherzolites, but this is not certain. An analysis for an enstatite in a
granular Iherzolite (Ud-111) given by Sobolev (1974) and quoted by Borley (1975) shows 0.33

wt % AI2O3 and is thus very discordant; no plot has been made for this rock. For purposes of

comparison with the Lesotho geotherm (Boyd, 1973) the older phase studies of Davis and
Boyd (1966) and MacGregor (1974) were used in calculating the temperature-depth points.

patches of olivine neoblasts that extin-

guish in near unison, marking the sites

of what once were porphyroclasts. A few
small, rounded garnets are up to 3 mm
in size and have thick (0.5-mm) kely-

phite rims.

Olivine neoblasts in these rocks have
a grain size in the range 0.1-0.2 mm
and are thus comparable to those found

in the high-temperature (>1100°C)
sheared lherzolites from southern Africa.

They are substantially coarser than neo-

blasts in the low-temperature (<1100°
C) sheared rocks from Kimberley (Boyd
and Nixon, in preparation)

.

Two other lherzolites and a harz-

burgite from Udachnaya have coarse

granular textures (Harte et al., in prep-

aration), although these textures are

somewhat obscured by extensive serpen-

tinization. The grains are up to 6 mm in

size. Some unserpentinized remnant
grains of these minerals show slightly

undulate extinction, and kink banding is

locally present, but no second-generation

olivine was observed. The garnets have

very irregular, lobate and cuspate bound-

aries with numerous inclusions of olivine.

In this respect they contrast with the

rounded garnets in the sheared lherzo-

lites. Diopside is very sparse, and none

at all was found in Uv-198/75.

Analytical data for the Udachnaya
specimens (Tables 4, 5, and 6) reveal
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many similarities to nodule suites from
southern Africa. The granular Udach-
naya nodules are strongly depleted, with

Mg/(Mg 4- Fe ) for olivines grouping

closely about an average value of 0.923.

The Cr 2 3 in the garnets is moderately

rich, in the range 4-5 wt %, whereas

Ti0 2 is extremely low and is below the

detectability level in all the minerals in

two of the granular rocks (Uv-198/75,

Table 4; Uv-244/75, Table 5). The gar-

net and enstatite in harzburgite Uv-
198/75 appear saturated in Ca, despite

the apparent absence of diopside.

The sheared lherzolites from Udach-
naya are consistently more Fe-rich than

the granular rocks. The Mg/(Mg 4- Fe)

for the olivines show the range 0.872-

0.914, with a mean value of 0.900. The
average values of Mg/(Mg 4- Fe) for

olivines in the high-temperature sheared

and low-temperature granular Udach-
naya rocks are almost identical with

those obtained for a variety of African

nodule suites (Danchin and Boyd, this

Report, Table 10)

.

In the pyroxenes and garnets from the

sheared lherzolites, Ti0 2 is uniformly

present, in contrast to its virtual absence

in the granular peridotites. This rela-

tionship exactly parallels the variations

for Ti0 2 found for lherzolite nodules

TABLE 4. Compositions of Minerals in Two Granular Peridotite Nodules
from the Udachnaya Kimberlite Pipe, wt c/o

Uv-71/75 Uv-198/75

Olivine Enstatite Diopside Garnet Olivine Enstatite Garnet

SiOa 40.4 56.2 55.4 0.43* 41.2 0.66 41.3 56.4 41.1 0.41

Ti02 <0.03 <0.03 <0.03 0.05 <0.03 <0.03 <0.03

ALA 0.04 1.04 2.19 0.17 20.5 0.26 0.04 1.07 19.7 0.19

Cra 3 <0.03 0.41 1.57 0.06 4.00 0.31 <0.03 0.38 4.80 0.15

FeOf 7.72 4.86 1.44 0.06 8.11 0.35 7.28 4.69 7.93 0.13

MnO 0.10 0.13 0.08 0.49 0.05 0.12 0.12 0.50 0.01

MgO 50.8 35.6 16.8 0.35 19.4 0.46 50.6 35.6 19.3 0.12

CaO <0.03 0.54 22.0 0.14 5.91 0.17 <0.03 0.40 5.91 0.10

Na2 n.d.$ 0.04 1.26 0.03 <0.03 n.d. 0.04 <0.03

NiO 0.42 n.d. n.d. n.d. 0.41

99.8

n.d.

98.7

n.d.

99.2Totals 99.5 98.8 100.7 99.7

= 4000 O = 6000 O = 6000 O = 12,000 O = 4000 O = 6000 O = 12,000

Si 988 1954 1982 2979 1003 1961 2992

Ti 3

Al 1 43 92 1745 1 44 1689

Cr 11 44 229 10 276

Fe 158 141 43 491 148 136 483

Mn 2 4 2 30 2 4 31

Mg 1853 1843 897 2096 1833 1842 2093

Ca 20 844 458 15 461

Na n.d. 3 87 n.d. 3

Ni 8 n.d. n.d. n.d. 8 n.d. n.d.

Totals 3010 4019 3991 8031 2995 4015 8025

Ca/(Ca-f
Mg) 0.011 0.485 0.008

Mg/(Mg +
Fe) 0.921 0.929 0.954 0.810 0.925 0.931 0.813

* Values given in italics are for the standard deviation,

t Total Fe as FeO.

X Not determined.
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from northern Lesotho (Nixon and
Boyd, 1973a) and from the Frank Smith
pipe, South Africa (Boyd, Year Book
73, p. 285).

The A1 2 3 content of the enstatites

from the Udachnaya sheared lherzolites

is about 0.6 wt %, a value markedly less

than the 1.0% found for enstatites in the

granular peridotites. This relationship is

the exact opposite of the one that exists

with nodule suites for which inflected

geotherms are found.

The Cr 2 3 content of the garnets from

the sheared lherzolites is highly variable,

ranging from 2.85 wt % (UDA-1, Table

5) to 7.87 wt % (Uv-1, Table 6). More-
over it tends to be inhomogeneous, as

can be seen from the standard devia-

tions given for the analyses. One garnet

porphyroclast in UDA-1 was found to

be zoned (Fig. 13) , which is unusual for

garnets in kimberlite nodules. Both
Cr 2 3 and A1 2 3 are enriched in the core

of the porphyroclast (Fig. 13), implying

0.80

2 0.79

1 0.78
o
< 0.77

22

21

20

19

Mg/(Mg + Fe)

Cr
2 3

Ti0 2

• • • •

Distance, mm

Fig. 13. Chemical variations in a scan across

the full width of a garnet porphyroclast in a

sheared lherzolite (UDA-1) from the Udach-
naya kimberlite pipe.

a decrease in Fe 2 3 , which may be re-

flected by the apparent increase in Mg/
(Mg + Fe).

Obnazhennaya Nodules

One of the two nodules obtained from
the nondiamondiferous Obnazhennaya
pipe is an olivine-bearing garnet pyrox-

enite (OBJ-1) which is so rich in diop-

side and garnet as to appear transitional

to eclogite. The texture is coarse-granu-

lar (Harte et al., in preparation), with

a grain size up to 7 mm. The garnet

grains have irregular outlines and some-

times include or partially envelop py-
roxene. The rock contains small (0.2-0.5

mm) grains of aluminous spinel (Table

7), which tend to be included in garnet,

and there is a trace of pale phlogopite.

Thin exsolution lamellae are present in

both pyroxenes, and very thin plates of

rutile were also observed in pyroxene

and garnet. This pyroxenite is little al-

tered; in particular the garnets have

almost no kelyphite rims.

Pyroxenite OBJ-1 is magnesian (Ta-

ble 7) with Mg/(Mg + Fe) for olivine

of 0.916. Both Ti0 2 and Cr2 3 are pres-

ent in the pyroxene and garnet in low

to moderate amounts. The diopside con-

tains 23 mole % jadeite. The KD for

(Fe/Mg) Gt/(Fe/Mg) Di is 4.283; appli-

cation of the 30 kbar relation of Raheim
and Green (1974) gives an equilibration

temperature for OBJ-1 of 925°C. This

estimate appears somewhat high in rela-

tion to the diopside solvus. Extrapola-

tion of the solvus determination of

Lindsley and Dixon (1975) indicates an

equilibration temperature of ~700°C
for a Ca/(Ca + Mg) of 0.49. Neverthe-

less, a low equilibration temperature, to-

gether with the fact that A1 2 3 in the

enstatite is 1.30 wt %, suggests a rela-

tively shallow origin for OBJ-1.

The other Obnazhennaya nodule

(OBJ-2) is a clinopyroxene megacryst, 4

cm in diameter, containing numerous

coarse (0.5-3 mm) garnet lamellae ori-

ented parallel to (110), (010), and (130)

together with a small amount of exsolved

orthopyroxene in lamellae and blebs.
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The phases in OBJ-2 are homogeneous
except for Na and Al in the host clino-

pyroxene; Na 2 varies in the range 2.6-

3.9 wt %. The minerals in OBJ-2 are

considerably more Fe-rich than those in

OBJ-1 (Table 7), but their chemical

features are otherwise similar. Presum-
ably this megacryst originated by dis-

ruption of an ultracoarse pyroxenite.

Yakutian Nodules, Locality Unknown

Two coarse granular nodules studied

in this investigation have specimen num-
bers (M-511 and M-607) suggesting

that the nodules might have come from
the Mir pipe, but this identification is

uncertain. These rocks are somewhat
richer in diopside and in rounded to ir-

regular grains of garnet than are the

Udachnaya granular nodules. Olivine

and enstatite grains up to 5 mm in size

show considerable strain with well-

developed kink bands and undulate ex-

tinction. Fine exsolution lamellae are

present in some grains of both pyroxenes

and are probably responsible for the un-

usually high standard deviations for

CaO in the enstatite analyses (Table 8)

.

These granular nodules are quite mag-
nesian with Mg/(Mg -f- Fe) for olivine

of 0.915 and 0.930. The Ti0 2 content is

extremely low in both rocks, but Cr 2 3

is also rather low (e.g., 1.62 and 2.59 wt

% in the garnets, Table 8). The A12 3

content in the enstatites is 0.56 and 0.63

wt %, much -lower than for enstatites in

the Udachnaya granular rocks, and
therefore their temperature-depth points

do not fit the Udachnaya geotherm
(Fig. 12).

Ultramafic Nodules from the
Premier Kimberlite Pipe,

South Africa

R. V. Danchin and F. R. Boyd

Discovery of a large and varied suite

of ultramafic nodules in the Precam-
brian Premier kimberlite pipe, near

Pretoria, has provided an extraordinary

opportunity to determine the chemical

characteristics and thermal structure of

the African mantle as it existed over a

billion years ago. Extensive studies of

Late Cretaceous (70-90 m.y., Davis,

Krogh, and Erlank, this Report) nodule

suites in recent years have shown that

the mantle beneath southern Africa is

strongly depleted of basaltic constitu-

ents to a depth of the order of 150 km
and somewhat depleted in the depth

range 150-200 km. Many petrologists

have wondered if this depletion was con-

nected with the vast outpouring of Kar-
roo basalts that covered southern Africa

150-190 m.y. ago (Fitch and Miller,

1971). Yet our preliminary studies of

the Premier nodules show them to be ex-

tremely similar in mineral composition

and texture to the Late Cretaceous nod-

ules. Moreover, a geotherm obtained

from Premier nodules (Fig. 14) is very

similar to the inflected Late Cretaceous

geotherms found for northern Lesotho

and other areas in southern Africa (e.g.,

Boyd and Nixon, this Report)

.

The implications of this discovery are

quite far-reaching. These data suggest

that the chemical and thermal evolution

of the upper 200 km of the African man-
tle was essentially complete by at least

1115 m.y. ago, the age of the Premier

kimberlite (Allsopp, Burger, and Van
Zyl, 1967; Barrett and Allsopp, 1973).

The source of the Karroo basalts may
thus have been a section of mantle

deeper than that sampled by the kim-
berlite eruptions.

The Premier nodule suite resembles

those from localities in northern Lesotho

and South Africa in that it includes

garnet lherzolites, garnet harzburgites,

dunites, garnet-free chromite peridotites

and harzburgites, and eclogites, as well

as a suite of megacrysts consisting chiefly

of garnet, diopside, enstatite, and ilmen-

ite. The garnet lherzolites may be sub-

divided into two groups that differ

markedly in both texture and mineral

chemistry. The first category consists of

coarse-grained granular and tabular

rocks that are strongly depleted in ba-

saltic constituents and are believed to
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Fig. 14. Estimates of the temperatures and depths of equilibration of 34 garnet lherzolite

nodules from the Premier Mine compared with the Lesotho geotherm (Boyd and Nixon,
Year Book 72).

have originated at depths of 100-160 km
(Fig. 14). The second group is repre-

sented by deformed, extensively recrys-

tallized, garnet-rich Iherzolites, whose
textures vary from porphyroclastic to

fluidal mosaic, that are believed to have

been derived from depths of the order of

200 km. This pattern is precisely the

same as that found for most Late Creta-

ceous pipes in southern Africa.

Variations in Cr2 3 and Ti0 2 contents

are most easily studied in the garnets

and are of interest because Cr is thought

to be concentrated in residual rocks,

whereas Ti may be concentrated either

by fractionation or metasomatism. The
garnets in the sheared Iherzolites are

reddish brown and are characterized by
unusually high titanium content—in

several samples, values of almost 2%

Ti0 2 were recorded (e.g., RVD 101, Ta-
ble 9). The garnets in the granular

Iherzolites, by contrast, have a mauve
color and an average Ti0 2 content of

0.2%. The Na 2 content is likewise de-

pleted in the latter garnets, and the two
groups have average Na 2 contents of

0.10 and 0.05%, respectively. Chromium
contents vary erratically in garnets from

both groups, particularly in the granular

rocks where strong zoning was observed

in several instances. Representative

analyses of minerals from both lherzo-

lite types are given in Table 9.

Differences in the compositions of oli-

vines and pyroxenes in the sheared and

granular suites are also marked. In the

sheared Iherzolites both minerals are

more iron-rich and have significantly

higher Ti, Ca, and Al contents than
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those in the granular lherzolites. Also,

enstatites from the sheared rocks are en-

riched in Na compared with those from

the granular suite.

Average olivine compositions for the

two Premier lherzolite suites are given

in Table 10, where they are compared
with lherzolite olivines from four other

southern African kimberlite suites. The
Mg/(Mg -4- Fe) of olivines from high-

temperature (>1100°C) lherzolites are

tightly clustered about a mean value of

0.906 and are significantly lower than

those for olivines in low-temperature

(<1100°C) lherzolites, which likewise

exhibit only marginal deviation about a

mean value of 0.926.

Estimates of temperatures and depths

of equilibration of the Premier lherzo-

lites are compared with the Lesotho geo-

therm of Boyd and Nixon (1975) in Fig.

14. Equilibration temperatures were cal-

culated from the Ca/(Ca + Mg) of the

diopsides (Boyd, 1973), using the diop-

side solvus determined by Davis and

Boyd (1966). Equilibration pressures

were estimated from isopleths deter-

mined for the system MgSi03-Al2 3 by
MacGregor (1974). The purpose of this

plot is simply comparative, and for this

reason more recent and improved phase

studies were not used.

Garnet harzburgites included in the

Premier nodule suite may be subdivided

into three distinct groups that differ

markedly from one another with respect

TABLE 10. Comparison of Average

Mg/(Mg + Fe) in Olivines of Five

Garnet Lherzolite Nodule Suites

from the Kimberlites of Southern

Africa

High Tem- Low Tem-
perature*

(>1100°C)
perature

«1100°C)

Premier 0.907 0.922

Northern Lesotho 0.905 0.930

Kimberley
Frank Smith 0.907

0.928

0.929

Angola 0.922

* Equilibration temperatures based on the

diopside solvus.

to both mineral chemistry and degree

of deformation. Representative mineral

analyses for rocks of each type are given

in Table 11. Group I harzburgites have

mosaic or fluidal mosaic textures and
mineral compositions equivalent to those

of the sheared lherzolites described above

(e.g., RVD 146). Within the group the

Ti0 2 and Na 2 contents correlate closely

with Mg/(Mg + Fe) of each of the

three major phases present. Group III

rocks (e.g., RVD 183) have granular

textures and mineral compositions com-

parable to those of the granular lherzo-

lites. Group II harzburgites (e.g., RVD
127) are intermediate between these two

extremes, notably with respect to the

Mg/(Mg + Fe) of the component min-

erals, the Ca/(Ca 4- Mg) of the ensta-

tites, and the Ti0 2 contents of the gar-

nets and enstatites. Also, these rocks are

not so intensely deformed as those as-

signed to group I.

Figure 15 is a plot of CaO versus

Cr 2 3 for the garnets from lherzolites

and harzburgites. The lherzolites and

group I harzburgites exhibit a high de-

gree of positive correlation characteris-

tic of lherzolite sequences (Sobolev et

al, 1973). The group II and group III

garnets, however, do not form a part of

this trend and are enriched to varying

degrees in chromium relative to calcium.

Moreover, these garnets, particularly

RVD 183, which contains 10.2% Cr2 3

and 3.9% CaO, plot within the field of

garnets occurring as inclusions in natu-

ral diamonds (Sobolev et al, 1969;

Meyer and Boyd, 1972; Meyer and

Svisero, 1975; Prinz et al, 1975). Mauve
garnet megacrysts from Premier Mine

concentrate (Lawless, 1974) are like-

wise unassociated with the lherzolite

trend and plot with the harzburgites in

the diamond inclusion field.

Harzburgite RVD 183 was found to

contain chromite whose composition,

like the coexisting garnet, is identical to

that of chromites found as inclusions in

diamond (Sobolev et al, 1969; Meyer

and Boyd, 1972; Prinz et al, 1975). One

garnet-free harzburgite (RVD 182, Ta-
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Fig. 15. Plot of CaO versus Cr2 3 (wt %) for lherzolite and harzburgite garnets from
Premier Mine compared with lherzolite-type garnets included in diamond (Sobolev et al.,

1969; Meyer and Boyd, 1972; Meyer and Svisero, 1975; Prinz et al, 1975) and mauve garnet

megacrysts from Premier Mine concentrate (Lawless, 1974).

ble 11) is of interest in this context in

that it contains 67% Cr 2 3 and less than

0.03% Ti0 2 , and is therefore also di-

rectly comparable with chromites in-

cluded in natural diamond. The ensta-

tites and olivines in each of these rocks

are extremely magnesian, and Mg/(Mg
+ Fe) is 0.95 and 0.94, respectively.

Temperature-depth estimates for the

nine garnet harzburgites (Fig. 16) de-

pend on the assumption that the ensta-

tites are saturated in Ca despite the

apparent absence of diopside. The group

II and group III garnets are obviously

not saturated in Ca, but the fact that

points for these rocks fit the lherzolite
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Fig. 16. Temperature-depth relations for harzburgites from the Premier Mine compared
with the lherzolite geotherm (Fig. 14), a diamond-bearing peridotite (Dawson and Smith,

1975), and a graphite-bearing peridotite (Nixon and Boyd, 1973a; Boyd and Finger, Year
Book 74).

geotherm (Fig. 16) suggests that the

enstatites still are approximately Ca-
saturated.

The group II and group III harzburg-

ites thus appear to have equilibrated in

the range 1000°-1200°C between 140

and 180 km, and it is significant that

this range encompasses the P-T esti-

mate for the only known diamond-bear-

ing garnet lherzolite (Dawson and Smith,

1975). McCallum and Eggler (1976)

show a point for their serpentinized

diamond-bearing peridotite, based on

data for lherzolites with similar textures,

and it plots close to the Dawson and
Smith point. The garnet in the nodule

described by McCallum and Eggler is

compositionally equivalent to those of

the harzburgite association in that it

contains 12% Cr2 ;J
and 4.7% CaO (cf.

RVD 183, Table 11). Also shown in Fig.

16 is a point for graphite-bearing nod-

ule PHN 1569, in which the graphite

occurs in ±l-mm primary-appearing

flakes (Nixon and Boyd, 1973a; Boyd
and Finger, Year Book 74, Table 21).

The graphite peridotite point plots at

slightly lower temperature and shal-

lower depth than the diamond peridotite

point (Fig. 16) , and the two may consti-

tute a bracket on the diamond/graphite

equilibrium boundary. The discrepancy

(Fig. 16) is well within the uncertainty

of pyroxene barometry.

The compositional similarity between

the garnets in these harzburgites and the

most abundant type of garnet found as

inclusions in diamond suggests that such
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harzburgites may be a common source

rock for diamond. It would thus appear
that the rocks of deepest origin (Fig. 14)

are not those in which diamonds have
commonly formed. In fact the data in

Fig. 16 suggest that many diamonds
may have formed close to the boundary
of the diamond stability field.

A Geotherm from Megacrysts in

the Sloan Kimberlite Pipes,

Colorado*

David H. Eggler and M. E. McCallum

The discovery of diamonds in concen-

trates of kimberlites on the Colorado-
Wyoming state line (McCallum and
Mabarak, 1976) and the further discov-

ery of diamonds in a peridotite nodule

from one of these pipes (McCallum and
Eggler, 1976) have attracted widespread
attention to these Paleozoic diatremes.

A fossil geotherm in the region from
which these diamonds originated has

been derived from studies of a limited

number of peridotite nodules (McCal-
lum and Eggler, 1976). To define this

geotherm further, two assemblages of

megacrysts have been examined, par-

ticularly orthopyroxene (opx) crystals

from each suite, because orthopyroxenes

from megacryst assemblages have been

shown to be effective single-phase geo-

barometers and thermometers (Boyd
and Nixon, 1973)

.

Two compositionally distinct groups

of megacrysts (discrete nodules >2 cm
in diameter) occur in all these pipes, but

unaltered opx megacrysts amenable to

geobarometry are preserved in only one

diatreme, Sloan 2. In order to define the

compositional limits of other megacryst

phases that may have been in equilib-

rium with the opx, megacrysts from only

this pipe and its close neighbor, Sloan 1,

are described here, although megacrysts

are found in all the diatremes on the

state line (McCallum, Eggler, and

* Research partially supported by the Na-
tional Science Foundation, Earth Sciences Sec-

tion, grant DES 74-13098.

Burns, 1975) and in dikes in the Iron

Mountain district (McCallum et al.,

1975; Smith, McCallum, and Eggler,

this Report).

The ranges of chemical parameters of

the two suites (Table 12) in general ad-

join but do not significantly overlap.

The compositions of the Cr-rich mega-
crysts are similar to those of minerals of

lherzolites and harzburgites believed to

be residual (depleted) and are particu-

TABLE 12. Ranges of Chemical Parameters
of Minerals in Two Megacryst Assemblages

and in Peridotites from the Sloan 2

Kimberlite Pipe, Colorado, wt %

Lherzo-

Cr-Rich Cr-Poor lites and
Mega- Mega- Harz-
crysts crysts burgites

Garnets

(n = 32) (n = ll) (n = 6)

Ti02 0.6-0.9 0.7-1.1 0.2-1.2

Cr2 3 6.5-12.7 1.4-4.3 5-15

Na2 0.00-0.06 0.04-0.12 0.01-0.10

CaO 7-9 4.4-5.1 5-9

Mg/(Mg
+ Fe) 82-84 78-83 82-84

Inclusions cpx, opx opx

Clinopyroxenes

(n = 18) (n = 11) (71 = 5)

Ti02 0.1-0.2 0.2-0.4 0.1-0.4

Cr2 3 1.0-2.3 0.4-0.8 1.0-2.5

A12 3 1.1-1.4 1.9-2.2 1.4-1.9

Na2 0.9-1.6 1.3-1.5 1.1-1.7

Mg/(Mg
+ Fe) 92-93 87-90 91-93

Inclusions none none

Orthopyroxenes

(n = 47) (n =: 12) (n = 6)

Cr2 3 0.4-0.6 0.1-0.3 0.3-0.8

Mg/(Mg
+ Fe) 92-93 88-91 92-93

Inclusions cpx

Olivines

ilm

(n= 2) (n = 6)

Mg/(Mg + Fe)

Ilmenites

88-90

(n = 15)

91-92

Cr2 3 0.4-3.5

Mg/(Mg + Fe) 44-55

ol, opx, cpx

Inclusions
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larly distinctive for their high Cr2 3

content and tightly grouped, relatively

high Mg/(Mg -f- Fe). The grain size of

the peridotites (whose textures vary

from granular through tabular to por-

phyroclastic) is, however, considerably

finer than that of the megacrysts. The
second suite of megacrysts chiefly differs

from the first suite and from peridotite

nodules in its relative deficiency in Cr2 3

and higher, broader range of iron con-

tent. Ilmenite is exclusively associated

with megacrysts of the Cr-poor suite,

even though some ilmenites contain as

much as 3.5 wt % Cr 2 3 . Minerals of the

Cr-poor suite have general chemical

similarities (Tables 12 and 13) to dis-

crete nodules from Lesotho described by
Boyd and Nixon (1973), but they differ

in that high-temperature (>1300°C)
megacrysts found in Lesotho have not

been found in Colorado and in that the

Cr-poor megacrysts have slightly higher

Mg/(Mg + Fe) and the garnet and
clinopyroxene contain more Cr2 3 . The
Lesotho pipes (Boyd and Nixon, 1973)

and the Frank Smith Mine, South Africa

(Boyd, Year Book 73, pp. 285-293) , do

not contain Cr-rich megacrysts.

Pressures and temperatures of equili-

bration of the enstatite megacrysts have

been calculated in the following manner.

Temperatures have been derived from

the opx thermometer of Boyd and Nixon

TABLE 13. Representative Megacryst Analyses from the Sloan 2 Kimberlite Pipe, Colorado*

SD2-G15 SD2-I16 04 G151

Gt Opx Cpx Ilm Opx 01 Cpx Gt

Si03 39.5 57.2 55.4 0.17 56.1 40.1 55.4 42.2

Ti02 0.74 0.13 0.19 52.9 0.28 0.04 0.22 0.72

AUO3 12.6 0.71 1.43 0.44 1.29 0.02 2.07 20.4

Cr2 3 12.7 0.61 2.43 2.80 0.27 0.01 0.63 2.13

Fe2 3 7.5

FeO 6.7 4.9 2.88 21.5 6.8 12.0 4.1 8.3

MnO 0.38 0.14 0.12 0.25 0.15 0.16 0.14 0.32

NiO 0.10 0.11 0.06 0.05 0.07 0.20 0.08 0.00

MgO 17.6 35.3 18.4 14.2 34.2 48.2 20.0 21.4

CaO 8.9 0.95 17.8 0.02 0.75 0.04 16.3 4.9

Na2 0.03 0.20 1.55 0.11 0.00 1.34 0.05

K2O 0.00 0.00 0.04 0.00 0.00 0.02 0.00

Totals 99.3 100.3 100.3 99.8 100.0 100.7 100.2 100.4

Si 2974 1964 1987 3 1945 986 1980 3006
Ti 40 3 4 11 7 5 38

Al 1119 28 60 905 52 87 1708

Cr 758 16 68 50 7 17 119

Fe3+
128

Fe2+ 422 141 86 410 195 246 123 493
Mn 22 4 3 4 4 2 4 19

Ni 4 2 1 2 3 2

Mg 1977 1809 986 480 1767 1769 1063 2267

Ca 714 34 685 27 623 374

Na 2 12 107 7 92 6

K 1 1

Cations 8032 4013 3988 2000 4012 3007 3997 8028

Oxygens 12,000 6000 6000 3000 6000 4000 6000 12,000

* Including ortho- and clinopyroxene inclusions in a Cr-rich garnet, intergrown olivine and
Cr-poor orthopyroxene in an ilmenite, and separate Cr-poor clinopyroxene and garnet crystals.

Abbreviaions : Gt, garnet; Opx, orthopyroxene; Cpx, clinopyroxene; Ilm, ilmenite; 01,

olivine.
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(1973), assuming that these enstatites

were equilibrated with clinopyroxene

and garnet and that the Lesotho ther-

mometer is applicable to these mega-
crysts. The first assumption is reason-

able, because the pyroxenes are found

in a few cases as inclusions within each

other or within other phases (Table 12).

The second assumption was tested by
plotting the Ca/(Ca -f- Mg) molar con-

tent of coexisting pairs of pyroxenes

from megacrysts and lherzolites; agree-

ment with the Boyd and Nixon (1973)

thermometer was reasonable. Pressures

were calculated using the procedure of

Wood (1974), with some modifications

(see McCallum and Eggler, 1976). The
Ca/(Ca + Mg -4- Fe) content of garnet

assumed to be in equilibrium with py-

roxenes was taken to be 0.20 for Cr-rich

garnets and 0.12 for Cr-poor garnets,

the average values from Fig. 17.

Five garnet lherzolite nodules and ten

garnet websterite nodules from the Sloan

pipes that were equilibrated at depths of

50-180 km fall along a shield geotherm
(McCallum and Eggler, 1976) . The cal-

culated equilibration conditions of the

megacrysts, together with this geotherm,

are plotted in Fig. 18. The majority of

the megacryst points lie near the shield

geotherm, but nine Cr-rich megacrysts

and one Cr-poor megacryst lie about

100°C above the geotherm. This vari-

ability is far greater than can be ac-

counted for by analytical error. Nor are

the high-temperature megacrysts signifi-

cantly different in composition from

megacrysts on or near the geotherm. The
array of points is interpreted as a par-

tially disturbed geotherm. In contrast,

the megacryst geotherms presented by
Nixon and Boyd (19736) for the Le-

sotho pipes and by Boyd {Year Book 73,

pp. 285-293) for the Frank Smith Mine,

South Africa, are distinctly kinked (to

IOOO

MOO

A "A" 7V-> 1/2 CaFe

CPX

° Cr-rich

• Cr-poor

* Cr-poor with ilmenite

GARNETS

Fig. 17. Compositions of clinopyroxene and garnet megacrysts from the Sloan 2 kimberlite

pipe, Colorado, plotted in mole % on a Ca-Mg-Fe projection. Temperatures are for points on

the diopside solvus after Davis and Boyd (1966).
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Kilometers
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Fig. 18. Estimates of equilibration tempera-
tures and depths for orthopyroxene megacrysts
from the Sloan 2 kimberlite pipe, Colorado.
The geotherm drawn is the shield geotherm of

Clark and Ringwood (1964). Diamond-graph-
ite equilibrium boundary after Bundy et al.

(1961).

the high-temperature side) at depths

below about 150 km.
Nixon and Boyd (19736) suggested

that the inflected limb of the Lesotho
geotherm was caused by stress-heating

in the low-velocity zone. This type of

heating has been discounted by Green
and Gueguen (1974) and Goetze (1975),

and alternative models have been pre-

sented for heating by an upwelling

diapir (Green and Gueguen, 1974) and
by a mantle plume (Parmentier and
Turcotte, 1974). Boyd (this Report)

now considers that a diapir associated

with convective overturn is a possible

explanation of the inflected limb.

In the model of Green and Gueguen
(1974) it is assumed that peridotite of

the diapir was less depleted than the

mantle through which it flowed, that the

top of the diapir was at the same tem-
perature as the undisturbed mantle, that

the diapir partially melted, and that

there was no low-velocity zone in that

mantle region. This model adequately

explains features of the Colorado mega-
cryst-lherzolite suites if it is assumed
that the diapir rose to a depth of about

160 km. Lherzolites at depths of 180 km
would be above or very near the top of

the diapir, and therefore equilibration

temperatures could very well be undis-

turbed. Megacrysts, on the other hand,

especially if they were part of the diapir,

might be expected to show disturbed

temperatures. The Cr-poor megacrysts

could be interpreted to have crystallized

in the presence of a partial melt of a

diapir more fertile than the surrounding

peridotite. The Cr-poor megacryst min-

erals are more Fe-rich than minerals in

lherzolites (and differ in other chemical

parameters as well), and they have

many of the characteristics that led

Boyd and Nixon (1973) to interpret

that Lesotho discrete nodules grew in the

presence of a fractionating liquid—they

display a range in Mg/(Mg -4- Fe), in-

tergrowths among minerals are uncom-
mon, and the grain size is ultracoarse.

The principal difficulty with this theory

is that the equilibration conditions of

only one of the Cr-poor enstatites are in

the disturbed group; most (nine) of the

disturbed enstatites are Cr-rich. These

Cr-rich enstatite megacrysts would not

be thought to have been part of the

diapir, inasmuch as their compositions

are similar to those of enstatites of de-

pleted lherzolites. On the other hand, the

coarse size of the Cr-rich megacrysts

may indicate that they crystallized in

the presence of liquid.

In summary, orthopyroxenes from

relatively Cr-rich and Cr-poor mega-

cryst suites from the Sloan pipes define

a partially disturbed geotherm. Chemi-

cal and physical characteristics of at

least one and possibly both suites can be

explained by crystal-liquid equilibria.

The thermal disturbance and the pro-

duction of liquid may be related to in-

trusion of mantle diapirs, and a low-

velocity zone need not have been present.

This interpretation is consistent with

geophysical interpretations that the

low-velocity layer beneath continental

shields is ill-defined or absent (Knopoff,

1972).
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Clinopyroxene-Ilmenite Inter-

growths from the Iron Mountain
klmberlite district, wyoming*

C. B. Smith, M. E. McCallum,
and D. H. Eggler

Pyroxene-ilmenite intergrowths have
been found in a megacryst suite in the

Iron Mountain kimberlite district, Wyo-
ming. Nodules from this newly discov-

ered kimberlite district are a fascinating

supplement to the peridotite-megacryst

suite of the State Line district 70 km to

the south (McCallum, Eggler, and
Burns, 1975; Eggler and McCallum, this

Report). This area is only the second

known source of such intergrowths in

North America. The other locality is

Riley County, Kansas, where one nodule

containing fresh pyroxene and ilmenite

(Gurney, Fesq, and Kable, 1973) and
other nodules containing ilmenite and
altered pyroxene (Brookins, 1971 ; Mc-
Callister, Meyer, and Brookins, 1975)

have been found.

The Iron Mountain district, consist-

ing of 57 kimberlite dikes and associated

blows and pipes, has been described pre-

viously only briefly (McCallum et al.,

1975). The northeast-trending dike sys-

tem intrudes Precambrian Sherman
granite in the core of an eroded anti-

clinorium about 8 km wide. At the mar-
gins of the anticlinorium the granite and
kimberlite are overlain unconformably

by Pennsylvanian Casper limestone.

Because one pipe contains Ordovician

and Silurian sedimentary xenoliths, the

kimberlite age must be from Late Silu-

rian to Early Devonian, the same age

inferred for the State Line district (Mc-
Callum and Eggler, 1971). Kimberlite

composition, texture, and alteration are

quite variable. Serpentine-rich varieties

and carbonatitic varieties are most

abundant, although transitional serpen-

tine carbonate-rich phases and wall-

rock-rich breccia phases are important

locally.

* Research supported by the National Sci-

ence Foundation, Earth Sciences Section, grant

DES 74-13098.

Mantle-derived nodules found at Iron

Mountain include eclogites, garnet and
spinel lherzolites, websterites, and diop-

side-ilmenite intergrowths. There are

also monomineralic xenocrysts of clino-

pyroxene, pyropic garnet, and ilmenite.

Most xenoliths are physically and chem-
ically similar to nodules found in the

State Line district (Eggler and McCal-
lum, Year Book 73, pp. 295-300). At-

tention is directed here to one class of

xenocrysts, the Cr-poor megacrysts,

and associated diopside-ilmenite inter-

growths. Relatively Cr-rich megacrysts

and associated smaller (<2-cm) xeno-

crysts of chrome diopside and garnet are

also found; as in the State Line district

(Eggler and McCallum, this Report),

these Cr-rich megacrysts are composi-

tionally similar to minerals of lherzo-

lites. Unfortunately, at Iron Mountain
these lherzolites have been intensely ser-

pentinized, silicified, and carbonatized.

No olivine or orthopyroxene crystals

have survived this alteration. However,
the compositions of relict diopside and
garnet or spinel reveal the Cr-rich (hence

presumably depleted) nature of the lher-

zolites. The textures appear to have been

granular before alteration.

Twenty-six lamellar intergrowths of

diopside and ilmenite have been col-

lected. In most, the pyroxene is com-

pletely altered to serpentine, chlorite,

and calcite. However, five of the inter-

growths contain unaltered diopside. In

these nodules the ilmenite rods and

plates can be seen to be regularly dis-

tributed in a single-crystal diopside host.

Analyses of a typical intergrowth are

given in Table 14. Compositional varia-

tion of diopside and of ilmenite among
the 26 intergrowths is very restricted.

The one exception is ilmenite from a

graphic intergrowth (a texture similar to

that of sample BD-1374 reported from

Monastery by Dawson and Reid

[1970]), which is more Mg- and Mn-
rich (Table 14). No unaltered pyroxene

was found in the graphic intergrowth.

The compositions of intergrowth

clinopyroxenes (Fig. 19) and of ilmenites
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TABLE 14. Representative Analyses of Megacrysts and Intergrowths from Iron Mountain
District, Wyoming, Kimberlite Dikes*

IM4-
IM7-IC1 IC1 IM20-G1 IM26-G17

Cpx Urn Urn Gt Cpx Gt Ilm

Si02 54.9 0.16 0.16 42.9 55.1 41.7 0.13

Ti02 0.37 50.6 52.1 0.56 0.18 0.63 49.4

A12 3 2.16 0.88 0.88 20.3 2.23 21.9 0.75

Cr2 3 0.10 0.43 0.56 2.61 0.73 0.07 <0.03
Fe2 3 10.4 4.0 12.5

FeO 5.3 26.2 24.9 7~5
4.0 13.0 26.5

MnO 0.16 0.23 3.3 0.28 0.16 0.44 0.27

NiO 0.04 0.00 0.17 0.00 0.07 <0.03 0.08

MgO 18.0 11.0 11.8 21.3 20.1 18.2 9.8

CaO 17.8 <0.03 <0.03 5.2 16.3 4.4 <0.03
Na2 1.32 <0.03 0.00 0.03 1.13 0.06 <0.03
KaO <0.03

100.2

0.00 0.00 0.00 <0.03

100.0

0.00 0.00

Totals 100.0 97.9 100.7 100.4 99.5

Si 1981 3 3 3037 1976 3011 2

Ti 9 887 921 29 4 34 878

Al 91 24 24 1697 93 1863 20

Cr 2 7 10 145 20 2

Fes+ 182 70 222

Fe2+ 160 510 489 442 120 781 524

Mn 4 4 65 17 4 25 4

Ni 3 1 1

Mg 970 380 413 2245 1073 1954 344

Ca 690 390 625 338

Na 92 4 78 8 2

K 1

Cations 3998 2000 2000 8005 3994 8017 2000

Oxygens 6000 3000 3000 12,000 6000 12,000 3000

* Including a clinopyroxene-ilmenite lamellar intergrowth, ilmenite from a pyroxene-ilmenite

graphic intergrowth, a garnet megacryst and included clinopyroxene, and a garnet megacryst
and included ilmenite.

fall within the range of compositions of

the assemblage of Cr-poor megacrysts.

This assemblage includes clinopyroxene,

garnet, and ilmenite and may have in-

cluded (before alteration) orthopyrox-

ene and olivine, by analogy with the

Sloan 2 pipe (State Line district) as-

semblage (Eggler and McCallum, this

Report). The chemical compositions of

the megacryst minerals vary consider-

ably, as illustrated in the Ca-Mg-Fe
projection (Fig. 19). In addition to the

integrowths, other pairs of coexisting

minerals found include two clinopyrox-

ene inclusions and one ilmenite inclusion

in garnets (Table 14) and one clino-

pyroxene inclusion in ilmenite. The cor-

relations of chemical parameters among
coexisting minerals are the same as those

found by Boyd and Nixon (1973) for

Lesotho discrete nodules. High-tempera-

ture pyroxenes and associated garnets

(IM20-G1, Table 14) are more mag-
nesian and more chromian than lower

temperature pyroxenes and associated

garnets, which are more iron-rich and
chrome-poor and are associated with

ilmenite (IM7-IC1 and IM26-G17).
The intergrowths are a very restricted

portion of the latter group.

Pyroxene-ilmenite intergrowths have

been interpreted to have crystallized

from liquid (e.g., Williams, 1932; Boyd
and Dawson, Year Book 71, pp. 373-
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Fig. 19. Compositions of Cr-poor clinopyroxene and garnet megacrysts from the Iron Moun-
tain kimberlite district, Wyoming, plotted in mole % on a Ca-Mg-Fe projection. Tempera-
tures are for points on the diopside solvus after Davis and Boyd (1966).

378; Gurney, Fesq, and Kable, 1973), a

process verified by experiment at 38-

kbar pressure (Wyatt et al., Year Book

74, pp. 536-539). Thus the presence of

intergrowths is another indication that

the State Line-Iron Mountain Cr-poor

megacryst suite crystallized in the pres-

ence of liquid. Equilibration tempera-

tures of the Iron Mountain intergrowths

(on the assumption that orthopyroxene

was another phase coexisting with the

liquid) are 1150°-1165°C, correspond-

ing to depths on the undisturbed State

Line megacryst geotherm (Eggler and

McCallum, this Report) of 167-175 km.
These depths are within the range of

megacrysts associated with ilmenite

from the State Line district.

Ultramafic Nodules from the
KlMBERLEY PlPES, SOUTH AFRICA

F. R. Boyd and P. H. Nixon

Six large kimberlite diatremes clus-

tered together at Kimberley have pro-

duced a considerable fraction of the

world's supply of diamonds and a rich

storehouse of ultramafic xenoliths from

the upper mantle. Petrographic and elec-

tron microprobe study of these xenoliths

shows that they differ from most xeno-

lith suites from northern Lesotho and

elsewhere in southern Africa in three

important respects:

1. Sheared lherzolites with high equil-

ibration temperatures (>1100°C) are

not found in the Kimberley nodule suite,
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Fig. 20. Temperature-depth estimates for lherzolites and enstatite discrete nodules from the

Kimberley pipes compared with the Lesotho geotherm (Boyd, 1973, Fig. 7A). Inasmuch as the

purpose of this figure is solely comparative, the older phase studies used to calculate the

Lesotho geotherm (Davis and Boyd, 1966; MacGregor, 1974) were also used to make the

estimates for the Kimberley rocks.

although they are found in abundance
in many kimberlites in northern Le-

sotho, as well as at the Monastery,

Frank Smith, Premier, and Jagersfon-

tein pipes in South Africa and in the

Farm Louwrencia kimberlite in South-

west Africa (MacGregor, 1975). Instead,

the high-temperature section at Kim-
berley, which equilibrated along the in-

flected limb of the geotherm, consists of

discrete nodules like those found in Le-

sotho, possibly accompanied by sheared

dunites.

2. The more Fe-rich discrete nodules,

which in many kimberlites commonly

form lamellar intergrowths with ilmen-

ite or form host-inclusion relations with

ilmenite, have not been found at Kim-
berley.

3. The strongly depleted, low-tem-

perature (<1100°C) lherzolite and harz-

burgite nodules in the Kimberley pipes

have textures ranging from coarse gran-

ular to fluidal and disrupted mosaic. In

most nodule suites from southern Africa

and elsewhere in the world, these low-

temperature lherzolites are uniformly

very little deformed. Exceptions, possi-

bly analogous to Kimberley, are the

low-temperature lherzolites from the
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Matsoku pipe in Lesotho (Harte, Cox,

and Gurney, 1975), which exhibit con-

siderable deformation and recrystalliza-

tion.

The differences in the kinds of nodules

found in different areas appear to reveal

heterogeneity in the upper mantle be-

neath southern Africa, whereas the dif-

ferences in texture probably reflect vari-

ation in the tectonics of kimberlite

eruption.

The Kimberley lherzolites (Fig. 20)

appear to define a segment of a normal
geotherm similar to the "granular" limb

of the Lesotho geotherm but displaced to

slightly lower temperatures. In this re-

spect the pattern is very similar to that

found for the Frank Smith pipe (Boyd,

Year Book 73, p. 285) , 60 km north of

Kimberley.

Because of the absence of high-tem-

perature lherzolites at Kimberley, it is

necessary to use enstatite discrete nod-

ules to define the high-temperature seg-

ment of the geotherm. This procedure is

less precise (Boyd and Nixon, 1973) , but

estimates for the Kimberley enstatites

appear to show an inflection (Fig. 20).

The overall pattern is thus broadly sim-

ilar to those found for northern Lesotho

and Frank Smith.

A detailed petrographic study of these

Kimberley xenoliths and a discussion of

mineral compositional variations deter-

mined by nearly 200 mineral analyses

will be published separately (Boyd and

Nixon, in preparation)

.

Compositional Variation of Coexist-

ing Phases with Degree of Melting
of Peridotite under Upper

Mantle Conditions

Bj0rn O. Mysen and Ikuo Kushiro

Genesis of magma by partial melting

in the upper mantle has been discussed

either in terms of phase equilibrium in

appropriate model systems (e.g., Yoder
and Tilley, 1962; O'Hara and Yoder,

1967; Kushiro, 19696, 1972a) or simply

in terms of varying degrees of partial

melting of peridotite with only subordi-

nate concern for the phase equilibria in-

volved (e.g., Green and Ringwood,

1967). Inasmuch as the same rules ap-

ply to both complex natural and simple

model systems, one would expect that

relevant model systems, with allowance

for solid solutions, adequately describe

melting of natural rocks. In an attempt

to study quantitatively the phase equili-

bria of partial melting of natural perid-

otite, the degree of melting as a function

of temperature and pressure has been

determined.

The compositions of two natural gar-

net peridotite nodules used as starting

material are shown in Table 15. Nodule
1611 is judged the least chemically de-

pleted of the suite of Cretaceous garnet

peridotite nodules in South African kim-

berlites (Nixon and Boyd, 1973a; Shim-

izu, Year Book 73, pp. 954-961) and is

therefore used as a representative of

the continental upper mantle. Nodule

66SAL-1 has been suggested as the least

depleted of the suite of peridotite nod-

ules found in Hawaiian nephelinite tuff

(Jackson and Wright, 1970; Shaw and

Jackson, 1973) and serves as an example

of oceanic upper mantle in these experi-

ments.

The rocks were spiked with about 50

ppm BaC0 3 containing radiogenic car-

bon-14 to be used for the determination

of the degree of melting (Mysen, this

Report). The rocks were crushed under

acetone to <5 ^m grain size and run in

high-pressure apparatus (Boyd and

England, 1960) using furnace assemblies

of %-in diameter with Pyrex glass

sleeves. Sealed capsules were used to

avoid C02 loss from the samples. The

Pt95Au 5 capsule material dissolves iron,

resulting in approximately 20% Fe loss

from the samples at 20 kbar and about

1550°C. The Fe loss is higher at 35 kbar,

owing to the increased diffusion rate of

cations in silicate melt as pressure is

increased (Kushiro, Yoder, and Mysen,

this Report). The increased diffusion

rates also result in crystallization of con-

sealed Pt95Au5 capsules in solid-media,
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TABLE 15. Composition of S
Materials

tarting

1611* 66SAL-lt

Si02 43.70 44.82

Ti02 0.25 0.52

A12 3 2.75 8.21

Fe2 3 1.38 2.07

FeO 8.81 7.91

MnO 0.13 0.19

MgO 37.22 26.53

CaO 3.26 8.12

Na2 0.33 0.89

K2 0.14 0.03

H2
0" 0.05 0.11

H2
+

1.94 0.15

P2 5 tr. 0.04

Cr2 3 0.28 0.20

NiO n.d. 0.20

Totals 100.24 99.99

* Analysis from Nixon and Boyd (1973a).

f Analysis from Mysen and Boettcher
(1975a).

Both analyses are of unfired samples. The
analysis of 1611 corresponds to 1611 + 1.9 wt
7c H2 in the text.

siderable amounts of quench minerals

at the highest pressures (35 kbar)

.

Prior to addition of BaC0 3 both start-

ing materials were fired at 1150°C with

/o2
similar to that of the QFM buffer for

12 hr and stored at 110°C until use.

These samples are thus considered com-
pletely volatile-free. In addition, a split

of sample 1611 was dried only at 110°C
before use and therefore contained H 2

in an amount -similar to that bound in

hydrous minerals (1.94 wt % H 20;
Nixon and Boyd, 1973a)

.

Phase relations of anhydrous 1611

and 66SAL-1 at 20 kbar are plotted as

degree of melting (XmeU ) versus tem-
perature (T) in Fig. 21. The Xmelt versus

T relation was also estimated for a com-
position in the system Mg 2Si0 4 (Fo)-

CaMgSi 2 6 (Di)-Si0 2 at 20 kbar (Ku-
shiro, 19696) to illustrate the melting

behavior of a simple system at invariant

points, along univariant curves, and
within divariant fields in this type of

diagram. The model composition Fo 5r)
-

En30Di 15 (by weight) is close to that of

typical peridotite.

The identification of phase fields as

presented in the figures is based on opti-

cal data and confirmation by the elec-

tron microprobe. Whether spinel occurs

together with olivine and two pyroxenes

in sample 1611 (Fig. 21) is uncertain.

A few apparently isotropic grains, ~1
/mi across, may be spinel. This possi-

bility could not be confirmed with the

electron microprobe, however, and spinel

is left off the figure. Clinopyroxene is

called Ca-rich or Ca-poor on the basis

of its chemical composition.

The melting ranges of these perid-

otites are divided into three fields (Fig.

21): olivine + 2 pyroxenes -f- liquid

(-f spinel), olivine + orthopyroxene +
liquid, and olivine -f liquid. There is

also a striking similarity between the

melting patterns of the natural perid-

otites and the pattern of the composition

Fo.-.r.En.joDi^ in the three-component

system Fo-Di-Si0 2 . Solid solutions in-

volving Fe, Al, Cr, and Na in the natu-

ral samples do, of course, result in

slightly different curvature of the melt-

ing curves of the natural samples com-

pared with the simple system. The ini-

tial melting step (01 + 2 Px + Sp +
Liq) of both 1611 and 66SAL-1 closely

resembles the isobaric, invariant melting

interval of the synthetic composition

(Fig. 21), suggesting that volatile-free

melting of natural peridotite may ap-

proximate isobaric, invariant character.

However, both melting curves of the

rocks show an abrupt change close to the

solidi without change of phase assem-

blages. Both nodules contain several

tenths of a percent alkalies. Such cations

(chain breakers or depolymerizers, Bot-

tinga and Weill, 1972; Waff, 1975) may
induce a small amount of melting at a

considerably lower temperature than

that at which the rock would melt in

their absence. The melting of peridotite

is obviously not invariant in this region.

Samples 1611 and 66SAL-1 are quan-

titatively different in terms of tempera-

ture and degree of melting where phase

changes occur. In sample 66SAL-1 the

degree of melting increases from 1.5%
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Fig. 21. Melting curves of nodules 1611 and 66SAL-1 at 20-kbar pressure (anhydrous). Size

of symbols includes uncertainties in temperature (±10°C) and determination of percentage of

liquid (±1%).

to 60% between 1350° and 1375°C with-

out change of mineral assemblage. In

comparison, only 25% melt can be ex-

tracted from nodule 1611 before clino-

pyroxene disappears.

The anhydrous and hydrous water-

undersaturated (1.9 wt % H 20) melting

behavior of sample 1611 are shown in

Fig. 22. When C0 2 is used as a tracer,

the presence of H 2 vapor with a low

degree of melting results in significant

partitioning of C0 2 into the vapor. About
20 wt % H 2 dissolves in silicate melts

under these pressure conditions (Boet-

tcher and Wyllie, 1969; Burnham and
Davis, 1974). Consequently, with Xmeit

— 10%, a separate vapor phase will

exsolve, and the amounts of melt calcu-

lated from the C0 2 content of the melt

become overestimates. The lowest de-

gree of melting determined for 1611 -f-

1.9 wt % H 2 (6.1% melt, Fig. 22) is

therefore probably an overestimate of

the amount of melt. The hydrous melt-

ing curve is located at slightly lower

temperatures than that determined for
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Fig. 22. Melting curves of anhydrous 1611 and 1611 + 1.9 wt % H20. Size of symbols as in

Fig. 21.

anhydrous conditions. The temperature

difference increases from 25°C within

the olivine -f 2 pyroxenes -f- liquid

fields to more than 150°C at 60% melt-

ing. Because of the moderate slope of

the melting curves, the absolute differ-

ence in the degree of melting at a given

temperature could be as much as 25%.
The results for sample 1611 at 20 and

35 kbar are shown in Fig. 23. As at the

lower pressure, the melting interval at

35 kbar can be subdivided into distinct

regions. The highest temperature field

in Fig. 23 was not determined. The stip-

pled line and the bracketed "01 + Liq"

field are merely a suggestion constrained

only by the 35-kbar melting curve re-

maining on the high-temperature side

of the 20-kbar melting curve.

The phase assemblages at 35 kbar are

different from those at 20 kbar in two
respects. First, garnet appears on the

35-kbar solidus and remains stable until

about 25% melting. Apart from the

abrupt change below 1% melting, the

garnet stability melting range comprises

40°C. The degree of melting of nodule

1611 is the least temperature-dependent

in this interval, and the melting of nod-

ule 1611 therefore most closely resembles

isobaric, invariant behavior. Second,

pyroxene has a much wider stability in-

terval at 35 kbar than at 20 kbar (to

60% and 45% melting at 35 and 20

kbar, respectively). Notably, the melt-

ing intervals at temperatures above the

stability of garnet involve the same min-

eral assemblages as those at 20 kbar
(Fig. 23).

Reliable chemical data on the phases
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Fig. 23. Melting curves of anhydrous 1611 at 20- and 35-kbar pressure. Size of symbols as in

Fig. 21.

present were obtained at 20 kbar, al-

though quenching problems became in-

creasingly cumbersome as temperature,

H 20, and alkali contents increased. The
presence of significant amounts of

quench clinopyroxene in 1611 + 1.9 wt

% H 2 made it particularly difficult to

obtain analyses of stable clinopyroxene

from those experiments. All 35-kbar runs

yielded very extensive crystallization of

quench minerals, including both olivine

and two pyroxenes, and therefore no at-

tempts were made to obtain chemical

data from 35-kbar runs.

All crystalline phases show a system-

atic increase of Mg/(Mg -4- Fe) with

increasing melting, as exemplified by
olivine in Fig. 24. The rate of increase is

highest at the beginning of each melting

interval. Minor constituents, such as Cr,

Ni, and Na, also show systematic varia-

tions. Clinopyroxene, having the widest

range of solid solutions, is used as an

example in Fig. 25. There is an apparent

difference between the clinopyroxenes

from 1611 and 66SAL-1, as shown in

Fig. 26. The clinopyroxenes from 1611

(high-temperature melting interval)

have only about half the amount of wol-

lastonite in solid solution compared with

the clinopyroxenes from 66SAL-1 (low-

temperature melting range). Further-
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Fig. 24. Chemical trends in olivine as a function of degree of melting. Phase assemblages

describe coexisting crystalline phases in the melting interval.

more, the clinopyroxenes from 1611 are

more iron-rich than those from 66SAL-1
(Figs. 25 and 26) despite their higher

temperatures of formation and more
magnesian coexisting phases (Fig. 24).

The Mg-Fe partitioning between Ca-
poor clinopyroxene (pigeonite) and or-

tho-pyroxene is also in close agreement
with the partitioning determined experi-

mentally by Hensen (Year Book 72, pp.

527-535). It is therefore likely that the

clinopyroxenes from nodule 1611 at 20

kbar are pigeonite.

Clinopyroxene analysis from 1611 +
1.9 wt % H 2 proved difficult because

of interference from quench pyroxene.

It is concluded from semiquantitative

data that these clinopyroxenes are also

pigeonite. In contrast, the clinopyrox-

enes from 66SAL-1 are diopsidic. The
difference between these two samples is

caused by the temperatures of the melt-

ing intervals (1450°-1500°C for 1611

and 1350°-1375°C for 66SAL-1). Ku-
shiro and Yoder {Year Book 68, pp.

226-229) determined that the lower sta-

bility limit of iron-free pigeonite in the

diopside-enstatite join was 1450°C at

20 kbar, in agreement with the data

shown here.

Liquid compositions are given in Ta-

ble 16. The liquids can be classified into

three groups (excluding the composition

of partial melts where the abrupt change

of the melting curves occurs near the

solidus). Partial melts coexisting with

olivine -4- 2 pyroxenes -f- spinel are oli-

vine tholeiitic, followed by picritic melt
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composition when olivine + orthopy-

roxene coexist, and finally peridotitic

komatiite liquids coexisting with olivine

alone. Melts of both 66SAL-1 and 1611

are nepheline normative where the

abrupt change of the melting curves

(<2% melt) occurs, with normative

nepheline contents decreasing from 7.6%
nepheline at 1.3% melt to 4.7% nephe-

line at 1.8% melt (Table 16)

.

Chemical analyses of liquids from

35-kbar runs proved unattainable be-

cause of quench problems. However, a

few semiquantitative analyses of liquids

coexisting with olivine + garnet + 2

pyroxenes suggest that the liquids re-

semble alkali picrite. The phase assem-

blages at successively higher tempera-

tures are similar to those of 1611 at 20

kbar starting from the solidus (Fig. 23)

;

this similarity leads to the suggestion

that the liquids in these melting ranges

at 35 kbar are similar to those at 20

kbar. In that case, the 35-kbar melting
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Fig. 26. Pyroxene quadrilateral showing coexisting pyroxenes of nodules 1611 and 66SAL-1
at 20 kbar (anhydrous).

range of nodule 1611 would produce four

distinct types of melts. The first 25%
melt is alkali picritic (in the presence of

garnet), followed by olivine tholeiitic

melt (in the presence of olivine + 2 py-
roxenes) from 25% to 45% melting,

followed by picritic melt from 45% to

75% melting (coexisting with olivine -f-

orthopyroxene) , and finally peridotitic

komatiitic liquid coexisting with olivine

alone.

Partial melting of volatile- free natu-

ral peridotite in the pressure range of

the upper mantle is clearly quite sys-

tematic. Generally, the most important

control of liquid composition is the pres-

ence of certain mineral assemblages, not

the proportions of minerals or small

chemical variations of the mineral com-
position. The peridotite melting interval

can be subdivided into specific melting

ranges defined by a given phase assem-
blage and rather constant liquid com-
position within each range. The width of

the melting interval of a given phase
assemblage, however, depends on the

peridotite itself, inasmuch as the bulk

composition of peridotite controls the

proportions of the individual minerals.

Thus complex natural peridotite behaves

similarly to simple model systems often

used to describe melting of peridotite in

the upper mantle.

At pressures below the stability of

garnet, the liquid composition from

1.5% melt to 25% melt resembles oli-

vine tholeiite. This liquid composition

(from both 1611 and 66SAL-1) cannot

be described by its four coexisting

phases. The melt contains 90% spinel +
clinopyroxene and lies on the silica-rich

side of the Cpx-Opx-Sp plane. Conse-

quently, partial melts from both perid-

otites have a reaction relation to their

spinel peridotite residue. On the basis

of studies by Kushiro and Yoder (Year

Book 73, pp. 266-269) in the system

CaSi0 3-MgSi0 3-Al 203, two reaction re-

lations can be deduced for the melting of

the two nodules. The lower temperature

melting of 66SAL-1 generates a tholeiitic

liquid by the reaction
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TABLE 16. Compositions of Quenched Liquids

Starting

Material

:

1611 1611 1611 1611 1611 1611 1611 66SAL-1 66SAL-1
Temperature

(°C): 1450 1475 1500 1525 1550 1600* 1700* 1360 1375

Si02 43.80 44.60 50.20 49.60 50.99 48.70 46.30 41.80 47.70

Ti02 1.40 1.00 0.80 0.70 0.70 0.60 0.40 0.80 0.80

ALO3 12.70 12.20 12.20 9.10 8.80 6.10 4.50 15.80 12.30

FeOf 13.70 12.50 9.60 9.70 12.20 17.80 14.60 9.80 7.90

MnO 0.30 0.20 0.30 0.20 0.10 0.10 0.10 0.2O 0.20

MgO 12.00 14.30 13.80 19.60 15.70 18.50 27.40 19.90 17.80

CaO 13.70 13.20 10.70 9.20 9.3 7.20 5.30 10.10 12.10

Na2 1.40 1.10 1.50 0.90 1.3 0.70 0.50 0.90 0.80

K2 0.60 0.50

99.60

0.60

99.70

0.50

99.50

0.3

99.30

0.30 0.20

99.30

0.10

99.40

0.20

Totals 99.60 100.00 99.80

Cationic norm

Or 1.81 2.94 3.51 2.89 1.59 1.77 1.14 0.40 0.98

Ab 1.94 13.32 7.89 12.08 6.26 4.33 1.70 6.83

An 26.70 26.73 24.52 18.86 17.05 12.58 9.11 37.60 28.75

Ne 7.57 4.73 3.72

Lc 1.40

Cpx 33.22 30.72 22.40 20.57 23.00 18.42 13.00 8.52 23.87

Opx 18.98 25.66 32.59 35.07 23.84 12.36

01 27.34 31.56 16.18 23.18 12.76 25.06' 48.03 46.97 26.19

11 1.96 1.39 1.10 0.95 0.94 0.83 0.54 1.08 1.02

Starting Matei•ial: 66SAL-1 1611+ 1611+ 1611+ 1611+ 1611+ 1611+ 1611+
H 2 H2 H2 H2 H20* H20* H2

Temperature CO: 1400 1460 1475 1500 1525 1550 1600 1750

Si02 46.80 45.10 46.70 48.40 46.30 46.40 47.00 46.10

TiOa 0.90 1.10 0.90 0.90 0.50 0.40 0.40 0.40

A12 3 12.60 11.00 10.40 10.70 7.50 4.80 4.60 4.40

FeOf 8.80 13.60 13.40 12.00 12.20 13.90 13.80 13.70

MnO 0.20 0.30 0.20 0.20 0.30 0.10 0.20 0.10

MgO 16.30 13.70 16.00 13.30 23.40 27.60 28.00 29.50

CaO 12.60 13.40 9.90 12.70 8.00 5.40 5.40 5.10

Na2 1.20 1.10 1.50 1.30 0.90 0.60 0.60 0.50

K2 0.10 0.50 0.60 0.50 0.40

99.50

0.20 0.20 0.20

Totals 99.50 99.80 99.60 100.00 99.40 100.20 100.00

Cationic norm

Or 0.58 3.19 3.39 2.89 2.46 1.36 1.30 1.23

Ab 10.56 2.77 13.50 11.45 8.07 5.00 4.87 4.51

An 28.15 23.51 19.63 21.92 14.51 9.40 8.87 8.51

Ne 4.21

Lc
Cpx 26.53 34.34 23.17 32.68 19.07 13.07 13.32 12.38

Opx 1.87 1.07 5.95 8.24 21.67 23.15 18.91

01 31.08 30.56 38.04 23.91 46.96 48.96 47.93 53.94

11 1.23 1.42 1.20 1.21 0.70 0.70 0.56 0.52

* Liquid composition calculated from mass balance (proportions of olivine and coexisting

liquid are known).

t Total iron as FeO.
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Opx + Cpx + Sp = 01 + Liqx (1)

In the higher temperature melting inter-

val of sample 1611, the clinopyroxene is

pigeonite, and the melting reaction is

01 + Cpx = Opx + Liq 2 (2)

Although liquid compositions could not

be obtained from the 35-kbar experi-

ments, the data of Kushiro and Yoder

{Year Book 73, pp. 266-269) suggest

that the reaction

Ga + Opx + Cpx = 01 + Liq3

(3)

describes the melting of sample 1611

within the stability interval of garnet.

The data summarized here strongly

support the contention that partial melt-

ing of peridotite in the upper mantle is

closely approximated by experiments in

some simple systems such as CaSi0 3
-

MgSi03-Al2 3 . The partial melts are

thus compositionally controlled by their

coexisting silicate minerals and not by

the proportion of minerals, as sometimes

suggested in developments of petroge-

netic grids for partial melting in a perid-

otitic mantle (e.g., Green and Ring-

wood, 1967).

Melting Relations of Ultramafic
Lavas (Komatiites) at 1 atm

and High Pressure

.iV. T. Arndt

Viljoen and Viljoen (1969) presented

evidence that certain ultramafic rocks in

the Barberton Mountain Land, South

Africa, were extrusive in origin. They
called these rock types "komatiites" and
proposed that many of them formed
from magmas of ultrabasic composition.

Critical to their interpretation are spini-

fex-textured lavas (Pyke, Naldrett, and
Eckstrand, 1973), which contain large

skeletal plates of olivine and are be-

lieved to have formed by rapid cooling

of phenocryst-free ultrabasic liquids

(Nesbitt, 1971; Donaldson, 1974). Ko-
matiites have now been recognized in

many other Archean shield areas, in-

cluding Australia (Williams, 1972),

Canada (Pyke, Naldrett, and Eck-

strand, 1973), India (Viswanathan,

1974), and South Africa (Bickle, Mar-
tin, and Nisbet, 1975), and also have

been reported from the Paleozoic Ram-
bler Group in Newfoundland (Gale,

1973) . In an attempt to investigate their

formation and differentiation, several

samples of spinifex-textured peridotitic

komatiite from Munro Township, On-

tario (Arndt, 1975), and several synthe-

sized mixtures of komatiitic composition

were studied in a series of experiments

at high temperatures and over a range

of pressures.

The first sample studied (SA 3091,

Table 17) is a split from drill core

through an entire spinifex-textured por-

tion of a peridotitic komatiite lava flow

(Pyke, Naldrett, and Eckstrand, 1973).

In this sample, large blades of skeletal

olivine (up to 2 cm long but only 0.05

mm thick; 40%) occur in a groundmass

of fine, skeletal subcalcic augite (45%)
and devitrified glass (15%). Approxi-

mately 60% of the olivine is serpen-

tinized, but the clinopyroxene is fresh,

and the sample was presumed to have a

composition similar to that of the origi-

nal ultrabasic lava except for the addi-

tion of water. Comparison of the phase

relations of this sample, as determined

in the laboratory, with the order of ap-

pearance of crystalline phases in koma-
tiitic lava flows, as judged from petro-

graphic study, raised questions related

to the temperature of appearance of

clinopyroxene, which led to the investi-

gation of two less mafic lavas (samples

FC-1 and FSX) and several synthesized

komatiites (samples SKIB, SKIE, and

FSXA)

.

The crushed lava samples were heated

at 900°C in nitrogen for 30 min to break

down hydrous minerals and then were

ground under alcohol to an average

grain size of less than 10 /mi. The oxide

mixtures were ground to the same grain

size.

High-pressure experiments were run in

a solid-media apparatus of design similar
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to that described by Boyd and England

(1960), using the piston-out technique

and no friction correction. Temperatures
were measured with W3%Re/W25%Re
thermocouples. Charges were enclosed

in graphite capsules that were then

welded inside platinum capsules. Be-
cause the double capsules are relatively

long, temperatures at the center of the

capsules were significantly higher than

at the thermocouples. A series of meas-
urements showed that the difference was
20°-30°C, so a correction of 25°C was
applied to all high-pressure results.

The 1-atm runs were made in vertical

quenching furnaces with oxygen fugaci-

ties controlled by gas mixing. Samples

were suspended on loops of fine platinum

wire, using a technique similar to that of

Presnall and Brenner (1974). The ratio

of C0 2 to H 2 was kept at a constant

value such that oxygen fugacities were
maintained within the wiistite field, ap-

proximately at a constant interval from
the magnetite-wiistite buffer curve (/o2
= 10- 12 and 10- 9 bar at 1100° and
1400 °C, respectively).

The phase relations of the peridotitic

komatiite sample SA 3091 as determined

by the 1-atm and high-pressure studies

are shown in Fig. 27. Although the rela-

tions resemble those of other types of

peridotite (Ito and Kennedy, 1967; Ku-
shiro, Syono, and Akimoto, 1968; Green,

1970; Green et at., 1975; Mysen and
Kushiro, this Report), there are signifi-

cant differences. Olivine is the liquidus

phase at all pressures studied but is

joined at lower temperatures by a calcic

pyroxene, not orthopyroxene as in the

other peridotites. At 1 atm the pyroxene

has a diopsidic composition with 19 wt

% CaO and 4 wt % A1 2 3 (Table 17).

As the pressure increases, the CaO con-

tent first decreases to a minimum of 8—

12 wt % at 20-30 kbar, then increases

slightly to 12-15 wt % as garnet appears

at pressures above 35 kbar. The A1 2 3

content increases to a maximum of 6-8

wt % at 20 kbar, then decreases to 4-6

wt % at 40 kbar. Thus the pyroxenes

have subcalcic augite compositions at

pressures of 10 and 40 kbar and alumi-

nous pigeonite compositions at pressures

between 20 and 30 kbar. The composi-

tions of these pyroxenes in any given

run are uniform and their Mg/Fe
matches those of coexisting olivine (Ta-

TABLE 17. Electron Microprobe Analyses of Starting Materials* and Run Products

1 2 3 4 5 6 7

Si02 45.4 47.6 50.4 50.0 48.3 53.3 51.4

Ti02 0.39 0.50 0.57 0.69 0.57 0.52 0.47

A12 3 7.5 11.0 10.5 11.7 11.2 8.7 9.8

Cr2 3 0.40 0.40 0.20 0.10 0.26 0.18 0.22

FeOf 12.9 13.5 11.7 8.4 12.7 9.4 9.6

MnO 0.28 0.29 0.22 0.18 0.0 0.22 0.0

MgO 25.1 15.4 16.1 11.1 14.9 14.0 12.7

CaO 7.4 10.2 8.2 18.1 10.9 11.8 15.4

Na2 0.73 0.56

99.4

1.99

99.9

0.16 1.25 1.86

99.9

0.36

Totals 100.1 100.4 100.1 100.0

Cationic Norms

Q 0.0 0.0 0.0 0.0 0.0 0.0 0.72

Ab 6.3 5.0 17.6 1.4 11.1 16.7 3.2

An 16.3 27.6 19.4 31.3 24.8 15.4 25.3

Cpx 15.1 18.6 16.5 47.0 23.1 34.5 41.2

Opx 12.2 29.2 24.7 18.6 17.0 24.4 28.9

01 49.6 18.8 21.0 0.7 23.3 8.3 0.0

Ilm 0.52 0.70

99.9

0.78

100.0

0.96 0.79 0.72 0.66

Totals 100.0 100.0 100.1 100.0 100.0
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TABLE 17 Continued. Electron Microprobe Analyses of Starting Materials* and Run Products

8 9 10 11 12 13 14

SiOa 39.3 50.8 51.1 50.8 0.44 0.94 42.3

TiOa 0.00 0.38 0.21 0.17 0.34 0.21 0.30

AL03 0.18 4.37 6.06 7.41 25.1 51.5 21.6

O2O3 0.11 1.25 0.37 0.60 42.6 11.7 1.27

Fe2 3 2.3t 2.9

19.7f 6.33 9.1 10.2 10.6

FeO 12.9 13.9

MnO 0.25 0.19 0.26 0.25 0.35 0.18 0.32

MgO 40.5 17.2 18.2 20.3 15.1 17.7 18.2

CaO 0.33 19.1 12.8 9.8 0.18 0.11 6.0

Na2 0.00 0.12

99.7

1.20 0.52 0.05 0.05 0.05

Totals 100.4 99.3 100.1 99.3 99.1 100.6

Structural formulae

4 6 6 6 4 4 12

Si 1.004 1.867 1.873 1.841 0.013 0.025 3.033

Ti 0.000 0.009 0.005 0.003 0.007 0.004 0.015

Al 0.005 0.188 0.261 0.312 0.891 1.633 1.817

Cr 0.002 0.035 0.011 0.016 1.015 0.249 0.069

Fe3+ 0.053 0.059

0.420 0.194 0.277 0.309 0.620

Fe2+ 0.325 0.312

Mn 0.005 0.005 0.007 0.007 0.009 0.004 0.018

Mg 1.541 0.943 0.996 1.093 0.678 0.710 1.944

Ca 0.008 0.752 0.502 0.381 0.005 0.003 0.454

Na 0.000 0.008 0.083 0.042 0.001 0.000 0.003

Totals 2.985 4.003 4.017 4.001 3.000 3.000 7.973

* Samples were melted and quenched, and the resultant glasses were analyzed with the

electron microprobe.

t Total iron as FeO.

t Calculated from structural formula.

1. SA 3091 : Peridotitic komatite, spinifex-textured lava from Munro Township.
2. Glass produced at 1350°C, 1 atm from SA 3091.

3. FSX: Pyroxene spinifex-textured flowtop of thick, layered flow, Munro Township.
4. FC-1 : Pyroxene spinifex-textured flowtop of thick, layered flow, Alexo area.

5. SKIB: Synthesized mixture with composition matching the 1350 °C, 1-atm glass from
SA3091.

6. FSXA : Sample FSX with additional CaO and Si02 .

7. SKIE: Sample SKIB with additional CaO and Si02 .

8. Olivine, SA 3091 at 1425 °C, 20 kbar.

9. Calcic pyroxene, diopside, SA 3091 at 1165°C, 1 atm.

10. Calcic pyroxene, subcalcic augite, SA 3091 at 1350°C, 10 kbar.

11. Calcic pyroxene, aluminous pigeonite, SA 3091 at 1425°C, 20 kbar.

12. Spinel, chrome-rich, SA 3091 at 1425°C, 10 kbar.

13. Spinel, aluminum-rich, SA 3091 at 1425°C, 20 kbar.

14. Garnet, SA 3091, 1625°C, 40 kbar.

ble 17). Similar pyroxenes are formed in

synthetic komatiite compositions, and
there seems no doubt that they are

stable, equilibrium phases and not

quench products.

Aluminous phases appear only at tem-

peratures close to the solidus. As the

pressure increases, the dominant alumi-

nous phase changes from plagioclase at

1 atm, to spinel at 10-30 kbar, and to

garnet at 40 kbar. Chromite coexists

with plagioclase at 1 atm and also is

present at high temperatures at 10-20

kbar, but as the temperature drops at

these pressures the A1 2 3 content of the

spinel increases, the Cr 2 3 content drops,
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Fig. 27. Phase relations of peridotitic komatiite sample SA 3091.

and it becomes the major aluminous

phase.

In Fig. 28 electron microprobe analy-

ses of glasses in equilibrium with crys-

talline phases are projected into the ol-

cpx-qtz plane of the ol-cpx-plag-qtz

"system" (Irvine, 1970). Glasses pro-

duced at 1 atm and high pressure are

included. The dominant trend of olivine

subtraction extends from the starting

composition (SA 3091) to the 1200°C,

1-atm glass composition, at which point

olivine is joined by calcic pyroxene, and
the two phases crystallize together to

produce a trend away from the ol-cpx

boundary. Phase boundaries deduced

from this behavior agree with those out-

lined by Irvine (1970) from Yoder and
Tilley's (1962) experimental data on

basalts.

An important feature of Figs. 27 and
28 is the wide interval between the liq-

uidus and the appearance of the second

silicate phase. Not even at the highest

pressure applied (40 kbar) did pyroxene

or garnet crystallize close to the liqui-

dus, indicating that this komatiitic liquid

cannot have formed as a liquid at or

near the minimum melting temperature

of source rock, down to depths of about

120 km. If the pyroxene and garnet

liquidus curves are extrapolated to

higher pressures (ca. 50-60 kbar), they

do meet on the liquidus, and komatiites

may be formed as minimum melting

liquids under these conditions. However,

alternative mechanisms involving a high

degree of melting of normal mantle, or a

lower degree of melting of mantle de-

pleted in its low-melting fraction, may
be more plausible.

In Fig. 29A, the electron microprobe

analyses of glasses formed in 1-atm runs

are plotted in terms of weight percentage

of MgO, CaO, and A12 3 . As was shown
in Fig. 28, olivine is the only phase to

crystallize in sample SA 3091 from the

liquidus down to 1200°C. At lower tem-

peratures clinopyroxene crystallizes with

olivine or plagioclase, and the liquid

compositions move away from the MgO-
CaO boundary. The liquid in which

clinopyroxene first appears contains

about 9 wt % MgO.
In Fig. 29B, whole-rock compositions

of noncumulate lavas from Munro
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* Starting compositions

• Gloss compositions, SA309I, I atm
o Glass compositions, SA309I, high pressures

x Glass compositions, SKIB , I atm
A Glass compositions, FC-I , I atm

Fig. 28. Compositions of glasses produced by melting samples SA 3091, SKIB, and FC-1 at

1 atm and high pressure, projected into the ol-cpx-qtz plane of the ol-cpx-plag-qtz "system."

Beside each point representing a glass composition is shown the run temperature for 1-atm

experiments and the run temperature and pressure for high-pressure experiments. The phase

boundaries shown by solid lines are deduced from the results of experiments on sample SA
3091 ; the phase boundaries shown by dashed lines are from Irvine (1970).

Township are plotted in the same type

of diagram. These liquids form a series

similar to that produced by the SA 3091

glasses, except that the corner in the

curve corresponding to the appearance

of clinopyroxene occurs at about 14 wt

% MgO, not 9 wt %. Clinopyroxene ap-

parently crystallizes in natural lavas

with compositions similar to the com-
position of the 1300°C glass produced

from SA 3091, i.e., at temperatures about
100°C higher than the clinopyroxene

liquidus under experimental conditions.

To explore this discrepancy, melting

experiments were carried out on the

spinifex-textUred mafic komatiite lavas

FSX and FC-1 and the synthesized ko-

matiites SKIB and SKIE (Table 17).

As is shown in Fig. 29A, FSX and SKIB,
which have compositions similar to the

composition of the glass quenched from
SA 3091 at 1350°C, have the same crys-

tallization behavior as SA 3091: even

though FSX contains both clinopyrox-

ene and orthopyroxene and is devoid of

olivine, it crystallizes only olivine to

temperatures as much as 120°C below

its liquidus. Only FC-1 and SKIE, which

have CaO/Al 2O s greater than 1.5, have

clinopyroxene on the liquidus.

A number of explanations for the en-

hanced crystallization of pyroxene in the

lavas were considered, and the more
plausible of these were tested experi-

mentally. In most cases the factors con-

sidered could be shown to have an effect

opposite to what is required or to exert

only minimal influence. For example,

the presence of volatiles in the lavas

could have enhanced pyroxene crystal-

lization, but water would only inhibit

orthopyroxene crystallization and would

have little effect on clinopyroxene (Ku-
shiro, 19696), and carbon dioxide is so

insoluble at low pressures that its effect

would be negligible (Eggler, Year Book
73). Similarly, experiments at high oxy-

gen fugacities produced abundant mag-
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70 % Mg

• Noncumulate komatiite

lavas from Munro Township

65% Ca
65% ALO

2 V 3

Fig. 29B. Compositions of noncumulate komatiitic lavas from Munro Township, Ontario.

netite but did not crystallize clinopyrox-

ene at significantly higher temperatures.

The appearance of clinopyroxene on the

liquidus in sample SKIB at 20 kbar sug-

gested that high-pressure differentiation

could be important, but petrographic

studies show that clinopyroxene and or-

thopyroxene are the first phases to crys-

tallize, presumably at pressures close to

1 atm, in lavas of composition similar to

that of SKIB. Finally, the rapid cooling

required to produce spinifex texture

(Nesbitt, 1971) probably inhibits clino-

pyroxene crystallization but only slightly

suppresses olivine, according to experi-

ments on SKIB and FSX and data of

Donaldson (1974), Gibb (1974), and
Walker etal. (1976).

The explanation that best fits the ex-

perimental results is that the Munro
samples are altered and do not accu-

rately represent the original lava com-
positions. Numerous studies (e.g., Hart,

1970; Shido, Miyashiro, and Ewing,

1974; Bischoff and Dickson, 1975) have

shown that a fresh basalt subjected to

seawater alteration or low-grade meta-

morphism loses CaO and Si0 2 ,
gains

MgO, and loses or gains alkali elements,

depending on the type of alteration. Ex-
periments on samples FC-1, the lava

with high CaO/Al 2 3 ,
and SKIE, the

synthesized komatiite with similar com-
position, show that higher CaO contents

cause clinopyroxene to crystallize in

more mafic compositions (Fig. 29A).

Similarly, higher Si0 2 or alkali element

contents would explain the presence of

orthopyroxene in some lavas and its ab-

sence from experimental runs. However,

an explanation requiring the loss of CaO
and Si0 2 from the Munro komatiite

samples is inconsistent with abundant
field, petrographic, and chemical data,

indicating that in Munro Township
(Pyke, Naldrett, and Eckstrand, 1973;



562 CARNEGIE INSTITUTION

Arndt, 1975) as well as in Western Aus-
tralia (Williams, 1972; Nesbitt and Sun,

1976) and southern Africa (Bickle, Mar-
tin, and Nisbet, 1975), the freshest

komatiites have CaO/Al 2 3 close to 1.

Phase Relations of Mafic Layers
in the ronda peridotite

Masaaki Obata and John S. Dickey, Jr.

Five mineral assemblages had been

recognized in magmatic-type mafic lay-

ers of the Ronda peridotite massif in

Spain (Dickey, 1970). Recent extensive

remapping of the massif and petro-

graphic studies led to a redefinition of

the layers and their distribution in the

massif in terms of three mineral assem-

blage groups characterized by the pres-

ence or absence of garnet and olivine:

Group I. Garnet pyroxenites

(a) Cpx + Gar + Plag

(b) Cpx + Opx + Gar
(c) Cpx -f- Gar
(d) Cpx + Gar + Plag + Qz
(e) Cpx -f- Opx -j- Gar + green Sp

(ceylonite)

Group II. Pyroxenites

(a) Cpx -f- Opx ± green Sp
(b) Cpx -j- Opx -f- green Sp + Plag

(c) Cpx
Group III. Olivine gabbros

(a) Cpx + 01 -f Plag + Opx +
brown Sp (picotite)

(b) Cpx + 01 + Plag + Opx +
opaque Sp (chromite)

Layers of the groups are distributed in

the massif from west to east (Fig. 30),

corresponding (with a few exceptions

near the south contact) to an easterly

decrease in pressure. Most of the layers

have complex textures owing to incom-

plete subsolidus reactions: Garnets typi-

cally have kelyphite rims; pyroxenes re-

veal exsolution lamellae; and Al-rich

pyroxenes are breaking down to fine-

grained mixtures of olivine, plagioclase,

spinel, and Al-poor pyroxenes. The pres-

ent mineral assemblages do not represent

the original conditions of crystallization

of magma (in contrast to the interpreta-

tion of Dickey, 1970) but simply reflect

the metamorphic conditions of the mas-
sif.

Peridotites are predominantly harz-

burgite followed in abundance by lher-

zolite and dunite. Pyrope-rich garnet

(Py 7oGross 12Almi 8 ) occurs locally in the

lherzolite in the west of the massif (Fig.

30). Plagioclase surrounds spinel in the

east.

A study has been made of the high-

pressure phase relations of a plagioclase-

garnet pyroxenite layer that occurs in

spinel lherzolite in the massif. The ex-

periments were conducted in graphite

crucibles in a i/o-in diameter, solid-

media, high-pressure apparatus (Boyd
and England, 1960), using the piston-

out technique. Sealed Pt95Au 5 crucibles

were also used for long runs near solidus

temperatures to avoid possible introduc-

tion of water by the dehydration of the

assembly parts. The analyzed rock pow-

der (Table 18), which contained garnet,

plagioclase, and clinopyroxene (10 /mi),

was used for liquidus runs. Glass pre-

pared from the rock powder (by fusion

in Pt95Au 5 foil in N 2 gas at 1 atm and

1400°C), mixtures of 70 wt % glass and

30 wt % rock powder, or mixtures of 95

wt % glass and 5 wt % garnet that had

been separated from the rock were used

for subsolidus runs. Except for a few

low-temperature runs in which the

charge was slightly moistened (breathed

on) before loading, the loaded capsules

were dried by heating to glowing red

with a gas torch for 30 sec immediately

prior to the run. Run times ranged from

20 min to 12 hr. Run products were iden-

tified by optical, x-ray diffraction, and

electron microprobe methods.

The experimental results are sum-

marized in Fig. 31. At pressures up to 8

kbar, olivine (Fo S5 ), clinopyroxene, and

plagioclase all crystallize within 25° of

the liquidus, but above 8 kbar clinopy-

roxene is the sole liquidus phase. From
8 to 20 kbar, clinopyroxene is followed

by plagioclase with decreasing tempera-

ture. Olivine is not stable above 9 kbar.
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Fig. 30. Regional distribution of the three groups of the mafic layers and garnet peridotites.

Open circles, garnet pyroxenites; triangles, pyroxenites; squares, olivine gabbro; solid circles,

garnet peridotites.

Garnet first appears above the solidus at

about 18 kbar and expands its field to-

ward higher pressure. The plagioclase

field decreases with increasing pressure

and pinches out at 29 kbar.

Four different subsolidus assemblages

TABLE 18. Chemical Analysis and CIPW
Norm of Plagioclase-Garnet Clinopyroxene

R127*

Si02 47.73 Or
Ti02 0.73 Ab 15.76

A12 3 16.16 An 35.61

Cr2 3 0.00 Ne 0.12

Fe2 3 0.94 Di 28.02

FeO 7.84 Hy
MnO 0.15 01 17.19

MgO 9.88 Mt 1.36

CaO- 14,15 Chr
Na2 1.89 Ilm 1.39

K2 0.01 Rest 0.35

H2
+

0.35

H2
0" 0.06 Total 99.82

P2Os 0.00

NiO 0.01

S03 0.00

Total 99.88

*Mode: 61% Cpx, 23% Plag, 5% Gar,
11% kelyphite (Dickey, 1970).

have been identified: clinopyroxene -4-

plagioclase -f- olivine; clinopyroxene -f-

plagioclase; clinopyroxene -\- plagioclase

+ garnet; and clinopyroxene -f- garnet

-f- quartz. The olivine of the first assem-

blage disappears at the boundary A
(Fig. 31) by reacting with plagioclase to

form aluminous pyroxene components.

Garnet appears at boundary B and in-

creases in abundance with pressure to-

ward the boundary C, where plagioclase

disappears. Boundaries A and B are

established on the basis of marked
changes in the kind and abundance of

phases. Boundary C was difficult to lo-

cate precisely because plagioclase is too

sparse to be detected by x-ray powder
diffraction and must be identified by
optical and electron microprobe meth-

ods. Plagioclase (An 40-50) in addition

to clinopyroxene and garnet was formed

from glass up to 27 kbar at 1250°C.

Trace amounts of quartz were identified

by scanning electron microscopy in some
of the runs beyond boundary C.

The mineral assemblage of the origi-

nal rock, plagioclase -f- garnet -j- clino-

pyroxene, is apparently stable over a
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Fig. 31. Pressure-temperature diagram for the composition of plagioclase-garnet clino-

pyroxenite R127. Symbols in the subsolidus region : open rectangles with vertical line, Cpx +
Plag -+- 01 formed from glass when seeded with a small amount of rock powder; shaded
rectangles, Cpx + Plag formed from glass when seeded with a small amount of rock powder;
half-solid rectangles, Cpx -f- Gar + Plag formed from glass when seeded with a small amount
of rock powder; solid rectangles, Cpx -+- Gar + Plag formed from glass; open rectangles with

horizontal line, Cpx + Gar -f- Qz formed from glass; crossed open rectangles, Cpx -f- Gar +
Qz formed from glass when seeded with a small amount of garnet; half-shaded rectangle,

Cpx -f- Gar -f- Qz formed from glass when seeded with a small amount of rock powder.

broad P-T interval, and it would be ex-

pected that the phases would vary in

composition through this field. How-
ever, because of the fine grain size of the

subsolidus run products and their com-
plex textural intergrowths, the phases

could rarely be analyzed with the elec-

tron microprobe. As an alternative, the

compositional changes have been moni-

tored indirectly by x-ray diffraction

methods by measuring the 20 difference

between the (221) peak of clinopyroxene

and the (420) peak of garnet. The re-

sults (Fig. 32) indicate that this A20

changes systematically over the tem-

perature-pressure field of the assemblage

and that the natural rock equilibrated

at a temperature of 800°-900°C.

A successful electron microprobe anal-

ysis was obtained for a clinopyroxene

formed with garnet at 1250°C and 30

kbar (5.7 hr), and the result is com-

pared in Table 19 with an analysis of

the pyroxene in the original rock. The
synthetic pyroxene is exceptionally high

in ALO-s, and the sum of cations per 6
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Fig. 32. Temperature versus A20 (Cpxmi-Gma)) diagram for garnets and clinopyroxenes

coexisting with plagioclase in experimental run products synthesized from the composition of

plagioclase-garnet clinopyroxenite R127. Numbers on data points are pressures in kilobars.

Each point is a single measurement.

oxygens is unusually low. Expressed in

terms of end-member components with

all iron as FeO, the analysis shows 3.8

wt % excess silica. If any of the iron is

ferric, the silica excess is even larger.

Excess silica sis not common in pyrox-

enes but has previously been reported in

both natural and synthetic clinopyrox-

enes formed at high pressures (Sobolev,

Kuznetsova, and Zyuzin, 1968; Kushiro,

1969a ; Wood, this Report)

.

The experimental results give the fol-

lowing constraints of P-T conditions for

three alternative hypotheses for the ori-

gin of the layer:

1. If the mafic layers were formed by
partial fusion of peridotite without sub-

sequent fractional crystallization, as

suggested by Dickey (1970), the fusion

must have occurred at less than 8 kbar

(24 km), which is the maximum pres-

sure at which olivine is a liquidus phase.

The liquid would crystallize initially to

olivine gabbro but might be later meta-

morphosed, under increasing pressure, to

the assemblage garnet -4- plagioclase -+-

clinopyroxene.

2. If partial fusion of dry peridotite

occurred at pressures greater than 8

kbar, it must have been followed by

fractional crystallization of olivine from

the melt at a pressure less than 30 kbar.

Because of the reaction relationship of

olivine with liquid below 30 kbar (Ku-

shiro and Yoder, Year Book 73, pp. 266-

268), the fractionated liquid could have

been displaced from the olivine field.

3. Alternatively, the layers might have

formed by fractional crystallization of

a mafic or ultramafic magma at pres-

sures between 23 and 30 kbar (from ~69
to 100 km), yielding peridotite and gar-

net pyroxenite cumulates. The plagio-

clase might then have formed by
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TABLE 19. Clinopyroxene Compositions

a b c

Si02 49.6 (0.8)* 48.9 51.99

Ti02 0.8 (0.04) 1.3 0.28

AW, 15.8 (0.4) 9.0 15.75

Cr20a 0.1 0.1 0.03

FeOf 6.5 (0.5) 6.6 1.98

MnO 0.1 0.1 tr

MgO 9.0 (0.2) 12.0 10.72

CaO 15.5 (0.5) 20.1 14.75

Na2 2.8 (0.1) 1.3

99.8

4.22

Totals 100.0 100.09

Si 1.787 1.805 1.828

Ti 0.021 0.035 0.008

Al 0.669 0.389 0.654

Cr 0.002 0.002 0.001

Fe2+
0.202 0.212 0.059

Mn 0.003 0.004 tr

Mg 0.481 0.689 0.561

Ca 0.598 0.786 0.555

Na 0.193 0.080

4.001

0.287

Totals 3.956 3.961

NaAlSi2 6 18.0 7.3 27.5

CaTiAl2 6 2.3 4.3 0.9

CaAl2SiOe 21.9 11.8 18.2

Ca2Si 2 6 19.2 32.9 20.5

Mg2Si2Oe 22.3 31.0 26.7

Fe2Si2 6 12.5 12.8 3.7

Si02 3.8 0.0J 2.5

* Standard deviation of six averaged analy-

ses.

t Total Fe calculated as FeO.
| With total Fe calculated as FeO this cal-

culation shows a silica deficiency. Ferric iron

is present, however (cf. Table 18), and the
silica deficiency is artificial.

a. Clinopyroxene formed at 30 kbar, 1250°C.
b. Natural clinopyroxene in R127.
c. Natural clinopyroxene in kyanite eclogite,

Z52, from a kimberlite pipe in Yakutia (So-
bolev, Kuznetsova, and Zyuzin, 1968).

subsolidus reactions from jadeitic clino-

pyroxene during decompression. Plagio-

clase lamellae in clinopyroxene are com-
mon in the mafic layers at Ronda.
Although the presence of H 2 would

extend the olivine liquidus to higher

pressures (Kushiro, 19696) and there-

fore complicate these possibilities, the

pyroxenite layers are in fact anhydrous,

and it seems unlikely that they ever

contained much water.

Solubility of Al 2 3 in Enstatite
Coexisting with Forsterite

and Spinel

Toshitsugu Fujii

Solubility of alumina in orthopyrox-

ene has been proposed as a potential

geobarometer applicable to peridotite in

both the garnet and the spinel stability

region (e.g., O'Hara, 1967). Experiments

(MacGregor, 1974) conducted to cali-

brate this geobarometer, however, are

internally inconsistent in the spinel sta-

bility region, as discussed by Wood
(1975), Obata (1975), and Fujii and
Takahashi (1976). Therefore, it was
necessary to reexamine the alumina con-

tent of orthopyroxene coexisting with

olivine and spinel and determine whether

it is useful as a geobarometer. In this re-

port it is shown that alumina solubility

in orthopyroxene is useful as a geo-

thermometer rather than a geobarome-

ter, mainly on the basis of experiments

in the system MgO-Al 2 3-Si0 2 .

The data on alumina solubility were

obtained from run products (forsterite,

spinel, and aluminous enstatite) using a

starting material that was a mixture of

glass and crystals of the composition

En(MgSi0 3 ) 4 Sp(MgAl 2 4 )i (mole %).
The material, which was prepared by
adding enstatite glass to amesite com-

position heated at 1580°C, yielded stout

subidiomorphic enstatite crystals that

contained a few rather large octahedral

spinel inclusions.

Experiments were carried out in a

1/2-in, solid-media, high-pressure appa-

ratus (Boyd and England, 1960) using

the piston-out method. Graphite cap-

sules were used for all the runs. The
starting materials were moisturized by
breathing on them except for the runs at

1400°C. Run time ranged from 4 to 45

hr.

Compositions of aluminous enstatite

coexisting with forsterite and spinel are

plotted in Fig. 33 as percentage of Al in

the Ml site (XA1
M1 X 100; XA1

M1 =
2XA i) • The Al content of enstatite is in-

sensitive to pressure at constant tem-
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Fig. 33. Alumina solubility in orthopyroxene plotted as functions of pressure and tempera-
ture. Solid circles indicate results of this study. Stars indicate data of Anastasiou and Seifert

(1972). Numbers beside symbols are percentage of Al in the Ml site of orthopyroxene. Light

lines with numbers are calculated isopleths. Heavy line is univariant line delimiting the spinel

stability region from the garnet stability region in the system MgO-Al203-Si02 (MacGregor,
Year Book 63, p. 157; 1974).

perature but increases with increasing

temperature at constant pressure. The
analyses of coexisting spinel indicate

that it does not form a solid solution to-

ward corundum under these experimen-

tal conditions, differing from the results

of Fawcett and Yoder {Year Book 62,

pp. 143-145).

The solubility of alumina in enstatite

coexisting with forsterite and spinel is

expressed by the following reaction

:

Mg2Si 2 6 + MgAL04

(AG°) P,T = -RT In
aMgAl2Si°6

flMg
2 Si2 6 (2)

According to the two-site, simple-mix-

ture model for orthopyroxene of Wood
and Banno (1973), Equation 2 becomes

/X M1 \
(AG°) PiT= -RTIn (y^Mr)

/
(V, V°!

En in Opx S8 Sp in Sp
s

= MgAl 2Si06 +
Mg-T in Opx„

Mg 2SiO,

Po in Oi„,

(1)

If the standard state of each component
is taken as the pure phase at the pres-

sure and temperature under considera-

tion, the condition for equilibrium of

Reaction 1 in the system MgO-Al 2 3
-

Si0 2 is (see Table 20 for summary of

notations)

Opx

MgAI2 Si06 — y MgAl2 Si06

— *Mg2 Si2 6 "f" ^ Mg2 Si2 6 ) (*P (3)

Rearrangement of Equation 3 gives

(AG°)i iT -\- I (^°MgAl2 Si06

+ * Mg2 Si04 — V Mg2 Si2 6

— V °UgA.l2 4
)dP

= -^ln(|C)
Opx

/:
(VMgAl2 SiOG v° MgAl2 SiO

^MgoSi2 6 4" V°MgoSi2Oa)dP
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TABLE 20. Summary of Notations

a< Activity of component i.

(AG°)p,t Free-energy change in the standard

state at P bar and T°K.

AH° Enthalpy change in the standard

state at 1 bar.

AS° Entropy change in the standard

state at 1 bar.

(L")i Atomic fraction of element m in

the site n of phase 1.

Vt Partial molar volume of component
i.

V" i Molar volume of component i.

If the molar volume does not change with

pressure, because the compressibility of

silicate is very small, then the above

equation becomes

where

(AG°) 1T =

-RT In
/Xaim1 \

\^Mg 1
/Opx

(P-l) AF (4)

Fig. 34. Calculated free-energy changes for

reaction 1 at 1 atm as a function of tempera-

ture using data of this study. Solid line is a

least-squares fit.

&v = vMgAl2 Si0 6

VMg2 Si2 6 + ^°Mg2 Si04 — r MgAl2 4
-

(5)

Using Equation 12 of Wood and Banno
(1973) and the molar volume data for

spinel and forsterite (Robie and Wald-
baum, 1968, p. 256), Equation 5 can be

expressed as follows:

AF = 4.07 - XMg
M1 (7.52 • ZMg

M1 -
3.24) + XA1

M1 (7.52 • XA1
M1 - 4.28)

(cm3 ) = 7.52 • XA1
M1 - 0.21 (cm3

) =
0.18 • XA1

M1 - 0.005 (cal/bar)

Therefore, Equation 4 can be rearranged

to

~RT
aS°

In
/ Xaim1 \

\^Mg /Opx

RT
(0.18 • XA1

M1 - 0.005)

(6)

If the data are reliable, the calculated

values of the right-hand side of Equa-
tion 6 should be on a straight line when
plotted against 1/T. As shown in Fig.

34, the points calculated using the ex-

perimental data of this study are almost

on a straight line. A least-squares fit to

these data yields

10.4 X 103

RT
4L3

R

yA-Mg /Opx

P-l
RT

(0.18XA1M1 - 0.005)

(7)

The isopleths of alumina solubility in

orthopyroxene were calculated using this

equation and are shown in Fig. 33. It is

clear that the alumina solubility in en-

statite in the spinel stability region is

not sensitive to pressure, especially at

temperatures lower than 1000°C. Thus,

the alumina content of orthopyroxene

coexisting with olivine and spinel may
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be useful as a geothermometer but can-

not be used as a geobarometer.

MacGregor's (1974) results show that

the alumina content of orthopyroxene

coexisting with olivine and spinel de-

creases greatly with increasing pressure

at constant temperature. In order to ex-

plain his data, it is necessary to assume

that the volume change in reaction 1 is

larger by the order of 10-100 under the

experimental conditions than at 1 atm

and 298.15°K. Such a difference is un-

likely because the compressibilities of

silicates and spinel are very small

(Birch, 1966). Moreover, the data of

MacGregor (1974), when plotted on a

diagram similar to Fig. 34, are scattered

and do not lie on a straight line (Fig.

35). These considerations suggest that

the results of MacGregor (1974) may
not be correct.

The new results obtained here are

supported by the hydrothermal experi-

ments of Anastasiou and Seifert (1972).

They examined the isobaric invariant

points at which forsterite, enstatite,

spinel, and cordierite or sapphirine exist.

The alumina content of orthopyroxene

at the above isobaric invariant points is

3.5 wt % at 3 kbar and 900°C, 6 wt %
at 2.8 kbar and 1000°C, and 9 wt % at

2.7 kbar and 1100°C. These values

correspond to ZA i

M1 = 0.07, 0.13, and

0.17, respectively, and closely fit the

calculated isopleths based on Equation

7 (Fig. 33).
s

Another check of the experimental

data may be obtained by considering the

univariant reaction curve in the MgO-
Al 2 3-Si0 2 system, denned as follows:

2Mg 2Si 20« + MgAl 2 4

En in Opx sa Sp

= Mg2Si0 4 + Mg3Al 2Si 3 12

Fo Pyr
(g)

This equation is a linear combination of

Equation 1 and the following equation,

which delimits the solubility of alumina
in the garnet stability region (Wood
and Banno, 1973)

:

2-5

2-0

1-5

1-0

0-5

5 6 7 8 9

lOVT'K

Fig. 35. Calculated free-energy changes for

reaction 1 at 1 atm as a function of tempera-
ture using MacGregor's (1974) data.

Mg 2Si 2 6 + MgAl 2Si0 6

En in Opx Mg-T in Opx

Mg3Al 2Si 3 12

Pyr
(9)

Then the curve for reaction 8 can be cal-

culated if the enthalpy and entropy

changes for reactions 1 and 9 are known.
The enthalpy and entropy changes for

reaction 9 calculated from the results of

MacGregor (1974) are 7.6 kcal and 4.4

cal/deg, respectively (Fujii and Taka-
hashi, 1976) ; those for reaction 1 are

calculated in this study (Equation 7).

The calculated univariant curve on the

P-T diagram is plotted in Fig. 36 to-

gether with the curve determined experi-

mentally by MacGregor {Year Book 63,

p. 157; 1964). As shown in Fig. 36, these

two curves are in agreement within the

error limits of MacGregor (1974). This

agreement also means that the isopleths

in the spinel stability region calculated

in this report must agree with those in

the garnet stability region (MacGregor,

1974) on the univariant curve.

Before applying the above results to

natural rocks, it is necessary to consider

the effects of other elements such as FeO,
Fe 2 3 , Cr2 3 , and CaO. If it is assumed
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Sp + Fo assemblage and solid squares, the
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that olivine and spinel form ideal solid

solutions, the activities of forsterite and
Mg-Al spinel may be expressed as fol-

lows:

aMg2 Si04

= (XMgM2 )oi- (XMgM1 ) i

<2MgAl2 4

= (Ajtfg )sp ' (-Xai )sp

Then, in a multicomponent system,

Equation 7 becomes

10.4 X 103

RT
4J5

~R~

= -ln

(Ajig JOI (XMgM1 )oi

(XMg ^Sp (Xj B\ 2
1 JSp RT

AV

(10)

To check the applicability of this equa-

tion two preliminary experiments were
carried out on an iron-bearing system at

1200°Cand20kbar.
Two starting materials were prepared

by mixing glass of Fo30 composition with

heated amesite composition in different

proportions. Graphite capsules were used

to avoid loss of iron; in these capsules

the oxygen fugacity is estimated to be
in the wiistite stability field (Thompson
and Kushiro, Year Book 71, pp. 615-

616). The analyses show that ferric iron

may be present in spinel produced in

these runs, but the presence of ferric

iron in pyroxene or olivine is uncertain.

The A1 2 3 content of orthopyroxene

(En97 ) coexisting with olivine (Fo98 )

and spinel [Mg/(Mg + Fe2 + ) = 0.98,

A1/(A1 + Fe3 +) = 0.99] is 8.2 wt %.
The A1 2 3 content of orthopyroxene

(En91 ) coexisting with olivine (Fo9 i)

and spinel [Mg/(Mg -f Fe2 +) = 0.90,

A1/(A1 + Fe3 +) = 0.97] is 8.3 wt %.
These values are only slightly lower

than those of the simple system under

the same conditions.

In the iron-bearing system it is neces-

sary to consider the effects of site pref-

erence of cations. According to Virgo

(Year Book 70, pp. 215-221), the intra-

crystalline Fe-Mg partition coefficient of

orthopyroxene is about 0.3 at 1200°

C

(extrapolated value). Thus ZA i

M1
/-^Mg

M1

should be smaller than it is when calcu-

lated neglecting the effects of site pref-

erence. Olivine becomes disordered in the

distribution of Fe and Mg with increas-

ing temperature, and completely dis-

ordered olivine occurs at temperatures

above 1300°C (Finger and Virgo, Year

Book 70, pp. 221-225). Then, at 1200°C
it may be assumed that

(XMgM2 ) ,= (XMgM1)oi

Mi
~ ^Mg + Fe/Mg + Fe/01

Thus values of the apparent reaction

constant,

V-^Mg /Opx

(*MgM2 )oi • (XMg
M1

)oi

(AMg )sp ' (Aai )sp

are 0.203 and 0.204. These values fit well

with that in the simple system under the
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same conditions (0.204). It is concluded

that the geothermometer proposed here

may also be useful in the iron-bearing

system.

The Partitioning of Iron and
Magnesium between Garnet

and clinopyroxene

B. J. Wood

The iron-magnesium exchange reac-

tion involving garnet and clinopyroxene

CaFeSi 2 6 + lMg3Al 2Si 3 12

clinopyroxene garnet

t iFe 3Al 2Si 3 12 + CaMgSi 2 6

garnet clinopyroxene

is potentially an extremely useful geo-

thermometer (e.g., Banno, 1970). Ra-
heim and Green (1974) have measured
the empirical distribution coefficient KD
(= Fe** • Mgcpx/FecPx • Mggt

) for

garnet-clinopyroxene pairs crystallized

from glasses of basaltic composition at

30 kbar over a wide range of tempera-
ture. The temperature dependence of KD ,

determined at 30 kbar, was combined
with some results on the pressure de-

pendence of KD at 1100°C in an attempt

to calibrate the garnet-clinopyroxene

geothermometer.

Raheim and Green found that the ef-

fect of increasing pressure was to in-

crease KD , as "expected from the negative

AV obtained from the molar volumes of

the end-member components of garnet

and clinopyroxene. The magnitude of the

pressure effect observed by these authors

is, however, considerably larger than
that predicted from molar volume data.

Thus, although the pressure effect on KD
observed by Raheim and Green may be
correct for the complex compositions

studied by them, it cannot be applied to

Ca(Mg,Fe)Si 2 6 clinopyroxene coexist-

ing with (Fe,Mg) 3Al 2Si 30i 2 garnet solid

solution. One possible explanation of

their results is that increasing pressure

changes the composition of one of the

two phases in such a way that the ac-

tivity coefficients for iron and mag-
nesium components are considerably

altered. In view of the marked nonideal-

ity of Mg3Al 2Si 3 12-Ca 3Al 2Si 3Oi 2 garnet

solid solution (Hensen, Schmid, and
Wood, 1975) , it is possible that a varia-

tion in the Ca 3Al 2Si 3 12 content of gar-

net would produce a change in KD at

constant P and T. Raheim and Green
have observed some apparent depend-

ence of KD on grossular content of gar-

net at 30 kbar and 1100°C. In addition,

their experiments on basaltic composi-

tions produced garnets of increasing

grossular content with increasing pres-

sure and increasing KD .

The purpose of this study was to in-

vestigate the pressure dependence of KD

for garnet-clinopyroxene pairs in which
the grossular content of garnet is not a

function of pressure. Starting materials

consisted of mixtures of a diopsidic clino-

pyroxene that was low in A1 2 3 and a

garnet containing about 12 mole %
Ca 3Al 2Si 3O x2 component (Table 21)

;

some experiments were performed on

pyroxene-garnet mixtures that had been

recrystallized at 30 kbar and 1250°C.

The mineral mixes were ground together

under alcohol to a grain size of 1-2 ^m
and run at temperatures of 1100°-1400°

C in the pressure range 20-45 kbar.

Experiments at 1100°C were performed

in graphite capsules sealed, together

with about 2% H 2 (to induce melting),

TABLE 21. Compositions of Starting

Materials

Clinopyroxene Garnet

Si02 53.94 42.2

A12 3 0.66 20.88

Ti02 0.26 1.28

CaO 24.55 4.74

MgO 16.93 19.45

FeO* 2.93 11.58

Na2 0.24 0.11

Cr2 3 0.21 0.45

MnO 0.07 0.34

Totals 99.79 101.0

* All Fe as FeO.
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Fig. 37. Kd (garnet-clinopyroxene) as a func-

tion of pressure at 1100°C (A), 1300°C (B),
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inside Pt capsules. Thermocouples of

Pt/Pt90RhlO were used. Runs at higher

temperatures were performed essentially

dry inside graphite capsules, and tem-
perature control was achieved via

W3Re97/W25Re75 thermocouples. Crys-
tals of 10-20 fim diameter or larger were
produced in almost all experiments, but

the variable degree of partial melting oc-

casionally resulted in the appearance of

orthopyroxene or the loss of garnet, or

both (Table 22).

The garnets and clinopyroxenes pro-

duced were analyzed using the electron

microprobe. Results, given in Table 22,

demonstrate that both phases are rela-

tively unzoned, even in 1100°C runs. As
may be seen from this table the calcium

contents of product garnets are rela-

tively independent of pressure and tem-

perature, the range of Ca 3Al 2Si 30i2 mole

fractions being from 0.13 to 0.17. Any
effect on KD of variable calcium con-

tents of the garnet should thus be very

small. It should be noted that in calcu-

lating the averages and standard devia-

tions the occasional analysis of obvi-

ously unequilibrated starting material

(as crystal cores) has been omitted. The
standard deviations of Fe/Mg of each

of the two phases were computed from

the sums and deviations of Fe/Mg of

each analysis rather than by combining

o-pe and crMg .

The results of this study are compared
with those of Hensen (Year Book 72,

pp. 527-534), Akella and Boyd [Year

Booh 73, pp. 269-273) , and Raheim and

and 1400°C (C). Dashed curves are from the

data of Raheim and Green (1974). Solid curves

are for the calculated pressure dependence of

KD based on the following assumptions (see

text) : KD at 30 kbar and 1100°C is 2.65; KD at

30 kbar and 1300°C is 1.90; KD at 30 kbar and
1400°C is 1.46; AV is —1.0 cm3

. Experimental

data from this work are shown as solid circles

with error bars equal to ±1 standard devia-

tion. Open circles are data from Hensen (Year

Book 72, p. 527). Solid triangles are data from
Akella and Boyd (Year Book 73, p. 267). Ar-

rows indicate direction of approach to equilib-

rium, where known.
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Green (1974) in Fig. 37 (A-C). All ex-

periments on very magnesian composi-

tions with approximately 15 mole %
grossular in garnet (Hensen, Akella and
Boyd, and this study) give similar re-

sults. The data also agree reasonably

well with calculated values derived from

the equation for KD given by Raheim
and Green, but as can be seen from Fig.

37 A and C, the pressure dependence of

KD appears to be less than that sug-

gested by them. The solid line shown in

Fig. 37 A-C is based on the 30-kbar

data of Raheim and Green extrapolated

to other pressures, using the molar vol-

umes of the end-member minerals (AF
= —1.0 cm3

). Thus, at 30 kbar and
1100° and 1400°C it appears that KDs

for ultramafic compositions are close to

those obtained by Raheim and Green

but that the pressure dependence of KD

is small. The 1300°C results (Fig. 37B)

are more difficult to interpret, the best

fit to the data being obtained by com-

bining the volume change of reaction

with an estimated KD at 30 kbar and

1300°C of 1.9, a value slightly greater

than that obtained by Raheim and

Green (1.75).

In conclusion, it seems probable that

the pressure dependence of KD is smaller

for ultramafic bulk compositions than

for basaltic compositions. The differ-

ences could be due either to a variable

excess volume of mixing in one of the

phases or to large compositional de-

pendence of activity coefficients in one

of the solid solutions. It is concluded

from the available molar volume data

for garnet and clinopyroxene solid solu-

tions (Chinner, Boyd, and England,

Year Book 59, pp. 76-78; Turnock,

Lindsley, and Grover, 1973) that excess

volumes of mixing are very small. It is

likely therefore that compositional de-

pendence of KD is due to varying ac-

tivity coefficients of one or more of the

components of interest. Although this

study does not provide unequivocal proof

of which compositional parameters affect

KD , the calcium content of garnet is

probably of greatest importance.

The Chemical Composition of

Melilite-Bearing Eruptive Rocks

D. Velde and H. S. Yoder, Jr.

The chemical composition of natural

eruptive rocks appears to be an impor-

tant but ill-defined factor controlling the

crystallization of melilite. Moreover,

variations in the composition of coexist-

ing phases that have been reported

(Yoder, 1973; El Goresy and Yoder,

Year Book 73; Sahama, this Report)

could be related to variations in bulk

composition. A search of the literature

produced 299 complete analyses of meli-

lite-bearing eruptive rocks. The geo-

graphical origins of the analyzed sam-

ples are as follows: 135 from the African

continent; 18 from Hawaii; 42 from

France, Germany, and Spain; 21 from

Italy; 33 from Czechoslovakia; 10

from the Atlantic Ocean islands; 26 from

North America, Japan, Australia, and
Java; 14 from Scandinavia and the

USSR. Of these 299 analyses, 269 that

contained less than 3% C0 2 and less

than 5% H 2 were used for the com-

putations to avoid initially carbonate-

rich or excessively altered samples.

Rocks described as hybrids or contami-

nated were not included. The computa-

tions were made using the NTRM ver-

sion of the rock information system

(Chayes, this Report)

.

Univariate and Bivariate Frequency

Distribution of Major Oxides

Figure 38 A-G represents the fre-

quency distributions of major oxides in

the 269 melilite-bearing igneous rocks.

Total iron, Si0 2 , CaO, and Ti0 2 all show
homogeneous distributions. However,

A1 2 3 and especially MgO, as well as the

sum of alkalies, Na 2 + K 20, strongly

suggest the existence of two groups. Ta-

ble 23 illustrates the bivariate nature of

MgO versus (Na 2 + K 20) . One of the

two groups can be defined as relatively

alkali-poor (with total alkalies less than

7.25%) and MgO-rich (MgO greater

than 7.50%); the other, as MgO-poor
and alkali-rich. The former group
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Fig. 38. Univariate frequency distribution of major constituent oxides (wt %) in 269

melilite-bearing eruptive rocks.

(mainly melilite ankaratrites) includes

173 analyses; the latter (corresponding

mainly to lavas usually designated as

melilite nephelinites) comprises 96 anal-

yses.

Averages (Table 24, columns 1 and 2)

were computed for these two groups of

analyses, using the value (Na 2 -4-

K 20) = 7.25% as a discriminant. As
could be expected, values for oxides

showing a simple distribution are very

close in both groups, and differences are

very striking for those oxides that

showed bimodal distributions. These
differences are enhanced by computation
of the CIPW norm for each of the group

averages: The sum of Ne + Lc is

47.02% in the melilite nephelinites as

opposed to 19.71% in the melilite an-

karatrites, whereas the corresponding

values of 01 are 5.63 and 19.95%.

Normative larnite (Ln) is absent

from 19 of the 269 melilite-bearing

lavas. It seems possible that the com-
position of some of these rocks was
modified after the crystallization of mel-

ilite and that they are in some respect

altered. The alterations can be of the

various types known to affect volcanic

rocks in general, but another possible

kind, the leaching of alkalies, is dis-

cussed below. A composition that is Ln
normative is probably a necessary con-

dition for the precipitation of melilite

from a rock liquid, but it is not a suffi-

cient one.

Mineralogical Composition of Melilite-

Bearing Igneous Rocks

Such contrasted compositions must
obviously reflect differences in miner-

alogical compositions: The alkali-rich

group includes feldspathoid-rich rocks,

whereas the other corresponds to oli-

vine-clinopyroxene-rich lavas. There is

no evidence that the melilite content dif-

fers much between the two groups, the

range of normative larnite content being

comparable and the composition of mel-

ilite similar.

Mineralogical differences may also be

reflected in differences in the order of

crystallization. To test this hypothesis,

the nature of the phenocrysts and the

presence or absence of key silicate phases

were included on the data cards used in
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TABLE 24. Average Compositions of Melilite-

Bearing Eruptive Rocks

No. of 1 2 3 4

Analyses

:

(173) (96) (100) (64)

Si02 37.06 38.94 37.49 37.92

Al20-3 9.48 14.75 10.26 13.00

Fe2 3 5.56 5.18 5.52 5.71

FeO 6.79 6.21 6.86 6.22

MgO 14.13 5.07 13.52 6.96

CaO 15.31 13.47 14.39 14.19

Na2 2.78 4.85 3.05 4.54

K2 1.72 5.35 1.91 4.61

Ti02 2.91 2.70 2.80 3.01

P2 5 1.03 1.17 1.09 1.21

H2 (total) 2.34 1.40 2.40 1.67

CIPW Norms

An 8.31 2.68 8.66 1.48

Lc 7.97 24.79 8.85 21.36

Ne 12.74 22.23 13.98 20.81

Di 21.40 15.59 22.22 16.55

01 19.95 5.63 18.86 8.00

Ln 10.43 11.42 8.47 12.38

Mt 8.06 7.51 8.00 8.28

11 5.53 5.13 5.32 5.72

Ap 2.39 2.71 2.53 2.80

1 and 2, average compositions of melilite-

bearing rocks with (Na2 + K20) less or

greater than 7.25% ; 3, average composition of

lavas with melilite in the groundmass; 4, aver-

age composition of lavas with melilite pheno-
crysts.

the computations. Figure 39 shows the

distribution of MgO: (A) in all rocks

with (Na 2 + K20) less than 7.25%,
(B) in all rocks with melilite in the

groundmass only, (C) in rocks with

(Na 2 + K20) greater than 7.25%,
(D) in all rocks with melilite pheno-

crysts. Excluded from this tally to avoid

any ambiguity were rocks with no pheno-

crysts at all (i.e., aphanitic rocks, pres-

ent in both groups) as well as rocks in

which melilite was described as forming

microphenocrysts.

In Fig. 39 the similarity between A
and B and between C and D is obvious,

and it is concluded that the two pro-

posed groups of melilite-bearing rocks

are not the result of crystallization se-

quence or melilite accumulation. Aver-

age compositions for the mineralogically

defined groups were computed and ap-

pear in Table 23 as columns 3 and 4.

The relation between chemical composi-

tion, particularly alkali content, and the

order of appearance of the various

phases was known experimentally (Yo-

der, 1973, Fig. 17) and could be pre-

dicted from results obtained in the sys-

tem diopside-nepheline (Bowen, 1928)

.

A number of assumptions have to be

made before these two compositions can

be expressed in terms of a reasonably

simplified system amenable to experi-

mentation. The compositions found could

correspond to two invariant points. The
alkali-rich group would be represented

in the Ab-Ak-Di-Ne tetrahedron at 40%

5U
A c

20 V H -
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" ^J?
, n J ,^-1 r^-T-n M

20

10

n

B

r-^L 1 ,
1 t-i r-i

D

_r

,V^ ,

15 20 5

MgO per cent

10 15 20

Fig. 39. MgO distribution in (A) all melilite-bearing eruptive rocks with (Na2 + K20)
< 7.25%, (B) all lavas with melilite in the groundmass only, (C) all melilite-bearing eruptive
rocks with (Na2 + K20) > 7.25%, (D) all lavas with melilite as a phenocryst phase.
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nepheline, the respective proportions of

the components Ab, Ak, and Di being

2:4.5:3.5. The MgO-rich group would
correspond to a point situated in the Ak-
Di-Ne-Fo tetrahedron at 25% nepheline,

the relative proportions of Ak, Di, and
Fo being approximately 3.5:3.5:3, re-

spectively. This relationship is in keep-

ing with Bowen's contention that the

melilite field is drawn toward Si02 as

more nepheline is added to the system

CaO-MgO-Si0 2 (Bowen, 1928).

Comparison with Nonmelilite-Bearing

Ankaratrites and Nephelinites

A useful comparison can be made with

the nonmelilite-bearing, feldspar-free

lavas, ankaratrites and nephelinites. The
NTRM data base includes 214 such

lavas, and univariate frequency distri-

bution of major oxides and important

normative minerals have been generated

and compared with those obtained from
melilite-bearing rocks.

More than a quarter of the ankara-

trites and nephelinites (60 out of the 214

analyses) contain normative Ln. The
appearance of Ln in the norm of feld-

spar-free lavas is readily explained by
the equation 2Di + Ts = An + 01

-(- Ln (Chayes and Yoder, Year Book
70, p. 206) , which shows that the norma-
tive equivalents of a clinopyroxene rich

in Tschermak's molecule will, in feld-

spar-free lavas, include Ln.

Distributions of FeO, Fe 2 3 , Ti0 2 ,

A1 2 3 , CaO, and MgO are similar in

both groups, the nephelinites showing a

small concentration at low MgO values.

Si0 2 (Fig. 40A) is lower, however, and
the total alkalies (particularly K 20) are

higher in the melilite-bearing rocks.

Another difference between melilite-

bearing and nonmelilite-bearing igneous

rocks can be seen in the range of norma-
tive anorthite content (Fig. 40B) : the

conclusion from this comparison is that

melilite-bearing rocks are silica-poor,

alumina-poor, and alkali-rich compared

with other feldspar-free lavas. Only 3

out of 214 nephelinites and ankaratrites

are acmite normative.

The Alumina Content of Melilite-

Bearing Eruptive Rocks

Expressed in terms of normative com-
ponents, the excess Al over the sum of

Na + K leads to 2.68 and 8.31% norma-

tive anorthite (Table 24, columns 1 and

2), respectively, for the high- and low-

alkali groups. Furthermore, 40 out of

269 melilite-bearing igneous rocks con-

tain normative acmite. The presence of

normative acmite in the norm of such

basic rocks seems important in connec-

tion with both the mineralogical com-
position of melilite-bearing rocks and

the possible genesis of melilite-bearing

lavas.

As shown by El Goresy and Yoder

35

40 45
Si02 per cent

24 30
An per cent

Fig. 40. Comparison between melilite-bearing eruptive rocks and feldspar-free nephelinites

and ankaratrites: (A) Si02 frequency distribution, (B) normative anorthite frequency distri-

bution. X represents for each group the mean of all nonzero values. Broken line, melilite-

bearing rocks ; solid line, nephelinites and ankaratrites.
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{Year Book 73, p. 361), there is always

in natural melilites a molecular excess

of alumina over sodium (and potas-

sium) and even an indication that this

excess becomes greater as the proportion

of sodium melilite increases. Available

clinopyroxene analyses (Sahama, this

Report; Velde and Yoder, unpublished

analyses) also show a large excess of

molar Al over molar Na, the clinopyrox-

enes of melilite ankaratrites being par-

ticularly rich in A1 2 3 . A number of

melilite-bearing rocks must then contain

alkali-rich, alumina-deficient phases.

The examination of a large selection

of thin sections from widely distributed

occurrences and electron microprobe

analyses of a selected number of sam-
ples indeed confirms the presence of

alkali minerals. One common phase is

an alumina-poor (sometimes alumina-

free) mica, similar to those reported by
Nash (1972) in carbonatites. Acmitic

clinopyroxenes have also been found.

The genetic importance of the alumina

deficiency can be deduced from the ex-

perimental results published by Yagi
(Year Book 62, pp. 133-134) : The addi-

tion of acmite to the nepheline-diopside

system brings melilite onto the liquidus.

It has been conclusively demonstrated

more recently by F. E. Hough (personal

communication, 1973). She studied the

melting behavior of two fragments of

olivine-melilitite from the ashes of Cha-
bachu Crater," Uganda. Both have the

same mineralogy and contain melilite

phenocrysts, but only one of them when
melted and recrystallized would precipi-

tate melilite. Hough found that if 10%
K 2C0 3 ,

Na 2Co 3 , or CaC0 3 was added to

the other, melilite would also crystallize

from its melt. The addition of (NH3 ) 2
-

C0 3 did not produce any melilite, and
this result serves to rule out the possi-

bility that the appearance of melilite

could be linked to the presence of C0 2 .

She concluded that alkali cations had
been leached from one of the fragments

after the crystallization of melilite. The
unpublished chemical analyses of these

two samples are similar for most ele-

TABLE 25. Compositions of an Etindite and
Melilite Nephelinite and Results of Melting

Experiments* (from Tilley and Thompson,
1972)

1 2

SiOa 40.54 39.64

ALO3 16.07 15.06

Fe2 3 4.85 2.37

FeO 6.14 10.19

MgO 4.33 4.06

CaO 12.77 11.81

Na2 5.47 6.13

K2 3.70 5.67

MnO 0.28 0.29

Ti02 3.53 2.79

P2 5 1.07 1.47

H2 (total) 1.23

CIPW Norms

0.25

An 8.37

Lc 17.15 26.27

Ne 25.07 24.86

Ac 5.26

Di 26.94 1.43

Wo 2.61

01 17.51

Ln 2.39 14.64

Mt 7.03 0.80

11 6.70 5.30

Ap 2.48 3.41

* 1: 1118°C (Cpx), 1085°C (Ne), 1064°C
(Lc). 2: 1100°C (Ne + Mel), 1070°C (01).

ments, including A1 2 3 and K 20, but one

contains 1.20% Na 2 and the other

2.74% Na 20.

Experiments performed by Tilley and
Thompson (1972) on two basic alkalic

rocks whose compositions have been re-

produced in Table 25 corroborate the

role of alkali cations. The etindite (a

nephelinite), column 1, is a clinopyrox-

ene-nepheline-leucite-magnetite-apatite-

perovskite-sphene lava (Tilley, 1953),

whereas "Lava Lake," from Nyiragongo

volcano, contains phenocrysts of meli-

lite, nepheline, and magnetite in a glassy

groundmass. A completely crystallized

sample from the same volcano, with al-

most identical chemical composition, is

described by Denaeyer (1972, pp. 40-

41, analysis Fl(24)) as composed of

nepheline, melilite, and leucite pheno-

crysts in a groundmass of nepheline,

greenish clinopyroxene apatite, and
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opaque minerals. Similar assemblages

were observed in experimental products

(Tilley and Thompson, 1972), and more
recently Thompson (1975) has repro-

duced them under conditions of con-

trolled oxygen fugacities. It appears that

the critical difference between these two
lavas is the higher alkali content (and

the hyperalkaline character) of the Lava
Lake sample; addition of 0.8% Na 2

and 2.2% K 2 to the etindite induces

the crystallization of melilite. The re-

action taking place can be written: Cpxa

+ Ne + Lc + (Na 2 + K 20) = Ne
+ Mel + Lc +Cpx 2 + 01. One essen-

tial difference rests in the composition

and the modal proportions of clinopy-

roxene according to the reaction 2CaAl2
-

Si06 + 5CaMgSi 2 6 + 2Na 2 =
3Ca 2MgSi 2 7 + CaNaAlSi 2 7 + Mg2

-

Si0 4 + 3NaAlSi04 . Any excess diopside

over the proportions required to balance

the equation would survive the reaction.

Olivine is not mentioned in the rock de-

scription cited above, but olivine is a

common accessory phase in melilite-

bearing nephelinites from Nyiragongo.

Furthermore, Thompson (1975) found a

field of Ne + Mel + Or + Lc + Cpx
+ Mt -f- L when recrystallizing Lava
Lake under controlled conditions of oxy-

gen fugacity. If this interpretation is

correct, the clinopyroxene in the etindite

would be considerably richer in Tscher-

mak's molecule than the clinopyroxene

of the melilite-bearing lava. In this con-

nection it may be noted that the Al +
Ti content of clinopyroxenes in melilite-

bearing rocks from Nyiragongo (Sa-

hama, this Report, Fig. 46A) is smaller

than it is in clinopyroxenes from olivine

leucitites and nephelinites from the same

volcano. A similar reaction has been ob-

served in a bergalite from Kaiserstuhl,

in which alumina-rich clinopyroxene

phenocrysts are replaced by melilite,

nepheline, and magnesian biotite, an

alumina-poor acmitic clinopyroxene be-

ing an abundant groundmass phase.

Such modifications of the alkali con-

tents of the rocks conspicuously change

the normative assemblage (Table 25,

columns 1 and 2). The effects will, of

course, depend on the original composi-

tion, but in most cases Ln and 01 will

increase at the expense of Di; the com-
putation of acmite will also result in

higher percentages of the strongly un-

dersaturated normative minerals. If An
is present in the norm calculated from
the original composition, the sum of Ne
-f- Lc will increase, whereas if An is

absent, the Kp content will be aug-

mented at the expense of leucite.

It would seem from the experiments

discussed above that the addition of

alkalies to a nephelinite composition

could produce a melilite-bearing lava.

The extent to which this process could

play a role in the genesis of melilite-

bearing igneous rocks is difficult to eval-

uate, but it should be remembered that

fenitization of the country rock is not an

unknown process around melilite-bear-

ing rocks, an example being the area

around the Haystack intrusion of Mon-
tana (Buie, 1941).

Importance of Alkali Content of

Magma Yielding Melilite-Bearing

Rocks

H. S. Yoder, Jr., and D. Velde

Natural melilite-bearing rocks appear

to have been formed from alkali-rich

magmas according to D. Velde and Yo-
der (this Report). The same conclusion

was deduced by Bowen (1928, pp. 262-

266) on the basis of an analysis of the

system nepheline-CaO-MgO-Si0 2 within

which only the liquidus relations of the

join nepheline (Ne)-diopside (Di) had

been determined in a preliminary way.

Relevant portions of Bowen's composi-

tional tetrahedron have since been

worked out in detail by various investi-

gators, and a new analysis of the data

has therefore been made.

The alkali basalts and basanites may
be represented for the most part in the

subtetrahedron forsterite (Fo)-diopside

(Di)-albite (Ab) -nepheline (Ne) of the

tetrahedron Fo-larnite (Ln)-Ne-Quartz

(Qz) displayed in Fig. 41. Because the
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melilite-bearing assemblages lie outside

the alkali basalt subtetrahedron, it is

important to ascertain whether melilite-

bearing magmas can be derived by frac-

tionation from a parental olivine nephe-

linite (Di -f- Fo -f- Ne) or alkali basalt

or whether they form independently

from a different, as yet undefined, frac-

tionation series.

The critical relations displayed by
Bowen in planes of constant nepheline

content (20, 40, 55 wt %) parallel to the

CaO-MgO-Si0 2 base actually occur in

the subtetrahedron Ab-Di-Ne-Wo (Fig.

41). The principal planes of this sub-

tetrahedron are Ab-Ne-Wo (Foster,

1942), Ab-Di-Ne (Schairer and Yoder,

1960), Ab-Di-Wo (Yoshiki and Yo-
shida, 1952), and Di-Ne-Wo (Schairer

and Yoder, Year Book 63, p. 71). The
interior of the subtetrahedron is cut by
part of the sections Ab-Ak-Ne (Schairer

and Yoder, Year Book 63, p. 70), Ab-
Ak-Di (Schairer and Yoder, Year Book
63, p. 69), Ab-Ak-Wo (Schairer and
Yoder, Year Book 63, p. 68) . The liqui-

dus relations determined experimentally

are displayed in Fig. 42 A, B, and C.

Fig. 41. A portion of the Ne-CaO-MgO-Si02 system of Bowen (1928) illustrating the loca-
tion of the key subtetrahedron Ab-Di-Ne-Wo and the critical plane Fo-Ne-(2Wo + Qz)
(mole %). Ab, albite; Ak, akermanite; Di, diopside; En, enstatite; Fo, forsterite; Ln,
larnite; Mer, merwinite; Mo, monticellite ; Ne, nepheline; Qz, quartz; Sm, soda melilite; Wo,
wollastonite.
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In view of the piercing points on the

plane Di-Ne-Wo (Fig. 42A), it is evi-

dent that the pertinent "invariant"

points lie in the Ab-Di-Ne-Wo subtetra-

hedron. Some liquids generated in the

alkali basalt (Ab-Di-Fo-Ne) subtetra-

hedron will fractionate into this con-

tiguous subtetrahedron because of the

penetration of the field of forsterite

through the plane Ab-Di-Ne. The
penetration of a field of melilite into

the plagioclase-bearing subtetrahedron

through the plane Di-Ne-Wo was recog-

nized by Schairer and Yoder (Year Book
63) as critical to the understanding of

the incompatible relationship of the

melilite- and plagioclase-bearing lavas,

not uncommonly issuing at different

times from the same volcano. The extent

of the penetration of the melilite field

was determined in part in the sections

Ab-Ak-Wo (Fig. 42B) and Ab-Ak-Ne

(Fig. 42C). (There is no analogous

penetration of the melilite field into the

leucite-sanidine-Wo-Di system.) Note
that one end-member of the melilites

(soda melilite, Sm, CaNaAlSi 2 7 ), sta-

ble only at elevated pressures, lies on

one of the boundary joins. The com-

position of the common melilite in

igneous rocks is about Ak2/ 3Smi /3 (wt).

Three "invariant" points lie within

Ab-Di-Ne-Wo involving the phases Di,

Mel, Ne, 01; Di, Mel, Ne, Wo; and Di,

Ne, PI, Wo as displayed in the flow sheet

of Fig. 43. The points marked with en-

circled numbers correspond to those in

Fig. 42. The exact positions of the "in-

variant" points have not been deter-

mined; however, the proximity of the

associated piercing points constrains

each "invariant" point to a specific re-

gion of the subtetrahedron. (The rela-

tionship of these three "invariant" points

- Ab 58.IO Ak 4l.90

Ab 32.47 Ak 67.53

Fig. 42A. "Fold out" of the subtetrahedron Ab-Di-Ne-Wo shown in Fig. 41 with determined
phase equilibria (wt %). Dashed lines show intersection of subsidiary sections with bounding
ternary systems. Encircled numbers refer to piercing points used in the construction of Fig. 43.

Abbreviations are given in Fig. 41, and references to data in bounding planes and subsidiary

sections are given in the text. High-temperature polymorphs are neglected.

Fig. 42B. Phase equilibria of the subsidiary sections Ab-Ak-Di and Ab-Ak-Wo pertinent to

the subtetrahedron Ab-Di-Ne-Wo (wt %).
Fig. 42C. Phase equilibria of the subsidiary section Ab-Ak-Ne pertinent to the subtetra-

hedron Ab-Di-Ne-Wo (wt %).
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Fig. 43. Flow sheet for the subtetrahedron Ab-Di-Ne-Wo. Encircled numbers relate to

piercing points in the bounding planes or subsidiary sections of Fig. 42A, B, and C. Dashed
lines indicate planes or sections that cut "univariant" lines. Large dots are "invariant" points,

and upper case abbreviations indicate assemblages stable with liquid at the "invariant" points.

Solid solutions and high-temperature polymorphs are not indicated.

to the two compositional groups recog-

nized by D. Velde and Yoder [this Re-
port] cannot be determined without the

phase equilibrium data for the leucite-

bearing systems.)

Bowen's deduction can be visualized

by examining the relations on the ex-

tension of the olivine nephelinite plane

Di-Fo-Ne (cf. basalt tetrahedron of

Yoder and Tilley [1962]). The exten-

sion intercepts Wo-Qz at the ratio 2:1

and Ab-Wo at 36.88 wt °/o Ab as shown
in Figs. 41 and 42, respectively. The de-

duced liquidus relations on the plane

Fo-Ne-(2 Wo 4- Qz) are shown in Fig.

44. It appears that extraction of olivine

from liquids generated at least in the

ruled area would eventually yield meli-

lite. Those magmas having less Ne than

the ruled area would not necessarily

yield melilite and probably would frac-

tionate to plagioclase-bearing assem-

blages—the full range of compositions

of appropriate parental material that

will crystallize melilite has yet to be de-

termined experimentally.

The determination by experiment of

the composition of the Di, Fo, Mel, Ne
"invariant" point would be helpful in

outlining the limiting compositions of

magmas from which melilite may form.

Petrographic evidence for a melilite re-
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21.82% Na 2

— 4.36 % Na 2

Fig. 44. Schematic planar extension of the determined system Ne-Di-Fo (Schairer and
Yoder, Year Book 69, p. 70, Fig. 18) to include more siliceous compositions using the data in

the bounding planes Ab-Ne-Wo and Ab-Di-Wo as well as that in the Ab-Ak-Ne section (wt

%). High-temperature polymorphs are neglected. The dotted lines outline the maximum
region of compositions of parental materials of relatively high soda content that will yield

melilite on crystallization. The full extent of compositions of likely parental materials that

form melilite has~not as yet been determined.

action relation analogous to that sug-

gested in Fig. 43 has not been found

even after an examination of thin sec-

tions of almost 300 different melilite-

bearing rocks.

It appears that the initial alkali con-

tent of the initial magma is important
in determining whether melilite- or

plagioclase-bearing lavas are produced
as fractionation products. Confirmation

of the relations in Fig. 44 is required be-

fore melilite can be considered a normal
fractionation product of alkali-rich mag-
mas. Those alkali-rich magmas could

be the partial melt product of a suitable

parent with or without appropriate vola-

tiles, or could result from the metaso-

matic effects of alkali-rich volatiles on

already existing critically undersatu-

rated magmas (Bailey, 1970).

Composition of Clinopyroxene and
Melilite in the Nyiragongo Rocks

Th. G. Sahama

The active volcano Mt. Nyiragongo in

the Virunga volcanic field, eastern Zaire,

consists of all-feldspathoidal nephelinitic

lavas. Although the general geology

(Tazieff, 1966) and the chemistry and
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petrology of the rocks (Denaeyer, Schel-

linck, and Coppez, 1965; Denaeyer,

1972) are determined, the few wet chem-
ical analyses published of clinopyroxene

and melilite are insufficient to charac-

terize the compositions of these impor-

tant constituents of the rock suite.

Therefore, a series of electron micro-

probe analyses on the two minerals was
undertaken using the computer-auto-

mated technique (Finger and Hadidia-

cos, Year Book 71
, pp. 598-600)

.

Summary of Rock Sequence

Beginning with the oldest lava beds

accessible for study in the Nyiragongo
upper crater, the rock succession is as

follows (Sahama, 1962)

:

1. Brownish bergalite and nephelinite

lavas and pyroclastics, which are rich

in melilite and may or may not contain

leucite, kalsilite, and calcite, are the

oldest accessible rocks. In mineralogy

and texture the lavas represent an un-

altered, haiiyne-free analogue to the

type rock from Kaiserstuhl in southern

Germany (Soellner, 1913).

2. Leucitites and leucite-rich nephe-

linites, many with aggregates of leucite

phenocrysts, in extreme cases reaching

the size of a fist, are next. Melilite is

subordinate or absent.

3. Nepheline aggregate lava, so named
because of its characteristic aggregates

of potassium-rich nepheline phenocrysts,

is next in succession. This leucite meli-

lite nephelinite lava covers the outer

slopes of the main cone and is equiva-

lent to the molten lava lake material

and to the horizontal beds exposed in the

walls of the inner pit of the crater.

4. Dikes petrographically represent-

ing all three rock groups cut the upper

crater beds. The most conspicuous of

these dikes, which cuts the uppermost

bed of rock group 2, is named dike No. 6

and consists of leucite-rich nephelinite

without melilite.

All these rocks also contain clinopy-

roxene, titanian magnetite, and apatite,

and some contain small amounts of oli-

vine and perovskite.

Clinopyroxene

Analyses of the Nyiragongo clino-

pyroxene display considerable composi-

tional variation even within each rock

group listed in the above summary. The
variation of clinopyroxenes in the berga-

lite lavas (Table 26) is illustrated by
the calculated average composition and
high standard deviations. Although some
variations in the bulk composition of the

melt and its rapid, nonequilibrium con-

solidation may have had an effect, the

variation in the clinopyroxene composi-

tion is largely caused by sectoral zoning,

which is well developed both in the

phenocrysts and in the groundmass crys-

tals. In addition, large phenocrysts ex-

hibit oscillatory zoning and banding

parallel to the outer crystal faces of the

sectors (Downes, 1974). Table 27 illus-

trates the differences in composition be-

tween two sectors of a sectorally zoned

clinopyroxene crystal. The differences

shown in the table are in accord with the

general trend in sectorally zoned clino-

pyroxene grains from alkalic rocks sum-

marized by Fleet (1975)

.

The principal differences between al-

ternate sectors are in the Al and Ti con-

tents. In thin section, it is not possible

to tell which sector (s) the particular

crystal exhibits or whether the section

cuts it centrally or marginally, and the

overall variations in the contents of

these cations must be discussed statis-

TABLE 26. Composition of Clinopyroxene

from Bergalite, Nyiragongo (wt %)*

Si02 48.4 (3.3)

Al2Oa 5.40 (2.8)

FeOt 5.48 (1.1)

MnO 0.14

MgO 13.6 (1.5)

Ti02 2.40 (1.1)

CaO 23.9 (0.5)

Na2 0.45 (0.2)

K2 0.03

Total 99.80

* Average of 70 analyses made of 7 speci-

mens. Standard deviations in parentheses,

f Total iron as FeO.
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TABLE 27. Average Compositions of Two
Sectors in a Sectorally Zoned Clinopyroxene

Phenocryst from Leucite Nephelinite

(Specimen VM. 168), Nyiragongo
(wt %)*

(111) sector

11 analyses

(100) sector

4 analyses

Si02 47.0 (0.4) 42.5 (0.4)

AI2O3 5.98 (0.2) 9.54 (0.2)

FeOf 6.17 (0.1) 6.90 (0.4)

MnO 0.16 0.16

MgO 12.9 (0.2) 11.2 (0.1)

Ti02 2.89 (0.1) 4.82 (0.2)

CaO 24.1 (0.4) 23.7 (0.2)

Na2 0.43 (0.1) 0.45 (0.1)

K2 0.00 0.01

Totals 99.63 99.28

* Standard deviations in parentheses.

t Total iron as FeO.

tically. Figure 45 A, B illustrates the

negative correlation between Ti and Al

with Si. There is no difference in the

range of Al/Si and Ti/Si between pheno-

crysts and groundmass crystals, with the

exception of the anhedral clinopyroxene

grains that fill the interstices between

melilite, nepheline, and Ti-magnetite in

some bergalites. These grains plot in the

extreme right of Fig. 45B.

Instead of being plotted in terms of

the pyroxene end-members En-Di-Hed-
Fs, the Nyiragongo clinopyroxene com-
positions are presented in terms of Mg-
(Al + Ti)-(Fe + Mn) in Fig. 46A and
in terms of the cations (Al -4- Ti) and
cationic ratio 100(Ca -f- Na)/(Ca +
Na + Fe + Mn + Mg) in Fig. 47.

These diagrams were chosen because the

Ca content and Mg/Fe of the pyroxenes

are relatively constant, whereas Al and
Ti vary considerably. The (Al + Ti)

contents extend to somewhat higher val-

ues in rock group 2 than in group 1, and
Fe/Mg increases in the order group

1 -* 2 ^ 3.

Melilite

Most melilites plot in the upper half

of the double tetrahedron of Fig. 48.

Only rarely are the alkalies in excess

1 1 1 1 1 1

Ti

5

I^

"i—I—1—1—1—1—I—1—1—

r

40 45

Si

Fig. 45. (A) Nyiragongo clinopyroxene. Ti

plotted against Si (cation %). (1) Phenocrysts.

(2) Groundmass crystals. (3) Crystals in dike

No. 6. Total 198 data points. (B) Nyiragongo
clinopyroxene. Al plotted against Si (cation

%). Approximate limits between clinopyrox-

ene from peralkalic (A), alkalic (B), and tho-

leiitic (C) rocks in the Al-Si diagram accord-

ing to Kushiro (1960) and LeBas (1962). Solid

lines, Al + Si = 50. Broken lines, regression

lines of the data points for phenocrysts.
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AI*Ti

Fe + Mn

--•'•v'

Fig. 46. Clinopyroxene compositions plotted in a Mg-(A1 + Ti)-(Fe + Mn) triangle

(atomic ratios). (A) Nyiragongo clinopyroxene from the bergalites (1); from the leucitites,

leucite (melilite) nephelinites, and nepheline aggregate lavas (2); from the dike No. 6 (3).

Areas occupied by the data points in 1 and 2 marked with dotted lines. 198 data points. (B)

224 microprobe clinopyroxene analyses selected from the literature (the same analyses as in

Fig. 47, part 2, with 27 additional analyses from Carmichael, 1967b) ; dotted lines from part 3

of Fig. 46A.
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Fig. 47. Clinopyroxene compositions. (Al + Ti) (cation %) plotted against 100- (Ca +
Na)/(Ca + Na -f Fe + Mn + Mg). (1) 198 microprobe analyses from the Nyiragongo lavas

with regression line of the data points. (2) 197 microprobe clinopyroxene analyses selected

from the literature (Fodor, Keil, and Bunch, 1975; Gibb, 1973; Gramse, 1970; Hollister and

Grancarz, 1971; James, 1971; Leung, 1974; Nakamura, 1973; Schorer, 1970; Wass, 1973;

Ferguson, 1973) ; solid line indicates the regression line in 1 ; broken line illustrates roughly

the boundary between clinopyroxene from tholeiitic (A) and alkalic (B) rocks.
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Geh

Fe-Ak

Fe-Alk

Fig. 48. The melilite double tetrahedron for

plotting microprobe analyses. Alk, Ca(Na,K)-
AlSi2 7 ; Ak, Ca2MgSi2 7 ; Fe-Ak, Ca2FeSi20,

+ Ca2Fe2Si07 ; Geh, Ca2Al2Si07 ; Fe-Alk, Ca-
(Na,K)FeSi2 7 .

over Al, causing the mineral to plot in

the lower half.

The compositions of the Nyiragongo

melilites, excluding the narrow crystal

margins and melilites of thermal meta-

morphic growth or post-extrusional

589

vesicle crystallization (Sahama, 1961,

1967), vary within narrow limits (Fig.

49, left). Melilite 3, from a nepheline

aggregate lava, is slightly richer in Fe-

Ak than are the bergalitic melilites, cor-

responding to higher Fe/(Fe -f- Mg) of

the nepheline lavas. Fig. 49, right, illus-

trates the low Geh (or Fe-Alk) content

of volcanic-subvolcanic melilites (Yo-

der, 1973)

.

Melilite microphenocrysts of many
volcanic rocks show narrow margins

with a birefringence higher than in the

large crystal core. A higher birefringent

zone is common in the melilite of the

Nyiragongo bergalites and is not con-

fined to the outer margins but occurs

also around inclusions. The zone repre-

sents the last stages of magmatic meli-

lite crystallization and should not be

confused with the thermal metamorphic

growth of the mineral found especially

in some lavas of the central crater pit.

The boundary between the low birefrin-

gent core and the higher birefringent

margin is not sharp but gradual. The
only notable differences in composition

Alk v 50
Alk

Fe Ak

Ak 10 Ak

Fig. 49. Melilite compositions plotted in the Fe-Ak/Alk/Ak section and in the Fe-Alk/
Alk/Ak or Geh/Alk/Ak faces of the melilite double tetrahedron (molecular ratios). Abbre-
viations as in Fig. 48. Solid circles: single melilite analyses from the Nyiragongo bergalites;

total 57 analyses from 7 specimens. Stars: wet chemical analyses (melilites) from the litera-

ture. (1) Nyiragongo bergalite FEAE 83 (Sahama and Meyer, 1958, p. 77). (2) Nyiragongo
bergalite VM. 569 (Sahama, 1961, p. 173; in the middle of the highest concentration of the
solid circles, not shown). (3) Nyiragongo nepheline aggregate lava FEAE 93 (Sahama and
Meyer, 1958, p. 77). (4-6) Sugar Load, Mt. Elgon, and Katunga, respectively (Neuvonen,
1955, p. 16). (7) Uvalde (Spencer, 1969, p. 286).
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between crystal core and margin were
found in the contents of FeO and Na 20,
both slightly higher in the margin (ex-

amples in Table 28)

.

Some melilite phenocrysts of the

bergalites exhibit an hourglass structure

in sections roughly parallel to the c axis.

This structure results from sectoral zon-

ing made visible by the very slightly

higher birefringence of the (001) sector

(facing the large basal plane) as com-
pared with that of the {hkO) sector

(facing the ends of the lath-shaped crys-

tal). On two sectorally zoned crystals of

bergalite VS. 260, the (001) sector was
slightly enriched in Al (A1 2 3 6.5 ± 0.02

wt %; MgO 8.7 ± 0.04 wt %), and the

(hkO) sector, slightly enriched in Mg
(A1 2 3 6.1 ± 0.07 wt %; MgO 9.0 ±
0.06 wt %). The partitioning of Al and
Mg between the two sectors is qualita-

tively analogous to that in sectorally

zoned, long-prismatic clinopyroxene
where Al is enriched in the sectors of the

large prism faces and Mg is enriched in

the sectors facing the narrow crystal

ends.

Melilite Alteration

The alteration of the Nyiragongo mel-

ilite (peg structure; Stelzner, 1883;

Gentil, 1894; Soellner, 1913) is well ad-

vanced in the bergalite beds that alter-

nate with the pyroclastic strata in the

main crater and in the bergalite dikes

cutting these strata. When fresh, the

melilite phenocrysts appear dark gray to

almost black in a hand specimen. When
the phenocrysts are heavily altered, the

color is bright brownish yellow. When

viewed along the c axis, the crystals ex-

hibit a silky luster.

Figure 50 illustrates that the forma-
tion of a single peg involves leaching out

Ca and Mg and introducing K. The en-

richment of Si, Al, and Fe in the peg
largely may be passive. A number of

analyses of the altered material of sev-

eral melilite crystals from bergalites

VS. 205 and VM. 555 indicate variable

composition and confirm the qualitative

trend of Fig. 50: The alteration product

contains low MgO (^l 1
/^ wt %), and

CaO (~iy2 wt %), and high K 20, rang-

ing up to values higher than those for

pure kalsilite. The strong mark instantly

created by the electron beam on the

specimen surface indicates a high water

content resulting in low analysis totals.

The silica-rich phase contained in a peg

in melilite (bergalite VM. 567, Nyira-

gongo) reported by El Gorsey and Yo-
der (Year Book 73, p. 363) seems to rep-

resent a material formed at an early

stage of the alteration characterized

mainly by removal of Ca and introduc-

tion of water. The melilite of that speci-

men shows only pegs, and not the more
advanced alteration of the entire crys-

tal. In some pegs El Goresy and Yoder
also found small amounts of K-rich

nepheline and (ferrian-barian) kalsilite.

The alteration of melilite appears to be

a complicated metasomatic process dur-

ing which some spots may reach the

composition of nepheline or kalsilite or

both, and could even crystallize in struc-

tures of long-range order without neces-

sarily originating as an exsolution prod-

uct from the host melilite.

TABLE 28. Melilite from Bergalite, Nyiragongo : FeO and Na2 Contents in Core
and Margin of the Same Microphenocryst*

Specimen
No.

FeOf (wt %) Na2 (wt %)

Core Margin Core Margin

VM. 234

VM. 233

VM.216

2.67 (0.07)

2.85 (0.06)

3.34 (0.03)

3.07 (0.02)

3.55 (0.18)

3.45 (0.15)

2.90 (0.08)

2.93 (0.15)

2.95 (0.10)

3.16 (0.09)

3.42 (0.05)

3.44 (0.11)

* Averages of 4-8 analyses. Standard deviations in parentheses.

t Total iron as FeO.
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onf
1

jn
ay scanning image Photographs of a single peg in fresh melilite. Bergalite VS.

205 dike No. 2 cutting the pyroclastics of the Nyiragongo crater. Courtesy of Dr. J. Siivola
of the Geological Survey of Finland. Na shows no marked difference between peg and fresh
melilite and is not included.
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IGNEOUS PETROLOGY: EXPERIMENTAL
AND FIELD

Liquid Immiscibility in the System
KAlSi3 8-NaAlSi 3 8-FeO-Fe203-Si0 2

and Its Application to Natural
Magmas

H.R. Naslund*

Greig (1927a,6) demonstrated that

binary systems of Si0 2 with MgO, CaO,
SrO, MnO, ZnO, FeO, NiO, CoO, and
Fe2 3 contain fields of liquid immisci-

bility, and he showed that the addition

of only small amounts of K20, Na 20, or

A1 2 3 to any of these systems will sup-

press the immiscibility. In addition, he

made the observation that the two-liquid

field in these simple systems occurs at

such high temperatures (in excess of

1650°C) and the immiscible liquids are

of such extreme compositions that this

type of immiscibility is of little direct

importance to igneous petrogenesis.

Roedder (1951a) showed that the sys-

tem leucite-fayalite-silica contains two
fields of liquid immiscibility. One field,

located along the fayalite-silica join at

temperatures above 1690°C, is of the

type described by Greig (1927a,6). The
other field is located along the fayalite-

tridymite boundary curve at tempera-

tures between 1100° and 1270°C, and
the immiscibility occurs through a range

of temperatures common to magmas. In

a simple way, the liquid compositions in

the synthetic system approximate those

of some natural magmatic liquids. Re-
lated systems, however, such as nephe-

line-fayalite-silica (Bowen and Schairer,

1938) and leucite-forsterite-silica

(Schairer, 1954), do not show a low-

temperature immiscibility field.

Recent discoveries of quenched im-

miscible liquids in lunar and terrestrial

basalts (Roedder and Weiblen, 1970,

1971, 1972; De, 1974) and the discovery

* Work carried out under a cooperative pre-

doctoral fellowship program of the Geophysi-

cal Laboratory and the University of Oregon.

of immiscibility in experimental Skaer-

gaard liquids (McBirney and Naka-
mura, Year Book 73, pp. 348-352; Mc-
Birney, 1975) have generated renewed
interest in liquid-liquid exsolution as a

petrogenetic process. The system KA1-
Si 3 8-NaAlSi 3 8-FeO-Fe 2 3-Si02 has

therefore been investigated to gain a bet-

ter understanding of the compositional

factors that affect liquid immiscibility

in silicate magmas. Particular attention

has been given to the effects of Na2

and Fe 2 3 on the compositional and
temperature ranges of the low-tempera-

ture immiscibility field.

Method

A series of compositions along the

30% FeO isopleth of the system KAlSi 3
-

8-FeO-Si0 2 was prepared from mix-

tures of synthetic leucite, cristobalite,

and synthetic fayalite. A similar series

along the 30% FeO isopleth of the sys-

tem NaAlSi 3 8-FeO-Si02 was prepared

from mixtures of synthetic nepheline,

cristobalite, and synthetic fayalite. All

starting materials were ground under

acetone in an agate mortar for at least

1 hr and then dried overnight at 120° C.

Experimental charges were prepared

by packing a small portion (0.020-0.030

g) of starting material into a 95Pt/5Au
foil crucible (0.5 X 0.3 X 0.3 cm). A
small platinum wire (0.01 X 1-25 cm)

bent into a Y shape was inserted into the

charge with the stem of the Y protrud-

ing, and the charge was then sintered

for 10-15 min at a temperature 50°-

100°C below its solidus. After sintering,

the foil crucible was removed, and the

charge was suspended by the stem of the

Pt wire from a ceramic washer in a ver-

tical 1-atm quenching furnace. Samples

were quenched by dropping them into a

mercury reservoir below the furnace.

Temperature measurements were made
before and after each run with a Pt/
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90PtlORh thermocouple and are be-

lieved to be accurate within 5°C. Oxy-
gen fugacity was controlled by passing

appropriate mixtures of either CO and

C0 2 or H 2 and C0 2 through the furnace.

The mixtures were calibrated in accord-

ance with the data of Deines et al.

(1974). Run times in the system KAlSi 3
-

8-Fe0-Si02 were 20-24 hr at tempera-

tures below 1400°C and 8-10 hr at tem-

peratures above 1400°C. In the system

NaAlSi 3 8-FeO-Si02 run times of 2-2%
hours below 1400°C and approximately

1 hr above 1400°C were used. Selected

samples were analyzed with the electron

microprobe.

To test rates of equilibration, a com-
position within the immiscibility field of

the system KAlSi 3 8-FeO-Si0 2 was run

at a temperature of 1150°C and an oxy-

gen fugacity (/o2 ) of 10-9 atm for 3, 6,

12, and 48 hr. Almost identical results

were obtained in each run, indicating

that equilibrium was reached in less

than 3 hr. The same sample run at

1500°C in air showed consistent results

after 1, 10, and 20 hr. In all runs, the

loss of K 2 due to volatilization was
between 3.0% and 5.0% of the amount
present, the loss of Na 2 due to volati-

lization was between 5.0% and 10.0%,

and the loss of FeO (as Fe to the Pt
wire) was less than 5.0%.

Results

Compositions in the system KAlSi3 8
-

FeO-Si0 2 were run at oxygen fugacities

of 10- 12
,
10-*, 10- 5

, and lO" - 7 atm.

Liquid immiscibility, in the form of

spheres of an Fe-rich glass in a matrix

of Si-rich glass, was observed at all four

oxygen fugacities (Fig. 51). The com-
positional difference between the two
liquids in this system increased progres-

sively with increasing oxygen fugacity.

The maximum extent of the immisci-

bility field, as measured by the maxi-
mum difference in the percentage of total

iron (FeO -4- 0.9Fe 2O 3 ) between coexist-

ing glasses, increased from 25% at an

/o2
of 10~ 12 atm to more than 70% at an

1400

1500

Uj1350

=> 1350

Fig. 51. Summary of experimental data along

the join from 30% FeO, 70% Si02 , to 30%
FeO, 70% KAlSi3 8 (wt %). The stability

fields where magnetite, olivine, tridymite, or

cristobalite is the liquidus phase are indicated

by MT, OL, TR, and CR, respectively. The
stability fields for one liquid and two liquids in

which no crystals are present are indicated by
1LQ and 2LQ. Symbols: open squares, one
liquid; upper left half shaded, two liquids;

lower right half shaded, one liquid + crystals;

solid squares, two liquids -f- crystals.

/o2
of 10-°- 7 atm (Fig. 52). The tem-

peratures at which immiscibility occurs

also increased with increasing oxygen

fugacity. The width of the immiscibility

field and the total range of temperature

over which immiscibility occurs de-

creased from 10-9 to 10~ 5 atm. This ap-

parent anomaly in the general trend is

the result of a rapid increase in the

temperature of the magnetite liquidus

over this fugacity range. Both A1 2 3 and
K 2 were enriched in the Si-rich glass

and depleted in the Fe-rich glass, and
the atomic ratio of K to Al, which was
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FeO*.9Fe„0.

(k,ai)
2
Si

3
o (K,Al)

2
S,

3 8

(K,Al) 2Si 3

Fig. 52. Plot in weight percent of electron microprobe analyses of experimental glasses in

the system (K^ADoSLOs-FeO-FeoOa-SiO?. Solid circles with tie lines indicate the compositions
of coexisting quenched immiscible liquids in equilibrium with one or more crystal phases.

Open circles indicate compositions in which no immiscibility was observed. The inferred

phase boundaries, represented by dashed lines, are based partly on the work of Roedder
(1951a) and Muan (1955). The stability fields with magnetite, silica (tridymite or cristobalite),

olivine, or leucite as the liquidus phase are indicated by the symbols MT, Si, OL, and LC.
The unlabeled field along the base of the diagrams is the field of K-feldspar. The fields of

liquid immiscibility are shaded.

1.0 in the starting material, was less

than 1.0 in the Fe-rich glass and greater

than 1.0 in the Si-rich glass. Figure 52

is therefore not a true phase diagram for

the system orthoclase-FeO-silica, but

represents only the projection of one sur-

face in the system K 20-Al 2 3-Si0 2-FeO-

Fe 2 3 onto the orthoclase-FeO-silica

plane.

In the system NaAlSi 3 8-FeO-Si0 2 ,

no low-temperature immiscibility was
observed in runs at an /o2

of 10-12 atm
(Fig. 53). At oxygen fugacities of 10~9

,

10-5 , and 10-0 - 7 atm, a low-temperature

immiscibility field, similar to that in the

system KAlSi 3O s-FeO-Si0 2 , expands

with increasing /09 . The maximum ex-

tent of the immiscibility field, measured

by the maximum difference in the per-

centage of total iron, increased from

15% at an /o2 of 10-9 atm to more than

60% at an /o2 of 10-°- 7 atm (Fig. 54).

Both A1 2 3 and Na 2 were enriched in

the Si-rich glass, and the atomic ratio of

Na to Al was greater than 1.0 in the Si-

rich glass and less than 1.0 in the Fe-

rich glass.

Discussion

Compositions within the system

KAlSi 3 8-NaAlSi 3 8-FeO-Fe 2 3-SiO,
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1400
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^1450

1250£

1200F

fO2=10 (AIR)

55 60
°/„ SiO,

Fig. 53. Summary of experimental data

along the join from 30% FeO, 70% Si02 , to

30% FeO, 70% NaAlSi. t 8 (wt %). See Fig. 51

for explanation of symbols.

are roughly analogous to some natural

magmas. Although the system contains

only six oxides, it includes most of the

major cation types found in natural sili-

cate liquids (i.e., network-forming ca-

tions, trivalent cations, divalent cations,

and alkali cations; Watson, Year Book
74, pp. 500-504). Although the range of

liquidus temperatures and oxygen fu-

gacities is generally higher than those

reported for natural magmas, all the ex-

periments in this study lie between the

buffer curves for iron-wiistite and mag-
netite-hematite (Fig. 55). It is assumed
that the addition of more components to

these artificial melts would lower the

liquidus temperatures and therefore the

/o2
for a given ferrous/ferric ratio and

bring them within the ranges observed
for similar natural melts.

It is apparent from Figs. 52 and 54

that the field of low-temperature immis-

cibility is elongated along the fayalite-

tridymite and magnetite-tridymite

boundary curves. These curves are the

traces of a surface of silica saturation in

the system KAlSi 3 8-NaAlSi 3 8-FeO-

Fe 2 3-Si0 2 . It has been proposed by
Holgate (1954) that the low-tempera-

ture immiscibility field in the system

leucite-fayalite-silica represents the in-

tersection of the fayalite-tridymite

boundary curve with a subsolidus field

of metastable immiscibility that extends

over much of the system. A similar field

of metastable immiscibility in the sys-

tem KAlSi 3 8-NaAlSi 3 8-FeO-Fe2 3
-

Si0 2 is intersected by the liquidus sur-

face along the fayalite-tridymite and

magnetite-tridymite boundary curves

because they represent a local tempera-

ture minimum in the liquidus surface.

Because the largest relative tempera-

ture minimums in the slope of the

liquidus surface occur along the oli-

vine-magnetite-tridymite and magnetite-

hematite-tridymite univariant curves,

the liquids most likely to develop im-

miscibility are those in equilibrium

with olivine, magnetite, and silica

(either tridymite or quartz) or in equi-

librium with magnetite, hematite, and
silica. In the system KAlSi 3 8-FeO-

Fe 2 3-Si0 2 liquid immiscibility was best

developed at /o2
's of 10" 9 and lO" - 7

atm. An examination of the system FeO-
Fe 20.,-Si0 2 (Muan, 1955) shows that of

the four /0o 's investigated in the pres-

ent study, those of 10-9 and 10~° 7 atm
are the closest to the fayalite-magnetite-

tridymite and the magnetite-hematite-

tridymite curves, respectively.

In conclusion, it has been shown that

(1) liquid immiscibility is present in the

system KAlSi 3 8-NaAlSi 3 8-FeO-Fe 2 3
-

Si0 2 over a range of temperatures and

/o 's that are roughly analogous to many
natural magmas; (2) the degree of sep-

aration in the immiscibility field of this

system shows a progressive increase with

increasing oxygen fugacity; (3) owing
to the interaction between the immisci-

bility field and the liquidus surface, im-
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miscibility is best developed along the oli- best developed in the K 20-rich portion
vine-magnetite-tridymite and magnetite- of the system, a high K 2 to total alkali

hematite-tridymite univarient curves; ratio is not crucial for the formation of

and (4) although liquid immiscibility is immiscibility.

FeO* 9Feo 0-

f0 = IO

(Na,Al)2S. 3 8 SiOo 2

FeO+ 9Fe„0-

f0 2 =IO

(Ne^Al^SljOg SiO,

FeO+.9Fe„0-

f0 = IO

FeO+.9Fe
2 3

f0
2
=IO"l2

(N«3
/
AI)

2
Si
3 8

SiO, (Na,AI)
2
S.

3 8
SiO,

Fig. 54. Plot in weight percent of electron microprobe analyses of experimental glasses in

the system (Na^l^SiaOs-FeO-FeaCVSiCk The inferred phase boundaries, represented by the

dashed lines, are based partly on the work of Bowen and Schairer (1938) and Muan (1955).

The stability fields with albite, olivine, magnetite, or silica (tridymite or cristobalite) as the

liquidus phase are indicated by AB, OL, MT, and Si. See Fig. 52 for explanation of symbols.
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Fig. 55. (A) Plot of the range of tempera-
tures (heavy vertical lines) over which liquid

immiscibility was observed in the system
KAlSi :t 8-FeO-Fe 203-Si02 at oxygen fugacities

of 10-12
, lO"

9
, lO"

5
, and lO"

- 7 atm. The lower
temperature limit at each /o2 represents the

minimum temperature at which two crystal-

free liquids are stable. The upper temperature
limit for immiscibility was not reached for an

/o2 of lO"
' 7 atm. The symbols I/WU, WU/MT,

and MT/HM indicate the buffer curves (light

dashed lines) of iron-wiistite, wiistite-magne-

tite, and magnetite-hematite. (B) Plot of the

range of temperatures over which liquid im-
miscibility was observed in the system Na-
AlSiaOs-FeO-FesOs-SiOo at oxygen fugacities of
10"9

, lO"
5

, and 10"° 7 atm. The upper tempera-
ture limit of immiscibility was not reached for

an /o2 of 10" ' 7 atm. The dot at the /o2 of 10
-12

atm indicates the liquidus temperature at the

intersection of the olivine-tridymite boundary
curve with the 30% FeO contour.

Metastable Liquid Immiscibility and
MgO-FeO-SiOo Fractionation Pat-
terns in the System Mg 2Si04

-

Fe2Si0 4-CaAl 2Si 2 8-KAlSi 3 8-Si0 2

T.N. Irvine

Attention was drawn in Year Book 74

(pp. 484-492) to the fact that at liqui-

dus temperatures at 1 atm silica melt

shows extensive immiscibility with the

melts of most end-members of the mafic

silicate and oxide minerals but is com-
pletely miscible with feldspar melts. It

was shown that because of this contrast

cotectic boundaries between plagioclase

and the mafic and oxide minerals should

tend to deflect away from and skirt the

miscibility gaps, and it was demon-
strated that such deflection is evident

both in simple systems and in the chemi-

cal trends of volcanic rock series and is

significant petrogenetically. The analy-

sis also revealed that when alkali feld-

spar components are introduced into

systems comprised of a mafic mineral,

anorthite, and silica, the following major

changes in phase relations are generally

indicated to occur: The stable two-

liquid solvus that in most cases overlies

the silica minerals liquidus field* is sup-

pressed, apparently becoming meta-

stable; the silica minerals field shrinks

dramatically, giving way to the fields of

the mafic mineral and anorthite; and
the liquidus of the mafic mineral ap-

pears to override the metastable two-

liquid solvus. These changes suggest that

in the absence of the alkali feldspar

components the activity of silica in the

melt solution is abnormally high—and
hence the silica minerals field is rela-

tively large—because of the nonideality

manifest in the immiscibility. When the

nonideality is suppressed by the modify-

ing effect of the alkalies on the melt

structure, the silica minerals field re-

cedes, and the mafic mineral and anor-

thite can crystallize from more siliceous

melts. In the present study, these fea-

tures have been examined in more detail

in the system Mg2Si04-Fe 2Si0 4-CaAL-
Si2 8-KAlSi3 8-Si03 (Fo-Fa-An-Or-Q)
on the possibility that they might sig-

nificantly affect magma fractionation

trends. It has been found that (1) large

regions of metastable liquid immiscibil-

* The term "silica minerals liquidus field" is

used here to refer to the combined liquidi of

cristobalite and tridymite (and could also in-

clude the liquidus of quartz, were it relevant).
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ity do indeed extend from the previously

known fields of stable immiscibility to

beneath the olivine and pyroxene liqui-

dus fields, and (2) strongly contrasting

liquid fractionation patterns are possible

in terms of silica enrichment versus

MgO/FeO variations, depending on the

concentration of Or.

Experimental Methods Used to

Determine Stable Phase Relations

Starting materials consisted of crys-

tallized mixes of Fo, Fa, and An com-
position combined in various proportions

with either silica (cristobalite) or a glass

of Or 56Q44 composition. The mixtures

were ground to a maximum grain size of

about 2 //.m. Phase relations were deter-

mined by melting experiments in 1-atm

quenching furnaces. Temperatures were

controlled to about ±2°C, and the val-

ues reported for individual runs are be-

lieved generally to be accurate to ±5°C.
Compositions containing no iron were

melted in envelopes made from Pt95Au 5

foil; those with iron were contained in

capped iron capsules sealed in evacuated

silica tubes. The iron-encapsulated

charges were dried just before they were

sealed in the silica tubes by heating

them to a red glow under vacuum for a

few seconds. Most runs were 18-22 hr

long, and all charges were quenched in

water, generally with no quench crystal-

lization. Liquidus boundaries were lo-

cated by bracketing the appearance and
disappearance of phases as a function of

temperature, but most of the data that

appear on the diagrams presented here

are based on phase compositions as de-

termined by electron mic'roprobe analy-

sis and are plotted at the run tempera-

tures.

In the course of using the iron cap-

sules in silica tubes for the iron-bearing

compositions, it became evident that

oxygen slowly diffuses into the silica

tube. After most runs, the inside of the

tube was coated with a film of fayalite

against the iron capsule, and in some
runs the reaction was relatively exten-

sive. Moreover, although the charges

rich in Fa typically show tiny globules

of iron formed through the incongruent

melting of fayalite, with increased Or
and Q, and especially at high Fo/Fa,
the melt analyses show systematic in-

creases in iron oxide due to iron gain

from the capsules (Figs. 59B and 61A).

It would appear that there was some
oxygen buffering according to either

(depending on temperature) the reac-

tion iron -f- silica = fayalite or a melt-

ing reaction approximately represented

by the iron-tridymite cotectic in the

system FeO-Fe 2 3-Si0 2 (cf. Muan and
Osborn, 1965). This combination of re-

actions should yield /o2 values ranging

from about 10" 15 atm at 1000°C to

about 10- 10 atm at 1400°C. If the melt

gained iron, its /o2 must have been be-

low the buffer curves; if iron was pre-

cipitated, the buffer limit had presum-

ably been reached. The gains and losses

of iron were not themselves of any seri-

ous consequence inasmuch as the phase

compositions were generally determined

by analysis.

The Fe 2 3/FeO of the melts have not

been determined, but from data of

Bowen and Schairer (1935), Schairer

(1942), and Roedder (1951a, 1952) for

parts of the same system and adjoining

systems (based on experiments in iron

crucibles in nitrogen) , it may be inferred

that less than a tenth of the iron was
ferric in most of the melts. In the dia-

grams, the iron has been treated entirely

as FeO and is plotted as Fa.

Methods Used to Detect Metastable

Liquid Immiscibility

The method used to produce meta-

stable liquid immiscibility was to heat

the charge to above its liquidus for a

time period sufficient to ensure complete

melting and homogenization, and then,

by temporarily turning off the furnace,

to supercool the melt to the temperature

at which the immiscibility was sus-

pected. That temperature was held for a

time to allow some exsolution to occur,

and the charge was quenched. For the

join Fo-Or-Q, starting materials were
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mixes prepared by Schairer (1954) in

his study of liquidus relations in the

more extensive system Mg 2Si04-KAlSi 2
-

6-Si0 2 (Fo-Lc-Q). For Fa-Or-Q, only

two compositions have been investi-

gated; they were prepared by mixing

fayalite with Lc-Q glasses made by
Schairer and Bowen (1955). The time

allowed for exsolution to occur was gen-

erally established by trial and failure as

just less than the time in which the

supercooled melt began to undergo ap-

preciable crystallization. In Fo-Or-Q,

compositions near the Or-Q join could be

held for several hours, but the limit for

the more magnesian compositions was

only a matter of minutes. In one mix it

was evident that exsolution initiated

crystallization: The melt was stable for

20-30 min just above the solvus bound-

ary but for only a minute or so just be-

low it.

The metastable immiscibility was rel-

atively easy to detect but in some melts

was difficult to prove. In a few composi-

tions it could be distinguished by rou-

tine optical methods (Fig. 56 A, B), but

more commonly the phase separation

was too fine to be resolved. However, if

the ordinarily colorless quenched melts

in Fo-Or-Q were unmixed, they appeared

megascopically milky and slightly opal-

1

—mm. ^
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v \' ' ---
** :•
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.>*«* w
Fig. 56. (A) Photomicrograph of quenched immiscible liquids formed metastably in 1 hr at

1210°C in a charge of composition F030LC20Q50. This composition has protoenstatite on the

liquidus at about 1497°C; the upper limit of the immiscibility is 1255°C. (B) Photomicro-
graph of composition Fo3oLcioQeo showing a spherical growth of metastable immiscible liquids

surrounded by finely exsolved liquids. Similar spheres in other parts of the charge contain

rosettes of cristobalite (?) crystals. The charge was quenched from 1495°C; the composition
has cristobalite on the liquidus at about 1590°C; the upper limit of the immiscibility is about
1510°C. (C) Scanning electron photomicrograph of the finely exsolved liquids in another
charge of the composition (B). Tiny crystals, presumably of cristobalite, occur throughout.
(D) Scanning electron photomicrograph of quenched immiscible liquids formed metastably in

10 min at 1050°C in a composition Faas.sLcasQis.B. The upper limit of immiscibility is about
1090°C; the stable assemblage at 1100°C consists of a large proportion of fayalite, some
leucite, and one liquid. Scale bars are 50 /mi.
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escent and were microscopically brown-
ish because of the light interference

arising from the differences in refractive

index between the contrasting glasses. In

these circumstances, identification was
most effectively confirmed with the

scanning electron microscope (Fig. 56C)

,

but a useful phase equilibrium tech-

nique, if the supercooled liquids were

relatively stable, was to reverse the

exsolution process metastably. The pro-

cedure was to supercool the melt to a

temperature where the apparent immis-

cibility was known to occur reproduci-

bly, and then, after an appropriate time,

to raise the temperature to above the

apparent solvus boundary (but still be-

low the liquidus) for a comparable time.

If the quenched melt was clear, the pre-

viously observed milkiness was almost

certainly caused by exsolution; if it was
caused by crystallization, the milkiness

persisted (and usually became even more
pronounced). Reversing the exsolution

in this way at a temperature just above

the limit of its occurrence also proves

that the limit is an equilibrium bound-

ary, not a spinodal.

With the two compositions in Fa-Or-

Q, it was not possible to use iron cap-

sules in silica tubes as containers because

the supersolvus melts could not be

quenched fast enough in them to avoid

metastable exsolution. The experiments

were performed therefore by suspending

the charge on the looped end of a thin

platinum wire in a gas mixing furnace in

which /o2
was controlled by mixing CO

and C0 2 (see Naslund, this Report, for

details of the method). The small drop-

lets of melt formed in these experiments

adhered to the platinum wire by surface

tension and quenched satisfactorily in

mercury. For one of the compositions,

lying between the two fields of stable

liquid immiscibility defined in the sys-

tem by Roedder (1951a), charges were

superheated for 1-2 hr at 1550°C at an

/o2 of 10 -11 atm, and then were super-

cooled for 10-15 min. The upper limit

of exsolution was roughly bracketed at

1350°C; the stable assemblage at that

temperature in the same gas mixture

consists of a single liquid and a large

proportion of tridymite. For the other

composition, lying on the Or side of

the low-temperature stable solvus, the

charges were superheated for 20 hr at

1300°C at an /o2 of lO" 10 atm. The im-

miscibility is illustrated in a scanning

electron photomicrograph in Fig. 56D;
the caption describes the phase relations.

For both compositions, the unexsolved

melts were green and clear; those show-

ing exsolution were brown and murky.

Phase Relations of the Metastable

Two-Liquid Solvi

The thermodynamic relationship of a

metastable two-liquid solvus to the liq-

uidus above it is such that the liquidus

should tend to flatten as it descends over

the solvus and then steepen once the top

has been cleared. The protoenstatite

liquidus in the system Fo-Lc-Q features

exceptional development of this type of

sigmoidal profile (Fig. 57A) ; hence the

system was a logical place to look for

metastable immiscibility. The data ob-

tained (Fig. 57B) demonstrate with rea-

sonable certainty that the metastable

solvus extends from the stable two-

liquid region along the Fo-Q join to at

least as far as the Fo-Or join, separating

basic liquids of moderate Fo content

from salic liquids just inside the Or-Q
join. Of particular interest is the way in

which the protoenstatite-silica minerals

cotectic (boundary bji) skirts the high-

temperature part of the solvus and then

drops steeply down the Or-Q side. As

seen in Fig. 58, the available informa-

tion on immiscibility in Fa-Lc-Q can be

interpreted as representing a solvus sim-

ilar to that in Fo-Lc-Q with the fayalite-

tridymite cotectic starting off on a

course (da) comparable with that of

the protoenstatite-cristobalite boundary.

The main difference is that the fayalite-

tridymite cotectic starts at such a low

temperature that it does not clear the

solvus; consequently there develops the

low-temperature field of stable immisci-

bility discovered by Roedder (1951a).
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It is interesting also, by way of fur-

ther comparison of the two systems, that

the best phase separation observed for

the liquids in Fo-Lc-Q (Fig. 56A) oc-

curs in the same compositional region

and temperature range as the stable low-

temperature immiscibility in Fa-Lc-Q.

A possible interpretation is that the ex-

cellence of the phase separation reflects

a particularly favorable balance between

the viscosities of the immiscible liquids

along the crest of the solvus as the vis-

cosities change in accordance with the

opposing effects of decreasing silica and

decreasing temperature. However, both

solvi appear to bulge in this region, sug-

gesting that there may also be a struc-

tural change in the liquids.

A possibly associated feature of the

solvus in Fo-Lc-Q is the slight indenta-

tion in the Or-Q side near the composi-

tion Foi Lc 20Q7o- Confirmation of this

indentation is needed, but a feature that

suggests that it is real is its occurrence

just where the protoenstatite-silica co-

tectic clears the solvus and begins to

drop rapidly in temperature. The im-

pression is that the indentation is a con-

venient place for the clearance. If the

indentation is real, it too would suggest

a change in melt structure in the Q-Or
direction.

As the data stand, both solvi drop be-

low 900°C at about the olivine-Or join,

but the temperature profile of the for-

sterite-leucite cotectic in Fig. 57B sug-

gests continued extensions into the Lc-

normative region at lower temperatures.

In the system Mg 2Si04-NaAlSi0 4-Si0 2

(Fo-Ne-Q) , liquidus relations in the Q-
rich region are virtually identical with

those in Fig. 57A (cf. Schairer and Yo-
der, Year Book 60, p. 142) , and the over-

all profile of the olivine liquidus suggests

that a metastable solvus extends well

into the Ne-normative region. The inter-

section of such a solvus in a somewhat
more complex system with a "syenitic"

cotectic akin to the low-temperature

forsterite-nepheline-albite eutectic would
give rise to a field of stable liquid im-

miscibility for alkaline magmas much

like that proposed by Ferguson and
Currie (1971, Fig. 2).

Mg-Fe Fractionation Patterns and
Silica Enrichment

In the study of liquid fractionation

patterns in Fo-Fa-An-Or-Q, attention

has been concentrated on the cotectics

between the anorthite liquidus and the

liquidi of olivine and pyroxene on the

premise that crystallization paths on

these surfaces should most nearly ap-

proximate those of basaltic and inter-

mediate magmas. The cotectics have

been defined in two tetrahedral joins,

Fo-Fa-An-Q and Fo-Fa-An-Or56Q44 ;

their configurations in these joins, and

the fractionation paths along them, are

compared below, particularly in relation

to the indicated regions of liquid immis-

cibility. The use of the composition

Or56Q44 is continued from an introduc-

tory study (Year Book 74, pp. 492-500)

in which it was chosen because it is a

haplogranitic composition close to the

K-feldspar-tridymite eutectic.

The liquidus relations in two critical

bounding joins, Fo-An-Q and Fa-An-Q,
are available from Andersen (1915) and

Schairer (1942) (see Year Book 74, Figs.

61 and 59). Comparative data for Fo-

An-Or56Q44 and Fa-An-Or56Q 44 are pre-

sented in Fig. 59. It will be noted that

Fo-Or56Q 14 passes through the meta-

stable two-liquid solvus in Fo-Lc-Q
(Fig. 57B) and that Fa-Or fl6Q44 inter-

sects the low-temperature stable portion

of the solvus in Fa-Lc-Q (Fig. 58B).

Comparison of the diagrams in Fig. 59

with those for Fo-An-Q and Fa-An-Q
shows that the fields of spinel, olivine,

and anorthite have all expanded to more
siliceous compositions with the addition

of Or, and that the protoenstatite field

has shifted strongly in the same direc-

tion, all at the expense of the silica min-

erals field. The two-liquid solvus along

Fo-Q has become metastable in Fig. 59A
and is overridden by the olivine and py-
roxene liquidi; the solvus along Fa-Q
has reemerged from metastability but

above the fayalite liquidus rather than



604 CARNEGIE INSTITUTION

Or^Q.

Ca-poor pyroxene

Approximate region of

metastable liquid

immiscibility iiro

Tridymite

Fe2Si04 CaAI 2 Si208

Fig. 59. Liquidus and approximate solvus relations in the joins Fo-An-OrscC^ and Fa-An-
Or5eQ44. Relations along the edges of the diagrams are largely from the following sources:

Fo-Or5eQ44, Schairer (1954); Fa-OrEeQ44, Roedder (1951a); An-OrBeQ44, Schairer and Bowen
(1947); Fo-An, Andersen (1915), Osborn and Tait (1952), Schairer and Yoder (Year Book
65, Fig. 2); Fa-An, Schairer (1942). The fields of forsterite, fayalite, and anorthite are effec-

tively ternary, but all other fields are at least quaternary. Tridymite relations are provisional.

The metastable solvus in (A) is based on Fig. 57B, but its extent within the triangle is in-

ferred. In (B), the metastable solvus has been approximately defined in the mixes at 71%-
72% Or5uQ44 down to about 900°C beneath the fayalite-anorthite cotectic. Attempts to define

its extent in more basic compositions were unsuccessful because the melts did not supercool.

Points e in (A) and ;' in (B) represent the quaternary eutectic points between anorthite,

K-feldspar, tridymite,- and either protoenstatite or fayalite, respectively, projected into the

compositional joins along lines parallel to Or-Q. Their exact locations are unknown, but they

presumably lie within a few percentage points of the binary K-feldspar-tridymite eutectic

located at Or58Q42 by Schairer and Bowen (1955).

,
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the silica minerals field and with a fur-

ther metastable extension toward An.

Figure 59 also shows that the cotectics

between the anorthite liquidus and the

olivine and pyroxene liquidi are de-

flected or bowed away from the regions

of liquid immiscibility in accord with

theory presented in Year Book 74 (pp.

484—492). In the magnesian join, the

deflection is slight, but the immiscibility

is metastable, and the cotectics are dis-

tant from it and at relatively high tem-

peratures. On the other hand, the bowing

of the fayalite-anorthite cotectic is

marked, and the stable low-temperature

solvus is bypassed at a temperature

some 70°C below its lowest point.

The fields of tridymite in Fig. 59 are

still provisional, but they are so unusual

as to require comment. They extend to

compositions far beyond, and to tem-

peratures as much as 200°C above, the

limits that might be anticipated from

relations on the bounding joins. There

seemed no doubt, however, that tridy-

mite is stable in these regions—it grew
in mixes containing the only alternative

solids that might be stable and survived

as the sole liquidus phase in runs of sev-

eral days' duration. Moreover, the sug-

gested relations, although unusual, are

geometrically possible in terms of the

tetrahedral joins Fo-An-Or-Q and Fa-
An-Or-Q, the tridymite fields represent-

ing sections through deep, high-tempera-

ture clefts between the liquidus volume
of anorthite and those of protoenstatite

and fayalite. The fields would be ex-

pected to shrink rapidly if Or/Q were

increased to the values obtaining at the

quaternary eutectic with K-feldspar

(points e and j in Fig. 59A and 59B, re-

spectively), but in the compositional

sections investigated, silica activity is

apparently much higher where An is

combined with Fo or Fa in cotectic melts

than where they are separate along the

bounding joins. This feature presumably
relates to the proximity of the cotectics

to the indicated regions of metastable

immiscibility.

The cotectic surfaces at intermediate

Fo/Fa in the two investigated tetra-

hedral joins are illustrated in Figs. 60,

61, and 62. The temperature profiles for

the surfaces in the Or-bearing join in

Fig. 60 are complicated by the presence

of the spinel and tridymite liquidi, but

the sigmoidal form characteristic of a

liquidus above a metastable solvus is

clearly indicated. The diagrams in Fig.

62 are comparable to the DI'-CI'-An

(differentiation index-color index-anor-

thite) normative projection for natural

rocks introduced in Year Book 74 (Fig.

60).

The main point demonstrated by Figs.

61 and 62 is that without Or the liquids

fractionate to a final composition (la-

beled h' in Figs. 61A and 62A) that is

poor in silica and rich in iron, whereas

with Or they trend to a highly siliceous

composition. The end product in the lat-

ter case is the fayalite-anorthite-K-

feldspar-tridymite eutectic, which is in-

ferred to project to j in Figs. 61B and

62B. It has Fe/(Fe + Mg) = 1 but is

essentially granitic or rhyolitic.

It is also evident in Figs. 61 and 62

(especially Fig. 62A) that without Or a

trend to silica enrichment is effectively

blocked by a barrier of high silica ac-

tivity directly manifest in the large size

of the silica minerals liquidus field and

clearly associated with the indicated

regions of liquid immiscibility. With the

introduction of Or, the immiscibility is

suppressed, the silica minerals field

shrinks, and the liquids bypass the re-

maining barrier of nonideality by skirt-

ing it in composition (Fig. 62B) and

overriding it in temperature (Fig. 60)

.

The substitution of NaAlSi,0 8 (Ab)

for Or would not be expected to change

greatly the phase boundary relations in

Figs. 59-62, on the basis of a compari-

son of bounding systems in which both

components have been investigated.

However, the fractionation paths would

be considerably altered in detail because

of extensive solid solution of the Ab and
An (in contrast to the practically negli-

gible solubility of Or in anorthite). The
rate of silica enrichment as a function
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Analysed total-charge liquid,

liquidus boundary bracketed

A • Analysed liquid, 3-phase
assemblage, run temperature

o Analysed liquid, 4-phase
assemblage, run temperature

;°v IOOFo/(Fo+Fa) in

iquid, wt %
O • Spinel liquidus, bracketed

10 20

Fo+Fa+An
30 40 50 60

wt %
70 80 90 IOC

0r56Q44
Fig. 60. Temperature profiles of the olivine-anorthite and pyroxene-anorthite cotectics in

the join Fo-Fa-An-OrsuQ^. These surfaces lie partly beneath the liquidi of spinel and tridymite.

Points a-e are the same as in Fig. 57A
;
points /, g, h, and j are the same as in Fig. 57B.

of percentage of solidification would be

reduced, and Ab/Q would not be con-

stant when plagioclase crystallized.

An important question for which no

definite answer is yet available is

whether the transition from the one type

of fractionation pattern to the other is

sharp or gradual. Indications are, how-
ever, that it may be relatively sharp.

For example, in the join Fo-Or-Q (Fig.

57A), if a liquid in the olivine field has

Or/Q greater than about 3/97, it can

fractionate to highly siliceous composi-

tions without precipitating a silica min-
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• Weighed charge composition

O- Analysed total-charge liquid

A- Analysed liquid from
3 -phase assemblage

o Analysed liquid from
v 4-phase assemblages

3|
^-KD=(Mg/Fe)Liquid/(Mg/Fe)soi,d

P- Tie -line vector, from
liquid to solid

J*~~
Liquidus fractionation

Mg2_Si04 Fe2 SiC>4

0r56Q 44

Ca-poor pyroxene

+ Anorfhite
Tridymite + Anorthite

Mg 2
Si04 Fe 2 Si04

Fig. 61. (A) Liquidus relations and fractionation curves for the anorthite saturation surface

of the join Fo-Fa-An-Q. The region of spinel crystallization is not quaternary, and the data

points and tentative temperature contours within it pertain to the spinel-olivine-anorthite

cotectic beneath the spinel liquidus volume. Points a', b', c', and d' are from the system
Fo-An-Q as revised from Andersen (1915) in Year Book 74 (Fig. 61). Points /', g', and h' are

from the system Fa-An-Q based on data by Schairer (1942; cf. Year Book 74, Fig. 59D). (B)

Comparative diagram for the join Fo-An-OrsoC^. The olivine + anorthite field is effectively

quaternary and can be read as in a ternary diagram, but the pyroxene -4- anorthite and
tridymite + anorthite fields involve at least five components, and the spinel + olivine +
anorthite field, at least six. Points a-j are the same as in Fig. 60. The fractionation curves are

computed on the basis of the Kd values as fitted with the surfaces defined by the dotted-line

contours.
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Q(=DI')

Two liquids

(Stable)

Fo+Fa( = CI) wt %

0r56Q44 ( = DI')

J-A„e

Analysed liquid from

3-phase assemblage

Analysed liquid from
4 -phase assemblage

Fo+Fa( = CI')

Fig. 62. Liquidus relations for the tetrahedral join Fo-Fa-An-Q projected parallel to the

Fo-Fa edge. The cotectic surfaces between the anorthite liquidus volume and the olivine and
pyroxene volumes are contoured according to the normative ratio 100Fo/(Fo + Fa) in the

liquid. Boundary curves labeled "100" are from Andersen (1915; cf. Year Book 74, Fig. 61);

those labeled "0" are based on data by Schairer (1942; cf. Year Book 74, Fig. 59D). Points

a'-i' are the same as in Fig. 61A. The fractionation curves are transferred (by projection)

from Fig. 61A. (B) Comparative data for the join Fo-Fa-An-OrseQw. Boundary curves labeled

"100" are from Fig. 59A; those labeled "0" are from Fig. 59B. Points a-j are the same as

in Figs. 60 and 61B.
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eral, but at only slightly lower Or/Q,
tridymite crystallizes early. Similarly

sharp divides obtain in Fo-Ne-Q
(Schairer and Yoder, Year Book 60, p.

142) and Fa-Ne-Q (Bowen and Schairer,

1938). The transition in Di-Ne-Q
(Schairer and Yoder, 1960) is gradual,

however, and that in An-Lc-Q (Schairer

and Bowen, 1947) is intermediate.

Implications and Applications

The direct petrologic significance of

metastable liquid immiscibility is prob-

ably very limited. One may anticipate

that it will eventually be identified in

volcanic glasses, especially those of in-

termediate composition, and it may be

responsible for some of the variole-type

structures observed in volcanic rocks

(cf. Fig. 56B). But the metastable exso-

lution process itself is such a short-lived

phenomenon that it is not likely to have
any major effects in igneous systems.

The indirect significance, however, is

extremely broad. Holgate (1954) drew
attention to sigmoidal liquidus profiles

suggestive of metastable immiscibility

in several ternary systems, and it now
appears that such immiscibility prob-

ably obtains (even though it may not

always be realizable experimentally)

along most compositional lines from the

Lc-Q and Ne-Q joins to the end-mem-
bers of the common mafic silicate and
oxide minerals and also to certain minor
phases such as~ apatite, sphene, and zir-

con. If so, then there is an ever-present

possibility in basic-to-intermediate mag-
mas that through appropriate combina-
tion of these and other components the

solvus might be sufficiently enhanced or

the liquidus sufficiently depressed, or

both, that stable immiscibility would de-

velop and a second, salic liquid would
evolve. The salic liquid would most
probably be granitic but, as noted above,

might be syenitic.

Opposing the development of stable

immiscibility, however, are two major
effects that may be expected to obtain
in all basic-to-intermediate magmas:
(1) the tendency of An to suppress im-

miscibility, and (2) the tendency of liq-

uidus surfaces and boundaries—and

particularly the cotectics between plagi-

oclase and the mafic minerals—to de-

flect around regions of immiscibility.

Both are evident in Fig. 59B. At present

it appears that for these effects to be

overcome, the crystallization path of the

magma must reach some especially low-

temperature cotectic for the mafic min-

erals, such as a joint cotectic for the

iron-rich pyroxenes and olivine, mag-
netite, ilmenite, and apatite. The alka-

lies, as in Or and Ab, are like An in that

they suppress immiscibility over a wide

range of liquid compositions, but they

are evidently essential to its develop-

ment under magmatic conditions, both

for the formation of the salic melt and
for the suppression of the silica minerals

liquidus so that melts crystallizing mafic

minerals can have access to the solvus.

The status of H 2 is less clear; it is

known commonly to have effects on

melts similar to those of the alkalies, but

whether the balance is ever favorable

for stable immiscibility is not known.

Possibly C0 2 is more effective than H 2

in promoting immiscibility in that it in-

creases the activity of silica in some
basic melts.*

Probably of greater petrological sig-

nificance, however, than the implications

of metastable immiscibility with respect

to stable immiscibility are the effects of

the factors responsible for the former on

the liquidus relations of magmas and
their fractionation trends. The immisci-

bility is symptomatic of major struc-

tural changes in the melt solution and is

prima facie evidence that the solution

is thermodynamically highly nonideal.

Thus, even if a magmatic liquid differ-

entiating from basic to acidic composi-

tions does not intersect a stable solvus,

the liquid nevertheless will generally

pass through a constitutional transition

* This effect is evident in the discovery by
Eggler (Year Book 73, pp. 215-224) that the

forsterite-enstatite liquidus boundary shifts

away from silica with the introduction of C02 .
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so fundamental that it could be reflected

in almost any aspect of the composi-

tional variations of the liquid or of the

rocks and minerals that crystallize from

it. The tendency of the cotectic bound-

aries between plagioclase and the mafic

minerals to deflect away from the re-

gions of immiscibility is one manifesta-

tion of the effects of this transition; the

contrast in MgO-FeO-Si0 2 fractionation

patterns described above is another.

As a first approximation, the contrast

between the fractionation pattern lead-

ing to an iron-rich residual liquid in Fo-

Fa-An-Q and that leading to a salic

liquid when Or is introduced appears to

be representative of the difference be-

tween the Skaergaard trend of iron en-

richment and the more common trend

of tholeiitic and calc-alkaline magmas
toward a rhyolitic end product. In fact,

the association with liquid immiscibility

appears so critical as to suggest that the

main requirement for basic magmas to

follow a trend of silica enrichment is

that they have an appropriate composi-

tion—especially a sufficient proportion

of alkalies and alumina at the stage

when Mg/Fe is still relatively high—to

bypass the immiscibility region and its

aureole of high silica activity. Other fac-

tors, such as oxidation, may be contribu-

tory but appear secondary by compari-

son. For example, even if all the Fa in

Fig. 62A were oxidized to magnetite -f-

silica, the lowest temperature liquid

would still be on the silica-poor side of

the immiscibility region.

The experimentally defined pattern of

iron enrichment is still far from simulat-

ing the Skaergaard differentiation in

detail, but the differences are themselves

informative in this regard. The out-

standing difference is that the advance

of the liquids in Figs. 61A and 62A to-

ward silica is halted by the fractionation

of tridymite, an event for which no evi-

dence has been found in the Skaergaard

intrusion. The failure of the Skaergaard

liquid to advance toward silica is more
reasonably attributed to the precipita-

tion of two other phases—a Ca-poor py-

roxene (i.e., pigeonite) and an immisci-

ble silica-rich liquid. The importance

of the silica-rich liquid has been demon-
strated by McBirney and Nakamura
(Year Book 73, pp. 348-352) and Mc-
Birney (1975), but the role of the Ca-
poor pyroxene does not appear to have

been fully appreciated. It is implied in

the reappearance of olivine as a cumu-
lus phase in the Upper Zone of the lay-

ered series after it had given way to

pigeonite in the Middle Zone owing to

their reaction relationship in magnesian

liquids. As noted by Wager and Deer

(1939, p. 137) and Wager and Brown
(1968, p. 71), fractional crystallization

paths in the system MgO-FeO-Si0 2 that

feature this sequence of events have

been described by Bowen and Schairer

(1935). A critical factor, however, that

was not emphasized in relation to Skaer-

gaard is that for olivine to reappear

through fractional crystallization after

having ceased to precipitate because of

a reaction relation to Ca-poor pyroxene,

the liquid must come to a part of the oli-

vine—Ca-poor pyroxene phase boundary

such that if the boundary is projected

onto the join MgO-FeO-Si0 2 (or its sub-

join Fo-Fa-Q as in Fig. 61A) from the

composition points of any other phases

that may be precipitating concurrently,

it will fall on the silica-poor side of the

pyroxene solid solution line (essentially

the En-Fs join in Fig. 61A). This rela-

tionship obtains in the system MgO-
FeO-Si0 2 for liquids on the olivine-

pyroxene boundary at moderate to high

FeO/MgO but with anorthite saturation

of the liquids in Fo-Fa-An-Q (Fig. 61A),

the projected olivine-pyroxene phase

boundary is shifted in its entirety to the

silica-rich side of the En-Fs join. Inas-

much as An was a major component of

the Skaergaard liquid, it follows that the

liquid must also have embodied compo-

nents or constituents that were effective

in shifting the boundary in the opposite

direction. Of the major constituents

known to occur in the Skaergaard liquid,

Ti0 2 and P 2 5 appear especially perti-

nent in that they are effective in shift-
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ing the forsterite-protoenstatite liquidus

junction away from silica when they are

added to systems such as MgO-Si0 2 (cf.

Kushiro, Year Book 73, pp. 497-502).*

By the same token, the alkali content of

the Skaergaard liquid could not have
been very high, in view of the pro-

nounced effect of Or and Ab to shift

the olivine-Ca-poor pyroxene liquidus

boundary toward silica (e.g., Fig. 61).

In fact, this argument for low alkali

content is probably as compelling as any
that has been advanced on the basis of

chemical data on the Skaergaard rocks

(e.g., Chayes, 1970) in that it is inde-

pendent of sampling problems.

The above discussion in relation to

Skaergaard differentiation can also be

applied to the Bushveld complex, the

Bushveld magma having reverted to oli-

vine crystallization at high FeO/MgO
after switching to orthopyroxene at an
early stage (cf. Wager and Brown, 1968,

Fig. 192). The possibility that some of

the granophyric and other siliceous rocks

at the top of the complex might repre-

sent immiscible silica-rich liquid ex-

solved from the basic magma appears

also to warrant more consideration.

Decrease in Viscosity of Some
Synthetic Silicate Melts at

High Pressures

/. Kushiro

The viscosity of a melt is closely re-

lated to its structure. To aid in under-

standing the structural changes of sili-

cate melts with pressure, the viscosities

of melts of three different compositions

(NaAlSi 2 6 , Na 2Si3 7 , and K 2MgSi 5 12 )

have been determined at pressures be-

tween 5 and 24 kbar using the falling

sphere method. The results of the pres-

* It is noted that both the silica minerals

liquidus and the two-liquid solvus along the

join MgO-Si02 also expand away from silica

with the addition of Ti02 and P2 6 (cf. Levin,

Robbins, and McMurdie, 1964, Figs. 723 and
725). Evidently these oxides cause a substan-

tial increase in the activity of silica in the melt
solution.

ent experiments show that the viscosities

of all the melts decrease with increasing

pressure owing to structural changes,

indicating that magmas are less viscous

at greater depths.

Experiments were made in a solid-

media, high-pressure apparatus with

graphite capsules 10 mm long and 5 mm
in inside diameter. To reduce the tem-

perature gradient within the capsules, a

specially designed graphite heater (Ku-

shiro, this Report) was used. The tem-

perature gradient within the capsules is

less than 15°C. Starting materials were

glasses of the compositions NaAlSi 2 6

(jadeite), Na 2Si 3 7 (more exactly, Na 2 .

-

Si 2 . 9 6 . 8),andK 2MgSi 5 12 .

Spheres of platinum, made by melting

platinum wires (0.33 and 0.20 mm in

diameter) with a direct current arc

welder, were used to measure the vis-

cosities of the melts. The platinum

spheres were placed at the top of the

charges but covered with a thin film of

the sample to avoid direct contact with

the graphite cap. The heating and
quenching procedures are described by
Kushiro, Yoder, and Mysen (this Re-
port) .

NaAlSi2O r, (Jadeite) Composition

This composition was selected because

of the possible structural change of the

melt reflecting the solid-state phase

change nepheline -f- albite = 2 jadeite.

Viscosity measurements of melt of this

composition were made at 1350°C and
pressures between 5 and 24 kbar. The
velocity of the sinking platinum sphere

can be obtained by determining the rela-

tion between the time and the distance

of sinking of the sphere. The results ob-

tained at 15 kbar are shown in Fig. 63.

The points lie along a straight line that

projects to near zero on both axes, indi-

cating that the platinum sphere begins

to drop as soon as the planned tempera-

ture is reached. Because of the relation-

ship shown in Fig. 63, the velocity of a

sinking sphere at different pressures can

be obtained on the basis of a single run

at each pressure. The results of velocity
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measurements using platinum spheres

0.80-0.81 mm in diameter are shown in

Fig. 64.

From these velocities, the viscosity of

melt at different pressures was calculated

by Stokes' law using the measured den-

sity of the glass (2.42-2.58 g/cm3 at

pressures of 5-21 kbar) instead of the

density of the melt, for which no data

are available. The difference in density

between melt and glass (less than 0.2

g/cm3
, based on Dane, 1941) does not

introduce a significant error (about 1%),
because of the high density of platinum

(21.45 g/cm3
). The viscosity of the melt

of NaALSi06 composition as a function

of pressure is given in Fig. 65 with the

data at 1 atm by Riebling (1966). The
viscosity of the melt decreases from 6.8

X 104 poise at 1 atm to 7.9 X 103 poise

at 24 kbar.

The rate of decrease in viscosity is

particularly high between 7.5 and 10

kbar. This result might be due to over-

estimation of the pressure below 10 kbar

because of an inadequate pressure cor-

rection in the solid-media apparatus. To
test this possibility a run was made at 5

kbar in a sealed Pt capsule with gas-

media apparatus. The viscosity obtained

in this run is also given in Fig. 65. The
curve based on the measurement in the

gas-media apparatus is shifted toward

the low-pressure side; however, the rate

of decrease in viscosity is still greater

between 5 and 10 kbar.

Time, mln.

Fig. 63. Relations between run duration and
distance of sinking of Pt spheres in the melt of

jadeite composition at 15 kbar and 1350
C
C.

NaAISi
2 6

melt

1350°C y
8 min.

a = 0.405-0.i10 mm

+'
/+

/

' i i

10 15 20
Pressure, kbar

25

Fig. 64. Distance of sinking of Pt spheres as

a function of pressure in the melt of jadeite

composition. Temperature, 1350°C; time, 8

min (except the run at 5 kbar, 10 min)

;

radius of spheres (a), 0.405-0.410 mm.

>-icr

.

'%
NaAISi 2 6 melt

1350°C

- ^

K

-

1

10 20
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Fig. 65. Viscosity of the melt of jadeite com-
position as a function of pressure. Open circle

indicates the viscosity obtained with a gas-

media apparatus.
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Na2Si3 7 Composition

This composition was selected to com-

pare with results on the NaAlSi 2 6 com-

position, thereby elucidating the role of

Al in the viscosity change of melt of the

latter composition with pressure. The
Na 2Si3 7 composition is near the mini-

mum on the join Na 20-Si0 2 and has a

relatively low liquidus temperature even

at high pressures. The method of meas-

urement was the same as for the NaAl-
Si 2 6 melt. Because melt of Na2Si 3 7

composition is less viscous than NaAl-
Si 2 6 melt even at lower temperatures,

smaller platinum spheres and shorter

run durations were used. The tempera-

ture of the run was fixed at 1175°C. The
viscosity of the melt of Na 2Si 3 7 com-

position as a function of pressure is

given in Fig. 66 with the value at 1 atm
calculated from the data by Bockris,

Mackenzie, and Kitchener (1955). The
viscosity decreases by a factor of about

2.5 from 480 poise at 1 atm to 200 poise

at 20 kbar.

K2MgSi5 12 Composition

The forsterite-enstatite liquidus bound-

ary in the system K 20-MgO-Si0 2 shifts

strongly with increasing pressure (Ku-
shiro, 1975) , and the shift of this bound-

ary may be related to the change of

polymerization of Si-0 chains with pres-

sure. Because the viscosity is closely re-

lated to the degree of polymerization of

Si-0 chains in the melt, the effect of

pressure on the viscosity of a melt in

this ternary system has been examined.

The composition K 20-MgO5Si0 5 was
selected because it is close to the exten-

sion of the forsterite-protoenstatite liq-

uidus boundary at 1 atm (Roedder,

19516) . The method of measurement was
the same as in the previous experiments.

The melt of this composition is mod-
erately viscous, and the relation between
the time and the distance of sinking of

the platinum spheres was first deter-

mined (Fig. 67). The lines connecting

points obtained at 5 and 20 kbar extrap-

olate to near zero on the time axis, indi-

10'

r 10 3 •—

10'

;

~-f-^

K2MgS^012
melt

\ 1300°C

-

K

-

^K^

-^^ Nci2Si307 melt

^^ 1175°C

-K

i III!
10 15 20
Pressure, kbar

25

Fig. 66. Viscosities of the melts of Na2Si307

(more exactly, Na2Si2.60o.8) and K2MgSisOi2

compositions as a function of pressure.

eating that the platinum spheres begin to

sink almost as soon as the temperature

reaches 1300°C. The viscosity of the

melt of K 2MgSi 50i 2 composition was de-

termined at pressures between 5 and 20

kbar at 1300°C. The results are shown
in Fig. 66. The viscosity decreases by a

factor of about 3 from 3500 poise at 5

kbar to 1300 poise at 20 kbar.

Discussion

The viscosities of the melts of the

three compositions studied decrease with

increasing pressure at constant tempera-

ture. The rate of decrease is greater in

the NaAlSi 2 G melt than in the Al-free

melts. It is concluded from these results

that Al plays an important role in the

large viscosity drop in the melt of NaAl-
Si 2 G composition.
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20 kb

2 3 L.

T ime, min.

Fig. 67. Relations between run duration and
distance of sinking of Pt spheres in the melt of

KaMgSisO^ composition at 5 and 20 kbar.

Numbers are radii (a) of Pt spheres.

By analogy with the phase transfor-

mation in the crystalline phases, it is

likely that Al3 + shifts from 4-fold to

6-fold oxygen coordination in the NaAl-
Si 2 6 melt at higher pressures. Waff
(1975) suggested this possibility and
calculated the decrease in viscosity of

tholeiitic and andesitic magmas at high

pressures on the basis of the model of

Bottinga and Weill (1972). The rate of

decrease in viscosity of the NaAlSi 2 6

melt (a factor of 8) is much smaller

than the rates calculated by Waff for

tholeiitic and andesitic melts (factors of

14 and 47, respectively). Nevertheless,

the shift of Al3 + from 4-fold to 6-fold

coordination actually takes place in the

melt of NaAlSi 2 6 composition accord-

ing to the infrared absorption spectra of

the glasses quenched at high pressures

(B. Velde and Kushiro, this Report).

The transformation of Al3 + in the melt

is gradual and begins at low pressures

compared with the transition in the

crystalline phases (i.e., nepheline +
albite = 2 jadeite).

The decrease in the viscosity of the

two Al-free melts with pressure must
also be related to the structural change,

such as the coordination change of alkali

ions, Mg2 +
, and Si4+ in the melts. The

viscosity of silicate melt is reduced most
effectively by breaking the Si-0 chains.

The shift of part of Si4 + from 4-fold to

6-fold coordination in these melts would
therefore explain the observed viscosity

decrease in these Al-free melts with pres-

sure. Although the transformation of Si

to 6-fold coordination takes place at

pressures higher than 100 kbar in crys-

talline silicates (e.g., stishovite), it may
begin to take place at much lower pres-

sures in silicate melts. The transforma-

tion of Al3 + in melt begins to take place

at pressures much lower than in the

crystalline phases, as illustrated by the

melt of NaAlSi 2 G composition.

From the results of the present experi-

ments it is suggested that magmas be-

come less viscous with increasing depths

in the upper mantle. The viscosity data

on melts of basaltic and andesitic com-
positions at high pressures (Kushiro,

Yoder, and Mysen, this Report) support

this view. The transformation of Si4+

from 4-fold to 6-fold coordination in sili-

cate melts may take place at a greater

rate at pressures higher than 100 kbar,

resulting in a drastic decrease in vis-

cosity and increase in density of silicate

melts. Magmas at depths greater than

300 km, if any, may be much more fluid

and denser than those at shallower

depths.

Viscosity of Basaltic and Andesitic

Liquids at High Pressures

I. Kushiro, H. S. Yoder, Jr., and B. O. Mysen

A knowledge of the viscosity of mag-
matic liquids at high pressures is impor-

tant to the understanding of igneous

processes such as the ascent of magma
from depth, fractionation of magmas by

crystal settling, diffusion in magmas,
and separation of magma from source

areas in the upper mantle. In the pres-

ent experiments, the viscosities of melts

of an olivine tholeiite from the 1921

eruption of Kilauea, Hawaii (Yoder and
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Tilley, 1962), and a calc-alkaline ande-

site from Crater Lake, Oregon, have
been determined at pressures up to 30

and 20 kbar, respectively. The viscosi-

ties were determined by a falling sphere

method in a solid-media, high-pressure

apparatus. A specially designed furnace

assembly (Kushiro, this Report) with a

relatively small temperature gradient

was used in the experiments. The data

demonstrate that the viscosities of

liquids of basaltic and andesitic com-
position decrease with increasing pres-

sures along their liquidi.

Kilauea 1921 Olivine Tholeiite

For the viscosity measurements of the

olivine tholeiite liquid, spheres of chro-

mian diopside were found to be the most
suitable at pressures higher than 15 kbar.

Spheres of Pt, Ag-Pd, chromite, and
pyrope-rich garnet were tested, but they

either settled too rapidly or reacted too

rapidly with the basaltic melt to be

usable. The chromian diopside spheres

(density, 3.33 g/cm3
) were made from

angular fragments using a device de-

signed by Bond (1951). The difference

between the long and short diameters of

most spheres was less than 20%. An
"effective" diameter was obtained by
averaging the lengths of the long and
short axes and of the axis 90° to them.

The spheres were placed at the top of

a charge before the experiment; after-

ward the side pf the cylindrical charge

was ground away until the spheres were

exposed and was then polished. The dis-

tance the sphere had settled was meas-

ured with a microscale.

The heating process was the same for

all experiments. Pressure was first raised

to 2 kbar above the planned pressure,

and the temperature of the charge was
raised to slightly below its solidus and

held for 2 min. The pressure was then

adjusted to the desired value, and the

temperature was raised to the desired

value in exactly 1 min and held there for

the planned duration of the experiment.

The charge was quenched by turning off

the power to the heater. The rate of

quenching was 70°-80°C/sec, and in

most experiments the temperature fell to

below the solidus in less than 5 sec.

The relationship between run time and

settling distance of chromian diopside

spheres is shown for some of the runs in

Fig. 68. Three runs of different dura-

tions at 1400° and 1375°C and 20 kbar

for spheres of similar diameters plot

along nearly straight lines. From the

slopes of these lines, the average settling

velocity of the spheres can be obtained.

When extrapolated to zero distance, the

lines do not intersect the time axis at 0,

but intersect it between 1.5 and 3 min.

These time lags are believed to represent

the time required for the starting ma-
terial to melt.

The viscosity of the olivine tholeiite

melt is calculated by Stokes' law, v =
2a2gAP/9rj (v, velocity of sinking sphere;

a, radius of sphere; g, gravity constant;

Ap, density difference between sphere

and surrounding melt; 77, viscosity). The
density of the glass, as measured by the

Berman (1939) method, was used in the

calculation instead of the density of the

melt. The density difference between

glass and melt is about 0.1 g/cm3 at 1

atm (Dane, 1941), a difference that

yields uncertainties of about 20% in the

KOCfC

1375°C

3 5

Time, min.

Fig. 68. Relations between run duration and
distance of settling of chromian diopside

spheres in melt of Kilauea 1921 olivine tho-

leiite at 20 kbar. Numbers are radii of the

diopside spheres (mm).
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viscosity data (the quenched glass is

heavier than the liquid). The absolute

correction for the high-pressure liquids

is not known, however, and so the glass

densities are used. The data obtained

are summarized in Fig. 69 together with

values for 1 atm calculated according

to the method of Bottinga and Weill

(1972). It is seen that the viscosity de-

creases with increasing temperature at

constant pressure and that the viscosity

decreases slightly with increasing pres-

sure at constant temperature. The cal-

culated 1-atm viscosities are slightly

higher than those at high pressure for

the same temperature. In total, the data

show clearly that the viscosity of the

olivine tholeiite melt decreases with in-

creasing pressure along its liquidus. At
30 kbar, it is only about 10 poise, a

value that compares with the viscosity

of glycerin at 20°C and 1 atm.

Crater Lake Andesite

The anhydrous andesite melt was
much more viscous than the tholeiite

melt, and spheres of Pt were used to

measure its viscosity. Almost perfect

spheres can be made by melting the end

of Pt wire (0.33 mm in diameter) simply

by touching it on a direct current welder.

The method of measuring the viscosity

was the same as for the Kilauea 1921

olivine tholeiite.

The relationship between the run time

and settling distance for the Pt spheres

was first determined by making more
than two runs of different duration for

the same conditions using spheres of

similar diameters. From the settling

velocities obtained by these runs, the

viscosity of the melt was calculated by
Stokes' law for different pressure and
temperature conditions. The results are

shown in Fig. 70, together with the val-

1600

1500

.H00

1300

1200

1100

1000

KILAUEA 1921 BASALT

•(18)

^35)

561

s /m
/ s \*>

/

S*\*r£''*

(170)

10 20
Pressure, Kbar

30

Fig. 69. Viscosity of Kilauea olivine tholeiite melt. Numbers in rectangles indicate meas-

ured values (poise) : Those in parentheses are calculated for 1 atm according to the method

of Bottinga and Weill (1972). The liquidus temperature curve is based on data of Tilley,

Yoder, and Schairer (Year Book 62, pp. 77-34), Tilley and Yoder {Year Book 63, pp. 114-121),

and B. J. Wood (personal communication). Dashed lines represent isodensity curves of glasses

quenched at high pressure.
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ues for 1 atm calculated by the method
of Bottinga and Weill (1972)

.

The data show that the viscosity of

the andesite melt decreases with increas-

ing temperature at a constant pressure

of 7.5 kbar and with increasing pressure

at a constant temperature of 1350° C. At
this temperature the measured viscosity

at 20 kbar is higher than at 15 kbar, but

the melt in the 20 kbar runs contained

about 5% relic minerals, and the vis-

cosity value for the liquid alone would
probably be lower than that given in

Fig. 70.

The viscosity of the same andesite

melt, but with 4 wt % H 20, has also

been determined at 15 kbar and 1350°C,

using sealed Pt capsules and spheres of

chromian diopside. The value obtained

is 45 ± 5 poise, which is lower by a fac-

tor of 25 than the viscosity under an-

hydrous conditions and comparable to

the viscosity of anhydrous Kilauea

olivine tholeiite.

Discussion and Applications

The decrease in the viscosity of olivine

tholeiite and andesite melts with in-

creasing pressure must be the result of a

structural change in the melts at high

pressure. In a study of melt of NaAl-
Si 2 6 composition (Kushiro, this Re-
port), it has been found that the vis-

cosity drops markedly (by a factor of 9)

from 1 atm to 24 kbar, probably because

of a change of AP+ from 4 to 6 coordi-

nation (Waff, 1975). A similar struc-

tural change may occur in the basalt

and andesite melts. The rate of decrease

in the viscosity of the basalt and ande-

site melts is much smaller than that of

the jadeite melt, but this difference may
be attributed to lower molecular concen-

trations of Al and Na in the basalt and
andesite (1/2 to 2/3 and 1/5 to 1/3,

respectively).

From the viscosity data for the oli-

vine tholeiite melt at high pressure, rates

of crystal settling at depth can be cal-

culated, assuming that basalt magma
behaves as a Newtonian liquid at liqui-

dus temperatures. For the melt viscosity

and glass density determined for olivine

tholeiite melt at 30 kbar and 1500°C

(77 = 10 poise, p = 3.08)
,
garnet crystals

(p = 3.5, diameter = 2 mm) settle at a

1500

" K00

2 1300
at
a.

E
* 1200

1100

1000

CRATER LAKE ANDESITE

(1800)

(4500)
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Fig. 70. Viscosity of melt of Crater Lake andesite. Symbols as in Fig.
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velocity of 0.093 cm/sec or 3.3 m/hr,
and chromian diopside crystals (p =
3.32, diameter = 2 mm) sink at a rate

of 0.056 cm/sec or 2.0 m/hr. At these

large values, crystal fractionation in

basaltic magma should be effective in

the upper mantle.

From the present viscosity data, the

minimum velocity of ascent of magmas
carrying ultramafic inclusions can also

be calculated. If the viscosity of basalt

magma is assumed to be 50 poise, a

peridotite inclusion (p = 3.3, diameter

= 10 cm) sinks with a velocity of 44

cm/sec or 1.6 km/hr. With ascent of

magma the viscosity decreases because

of lower liquidus temperature and lower

pressure. Near the surface, the viscosity

of the olivine tholeiite magma is about

170 poise. The velocity of sinking of the

same inclusion in magmas of this vis-

cosity is 13.1 cm/sec or 470 m/hr. As-

suming a log-linear increase in viscosity

from 50 to 170 poise during the ascent of

magma, the time for the ascent of the

magma from the depth of 50 km to the

surface must be less than 58 hr for nod-

ules greater than 10 cm in diameter. The
presence of H 2 in the magma reduces

the viscosity, and alkali basalt magmas
would have lower viscosity than tho-

leiitic magmas at high pressures because

of lower Si0 2 and higher alkali content.

The actual time of ascent of alkali ba-

salt magmas carrying ultramafic inclu-

sions, therefore, should be less than the

above estimate. This estimate is con-

sistent with the lack of appreciable re-

action between orthopyroxene in nodules

and nepheline-normative host magma.

Infrared Spectra of High-Pressure
Quenched Silicate Liquids

B. Velde and I. Kushiro

It has been demonstrated that pres-

sure tends to reduce the viscosity of

some simple silicate liquids (Kushiro,

this Report). The viscosity of simple

silicate liquids at 1 atm is also affected

by alkali content (Morey and Bowen,

1925) and water content (e.g., Shaw,

1965; Scarfe, 1973; Kushiro, this Re-
port). The chemical effects have been

interpreted as the result of an interac-

tion between the added ions and the

basic silica-oxygen network such that

the polymerization of the network is re-

duced (Hanna and Su, 1964; Fripiat,

Leonard, and Barake, 1963)

.

Infrared spectra of silica glasses are

relatively simple. They are character-

ized essentially by two broad bands, one

near 1000 cm-1 and the other near 780

cm-1
, resulting from, respectively, Si-0

stretching vibrations and Si-O-Si bend-

ing around bridging oxygens in the net-

work. In pure silicon-oxygen composi-

tions, a 1050 cm-1
{v3 ) vibration is

attributed to movement along C 3 axes in

the silicon-oxygen tetrahedra, and a 900

cm-1 vibration is attributed to api-

cal oxygen-silicon stretching vibrations

(Hanna and Su, 1964; Ferraro and
Manghnani, 1972; Hanna, 1965). It is

known that the addition of Na 2 and
A1 2 3 to silica decreases the frequency

of the 1000 and 780 cm- 1 bands (Day
and Rindone, 1962; Hanna and Su,

1964), and a new band near 950 cm-1

appears at high (ca. 25 mole %) Na 2

contents. Addition of H 2 to Si0 2-Al 2 3

glasses also decreases the frequency of

the 1000 cm-1 band (Fripiat, Leonard,

and Barake, 1963) . These effects are in-

terpreted as the result of an interaction

of the added cations with the oxygens in

the network that weakens the Si-0

bonds. A second effect of both alkalies

and water is to decrease the intensity of

the Si-O-Si band near 780 cm- 1
. This

effect is attributed to a decrease in the

number of oxygens linking two silicon

atoms in the melt or glass structure.

Finally, the effect of pressure (at

25°C) on glass is to increase the band

frequencies in the 1000-700 cm-1 region

at a rate of about 13 cm _1/30 kbar

(Ferraro and Manghnani, 1972). Thus,

addition of Na 20, A1 2 3 , and H 2 de-

creases band frequencies, and applica-

tion of pressure increases them. Addition

of large amounts of alumina does not
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produce any distinct new bands, nor

does the presence of 6-fold coordinated

hydrated aluminum produce any specific

Al-0 absorption bands (Day and Rin-

done, 1962; Fripiat, Leonard, and Ba-
rake, 1963). Apparently no specific

bands appear as a result of aluminum-
oxygen octahedra, even though these

octahedra would be expected in a glass

or quenched melt.

In the present study, the spectra of

melts thermally quenched at high pres-

sure have been investigated. Two anhy-

drous compositions, NaAlSi 2 6 (jadeite)

and Na 2Si 3 7 (more exactly Na 2Si 2 . 9
-

Os.g), were subjected to high pressure at

1350°C (jadeite) and 1175°C (Na 2Si3
-

7 ). The melts were maintained at these

temperatures for 3-12 min at pressures

between 10 and 30 kbar and then were

quenched essentially isobarically. The
rate of quenching was 70°-80°C sec

-1
.

The temperature dropped below the

solidus within 3 sec.

The infrared spectra of the quenched

sodium silicate melts showed little vari-

ation as a function of pressure (Fig. 71)

;

the Si-0 and Si-O-Si bands both re-

tained the same frequencies and inten-

sities. The spectra of the quenched melts

of jadeite did change, however. In these

spectra the frequency of the Si-0 band
position first decreased from 1010 cm-1

for the melt quenched at 1 atm to 985

cm-1 for the melt quenched at 21 kbar,

and then increased to 1005 cm-1
for the

melt quenched at 30 kbar. The Si-O-Si

band gradually decreased in frequency

with pressure, its intensity decreased,

and the band broadened toward low

frequencies.

In addition to the above experiments,

charges of the above compositions with

additions of about 10 wt % H 2 were

melted at 15 kbar. In both experiments

the spectra had a marked decrease in

the intensity of the 700-800 cm-1 band,

and this band was broader toward low

frequencies for the quenched melt of

jadeite composition as compared with

the spectra of the anhydrous composi-

tion. The 1000 cm-1 band of the spec-

trum of the quenched sodium silicate

melt split into 1060 and 1000 cm-1 com-
ponents similar to those of silicate

glasses with high sodium content. The
spectrum of the hydrous jadeite com-
position had a higher Si-0 stretching

frequency (1020 cm-1 "wet" versus 995

cm-1 "dry" at 15 kbar, a new 870 cm-1

band that can be attributed to Al-O-H
bending (Leonard et al., 1964), and a

very low intensity, broadened Si-O-Si

bending band.

These experiments indicate that pres-

sure has the effect of decreasing the

polymerization of the silica-oxygen net-

work when alumina is present in the

melt. The decrease in the intensity of the

700-800 cm-1 band can be interpreted

as the result of polymerization. At high

pressure, water seems to associate with

Al ions (indicated by the presence of an

870 cm-1 band). Water also seems to

depolymerize the melt structure (indi-

cated by the decrease in intensity of the

700-800 cm-1 band). In the spectra of

the dry quenched melts of jadeite com-

position, the shift and broadening of the

700-800 cm-1 band might be attributed

to the existence of Al-0 octahedral co-

ordination inasmuch as this type of

spectrum is characteristic of /?-alumina,

which contains both 6- and 8-fold co-

ordinated aluminum ions (Tarte, 1963).

The shift in frequency of the Si-0

stretching vibrational mode toward

higher values at 20-25 kbar in the region

of the metastable extension of the

jadeite stability (22 kbar at 1350°C,

Boettcher and Wyllie, 1968) suggests

that the basic structure of (Si,Al)-0

coordination in the melt is changing due

to a new configuration of Al-0 ions.

It is suggested that the structure of

the quenched sodium silicate melts is

modified by the presence of Al and H 2

at high pressures. It would appear that

this modification results in a less poly-

merized melt structure. This interpreta-

tion accords with the viscosity measure-

ments made by Kushiro (this Report).
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Fig. 71. Infrared transmission spectra of quenched glasses produced at various pressures.

Transmission increases toward the top of the figure. Minimum values at 1000 cm-1 were at

10%-20% transmission; the maximum near 850 cm"1
is at 80%.
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Coordination Changes of Aluminum
in Silicate Melts: Evidence from
Data on Carbon Dioxide Solubility

in Albite Melt

Bj0rn 0. Mysen

Coordination changes of the cations in

silicate melts affect properties of the

melt such as the solubility of volatiles,

the viscosity, and the activity coefficient

of elements in the melt. Direct evidence

for termination of (Si,Al)-0-(Al,Si)

bonds in melt of NaAlSi 2 G composition

at high pressure is provided by infrared

data (B. Velde and Kushiro, this Re-
port) and is supported by viscosity data

for similar melts (Kushiro, this Report).

These data have led to the suggestion

that the coordination of aluminum in

NaAlSi 2 (! melt changes rather abruptly

from 4 to 6 as the pressure is increased

above 10 kbar at 1350°C (for example,

Kushiro, this Report)

.

Solubility models for carbon dioxide

in silicate melts involve the activity of

the oxygen ion (ao^melt]) inasmuch

as a major proportion of the carbon

dioxide is dissolved as carbonate (Eg-

gler, Mysen, and Seitz, Year Book 73,

pp. 226-228; Mysen et al, 1976). Pro-

vided no major change in the melt struc-

ture occurs with increasing Pco2 , the

fraction of carbon dioxide that dissolves

as CO2- 3
* should follow a smooth iso-

thermal, polybaric curve without inflec-

tions or discontinuities. In tetrahedral

coordination, aluminum participates in

polymerization of the melt. By changing

to higher coordination, polymers are

broken up, resulting in increased ao2-

(melt) (Pearce, 1964). The stability of

carbonate relative to molecular carbon

dioxide may therefore be enhanced.

To test these possibilities, C0 2-satu-

rated albite glass was prepared at pres-

sures ranging from 10 to 30 kbar and
temperatures of 1450° and 1625°C. The
carbon dioxide solubility experiments

and the sample preparation methods
used for the infrared studies are de-

scribed by Mysen {Year Book 74, pp.
454-468). Infrared spectrometry was

used to determine the molecular combi-
nations of carbon and oxygen in the

quenched albite glass (Mysen et al.,

1976; Mysen, Year Book 74, pp. 454-

468), and the measurements have been

extended here to determine the relative

proportions of C02_ 3 and C0 2 . The car-

bonate absorption peak is relatively

broad and therefore amenable to analy-

sis, but the C02 peak is quite narrow
and unsuitable for this purpose. The
carbonate peaks were calibrated relative

to the peak from 2C0 2-saturatedf albite

glass quenched from 1625°C and 20

kbar. The amount of C02_ 3 in the other

samples is simply the proportion of the

areas of C0 2 ~
3 absorption peaks of the

unknown samples relative to the area of

the peak in the standard. The amount of

molecular C0 2 is the difference between

2C0 2 and the calculated C02_ 3 content.

The calculated A^co2^ values are there-

fore only relative, not absolute values.

The molar proportion, Xm
Co2-^, is

plotted against pressure at 1450° and
1625°C in Fig. 72. The Xm

co^, increases

with increasing temperature (Fig. 72)

,

suggesting that a 2-(melt) increases with

increasing temperature. Such an inter-

pretation accords with the discussions of

Zachariasen (1932) and of Adam and
Gibbs (1965), who suggested that sili-

cate liquids become less polymerized

with increasing temperature. It also

agrees with the viscosity data of Ku-
shiro (this Report) and Kushiro, Yoder,

and Mysen (this Report), showing that

the viscosity of silicate melts decreases

with increasing temperature. The Xmco"-z

decreases with increasing pressure be-

tween 10 and 30 kbar at 1625°C and be-

tween 10 and 20 kbar at 1450°C. Kushiro

(1975) suggested that silicate melts be-

come more polymerized with increasing

pressure, resulting in decreasing oxygen

ion activity; hence decreased XmCo2-3

was expected. However, the molar pro-

* Defined as molar proportion : Xm
co 2 -3 =

C02V(C02 + CO2
"*).

t 2CO2 = total amount of carbon determined
in the glass calculated as C02 .
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Fig. 72. Mole fraction of carbonate, Xm
co

2_
3, of total carbon dioxide (2CO2) in albite melt

as a function of pressure at 1625° and 1450°C.

portion of carbonate in the melt in-

creases by approximately 100% at

1450°C between 20 and 30 kbar. The
reaction

NaAlSi 3 8 = NaAlSioOo + Si0 2 ,

(1)

extended metastably to 1450°C, occurs

at about 31 kbar (Boettcher and Wyllie,

1969). Because of the similarity between
the P-T coordinates of the metastable

breakdown of albite to jadeite and
quartz and those at which the value of

-X""
l

co3-3 doubles, it is suggested that a

transition similar to that in crystalline

NaAlSi3 8 also occurs in the silicate

melt. An A1IV -» A1VI transformation in

the melt would be accompanied by
breaking (Al,Si)-0-(Al,Si) bonds in the

tetrahedral polymers. The result is an

increase of ao^-Cmelt), and at fixed

/co2 >
increased ao^melt) yields higher

X^cos-3.

The higher pressure of the A1IV -> A1VI

transformation in NaAlSi 3 8 melt as

compared with NaAlSi2 6 melt (Ku-

shiro, this Report) is in qualitative

agreement with the lower pressure of the

reaction (Boettcher and Wyllie, 1969)

NaAlSi3 8 + NaAlSi04 2NaAlSio0 6

(2)

compared with that of Equation 1, and

with the lower temperature (1350°C)

of the experiments with the NaAlSi 2 6

melt by Kushiro (this Report). Velde

and Kushiro (this Report), on the basis

of infrared spectra of quenched jadeite

glass, place the A1IV -> A1VI transition of

the NaAlSi.Or, composition near 20 kbar,

in close agreement with the present

data. However, both the present data

and those of Velde and Kushiro (this

Report) were obtained on quenched

glasses, whereas the viscosity data of

Kushiro (this Report) were obtained on
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melts at high pressure and temperature.

It is possible that the reason higher

pressures of the inferred A1IV -> A1VI

transition were obtained on quenched

material is that the equilibrium pressure

must be exceeded to quench in the tran-

sition.

The abrupt decrease of viscosity of

NaAlSi 2 G melt with increasing pressure

was ascribed by Kushiro (this Report)

to the change of aluminum to a high-

coordination state. From the present re-

sult (Fig. 72), a similar isothermal de-

crease in viscosity would be expected in

NaAlSi3Og melt in the pressure range

20-30 kbar at 1450°C.

Waff (1975) pointed out that change

of aluminum to higher coordination in

silicate melts also increases their shear

wave attenuation (Q,s ) because of the

drop in viscosity that accompanies such

coordination changes (Walsh, 1969).

The low-velocity channel in the mantle

is generally at depths corresponding to

pressures in excess of those required for

the A1IV -» A1VI transition in silicate

melts. Thus, calculations of shear wave
attenuation should be based on the vis-

cosity of melt with aluminum in the

high-coordination state. Such calcula-

tions, as pointed out by Waff (1975),

would result in greater proportions of

melt being required to produce the same
attenuation that would be the case when
calculating Qs with aluminum in the

low-coordination state.

Element partitioning between crystals

and silicate depends on the activity co-

efficients of the elements in the melts as

well as in the crystals. The activity co-

efficients depend therefore on the struc-

ture of the silicate melt. For example,

Burns and Fyfe (1964, 1966) considered

the effect of crystal-field stabilization

energy (CFSE) on transition elements

(Ni, Co) partitioning between olivine

and melt. The partition coefficients of

both nickel and cobalt between melt and
crystal (defined as Cimen/Cicrystal ) should

increase when the aluminum of the melt

is transformed to its high-coordination

state. In addition, the smaller CFSE of

Co2+ relative to Ni2 + in octahedral co-

ordination would result in a larger in-

crease of i?Ni
lir| -01 as compared with

i£co
liq ~o1

,
yielding an increase of Ni/Co

in a melt in equilibrium with olivine.

It is thus proposed that the coordina-

tion states of cations in silicate melts

should be considered when oxidation

states of elements in silicate melts are

evaluated and when element partition-

ing between melts and crystals in the

mantle are calculated.

Composition of the Partial Melt
of Carbonated Peridotite in the

System CaO-MgO-Si0 2-C0 2
*

David H . Eggler

In the last year it has been shown that

in the system CaO-MgO-Si0 2-C0 2 at

pressures above about 29 kbar a perid-

otitic phase assemblage containing a

small amount of C0 2 becomes carbo-

nated at its solidus (i.e., the solidus as-

semblage is Di + En + Fo + Dol + L)

(Eggler, Year Book 74, pp. 468-474;

Eggler, 1976; Wyllie and Huang,
1975a,6). At pressures immediately be-

low the carbonation reaction, the solidus

falls dramatically in temperature, about

350°C in a 2-kbar pressure interval.

Oceanic geotherms project across this

bend in the solidus, and on this basis a

new explanation was suggested for the

low-velocity zone. In order to determine

more closely the composition of the

liquid formed by melting of carbonated

peridotite, two more joins in the same
system, Ca 2Si0 4-Mg 2Si04-C0 2 (Fig. 73)

and CaMgSi 2 -CaMg0 2-C0 2 (Fig. 74),

have been investigated at 30-kbar pres-

sure.

Starting compositions were finely

ground mechanical mixtures of Si0 2

(tridymite or cristobalite), MgO, calcite,

synthetic and natural dolomite, and syn-

thetic enstatite. Charges were sealed in

Pt capsules and run in talc-boron nitride

* Research supported by the National Science

Foundation, Earth Sciences Section, grant DES
73-00266AOL
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Fig. 73. Vapor-saturated phase relations on the join Ca^SiOi-lV^SiCVCC^ at 30 kbar pres-

sure, in wt %. Dotted line is the composition (mole proportions) CasMgCSiOJ? (DiiCC2).

Points indicate phase boundaries determined from phase compositions: Fo by electron micro-

probe analysis, Dol by x-ray diffractometric analysis, and coexisting Di-En from solvus rela-

tions (Davis and Boyd, 1966). Other subsolidus phase relations have been deduced from phase

equilibrium data presented by Eggler, Kushiro, and Holloway (this Report) and Irving and
Wyllie (1975).

furnace assemblies in solid-media, high-

pressure apparatus. Phase identification

techniques and problems have been de-

scribed previously (Eggler, Year Book

74, pp. 468-474).

Vapor-saturated liquidus phase rela-

tions have been projected onto the plane

CaO-MgO-Si0 2 (Fig. 75) from Figs. 73

and 74 and from the joins CaMgSi 2 6
-

Mg2Si04-C0 2 (Eggler, 1976) , CaMgSi 2 6
-

Mg2Si 2 6 (Davis and Boyd, 1966),

and MgC0 3-CaCO., (Irving and Wyllie,

1975). The nonvolatile compositions of

all phases can be correctly projected

onto the CaO-MgO-Si0 2 plane because,

although the amount of C0 2 in the

liquid varies, the refractory components
are negligibly soluble in C0 2 vapor (Eg-

gler, 1975). The reaction point B (Fo +
L = En -4- Dol ss ) is of particular inter-

est. It can be located with reasonable

precision, especially from subliquidus

relations for the compositions Di 48 (Ca-

Mg0 2 ) 52 and Di 29 (CaMg0 2 ) 71 . In the

latter composition, olivine (Fo99. 7Lao.3,

by electron microprobe analysis) crys-

tallizes first, followed by Dol ss . The in-

dicated geometry of the four-phase line

Fo-Dol-L-V (CB, Fig. 75) is consistent

with this crystallization sequence, and
the position of B is consistent with liqui-

dus contours in the Fo field. The tem-

perature of B was determined on both

joins to be 1255° ± 10°C. The location

of reaction point A (En 4- L = Diss 4-

Dolss ) and minimum D are less certain

because they are farther removed from

the investigated joins, but the inferred

topology is compatible with the estab-

lished phase relations. The position of
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the minimum is also consistent with

phase relations on the join MgC0 3
-

CaC0 3 (Irving and Wyllie, 1975)

.

The topology in Fig. 75 differs from

earlier versions of the same system (Eg-

gler, Year Book 74, pp. 468-474; Eggler,

1976) on the silica-poor side of the join

Mg2Si04-Ca 2Si04. The earlier versions

were inferred from the join Di-Fo-C0 2

and from preliminary results for the join

La-Fo-C0 2 . It was known that the four-

phase line Fo-En-L-V crossed the La-
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Fig. 74. Vapor-saturated phase relations on the join CaMgSi20o-CaMg02-C02 at 30 kbar
pressure. Dotted boundaries are inferred from the preceding figure. Liquidus phase relations

involving magnesite (Mag) are inferred from data on the join CaCCVMgCOa by Irving and
Wyllie (1975) ; no magnesite was found in the products of runs shown (on the basis of elec-

tron microprobe analyses)

.
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CaMg(C03)2 (Dol)

Mg
2
Si04(Fo)

MgO

MgC03 (Mag)

Fig. 75. Vapor-saturated liquidus phase relations in the system CaO-MgO-Si02-C02 at 30

kbar pressure, projected onto the volatile-free base. Relations on the joins Di-CaO-COa and
En-MgO-C02 are from Wyllie and Huang (1976); those on the join MgO-CaO-C02 are from
Irving and Wyllie (1975).
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Fo-C0 2 join at 1290°C and terminated

at B at 1255°C; B was inferred to lie

somewhat to the silica-poor side of the

join La-Fo-C0 2 . The four-phase line is

now known to extend considerably far-

ther toward the CaO-MgO-C0 2 sideline.

Wyllie and Huang (1975a,6; 1976) have

also determined positions for the reac-

tion points represented by A and B on

the basis of unpublished data on a num-
ber of joins, including Di-Dol and Di-

CC. They place B at a volatile-free

composition of 10% Si0 2 , 29% MgO,
61% CaO, in contrast to 17% Si0 2 , 31%
MgO, 52% CaO in Fig. 75. The sequence

of reactions between points B and D
also differs from the relations proposed

by Wyllie and Huang. In their diagram

the minimum is placed between A and
B, but such topology is inconsistent with

the data presented here in that, for the

composition La 55Fo45, En precipitates at

temperatures down to point A at 1125°C,

where En reacts out.

The solubility of C0 2 in the liquids

can be estimated from solubility data of

Holloway, Mysen, and Eggler (this Re-

port) on the joins Di-CaMg0 2-C02 and

Fo-La-C0 2 . In liquid A, C0 2 solubility

is approximately 40 wt % ; in liquid B,

it is about 27 wt %.
From these new results, it is evident

that liquids produced by fusion of car-

bonated peridotite at 30-kbar pressure

(equivalent to 90-km depth) can be ex-

tremely silica-undersaturated and can

fractionate to even more basic, carbon-

atitic (<10% Si0 2 ) liquids. If such

liquids were produced in the low-velocity

zone (Wyllie and Huang, 1975a; Eggler,

Year Book 74, pp. 468-474) , they might

migrate upward and enrich the upper

part of the zone in carbonate (Wyllie

and Huang, 1976), and if C0 2 vapor

were evolved, it might contribute to ex-

plosive kimberlite and carbonatite erup-

tion (Wyllie and Huang, 1975a,£>). It

should be remembered, however, that

natural kimberlite magmas originate at

much greater depths than 90 km (Boyd,

1973), beneath stable continental shields

where a low-velocity zone probably does

not exist (Knopoff, 1972)

.

Even though the experiments were not

conducted at pressures directly applica-

ble to kimberlite origin, an important

principle is illustrated that applies to

kimberlite and other highly undersatu-

rated magmas. The principle is that the

partial melts of carbonated peridotite

can differ enormously in composition,

depending on only relatively small

changes in pressure, degree of melting,

or volatile composition. For example, at

30 kbar, the first melt {B) for the as-

semblage Fo + Di + En -(- Dol has a

silica content of only 17% (calculated

volatile-free). But at only 4 kbar less

pressure (26 kbar), the first melt in the

presence of C0 2 lies on the Di-Fo join

and has a silica content of about 50%
(Eggler, 1976). With higher degrees of

melting at 30 kbar, the liquid composi-

tion moves rapidly from B toward the

volatile-free partial melt composition

(Fig. 75), particularly if the source area

contains only a small amount of C0 2

(e.g., 0.1-0.2 wt %). Previous work has

established that increased C0 2/(C0 2 -f-

H 20) in the vapor phase changes the

first melt composition from silica-poor

to relatively silica-rich compositions

(Mysen and Boettcher, 1975a; Eggler,

1975). The wide range in composition of

kimberlite (Dawson, 1967) has previ-

ously been attributed to mixing of mag-

mas (Boyd and Nixon, 1973) and to

mixing of magma and ultramafic inclu-

sions, but it may also reflect, in part,

small variations in the depth and vola-

tile content of the source regions.

The Solubility of C0 2 in Liquids

on the Join CaO-Mg6-Si0 2-C0 2
*

John R. Holloway, Bj0rn O. Mysen,
and David H . Eggler

Eggler {Year Book 72, pp. 457-467)

demonstrated that silicate liquids can

dissolve significant amounts of C0 2 and

* Research supported by the National Science

Foundation, Earth Sciences Section, grant DES
73-00266A01.
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that the magnitude of the solubility de-

pends upon the composition of the liq-

uid, including its H 2 content, and upon
pressure. In recent detailed investiga-

tions (Mysen, 19766; Mysen et al, 1976)

it has been shown that C02 dissolves in

both molecular (C0 2 ) and ionic (C02_ 3 )

forms and that the solubility of C0 2 is

greater in basic than in acidic liquids.

Mysen et al. (1976) also showed that in

silica-saturated liquids the C02 species

is dominantly molecular C0 2 , that C0 2

solubility is independent of the type of

network-modifying cation in the liquid,

and that the temperature dependence of

solubility is positive. In this study the

solubility of C0 2 in very silica-under-

saturated liquids in the join CaO-MgO-
Si0 2-C0 2 was investigated because these

liquids are haplokimberlites and car-

bonatites. The dependence of C0 2 solu-

bility on temperature and composition,

in particular upon Si/O and the type of

network-modifying cation, was consid-

ered to be critical to an understanding

of the origin of these important rock

types.

Starting materials were prepared in

the manner described by Mysen et al.

(1976) ; all C0 2 was introduced as Ca,

CaMg, or Mg carbonate. The composi-

tions studied are shown projected onto

the CaO-MgO-Si0 2 plane in Fig. 76. All

runs were made in Pt capsules in solid-

media apparatus (Boyd and England,

1960) using the piston-out technique.

Assemblies consisted of crushable alu-

mina, boron nitride, talc, and a graphite

furnace. Great care was taken to dry the

CqSi0 3
DE-7 Di DE-3 MgSiO,

MgO

Fig. 76. Volatile-free compositions of start-

ing materials used in this investigation, plotted

in molar proportions in a portion of the join

CaO-MgO-Si02 .

assemblies prior to use. Temperature
was measured with Pt-PtlORh thermo-

couples.

Most runs were made at temperatures

well above the liquidus because only

runs that quench to clear glass are

amenable to carbon analysis. (Even at

superliquidus temperatures, composition

DD3 [Fig. 80] quenched to a mixture

of glass and crystals, and hence solu-

bility measurements may be in error for

that composition.) Run durations were

20 min at 1500°C, 10 min at 1600°C,

and 5 min at 1700°C. In all runs semi-

spherical depressions were found on the

outer surfaces of quenched glasses. These

depressions are evidence of a coexisting

fluid phase at run conditions. That is,

the system was saturated with C0 2 ,

and except for minor amounts (<2 mol

%) of CO, H 2 ,
and H 20, the C0 2 pres-

sure was essentially equal to the total

pressure. (Amounts of CO and H 2 are

small because these species are produced

by reduction of C0 2 by H 2 , and H 2

fugacity in the assemblies is very small

[Eggler, Mysen, and Hoering, Year

Book 73, pp. 228-232].)

Quenched glasses were analyzed using
14C-produced /3-particle tracks recorded

in Ilford K-5 nuclear emulsions (Mysen
and Seitz, 1975). Standards used were

CaC0 3 spiked with known amounts of
14C and crystallized to calcite at 1200°C
and 20 kbar for 2 hr.

To extrapolate the solubility data

measured at superliquidus temperatures

to the near-solidus temperatures of in-

terest in petrologic models, it is impor-

tant to know the effect of temperature

on C0 2 solubility. In previous investi-

gations the temperature coefficient for

C0 2 solubility (dX/oT) was found to be

positive (Mysen, Arculus, and Eggler,

1975; Mysen et al, 1976; Mysen, 19766).

From the data presented in Fig. 77A it

can be seen that the behavior of ^>X/^>T

is more complex for some of the com-
positions investigated in this study.

The features in Fig. 77A can be ra-

tionalized from two postulates. Consider

an isobaric temperature-composition sec-
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tion for a hypothetical binary system

A-C02 (Fig. 77B). The first postulate,

proposed by Mysen et at. (1976), is that

polymerized liquids become significantly

depolymerized at increased tempera-

tures. Because less polymerized liquids

dissolve more C0 2 than more poly-

merized liquids, the higher temperature

liquids dissolve more C0 2 than the lower

temperature liquids. Temperature de-

pendence 3X/321
is therefore positive.

The second postulate is that in liquids

for which there is no change of poly-

merization with temperature change,

the temperature dependence of solubility

is negative. Several corollaries follow

from these postulates. (1) Because the

degree of polymerization of unpoly-

merized liquids cannot change, 3X/371

should be negative at all temperatures

(curves a-b'-c'-g, Fig. 77B). (2) Because
orthosilicate compositions have little or

no polymerization, they may have either

negative or very steep positive 3X/371

.

(3) Only liquids with appreciable poly-

merization can display positive 3X/371

.

(4) A solubility maximum is possible

(point e on curve a-b-e-g, Fig. 77B) if

with increasing temperature a liquid is

depolymerized to the extent that an ad-

ditional temperature increment (e-/) has

little effect on the polymerization. In

that case, by postulate 2, 3X/971
is

negative.

From the above discussion, the experi-

mentally determined points (Fig. 77A)

can be interpreted. The polymerized

diopside (Di) and DM-1 compositions

have positive 3X/3!T, as predicted by
the first postulate. The orthosilicate com-
positions (FL-1 and FL-8) have both

negative and positive 3X/977

, as pre-

dicted by corollary 2. In fact, the solu-

bility isobar of FL-8 has a maximum
(corollary 4), which may correspond to

points d-e-f (Fig. 77B).

It is evident that the slope of an ex-

perimentally determined segment of a

curve like d-e-f (Fig. 77B) will depend

on the relation between the run tem-

peratures and the liquidus temperature

(equivalent to the solidus temperature

in the simple binary example, Fig. 77B).

It will be possible to extrapolate experi-

mentally determined points only if their

position with respect to curve a-f is well

known. It can also be seen in Fig. 77B
that comparison of solubilities between

different compositions at a fixed tem-

perature could be misleading if the com-
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positions differ significantly in liquidus

temperature or in degree of polymeriza-

tion. Comparison of isothermal solubili-

ties for the same composition at differ-

ent pressures could also be misleading if

the liquidus temperature is a strong

function of pressure.

The effect of network-modifying ca-

tion composition on C02 solubility was
evaluated in investigations along the

metasilicate join CaSi0 3-MgSi0 3 (Fig.

78) and along the orthosilicate join

Ca 2Si0 4-Mg2Si04 (Fig. 79). The solu-

bility of C02 tends to decrease as Ca is

replaced by Mg. There are large varia-

tions in liquidus temperatures across the

joins, however, and hence large varia-

tions in intervals between liquidus and
measurement temperatures. As discussed

above, these variations cause difficulties

CaSiO-'3 MgSi03

Fig. 78. Solubility of C02 in liquids on the join CaSi03-MgSi03 (wt %). Error bars indicate
2 standard deviations. The labels on the lines indicate pressure (kbar) and temperature (

C
C).
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in the interpretation of the data. Accord-

ingly, C0 2 solubility values were ob-

tained on the join CaMgSi 2O f>-Mg 2Si04
-

C0 2 at 20-kbar pressure, on which liqui-

dus temperatures change very little from

Di 100 to Di65Fo35 (Eggler, Year Book 73,

p. 220). At 1700°C, Di composition dis-

solves 4.35 ± 0.09 wt % C0 2 ; composi-

tion DF70 (Fig. 76), 2.97 ± 0.11 wt %;
and composition DF60, 2.10 ± 0.05 wt

%. Values on this join confirm that the

solubility of C0 2 decreases as Mg re-

places Ca. By extrapolation, the un-

quenchable liquid of Mg 2Si0 4 composi-

tion may dissolve less than 1 wt % C0 2 .

The join diopside-dolomite-C0 2 con-

tains compositions near the minimum

melting composition for the simple man-
tle assemblage olivine-orthopyroxene-

clinopyroxene-dolomite (Huang and
Wyllie, 1975; Eggler, 1976; Eggler, this

Report) . In Fig. 80 the C02 contents of

liquids are shown on a portion of the

join Si0 2-CaMg0 2-C0 2 at 30-kbar pres-

sure and 1700°C. The solubilities in-

crease gradually with decreasing Si0 2/
CaMg0 2 (Si/O) from diopside to the

orthosilicate composition (~40% Si0 2 )

and then increase markedly. Because the

C0 2-saturated liquid formed by partial

melting of the mantle assemblage con-

tains about 17% silica (Eggler, this Re-
port) , the solubility of C0 2 must be ap-

proximately 27 wt °/o.

Fig. 80. Solubility of C02 in liquids on the join Si02-CaMg02 (volatile-free dolomite) (wt

%). Sizes of rectangles indicate 2 standard deviations. The point on the join dolomite-C02

was estimated from the data of Huang and Wyllie ( 1976)

.



GEOPHYSICAL LABORATORY 631

Stability of Carbonate Minerals in

a Hydrous Mantle*

David H . Eggler, Ikuo Kushiro,

and John R. Holloicay

The importance of carbonate minerals

in the mantle has been realized in the

past several years. Carbonate minerals

are stable in peridotite assemblages

(Newton and Sharp, 1975; Kushiro, Sa-

take, and Akimoto, 1975; Huang and
Wyllie, 1975; Eggler, Year Book 74, pp.

468-474) and are participant phases in

the melting of peridotite at high pres-

sures (Wyllie and Huang, 1976; Eggler,

1976). Another important volatile spe-

cies in the mantle is H 20, and in its

presence stability fields of carbonates

may be expected to decrease. In this

study, the effect of H 2 upon one decar-

bonation reaction was investigated ex-

perimentally at 26-kbar pressure. The
experimental results were then compared
with those obtained by thermodynamic
calculation. The differences were suffi-

ciently small to warrant calculation of

the important decarbonation reactions

in the system CaO-MgO-Si0 2-C0 2-H 2

over the pressure range 2-45 kbar.

The reaction MgSiO, (En) 4- MgC0 3

(Mag) = Mg..Si0 4 (Fo) + C0 2 has

been studied in the presence of a C0 2
-

H 2 fluid at 26-kbar pressure (Fig. 81).

Weighed amounts of the mixtures (Fig.

81) and water were sealed in Pt capsules

and run in talc-boron nitride furnace

assemblies in solid-media, high-pressure

apparatus (piston-out technique). The
temperature determined for anhydrous

decarbonation at 26 kbar, 1160° ± 10°C
(Fig. 81), agrees within 10°C with the

decarbonation curve of Newton and
Sharp (1975). In the hydrous runs, the

Fo + Mag + V field was delineated by
observation of the presence or absence

of discrete grains of enstatite and mag-
nesite. Runs interpreted to be in the

Fo + V field contained traces of inter-

granular carbonate, probably produced

* Research supported by the National Science

Foundation, Earth Sciences Section, grant DES
73-00266AOL

either by solution of silica in the fluid or

by back reaction upon the quench. The
boundary between these fields was re-

versed (Fig. 81).

The upper curve in Fig. 81 can be used

for thermodynamic calculation. Along
this curve the fluid has the C0 2/(C0 2 +
H 20) indicated on the abscissa, because

immediately above the upper curve, no
carbonate is present, and all C0 2 is pres-

ent in the fluid. Below the upper curve,

varying amounts of carbonate are pres-

ent, and consequently the C0 2 content

of the fluid is unknown. The lower curve

is specific only for the bulk composition

studied, but because it represents the

onset of decarbonation of an En + Mag
+ V assemblage, it can be calculated

from the upper curve.

The decarbonation curve (upper curve,

Fig. 81) can also be calculated. The data

of Newton and Sharp (1975) on the an-

hydrous decarbonation from 2 to 40 kbar
were plotted on a In K — 1/T diagram
(Anderson [1970] method) for 26-kbar

pressure, using molar volume data (Ro-

bie and Waldbaum, 1968) and modified

Redlich-Kwong (MRK) C0 2 fugacities

(Holloway, this Report). A linear fit is

assumed (constant Ai7), but the data

will not fit a line if there are incon-

sistencies in either the experimental

points or the C0 2 fugacity values. The
fit is in fact linear, demonstrating that

the MRK fugacities are internally con-

sistent. From this plot an isobaric decar-

bonation curve for a C0 2-H 2 fluid can

be calculated by assuming ideal mixing

of C0 2 and H 2 (Lewis and Randall

rule), by assuming ideal gas behavior,

or by using MRK activity coefficients

(nonideal mixing). These curves are

shown in Fig. 82 together with the ex-

perimental data. The curve calculated

assuming ideal gas behavior (/coo =
XCo2

* ftotai) does not fit the data. The
other two models fit the data within

about 50° C, but the nonideal mixing

model provides the closest fit. To repro-

duce the nominal experimental curve

(Fig. 81) at Xcoo = 0.3, an activity co-

efficient of 1.92 is required, compared



632 CARNEGIE INSTITUTION

1200

o

CD

I
100-

1000-

|~900

1 1 1 1 1 1 1 1

Fo+ V
D

Fo + En-K
- Mag+V -^ ^^s:

^\V
Anhydrous Composition; En + Mag+V \\ _

MgO 40.11 \
N

Si02 29.89
C0 2 30 00

I 1 1 1 1 1

1.0 0.8 0.6 0.4

C02 /(C0 2 +H 2 0), molar

0.2

Fig. 81. Results of quenching experiments at 26 kbar pressure on the reaction En(MgSi03 )

+ Mag(MgC03 ) = Fo (Mg2SiO<) + 7(C02 ) in a C02-H2 fluid. The abscissa is the molar
CO2ACO2+H2O) composition of the volatile portion of the bulk composition. Squares refer
to a starting composition of finely mixed cristobalite, magnesite, and magnesia; circles, to a
composition of forsterite and Ag2C2 4 . The lower curve is calculated from the upper curve.

1300-

1200-
CJ

CD I 100

£1000
CD
CL

,<d 900

1 II 1

c^>

>\ 1 1 1

Fo +V
D

-

=^-£20icteo/ °
a

- En + Mag +'^^^3^-
Fo+V ^S' \

1 1 1
1

1 1 1 1

1.0 0.8 0.6 0.4 0.2

Fluid composition as molar C02/(C02 +H20)

Fig. 82. Comparison of quenching experiments on the reaction En + Mag = Fo + V with

decarbonation curves calculated for an ideal gas model, for an ideal mixing model, and for

nonideal mixing (MRK activity coefficients).

with the MRK value of 1.44. A variance

in the coefficient of about 20% is possi-

ble, however, because of uncertainties in

the temperature measurements. There-

fore the agreement between experimen-

tal and calculated curves, within experi-

mental error, is excellent.

Because the test of the MRK fugacity

data was successful, two other sets of

reactions were calculated. One set, the

family of carbonation curves for perid-

otite in the presence of a C0 2-H 2 fluid

at various pressures, is discussed below.

The other set comprises the decarbona-

tion reactions in the system CaO-MgO-
Si0 2-C0 2 of importance with respect to

peridotite, carbonatite, and kimberlite

compositions at mantle pressures (Fig.

84). The reactions are for the simple

system only and do not involve spinel or

garnet, which are peridotite minerals,

or alkali carbonates, which are impor-

tant minerals in magmatic carbonatites.

The calculations do not take into con-

sideration the effects of solid solutions;

however, at the temperatures of calcula-
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tion, solid solutions of pyroxenes, dolo-

mite, and magnesite are limited. Free

energies calculated with appropriate ac-

tivities of phases inserted in equilibrium

constants differ by a maximum of 500

cal, an amount that, for a typical decar-

bonation reaction, corresponds to about

1.3 kbar in pressure or 28°C in tempera-

ture. Furthermore, errors due to activity

terms tend to cancel because the calcu-

lated free energies are based on experi-

ments involving solid solutions.

The decarbonation reactions at pres-

sures greater than 2 kbar are listed in

Table 29. Free energies of these reac-

tions were derived in the following

manner:

(a) The experimental data for reac-

tion 1 of Newton and Sharp (1975) from
550° to 1300°C were fitted by Ander-
son's (1970) method using MRK fugac-

ity data and molar volumes from Robie
and Waldbaum (1968), and 1-bar free-

energy values were calculated with the

equation in Table 29.

(b) The free energy of reaction 2 at

1000°C was calculated from the well-

determined experimental bracket of Ku-
shiro, Satake, and Akimoto (1975), but

the slope of the reaction was calculated

from entropy data of Robie and Wald-
baum (1968). The resulting line fit the

other experimental points of Kushiro,

Satake, and Akimoto (1975) well, and
the free energies could then be simply

derived.

(c) Reaction 5 was determined ex-

perimentally at 28-30 kbar pressure

(Fig. 83b). This determination was not

straightforward. Runs denoted by filled

symbols (Fig. 83b) contained diopside

and small (<5%) amounts of quartz

and dolomite after the quench. Inas-

much as the amounts of quartz and
dolomite were essentially constant (as

measured by x-ray diffractograms) for

runs at different temperatures and for

runs with different starting materials,

and inasmuch as run durations were long

(18-22 hr) compared with normal pro-

cedures with similar highly reactive

samples, the quartz and dolomite are

considered to have formed by back reac-

tion during the quench. In runs de-

noted by half-filled symbols, substantial

amounts of both products and reactants

were present. These runs are interpreted

to be very close to the reaction bound-

ary—slightly on the high-pressure side

for diopside starting material and slightly

on the low-pressure side for carbonate

starting material. From the carbonate

starting material no reaction to diopside

was detected on the high-pressure side

(unfilled symbol). If these interpreta-

tions of run products are correct, the re-

action has been reversed. The reaction

was extended to other temperatures and
pressures with entropy data of Robie

and Waldbaum (1968).

(d) Reaction 7 was calculated from

the thermodynamic data of Skippen

TABLE 29. Free-Energy Data

Reaction* ,4 (cal) S(cal/°C) AFs (cal/bar)

1. En + Mag = Fo + C02

2. Mag + l/2Di = En + l/2Dol
3. 2En + l/2Dol = l/2Di + Fo + C02

4. Fo + Q = 2En
5. l/2Dol + Q = l/2Di + C02

6. Q + Mag = En + C02

7. Di + Dol = 2En + 2Cc
8. l/2Di + iy2Dol = Fo + 2Cc + C02

9600 -40.50 -0.3752
-1245 - 1.318 +0.0617
10,850 -39.25 -0.4368
-5150 1.855

5705 -37.40 -0.5214

4450 -38.65 -0.4598

3068 - 5.162 +0.1525
13,917 -44.41 -0.2843

*En, enstatite; Fo, forsterite; Di, diopside; Dol, dolomite; Cc, calcite; Mag, magnesite;

Q, quartz.

AGYib., =A + BT
AGt.p = AG° + RT In /co2 + (P - 1)A7S
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(1971) at 2 kbar, the pressure at which

his experiments were conducted. The
P-T coordinates at higher pressures cal-

culated from Skippen's data were topo-

logically unsatisfactory, so the reaction

was extended to higher pressures using

the entropy data of Robie and Wald-
baum (1968).

From these four reactions all other

reactions can be calculated at pressures

above 2 kbar (Fig. 84) . Two of the cal-

culated reactions can be checked with

experimental data. Reaction 3 lies ap-

proximately 70°C higher at 20 kbar than
the position determined by Eggler

(1976). Reaction 6 is consistent with

40

35-

o

of
30

25

1

° D
-QtDol +
Mag+V j

/Dol +

En+V

'
1

Di +
En+ V

40

35

30-

25

b.
'

- Q+ D Dl /-
+• V

- Q/tII

/ i

|di+v

100900 1000 MOO 900 1000

Temperature,

°C
Fig. 83. Quenching experiments on the compositions (a) DieoFoio + 39 wt % C02 and (b)

Di + 44 wt % CO». In (b) boxes refer to runs on a starting material of quartz, MgO, CaCOs,
and Ag2C204, and ellipses, to runs on a starting material of crystalline diopside and Ag2C204.

Carbonation curves shown in (a) and (b) are calculated (see text).

v 30

1000

Temperature, °C

Fig. 84. Calculated decarbonation reactions in the system CaO-MgO-Si02-C02 applicable to

peridotite, kimberlite, and carbonatite compositions. High-temperature parts of some of the

reactions are metastable because of melting reactions. Reactions involving wollastonite or the

high-temperature, low-pressure phases monticellite, akermanite, periclase, and spurrite have

not been considered.
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limited experimental data (Fig. 83a).

The locations of three of these reactions

were estimated by Wyllie and Huang
(1976) in their extension of Bowen's
petrogenetic grid to mantle pressures.

The reactions were placed within 50°-

320°C of the positions calculated here.

It follows from the reactions in Fig.

84 that the carbonate mineral in perid-

otite, kimberlite, and carbonatite com-
positions (in this simplified system) in

equilibrium with silicate minerals

changes from magnesite at high pres-

sures, to dolomite at intermediate pres-

sures, to calcite at low pressures. An
exception is that calcite cannot be a

stable phase in peridotites at mantle

pressures, because it forms by reaction

7 or reaction 8 at pressures less than the

decarbonation of peridotite (reaction 3)

.

Thus carbonate mineralogy can be used

in a rough way to estimate the depth at

which the carbonate crystallized.

One of the very few reports of inclu-

sions of carbonate in peridotite minerals

is the description by McGetchin, Nik-

hanj, and Chodos (1973) of two calcite

inclusions and a dolomite inclusion in

chromian pyrope garnets from the Cane
Valley diatreme, Utah. These authors

suggest that the garnets were derived

from disaggregated garnet peridotite

and that the carbonates are primary in-

clusions. The presence of dolomite as an
inclusion is consistent with the petro-

genetic grid in Fig. 84, in that dolomite

would be a stable phase of carbonated

peridotite below curve 2. However, cal-

cite is not stable in simplified peridotite

assemblages (see above). If the garnets

instead were derived from a larnite-

normative composition, calcite could be

a stable phase at pressures below reac-

tion 7 or reaction 8.

A set of decarbonation curves for

peridotite in the presence of a C0 2-H 2

fluid was also calculated. This set was
calculated for reaction 3, it being the

fundamental decarbonation reaction

(Eggler, 1976). That is, at pressures be-

low reaction 3, C0 2 vapor but no car-

bonate minerals can be present, whereas

at pressures above reaction 3, carbon-

ates (dolomite or magnesite) are stable.

Moreover, at pressures above reaction

3, C02 vapor can be present only if one

or more of the peridotite silicate min-

erals is consumed. Reaction of this ex-

tent requires amounts of C02 that are

unreasonably large (>20 wt %) for

peridotite in the mantle. Therefore reac-

tions 1, 5, and 6 are inappropriate for

mantle peridotite (although they may
be applicable to partial melts derived

from peridotite). Therefore, only two re-

actions are applicable to a peridotite

mantle. They are depicted in Fig. 85, to-

gether with the isoplethal decarbonation

curves for reaction 3 for various molar

ratios of C0 2 in a mixed fluid. The
curves were calculated using MRK fu-

gacity data, and the activity coefficients

were calculated by the Anderson (1970)

method. Reaction 2 is unaffected by fluid

composition.

The peridotite reaction curves (Fig.

85) show that decarbonation of perid-

otite in a mixed volatile fluid takes place

600 800 1000 1200 I4O0 1600

Temperature, °C

Fig. 85. Calculated decarbonation reactions

in the system CaO-MgO-SiCVCCVILO for pe-

ridotite compositions with small amounts
(<5%) of C02 . For the reaction En + Dol =
Di -f- Fo + V, molar composition isopleths for

C02/(C02 + H20) in the fluid are shown.

Some of these curves over part of their length

may be metastable because the appropriate

compositions melt. Peridotite solidus (CO2-
saturated) from Eggler (1976). Shield geo-
therm after Clark and Ringwood (1964);

oceanic geotherm after Ringwood, MacGregor,
and Boyd (Year Book 63, pp. 147-152).
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well within the dolomite stability field.

Along a shield geotherm, dolomite should

be a stable phase in peridotite even at

very high H20/C0 2 in the fluid. The
paucity of carbonate reported from pe-

ridotite nodules may reflect two facts

—

that most nodules are brought to the

surface along paths outside the carbon-

ate stability field and that decarbonation

reactions proceed very rapidly. The
curves in Fig. 85 also demonstrate that

carbonate minerals are stable to solidus

temperatures and must therefore be con-

sidered in peridotite melting reactions.

Fluid-Absent Melting of Peridotite

Containing Phlogopite and
Dolomite*

John R. Holloway and David H. Eggler

The upper mantle is known to contain

small amounts of C0 2 and H 2 (Roed-

der, 1965; Rubey, 1951), but there is a

strong possibility, at pressures above 28

kbar, that no separate fluid phase is

present—all H 2 is bound in phlogopite

(Modreski and Boettcher, 1973; Ku-
shiro, Year Book 68, pp. 245-247) and
all C0 2 , in dolomite (Wyllie and Huang,
1976; Eggler, 1976). The dolomite and
phlogopite presumably would be minor

phases in garnet lherzolite. Phase equi-

libria of such a lherzolite were investi-

gated at 30-kbar pressure to determine

the nature of melting of dolomite and
phlogopite because these phases would
be expected to influence strongly the

major element and trace element com-
position of liquids formed by small de-

grees of melting of the upper mantle.

Starting materials were prepared from
mixtures of crystalline CaSi0 3 , CoSi0 3 ,

CaMg(C0 3 ) 2 , CaC0 3 , Si0 2 , A1 2 3 , MgO,
Mg3Al 2Si 3 12 , and KMg3AlSi 3O 10 (OH) 2 .

Thus all C02 was introduced as carbon-

ate and all H 2 as phlogopite. The start-

ing mixes were ground for 1 hr under

* Research supported by National Science

Foundation, Earth Sciences Section, grant DES
73-00266A01.

acetone. The cobalt, which served as

proxy for ferrous iron (Coons, Holloway,

and Navrotsky, 1976), was used pri-

marily because CoO/MgO could be

used to distinguish stable and quench

phlogopite. Materials were sealed in Pt
capsules and run in solid-media, high-

pressure apparatus (Boyd and England,

1960) using the piston-out technique.

Furnace assemblies consisted of crush-

able alumina, Pyrex, and talc, and tem-

peratures were measured with Pt-PtlORh
thermocouples; reported pressures and
temperatures are nominal values. To
maintain cobalt in the divalent state

and thus minimize its solution in the

platinum capsules, the oxygen fugacity

in the capsule must be at or above that

of the hematite-magnetite buffer (Coons,

Holloway, and Navrotsky, 1976). High

/o2
was maintained by carefully drying

the furnace assembly and by surround-

ing the sample capsule with dry Pt0 2 .

At high temperatures, the Pt0 2 decom-

poses to Pt 4- 2 (Huckenholz and
Yoder, Year Book 69, pp. 182-188) , and

the oxygen reacts with residual hydro-

gen in the furnace assembly, reducing

diffusion of H 2 through the capsule wall

into the charge.

Phases were identified by transmitted

light microscopy, by scanning electron

microscopy using energy-dispersive

methods for qualitative elemental analy-

sis, and by 14C-produced /3-particle maps
recorded on Ilford K-5 nuclear emul-

sions. The last two techniques were espe-

cially useful in distinguishing between

the quench and stable forms of carbon-

ate and phlogopite. The liquid never

quenched to glass; it always crystallized

to a mixture of silicates and carbonates.

Criteria to distinguish quench from

stable forms were developed from re-

petitive examination of a series of runs.

Quench phlogopite was distinguished on

the basis of both texture and composi-

tion. It occurs as broad, thin, commonly
ragged plates with irregular extinction,

whereas the stable phlogopite occurs as

small, nearly equant crystals that extin-

guish uniformly. The CoO/MgO of the



GEOPHYSICAL LABORATORY 637

quench phlogopite was typically about

5% higher than that of the stable phlog-

opite in the same charge. Quench car-

bonate occurs in two forms, as large

grains filled with silicate inclusions and
as fine-grained aggregates surrounding

stable silicate crystals. The latter form

can be distinguished on /?-track maps.

The stable carbonate contained very

few silicate inclusions, and in /?-track

maps it is seen to occur as discrete

grains.

Experimental determinations have

been made of the beginning of melting

of dolomite in H 20-free peridotite sys-

tems (Wyllie and Huang, 1976; Eggler,

1976) and of phlogopite in C0 2-free pe-

ridotite systems (Modreski and Boett-

cher, 1973; Bravo and O'Hara, 1975),

indicating that the temperatures of melt-

ing of dolomite and phlogopite are within

35°C of each other in garnet Iherzolite

assemblages (Fig. 86). Because fluid-

absent melting of phlogopite in a C0 2
-

, -opx + dolo =

ph+gar+opx"" '/ / . ol+L + V
+cpx+ol + L

100 1200 1300 1400 1500 1600

Temperature ,°C

Fig. 86. P-T projection of equilibria involv-
ing dolomite or phlogopite. Solid curves are

from Eggler (1976); dashed curves, from Mo-
dreski and Boettcher (1973). Dotted line is

the solidus of the assemblage gar + opx + cpx

+ ol + ph determined in this study at 30 kbar
pressure (indicated by solid rectangle) and
drawn parallel to the ph -f- cpx = ol -f L
curve determined by Modreski and Boettcher
(1973).

free garnet Iherzolite assemblage had not

previously been attempted, an initial set

of experiments was performed on one

composition (COMAN-2, Table 30) to

determine the solidus temperature. This

temperature is 1235° ± 15°C at 30-

kbar pressure, in agreement with the

work of Modreski and Boettcher (1973)

on similar compositions in simpler sys-

tems. In the system CaO-MgO-Al 2 3
-

Si0 2-K 20-H 20, the assemblage gar -f-

cpx -|- opx -f- ol -f- ph -|- L is iso-

barically invariant, and so the phlogo-

pite should completely melt at a fixed

temperature. Phlogopite melted over a

small interval in the present experi-

ments, probably because CoO/MgO
changes through the melting interval.

Dolomite-phlogopite melting experi-

ments were carried out on the join shown
in Fig. 87. This join is in turn part of a

more inclusive join (inset, Fig. 87), at

the corners of which are projected the

compositions garnet Iherzolite (LHZ),
dolomite, and phlogopite. Two composi-

tions on the join, COMAN-D and
COMAN-DC (Table 30), were investi-

gated. The solidus temperature deter-

mined for these compositions, 1125° ±
25°C, is also the solidus temperature for

all other compositions on the join, be-

cause for all these compositions K 20/
H 2 is fixed in all phases (specifically

phlogopite and liquid). Above the soli-

dus LHZ minerals -f- phlogopite -(- dolo-

mite coexist over a short temperature

interval, above which either phlogopite

or dolomite melts completely. The com-
positions studied (Fig. 87) had a rather

large phlogopite melting interval. How-
ever, a bulk composition to their left

(shown schematically as a composition

with ph/[ph + dol] = 0.5 in Fig. 87)

will melt to a liquid (plus LHZ min-
erals) over a temperature interval of

less than 10°C, and hence the liquid is

eutecticlike. (The ~5°C divariant melt-

ing interval reflects the presence of CoO.
The CoO/MgO of phases will change
slightly over that interval, but the com-
position of the eutecticlike liquid will

not change significantly.)
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TABLE 30. Composition of Starting Materials, wt %

COMAN-1 COMAN-2* COMAN-Df COMAN-DCf

Oxides

SiOa 48.49 46.99 42.29 40.18

A12 3 7.51 8.85 7.97 7.57

CoO 11.48 8.21 7.39 7.02

MgO 24.44 25.73 25.35 24.08

CaO 8.08 5.79 8.25 10.64

K2 3.21 2.89 2.75

H2 1.23 1.11 1.05

C02 4.77 6.73

Totals 100.00 100.01 100.02 100.02

End-Member Minerals

M2Si04 § 14.3 10 9 8.6

CaMSi2Oa 28.6 20 18 22.5

MSi0 3 28.6 20 18 12.1

M3Al2Si3Oi2 28.6 20 18 17.1

KM3AlSi3O10(OH) 2 30 27 25.7

CaMg(C03 ) 2 10 14.1

Totals 100.1 100 100 100.1

Wt ratio ph/(ph + dol) 0.000 0.730 0.646

* Made by adding 30 wt % crystalline phlogopite to COMAN-1.
t Made by adding 10 wt % crystalline dolomite to COMAN-2.
X Made by adding 5 wt % calcite containing

14C to COMAN-D.
§ M represents Mg -\- Co.

The contents of H 2 and C0 2 in com-

positions on the join investigated (Fig.

87) are large compared with contents

believed to be present in the upper man-
tle (probably less than 1%). A T-X
section equivalent to Fig. 87, but appro-

priate to the upper mantle, would fall

very close to the garnet lherzolite apex

of the inset in Fig. 87. In such a section

(Fig. 88), the solidus temperature will

be the same as in Fig. 87, and the com-
position of the eutecticlike liquid will be

essentially the same. Because the bulk

compositions contain substantially less

volatiles and hence less phlogopite and
dolomite, the melting intervals of phlog-

opite or dolomite must be less.

Several conclusions pertinent to major
element and trace element geochemistry

of mantle-derived liquids can be reached

from examination of Fig. 88:

(1) A fluid-absent garnet lherzolite

containing dolomite and phlogopite will

begin to melt (at 30-kbar pressure) at a

single temperature to a single liquid re-

gardless of the ratio of phlogopite to

dolomite.

(2) The eutecticlike liquid produced

at the solidus will change very slightly

in composition over a 5°-10°C interval

in which dolomite and phlogopite co-

exist. The composition of the liquid is

not known precisely, but inasmuch as

the liquid contains volatiles in a ratio

H 20/(H 2 + C0 2 ) « 0.2, the liquid is

estimated to be melilititic (Brey and
Green, 1975).

(3) At higher temperatures above the

solidus, phlogopite or dolomite will melt

out over a temperature interval of 0°-

100°C, and liquid compositions will

quickly diversify from the eutecticlike

liquid, depending on bulk composition.

For bulk compositions containing vola-

tiles in the molar ratio C0 2/(C0 2 +
H20) » 0.2-1.0, phlogopite is the phase
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Fig. 87. Experimental results at 30 kbar pres-

sure plotted on the temperature-composition

section shown as line A-B in the inset. Runs
are indicated by rectangles whose size repre-

sents the uncertainty in temperature and com-
position. A horizontal bar indicates the pres-

ence of liquid and stable phlogopite ; a diagonal

bar, the absence of liquid and presence of

stable phlogopite. Numbers next to rectangles

indicate run duration in hours. The run indi-

cated by R was reversed (to verify the solidus

determination) by holding it at 1350°C, 30

kbar, for 10 min and then reducing the tem-
perature to 1200° C. The inset at the top of the

figure shows a triangular diagram (in wt %)
whose corners represent garnet lherzolite, dolo-

mite, and phlogopite. Compositions used in

this study lie along the line A-B.

that melts. The liquid in equilibrium

with phlogopite can be expected to

change composition with temperature

increase. Because phlogopite releases

K 2 and H 2 to the melt, the liquid will

probably increase in K2 content and in

its degree of silica saturation (Mysen
and Boettcher, 19756). For the C0 2

-

rich bulk compositions for which dolo-

mite is the supersolidus phase, liquids

will probably become less silica-satu-

o
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^_

rj

o
CD
Q.

E
,<L>

I 100

II 1 III
Tp*

,-Td LHZ + L -j

\ LHZ+L + pru /

V/LHZ + L + dol X/

Xi

LHZ+ph4-dol

1 1 1

LHZ + L
+ph + dol

1

a 0.2 0.4 0.6 0.8 b

Weight ratio ph/(ph+dol)

Fig. 88. A temperature-composition section

depicting near-solidus phase relations for a
garnet lherzolite composition containing small

amounts of dolomite and phlogopite. The line

a-b is shown in the inset in the preceding

figure. The weight ratio phlogopite/(phlogo-

pite + dolomite) is plotted along the bottom
of the diagram. The molar ratio of H 20/(H2

4- CO2) is plotted on the top of the diagram.

The composition axes are valid only for the

assemblages LHZ -f- L and LHZ + ph 4- dol.

The symbols Xi, Td, and Tp are taken from
the preceding figure and represent the liquid

composition at the beginning of melting, the

highest temperature for the existence of dolo-

mite, and the highest temperature for the

existence of phlogopite, respectively. Except
for those points, the section is largely sche-

matic.

rated with increasing melting (Eggler,

1976).

(4) Over the supersolidus melting in-

tervals of dolomite or phlogopite, trace

element patterns will reflect partitioning

with those phases.

(5) At temperatures above the dolo-

mite or phlogopite melting intervals,

liquid compositions will change much
less because the ratio of volatiles in the

liquid does not change, because the

amount of volatiles in the liquid dimin-

ishes as more liquid is produced and be-

cause the liquids are in equilibrium (over

an interval of at least 200°C) with a

common garnet lherzolite assemblage

(Mysen and Kushiro, this Report)

.
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mlneralogical variations in the
Upper Part of the Skaergaard

Intrusion, East Greenland

H. R. Naslund*

The Skaergaard intrusion is widely re-

garded as the type example of a strongly

fractionated, layered gabbroic intrusion,

and through the classic work of L. R.

Wager and his co-workers (Wager and

Deer, 1939; Wager and Brown, 1968;

and numerous other publications) it has

served as a standard of comparison for

a wide variety of studies in igneous

petrology. Owing to the extensive ad-

vances in analytical techniques and

petrologic theory that have occurred

since most of the original work was

* Work carried out under a cooperative pre-

doctoral fellowship program of the Geophysical

Laboratory and the University of Oregon. Field

expenses for this study were provided by a

GSA Penrose grant to H. R. Naslund and by
National Science Foundation and National

Geographic Society grants to A. R. McBirney.

done, however, a new investigation of

the intrusion was initiated in 1971, with

expeditions to the area in 1971 and 1974.

The present account is a preliminary re-

port on a study of the upper part of the

intrusion and is based primarily on

electron microprobe analyses of samples

collected during the 1974 expedition.

The Skaergaard intrusion can be di-

vided into three main structural units:

a layered series that accumulated on the

floor of the intrusion, an upper border

group that solidified from the roof down-
ward, and a marginal border group that

crystallized from the sides inward (Fig.

89). The layered series can be subdi-

vided into lower, middle, and upper

zones based on the disappearance and
then reappearance of olivine as a cumu-
lus phase (i.e., the middle zone is oli-

vine-free). The boundary between the

upper zone and the upper border group

is marked by a thin, discontinuous unit

called the sandwich horizon that evi-

dently represents the end product of the

w Gneiss Block s

Sandwich
Horizon

Basistoppen
Sill

Gneiss

I 1

1 km.

Fig. 89. Schematic west to east cross section of the Skaergaard intrusion showing the rela-

tionships between the major units. Arrows indicate the relative positions of traverses A-C and

1-7. Traverse arrows point in the direction of increasing differentiation. The symbols UBG
and MBG refer to the upper border group and the marginal border group. The lower, middle,

and upper zones are subdivisions of the exposed layered series, and the hidden zone is the

unexposed base of the intrusion.
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differentiation process because it con-

tains the most Fe-rich olivine and the

most Na-rich plagioclase in the intru-

sion. Stratigraphic relationships within

the upper border group, which in many
respects is a mirror image of the layered

series, are complicated by the inclusion

of numerous gneiss blocks and by the

later intrusion of the Basistoppen sill.

The upper border group has been sub-

divided (Wager and Brown, 1968) into

a, B, and y zones, which are roughly cor-

relative to the lower, middle, and upper

zones of the layered series, respectively.

Although Wager and Brown regarded

these subdivisions as tentative, owing

to the ruggedness of the topography and
the difficulty of distinguishing these

units in the field, the present study has

shown that the basic features are correct

in that the upper portion of the upper

border group contains Mg-rich olivines,

the middle portion is olivine-free, and
the lower portion contains Fe-rich oli-

vines.

Data from three traverses of the up-

per zone of the layered series, labeled A,

B, and C from west to east, and seven

traverses of the upper border group, la-

beled 1-7 from west to east, have been

studied to determine whether there are

any systematic lateral variations in the

compositions of olivine, clinopyroxene,

or plagioclase and whether there are any
systematic differences between the min-

eral compositions in the upper border

group and layered series. Data on the

traverses of the layered series are mainly

from Wager and Deer (1939), Douglas

(1961), and Wager and Brown (1968).

It is apparent from Figs. 90, 91, and
92 that there are significant lateral vari-

40

PLAGIOCLASE
50

AN
70

°/o

Fig. 90. Plot (in mole %) of forsterite in olivine versus anorthite in plagioclase for samples
from traverses A, B, and C in the layered series. The solid line, the dashed line, and the

dotted line indicate trends for traverses A, B, and C, respectively. The gap in the trend of

traverse A reflects the olivine-free middle zone of the layered series. Data on traverse A are

from Wager and Deer (1939) and Wager and Brown (1968). Data on traverses B and C are

primarily from Douglas (1961), but traverse B also includes four analyses from the present

study.
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Fig. 91. Plot (in mole %) of forsterite in olivine versus anorthite in plagioclase for samples
from traverses 1-7 in the upper border group. The trend lines from Fig. 90 are shown for

comparison. Each symbol represents an average of at least three electron microprobe analyses.

The approximate range of compositions represented by each symbol is indicated in the upper
right.

ations in the rocks formed during the

late stages of differentiation of the in-

trusion, as suggested by Douglas (1961).

For any given Fe/Mg in the olivine or

clinopyroxene from samples of the upper

zone of the layered series or the lower

part of the upper border group, the pla-

gioclases become systematically richer

in Ca toward the east side of the intru-

sion. This relationship is best seen in

Fig. 90, where the data from traverses

A, B, and C define three distinct trends

for the upper zone of the layered series.

The data from traverses 2, 4, and 5

through upper border group y (Figs. 91

and 92) also show a progressive increase

in the percentage of An for a given de-

gree of iron enrichment, from west to

east. The cause of this lateral variation

is not known, but it may be related to

the difference in country rock on the two
sides of the intrusion at this level. The

country rock in the west is acidic gneiss

;

that in the east is basalt. The upper zone

of the layered series and the lower part

of the upper border group, which to-

gether represent the last 15% to 20% of

the intrusion to crystallize (McBirney,

1975), lack the well-developed layering

that characterizes most of the rest of the

intrusion. Possibly the factors that

caused the cessation of the layering dur-

ing the late stages of differentiation also

contributed to the formation of lateral

inhomogeneity.

Systematic east-west variations are

not apparent in traverses through the

upper part of the upper border group

(Figs. 91 and 92). In these traverses,

which represent the earlier stages of

differentiation of the intrusion, samples

from near the center of the intrusion

(traverse 3) have either more An-rich

plagioclases or less Mg-rich olivines and
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Fig. 92. Plot (in mole %) of enstatite/(enstatite -(- ferrosilite) in clinopyroxene versus

anorthite in plagioclase from samples in traverses 1-7 of the upper border group. Each symbol
represents an average of at least three electron microprobe analyses. The approximate range

in composition represented by each symbol is shown in the upper right. The trend for the

layered series (Wager and Brown, 1968) is indicated by the solid line and solid points.

clinopyroxenes than samples from either

the west side of the intrusion (traverse

1) or the east side (traverses 6 and 7).

There are no significant differences in

the country rock at this level of the in-

trusion, but possibly the variation is re-

lated to the distribution of gneiss inclu-

sions within the upper border group.

A comparison of pyroxene-plagioclase

pairs in samples from the upper border

group and layered series indicates that

although the minerals in the upper bor-

der group samples show compositional

variation, they follow the same general

differentiation trend as the minerals in

the layered series samples (Fig. 92). A
similar comparison of olivine-plagio-

clase pairs, however, indicates that the

olivine of the upper border group is more

Fe-rich than the olivine of the layered

series for any given An content in the

plagioclase. The difference in degree of

iron enrichment between the olivines

and pyroxenes of the upper border group

is shown in Fig. 93, where upper border

group olivine-pyroxene pairs are obvi-

ously displaced from the general trend

for the layered series. The layered series

data in Fig. 93 are from Wager and
Brown (1968) and are consistent with

recent electron microprobe analyses

(McBirney and Naslund, unpublished

data). Because the compositions of

pyroxene-plagioclase pairs are similar in

the upper border group and in the lay-

ered series, the difference in olivine com-
position between these two units is pos-

sibly a function of factors other than a
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Fig. 93. Plot (in mole %) of forsterite in olivine versus the enstatite/(enstatite + ferro-

silite) in clinopyroxene for samples from traverses 1-7 in the upper border group. The approxi-

mate range in composition represented by each symbol is shown in the upper left. The trend

for the layered series (Wager and Brown, 1968) is indicated by the solid line and solid points.

difference in magma composition. Varia-

tions in the conditions of crystallization,

such as the rate of cooling, the efficiency

of fractionation (i.e., the separation of

crystals from liquid), the volatile pres-

sure, or the equilibration temperature

(i.e., the temperature at which the crys-

tals are effectively separated from the

liquid) can affect the composition of the

resulting mineral phases.

The results of this study have impor-

tant implications in respect to frac-

tionation mechanisms in the Skaergaard

intrusion. The east-west variation in the

mineral composition of samples from the

lower part of the upper border group

and the upper zone of the layered series

suggests that the magma body was
laterally inhomogeneous during the late

stages of crystallization. This lateral

inhomogeneity implies, perhaps, that

convection did not operate during the

late stages of differentiation or that it

was restricted to small, partially iso-

lated cells. The differences in relative

mineral compositions within the upper

part of the upper border group suggest

that local inhomogeneities were prob-

ably present during much of the differ-

entiation process. The difference between

the olivine-clinopyroxene pairs in the

upper border group and those in the

layered series probably reflects a sys-

tematic difference in the conditions of

crystallization between these two parts

of the intrusion.

Lattice Energy of Some Silicate

Minerals and the Effect of

Oxygen Bridging in Relation to

Crystallization Sequence

Y. Ohashi

One of the goals of crystal structure

analysis, although still remote, is char-

acterization of the chemical bond and

evaluation of the lattice energies of
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crystals. In principle, direct calcula-

tion of a lattice energy is possible if the

nature of the chemical bonds and precise

atomic positional parameters are known.

Most theoretical calculations, however,

have been limited to high-symmetry

cases such as the NaCl structure (Tosi,

1964) , and only in the last several years

have such calculations been successfully

extended to crystalline materials of min-

eralogical significance (Smyth and
Smith, 1969; Raymond, Year Book 70,

pp. 225-227; Whittaker, 1971; Ohashi

and Burnham, 1972; Tokonami et at.,

1972; Fenn and Brown, 1975).

Among the several methods for eval-

uation of the slowly converging Cou-
lomb interactions, the Ewald method
and the Bertaut method are most widely

used. In the present study, electrostatic

energies have been calculated for a fully

ionized model using the Bertaut formu-

lae (Bertaut, 1952) with the correction

factors of Templeton and Johnson

(1961) for the termination effects of

Fourier series. The results of the calcu-

lation are applied to discussions of (a)

cation-site energies in clinoenstatite,

(b) the effect of oxygen bridging in sili-

cates, and (c) the relationship between

the lattice energy and the crystalliza-

tion sequence of silicate minerals.

The site energy is defined as the en-

ergy that would be required to move a

particular ion from its equilibrium posi-

tion in a structure to infinite distance.

The lattice energy is that required to

separate all ions in the crystal to infinite

distance. Thus, the site energy is a con-

stituent of the lattice energy. As shown
below, the lattice energy may also be

obtained from experimental values, but

the site energy can be calculated only

from an appropriate theoretical model.

The two-term (electrostatic and re-

pulsive) approximation for the lattice

energy gives, in general, reasonable

agreement with the experimental value

for the NaCl-type structure (Tosi,

1964). This approximation has been ap-

plied to the calculation of the site ener-

gies at the metal sites in pyroxenes

(Ohashi and Burnham, 1972), but the

lattice energy could not be obtained be-

cause the repulsive parameters for Si-0

were not known. The partially covalent

nature of Si-0 bonds still remains an
unsolved problem in the direct calcula-

tion of the lattice energy in silicates;

however, an approximate value of the

repulsive energy for Si-0 can be esti-

mated from the difference between the

theoretical and experimental lattice en-

ergies for quartz. As shown in Table 31,

the repulsive energy for the Si atom in

the tetrahedral site may be around 1500

kcal mole-1 or 350-400 kcal mole-1 for

each Si-0 bond. This value is also con-

sistent with the similar difference calcu-

lated for clinoenstatite (Table 31)

.

In the study of site energies of the

metal sites in pyroxenes, clinoenstatite

was found to differ from other clino-

pyroxenes in site energy, and unremoved
shearing stress in the structure was sug-

gested as a possible explanation (Ohashi

and Burnham, 1972, p. 5763). The re-

sults of the site-energy calculations

(Table 32) obtained from the new struc-

tural data on clinoenstatite (Ohashi and
Finger, this Report), however, are con-

sistent with those for other pyroxenes

(see Ohashi and Burnham, 1972, Table

3 and Fig. 1, for other data). Therefore,

the Mueller hypothesis of energy equiv-

alence (Mueller, 1962; Matsui and
Banno, 1965) holds for all pyroxenes in-

cluding clinoenstatite.

Linkage of the Silicate Tetrahedra

The most important structural feature

in silicates is the way in which the sili-

cate tetrahedra are linked together. The
effect of bridging two tetrahedra can be

analyzed by examining the site energy

of oxygen anions in various silicate

structures. Some examples of the oxygen

site energies are shown in Fig. 94.

In the olivine structure, which con-

sists of individual Si0 4 tetrahedra, the

electrostatic site energy of the oxygen
anions is about —1250 kcal mole-1 .

When tetrahedra are linked by sharing

oxygen anions, as in the pyroxene struc-
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TABLE 31. Lattice Energies Obtained from the Born-Harber Cycle and the Electrostatic-

Repulsive Potential Calculation (kcal mole *)

Quartz, SiOa

Si02 -> Si + 2 -217.1 (1)*

(Si)..nd -> (Si)v.por -106.0 (1)

2 -* 20 -117.9 (2)

Si -» Si
4+ + 4e -2323.9 (3)

2(2e + 0) -> 202" +320 (4)

Si02 -> Si
4+ + 202" -2446 (a)

Electrostatic energy- -3968 (b) (5)

Repulsive energy (Si-O) ?

a — b = 1522 kcal mole
-1

Clinoenstatite, MgSi03

MgSiOa -» Mg + Si + 3/2 O2 -370.1 (1)

(Mg).oiid -» (Mg) vapor -32.6 (1)

(Si)..in -* (Sl)vapor -106.0 (1)

3/2 O2 -> 30 -176.9 (2)

Mg -> Mg2+ + 2e -522.5 (3)

Si -» Si
4+ + 4e -2323.9 (3)

3(2e + 0) -» 302" +480 (4)

MgSi03 -» Mg2+ + Si
4+ + 302" -3052 (a)

Electrostatic energy -4706.9 (b) (5)

Repulsive energy Mg(Ml)-0 -215.9 X 1/2 (c) (5)

Mg(M2)-0 -193.1 X 1/2 (d) (5)

Si-0 ?

a — (b + c + cO = 1450 kcal mole" L

* Source of data: (1) Robie and Waldbaum, 1968; (2) American Institute of Physics Hand-
book, 1972, p. 179; (3) International Critical Tables, 1929, Vol. 6, pp. 71-72; (4) Huggins and
Sakamoto, 1957, quoted by Raymond, Year Book 70, p. 227; (5) this study.

ture, the site energy for the bridging

oxygen is lowered to — 1400 kcal mole-1 .

In clinoenstatite, the difference in site

energy between the bridging oxygen,

TABLE 32. Electrostatic and Repulsive Site

Energies for Clinoenstatite (kcal mole-1
)

Site Electrostatic Repulsive* Total

Ml -1242.1

M2 -1135.2

SLi -4396.2

Si5 -4353.7

014 —1213.7

OIB -1215.9

024 -1213.9

025 -1221.4

034 -1425.0

03B -1410.1

Total -18827.2

215.9

193.1

-1026.2

-942.1

Electrostatic lattice energy: —18827.2 X 1/2 =
—9413.6 per mole of Mg2Si2 6

* The repulsive parameters used are X = 5.98

X 10"10 erg and p — 0.3785 A (Ohashi and

Burnham, 1972, Table 1).

03, and the nonbridging oxygens, 01 and

02, is about 200 kcal mole- 1
.

For amphibole, in which silicate tetra-

hedra form double chains, the electro-

static site energies of the bridging oxy-

gen, 05, 06, and 07, are lower_than those

of the nonbridging oxygens, 01^02, and

04. The oxygen anions, 02 and 04, in the

amphibole structure are coordinated to

the same Si atom in T2; thus they re-

semble 01 and 02 in the pyroxene struc-

ture, whereas 01 in the amphibole struc-

ture is the only nonbridging oxygen in

the Tl tetrahedron. The other three

oxygens in Tl are all shared by the

adjacent tetrahedra.

As the degree of tetrahedral linkage

increases further, the stable silicate

structure is a two-dimensional network

or sheetlike structure like that of the

micas. The only nonbridging oxygen in

the mica structure is 03, which is similar

to 01 in the amphibole structure in its

coordination to the Si atom. In micas,
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Fig. 94. Site energy of oxygens in various

silicate minerals. The symbols associated with

each point are atomic site nomenclature for

oxygens (see references given in Table 32 for

more detail). Abbreviations: Fo, forsterite;

CEn, clinoenstatite ; Trm, tremolite; Ann, an-

nite; Phi, phlogopite; LAb, low albite; Qz,

quartz; LCr, low cristobalite.

the bridging and nonbridging oxygens

do not differ significantly in energy, but

the reason is not clear.

Finally, the tetrahedra are linked at

all four corners and form a three-dimen-

sional framework. In low albite, the

oxygens that are bonded to two Si ca-

tions have a_lower site_energy than do

OA1, OC0, OB0, and OD0, which are

coordinated to Al3 + in T10.

In summary, the electrostatic site en-

ergy is —1400 to 1500 kcal mole-1

for the bridging oxygen anion and —1200
to ~— 1300 kcal mole-1 for the non-

bridging oxygen anion. By bridging two
tetrahedra, the oxygen site generally

acquires an additional stabilization en-

ergy of approximately 150-200 kcal

mole-1 as compared with the nonbridg-

ing oxygen in the same structure.

Lattice Energy and Crystallization

Sequence

During the course of crystallization

of minerals from a silicate melt, the ar-

rangement of the silicate tetrahedra in

the liquid plays an important role in

controlling the type of phases that crys-

tallize from the melt. A systematic shift

of liquidus boundaries has been attrib-

uted to the effect of cations on poly-

merization of the silicate tetrahedra in

the melt (Kushiro, 1975). A knowledge

of the structure of silicate melt is essen-

tial for the discussion of crystallization,

yet the structure has not been well char-

acterized experimentally. The energies

of solid phases will be considered here

only in relation to the sequence of

crystallization.

The enthalpy of melting, which is the

energy difference between a solid and a

liquid, has been discussed by Yoder
{Year Book 74, pp. 515-519) for olivine,

pyroxene, garnet, and feldspar. In this

work, the electrostatic lattice energy has

been computed for these minerals (Table

33). When corrected for repulsive en-

ergy, which is usually only 10%-15%
of the electrostatic energy, these values

represent the difference between the

crystalline state and free ions in the

gaseous state.

In order to compare the lattice ener-

gies of different minerals on the same

basis, the energy values must be nor-

malized to an appropriate structural

unit. In Table 33, three values normal-

ized to the same numbers of oxygens,

cations, and tetrahedral cations are

given for each mineral. It is apparent

that the Bowen reaction series olivine -»

pyroxene -> amphibole -* biotite can be

rationalized on a structural basis as an

increase in the degree of oxygen sharing

between tetrahedra. The energy values

normalized to either oxygens or cations

do not show any simple relationship to

the series. When normalized to the same
number of tetrahedra, the series corre-

sponds to a progressive decrease in the

stability of the lattice as indicated by
the progressively less negative values

for the lattice energy per tetrahedral

site. The earlier in the reaction series,

the lower the lattice energy normalized

to one tetrahedron.
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TABLE 33. Electrostatic Lattice Energy for Some Silicate Minerals (kcal mole"1
)

Electrostatic Lattice Energy

per one per one
formula per one per one tetrahedral

Mineral and Formula Unit unit oxygen cation site

Grossular, Ca3Al2Si30i2 (D* -18735 -1561 -2341 -6245
Forsterite, MgaSiO* (2) -5849 -1462 -1950 -5849
Fayalite, Fe2Si04 (3) -5661 -1415 -1887 -5661
Orthoenstatite, MgSi03 (4) -4708 -1569 -2354 -4708
Orthoferrosilite, FeSiOs (5) -4687 -1562 -2344 -4687
Clinoenstatite, MgSi03 (4) -4708 -1569 -2354 -4708
Tremolite, Ca2Mg6Si 8 22(OH) 2 (6) -36070 -1503 -2405 -4509
Phlogopite, KMg3Si3A10.o(OH) : . (7) -16653 -1388 -2082 -4163
Annite, KFe3Si3A10io(OH) 2 (7) -16550 -1379 -2069 -4138
High albite, NaAlSi3 8 (8) -13136 -1642 —2627 -3284
Low albite, NaAlSi3Os (8) -13505 -1688 -2701 -3376
Quartz, Si02 (9) -3968 -1984 -3968 -3968
Low cristobalite, Si02 (10) -3664 -1832 -3664 -3664

* Source of crystal structural data: (1) Abrahams and Geller, 1958; (2) Smyth and Hazen,

1973; (3) Smyth, 1975; (4) this study; (5) Sueno, Cameron, and Prewitt, 1976; (6) Papike,

Ross, and Clark, 1969; (7) Hazen and Burnham, 1973; (8) Wainwright, quoted by J. V. Smith,

1974, p. 86; (9) G. S. Smith and Alexander, 1963; (10) Dollase, 1965.

Effect of Pressure on the Melting
Enthalpy of Diopside under Dry
AND H20-SaTURATED CONDITIONS

M. Rosenhauer

The latent heat associated with melt-

ing of silicate liquids has important

bearing on the depth and time required

to generate basaltic liquid (Yoder, Year

Book 74, pp. 515-519). A prerequisite to

further delineation of the thermal his-

tory of magmas is quantitative knowl-

edge of the pressure effect on the en-

thalpy of melting under dry conditions

and in the presence of volatiles such as

H 2 and C0 2 . Unfortunately, these basic

data cannot be obtained by standard

calorimetric methods. Other methods for

their direct measurement have not so

far been used; therefore, attempts have

been made to derive estimates of latent

heats by indirect methods. Khitarov and

Kadik (1973) concluded from thermo-

dynamic estimates that there are large

pressure effects on the enthalpy of melt-

ing of water-saturated silicate melts.

Burnham and Davis (1974), on the other

hand, derived from PVT data a mixing

enthalpy for albite-H 2 of the order of

a few hundred calories per mole. The
lack of direct measurements of melting

enthalpy at pressure and the obvious

discrepancy in the magnitude of the re-

ported enthalpies made a direct meas-
urement, under pressure and tempera-

ture, desirable.

This report summarizes preliminary

results obtained on the enthalpy of melt-

ing of diopside under dry and water-

saturated conditions. High-pressure dif-

ferential thermal analysis (DTA), pre-

viously described by Rosenhauer and
Eggler (Year Book 74, pp. 474-479),

was utilized. Application of DTA to

calorimetric measurements is common
and is known as differential scanning

calorimetry (DSC). Details of the

method have been described by Rouque-
rol and Boivinet (1972). Although with

the DTA-based method the high accu-

racy of standard calorimetric measure-

ments cannot be reached, the method is

versatile and can be used in the study

of reactions, such as nonquenchable

phase transformations, that cannot be

measured by calorimetry.
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The underlying principle of the pres-

ent method is a comparison of the DTA
peak area resulting from melting of the

sample with the area of an auxiliary

peak generated under run conditions in-

side the DTA capsule. The auxiliary,

artificial heat effect is produced by a

small furnace for which the input heat

can be determined very accurately by
measurements of the current, the volt-

age, and the time during which power is

applied to the furnace. It was found in

all calibration experiments that under

isothermal, isobaric conditions the input

power is directly proportional to the

peak area of the resulting auxiliary,

artificial peak. Because of the symmetry
in the arrangement of the sample and

the auxiliary furnace (Fig. 95), there

must also be a proportionality between

the heat generated or absorbed in the

sample and the resulting DTA peak.

Diopside used in this work was syn-

thetic CaMgSi 2 6 kindly provided by
Dr. D. H. Eggler. DTA capsules were

prepared from Pt tubing and contained

two compartments to accommodate the

sample and the auxiliary furnace assem-

bly. The auxiliary furnace was approxi-

mately 5 mm long and consisted of 40
windings of 0.004-in Pt/PtlORh wire

wound with 186 threads per inch on a

four-hole ceramic capillary of 2-mm
outside diameter. Approximate sizes and
arrangement of the parts inside the

DTA capsule are shown in Fig. 95. The
assembled DTA capsule was loaded with

80-mg diopside and was welded shut.

For each experiment a new capsule was
prepared.

Sample thermocouple^,
Refe

-

rence Tc
Thermocouple leads

Power leads

Auxiliary furnace

Fig. 95. The DTA capsule arrangement used
in the present study. Dimensions are approxi-
mately to scale.

Enthalpy values were measured under

isobaric conditions and involved deter-

mination of the input-output ratios (R)

of the auxiliary furnace and measure-

ment of the area under the DTA peak,

representing the latent heat of the sam-

ple, on heating and on cooling. The ratio

R is a relative number that is defined as

the quotient of the input power of the

auxiliary furnace and the resulting area

of the output peak. During the experi-

ment, R is determined in a series of

measurements at various input energies

above and below the melting point of

the sample. A schematic sequence illus-

trating the variations of the parameters

involved is depicted in Fig. 96. Although

in theory this calibrating procedure

could yield absolute enthalpy values,

only the influence of pressure on the

area of the DTA peak of the sample was
evaluated. No assumptions on the abso-

lute relationship between input power
and resultant peak area were made, be-

cause the relationship will crucially de-

pend on the geometry of the capsule ar-

rangement and must be calibrated prior

to the run with a sample of known heat

content. In this study the relative en-

thalpy values obtained have been ex-

trapolated to 1 atm; the enthalpy value

at 1 atm was taken to be 85.5 cal/g.

Preliminary results obtained for the

enthalpy of melting of diopside under

dry and H 20-saturated conditions are

presented in Fig. 97. A significant differ-

ence in the effect of pressure under these

conditions is apparent. The enthalpy of

dry melting increases with pressure

(curve a), whereas under H 20-saturated

conditions the latent heat drops within

the first 1000 bars by about 18% to 70

cal/g and remains at that level, within

experimental uncertainties, up to 4 kbar
(curve b). Error bars show the maxi-
mum spread of at least two independent

enthalpy determinations. Part of the

dispersion in the measurements results

from the calibration itself. Input-output

ratios for samples above and below the

melting point differ significantly in that

under dry conditions R for the melted
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AT

Sample solid sample melts sample melted

U.I"

t,sec
Fig. 96. Schematic sequence for enthalpy determination showing AT (T sample-T refer-

ence), power input of the auxiliary furnace (U, I), and T sample (T) as a function of time
(t). Each determination involved at least four artificial DTA peaks above and four below the

melting temperature, not all of which are shown, plus the DTA peak generated upon melting.

sample is always smaller than for the

solid, whereas under H 20-saturated con-

ditions the opposite effect is found. Most
likely this behavior is related to varia-

tion in the specific heat of the sample.

Assuming that R is proportional to the

heat capacity of the sample, the above
results suggest that the heat capacity of

the dry melt is larger than that of crys-

talline diopside, whereas the heat capac-

ity of HoO-saturated melt is smaller. The
influence on R resulting from changes in

thermal conductivity is thought to be

small because of the homogeneous tem-

perature distribution around the sample.

No attempts have been made to over-

come the problem of dispersion in meas-

urements by averaging the results, a

manipulation that would involve further

assumptions. Experimentally this prob-

lem could be solved if the energy re-

quired to compensate the DTA effect of

the sample could be generated continu-

ously.

Although the uncertainties in the

present results do not make a detailed

discussion desirable, it is useful to com-
pare them with theoretically derived

estimates. Using the data given by Yo-
der (Year Book 74, pp. 515-519), the

pressure effect on the heat of melting of

dry diopside may be calculated as 1.10

cal/g kbar. This value is consistent with

the observed pressure dependency within

the experimental uncertainties. Esti-

mates of the effect of pressure for diop-

side under water-saturated conditions

have been given by Khitarov and Kadik
(1973), who concluded that the heat re-

quired to melt diopside under H 2
0-

saturated conditions at pressures be-

tween 1000 and 2000 bars is 25-40 cal/g,

compared with 105 cal/g at 1 atm. The
present experimental data are not in

agreement with their estimates, and the

differences are believed to be beyond the

uncertainties of the method. It is likely,

however, that part of the discrepancy

may be accounted for in the extrapola-

tion of their volume data.
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3

Pressure, kbar

Fig. 97. Pressure effect on the enthalpy of melting of diopside under (a) dry and (b) H20-

saturated conditions.

The Adiabatic Gradient and
Adiabatic Compressibility

Douglas Rumble

The adiabatic or isentropic gradient

and the adiabatic compressibility of

rocks and magmas are important refer-

ence parameters in geophysical studies

of the earth's interior and in theories of

magma ascent toward the earth's sur-

face. The vertical temperature gradient

necessary to initiate convection in the

mantle is greater than the adiabatic

gradient, but with prolonged convection

it will tend to approach the adiabatic

condition (Verhoogen, 1965). Estimates

of the vertical distribution of density in

the earth's interior using the William-

son-Adams equation (Williamson and
Adams, 1923) make use of the inverse

of the adiabatic compressibility, the

adiabatic bulk modulus (Jeffreys, 1962,

p. 159). Theories of magma generation

by adiabatic ascent require that a parcel

of magma or protomagma be thermally

insulated from its surroundings for at

least a part of the ascent in order to

generate liquid and prevent its solidifi-

cation. During such a process, the con-

tents of the parcel undergo adiabatic de-

compression.

The usual equation for the adiabatic

gradient given in geophysics textbooks

(Jeffreys, 1962, p. 287, Eq. 5) and in

textbooks on igneous petrology (Car-

michael, Turner, and Verhoogen,

p. 349) is

1974,

apT

pCP

VapT

CP

where aP is the isobaric thermal expan-

sion coefficient, p is the density, (in

moles/cm3
), CP is the molar isobaric

heat capacity, and V is the molar vol-

ume of the substance in question. This

equation is formally valid for a closed

system consisting of but a single phase.

The equation does not take into account

thermodynamically the effect of the pres-

ence of different phases such as crystals,

liquid, or vapor. Nor does it include the

effects of changes in the chemical com-

positions and proportions of solid, liquid,

or gaseous solutions subjected to adia-

batic decompression. Measurement of the

thermodynamic properties of solid, liq-

uid, and gaseous phases of geological in-

terest continues at an ever-increasing

pace. Thus, the accumulation of data

presents the opportunity to investigate

the effects of multicomponent, multi-

phase equilibria on the previously used,

simplified model of the adiabatic gradi-

ent.

The purpose of this report is (1) to

present a thermodynamically rigorous

derivation of equations for the adiabatic

gradient and adiabatic compressibility

in multicomponent, multiphase systems



652 CARNEGIE INSTITUTION

and (2) to illustrate the nature of phase

diagram effects on the adiabatic gradi-

ent, using data of Burnham and Davis

(1971, 1974) on the system NaAlSi 3 8
-

H 20.

The derivation of equations for the

adiabatic gradient and adiabatic com-
pressibility is based on a method re-

viewed by Rumble (1974) yielding

algebraic relationships between P, T,

chemical potentials of phase components

im) , and chemical compositions of

phases (XiA ) , in multicomponent, multi-

phase systems. For present purposes,

three additional variables are included:

entropy of the chemical system (Ss),
volume of the system (Vs ), and bulk

chemical composition of the system

The goal of the analysis that follows

is to obtain expressions for the partial

derivatives (3T/3F) and (WS/ZP) sub-

ject to the two constraints of constant

entropy and constant bulk chemical

composition of the system. For sim-

plicity, the discussion will be limited to

two-phase assemblages in a binary

chemical system. The examples in this

report together with the review of Rum-
ble (1974) provide sufficient information

to derive equations for more compli-

cated systems. (Symbols are defined in

Table 34.)

The variables Ss , Vs , and X^ may be

introduced by considering the entropy

and volume of a given chemical system

as a function of P, T, phase composition,

phase proportion, and system composi-

tion. For a binary chemical system con-

sisting of two phases A and B,

Ss = nASA + nBSB

Dividing through by {nA -\- nB ) and

rearranging gives

Ss = XAs (SA — Ob) + Sb

and differentiation yields

dSs = dSB + XAs (dSA - d_SB ) +
{SA — SB ) dXAs

The term XAs may be expressed in terms

of XlA , X1B , and X18 using the lever

rule:

nA X1B — A is x Aa

f^B Xi 8 — XlA 1

—

xAs

or

X.As— \XlB — Xls ) / {XlB — Xxa)

and differentiation yields

dXAa = [ (XiB — Xls ) dXlA +
{Xls — XlA)dXlB -f- (XlA —
XlB)dXls-]/(XlB -XlA )*

Finally, substituting the two equations

dSA = (CAP/T)dT - (VA«AP)dP +
(S1A — S2A)dXlA

and

dSB = (CBP/T)dT - (VBa
B
P)dP +

(SlB — S2B)dXlB

and the results obtained above gives

dSs = NdT - AdP + KdXlA +
MdX1B + IdXls (1)

A similar derivation yields an analogous

equation for the volume of the system

dVs - AdT - BdP + CdXlA +
DdXlB + EdXls (2)

In addition to Equations 1 and 2, four

other equations are required to describe

the binary system of two phases. These

include one Gibbs-Duhem equation for

each phase

SAdT - VAdP + X1A {dH -dfi2 ) +
d^2 = (3)

SBdT - VBdP + XlB (d/
*1 -dfi2 ) +

d/x2 = (4)

and one equation relating dP, dT, dXlA ,

and another relating dP, dT, and dXlB

(Rumble, 1974, pp. 202-203)

-(SlA-S2A )dT +_(VlA-V2A)dP -

(d/xx— dfx2 ) -f- G llAdXlA =
(5)

(S1B-S2B ) dT +{V1B-V2B ) dP -

(d^

—

dfi2 ) -\- GuBdX1B =
(6)
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In summary, there are six equations

(1-6) for the nine unknowns dT, dP,

d/xi, dfj.2, dXlA , dXlB , dXls , dSs , and dVs .

The expressions for (°T/oP)ss ,xls and

{3Va/dP) as ,xls are obtained by setting

653

dSs = and dXls = 0, and by dividing

through by dP. The resulting set of six

inhomogeneous equations in six un-

knowns may be solved by Cramer's rule

(Aitken, 1962, pp. 55-56).

MQuaVi ~ KG 11BV 2 + AG11AG11B (X1B-X1A )

MG llAS! — KG-i,xB&2 + NG llAG 11B {X1B
—XlA )

HYA = [{(DK + MC)(S1B - S2B ) + G11B (NC - AK)}V2

\ OP /§s
,xls

-{(DK + CM)(S2A - S1A ) - G llA (DN + AM)}VX

+ (BM - AD)G11AS1 + (BK - AC)G 11BS2

- (DK + CM) (SB - SA ) (V1B - V2B - V1A + V2A )

+ U 2 - BN)G 11AG11B (X1B - XlA)j/[MGllA St

— KG11BS2 -f- NGllAG11B (X1B — XlA )]

If only one of the phases (e.g., the liquid) is of variable composition, the

equations simplify to

/arv L(VA

and

V2B ) + AX1BG 11B

^P)i

L(SA - S2B ) + NX1BG 11B

(NJ-AL)(VA-V2B ) + (BL-AJ) (SA-S2B ) + XlBGllB (A
2-BN)

L(SA—S2B ) + NX1BG 11B

The two sets of equations given above
can be simplified and integrated by ob-

serving that in a divariant assemblage

of phases, phase composition, XlA and
X1B , is a function of P and T only. Thus,
(oT/oP)x1s , Sb and (oV8/oP) Zls , Ss may
be expressed as functions of P, T, and
Xls .

If the two phases both have fixed

chemical composition, the equations sim-

plify still more:

and

\ OP Jss ,xls

A
F

A 2 BN
N

The effects on adiabats of one-, two-
and three-phase equilibria in the system
NaAlSi,0 8-H 2 are illustrated in Fig.

98. Consider, for example, the path of

adiabatic decompression along the adia-

bat labeled "98." At P = 10 kbar and
T = 950°C and for a bulk composition

of Ih2 o,s
= 0.5 (mole fraction), the sys-

tem consists of 10% albite crystals and

90% liquid (i.e., melt). As adiabatic ex-

pansion proceeds, the remaining albite

melts, until at approximately 3.5 kbar

and 875°C the system contains liquid

alone. The adiabat follows a steeper

path through the one-phase field of melt.

At 1.9 kbar and 860°C the liquid be-

comes saturated with vapor and adia-

batic decompression accompanied by
evolution of vapor proceeds along a less

steep course. Crystals reappear as the

univariant equilibrium, liquid = albite

crystals
-f- vapor, is reached at 1.5 kbar

and 850° C. Adiabatic decompression

continues along the univariant curve

with a consequent temperature increase

in the system until all the liquid is ex-

hausted.

Isentropic paths of systems with lower

water contents than those illustrated in
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Fig. 98 are steeper (greater dP/dT)
than those of Fig. 98. Moreover, with

less H 20, the one-phase field of melt and

the two-phase field of melt -\- vapor are

reduced in size.

The system NaAlSi 3 8-H 2 illustrates

two contrasting styles of behavior in

that adiabatic decompression along the

univariant curve causes crystallization,

whereas adiabatic decompression through

the crystal -4- melt field (divariant equi-

librium) results in melting. Thus, di-

variant adiabatic decompression is not

an impediment to convection, whereas

univariant adiabatic decompression
would tend to freeze rising convection

currents.

The general features of the effects of

multicomponent, multiphase equilibria

on adiabatic decompression are as fol-

lows: (1) Within a given multiphase,

multivariant P-T field, the slope of an

adiabat depends not only on variation

of aP , and CP with P and T, but also on

phase proportion and composition; (2)

passage from higher to lower variance

phase equilibria introduces discontinui-

ties in the slope of adiabats.

TABLE 34. Explanation of Symbols

Xia mole fraction of component i in phase

A.

Xib mole fraction of total amount of com-
ponent i in chemical system.

XAs mole fraction of phase A in chemical

system.

Via partial molar volume of component i

in phase A.

Va molar volume of phase A.

V s total mean molar volume of chemical

system.

Sia partial molar entropy of component i

in phase A.

Sa molar entropy of phase A.

S s total mean molar entropy of chemical

system.

Hi chemical potential of component i.

Ga molar Gibbs free energy of phase A.

GUA = (C?Ga/VXia*)p.T

a\ = ((dVA/dT)p,xlA)/VA

p
A
T ss- {{?)Va/VP)t,xxA )/Va

Cp
a = T(dSA/dT) P,xlA

A = XasVaOCP* + XbsVbCCp"

B = - (XA.VaPtA + XbsVbPt")

C = Xa.(Via-Vu) + Xas(Va-Vb)/
(Xib—Xia)

D = Xas(V1b-V2b) - (Va - Vb)

(Xia_— Xia)/(Xib — Xia)

-(V1B ~ V2B )

E = (Vb-Va)/(X^-X1a)

N = XasCpa/T + Xb,Cp
b/T

M = Xa.(Sib-S*b) + (Sa - 8b)

(Xia — Xia) /(Xib — Xia)

+ (Sib — &b)

K = Xas(SiA-S2a) + Xa,

(Sa—Sb)/(Xib—Xia)

/ = (Sb-Sa)/(X1b-X1a)

J =X1s(Va-V2B)/(XiB )
2

L =E= Xis(Sa 02fl)/XlB

Si s= Sa — S2B — Xia(Sib — &s)

& == Sb 02A Xia(oiA — 02a)

Vt =Va- V2B - X1a(F1b - V2B )

V2 == Vb - Via - X1b (7,a - V2a)



GEOPHYSICAL LABORATORY 655

9.0

8.0

7.0

6.0

o

oJ 5.0-

to
(/>

3.0f-

2.0

1.0

/ /
8

,

6
/ ^98 r

/ / / 89 /\j MelT+
,$?

cII I 92 >v i (40)

V / / / / 95

600 700 800 900 1000 MOO 1200
Temperature, °C

Fig. 98. Adiabats plotted on P-T diagram of the system NaAlSLCVH^O for bulk composi-

tion Xh
2o = 0.5 mole fraction. Dashed lines are adiabats and are labeled with numerical value

of total mean molar entropy of system. Numbers in parentheses give mole percentage of H2

in melt (i.e., liquid) in equilibrium with crystals (light solid lines with steep positive slope)

or in equilibrium with vapor (light solid lines with gentle positive slope). Numbers in brackets

give mole percentage of crystals in crystal + melt field. Numbers in braces give mole per-

centage of vapor in melt + vapor field. Systems containing less water than Xn
2o = 0.5 have

steeper adiabats, and their one-phase fields of melt and their two-phase fields of melt + vapor
are reduced in size.
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TRACE ELEMENT PARTITIONING

Rare Earth Partitioning between
Crystals and Liquid in the

Upper Mantle

Bj0rn O. Mysen

Rare earth elements (REE) are be-

lieved by some investigators to be indi-

cators of conditions of formation of par-

tial melts in the upper mantle (e.g.,

Gast, 1968; O'Nions and Clark, 1972;

Mysen and Holloway, this Report).

However, accurate determinations of

REE partition coefficients between up-

per mantle minerals and silicate melts

are scarce (Shimizu and Kushiro, 1975;

Irving and Frey, 1976). Experiments by
Irving and Frey (1976) indicate that

REE partition coefficients depend on
major element composition of both crys-

tals and liquid. Data by Mysen (1976a)

and Wood (this Report; personal com-
munication, 1976) suggest that crystal-

liquid partition coefficients also depend
on the amount of REE present. In addi-

tion, in light of the structural incom-
patibility of REE with mantle minerals,

it is possible that REE partition coeffi-

cients vary with pressure and tempera-

ture. In view of the importance assigned

to rare earth fractionation during magma
genesis, a detailed study of REE parti-

tioning between crystals and liquids un-

der upper mantle conditions has been
initiated. Samarium, an REE of inter-

mediate atomic number, was the first of

this group of elements to be subjected to

a detailed study.

The experiments were performed in a

solid-media, high-pressure apparatus

similar to the design of Boyd and Eng-
land (1960), using the piston-out tech-

nique with no friction correction of the

pressure. Sealed Pt capsules were used

as containers. Temperatures were meas-
ured with Pt-Pt90RhlO thermocouples

and with no pressure correction on the

emf output.

Starting material (PFS 5043) and ma-
jor element compositions of phases pres-

ent in experimental run products were

similar to those reported for the nickel

partitioning experiments presented by
Mysen (this Report) . In all experiments,

forsterite and aluminous enstatite co-

exist with hydrous silicate liquid of

haplobasaltic composition. Radioactive

samarium-151 was added in chloride so-

lution together with sufficient H 2 to

saturate the silicate melt (12 wt % H 2

in melt at 10 kbar and 17 wt % H 2 in

melt at 20 kbar) . The samarium content

of the phases was determined with /?-

track counting (Mysen and Seitz, 1975)

using K-5 and K-2 nuclear emulsions

(supplied by Ilford Co., England). The
K-2 emulsions are less sensitive than the

K-5 and were used for high activity of

samarium to increase exposure times

and therefore decrease uncertainties.

The uncertainty (±la) of individual

analyses is 2%-3% (relative), resulting

in 4%-5% relative uncertainty in parti-

tion coefficients.* Samarium contents of

the liquids were recalculated to an H 20-

free basis.

Samarium concentrations of olivine

coexisting with hydrous silicate liquid at

10 and 20 kbar and 1025° and 1075°C
appear in Fig. 99. For all compositions

in this system (coexisting opx, ol, and
liquid), KSm

olU(l remains constant to

about 40 ppm Sm dissolved in the liquid.

The i^Sm
olllq

is plotted against the Sm
content of olivine in Fig. 100. It appears

that (1) the i£Sm
ol "Ilq increases with in-

creasing temperature (0.25%/°C) within

the samarium concentration range of

constant i?Sm
0l "liq

; (2) the partition co-

efficient increases with decreasing pres-

sure (0.75%/kbar at 1075°C relative to

the value at 20 kbar)
; (3) the concen-

tration range of Sm in olivine with con-

stant i£Sm
ol "liq increases with increasing

temperature (0.6 ppm Sm in olivine at

* Partition coefficient, Kia-& = ppm of ele-

ment i in phase o/ppm of element i in phase

p. Because of the low Sm contents used in these

experiments and the similarity of major ele-

ment compositions, the Ki 01-^ is nearly propor-

tional to Nernst's distribution coefficient.
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20 kbar and 1025°C versus 0.9 ppm Sm
in olivine at 20 kbar and 1075°C) and
probably with decreasing pressure.

Samarium concentrations of coexisting

orthopyroxene and hydrous silicate liq-

uid are plotted in Fig. 101. As with

the olivine-liquid pair, there is an upper

limit of Sm content in the two phases

where the i?Sm
opxliq decreases with fur-

ther increase of Sm content. For all pres-

sures and temperatures investigated,

this limit corresponds to about 20 ppm
Sm in the liquid (slightly above 1 ppm
Sm in orthopyroxene). The rate of de-

crease of XSm
opxlifl with increasing Sm

content is smaller the higher the tem-

§ . .

20 k bor/l075°C

10 k bar/l075°Q

20kbar/l025 8C

40 60 80 100 120

Samarium in liquid, ppm

180

Fig. 99. Samarium in coexisting olivine and H20-saturated silicate liquid at 10 and 20 kbar,
1025° and 1075°C.
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Fig. 100. Partition coefficient of samarium between olivine and hydrous silicate liquid

versus samarium content of olivine at 10 and 20 kbar, 1025° and 1075° C. Length of error

bars = 2o-.
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Fig. 101. Samarium in coexisting orthopyroxene and H 20-saturated liquid at 10 and 20 kbar,

1025° and 1075°C.

perature (Fig. 102). As with the olivine-

liquid pair, the Sm concentration of

the crystalline phase (opx) where the

Kgm
opi"li(1 becomes dependent on Sm con-

tent, increases with increasing tempera-

ture (1 ppm and 1.3 ppm at 1025° and
1075°C, respectively). In contrast to the

olivine-liquid pair, the KSm
opx 'm de-

creases with increasing temperature

(0.2%/°C relative to the value at

1025°C). The XSm
opxlia increases by

about 1%/kbar as the pressure is low-

ered.

Deviations from constant KSm
QTJStal ~

liauid as a function of Sm content could

relate to variations of the activity coeffi-

cient of samarium in crystals (ysm
orystal

),

in liquid, or in both. In this system the

Sm content of the liquid is 20 ppm where

the Xsmopxli<1 begins to vary, whereas the

concentration of Sm in liquid is 40 ppm
before iv Sm

olu<1 becomes a variable de-

pendent on Sm content. The variations

of the partition coefficients result from

the ysm
3+cry8tal becoming a composition-

ally dependent variable, whereas the

ysm3+
liquid remains constant.

Cations of samarium, as well as other

REE, are large (~1A) trivalent cations.

Based on size considerations alone, the

mixing properties of Sm3+ in olivine and

orthopyroxene are probably far from

ideal. In addition, substitution of Sm3+
must be electrically balanced, perhaps

by an MgSi Z SmAl or an MgSi £
SmSm type substitution. The ortho-

pyroxene from the experimental run

products contains 3.5-5 wt % AL0 3

(Mysen, this Report) so that charge-

balancing involving trivalent cations is

not a problem in orthopyroxene. Alumi-

num substitution in olivine is only minor

(<0.05 wt % A1 2 3 ), hence there are

less favorable conditions for solid solu-

tion of Sm3+ in olivine, as also evi-

denced by the 100% larger KSm°v
x -li(i

than -KSm
0l "lla

. The similarity of the Sm
contents of orthopyroxene and olivine

where the partition coefficients become

compositionally dependent suggests that

the cationic radius plays a major role in

substituting REE in both pyroxenes and

olivine.

For the application of these data to

magma genesis in the upper mantle,

similar data are needed for the parti-
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Fig. 102. Partition coefficient of samarium between orthopyroxene and hydrous silicate

liquid versus samarium content of orthopyroxene at 10 and 20 kbar, 1025° and 1075°C. Length
of error bars = 2a.

tioning of samarium between liquid,

clinopyroxene, and garnet. It is also

necessary to know the effects of the

presence of orthopyroxene, clinopyrox-

ene, olivine, and garnet on the individ-

ual crystal-liquid partition coefficients.

However, the principles developed here

for simple systems most likely apply to

complex natural rocks as well. The im-

plications of these principles for the ap-

plication of REE data to magma genesis

are discussed below. Wood (personal

communication; this Report) has shown
that KSm

cpx "li(1 and KSm
ga "llq decrease with

increasing temperature and increasing

pressure. Furthermore, the partition co-

efficients remain constant to only several

parts per million Sm in the crystals.

Thus, the solution behavior of REE in

garnet and clinopyroxene is similar to

that in orthopyroxene and olivine, and
probably also in a peridotite upper

mantle.

Rare earth elements are chemically

quite similar. Consequently, it is ex-

pected that REE other than samarium
will partition between upper mantle

crystals and partial melts in a way simi-

lar to that of Sm, and the individual

partition coefficients will remain con-

stant to only a few parts per million of

the individual element. Because the ionic

radii of REE increase with increasing

atomic number, the concentration ranges

of behavior of the individual REE ac-

cording to Henry's law most likely de-

crease with increasing atomic number.

An added complexity of the chemical

similarity of the REE is that the

^REEcrystal "llquld probably will depend on

the total REE content of the phase in a

manner very similar to that seen for

samarium here. Thus, even though indi-

vidual REE contents of upper mantle

phases rarely exceed 1-2 ppm, the total

amount of REE does, and the partition

coefficients of individual REE may
change as a function of total REE con-

tent.

Samarium Distribution between
Garnet and Liquid at High Pressure

B. J. Wood

The rare earth element (REE) con-

tents of volcanic rocks may, in principle,

give considerable information about the

origin and evolution of the melts con-
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cerned (e.g., Gast, 1968). Although a

number of attempts to model petroge-

netic processes have been based on REE
contents of volcanic rocks, these models

generally depend on poorly constrained

values of liquid-solid partition coeffi-

cients. It was the purpose of this study

to determine experimentally the partition

coefficient KD for a typical rare earth

element, Sm, between garnet of varying

composition and liquid at high pressure.

The partitioning of Sm between garnet

and liquid has been studied in the sys-

tems Mg3Al 2Si 3 12-H 2 and CaMgSi 2 6
-

Mg3Al 2Si3Oi 2-H2 and in complex gar-

nets crystallized from Kilauea 1921 ba-

salt. Experiments were performed in a

solid-media, high-pressure apparatus us-

ing the piston-out technique with no cor-

rection for friction. Temperatures were

measured with Pt/Pt90RhlO thermo-

couples.

Radioactive 151Sm in chloride solution

was added to the glass and crystalline

starting materials, and the mixtures were
ground under acetone. At high samarium
concentrations (>50 ppm) samarium in

excess of 50 ppm was added as stable

Sm 2 3 . After each run the concentrations

of 151Sm tracer in garnet and liquid were

measured by placing a polished section

of the charge in contact with a nuclear

emulsion (K-5 type, Ilford Co., Eng-
land). The densities of /^-particle tracks

were then determined in the manner de-

scribed by Mysen and Seitz (1975).

NaAlSi 3 8 glasses (Mysen, this Report)

containing known amounts of 151Sm were

used as standards.

Garnet-Liquid Partitioning in the System
Mg 3Al 2Si3 12-H 2

Initial experiments were performed at

30 kbar and temperatures of 1200°-

1500°C on a starting material consisting

of cordierite, forsterite, spinel, and glass

to which 10.3 ppm Sm had been added.

The charges were sealed, together with

small amounts of H 20, in Pt capsules.

All experiments were brought to the de-

sired pressure and temperature and run

for times of 1 hr (at 1500°C) to 12V2

hr (at 1200°C). In this system pure

pyrope garnet coexists with H 20-under-

saturated melts, which from mass-

balance considerations were calculated

to contain between 24.2 (at 1200°C) and
3.31 (at 1500°C) wt % H 20. Large (up

to 50 fiin) quench orthopyroxenes were

observed in all runs. Fortunately it was
found that the Sm content of the quench

crystals is exactly the same as that of

the remaining glass. Hence quench crys-

tals do not present any analytical prob-

lem if the /3-track technique is used to

measure Sm contents. Zoning of the

garnets with respect to samarium was
not observed, even in 40-/xm-diameter

crystals.

The partition coefficient KD (= CSm
gt
/

CSm
liq with concentration of Sm in ppm)

was found to increase regularly from

0.079 at 1200°C and 30 kbar (1.46 ppm
Sm in garnet) to 0.172 at 1500°C and
30 kbar (2.90 ppm Sm in garnet) (Fig.

103). This variation is due to changing

temperature or changing liquid compo-
sition (variable H 2 content) or to a

combination of these parameters. It is

believed, however, that temperature is

the dominant factor because an experi-

ment at 40 kbar and 1500°C gave a value

0.18

l 1

iX7.7)

1

1(3.31)

0.13

I (10.8)

0.08 - ^(24.2)

1
i

i

1200 1300 1400 1500
Temperature, °C

Fig. 103. KD (= Smg7Smlu
) as a function

of temperature in the system MgaALSisO^-H^O
at 30 kbar. Vertical error bars refer to 1 stand-

ard deviation. Values in parentheses are H2

contents (wt %) of the liquids. Estimated tem-

perature uncertainty is ±10°C.
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of KD (0.196), little different from that

obtained at 30 kbar and 1500°C despite

a considerable difference in liquid com-
position, 10.3% H 2 as opposed to

3.31% H 20. A considerable amount of

additional work will be needed before the

effects on KD of pressure, temperature,

and liquid composition can be separated

and fully characterized.

Experiments were performed at 30

kbar and 1500°C to determine the effect

of varying the total samarium content

of the system on the observed value of

KD . The results, shown in Fig. 104, indi-

cate that at low Sm concentrations

(CSmgt < 5 ppm) the partition coefficient

is strongly dependent on samarium con-

tent, whereas at higher concentrations

KD is constant. Drake and Weill (1975)

obtained a result similar to the latter for

plagioclase-liquid partitioning involving

a substitution (Sm3+Al 3 + for Ca2 +Si4 +)

analogous to that under consideration

here. The region of constant KD (CSmgt

> 5 ppm) is tentatively ascribed to

Henry's law of behavior of liquid and
solid phases. The composition-dependent

region shown in Fig. 104 may be due to

two mechanisms of substitution of Sm
into garnet. A small amount of Sm may
enter defects in the garnet structure. At
high concentrations, however, Sm sub-

stitution is almost certainly as charge-

balanced Sm 3Al 5 12 "molecule" with Sm
occupying the eight-coordinated cubic
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Fig. 104. KD as a function of Sm content of

garnet at 30 kbar and 1500° C. Uncertainties

refer to ±1 standard deviation.

site. The former "defect" mechanism will

have a large influence on KD at low

samarium concentrations, but its effect

falls off with increasing Sm content of the

garnet. To test the defect hypothesis an

experiment was performed on a bulk

composition containing 1.4 ppm Sm and

88 ppm of stable dysprosium. The garnet-

liquid partition coefficient at 30 kbar and

1500°C was observed to drop from 0.193

(<r = 0.015) when Dy-free to 0.142 {a =
0.011) in the presence of Dy. Because the

small amount of Dy present is unlikely

to alter the activity coefficient for the

Sm 3Al 5 12 component of the garnet, it

seems probable that the dysprosium sat-

urates the small number of defects pres-

ent, forcing almost all Sm substitution

to be in the cubic sites.

Garnet-Liquid Partition of Sm in

Ca- and Fe-Bearing Systems

Addition of calcium to the Mg 3Al 2Si3
-

Oi 2-H 2 system ought, in principle, to

increase KD for samarium because the

Sm3 + ion is larger than Mg2 + and addi-

tion of Ca2+ to pyrope garnet increases

the size of the cubic site- Thus, addition

of Ca should produce a cubic site into

which Sm3 + enters more readily than it

does in the site present in pure pyrope-

Shimizu and Kushiro (1975) have de-

termined the partition of Sm and other

REE between garnet and H 20-under-

saturated melt in the system CaO-MgO-
Al z 3-Si0 2 at 30 kbar and 1275°C. Using

the differential dissolution technique

(DDT) and analysis by isotope dilution,

these authors obtained a KD of 0.217.

This result has been checked by the /?-

track method, using the same starting

material (glass of diopside 30pyrope 70

composition) as that used by Shimizu

and Kushiro. For garnet of composition

(Ca .ioMg .9o) Al 2Si 3 12 and a bulk com-
position containing 11.2 ppm Sm, KD

was determined to be 0.197 (a = 0.013).

Agreement with the DDT result obtains

and demonstrates that a relatively small

change in bulk composition produces (at

fixed pressure and temperature) a large

change in KD . In the Mg 3Al 2Si 3 12-H 2
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system, KD at 30 kbar/1275°C should,

from Fig. 104, be approximately 0.095.

An experiment on Kilauea 1921 basalt

produced a result similar to that obtained

in the diopside-pyrope system. At 30

kbar and 1240°C Kilauea 1921 basalt

with 6-5% H 2 gives garnet of the

approximate composition (Ca .2 2Mg .4i-

Fe .37)Al 2Si 3Oi2, clinopyroxene, and liq-

uid. With 14 ppm samarium in the

system, KD was found to be 0.215 (o- =
0.013). This value of KD is over twice

that found for the system Mg 3Al 2Si 30i 2
-

H 2 (0.09) under the same physical con-

ditions and with similar Sm content.

Conclusions

Experiments on systems approximating

to natural basalts yield values of KD
close to 0.2 at 30 kbar and 1240°-1280°C.
These results are in reasonable agreement
with previous estimates based on natural

phenocryst matrix partition data (Shi-

mizu, 1975; Kay and Gast, 1973) and
should facilitate modeling of petrogenetic

processes for physicochemical conditions

close to those of the experiments.

It has been found, however, that KD
is strongly dependent on both tempera-

ture and bulk composition of the system
under consideration. Thus, the results

obtained here cannot be used if large

temperature, pressure, or compositional

extrapolations are necessary. In the sys-

tem Mg 3Al 2Si 3 12-H 20, KD increases by
a factor of 2 between 1200° and 1500°C
at 30 kbar. In addition, partition coeffi-

cients in this system are smaller than

those observed in systems containing cal-

cium and iron. Apart from the influence

of major element chemistry, it has been

found that at low samarium concentra-

tions (CSmgt < 5 ppm) the partition

coefficient also depends on the Sm content

of the garnet. This compositional depend-

ence, which disappears at higher Sm con-

tents or if a small amount of another

REE is added, is probably due to the

substitution of a small amount of Sm
into defects in the garnet structure. The
extent to which KD in natural systems

depends on Sm content is as yet unknown,

but it is likely that the presence of mod-
erate concentrations of other REE in

natural garnets suppresses the influence

of any defects in a manner analogous

to that described above. Thus KD in

natural systems should be independent

of Sm content of the garnet.

Nickel Partitioning between Upper
Mantle Crystals and Partial Melts

as a Function of Pressure,

Temperature, and Nickel
Concentration

Bj0rn O. Mysen

Models for magma generation can be

evaluated by considering trace element

partitioning between magma and possi-

ble coexisting crystalline phases. Such
evaluation requires reliable trace ele-

ment partition coefficients as a function

of both intensive and extensive variables

and knowledge of the melting reactions

involved in the magma genesis. Melting

reactions describing magma formation

by partial melting of peridotite mantle

have been discussed by Kushiro and
Yoder {Year Book 73, pp. 266-269) and

by Mysen and Kushiro (this Report)

;

however, experimental data on trace

element partitioning are scarce. The
functions describing the dependence of

partition coefficients on intensive and ex-

tensive variables are virtually unknown.
Irvine and Kushiro (this Report) have

shown effects of liquid composition on

partition coefficients of nickel between

silicate melts and olivine. This report

discusses the behavior of nickel in a sys-

tem with forsterite, aluminous enstatite,

and hydrous silicate liquid (12-17 wt %
H 20) of haplobasaltic composition as

coexisting phases. The bulk composition

of the starting material is in the system

Fo-Ab 5oAn 00-Si0 2-H 20. The phase equi-

libria of the system relevant to the pres-

ent study have been described by Ku-
shiro (Year Book 73, pp. 244-248). A
composition, PFS 5043 (plagioclase50

[An 50Ab 50], forsterite 43silica 7 ), within

the primary phase field of olivine at 10
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and 20 kbar was selected as starting ma-
terial. Sufficient H 2 was added to sat-

urate the silicate liquid. The range of

temperature of the experiments was
1025°-1075°C.

Starting material was a fine-grained

oxide mixture of the silicate components.

Nickel-63 was added in chloride solu-

tion. With more than 200 ppm Ni in the

system, additional nonradiogenic nickel

was added as NiO. All experiments were

carried out in solid-media, high-pressure

apparatus (Boyd and England, 1960)

using sealed Pt95Au 5 capsules as sample

containers. Run durations were from 3

days at 1075°C to 5 days at 1025°C.

The individual grains in a charge grew

during the entire run, as evidenced by
5-15 /xm grains after 24 hr, compared
with more than 50 /*m after 5 days.

After 24 hr, the nickel is heterogeneously

distributed between different grains and
within individual crystals; however,

such chemical heterogeneities disap-

peared after 3 days (at 1075°C) and 5

days (at 1025°C), indicating that the

system equilibrated with respect to Ni
distribution between the individual

phases with these run durations.

Nickel contents were determined with

/?-track counting (Mysen and Seitz,

1975) using nickel-63 as the source of /?

tracks and K-5 nuclear emulsions sup-

plied by Ilford Co., England, to detect

the /? activity. The data were corrected

for collision loss in both liquids and
crystals using techniques and data from

Berger and Selzer (1964) and Mysen
and Seitz (1975). The nickel contents of

water-saturated liquids were recalcu-

lated to an HoO-free basis using the

H 2 solubility data of Boettcher and
Wyllie (1969) and Burnham and Davis

(1974).

Major element data for coexisting

phases are shown in Table 35. Nickel

partitioning data for olivine and liquid

are shown in Fig. 105A, and those for

coexisting orthopyroxene and liquid, in

Fig. 105B. The olivine-liquid data at 20

kbar and 1075°C extended to about 10

wt % Ni in the olivine appear in Fig.

106. The data are plotted as KmolAi<l and

KNi
opx 'u<l versus nickel content of liquid

in Fig. 107. It should be emphasized that

the absolute values of the partition co-

efficients (defined as parts per million

Ni in opx [or ol] /parts per million Ni in

TABLE 35. Major Element Compositions of Crystals and Liquids

10 kbar, 1075°C 20 kbar, 1075°C 20 kbar, 1025°C

Ortho- Ortho- Ortho-
Phase

:

Olivine pyroxene Liq* Olivine pyroxene Liq.t Olivine pyroxene Liq.J

Si02 41.93 56.76 50.9 42.90 57.76 51.9 43.6 55.0 50.4

A12 3 0.05 3.16 23.1 0.02 2.56 25.4 6.4 25.8

MgO 56.07 37.69 12.7 56.40 38.41 10.1 56.0 37.4 9.2

CaO 0.10 0.64 10.2 0.05 0.53 9.5 0.51 11.1

Na2 0.07

98.21

0.03 3.1

100.0

0.06 3.0

99.6

0.03

99.34

3.5

Totals 98.29 98.97 98.41 100.0 100.0

= 4 = 6 = 4 = 6 = 4 = 6

Si 1.000 1.934 1.010 1.947 1.022 1.854

A1IV
0.001 0.066 0.053 0.146

A1VI
0.061 0.045 0.108

Mg 1.993 1.914 1.980 1.975 1.956 1.890

Ca 0.002 0.023 0.020 0.018

Na 0.004 0.001 0.001

* Recalculated from oxide total = 88.0 wt % (H 2 content = 11.8 wt %).
t Recalculated from oxide total = 82.9 wt % (H2 content = 17.2 wt %).
t Recalculated from oxide total = 81.0 wt % (H2 content = 17.2 wt %).
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Fig. 105A. Nickel partitioning between olivine and hydrous silicate liquid at 10 and 20 kbar,

1025° and 1075 °C.
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Fig. 105B. Nickel partitioning between orthopyroxene and hydrous silicate liquid at 10 and

20 kbar, 1025° and 1075°C.
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Fig. 106. Nickel partitioning between olivine and liquid to about 10 wt % Ni in olivine.

10

liquid) apply only to this particular sys-

tem (coexisting opx, ol, and liquid) and
should not be applied to more complex

natural rock systems without informa-

tion on the effects of other phases, the

proportions of phases, and possible tem-

perature and pressure effects. Four fea-

tures of the data warrant comment. (1)

The partition coefficient remains con-

stant from the origin to about 50 ppm
nickel dissolved in the liquid. (2) The
nickel partition coefficients between oli-

vine and liquid are slightly pressure and

temperature dependent. Within the

nickel concentration range of constant

&Ni0l"liq
, the partition coefficient is 15.5

± 0.7 at 20 kbar and 1025°C, 14.1 ±
0.9 at 20 kbar and 1075°C, and 12.0 ±
0.4 at 10 kbar and 1075°C. (3) At least

at 20 kbar and 1075°C, the partition co-

efficient i£Ni
oMiq decreases and passes

through a minimum with increasing Ni

content in the system. (4) The i£mopx -li(1

is near 1 but decreases to less than 1

with increasing nickel content of the

system. The effects of pressure and tem-

perature on the nickel partition coeffi-

cient between orthopyroxene and liquid

at high pressure appear smaller than for

the pair olivine-liquid.

The simple partition coefficient Kia
~p

,

as used here (parts per million of ele-

ment i in phase a/parts per million of

element i in phase /?), is proportional to

the Nernst distribution coefficient with

low concentrations of element i, provided

the ratio of activity coefficients, ytVyA
is constant. Unless the ratio remains

constant while the individual activity

coefficients (y/* and y/) vary (a very

unlikely situation), the concentration

range of element i where K"^ is con-

stant is also the concentration range

where the solubility behavior of i in
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Fig. 107A. Partition coefficient, Kni°vx~u '1
, as a function of nickel content of liquid. Length

of error bars = 2a.

phases a and /? obeys Henry's law. Thus,

the data shown here (Figs. 105-107) in-

dicate that below about 1000 ppm Ni in

olivine (^ 50 ppm Ni in liquid), the

solution of nickel in both silicate liquid

and olivine is according to Henry's law.

Similarly, between 50 and 100 ppm Ni
can enter aluminous enstatite before the

partition coefficient, KNi
opx "liq

, begins to

decrease.

Mysen (this Report) suggests that

yEEE
liq of hydrous silicate liquids re-

mains constant to at least 40 ppm REE
in the liquid. It is therefore unlikely

that the yNi
lir| of similar silicate liquids

varies within a similar concentration in-

terval of nickel. Under such circum-

stances, the variations of the partition

coefficients between olivine and liquid

and orthopyroxene and liquid shown
here must reflect deviations from Henry's

law in the crystalline phase. For (Ni,

Mg) solid solutions in olivine, the data

of Matsui and Syono (1968), Huggins

(1973), and Rajamani, Brown, and Pre-

witt (1975) show clear preference of Ni
for the Ml site and show a positive vol-

ume of mixing along the join Ni 2Si04
-

Mg 2Si0 4 . These relations indicate that

(Ni,Mg) solid solutions in olivine de-

viate from ideality. Thus, one would

expect the partition coefficient of nickel

between olivine and hydrous silicate

liquid to change as the nickel content

of the olivine is varied. Deviations from

ideality of the (Ni,Mg) solid solutions

would decrease with increasing tempera-

ture. The function KmoUU(l = f{Xm )

would therefore show less extreme vari-

ations with increasing temperature. Such

an explanation agrees well with the data

for nickel partitioning between hydrous

liquid and olivine shown here (Figs.

105-107).
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Fig. 107B. Partition coefficient -K"ni
o1 ll4

, as a function of nickel content of the liquid. Length

of error bars = 2<r.

The function KNM
opx -llq = g(Xm )

(Figs. 105 and 107) has the geometry

expected for partitioning of an element

between an ideal and a regular solution

(Mueller, 1964; Saxena, 1969). Within

the Ni concentration range of constant

yNi
liq

, a similar effect is expected. It is

thus proposed that nickel solution in

aluminous enstatite is of the nature of a

regular solid solution. With increasing

temperature, the nonideality of the or-

thopyroxene becomes less pronounced.

It has been suggested that the XNi
oMICl

for olivine in equilibrium with natural

basalt liquid is strongly temperature de-

pendent (Leeman, 1974). Hakli and
Wright (1967), using naturally occur-

ring olivine-liquid pairs in the Hawaiian
Makaopui lava lake, also suggested a

significant temperature dependence of

the iJLNi
olllQ

, although their proposed

temperature dependence was signifi-

cantly less than that suggested by Lee-

man (1974). In both studies, however,

temperature and Mg/(Mg -4- Fe) are

dependent variables. Irvine and Kushiro

(this Report) have shown that the

i£Ni
0l "liq decreases with increasing Mg/

(Mg + Fe) °f the two phases. Be-

cause the Mg/(Mg -f- Fe) of olivine

and coexisting liquid in the two studies

by Leeman (1974) and Hakli and

Wright (1967) both decreased with de-

creasing temperature, their temperature

dependences reflect the effects of both

decreasing temperature and decreasing

Mg/(Mg 4- Fe) . It can be seen from the

present data that i£N1
0lliq changes by

about 2.5 units/100°C, a factor of more
than 2 less than the temperature de-

pendence suggested by Leeman (1974).

The experiments by Leeman (1974)

were performed at 1 atm under dry con-

ditions with up to several percent nickel
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added to natural basalt compositions.

The nickel contents in his experiments

were far greater than the concentration

range of Henry's law of behavior of Ni
indicated by the present data. Compared
with the present data, different parti-

tion coefficients and different tempera-

ture dependences of those partition co-

efficients would be expected.

The data by Hakli and Wright (1967)

were obtained by measuring nickel con-

tents of olivine phenocryst-basalt matrix

pairs within the nickel concentration

range of Henry's law as determined here.

However, those experiments were also

near 1 atm and under dry conditions. It

is notable that there is close agreement

between the partition coefficients of the

natural olivine-basalt pairs of Hakli

and Wright (1967) and those obtained

under H 20-saturated conditions and
high pressure reported here. Rather than
indicating that olivine phenocrysts in

basalts were formed under high /h2o

conditions, it is suggested that even
though the activity coefficient of nickel

in silicate liquid must depend on liquid

composition, pressure, and water con-

tent, these effects do not produce large

differences in partition coefficients of

nickel between olivine and silicate

liquid.

The minimum values of i£Ni
0lll<1 occur

in the concentration range 3000-4000

ppm Ni in the olivine. Such nickel con-

tents are also found in olivine from

mantle peridotite. Thus, during partial

melting of a peridotite in the upper
mantle, one would expect that olivine is

less effective in retaining Ni in the crys-

talline residue than would be the case

during a later stage of olivine fractiona-

tion from a basalt in a shallow magma
chamber such as, for example, found in

Hawaii. The absolute effects of variable

partition coefficients between liquid and
orthopyroxene, and probably clino-

pyroxene, on nickel concentrations in

partial melts would be quite small com-
pared with olivine because the i£N1

pxliC|

is near 1.

Partitioning of Ni and Mg between
Olivine and Silicate Liquids

T. N. Irvine and I. Kushiro

It has been well established for many
years that Ni is more strongly fraction-

ated into olivine than is Mg during crys-

tallization differentiation of basaltic and
other magmas (Vogt, 1923; Wager and
Mitchell, 1951). Ringwood (1956)

showed, however, that this relationship

is opposite to that in the system Ni 2Si04
-

Mg2Si0 4 , where olivine has lower Ni/Mg
than the liquid with which it is in equi-

librium. Ringwood argued that the re-

versal in magmas is an effect of their iron

content, on the basis that fayalite has a

lower melting temperature than the Ni-

Mg olivines. More recently, however,

Burns and Fyfe (1964, 1967) and Burns

(1970) interpreted the reversal as an
effect of the large crystal-field stabiliza-

tion energy of the Ni2+ ion and its

resultant strong octahedral-site prefer-

ence energy. They argued that basaltic

liquid has a much smaller number of

octahedral sites than olivine melts by
virtue of its higher content of silica,

alumina, and alkalies, and that conse-

quently, the partitioning of Ni is prefer-

entially shifted in favor of coexisting

olivine.

The partitioning of Ni may be de-

scribed in terms of either a partition co-

efficient, D = (Ni in olivine) /(Ni in

liquid) , or a distribution coefficient rela-

tive to Mg, KD = (Ni/Mg in olivine)/

(Ni/Mg in liquid). Burns and Fyfe

(1964) predicted that these coefficients

should increase as the liquid is enriched

in silica and alkalies, and such variation

has been recorded for D in basaltic liq-

uids by Leeman (1973) and by Irvine

(Year Book 73, Fig. 56), although

Leeman emphasized correlation with de-

creasing temperature rather than compo-
sition. On the other hand, Sato (1976)

has argued that although D is variable,

KD is relatively constant in basalt.

In the present study, an attempt has

been made to test the effects of iron and

of silica and alkalies in separate experi-
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ments, using the simplest possible com-

positional systems. The results are

interpreted as supporting a modified

version of the thesis of Burns and Fyfe,

but some basis is also indicated for each

of the other proposals-

Effect of Iron

The starting material used to examine

the effect of iron was a mix in the olivine

join Mg 2Si04-Fe 2Si04-Ni 2Si04 of compo-
sition Fo36Fa5 7Ni01i3 prepared from syn-

thetic Mg-Fe olivine and pyroxene, and

NiO- There are major difficulties, how-
ever, in maintaining such a composition

under experimental conditions. The Ni
and Fe both tend to dissolve in noble

metal containers, and if the oxygen fu-

gacity (/o2 ) is too low, they may also

precipitate as a metallic phase. If f0t> is

too high, the iron is oxidized to Fe 2 3 .

No satisfactory 1-atm method was found,

and the melting experiments therefore

were run at 15 kbar in graphite capsules

in a solid-media, high-pressure appara-

tus. Experiments were performed at

1550° and 1600°C. The /o2
imposed on

the charge under these conditions is rela-

tively low (approximately that of the

iron-wustite buffer; Thompson and Ku-
shiro, Year Book 71), and a metallic

phase (ca. Ni80Fe 20 ,
atomic %) did pre-

cipitate along with the new olivine

formed in the melting process. There
was also the problem that liquids near

the olivine join do not quench to glass,

but the melt was readily distinguishable

in the run products as a matte of fine

acicular quench crystals around the

coarser, stable olivine grains. Composi-
tion relations were determined with the

electron microprobe, the melt composi-

tion being derived from analyses of the

quench-crystal matte made at many
places in the charge with a broad (10-

15 pm) electron beam. The data are sum-
marized in Table 36, where it is seen that

at both temperatures the olivine was
somewhat richer in Ni than the liquid

(D > 1), but the liquid nevertheless had
the higher Ni-Mg ratios (KD < 1 )

.

Because of the formation of the metal-

lic phase, however, the liquid was en-

riched in silica as compared with the

olivine join. In an attempt to compensate

for this effect, a second starting mix was
prepared, of the same composition but

with an additional 7 wt % FeO, and it

was melted at 1500°C and 15 kbar. The
quench-crystal matte formed in this ex-

periment was closer in composition to

olivine, but the partitioning of Ni was
about the same, the value for KD being

0.51. For comparison, the value of KD
indicated by the Ringwood (1956) phase

diagram for the system Ni 2Si04-Mg.,Si04

is about 0.4 ; a typical value for basaltic

liquid is 2.3 (Sato, 1976).

Thus, although iron apparently has

some effect in shifting the partitioning

of Ni in favor of olivine, as believed by
Ringwood (1956), and so is probably

contributory to the D and KD relation-

ships observed in magmas, the effect is

clearly small and not the complete ex-

planation.

Effect of Silica and Alkalies

The effects of silica and alkalies were

investigated along two compositional

lines in the join Mg
2
Si0 4-Ni 2Si0 4-K 20-

Si0 2 . For the one line, denoted A in Fig.

108, starting materials consisted of 50:50

mixtures of a pure forsterite and an Ni-

bearing forsterite (containing 4 wt %
NiO as Ni 2Si0 4 ) combined in various

proportions with a crystallized mix of

K 20-6Si0 2 composition. For the other

line, B in Fig. 108, the mixes were com-
binations of Ni-bearing enstatite (con-

taining 2 wt % NiO as NiSi0 3 ) and
K

2
0-6Si02 . Along these lines, as was

inferred from the system K 20-MgO-Si0 2

(Fig. 108), olivine is the liquidus phase

in compositions containing as much as

72 wt % Si0 2 and 16% K
2
0. Charges

of the mixes were partially melted in

Pt95Au g foil envelopes in a 1-atm quench-

ing furnace at temperatures appropriate

to yield olivine and a large proportion of

liquid. Oxygen was passed through the

furnace in an attempt to keep as much
of the nickel as possible as NiO and
thereby minimize losses to the envelopes.
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TABLE 36. Compositional Relations of Olivine and Liquid in Melting Experiments at

15 kbar on a Composition in the Join Mg2Si04-Fe2Si04-Ni2Si04

D KD

Temperature Mg Fe Ni Ni in Olivine Ni/Mg in Olivine

CO Phase Atomic % Ni in Liquid Ni/Mg in Liquid

1600
Olivine

Liquid
70.8

24.9

26.6

73.7

2.6

1.5
1.73 0.61

1550
Olivine

Liquid

66.2

24.3

30.7

73.4

3.1

2.3
1.35 0.49

KpO

K2 0-Si02

K2O2Si02

K2O3Si02

K20-6Si02

2MgOSi02

Fo
MgOSi02

En wt %

Fig. 108. Liquidus relations in the join Mg2Si04-K20-Si02 , redrawn from Roedder (19516),

showing the two composition lines along which mixes spiked with nickel were investigated in

the present study. The KD inflection is from Figs. 109A and 110. The dotted line represents

the probable extent of the metastable part of the two-liquid solvus (see text). The ratios

1:1:1, etc., denote the composition points and liquidus fields of intermediate compounds in

terms of the proportions of K20, MgO, and Si02 . Note that K2 • 6Si02 is not a compound.
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Run times ranged from 30 min to 64 hr,

depending on the temperature and ap-

parent equilibration rates (see below)-

The melts quenched to glass in mercury
in all experiments, although fringes of

quench crystals formed around some of

the olivine grains in runs at 1600°C and
higher temperatures- The olivine ranged

in habit from roughly equant crystals

5-20 jum on a side in the higher tempera-

ture runs, to thin blades 10-40 jum long

and 0.5-3 /mi thick at the lowest temper-

atures. The starting materials had been

ground to less than 2 jxm, hence it was
evident that the run crystals were formed
either by recrystallization of the two
different kinds of olivine in the one set

of mixes or through the incongruent melt-

ing of the Ni-bearing enstatite in the

other set.

The electron microprobe was also used

to analyze the olivine and glass in these

experiments. The procedure was to an-

alyze a crystal, usually in duplicate, and
then to make from two to four analyses

of the glass around it. The results were
averaged, and the coefficients D and KD
and other compositional parameters were
computed from the averages. Several

crystal-glass pairs were analyzed in dif-

ferent parts of the charge, and the data

for each pair have been plotted in Figs.

109 and 110. In the graphs, each cluster

of points represents a run, and inasmuch
as each point represents averages of

several analyses, the spread of the cluster

is believed to reflect the degree to which
equilibrium was reached in the charge.

Analyses of the foil from the Pt-Au
envelopes indicate some loss of Ni, but
no evidence was found that the loss sig-

nificantly affected the equilibrium; for

example, olivine-glass pairs next to the

foil gave the same results as those well

within the charge.

As seen in Fig. 109, D was greater than
1 in all experiments, including one on
Ni-bearing enstatite only (i.e., a compo-
sition equivalent to olivine + silica with
no alkalies) . The relative partitioning of

Ni and Mg was observed to reverse, KD
ranging from about 0.8 to 6.0. Both co-

efficients increase as the melt becomes

richer in silica and alkalies, in accord

with the prediction of Burns and Fyfe

(1964), but the variation also bears a

strong inverse relationship to tempera-

ture, a point in support of the approach

by Leeman (1973). The coefficient KD
is relatively constant through a composi-

tional range that compares with tho-

leiitic basalt in terms of silica saturation,

whereas D is more variable, seemingly

in accord with Sato's (1976) observation;

but in a logarithmic comparison, the

overall variations of the two coefficients

are almost parallel. The values of D and
KD span those typically recorded for

basalt (D = 10-15; KD = 2-3).

In view of these relations, it seems

clear that, effectively, silica and alkalies

are largely responsible for the Ni-Mg
partitioning observed between olivine

and magmatic liquids, although other

constituents (particularly alumina) are

no doubt contributory.

Interpretation and Discussion

The plot of In Kn versus 1000/77

in

Fig. 110 was made as a step toward
separating the inverse temperature effect

from effects that appear to relate more
closely to composition.* The plot reveals

a curvilinear relationship in the lower

part of the temperature range and
marked inflection just below 1600°C. A

* A common objective in making this type
of plot is to demonstrate a correlation from
which the enthalpy change (AH) of the ex-
change reaction represented in KD can be esti-

mated (on the assumption that KD closely

reflects the equilibrium constant of the reac-
tion). However, no such estimate is possible

in the present case—not even if a straight-line

relationship had been found—-because the liq-

uid composition changes markedly with tem-
perature in respects other than just Ni/Mg. It

is emphasized also that because the liquid com-
position and temperature are related, their

effects on KD cannot really be isolated by any
simple graphical method such as used here.

However, the combination of plots versus com-
position in Fig. 109 appears to accentuate the
effects of temperature, whereas the plot versus
inverse temperature in Fig. 110 emphasizes fea-

tures that are almost certainly strongly de-
pendent on composition.
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Fig. 110. Plot of In KD,
versus 1000/T(°K) for the composition line A from (Mg,Ni) 2SiO*

toK20-6Si02 inFig. 108.

second curvilinear relationship is indi-

cated at temperatures above the inflec-

tion on the basis of the KD value esti-

mated from the Ringwood (1956) phase

diagram for the system Ni 2Si04-Mg2Si0 4 .

The evidence for the inflection is be-

lieved to be satisfactory, although there

is a slight reservation in that the lower

KD values derive from experiments that

were necessarily very short (only 20-30

min) because the temperatures were
above the practical working limit of the

furnace. However, there appeared also

to be a distinct change in equilibration

rates in the vicinity of the inflection. As

judged by the homogeneity of the dis-

tribution of Ni in the olivine and glass,

the best equilibrated experiment was a

30-min run at 1600°C, but a 30-min run

on the same mix at 1575°C was far from
equilibrated, and at 1565°C, about 4 hr

were required to obtain an acceptable

result. It would seem therefore that a

considerable change occurs in the system

at 1575°-1600°C, and in the absence of

any known transition in olivine in that

range, it is inferred that the change is in

the structure of the melt-

In considering possible origins for the

inflection and associated features, it is
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useful first to examine the liquidus pro-

files in Fig. 109. These profiles are typi-

cal of a liquidus above a metastable

two-liquid solvus, and the overall rela-

tions in the join Mg2Si04-K 2MgSi 3 8
-

Si0 2 (Fig. 108) closely parallel those of

the system Mg 2Si04-KAlSi 3 8-Si0 2 in

which extensive metastable liquid immis-

cibility has been detected by Irvine (this

Report) . Several attempts were made to

detect metastable immiscibility along the

composition line B (Fig. 109B), using

methods described by Irvine, but with-

out success—the melts could not be

supercooled. For the present, therefore,

approximate locations for the solvus have
been inferred, using the relations in Fig.

108 as a base and the system Mg2Si0 4
-

KAlSi 3 8-Si0 2 as a model. There are

large uncertainties as to the temperature

and detailed shape of the solvus profiles,

but the locations of their axes should be

relatively accurate, and the profile for

line B is undoubtedly at a higher tem-
perature than that for line A.

The presence of a metastable two-

liquid solvus also implies a change in

the melt structure, a strong possibility

in the present case being a transition

from a structure in which the silicon-

oxygen tetrahedra are loosely connected

in chains like those in pyroxene to a

linkage that is more akin to that of a

framework silicate such as cristobalite.

The question that immediately arises is

whether the KD inflection is related. The
inflection appears, however, to lie dis-

tinctly to the silica-poor side of the sol-

vus. This relationship is suggested in the

profiles in Fig. 109 but is most definitely

indicated in the fact that no inflection

occurs along line B from the pyroxene

composition (Mg,Ni)Si03 . The KD vari-

ation along line B is like that on the

silica-rich side of the inflection (Fig.

109), but the pyroxene composition un-

doubtedly lies on the silica-poor side of

the stable part of the two-liquid solvus,

as in the join Mg2Si04-KnO-SiO, (Fig.

108).

On the other hand, the temperature of

the inflection is about that of the pyrox-

ene melting point (metastable at about

1560°C), and compositionally it lies on

a line from pyroxene to K 2MgSi 3 8

(1:1:3, Fig. 108) (which compares with

the En-Or join in the equivalent alumina-

bearing system) . The following tentative

interpretation of the inflection is there-

fore suggested. It is proposed that in the

composition-temperature interval along

line A from the olivine melting point to

the inflection, the melt undergoes a grad-

ual transition from a structure in which
the Si0 4 tetrahedra are essentially iso-

lated, as in an orthosilicate, to a struc-

ture in which they are extensively linked

in chains, as in pyroxene. At the inflec-

tion, a new transition begins, from the

chain structure to a structure more akin

to that of a framework silicate. In a

sense, the incompatibility of forsterite

and the silica minerals extends into the

melt.

As for the variations of KD itself, it is

noted that the Ni/Mg relations along

line B, representing the join MgSi0 3
-

NiSi0 3-K 2O6Si0 2 , are analogous to the

Cr/Mg relations along the chromite-

forsterite cotectic in the join MgSi0 3
-

Cr 2 3-K 2O6Si0 2 as determined by Ir-

vine (Year Book 73, pp. 306-311). Thus,

inasmuch as Ni2 + and Cr3+ both have

very large octahedral-site preference en-

ergies, it seems likely that this property

is a dominant controlling factor in the

Ni partitioning. However, the Burns and
Fyfe (1964, 1967) explanation of the way
in which the control is implemented ap-

pears to require modification. The basic

equilibria can be represented in the man-
ner proposed by Irvine (Year Book 73,

p. 306)

(M 2 +octahedral) Liquid

u
(M2+ octahedral) onvine

u
(M2 + tetrahedral) liquid

where M 2 + = Ni2 + and Mg2 +, and the

essential thesis of the Burns and Fyfe

explanation seems still to be reasonable:

namely, as the liquid becomes more sili-

ceous, the equilibria for Ni2 + shift
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strongly in favor of olivine, whereas some
of the Mg2 + ions transfer from octa-

hedral to tetrahedral sites in the liquid.

However, it appears that for a given

structural type of melt solution, the

shifting of equilibria is primarily de-

pendent on temperature, the relationship

to melt composition deriving largely from

the fact that the liquidus temperature

of a melt is a function of its composition.

The importance of temperature is indi-

cated particularly in Fig. 109 in that KD

is almost constant along the relatively

flat parts of the liquidus (in the case of

line A, to the right of the inflection),

despite large changes in composition, and

then increases sharply as the liquidus

temperature drops rapidly in the silica-

rich region. It would seem also that the

critical variable is not strictly the num-
ber or frequency of octahedral sites in

the liquid, or even the ratio of octahedral

to tetrahedral sites. This inference stems

from the observation that KD changes

very little through the composition inter-

val spanning the metastable two-liquid

solvus, even though this interval would

be expected to be a zone of rapid struc-

tural change, marked probably by a

sharp decrease in the frequency of octa-

hedral sites and a strong increase in

tetrahedral sites. Possibly a more critical

parameter is the ratio of octahedral sites

to (Ni -|- Mg) ions in the liquid. If this

ratio decreased with temperature, there

would be more competition for the octa-

hedral sites, and consequently the site-

preference energy of Ni2+ would become
more significant.

Rare Earth Fractionation with
Controlled Partial Melting of

Peridotite*

Bj0rn 0. Mysen and John R. Holloway

Models of basalt genesis in peridotitic

upper mantle are often based on trace

element abundances in the basalts (e.g.,

* Research partially supported by the Na-
tional Science Foundation, Earth Sciences Sec-

tion, grant DES 73-00266A01.

Gast, 1968; Schilling and Winchester,

1969; O'Nions and Clark, 1972). Mysen
and Kushiro (this Report) have dis-

cussed the melting behavior of volatile-

free peridotite mantle in the light of

phase equilibria in model and natural

peridotite systems. They find that the

major element compositions of partial

melts are controlled by the residual min-

eral assemblages and that similar melt

compositions change little over exten-

sive melting intervals, provided the co-

existing mineral assemblage does not

change. Trace element abundances, how-

ever, such as those of the rare earth ele-

ments (REE), may be sensitive to the

degree of melting even within the indi-

vidual melting intervals delineated by

Mysen and Kushiro (this Report). Fur-

thermore, the applicability to the gene-

sis of basalts of data on major elements

from melting experiments with mantle

rocks would rely heavily on the extent

to which experimentally derived trace

element patterns are compatible with

those of the natural rocks. Consequently,

this report describes an attempt to com-

bine experimental determinations of ma-
jor and trace element data to partial

melting of upper mantle peridotite.

Starting material was a sheared garnet

peridotite nodule sample (1611) from a

Lesotho kimberlite diatreme previously

described by Nixon and Boyd (1973a)

and Shimizu (Year Book 73, pp. 954-

961). Experimental REE patterns were

obtained by spiking one split of 1611

with 3.11-ppm cerium-141, another with

0.585-ppm samarium-151, and a third

with 0.0173-ppm thulium-171. The start-

ing material was fired for 12 hr at

1150°C with /o2
= 10- 9 atm prior to

the addition of trace elements to elimi-

nate all chemically bound and adsorbed

H 20, C0 2 , and S0 2 . This heat treatment

did not alter the mineralogy of the sam-

ple (Mysen and Kushiro, this Report).

The radioactive isotopes were added in

chloride solution, and the samples were

dried and stored at 110°C before use.

Run durations were from 4 hr at 1450°C

to 1 hr at 1650°C.
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The amount of radioactive isotope in

the partial melts was determined by /3-

track counting (Mysen and Seitz, 1975).

Standards were albite glass with known
amounts of radioactive tracer added and
equilibrated at 1600°C and 20 kbar for

30 min. With this technique, only the

amount of radioactive spike in the par-

tial melts can be determined. Shimizu

{Year Book 73, pp. 954-961) has shown,

however, that the REE of nodule 1611

(natural abundance) are essentially

chondritic and about equal to the abun-

dances in average chondrite. Conse-

quently, enrichment of radioactive REE
in experimental partial melts relative to

the total amount of radioactive spike in

1611 is the same as the total amount of

a given REE in the partial melt relative

to chondritic abundance.

The experimental conditions were se-

lected from the data of Mysen and Ku-
shiro (this Report). The pressure was
20 kbar where the aluminous phase in

1611 is spinel. At 1450°C (1.3% melt)

and 1500°C (15% melt), the coexisting

minerals are clinopyroxene (pigeonite),

orthopyroxene, olivine, and spinel. The
liquid is alkali basaltic in composition

at 1450°C and olivine tholeiitic in com-
position at 1500°C. The reasons for the

differences in major element composition

are discussed by Mysen and Kushiro

(this Report). The partial melt com-
position remains olivine tholeiitic from

about 2% to about 25% melting. At
1550°C, the assemblage is olivine -f-

orthopyroxene -f- 35% picritic melt, and
at 1650°C, the assemblage is olivine 4-

50% peridotitic komatiite melt. The
proportions of melt were determined by
Mysen and Kushiro (this Report) using

a /J-emitting tracer (carbon-14)

.

Results of the experiments are shown
in Fig. 111. The enrichment factor equals

parts per million of tracer in partial

melt divided by the amount of tracer

added to the starting material. As dis-

cussed above, the REE patterns thus

derived for partial melts from this nod-

ule are identical with the chondrite nor-

malized REE pattern. The pattern for

Hawaiian alkali basalt is from Schilling

and Winchester (1969), and the Baffin

Bay tholeiite pattern, from O'Nions and
Clark (1972). The rock names asso-

ciated with the experimental runs are

from Mysen and Kushiro (this Report)

and are based on normative composi-

tions of the partial melts.

The REE patterns from 1.3% and
15% melting are different despite the

identical phase assemblages. The rela-

tively large enrichment of REE in 1.3%
melt relative to 15% melt is mostly a

function of the differences in degree of

melting. As can be seen from the data in

Figs. Ill and 112, however, the 15%
melting pattern is more enriched in the

light REE than the 1.3% melting pat-

tern.

The differences between REE patterns

from 15% melting and those with larger

proportions of melt are caused by the

absence of clinopyroxene with more than

25% melting in these experiments, re-

sulting in greatly decreased enrichment

of light REE in 35% and 50% melting

curves (Fig. 112). The difference be-

tween the patterns of the 35% and 50%
melting curves is the absence of ortho-

pyroxene in the residue of the latter.

However, because of the small values of

-KREE
crystal"llquld for both olivine and or-

thopyroxene (Mysen, this Report), the

geometry of the two curves is quite simi-

lar (Fig. 111). The larger total enrich-

ment of REE in the 35% melt is caused

by the larger proportion of crystals in

those experiments.

The ratios of enrichment factors,

Ce/Sm and Ce/Tm, in experimentally

produced liquid of alkali basaltic com-

position are 1.07 and 1.32, respectively

(Fig. 112). In contrast, natural alkali

basalts have Ce/Sm and Ce/Tm in the

ranges 1.5-3 and 2-10, respectively

(Schilling and Winchester, 1969; Shim-

izu and Arculus, 1975). Thus, even

though the major element composition

of experimentally produced liquid from

anhydrous peridotite resembles alkali

basalt, the experimental trace element

composition suggests that alkali basalts
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Fig. 111. Experimental rare earth element patterns from nodule 1611 at 20 kbar. Alkali

basalt pattern is from Schilling and Winchester (1969)
;' tholeiite, from O'Nions and Clark

(1972). Length of error bars = 2<r.

are not formed in this way. Substitution

of garnet for spinel as the aluminous

phase may change the experimental REE
patterns to approximate those of natural

alkali basalt (Shimizu and Arculus,

1975), but under those circumstances,

the major element composition of the

liquid is that of an alkali picrite (My-
sen and Kushiro, this Report)

.

The REE patterns of abyssal tholeiite

(O'Nions and Clark, 1972) and those of

liquids of olivine tholeiite composition

produced by 15% melting of nodule 1611

at 20 kbar are rather similar, although

the REE enrichment factor of the abys-

sal tholeiites (chondrite normalized REE
patterns) is generally slightly higher.

Provided nodule 1611 has a representa-

tive upper mantle REE content (flat

REE pattern and REE content similar

to that of chondrite), abyssal tholeiites

could be formed by somewhat less than

15% melting of volatile-free spinel pe-

ridotite.

Rare earth element patterns of picritic

melts generally show a slight depletion

of the light REE relative to chondrite

(e.g., O'Nions and Clark, 1972). It is

therefore unlikely, in light of the data in

Fig. Ill, that picrite is formed by direct

partial melting of volatile-free perid-

otite. Rare earth element data for perid-

otite komatiite are scarce. The few that

are becoming available (N. T. Arndt,

personal communication, 1976) , how-
ever, suggest a pattern somewhat simi-

lar to that of picrite. In that case, pe-

ridotitic komatiite cannot have been

formed by direct partial melting of pe-

ridotite.
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Fig. 112. Ratios of enrichment factors, Ce/Sm and Ce/Tm, of experimental partial melts as
a function of degree of melting at 20 kbar pressure.

Partitioning op Iron, Nickel, and
Magnesium between Metal, Oxide,

and Silicates in Allende Meteorite
as a Function of /o2

Bj0rn 0. Mysen and Ikuo Kushiro

Carbonaceous chondrites appear to be

the least differentiated condensed ma-
terial in the solar system (Larimer and
Anders, 1967; Wasson, 1974). If planets

such as the earth were derived from a

similar material, melting experiments on
carbonaceous chondrites may shed light

on events in the early, postaccretion

evolution of the solar system.

Carbonaceous chondrites are rich in

nickel and iron; both elements can occur

in different oxidation states depending

on the oxygen fugacity and the phases

present. Consequently, experimental data

on partitioning of iron and nickel be-

tween metal (-f- sulfide), silicate crys-

tals, silicate melt, and oxide in carbona-

ceous chondrite as a function of /o2
are

important for the understanding of

processes relating to the early evolution

of the earth and of planets resembling

the earth.

The experiments were carried out in

a vertical quench furnace with CO/C0 2

gas mixtures to control the /o2 . All ex-

periments were made at 1275°C (within

the silicate melting interval and above
the metallic sulfide liquidus). One set of

experiments was within the stability

field of metallic iron in the system Fe-0

(/o2
= 10~ 12 atm) ; one set was within

the wiistite stability field (/o2 = 10~ 105

atm), and another set was inside the

magnetite stability field (/o2
= 10~ 9

atm). A split of finely crushed bulk Al-

lende meteorite (type-3 carbonaceous

chondrite) was spiked with 101.3-ppm

nickel-63 to facilitate nickel analysis

using /?-track counting (Mysen and
Seitz, 1975). All phases except the me-
tallic sulfide phase were also analyzed

with the electron microprobe. Olivine
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from the experiment with /o2 = 10~ 10 - 5

atm was analyzed with the electron mi-

croprobe and contains 0.56 ± 0.02 wt %
NiO. This olivine was used as the stand-

ard for determination of nickel by /?-

track counting. Metallic sulfide liquid

droplets were 2-5 pm across. Surround-

ing silicates interfered with the electron

microprobe analyses of the metallic sul-

fide liquid. Thus, using /?-track count-

ing, only the nickel content of the me-
tallic sulfide phase was quantitatively

determined. However, semiquantitative

microprobe analyses of the sulfide phase

revealed significant amounts of only Ni,

Fe, and S. The appearance of small

amounts (>1 wt %) of Si, Mg, Ca, and
Al in the microprobe analyses was as-

sumed to be caused by interference from
the surrounding silicates.

The samples were suspended on a loop

of Pt wire to minimize Fe and Ni loss.

Run durations were 12-16 hr. The high

temperatures and low oxygen fugacities

resulted in alkali loss by volatilization.

Although the bulk Na2 + K 2 content

of the Allende meteorite is about 0.6 wt

%, even the silicate partial melt in these

experiments contained <0.2 wt % al-

kalies. No attempt was made to correct

for this problem.

Experimental results are given in Ta-
ble 37. At /o2 = 10~ 12 atm, the assem-

blage is nickel-iron sulfide melt (4.6 Ni,

75 Fe, 20 S, wt %), olivine (Fo 71 . 8 ), sili-

cate liquid (Mg/[Mg + Fe] = 0.459),

and traces of clinopyroxene. At /Oo =
10-10 - 5 atm, the assemblage is nickel-

iron sulfide melt (30 Ni, 40 Fe, 30 S, wt

%), nickel-rich aluminous spinel (7.2 wt

% NiO), olivine (Fo 6fi .2), silicate liquid

(Mg/[Mg + Fe] = 0.352), and traces

of clinopyroxene. At the highest oxygen

fugacity (10
-9 atm) the phases are

aluminous spinel, olivine (Fo6 r,.s), sili-

cate liquid (Mg/[Mg -f- SFe] = 0.283),

and traces of clinopyroxene.

Element partitioning between the

phases in the Allende meteorite depends

on oxygen fugacity because the /o2
con-

trols the relative stabilities of Fe°, Fe2 +,

Fe3 +
, Ni°, and Ni2 +. The nickel content

of the metallic sulfide melt increases

rapidly as the /o2 is increased above

10-12 atm. This observation is expected

because metallic nickel in the system

Ni-0 is stable to oxygen fugacities 5 or-

ders of magnitude above that of metallic

iron in the system Fe-0 (10
-11 - 25 and

10- 6 atm at 1275°C for Fe° and Ni°,

respectively)

.

Nickel contents of spinel, olivine, and

silicate liquid are plotted as a function

of /o2 in Fig. 113. The nickel content of

the silicates increases with increasing

/o2 , whereas that of spinel decreases.

The relative stabilities of NiO in spinel

and silicates are /o2
-dependent (Fig.

114). This dependence is illustrated in

Fig. 114 by using a simple exchange re-

action to define an exchange equilibrium

constant for NiO and MgO,

Km.Me^ = [(ANi0
o1

) X (AMgoa )]/
[(XMg001

) X (Xmoan (1)

where a is spinel or silicate melt, and
ANio°\ for example, is the mole fraction

of oxide in a given phase. The data in

Fig. 114 demonstrate that Ni 2+/Mg2+

in silicate melts (assuming negligible

metallic nickel in silicates) increases

more rapidly with increasing /o2 than in

olivine (the exchange equilibrium con-

stant KNi .Mg
0l "lia decreases with increas-

ing /oj . On the other hand, the i£Ni-Mg
0l "SI>

increases with increasing /o2 , suggesting

that Ni 2 +/Mg2+ in olivine increases

more rapidly than in spinel. Partition-

ing of nickel between metallic sulfide

melt and silicates is controlled mainly

by the relative stabilities of metallic

iron and nickel as a function of /o2 , re-

sulting in an increase of CNi
metallic 8Ulfide-

oiivine*
from about 15 at 10- 12 atm to

about 70 at lO" 10 - 5 atm. Brett (1971)

reported CNi
metalsilicate ~2100 in mete-

orite, and for core/mantle the ratio was
calculated to be about 54. It thus ap-

pears that the mechanism of separation

of nickel between the metallic sulfide

phase and olivine in chondritic mete-

* Cia-& = concentration of i in a/concentra-

tion of i in /3.
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Fig. 113. Nickel content of silicates, spinel, and metal of Allende meteorite as a function of

/o2 at 1275°C. (1) Silicate liquid; error bar = la. (2) Olivine/3; error bar = 2<r. (3) Metal/300.

(4) Spinel/70. Errors of 3 and 4 are not estimated because the grains are too small for statisti-

cal treatment of /3-track distribution.

Fig. 114. XN i-Mg
0l "" p and ifNi-Mg

01 " 1 "1 as a function of oxygen fugacity for Allende meteorite
at 1275°C.
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orites cannot be the same as that

Detween the molten metal sulfide and
silicate. However, the ratio of nickel

between the mantle and the core of the

earth is within the range of CN1
metalllc

sulfide^livine
found here

Iron behaves qualitatively much like

nickel with respect to varying /o2
. How-

ever, the partitioning of iron between

the phases in the meteorite is compli-

cated by the occurrence of iron as Fe°,

Fe2 +, and Fe3 +. The Mg/(Mg + ZFe)
of the spinel and silicate phases is

plotted against oxygen fugacity in Fig.

115. The data show that all silicates and
the spinel phase become enriched in iron

relative to magnesium (calculated as

FeO) with increasing /o2 . An exchange

reaction similar to Equation 1, substi-

tuting FeO for NiO, is used to separate

the effects of oxidation of iron in silicate

melt and spinel relative to olivine (oli-

vine is assumed to contain only FeO).

The results are shown in Fig. 116. The
rapidly decreasing i£zFe-Mg

ol "liq and

^SFe-Mg
0l "sp suggest that the ferric iron

content of liquid and spinel increases

relative to that of olivine with increas-

ing /o2
. Thus, even though ferrous oxide

is chemically similar to NiO (e.g., prob-

ably entering spinel in preference to oli-

vine), the oxidation of some Fe2+ to

Fe3 + results in a decrease in i£xFe-Mg
ol "8p

(total iron as FeO) with increasing /o2 .

Similarly, the -KsFe-Mg
0l "liq decreases with

increasing /o2 . For the pair olivine-

liquid a consequence of this argument is

that some ferric iron may appear in

liquid even at /o2
= 10-10 - 5 atm (inside

the wiistite stability field in the system

Fe-O) or that some metallic iron is dis-

solved in silicate liquid at /o2 = 10~ 12

atm (Table 37). Similar observations

were made by Mysen (1975) for XFe-
Mg partitioning between olivine and
liquid in a hydrous peridotite system at

high pressure. The pair spinel-liquid can

be treated analogously to olivine-liquid

(Table 37), suggesting that ferric iron

has a slight preference for spinel rela-

tive to liquid.

The bulk composition of the silicate

melt obtained at 10~ 12 atm (Table 37)

closely resembles that determined by
Seitz and Kushiro (1974) at 20 kbar and

1350°C with /o2
buffered by the graphite

0.50 0.60

Mg/(Mg+ZFe)

0.80

Fig. 115. Mg/(Mg + 2Fe) of silicates and spinel as a function of oxygen fugacity for

Allende meteorite at 1275°C. (2Fe — total iron as FeO.) (1) Silicate liquid. (2) Olivine. (4)

Spinel.
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a = spinel

0.35

u ol-a
IFe-Mg

Fig. 116. KxTe-ag"
1 8p and -K'sFe-Mg

01-1 "1 as a function of oxygen fugacity for Allende mete-

orite at 1275° C. (SFe = total iron as FeO.)

capsule (/o2 in graphite capsule is 1-2

orders of magnitude higher than 10-12

at 1275°C and 1 atm). The liquid was
called ferrobasalt by Seitz and Kushiro

(1974). The nickel content of the ferro-

basalt obtained at 1 atm is positively

correlated with /o2 and is too high for

lunar ferrobasalt at /o2
significantly

higher than 10-12 atm. Thus, if carbo-

naceous chondrite is representative of

the bulk composition of< the moon, the

/o2 during partial melting cannot have
exceeded about 10~ 12 atm. This /o2

value is in close agreement with data on

the oxygen fugacity of crystallization of

lunar basalts obtained by Haggerty et

al. (1970) and by Bell, El Goresy, and
Mao {Year Book 73, pp. 464-467), lend-

ing credence to the suggestion that the

bulk lunar composition may not be very

different from that of carbonaceous

chondrite.

It is more difficult to relate the melt-

ing behavior of the Allende meteorite to

the formation of the earth. If the nickel

partitioning coefficient between the core

and the mantle is near 50 (Brett, 1971),

the oxygen fugacity of the metal-olivine

equilibrium is near 10~n atm. It has

been suggested that the silicates break

down to simple oxides in the lower man-
tle (Mao and Bell, Year Book 70, pp.

176-178; Ming and Bassett, 1974). If so,

the metal/spinel data at /o2 = 10~ 10 - 5

atm may be used as a model, indicating

(jNi
metai-oxide _4

r
£]inSj partitioning of

nickel between metal and oxide rather

than between metal and silicate only re-

sults in a partition coefficient of Ni even

more different from that of core/mantle.

In other words, the melting of a com-

position similar to that of the Allende

meteorite does not seem to generate a

mantle and a core with the appropriate

nickel contents.

Under the /o2
conditions producing

the most favorable nickel partitioning

between metal and silicate, the olivine

composition is Fo66 . However, the Mg/
(Mg + SFe) of the mantle ranges be-

tween 0.8 and 0.95. In a simple oxide

mixture, rather than silicates, the Mg/
(Mg + SFe) may be even lower. Mao
(Year Book 78, pp. 510-518) proposed

that at pressures corresponding to the

lower mantle FeO may disproportionate
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to Fe° and Fe3+ . Such disproportiona-

tion may increase the Mg/(Mg -\- XFe)
of the mantle. In light of the data shown
here, it appears, however, that carbona-

ceous chondrite may not be representa-

tive of the bulk composition of the

earth.

Experimental Plutonium, Thorium,
and Uranium Partition Coefficients

with Application to Meteoritic
Assemblages

T. M. Benjamin* D. S. Burnett^
and M. G. Seitz%

Measurements of Pu, Th, and U abun-

dances in meteorites have resulted in esti-

mates of the mean age of formation of

the elements that comprise the solar sys-

tem (Schramm and Wasserburg, 1970).

Models of stellar nucleosynthesis and the

relative contributions of each of the proc-

esses involved are constrained by the

abundances of these long-lived radio-

isotopes at the end of nucleosynthesis.

Meteorites have retained these actinide

(Pu, Th, U) abundances except for the

radioactive decay during the interval

between the end of nucleosynthesis and
meteorite formation. Measurements of

the actinide concentrations in meteoritic

phases have yielded ratios of the post-

nucleosynthesis actinide elements (Po-

dosek, 1970; Keil et al., 1976; Crozaz,

1974). Until recently the actinides (Pu,

Th, U) were assumed to be nearly iden-

tical geochemically. Seitz, Burnett, and
Bell {Year Book 73, pp. 451-454) dem-
onstrated experimentally, however, that

Pu, Th, and U differentially fractionate

between crystals and silicate melts. Thus,

the measured ratios of the meteoritic

actinide elements may be different from
the "initial" actinide ratios at the end

* Work carried out under a cooperative pre-

doctoral fellowship program between the Geo-
physical Laboratory and the California Insti-

tute of Technology.

t California Institute of Technology, Pasa-

dena, California.

t Argonne National Laboratory, Argonne, Illi-

of nucleosynthesis as a result of chemical

fractionation.

This report is a description of the pre-

liminary experimentation to determine

the precise values of actinide element

partitioning between crystals and silicate

melt and to assess the effect on this par-

titioning of variations in T, P, fo2 ,
and

bulk composition.

The techniques of crystal growth and

trace element detection were described

by Seitz {Year Book 72, pp. 581-586)

and Seitz and Shimizu {Year Book 72,

pp. 294-299). The bulk composition of

the system is Di 5oAn25Ab25 with 15-25

wt % reagent grade Ca3 (P04 ) 2 or fluor-

apatite from Durango, Mexico, added to

produce the appropriate liquidus phases.

The plagioclase component is a stoi-

chiometric glass (Kushiro, personal com-

munication) ; the diopside is from Twin
Lakes, California. Spikes of 235U (17

ppm), 230Th (24-54 ppm), or 239Pu (8

ppm) were added to the charges. Runs
were made in unsealed graphite capsules.

The V^-in diameter furnace assemblies

contain a boron nitride sleeve between

the interior graphite heater (and sample

capsule) and an outer talc sleeve. The
boron nitride reduces access of H 20,

generated by dehydration of talc, to the

sample area. The furnace assembly was
dried for 30 min at 900°C under N2 . The

/oo in the graphite capsule is in the sta-

bility field of wiistite (Thompson and

Kushiro, Year Book 71, pp. 615-616)-

Slow cooling (3.3°C/min) from above

the liquidus aided crystal growth and

suppressed chemical gradients in the melt

that were observed at greater cooling

rates (Seitz, Year Book 73, pp. 551-553).

A JEOL scanning electron microscope

was employed in track counting of the

a- and fission-track detectors because the

statistics obtainable on individual grains

are limited by the small crystal size

(20-50 fxm). Heterogeneity on a milli-

meter scale in the glass is within lo-

standard deviation, based on counting

statistics.

Most runs were held at 1340°C for 1

hr at 20 kbar. In several extended runs
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(40 hr) the presence of H 2 in the

quenched glasses was detected by infra-

red spectrophotometry. Microprobe anal-

yses of these glasses yield 7-10 wt %
H 2 by difference. The standard 1-hr

runs, however, produce glasses with only

~0.01% of the absorption observed in

the glasses from the 40-hr runs. More
importantly, the microprobe analyses of

the synthetic apatites yield the expected

quantities of halogens for fiuorapatite

even for the longest runs, although the

accuracy of the F analyses is not yet well

established. Thus, it seems that the H 2

enters the system after crystallization

has ceased, and there is little exchange

between OH in the melt and F in the

apatite. Runs in sealed Pt capsules are

being carried out to ensure anhydrous

conditions and to confirm the above con-

clusion.

The crystal-liquid partition coefficients,

-Kpu,Th,u
xl "llq

, for whitlockite, apatite, and
diopsidic clinopyroxene are presented in

Table 38- The data have been corrected

assuming equilibrium Rayleigh fraction-

except when the crystal-liquid partition

coefficient is greater than 2 or when
crystallization exceeds 50%, a value

greater than any obtained in this study,

ation (i.e., equilibrium only at the crystal-

liquid interface) during crystal growth
that produces a concomitant change in

actinide element concentrations in the

melt. The corrected values are given in

parentheses in Table 38- The validity of

Rayleigh fractionation is based on the

extremely low diffusion rates, relative to

silicate melts, of Th and U in diopside

and fiuorapatite at 1340°C measured by
Seitz (Year Book 73, pp. 586-588). The
correction expression,

ln[l + S(itVlli(1 - D]
^xl-liq __

I
ln(l —S)

(Albarede and Bottinga, 1972) requires

knowledge of id xMi(1
, the apparent parti-

tion coefficient based on the average con-

centration measured in the crystal, and

S, the fraction crystallized. The modal
compositions of the experimental charges

were determined by mass-balance calcu-

lations based on microprobe analyses or

by optical estimates. The magnitude of

the correction is relatively insensitive to

the modal composition of the charges

The zoning of the actinide elements

in the crystals that is predicted by the

Rayleigh fractionation model is not suffi-

ciently large to have been detected con-

clusively in experiments to date. Super-

imposed on the zoning are the effects of

TABLE 38. Plutonium, Thorium, and Uranium Partitioning between Crystals and Melt
at 20 kbar Pressure, 1340°C*

IX'Wh-l iq ^Ap-llq I^Cpx-l I i

Pu 2.9 ± 0.1 (2.5) 1.20 ±0.04 (1.17) 0.17 ± 0.03 (0.19)t

2.8 ± 0.2 (2.6) 1.58 ±0.09
1.99 ±0.11

(1.46)

(1.77)?

0.11 ± 0.03 (0.12)

Mean (1.47 ±0.17) (0.16 ± 0.03)

Th 2.20 ± 0.07§ (1.96) f 0.52 ± 0.06|| (0.59) 0.042 ± 0.006 (0.047) t

U 0.10 ± 0.03 (0.12) f 0.072 ± 0.012 (0.080) K 0.013 ± 0.002 (0.017)

0.061 ± 0.007 (0.068) fl 0.012 ± 0.003

0.008 ± 0.002

(0.012)

(0.008) f

Mean (0.074 ± 0.007) (0.012 ± 0.002)

* Errors in Kxl ' li(l
are l<r based on counting statistics only. Errors of mean values either are

Iff based on the mean of the counting statistics/ V N or are based on the error of the mean of

the corrected values (in parentheses), whichever is larger.

t Correction based on optical estimate of S (fraction crystallized).

t Run held at 1340°C for 45 hr.

§ Recount of original 1-atm run of Seitz, Burnett, and Bell (Year Book 73).

||
Typographical error in Year Book 73 ; value should have been 0.6.

U Chlorapatite.
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crystallization over a finite T interval

and changes in bulk composition. Neither

of these effects is included in the above

equation. The absence of any pronounced

zoning, however, indicates that these

effects are small relative to the present

statistical errors. As shown in Table 38,

deleting the Rayleigh fractionation cor-

rection will only slightly alter the ratios

in Tables 39 and 40 and will not sig-

nificantly alter the discussion or conclu-

sions that follow.

As seen from the data in Table 38, Pu
is always fractionated into the crystals

to a greater extent than is Th, whereas

U is always excluded from the crystals

relative to Pu and Th- The three acti-

nides are preferentially incorporated in

whitlockite [/3-Ca 3 (P04 ) 2 ] relative to

apatite [Ca 5 (P0 4 ) 3 (F,Cl,OH)] and
clinopyroxene. Whitlockite has the larg-

est Ca structural site; the diopsidic

clinopyroxene contains the smallest site.

The increasing size of the tetravalent

actinide cations in the order Pu < Th
< U may be the fundamental property

governing the above fractionation.

The variations of -KPu
Ap "liq in Table 38

may reflect variable amounts of oxida-

tion of Pu and U by H 2 or minor sub-

stitution of hydroxy1 for halogens- The
Xp/p 1* for the 45-hr run (Table 38)

varies only 35% from the mean of the

two 1-hr runs, although the glass con-

tains ~7% H 20. Because of contamina-

tion from an unknown source, the apa-

tites obtained in the U-spiked runs are

chlorapatites (Table 38). Chlorine and

fluorine occupy slightly different struct

tural positions in apatite; thus fluor-

apatite and chlorapatite may have dis-

tinct j£AP-li(i. The difference should be

small, however, as the actinides are pre-

sumably substituting for Ca.

Tables 39 and 40 contain concentra-

tion-independent ratios of the partition-

ing data as well as the data of Keil et al.

(1976) on the Angra dos Reis achondrite

for comparison. Both the synthetic and
the meteoritic clinopyroxenes contain ap-

proximately 9 wt % A12 3 . The agree-

ment between the experimental data in

Table 40 and the data on Angra dos Reis,

a magmatic differentiate (Keil et al.,

1976), is remarkable. This agreement

suggests that the experiments described

in this report have simulated natural

actinide element partitioning. Pellas and

TABLE 39. Ratios of Crystal-Melt Partition Coefficients for Actinides in Meteoritic

Phases (i.e., 2i:pu
wh- 117Xuwh- 1 ",)*

Whitlockite Apatite Clinopyroxene Reference

Pu/U 22 ±6 20 ±4 13 ±5
Th/U 16 ±5 8 ± 2 4 ± 1

Measured Actinide Element Ratios: Angra dos Reis

Pu/U 0.0233 0.0145

Th/U 19 4.0

This work
This work

(Keil et al, 1976)

* Error based on those given in Table 38.

TABLE 40. Actinide Element Enrichment Factors (Crystal-Crystal Partition Coefficients)

for Meteoritic Phases*

Plutonium Thorium Uranium Reference

Wh/Cpx

Ap/Cpx

16 ±4 42 ±7 10 ±4 This work
18 49 12 Angra dos Reis

(Keil et al,

1976)

9±3 13 ±3 6±2 This work

* Error based on those given in Table 38.
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Storzer (1975) have measured the U
contents of chlorapatite and whitlockite

from equilibrated chondrites and ob-

tained UAp/UWh ranging from 6 to 10 in

contrast to the experimental ratio of

0.6 ± 0.4. At present the reasons for this

difference are not well understood.

Recent fission Xe measurements on

meteorites of widely different chemical

and physical compositions yield an ap-

parent convergence at a Pu-U ratio of

0.015 that is inconsistent with models of

continuous stellar nucleosynthesis. The
examined meteorites include St. Severin,

a highly reequilibrated ordinary chon-

drite (Podosek, 1970) ; an Allende

coarse-grained, type-B (Grossman, 1975)

white inclusion (Podosek, personal com-
munication) ; and Angra dos Reis, a

unique pyroxenitic meteorite (Keil et

al, 1976).

On the basis of the initial 87Sr/86Sr

(Keil et al., 1976), the Angra dos Reis

meteorite is one of the most primitive

objects studied to date; thus the simi-

larity of Pu/U to that of St. Severin

(which is believed to have had a long

history of metamorphism) is surprising.

It is conceivable that this agreement is

fortuitous. If the Angra dos Reis mete-

orite is considered to be a cumulate

rock, and if the experimental crystal-

liquid partition coefficients presented in

this report (Table 39) are applicable,

then the Pu/U in the liquid from which

Angra dos Reis separated is 0.0011 ±
0.0003, an order of magnitude lower

than that measured (Keil et al., 1976).

If ordinary chondrites contain the full

"cosmic complement" of the actinide

elements, the above result could mean
that the Angra dos P.eis meteorite may
be 3 X 108 years younger than the St.

Severin meteorite, but this conclusion is

in disagreement with the initial 87Sr/
86Sr data. Furthermore, by the same
argument, the Th/U of the Angra dos

Reis parent liquid would be 1.1 ± 0.2, a

value much lower than the accepted so-

lar system Th-U abundance ratio of ap-
proximately 4 (the Angra dos Reis

whole-rock ratio, Table 39). Therefore,

either the melt that coexisted with the

Angra dos Reis meteorite was initially

highly fractionated, or the amount of

residual liquid following the accumula-
tion of Angra dos Reis was very small.

It is apparent that, being a cumulate
rock, the Angra dos Reis may not con-

tain abundances of Pu, Th, and U that

are representative of the early solar

system.

Further experimental studies of ac-

tinide element partitioning will be di-

rected to the ordinary chondrites to de-

termine whether or not the observed

Pu-U ratios are products of chemical

fractionation (as is found for Angra dos

Reis). These results could help resolve

the fundamental question of continuous

or noncontinuous stellar nucleosynthesis.

Another application of the present ex-

perimental partitioning coefficients of

the actinide elements is in the relative

age-dating of ancient objects, meteoritic

and lunar, by comparing actinide ele-

ment ratios of any sample with those of

an accurately dated meteorite as a ref-

erence point. The observed actinide ele-

ment ratios for any of the phases (in-

cluding glass) for which experimental

data exist (whitlockite, apatite, diop-

sidic clinopyroxene, glass) can be cor-

rected for chemical fractionation. The
corrected Pu-U or Pu-Th ratios can be

converted to an age, either younger or

older, relative to the reference object.

Internal consistency can be tested by the

use of two or more phases. This precise

dating of primitive objects is essential

in addressing the major problems of un-

derstanding the time scales and proc-

esses involved in the early evolution of

the solar system.
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PETROLOGY OF LUNAR ROCKS AND METEORITES

A Study of the Oxidation States of
Iron and Titanium in Synthetic

Glasses of Lunar Basalt
Composition

P. M. Bell, H. K. Mao, and R. A. Weeks

Lunar glasses quenched from liquids

of rock composition contain chemical

information on the oxidation states of

iron and titanium that can be related by
experiment to the temperature and oxy-

gen fugacity of the melt. The redox

characteristics have been preserved in

the glasses, and it is possible to interpret

them in terms of the chemical environ-

ment on the moon's surface at the time

of quench. The oxidation states can be

documented in crystal-field spectra by
optical absorption features that have
been observed, but not explained, in

spectroscopic data obtained by earth-

based telescope. The objective of the

present study was to determine system-

atically the relationship of spectral fea-

tures to oxygen fugacity, temperature,

and composition.

Analytical and Experimental Methods

Transmission spectral measurements
in the region 375-2500 nm were made of

fragments of lunar glasses and of syn-

thetic glasses whose compositions are

described below (Table 41). The instru-

mental techniques employed in this

study were described by Mao and Bell

(1973) and by Bell, Mao, and Rossman
(1975).

Table 42 shows compositions of the

starting mixtures, the original glasses

quenched in air, and the glasses after

treatment under controlled atmospheres
more reducing than air. The procedure

for changing the composition utilizes the

process of diffusion of iron into the sup-

porting Pt wire during melting at

1400°C. Depending on the wire thick-

ness, Po2 , temperature, and duration of

the experiment, one can predict approxi-

mately the iron loss of the liquid to the

Pt wire and thus produce a shift in com-
position toward lower iron values. The
size of the experimental charge must be

small (no greater than about 3 mm
diameter) if it is to remain chemically

homogeneous. The final composition

must be determined and is reported in

Table 42.

Intermediate Iron-Titanium

Compositions (F1T3 to FZTX)

Figure 117 shows spectra of starting

composition F3T3 and gives the weight

percentage of FeO for an initial Ti0 2

content of 9.2 wt % at the various par-

tial pressures of oxygen studied from

—log Po2
= 0.7 (air) to —log Po2

=
11.6. The octahedral and tetrahedral

Fe2+ bands are evident at 1000 and 1900

nm. What is significant in these spectra

is the strong shoulder or slope in the

spectral range 500-700 nm. This slope is

the shoulder of a charge-transfer band

caused by the Fe2+ -Ti4 + coupled inter-

action. The slope was not observed in

F 3T and F T3 compositions.

The 500-700 nm slope is a measure of

the probability of the Fe2+-Ti4 + inter-

action, and its value is directly propor-

TABLE 41. Compositions of Synthetic Glasses

FsTs F3T0 F0T3 F3Tx F3T2 EiT, F2T3

FeO 22.48 24.71 23.97 23.22 7.49 14.99

TiOa 9.04 11.66 3.01 6.03 10.79 9.91

ALA 6.35 6.98 8.19 6.77 6.55 7.58 6.96

CaO 7.74 8.51 9.99 8.25 8.00 9.24 8.49

MgO 14.97 16.46 19.31 15.96 15.47 17.86 16.42

Si02 39.42 43.34 50.85 42.03 40.73 47.04 43.23
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TABLE 42. Compositions of Glasses Quenched at 1400°C

Sample

:

F3T3

Starting

-logPo2 : mixture 0.7 (air ) 6.6 7.5 9.1 10.0 11.6

FeO* 22.48 21.45 20.08 19.91 16.66 18.68 11.30

Ti02
* 9.04 9.05 9.35 9.54 9.27 8.95 10.56

AUOs 6.35 6.36 6.55 7.05 6.93 6.68 7.22

CaO 7.74 7.91 8.17 8.57 8.55 8.05 9.06

MgO 14.97 14.79 15.44 13.46 16.39 15.66 17.16

Si02 39.42 39.76

99.31

40.74 40.82 42.76 41.13 44.16

Totals 100.00 100.33 99.36 100.57 99.15 99.47

Sample

:

F3T2 F2Ti F3T! FiTi

Starting Starting Starting Starting

—log Po
2

: mixture 9.1 mixture 9.1 mixture 9.1 mixture 9.1

FeO* 23.22 16.47 14.99 11.04 23.97 14.99 7.49 5.53

Ti02
* 6.03 6.45 9.91 10.27 3.01 3.33 10.79 11.00

A12 3 6.55 7.33 6.96 7.29 6.77 7.61 7.58 7.71

CaO 8.00 8.90 8.49 9.00 8.25 9.24 9.24 9.43

MgO 15.47 16.66 16.42 16.68 15.96 17.30 17.86 18.02

Si02 40.73 44.61 43.23 46.01 42.03 48.17 47.04 48.25

Totals 100.00 100.42 100.00 100.28 100.00 100.64 100.00 99.94

Sample

:

F3T0

Starting

-logPo
2

: mixture 0.7 (air;l 6.6 7.5 9.1 10.0 11.6

FeO* 24.71 22.95 21.32 21.37 19.97 19.11 7.73

Ti02
* 10.50

AW3 6.98 7.10 7.05 7.38 7.51 7.56 8.27

CaO 8.51 8.56 8.98 8.86 8.74 9.43 10.50

MgO 16.46 16.50 16.79 17.19 17.74 17.75 19.44

Si02 43.34 43.74

98.85

44.55 44.85 45.91 45.52 52.38

Totals 100.00 98.69 99.65 99.87 99.38 98.32

Sample

:

FoT3f

Starting

-log Po2
: mixture 7.5 10.0 11.6

FeO*
Ti02

* 11.66 11.56 11.75 9.54

AlaOa 8.19 8.03 8.10 8.45

CaO 9.99 10.05 10.22 10.11

MgO 19.31 18.74 18.45 19.34

Si02 50.85 50.86

99.30

50.92 51.93

Totals 100.00 99.48 99.43

* All Fe as FeO. All Ti as Ti02 .

t The compositions of F T3 at —log Po
2
between 0.7 and 10.0 are the same as the starting

material within detection limits.
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tional to the algebraic product of the

concentration of Fe2+ and Ti4 +
. The in-

fluence of the 1000-nm crystal-field band
on the charge-transfer slope causes a

transmission "window" between the two
absorption regions. For a given Fe2 +

concentration the height (absorption co-

efficient) and wavelengths of the win-

dow are approximately proportional to

theTi4+ concentration.

Figure 118 is a plot of the absorption

slope at 20,000 wave numbers in absorp-

Wave number, 10 cm 1

15 10

500 600
Wavelength, nm

1000 2000 2500

Fig. 117. Optical absorption spectra of glass F3T3 after treatment at 1400°C, and the various

itmospheres at the oxygen fugacities indicated.



GEOPHYSICAL LABORATORY 691

tion coefficient (cm-1 ) per thousand

wave numbers versus the algebraic prod-

uct of the weight percentages of FeO
and Ti0 2 for the matrix of compositions.

In each sample, the points plotted repre-

sent experimental products quenched at

-log Fo
2
= 9.1 (C0 2/CO =1), which

is the approximate average oxygen fu-

gacity (at 1400°C) of crystallization of

most of the returned lunar samples. The
excellent correlation of this plot makes
it useful for calibration of telescope

spectra, assuming no other interfering

absorption. Figure 119 shows a plot of

the spectral region from which the

points on Fig. 117 were calculated. This

plot (linear in wave number) tends to

accentuate possible errors, but the con-

sistency of the algebraic relationship

noted above is approximately continu-

ous in this wavelength range.

Figure 120 shows a continuation of the

observations plotted in Fig. 119 to 2500

nm (4000 wave numbers) in relatively

compressed scale to show the wave-
length shift of the transmission window.

The shift is nonlinear and becomes small

at high iron concentrations, as shown in

the plot given in Fig. 121. This non-

linearity is a cause of scatter in the

diagram in addition to that caused by
varying Ti3+/Ti4 +. Figure 122, which

plots the absorption coefficient of the

Fe2 + band at 1000 nm against weight

percentage of FeO, indicates the correla-

tion of this feature. In Fig. 117, in view

200
FeO wt. % x Ti0 2 wt. %

Fig. 118. Absorption slope at 20,000 wave numbers in absorption coefficient (cm-1
) per

thousand wave numbers versus the algebraic product of the weight percentage of FeO and
the weight percentage of Ti02 of the seven compositions studied.
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Fig. 119. Spectral region 400-660 nm for the glasses whose slope at 20,000 wave numbers is

plotted in Fig. 118.

of the varying FeO content, it is seen

that under increasingly reducing condi-

tions the slope caused by Fe3+ dimin-

ishes as the 1000 and 1900 nm Fe2+

bands become stronger but is reestab-

lished as the Fe2+ -Ti4 + transition oc-

curs at lower oxygen fugacity.

Conclusions

All lunar soil samples returned from
the Apollo and Luna projects contain

glasses. The absorption properties of

the glasses strongly influence the spec-

trum of the soil and hence the lunar sur-

face. The spectral features are caused

mainly by Fe2+ and Ti4 +, but also by
Ti3 +, and they can be interpreted in

terms of iron and titanium concentra-

tion and in terms of oxygen fugacity.

The properties of the samples them-

selves, for example, the bright colors of

lunar glasses, are indicative of the proc-

ess of their chemical formation. When
the Ti4+ concentration dominates the

Fe2+ concentration, as in synthetic glass

compositions FxTs and F 2T3 , the glass is

red in response to a shift in energy of

the transmission window. Intermediate

compositions give rise to colors of brown
and orange, depending on oxygen fu-

gacity at the quench.

Except for absorption effects that

might be superimposed upon glass spec-

tra (e.g., metallic coatings thin enough

or particles small enough to transmit

light; see Hapke and Wells, 1976), the

spectra obtained in the present study

can be used to document Fe2 +, Fe2 + -

Ti4 + interaction, Fe3+ , and oxygen fu-

gacity in the moon's surface from tele-

scope spectra and in samples directly.

The range of oxygen fugacity employed

in the present study encompasses that

observed in lunar samples. Examples of
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Wave number, I0 3cm _
1

15 10 5 4

Glasses quenched

at 1400°C, log P ,= -9.1

J I I
i i i i

500 600 700 800 900 1000
Wavelength, nm

1500 2000 2500

Fig. 120. Continuation of the observations plotted in Fig. 119 to 2500 nm (four wave num-
bers) .

spectra of Apollo 14 and 15 and Luna
20 glasses are plotted in Figs. 121 and
122. In employing the present data, the

spectral slope at 20,000 wave numbers
can be used directly from Fig. 118. The
plot in Fig. 122 compares the FeO con-

tent of synthetic glasses with that of

glasses selected from Apollo 14 and 15

and Luna 20 soil samples, on the basis

of the band intensity at 1000 nm, and

the high degree of accuracy is note-

worthy. Application of the data in Fig.

121 requires further qualification.

In Fig. 121 the wavelength minimum
or "window" is plotted against weight

percentage of TiO L», and perhaps the

most striking feature is the absence of

points below a 45° boundary that iso-

lates the lower right corner of the dia-

gram. Because the data reflect oxidation



694 CARNEGIE INSTITUTION

700

I I 1

•
•

•

1

1 1 1 1 1

•

A

A
F 2J 3

i

A
F,T3

A

-

650 •

o

o

A
F
3
T,

•

•

+
F
3
T
2

-

600 — o
o

o

"v

-

•o
o Apollo 14163,33 -

o • Apollo 15601,94 _

+
+ Luna 20

550 — o

1 1 1 1
i i i i l

10

Ti0
2 , weight per cent

Fig. 121. Plot of the absorption "window" (\ min) of the glasses FiT3 , F2T3 , F3T3 against

weight percentage of Ti02 at —log P0o — 9.1 compared with plots of glasses from Apollo 14

and 15 samples 14163,33 and 15601,94 and the Luna 20 sample.

states, the boundary approximates the

limiting oxygen fugacity of the samples.

Most of the Apollo and Luna data clus-

ter about the experimental points, defin-

ing the average oxygen fugacity (—log

Po2
= 9.1, 1400°C) as being close to the

iron-wiistite buffer. Interpretation of

strong departures from the boundary is

more ambiguous. At the two ends (0 and
11 \vt % Ti0 2 ) of the compositional

range, obvious nonlinearities exist. These

are caused by the lack of sufficient Ti0 2

to contribute to the Ti4+-Fe2 + interac-

tion and by the close proximity of the

wavelength minimum to the steep slope

of the Fe2+ crystal-field band centered

at 1000 nm. If the TiO> content is less

than 2 wt %, an absorption shoulder, if

it exists, is caused by Fe3 +
, as described

earlier. The Apollo 15 glasses whose

wavelength minima at 1-2 wt % Ti0 2

plot between 645 and 690 nm, appear to

be less reduced by 1-1.5 orders of mag-
nitude of oxygen fugacity on the basis

of the data in Fig. 120. Clearly, the

optimum range of titanium content in

this diagram is 2-10 wt % Ti0 2 . Com-
positions outside this range cause no

error in interpretation but simply give

insufficient useful information. The data

plotted in Figs. 117-122 bracket the

compositions and oxidation states of the

lunar samples. The spectra of the lunar

samples are characterized by glasses
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Fig. 122. Absorption maxima at 1000 nm of the glasses plotted in Fig. 121, plotted against

weight percentage of FeO.

whose iron content is ferrous and ranges

from to 20 wt % FeO, and whose ti-

tanium content is a mixture of Ti3 + and
Ti4 + and ranges from to 20 wt % Ti0 2 .

Compositional Variability of the
Lunar Metallic Phase

H. K. Mao and P. M. Bell

Many significant questions related to

the state of equilibrium in the lunar crust

depend on the interpretation of the

metallic phase assemblage in the regolith.

The questions range from those concern-

ing the oxidation state of the outer por-

tions of the moon to those regarding the

metal contribution to the regolith from

meteoritic projectiles. If the iron-troilite

association is observed and if contamina-

tion has not occurred, the eutectic rela-

tionship of Brett and Bell (1969) can be

employed to define the minimum solidus-

However, with the exception of homoge-
neous mare basalts, in which mineral

homogeneity is great and evidence of

contamination is lacking (if contamina-

tion occurred) , most metal-bearing lunar

samples of highland origin contain so-

called lunar or meteoritic metal. The
present study is an analytical approach

to examine possible compositional evi-

dence of metal origin.

Hewins and Goldstein (1975) have
reviewed their extensive effort to distin-

guish between lunar and meteoritic metal
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in lunar samples on the basis of compo-
sition alone. The parameters are the

Fe-Ni-Co concentrations obtained by
electron microprobe, although some
workers (e.g., Gooley, Brett, and Warner,

1973; Misra and Taylor, 1975; Taylor,

Misra, and Walker, 1976) consider such

compositional evidence inadequate or

invalid. In the present study metal grains

in one of the rocks examined by Hewins
and Goldstein (specimen 60015) was
studied in great detail at high dimen-

sional resolution for the following rea-

sons:

1. Rock 60015 is an anorthosite that

contains excellent textural and compo-
sitional evidence of having been quenched

in the process of being melted. An anor-

thositic core grades in composition and
texture to a mixed anorthositic-mafic

zone (1 cm wide) and finally to a glassy

rind of approximately basalt composi-

tion (1 cm wide) (see Sclar and Bauer,

1974, for an analysis of the glassy rind

and for a detailed description of rock

60015). The glassy rind contains molten

rock from the regolith that has frozen at

a stage where metal compositions in the

anorthosite host, in the mixed zone, and
in the outer melt zone can be used as

indicators of reaction to a range of sili-

cate hosts.

2. Metallic grains 10 /mi in diameter

or less have been quenched soon after

forming and have not homogenized.

Grains larger than 10 /mi in diameter

are relatively homogeneous in composi-

tion, giving the false impression that

they represent an uncontaminated metal

phase, possibly of meteoritic origin.

An objective of the study has been to

examine an intermediate step in the proc-

ess of chemical contamination by remelt-

ing of anorthosite in contact with mafic

liquid, annealing, and melting in the rego-

lith. An additional objective was to assess

the dangers of assigning provenance to

metals in lunar rocks solely on the basis

of composition of the iron alloy- Rock
60015 is an anorthositic breccia coated

with a dark rind of glassy quench prod-

uct and, on the basis of analyses by

electron microprobe, is an example in

which a liquid considerably more mafic

than the anorthosite rock with which it

is in contact has reacted in a narrow zone.

Evidence of the reaction, indicated by
the composition of the metallic phase in

the several zones, was obtained in the

present study.

Technique

A sample of 60015,4 was sectioned or-

thogonally, and the polished mounts were

coated with standard Au-Pd alloy or with

coatings of both C and Au-Pd. Metal
particles of an average diameter of 10

fim or less were examined at 6000-25,000

X magnification with a JEOL JSM35u
scanning electron microscope- Analysis

was performed with a Kevex nitrogen-

cooled, lithium-drifted silicon detector

whose resolution was measured to be 145

eV (MnK/3). The nondispersive data

were stored in a Nova-2 computer cou-

pled with a Tracor TN-1700 multichan-

nel analyzer (16K channels). Data anal-

ysis was done with a Digital Equipment
PDP 11/05 computer, utilizing twin

Digital Equipment disk storage units,

and a Digital Equipment decwriter II.

Data reduction incorporated a program
written by L. W. Finger and C. G. Hadi-

diacos (personal communication, 1976).

To avoid the hazards of peak shift

in digital-to-analogue conversion when
least-squares stripping techniques are

employed, the system employs total data

analysis. Problems of take-off angle and
particle geometry were essentially elimi-

nated by using a flat sample with a fixed

take-off angle of 45°-

Most metal grains of 0.1-0.2 /*.m diam-

eter within the 10-/i,m host grains of sili-

cate quench product were analyzed, and

it was impossible to avoid totally sam-
pling a small portion of the surrounding

host matrix at 15 kV. By analyzing a

sufficient number of grains, it was pos-

sible to reduce the uncertainty to 5-15

wt % of the amount present of a given

element. Therefore, data reduction using

only element ratios was appropriate, and

no attempt was made to obtain quantita-
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tive analyses. The elements Fe, S, P, and
Ni were in sufficient abundance to make
such an analysis meaningful, but gen-

erally the Co abundance was not suffi-

cient (average 1 wt % or less) , and it is

not included in the reported data ; S and
P were analyzed for the purpose of iden-

tification of troilite and schreibersite.

In order to obtain the required con-

stancy of the take-off angle, it was nec-

essary to have a high degree of flatness

in the polished surfaces of the mounts.

Such a polish left most surfaces without

apparent relief (except for occasional

grooves not removed in polishing), and
therefore the electron photomicrographs
are secondary electron images, sensing

chemical differences alone.

The analyses of individual grains

showed variations within a grain, caused

by zoned inhomogeneity, inclusions that

had formed as eutectic or exsolved inter-

growths (see Fig. 124), or perhaps lack

of sample flatness at the 10-//,m diameter

scale. This intragrain variability, in ad-

dition to the analytical uncertainty (5-

15 wt % of the amount of a given ele-

ment)
,
made histogram plots of the data

meaningless. The averages given in Table
43 were within the limits of analytical

error. Each average included ten grains.

Textural Evidence for Two Liquids

Aside from chemical evidence, de-

scribed below, of reaction of the metal

phase with changing silicate melt com-
positions, there is extensive textural evi-

dence that at least two liquids existed

—

the silicate melt and a metallic liquid.

Along the edges of the metallic grains

shown in Fig. 123 A,B, anorthite crystals

have grown, indenting what must have

been a metallic liquid. Such relative

indentation is caused by differences in

the surface free energy between crystal

and liquid. In Fig. 123A the anorthite

crystals are surrounded by quenched sili-

cate glass of more mafic composition.

Composition of the Metal Phase

Assemblage

The metal phases consist of nearly

pure metallic iron or an assemblage of

iron-nickel-cobalt alloy and various

amounts of troilite and schreibersite. The
nickel content ranges in concentration

between and 30 wt %, depending on

the silicate liquid composition with which

it coexisted.

Figure 123A is a grain of Fe-Ni-Co
alloy (Ni, 15 wt %) with a narrow rind

of troilite and occasional inclusions of

schreibersite. Figure 124 shows a sphere

and an inner subsphere of iron-nickel

(Ni, 10 wt %) with inclusions of troilite

and schreibersite. The inner sphere is sur-

rounded by an outer sphere of iron-

nickel (Ni, 5 wt %) with numerous in-

clusions of troilite. Other grains are

similar but have various amounts of Ni
in the alloy. As listed in Table 43, metal-

lic grains in unmelted anorthosite zones

are essentially pure Fe metal.

Metallic grains, whose average compo-
sitions are listed in Table 43, occurred in

all sections of 60015,4. Ten or more
metallic grains were analyzed in each

distinct zone: (1) glassy rind (1 cm
wide), (2) intermediate reaction zone

between mafic glass and anorthosite

(0.5-1.0 cm wide), (3) partially melted

zone adjacent to anorthosite (0.5-1.0 cm

TABLE 43. Average Fe/Ni Metal Compositions Determined by Nondispersive

X-Ray Analysis*

Grain Location Fe Ni Other Phases Present

Outer quench rind 70

Intermediate zone 85
Zone adjacent anorthite 95

Anorthite 100

30 None
15 Troilite, schreibersite

5 Troilite, schreibersite

None

* The analysis is uncertain by 5%-15% of the amount of Fe and Ni present. Co was detected

at levels of 1 wt % or less and is not listed.
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Fig. 123. (A) Metallic grain contains troilite

rim and inclusions of troilite and schreibersite.

Note plagioclase crystals indenting spherical

metallic surface (maximum grain diameter 10

fim). (B) Nickel-rich metallic grain showing

indentation of anorthite crystals (maximum
grain diameter 10 /im). Scanning electron pho-

tomicrograph.

wide)
, (4) unmelted anorthite (interior

of rock). The compositions fell into the

following categories (corresponding to

the zones): (1) high nickel (30 wt %
Ni, maximum)

; (2) intermediate nickel

Fig. 124. Sphere and subsphere of iron-nickel

alloy with inclusions of troilite and schreiber-

site (maximum grain diameter 10 /xm). Scan-

ning electron photomicrograph.

(10-15 wt % Ni); (3) low nickel (1-5

wt % Ni)
; (4) minor nickel. An appar-

ent further variation in nickel content

was noted in each zone (except unmelted

anorthosite) where the range, high or low

nickel, could be roughly correlated with

the presence or the approximate amount
of troilite and schreibersite.

The range in composition is compatible

with the positions of zones of mafic melt,

melt mixture of mafic and anorthositic

compositions, and anorthosite host. The
host shows recrystallization evidence of

having been heated but not melted be-

cause no glass or quench textures were

observed. The highest nickel concentra-

tions are found in small grains near the

outer portions of the rind. The system

can be considered a hypothetical three-

component system of silicate liquid, Fe,

and trace Ni. The tie lines in such a sys-

tem would fan out from the silicate com-
ponent, and crystallization would first

result in high nickel enrichment. Longer

cooling times would have resulted in

greater grain growth, homogenization,

and a shift in composition toward the

Fe-silicate join, approaching the bulk
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equilibrium composition, as has appar-

ently occurred in metal grains >10 /mi

in diameter. Quenching has frozen the

early nickel-rich disequilibrium stage in

the smaller grains.

Grading toward the anorthosite core,

very small grains (0-01-0.03 /*m diam-

eter) show nickel enrichment, but larger

grains (up to 10 /mi diameter) show less,

probably reflecting less available nickel

in the anorthosite. The apparent varia-

tion of nickel in metallic grains within a

zone correlates with troilite (and schrei-

bersite for P) as follows. Sulfur-poor

metallic melts extract sulfur from the

silicate melt and selectively from troi-

lite, causing a relative enrichment of

nickel in the alloy. The reverse could

also occur.

Metallic grains within the anorthosite

host contained no troilite or schreibersite

and rarely, detectable nickel or cobalt.

These grains apparently exsolved from

the anorthosite during heating and sim-

ply were out of contact with the melt

system.

Summary

The measurement of composition of

metallic grains demonstrates that they

are not uniform and, furthermore, that

their variation in composition has re-

sulted from reaction with the liquids.

The melting process was quenched at a

stage where the metallic grains had not

reached equilibrium, thereby providing

evidence of the reactions. The process

of contamination by a melt of meteorite

composition or of composition other than

that of the host rock is widespread in

Apollo 16 rocks, and the process tends

to mask the original constituents of the

anorthosite. It is apparent that all the

metallic phases in zones 1, 2, and 3 of

60015 were produced in this melting and
contamination process. The variability

in metal composition renders invalid an
assignment of meteoritic or other origin

based on composition. Meteoritic metal,

if it had been present initially, has lost

its chemical identity. The range in metal

composition is an indicator of the

quenched-melt process and is clear evi-

dence of compositional change in re-

sponse to reaction with silicate liquids.

Optical Spectra of Thin Metallic
Coatings with Application to the
Spectra of Lunar Soil Samples

P. M. Bell and H. K. Mao

Apollo soil samples of the lunar rego-

lith contain minute (approximate diam-
eter: 1-200 /mi) glass-welded particles

that form continuously from impacts of

micrometeorites. The particles are ag-

glutinates in a process that involves a

surprising chemical fractionation on a

submicrometer scale (Rhodes et al.,

1975). The agglutinate fractions of the

soils sampled during the Apollo are en-

riched, relative to the bulk soils, in the

ferromagnesian elements (Fe, Ti, Mg,
Mn, Cr, Sc) and lithophile elements (K,

La, Ce, Sm, Yb, Lu, Hf, Th, Ta). The
agglutinate fractions are depleted in ele-

ments that readily enter plagioclase

(Ca, Na, Al, En). In the more "mature"

or exposed soils, the agglutinates can

comprise over 50% of the soil, so the

process of chemical fractionation is rec-

ognized to change significantly the

chemical character of the lunar regolith.

The formation of agglutinates is ac-

companied by the precipitation of iron

particles of submicrometer size that may
have precipitated in a chemical dispro-

portionation process, on the basis of

their optical absorption spectra (Mao,

Bell, and Adams, Year Book 74).

Whether or not disproportionation ac-

tually occurred is determined with diffi-

culty because of the limitations of anal-

ysis of particles of submicrometer size;

however the spectral properties of ag-

glutinates contribute supporting evi-

dence. Moreover, identification of the

spectral dependence on agglutinate prop-

erties is of considerable importance in

the interpretation of bulk soil spectra

and of spectral reflectance curves ob-

tained from earth-based telescopes. In

the present study spectral data in the

range 0.3-2.5 /mi were obtained on sam-
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pies of glass coated with thin films (10-

100 A) of carbon, iron, and gold pal-

ladium alloy. The spectra were com-
pared with that of lunar agglutinate

sample 67701. In this report data are

presented that demonstrate that metal
coatings, if thin enough, produce spec-

tral features, some of which are similar

to those of agglutinates.

Metallic Coatings

Samples of powdered silica glass were
placed in a vacuum evaporator and then

coated by evaporating carbon, iron, or

gold palladium. The powders were re-

moved, ground, and replaced for a total

of three treatments. Silica glass slides

(1-mm thickness) were also coated.

The samples were stored in vacuo
after removal from the evaporator. For
spectral analysis, they were promptly
placed into the sample part of a Cary
171 crystal-field spectrometer. It should

be noted that even under the procedures

followed, oxidation of the metallic coat-

ings could occur, and because the coat-

ing thicknesses are in the angstrom
range, oxidized metal could contribute

to an observed spectrum. However, the

spectrum of metallic iron did not show
characteristic bands of the ferric (Fe3+)

ion that would have indicated that oxi-

dation took place. On the other hand,

ferric iron bands tend to be broad, and
low concentrations may not be detected.

The experimental samples have been

subjected to less atmospheric exposure

than the lunar samples that contain

metal both as coatings and as particles

and droplets protected in glass. Thus the

experimental values may approach those

of the returned lunar samples.

Spectra

The spectra of metallic iron, carbon,

and gold-palladium alloy coatings on
silica glass are shown in Fig. 125. Sev-

eral features are apparent. Both iron

and carbon coatings absorb in the near

ultraviolet regions and their spectra ap-

pear as steep shoulders between 950 and
350 nm. Iron shows an additional fea-

ture in that its absorption spectrum is a

two-component curve. In the range 950-

3000 nm, the slope is gentle; in the range

350-950 nm, the slope is steep. The
cause of the slope, a possible background
imprint of ferric iron absorption, could

not be determined. The gold-palladium

alloy coating causes a darkening effect,

which is realized as a nearly constant

background level. No steep slope such as

those observed with iron and carbon
occurs.

The agglutinate sample studied was
67701,38, whose features were described

last year (Mao, Bell, and Adams, Year
Book 74). A portion of the agglutinate

that contained glass and fine metallic

droplets and that had a characteristic

brown color caused by submicroscopic

inclusions was selected for spectral anal-

ysis. The spectra in Fig. 125 show
marked similarities to that of the syn-

thetically produced iron coating. It

should be pointed out, however, that the

agglutinate sample is not coated; the

metallic grains are completely isolated

within glass.

The findings of this study can be sum-
marized as follows. Metals that are nor-

mally opaque produce spectral absorp-

tion features from transmitted radiation

if the metals are thin (10-100 A). The
features are, in some cases, merely an

increase in background throughout the

wavelength region studied (350-3000

nm) ; however, iron produces a steep

two-component absorption shoulder.

The absorption shoulder of the iron-

coating nodules approximates the ab-

sorption curve of agglutinate particle

67701,38, suggesting that both spectra

arise from the same cause. The two-

component slope of the spectra may be

caused by a mixture of ferric and metal-

lic iron. If this interpretation is correct,

the theory of a disproportion reaction in

agglutinate that produces ferric and me-
tallic iron would be supported. Possible

oxidation of both experimental and
lunar specimens as a result of atmos-

pheric exposure would lead to the same
interpretation.
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Fig. 125. Optical spectra of Fe, Au-Pd alloy, and graphite coatings on silica glass, and the

optical spectra of agglutinate specimen 67701,38,ld.

Crystal-Field Spectra of Fassaite

from the angra dos reis meteorite

P. M. Bell and H. K. Mao

The Allende fassaite (Mao and Bell,

Year Book 73) is unique in that it con-

tains the Ti3 + ion but is iron-free. The
Angra dos Reis fassaite of the present

study may also contain Ti3+ but con-

tains abundant ferrous iron as well.

Crystal-field spectra of the fassaites

show the absorption bands of the tita-

nium and iron ions; the band energies

are related to transition energies, some
of which are subject to crystal-field

splitting. One of the fassaites was evi-

dently more strongly reduced and the

other more strongly oxidized than lunar
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pyroxenes, as judged from the crystal-

field spectra. Few lunar pyroxenes show
absorption at energies appropriate for

the Ti3 + crystal-field transition. The
Angra dos Reis fassaite is close to lunar

pyroxenes in composition, and its ferric

iron content is believed to reflect more
oxidizing conditions of formation.

The Crystals

The crystals of fassaite were selected

from a sample of the Angra dos Reis

meteorite supplied by Dr. M. Gaffey

(see Gaffey, 1976). The meteorite is

composed predominantly of pyroxene,

with minor olivine and accessories.

There is a rich complement of rare earth

elements whose contribution to the opti-

cal spectra could be significant but is as

yet unevaluated. Compositions of the

fassaite are given in Table 44 (Keil et

aL,1976).

The crystals were oriented and

mounted polished on parallel sides. Po-

larized spectra were made at maximum
and minimum absorption directions.

Complex Optical Absorption Properties

During orienting of the fassaite crys-

tals, it became evident that the direc-

tions of maximum and minimum ab-

sorption in plane polarized light did not

coincide with crystallographic (except

b) or optical (indicatrix) axes. Such a

relationship is possible with monoclinic

or triclinic symmetry, but the absorption

TABLE 44. Composition of Angra dos Reis

Clinopyroxene (Fassaite) Obtained by
Electron Microprobe Analysis

Si02

Ti02

A12 3

Cr2 3

Fe2 3
*

FeO*
MnO
MgO
CaO

Total

45.9

2.16

10.0

0.21

2.89

4.1

0.06

10.6

24.1

100.02

* Ferrous and ferric iron are in a proportion

to satisfy the total oxygen content calculated

by difference.

(pleochioism) in these crystals follows

no simple laws. The minimum absorp-

tion can be observed in a single direc-

tion only when the optic plane is aligned

with the polarization direction. Rotation

of the crystals about the axis where

minimum absorption occurs causes max-
imum absorption in all directions.

Attempts to distinguish electric tran-

sition vectors or magnetic transition

vectors in the above observations could

not be made unless both electric and

magnetic processes were active simul-

taneously. Obviously, the types of elec-

tric vector (dipole and quadrupole)

could not be distinguished either. The
transitions may or may not be as com-

plex as they now appear.

The optical orientation of Angra dos

Reis fassaite is shown in Fig. 126. The

optic plane is oriented normal to the b

axis (/3 is the optic normal). The direc-

tion normal to the c axis, n, is the unique

direction of minimum absorption. Note

the radiation-source orientation diagram

for the light propagation vector (L)

,

the electric vector (E), and the magnetic

vector (H).

Figure 127 shows the absorption spec-

tra. There are five directions instead of

the usual three («, /?, y) for the absorp-

tion at 480 nm. The absorption maxima
are not of constant intensity (absorp-

tion coefficient, cm-1
), and the differ-

ences are not yet explained. The n direc-

tion is unique for the following reasons.

Minimum absorption occurs only when

E is parallel to n, with L parallel to the

c axis. If E remains parallel to n, but L
is rotated away from parallelism with c,

minimum absorption disappears.

The absorption band close to 1000 nm
appears to be typical of the de band of

octahedral Fe2+ in pyroxene (Bell and

Mao, Year Book 71), but the ferrous

iron content is low, and thus the resolu-

tion is relatively poor (see Table 44)

.

Conclusions

The Angra dos Reis fassaite has com-

plex absorption properties and strong

polarized absorption spectra. The prop-
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Fig. 126. Orientation of Angra dos Reis fassaite (note also vector diagram for L, direction

of light propagation; H, direction of magnetic vector; E, direction of electric vector).

erties are not understood at this time,

but the following conclusions can be

drawn. The absorption band at 1000

(and 2000) nm is caused by octahedral

Fe2+ , and the band at 500 nm is prob-

ably caused by Fe3 +
, although prob-

ably not by a simple electronic transi-

tion. Comparison of the spectra with

those of the Allende fassaite, lunar py-

roxenes, and synthetic glasses suggests

that the Angra dos Reis fassaite is less

reduced. The intensity of the 500-nm
band is significantly greater than that

of the 500-nm band normally observed

in Fe3+ -bearing pyroxene and domi-

nates the spectra. The Angra dos Reis

meteorite consists mostly of fassaite;

thus the 500-nm band also dominates

the spectra of the entire meteorite. This

dominance should be noted in interpret-

ing telescope spectra of objects in space.

The unique property of the Angra dos

Reis fassaite is that it absorbs light at

480-nm wavelength in all directions ex-

cept one (n) in which light in the visible

region is not absorbed in a band. Near
1000 nm in the near infrared, Fe2+ ab-

sorption bands occur, evidently unaf-

fected by the absorption in the visible.

In plane polarized visible light the crys-

tal is deep pink, except in the minimum
absorption direction, where it is nearly

colorless. The observed absorption be-

havior cannot be explained by conven-

tional electric or magnetic dipole vec-

tors. It would appear that the Angra dos

Reis fassaite either has absorption

caused by both vectors being nearly

aligned or absorbs because of some yet

undiscovered process.
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Fig. 127. Polarized absorption spectra of Angra dos Reis fassaite. (A) E parallel to P; (B)

E~ parallel to c; (C) E parallel to a; (D) E parallel to 7; (E) E parallel to n.

MINERALOGY

The Crystal Chemistry of Melanites
and schorlomites

F. E. Huggins, D. Virgo, and H. G. Huckenholz

The crystal chemistry of natural mela-

nite and schorlomite garnets has been a

source of controversy for many years.

Two main problems have been identified:

(1) What are the relative site prefer-

ences of Al, Fe, and Ti for the tetrahedral

site? (2) What are the oxidation states

of iron and titanium in these garnets?

Present interest in these garnets arises

from the fact that answers to these two
questions may show that such garnets

are indicators of thermal history, based

on the distribution of elements between

distinct crystallographic sites, and also

of oxygen-fugacity conditions at the time

of formation, as a result of elements in

more than one oxidation state in the

garnet structure- In view of the occur-

rence of such garnets in alkalic igneous

rocks, often in association with carbo-

natite complexes, constraints on the

thermal history and oxygen-fugacity

conditions at the time of formation of

the garnets will also apply to alkaline

igneous rocks containing such garnets

and possibly to carbonatite complexes as

well.

In the present study, a detailed inter-

pretation of the crystal chemistry of

melanites and schorlomites is given that

includes answers to the two questions

discussed above. The techniques of elec-

tron microprobe analysis and Mossbauer

spectroscopy in conjunction with the ca-

tion distribution scheme established for

synthetic titanium silicate garnets (Hug-
gins et al., Year Book 74, PP- 579-585;

Huggins, Virgo, and Huckenholz, 1976a)

were used to resolve these outstanding

crystal-chemical problems-

Eleven melanite and schorlomite gar-

nets* were investigated in detail in the

course of this study; their location, petro-

*The generosity of Drs. R. A. Howie, Th. G.
Sahama, S. O. Agrell, and J. S. White, Jr., who
supplied specimens of melanites and schorlo-

mites for this study, is gratefully acknowledged.
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TABLE 45. Locations, Petrologic Occur-
rences, and Symbols for Garnet Samples

Symbol Description

O Ijolite from Oka carbonatite complex,

Quebec. Rock supplied by M.
Rosenhauer.

F Calc-silicate bomb in pyroclastic sed-

iments, Alban Hills, Frascati, Italy.

LB Nepheline syenite from Loch Boro-

lan, Scotland. Coarse grains sup-

plied by R. A. Howie.

SB Serpentinized peridotite from Dallas

gem mine, San Benito County,
California. USNM R15546-5, sup-

plied by J. S. White, Jr.

OL Volcanic ash from Oldoinyo Lengai,

Tanzania. Magnetic separate of ash

supplied by Th. G. Sahama.

DW From skarn near Dirbat Well, Red
Sea Hills, Sudan. Coarse powder
supplied by R. A. Howie.

K Phonolite dike from Oberrotweil,

Kaiserstuhl, West Germany.

Iv Pegmatoid in ijolite, from Iivaara al-

kaline igneous complex, Finland.

Massive single crystal supplied by
Th. G. Sahama.

ML Melteigite from Iivaara alkaline ig-

neous complex, Finland. Rock sup-

plied by Th. G. Sahama.

R Agglomerate from Rusinga Island,

Uganda. USNM 107272, supplied

by J. S. White, Jr.

Ar Schorlomite-wollastonite-titanaugite

vein in pegmatitic pyroxenite from
Ardnamurchan, Scotland. Rock sec-

tion supplied by S. O. Agrell.

logic occurrence, and symbols are de-

scribed in Table 45. All the garnets were

black or very dark brown macroscopi-

cally; however, their colors in grain

mounts varied from yellow to an almost

opaque smoky red.

Results

The electron microprobe analyses were

carried out in the manner described by
Finger and Hadidiacos (Year Book 71,

pp. 598-600) . Seven elements were found

to constitute the quantitative analysis

(Table 46) ; however, an additional 14

elements were sought on a qualitative

basis to rule out the possibility of other

elements contributing significantly to the

garnet analysis. The lower half of Table

46 shows the formulae of the garnets

calculated on the basis of the cation:

anion ratio of 8:12. From such calcula-

tions estimates of "Fe2+"/SFe were ob-

tained ; it should be noted, however, that

this calculation could also be carried out

in terms of reducing Ti4 + to Ti3 + and
therefore does not distinguish between

Ti3 + and Fe2+ but rather yields the total

number of cations of reduced charge.

Hence "Fe2+" includes not only Fe2 +

cations but also the charge reduction due

to Ti3 +
, if present.

The 57Fe Mossbauer spectra were ob-

tained in the manner described previ-

ously (Virgo, Year Book 71, pp. 607-

608) , and results were evaluated as de-

scribed by Weber, Virgo, and Huggins
{Year Book 74, pp- 575-579). The spec-

tra were taken at 77°K to improve the

resolution of the ferrous peaks and to

eliminate differences in recoil-free frac-

tions between Fe2 + and Fe3 + absorp-

tions in garnets, which have been found

to be significantly different at room tem-
perature (Amthauer, Annersten, and
Hafner, 1976; Whipple, 1973). In order

to accommodate the ferrous absorptions

as well as the ferric absorptions, it was
necessary to fit the spectra with up to

six peaks (Fig. 128). As indicated in

Fig. 128, the spectra are interpreted as

consisting of up to five doublets: tetra-

hedral and octahedral ferric and tetra-

hedral, octahedral, and dodecahedral

ferrous. The relative areas .of the differ-

ent absorptions for the 11 garnet samples

are listed in Table 47.

Discussion

A comparison of "Fe2 + "/2Fe as de-

termined by Mossbauer spectroscopy

and by calculation from the electron

microprobe analyses or wet chemical

analyses, if available, is shown in Fig.

129 for the eleven garnets and for four

others reported by Whipple (1973) and
Dowty (1971). With the latter two tech-

niques, Fe2+ cannot be distinguished

from Ti3 +
, so "Fe2 + "/2Fe includes con-
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TABLE 46. Chemical Analyses and Formulae of Garnets

707

F LB SB* OL DW K Iv ML R Ar

(a) Analyses, wt%
Si02 3477 35.49 34.57 33.44 30.89 27.14 28.70 28.38 28.95 28.17 26.15

Ti02 2.48 2.53 3.56 8.57 10.84 12.37 12.72 13.18 13.20 14.34 16.46

ALA, 4.68 6.57 2.69 1.55 0.70 5.23 2.24 0.93 1.02 1.05 3.51

Fe«Ost 23.17 20.62 25.43 20.58 24.36 20.44 22.19 23.42 22.84 22.04 21.15

MgO 0.45 0.57 0.40 0.71 0.47 0.86 0.89 0.85 0.96 0.89 0.52

MnO 0.99 0.28 0.64 0.13 0.40 0.09 0.41 0.20 0.25 0.33 0.38

CaO 32.58

99.12

33.01

99.07

33.36 33.66 32.64 30.66 31.43

98.58

31.54

98.50

31.77

98.12

31.65

98.47

31.18

Totals 100.65 98.64 100.30 99.79 99.35

(b) Formulae, assuming 8:12 cation : anion ratio

Si 2.900 2.924 2.868 2.834 2.623 2.276 2.470 2.472 2.492 2.442 2.250

Ti 0.154 0.157 0.222 0.546 0.692 0.780 0.823 0.863 0.854 0.935 1.065

Al 0.458 0.638 0.263 0.155 0.070 0.517 0.227 0.101 0.103 0.107 0.353

Fe3+
1.433 1.201 1.557 1.083 1.299 1.290 1.186 1.228 1.204 1.140 1.017

"Fe2+"
0.020 0.077 0.030 0.229 0.257 0.000 0.251 0.268 0.275 0.298 0.351

Mg 0.054 0.070 0.049 0.090 0.059 0.107 0.114 0.120 0.123 0.115 0.065

Mn 0.069 0.020 0.045 0.009 0.029 0.006 0.030 0.016 0.018 0.024 0.025

Ca 2.912 2.914 2.965 3.055 2.970 3.024 2.898 2.932 2.930 2.939 2.874

SFe 1.453 1.278 1.587 1.312 1.566 1.290 1.437 1.496 1.479 1.438 1.368

"Fe2+"/2Fe 0.015 0.06 0.02 0.17 0.17 0.00$ 0.17 0.18 0.19 0.21 0.26

* SB is an average of all zones (cf. Huggins, Virgo, and Huckenholz, 19766).

t All iron as Fe2 3 .

t 2 oxygen = 11.96.

tributions to the reduced state from both

cations. Therefore, the excess "Fe2 + "

/SFe indicated by the chemical methods
over the Mossbauer calculation can be

attributed to Ti3 + because titanium is

the only other major element in the gar-

net that exhibits variable valency. In

Fig. 129, the presence of Ti3 + is indi-

cated by the deviation of ,the data points

to the right of the 1:1 line. Except for

samples SB and possibly GN4, Ti3+ /
2Ti is not found to exceed 0.10. For SB,

Ti3+/STi reaches 0.25, an exceptionally

high value, but agrees in principle with

the findings of Manning and Harris

(1970) on a sample from the same lo-

cality. These authors concluded that most
of the titanium was Ti3 + in their par-

ticular garnet on the basis of the optical

absorption spectrum.

By combining the Mossbauer and
electron microprobe data, the crystal-

lographic location of nearly all the ca-

tions can be ascertained (Table 48)- It

is not possible, however, to determine

directly the distribution of Al and Ti

between the octahedral and tetrahedral

sites and, for some samples, the distribu-

tion of Fe2 + and Mg between the octa-

hedral and dodecahedral sites.

By comparing the distribution of ferric

iron in these garnets with that obtained

for the synthetic garnets, a number of im-

portant conclusions, including the prob-

able distribution of Al and Ti between

the octahedral and tetrahedral sites in

the natural garnets, can be reached. The
comparison of the ferric distribution data

is shown in Fig. 130. The curves for the

synthetic samples are calculated from
the values of the distribution coefficients

found for Al-Fe and Ti-Fe exchange at

about 1225°C (Huggins, Virgo, and
Huckenholz, 1976a). Based on the order

of tetrahedral site preference, Al > Fe
> Ti, these curves are not expected to

change greatly with decreasing tempera-

ture and therefore provide a suitable

framework with which to compare the

various ratios for the natural garnets. It
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VELOCITY mm/sec

Fig. 128. Mossbauer spectrum of schorlomite from Ardnamurchan, Scotland, sample Ar.

Spectrum is fitted to six peaks. Also shown are the labeling scheme for the peaks and the

definitions of the doublets for the five distinct types of iron cations.
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TABLE 47. Area Ratios for the Distinct Kinds of Iron Cations in the Mossbauer Spectra

F LB SB OL DW K Iv ML R Ar

"Fe2+"/2Fe 0.03 0.05 ~0.03 0.07 0.19 0.00 0.16 0.14 0.16 0.19 0.26

Fe3+
iV 2.6 3.6 7.8 0.0 7.8 27.6 14.1 15.0 10.2 17.8 12.2

Fe3+
vi 94.0 91.6 89.2 93.0 73.4 72.4 70.0 71.0 73.8 64.4 61.8

Fe2+
,v 0.0 0.0 -1.0* 3.6 9.0 0.0 5.4 9.2 10.4 9.4 13.2

Fe2+
Vi 0.0 0.0

~2.0*t

3.4 9.8 0.0

10.6t 4.8t 5.6| 8.4f

7.6

Fe2+vm 3.4 4.8 0.0 0.0 0.0 5.2

* Estimated visually.

t Fe
2+

vi and Fe2+
Vm contributions not resolvable.

See Huggins, Virgo, and Huckenholz (19766) for more detailed tabulation of Mossbauer
data.

is immediately apparent that Fe3+ Vi/
(2Fe3 +

-f- Fe2
+iv) is in best agreement

with the synthetic curves. Hence, for the

natural garnets to have a distribution

consistent with the synthetic garnets, the

amount of tetrahedral Fe2 + should not

be considered distinct from that of tetra-

hedral Fe3+ for the purposes of cation

exchange. This observation implies that

upon crystallization at temperatures

where cation exchange might be taking

place reasonably rapidly, electron-hop-

ping occurs much faster, so that the

distinction between Fe2
+rv and Fe3+ iv

(and presumably between Fe2 + V i and
Fe3 +

VI and between Ti3 +
VI and Ti4 + Vi

as well) cannot be made. Evidence for

electron-hopping is given by (1) the dark

colors and intense charge-transfer fea-

tures in the optical absorption spectra

I

0.30
I 1 i I 1 U

0.25 - /Ar

0.20 -

OL A*°R

0.15 -

/•/ line /

KIIO&OML

/ Olv
a*8,ED

O/O -

SB
o

0.05
O LB/n LB
OOj/\. n—

o

/ GN6 GN4

O EMP Calculation
"

Wet Chemical
Analysis

1 1 1 1

0.05 0.10 0.15 0.20 0.25 0.30

"Fe jfSFe (Chemical)

Fig. 129. Comparison of "Fe2+"/2Fe as determined by Mossbauer spectroscopy and by
chemical methods for melanite and schorlomite garnets. Significant deviation to the right of

the 1:1 line indicates the presence of Ti3+
. Data for samples GN3, GN4, and GN6 are from

Whipple (1973) ; data for 8 E.D., from Dowty (1971).
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TABLE 48. Location of Cations at Crystallographic Positions in Natural Melanite and
Schorlomite Garnets

O SB OL DW K Iv ML R Ar

Tetrahedral cations:

Si 2.900

Fe3+
0.038

Fe2+
0.000

Al + Ti 0.062

Octahedral cations

:

Ti3+

Fe3+

Al + Ti

Fe2+

Mg
Mn
Ca

0.000

1.366

0.550

0.000

0.054

0.030

0.000

2.924

0.046

0.000

0.030

0.015

1.171

0.749

0.000

0.065

0.000

0.000

Dodecahedral cations

:

Mg 0.000 0.005

Fe2+

Mn
Ca

0.049 0.061

0.039 0.020

2.912 2.914

2.834

0.000

0.047

0.119

0.131

1.220

0.450

0.045

0.090

0.009

0.055

0.000

0.000

0.000

3.000

2.623

0.121

0.140

0.116

0.000

1.142

0.647

0.152

0.059

0.000

0.000

0.000

0.001

0.029

2.970

2.276

0.356

0.000

0.368

0.000

0.934

0.929

0.000

0.107

0.006

0.024

0.000

0.000

0.000

3.000

2.470

0.203

0.078

0.250

0.022

1.006

0.775

0.000

0.000

0.030

2.898

2.472 2.492

0.224 0.151

0.138 0.154

0.166 0.203

0.060

1.062

0.738

0.197 0.140

0.000

0.000

0.016

2.932

0.044

1.092

0.710

jo,

0.000

0.000

0.072 0.052 0.052

0.018

2.930

2.442 2.250

0.223 0.167

0.121 0.181

0.214 0.402

0.029

0.943

0.798

154 0.230

0.000

0.000

0.037

0.024

2.939

0.000

0.845

1.016

0.104

0.035

0.000

0.000

0.030

0.071

0.025

2.874

Garnet specimen LB not included as small amounts of Fe 2+ cannot be measured accurately.
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Fig. 130. Comparison of three different ferric distribution parameters for the natural samples
with the distribution trends established for synthetic garnets synthesized above 1200°C (Hug-
gins, Virgo, and Huckenholz, 1976a).
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of the melanites and schorlomites (Moore
and White, 1971) and (2) the unusually

low isomer-shift value for the Fe2 +
IV

absorption (Huggins, Virgo, and Hucken-
holz, 19766). Both phenomena can be

best explained by the presence of labile

electrons.

This result implies that all Al, Fe, and
Ti cations take part in the exchange

reactions between the octahedral and
tetrahedral sites, that the order of tetra-

hedral site preference, Al > Fe > Ti,

found for the synthetic garnets (Huggins,

Virgo, and Huckenholz, 1976a) also ap-

plies to natural garnets, and that electron-

hopping among iron and titanium cations

occurs considerably more rapidly than
the cation-exchange reactions.

At room temperature, both electron-

hopping and cation-exchange reactions

are probably quenched-in, so that the

observation of Fe2+ IV in the garnets

represents an electron trapped at a

Fe3 +
IV site. As a result, the substitution

mechanism proposed by Dowty (1971),

2Ti4
+vi + Fe2 +

IV Z 2M 3
+vi + Si4 +

IV ,

is no longer necessary. Rather, the mech-
anisms needed to account for Ti in the

garnet are primarily Ti4 + Z Si4+ (fol-

lowed by Al, Fe, Ti order-disorder be-

tween sites), M 2 + + Ti4 + Z 2M3+

(followed by electron-hopping when M2+

= Fe2 + ), and possibly Ti3 + Z M 3 + . It

is apparent from the fact that the tita-

nium content always exceeds the silicon

deficiency that no one mechanism is re-

sponsible for introducing all the titanium

into the garnet structure.

In conclusion, the crystal chemistry of

natural titanium-containing garnets re-

sults from two phenomena: (1) the

cation-exchange reactions between octa-

hedral and tetrahedral sites involving all

Al, Fe, and Ti cations, and (2) electron-

hopping among iron and titanium ca-

tions. The complexity of the crystal

chemistry of melanites and schorlomites

reflects not only the phenomena them-
selves, but also the quenched-in nature

of the phenomena present in room tem-
perature observations.

A Reconnaissance Study of the
Ti-Garnet Stability Field at

Defined Oxygen Fugacities

H. Huckenholz, E. Holzl, F. E. Huggins,

and D. Virgo

In a previous article, Huggins, Virgo,

and Huckenholz (this Report) showed
that Ti-garnets have an unusual crystal

chemistry with respect to the distribu-

tion of Fe2 + and Fe3 +. It was found

that in natural Ti-bearing garnets dif-

ferent valence states of iron and tita-

nium occur at both the tetrahedrally

and octahedrally coordinated sites of the

garnet structure. These results are con-

sidered significant from a petrological

point of view because they suggest that

the crystallization of the natural Ti-

garnets occurred at lower oxygen fugaci-

ties than the low /o2
limit of the stability

field of pure andradite. Gustafson (1974)

showed that pure andradite is stable in

2-kbar experiments only at higher /o 2

values than a T-jo line approximately

between the QFM and IM, IW buffers

below ~800°C.
Thus a reconnaissance study at de-

fined oxygen fugacities was conducted

at a total pressure of 1 kbar in order to

elucidate the stability and phase rela-

tions of synthetic and natural Ti-garnet

solid solutions. Four Ti-garnets with

variable titanium content were selected

for the (isobaric) temperature versus

oxygen-fugacity experiments. Chemical

compositions of the samples are listed in

Table 49. Samples AS 2 and GTA 7 are

synthetic titangrandites that were crys-

tallized from glasses of appropriate com-

positions at temperatures of 1100° and

1050°C, respectively, and at a total pres-

sure of 1 atm (Huckenholz, 1969; Holzl

and Huckenholz, in preparation). The
sample labeled HGH 1 consists of hand-

picked crystals from calc-silicate bombs
occurring in pyroclastics of the Alban
Hill volcano, near Frascati, Italy, and
sample HGH 2 consists of euhedral

crystals weathered from a phonolite dike

near Oberrotweil, Kaiserstuhl volcanic

area, Germany.
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TABLE 49. Microprobe Analyses of Titangrandites Used in This Study

AS 2 GTA7 HGH1A HGH1B HGH1C HGH2A HGH2B

Si02 22.75 26.64 35.49 34.60 36.20 28.70 29.00

TiOa 15.14 12.67 2.53 4.06 1.62 12.72 13.10

AI2O3 9.05 6.57 5.57 5.78 2.24 2.02

Fe2 3 30.03 17.62
{20.62

20.27 20.83
{22.19

19.44

FeO* 0.20 0.22 1.20 1.23 3.20

MgO 0.57 0.68 0.46 0.89 0.93

MnO 0.28 0.24 0.33 0.41 0.40

CaO 31.86 33.78 33.01 33.30 33.70 31.43 32.00

Na2 0.10

Totals 99.98 99.98 99.07 99.92 100.15 98.58 100.19

Si 2.000 2.210 2.924 2.839 2.955 2.470 2.449

Ti4+
1.000 0.790 0.142 0.249 0.100 0.801 0.831

Ti3+
f 0.015 0.022

Al 0.886 0.638 0.549 0.558 0.227 0.201

Fe3+
1.986 1.098 1.201 1.251 1.281 1.186 1.234

Fe2+ 0.014* 0.015* 0.077J 0.084* 0.083* 0.25U 0.228*

Mg 0.070 0.083 0.055 0.114 0.117

Mn 0.020 0.017 0.022 0.030 0.030

Ca 3.000 3.000 2.914 2.928 2.946 2.898 2.895

Na 0.015

Cations 8.000 7.999 8.000 8.000 8.000 8.000 8.000

Oxygens 11.993 11.991 12.000 11.989 11.975 12.000 12.000

Ti4++Fe3+

995 0.992 0.936 0.947 0.962 0.879 0.899
total Ti+Fe

* FeO determined by wet-chemical methods.

t Ti
3+

is obtained indirectly by assigning 8.000 cations (including Fe2+
) to 12.000 oxygens.

% FeO determined by Mossbauer analyses.

AS 2: Starting composition of a titangrandite crystallized from a glass at 1100°C and 1 atm.
FeO determined after crystallization procedure (Huckenholz, 1969).

GTA 7: Starting composition of a titangrandite crystallized from a glass at 1050°C and 1

atm (Holzl and Huckenholz, in preparation). FeO determined after crystallization procedure

by Gisela Cammann, Munich.
HGH 1 : Melanite from a calc-silicate bomb occurring in the pyroclastics of the Alban Hill

volcano near Frascati, Italy. Several euhedral crystals up to 20 mm across. HGH 1A: Micro-

probe analysis of a single, unzoned crystal (Huggins, Virgo, and Huckenholz, this Report).

HGH IB (core) and HGH 1C (rim) : Microprobe analyses of a zoned crystal by Th. Frisch

(unpublished). FeO determined by Gisela Cammann, Munich.
HGH 2: Schorlomite from a phonolite dike near Oberrotweil, Kaiserstuhl volcanic area.

Several euhedral crystals up to 5 mm across. HGH 2A : Microprobe analysis of a single crystal

(Huggins, Virgo, and Huckenholz, this Report). HGH 2B: Microprobe analysis of a single

crystal by Th. Frisch (unpublished). FeO determined by Gisela Cammann, Munich.

The crystal chemistry of the synthetic

and natural garnets has been considered

previously (Virgo and Huckenholz, Year

Book 73, p. 426; Huggins, Virgo, Holzl,

and Huckenholz, Year Book 74, p. 579;

Huggins, Virgo and Huckenholz, this Re-
port). It is noteworthy, however, that

the chemical analyses of the synthetic

samples AS 2 and GTA 7, when recalcu-

lated on the basis of 8.0 cations and 12

oxygens per formula unit, reveal a sili-

con deficiency equal to the amount of

the total titanium, i.e., Si -f- Ti = 3 per

formula unit (Table 49). In contrast,

the natural garnet samples are charac-

terized by Si + Ti > 3.0 per formula

unit and furthermore the amount of

oxygen assigned to the mineral formula

based on 8 cations is greater than 12.

Thus it is necessary to consider part of

the iron and titanium as Fe2+ and

Ti3 +, respectively.
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From the cation proportions, titan-

grandite end-member compositions can

be calculated. In this way, and neglecting

minor components such as r.lmandite,

spessartite, Na-melanite, Mg-melanite,

and the grossularite components of GTA
7, Frascati, and Kaiserstuhl, the four

selected titangrandites will, as a first

approximation, plot in the CaTi-CaSi-

CaTiSi-Fe portion of the Ca-Ti-Fe-

Si(-O-H) system according to their ca-

tion proportions (Fig. 131).

Hydrothermal experiments at 1 kbar

H 2 pressure and temperatures below

800°C were conducted in cold-seal, high-

pressure vessels. An internally heated,

gas-media apparatus was used for tem-

peratures above 800°C Oxygen fugaci-

ties were controlled with solid-state oxy-

gen buffers (Pt0 2-Pt, Huckenholz and
Yoder, 1971; Fe3 4-Fe 2 3 , Ernst, 1960;

Ni-NiO, Eugster and Wones, 1962;

Fe 2Si0 4-Fe 3 4-Si0 2 , Ernst, 1960; Fe^-
0-Fe 3 4 , Ernst, 1960; Fe-Fex-,0, Eug-

ster and Wones, 1962; Fe-Si0 2-Fe2Si0 4 ,

Eugster and Wones, 1962). Sample and
buffer were exposed to temperatures of

600°-1100°C for durations within the

operational limits of the buffer.

Experimental Results and Discussion

The experimental results obtained on

the stability and phase relations of the

four titangrandites are depicted in a

series of isobaric (1 kbar) temperature

versus oxygen-fugacity plots (Fig. 132

Ca:Ti Ca : Si

Ca:Ti

Fig. 131. Ca:Ti-Ca:Si-Ca:Ti:Si-Fe portion of the Ca-Ti-Fe-Si system at excess H2 and
variable oxygen content. (Approximate) cation proportions neglecting Mg and Al refer to

phases produced from the reduced and oxidized breakdown of garnets AS 2, GTA 7, HGH 1A
(Frascati), and HGH 2A (Kaiserstuhl). Cation proportions are Fe, hematite, magnetite, iron;

Ca:Ti, perovskite; Ca:Si, wollastonite ; Ca:Ti:Si, sphene; Ca:Fe:Si, kirschsteinite ; 3Ca:2Fe:
3Si, andradite; 3Ca:2Fe:1.5Ti:1.5Si, titanandradite ; 3Ca:Fe:Ti:Si, Fe-melanite; 3Ca:2Ti:3Si,

Ca3Ti
8+

2Si30i2 .
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Fig. 132A. Isobaric (1 kbarH
2o) temperature versus oxygen-fugacity plot of data for titan-

grandite AS 2. Phase assemblages are garnet ss + 7 (solid circles), garnetss + wollastonite +
kirschsteinitess + magnetite S s + V (open circles), garnetS8 -f liquid + wollastonite + kirsch-

steinite 9 8 + V (squares with crosses), and garnetss -+- liquid -f wollastonite + magnetites* +
V (open squares). Numbers at open and solid circles refer to the fraction of garnet unit-cell

parameters that is larger than 12 A. Solid-state buffer curves are HM (hematite-magnetite),

NNO (nickel-nickel oxide), FMQ (fayalite-magnetite-quartz), WM (wiistite-magnetite), IW
(iron-wiistite), and IQF (iron-quartz-fayalite). The platinum-dioxide dissociation is plotted

at 1 bar. For comparison the graphite-CO-C02 buffer curve is also shown. Curve labeled A
refers to the reduced subsolidus breakdown of garnetss + V ; curves B and C are the begin-

ning of melting.

A-D). Individual ranges of temperature

versus /0o stabilities are displayed for

the four titangrandites studied. Each
phase diagram in Fig. 132 A-D is ac-

tually a unique section through an (iso-

baric) temperature versus /o„ versus

composition hyperspace. Composition

might be expressed by (Ti4+ -\- Fe3 + )/

(total Ti -4- Fe) . This ratio indicates the

degree of oxidation and, indirectly, the

degree of silicon deficiency. Samples AS
2 and GTA 7 have ratios close to 1.000

in which Ti + Si = 3.000. Their sta-

bility fields (Fig. 132 A and B) are

bounded by curves A and B. Because of

the fine-grained nature of the garnets

and the small amounts of their break-

down products, attempts to determine

the phase boundaries through observa-

tion of contiguous phase assemblages
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Fig. 132B. Isobaric (1 kbarH2o) temperature versus oxygen-fugacity plot of data for titan-

grandite GTA 7. Phase assemblages, symbols, numbers, and abbreviations as in Fig. 132A.

proved to be unsatisfactory. Better re-

sults were obtained when the individual

unit-cell parameters of garnets coexist-

ing in the various phase assemblages

were considered. Unit-cell parameters

remain constant (within the limits of

error) for the assemblage garnetss -4- V.

They change abruptly to smaller values

for garnets coexisting with wollastonite

-f- kirschsteinitess (rich in Ca 2Si0.t com-
ponent) -f- magnetitess -f- V below curve

A. The decrease of the unit-cell dimen-

sions may be associated with the garnetss

becoming less Si-deficient, and thus sili-

con-undersaturated or silicon-free phases

(kirschsteinite,ss and magnetitess ) occur

as breakdown products.

In both samples it can be seen that an

increase in temperature tends to de-

crease the stability of the garnets. At
600°C samples AS 2 and GTA 7 are

stable at higher /o9 than those defined

by the IW buffer or between the IW and
IQF buffers. Garnets AS 2 and GTA 7

decompose at 940° and 1010°C, respec-

tively, at oxygen fugacities defined by
the NNO and HM buffers. The larger

T-fo2
stability field of GTA 7 compared

with AS 2 might be attributed to differ-

ences in bulk composition. Garnet AS 2,

consisting of 33.3 mole % andradite and

66.7% titanandradite, has a Ti/Fe of

0.5, whereas GTA 7 is made up of 52.7%
titanandradite, 3.1% andradite, and
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Fig. 132C. Isobaric (1 kbarH2o) temperature versus oxygen-fugacity plot of data for the
Frascati titangrandite HGH 1A. Phase assemblages are garnet ss + V (solid circles), garnet ss

+ wollastonite -f sphene + quartz -f V (open circles), garnetss + liquid + wollastonite +
magnetite S8 + V (open squares), and garnetss + liquid + wollastonite -f V (squares with
crosses). Numbers and abbreviations as in Fig. 132A. Curve labeled D refers to the oxidized

subsolidus breakdown of garnetss + V ; curves B and E are the beginning of melting.

44.2% grossularite with Ti/Fe = 0.71.

Apparently, increasing amounts of Ti

(and Al) over Fe might stabilize the

iron as Fe3+ within the garnet struc-

ture, and the garnet will persist as a

stable phase to a lower /o2
. Curves B

and C for AS 2 exhibit the beginning of

melting of the Ca-Fe-Ti-Si-O-H system

at a total pressure of 1 kbar. Composi-
tional differences, that is, the presence

of Al and a higher Ti/Fe have shifted

curves B and C for GTA 7 to higher

temperature. The products of incon-

grucnt melting are liquid -4- garnetss -4-

wollastonite -f- magnetite -4- ^ above

curve B. They are liquid + garnetss -f-

wollastonite -f- kirschsteinitess -4- V
above curve C. The intersection of curves

A, B, and C might denote an (isobaric)

invariant point containing four solids

(garnetss -4- wollastonite -4- kirschstein-

itess -4- magnetitess ) -4- liquid -4- V in

equilibrium. It appears to be degenerate

owing to the solid-solutions' participat-

ing in the equilibrium or to the opaque

phase magnetitess that consists of two

indistinguishable phases.

The Frascati and Kaiserstuhl samples,
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Fig. 132D. Isobaric (1 kbarH
2o) temperature versus oxygen-fugacity plot of data for the

Kaiserstuhl titangrandite HGH 2A. Phase assemblages, symbols, numbers, and abbreviations

as in Fig. 132A and 132C.

HGH 1A and HGH 2A, do contain Ti3 +

in addition to Fe2 + according to Hug-
gins, Virgo, and Huckenholz (this Re-
port). The projection points in the (iso-

baric) temperature versus oxygen fu-

gacity versus composition space are

moved farther out to lower (Ti4 +
-f-

Fe3+)/ (total Ti + Fe), which are 0.936

and 0.879, respectively. The garnetss +
V stability ranges depicted in Fig. 132

C and D have drastically decreased to

lower /o when compared with samples

AS 2 and GTA 7. They are bounded by
curves D and B. No reduced breakdown
of garnetss -J- V was observed at fugaci-

ties as low as the IQF buffer. Above

curve D the garnetss + V assemblage

changes to the (oxidized) assemblage

garnetss + sphene -j- wollastonite -|-

quartz -f- V-

The breakdown of the natural garnetss

in the presence of a hydrous vapor phase

was determined at 700°C and /o2
inter-

mediate between the WM and QFM
buffers for the Frascati garnet, whereas

the IW buffer defines the /Oo of the

Kaiserstuhl garnet. . Oxygen fugacities

slightly above the NNO buffer were de-

termined at 1000°C for the two natural

samples. In contrast to AS 2 and GTA 7

the stability increases with the increase

of temperature to higher /o.,. As for sam-
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Fig. 133. Oxygen fugacity versus composition (expressed as [Ti4+ + Fe3+ ]/[total Ti + Fe])
plot of data at temperatures of 940°, 850°, and 700°C and at a total pressure of 1 kbarH

2o.

Solid squares refer to the oxidized breakdown of the two natural garnetss (= garss ) from the

Frascati (HGH 1A) and Kaiserstuhl (HGH 2A) areas. Solid circles represent the reduced

breakdown of the two synthetic garnets AS 2 and GTA 7. Ratios plotted below the abscissa

are from natural titangrandites analyzed by Huggins, Virgo, and Huckenholz, this Report)

and Th. Frisch (unpublished). DW, skarn rock, Dirbat Well, Sudan; O, ijolite, Oka Complex,
Quebec; F, dolomitic limestone block in pyroclastics, Frascati; LB, nepheline syenite, Loch
Borolan, Scotland; IV, ijolite, Iivaara; ML, melteigite, Iivaara; R, nephelinite, Rusinga
Island, Kenya; OL, volcanic ash, Oldoinyo Lengai, Tanzania; AR, pegmatitic pyroxenite,

Ardnamurchan, Scotland. Open squares refer to volcanic rocks; open diamonds refer to

plutonic rocks; and open circles refer to the San Benito, Frascati, and Dirbat Well samples.
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pies AS 2 and GTA 7, mapping of sub-

solidus phase boundaries was conducted

by observing the change in unit-cell pa-

rameters, which deviate from 12.009(2)

A for the Frascati garnet and 12.120(2)

A for the Kaiserstuhl garnet within the

oxidized decomposition products.

In comparison with the corresponding

changes in the cell dimensions of the

synthetic garnetss , it is suggested that

the natural garnets in the breakdown
assemblages became more and more
silicon-deficient with increasing /o2 , and

thus quartz occurs as a separate phase.

Curves B and E denote the beginning

of melting in the natural (multicompo-

nent) system. The assemblage garnetss

-f- T
7
gives way to garnetss -f- wollaston-

ite -f- magnetitess -4- liquid -f- T
7 above

curve B, whereas the assemblage garnetss

-f- wollastonite -f- sphene -4- quartz -|- V
changes to garnetss -f- wollastonite -f-

liquid + V above curve E. The inter-

section of the curves D, B, and E re-

sembles isobaric (degenerate) invariant

conditions with five solids (garnetss +
wollastonite -f- sphene -f- quartz -)-

magnetitess ) -f- liquid + V.

Petrogenetic Conclusions

With the data at hand, an isobaric

and isothermal composition (expressed

as [Ti4 + + Fe3+]/ [total Ti + Fe]

)

versus /o2 plot can be constructed sum-

marizing the experimental results ob-

tained on the four titanium-bearing

garnets studied (Fig. 133). Two sets of

isotherms for each temperature at 940°,

850°, and 700°C bound the upper (oxi-

dized) and lower (reduced) garnet sta-

bility range. At high oxygen fugacities

and large (Ti4 + + Fe3+)/ (total Ti +
Fe) the stability range of titangrandites

is rather restricted but extends to /o on

the order of 1 bar. With the decrease of

/oo, the oxidation ratios decrease like-

wise, and the garnet becomes more re-

duced and thus less silicon-deficient. No
reduced breakdown of the garnet will

occur at oxygen fugacities as low as

those defined by the IQF buffer.

The oxidation ratio calibrated against

oxygen fugacity can be used to suggest

the stability range of titangrandites un-

der which they might have formed. A
sequence of natural melanites, schorlo-

mites, and iivaarites of various origins

(Huggins, Virgo, and Huckenholz, this

Report) is plotted below the abscissa of

Fig. 133. Garnets from igneous volcanic

rocks plot close together with their oxi-

dation ratios, covering the range from

0.900 to 0.870. They are from a phono-

lite dike of the Kaiserstuhl volcanic

area, Germany, from volcanic ash of

Oldoinyo Lengai, Tanzania, and from

melanite agglomerates in a nephelinite

of Kenya. Igneous plutonic rocks such

as nepheline syenites, ijolites, melteigites

and pegmatites have a wide range of

(Ti4 + + Fe3 + )/ (total Ti + Fe). A
schlorlomite from a garnet-wollastonite-

titanaugite vein in a pegmatitic py-

roxenite of Ardnamurchan, Scotland, has

a ratio of 0.854, showing the possibility

of an origin at a low oxygen fugacity

when crystallized under magmatic con-

ditions. A ratio of 0.970 is revealed for a

melanite from ijolite of the Oka carbona-

tite complex, Quebec. The other plutonic

garnets occur in a nepheline syenite

(Loch Borolan, Scotland), ijolite and

melteigite (Iivaara, Finland). Their oxi-

dation ratios are intermediate between

those from Oka and Ardnamurchan.

Also plotted in Fig. 133 are the San

Benito, Dirbat Well, and Frascati gar-

nets, which together show a wide range

f (Ti4 + + Fe3+)/ (total Ti + Fe).

The petrogenesis of these samples is am-
biguous, and some constraints on their

origin are discussed elsewhere (Virgo,

Rosenhauer, and Huggins, this Report).

The foregoing experiments indicate

stability ranges of natural titangrandites

depending on /0<> that might be expressed

aS (Ti4 + + Fe3 + )/ (total Ti + Fe) or

by the degree of silicon deficiency. Al-

though the formation of these garnets

under a very low oxygen fugacity

(Virgo, Rosenhauer, and Huggins, this

Report) indicates an upper mantle ori-

gin, their stability under magmatic con-

ditions extends the range of oxygen fu-
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gacities close to those of basalts and
their derivatives (Carmichael and
Nicholls, 1967)

.

Intrinsic Oxygen Fugacities of

Natural Melanites and Schorlomites
and Crystal-Chemical Implications

D. Virgo, M. Rosenhauer, and F. E. Huggins

In a previous article and on the basis

of hydrothermal phase-equilibrium stud-

ies of natural and synthetic Ti-garnets,

Huckenholz, Holzl, Huggins, and Virgo

(this Report) have suggested that a

complete range of Ti-garnetss could be

stable from air to very reduced condi-

tions of oxygen fugacity consistent with

concomitant changes in the redox equi-

libria involving the different valence

states of iron and titanium. The possi-

bility exists, therefore, that Ti-garnets

from different geological environments

might be used as petrogenetic indicators

of oxygen fugacity.

To provide data pertaining to the

crystallization conditions of Ti-garnets,

measurements of the intrinsic oxygen
fugacity as a function of temperature

for Ti-garnets selected from the suite of

samples discussed by Huggins, Virgo,

and Huckenholz (this Report) were made
using the solid-state Zr0 2 electrolyte

method of Sato (1971). The log /o 2

values are plotted against the reciprocal

temperature for six natural Ti-garnets

and a synthetic Ti-andradite (Ca 3Fe 2
-

Sii.58Ti 1 . 42 12 ) in Figs. 134-139. In these

figures the solid lines are visually drawn
through the loci of points obtained in the

replicate heating and cooling cycles- The
numbered arrows refer to the sequence

of heating and cooling cycles. The an-

ticipated intrinsic log /o 9
—1/T rela-

tionship depends on the geometry of the

/o2
isobars in a temperature-composition

plot and therefore need not be linear.

The criterion for reliable intrinsic oxygen-

fugacity measurements on stable phases

was reproducibility better than 0.3 log

unit during replicate cycles.

The data for the Frascati and Howie
No- 9 samples (Fig. 134) show that the

log /o2
—\/T plots obtained in the first

heating cycle are respectively higher and
lower than those from the data collected

in subsequent cycles. These initial results

are interpreted in terms of disequilibrium

at low temperatures in view of the results

of the subsequent cooling and heating

cycles. The 57Fe Mossbauer spectra of

the Frascati garnet cooled from the cell

is unchanged from the starting material

(Fig. 140), and this result indicates the

stable nature of the garnet during the

oxygen-fugacity measurements.

In contrast, the synthetic Ti-andradite

(Fig. 135) gives reproducible, approxi-

mately linear data over the range 850°-

1150°C during three distinct heating

cycles. The equilibrium /o2
values are

much higher, however, compared with

those of the natural garnets discussed

above, and the results compare closely

with the 1-atm data for the quartz-

fayalite-magnetite buffer reaction. Sig-

nificantly, the sample after cooling from

1150°C is black, compared with the

yellow color of the starting material. In

fact, from the x-ray diffraction profile,

the garnet sample consists almost entirely

of magnetite -4- perovskite -4- wollaston-

ite- This observation explains the simi-

larity of the data to those for the syn-

thetic quartz- fayalite-magnetite buffer

curve. The instability of the synthetic

Ti-garnet at these /o2
's and under sub-

solidus conditions is consistent with the

hydrothermal phase-equilibrium studies

of Huckenholz, Holzl, Virgo, and Hug-
gins (this Report).

The data for the Rusinga (Fig. 136),

Kaiserstuhl (Fig. 137), melteigite 9/54
(Fig. 138), and San Benito (Fig- 139)

samples reveal distinctly different be-

havior at high temperature compared
with the Frascati and Howie No. 9 gar-

nets. The intrinsic oxygen-fugacity meas-

urements for the Rusinga sample have

been made extensively over a tempera-

ture range from -700 to 1150°C (Fig.

136). Data for two aliquots, labeled a

and b, are given. Initially sample a was
heated at — 1050°C and held at that

temperature for 2 hr, after which it was
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Fig. 134. The measured log /o 2

values of the Frascati (upper) and Howie No. 9 (lower)

garnets plotted as a function of temperature. Numbered arrows refer to the sequence of

heating and cooling cycles. The data are compared with the iron-wiistite (Fe-wii), iron-

ilmenite-ulvospinel (Fe-il-uv), and iron-quartz-fayalite (Fe-qtz-fa) synthetic buffer reactions.

Tmax corresponds to the maximum temperature attained in the electrochemical cell.

cooled to ~800°C in steps of ~40°C.
Subsequent heating and cooling cycles

were extended to ~1130°C. The result-

ant plot has a break in slope at ~1067°C,
however, indicating a steeper log /Oo
— \/T relationship at the higher tem-
peratures. In subsequent cycles (data

not plotted), the ^-/oo data define ap-

proximately subparallel lines but at pro-

gressively lower /o2
values, depending on

the T-Zoo coordinates at which cooling

was commenced- The sample after re-

moval from the cell had partially melted.

On the other hand, replicate heating and
cooling experiments on the second aliquot

(b), in which the heating cycle was
started at ~700°C, gave much lower

/o2
values, which showed an approxi-

mately linear increase in /o2
up to

~930°C. At higher temperatures there

was again a rapid increase in /Oo - Fur-

thermore, at any given log /o„ —l/T
value in this high-temperature region

the sample can be cooled, and /Oo values

will decrease linearly with temperature,

and the plot will be approximately par-

allel to the initial results (e.g., the third

cooling and fourth heating cycle for

aliquot b in Fig. 140).

The results for the Kaiserstuhl, meltei-

gite 9/54, and San Benito samples exhibit

behavior similar to that described above

(cf. Figs. 137, 138, 139). It is suggested,

then, that the equilibrium intrinsic log

/o.,
— i/T relationship can be measured,

but at temperatures higher than certain
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Fig. 135. The measured log /o 2

values of the

synthetic Ti-andradite (CaaFeaSii.ssTii^Oia)

plotted as a function of temperature. The data

are compared to the magnetite-quartz-fayalite

(Mt-qtz-fa) synthetic buffer reaction. Tma*

corresponds to the maximum temperature at-

tained in the electrochemical cell.

critical temperatures, a rapid, irreversi-

ble increase in oxygen fugacity occurs.

The irreversible behavior observed for

the Kaiserstuhl, San Benito, Rusinga,

and melteigite garnets above certain crit-

ical temperatures requires further expla-

nation to support the inference that the

equilibrium intrinsic oxygen fugacities

of these samples have been determined.

The 57Fe Mossbauer spectra at 77°K of

the Rusinga (aliquot b, Fig. 136) and
San Benito (Fig. 139) samples cooled

from the cell are compared with the

natural untreated samples in Figs- 141

and 142, respectively. Both comparative

plots show significant changes in the iron

oxidation states in the garnets cooled

from the cell compared with the starting

materials. For the Rusinga garnet, there

is a dramatic increase in Fe2+/2Fe.

This effect can be seen from the increase

in the intensity of the positive velocity

absorption peaks labeled Z?iV , Bvi, and

.Bym, corresponding to Fe2 + in the 4-,

6-, and 8-fold coordinated sites, respec-

tively. The increase in Fe2+/2Fe de-

termined from the spectra now exceeds

the maximum reducing capacity of the

crystals as determined from the electron

microprobe analysis (Huggins, Virgo,

and Huckenholz, this Report, Table 47).

These changes in the crystal chemistry

of the garnet might be explained to some
extent by cation exchange processes at

high temperature to achieve charge bal-

ance and stoichiometric requirements or

the possibility of some degree of non-

stoichiometry in the Ti-garnet structure,

or both. It was shown from mineral sta-

bility experiments that at 1050°C, a

temperature slightly in excess of the

critical temperature for the Rusinga and
Kaiserstuhl garnets (Figs. 136 and 137),

the natural garnets were unstable. In

view of these results, the irreversible

behavior observed in the oxygen- fugacity

measurements results from incipient

breakdown of the garnet structure. On
the other hand, the San Benito sample

cooled from the cell (Fig. 139a) is com-
pletely oxidized (cf. Fig. 142), but there

is also a dramatic change in the color

of the cooled sample (yellow, translucent

crystals) compared with the opaque
starting material. In this case, the change

in the crystal chemistry could be simply

explained by concomitant changes in the

redox states of iron and titanium. Garnet
breakdown at temperatures slightly in

excess of the critical temperature sug-

gests that the rapid increase in oxygen

fugacity above the critical temperature

is probably associated with the instabil-

ity of the garnet structure-

The above results show that the in-

trinsic /o2
's of the natural garnets stud-

ied plot in a restricted field that is con-

fined between the Fe-ilm-ru and Fe-wii

buffer curves in a log f .2
—1/T diagram.

However, at temperatures above a criti-

cal value, Tc , the oxygen fugacity in-

creases rapidly and returns on cooling

irreversibility along a T-fo2 path sub-

parallel to the initial heating cycle but

shifted to higher oxygen fugacities. In
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Fig. 136. The measured log /o 2
values of the Rusinga garnet plotted as a function of tem-

perature. Data for two separate aliquots (a and b) are plotted in the upper and lower parts

of the figure. The data are compared with the magnetite-quartz-fayalite (Mt-qtz-fa) and the

iron-ulvospinel-ilmenite synthetic buffer reactions. Tnux corresponds to the maximum tem-

perature attained in the electrochemical cell, and the interpretation of the critical tempera-

ture T„ is discussed in the text.

subsequent heating cycles not exceeding

a new Tc , the oxygen fugacity values

are reversible. These findings are be-

lieved to have geological significance in

that Tc and the associated /o9 value are

interpreted to reflect the oxygen fugac-

ity that prevailed at the temperature

Tc in the host melt. The important in-

ference, of course, is that the natural

garnets have never undergone more
oxidizing conditions at higher tempera-

tures, as shown for example by the ir-

reversible behavior above the critical

temperature, Tc . Hence Tc is the maxi-

mum temperature at which the garnet

could have crystallized.

The equilibrium log /o 2
—X/T rela-

tionships for the natural garnets, inferred

from Figs. 134—139, are replotted in Fig.

143 of Virgo, Huggins, and Rosenhauer
(this Report) , where the results are com-
pared with the Fe-wii, Fe-qtz-fa, and
Fe-ilm-rut synthetic buffer reactions for

1-atm total pressure. These data are

within the 1-kbar stability fields deter-

mined for the Kaiserstuhl and Frascati
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Fig. 137. The measured log /o 2
values of the Kaiserstuhl garnet plotted as a function of

temperature. The data are compared with the iron-wiistite (Fe-wii) synthetic buffer reactions.

Tmai and Tc are explained in the caption of Fig. 136.

garnets (Huckenholz, Holzl, Huggins,

and Virgo, this Report).

The above results are in apparent con-

flict with previous crystal-chemical prin-

ciples in view of the presence of pre-

dominantly oxidized cations such as Fe3 +

and Ti4 + in the garnet structure. For
iron-bearing systems, the trend of iron

oxidation states with oxygen fugacity is

well known from the hydrothermal buffer

systems initiated by Eugster (1959).

There is no quantitative relationship,

however, because the atomic ratio, Fe2 +

/Fe3 +
, or the chemical potential ratio,

/
xFe2 +/

/

u,Fe3 + , depends on /o2
differ-

ently for different phases. Extreme ex-

amples of the latter effect are the

stability fields of predominantly ferric-

rich minerals that extend over a wide

range of oxygen fugacities, eg., andra-

dite (Gustafson, 1974), magnesiorie-

beckite (Ernst, 1960), ferriannite (Wones,

1963). The results of this study demon-
strate for the first time that mineral

phases composed of predominantly oxi-

dized cations have crystallized at very

low oxygen fugacities.

The occurrences of reduced oxidation
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Fig. 138. The measured log /o., values of the melteigite 9/54 garnet plotted as a function of

temperature. The data are compared with the iron-wiistite (Fe-wii) and iron-ilmenite-rutile

(Fe-il-ru) synthetic buffer reactions. Tma x and Tc are explained in the caption of Fig. 136.

states of titanium are rare in terrestrial

rocks, but Ti3 + is an established compo-
nent of extraterrestrial minerals. Tri-

valent Ti is the dominant oxidation state

in iron-free pyroxenes' in the Allende

meteorite (Dowty and Clark, 1973) and
in the chondritic sulfide heideite (Keil

and Brett, 1974). Also, Ti 3 + is an estab-

lished component of Fe2+ -rich lunar

minerals such as armalcolite (Wechsler,

Prewitt, and Papike, 1976), ilmenite

(Bayer et al., 1972), and clinopyroxenes

(Burns et al., 1973). In fact, the intrinsic

oxygen fugacities for lunar rocks (Sato,

Hickling, and McLane, 1973) are in gen-

eral compatible with the results of this

study. However, it might be anticipated

that the crystallization processes of lunar

minerals occurred at somewhat lower

oxygen fugacities than those of the Ta-

gamets because of the effect of different

total pressures (Virgo, Huggins, and
Rosenhauer, this Report).

The results on natural Ti-garnets em-
phasize the importance of the relation-

ship between the crystalline structure,

oxygen fugacity, and cation oxidation

states. The present results can be ration-

alized in terms of their crystal-chemical

properties because of the presence of the

mixed valence states of iron and titanium

at the tetrahedral and octahedral sites.

This compatibility is also consistent with

the restricted stability field of synthetic

garnet analogues containing only Fe and
Ti in trivalent and tetravalent states (cf.

Fig. 135), with the lower stability field

of andradite (Gustafson, 1974) , and with

the hydrothermal stability fields at 1

kbar determined for the Kaiserstuhl and
Frascati garnets (Huckenholz, Holzl,

Huggins, and Virgo, this Report).
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88 9.6
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Fig. 139. The measured log /o 2

values of the San Benito garnet plotted as a function of tem-
perature. Data for three separate aliquots of sample USNMR 155 46-5 are plotted in a and b

(two data sets are superimposed in b), and data for a sample supplied by Dr. P. G. Manning
are plotted in c. The data are compared with the iron-wiistite (Fe-wii), iron-quartz-fayalite

(Fe-qtz-fa), and iron-ilmenite-rutile (Fe-il-ru) synthetic buffer reactions. Tme,* and T are

explained in the caption of Fig. 136.



GEOPHYSICAL LABORATORY 727

a y

uojidjosqo (uouosay

ft^

o-^gj
f; fl J

CS3 o3 += c3—

1

i; 3(4
-< > ° g
fl -fl ft

(J
^ N + a)

i§ °a) *5

Is d£E
fc cS 3 d S

® o d

«a fl 3

M
"cD

O _0>

p 3

o

+3

§§
> cu

o > a>

d hn
'-3 -d

I-l d CO

—
-g ft o

T3 "55 cu -y2^S
« d
n 73 o
CU CI) ri ft
3 P, rei a

o
u

o1 C3

-d
CO £

a
o3

cfl

01

> £

<1) d
0)

ft
IJJ >

"3 hJ

c3

a
cu

J3

u .-33 cu

to <» J3
u
0)
(fl

line
dral

ii.

T

e
E "o

M

IDnpjsay

1^ -a
cu d -d

<s
trt a

rt a
Ch

S-. -d t3
f-<

CU is ,d o
u, trl
111 cfl t-

f-1 (1) >
T3 +J

Xi
CO

d
o

cu

.d
4^

a
I*

-d
CD

:0 ft d -d

§ o o
id

CU X! CD nd
h oi -H o

cu

-d o
•c

"* H hn
-d

^j d
M) CD T)

Tt,
d +

o tot-M



728 CARNEGIE INSTITUTION

H.Scq o

o
d

uoi|dJOsqD luouosay IDnpisay

u
S ^ 43

a
- to s
to +2 '

£ » 3

"4 3 P
.- - "£.9 «O -.

fc P

S-8

>h o
O faC
O ^H

•9 to * £ tf

fl^N g-a

a g-i
St? -9

"S-S

a « o t?
-"

03 " >>43 ^

a 43 O O £
0) CD

> A

5 .3 .> .9 43

1 -0
CD

ftPn g .

<1> 0^8
43 43

d §.»el P.
CD 03 Tj

CM
3 43
O" to

'O 9p .°3

03 'n

a
03

9 " p

CD

>
CO O T3
£3 JC PI So£

42 <u O ?, "O

^ S ftw
t-3 ro •** v „,

cvi
"3 "g

0)

ft CD *
3 CO £^£

CO

E
E

1=1 .9 to "fi "a +=
°

2 03

-*> > T3

ft CO 3
9 -g.2

<d

43 S3
O -

03
+=
CJ

s p,

-a 9 "p.^3

rl

Pop
03 u 3

> 03
^ 03 -v >> »

__ S ."S T3
03 b< 03 CQ g-2

_ O * -O
^1? 8

pj a 03
43 « > 43

1 to +3

S3 -a

J°
CO +5
.5 ft

<5 CO

5 cp

s- 'S e cu

1

OJ
+s

CO
43

.P

+
CD

Pq

^8 -1 "^

<D ^3 ^3

. 43 O
_ ft J3

1—1
j PI

SP 8 -73 °<d ^-Cm

Sc^203 p
en



GEOPHYSICAL LABORATORY 729

*£3 ^3 GQ B WO S3 w w eg



730 CARNEGIE INSTITUTION

Petrologic Implications of Intrinsic

Oxygen Fugacity Measurements on
Titanium-Containing Silicate

Garnets

D. Virgo, F. E. Huggins, and M. Rosenhauer

Previous studies of the phase equilib-

ria of synthetic systems (e.g., Bailey

and Schairer, 1966) and pyroxene and
garnet stability experiments (e.g., Nolan
and Edgar, 1963; Nolan, 1969; Yagi and
Onuma, 1969; Flower, 1974; Hucken-
holz, 1969; Huckenholz and Yoder,

1971) pertinent to questions concerning

the petrogenesis of alkalic, Si0 2-under-

saturated rocks have been carried out

under oxidizing conditions. The ration-

ale for these studies stems principally

from the oxidation ratio of the rocks

(e.g., Fe 2 3/FeO — 1), from considera-

tions of the crystal chemistry of the

constituent mineral phases, and in par-

ticular, from the predominance of oxi-

dized cations such as trivalent iron and
tetravalent titanium.

In previous reports concerning the

crystal chemistry, phase equilibria, and

intrinsic oxygen- fugacity measurements

of a representative suite of natural Ti-

garnets, it was emphasized that the

crystalline structure is important in any
consideration of the relationship be-

tween cation oxidation states and oxy-

gen fugacity. In this report, petrological

considerations of the oxygen fugacity

results for the Ti-garnets are reviewed

in the framework established by previ-

ous measurements of oxygen fugacities

of other igneous rocks. Because of the

very low oxygen fugacities determined

for the natural garnets, necessary con-

straints on the conditions of formation

of other alkaline rock minerals and con-

sequently on the host rocks are also dis-

cussed.

Of the six natural Ti-garnets dis-

cussed in a previous section (Huggins,

Virgo, and Huckenholz, this Report),

the Rusinga and Kaiserstuhl garnets are

of undisputed volcanic origin and the

Iivaara garnet is of plutonic igneous

origin. The Frascati garnet crystals,

however, are from calc-silicate bombs
occurring in the pyroclastics of the Al-

ban hill volcano, Italy, and as such may
be mantle derived. The San Benito crys-

tals are found in a chlorite matrix within

blocks of serpentized peridotite within

the Franciscan formation, California.

As pointed out by Switzer, Melson, and
Thompson (1971), however, the occur-

rence of a Ti-garnet in such an environ-

ment is quite unlike the usual meta-

somatism of ultrabasic rocks to produce

"rodingite" in which hydrogrossular is

the dominant garnet phase. A garnet of

similar composition and in the same
geological environment occurs in dredged

material from the Mid-Atlantic Ridge.

The sample referred to as Howie No. 9

is a monomineralic vein within a mas-
sive skarn formation that is part of the

Precambrian basement complex, north-

ern Red Sea hills, Sudan.

Previous estimates of the oxygen fu-

gacities in igneous rocks have been de-

termined by one of four methods: (1)

measurements of the intrinsic oxygen

fugacities (Sato, 1971) on mineral sepa-

rates, bulk rocks, and volcanic gases;

(2) measurements of the magnetite-

ilmenite equilibria using the method of

Buddington and Lindsley (1964) ; (3)

synthetic /o2
reequilibration at near-

liquidus temperatures of atomic ratios

such as Fe2 + /Fe3+ (Fudali, 1965) ; and

(4) determination of /o2
from a com-

parison of the melting behavior of rocks

as a function of /o2
with the observed

constituent phenocrysts (Thompson,

1975). Data on /o2
in various terrestrial

basaltic lavas and plutonic rocks are

summarized in Fig. 143 and show that

for a variety of compositions the log

fo2
-T relationships vary by at least 10

orders of magnitude of log /0o at a given

temperature. Despite the overall varia-

tion, the results appear to fall into three

distinct groups:

1. "Subaerial" basalts and volcanic

gases that approximate or are more oxi-
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dizing than the mt-qtz-fa synthetic

buffer.*

2. Rocks from the slowly cooled plu-

tonic Stillwater and Bushveld complexes

in which equilibrium intrinsic oxygen

fugacities for specific mineral equilibria

are approximately between the 1-atm

Fe-wu and mt-qtz-fa buffers.

3. Phenocrysts of deep-seated origin

such as the olivine phenocrysts in the

glassy matrix of the crust of a Hawaiian
tholeiitic pillow lava that approximate

to the Fe-wu buffer. However, the T-fo2

coordinates for the coexistence and last

equilibration of perovskite, olivine, and
magnetite in the Oka carbonatite con-

form to the mt-qtz-fa buffer at ~700°C.
The equilibrium intrinsic /o2

data for

the natural garnets appear to reflect the

lowest oxygen fugacities of the repre-

sentative results for terrestrial igneous

rocks plotted in Fig. 143. Sato (1972)

interpreted the low oxygen fugacity for

the olivine phenocrysts in the submarine

tholeiite in terms of strongly reducing

conditions prevailing in a deep magma
reservoir considering the predicted depth

of origin of the magma (Moore, 1965).

It is also likely that these results on the

olivine phenocrysts are primordial val-

ues in view of the improbable loss or

gain of oxygen by diffusion. Moore and
Fabbi (1971) and Anderson (1974)

argued that submarine pillow lavas have

retained their primordial H 2 and S

* Not plotted in Fig. 143 are the results of

Carmichael (1967a) and Carmichael and Nich-

olls (1967), who determined a range of T-fo 2

coordinates for the equilibration of magnetite

and ilmenite phenocrysts in a variety of salic

volcanic rocks, Icelandic volcanic rocks, and
Cascadian andesites. These results spread over

the temperature range 800 °-J—dl00°C, and

/o, data at a given temperature vary from the

mt-qtz-fa buffer to v—
<4 orders of magnitude

higher log /o2 values. Also not plotted in Fig.

143 are the results of Gerlach and Nordlie

(1975a,b,c) using the measured atomic compo-
sitions of natural volcanic gases normalized to

the C-O-H-S system. The latter authors showed
that under conditions of closed-system cooling

the equilibrium oxygen fugacities are within

the range defined by the synthetic NNO and
QFM buffers at 1000°C and 1-atm pressure.

contents in comparison with subaerial

basalts because of rapid quenching.

It has been suggested that the oxidized

nature of the subaerial basalts and vol-

canic gases can be explained by H 2 loss

in near-surface magma chambers and

during magma extrusion (Sato, 1972)

because of the ease with which H 2 can

diffuse compared with other gas species.

By way of comparison, Gerlach and

Nordlie (19756), from their calculations

based on natural volcanic gas composi-

tions, demonstrated that H 2 diffusion

and sulfur loss from a gas are two of the

most efficient mechanisms for altering

the oxidative capacity of a magnetic

gas. As pointed out by the latter au-

thors, however, the overall effect in a

magma-gas equilibrium depends to some

extent on the degree of equilibrium in

such a system, and the total effect may
be minimized because of reequilibration

and material exchange within the

magma.
Viewed in this framework, the low

oxygen- fugacity values for the Ti-

garnets are suggestive of crystallization

of the garnet phenocrysts at high pres-

sure. The influence of pressure on intrin-

sic oxygen fugacities has been ignored

up to this point in the present discussion.

Inasmuch as only low total pressures are

considered, the pressure effect results in

only a small correction of the 1-atm /o2
measurements. At higher pressures, how-

ever, the influence on the oxygen fu-

gacity can become significant. For ex-

ample, the major effect of pressure on

the synthetic hydrothermal buffers

(Eugster and Wones, 1962; Heubner,

1971) can be calculated from the vol-

ume changes of the solids involved in

the reaction. This effect amounts to an

increase in /o9 of several orders of mag-
nitude at 50 kbar and at a given tem-

perature, but the absolute change also

depends on the specific buffer being con-

sidered. The pressure effect on the in-

trinsic oxygen fugacity of a nonstoichio-

metric phase, however, is given by
integration of the partial molar volumes

of the constituent components. Such
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Fig. 143. The equilibrium log fo 2

-l/T relationships of the natural garnets are compared with

synthetic buffer reactions and published data for mineral equilibria in igneous rocks and
volcanic gases. Plotted are data for the following garnets: Kaiserstuhl (K) ; Frascati (F) ; San
Benito, sample supplied by Dr. P. G. Manning (SBM) ; Rusinga (R) ; Howie No. 9 (H9)

;

melteigite 9/54 (M). S2 corresponds to olivine phenocrysts in a submarine tholeiite (Sato,

1972) ; Si, U2, and Ul, respectively, refer to mineral equilibria in the Bushveld (Ulmer et al.,

1976), Stillwater (Sato, 1972), and Oka carbonatite (Friel and Ulmer, 1974). Other symbols

refer to subaerial basalt and volcanic gas data as follows: SW2 and SW1, Sato and Wright

(1966); Al, Anderson (1968); T, Thompson (1975); SMI, Sato and Moore (1973), CI, Car-

michael and Nicholls (1967).
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values cannot at present be calculated

for garnets. Nevertheless, the effect of

pressure on the hydrothermal buffer

curves might be useful in placing some
constraints on the intrinsic oxygen fu-

gacities of phases such as magnetite and

fayalite, which are confined between the

H-Mt and Mt-Wu and the Fa-qtz-mt

and Fe-qtz-fa buffers, respectively, at

all pressures. Extrapolating this method

to higher pressures is meaningful only

if the participating phases do not

change. For example, wiistite is known
to become stoichiometric under high

pressure. A wiistite sample quenched un-

der high pressure in equilibrium with

magnetite will have a high activity of

divalent iron. If this sample is now used

to determine 1-atm intrinsic /o 2
's, the

fugacity values probably would resem-

ble those for Fe-wii because the high

Fe2 + activity of the quenched high-

pressure phase cannot be accommodated

by the wiistite structure at 1 atm and

metallic iron must therefore precipitate.

This behavior is inherent in all non-

stoichiometric phases that tend to be-

come more stoichiometric with increas-

ing pressure. Consequently, care must

be exercised in relating intrinsic /o2

measurements on minerals derived from

possible high-pressure environments to

1-atm buffer curves and in using these

measurements for comparative purposes

with other oxygen fugacity measure-

ments. Nevertheless, it is not anticipated

that the effect of pressure will account

for the total spread of data for different

igneous rocks depicted in Fig. 143.

In terms of the above hypothesis for

the low intrinsic oxygen- fugacity meas-

urements on the natural garnets, it is of

interest to speculate whether the rapid

irreversible increase in /Oo above spe-

cific critical temperatures, Tc , is in re-

sponse to the 1-atm instability of the

garnet phenocrysts. In this respect, the

results on the Rusinga garnet (Virgo,

Rosenhauer, and Huggins, this Report,

Fig. 136), may eventually be significant

insofar as the /Oo changes over 200°C by

almost 10 orders of magnitude of log /o

values. Significant deviations from the

linear equilibrium log /o2
— 1/T plots

reflect cation rearrangement, or changes

in the redox behavior of the natural

garnets or both, in response to the 1-atm

conditions. By way of comparison, simi-

lar rapid increases in /o2 are also ob-

served for olivine megacrysts within the

matrix of kimberlite rocks (M. Rosen-

hauer, G. C. Ulmer, personal communi-
cations). The above suggestion is note-

worthy because such a mechanism may
provide an alternative explanation for

the high oxygen fugacities of subaerial

basalts (cf. Fig. 143).

In view of the very low /o9 values de-

termined for the natural Ti-garnets and

the rationalization of these results in

terms of their crystal-chemical proper-

ties (Virgo, Rosenhauer, and Huggins,

this Report), it is of importance to con-

sider the conditions of formation of

other alkaline rock minerals. As previ-

ously mentioned, most experimental

studies pertaining to the stability of

pyroxene and garnet constituents of

SiOo-undersaturated rocks have been

made under highly oxidizing conditions.

The rationale for these studies stems

from the predominance of oxidized ca-

tions such as Fe3+ and Ti4+ . In view of

the results of this study, however, the

experimental observation that pure

acmite is stable at low oxygen fugaci-

ties (in equilibrium with metallic iron)

and to high pressures (Gilbert, 1969)

may also have important geological sig-

nificance because acmitic pyroxenes are

common constituents in alkalic rocks

and certainly are present in rocks con-

taining Ti-garnets. In fact, preliminary

intrinsic oxygen-fugacity data on the

acmitic pyroxene in the melteigite sam-

ple 9/54 are compatible with the data

for the coexisting garnet. The stability

of Fe3+ -rich aenigmatite solid solutions

at significantly lower oxygen fugacities

than the Ti end-member compositions

containing only divalent iron (cf. Hodges
and Barker, Year Book 72, pp. 578-581),

should also be noted because aenigma-

tite is a common accessory mineral in
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Si0 2-undersaturated peralkaline rocks.

The inferred low /o2 conditions for Ti-

rich magnetitess and coexisting Fe3 + -

rich pyroxenes in the alkaline Ilimaus-

sag intrusion, South Greenland (Larsen,

1976) , is also pointed out. It is suggested

that the above observations in conjunc-

tion with the results of this study estab-

lish a basis for the reconsideration of

the conditions of formation of alkaline

rock minerals.

In contrast, the inferred low oxygen

fugacities for the host rocks, and in par-

ticular rocks of the ijolite series contain-

ing principally Ti-garnet, pyroxene, and
nepheline (e.g., the melteigite sample

9/54), despite their oxidized nature, in-

ferred from the chemical analyses

(Fe 20.i/FeO > 1), are at variance with

the available experimental results on

synthetic systems. In the range of oxy-

gen fugacities that overlap the stability

field of metallic iron it is known from

previous experimental studies that

Fe3 +/Fe2 + is comparatively low in

moderately iron-rich melts (e.g., Bowen
and Schairer, 1932; lunar melts). Under
similar f0o conditions, the presence of

Ti3+ in a melt can be expected, as shown

by Bell, Mao, and Weeks (Year Book

73, pp. 492-496), and the presence of

Ti3+ in lunar minerals has also been

previously noted. These experimental

results appear to reflect the following

equilibria in a melt: Fe3+ ilq -4- Ti3 + liq
"£-

Ti4+ liq + Fe2 +
liq . They suggest that the

equilibrium constant for such a reaction

is comparatively large at low oxygen fu-

gacities consistent with the greater sta-

bility of the higher valence states of

titanium oxides compared with iron, i.e.,

Ti4 +/Ti3 + > Fe3 + /Fe2 + . In the ab-

sence of measurements of the equilib-

rium constant for the above reaction in

systems with different bulk composition,

it is suggested that the influence of al-

kalies in such a melt is important to

enhancing the Fe 2 3 content. This sug-

gestion is based on indications from

chemically simple systems that high al-

kali contents in glasses dramatically in-

crease Fe3+ /Fe2+ (Paul and Douglas,

1965). It is also possible that the high

volatile content of such melts has a

similar effect (Kogarko, 1974). Under-
lying these considerations is the fact

that the Fe3+ concentration in the host

magma may be considerable at low /o2
values owing to a low activity coefficient

for Fe3+ that results from the strong

degree of nonideality of components in

the melt.

In the above discussion an attempt

has been made to rationalize the low

oxygen fugacities determined for the

natural Ti-garnets in terms of available

experimental data for other alkaline

rock minerals and the bulk chemistry of

the host rocks. Finally, some obvious

constraints on the low /o2
conditions

during crystallization of igneous rocks

can be pointed out. These constraints

must, of course, follow from the absence

of metallic iron in most terrestrial

igneous rocks except in a few isolated

occurrences (e.g., the Josephine perid-

otite, the Disco Island basalts). The
anomaly suggested from the compati-

bility of experimentally determined log

/oo— I/?
7

relationships for the Ti-gar-

nets reported in this study and for oli-

vine phenocrysts in submarine basalts

as measured by Sato (1972) to synthetic

buffering systems involving metallic iron

(Fig. 143) therefore requires some ex-

planation. Although the activity of me-
tallic iron in a melt increases with de-

creasing /o2
at a given temperature, the

apparent discordancy, mentioned above,

results because the stability field of

metallic iron can vary over approxi-

mately 2 orders of magnitude in log /o2

values in systems of different bulk com-

position. The more reduced values are

associated with bulk compositions con-

taining Ti0 2 (cf. Fig. 143).

Further constraints on the low oxygen

fugacities for mantle-derived pheno-

crysts are apparent from discussions of

core-mantle equilibrium (Ringwood,

1966; Mao, Year Book 73, pp. 510-518).

Although these authors differ in their

viewpoint of the core-mantle equilib-

rium, it is inferred from both studies
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that the prevailing oxygen fugacities

during crystallization of the upper-

mantle Mg-rich silicates have not over-

lapped the stability field of metallic

iron. Certainly, the low oxygen fugaci-

ties determined for the olivine pheno-

crysts in a submarine tholeiite (Sato,

1972) must be somewhat higher than the

conditions necessary for equilibration of

metallic iron and silicates with Mg/(Mg
-f- Fe) approaching those determined

for primitive mantle olivines (Nitsan,

1974). On this basis it can be suggested

that the absolute values of 1-atm intrin-

sic oxygen fugacities for the Ti-garnets

approach the lower limits likely for

magmas derived from upper mantle

magma chambers.

Whereas the above discussion raises a

number of unresolved questions, the

overall indications strongly suggest cau-

tion against the general applications of

previous experimental studies carried

out under oxidizing conditions to ques-

tions concerning the petrogenesis of al-

kalic SiOo-undersaturated rocks.

Interpretation of 27Al and 57Fe
Nuclear Quadrupole Data in

Rare Earth Garnets

S. S. Hafner and M. Raymond

The quadrupole-split doublet of 57Fe
in Mossbauer spectra has been used to

identify the oxidation state and location

of iron in crystal structures of silicate

garnets. The assignment of the Fe2 +

and Fe3+ doublets to the cation posi-

tions in garnets has been obtained so

far on an empirical basis. The 57Fe spec-

tra of andradite, Ca3Fe 2Si 30i2, and kim-

zeyite, Ca 3Zr 2FeSi20i2, have been used

to specify the Fe3+ splittings at the

octahedrally and tetrahedrally coordi-

nated poistions, and the spectrum of al-

mandine has yielded the characteristics

of the Fe2 + doublet at the eight-fold co-

ordinated position. In this way, the spec-

tra of the geologically important iron-

bearing garnet solid solution (including

almandine, andradite, grossular, and
pyrope) have revealed a remarkably

consistent pattern. No attempt has been

made, however, to interpret the observed

trends in the splittings in terms of the

crystal structures. In natural silicate

crystals the trends may, of course, be

complicated by multiple cation substitu-

tions at the crystallographic positions

due to complex chemical compositions.

A simple model is proposed in which

the observed nuclear quadrupole split-

tings of Fe3 + ions in terms of the crys-

tal structure are interpreted. The model

is then used to predict the trends of the

splitting in rare earth garnet solid so-

lutions. The cation Fe3+ is especially

interesting because it may occur in

tetrahedrally as well as octahedrally co-

ordinated positions. In addition, the

Fe3+ splitting at both sites shows a de-

pendence on the chemical composition

of the garnet. Garnets of the solid solu-

tion series Y 3Ye 5_ xPs\xO X2 are suitable

examples to test the proposed model be-

cause their crystal structures are well

refined and the 57Fe quadrupole split-

ting may be compared with 27A1 data

obtained from nuclear magnetic reso-

nance. Hafner, Raymond, Virgo, and

Huggins (this Report) consider the 57Fe
splittings in silicate garnets using the

conclusions reached from the Y3Fe5 _a.-

AUO12 series.

From the experimentally determined

quadrupole splittings of 57Fe, AEQ (Ta-

bles 50 and 51), the electric field gradi-

ent VZz, at the nuclear site is obtained

using the equation

AEQ = 1/2 eQrVzz- (1)

Similarly, VZz at the site of 27A1 is ob-

tained from the 27A1 quadrupole cou-

pling constant C, where

C = eQ2Vzz/h. (2)

Here, Qx and Q 2 are the nuclear quad-

rupole moments of 57Fe (first excited

state) and 27A1 (ground state), respec-

tively; e is the electronic charge; h is

Planck's constant; and Z is the direc-

tion of the maximum eigen-value of the

second rank tensor, which is in the

direction of the 3 axis at the octa-
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TABLE 50. Y3Fe5-*AL012 : Electric Field Gradient at Octahedral Position

X = x = x = x = x = x = x =
0.99 1.97 2.97 3.97 5 5

Vzz* «t Fe3+ Fe3+ Fe8+ Fe3+ Fe3+ Fe3+ Al3+

Point charge

(1-7-) (F*«)
Point charge

and dipolej

(i-yc)(F*«»+7DM)
Overlap§

[(l-ii!)7zz
0Ter,ap

]

Total
Fzz

Experimental
||

0.5

1.0

0.5

1.0

0.5

1.0

-13.22 -10.51 -9.77 -8.13

-7.40
-3.32
-12.75
-11.31

-10.31

-25.97

-18.71

-13.63

-4.75
-1.10
-11.00
-9.62
-8.66

-21.51

-14.36
-9.76

-4.19
-0.36
-10.59
-9.19
-8.22

-20.37
-13.38

-8.58

-2.66

+1.15
-9.60
-8.19
-7.22
-17.73

-10.85
-6.06

-7.31

-1.76

+2.09
-9.19
-7.73
-6.71

-17.49
-9.50
-4.62

-5.76 -1.92

-0.26

+3.56
-8.20
-6.74
-5.73

-13.96

-7.00
-2.18

-0.09

+ 1.19

-1.98
-1.62
-1.38
-3.90
-1.71
-0.19

-8.1911 -8.0** -7.5** -6.8** -5.7** (-5.0) tt 0.585«

* Negative field gradient (maximum eigen-value of the positive second derivative of the

electrostatic potential) in units of 10" esu.

t Dipole polarizability of O2-
.

t Using 7oo(Fe3+
) = -9.19 (Ray et al., 1975), i?(Fe3+

) = +0.059 (Gupta and Sen, 1973), 7».
(Al3+ ) = —2.4, R = —0.063 (Sternheimer and Peierls, 1971), and crystal structure data of

Euler and Bruce ( 1965)

.

§ Using the wave functions of Clementi (1965) for Fe3+ and Al3+ and of Pantelides, Mickish,

andKunz (1974) for O2".

||
Using Q(

57Fe) = 0.18 and Q^Al) = 0.140 (Sternheimer and Peierls, 1971).

II Housley and Grant (1972).
** Czerlinsky and MacMillan (1970).

tt Extrapolated from Czerlinsky and MacMillan (1976).

$J Brog, Jones, and Verber (1966).

TABLE 51. Y3Fe5-xAl,012 Electric Field Gradient at Tetrahedral Position

Vzz*

x =

at Fe3+

0.99 1.97 2.97 3.97 5

Fe3+ Fe3+ Fe3+ Fe3+ Fe3+

x =
5

Al3+

Point charge

(l-yoa)(Vpzz) -6.34 -5.87 -6.27 -5.68 -5.40 -5.36 -1.79

Point charge

anddipolej 0.5 -8.46 -8.43 -9.08 -8.81 -8.79 -8.91 -2.97

(1-Vk)(Vpzz+Vd
zz) 1.0 -11.18 -11.58 -12.47 -12.52 -12.76 -11.81 -3.94

Overlap§ -14.84 -15.27 -16.18 -16.26 -16.58 -17.36 -4.23

[(l- JR)Fzz
overlai>

] 0.5 -16.00 -17.49 -17.56 -17.76 -18.27 -19.16 -4.90

1.0 -17.40 -18.08 -19.15 —19.59 —20.02 —21.20 -5.33

Total -21.18 -21.14 -22.45 -21.94 —21.99 -22.72 -6.02

7ZZ 0.5 -24.46 -25.03 —26.64 -26.57 —27.06 —28.67 —7.87

1.0 -28.58 -29.67 -31.62 -32.12 —32.78 -33.01 -9.47

Experimental
|| -18.33ff -16.9** -17.3** -17.6** -17.3** (— 17.3)tt 5.571JJ

Footnotes as in Table 50.

hedral position and the 4 axis at the

tetrahedral position. The electric field

gradient VZz is the second derivative of

the electrostatic potential at the nucleus,

i.e., the negative gradient of the electro-

static field.

In predominantly ionic crystals, the

total electric field gradient at the nu-

cleus can be calculated from

Vzz = (l-y„)V zz + (1-R)VZZ

where

v°zz = Vp
zz + VDZZ + . .

.

overlap

(3)

(4)



GEOPHYSICAL LABORATORY 737

and yoo and R are the Sternheimer fac-

tors of the free ion; V°zz is the electric

field gradient produced by the ionic

charges of all neighboring ions in the

crystal, and VzzoyeTlap is the electric field

gradient produced by the overlap be-

tween the orbitals of the cation in ques-

tion and those of the ligands. The term
Vpzz is the electric field gradient due to

the net charges of all neighboring ions

(point-charge contribution) and VDZZ is

the electric field gradient due to the

electronic dipole moments induced in

the electron density distribution of the

ions (contribution of ionic polarization).

Higher-order terms in Equation 4 will

be neglected. The terms Vp and VD may
be obtained from lattice summations
(Raymond, 1971).

The overlap contribution Vzz
oxeTl&p

has been calculated by Taylor (1968),

Sawatzky and Hupkes (1970), Sharma
(1970, 1972), and Raymond (Year Book
73, pp. 576-578). Housley and Grant
(1972) suggested that the effect of elec-

trostatically induced distortion of the

ligand wave functions should be in-

cluded. This effect has been accounted
for by calculating the valence shell dis-

placements from the electronic dipoles

of the oxygen ion. The overlap was then

calculated on the basis of the local ap-

proximation that neglects the effect on
the electric field gradient of the overlap

distortions of the anion prbitals. Its con-

tribution to the electric field gradient is

(Sharma, 1972; Raymond, Year Book
73, pp. 576-586)

^overlap = 4/5 e < ?- 3 > %SK2

(3 cos2 0^-1) (5)

where K denotes the cation orbital (2p,

3p, 3d), < l/rK
~ s > is the expected

value of r~ 3 of orbital K; S is the over-

lap integral between the cation and
anion orbitals, and 9K is the angle be-

tween the direction from the cation (K)
to the anion (Z). All other overlaps are

either zero or neglected.

Unfortunately, field gradients com-
puted from Equations 3 and 4 exhibit

large errors, mainly because the nuclear

quadrupole moments for 57Fe and 27A1,

the Sternheimer factors y M and R for

Fe3 + and Al3 +, and the dipole polariza-

bility a of the oxygen ion are not well

known. Moreover, accurate wave func-

tions for the free oxygen ion are not

available, so the computed overlap inte-

grals will not be precise.

A test of the proposed model can be

made, however, using the trends of the

electric field gradient in different gar-

net solid solutions because the nuclear

quadrupole moments will be the same,

and yoa, R, and a are expected to be

very similar in garnets.

The results of the present calculations

are compared with the experimental data

in Tables 50, 51, and 52. The magnitude
of the electric field gradients cannot be

accurately predicted from the present

model at the distinct cationic sites, but

the ratios between samples correctly re-

flect an increase with increasing alumi-

num concentration (x). In particular,

the decreasing magnitude of the octa-

hedral Fe3 + electric field gradient across

the solid solution series YsFes-^Al^O^
with increasing x is qualitatively in ac-

cord with the experimental observations.

All three contributions to Vzz , namely,

point charge, dipole, and overlap distor-

tion, exhibit a regular decrease.

The nearly invariant value of the

tetrahedral Fe3+ electric field gradient

is also consistent with the experimental

data. The small decrease in the point-

charge term with increasing x is almost

canceled by the opposite trend in the

dipole term. The dipoles also produce a

displacement of the oxygen orbitals, re-

sulting in a small increase in the overlap

contribution.

From the proposed model, it is also

possible to predict the sign of the elec-

tric field gradient. From experiments,

the sign for the rare earth garnet series

is known to be negative at both the

octahedral and tetrahedral positions

(Housley and Grant, 1972; Czerlinsky

and MacMillan, 1970). In fact, the signs

of the point-charge and overlap contri-

butions at both distinct crystal sites are
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TABLE 52. Electric Field Gradient at Al3+ Positions in Garnets

at

Y3A15 12 Tm3Al5 12 Yb3AlsOi2

Vzz* Oct. Tetr. Oct. Tetr. Oct. Tetr.

Point charge

(l-yoo)(Vpzz) —1.92 —1.79 -2.12 -2.15 -2.80 -2.06
Point charge

and dipole$ 0.5 -0.09 -2.97 -0.20 -3.46 -0.76 -3.27
(l-V oa)(V

Pzz+VDzz) 1.0 + 1.19 -3.94 +1.13 -4.96 +0.64 -4.70
Overlap§ —1.98 -4.23 —2.10 -4.54 —2.51 -4.39
[(l-R)VzzoyeT

'*n 0.5 -1.62 —4.90 —1.73 —5.00 -2.11 -4.83

1.0 -1.38 -5.53 -1.48 -5.52 -1.84 -5.33
Total -3.90 -6.02 -4.22 -6.69 -5.31 -6.45
Vzz 0.5 -1.71 -7.87 -1.93 -8.46 -2.88 -8.10

1.0 -0.19 -9.47 -0.35 -10.48 -1.20 -10.03
Experimental

[| 0.585TI 5.571H 0.892** 6.065** 1.038ft 6.208JJ

*-|| Footnotes as in Table 50.

1f Brog, Jones, and Verber (1966)

.

** Schmidt and Jones (1970).

ft Edmonds and Lindop (1968).

negative (Tables 50 and 51). The elec-

tric field gradients for the aluminate

garnets of Tm and Yb (Table 52) are

also predicted to be negative. A negative

value of the field gradients, however, is

not general; the electric field gradient

at the octahedral position in silicate

garnets is indeed positive (Hafner, Ray-
mond, Virgo, and Huggins, this Report)

.

The importance of the dipole term,

VDzz, in the calculations is also evident

from Tables 50 and 51 (cf. Sharma,
1972). In particular, the difference of a

factor of ~2.0 between the experimental

Fe3 + field gradients at the octahedral

and tetrahedral sites of Y 3Fe 5 12 cannot

easily be explained in terms of the point-

charge and overlap contributions. The
difference can be explained, however,

from the dipole contribution, VDZz,
which is positive at the octahedral posi-

tion and negative at the tetrahedral

position, and also partly from the change

of Vzz
oyeTlap due to the dipole-displaced

orbitals of 2 ~. Both effects reduce the

electric field gradient at the octahedral

sites and enhance it at the tetrahedral

sites.

It is also of interest to compare the

Al3 + and Fe3+ electric field gradients in

Y3A1 5 12 . The observed Al3+ gradient at

the octahedral sites is almost ten times

smaller than the corresponding gradient

at the tetrahedral sites, whereas the re-

spective values of the Fe3+ gradients in

that compound differ only by a factor of

~3.5. This difference is remarkable. The
generally smaller Al 3 + gradients result,

of course, primarily from the smaller

Sternheimer factor, y B , and the smaller

overlap term, Fzzoverlap , of the Al3 + ion,

which are indeed about three and four

times smaller, respectively. Because all

three contributions to Vzz (point charge,

dipole, and overlap) have negative signs

at the tetrahedral position, the computed

total Al3+ electric field gradient is in

fact about three times smaller than that

of Fe3 + . Yet, VDZZ is positive and can-

cels most of Fzz
OTerlaP of Al3 + at the

octahedral position. An exceptionally

small field gradient for Al3+ is therefore

predicted at that position, as observed.

On the basis of the model, the ratio of

the observed Al3+ and Fe3+ field gradi-

ents at the octahedral position in Y 3A1 5
-

12 can be used to determine the dipole

polarizability a of O2- : The calculated

value is a = 0.9 A3
. Here, the effect of

local distortion of the Al 3 + positions by
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Fe3+ in Y 3Al 5Oi 2 is neglected. The ratio

of the octahedral to tetrahedral Al3 +

gradient yields a = 0.73 A3
. About the

same value for a is also obtained from

the ratios in TmAl 5Oi 2 and Yb 3Al 50i 2

(cf. Table 52). Moreover, the predicted

trend in the gradient ratios is consistent

with the experimental data.

Alternatively, the ratio of the octa-

hedral to tetrahedral Fe3+ gradient in

Y3Fe 50i2 is indicative of a somewhat
higher « value: « = 1.1 A3

. This value is

in agreement with the comparatively

high refractive index of Y 3Fe 50i 2 . (E.

C. T Chao, U.S. Geological Survey, de-

termined the refractive index and found

the value to be 2.99 ± 0.07.) Using the

Lorentz relationship, the molar polariza-

bility am for Y 3Fe 5 12 obtained from

refractive index determinations (Tess-

man, Kahn, and Shockley, 1953) is

found to be significantly higher than am
for Y3A1 5 12 . Thus, a of O2 " must be

higher in Y3Fe 50i 2 .

It is concluded that the observed

trends in the nuclear quadrupole cou-

pling tensors at the cationic sites in

yttrium iron garnets and related alumi-

nates of the same structure type can be

interpreted, on a qualitative basis, in

terms of an ionic model that includes the

effect of oxygen polarization and over-

lap distortion. Overlap distortion alone

would apparently account for the trends

of the observed Fe3 + gradients. It would
not account for the ratio of the Fe3 + to

Al3 + field gradients in Y 3Al n 12 or the

octahedral to tetrahedral Al3+ gradient

ratios in the other rare earth aluminates.

These ratios are critically sensitive to

the dipole polarization of the oxygen
ion. Because of the necessity of includ-

ing the contributions of the overlap dis-

tortion and the dipole polarization terms

to the total electric field gradients, it is

apparent that purely geometrical con-

siderations of the crystal structures (e.g.,

polyhedral distortion, edge sharing) are

insufficient for interpreting a critical

bonding parameter like the quadrupole

coupling tensor.

Interpretation of the 57Fe Nuclear
Quadrupole Data for Some Silicate

Garnets

S. S. Hafner, M. Raymond, D. Virgo,

and F. E. Huggins

Hafner and Raymond (this Report)

propose an ionic model of the electronic

charge distribution that includes the

effects of overlap distortion and oxygen

polarization to explain differences in the

nuclear quadrupole coupling tensors at

the cationic sites in some rare earth gar-

net structures. In this report, the appli-

cability of the model to the geologically

important garnet end-members—pyrope,

spessartine, andradite, and grossular—is

examined.

The results of the calculated and ex-

perimentally determined electric field

gradients are summarized in Tables 53

and 54- In general, the calculated 57Fe
octahedral quadrupole splitting increases

in the series pyrope, spessartine, andra-

dite, and grossular (Table 53) consistent

with the experimental data. The field

gradient at the tetrahedral site is con-

siderably larger than at the octahedral

site, thus lending support to the sugges-

tion that the electron density distribu-

tion of the tetrahedrally coordinated

polyhedron in andradite and grossular

should be considered strongly distorted.

Although a similar distinction is also

observed in yttrium iron garnet, the dif-

ference between the octahedral and tetra-

hedral field gradient is enhanced in the

silicate garnets.

Whereas the field gradient at the octa-

hedral position in the Y3Fe5_a.Ala.O12

solid solution series is negative, it is gen-

erally positive in silicate garnets. This
interesting distinction is primarily due
to the large positive contribution of the

2 ~ dipoles. The point-charge and dipole

terms (Table 53) have the same signs as

in Y3Fe5_a.Ala.O12, but they are in differ-

ent proportion. Also, the contribution of

overlap distortion may be positive or

negative, depending on the crystal struc-

ture of the garnet and consequently on
the degree of displacement of the ligand
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TABLE 53. Silicate Garnets: Electric Field Gradient at Octahedral Position

Grossular
Pyrope Spessartine Andradite

Vzz* «t Fe3+ Fe8+ Fe3+ Fe3+ Al3+

Point charge

(l-y oo) (VPzz) -12.38 -6.81 -0.85 -0.27 -0.09
Point charge

and dipolej 0.5 +6.91 +9.90 + 11.80 +12.95 +4.32
(1-Foo) (VPzz+VD

zz) 1.0 + 19.95 +21.46 +19.36 +22.37 +7.46
Overlap§ -5.89 -1.40 +2.20 +3.70 +0.89
[(l-/2)Fzzoverlap

] 0.5 -0.97 +2.71 +4.64 +6.71 +1.62
1.0 +2.13 +5.31 +6.20 +8.65 +2.08

Total -18.27 -8.20 + 1.36 +3.43 +0.80
Vzz 0.5 +5.94 + 12.61 + 16.44 + 19.66 +5.94

1.0 +22.08 +26.77 +25.56 +31.02 +9.54
Experimental

|| 4.63H 5.87H +9.79U 10.7** 3.56ft

*-|| Footnotes as in Table 50.

1f Amthauer, Annersten, and Hafner (1976).
** Extrapolated from Huggins, Virgo, and Huckenholz (1976a) ; cf. Whipple (1973).

ft Derighetti and Ghose (1969).

TABLE 54. Electric Field Gradient at Tetrahedral Position for Andradite and Grossular

Andradite Grossular

Vzz* at Fe3+ Fe3+

Point charge

(l-7» ) (V
p
zz) -8.63 -7.86

Point charge

and dipolej 0.5 -14.98 -12.00

(1-V o.) (VPzz+VDzz) 1.0 -21.96 -17.28

Overlap § -16.45 -16.59

[(l-i2)Fzz0Terlap ] 0.5 -19.11 -19.14

1.0 -22.44 -22.30

Total -25.08 -24.45

Vzz 0.5 -34.10 -31.14

1.0 —44.40 -39.59

Experimental
|| 21.18H 22.6**

Footnotes as in Table 53.

orbitals due to ionic polarization. The
sign of the total gradient, however, is not

reversed by the overlap term. In general,

then, the simple model shows that the

sign is generally positive in silicate gar-

nets, in accord with the 57Fe quadrupole

splitting at the octahedral Fe3 + position

in andradite that was recently found to

be positive in an applied magnetic field

(Amthauer, Annersten, and Hafner,

1976).

At the tetrahedrally coordinated site,

the calculations based on the model yield

a negative electric field gradient, as in

the YsFes-^Al^Oia series (Table 54).

Whereas the sign in the yttrium iron

garnet is known to be negative from ex-

periment (Housley and Grant, 1972), the

sign in andradite and grossular has not

been determined experimentally.

From the magnitudes of the computed

and experimental octahedral field gradi-

ents, it is suggested that an oxygen

polarizability of a = 0-3-0.5 A3 provides
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the closest agreement. The predicted

smaller values for the oxygen polariz-

ability in silicate garnets (cf. Hafner

and Raymond, this Report) are in agree-

ment with the smaller molar polarizabil-

ity am obtained from refractive indices

of silicate garnets compared with «OT of

Y3Fe5 5 (Tessman, Kahn, and Shockley,

1953).

As in Y3Al 50i2 (Hafner and Raymond,
this Report) the 27A1 and 57Fe data in

grossular can be directly compared with

the experimental and calculated ratio of

the octahedral Al3 + and Fe3+ electric

field gradients. Because both computa-
tions are based on the same atomic co-

ordinates (Novak and Gibbs, 1971), the

differences in the Al3 + and Fe3+ electric

field gradient ratios are due solely to the

differences in the Sternheimer factors

yoo and R and the different overlap terms

for Al3+ and Fe3 +. The predominant

terms, VDZZ and Fzz
overlap

, have the same
sign, and the ratio of the Al3+ and Fe3 +

electric field gradients is predicted to be

between ~3 (ratio of the respective yM
factors) and ~4 (ratio of the respective

overlap contributions). The point-charge

contribution, which has opposite sign, is

small and may be neglected. The pre-

dicted ratio of the Al3 + and Fe3+ gra-

dients is in agreement with the experi-

mental data (Table 53), as concluded

previously for yttrium aluminate (Haf-

ner and Raymond, this Report)

.

It is expected that the nuclear quad-
rupole splitting would reflect the geo-

metrical distortion of the specific coordi-

nation polyhedra and the type of its

edge-sharing with adjacent polyhedra. It

is apparent, however, that there is no
direct correlation between the results of

this study (Table 53) and the systematic

variations of the geometrical distortions

in the garnet structure (Novak and
Gibbs, 1971) that were based on nine

crystal-structure refinements of silicate

garnets. For example, the magnitudes of

the quadrupole splittings in pyrope and
spessartine are in direct contrast with the

larger octahedral distortion in pyrope

compared with that in spessartine (No-

vak and Gibbs, 1971, Table 13). In

addition, silicate garnets generally pos-

sess relatively smaller octahedral distor-

tions than yttrium iron garnet, which is

also in contradistinction with the experi-

mentally determined electric field gra-

dients.

The overlap distortion is, of course,

directly correlated to the geometrical

deformation of the oxygen polyhedron.

If the oxygen octahedron is elongated

along the 3 axis, as observed in pyrope,

the overlap distortion is negative, whereas

if it is flattened along the 3 axis, as in

grossular, the distortion is positive. The
dipole contribution to the electric field

gradient is, however, not correlated. Also,

the displacements of the ligand orbitals

caused by dipole polarization may pro-

duce an overlap distortion with opposite

sign and as a result may cancel the over-

lap distortion based on the positional

coordinates of the oxygen nucleus (cf.

data for pyrope and spessartine in Table

53). The magnitude of the dipole con-

tribution to the electric field gradient

accounts for the lack of correlation be-

tween the quadrupole splitting and the

distortion of the octahedra.

It is evident from the relative magni-
tudes and the signs of the electric field

gradients at the crystal sites that the

structures of the cubic silicate garnets

can be rationalized only in terms of a

model in which the ions have lower than

spherical symmetry (cf. Novak and
Gibbs, 1971).

On the Stoichiometry of Clinoprox-
ENES IN THE SYSTEM CaO-MgO-

Al 2 3-Si0 2

B. J. Wood

Several investigators have suggested

that clinopyroxenes containing large

amounts of alumina deviate from the

expected stoichiometry of four cations to

six oxygens. In particular, the subsolidus

experiments of Kushiro (1969a) indicated

that aluminous clinopyroxenes crystal-

lized from quartz-saturated compositions
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contain silica in apparent excess of the

amounts requisite for "ideal" clinopy-

roxenes. The presence of excess silica

(probably as the molecule Cao.5AlSi 2 6 )

should result in a cation sum, to six

oxygens, of less than four. A recent ex-

perimental study of subsolidus clinopy-

roxene-anorthite-quartz assemblages in

which the pyroxenes were analyzed with

an electron microscope microanalyzer

(Wood, 1976) also suggested the presence

of excess silica in those clinopyroxenes

with high alumina content. Cawthorn
and Collerson (1974) have found that

published analyses of natural clinopy-

roxenes also show decreasing cation sums
as A1VI increases. The purpose of the

present study was to investigate, using

the electron microprobe, the stoichiom-

etry of clinopyroxenes crystallized in the

system CaO-MgO-Al 2 3-Si0 2 at high

pressures. The electron microprobe yields

analyses that are considerably more
accurate than those obtained by the

electron microscope technique used pre-

viously (Wood, 1976).

High-pressure experiments were car-

ried out in solid-media, high-pressure

apparatus in the pressure and tempera-

ture ranges 20-30 kbar and 1275°C-
1430°C. Glass and crystalline starting

materials together with 2-6 wt % water

were sealed in Pt capsules and run for

1-5 hr. Bulk compositions and run

conditions were chosen so that clinopy-

roxene and quartz coexisted with H 20-

undersaturated melts.

Alumina-free mixtures of crystalline

diopside and quartz readily recrystal-

lized between 1300°C and 1400°C (20-

25 kbar) to give large clinopyroxene

crystals (~30 /mi) that could be easily

analyzed. From eight to twelve electron

microprobe analyses of the product clino-

pyroxenes were performed on each charge.

The analyses indicate that little, if any,

excess silica is soluble in alumina-free

clinopyroxenes under the physical condi-

tions of these experiments. The lowest

observed cation total was from a run at

20 kbar and 1400°C that gave 3.982

(o- = 0.009) cations to six oxygens; the

4.0
I*

O
3.9-

3.8

Ij

0.2 0.4 0.6

Al

Fig. 144. Cation sums of synthetic clinopy-

roxenes as a function of A1VI
. Bars denote ±1

standard deviation. Open circles, glass starting

material; solid circles, crystalline starting ma-
terial (diopside and quartz in Al-free system;

Cpx, —3 mole % CaAUBiOe, anorthite, quartz

in Al-bearing systems). Outlined area is ap-

proximate range of stoichiometry of natural

clinopyroxenes from Cawthorn and Collerson

(1974).

highest cation sum, at 25 kbar and

1300°C, was 3.999 (o- = 0.008).

Addition of A1 2 3 to the system CaO-
MgO-Si0 2 has a profound effect on the

size of the product clinopyroxenes. Only

six of the eighteen experiments performed

on Al 2 3-bearing compositions produced

some pyroxenes of lengths greater than

10 ixm, and in two of these (A1VI = 0.46

and 0.597, Fig. 144), only four analyses

were possible. The results shown in the

figure demonstrate, however, that there

is indeed a correlation between the alu-

mina content of clinopyroxenes coexisting

with quartz and their stoichiometry. The
magnitudes of deviations from "ideal"

stoichiometry are similar to those found

by Cawthorn and Collerson (1974) for

natural clinopyroxenes of a wide range

of paragenesis. It is of interest to note

that an extrapolation of these results to

pure calcium Tschermak's (nominally

CaALSiOe) clinopyroxene coexisting with

quartz implies that the composition of

such a pyroxene would be similar to that

of anorthite (Cao.TsAli.gSii.sOs).
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The Effect of Ca Substitution on
the Structure of Clinoenstatite

Y. Ohashi and L. W. Finger

The phase relationships on the join

between enstatite and diopside have been

extensively studied; only recently, how-
ever, Kushiro (19726) and Yang and
Foster (1972) have shown a stability

field for iron-free pigeonite at 1 atm. At
the enstatite end member there are at

least three polymorphs, but a small

amount of Ca in solid solution has the

effect of stabilizing the pigeonite form.

The present study was undertaken to

delineate the structural changes asso-

ciated with changes in composition. In

the Fe-Ca clinopyroxenes, Ohashi, Burn-
ham, and Finger (1975) found that

pigeonite with the composition Fs85
-

W015* differed from clinoferrosilite in

the kinking of the silicate chain. From
this result they concluded that a rela-

tively large change in the silicate chain

configuration took place between Fsi00
-

Won and Fs85Wo15 .

The end-member clinopyroxenes on

the join have different symmetry, P2 1/c

for clinoenstatite (Morimoto, Appleman,
and Evans, 1960) and,C2/c for diopside

(Clark, Appleman, and Papike, 1969).

There are two crystallographically dis-

tinct silicate chains in the clinoenstatite

structure but only one in diopside. This

difference in the chain configuration is

mainly the result of the cation occu-

pancy in the M2 site (e.g., Ohashi, Burn-
ham, and Finger, 1975). With the addi-

tion of Ca, the difference between the

two chains in Ca-poor clinopyroxenes

decreases until they become identical at

some critical composition.

Synthetic crystals of iron- free clino-

pyroxenes used in the present study are

En 100Wo (supplied by Dr. J. Ito),

En94.4W05.fi (supplied by Dr. Y. Naka-
mura), and En91 . 6Wo s . 4 (synthesized by
Dr. R. Schwab and supplied by Dr. M.
Rosenhauer). The diffraction symmetry

* Compositions are in mole percentage of Fs
(FeSi03 ), En (MgSi03), and Wo (CaSiOa).

of the three crystals studied is consistent

with space group P2 1 /c. Unit-cell pa-

rameters, obtained from least-squares

refinement of twelve reflections centered

on a four-circle diffractometer, are given

in Table 55. X-ray intensities of all

unique reflections with 29 less than 65°

(En94 . 4Wo5.6 and En91 . 6Wo 8 . 4 ) and 70°

(Enioo) for MoKa radiation were meas-

ured using an automated four-circle

diffractomer. Corrections were made for

the Lorentz, polarization, and absorp-

tion effects. Atomic coordinates, aniso-

tropic temperature factors, and the ex-

tinction coefficient were refined using

computer program RFINE2 (Finger and

Prince, 1975). The final residual factor

R for observed reflections is 3.1%, 5.5%,

and 6.3%, respectively, for En 100Wo ,

En94.4W05.6j and En9 i. 6Wo8 .4. The refined

atomic coordinates and equivalent iso-

tropic temperature factors are given in

Table 56.

Cation Sites

The Ml site was assumed to be fully

occupied by Mg, and the site occupancy

for M2 was fixed according to the bulk

composition of the crystals. These ca-

tion assignments have been verified by

M-0 interatomic distances (Table 57)

and also by isotropic temperature fac-

tors (Table 56). The average of the six

shortest Ml-0 distances varies only

from 2.078 to 2.084 A. In contrast, the

average of the six shortest M2-0 dis-

tances changes from 2.142 to 2.198 A as

the composition changes from En 100Wo
to En91 . 6Wo8 . 4 .

In the structural refinement of a

pigeonite Mgo.sgFeo^Cao.osSiOs from

TABLE 55. Unit-Cell Parameters for Mg-Ca
Clinopyroxenes

EniooWoo Enw.iWos.o En»i.oWo8 .4

a (A) 9.605(1) 9.639(1) 9.657(1)

b 8.813(1) 8.835(1) 8.846(2)

c 5.166(1) 5.192(1) 5.208(1)

P (deg.) 108.46(1) 108.39(1) 108.34(1)

V (A3
) 415.1(1) 419.6(1) 422.3(1)
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TABLE 56. Atomic Coordinates and Equivalent Isotropic Temperature Factors (A2
) for

Mg-Ca Clinopyroxenes

EniooWoo Ene4. 4Wo5.< Enoi.eWOs.d

Ml

M2

SLA

SiB

014

02A

03A

OlB

02B

035

X 0.2510(1) 0.2508(3) 0.2496(4)

V 0.6533(1) 0.6535(3) 0.6539(3)

z 0.2177(1) 0.2219(5) 0.2238(6)

B 0.43(1) 0.50(3) 0.66(4)

X 0.2558(1) 0.2558(3) 0.2557(4)

V 0.0130(1) 0.0165(3) 0.0194(3)

z 0.2146(1) 0.2205(5) 0.2240(6)

B 0.56(1) 0.89(4) 1.11(4)

X 0.0433(1) 0.0427(2) 0.0418(2)

V 0.3409(1) 0.3414(3) 0.3413(3)

z 0.2944(1) 0.2888(3) 0.2839(4)

B 0.31(1) 0.36(3) 0.55(4)

X 0.5533(1) 0.5515(2) 0.5506(2)

V 0.8372(1) 0.8374(3) 0.8379(3)

z 0.2300(1) 0.2326(3) 0.2338(4)

B 0.32(1) 0.42(3) 0.51(4)

X 0.8666(1) 0.8672(5) 0.8676(5)

y 0.3398(1) 0.3400(6) 0.3394(7)

z 0.1850(2) 0.1800(8) 0.1788(11)

B 0.39(2) 0.52(7) 0.58(8)

X 0.1228(1) 0.1221(6) 0.1219(7)

V 0.5010(1) 0.5013(5) 0.5025(7)

z 0.3215(3) 0.3215(9) 0.3247(12)

B 0.49(2) 0.56(7) 0.96(10)

X 0.1067(1) 0.1056(5) 0.1048(6)

y 0.2795(1) 0.2764(5) 0.2733(6)

z 0.6153(3) 0.6049(9) 0.5959(12)

B 0.50(2) 0.64(7) 1.00(10)

X 0.3761(1) 0.3744(5) 0.3738(6)

y 0.8400(1) 0.8392(6) 0.8405(8)

z 0.1246(2) 0.1263(8) 0.1259(11)

B 0.41(2) 0.53(6) 0.89(9)

X 0.6338(1) 0.6320(5) 0.6287(7)

y 0.9827(1) 0.9834(9) 0.9849(7)

z 0.3892(3) 0.3843(5) 0.3746(13)

B 0.52(2) 0.73(8) 1.13(10)

X 0.6052(1) 0.6049(5) 0.6047(6)

y 0.6942(1) 0.6994(6) 0.7036(6)

z 0.4539(3) 0.4630(9) 0.4670(11)

B 0.47(2) 0.81(8) 0.94(9)

Mull, Scotland, Morimoto and Giiven

(1970) reported a seven-coordinated M2
polyhedron. The seventh M2-0 inter-

atomic distance in En 9 i. 6Wo8 .4, however,

is over 3 A, and the M2 coordination can

still be regarded as six in En9 i. 6Wo8 . 4 .

The temperature factor is abnormally

large for M2 in En91 . 6Wo 8 . 4 , indicating a

positional fluctuation of Ca and Mg in

the site. The similar tendency of large

apparent temperature factors has been

observed in many intermediate composi-

tions (see Ohashi and Finger, Year Book

73, p. 528, Fig. 204).
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TABLE 57. M-0 Interatomic Distances (A) for Mg-Ca Clinopyroxenes

EniooWoo

745

M1-OL4
-OlA
-02A
-015
-015
-025

Mean

M2-0U
-02A
-03A
-015
-025
-035

Mean

2.142(1)

2.032(1)

2.006(1)

2.178(1)

2.067(1)

2.042(1)

2.078

2.090(1)

2.034(1)

2.279(1)

2.053(1)

1.987(1)

2.412(1)

2.142

inw.iWOs.e En9i.eWo8 .4

2.152(6) 2.144(7)

2.038(5) 2.046(6)

2.005(6) 2.000(7)

2.175(6) 2.193(7)

2.063(5) 2.060(6)

2.058(5) 2.063(7)

2.081 2.084

2.119(6) 2.142(7)

2.072(5) 2.084(7)

2.292(5) 2.306(7)

2.086(6) 2.106(7)

1.995(5) 2.037(7)

2.475(5) 2.512(7)

2.173 2.198

Tetrahedral Chain Angle

One of the important parameters that

characterize the silicate chain configura-

tion is the tetrahedral chain angle, 03-
03-03. The importance of the kinking

direction in comparison with the octa-

hedral arrangement has been empha-
sized by Thompson (1970) in his study

of the idealized stacking topologies in

chain silicates. A comparison of ideal

chain configuration and real pyroxene
structures has been made by Papike et

al. (1973). Ohashi and Finger {Year
Book 73, pp. 522-525) have analyzed

the correlation between the tetrahedral

chain angle and the site of cation coor-

dination polyhedra.

The tetrahedral chain angle is plotted

in Fig. 145 as a function of Ca content

for clinopyroxenes on the joins enstatite-

diopside and ferrosilite-hedenbergite.

Both chains in clinoenstatite show a

larger deviation from the fully extended

chain angle (180°) than do the corre-

sponding chains in clinoferrosilite. In

contrast, the chain angle is not very dif-

ferent in diopside and hedenbergite, in

both of which the M2 site is occupied by
Ca. This result is consistent with the

earlier observation for intermediate py-
roxenes that chains are kinked to a

greater degree when the cations in M2
are smaller (Papike et al., 1973; Ohashi

and Finger, Year Book 73, pp. 522-525).

As Ca substitutes for Mg or Fe, both

the A and B chains become extended. At
a particular temperature, there is a com-
position where the space group changes

from P2i/c to C2/c. In the latter space

group the two chains are identical. At
room temperature in the Fe-Ca clino-

pyroxenes, this change occurs between

Fs85Woi5 and Fs80Wo2o (Ohashi, Burn-
ham, and Finger, 1975). If the silicate

chain angle in Mg-Ca clinopyroxenes

changes in the same manner as that in

Fe-Ca clinopyroxenes, this phase transi-

tion would be expected to take place on

the join enstatite-diopside at a more

Ca-rich composition, probably around

En 80Wo 2o, because both the A and B
chains in clinoenstatite must be more
extended than those in clinoferrosilite

in order to become equivalent.

In the pigeonite region of Fig. 145 the

rate of change in chain angle with the

wollastonite component increases as the

composition becomes more Ca-rich, as

is often found in cooperative phenomena.

Therefore the effect of Ca substitution

on the Ca-poor clinopyroxene structure

is expected to be more significant, for

example, in the range of the En90Woi -

En80Wo 2 o than in the range of En 10oWo -

En90Wo 10 .

In conclusion, the major structural
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Fig. 145. Variation of the tetrahedral chain angle, 03-03-03. If the angle is greater than
180°, the chain is of S rotation (Thompson, 1970). Sources of data: Burnham (Year Book 65,

pp. 285-290) ; Cameron et al. (1973) ; Clark, Appleman, and Papike (1969) ; Ohashi, Burnham,
and Finger (1975) ; this study. Standard errors are smaller than the radii of the circles.

changes in the Ca-poor clinopyroxene

structure with increasing wollastonite

component, are expansion of the M2 co-

ordination polyhedron and extension of

the two silicate chains. The difference in

the chain angle between the A and B
chains decreases as the composition be-

comes more Ca-rich. Increases of Ca
(Fig. 145) and temperature (Sueno,

Cameron, and Prewitt, 1976, p. 49, Fig.

7) both seem to have a similar effect on

the silicate chain angle.

Stepwise Cation Ordering in Busta-
mite and Disordering in Wollastonite

Y. Ohashi and L. W. Finger

Bustamite and wollastonite, both single

chain silicates, are of interest because of

the great difference in the extent of their

solid solutions. Bustamite has the widest

compositional range of the pyroxenoid

minerals, its CaSi0 3 content ranging

from approximately 30 mole % to more
than 80 mole % (Mason, 1973, 1975;

Hodgson, 1975; Shimazaki and Yama-
naka, 1973; Matsueda, 1973). In con-

trast, the composition of wollastonite is

often close to the ideal composition,

CaSi0 3 ; other components, such as

MnSi0 3 and FeSi0 3 , rarely exceed a few

mole percent in this mineral. The present

study has been undertaken to analyze

crystal structural factors that might con-

trol the compositional limits and intra-

crystalline cation distribution in the two
minerals.

In their study of an intermediate Ca-
Mn bustamite containing 54 mole %
CaSi0 3 , Peacor and Buerger (1962),

using a difference Fourier map, suggested

that Ca occupies the M2 and M4 sites

and that Ml and M3 contain Mn with a

small amount of excess Ca in Ml. This

cation ordering scheme for intermediate

compositions has been confirmed in a

synthetic iron analogue, ferrobustamite

(Ca
. r)
Feo.r,SiO 3 ), by Rapoport and Burn-

ham (1973).

Their study, however, was inconclusive

with regard to cation ordering in a Ca-
rich ferrobustamite (Ca n.79Fe n . 19Mn .o2-

Si0 3 ) owing to difficulties caused by
twinning. For Ca-rich ferrobustamite,

which has sometimes been improperly

described as iron wollastonite in spite of

its bustamite structure, Yamanaka, Ta-
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keuchi, and Shimazaki (Y. Takeuchi,

personal communication) have found

that the iron atoms are concentrated in

the M3 site, in agreement with their pre-

diction (Shimazaki and Yamanaka,
1973) based on the upper limit of CaSi0 3

in natural ferrobustamite.

In this study, three different compo-
sitions of bustamite and two of wollas-

tonite have been chosen to represent the

range of chemical compositions of the

minerals. The crystal chemical data for

these samples are given in Table 58. The
Mn-rich bustamite sample was kindly

supplied by Dr. A. Kato; the intermedi-

ate and Ca-rich bustamite samples, by
Dr. M. Nambu; the Mn-wollastonite of

Dr. Hodgson's specimen, by Dr. B.

Mason; and the Fe-wollastonite, by Dr.

D. E. Appleman.
Because of their triclinic symmetry,

several different unit-cell settings are

possible for bustamite and wollastonite.

The setting used in this study is as fol-

lows: The tetrahedral chain direction is

chosen as the c axis, and the oxygen

close-packed layers are parallel to the

(100) plane. In the study of rhodonite

and pyroxmangite (Ohashi and Finger,

Year Book 74, pp. 564-569) a similar

setting was adopted for direct compari-

son of pyroxenes and pyroxenoids. The
projections of the bustamite and wollas-

tonite structures, shown in Fig. 146, cor-

respond to a similar projection for rho-

donite and pyroxmangite (Year Book

74, p. 567, Fig. 96).

Experimental

The x-ray intensities for all the pyrox-

enoid crystals used in this study were

measured on the automated four-circle

diffractometer, employing an <o-26 vari-

able scanning-rate technique (Finger,

TABLE 58. Chemical Composition and Unit Cell Parameters for Bustamites and
Wollastonites

Specimen

:

Mn-Bs Bs Ca-Bs Mn-Wo Fe-Wo

Locality

:

Mitsuka, Hijikuzu, Hijikuzu, Broken Scawt
- Gifu, Iwate, Iwate, Hill, Hill,

Japan Japan Japan Australia Ireland

Composition
(mole fraction)

CaSiO, 0.314 0.500 0.783 0.961 0.949

MnSiOa 0.600 0.370 0.122 0.034 0.005

FeSiOn 0.043 0.120 0.075 0.005 0.036

MgSiO» 0.043 0.009 0.020 0.000 0.010

Space group 71 71 71 CI cr
a (A) 9.807(4) 9.864(3) 9.994(3) 10.121(2) 10.104(1)

b 10.680(4) 10.790(5) 10.946(3) 11.070(1) 11.054(1)

c 7.091(2) 7.139(3) 7.231(3) 7.312(1) 7.305(1)

a (deg.) 99.58(2) 99.53(4) 99.53(4) 99.51(1) 99.53(1)

P 99.99(3) 99.71(3) 100.56(3) 100.51(1) 100.56(1)

7 83.79(3) 83.83(3) 83.29(2) 83.43(1) 83.44(1)

Unit-cell volume
(A3

) 718.8(4) 736.1(5) 764.3(4) 791.5(2) 788.0(1)

Z based on MSiOs 12 12 12 12 12

Transformation /-* — 2 2 \ / * i 0\
matrix T* l) l)

\-l 1 o/ V * -i 0/

* In the form of A'=TA where A is the base vector set for the 71 cell (bustamite) or CI cell

(wollastonite) ; and A' for the A\ cell (bustamite) or PI cell (wollastonite) used by Peacor

andPrewitt (1963).
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Bustamite

Fig. 146. Portions of the bustamite and wol-

lastonite structures projected onto the plane

parallel to the oxygen close-packed layer. Note
that the tetrahedral chains above and below
the octrahedral layer are related by the body-
centering translation in bustamite and by the

C-centering translation in wollastonite for the

unit-cell setting used in this study.

Hadidiacos, and Ohashi, Year Book 72,

pp. 694-699), with Nb-filtered MoK«
radiation. Integrated intensities were cor-

rected for Lorentz and polarization ef-

fects, and absorption corrections were

computed by numerical integration

(Burnham, 1966).

The atomic coordinates of bustamite

reported by Rapoport and Burnham

(1973) and those of wollastonite given

by Buerger and Prewitt (1961) were

taken as initial values for subsequent

least-squares refinements using a com-
puter program RFINE2 (Finger and
Prince, 1975). The atomic scattering

factors and dispersion corrections are

from Cromer and Mann (1968) and
Cromer (1965), respectively. The re-

fined atomic coordinates and isotropic

temperature factors are given in Table

59. The final residual factor, R, for ob-

served reflections of all of the specimens

ranges from 3.6% to 5.2%.

Structural Difference between

Bustamite and Wollastonite

Peacor and Prewitt (1963) have dis-

cussed in detail the crystal structures of

bustamite and wollastonite, and only a

few features relevant to the cation or-

dering will be mentioned here. Although

bustamite and wollastonite are com-

monly classified as chain silicates, the

minerals also have a layered character

—

alternating layers of octahedral and
tetrahedral cations parallel to (100) at

the unit-cell setting of this study (Fig.

146).

The octahedral layer, consisting of an

infinite band with a width of three octa-

hedra, is topologically similar in both

minerals but symmetrically distinct. In

bustamite, centers of inversion are lo-

cated at the M3 and M4 positions,

whereas in wollastonite they are on the

oxygen-oxygen edge shared by adjacent

M3 sites. As a result, the arrangement of

octahedral cations in the central portion

of the three-octahedra-wide bands is

-M3-M3-M3-M3- in wollastonite and

-M3-M4-M3-M4- in bustamite.

Because of this difference, the M3 and

M4 sites in bustamite, both of which

correspond to M3 in wollastonite, may
be different in cation occupancy. In ad-

dition, the two closest equivalent layers

(e.g., the two tetrahedral layers above

and below a given octahedral layer) are

related by the (a -4- b)/2 translation in

wollastonite and the (a + b + c)/2

translation in bustamite. As will be
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shown later, this difference in the trans-

lation produces a variety of different

arrangements of tetrahedra around some

octahedral positions in the two minerals.

Cation Distribution

The occupancies in the octahedral

sites have been refined with the con-

straint of total composition. The refined

values (Table 60) show that M3 and M4
in bustamite can be regarded as essen-

tially invariant—M3 is the site for

smaller cations such as Mn or Fe,

whereas M4 is the site for Ca. The oc-

cupancy in Ml and M2 is variable de-

pending on the bulk composition of

bustamite. On the subcalcic side of the

1:1 composition, Ca(Mn,Fe,Mg)Si 2 6 ,

M2 shows the most significant change in

occupancy (Fig. 147), whereas on the

Ca-rich side, Ml changes its cation oc-

cupancy. Figure 148 demonstrates three

different cation distributions found for

bustamite.

The present study thus indicates that

cation substitution in bustamite is a

two-step process. The smaller cations

such as Mn or Fe occupy the M3 and
part of the Ml site if there is any excess.

This scheme continues until the smaller

TABLE 59. Atomic Coordinates and Isotropic Temperature Factors (A2
) for

Bustamites and Wollastonites

Mn-Bs Bs Ca-Bs Mn-Wo Fe-Wo

Ml X 0.0241 0.0245 0.0223 0.0208 0.0212

V 0.2713 0.2721 0.2771 0.2807 0.2800

z 0.3227 0.3257 0.3179 0.0772 0.0772

B 0.96 0.67 0.64 0.58 0.71

M2 X 0.0225 0.0231 0.0247 0.0171 0.0180

V 0.2753 0.2783 0.2766 0.2806 0.2803

z 0.8387 0.8410 0.8333 0.5709 0.5712

B 0.93 0.72 0.71 0.58 0.73

M3* B 0.73 0.55 0.64 x

V

-0.0144

0.0115

-0.0137

0.0111

M4* B 0.74 0.65 0.64 z

B
0.7496

0.54

0.7497

0.67

Sil X 0.2195 0.2226 0.2267 0.2265 0.2265

V 0.4565 0.4566 0.4640 0.4583 0.4585

z 0.1435 0.1473 0.1395 0.8877 0.8876

B €.54 0.48 0.51 0.42 0.53

Si2 X 0.2223 0.2235 0.2296 0.2267 0.2266

V 0.4517 0.4534 0.4573 0.4577 0.4576

z 0.6967 0.6978 0.6983 0.4537 0.4540

B 0.53 0.50 0.50 0.44 0.54

Si3 X 0.2184 0.2201 0.2209 0.2264 0.2260

V 0.6764 0.6757 0.6755 0.6707 0.6711

z 0.4778 0.4801 0.4727 0.2236 0.2237

B 0.52 0.48 0.51 0.42 0.52

041 X 0.1200 0.1178 0.1169 0.1163 0.1164

V 0.0802 0.0803 0.0747 0.0797 0.0786

z 0.2766 0.2757 0.2748 0.0381 0.0381

B 1.12 0.77 0.86 0.76 1.00

OA2 X 0.1141 0.1139 0.1109 0.1169 0.1168

V 0.0767 0.0730 0.0733 0.0814 0.0807

z 0.8174 0.8170 0.8200 0.5611 0.5612

B 1.21 0.84 0.77 0.76 0.98

* On inversion centers; M3 at (0,0,0) and M4 at (0,0,i).
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TABLE 59 Continued. Atomic Coordinates and Isotropic Temperature Factors (A2
) for

Bustamites and Wollastonites

Mn-Bs Bs Ca-Bs Mn-Wo Fe-Wo

OAS X 0.1085 0.1095 0.1084 0.1152 0.1147

V 0.7977 0.7961 0.7925 0.7864 0.7874
z 0.4846 0.4849 0.4772 0.2267 0.2271

B 0.82 0.75 0.72 0.56 0.67

044 X 0.1171 0.1164 0.1177 0.1149 0.1149

V 0.8137 0.8136 0.8132 0.8141 0.8142

z 0.9776 0.9744 0.9804 0.7307 0.7305
B 0.78 0.72 0.76 0.68 0.81

OBI X 0.1106 0.1133 0.1192 0.1239 0.1235

V 0.3568 0.3587 0.3659 0.3584 0.3577

z 0.1399 0.1491 0.1264 0.8745 0.8750
B 1.84 1.18 1.19 0.81 1.05

OB2 X 0.1297 0.1328 0.1353 0.1230 0.1239

y 0.3379 0.3402 0.3483 0.3577 0.3567

z 0.6026 0.6010 0.6135 0.3669 0.3657

B 1.67 1.09 0.99 0.88 1.13

OC1 X 0.2111 0.2105 0.2280 0.2211 0.2201

V 0.4799 0.4787 0.4927 0.4963 0.4955

z 0.9241 0.9259 0.9257 0.6785 0.6780

B 2.45 1.46 1.26 1.02 1.29

0(72 X 0.1678 0.1687 0.1747 0.1820 0.1811

V 0.5876 0.5887 0.5880 0.5886 0.5887

z 0.6206 0.6221 0.6141 0.3704 0.3703

B 0.99 0.81 0.81 0.70 0.85

0C3 X 0.1738 0.1787 0.1787 0.1827 0.1823

V 0.5974 0.5966 0.5988 0.5907 0.5912

z 0.2575 0.2605 0.2560 0.0121 0.0119

B 0.97 0.80 0.83 0.73 0.84

Estimated Standard Errors

M Si

X 0.0001 0.0001 0.0004

V 0.0001 0.0001 0.0004

z 0.0001 0.0002 0.0005

B 0.01-0.03 0.01-0.02 0.04-0.07

: On inversion centers; M3 at (0,0,0) and M4 at (0,0,i).

cations completely fill up Ml. When the

total amount of the smaller cations ex-

ceeds that of Ca, then the M2 site be-

gins to accommodate these smaller ca-

tions. A similar stepwise substitution of

Ca and Fe is also found in the Ml and
M2 sites in the olivine solid solution be-

tween Ca 2Si04 and Fe 2Si04 (Smith, Ma-
jundar, and Ordway, 1965).

Energetically, this procedure can be

considered in terms of the energy differ-

ence between ordered and anti-ordered

states, i.e., [Ca(M2) + Mn(Ml)] ver-

sus [Ca(Ml) + Mn(M2)], which must
be so large that in a practical tempera-

ture range, the disordering process be-

tween the Ml and M2 sites does not oc-

cur in bustamite. Thus, the anti-ordered

state in bustamite resembles [Ca(Ml)
-\- Fe,Mg(M2)] in clinopyroxenes, a
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TABLE 60. Cation Site Occupancies* in Bustamites and Wollastonites
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Mn-Bs Bs Ca-Bs

Ca Mn Ca Mn Ca Mn

Ml (1.0)t

M2 (1.0)

M3 (0.5)

M4 (0.5)

0.08

0.49

0.19

0.83

0.92(1)

0.51(1)

0.81(2)

0.17

0.13 0.87(1)

0.93 0.07(1)

—0.05 1.05(1)

0.99 0.01

Mn-Wo

0.93

0.95

0.12

1.00

0.07(1)

0.05(1)

0.88(2)

0.00

Fe-Wo

Ca Mn Ca Fe

Ml
M2
M3

(1.0)

(1.0)

(1.0)

0.95

0.97

0.96

0.05(1)

0.03(1)

0.04

0.97

0.97

0.93

0.03(1)

0.03(1)

0.07

* The Fe ion can be treated as Mn, and Mg effectively increases the apparent Ca occupancy
factor.

t Equipoint fraction.

state that is not observed (e.g., Ohashi,

Burnham, and Finger, 1975)

.

The two wollastonite specimens stud-

ied contain approximately 4 mole %
MnSi0 3 or FeSiO*. By analogy from the

cation ordering scheme in bustamite, the

Mn and Fe atoms had been expected to

show some ordering 'among the three

cation sites in the wollastonite structure.

The results of occupancy refinements,

however, show that the Mn or Fe atoms

are distributed over the three sites. The
M3 site in Fe wollastonite is slightly

richer in iron but there
1

is little differ-

ence in occupancy for the other octa-

hedral sites.

Arrangement of Tetrahedra

around Octahedron

Probably the most critical constraint

on the cation substitution at a particu-

lar coordination polyhedron is its size.

In the present case, the flexibility of

oxygen atom positions around the possi-

ble position for octahedral cations is

most critical for determining the size.

The flexibility or rigidity of the oxygen

positions is controlled by the other part

of the structure, particularly neighbor-

ing coordination polyhedra.

Thus, it is important to analyze the

arrangement of tetrahedra around the

octahedral site in order to obtain a crys-

tal structural explanation for the ob-

served cation occupancy. When viewed
normal to one of the triangle faces, the

octahedra have three oxygens in both

upper and lower adjacent tetrahedral

levels. Coordination of the three oxy-

gens on each level can be analyzed in

terms of the linkages with the rest of the

structure.

In bustamite and wollastonite, there

are five types of tetrahedral-octahedral

links (Fig. 149). Because the octahedron

is sandwiched between the two tetra-

hedral layers, two types of linkages must

G
Z-—

- M 2 -—}/
M4 o /

.'/

\

'/ Jf>

/
. A/ • M3

Bulk Composition
CaSi0 3

Fig. 147. Variation of the cation-site occu-

pancy in bustamite.
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Ca site

Mn •*
Cl

Fig. 148. Three schemes of Ca ordering in bustamite.

be specified for each octahedron. M1 B

and Mlw , for example, are both charac-

terized by a combination of types 1 and

3, the subscripts B and W denoting bus-

tamite and wollastonite, respectively.

It is found that type 4-4 of M4B is suit-

able to accept the larger Ca atom and
that type 5-5 of M3B provides a smaller

octahedron for Mn or Fe. Interestingly,

M3W is of type 4-5, a hybrid of M3B and
M4B . The Ml and M2 octahedra in the

two minerals each share one edge with a

tetrahedron but are different in the sec-

ond link.

In conclusion, the wide compositional

range of the bustamite solid solution is

explained by the fact that both Ml and
M2 sites can change their occupancy in

a sequential, stepwise fashion. Analysis

of the geometrical relationships between

the tetrahedra and octahedra indicates

that M3 and M4 are quite different in

bustamite, probably resulting in the oc-

cupancy being essentially fixed. This

nearly complete ordering of small ca-

tions in M3 and Ca in M4 results in

more flexibility in the range of size of

the Ml and M2 crystallographic sites.

On the other hand, none of the three

sites in wollastonite, with its M3 inter-

mediate to M3 and M4 of bustamite,

discriminates against smaller cations.

All three sites can accommodate some
Mn, Fe, or Mg, and this nearly disor-

dered distribution in turn places a limit

on how far they can substitute for Ca in

each site.

When a mineral shows a relatively

wide but incomplete solid solution be-

tween components and a large difference

in cation size, it probably means struc-

turally that there are two kinds of ca-

tion sites
—

"soft" sites of variable size

and occupancies and "hard" sites having

a strong preference for certain ions. The
sites Ml and M2 in bustamite, M5 in

rhodonite, and M5 and M7 in pyrox-

mangite are examples of soft sites. The
sites in wollastonite, however, do not fit

such a simplistic model.
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(A)
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Type 1

(B)

Wollastonite

Busiamiie

Fig. 149. (A) Five types of octahedral-tetrahedral linkages found in bustamite and wol-
lastonite. (B) Arrangements of tetrahedra around octahedra in bustamite and wollastonite.

Electron Paramagnetic Resonance
of Two Magnesiowustites

R. A. Weeks, H. K. Mao, and P. M. Bell

Magnesiowiistite is a mineral whose
properties may be representative of

those of minerals in the earth's mantle

(Mao, Year Book 72). Its compositional

range is in the system Fe-Mg-O, and its

density range is 3.6-5.3 g/cm3
. It is pro-

duced from decomposition and dispro-

portionation reactions of silicate min-
erals. Magnesiowustites are typically

nonstoichiometric, and they contain

mixed valence states of iron. As part of

an effort to characterize the properties

of magnesiowiistite for its eventual con-

sideration as a mineral phase in models

of the earth's deep mantle, the present

observations of its electron paramag-
netic resonance (EPR) were made on
one of the same materials, (FeO) .4o-

(MgO)o.nn, whose compressibility was
determined (Rosenhauer, Mao, and
Woermann, this Report). A second mag-
nesiowiistite, (FeO) .22(MgO)n.7s, whose
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electrical conductivity and optical spec-

tra were determined as functions of pres-

sure and temperature (Mao, Year Book
72) , was also studied. The two magnesio-

wiistites are characterized as a result of

the detection of coordinated ferric ions

in the ferromagnetic resonance spectrum.

Samples

The sample (MW-2) of composition

(FeO) 0.22 (MgO) o.7s was synthesized by
Mao (Year Book 72). The other sample

(EW-1), of composition (FeO) n .4o-

(MgO)o.no, was synthesized by E. Woer-
mann (see Rosenhauer, Mao, and Woer-
mann, this Report, for wet chemical

analysis). Also described in this study

are two synthetic lunar basaltic glasses,

one containing disproportionated iron

(Bell, Mao, Weeks, and Van Valken-

burg, this Report) ; the other, a greatly

reduced sample, synthesized by G. W.
Pearce.

Electron Paramagnetic Resonance
(EPR)

Samples MW-2 and EW-1 were stud-

ied by EPR to characterize their ferro-

magnetic resonance spectra. Figure 150

shows room-temperature EPR spectra

for both samples and for an experimen-

tally disproportionated basalt glass (see

Bell, this Report) . The resonance is sen-

sitive to the presence of ferric ions and
to metallic iron, but not to ferrous iron.

The signal line width (AH, gauss) is

characteristic of the ferric iron crystal

site or of the shape of metallic iron par-

ticles.

A study of the EPR of the magnesio-

wustite phases down to cryogenic tem-

peratures was made to determine the

3000 4000 5000 6000 7000

H, MAGNETIC FIELD (Gauss)

8000 9000 10,000

Ferromagnetic Resonance of Three Iron Containing Materials at 300 K

.

Fig. 150. Ferromagnetic resonance of three iron-containing materials at 300°K. a, experi-

mentally disproportionated basalt glass; b, magnesiowustite, MW-2; c, magnesiowustite,

EW-1 ; note instrument signal values on figure.
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temperature dependence of line width

(Fig. 151). The data on basalt glass plot

in a region and at a trajectory similar

to those of the magnesiowustite data,

suggesting that ferric iron is in similar

crystalline sites in the samples. These

similarities of the temperature depend-

ence of line width are remarkable for

data of this type.

Also plotted are data for a synthetic

lunar glass of basalt composition that

was prepared under sufficiently reducing

conditions to cause the precipitation of

submicroscopic particles of metallic iron.

The line width is relatively insensitive

to temperature compared with that of

the materials containing ferric ions. A
calculated line-width curve for iron par-

755

tides of spherical shape plots in close

agreement with the measured points.

Summary

The EPR spectra of two magnesio-

wiistites and a disproportionated syn-

thetic lunar glass contain distinctive fer-

romagnetic resonance absorption caused

by coordinated ferric ions. The slope for

temperature dependence versus line

width is steep and of similar position for

the three materials, but the slope is gen-

tle for a synthetic lunar glass that con-

tains submicroscopic spherical iron par-

ticles. These are some of the first EPR
measurements made on minerals and
glass of this composition .The dispropor-

tionated basaltic glass and the two mag-

3000
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o

400 -

BASALT GLASS 150 K-BARS, 2000 <>C

* PEARCE SYNTHETIC LUNAR GLASS

°MW-2
• EW-I
—A// FOR SPHERICAL IRON PARTICLES

CALCULATED FROM MEASURED
MAGNETIC ANISOTROPY ENERGY

100 200 300 400 500

TEMPERATURE (K)

Temperature Dependence of Line Width of Ferromagnetic Resonance
Absorption in Glasses and Compounds.

Fig. 151. Temperature dependence of line width of ferromagnetic resonance absorption in

glasses and compounds. Solid triangles, basalt glass run products; open triangles, Pearce syn-
thetic lunar glass; solid circles, sample EW-1; open circles, sample MW-2; solid line for

spherical iron particles calculated from measured magnetic antisotropy energy.
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nesiowiistites apparently contain ferric

ions in the same or similar crystalline

sites.

GlLLESPITE AT HlGH PRESSURE:

Results of a Detailed Mossbauer
Study

F. E. Huggins, H. K. Mao, and D. Virgo

The mineralogical rarity gillespite

(BaFeSi 4O 10 ) has been the subject of a

number of studies, out of all proportion

to its abundance, because of the dra-

matic color change that occurs under

high-pressure and room-temperature

conditions. Originally, this transition

was reported as a change from red to

colorless, occurring at 26 kbar (Strens,

1966, 1969). The interpretation of this

transition as a high-spin to low-spin

transition in Fe2 + generated considera-

ble interest because of the ramifications

that such spin-pairing transitions in fer-

rous silicates and oxides may have for

the mineralogy of the lower mantle.

Subsequent investigations (Abu-Eid,

Mao, and Burns, Year Book 72, pp. 564-

567; Hazen and Burnham, 1974; Abu-
Eid, 1975), however, have shown that

the color change is from red to blue and

that a structural rearrangement rather

than a change in spin-state is probably

responsible for the color change. In ad-

dition, a recent theoretical study (Tos-

sell, 1976) predicts that spin-pairing

will not occur in gillespite at any pres-

sure.

Hence, the evidence currently indi-

cates that the dramatic color change is

due simply to crystallographic rear-

rangement at high pressure. However,

preliminary 57Fe Mossbauer studies (D.

J. Vaughan and J. A. Tossell, unpub-

lished data; see also Tossell, 1976; Hug-
gins, Mao, and Virgo, Year Book 74, pp.

405-410) did not appear to be consistent

with the crystallographic rearrangement

proposed for the transition. In particu-

lar, these studies indicated that two dis-

tinct ferrous species coexisted above the

transition, in contrast to the crystallo-

graphic investigation (Hazen and Burn-

ham, 1974) , which showed that the tran-

sition from the red to blue phase is

abrupt. The present study is therefore

an extension of the preliminary results

reported last year (Huggins, Mao, and
Virgo, Year Book 74) and is designed to

resolve the differences between the pre-

vious studies.

The gillespite sample used in this

study is the same synthetic, 57Fe-en-

riched sample described and used for the

preliminary study. As before, the sam-
ple was contained in the diamond-anvil

high-pressure cell in a nickel gasket,

filled with a 4:1 methanol-ethanol mix-

ture to ensure that the sample was in a

hydrostatic environment. The high-pres-

sure Mossbauer experimentation is ba-

sically the same as that described pre-

viously (Huggins, Mao, and Virgo, Year
Book 74) ; in this study, however, the

count-rate was maximized by aligning

the source, sample, and detector with a

rate meter, and the pressure was meas-
ured with an accuracy of ± 3% by
using the fluorescence of the R x line of

ruby (Piermarini et al., 1975; Bell and
Mao, Year Book 74, pp. 399-402). Un-
like the previous study in which only

one spectrum was taken at a pressure

well above the red-blue transition, spec-

tra were taken at a number of different

pressures. In addition, close attention

was paid to the color of the mineral as a

function of pressure.

Results

The pressure at the abrupt red-blue

transition was found to be 12 ± 1 kbar
for the gillespite sample investigated in

this study. This pressure is considerably

lower than the pressure of 26 kbar re-

ported by Strens (1966) and subse-

quently assumed by most investigators.

This difference may be real and reflect

the effect of subtle compositional dif-

ferences between the synthetic and nat-

ural samples; it may reflect an error in

pressure calibration in the earlier study,

or it may be related to hysteresis effects

in the single-crystal samples (Abu-Eid,

1975). As indicated in Fig. 152, as the



GEOPHYSICAL LABORATORY

150

140
Colorless 142 /

,r ,r ~ 5
IH ^ \l.08 1.97 -95

1
' ' Gillespite m

80

/0.80 0.60 22
Colorless 72 \I.IO 2.05 78

70 W/M//M/MMWm'WWM wmmmmmmmmmmmmmmm 2JT2 70±3kbarE

Greenish-blue 63

60
o
-O

Greenish-blue
/0.82 0.64 85

03
\l.09 2.19 15

2 50
3
(0

a>

Q-

40 Gillespite II

30
Blue ,, /0.8I 0.60 -98" \ tr tr ~ 2

20
Deep blue 21 0.80 0.58 100

Purplish-blue 13 0.79 0.57 100
•MMMMMMMMWMM//MWM w/mmwwMM»MMWMMWMw;»MM fB T 1 1 2 ± 1 kbar VM

10 - Deep red

Gillespite I

- Pale red 0.77 0.56 100

Color P IS QS % Phase
kbar Mossbauer data

757

Fig. 152. Summary of changes in color and Mossbauer parameters of gillespite as a result of

pressure. Abrupt changes in color are observed at the two transitions, 71 and T2.

pressure was further increased, the color

changed gradually from deep purplish

blue at 13 kbar to greenish blue at about

70 kbar. A second, abrupt color change

from greenish blue to colorless was then

observed at 70 ± 3 kbar.

Mossbauer spectra of gillespite were

taken at 13, 21, 32, 53, 73, and 142 kbar;

the changes in the Mossbauer spectra

and hyperfine parameters with pressure

are documented in Fig. 152. Except for

small increases in the Mossbauer hyper-

fine parameters, the spectra of gillespite

above the red-blue transition at 13 and
21 kbar were very similar to that at

kbar (Year Book 74, p. 408, Fig. 7) and
showed only a single Fe2+ doublet. Only
in spectra of gillespite at 53 kbar was a

second absorption doublet of sufficient

intensity to be reliably fitted, although a

trace of this doublet was also observed

for gillespite at 32 kbar. Hence, the ap-

pearance of the second doublet with

much larger values of the isomer shift

and quadrupole splitting is not asso-

ciated with the red-blue color change.

The Mossbauer spectra of gillespite at

pressures above the blue-colorless tran-

sition at 70 kbar are significantly al-

tered. At 72 kbar, the second Fe2 +

doublet now dominates the spectrum, and
the original doublet is much reduced in

intensity (Fig. 153). The parameters of

the two doublets are not significantly

different from those found for gillespite

at 53 kbar, except possibly for the quad-

rupole splitting of the larger split dou-

blet, which decreases somewhat with in-

creasing pressure. The spectrum of

gillespite at 142 kbar is very similar to
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Velocity, mm/sec

Fig. 153. Mossbauer spectrum of gillespite at

a pressure of 72 kbar. The larger, outer doublet
is the absorption feature due to Fe2+

in the

highest pressure phase, whereas the smaller,

inner doublet corresponds to Fe2+
in the lower

pressure phases (compare Fig. 7, Year Book
74)- The spectrum is fitted to four Lorentzian
peaks without constraints.

that at 72 kbar, except that only a trace

of the original doublet remains.

Interpretation

The present study shows that there

are at least two distinct high-pressure

transitions in gillespite: one at 12 kbar,

associated with the red-blue color

change; the other at 70 kbar, associated

with a color change from blue to color-

less. Whereas the lower pressure transi-

tion is not obviously associated with

significant changes in the Mossbauer
spectrum, the higher pressure transition

is associated with marked changes in the

Mossbauer spectrum.

The minor changes in the parameters

of the doublet in the Mossbauer spectra

at the 12-kbar transition are quite con-

sistent with the slight puckering of the

Fe2+ square planar site reported by
Hazen and Burnham (1974). It appears

unlikely that such a minor structural re-

arrangement of this site could cause a

greatly different Mossbauer spectrum, as

may have been implied by the prelimi-

nary Mossbauer studies. Hence, it is

concluded that the second doublet is not

associated with the 12-kbar transition

but rather with the 70-kbar transition.

The exact nature of this higher pressure

transition can only be speculated about

at this time, but it must involve a much
more drastic rearrangement of the Fe2+

site. The isomer shift of the larger doub-

let above 70 kbar is intermediate be-

tween that expected for octahedral and
tetrahedral Fe2+ ; however, by allowing

for the effect of pressure on the isomer

shift of ferrous minerals (Huggins,

1974), it is more probable that the Fe2 +

site is octahedral. It should be noted

that the parameters for the doublet are

not consistent with low-spin Fe2 +, so

that the possibility that this higher pres-

sure transition in gillespite may result

from spin-pairing is unlikely. The co-

existence of two types of iron cations

over a range of pressure is a feature

shared by a number of electronic transi-

tions found in organo-iron compounds
(Drickamer and Frank, 1973), hence

the possibility that the 70-kbar transi-

tion involves an electronic transition in

Fe2+ cannot be completely eliminated.

In conclusion, the results of this study

of the response of gillespite to pressure

have shown that the changes in the

Mossbauer spectrum at the red-blue

transition do appear to be quite com-

patible with the single-crystal x-ray and

optical absorption studies. However, a

second transition at about 70 kbar,

which must involve a much more drastic

rearrangement of the Fe2+ site, has been

found. It is this higher pressure transi-

tion that gives rise to the coexistence of

two ferrous absorptions and caused the

apparent disagreement between the pre-

liminary Mossbauer studies and other

studies.
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METASOMATISM

Metasomatic Zoning Resulting from
Intergranular Diffusion: Concen-
tration Profiles and the Deter-
mination of Complicated Reaction
Paths in n-CoMPONENT Systems

J. D. Frantz and H. K. Mao

The identification of transport mecha-
nisms and the determination of their

controlling parameters are fundamental

to the understanding of such metaso-

matic rock systems as skarns and asso-

ciated porphyry copper deposits. In

complicated columns involving sequences

of multimineralic reaction zones, the

number of measurable variables (i.e.,

zone sequences, mineralogies, modes,

and thicknesses) normally exceeds the

number of controlling parameters (dif-

fusion coefficients, volume flux, and so-

lution compositions). This deficiency is

especially evident in systems in which

three or more components are trans-

ported. To aid in the interpretation of

such metasomatic columns, a general n-

component transport model has been de-

veloped in which material transfer

through an aqueous grain boundary film

that is in equilibrium with neighboring

solids is assumed. Comparison of nat-

ural metasomatic sequences with col-

umns calculated using the above model

and various combinations of input pa-

rameters promises to yield new insights

into the petrogenesis of nonisochemical

rock systems.

Frantz and Mao {Year Book 74, pp.

418-419) derived sets of differential

equations describing the growth or dis-

appearance of solid phases both at zone

boundaries and within zones. A method
of calculation was presented in which
changes in the solution concentration

profiles, calculated first, were related to

the growth or disappearance of the solid

phases. A simple example was presented

showing the growth by ternary diffusion

or infiltration, or both, of a single bi-

mineralic reaction zone bounded by two
invariant boundaries. The solution con-

centration profiles were calculated using

a single linear mass-balance equation

and two mass-action expressions. Sev-

eral serious problems exist, however, in

the calculation of more complicated re-

action paths. In binary diffusion (Frantz

and Mao, Year Book 73) the solution

concentrations at zone boundaries are

always invariant. In ternary diffusion,

however, the boundaries may be uni-

variant; thus calculation of their paths

necessitates the simultaneous solution of

many linear mass-balance equations and

nonlinear mass-action equations. An-
other aspect of binary diffusion is that

the zone sequence is independent of po-

rosity, diffusion coefficients, and volume
flux, whereas in ternary diffusion, zone

sequences are dependent upon these

parameters and therefore must be deter-

mined. A general computational scheme

by which complicated reaction paths

can be predicted is presented in this re-

port.

General Theoretical Considerations

The general growth equations for p
coexisting phases in an n-component

system are of the form (tensor notation,

repeated subscript implies summation)

:

aikNk = AJii = 1, n; k= 1, p (1)

where aik is the stoichiometric coefficient

of the ith component in the fcth solid

phase, and Aj^ is the net accumulation

of the ith component into the solid

phases. The term Nk refers to the growth

rate of the fcth solid.

A general set of mass-balance equa-

tions can be derived from the above
growth equations (provided the region

is not invariant, i.e., n — p > 0) by
eliminating the variables Nk :

bjd&Ji z= i = 1, n; k = 1, n — p
(2)

where b ki is a p X p matrix with ele-

ments aik.

In the present model, transport of ma-
terial is assumed to be solely the result
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of intergranular diffusion, or infiltration,

or both, within a grain boundary fluid,

AJi = DAVCi — p(dd/Vt)Ax

(3)

where A is the diffusion coefficient of

the ith species; c* is the concentration

of the ith species; v is the volume flux of

the fluid; /? is the porosity, Ax is the

change in the space coordinate, and t is

time. The profiles of solution concentra-

tion resulting from transport must be

continuous; otherwise, infinite diffusion

gradients would exist.

The general mass-balance equations

can be expressed in terms of concentra-

tion by substituting Equation 3 into

Equation 2. Within a reaction zone, the

concentration profiles are smooth (Vc*
is continuous), and Equation 2 becomes

MAV 2
c 4 -v^Ci- pZd/dt) —

(4)

For steady-state concentration profiles

(/?<< l;d« 1),

bki(DiV 2
Ci — vyd) =

(5)

At zone boundaries, the concentration

profiles often have kinks (V c* is discon-

tinuous; y
\J

2ci does not exist). The n —
p mass-balance equations are of the

form
buDiAVCi =

(6)

At each point in the reaction column,

p mass-action equations exist:

aik In Ci — In Kk

(7)

Computational Schemes

As stated by Frantz and Mao (Year

Book 73, p. 419), the preceding sets of

equations can be solved by first deter-

mining the solution concentration pro-

files and subsequently using the general

growth equations (1) to evaluate the

growth rates of the solids at each point.

The profiles of solid and solution con-

centration can then be evaluated as

functions of time. The key step in this

process lies in the determination of the

profiles of solution concentration. As
stated in the introduction, calculation of

solution profiles for systems with three

or more diffusing solutes often involves

the simultaneous solution of several re-

action zones that are separated from one

another by noninvariant boundaries. As
described in Frantz and Mao (1976),

the concentration profiles within a reac-

tion zone can be calculated provided the

concentrations at the zone boundaries

are known. Thus, the following method
has been adopted: (1) The entire reac-

tion column is grouped into sections,

each bounded by boundaries of known
composition (invariant boundaries or in-

finitely thick end zones)
; (2) the solu-

tion concentrations of all noninvariant

boundaries that lie between sets of in-

variant boundaries are calculated; (3)

the solution profiles within individual

zones are then computed using only the

concentrations of the boundaries border-

ing each zone.

Calculation of Solution Compositions at

Noninvariant Boundaries

Consider a section with m inter-

mediate noninvariant boundaries. Each
boundary ;' with pj coexisting phases has

n — pj mass-balance equations of the

form of Equation 6:

bkiPi (VCi.j+1 - VCi j
) =

i= l,n;k = l,n — pj

(8)

where subscript ; refers to boundary j

and superscript ; refers to a point in

zone ;'. Zone ; is bounded by boundaries

; — 1 and ;', and boundary ; is between

zone j and zone j + 1. The index ; indi-

cates a particular set of variables asso-

ciated with a given zone or zone bound-

ary and thus is not summed according

to conventional tensor notation.

For zone ;', Equation 5 can be written:

bM.Di VV =
i=l,n;fc=l,n — Pj

(9)

where bH .
in Equation 9 is identical with
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the respective bu in Equation 8 even
i

though zone ; may not have all Pj phases

of the boundary j. Integration of Equa-
tion 9 with respect to x yields the fol-

lowing relations for zones ; and j + 1,

respectively:

1 LP 3 1 )— l

(10)

buDtfcj+i = -jj^ bup*(et
j+1
- Ci.)

(11)

where D is the thickness of the ;th zone.

Combining Equations 6, 10, and 11:

-y. buMci.— Ci. ,) =
LP > i }— l

(12)

Notice that for each boundary there are

n — p such mass-balance equations in-

volving only the solution concentrations

at the boundaries.

In diffusion with infiltration, Equa-
tion 12 becomes (all diffusion coeffi-

cients considered equal)

:

ve
-U

e
D — 1

buP(ci . —Ci)
1 7 + 1 J

1 u+i
b kiP(Ci c

S-+ i
}

(13)

where D is the diffusion coefficient for

all components.

Combining all mass-balance equations

of the m intermediate boundaries in the
m

section, there are m X n — 2 Pj linear
i=i

equations for m X n unknown values
m

of Ci . These, together with 2 Pj mass-

action expressions (7), provide m X n
equations for m X w unknown Ci.'s in a

section. This set of linear log-linear

equations is identical with the typical

form of linear mass-balance and log-

linear mass-action equations found in

chemical equilibrium computations. Nu-
merous computational schemes have

been developed and perfected for solving

sets of equations of this type (Van Zeg-

geren and Storey, 1970). The authors

utilize a modified Newton-Raphson
technique developed by I and Nancollas

(1972).

After the solution concentrations at

the univariant boundaries have been de-

termined, the concentration profiles

within the individual reaction zones and
the growth rates of the solid phases can

be calculated in a manner similar to

that described by Frantz and Mao ( Year
Book 74, p. 421).

Calculations for Ternary Diffusion in

the System MgO-CaO-Si02-H20-C02

A computer program based on the

principles of the preceding sections has

been developed to model the growth of

multiple reaction zones resulting from

diffusion or infiltration, or both, of three

aqueous species. Test calculations have

been made using the schematic solution

compositions for the system MgO-CaO-
Si0 2-H 20-C0 2 shown by Frantz and
Mao (Year Book 74, pp. 417-424). Since

the diffusion coefficients in the system

are unknown at the present time, the

diffusion coefficient of silicon is set at

unity, with the units of thickness, time,

and other diffusion coefficients defined

accordingly. In the future when diffu-

sion coefficients are determined, the

present results need only be multiplied

by a constant factor in order to be con-

verted into conventional units. The rela-

tive thickness and time need not be

changed, however.

Calculations of columns with all reac-

tion zones of zero thicknesses at time

zero cannot be accomplished unless the

stable zone sequence is known. As pre-

viously stated, the zone sequences are

dependent upon porosity, diffusion co-

efficients, and volume flux. At zero thick-
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ness, concentration gradients are infinite

and give little useful information for the

prediction of the correct reaction path.

Therefore, a set of very thin, thermo-

dynamically compatible reaction zones

that do not necessarily correspond to the

stable zone sequence are chosen to begin

the computation. The correct reaction

path is then calculated from the trial

sequence. In Fig. 154, the stable reaction

path corresponding to all diffusion co-

efficients equaling unity was computed

using two different initial paths. In the

first case (A), the sequence quartz/

talc/forsterite/dolomite was chosen;

in the second case (B), the zone se-

quence quartz/wollastonite/calcite/dol-

omite was used. In both cases, the end

zones were very thick (1020 ) compared

with the two thin reaction zones (10
_1

).

The resulting stable path (quartz/diop-

side + tremolite/tremolite/tremolite +
calcite/calcite + forsterite/dolomite)

was identical in both cases. Furthermore,

the thicknesses and modes of the zones

in both cases approached one another as

time progressed. The correct reaction

path was found in a relatively short

time.

As seen in Fig. 155 and Table 61 (all

Fig. 155. Plot of zone thickness versus the square root of time for reaction zones tremolite

and calcite + forsterite (all diffusion coefficients equal).

TABLE 61. Growth of Metasomatic Column Quartz/Diopside + Tremolite/Tremolite/

Tremolite + Calcite/Forsterite + Calcite/Dolomite after Stable Path Is Achieved

Zone Thicknesses Modes

Time Di + Tr Tr IY + Cc Fo + Cc Di + Tr Tr Tr + Cc Fo + Cc

0.0076 0.155 0.0109 0.101 0.101 0.709-0.291 1.0 0.978-0.022 0.720-0.280

0.0819 0.274 0.1890 0.246 0.273 0.582-0.418 1.0 0.753-0.247 0.713-0.287

0.1470 0.318 0.3080 0.312 0.362 0.584-0.416 1.0 0.735-0.265 0.713-0.287

0.6090 0.458 0.8560 0.569 0.729 0.632-0.368 1.0 0.725-0.275 0.713-0.287

3.280 0.778 2.350 1.220 1.69 0.703-0.297 1.0 0.732-0.268 0.713-0.287

23.20 1.710 6.740 3.120 4.49 0.749-0.251 1.0 0.740-0.260 0.713-0.287

218.0 4.770 21.20 9.390 13.70 0.766-0.234 1.0 0.744-0.256 0.713-0.287

1,540.0 12.30 56.90 24.90 36.60 0.771-0.229 1.0 0.745-0.255 0.713-0.287

19,100.0 42.90 201.0 87.30 129.0 0.773-0.227 1.0 0.746-0.254 0.713-0.287

722,000.0 263.0 1240.0 537.0 796.0 0.773-0.227 1.0 0.746-0.254 0.713-0.287

Abbreviations as in Fig. 154.
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diffusion coefficients equal) parabolic

growth, after the stable reaction path

was found, was approached with in-

creasing time. Note also that the bulk

modes of the individual stable zones

appear to be quite insensitive to chang-

ing time.

In order to test the sensitivity of reac-

tion paths to changes in diffusion coeffi-

cients, the diffusion coefficient of cal-

cium was made six orders of magnitude

smaller than those of silicon and magne-
sium. The resulting sequence was quartz/"

talc -f- tremolite/tremolite/calcite -f-

tremolite/calcite -f- forsterite/dolomite

(Fig. 156a). When the diffusion coeffi-

SiO
(a)

CaO MgO

SiO
(b)

CaO MgO

Fig. 156. Dependence of reaction path on
relative diffusion coefficients, (a) D c* much
smaller than D S i and Dug. Z)Mg much smaller

than Dsi and Dca. Abbreviations as in Fig. 154.

cient of magnesium was set six orders of

magnitude lower than calcium and sili-

con, a different path was produced:

quartz/wollastonite/diopside/tremolite/

forsterite/forsterite + calcite/dolomite

(Fig. 156b).

From the above calculations, it is evi-

dent that the identities, thicknesses, and
modes of the zones in metasomatic re-

action sequences are unique functions of

mobilities of the different species and

the topology of the solution phase dia-

gram. In natural metasomatic zoning,

measurement of the thickness and the

mode of each zone is an independent

parameter that can be used to recon-

struct the conditions of formation. In

comparison with the conventional method
of determining the conditions of forma-

tion by the identity of the equilibrium

phase assemblage, the transport model

yields more parameters and also pro-

duces a continuous monitor of the pres-

sure-temperature-composition conditions

of formation. The present scheme of cal-

culation can be applied to any number
of components, and thus the formational

processes of complex metasomatic de-

posits, such as the porphyry coppers, are

amenable to this new method of analy-

sis.

Fluid Interaction between Granite
and Sediment during Metamorphism,

South-Central Maine

J. M. Ferry

When granitic bodies intrude sedi-

ments and cool, hydrothermal convec-

tion cells develop that circulate fluids

between granites and the rocks they in-

trude. Most information about this phe-

nomenon has been obtained from studies

of stable isotopes (Taylor, 1974; Shieh,

Schwarcz, and Shaw, 1976). Isotopic

data, however, characterize only a very

limited part of granitic rocks. Several

questions remain about the fluid circula-

tion that cannot be answered from iso-

topic data alone: (1) Do the circulating

fluids react chemically with the granite?

(2) How does the fluid circulation affect
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the metamorphism of the rocks that the

granite intrudes? (3) What is the chem-
ical composition of the fluids? (4) How
and why does the fluid circulation cease?

(5) What are the sources of the fluids?

(6) Can the subsolidus temperatures re-

corded by geothermometers in response

to the presence of the circulating fluids

be related to distinct geologic events

during the cooling of the granites? This

report presents both mineralogical and

petrological evidence for granite-sedi-

ment-fluid interaction associated with

the emplacement of three stocks near

Augusta, Maine, and information bear-

ing on these six questions.

Two of the stocks are muscovite-

biotite-garnet quartz monzonite, and the

third is biotite-garnet granodiorite with

and without hornblende. They intrude

metamorphosed Silurian and Siluro-

Devonian sediments (Fig. 157). The
lithology, modal mineralogy, and field

aspects of the stocks have been reported

by Goodspeed (1962), Barker (1964),

and Osberg (1968). The stocks are prob-

ably of Devonian age (Osberg, 1968).

Osberg (1968) believes that the meta-

morphism postdates the intrusion of the

granites, but Barker (1964) found that

field evidence strongly suggests that the

granites have not been metamorphosed.

The configurations of the isograds

mapped by Ferry (1976a) are strong

arguments that the metamorphism,
metasomatism, and emplacement of the

granitic rocks were contemporaneous

events.
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Fig. 157. Geologic sketch map of the granitic rocks (stippled area) near Augusta, Maine.
Swls = marble unit within the Waterville Formation. Solid hachured lines are isograds

mapped from minerals in the metacarbonate rocks. Solid lines are granite-sediment contacts.

Dash-dot line is the stratigraphic boundary between the Waterville and Vassalboro Forma-
tions. Dash-double dot line is explained in the text. Symbols outside mapped bodies of

granitic rock are samples from granitic dikes or small satellite bodies in metasediment. Num-
bers by squares, triangles, circles, and crosses are biotite-garnet temperatures and Xco

2
values

recorded by mineral assemblages associated with alteration of the feldspars. Numbers by
diamonds are Xco2

values recorded by plagioclase + calcite -f- zoisite in metacarbonate rocks.

Data from Osberg (1968), Goodspeed (1962), Barker (1964), and Ferry (1976a,b; this study).
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Minimum Crystallization Temperature

and Pressure of the Granitic Rocks

To evaluate the effect of circulating

fluids on the granites, the crystallization

conditions of the granitic rocks must
first be determined. The bulk composi-

tion of the quartz monzonite is very

similar to the composition of the West-

erly, Rhode Island, granite (Barker,

1964) ; the H 20-saturated solidus of the

Westerly granite was determined experi-

mentally by Tuttle and Bowen (1958).

The H 20-saturated solidus of natural

granites does not appear to be particu-

larly sensitive to bulk rock composition

(Tuttle and Bowen, 1958; Piwinskii,

1968; Whitney, 1975). The experimen-

tally determined solidus of the Westerly

granite, therefore, closely approximates

the minimum P-T conditions under

which the granitic rocks near Augusta
could have been partly molten. Several

samples of quartz monzonite from near

Augusta contain the texturally primary

assemblage muscovite -f- quartz -4- sil-

limanite -f- K-feldspar. Following the

scheme of Ferry (19766), it can be dem-
onstrated that the conditions for equilib-

rium between these four minerals (with

compositions determined by electron

microprobe from the rocks near Augusta)

and an H 2 vapor depart negligibly

from the equilibrium curve for musco-

vite -f- quartz -f- sillimanite -4- sanidine

+ H 2 determined by Chatterjee and
Johannes (1974) in the system K 20-

Al 2 3-Si0 2-H 20. The P-T conditions for

the equilibrium of muscovite, quartz, sil-

limanite, K-feldspar, H 2 vapor, and a

.solidus silicate liquid (with composi-

tions of minerals and solidus liquid ap-

propriate for the granitic rocks near

Augusta) are 650° ± 10°C, Ptotai =
pHo0 = 3500 ± 300 bars (intersection of

the solidus curve for the Westerly gran-

ite with the muscovite + quartz -f- sil-

limanite + sanidine -4- H 2 curve). For

conditions of pH2o < Ptotai, the equilib-

rium conditions are shifted to both

higher temperatures and higher pres-

sures (Kerrick, 1972). The minerals in

the granitic rocks near Augusta, there-

fore, could not have crystallized from a

granitic liquid below 650° ± 10°C.

Ferry (19766) has estimated from

mineral assemblages in the metamorphic

rocks adjacent to the granites that litho-

static pressure was 3500 ± 300 bars dur-

ing metamorphism near Augusta. Quartz

grains from the granitic rocks contain

abundant fluid inclusions. The fluid in-

clusions and the estimate of pressure

during metamorphism are evidence that

the granitic rocks crystallized under

vapor-saturated conditions (ph2o
""

Ptotai) and that the lowest temperature

at which a silicate liquid was present

during crystallization of the granitic

rocks near Augusta was, in fact, 650°

± 10°C.

Effects of Fluids on the Granitic Rocks:

Cation-Exchange Equilibria

The measured fractionations of Fe
and Mg between coexisting biotite and

garnet and of K, Ca, and Na between

coexisting plagioclase and alkali feld-

spars indicate temperatures lower than

650° C. The average compositions of 35

biotite-garnet pairs were determined by

electron microprobe, and the Fe-Mg
fractionation temperature was calcu-

lated from the calibration of Goldman
and Albee (1976); results are presented

in Fig. 157. The mean garnet-biotite

fractionation temperature for the west-

ern quartz monzonite body is 528°C

with a standard deviation (a) of 20°;

the mean garnet-biotite temperature for

the eastern quartz monzonite body is

522°C, o- = 29°; the mean garnet-biotite

temperature for the granodiorite body is

599°C, o- = 11°. These temperatures are

significantly less than 650°C, the mini-

mum temperature at which the biotite

and garnet initially crystallized. Ferry

(19766) has determined that the last

temperature recorded by metamorphosed
carbonate rocks adjacent to the quartz

monzonite stocks is 520° ± 30°C. The
scapolite isograd mapped in metacar-

bonate rocks (Fig. 157; Ferry, 1976a)

indicates a hotter metamorphic environ-

ment around the granodiorite stock, and
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this is complemented by significantly

higher garnet-biotite temperatures from

the granodiorite than from the quartz

monzonite stocks. Biotite-garnet Fe-Mg
fractionation from the granitic rocks

perhaps records temperatures close to

the peak metamorphic conditions in the

Augusta area.

The compositions of 37 plagioclase-

alkali feldspar pairs were determined by
electron microprobe, and the Ca-K-Na
fractionation temperatures were calcu-

alted from the calibration of Stormer

(1975). Two-feldspar temperatures are

similar from all three stocks, with a

mean of 391 °C and a of 22°. The feld-

spar temperatures do not represent

crystallization conditions but may be

correlated with a subsolidus event of

hydrothermal alteration of the feld-

spars.

In agreement with the mineralogical

data on biotite, garnet, and feldspars,

the measured fractionation of 18 and
16 between different minerals in gra-

nitic rocks commonly indicates subsoli-

dus temperatures, which may be attrib-

uted to the presence of fluids through

which minerals exchange both isotopes

and chemical elements'as they cool.

Effects of Fluid Interaction on the

Metamorphosed Sediments

The zoisite isograd mapped by Ferry

(1976a) in argillaceous carbonate rocks

intruded by these granitic stocks is

based on the reaction

anorthite (component of plagioclase)

-f- calcite -f- H 2 = zoisite -\- C0 2

(1)

which is observed to proceed from left

to right with increasing proximity to the

stocks. Ferry (19766) has measured a

monotonic increase in temperature re-

corded by minerals in metacarbonate
rocks with increasing proximity to the

stocks. Experimental data indicate, how-
ever, that at a fixed /co2//h2o(^co2

=
Pco2/[pco2 + 7>H2o]), anorthite + cal-

cite, not zoisite, is the high-temperature

side of reaction 1. The zoisite isograd,

therefore, cannot be explained in terms

of a mineral reaction favored by in-

creasing temperature. From the stoichio-

metric coefficients of H 2 and C0 2 in

reaction 1, it is evident that the forma-

tion of zoisite can be explained only by

a significant increase in /h2o//co2
(de-

crease in XCo 9 ) in the metacarbonate

rocks close to the granitic stocks. Calcu-

lated results of Ferry (19766), combined

with the configuration of the zoisite iso-

grad, suggest that the isograd records

the introduction of an H 20-rich fluid

into the metacarbonate rocks from the

intruding granitic stocks. The distance

of the zoisite isograd from the stocks is

an estimate of the minimum distance

that H 2 migrated from the granites

into the sediments, approximately 1500

m.

Effects of Fluid Interaction on the

Granitic Rocks: Alteration of

the Feldspars

The phase petrology of the granitic

rocks near Augusta indicates that the

granites reacted after crystallization

with circulating fluids that altered the

original chemical composition of the

rocks. Between 1% and 10% of the feld-

spars in practically all samples of gra-

nitic rock from the study area are al-

tered to the assemblage muscovite -f-

calcite -f- quartz, epidote -f- calcite -f-

quartz, or epidote -f- calcite -f- muscovite

+ quartz. The geographic distribution of

these three assemblages is plotted in

Fig. 157. Textural evidence indicates

that the feldspars were altered by one

or both of the idealized reactions

anorthite (component of plagioclase)

-f- orthoclase (component of K-feldspar)

-f- H 2 = muscovite -f- zoisite + quartz

(2)

and

anorthite -f- orthoclase ~f- H 2 -f- C02

= muscovite -f- calcite -f- quartz

(3)
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The compositions of epidote + plagio-

clase + K-feldspar -f- muscovite -f-

quartz from eight samples were deter-

mined with the electron microprobe, and
the temperatures of equilibration of

these five minerals with an H 2 fluid

under conditions of Pu 2o = Ptotai = 3500
bars were calculated following the

scheme of Ferry (19766, appendix 2, re-

lations 6 and 9). The mean temperature

was 417°C, a- = 17°. Four of the eight

samples contain calcite, and an XCo2
of

0.027-0.033 was calculated from the as-

semblage plagioclase + epidote -f- cal-

cite at the previously determined musco-
vite + epidote -f- quartz -f- plagioclase

+ K-feldspar temperatures. Evidently

the initial assumption of Ph2o = -Ptotai

was not unreasonable. The fluid in equi-

librium with the epidote-bearing, calcite-

free samples must have been character-

ized by an XCo2 < 0.026, the XCo2
of a

fluid in equilibrium with plagioclase +
calcite -f- epidote. Feldspar alteration in

reaction 3 probably proceeded at the

same temperature as that calculated for

reaction 2; XCo2 was calculated at this

temperature from mineral compositions

of the assemblage muscovite -f- calcite

-f- quartz -f- plagioclase -f- K-feldspar

in equilibrium with a C0 2-H 2 fluid in

which Ph2o + Pco2
= -Ptotai = 3500 bars.

For calcite-bearing, epidote-free sam-
ples, XC02 = 0.035-0.127. Results of all

the XCo2
calculations are presented in

Fig. 157.'

The alteration of the feldspars corre-

lates with the observation that granites

frequently react after crystallization

with fluids that alter the original iso-

topic composition of the rocks.

The geographic distribution of the as-

semblages muscovite + calcite + quartz

and muscovite -f- epidote + quartz in

Fig. 157 gives additional information

about the fluid interaction between gran-

ite and sediment during metamorphism.
The epidote-bearing, calcite-free assem-

blages are limited to the eastern two
granitic stocks; calcite-bearing, epidote-

free assemblages are primarily located

in the western stock. This pattern may

be caused by three possible factors:

plagioclase composition, /o2 , or XCo2 in

the fluid that altered the feldspars.

Plagioclase composition and /o2 , re-

corded by compositions of minerals from

the granitic stocks, however, are not sig-

nificantly different between the epidote-

bearing and epidote-free rocks.

Figure 158 illustrates that the dis-

tribution of the mineral assemblages

associated with alteration of the feld-

spars could be caused by more H 20-rich

fluids in the eastern two stocks and more
C0 2-rich fluids in the western stock. For

instance, path 1 would correspond to

alteration in the western quartz mon-
zonite body; path 2, to alteration in the

two eastern bodies. Calculated XCo2

values (Fig. 157) in both granitic rocks

and metacarbonates support this hy-

pothesis. The difference in XCo2
may be

due to a difference in primary volatile

content of the three granitic magmas,
but the explanation does not account

for the zonation pattern of calcite-free

assemblages at the core and calcite -\-

epidote assemblages at the margins of

the eastern stocks. A more plausible ex-

planation is based on the observation

that the Swls marble unit (Fig. 157)

strikes directly into and forms recog-

nizable inclusions in the western quartz

monzonite body. Metamorphism of the

Swls unit would produce more C0 2 than

metamorphism of the Vassalboro For-

mation, which contains less carbonate

rock. A possible explanation of the vari-

ation in XCo2
values of fluids that al-

tered the feldspars is that the fluids con-

tained a significant amount of C0 2 that

was derived from metamorphic decar-

bonation reactions and migrated from

the metasediments into the granitic rocks

during metamorphism. Decarbonation

reactions in Swls sediments yielded more
C0 2 than those in Vassalboro sediments.

The C0 2 migration further accounts for

the calcite-free alteration assemblages in

the cores of the eastern two stocks; C0 2

was not able to penetrate to the cores of

these stocks. The distance of the dash-

double dot line in Fig. 157 from the mar-



GEOPHYSICAL LABORATORY 769

Fig. 158. Qualitative T-Xco
2
diagram for phases with the compositions KAlsSiaCMOH^

(mu), KAlSi3 8 (or), CaALSi.0. (an), CajAlaSiaCMOH) (zo), and CaCOs (cc). X„
2o = 1 -

.Xco2
. Topologies of curves are from Hewitt (1975). Paths 1 and 2 are explained in the text;

symbols are the same as in Fig. 157.

gins of the stocks is an estimate of the

minimum distance that C0 2 migrated

into the granites from the sediments,

approximately 800 m. s

The reactions represented in Fig. 158

probably terminate granite-sediment-

fluid interaction. The small amount of

alteration of the feldspars suggests a

small fluid/rock ratio during the final

cooling of the granitic rocks. A sample
of granitic rock from near Augusta with

a fixed amount of fluid (less than 0.072

mole C0 2 + H 2O/100 cm3 granite) cool-

ing along path 1 or 2 (Fig. 158) will

consume the fluid by reaction along the

(zo) or (cc) curve or at the invariant

point. Reaction at the invariant point

will proceed at constant temperature un-

til K-feldspar, plagioclase, or fluid is

consumed. Because the granitic rocks

near Augusta contain both plagioclase

and K-feldspar, the invariant point rep-

resents the minimum temperature at

which the residual fluid was present in

the rock. Fluid interaction between gran-

ite and sediment may have been termi-

nated by the consumption of residual

fluids by reactions 2 and 3. The
temperature recorded by K-Na-Ca frac-

tionation between plagioclase and K-
feldspar and by the assemblage musco-

vite -(- epidote -)- quartz -f- plagioclase

+ K-feldspar is 405° ± 15°C. The tem-

perature may record the termination of

the alteration of the feldspars and K-
Ca-Na exchange between plagioclase

and K-feldspar caused by the final con-

sumption of residual fluids.

In summary, cation partitioning be-

tween coexisting minerals in the granitic

rocks records temperatures well below

the conditions under which they crys-
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tallized from the granitic melts. The
partitioning of Fe and Mg between gar-

net and biotite may record peak condi-

tions of metamorphism associated with

the emplacement of the granites. The
partitioning of Ca, K, and Na between

plagioclase and K-feldspar probably re-

cords the temperature of the consump-

tion of residual fluids within the granites

by chemical reactions that altered the

feldspars and consumed C02 and H 20.

The formation of zoisite in metacar-

bonate rocks and the assemblages pro-

duced by alteration of the feldspars in

the granite indicate significant chemical

reaction between granite, sediment, and

C0 2-H 2 fluids migrating between the

sediments and granitic rocks. The fluids

were probably derived partially from

metamorphic reactions. In addition,

mineral relations record that the fluids

were characterized by XC02 values of

< 0.026-0.127 in the granites and of

0.06-0.32 in the metasediments. The
conclusions reached in investigations of

stable isotopes in granitic intrusions

agree with those reached in this study.

Evidence for granite-sediment-fluid in-

teraction is summarized in Fig. 159,

which illustrates the kind of hydrother-

mal convection cell deduced from stud-

ies of oxygen isotopes in granitic intru-

sions (Sheppard, Nielsen, and Taylor,

1969; Taylor, 1974). Because of the

hydrothermal cell illustrated in Fig. 159,

metamorphism associated with the in-

trusion of granitic bodies is probably not

simply a process of increasing tempera-

ture and concomitant dehydration with

increasing proximity to the granite. Cir-

culating hydrothermal fluids may ac-

tually hydrate the sediments and mini-

mize the temperature gradient around

the granitic bodies. The convection cell

7 o\ sj^e 'sogroj

525°C ±30°

Fig. 159. Schematic cross section through the eastern quartz monzonite stock in Fig. 157. The

illustration is based on similar diagrams in Taylor (1974) and Sheppard, Nielsen, and Taylor

(1969) and summarizes the evidence for granite-sediment-fluid interaction in the Augusta

area. Mineral symbols are the same as in Fig. 158. A-A' is the present level of exposure. For

scale, the width of the diagram corresponds roughly to 15 km.
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in Fig. 159 is a mechanism by which

H 2 could have been transferred from

the cooling granitic rocks into the sedi-

ments. The /i.cc-2 gradient required to

transfer C0 2 from the metasediments

into the granites was established under

conditions of pCo2
~ in the granites,

whereas pCo2 = 0.10-0.32 Ptotai in the

metacarbonate rocks (Fig. 157). As the

hydrothermal cell developed, the poros-

ity increased in both the metamorphic

rocks (owing to the negative AFsoiids of

metamorphic reactions) and the granitic

rocks (possibly by hydrofracting) . The
increase in porosity would further aid in

fluid transfer between granite and sedi-

ment. Chemical reactions that altered

the feldspars and consumed C0 2 and
H 2 terminated the circulation of hy-

drothermal fluids.

fugacity and activity coefficients

of Molecular Species in Fluids at

High Pressures and Temperatures*

John R. Holloway

Many reactions that occur in meta-

morphic and igneous systems involve

fluids containing more than one volatile

species. The thermodynamic calculation

of reactions, the thermodynamic inter-

pretation of experimental results, and

the accurate determination of fluid com-
positions recorded by natural assem-

blages require knowledge of the mixing

properties (partial molar volume, activ-

ity coefficient) of geologically important

fluid-phase species such as H 2 , H 20, CO,
C0 2 , and CH 4 . Accurate experimental

determinations of these properties have
been limited to pressures below 1 kbar
and temperatures below 700° C.

The experimental determination of

mixing properties can be greatly ex-

tended by the use of an equation of state

whose accuracy can be verified by a few

experiments. Such an equation should

have a sound theoretical basis so that it

* Research supported by National Science

Foundation, Earth Sciences Section, grant

DES 73-00266A01.

can be extrapolated with confidence. An
equation that closely fits these require-

ments is the Redlich-Kwong equation

(Redlich and Kwong, 1949) as modified

by de Santis, Breedvelde, and Prausnitz

(1974) (hereafter referred to as the

MRK). The form of the equation for

one-component fluids is

RT a(T)

T^viv+b)

in which v is the molar volume and b is

a constant similar to the excluded vol-

ume in the van der Waals equation. The
constant a is a function of temperature

for complex molecules with hydrogen

bonds, dipoles, or quadrupoles, but is in-

dependent of temperature for simple

nonpolar molecules with spherical sym-

metry. For simple molecules, a and b

can be derived from corresponding state

theory, but for complex molecules the

constants must be derived from meas-

ured quantities (de Santis, Breedvelde,

and Prausnitz, 1974)

.

A set of FORTRAN IV routines was
written to solve the MRK following the

method proposed by Edmister (1968).

The MRK was first tested by comparing

calculated values with measured fugaci-

ties for the pure species: H 2 (Presnall,

1969; Shaw and Wones, 1964), C0 2 (C.

W. Burnham and V. J. Wall, personal

communication, 1974), and H 2 (Burn-

ham, Holloway, and Davis, 1969).

Agreement with the data for H 2 is

within ±2% relative using values of a

and 6 calculated from effective critical

constants as described by Newton
(1935). The fit with the data for C0 2 is

within the ±5% relative error quoted

by Burnham and Wall. The agreement

with H 2 was not satisfactory using the

temperature coefficients for a given by
de Santis, Breedvelde, and Prausnitz

(1974), so a new equation for a was ob-

tained by fitting the data from Burn-
ham, Holloway, and Davis (1969). The
new equation employs data from 400° to

1300°C; because it is linear in tempera-

ture above 800°C, it is probably valid to

much higher temperatures. The equation
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is a = 166.8 — 0.1930877 — 1.864 X
lO^r2 - 7.1288 X 10- 8?

73
or a = 140.0

— 0.05T {T > 1200°C), where T is in

degrees Celsius. Deviations between the

MRK (with the new equation for a) and
the data of Burnham, Holloway, and
Davis (1969) average 1.3% relative

over the range of available data. It

should be noted that the MRK fits the

H 2 data using only five adjustable

parameters, none of which is a function

of pressure. The close agreement of the

MRK with measured values for pure

H 2 and C0 2 at pressures up to 10 kbar,

together with the fact that the analyti-

cal form of the MRK is reduced to a

limiting law at very high pressures, sug-

gests that it may be extrapolated to

pressures of 10-50 kbar with consider-

able confidence. In the case of H 20, this

conclusion is supported by the close

agreement between volumes and fugaci-

ties calculated by the MRK and those

calculated by linear extrapolation of

isochors (Holloway, unpublished data),

and between fugacities calculated using

the MRK and those calculated from an

experimental determination of brucite

dehydration by Irving, Huang, and
Wyllie (1976) to pressures of 33 kbar.

A mixing model for two or more mo-
lecular species is described by Redlich

and Kwong (1949). The original equa-

tion was modified by de Santis, Breed-

velde, and Prausnitz (1974, Equations

12 and 13) to include complex formation

between H 2 and C0 2 . Very few experi-

mental data are available to test the

mixing model for compositions, pres-

sures, and temperatures of petrologic

interest. Shaw (1963) reported activity-

composition relations for H 2-H 2 mix-

tures at 800 bars and 700° C. The MRK
yields activities that are systematically

lower than those calculated from Shaw's

(1967) equation, but the curve calcu-

lated using the MRK falls within the

probable error of his experiments (Shaw,

1963) . Pressure-volume-temperature
measurements of C0 2-H 2 mixtures

have been made by Greenwood (1969)

up to 800°C and 500 bars, and by Franck

and Todheide (1959) to 750°C and 2

kbar. Values of the compressibility fac-

tor calculated using the MRK fit the

Franck-Todheide data with an average

deviation of 6% relative. Activity co-

efficients calculated from the MRK fit

those calculated by Greenwood (1973)

to within ±5% relative. Calculations

made using the MRK also predict a

topology for the two-phase region in the

H 20-C0 2 system that is in qualitative

agreement with the topology depicted by
Todheide and Franck (1963). Eggler,

Kushiro, and Holloway (this Report)

show that MRK fugacities provide a

much better fit to the experimentally

determined decarbonation reaction en-

statite -4- magnesite = forsterite + C0 2

at 25 kbar (H 20-C0 2 fluid) than does

the ideal mixing model.

The available data suggest that the

MRK can be used to estimate the fu-

gacity of C0 2 ,
H 20, H 2 , and probably

CO and CH 4 in multispecies fluids at

temperatures above about 450° to 1800°

C and at pressures from 0.5 to about 40

kbar. Figure 160 shows activity-com-

position relations for binary mixtures of

H 2 and C0 2 for several pressures at

700°C. Note that although the devia-

tions from ideality increase with in-

creasing pressure, they approach an

asymptotic limit at very high pressure.

The behavior on other isotherms is simi-

lar, although at constant pressure non-

ideality becomes more pronounced at

lower temperatures. The curves for 100

kbar are shown in Fig. 160 to demon-

strate that activity values calculated

using the MRK approach an asymptotic

limit. It is not suggested that these val-

ues are accurate. It is important to note

that the method of calculation is based

on the assumption that there is no

change in the formula units of the mo-
lecular species regardless of pressure

and temperature. The only exception is

the provision for complex formation be-

tween H 2 and C0 2 , which is assumed

to depend only on temperature (de San-

tis, Breedvelde, and Prausnitz, 1974)

.

Large positive deviations of H 2 and
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0.8 H20.4 0.6

Mole fraction of H 2

Fig. 160. Activity-composition relations for binary mixtures of H2 and C02 at 700°C for

pressures of 1, 2, 10, 40, and 100 kbar, calculated according to the MRK equation. Ideal mixing

is shown by light dotted lines, and values for binary mixtures of H2 and C02 , by solid lines.

Ternary mixtures of H20, C02 , and CH 4 with the mole fraction of CH4 held constant at 0.50

are shown as dot-dash lines for a total pressure of 2 kbar.

C0 2 from ideality at small mole frac-

tions will have a considerable effect on

calculated equilibria involving dehydra-

tion-decarbonation reactions. The reac-

tion tremolite -f- 3 calcite -f- 2 quartz =
5 diopside -f- 3 C0 2 + H 2 will serve as

an example (Skippen, 1971, Fig. 9). In

an isobaric temperature-fluid composi-

tion projection, the stability of the trem-

olite
-f- calcite -f- quartz assemblage

is expanded to higher mole fractions of

both C0 2 and H 2 if activity values for

H 2 and C0 2 are calculated using the

MRK instead of an ideal mixing model.

This expansion is a general phenomenon
for those reactions in which H 2 and
C0 2 appear together on the same side of

the reaction. For those reactions in

which H 2 and C0 2 appear on opposite

sides, the effect of nonideal mixing can-

not be so easily predicted and should be

calculated for specific cases.

The effect of dilution of H 20-C0 2

mixtures by a third species is also shown
in Fig. 160 for a fluid at a total pressure

of 2 kbar containing 50 mole % CH 4 .

Note that addition of methane causes

C0 2 to behave more ideally and H 2

much less ideally because CH4 is chem-
ically very similar to C0 2 but quite dis-

similar to H 20. Consequently, for a geo-

logical system in the two-phase field of

aqueous liquid and C0 2-rich vapor,

methane would partition strongly into

the vapor.

To illustrate the effect of nonideal

mixing in fluids of geological interest,

the fluid composition in equilibrium with
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graphite in the C-O-H system was cal-

culated using the equations derived by
French (1966). Calculations were car-

ried out for three cases: (1) ideal gas

behavior, the assumption used by French

(1966) ; (2) ideal mixing (also known as

the Lewis and Randall rule), the as-

sumption used by Eugster and Skippen

(1967) and by Holloway and Reese

(1974) ; (3) nonideal mixing based on

the MRK equation. Results for the three

cases are shown in Fig. 161 for a total

pressure of 2 kbar. The general appear-

ance of plots at other pressures is quite

similar. It can be seen that at tempera-

tures above about 600°C, there are only

small differences between the ideal mix-

ing and the MRK calculations. Calcula-

tions at other pressures and hydrogen

fugacities suggest that if the hydrogen

fugacity is lower than that fixed by the

assemblage quartz -j- fayalite -4- mag-
netite 4- H 2 (QFM[OH]), methane
will be an abundant species only at

pressures below 2 kbar and at tempera-

tures of 400°-600°C. If hydrogen fugac-

ity is only slightly greater than QFM-
(OH), however, methane becomes very

abundant over a wide range of pressure

and temperature.
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Fig. 162. Mole fractions of species in a fluid phase in equilibrium with graphite. Numbers
on curves indicate total pressure in kilobars. Solid and dashed lines are for a fluid in which
hydrogen fugacity is externally controlled by the assemblage QFM(OH). Solid lines represent

H2 and dashed lines, C02 . The dotted lines represent C02 in a fluid in which hydrogen
fugacity is externally controlled by the assemblage hematite -f magnetite + H20.

The fugacities of C0 2 , H 20, and 2

are fixed in a C-O-H fluid in equilibrium

with graphite and a fixed external hy-

drogen fugacity (Eugster and Skippen,

1967), a configuration used in many
phase-equilibrium experiments. Calcu-

lation of fluid-species activities with the

MRK will result in increased accuracy

of data obtained in such hydrothermal

experiments. For example, the mole

fractions of H 2 and C0 2 for fluids in

equilibrium with graphite are shown for

various pressures in Fig. 162. It is note-

worthy that the fluid will be nearly pure

C0 2 if the hydrogen fugacity is kept at

the hematite-magnetite-H 2 value. Un-
der these conditions, oxygen fugacity in

the C-O-H fluid will be about that of the

QFM buffer.

Ca-Amphibole Composition as a

Function of Temperature, Fluid

Pressure, and Oxygen Fugacity

in a Basaltic System

Frank S. Spear

Investigations conducted on the para-

genetic relationships of metamorphosed
basaltic rocks (e.g., Binns, 1965; Cooper

and Lovering, 1970; Engel and Engel,

1962; Ernst, 1972) have led to generali-

zations regarding the variability of

calcic amphibole composition with meta-

morphic grade (summarized by Leake,

1965): (1) The amphibole chemistry is

largely a function of bulk rock composi-

tion; (2) where a Ti-bearing phase such

as rutile, sphene, or ilmenite is present,

the Ti content of the amphibole in-
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creases with increasing grade; and (3)

K, Na, Al(IV), and Al(VI) tend to in-

crease with increasing grade, whereas Si

decreases. In natural systems, however,

the effects of bulk rock composition are

difficult to distinguish from changes in

intensive parameters of metamorphism.
An effort was made, therefore, to test

experimentally the generalizations cited

above and to quantify Ca-amphibole

compositional variability as a function

of T, Pfiutf, and /o2
of formation for a

single mafic composition.

Experimental and Phase Relations*

Cold-seal hydrothermal apparatus and
crystalline buffers of oxygen fugacity

were used for all experiments. The start-

ing material was a crystalline mid-
oceanic ridge olivine tholeiite.f

Pertinent features of the phase equili-

bria are: (1) On the HM buffer, amphi-

bole begins to break down incongruently

to clinopyroxene at 725° ± 8°C and
Pfluid = 1 kbar and at 740° ± 9°C and
Pflui(J = 3 kbar. Below the temperature

of the first appearance of clinopyroxene,

amphibole coexists with plagioclase +
titanohematite -+- sphene with or with-

out quartz. Above this temperature the

assemblage is amphibole + plagioclase

+ clinopyroxene -)- titanohematite +
sphene with or without quartz. (2) On
the QFM buffer amphibole begins to

break down incongruently to clinopy-

roxene -J- orthopyroxene at 765° ± 8°C
and Pf iU id = 1 kbar and at 785° ± 12°C
and Pfh,id = 3 kbar. Below the tempera-

ture of the pyroxene-in reaction, amphi-
bole coexists with plagioclase 4- ilmen-

ite with or without sphene, and above
this temperature the assemblage is am-
phibole + clinopyroxene -4- orthopy-

* The experimental part of this study was
conducted at the University of California, Los
Angeles, with the support of National Science

Foundation grant GA-37157X (to W. G.
Ernst)

.

t Analyzed specimen supplied to the author

by A. Miyashiro. Analysis unpublished but
similar to that of specimen A150-RD7-AM1 in

Miyashiro, Shido, and Ewing (1969).

roxene 4- plagioclase -f- ilmenite with or

without sphene. Equilibrium was dem-
onstrated by reversing the pyroxene-in

reactions, monitoring the composition of

amphibole as a function of time, and re-

versing the amphibole composition at

fixed temperature and fluid pressure by
changing the oxygen fugacity.

Analytical Procedures and Results

of Amphibole Analyses

The procedure outlined by White

(1964) for the analysis of microparticles

on the electron microprobe was adopted

for this study because the grain size of

the synthetic amphiboles (1-10 //.m)

prohibited the analysis of flat polished

surfaces of the phases. Replicate analy-

ses of microparticles of amphiboles, py-

roxenes, and olivines, the compositions

of which were determined by electron

microprobe analysis of large specimens

of the same material, indicate that a pre-

cision of ±5% of the amount present of

major elements and ±10% of the

amount present of minor elements is

possible using this technique. Samples

were prepared by disaggregating in an

ultrasonic cleanser, dispersing on a dia-

mond substrate, and carbon coating.

From five to twenty amphibole grains

were analyzed from each experiment us-

ing an accelerating potential of 15 kV
and a sample current of 40-60 nA with

a defocused beam. A working-curve cor-

rection, based on analyses of standards,

was applied to the unknowns.

The amphibole analyses were nor-

malized on an anhydrous basis to 23

oxygens, and cations were assigned to

structural sites using the following

scheme: (1) tetrahedral site—Si and

sufficient Al to sum to 8.0; (2) Ml, M2,
and M3 sites—remaining Al, then, in the

following order, Ti, Fe3 +
, Mg, Fe2 +,

and Mn to sum to 5.0; (3) M4 site—

Ca, then remaining Fe2+ , Mn, and suffi-

cient Na to sum to 2.0; (4) A site—re-

maining Na and K.

The Fe3+/Fe2+ in the amphiboles was
measured directly on the products of

three experiments run at different buffers
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using Mossbauer spectroscopy.* The
spectra were complicated by the pres-

ence of ilmenite in the WM- and QFM-
buffered experiments and hematite in

the HM-buffered experiment, but peaks

due to these phases were resolved and
their effect subtracted from the amphi-

bole spectra. The measured ferric iron

contents of amphiboles synthesized on

the WM, QFM, and HM buffers, respec-

tively, are 11.4 ± 1%, 12.5 ± 1.2%, and
40.0 ± 4% of the total Fe. These ferric

iron contents were used in the recalcula-

tion of all amphiboles synthesized at the

respective buffers.

It is of interest to compare the meas-

ured Fe3+/Fe2+ in the amphiboles with

the ferric iron content calculated using

different procedures described in the

literature. The method proposed by Stout

(1972), based on stoichiometric con-

straints, places the following lower and
upper limits on the percentage of ferric

iron: 0.0-98.1%, 0.0-77.1%, and 0.0-

100.0% of the total Fe for amphiboles

synthesized, respectively, on the WM,
QFM, and HM buffers. In each case the

calculated ferric iron content brackets

the measured ferric iron content; the

brackets are so broad,' however, that the

important difference in ferric iron con-

tent between amphiboles equilibrated at

the QFM and WM buffers and at the

HM buffer is obscured. Normalizing the

amphibole analyses sueh that 0.3 Al (IV)

= A site occupancy (justification for

this procedure is given in Robinson,

Ross, and Jaffe, 1971) yields ferric iron

contents of 13.5%, 13.3%, and 47.7% of

the total iron for amphiboles synthe-

sized, respectively, at the WM, QFM,
and HM buffers. These numbers are

close to the measured values and provide

a reasonable estimate of the observed

ferric iron content.

Figure 163 is a plot of some of the

measured amphibole cation numbers
versus temperature at 3 kbar Pflllid . The

* Mossbauer spectra were collected at the

Geophysical Laboratory with the assistance of

F. Huggins and D. Virgo.

550 600 650 700

Temperature °C
750

Fig. 163. Plot of Si, Al, Na, and Ti (per 23

anhydrous oxygens) versus T°C for Ca-am-
phiboles synthesized on the WM, QFM, and
HM buffers (3000 bars Ph

2o) : crosses, HM
buffer; closed circles, QFM buffer; open cir-

cles, WM buffer. Error bars are 2 standard

deviations of the mean of 5-20 analyses per

run product.

cations that show the largest tempera-

ture dependence are Na, Ti, and Al,

which increase with increasing tempera-

ture, and Si, which decreases with in-

creasing temperature. Similar trends are

observed at 1 kbar PfiU id. Little or no
temperature dependence is displayed by
Ca and Mg, whereas Fe totai decreases

slightly with increasing temperature.

Also apparent in Fig. 163 is a systematic

shift in composition with oxygen fugac-

ity. With increasing /Oo of formation, Ti,

Na, and Al all decrease, whereas Si in-

creases. There is also a suggestion that
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the temperature dependence of Ti is

stronger in run products produced with

the WM and QFM buffers than with

the HM buffer. The Fetotai/(Fetotal +
Mg) of the amphibole, although insen-

sitive to temperature, changes from 0.38

to 0.19 between the QFM and HM
buffers. The cations that display signifi-

cant dependence on fluid pressure are Al
and Si, with Al increasing and Si de-

creasing with increasing pressure.

A plot of Al(IV) versus A site oc-

cupancy is presented in Fig. 164. This

plot reveals that the pargasite substi-

tution, NaU) + Al(VI) + 2A1(IV) =
(A) + Mg(VI) + 2Si(IV), can ac-

count for the observed variability in the

A site occupancy. The intercept on this

plot at a value of approximately 0.45

Al(IV) indicates that there are addi-

tional substitutions involving Al(IV)
not accounted for by the pargasite sub-

stitution. Figure 165 is a plot of Al(IV)
versus A site occupancy -|- 2Ti + Al(VI)

+ Fe3 + . If all Al(IV) were compen-
sated for by substitutions of the type

0.1 0.2 0.3 0.4 0.5 0.6 0.7

A Site Occupancy/23 Oxygens
Fig. 164. Plot of A1IV

versus A site occupancy
in Ca-amphiboles : crosses, HM buffer; closed

circles, QFM buffer; open circles, WM buffer.

Maximum errors were calculated using 2 stand-

ard deviations of the mean of 5-20 analyses per

run product propagated through the recalcula-

tion procedure. The error bar plotted is the

average of these maximum errors. The dashed
line is the trace of the compositional join

actinolite-hornblende.
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Fig. 165. Plot of A1IV
versus A site occupancy

+ 2Ti + A1VI + Fe3+
in Ca-amphiboles:

crosses, HM buffer; closed circles, QFM buf-

fer; open circles, WM buffer. Error bar cal-

culated as in Fig. 164.

R1+ (A) + R3 +(VI) + 2A1(IV) =
DU) + R2+ (VI) + 2Si(IV) (parga-

site or hastingsite) or R4+(VI) + 2A1-

(IV) = R2 +(VI) + 2Si(IV) (Ti-

tschermakite), then the data would fall

on a line passing through the origin with

a slope of 1.0. As can be seen from Fig.

165, the intercept on the abscissa is ap-

proximately 0.2, indicating that a small

amount of Fe3+
,
Al(VI), Ti, or A site

cations is compensated for by the sub-

stitution glaucophane, Na(M4) -f- Al-

(VI) = Ca(M4) + Mg(VI); riebeck-

ite, Na(M4) + Fe3+(VI) = Ca(M4)
+ Mg(VI); or richterite, NaU) +
Na(M4) = nU) + Ca(M4); or by a

substitution such as 2Na(M4) + Ti(VI)

= 2Ca(M4) + Mg(VI). No correlation

is observed between Na(M4) and A site

occupancy or Na(M4) and Ti, whereas

Na(M4) and Al(VI) display reasonable

correlation with a slope of 1.0. This re-

lationship indicates that the glauco-

phane substitution is active in these am-
phiboles.

It should be emphasized that the

changes in amphibole chemistry in re-

sponse to changes in experimental con-

ditions are accompanied by changes in

the chemistry and proportions of phases
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coexisting with amphibole. For example,

the Ti content of the amphibole is

largely controlled by heterogeneous

equilibria involving sphene, as is evi-

denced by the inverse relationship be-

tween the modal proportion of sphene

and the Ti content of the amphibole. In

a similar fashion the alkali and Al con-

tents of the amphibole are controlled by
equilibria involving plagioclase.

The presence of free quartz in experi-

ments run at the HM buffer is the result

of the breakdown of the ferrotremolite

component in the amphibole by a reac-

tion such as Ca 2Fe 5Si8 22 (OH) 2 +
7/402 + 2FeTi0 3 = 2CaTiSi0 5 +
7/2Fe2 3 + 6Si0 2 + H 20. Quartz lib-

erated by this reaction is in part con-

sumed by reactions such as NaCa 2Fe3
-

Al 5Si 5 22 (OH) 2 + 3/40 2 + 2Si0 2 =
3/2Fe 2 3 + 3(Na

. 33Ca .c6)Al 1 . 66Si 2 . 33O8

+ H 2 and NaCa 2Fe4TiAl 3Si 5 22 (OH) 2

+ 2 + Si0 2 = CaTiSi0 5 + 2Fe,03 +
2(Na

. 5Ca . 5 )Al 1 . 5Si 2 . 5O8 + H 20. The
net result of the concurrent operation of

these three end-member reactions with

increasing oxidation is the production of

sphene, hematite, and quartz, an in-

crease in modal plagioclase, a decrease

in modal amphibole, "and a change in

amphibole composition toward more
Mg-rich and Ti- and pargasite-poor

compositions.

Discussion

Robinson, Ross, and Jaffe (1971)

have postulated the existence of a solid

solution series between actinolite, Ca 2
-

(FM) 5Si8 22 (OH) 2 , and hornblende with

the ideal formula Na06Ca 2 (FM) 3 .6
-

(Fe3 + ,Al) 1 . 4Al 2Si6 22 (OH) 2 for Ca-am-
phiboles from regionally metamorphosed
metabasites. The trend of the data from
the present study falls across this com-
position join but does not parallel it

exactly (see Fig. 164). The discrepancy

may reflect compositional differences

between the amphiboles surveyed by
Robinson, Ross, and Jaffe and the am-
phiboles from the present study. Alter-

natively, the discrepancy may be the

result of accumulated errors in the cal-

culation of A site occupancy (see error

bar in Fig. 164) or systematic differ-

ences in Fe3+/Fe2 + between amphiboles

from this study that have low Al(IV)

content and those with high Al (IV) con-

tent. It is also possible that the data of

Robinson, Ross, and Jaffe, compiled

from various sources in the literature,

contain errors in Fe 2 3 or H 2 determi-

nations. In view of the possible sources

of error, the data from the present study

tend to support the existence of the

postulated solid solution series, although

determination of the compositions of the

end-members of the series will require

additional careful analytical work.

The amphiboles encountered in this

study are progressively enriched in Na,
K, Ti, and Al at the expense of Si with

increasing temperature or decreasing

oxygen fugacity. Much of this composi-

tional change can be described in terms

of pargasite and Ti-tschermakite substi-

tutions, and the general trend is toward

enrichment in these components with

increasing T and decreasing /o2
. Similar

trends toward increasingly pargasitic

and Ti-rich compositions have been ob-

served in Ca-amphiboles from region-

ally metamorphosed terrains (Binns,

1965; Cooper and Lovering, 1970; Engel

and Engel, 1962; Ernst, 1972; Graham,
1974) . The conclusion to be drawn from
the present study is that these composi-

tional trends can be brought about by
either an increase in temperature or a

decrease in oxygen fugacity. Estimates

of differences in metamorphic grade

based on amphibole chemistry cannot,

therefore, be made without an independ-

ent estimate of differences in oxygen

fugacity.
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STATISTICAL PETROLOGY
SYSTEMATIC PETROLOGY

Asymmetry in the Distributions of

Si02 , Al2 3 , CaO, and Fe in the
Products of Cenozoic Volcanism

Felix Chayes

The distribution of Si0 2 in Cenozoic

volcanic rocks—as sampled by the data

base of system NTRM—-is characterized

by strong positive skew. The bearing of

this finding on the suggestion (Rich-

ardson and Sneesby, 1922, 1923) that

Si0 2 is bimodally distributed in igneous

rocks as a whole was discussed at some
length in last year's report (Year Book

74, p. 542 ff.). From time to time it is

suggested either that the major elements

may in fact be lognormally distributed

in the lithosphere or that the log trans-

formation, by reducing asymmetry of

minor or trace element distributions,

might facilitate statistical analysis and
evaluation of some geochemical data.

Apart from the early work of Richard-

son and Sneesby, however, the actual

distribution of major elements in the

lithosphere as a whole has been little

studied.

In particular, no one seems to have
suggested that other major elements

may be negatively skewed; yet in the

products of Cenozoic volcanism that is

2000

1800

1600

u moo

X= 15.82

X=7.30

X=6.27

j_j_i 1 1 1 1 1 > n 1 1 1

5 10 15 20 25

RL203 IN WT.PC.

5 10 15 20

CAO IN, NT. PC.

5 10 15

FE IN WT.PC.

20

: 145. 78

42 47 52 57

02 IN WT.PC.

51 56 61

SI02 IN WT.PC.

Fig. 166. Frequency distributions of A12 :! , CaO, Fe, SiOa, and 2 in 10869 analyses

zoic volcanic rocks.

71 76

of Ceno-



GEOPHYSICAL LABORATORY 781

clearly the case for Al, Ca, and total

Fe. Distributions of these and Si0 2

are shown in A, B, C and E of Fig. 166,

in which, in order to facilitate visual

comparison, the same grouping interval

and frequency scale are used through-

out. (The choice is a compromise; it is

not optimum for any one of the varia-

bles.) The mean and a moving average

are plotted in each diagram.

The variables A1 2 3 , CaO, and Fe are

negatively correlated with Si0 2 , the lat-

ter two strongly so. It is thus likely that

if the distribution of Si0 2 were strongly

enough skewed in one sense, the distri-

butions of the others would have some
tendency toward a skew of opposite sign.

That this tendency finds such clear ex-

pression in all three, however, suggests

an underlying nonrandom association

controlled by constraints on mineral

compositions and associations found in

volcanic rocks, and perhaps also on the

compositions of the liquids that give rise

to them. It is to be noted, however, that

Mg is markedly skewed in a positive

sense, in this respect resembling Na, Ti,

and K more than Al, Fe, and Ca.

Distribution op Oxygen in Cenozoic
Volcanic Rocks

Felix Chayes

Goldschmidt (1928)~ pointed out that

in a substance having the composition of

H. S. Washington's average for the litho-

sphere, 46.59% of the atoms by weight,

62.46% by number, and 91.77% by vol-

ume would be oxygen. From the data of

C. P. Merrill he computed analogous

average oxygen values of 58.76 by num-
ber and 90.81 by volume for the silicate

phase of stony meteorites. The litho-

sphere, he concluded, is in effect an

"oxy-sphere."

Oxygen is by a very large margin the

major elemental constituent of igneous

rocks, and Goldschmidt's calculations

for these limiting cases suggest that it

is also one of the least variable. In view
of both properties, Barth (1948a,b) pro-

posed an approximate "standard cell"

for igneous rocks, based on 160 oxygen

atoms. The calculation scheme he de-

veloped for the purpose of recasting

analyses in this fashion has never been

widely used, perhaps chiefly because the

choice of 160 atoms is unsupported by
any satisfying theoretical argument, but

also because until recently no direct de-

terminations of the oxygen content of

silicate rocks were made. The oxygen

content calculated from a conventional

complete analysis receives contributions

from all the "direct" determinations re-

ported as oxides, and so too must its

error. But just what these various error

components are is never known with any
assurance.

The computed amount of oxygen is

nevertheless a statistic of much interest

even though the individual estimates on

which it is based are subject to variable,

unknown, and probably sometimes rather

large analytical uncertainty. In particu-

lar, for instance, one cannot help won-
dering whether the skews found for

individual oxides—and hence for indi-

vidual cations—in the Cenozoic volcanic

rocks are reflected in the distribution of

oxygen itself. On the average, as may be

seen in Table 62, the number of cations

whose distributions are positively skewed
is more than twice as large as the num-
ber whose distributions are negatively

skewed, and the absolute value of the

largest negative skew is much smaller

than the smallest positive skew; yet the

positive skew of calculated oxygen is

very small indeed, as may be seen from
Fig. 166D or Table 62.

The examination of skewness is usu-

ally carried through with the dimen-

sionless statistic /3 3 = m^/ss
, where ra3

is the third moment about the mean and
s is the standard deviation. When the

question at issue is how objects of vari-

ous kinds fill space and the distributions

are all plotted in the same units and on
the same scale, however, the third mo-
ment itself seems in some respects more
informative. Both statistics are included

in Table 62. In terms of 3d moments, the
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TABLE 62. Weight Percentage Means (x), Standard Deviations (s), Coefficients of Variation

(C=s/x) and Skewness (Pi=ms,s
3
), Third Moments (m3 ), and Relative Numbers of Atoms

(Pn ) of Essential Elements in Cenozoic Volcanic Rocks

Element X s C ft m,2 Pn

A. 10867 analyses in which SiO-2 > 30%
45.78 1.97 0.043 0.14 1.04 61.73

Si 25.18 4.14 0.164 0.50 35.5 19.34

Al 8.37 1.45 0.173 -0.46 -1.40 6.69

Fe 6.27 2.68 0.427 -0.12 -2.31 2.42

Ca 5.21 2.56 0.491 -0.22 -3.69 2.80

Mg 2.93 2.41 0.821 1.57 2.20 3.00

Na 2.73 1.17 0.428 1.39 2.23 2.56

K 1.90 1.48 0.778 1.40 3.23 1.05

Ti 0.91 0.68 0.746 0.93 0.29 0.41

B. 7614 analyses in which Si02 > 30%, H2 < 2% and Fe3+ <Fe2+

45.35 1.83 0.040 0.11 0.67 61.55

Si 24.76 3.66 0.148 0.78 38.2 19.14

Al 8.39 1.40 0.167 -0.50 -1.37 6.75

Fe 6.91 2.42 0.351 -0.36 -5.10 2.69

Ca 5.82 2.17 0.372 -0.62 -6.33 3.15

Mg 3.38 2.36 0.696 1.53 2.01 3.02

Na 2.55 0.96 0.387 1.23 1.09 2.42

K 1.49 1.23 0.825 1.97 3.67 0.83

Ti 0.99 0.68 0.688 0.84 0.26 0.45

negative skews of Al, Ca, and Fe are

comparable in size to the positive skews

of Mg, Na, and K. Yet the skew of oxy-

gen is smaller than that of any of these

six and seems in no way influenced by
the overriding positive skew of Si.

In comparing the lithosphere with

what is to be expected either in the

earth's interior or on the surfaces of

other planets or the moon, it is clearly a

matter of major importance that rock

chemistry is basically an oxygen chem-
istry. In distinguishing igneous rocks

from each other and characterizing their

interrelations, however, cation content

and variation are far more useful than

calculated oxygen content, for the latter

in fact varies very little.

Characterizing the Consistency of

Current Usage of Rock Names by

Means of Discriminant Functions

Felix Chayes

After a long period of disinterest and

neglect, the vexing question of the clas-

sification of igneous rocks is once more

attracting the attention and concern of

petrologists. It seems unlikely that any
new petrographic system, however ad-

mirable in other respects, will be widely

adopted unless it finds a way to preserve

most of the commonly used rock names
and groupings of names. Redefinition of

the more important of these terms will

be required, however, for if they were

already unambiguously defined and con-

sistently used, the problem of arranging

them in some suitably hierarchical taxo-

nomic structure would almost certainly

be trivial. And everyone who has at-

tempted it knows that this is very far

from the case.

Accordingly, there is pressing need for

a reasonably objective procedure by
which to determine whether proposed

modifications of the denotations of terms

that are already in the public domain
would be in the public interest. A major

initial effect of such modifications will

be to generate differences between cur-

rent and proposed or future usage. This

will always be bothersome, but whether

it is bearable will depend on whether, in

the long run, the modifications would
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tend to increase the consistency and re-

duce the ambiguity with which the

terms in question are used. The first re-

quirement would thus appear to be some
means of characterizing the consistency

of current usage of the commoner rock

names, those that will almost certainly

be carried over, with or without redefi-

nition, into any new classification.

Development of a widely acceptable

general measure of the actual consist-

ency of current and recent practice

would be a formidable task and might

prove impossible. For a very important

class of rocks, however, it is not difficult

to specify by discriminant functions

based on chemical composition, the high-

est level of consistency that might be

attained if it were possible to codify

existing usage with a minimum of am-
biguity. The only requirements are that

(1) chemical compositions be of major

importance in the naming of the rocks

in question, and (2) paired names and

chemical analyses be available for a

large collection of such rocks.

The commoner Cenozoic volcanic

rocks satisfy both requirements. Results

of an extensive study of the consistency

of current usage in the naming of these

rocks, recently undertaken in connection

with the work of the IUGS subcommis-

sion on Systematic Petrology, will be

published in full elsewhere. Here the

testing procedure is" summarized, and
attention is directed to the unexpectedly

large sampling variances of the coeffi-

cients of discriminant functions that

may nevertheless yield remarkably simi-

lar partitions in randomly chosen sam-

ples of the same sets of data.

A discriminant function calculated

from chemical analyses of specimens de-

noted by any two names (or sets of

names) can be used as a classifying de-

vice either on the data from which it is

computed or on a new sample. The re-

sults of the classification operation may
be cast in a 2 X 2 table in which the

elements of the leading diagonal are the

frequencies of rocks to each of which

the discriminant function assigns the

name applied in the source reference.

The proportion of such "consistent"

classifications is a convenient measure

of the optimum consistency of current

usage of the pair of names (or of sets of

names) in question.

Multivariate calculations of this sort

are now more or less routine, and one's

first impulse is simply to compute the

discriminant from as large a sample as

possible. This is unwise in at least three

respects: (1) for large samples the cal-

culation is still rather expensive, (2) the

amount of information (numbers of

analyses) available for different rocks

varies widely, and (3) if all available

data are used in construction of the

function, no independent test of it is

possible. The force of objections (1) and

(3) is evident. The effect of (2) is to

generate results of very uneven quality;

a basalt-andesite discriminant will be

based on large amounts of information

about both rocks, for instance, but a

basalt-tephrite discriminant will be

based largely on information about ba-

salt for the reason that rocks called

tephrite are in fact quite uncommon.
Reduction and equalization of sam-

ple sizes by random sampling would
eliminate all three objections if data sets

were very large and sampling of them
were carried through without replace-

ment. If the first of these criteria is un-

satisfied, however, the second will soon

bring the operation to a halt. The data

sets in question differ widely in size, and
unfortunately some are so small that

sampling of them without replacement

is impractical. As a compromise, sam-
pling was performed with replacement

throughout, each test cycle consisting of

the calculation of the function from a

sample of approximately the desired size

selected randomly from the available

data, followed by a test of the function

on a second such sample. Each sample is

generated by a scan of the entire array

of available data, and the probability

that an analysis is actually used in a

sample is unaffected by whether or not

it has been used in earlier samplings.
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TABLE 63. Means (m) and Standard Deviations (s) of the Coefficients of Discriminant
Functions (X) Calculated from Random Samples of About 100 Specimens, and of the

Proportions of Specimens Consistently Classified by Them (P c ) in Similar

Random Samples*

Si02 AI2O3 Fe2 3 FeO MgO CaO Na2 K2 Ti02 Pa

A. For 10 functions calculated from 229 specimens of trachybasalt and 231 specimens of

trachyandesite.

m 3 9 0.3 35 18 52 72 8 84 84

s 14 21 45 23 23 23 30 30 16 2

B. For 10 functions calculated from 447 specimens of phonolite and 338 specimens of basanite.

m -23 12 15 89 31 72 -46 -57 58 97

s 19 28 28 21 23 24 34 27 53 1

* All entries multiplied by 100 to eliminate decimal points.

In view of the piety with which multi-

variate functions of this sort are now
sometimes viewed in practical statistical

work in earth sciences, the results are, to

say the least, surprising. It turns out

that the taxonomic behavior of the func-

tions varies very little from cycle to

cycle although the functions themselves

differ enormously. Two examples are

summarized in Table 63, entries in which

have been multiplied by 100 to eliminate

decimal points. In each example the ran-

dom sampling was designed to select

samples of approximately 100 analyses

of each nominal rock type. In the first

example, the rocks involved are trachy-

andesite and trachybasalt, chosen be-

cause earlier work indicated that the

consistency of this partition would be

mediocre; the rocks involved in the sec-

ond, phonolite and basanite, were known
to yield a highly consisent partition.

All coefficients lie in the range — 1 —
Xi — 1, and the proportion of consistent

classifications is in the range 0.5* — Pc

^ 1, so the scale of variation of these

statistics is in the ratio 4:1. In the first

example, however, no coefficient is sub-

ject to a standard deviation less than

seven times as large as that of Pc ; in the

* This lower limit is an expectation
;

pre-

sumably smaller observed values are not im-

possible, but so far none has occurred.

second, the smallest standard deviation

attached to a coefficient is 18 times as

large as that of Pc - The square root of

the mean of s
2 in the first example is

0.26 as compared to a standard devia-

tion of 0.02 for Pc . Analogous figures for

the second example are 0.30 and 0.01.

These findings are entirely compatible

with the results of less extensive numeri-

cal experimentation on 43 other binary

discriminations examined in connection

with the work on the nomenclature and

taxonomy of Cenozoic volcanic rocks

noted above. Evidently the statistical

behavior of a discriminant function as

a taxonomic device may be quite re-

liable and reproducible even though the

coefficients of the function are subject to

such large sampling variance that the

function itself may have no readily in-

terpretable petrological significance.

On the Sampling Variance of

Coefficients of Principal

Components

Felix Chayes and Juergen Trochimczyk

The availability of electronic com-

puters has made possible the widespread

application of three powerful multivari-

ate data reduction techniques—discrimi-

nant function, principal component, and

factor analysis—whose theoretical de-
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velopment dates from the interbellum

period. In all three procedures the origi-

nal or "raw" variables are replaced by

a smaller, usually a much smaller, num-
ber of transformed variables. The trans-

formed variables are always linear com-

binations of the raw variables, and the

major computational problem is to find

the coefficients of these combinations.

The most extreme reduction in the

number of variables occurs in discrimi-

nant function analyses. In every such

analysis the variable count is reduced by
{n— 1), whatever the value of n; a dis-

criminant function always replaces a

multivariate array by a univariate one.

The linear combinations called principal

components, on the other hand, are ex-

actly as numerous as the raw variables,

and the sum of their sample variances is

exactly equal to the sum of the vari-

ances of the original variables. It is in

this sense, at least initially, that the

components are said to "account for" or

"explain" or "contain" the variation of

the raw data. Often, however, the bulk

of the variance attaches to a few of the

components and the remainder are

dropped, the variance associated with

them being recorded as "unexplained"

or dismissed as noise. Sample description

and interpretation are then continued in

terms of the small number of compo-
nents with which the bulk of the vari-

ance is associated.

The sampling variation of the coeffi-

cients of the components usually re-

ceives no attention in practical work in

the earth sciences. The results noted in

the preceding section suggest, however,

that the subject deserves close attention,

for the calculation of principal compo-
nents is of the same general type as that

of the discriminant function. If coeffi-

cients of the latter are commonly sub-

ject to large sampling variation, it seems

very likely that this will be true also of

those of the former.

Numerical experimentation with prin-

cipal components, like that described

above for discriminant functions, indi-

cates that this is in fact the case. For the

work with principal components the ap-

proximate size of the random samples

was 100, and 10 such samples were proc-

essed as before, but the reservoir of

analyses from which the samples were

drawn consisted of 1358 subalkaline ba-

salts collected from the literature (see

Year Book 74, pp. 547-549). Computa-
tion of components from the correlation

rather than covariance matrix assured

that the absolute values of the coeffi-

cients of the components would be — 1.

Scaling of the eigenvalues as proportions

rather than percentages also yielded

values in the same range. The means
and standard deviation of the coeffi-

cients of the first three components (<)

and their associated eigenvalues (V)

are shown in Table 64. (All entries in

the table have been multiplied by 100 to

eliminate decimal points.)

The object of the exercise is to select

components whose associated V's are

large. From inspection of the table it is

clear that the coefficients of the factors

vary much more widely than the eigen-

values. Like discriminant functions, prin-

cipal components seem to perform quite

consistently even though their coeffi-

cients may be subject to such large sam-

pling variance that meaningful peno-

logical interpretation is difficult or

impossible. The coefficients of both types

of function are generated from covari-

ance or correlation matrices, so it is not

surprising, though apparently not previ-

ously noted in earth science applica-

tions, that even in rather large samples

they are subject to large sampling vari-

ance. It does seem surprising, however,

that both functions nevertheless perform

with such admirable consistency. This

striking juxtaposition suggests that ap-

propriate statistical application of the

methods is well warranted but that over-

detailed substantive interpretation of

the results—as, for instance, when co-

efficients of a component based on a

small sample are used as coefficients in

a mass balance equation—is to be

avoided or handled with extreme cau-

tion.
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TABLE 64. Means (m) and Standard Deviations (s) of the Coefficients of the First Three
Components (k), and of Their Associated Eigen-values (V), for Ten Sets of Principal

Components Calculated from Approximately 100 Items Each, Selected Simply at

Random with Replacement, from 1358 Analyses of Cenozoic Subalkaline Basalt*

K

VSi02 ALOa Fe2 3 FeO MgO CaO Na2 K2 Ti02 •LV

Component I

m -149 -127 -27 129 129 70 -162 —149 72 335

s 669 671 205 673 722 470

Component II

648 649 477 27

m -33 -215 120 -7 220 -278 144 159 222 207 542

s 349 496 538 354 414 583

Component III

374 451 541 21 34

m 55 89 -23 -62 10 92 -151 -103 -173 160 700

s 473 317 715 481 258 402 282 197 294 9 35

* All entries have been multiplied by 1000.

Minimum Si0 2 Requirement of

the CIPW Norm

Felix Chayes and Danielle Velde

With so much normative calculation

now being done electronically, it is easy

to overlook the fact that in every petro-

graphic system such calculation is sub-

ject to materials balance constraints

that, except as they may reflect inade-

quacies in the definitions of the norma-

tive parameters or in the analysis for

which a norm is being computed, are

basically algebraic rather than peno-

logical. An interesting example, in which

negative Ic was reported in certain

norms, has recently been encountered in

the CIPW system in the course of rou-

tine operation of version NTRM of the

rock information system RKNFSYS.
Normative parameters of the CIPW

system are by definition nonnegative,

and in a calculation schedule so widely

used and thoroughly tested the emer-

gence of a negative norm "molecule" is

a reliable index of error in either the

subroutine that performs the calcula-

tion or the data it receives. A number of

coding and transcription errors have

been detected in this fashion, and the

present case is not entirely exceptional.

The analyses in question proved to have

been transcribed correctly from the

source references, but two minor coding

errors were detected in the subroutine in

which the calculation is performed.

These errors deflected control around a

trap designed to catch certain analyses

for which, for the reason described im-

mediately below, the standard CIPW
combining conventions do indeed lead to

impossible results. It is perhaps indica-

tive of how often this particular trap is

needed that its very existence had been

forgotten.*

* Readers who have used any version of

RKNFSYS to generate work files containing

normative parameters calculated from analy-

ses of rocks known or thought to be melilite-

bearing should resubmit; occasional analyses

of this type should have found their way to

the trap but did not. Instead of rejecting these

analyses, the system work-file builder will have

generated and stored faulty norms from them,

but the errors will probably have escaped de-

tection unless individual values of the norma-

tive parameters were printed in some subse-

quent data reduction. That extreme deficiency

of silica is a fertile source of error in norma-

tive calculations is hardly novel; for a recent

example, see Mysen, Arculus, and Eggler

(1976).
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The standard normative calculation

cannot be completed unless the molar

amount of Si0 2 available after forma-

tion of an is at least equal to R 2 -\-

{R*0)/2, where R denotes alkalies and
R* denotes bivalent metals other than

those complexed in an, mt, and il. Such
massive silica deficiency is exceedingly

rare in Cenozoic volcanic rocks. The
current data base of version NTRM of

RKNFSYS contains only one example

in 11,977 analyses; a collection of 303

analyses of melilitic and mafic alkalic

volcanic rocks now being prepared for

insertion in the next edition of the base

contains another three.

It is well known that CIPW norms of

volcanic rocks are often abmodal in the

sense that normative assemblages differ

qualitatively from modal ones. Aston-

ishingly few volcanic rocks, however,

are abnormative in the sense that their

analyses cannot be successfully recast

according to the standard CIPW com-
bining conventions. The examples cited

above, incidentally, are of altered, hy-

drated materials, and it seems quite pos-

sible that silica deficiency of this mag-
nitude simply does not occur in lavas

still liquid or freshly frozen.* Indeed,

the development of such a lava by solid-

liquid interactions of the sort usually in-

voked would imply either the existence

of strange and as yet unknown phases in

the parent material or their generation

during -the formative process. (Although

norms of rock-forming silicates are al-

most by definition abmodal, the com-

positions of these minerals are very

rarely abnormative, the only exception

currently known to us being rhonite.)

* A caveat should perhaps be entered with

respect to carbonatites. Until quite recently,

C02 was never more than a very minor con-

stituent of any rock considered igneous, and
the CIPW conventions for handling it are,

accordingly, fragmentary and simplistic. It is

quite possible that extensive application of

standard normative calculation to carbonatite

analyses would yield some rather odd results.

Even now, however, very few carbonatites are

known or thought to be lavas.

DEVELOPMENT OF AN INFORMATION
SYSTEM FOR IGNEOUS PETROLOGY

Design and Construction of a

World Data Base for Petrology

Felix Chayes

Even in some of the smaller natural

sciences the amount of published infor-

mation has for some time been so vast

that diligent application of conventional

scholarly procedures no longer provides

the level of awareness and control of

subject matter expected of competent

naturalists a few decades ago. Unless

this situation is relieved, the long-range

consequence must be either a further

burst of specialization in fields already

overspecialized or a general decline of

standards, or both.

In the storage, referencing, and re-

trieval of data, however, the world of

scholarship is approaching a divide not

unlike that it passed across with the in-

vention of the printing press. For most

descriptive sciences, relief could now be

found in judicious application of elec-

tronic data processing, and preliminary

steps in this direction are being taken,

with varying degrees of energy and suc-

cess, in many of these fields. The urgency

of the problem, like that of the steps be-

ing taken to solve it, varies widely

among the sciences. In some there seems

to be no sense of emergency at all. In

others, particularly the newer aspects

of geophysics, data accumulate at such

a rate that currently available tech-

niques of electronic storage are thor-

oughly inadequate, and in a recent re-

port Savit (1976) warns that unless

facilities are expanded arid technology

is improved "data centers will increas-

ingly become repositories for data that

are effectively inaccessible to the ma-
jority of potential users."

The position of igneous petrology in

this spectrum of impending disaster is

perhaps particularly favorable. The pub-

lished corpus of the subject has indeed

grown to the point at which its mastery

by conventional nonelectronic referenc-

ing techniques is thoroughly impractical
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and, for most practitioners, simply im-

possible. Yet the volume of data to be

"recaptured" from the printed page is

such that its collection is probably well

within the capacity of intelligent coop-

erative action by the profession and is

certainly not such that its storage, re-

trieval, and reduction by electronic

means would in any way tax the ca-

pacity or capability of existing large

computers and storage devices.

The first step in the computerization

of published petrological data is the

preparation of a form that will provide

reasonably compact nonelectronic stor-

age of data extracted from the literature

pending their conversion to punched card

or other machine-readable mode. The
start of an experiment whose objective

is to test and improve such a data form

was announced in last year's report

(Year Book 74, p. 549). It has proved

much more demanding than was antici-

pated and is still in progress. One very

important result has matured. It is now
evident that rather large vocabularies

for mineral names and petrographic de-

scriptors will be necessary, but that very

few elements of either will be required

in any single specimen description. The
key-number system of referencing will

therefore be preferable to the key-bit

system. This choice, of critical impor-

tance in the design of the new data base

and system, is now considered final.

In other respects, however, the results

of the experiment have been far less de-

cisive. So many modifications of the

data. form have been suggested by con-

tributors that it seems the better part of

valor to repeat the experiment, using a

revised form incorporating as many of

these suggestions as possible. Partici-

pants are also agreed that extraction of

nonnumerical data from the texts of

published petrographic descriptions is

considerably more time-consuming than

transcribing numerical data from the

tables that ordinarily accompany such

descriptions. Earlier estimates of the

rate at which the new base could be

built were necessarily based largely on

experience with the latter and now seem
rather unrealistic.

In accord with these early estimates,

version NTRM of RKNFSYS (see Year

Book 74, p. 550) was initially intended

to serve only as a very temporary

standby; at this time a year ago further

systematic expansion of its data base

was not contemplated, and only such

extension of its program repertoire as

would contribute directly and immedi-

ately to the development of a far more
sophisticated successor system was to be

undertaken. It now seems likely, how-

ever, that the services of NTRM (and

similar systems elsewhere) will be re-

quired for a considerable period. Accord-

ingly, in recent months NTRM has been

put on a much firmer footing. It has

been equipped with a new, much im-

proved base generator, and most of the

remainder of this report describes modi-

fications of or additions to its program

repertoire.

A Revised Structure for System
Reduction Programs

Felix Chayes

Version NTRM provides extensive

simplification of input format for sys-

tem reduction and retrieval programs.

Conveniences of this sort extended to

the user must of course be compensated

for by considerable internal complica-

tion of the programs he uses. Such com-

plication proved particularly bothersome

with regard to extension of the program
repertoire of the system, and finally

prompted a complete redesign of the

structure of system programs. The new
structure will be used ab initio in all

new programs and introduced into older

ones whenever extensive editing of them
seems advisable on other grounds. Al-

though ultimate users will be unaware
of the structural modification except

perhaps as it facilitates more rapid ex-

pansion of the program repertoire of the

system, the changes will be of interest

to all readers involved in work of this

type.
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Every system program must read, in-

terpret, and store a set of instructions

it receives at operation time and then

apply the set in a scan either of a work
file previously generated from the sys-

tem data base or of the base itself. These

operations are most efficiently performed

by in-line coding, but when, as is now
the case, extensive reorganization of

communications received from the user

must precede execution, the computa-
tional efficiency of in-line coding is pur-

chased at considerable loss of program-

ming facility. The preparation of new
programs becomes an onerous chore that

is fraught with possibilities for clerical

error, requires close familiarity with the

file structure of the system, and leads to

long programs that are in large part

identical, however different their objec-

tives.

The obvious alternative is to perform

all system-specific functions in standard

system subroutines. Ideally, all process-

ing requiring knowledge of the file

structure of the system, the grammar
and syntax of system specification lists,

the ways in which these lists are con-

verted into machine-usable instructions,

the names of the variables in which they

are stored, or the manner in which they

are applied in the course of the data

scan should be performed in such sub-

routines. Each main program would then

receive and process only data required

by calculations specific to it. In fact,

this goal is very nearly attainable.

Although in version NTRM a small

part of system-specific work, namely,

the initial interpretation of specification

lists and communication between core

and mass storage files, has always been

performed by subroutines, most of it has

been programmed individually in each

main program. In the new structure vir-

tually all processing of instructions and
data except that specific to particular

main programs will be handled by sys-

tem subroutines. As its first activity a

main program will call a new system

subroutine, READER, that reads all

specification lists, obtains interpreta-

tions of them from a second system sub-

routine, LSTNKD, stores and prints all

interpreted instructions, and returns con-

trol to the main program, together with

a variable whose value is the number of

physical records to be scanned. The main
program then enters a loop with this

number as upper parameter; at each

cycle of the loop it passes the current

value of the loop index, which is also the

index number of the current record, to

an entry of READER named SCREEN.
SCREEN, in turn, finds the record ad-

dress and passes it to the system file

reader (RANDW, see Finger, Year Book

70, p. 201), which brings the data record

into core. SCREEN then processes the

record in accordance with its stored in-

structions, extracting from it, and re-

turning to the main program in a single

block, all appropriate data it contains.

Depending on the nature of the compu-
tation and the structure of the main pro-

gram, this information may be either

processed on receipt or stored for subse-

quent processing, following which an-

other pass through the loop is initiated,

etc. Thus neither the main program nor

the programmer constructing it need be

concerned with the now rather involved

vocabulary, grammar, syntax, and file

structure of the system. The loss of com-

putational efficiency in the new scheme

will usually be trifling, since subroutine

READER scans data in blocks of ex-

actly the size contained in system work
files. If such a file is blocked into, say, n
physical records, its scan by most exist-

ing system programs requires (n-\-l)

subroutine calls, whereas in the new sys-

tem (2n-f-l) will be required. The cur-

rent system limit of n is 150, and values

larger than 50 are rare.

The new program structure has al-

ready proved convenient, but its major
benefits will accrue as the vocabulary,

grammar, and logic of the system are

expanded to permit inclusion and ma-
nipulation of qualitative data such as

mineral assemblages, petrographic de-

scriptors, etc. The necessary changes in

the reading, interpretation, storing, and
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execution of instructions will then be

both drastic and basic, but only the sub-

routines READER and LSTNKD will

require revision; the main programs of

the repertoire will be unaffected.

Modification of Existing Programs

Felix Chayes

The system two-group discriminant

function program TUGPNT has been

completely rewritten. In the new version

the groups need not be either resident in

the same work file or subject to the same
directory, and a random number gen-

erator may be used in the final screening

of the data to generate test groups of

approximately the same size from raw
data groupings that may differ sharply

in size. All the changes are useful and
some are indispensible in a continuing

study of consistency in rock classifica-

tion, some results of which are described

in an earlier section of this report.

Retrieval of data from work files in

the form of punched cards or "card-

image" tape, as described in the sec-

tion following the next, is accomplished

by a modification of system program
DSPLNT, originally designed to yield

printed retrievals only.

New Programs

Juergen Trochimczyk and Felix Chayes

UVPLNT, a routine that plots histo-

grams from data placed in a mass stor-

age file by program UVFRNT, has been

added to the system. The user specifies

at operation time whether he wants a

bar or a step diagram, the number of

labeled ticks to be used on the abscissa,

the largest frequency anticipated, the

units of measurement to be included in

the abscissa caption, whether a moving
average is to be plotted, and if so, its

width in classes. Figure 166 of this re-

port has been assembled from output of

UVPLNT.
PRKMNT, a principal components

program in which the components may
be calculated from either the covariance

or the correlation matrix and are printed

out with their individual and cumulated

variances, has been added to the system.

It is the first element of the system rep-

ertoire using subroutine READER and
the new program structure described in

the preceding section.

An entirely new principal components
and factor analysis program is now be-

ing tested. On request, it calculates prin-

cipal components from either the covari-

ance or the correlation matrix, or the

factors from a correlation matrix in

which the diagonal elements are replaced

by the vector of squared multiple corre-

lations, D, as initial communalities

(Harman, 1964, pp. 87-91). The ;'th ele-

ment of D is calculated as 1

—

l/rij
,
where

t" is the ;th diagonal element of the in-

verse of the correlation matrix.

The correlation matrix, R, the prod-

uct matrix, R+ = AA', where A is the

matrix of principal components or com-
mon factors, and the residual matrix,

R~ = R—R +
, are printed out. An op-

tion provides an approximate test (Law-
ley and Maxwell, 1963) of whether a

sufficient number of factors have been

generated. Specifically, x
2

is estimated

by
r~ -2

where the adjusted sample size {n') is

n' = n— 1/6 (2p + 5) — 2/3/c, and the

approximate number of degrees of free-

dom (/) available for the test is / =
i [(p—k) 2 — (p+/c)L n being the

initial sample size, p the number of vari-

ables, and k the number of factors gen-

erated.

A second option permits rotation of

the factor matrix approximating "simple

structure" (Thurstone, 1969, p. 335)

with orthogonal rotations based on the

normal varimax criterion of Kaiser

(1959). The matrix of rotated factors is

printed out.

Finally, an option allows calculation
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of factor scores, P, for either unrotated

or rotated factors, or both, from P =
A' R~' Z, where Z is the matrix of raw
variables.

Independent Exploitation of the
Data Base and Reduction Reper-

toire OF THE PETROGRAPHIC
Information System

Felix Chayes

Many forms of data reduction and

summary needed by students of igneous

rocks can now be obtained by routine

operation of system programs: A pub-

licly accessible system of this type would

thus obviate much of the need for ex-

tensive data retrievals and the annoying

storage and maintenance problems they

create. It is obvious, however, that no

system can anticipate all the data-

processing needs of petrologists. Many
users may wish to process raw data from

the system data base, or system-gen-

erated restatements of such data, in

ways not provided for by the program
repertoire of the system. Conversely,

some may wish to use various elements

of the system program repertoire in the

processing of data not contained in its

base. In the report year steps have been

taken to meet the needs of both groups.

A system program, DSPLNT, now
provides retrieval, in print or on punched
cards, of the contents of any system-

generated work file. The work file rather

than the data base was chosen as the

starting point for retrieval because, it

permits the user to obtain not only raw
data but current values of calculated

quantities such as molar proportions,

normative molecules, and optional ex-

pressions of considerable complexity.

Each data card of an output deck con-

tains information derived from an anal-

ysis whose location in the system data

base is recorded in the first two fields of

the card. Each deck includes also a cap-

tion card and a card containing an array

that may be used as a Fortran IV For-

mat statement under which the data

cards can be read. The program thus

permits ready extraction of data from

the base in a form easily processed

either at other sites or in ways not fa-

cilitated by the program repertoire of

the system.

The opposite situation, in which the

user desires to apply system reduction

procedures to data not included in the

system data base, is rather more diffi-

cult to handle. If the user can prepare,

either manually or electronically, a card

deck or the image of a card deck that

can be used as input to the system base

builder, however, it becomes a simple

matter to generate a private base that

can be read by system programs. (Work
files, incidentally, can be extended at

will from any base that satisfies system

requirements; in this fashion data drawn
from the system base can be either com-
pared or pooled with private data.)

In the course of the report year the

system has been used in both ways de-

scribed above. Retrieval of data from

the data base for external reduction is

now simple and routine; it is offered as

a regular system service, provided

neither infringement of copyright nor

excessive clerical obligation is involved.

There has also been intensive applica-

tion of system reduction facility to pri-

vate data (see, for instance, Velde and
Yoder, this Report). At present, how-
ever, this latter service and the plotting

routine are available only to users in

residence at the Laboratory.
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BIOGEOCHEMISTRY

The Formation and Clay Mineral
Reactions of Melanoidin

John Hedges

Brown acidic polymers known as hu-

mic substances often account for over

one half of the biogenetic material that

is dissolved in natural waters or en-

trapped in fine-grained sediments. Since

the early work of Maillard (1913), evi-

dence has accumulated suggesting that

natural humic substances may be pro-

duced by nonbiological condensations of

sugars with amino acids (Enders and
Theis, 1938; Abelson and Hare, Year
Book 69, pp. 327-334). Much of this

evidence is based upon chemical simi-

larities between natural humic sub-

stances and sugar-amino acid condensa-

tion products (melanoidins) produced
in the laboratory (Hoering, Year Book
72, pp. 682-690). The effects of reac-

tants and reaction conditions upon the

chemical properties of melanoidin poly-

mers, however, have not been studied

systematically.

Reported here is an investigation of

the chemical properties of melanoidins

produced from the reaction of glucose

with amino acids of contrasting compo-
sitions. Model laboratory experiments

were designed to determine (a) which
amino acids most readily react with

glucose to form melanoidins, (b) what
relationships exist between the chemical

compositions of the melanoidins and
their component amino acids, and (c)

how inherent chemical compositions

control melanoidin-clay mineral asso-

ciation reactions in aqueous solutions.

The model studies provide guidelines

and establish some boundary conditions

for the possible formation and transpor-

tation of melanoidins in natural envi-

ronments.

Experimental

Reaction rate studies. Relative rates

of melanoidin formation were calculated

from characteristic absorbances by the

polymers of ultraviolet light (290 nm).
All reaction solutions were 0.01 M in

glucose and amino acid (if present).

Phosphate buffers (0.10 M), made by
adding H 3P04 to Na 2HP0 4 , were used

throughout. Reactions were carried out

at 80°C in closed quartz cells within a

spectrophotometer. Reaction rates were
determined over a region of linearly in-

creasing absorbance that characteris-

tically followed an initial lag period and
a brief episode of rapid chromophore

production.

Chemical compositions of the stand-

ard melanoidins. A set of nine standard

melanoidins was prepared by reacting

D-glucose with glutamic acid, valine, or

lysine at sugar to amino acid concentra-

tion ratios of 9/1, 1/1, and 1/9. The re-

actions were carried out in closed glass

bottles that were heated at 100°C for 1

week. Sodium carbonate was added to

retard the buildup of C0 2 .

Melanoidin polymers of molecular

weight greater than 6000 were isolated

by dialysis and freeze-dried. The per-

centages by weight of carbon, nitrogen,

and hydrogen in the melanoidins were

determined with a commercial analyzer.

Cation-exchange capacities were calcu-

lated from the ash contents of the me-
lanoidins and from x-ray fluorescence

analyses of the ashes. Oxygen composi-

tions were determined by difference on

an ash-free basis.

Association reactions. The kaolinite

and montmorillonite clay minerals used

in this study have been described

(Hedges, Year Book 74, pp. 604-609).

The montmorillonite clay was also pre-

pared in Na+-, Ca2+ -, and Fe3+ -satu-
rated forms.

Association reactions were carried out

as described in the previous reference.

The extent of melanoidin uptake was
calculated from the absorbances (275

nm) of clay supernatant and control so-

lutions after 24 hr of reaction. Back-

ground absorbances by unsedimented

crystals were determined from a corre-
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sponding melanoidin-free suspension.

Percentages of melanoidin uptake deter-

mined by direct carbon analyses agreed

well with values obtained by absorbance

differences (Table 65)

.

Results and Discussion

Reaction rate studies. Glutamic acid,

valine, and lysine were chosen to repre-

sent, respectively, acidic, neutral, and
basic amino acids found in living orga-

nisms. The three amino acids vary es-

sentially in the number of carboxyl and
amino groups that they contain.

The relative rates at which the three

representative amino acids react with

glucose vary widely (Table 66, Fig. 167)

.

At pH's of 6, 7, and 8 the order of rela-

tive reaction rates is the same: lysine

>> valine > glutamic acid > glucose

alone. The rate of polymer formation

increases with increasing pH in all four

systems. Glucose polymerizes with itself

at an appreciable rate only at pH 8. At
this pH a significant amount of the

TABLE 65. Percentage of Uptake of

Melanoidin by Two Different

Measurements*

Uptake (%)

Method
Mont-

Kaolinite morillonite

Absorbance at 275 nm 5.8

Carbon in freeze-dried

residue 5.4

56

54

* Comparisons were carried out using the 1/1

glucose-lysine melanoidin at initial concentra-

tions near 1000 mg/1 in a sodium phosphate
buffer at pH 6. The suspensions contained 25

mg clay/ 10 ml solution.

polymer formed in the glucose-amino

acid systems may also result from glu-

cose-glucose condensations.

The rate studies suggest that mela-

noidins may form more readily in sea-

water or in marine sediments (pH about

8) than in terrestrial waters or soils,

which are generally more acidic (Beck-

400

300

,r 200

Symbol Melanoidin

o Glucose + Git Ac

a Glucose + Val

a Glucose + Lys
o Glucose only

Fig. 167. Rates of color formation in four different glucose systems at pH 6, 7, and 8.
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TABLE 66. Rates of Melanoidin Formation

at Three Different pH's

Rate
(absorbance units/hr

X 1000)

Reactants pH6 pH 7 pH 8

Glucose + glutamic

acid

Glucose + valine

Glucose + lysine

Glucose only

5.8

31

150

9.0 63

36 123

333 370

59

ing, Kaplan, and Moore, 1960). If su-

gars react with a mixture of amino acids,

basic amino acids should condense most

readily.

Chemical compositions of the standard

melanoidins. The weights, elemental

compositions, and cation-exchange ca-

pacities of the nine standard mela-

noidins are listed in Table 67. The re-

covered weights of melanoidin were

directly proportional to the concentra-

tions of glucose in the reaction systems.

This relationship results because amino
acids do not polymerize with themselves

under these reaction conditions. Lysine-

glucose reaction solutions consistently

produced more polymer than the corre-

sponding glutamic acid and valine so-

lutions.

The elemental compositions of the

nine melanoidins correspond to the type

and relative concentrations of amino
acid in the reaction solutions. These
trends are reflected by the nitrogen con-

tents of the polymers. At all three reac-

tant ratios, lysine (two nitrogen atoms/
molecule) combines with glucose to form
melanoidins that contain approximately
twice the nitrogen of the corresponding

polymers derived from valine or gluta-

mic acid (1 N/molecule). In all three

amino acid systems the nitrogen content

of the melanoidins increases with an in-

crease in the relative concentration of

amino acid in the reaction solutions.

The nitrogen concentrations of the

standard melanoidins can be used to

estimate the relative abundances of glu-

cose and amino acid units within the

polymers. Figure 168 shows three lines

indicating the percentages by weight of

nitrogen that would result if glucose and

each representative amino acid were

combined at various molar ratios to

form melanoidin polymers. The calcula-

tions were made with the assumptions

that all glucose residues in the polymers

are dehydrated once and that all amino

acids are conservatively incorporated

(Hodge, 1953).

The percentages by weight of nitrogen

in the nine standard melanoidins (Table

67) are plotted on the theoretical com-

position lines in Fig. 168. Melanoidins

formed from the reaction of glutamic

acid or valine with an excess of sugar

(9/1 solutions) apparently contain ap-

proximately 20 mole % amino acid and

therefore are composed of about four

sugar residues for each amino acid unit.

Polymers formed in an excess of the

same amino acids (1/9 solutions), how-

ever, contain nearly equal amounts of

glucose and amino acid units. The lysine-

glucose products exhibit similar trends,

but the ratios of amino acid to sugar

residues within the polymers are con-

sistently larger and greater than 1 for

the melanoidin formed in the 1/9 reac-

tion solution.

The compositional trends and rate

studies are both consistent with a model

of two competing reactions: glucose-

glucose condensations and glucose-amino

acid condensations. The relative contri-

butions from each pathway depend upon
the type and concentration of amino
acid in the reaction solution. High sugar

to amino acid ratios and unreactive

amino acids favor glucose-glucose poly-

merizations at the basic pH's that were

used. High amino acid concentrations

and reactive amino acids favor glucose-

amino acid condensations. The nearly

equal concentrations of sugar and amino
acid residues in melanoidins produced
in an excess of amino acid suggests that

the polymers are composed primarily of

reactive intermediates that are formed
in a rate-determining step by the con-
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TABLE 67. Chemical Compositions of the Nine Standard Melanoidins

Elemental Analysis Mole %
Molar Weight 'wt %) Amino Acid

Ratio product Acidity -

Melanoidin (G/AA)* (mg) (meq/g) C H N C/N Melanoidinf

Glucose + glutamic

acid

9/1

1/1

114

45

3.5

5.3

46.4

46.0

5.2

3.6

1.7

3.5

46.7

46.9

25

13

20

40

1/9 19 6.5 42.6 2.9 4.4 50.1 9.7 50

9/1 121 2.3 51.8 6.1 1.8 40.3 29 20

Glucose + valine 1/1 61 3.4 53.3 3.7 3.8 39.2 14 40

1/9 11 4.7 52.1 5.1 5.0 37.8 10 49

9/1 239 1.1 54.1 5.8 5.2 34.9 10 31

Glucose + lysine 1/1 185 1.3 54.4 7.4 8.0 30.2 6.8 49

1/9 25 1.5 50.6 9.4 9.7 30.3 5.2 60

*Moles glucose/moles amino acid in original reaction solution.

t Calculated from Fig. 168.

6-

4-

1 1 1 1 '/
1/9/J

Symbol Melanoidin

o Glucose + Git Ac
a Glucose + Val

Glucose + Lys

l/l JT

-

9/1 j 1/9/ s^
/

-

- l/l

l/l

-

-

I i i i i i

-

10 20 30 40 50

Amino acid, mole %
60 70

Fig. 168. Locations of percentages by weight of nitrogen in the nine standard melanoidins

along lines indicating the calculated percentages of nitrogen in hypothetical polymers formed
by the combination of dehydrated glucose and amino acid at various molar ratios. The ratios

9/1, 1/1, and 1/9 indicate the glucose to amino acid molar ratios in the reaction solutions in

which the melanoidins were formed.
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densation of one sugar and one amino
acid molecule (Hodge, 1953).

The relative acidities of the nine mel-

anoidins, as indicated by their cation-

exchange capacities (Table 67), also re-

flect the amino acid compositions of the

solutions in which they are formed.

Glutamic acid produces polymers of

greater acidity than does valine or

lysine under equivalent conditions. Mel-
anoidins produced by all three amino
acids become more acidic as the relative

concentrations of the respective amino
acids are increased in the reaction solu-

tions. Apparently, a major component of

the total acidity of the melanoidins is

contributed by carboxyl groups in amino
acid residues.

Association reactions. The three 1/1

melanoidins (Table 67) were reacted

with kaolinite and montmorillonite clay

minerals to determine whether chemical

properties inherited by the polymers

from their component amino acids might

cause differences in clay mineral affinity.

The montmorillonite clay has more than

ten times the surface area and cation-

exchange capacity of the kaolinite

(Hedges, Year Book 74, pp. 604-609)

.

Melanoidin-clay mineral associations

were investigated as a function of pH
because changes in pH are known to

affect a wide variety of organic-clay in-

teractions (Theng, 1974). Partition co-

efficients of the three melanoidins (50

mg/1) by the two clays (100 mg/10 ml)

are illustrated in Fig. 169. Commercial
buffers (0.05 M, K salts) of pH 2, 4, 6,

8, and 10 were used.

The clay minerals removed more mel-

5000

1000

500

Fig. 169. Plot of the partition coefficient (K) against pH for six clay-melanoidin systems.

Systems with glutamic acid melanoidins are denoted by circles ; valine melanoidin systems, by
triangles; and lysine melanoidin systems, by squares. Solid symbols indicate kaolinite systems,

and open symbols indicate montmorillonite systems.
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anoidin in more acidic solutions. At all

pH's except 10, the lysine melanoidin is

taken up by both clay minerals to a

greater extent than are melanoidins

formed from glutamic acid or valine.

The relative affinities of kaolinite and
montmorillonite minerals for dissolved

melanoidins vary with pH. At low pH's
montmorillonite removes more of each

melanoidin than does kaolinite. In more
[basic solutions the order is eventually

reversed. The crossover points occur at

progressively higher pH's for mela-

noidins formed from more basic amino
acids.

The general decrease in uptake at

higher pH's results primarily from an

increase in the solubilities of the mela-

noidins. As indicated by the fine struc-

ture in Fig. 169, however, a component
of the total uptake may result from ion-

exchange reactions that are controlled

by the different amino acid residues

within the three polymers.

At a pH of 2 the amino acid residues

should all carry a net positive charge

(Handbook of Chemistry and Physics,

1961, p. 1761) that will largely deter-

mine the charges on the corresponding

melanoidins. Under- these conditions,

montmorillonite should remove more
melanoidin than kaolinite because the

montmorillonite crystals have a higher

density of negative charge. When sus-

pension pH's are increased, all three

melanoidins will be eventually converted

to negatively charged molecules, and
electrostatic forces will then favor up-

take by kaolinite crystals. The observed

crossover points of the glutamic acid,

valine, and lysine melanoidins at pro-

gressively higher pH values support this

model.

Adsorption isotherms were determined

at 25°C for the previously described

clay-melanoidin systems (Fig. 170). Ini-

tial concentrations of melanoidin were

varied from about 10 to 1000 mg/1 in

suspensions that contained 25 mg of clay

in 10 ml of solution at pH 6. Polymers

formed from basic and neutral amino
acids were more efficiently removed from

solution by montmorillonite than by
kaolinite. The glutamic acid melanoidin

was adsorbed in small and nearly equal

amounts by both clays. The percentages

by weight of lysine melanoidin bound to

montmorillonite were approximately an

order of magnitude greater than those

obtained in any other system at com-
parable concentrations.

The montmorillonite clays from this

experiment were washed with an excess

of distilled water to remove reversibly

bound melanoidin and were analyzed

with an x-ray diffractometer. Only the

lysine melanoidin caused a significant

increase in the interbasal spacing of the

clay crystals (Fig. 171). Studies with

natural humic substances (Schnitzer and

Kodama, 1966) and proteins (Albert

and Harter, 1973) indicate that these

polymers are adsorbed on the basal sur-

faces of sodium montmorillonite crystals

as organic cations and suggest that the

bound lysine melanoidin may also be

positively charged.

The three 1/1 melanoidins and a poly-

mer formed from glucose alone (50

mg/1) were reacted (in distilled water)

at pH 6 with the natural montmorillon-

ite and its Na + -, Ca2 + -, and Fe3 +-

saturated forms (100 mg/10 ml). The
partition coefficients of the natural mont-

morillonite and its Na+ -saturated coun-

terpart were nearly identical (Fig. 172).

This result is to be expected because the

Belle Fourche montmorillonite is essen-

tially a sodium clay (American Petro-

leum Institute, 1951)

.

The differences in association observed

between the various homoionic clays,

however, were dramatic. In all systems

the extent of uptake increased with in-

creasing ionic potential of the exchange-

able ions. The sodium-saturated clay

bound relatively small quantities of all

the melanoidins except the lysine prod-

uct. The Ca2 + and Fe3 + clays efficiently

removed all four polymers from solution.

The previously described experiments

were repeated using the three 1/1 mela-

noidins at initial concentrations of about

1000 mg/1. The reacted clays were re-
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25

_^ . — &~

25£^*.-=--^-~--r* —*— r^
200 400 600 800

Concentration of melanoidin, mg/l

1000

Fig. 170. Adsorption isotherms for six clay-melanoidin systems. Plotted concentrations are

at steady state. Symbols as in Fig. 169.

o i i 1 n ' n
o

4 - -

- Ad = 5.4 A°

Symbol Melanoidin

-

2 o Glucose + Git Ac

a Glucose + Val

—

- Glucose + Lys -

°.

n—a a J

o

i

i i i i

-

20 255 10 15

Mg melanoidin/100 mg clay

Fig. 171. Interbasal distances of washed montmorillonites from the adsorption isotherm

experiments. Only the maximum melanoidin concentrations and corresponding spacings are

given for clays reacted with glutamic acid and valine melanoidins. The percentages by weight

of melanoidin on the clays are calculated values for unwashed clays.
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equilibrated with distilled water so that

the reversibility of the association reac-

tions could be measured by comparing
actual and theoretical wash losses. Sys-

tems with large partition coefficients ex-

hibited irreversible uptake reactions

(Table 68). The dependence of associa-

tion upon exchangeable ion and mela-

noidin acidity was similar to that

observed at 50 mg/1. Only the lysine

melanoidin intercalated the sodium clay,

whereas all three melanoidins increased

the interbasal spacing of the Fe3+ mont-
morillonite.

5000

1000

500

00

50

10

Symbol Melanoidin

o Glucose + Git Ac

a Glucose +Val

Glucose + Lys

Glucose only

Natura Na
T

Ca

Exchangeable ion

2 +
Fe

3 +

Fig. 172. Plots of partition coefficients (K) for melanoidins reacted with Na+
-, Ca2+

-, and
Fes+

-saturated montmorillonites.
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TABLE 68. Association of Na+
-, Ca2+

-, and Fe3+-Saturated Montmorillonites with
Three Melanoidins

Ion

Melanoidin Concentrations

at Steady State

K

Theoretical

Wash Loss

(mg/100
mg clay)

Actual

Wash Loss

(mg/100
mg clay)Melanoidin

mg/100
mg clay mg/1

d
(A)

Glucose + glutamic

acid

Na+

Ca2+

Fe3+

1.8

2.0

9.1

860

860

680

21

26

130

1.7

1.9

6.8

1.7

2.0

3.2

11.2

11.1

11.9

Glucose + valine

Na+

Ca2+

Fe3+

1.8

6.8

18

890

770

510

20

88

340

1.7

5.6

9.7

1.9

2.9

4.6

11.3

11.5

12.4

Glucose + lysine

Na+

Ca2+

Fe3+

14

24

30

620

380

220

230

630

1300

9.0

9.4

6.9

2.8

3.1

1.8

15.6

13.6

13.7

Abbreviations : K, partition coefficient : d, interbasal distance in Angstroms.

The mechanisms by which the mela-

noidins are bound to the various clays

cannot be determined from the data at

hand. Uptake of the polymer made from

glucose only, however, indicates that

nitrogen, and thus a center of positive

charge, is not necessary for association

of the melanoidins with Ca2+ and Fe3 +

montmorillonites. Apparently, even neg-

atively charged melanoidins can inter-

calate unit layers if exchangeable poly-

valent cations are present (Theng and
Scharpenseel, 1976).

The model studies indicate that 100-

to 1000-fold concentrations of dissolved

melanoidins on clay crystals are possible,

especially when nitrogen-rich polymers

or montmorillonites saturated with poly-

valent cations are present. In natural

environments under similar conditions,

clay minerals could effectively collect

and physically transport melanoidin

polymers. Polymers bound between clay

crystals would be exposed to a unique

chemical environment in which reac-

tions not obtained in the surrounding

medium might occur.

It has yet to be proved conclusively

that melanoidins are formed in any nat-

ural environment. It is known, however,

that marine humic substances exhibit

high nitrogen contents (Nissenbaum and

Kaplan, 1972), low aromaticity (Stuer-

mer and Harvey, 1974) , and low cation-

exchange capacities (Rashid and King,

1970) in comparison to terrestrial humic

substances. These chemical properties

resemble those of melanoidins prepared

in the laboratory (Hoering, Year Book

72, pp. 682-690; this study) and suggest

that marine humic substances, in par-

ticular, may have a large melanoidin

component. The low lignin concentra-

tions (Hedges, Year Book 73, pp. 581-

590) and high pH's characteristic of

ocean waters and sediments should also

favor greater melanoidin concentrations.

If melanoidins are formed in the sea,

the model experiments suggest that basic

amino acids should preferentially com-

bine with sugars to form nitrogen-rich

polymers with a great affinity for clay

minerals. These melanoidins could be

extracted with ease from fine-grained

sediments and isolated from more acidic

polymers by electrophoresis. The poly-

mers should bear a strong chemical re-

semblance to artificial melanoidins pre-

pared by reacting sugars with a mixture

of amino acids.
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Relative Reaction Rates and
Activation Energies for Some

Amino Acid Reactions

P. E. Hare

Proteins in living organisms are com-

posed of amino acids bonded by peptide

linkages. Proteins that escape rapid

microbial degradation are subject to a

number of slow chemical changes dur-

ing fossilization. These changes are of

potential interest in the study of the dia-

genetic history of fossils. The reactions

are directly influenced by several envi-

ronmental factors, such as temperature,

relative amount of H 2 present, pH, and

eH. In this report data are presented on

the relative rates of release of several

amino acids from the hydrolysis of a

soluble protein (gelatin) at tempera-

tures from 25° to 150°C. These rates of

release are compared with the rates of

racemization and decomposition reac-

tions of some of the same amino acids

under the same conditions.

The Arrhenius equation relates the

reaction rate to the temperature of a

reaction. By observing the change in the

rate constant with changes in tempera-

ture it is possible to <use the Arrhenius

equation to calculate the activation en-

ergy for the reaction. In this report the

activation energies for release of amino
acids during protein hydrolysis are com-
pared with the activation energies for

racemization and decomposition.

Methods

A solution of gelatin (Nutritional

Biochemical Corporation) in 6 iV HC1
was prepared at a concentration of 500
mg per liter, and cysteic acid was added
as an internal standard. From this stock

solution (stored at —20°C) 100 /xl

aliquots were transferred to glass vials

with Teflon-lined screw caps. The vials

were flushed with nitrogen before cap-

ping. After incubation at the desired

temperature (±y2 °) for a measured
time the vials were attached to a rotary

evaporator, and the excess HC1 was
evaporated. The gelatin was dissolved

in 6 N HC1 in order to keep the pH con-

stant during the course of the reactions

and to accelerate the hydrolysis reac-

tions so that they could be studied at

relatively low temperatures. The residue

was dissolved in 100 /J of buffer at pH 2,

and a 10 ^1 aliquot was taken for amino

acid analysis. Another aliquot was re-

acted with (+)-2-butanol and trifluoro-

acetic anhydride for gas chromatogra-

phy of the d,l amino acid isomers (Hare

and Hoering, Year Book 72, p. 690) . The
stock solution of gelatin in 6 A" HC1
showed a free amino acid content of less

than 1 part in 300 after the evaporation

and diluting steps. The unhydrolyzed

protein was washed through the column

with the basic buffer and did not inter-

fere in any way with the determination

of the free amino acids. At each selected

temperature several samples were taken

at various times to determine the rate of

reaction for that temperature.

Results

The hydrolysis reactions yield meas-

urable amounts of free amino acids at

25°C within a few days. In 2 min of

heating at 100°C nearly 4% of the gly-

cine in the gelatin is hydrolyzed to free

glycine. Table 69 shows the results for a

series of samples run at 100°C for time

periods of 2 min-1 hr. A series of sam-

ples incubated at 150°C for increasing

lengths of time to ensure complete hy-

drolysis and to account for labile amino

acids was used to determine the com-
position of the gelatin.

The release of free amino acids dur-

ing the hydrolysis of gelatin in 6 A HC1
follows an apparent first-order rate law

for most of the amino acids with (H+)
and water activity held constant. As-

partic acid and glutamic acid are excep-

tions. The reaction rate of each amino

acid released during hydrolysis has been

found to be proportional to the fraction

of that amino acid still peptide-bound.

In Equation 1, the amount of a particu-

lar free amino acid, X, and the amount
of that amino acid still peptide-bound,

P (as determined by complete hydroly-
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TABLE 69. Data from Gelatin Hydrolysis Series at 100°C from 2.5 to 60 Min*

Min at 100°

C

k U/, tl/2

2.5 5 10 20 30 60 (hr1
) (hr) (hr)

Aspartic 0.95 0.89 0.82 0.73 0.65 0.48 1.39 0.72 0.50

Threonine 0.98 0.95 0.93 0.88 0.83 0.69 0.38 2.72 1.88

Serine 0.96 0.92 0.87 0.77 0.70 0.48 0.73 1.37 0.95

Glutamic 0.97 0.93 0.87 0.77 0.70 0.50 0.71 1.4 0.97

Glycine 0.96 0.90 0.82 0.66 0.56 0.29 1.23 0.82 0.57

Alanine 0.96 0.91 0.84 0.69 0.63 0.39 0.93 1.07 0.74

Valine 0.95 0.16 6.20 4.30

Isoleucine 0.94 0.85 0.17 5.95 4.12

Leucine 0.87 0.79 0.52 0.64 1.58 1.09

Phenylalanine 0.72 0.48 0.69 1.44 1.0

Lysine 0.68 0.49 0.62 1.6 1.11

Arginine 0.71 0.54 0.61 1.64 1.14

* Fraction remaining as peptide bound. Calculated values of reaction rate constant, k, the

1/e life, hie, and the half-life, ti/2 .

sis), are related to the specific rate con-

stant k and time t:

P l -X1

Pr
i"

Equation 1, when

P -X 1— >

eP

In I
e
= — 1 = -k t

ti/e — 1

(1)

l/e

As the protein hydrolyzes, smaller pep-

tides become prevalent, and it is likely

that the rates of hydrolysis of the smaller

units will be different from those for the

intact protein. It is during the early

stages of hydrolysis that the rates of re-

lease of the various amino acids would
be expected to follow a simple rate law.

Figure 173 shows the results for glycine

at 90° and 100° C. The slopes are equal

to the reaction rate constants k and are

just the reciprocal of the l/e life or t1/e ,

the time for the concentration of pep-

tide-bound amino acid to drop from 1 to

l/e or 0.37. The half-life t 1/2 is equal to

0.693/fc.

There is nearly an order of magnitude

difference in the release rates of the

various amino acids during gelatin hy-

drolysis in 6 N HC1. Initially, aspartic

acid has the fastest rate, but the rate

slows down after about 20% of the as-

partic acid has been released. At the

various reaction temperatures, glycine

was an order of magnitude faster in rate

than was valine, the amino acid with the

slowest release rate. The results of a

number of studies on peptide-bond sta-

bility indicate that peptide bonds adja-

cent to valine and isoleucine are much
more stable than bonds adjacent to gly-

cine and serine (Hill, 1965).

Temperature Effects

The Arrhenius equation relates the re-

action rate constant k to the temperature

k = Ze
-E /RT (2)

where k = the rate constant; Ea = the

activation energy; R = the gas con-

stant, 1.987 cal deg- 1 mole" 1
; T = the

absolute temperature; Z = the Arrhenius

frequency factor.

Equation 1 can be written

t P-X (la)
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Combining with Equation 2,

—B /BT

»=(4)('-ra)-'---

1 —E /BT
t — P

°

(3)

The time for any specific extent of re-

action can be used instead of A;. If the

1/e life tx/e is used, Equation 3 becomes

Zi/e — — e a' y<±)

or

or

\nt1/e =(Ea/RT) -\nZ (4a)

log t 1/e = (EJ2.S03RT) - logZ

(46)

A graph of log t1/e against 1/T will give

a line whose slope is Ea/2.303R if the

Arrhenius equation is applicable.

Figure 174 shows the Arrhenius plot

of log t 1/e versus 1/T for the release of

the various amino acids. The Arrhenius

equation relates the temperature and
rate constant reasonably well for a

change in the rate constant of over 5 or-

ders of magnitude. Although there are

significant differences in reaction rates

among the various amino acids, there

are no significant differences in their ac-

tivation energies. The activation ener-

gies for hydrolysis are about 22-23

kcal/mole, although valine and isoleu-

cine appear to have slightly higher acti-

vation energies than do the other amino

acids.

The Arrhenius frequency factor Z for

glycine, as calculated from the graph,

is 1013
. For glycine released during the

0.5 1.0 1.5 2.0

Time, hours

2.5 3.0 3.5

Fig. 173. Release of glycine during gelatin hydrolysis in 6 iV HC1 at 90° and 100°C. Slope
of each curve equals the specific rate constant, k, for that temperature.
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Temperature, °C
50 75

50 75
Temperature, °C

37 3.6 3.5 3.4 3.3 3.2 3.1 3.0 2.9 2.

4r x 1000

2.7 2.6 2.5 2.4 2.3 2.2

Fig. 174. Arrhenius plot of hydrolysis reactions of gelatin yielding various free amino acids.

Also shown is a plot of aspartic acid racemization, isoleucine epimerization, and threonine and

serine decomposition.
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hydrolysis of gelatin in 6 A7
" HC1, Equa-

tion 3 can be written

or
t1/e (hr) = 10"

-13 11,080/T

log t1/e (gly) = 4810/7/ - 13

(4c)

This equation accurately represents the

experimental data obtained for glycine

at various temperatures. Figure 174 also

shows the Arrhenius plots for some of

the racemization and decomposition re-

actions for threonine and serine. The
activation energies for racemization of

the various amino acids are significantly

higher than for hydrolysis. Again there

appears to be little difference in the

activation energies for aspartic acid and
isoleucine, the amino acids with the

fastest and slowest rates of racemiza-

tion. The activation energies for racemi-

zation are about 29-30 kcal/mole, about

7-8 kcal higher than for hydrolysis. The
Arrhenius frequency factors are nearly

an order of magnitude higher than for

hydrolysis: 8.92 X 1013 for isoleucine

and 4.36 X 1014 for aspartic acid.

The decomposition of threonine and
of serine both follow 'a first-order rate

equation and have activation energies

of about 29,500 cal/mole. The frequency

factor for serine is 3.19 X 1014 and for

threonine, 1.22 X 1014
.

A reaction with an activation energy

of 23.0 kcal/mole will have a rate con-

stant approximately 4 or 5 times slower

(depending on the temperature) than a

reaction with an activation energy of

22.0 kcal/mole if both reactions have
the same frequency factors. An increase

in the frequency factor causes a propor-

tional increase in the rate constant, as

can be seen from Equation 2. The fre-

quency factor can be interpreted in

terms of an entropy of activation and a

temperature-dependent function (Frost

and Pearson, 1961), but in the tempera-
ture range 0°-150°C, of interest for geo-

chemical and biochemical applications,

the frequency factor can be considered
a constant.

The data in this report are useful in

evaluating the effects of sample prepara-

tion and treatment because 6 N HC1 is

used in dissolving fossil samples and
hydrolyzing the remaining peptides. The
extent of laboratory-induced changes is

now readily evaluated. Appreciable hy-

drolysis can occur during the sample-

preparation step unless it is done quickly

at low temperatures.

The data presented here are also use-

ful in estimating the rate of hydrolysis

of proteins at various temperatures and
in accurately determining the amount of

degradation and racemization that ac-

companies this hydrolysis. This study

has led to the routine adoption of a pro-

cedure for sample preparation that hy-

drolyzes a protein or peptide for 10-20

min at 155°C instead of the traditional

20-24 hr at 110°C used in most biochem-

ical laboratories for protein hydroly-

sates.

Another procedure, generally requir-

ing several days or a week, can be short-

ened to a few hours to determine the

amino acid composition of a protein.

When accurate compositional data are

necessary for a protein, a series of sam-
ples is hydrolyzed for increasing lengths

of time, generally up to 72 hr or longer.

Slowly hydrolyzed peptide bonds such

as those adjacent to isoleucine and valine

are completely hydrolyzed only after

several days of heating at 110°C. Labile

amino acid residues such as threonine

and serine are decomposed slowly and
decrease in concentration. By plotting

a graph of the composition of the pro-

tein at each hydrolysis time it is possible

to extrapolate back to zero time for

labile components like threonine and
serine and to determine at the longer

hydrolysis times the maximum concen-

trations of the slowly released residues

such as isoleucine and valine. Hydroly-
sis at 155°C gives equivalent informa-

tion and accuracy in a few hours instead

of nearly a week. By reference to the

Arrhenius plot, any equivalent combi-
nation of time and temperature can
readily be determined for a given degree
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of hydrolysis, racemization, and decom-
position.

Comparison of reaction rates in 6 N
HC1 with reaction rates in neutral or

slightly basic solutions and in fossils

shows that although hydrolysis reac-

tions proceed significantly faster in 6 N
HC1, there is no significant difference in

the activation energies for hydrolysis

regardless of the environmental medium
as long as water is present in excess for

the reaction to proceed. The rate of acid

hydrolysis is directly proportional to the

hydrogen ion concentration (or activity)

(Lawrence and Moore, 1951).

The activation energies for racemiza-

tion and decomposition also appear to

be independent of the environment. The
activation energy for racemization is

apparently the same in 6 N HC1 as it is

in shells and bone even though the rates

of reaction vary considerably from one

system to another. Therefore, for natu-

ral systems, activation energies deter-

mined from laboratory experiments

should be applicable, and frequency fac-

tors and reaction rates need only to be

determined for the natural environment.

Because it has been shown that reac-

tions of significantly different activation

energies proceed simultaneously in fos-

sils, it should be possible to use these

two general types of reactions to calcu-

late both an effective temperature and a

time for a fossil's diagenetic history.

Before these measurements can be ac-

complished, the degree of departure from

a closed system model will need to be

evaluated.

Molecular Fossils from the
Precambrian Nonesuch Shale

Thomas C. Hoering

Organic geochemistry has played an

important role in describing the life that

existed on earth before the onset of an

abundant fossil record at the start of the

Paleozoic era. A significant part of the

work has been the discovery of ancient

molecules that can be related to pre-

cursors found in living organisms (Mc-
Kirdy, 1974) ; these organic compounds
have been called "molecular fossils." Re-
cent advances in experimental techniques

and in the understanding of the dia-

genesis of organic molecules over long

periods of time now make it possible to

search for molecular fossils in Precam-
brian rocks with more certainty.

Well-preserved organic matter as old

as the Precambrian is rare because most

sedimentary rocks have been extensively

metamorphosed; however, the Nonesuch

shale exposed in the White Pine copper

mine, White Pine, Michigan, is an ex-

ception (White and Wright, 1966) . This

highly carbonaceous, fine-grained shale

contains mixed-layer minerals derived

from clays and an aluminous serpentine.

Although the upper temperature limit

for the stability of these minerals is not

known exactly, the evidence indicates

that the rock has not been heated above

200°C. Radiometric dating of associated

igneous rocks has shown that the shale

is between 1.0 and 1.1 b.y. old. The
Nonesuch shale is a sedimentary copper

deposit, and the ore exists as sulfide min-

erals and native copper. The ore is not

associated with hydrothermal activity

or with faulting. A petroleum seep oc-

curs within the copper mineralization,

and the rock matrix contains well-pre-

served kerogen. Some features of the

organic matter in this shale have been

studied. It is highly probable that the

petroleum originated in the shale and

has not migrated from younger forma-

tions (Barghoorn, Meinschein, and
Schopf, 1965; Eglinton et al, 1966;

Hoering, 1967). The petroleum is worthy

of detailed examination because it rep-

resents the remains of life dating back

one-fourth of geological time. Large

quantities of it are available for study,

and problems due to contamination by

younger organic matter appear to be

minimal.

Saturated hydrocarbons are very sta-

ble and represent the best classes of

compounds to study for evidence of Pre-

cambrian life. The petroleum seep in the



GEOPHYSICAL LABORATORY

I /^^^V^V^S/^/^^^s/X/N/ Normal

II ,^\VvWv Isoprenoid

2-Methyl

3-Methyl

Sterane

Triterpane

Fig. 175. Molecular structure of six saturated

hydrocarbon molecular fossils. The probable

sources of these compound types are as fol-

lows. (I) Normal: fatty acids and alcohols

common to most microorganisms. (II) Iso-

prenoid (with 20 or less carbon atoms) : phytol

side chain of chlorophyll. (Ill, IV) 2- and 3-

methyl substituted: bacterial lipids. (V)
Sterane: sterols of eucaryotic organisms. (VI)

Triterpane: minor triterpenoid constituents of

photosynthetic microorganisms.

Nonesuch shale contains 61 wt % satu-

rated hydrocarbons. Figure 175 gives the

molecular structure of six of the best

understood types and their biological

precursors. The exact mechanism by
which the precursors have been trans-

formed into hydrocarbons is not known;
in every case, however, a few plausible

chemical reactions would be sufficient.

The mixture of molecules found in

petroleum is one of the most complex in

all of chemistry. An extensive separation

is needed before pure compounds can be

isolated and identified. Many methods
for fractionating saturated hydrocar-

bons and identifying them are known,
and two recent developments have made
the present study possible. Hydrocar-

807

bons are chemically inert, but separa-

tion into classes based on molecular

shape and size is possible by exclusion

chromatography. Tandem gas chromog-

raphy-mass spectrometry is one of the

most powerful tools available to the or-

ganic geochemist for identifying com-
ponents of mixtures. In complex systems,

however, the amount of data that is col-

lected is too large for manual handling.

It is possible, by means of computer-

based data systems, to collect and store

mass spectra continuously during a gas-

chromatographic run. To use the data

efficiently, programs for recalling the

spectra and presenting them in numeri-

cal or graphical forms are employed.

Figure 176 outlines the separation

scheme that was used on the petroleum

seep. A large quantity (13.7 g) of the

crude oil was collected by rinsing it from

specimens of the wall rock with benzene

and subsequently evaporating the sol-

vent. The general strategy of the separa-

tion is as follows. The saturated hy-

drocarbons are isolated by silica gel

chromatography and separated into four

major classes on the basis of molecular

shape and size by inclusion into crystals

of synthetic zeolite, urea, and thiourea

(adduct formation). Each of these

classes is further fractionated into six or

more subgroups by exclusion chromatog-

raphy on a 3 m by 15 mm column of

Sephadex LH-20 expanded in benzene-

methanol. The separations are moni-

tored at each step by gas-liquid chroma-

tography. When necessary, an additional

step of exclusion chromatography on an
alumina column is made to simplify the

mixtures. If the subgroups are still too

complex to give unambiguous mass spec-

tra, individual pure compounds are iso-

lated by multiple, preparative gas chro-

matography on a series of substrates.

As the separation proceeded, it be-

came evident that over half of the frac-

tions were too complex to be resolved by
existing techniques. The only practical

course was to focus on the fractions that

would contain the six classes of hydro-

carbons shown in Fig. 175.
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Crude oil

\
Silica gel column chromatography

I
Eluate with hexane

I
Saturated hydrocarbons

Occluded ,T ....Normal •* Molecular sieve 5A in isooctane
hydrocarbons

Not occluded

1
Urea

Adduct Nonadduct

Thiourea

Adduct I Nonadduct

Exclusion chromatography on Sephadex LH-20 in benzene-methanol
and on alumina in hexane

I
Preparative gas-liquid chromatography on polar substrates

I
Gas chromatography-mass spectrometry using a 30 m by 0.508 mm
porous layer open tube column coated with Dexil 300

Fig. 176. Separation scheme used to fractionate saturated hydrocarbons.

Some results are illustrated by the gas

chromatograms of Figs. 177 to 181. Fig-

ure 177 shows a chromatogram of the

total hydrocarbons isolated from the

petroleum by silica gel chromatography.

It is dominated by peaks due to the nor-

mal alkanes (I of Fig. 175), which con-

stitute 21 wt %. The normal alkanes

were easily removed by occlusion into

molecular sieve 5A, a synthetic zeolite.

The remaining compounds gave the ex-

ceedingly complex chromatogram shown
in Fig. 178. When this mixture was ex-

posed to urea crystallizing from a ben-

zene-methanol solution, 27 wt % of the

initial hydrocarbons were precipitated.

This adduct is known to contain linear

molecules having a small amount of

branching, such as III and IV of Fig.

175. The urea adduct was fractionated

by exclusion chromatography, and frac-

tion 4, which amounted to 8.6 wt % of

the initial hydrocarbons, was isolated.

It gave the chromatogram shown in Fig.

179. After additional separation on

alumina and preparative gas chroma-

tography of selected peaks, the identi-

fications shown in the figure were made.

The remaining mixture was then ex-

posed to thiourea crystallizing from a

chloroform-methanol solution, and 7.2

wt % of the initial hydrocarbons were

precipitated. This operation is known to

separate isoprenoid hydrocarbons and

certain sterane hydrocarbons (structures

II and V of Fig. 175). The thiourea ad-

duct was recovered and fractionated by
exclusion chromatography. Fraction 8,

having 1.2 wt % of the initial hydrocar-

bons, was isolated. The calibration of

the exclusion column with pure com-

pounds showed that both isoprenoid and

sterane hydrocarbons, if present, would

be concentrated in it. The gas chromat-
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ogram of Fig. 180 and accompanying
identifications show that a homologous

series of isoprenoid hydrocarbons is

present, but no trace of steranes could

isoprenoids was verified by the coinjec-

tion technique. Pure synthetic isoprenoid

hydrocarbons are not available for com-
parison. The homologous series that

be detected. The identification of the exists in the Green River shale has been

White Pine

Total Alkane

16

[UliuoUv,w

20

MJljyw.

22

Lx *vMJ

24

28

jljjjj^-^
Column temperature IOO°-290°C at 2.5°/min

Fig. 177. Gas chromatogram of total saturated hydrocarbon fraction from oil seep in None-
such shale at the White Pine locality. The chromatograms in Figs. 176-180 were made with a

90 m by 0.75 mm i.d. glass, porous-layer, open-tube capillary column coated with SE-30. A
short precolumn of 0.160 mm i.d. packed with 3% SE-30 was used. No stream splitting was
employed. The helium flow rate was 8 cc per min. The column temperature was programmed
linearly from 100° to 290°C at a rate of 2.5°/min and held isothermally at the upper limit for

20 min. The prominent peaks are due to normal hydrocarbons with carbon numbers as indi-

cated on the chromatogram.

Branched-Cyclic

Column temperature I00°-290°C at 2.5°/min

Fig. 178. Gas chromatogram of saturated hydrocarbons after treatment with molecular sieve

5A to remove normal hydrocarbons.
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Q

Thiourea Adduct
Sephadex 8

Column temperature I00°-290°C at 2.5°/min

Fig. 180. Gas chromatogram of hydrocarbons that formed a thiourea adduct and were eluted

in fraction 8 from the Sephadex column. Identifications of peaks are as follows. Isoprenoid

hydrocarbons: (1) 3,8,13 trimethyl undecane; (2) 3,8,13 trimethyl dodecane (farnesane) ; (3)

3,8,13 trimethyl tridecane; (4) 3,8,13 trimethyl pentadecane; (5) 3,8,13,18 tetramethyl penta-

decane (pristane) ; (7) 3,8,13,18 tetramethyl hexadecane (phytane). Alkyl cyclohexanes : (6)

n-undecyl cyclohexane; (8) n-dodecyl cyclohexane; (9) n-tridecyl cyclohexane; (10) n-

tetradecyl cyclohexane; (11) n-pentadecyl cyclohexane; (12) rc-hexadecyl cyclohexane; (13)

n-heptadecyl cyclohexane.

studied intensively, however, and the

structures of its members are known. A
sample was isolated from the Green
River shale and injected simultaneously

into the gas chromatograph with a por-

tion of fraction 8 from the Nonesuch pe-

troleum seep. The isoprenoid compo-
nents of the two sets eluted at exactly

the same time and gave identical mass
spectra.

The remaining hydrocarbons that did

not form a stable adduct were extremely

complex and did not yield appreciably

simpler fractions when separated by ex-

clusion chromatography. Figure 181

shows the gas chromatogram of one of

the fractions. This mixture is too com-
plex to be resolved.

There was no indication in any of the

fractions studied of the presence of

sterane and triterpane hydrocarbons. A
more careful search was made using

mass chromatography. In this technique,

the mass spectrometer is used as a very

specific and sensitive detector to moni-

tor the output of the gas chromato-

graphic column. The spectrometer is set

to detect a specific ion that is character-

istic for a class of compounds. Ions at

mass 217 and 191 are prominent and
unique features of the mass spectra of

steranes and triterpanes, respectively.

Although nanogram quantities of these

compounds are detectable by this tech-

nique, no trace of them was found in

any of the fractions at gas chromato-

graphic retention times where they are

expected to elute. It can be concluded

that they constitute less than 50 ppm of

the hydrocarbons in the Nonesuch oil

seep.

The molecular fossil concept is power-

ful for studying paleobiochemical proc-

esses. Organic molecules can exist in

many arrangements (isomers), but bio-

logical processes are very selective and
only a few of the possible arrangements

are actually used. On the other hand,

diagenetic alteration of organic matter

over long periods of time is relatively

nonselective and produces a complex
suite of isomers. There is a marked se-

lectivity in the structures of some hy-

drocarbon isomers preserved in the
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Nonesuch shale. For example, there are

over 2 million possible isomers with the

formula C20H42, yet only four of them
(normal, isoprenoid, 2-methyl, and 3-

methyl) have an appreciable concentra-

tion. These compounds are all molecular

fossils. Other fractions are very complex

and seem to have been diagenetically al-

tered. The fossil record has been ob-

scured.

The presence of an abundant amount
of normal hydrocarbons indicates that

lipid synthesis was prevalent a billion

years ago and had many of the same
properties it has had subsequently. Iso-

prenoid hydrocarbons with less than 20

carbon atoms point clearly to the wide-

spread use of chlorophyll as a photo-

synthetic pigment. The preponderance

of 2-methyl and 3-methyl substituted

hydrocarbons in the urea adduct over

all of the other possible positional iso-

mers suggests, but does not prove, a large

contribution of bacterial lipids. The un-

certainty arises because the mechanism
of the diagenesis of organic matter is not

well understood. Although it is believed

that nonbiological transformations would
not preferentially produce this pair of

isomers, the hypothesis is not well docu-

mented.
There are limitations at present on the

use of hydrocarbons as molecular fossils.

Even though an extensive separation

scheme was used in this study, only a

minor fraction of the hydrocarbons

could be identified. The mixtures were

extremely complex, and pure synthetic

standard compounds are lacking. Some

major classes of compounds were identi-

fied (the internally branched hydrocar-

bons in Fig. 179 and the cycloalkanes

in Fig. 180) but could not be related to

known biological precursors. Possibly

their source lies in nonbiological trans-

formation during diagenesis.

The low concentration of sterane hy-

drocarbons is puzzling. Such compounds
are fairly common in rocks of more re-

cent geological age, and they have prob-

ably been derived from sterols known
to exist in unicellular organisms. The
chemical stability of steranes over long

periods of time under geological condi-

tions is not well established. Possibly

they have been dehydrogenated into

aromatic hydrocarbons, and a search

through this fraction of the petroleum

seep may give a clue. Sterols are inter-

esting compounds for evolutionary stud-

ies in the Precambrian. They require

molecular oxygen for their synthesis and
are indicators for aerobic metabolism.

However, the geochemistry of sterols

and corresponding sterane hydrocarbons

is not well enough known for specula-

tions on the nature of the Precambrian
atmosphere based on these studies alone.

The organic matter in the Nonesuch
shale represents a unique opportunity

for Precambrian studies and forms a

baseline with which to compare results

obtained on older rocks that have not

been so well preserved. It is evident that

a number of questions must be answered
before the molecular fossil concept can
be extended to earlier parts of the earth's

history.

GEOCHRONOLOGY
Response of U-Pb Zircon and Rb-Sr
Total Rock Systems to Low-Grade

Regional Metamorphism in

Proterozoic Igneous Rocks,
Mount Isa, Australia

R. W. Page

Many geochronological studies have
employed comparative isotopic dating

techniques in both magmatic and high-

grade metamorphic terrains as a means
of testing the significance and behavior

of the Rb-Sr, U-Pb, and K-Ar methods.

In contrast the present test involves a

very common Proterozoic setting in

which low-grade regional metamorphism
has affected a sequence of volcanic rocks

and intrusive granites. The U-Pb zircon

work undertaken during the past year

and Rb-Sr data acquired earlier, together
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with earlier published K-Ar ages (Rich-

ards, Cooper, and Webb, 1963), are

evaluated to determine which system (s)

can record geologically meaningful ages

in the low-grade metamorphic environ-

ment.

The approach using Rb-Sr total rock

isochrons is based on the widely demon-
strated realization that a collinear array

of isotopic data on a 87Rb/86Sr versus
87Sr/86Sr plot can be interpreted to pro-

vide the age of crystallization of co-

genetic samples from an intrusive or

volcanic suite. A long-standing problem,

described by several workers (Fairbairn

et al., 1966; Compston, Crawford, and
Bofinger, 1966; Lanphere, 1968; Fair-

bairn and Hurley, 1969; Cormier, 1969;

Hart and Davis, 1969; Zartman and
Marvin, 1971; Peterman et al, 1972;

Chariot, 1976; Bickford and Mose,

1976), is the application of the tech-

nique to slightly altered Precambrian
igneous rocks, especially acid volcanic

rocks, in regions where no obvious post-

crystallizational metamorphic disturb-

ances are found. Burial metamorphism
or other low-grade metamorphism pro-

duces only minor mineralogical changes

in acid rocks, and in the absence of in-

dependent evidence these changes can
just as well be ascribed to devitrification

or deuteric alteration. This petrographic

ambiguity, together with the fact that

finer grained acid rocks are peculiarly

susceptible to drastic isotopic disturb-

ance, could lead to the determination

and interpretation of Rb-Sr isochron

ages that are considerably younger than

actual ages of igneous crystallization.

Geological field relationships of low-

grade meta-acid volcanic rocks and
granites at Mount Isa, northwest

Queensland, Australia, and Rb-Sr total

rock measurements made on those rocks

at the joint Australian National Univer-

sity-Bureau of Mineral Resources iso-

tope laboratory in Canberra had re-

vealed a number of spurious isochrons

with large and unrealistic age spreads,

as well as conflicts with unequivocal

stratigraphic evidence and high and

variable initial 87Sr/86Sr values. These
difficulties, evidently due to partial

open-system behavior of Rb-Sr total

rock systems, led to the present U-Pb
zircon work, aimed at determining ages

of volcanism and intrusion. The defini-

tive stratigraphic order established

(see below), especially in the basement
volcanic succession (Derrick, Wilson,

and Hill, 1976), affords a unique oppor-

tunity to test the geological validity of

high-precision U-Pb zircon measure-

ments. If this independent age control

is successful, a more adequate petro-

genetic interpretation of the high initial
87Sr/86Sr values and other unusual fea-

tures associated with the Rb-Sr data

will be possible.

Geological Background

Proterozoic rocks in the Mount Isa

region lie in a north-south structural

belt that is part of the eastern margin of

the Australian Precambrian shield. The
oldest known rocks occur in a central

basement volcanic sequence cut by early

granites, which in turn are overlain un-

conformably by eastern and western sed-

imentary-volcanic successions that are

cut by later granites (Carter, Brooks,

and Walker, 1961). The Mount Isa

group, containing the well-known Mount
Isa Ag-Pb-Zn deposit, is part of the

western succession. Within the 5000-m-
thick basement sequence (Fig. 182)

there exist an older (Leichhardt meta-

morphics) and a younger (Argylla for-

mation) acid volcanic suite, separated

from each other by extrusive metaba-
salts (Magna Lynn metabasalt). The
older acid volcanic unit is intruded by a

multiphase, largely concordant batholith

(Kalkadoon granite), which is consid-

ered to be unconformably overlain by
the Magna Lynn metabasalt. The sedi-

mentary and volcanic successions (about

7000 m thick) that unconformably over-

lie these basement units are intruded in

parts by several later granitic bodies,

one of which (Wonga granite) is ex-

amined in this work. In the upper part

of the western geosynclinal succession is
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Fig. 182. Schematic E-W cross section (looking north) of the geological relationships within

the Mount Isa basement sequence, the younger Proterozoic succession, and intrusive granites.

a third important acid volcanic horizon

(Carters Bore rhyolite), stratigraphi-

cally the youngest unit now investigated.

The K-Ar mica ages (Richards, Cooper,

and Webb, 1963) determined on some of

the granites and schists all lie close to

1400 m.y., irrespective of stratigraphic

position, thus providing a minimum age

for the regional metamorphism. The
general metamorphic grade is low- to

middle-greenschist facies.

Rb-Sr Data

A summary of the Rb-Sr data ob-

tained in Canberra is as follows. Ages
were calculated with the 1.39 X 10_u
yr_1 decay constant of 87Rb. At each

outcrop site clustered sampling was em-
ployed so that individual total rock iso-

chrons were obtained for several sites

within each unit. For rhyodacites and
dacites (some of which may be partly

pyroclastic) from the Leichhardt meta-

morphics (the example given in Fig.

183) the apparent isochron ages at each

site range from 1840 to 1690 m.y., with

younger isochrons having higher extrap-

olated initial 87Sr/86Sr intercepts of up

to 0.72. Treating all the data together, a

regression like that of Mclntyre et at.

(1966) gives an indicated age of 1750 ±
40 m.y. with an initial 87Sr/86Sr of

0.7105 ± 0.0016 (95% confidence

limits), but even visual inspection of

these pooled data (Fig. 183) makes it

clear that the analyses do not fit a single

isochron.

With respect to an 1843-m.y. refer-

ence isochron, equivalent to the oldest

indicated age from one site, an apparent

downward curvature of the data points

with increasing Rb/Sr is seen. Model
ages for each total rock sample are

clearly dependent on Rb/Sr and also

show correlation with Sr content; sam-
ples with Sr concentrations greater than

100 ppm are relatively less disturbed

than those with lower Sr concentrations.

There is no similar correlation with Rb
and no apparent relationship between

the extent of isotopic disturbance and
the degree of petrographically visible

alteration.

Several phases of the Kalkadoon
granite yielded individual Rb-Sr total

rock isochron ages between 1860 and
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86
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Fig. 183. Rb-Sr isochron plot of 23 acid volcanic total rock samples from the Leichhardt

metamorphics. Four outcrop sites are represented by the four different types of data points.

The 1843 m.y. reference slope is the fitted isochron of Mclntyre et al. (1966) only to the five

data points marked by open circles.

1680 m.y., again with generally high and

variable initial 87Sr/86Sr (0.710-0.730).

Disturbed Rb-Sr rock systems are again

manifest as the data points associated

with each result do not fulfill basic iso-

chron assumptions. For the Argylla for-

mation acid volcanic rocks, the next

youngest suite, it was found that the

total rock Rb-Sr results are similar in

pattern to that for the Leichhardt

metamorphics. Two pooled isochron ages

of 1575 ± 33 m.y. (initial 87Sr/86Sr =
0.714 ± 0.005) and 1610 ± 35 m.y.

(0.720 ± 0.005) are found in the Argylla

lavas, but partly curved or rotated iso-

chrons are again evident on close ex-

amination of the data from each site.

The Wonga granite that intrudes the

Argylla formation volcanic rocks yields

a Rb-Sr isochron age of 1665 ± 16 m.y.

with a high initial 87Sr/86Sr of 0.731 ±
0.006; at another site this granite gives

a somewhat older but poorly defined iso-

chron age of about 1740 m.y. Both ages

are in conflict with the Argylla forma-

tion ages.

Other relevant Rb-Sr data apply to

the youngest acid volcanic unit, the

Carters Bore rhyolite. Fresh samples of

this unit are known at only one locality,

and as rocks from this site give no dis-

persion in Rb/Sr (
87Rb/86Sr = 64),

only a model (maximum) age of 1585

m.y. could be determined.

U-Pb Zircon Geochronology

Some of the same outcrops examined

in the Rb-Sr dating were resampled for

U-Pb zircon work. The hydrothermal

dissolution and chemical techniques of

Krogh (1973) and two-bottle reagent

stills of Mattinson (1972) were em-

ployed. Single Re filament Pb analyses,

using silica-gel as an activator with

H3PO4, and U analyses, using Ta 2 5

with H3PO4, were performed on the 9-in

NIMA mass spectrometer at the De-
partment of Terrestrial Magnetism.

Replicate analyses of the National Bu-
reau of Standards Equal Atom Lead

Isotopic Standard 982 showed a down-

ward mass discrimination of 0.09% per

mass unit relative to the certified value.

This deviation is essentially the same as

that reported for the same instrument

by Krogh and Davis (Year Book 73, p.

569). In most of the analyses, 0.001-

0.002 g of zircon was used per dissolu-

tion, but smaller quantities, as low as

0.00007 g (giving uncorrected 206Pb/
204Pb of 1230), were analyzed. Meas-
ured total Pb processing blanks (includ-
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ing column chemistry) were from 0.1 to

0.2 X 10-9 g, and two Pb loading blank

determinations were 0.006 and 0.007 X
10-9 g. The U-Pb ages are calculated

with the decay constants of Jaffey et al.

(1971). Most of the measured 207Pb/
206Pb values have a 2<r error of better

than 0.015%, and the U/Pb values,

about 0.5%.

Zircons from three volcanic rocks

from the oldest unit in the Mount Isa

basement sequence, the Leichhardt meta-

morphics, were separated into fractions

according to size and magnetic suscepti-

bility; analyses of these fractions are

plotted on the U-Pb concordia diagram

(Fig. 184). Zircons from these three

separate rocks show distinct but varying
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Fig. 184. U-Pb concordia diagram for zircons from three acid volcanic sequences at Mount
Isa. Symbols used relate to the three different rocks from each of the Leichhardt metamor-
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from each sequence ; the broken line is for the three zircons from Argylla sample 3.
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degrees of lead loss, and pooled together

these data give a discordia array with

an upper intercept of 1865 m.y., inter-

preted as the age of crystallization of

the zircon. It is geologically reasonable

that the discordia age intercept of 1870

m.y. given by the five fractions from

sample 2 (about 1500 m stratigraphi-

cally below sample 1) is truly distinct

from the sample 1 discordia that has an
upper intercept of 1858 m.y. The in-

ferred 12 m.y. age difference is ana-

lytically reasonable, but would be best

substantiated by at least one more in-

dependent discordia age from the same
sequence. Of overriding importance at

present, however, is the fact that the

pooled zircon results point to an age of

Leichhardt volcanism of 1865 m.y. with

an analytical error probably less than 5

m.y. This age is more than 100 m.y.

older than the pooled Rb-Sr isochron

age but is experimentally indistinguish-

able from the 1840 ± 36 m.y. indicated

by the steepest (low Rb/Sr) sector of

the Leichhardt Rb-Sr isochron (Fig.

183). As the zircons themselves are

euhedral and generally show a pattern

of euhedral internal zonation, there is

little possibility that the upper intercept

age of the size and magnetic fractions

reflects other than the time of primary
magmatic crystallization. The one zir-

con analysis of Leichhardt sample 3

(from the Blockade area 20 km south of

samples 1 and 2) is entirely consistent

with 1865 m.y. pooled discordia age,

demonstrating that the volcanic rocks in

this region are coeval with those in the

type section to the north.

U-Pb data from sized and magneti-

cally split zircon fractions from four

Kalkadoon granite samples are shown in

Fig. 185. A limiting factor to interpre-

tation of these data is that not more
than two fractions from each rock have

been analyzed. Nevertheless, the ap-

proximate collinearity of the five frac-

tions from samples 3, 5, and 6 points to

a simple zircon chord having an upper

intersection age of 1861 m.y. The two
fractions from sample 2 are more dis-

cordant than any of the others and can-

not be adequately interpreted; the two-

point chord joining them has an upper

intersection equivalent to 1877 m.y., but

it is just as likely that they may have a

younger age, defined by a chord sub-

parallel to the 1861 m.y. discordia. No
detailed conclusions can be drawn about

the relative ages of the analyzed Kalka-

doon granite zircons, but their general

linear distribution is indicative of an age

of crystallization close to 1860 m.y.

Attempts were made to find zircon in

samples from the Magna Lynn meta-

basalt that unconformably overlies the

Kalkadoon granite, but none was found

in the two samples so far examined. Por-

phyritic rhyolites and rhyodacites in the

next youngest acid volcanic unit, the

Argylla formation, yielded euhedral,

elongate zircon crystals generally free

of inclusions with characteristic internal

magmatic zoning. The best-fit chord

through the seven U-Pb data points of

sample 1 (Fig. 184) has an upper inter-

section with concordia at 1777 m.y.

Linearity of the points for the size and

magnetic fractions indicates that the er-

ror in this age intercept (visually esti-

mated) is a few million years at the

most. The igneous character of these

rocks, their low-grade metamorphism,

and the systematic lead-loss pattern de-

scribed by the discordia are again evi-

dence that only one primary igneous

population of zircon is present. This re-

sult, considered to be the age of vol-

canism and zircon crystallization, is in

accord with the other U-Pb ages and the

known geological relationships, but as

found with the Leichhardt data, the

Argylla U-Pb zircon age is about 10%
higher than the Rb-Sr isochron ages. A
similar but less precisely determined

U-Pb age of 1772 m.y. is given by the

three-point zircon chord for another of

the Argylla lavas (sample 3) . This sam-

ple has more than 10% secondary bio-

tite, almost certainly crystallized at the

time of regional metamorphism, the

minimum age of which is 1400 m.y. As

with the other examples, the zircon lead-
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loss trajectories show no indication of

this late Proterozoic metamorphic dis-

turbance.

The foliated Wonga granite mass that

postdates the Argylla formation lavas

yields plentiful zircons whose morphol-

ogy is similar in most respects to that

of the Wonga zircons described by Jop-

lin, Rudowski, and Abbott (1962). Un-
like the euhedral Kalkadoon granite

zircons, most Wonga granite zircons

have rounded-off terminations sugges-

tive of magmatic resorption. The U-Pb
analyses of four size fractions of the

least magnetic varieties are shown in

Fig. 185. The linear distribution of these

data and the resultant chord, the upper

intercept being 1671 m.y., points to an

interpretation of a simple primary crys-

tallization age. This result is entirely

consistent with the geological relation-

ships between the Wonga granite and
the 1780-m.y. Argylla formation lavas

and is close to the well-defined Rb-Sr
total-rock isochron age of 1665 ± 16

m.y., which had a high initial 87Sr/86Sr

of 0.731. The total rock sample from
which the zircon was extracted, how-
ever, is from the second site, which gave

the poorly defined 1740-m.y. Rb-Sr iso-

chron. If the latter result is substan-

tiated, an argument could be made that

the Rb-Sr system is preserving an in-

heritance of an earlier differentiation
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and cooling episode some 70 m.y. prior

to the 1670-m.y. zircon crystallization

age. This interpretation accords well

with the most likely explanation of the

high initial Sr isotope ratio of 0.731

found for the 1665-m.y. isochron. Such
an initial ratio could have been obtained

by a 1665-m.y. remobilization and Sr

isotopic homogenization of a mass, with

the same high average 87Rb/86Sr of 27,

that had initially differentiated and
cooled 70-80 m.y. earlier.

The final unit examined is the young-
est stratigraphically mapped acid lava,

the Carters Bore rhyolite. Its relation-

ship to the Wonga granite is, however,

not known. Four least magnetic size

fractions from the same total rock sam-
ples used in the Rb-Sr work give a well-

defined discordia (Fig. 184) having an
upper intercept of 1678 m.y., some 100

m.y. older than the model Rb-Sr age. It

appears that the same phenomenon of

disturbed strontium total rock systems

observed from the data for Leichhardt

and Argylla acid lavas is operative in

the case of the Carters Bore rhyolite.

Conclusions

The U-Pb zircon results from vari-

ous low-grade metamorphosed volcanic

suites and intrusions in the Mount Isa

area are consistent with geological con-

straints, and for this reason the zircon

data are considered to indicate ages of

primary magmatic crystallization. These
results contribute greatly to knowledge
of the geological history of the region.

In the Wonga granite, comparison of

U-Pb zircon and two different Rb-Sr
total-rock isochron ages suggests that

two stages of magmatic differentiation

and cooling, about 70 m.y. apart, were

responsible for the observed isotopic

disparities. Rb-Sr isochron data for the

Kalkadoon granite and for three acid

volcanic units show high and variable

initial 87Sr/86Sr values and ages that are

considerably younger by 100-200 m.y.

than the respective U-Pb zircon ages,

which are considered the true crystalli-

zation ages. Disturbed Sr systems are

evident especially in the acid volcanic

isochrons. This younger offset of the Rb-
Sr results does not bear any relation to

the postulated 1400-m.y. Mount Isa

metamorphism. It is also difficult to

suggest that the younger Rb-Sr isochron

data merely represent incomplete re-

sponse to the 1400-m.y. event, as the

linearity or sublinearity of points defin-

ing isochrons requires a mechanism that

affects all the samples in a somewhat
regular fashion. It appears necessary to

invoke some regional but nonsynchro-

nous (continuous) alteration to which

the acid volcanic suites are most sus-

ceptible, because of some existing con-

ditions, for some 100-200 m.y. after the

age of primary igneous activity. As cir-

culating groundwater solutions were al-

most certainly present among this sub-

marine extruded acid volcanic pile, it is

considered that open-system behavior of

the total rock systems could well be

maintained while such percolating aque-

ous solutions merely exchanged Sr (and

to a lesser degree, Rb) under these con-

ditions. Stable isotope studies suggest

that the temperature of alteration in

such environments need not be more

than 50°-100°C (Wenner and Taylor,

1976). The "events" dated by the sub-

linear arrays of Rb-Sr isotopic data

would approximately correspond to the

different times of cessation of the mild

hydrothermal leaching and exchange

within the various units considered. The

Leichhardt and Argylla Rb-Sr data sug-

gest that a quantitative loss of Sr from

the total rocks has occurred. In this

manner lower Sr (high Rb/Sr) total

rock systems would be more readily

modified than rocks that contain more

common Sr, and curvature of the re-

sultant isochrons may result. Thus, pro-

longed diagenetic processes, including

feldspar unmixing and devitrification of

glassy portions of the rocks, are consid-

ered likely causes of the spurious Rb-Sr

total rock systematics encountered in

this and many other weakly metamor-
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phosed Proterozoic acid igneous se-

quences.

The individual discordant arrays of

U-Pb zircon data seen in this study may
have some bearing on the significance

of the lower discordia intercepts with

concordia. It might have been predicted

from an episodic lead-loss model

(Wetherill, 1956) that the minimum age

for the Mount Isa metamorphism of

1400 m.y. (as given by mica K-Ar ages)

would be reflected in the lower discordia

intercepts. This is not the case, as all

the lower intercept "ages" are 500 m.y.

or less, and no Lower Paleozoic geologi-

cal events are known. The errors in

extrapolating the data toward the lower

intercept are obviously large, but if

taken at face value the pooled zircon

data from the Leichhardt zircon data

would cut concordia at 370 m.y., and
essentially the same lower intercepts are

obtained from the Kalkadoon, Argylla,

and Wonga zircon data. These observa-

tions would be consistent with the

Goldich and Mudrey (1972) uplift-

dilatancy model to explain zircon dis-

cordancy, and its implications of a lower

Paleozoic uplift would also be geologi-

cally reasonable. As well, these approxi-

mate lower intercepts would have been

predicted by a simple lead-loss line, as

given by the continuous diffusion model

of Tilton (1960). However, serious am-
biguities arise and cast some doubt on

the applicability of any such model

when it is considered that one of the

volcanic units (Carters Bore rhyolite)

has a much lower intercept of 70 m.y.

Also, separate treatment of the two pos-

sible Leichhardt discordias (samples 1

and 2) and two possible Argylla dis-

cordias (samples 1 and 3) give uninter-

pretable lower intercepts of 240 and 510

m.y. (Leichhardt 1 and 2) , and 360 and

70 m.y. (Argylla 1 and 3). Use of any
of the possible lead-loss models bears no

relation to, and does not change, the

conclusions from the upper intercept

ages as determined by linear regression

of all the data points.

The Ages of Zircons from Kimber-
lites from South Africa

Gordon L. Davis, Thomas E. Krogh*
and A. J. Erlankf

Kimberlite and its ultramafic inclu-

sions are believed to provide a sample

of the mantle lying beneath the pipes

and diatremes that are formed at the

surface. Studies of the mineral assem-

blages in the inclusions have led to an

evaluation of the conditions of tempera-

ture and pressure that may have existed

in the source regions (Boyd, 1973). In

an attempt to understand the sequence

of events involved in the formation and

eruption of kimberlites, a study has

been initiated to measure the ages of

zircon, one of the minerals sometimes

found in kimberlite. Zircon, because it

incorporates uranium in its structure at

the time of crystallization, is uniquely

suited for the determination of radio-

metric ages by measurement of the

uranium-lead ratios. The uranium-lead

ages presented here are the first to be re-

ported for zircons from kimberlites. The
measurements were made possible by the

development at this Laboratory of the

low-contamination hydrothermal method
for decomposing zircons (Krogh, 1973).

Zircons are concentrated during the

processing of kimberlite for the recovery

of diamonds. In the diamond-bearing

kimberlites, zircons are rarer than dia-

monds. They also occur in nondia-

mondiferous pipes and show up in the

heavy mineral concentrates that result

from prospecting and evaluation. In

general, all these zircons are large, from

2 to 20 mm in diameter, and are usually

rounded, but some show crystal faces.

They range from colorless to light

brown, and are commonly coated with

a chalky layer of zirconium oxide. The
concentrations of uranium and lead are

very low. Because radiation damage is

slight, the crystals are very difficult to

* Department of Geology, Royal Ontario
Museum, Toronto, Ontario, Canada.

t University of Cape Town, Cape Town,
Republic of South Africa.
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TABLE 70. Zircons from South African Kimberlites

U Pb (rad.) 206/238 age

Name Location (ppm) (ppm) (m.y.)

Bultfontein Kimberley 12.2 0.184 91.2

De Beers Kimberley 28.2 0.399 92.0

Wesselton Kimberley 18.4 0.259 90.3

Monastery Orange Free State 6.1 0.080 90.4

Mothae Lesotho 8.6 0.118 87.1

Orapa Botswana 14.4 0.201 93.1

Rietfontein Northern Cape Province 25.2 0.270 71.9

Rietfontein* 23.4 0.249 71.7

Bokputs Camp Namaqualand 97.9 3.871 67.9

Bakwanga (Mbuji Mayi) Zaire 38.0 0.422 71.3

* Washed with 48% HF.
Decay constants: ^U =: 0.15513 X 10"9 yr"

decompose, even using the hydrothermal

method.

The results of the analyses of nine

zircons are shown in Table 70. The sam-
ples were provided by Erlank and by
F. R. Boyd of this Laboratory. Isotope

ratios were measured using the 9-in

mass spectrometer at the Department of

Terrestrial Magnetism. The concentra-

tions of lead and uranium were deter-

mined by the method of isotope dilution,

using either a tracer of 208Pb and 235U
or the new tracer of 205Pb and 235U
(Krogh and Davis, Year Book 74, pp.

416-417). The ages appear to be grouped

about 90 =fc 1 m.y. for pipes in the vicin-

ity of Kimberley and about 70 m.y. for

outlying occurrences. Duplicate analy-

ses for one zircon indicate an age sensi-

tivity of 200,000 years for a 71-m.y.-old

crystal. Phlogopite micas from nodules

from the Kimberley area have been

dated at 90 ± 20 m.y. by Allsopp and
Barrett (1975) using the rubidium-

strontium method.

Figure 186 is a concordia diagram on
which are plotted the uranium-lead

ratios. Except for two samples, the dia-

gram shows that the ages are concord-

ant. The two zircons that show horizon-

tal spread, Mothae and Monastery, have
the lowest concentrations of uranium
and lead. This spread is a result of the

experimental difficulty in correcting the
207Pb for the amount of that isotope

contributed by common lead. The cor-

^U = 0.98485 X 10-" yr"
1

.

rection for 206Pb is much smaller, so for

minerals having young ages the 206/238

age is most reliable. In Fig. 187 the ver-

tical spread is small and illustrates

clearly the grouping of 206/238 ages.

The mid-Cretaceous age of these

South African zircons can be interpreted,

at least in Zaire where the kimberlites

are contemporaneous with upper Creta-

ceous sediments, as indicating that the

magma from which the zircons crystal-

lized had a brief existence after crystal-

lization before breaking through the

surface sediments—brief in terms of a

few million years. This magma could

have been the kimberlite itself. Alterna-

tively the zircons could have been part

of a discrete nodule assemblage. In

either case, the age values measured for

the zircons mark the time that has

elapsed since 206Pb and 207Pb, the stable

products of the radioactive decay of
238U and 235U, began to accumulate in

the crystals. Previous to this time, the

zircons were in an environment where

the temperature was high enough that

the stable and intermediate daughter

products diffused out of the crystals.

Boyd and Nixon (1973) have hypothe-

sized that the discrete nodules are pheno-

crysts from crystal-mush magmas in the

outer portions of the low-velocity zone

(1000°-1250°C), carried to the surface

by the erupting kimberlite magma.
The locations and ages of the South

African kimberlites from which the zir-
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Fig. 186. Concordia diagram for zircons from kimberlites from southern Africa.
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Fig. 187. Map of southern Africa showing the location of the kimberlite pipes and the ages

in million years of zircons from the kimberlites.
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cons were obtained are shown in Fig.

187. Although the data are few, the age

pattern does not conflict with the hy-

pothesis that the base of the lithosphere

is at progressively shallower depths mov-
ing east or west from Kimberley. The
regional thinning of the lithosphere

parallels other changes, such as the de-

crease in the number of diamonds in

kimberlite and the systematic increase

of alkali basalt and carbonatite over

kimberlite from Kimberley westward.

The dashed line roughly separates the

central part of the shield, where dia-

mond-bearing kimberlites have been

found, from an outer zone that is non-

diamondiferous. More zircons from the

outer zone pipes are being studied to

determine whether this apparent rela-

tionship between younger ages and depth

to the bottom of the lithosphere will be

substantiated.

NEW TECHNIQUES AND EQUIPMENT
The Ultrahigh-Pressure Diamond
Cell: Design Applications for

Electrical Measurements of

Mineral Samples at 1.2 Mbar

H. K. Mao and P. M. Bell

The success of producing approxi-

mately 1-Mbar pressures in the dia-

mond-anvil high-pressure cell resulted

from an improvement in design over

that described last year (Mao and Bell,

Year Book 74). The apparatus based on

the new design not only can produce a

megabar in pressure but also is routinely

operational, lending itself to physical

measurements of the sample at the high-

est pressures. Designs for heating of the

sample by a laser beam, for obtaining

x-ray diffraction data measuring crys-

tal-field spectra, and for measuring 57Fe
Mossbauer spectra have already been

described (Bell and Mao, and Huggins,

Mao, and Virgo, Year Book 74). The
present report describes design improve-

ments that extend the pressure from 0.5

to 1.2 Mbar and the techniques of ob-

taining electrical measurements in this

pressure range.

The Megabar Cell

Simplified diagrams of the modified

cell were given last year (Mao and Bell,

Year Book 74), and reference to the

diagrams can be made in conjunction

with the pressure cylinder shown in Fig.

188. The design is made to eliminate

differential strains, and therefore, align-

ment and dimensional precision of

Fig. 188. Details of the pressure cylinder

(see Mao and Bell, Year Book 74, for ampli-

fied diagrams of the entire apparatus). A,

outer cylinder, slotted for exit of diffracted

x-ray beam (outer diameter, 2 inches). B,

inner piston, tapered port for entry of primary
x-ray beam. C and D, tungsten carbide half-

cylinder or "rocker" upon which the diamond
surfaces are in contact.
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greater than 5.0 /*m are essential. The
cylindrical seats for the tungsten car-

bide half-cylinders upon which the dia-

monds rest are machined using a pre-

cision spark-erosion (Elox) technique.

Figure 188 shows the upper half-cylinder

support containing a slotted hole for exit

of the diffracted beam during x-ray

studies. Rotation and translation of

these half-cylinders (sometimes referred

to as "rockers") during the first stages

of an experiment provide the excellent

alignment required to avoid damage to

the diamonds.

The forces applied to the diamonds
and then to the sample are obtained by
a 5:1 lever designed for linear motion

(see Mao and Bell, Year Book 74). With
careful alignment and uniform applica-

tion of pressure one can maintain elec-

trical contact with parts of the sample

employing fine wires in the procedure

described below.

Electrical Measurement

Electrical conductivity of minerals at

high pressure ranges from 10-12 to 10

ohm-1 cm-1 (these values are for oli-

vine at 1 atm to 350 kbar, Mao, Year

Book 72), which spans the insulator,

semiconductor, and conductor regions.

In efforts to obtain conductivity meas-

urements in the pressure range 0.5-1

Mbar, a technique for introducing elec-

trical leads to the sample has been de-

vised for the ultrahigh-pressure cell de-

scribed above.

The wires are usually tungsten, or

thermocouple alloy (chromel-alumel, Pt-

PtlORh, or W3Re-W25Re) of 10 ^m
diameter. The wires are first glued to a

template made of Mylar or mica sheet

(0.2-mm thickness) and aligned by hand
under a binocular microscope at a hole

in the template (600-^.m diameter). The
template with wires is then set in place

on one of the diamonds and mounted
with wax. Figure 189A shows the tem-

plate arrangement, and Fig. 189B shows

an alternative arrangement for which a

template is not needed.

Various configurations of the electri-

cal leads are shown in Fig. 190. Electri-

cal resistance and temperature can be

measured simultaneously. The closest

point of a pair of leads is located in the

central portion, because in these experi-

ments a metal gasket is not employed,

and a pressure gradient is developed in

the samples. If electrical conductivity

(A) Template arrangement

Conducting
paint

(B) Parallel wire arrangement

Sample

Pinch -off at high

pressure when needle

is pulled

Needle

W- wire

Ceramic

tube
Mylar or mica

j

template

Fig. 189. (A) Template arrangement for positioning electrical leads. (B) Parallel wire ar-

rangement. Size of diamonds, 0.33 carat; sample diameter, 300 ium. Used for externally heat-

ing experiment when temperature is expected to rise above the usable range of template.
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does not increase greatly with pressure

or when conductivity decreases with

pressure (e.g., as in KC1), an insulator

gasket is needed. Figure 191 shows a

magnesia gasket used to isolate the sam-

ple in the central portion of the dia-

mond face. In these experiments MgO
powder is pressed into a disk shape and
then drilled. The drilled portion is filled

with sample and repressed between the

chromel
wire

alumel
£*- wire

chromel wireV / / //
Template with thermocouple

Template configuration 2

+

T

Parallel wire configuration

Fig. 190. Various configurations for electrical leads; octagonal form is the trace of the dia-

mond pressure face that is approximately 300 /mi maximum diameter. (A) Template con-

figuration 1; (B) template configuration 2; (C) template with thermocouple; (D) parallel

wire configuration.

MgO gasket

Sample

W- wire

Sample disc

before pressurized

A

Initial pressure

applied

B

High pressure

Fig. 191. Placement of electrical leads in magnesia gasket. (A) Sample disk before being

pressurized; (B) sample disk after initial pressure was applied; (C) sample disk under high

pressure.
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diamond faces before the electrical leads

are introduced. The magnesia gasket

causes minor sample distortion and rela-

tively uniform sample distribution.

This apparatus has been employed
successfully with mineral samples whose
electrical conductivity changes range be-

tween 10~ 12 and 10 ohm-1 cm-1 in the

pressure range 1 bar to 300 kbar (Mao,

Year Book 72).

High-Pressure Research: 1-Mbar
Pressure on the Ruby Pressure

Scale

H.K.Mao and P. M.Bell

The design of apparatus to produce

static pressures of 0.5 Mbar reported

last year (Mao and Bell, Year Book 74)

was developed further to produce pres-

sures of 1.2 Mbar. This pressure appears

to be the highest ever reported for a sus-

tained static experiment in which an in-

ternal calibration was employed (the

pressure was kept constant for two

weeks and could have been held indefi-

nitely).

Calibration of the pressure was ob-

tained by using the- spectral shift with

pressure of the ruby R x fluorescence line.

During each experiment ruby crystals

were subjected to pressure in the dia-

mond-window cell, and fluorescence was
excited by impingement of an He-Cd
gas-laser beam at 441 nm and monitored

by the spectrophotometer apparatus de-

scribed by Bell and Mao (Year Book
74)- It was thus possible to monitor the

pressure during the experiment.

In other experiments (Mao and Bell,

this Report), a linear shift of the ruby

R lines with pressure was assumed, and
correlation of pressure with shock-wave
data was obtained. Before the present

experiments were done the sodium chlo-

ride B1-B2 (NaCl-CsCl structure types)

transition was observed at 291 kbar, and
the wavelengths of the R ruby lines

were simultaneously measured. A single

ruby fragment was monitored each time

an experiment was done. The observed

spectral shift of the Rx ruby line in a

typical experiment and the correspond-

ing pressures from a linear extension of

the National Bureau of Standards scale

(Piermarini and Block, 1975) are listed

in Table 71. Figure 192 shows the ob-

served spectral curves corresponding to

data listed in Table 71. Departure from

hydrostatic pressure was caused by line-

broadening, and the intensity of the J?i

ruby line appeared to diminish as the

pressure was increased to the megabar
range.

No sign of mechanical failure was ob-

served in the diamonds, and with im-

proved support it should be possible to

increase the pressure to at least 1.5

Mbar. Pressures of 1.2 Mbar have been

produced repeatedly with diamond an-

vils whose faces were 0.2, 0.35, 0.45, and

0.55 mm in diameter.

The capability of routinely experi-

menting at pressures in the megabar
range has far-reaching applications. It

will be possible to study insulator-metal

transitions and numerous other proposed

physical and chemical changes in ma-
terials at high pressures. With the ac-

cessibility of this pressure range coupled

with high temperatures (Bell and Mao,

TABLE 71. Observed Spectral Shift (A\) of

the .fti Line of a Ruby Crystal at High
Pressure*

A\ Pressure

(A) (kbar)

30 83

75 206

106 291

180 495

225 619

290 797

310 823

320 880

370 1018

* The shift of 106 A (values in italics) cor-

responds to the B1-B2 transition in NaCl.
Pressures below 291 kbar were determined
from the National Bureau of Standards cali-

bration curve. Pressures above 291 kbar were
determined from a linear extension of the NBS
curve.
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Pressure, Mbar

0.5 1.0
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0.4 Mbar
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Wavelength, nm
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Fig. 192. Spectra of the ruby Ri fluorescent line at various pressures. (Note: intensity scale

is arbitrary ; the line intensity decreases at high pressure. The observed splitting of the Ri and
R 2 lines is consistent with the crystal-field transition

iA 2 -*
2E in Crs+

.)

Year Book 74) it is now possible to ex-

periment directly at the approximate

conditions of the boundary of the earth's

core (equivalent pressure, approxi-

mately 1-1.5 Mbar).

A Controllable Thermocouple
mlcroheater for hlgh-temperature

Microscopy

Y. Ohashi and C. G. Hadidiacos

The phenomena of crystallization and
melting are of fundamental importance

in studies of the genesis of minerals in

igneous rocks. It is highly desirable to

observe these phenomena with the petro-

graphic microscope under precisely con-

trolled conditions of temperature and

atmosphere. The temperature required

for the study of silicate melting, how-
ever, is generally very high (<1700°C),
and the most important consideration is

the accuracy of the temperature deter-

mination. Measurement of the specimen

temperature with very fine thermocou-

ple wires does not provide satisfactory

results because of heat loss in the wires

by conduction. If the heater is relatively

small, the problem of heat conduction is

particularly critical. A wire-wound re-

sistance furnace is bulky and requires a

cooling system to protect the micro-

scope. A method that overcomes these

difficulties is one in which the thermo-

couple itself is both heating element and

sample support.

The design of a thermocouple circuit

used to achieve concurrently both heat-

ing and temperature measurement is

complex electronically. One such scheme

utilizes high-frequency heating (Ord-

way, 1952), where the frequency is fil-

tered out leaving only the dc component

of the generated emf. Another method,

described by Welch (1954), utilizes a

switching relay where one contact ap-

plies power and the other measures the

thermocouple emf. This method has been
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used with reasonable success for heating Circuit Design

and temperature measurement; however, The circuit shown in Fig. 193 employs
its weakness lies in the lack of reliabil- half-cycle heating using a silicon-con-

ity of the relay. trolled rectifier (SCR). Heating takes

Power supply
and

60 Hertz sync.

Timing

Fig. 193. The composite microheater control circuitry.

IOOO°C °Vf~

-I0 L

Fig. 194. Timing and control signals applied to the microheater. Temperatures referenced to

room temperature.
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place during the first half of each 60-Hz
power-line cycle. The thermocouple emf
is measured during the second half-cycle.

The power applied for heating is con-

trolled by changing the phase conduc-

tion angle of the SCR (General Electric

Company, 1964) ; in this way propor-

tional control of the heating cycle is

achieved. During the measurement
cycle, the heating current is interrupted

by the reverse bias characteristics of the

rectifier. The 2N697 SCR used in this

design has a reverse current leakage of

30 X 10- M A at 10 V. The net effect of

this leakage in the thermocouple meas-
urement circuit is 0.06 fiY, less than

0.1°C.
As shown in Fig. 193, as the manual

setpoint Rl is increased, the voltage out-

put of the comparator amplifier CI is

amplified by A2 and applied to the phase

control circuitry. The higher the applied

potential, the greater is the applied

power to the thermocouple heater. As
the thermocouple heats, the generated

emf and the applied voltage are ampli-

fied by Al. Owing to the internal clamp-

ing and high-frequency characteristics,

Al is able to recover from saturation for

accurate amplification of the thermo-

couple emf. Both heating and measure-

ment potentials are still present at the

output of Al. A sample-and-hold circuit

is provided to select only the measure-

ment portion of the potentials. The
sample-and-hold circuit is triggered only

during the amplified emf signal by the

control signal at point A. The timing

circuitry is synchronized with the meas-

urement cycle; therefore, at each cycle,

temperature measurement is resumed

and held through the next heating cycle,

as outlined in line B in Fig. 194. The
emf output of the thermocouple is dis-

played by a digital voltmeter as well as

being applied to the comparator ampli-

fier CI. As the emf increases, the pro-

portion of emf to the reference potential

decreases, resulting in less applied heater

power. This closed-loop servo maintains

a constant monitor of emf and applied

and thermocouple response are nearly

instantaneous, and thus very precise

temperature control is possible.

Microheater Assembly

The overall size of the heater assem-

bly is approximately 45 mm wide, 70

mm long, and 13 mm thick (Fig. 195).

A cell (a) was machined from a solid

heating power. The temperature increase

e
f

9

3 cm

Fig. 195. Microheater assembly for high-

temperature microscope, (a) Brass cell, (b)

glass windows (top and bottom), (c) gas inlet

and outlet, (d) Bakelite base, (e) neoprene

gasket, (/) thermocouple mounting screws, (g)

neoprene O-rings, (h) Pt-PtRh thermocouple

extension wire, (i) brass blocks, (;') thermo-

couple junction, (/d) Pt 0.013-in wire, and (fa)

Pt90RhlO 0.013-in wire.
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brass block to give a wall 3/32 in thick

and two holes for glass windows (b) of

1 in diameter. The atmosphere inside

the cell can be controlled by either

evacuating or letting an inert gas or a

gas mixture flow through small tubes

(c). The cell is insulated by a Bakelite

base (d) from two brass blocks (i) to

which the thermocouple wires are con-

nected.

For better support, the 0.01 3-in Pt

and Pt90RhlO wires (ki and fc 2 ) are re-

inforced by five additional wires of the

same size from the brass blocks for % or

94 of their entire length, leaving ap-

proximately 1 cm of the single 0.013-in

wire on each side of the thermocouple

junction (;'). The junction can be made
F-shaped to obtain a very localized hot

spot or a small loop to introduce a slight

temperature gradient from the wire to

the center of the loop. The latter geom-

etry is particularly suitable for growing

a single crystal (Welch, 1954, p. 461)

.

Thermocouple compensation leads

connect the brass blocks (Fig. 196) to

the measurement circuit (Fig. 193),

where a room-temperature reference

function is made. The brass blocks are

designed to avoid the introduction of er-

ror in thermocouple emf, even if the

blocks are heated as high as 50°C.

The temperature difference of the

blocks is negligible, and the system (Fig.

196) controls the microheater tempera-

ture to ±2°C. This control is possible

because of the fast thermal response of

the thermocouple/heater.

The highest operating temperature is

at present 1700°C, at a power consump-

tion of 30 W, using a Pt/Pt90RhlO
thermocouple and 2150°C using an Ir-

IrRh thermocouple (Gutt, 1964). The
heater and control are simple to con-

struct; the parts cost about $400. The
microheater can be modified for x-ray

diffraction experiments under automatic

temperature control through an auto-

mated diffractometer system (Finger,

Hadidiacos, and Ohashi, Year Book 72,

pp. 694-699).

A New Furnace Assembly with a

Small Temperature Gradient in

Solid-Media, High-Pressure
Apparatus

/. Kushiro

Large volume containers in solid-

media, high-pressure apparatus have

been used for experiments under con-

trolled oxygen fugacity or for synthesis

of starting materials at high pressures;

however, large temperature gradients

have limited their use. During measure-

ments of the viscosities of melts at high

pressures (Kushiro et al., this Report),

a large volume container with a small

temperature gradient was highly desir-

able because of the sensitive change of

viscosity with temperature. A new fur-

nace assembly with a %-'m o.d. has

therefore been developed by changing

the design of the graphite heater. Be-

cause the thinner part of the graphite

heater has a greater electrical resistance

and produces higher temperatures, the

thickness of the graphite heater was
varied to reduce the temperature gradi-

ent.

The conventional straight-wall graph-

ite heater generates a parabolic temper-

ature distribution along the axis of the

furnace with the hottest point near the

center. The thickness of the graphite

heater was therefore gradually reduced

from the center toward both ends. Sev-

eral different angles of taper were tested;

however, the best design among those

tested has an internal taper of 3° from

each end of the graphite heater (12.6

mm o.d.), as shown in Fig. 197. The
thickness of the graphite heater is 0.055

in (1.40 mm) at the center and 0.025 in

(0.64 mm) at both ends. The axial tem-

perature gradient along the 10-mm-long
capsule in this new furnace is 15°C at

temperatures between 1200° and 1400°C
and at 20 kbar (Fig. 197). The tempera-

ture gradient within the graphite cap-

sule itself is about 10°C, which is ac-

ceptable for the viscosity measurements.

The radial temperature gradient was not

measured. The temperature gradient in
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Graphite capsule

1300°C

Temperature gradient
1200

Fig. 197. Furnace assembly with graphite

heater having a 3° internal taper, and results

of measurements of the temperature gradient.

Solid circles show the temperature gradient

within the tapered graphite heater, and open
circles show the gradient within the conven-
tional straight-wall graphite heater.

the conventional %-in furnace assem-

bly with a graphite heater having a

straight internal wall, measured by Dr.

Y. Nakamura, is about 75°C in the

same temperature range (Fig. 197) . It is

theoretically possible to eliminate en-

tirely the temperature gradient along

the capsule by changing the angle of the

taper and the thickness of the graphite

heater.

This new furnace assembly may have
many useful applications, such as mak-
ing multiple runs with different charges

in a single experiment and measuring
physical properties of crystals and liq-

uids at high pressures and temperatures.

Accurate Modal Analysis of

Experimental Run Products

Bj0rn 0. Mysen

Accurate analysis of the modal com-
position of experimental run products is

an important aid in experimental studies

of phase equilibria of both simple and
natural systems. Conventional modal
analysis frequently results in large un-

certainties. One alternative is a mass-

balance calculation utilizing least-

squares fitting techniques (Bryan, Fin-

ger, and Chayes, Year Book 67, pp. 243-

244). This technique, however, requires

high-quality, time-consuming chemical

analysis of all phases present, and such

data are not always attainable. Another

approach makes use of a tracer (element

or compound) that enters only the

phase (s) whose mode is to be deter-

mined. The modal proportion of the

phase is then directly related to the con-

centration of the tracer in the phase. The
procedure yields a modal proportion

with the same accuracy as the analysis

itself. Although the method is applicable

to any number of phases, proportions of

liquid in experimental charges are most
frequently sought, and the technique

will be described here for the liquid

phase as an example.

In adding a tracer to an experimental

charge, three requirements must be met
before the tracer can be used in the pro-

posed manner: (1) The presence of the

tracer should not affect the phase rela-

tions of the system; (2) the concentra-

tion of the tracer in the experimental

charge should be easily determinable;

and (3) the tracer distribution within

the phase to be determined should not

be affected by nonequilibrium growth

(quench crystals). The first requirement

can be met by keeping the concentration

of tracer low (a few ppm). In situ anal-

ysis of elements or compounds in trace

amounts is attainable with the /?-track

technique by labeling the element or

compound with a radioactive isotope

(activity range: 10- 7-10- 3 Ci/g) (My-
sen and Seitz, 1975), thus meeting the

second requirement. Less than 1 mg of

sample is needed for such analysis.

When analyzing quenched liquids,

growth of quench crystals may change
the tracer content of liquid as analyzed

after the quenching of an experiment.

Fortunately, incompatible elements or
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compounds in trace amounts are not ex-

pelled from crystals growing during the

few seconds needed to quench an experi-

ment. The homogeneity of /3-track maps
over regions of quenched liquid that con-

tain quench crystals indicates that the

third requirement is met.

The selection of a tracer depends on

the phase or phases to be determined.

The method has been tested for liquids

in equilibrium with crystals using car-

bon-14-spiked C0 2 as a tracer. Carbon
dioxide is advantageous because it is a

gas that dissolves in amounts of a few

percent in silicate melts at high pres-

sures (Mysen, Arculus, and Eggler,

1975), and the run durations required

for equilibrium amounts of C0 2 to dis-

solve in silicates have been studied in

some detail (Mysen and Seitz, 1975).

Furthermore, the partition coefficient,

-Kco2
8ilicate u*«m-«7"W

is known (~0.0008;

Eggler, Mysen, and Seitz, Year Book 73,

pp. 226-228). Thus, for all practical

purposes, all C0 2 in a crystal-liquid sys-

tem enters the liquid. By using a com-
pletely melted starting material spiked

with tracer as standard, the modal pro-

portion of liquid in an experimental

charge (wt %) is % liquid = [(wt %
C02 in 100% melt)/(wt % C02 in par-

tial melt)] X 100.

The carbon dioxide contents of liquid

can be determined routinely at levels

below 1 ppm with <2% uncertainty.

This uncertainty in individual analyses

results in an uncertainty of the propor-

tion of liquid in an experimental run

that is less than 3%. The detection limit

of liquid is controlled by the geometry

of the phase (a minimum area is re-

quired for counting /? tracks) and by the

/?-track counting method. With an opti-

cal microscope, the lower limit is usually

0.5%-1.0% melt depending on the accu-

racy required. This limit can be lowered

further by using the scanning electron

microscope (SEM) to facilitate track

counting in smaller regions and by using

higher track density. With SEM count-

ing, the saturation limit of the nuclear

emulsions used for recording the tracks

is determined by the grain size of the

emulsion itself (~0.2 ^m), resulting in

about 108 tracks/cm2
. On an optical

scale, the saturation limit of the nuclear

emulsion is about 5 X 107 tracks/cm2

(Mysen and Seitz, 1975)

.

This technique can also be applied to

studies of solubility of an element or a

compound in one or more phases in the

system. The principle is illustrated in

Fig. 198, using H 2 solubility in silicate

liquid at high pressure as an example

and carbon- 14-spiked C0 2 as a tracer.

Only 10-20 ppm C0 2 is required. Water
depresses silicate liquidi and solidi. The
degree of melting of a system increases

as the amount of H 2 added to the sys-

tem is increased. As a result, the C0 2

content of liquid decreases slowly as a

function of degree of melting until vapor

evolves. At the saturation point, how-

ever, a separate vapor phase forms

(point A, Fig. 198). Because at high

pressures C0 2 partitions into the vapor

(Eggler, Year Book 72, pp. 457-467) , at

point A the C0 2 content of the liquid

drops dramatically. Point A in Fig. 198

therefore is the saturation point of H 2

in the partial melt. By determining the

amount of melt with a H 2 content just

below that corresponding to point A,

Amount of H2 in charge

Fig. 198. Amount of tracer in a partial melt

as a function of H2 content of an experimen-

tal charge.
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the saturation concentration of H 2 in

the partial melt can be calculated to be

equal to the amount of H 2 in the ex-

perimental charge divided by the pro-

portion of liquid. The inflection of the

curve in Fig. 198 becomes less pro-

nounced the smaller the partition co-

efficient, JKco2
Tapor "liquid

. As long as there

is significant partitioning of C0 2 be-

tween vapor and liquid, however, an

inflection will occur, and the solubility

of a volatile can be determined.

STAFF ACTIVITIES

Field Studies

Bell used his 40-ft sloop to obtain

samples from two seamounts off Ber-

muda. The New England Seamount

Chain and the Bermuda Rise, near the

eastern coast of the United States, con-

sist of over 1000 seamounts that were

uncharted until 1969. The composition

of the seamounts is of considerable in-

terest to students of the plate tectonics

of the Atlantic. Bell retrieved samples

of titanium-rich basalt using a modern
version of the reliable "pipe dredge."

Boyd visited kimberlite localities in

the Republic of South Africa and Le-

sotho during July. Large peridotite nod-

ules, suitable for bulk chemical analysis,

were obtained from the Frank Smith

pipe. Boyd also went underground at

the De Beers Mine, the Letseng-la-Terai

Mine, and the Sover-Doornkloof Mine,

to study flow structures in kimberlites.

Specimens collected during these visits

will form the basis of an electron micro-

probe study of the kimberlite ground-

mass.

Eggler, accompanied by M. E. Mc-
Callum of Colorado State University

and the U.S. Geological Survey, ex-

amined and collected nodule suites from

kimberlite pipes in Colorado and Wyo-
ming. Of particular interest were the

several pipes in the State Line district

that have been found to contain dia-

monds and some newly discovered dikes

in the Iron Mountain district.

Ferry continued his field studies near

Augusta, Maine, collecting samples from

three granitic stocks for petrologic in-

vestigations and mapping granite-meta-

sediment contacts. He also led a field

trip focused on the metamorphism of

pelites and carbonates in the Augusta

area for Geophysical Laboratory staff

members and others (see below)

.

Fujii participated, as a representative

for Japan, in Leg 45 of the International

Phase of Ocean Drilling (IOPD). Leg
45 was devoted to drilling oceanic crust

near the Mid-Atlantic Ridge, and drill

core samples of abyssal basalt and pe-

ridotite were obtained from penetration

depths as great as 580 m.

Irvine spent two months in the field in

north-central British Columbia. He
completed the mapping of the Axelgold

layered gabbro intrusion and a cluster

of about a dozen Alaskan-type ultra-

mafic bodies while working with a heli-

copter-supported operation of the Geo-

logical Survey of Canada. Descriptions

of the field results of this work are given

in the Geological Survey of Canada Re-
port of Activities, Paper 76-1A (pp. 75-

81,1976).

Rumble completed field work in New
Hampshire on a project in collaboration

with Gerhard Oertel of the University of

California, Los Angeles. The objective

of the project was to integrate structu-

ral and petrologic studies to obtain esti-

mates of the energy budget of meta-

morphism. Quantitative data on the

strain that occurs during deformation

will be combined with data on the pres-

sures, temperatures, and energy require-

ments of dehydration reactions.

Rumble continued field research on

other aspects of the regional geology and
metamorphic petrology of western New
Hampshire. Among the problems stud-

ied were the stratigraphy of the pre-

Silurian rocks, the nature of amphibolite

mineral assemblages in a variety of

metamorphic grades, and the fossiliza-

tion process of clam-like Paleozoic shells
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that have been converted by metamor-
phism to grossularite-calcite-quartz as-

semblages.

Rumble also organized a one-week
field trip for Geophysical Laboratory
staff to examine a variety of igneous and
metamorphic rocks in New England.

The group consisted of J. M. Ferry, B.

Harte, T. C. Hoering, R. Page, and D.
Rumble from the Laboratory; C. W.
Burnham, K. Shay, A. B. Thompson,
and J. B. Thompson, Jr., from Harvard
University; J. Creasy from Bates Col-

lege; and C. Graham from the Univer-

sity of Edinburgh. Professor J. B.

Thompson, Jr., led a one-day trip on
metamorphic rocks in southeastern Ver-

mont; Rumble led a two-day trip on
metamorphic rocks in western New
Hampshire; Creasy led a two-day trip

on igneous rocks of the White Mountain
batholith; and Ferry led a one-day trip

on metamorphic rocks in central Maine.
Osborn visited the Hawaiian Volcanic

Observatory in August 1975 and made a

two-day trip to points of geological in-

terest on the island of Hawaii. In Octo-

ber, he participated in a Geological So-

ciety of America field trip to examine
volcanic features and structures in the

western Grand Canyon and along the

margin of the Colorado Plateau and
Basin and Range province.

Penologists' Club

Five meetings were held during the

sixty-fifth year of the Penologists' Club.

The lectures presented were:

"Pedogenesis of Andean calc-alkaline

magmas," by David James (Depart-

ment of Terrestrial Magnetism) , No-
vember 18, 1975.

"Petrology and geochemistry of basalt

glasses from the project FAMOUS area,

Mid-Atlantic Ridge," by W. F. Bryan
(Woods Hole Oceanographic Institu-

tion)
, December 16, 1975.

"Sneesby revisited, or does silica

skew?" by Felix Chayes (Geophysical

Laboratory) , January 20, 1976.

"Experimental study and geometric

analysis of metastability as applied to

the problem of nucleation during cool-

ing," by R. J. Williams (Johnson Space-

craft Center) , February 17, 1976.

"Geothermal studies in Long Valley,

California," by Roy Bailey (U.S. Geo-
logical Survey), March 23, 1976.

Washington Crystal Colloquium

The Washington Crystal Colloquium,

an informal monthly assembly of crys-

tallographers from the Washington area,

met seven times during the report year.

The following lectures were presented:

"Structures of some organic deriva-

tive metal-oxide complexes," by Carl

Quicksall (Georgetown University), Oc-

tober 17, 1975.

"Experiences in the nonroutine solu-

tion of the structures of four medium
size (mole wt ~500) organic molecules,"

by J. V. Silverton (National Institutes

of Health) , November 21, 1975.

"Terrestrial low tridymite, determina-

tion and refinement of a 240-atom struc-

ture related to glasses," by J. H. Kon-
nert (Naval Research Laboratory) and

"Mineralogical implications of the struc-

ture of tridymite," by D. E. Appleman
(Smithsonian Institution), January 9,

1976.

"X-ray '76, a bicentennial issue," by
J. M. Stewart (University of Mary-
land), February 13, 1976.

"Novel minerals, shattuckite, plan-

cheite, and sherwoodite," by H. T.

Evans, Jr. (U.S. Geological Survey),

March 26, 1976.

"Structure of hemerythrins: non-heme
oxygen carrying proteins," by W. A.

Hendrickson and K. B. Ward (Naval

Research Laboratory) , April 23, 1976.

"Relationships between crystal struc-

ture and liquid crystal behavior," by
R. F. Bryan (University of Virginia),

May 21, 1976.

Seminar Series

The seminar series met eleven times

during the report year. The following

lectures were presented:

"A new, easily loaded information
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system for igneous petrology," by F.

Chayes (Geophysical Laboratory), Oc-

tober 2, 1975.

"Modeling the behavior of crystal

structures," by R. Strens (Newcastle-

upon-Tyne) , October 14, 1975.

"Physical properties of mixtures," by
R. Strens (Newcastle-upon-Tyne), Oc-

tober 15, 1975.

"Experimental studies of pyroxene

phase equilibria at high temperature

and pressure, and applications to P-T
estimates of peridotites," by T. Mori
(Australian National University), Octo-

ber 21, 1975.

"Geologic significance of some deep

crustal nodules in South African kimber-

lites," by P. H. Nixon (University of

Leeds) , November 13, 1975.

"Crystallography of Fe3+ in forster-

ite," by S. S. Hafner (University of

Marburg) , November 26, 1975.

"Phase transitions in the lower man-
tle," by L. Liu (Australian National

University) , December 18, 1975.

"Response of Rb-Sr total rock and
U-Pb zircon systems to low-grade re-

gional metamorphism in the Mount Isa

Precambrian block, Australia," by R.

W. Page (Bureau of -Mineral Resources,

Canberra), March 25, 1976.

"Noncubic silicate garnets," by Y.

Takeuchi (Mineralogical Institute, Uni-
versity of Tokyo) , March 29, 1976.

"The use of fluid inclusions in geo-

thermometry-geobarometry : analytical,

experimental, and theoretical approach,"
by A. Weisbrod (University of Nancy,
France) , April 9, 1976.

"Metamorphosed carbonate rocks of

the Nashobu formation, eastern Massa-
chusetts," by Larry P. Cook (Solid State

Chemistry Section, National Bureau of

Standards) , April 22, 1976.

Lectures

During the report year Staff Members
and Fellows were invited to present lec-

tures and participate in symposia and
other extracurricular activities as fol-

lows:

P. M. Bell lectured to the Geological

Society of Washington on "Experiments

on the electrical properties of the earth's

deep mantle" and on "Crystal field ef-

fects in minerals" at the Department of

Geology, Brooklyn College. He served

as chairman of the Facilities Subcom-
mittee at the Space Science Directorate,

Johnson Spacecraft Center, Houston,

and was a member of the Lunar Polar

Orbiter Mission Advisory Panel, NASA
Headquarters, Washington, D.C.

F. R. Boyd, Jr., delivered an invited

lecture on "The mantle sample from

kimberlites" at the Department of Geol-

ogy, Yale University. He participated in

a kimberlite symposium sponsored by
the De Beers Corporation and held at

St. Johns College, Cambridge, England,

and is serving as co-convenor of the

Second International Kimberlite Con-
ference to be held in the U.S.A. in Sep-

tember 1977.

F. Chayes attended the meetings of

the International Association for Vol-

canology in Grenoble, France, and par-

ticipated in the concurrent sessions of

the IUGS Subcommission on Systematic

Petrology during the first week of

September.

D. H. Eggler lectured on petrologic

interpretations of the low-velocity zone

at the Department of Geological Sci-

ences, Cornell University; and on plate

tectonic theory as it affects the kimber-

lite study project south of Laramie,

Wyoming, at a meeting of the Miner-
alogical Society of the District of Co-
lumbia. He is serving on the Organizing

Committee of the Second International

Kimberlite Conference.

J. M. Ferry presented an invited lec-

ture on "Metamorphism of calcareous

sediments in the Waterville-Vassalboro

area, south-central Maine" at the U.S.

Geological Survey, Reston, Virginia, in

November.
P. E. Hare gave an invited lecture at

a symposium on chronological tech-

niques at the annual meeting of the

Archaeological Institute of America. He
served as chairman of a symposium on
high performance liquid chromatography
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sponsored by the National Institutes of

Health.

J. I. Hedges addressed the Depart-
ments of Geology at the University of

Pennsylvania and the University of Cal-

ifornia at Los Angeles; the Department
of Geosciences at Purdue University;

the Department of Oceanography at the

University of Washington ; and the Con-
tinental Oil Company at Ponca City,

Oklahoma.
T. C. Hoering gave invited lectures on

"Stable isotopes of hydrogen in Pre-

cambrian organic matter" at a Sym-
posium on Chemical Evolution at the

University of Maryland and on "The
geochemistry of organic substances" at

the Department of Geology, University

of Alberta, Edmonton, Canada. He
served as visiting investigator at the

Marine Science Institute, University of

Texas, Port Aransas, in August 1975

and lectured on "Biogeochemistry of the

stable hydrogen isotopes." He also served

on the Graduate Examination Commit-
tee, Department of Chemistry, Univer-

sity of Maryland.
J. R. Holloway lectured at the Geol-

ogy Departments of the University of

North Carolina, The Virginia Poly-

technic Institute and State University,

and the Johns Hopkins University, and
at the Experimental Petrology Branch
of the U.S. Geological Survey, Reston.

F. E. Huggins presented talks on
"Mossbauer resonance spectroscopy of

iron minerals under high pressures" as

an invited participant in a symposium
on minerals and rocks under high pres-

sures at the Geological Society of Amer-
ica annual meeting at Salt Lake City;

"Cation distributions in minerals and its

application to the thermal history of

rock" at the Research Divison of Phil-

lips Petroleum Company, Bartlesville,

Oklahoma; "Mossbauer spectroscopy
and its applications in earth sciences"

at a geochemistry seminar series at the

Department of Chemistry, University of

Maryland; and "The crystal chemistry

of titanium silicate garnets and its

petrological implications" at the De-

partment of Geology, Washington Uni-

versity, St. Louis, and at the Basic Re-
search Division of U.S. Steel Research,

Monroeville, Pennsylvania.

T. N. Irvine and H. R. Naslund par-

ticipated in the Geological Society of

America Penrose Conference on "Mag-
matic sulfides and mafic plutons" held

at Ely, Minnesota, on September 14-19,

1975. Irvine spoke on "Muskox intru-

sion, magma contamination, and mag-
matic ores"; Naslund talked on "The
role of oxygen and sulfur in crystalliza-

tion of the Skaergaard Intrusion."

I. Kushiro gave lectures at the Sum-
mer School of the University of Paris,

held at Corsica, and at the Department
of Geology, University of Oregon.

H. K. Mao lectured at the Depart-

ments of Geological Sciences at Cornell

University and the University of Roch-
ester. He also presented a paper at the

U.S. Army Symposium on Ultra-High

Pressure Phenomena at Rensselaerville,

NY.
B. 0. Mysen participated in the Geo-

logical Society of America Penrose Con-
ference on "The Lithosphere-Astheno-

sphere Boundary" at Vail, Colorado,

and presented an invited lecture on

"Chemical characteristics of deep-

seated rocks." He also gave invited lec-

tures at Princeton University on "The
effect of volatiles on partial melting in

the upper mantle" and at the Lamont-
Doherty Geological Observatory of Co-
lumbia University on "Volatiles in the

mantle."

Y. Ohashi participated in the Confer-

ence on Computer Simulation for Ma-
terials Applications at the National Bu-
reau of Standards, and gave lectures at

the University of Pennsylvania, the

Lunar Science Institute, the State Uni-

versity of New York at Stony Brook,

and the State University of New York
at Albany.

E. F. Osborn presented addresses on

"The role of research and development

in the world energy and mineral resource

situation" at an International Sympo-
sium, sponsored by the National Acad-



GEOPHYSICAL LABORATORY 839

emy of Sciences, Republic of Korea,

commemorating the 30th Anniversary of

the Korean Liberation at Seoul, Korea;

"The mineral shortage and what can be

done about it" at the AIME All-Insti-

tute Session on Materials, Energy, and
Society at Las Vegas, Nevada; "The
May 2, 1972, Sunshine Mine disaster

and rescue effort" at the annual meeting

of the Pittsburgh Section, American
Ceramic Society; "Phase diagrams and

refractories" at the annual meeting of

the American Ceramic Society at Cin-

cinnati, Ohio. He presented 0. Frank
Tuttle for the Roebling Medal of the

Mineralogical Society of America at the

MSA Luncheon at the annual meeting

of the Society at Salt Lake City, Utah.

Dr. Osborn served as chairman of the

Board on Mineral Resources of the Na-
tional Research Council; chairman of

the U.S. National Committee on Geol-

ogy, operating under the aegis of the

Department of the Interior and the Na-
tional Academy of Sciences. He attended

meetings as a member of the Commission
on Natural Resources of the National

Research Council and as a member of

the Materials Advisory Committee, Of-

fice of Technology Assessment, Congress

of the United States, and chaired the

panel on Mineral Accessibility on Fed-

eral Lands. Osborn served on the Visit-

ing Advisory Committee on Mineral

Science and Engineering, Michigan
Technological University; the Steering

Committee for the National Academy of

Engineering/National Academy of Sci-

ences Forum on "Materials and the De-
velopment of Nations"; a Workshop on
Resource Identification and Develop-

ment (chairman) ; the Geosciences Ad-
visory Panel, Los Alamos Scientific

Laboratory, Energy Research and
Development Administration; the Penn-

sylvania Science and Engineering Foun-
dation Board (Commonwealth of Penn-
sylvania, Harrisburg) ; the Pennsylvania

Research Corporation Board of Direc-

tors (Pennsylvania State University)

;

the Geisinger Medical Center Board of

Directors, Danville, Pennsylvania; the

Board of Directors of the Institute for

Medical Education and Research at

Geisinger Medical Center; and the Col-

lege of Engineering Advisory Board at

the University of California at Berkeley.

On March 5, 1976, Dr. Osborn received

the Albert Victor Bleininger Memorial
Award for "distinguished achievement

in the field of ceramics" at the annual

meeting of the Pittsburgh Section of the

American Ceramic Society.

D. Rumble III addressed a seminar

at the Department of Earth and Space

Sciences, State University of New York
at Stony Brook; delivered two lectures

at the Department of Geosciences, Pur-

due University; and presented a lecture

series on Schreinemaker's analysis at

Manchester University, England. He
was chairman of the Mineralogical So-

ciety of America Management Commit-
tee and convenor of the MSA Short

Course on Rock-Forming Minerals.

A. Van Valkenburg presented a paper

at the U.S. Army Symposium on Ultra-

High Pressure Phenomena at Rensse-

laerville, N.Y.

B. Velde lectured on "Partition coeffi-

cients for exchange cations in synthetic

montmorillonites" at the School of

Agronomy, Purdue University.

H. S. Yoder, Jr., attended a White
House Conference on Earth Sciences

sponsored by the American Geological

Institute on 21 July 1976. Its purpose

was to present the concerns of the geo-

logical community before the leaders of

federal agencies dealing with minerals

and energy. Dr. Yoder spoke on the

urgent need for expanding the knowl-

edge base to meet energy and mineral

resource problems. Dr. Yoder also gave

presentations before the U.S. National

Committee on Geochemistry, Geophys-
ics Research Board, Committee on Sci-

ence and Public Policy, U.S. Geody-
namics Committee, and the Assembly
for Mathematical and Physical Sciences

to bring attention to the critical need

for basic research in the principles of

element concentration.

Dr. Yoder presented two lectures at
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the Lunar Science Institute on January
29 and 30, 1976, on the "Parental ma-
terial for magma generation" and "Tec-

tonophysics of melting in the mantle."

Two lectures on magma generation were

also presented at the Virginia Polytech-

nic Institute and State University,

Blacksburg, Virginia. His address be-

fore the Annual Meeting of the Carnegie

Institution of Washington was entitled

"Molten rocks from the depths."

Dr. Yoder served on the U.S. Na-
tional Committee for Geology, the U.S.

National Committee on Geochemistry,

the National Academy of Sciences Com-
mittee on Science and Public Policy,

the National Academy of Sciences Au-
diting Committee, Geophysics Research

Board Review Committee, the Execu-

tive Committee of the Assembly of

Mathematical and Physical Sciences,

the National Research Council Earth

Sciences Advisory Board, the Geosci-

ences Advisory Panel at the Los Alamos
Scientific Laboratory, and the Working
Group on Long-Range Planning for

Geodynamics. He completed his three-

year term as chairman of the Geology

Section of the National Academy of Sci-

ences. In addition, Dr. Yoder was a

member of the thesis defense committee

of Frank Luther at Lehigh University

on September 24, 1975, and he served

on the Visiting Committee of Brown
University at Providence, Rhode Island,

on September 25-26, 1975.
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INTRODUCTION

The work of this group continues as it

has in past years to concentrate on four

major areas: DNA sequence arrange-

ment and its phyletic generality; studies

of transcription in relation to DNA se-

quence arrangement; examination of the

mechanisms of DNA reassociation and
hybridization; and the evolutionary

changes in DNA. While a considerable

number of measurements have been

made of DNA reassociation kinetics in

relation to the mechanism of reassocia-

tion, none of the recent work is suffi-

ciently complete for description in this

report and will be deferred to next year.

Great effort is being expended on the

preparation of specific fragments of sea

urchin DNA by means of recombinants

with bacterial plasmids. The intention

is to isolate specific regions that are

likely to be informative about sequence

organization and the control of gene

expression. These projects are not ad-

vanced enough for description in this

year's report.

The studies of DNA sequence organi-

zation described this year are for three

insect species chosen because of the ob-

servation (Manning et al, 1975) that

Drosophila DNA appears to have a

quite different pattern than that of most
other species. The DNA of all organisms

except a few insects has a short-period

interspersion pattern similar to that first

examined in detail for Xenopus laevis.

The characteristic feature of the Xeno-
pus or short-period pattern is that most
of the repetitive DNA occurs in se-

quences about 300 nucleotides long, al-

ternating with single-copy sequences

from 1000 to several thousand nucleo-

tides long. Most of the single-copy DNA
is interspersed in this way. However,
Drosophila and a few other insects ap-

pear to lack short repetitive sequences

spaced by recognizable single-copy se-

quences. The work described this year

includes the surprising observation that

Musca domestica (housefly) DNA shows

the short-period or Xenopus pattern in

contrast to the long-period or Drosophila

pattern shown by other diptera. A lepi-

dopteran {Antheraea pernyi) is also

shown to exhibit the short-period inter-

spersion, while honeybee shows the long-

period pattern. Large-scale changes in

genome arrangement and loss or gain of

large quantities of highly organized

DNA sequences must have occurred dur-

ing insect evolution.

DNA SEQUENCE ARRANGEMENT
DNA Sequence Organization in the

Lepidopteran Antheraea pernyi

A. Efstratiadis* W. R. Crain, R. J. Britten,

E. H . Davidson, and F. C. Kajatos*

Recent studies have shown that re-

petitive -and nonrepetitive sequences are

extensively interspersed in the genomes
of several eukaryotes. Studies of this

kind have been reported for calf (Brit-

ten and Smith, 1970), rat (Bonner et al.,

1974), Xenopus (Davidson et al, 1973),

* The Biological Laboratories, Harvard Uni-
versity, Cambridge, Mass. 02138

sea urchin (Graham et al., 1974), Aply-

sia, a mollusc (Angerer et al., 1975), a

slime mold (Firtel and Kindle, 1975),

and six other invertebrate species from

diverse phylogenetic groups (Goldberg

et al, 1975; Davidson et al, 1975a). It

was shown that in these organisms the

major fraction of the DNA is organized

in a pattern described first in detail for

Xenopus DNA {"Xenopus pattern").

This pattern of DNA sequence organi-

zation has the following characteristics:

(a) The majority of the repetitive se-

quences are short (with an average

861
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length of 300 nucleotides), and these al-

ternate with single-copy sequences; (b)

the majority of the single-copy sequences

extend for less than about 1500 nucleo-

tides before terminating in repetitive-

sequence elements; (c) a fraction of the

single-copy sequences are longer, up to

several thousand nucleotides in length,

but are also interspersed with repetitive

sequences.

A strikingly different pattern of DNA
sequence organization has been found in

two insects, Drosophila melanogaster, a

dipteran (Manning et al., 1975; Crain

et al., 1976a) and in the honeybee, a

hymenopteran (described in a later sec-

tion of this report). The Drosophila

genome contains a few short repetitive

sequences interspersed with single-copy

regions (Manning et al., 1975; Crain et

al., 1976a). The electron micrographic

studies of Manning, Schmid, and David-
son, 1975, indicate that the repetitive se-

quence regions range from a few hun-

dred to more than 10,000 nucleotides in

length. Manning et al. were unable to

measure the length of the single-copy

sequences, but they estimated that there

were about 2800 repetitive regions, which

would have an average spacing of

30,000 nucleotides of single-copy DNA
if they were generally distributed

throughout the DNA. Recent measure-

ments (Finnegan, Rubin, and Hogness,

personal communication) with cloned

Drosophila DNA sequences show that in

some cases a small fraction of a repeti-

tive region has a sequence in common
with a small fraction of another region.

This suggests that there is another level

of sequence organization of the repeated

sequence still to be revealed.

The widespread occurrence of the

Xenopus pattern of DNA organization

(Goldberg et al., 1975; Davidson et al,

1975a) suggests that the short inter-

spersed repetitive sequence might play

an important role in chromosome func-

tion. It was postulated that they are in-

volved in the regulation of genetic ac-

tivity (Davidson and Britten, 1973).

This notion was indirectly supported by

the observation that the sea urchin DNA
single-copy sequences contiguous to in-

terspersed repetitive elements include

most or all of the structural genes that

are active in embryogenesis (Davidson
et al., 1975b). It is important, therefore,

to determine whether or not the Droso-
phila and honeybee exceptions are

characteristic of DNA sequence ar-

rangement in insects. As we report here,

silkmoth DNA sequence organization

belongs to the more general Xenopus
pattern. In addition, knowledge of the

general features of genome organization

in the silkmoth provides a necessary

background for ongoing studies of cho-

rion genes and their organization in this

species.

Reassociation Kinetics of 250-Nucleo-

tide DNA Fragments

The reassociation kinetics of 250-

nucleotide-long DNA fragments are

shown in Fig. la. Because of the wide

range of kinetic components it was nec-

essary to determine independently the

rate of single-copy DNA reassociation.

The open triangles show measurements
of the reassociation of single-copy tracer

with an excess of total 250-nucleotide-

long DNA driver. The least-squares so-

lution for a single second-order compo-
nent for these data gives a rate constant

of 1.05 X 10-3 M" 1 sec- 1
. This is the

rate constant expected for the genome
size of 1 pg, which was estimated in pre-

liminary experiments by measuring pho-

tometrically the amount of DNA in

Feulgen-stained nuclei of testis squashes,

with Drosophila testis squashes as stand-

ard, and also by measuring the DNA
content of counted sperm samples by
diphenylamine. The circles in Fig. la

show the reassociation of 250-nucleotide-

long fragments of total A. pernyi DNA,
and the solid line drawn through them is

the least-squares solution for three sec-

ond-order components, assuming only

that the rate of the single-copy compo-
nent is 1.05 X 10~3 M- 1 sec- 1

. The re-

association of these three individual

components is portrayed by the dashed
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Fig. 1. Reassociation kinetics of A. pernyi DNA at fragment lengths of 250 nucleotides and
2200 nucleotides. DNA was reassociated at 0.35 mg/ml in 0.12 M PB at 60° (Cot <0.5) or at

7 mg/ml in 0.4 M PB j».t 66° (C t >0.5). Data for reassociation in 0.4 M PB are corrected to

the equivalent Cut in 0.12 M PB. The fraction of the DNA fragments containing duplex

regions was estimated by HAP binding. Fractions were eluted with 0.12 M PB at 60° (single

stranded, unbound) and 98° (duplex-containing, bound). Fig. la shows the reassociation of

250-nucleotide fragments of unlabeled total moth DNA (open circles). The reassociation was
followed by monitoring A200 in the HAP column eluates. The rate of reassociation of isolated

single-copy sequences is also shown (open triangles). For this analysis, a fraction of 250-

nucleotide tracer not bound to HAP at Cot 3000 was reassociated together with a 75-fold mass
excess of total unlabeled 250-nucleotide driver DNA (filled circles). Fig. lb shows the reasso-

ciation of
8H-labeled 2200-nucleotide tracer DNA in the presence of a 360-fold excess of 250-

nucleotide unlabeled DNA. The solid curves in both Fig. la and Fig. lb represent the solutions

of a least-squares computer analysis of the data yielding the second order components indi-

cated by the dotted lines.
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lines in Fig. la, and the rate constants

and fraction of DNA fragments given

by the least-squares solution are listed

in Table 1. There is no deviation which
suggests the presence of other compo-
nents. Furthermore it is clear from the

fact that the principal part of the reas-

sociation is initiated at about C t 0.05

that there is a major fast component
that is half reassociated at about C t

0.5. However, there is no way from these

measurements to decide whether several

other components exist or even a con-

tinuum of components with repetition

frequencies ranging from a few thou-

sand copies to less than ten. We use in

our analysis the minimum number of

repetitive components that the reasso-

ciation kinetic measurements require and
term these the very fast or foldback

fraction, and the fast and slow repetitive

components; the latter two components
are present in about 1600 and 15 copies,

respectively. These components may

represent classes of repeated sequences

with a range of repetition frequencies.

Determination of the quantities of

repetitive sequences from the magnitude

of the kinetic components measured by
hydroxyapatite binding is of course af-

fected by their interspersion. Our esti-

mate of the fraction of the genome ac-

tually present in the repetitive and sin-

gle-copy sequences is also shown on

Table 1. The measured components may
be described as: fragments containing

only single-copy sequences; fragments

containing slow sequences but not more
rapidly reassociating sequences; frag-

ments containing fast sequences but not

very fast or foldback; and finally, those

containing very fast or foldback se-

quences. Each fraction is bound to HAP
as a result of the reassociation of the

most rapidly reassociating sequence

present and may include significant

quantities of those components which

reassociate more slowly.

TABLE 1. Reassociation Analysis of A. pernyi DNA at Two Fragment Lengths*

Fragments
Bearing Fold-

Fragments Bear- Fragments Bear- backs and/or
Fragments Bear- ing Repetitive ing Repetitive Very Rapidly

ing Exclusively Sequences of Only Sequences of the Reassociating

Single-Copy the Slowly Reasso- Rapidly Reasso- Repetitive

Sequences ciating Type ciating Type Sequences

(single-copy) (slow) (fast) (very fast)

Rate Rate Rate
constant constant constant

Fragment Length Fraction (M_1
Fraction (M'1 Fraction (M-1 Fraction

(nucleotides) of Total sec"
1
) of Total sec

-1
) of Total sec

-1
) of Total

250 0.35 1.05 X 10"3
0.30 1.53 X lO"

2
0.30 1.69 0.05

2200 <0.03 0.12 2.99 X lO"
2

0.54 2.63 0.31

Estimate of frac-

tion of genome
in sequence

class* 0.56 0.30 0.10 0.04

* These estimates are approximate and have been made in the following way : The single-

copy fraction is the remainder after all of the repetitive classes have been calculated. For the

slow repetitive sequences we use the fraction of fragments observed in the kinetics of reasso-

ciation of 250-nucleotide fragments, since we do not know the slow repetitive sequence organi-

zation. For estimating the quantity of the very fast fraction, we have reduced slightly the

quantity observed with 250-nucleotide fragments by analogy to the results for the DNA of

other species. The estimate for the fast fraction was obtained from the sum of fast plus very

fast fractions as calculated in the text, after subtraction of the value listed in this table for

the very fast fraction.
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Reassociation Kinetics of 2200-Nucleo-

tide DNA Fragments

3H-labeled 2200-nucleotide fragments

were incubated to various C t values

with an excess of unlabeled 250-nucleo-

tide driver DNA (tracer: driver, 1:360),

and the fraction of the labeled DNA
bound to HAP was measured. Fig. lb

shows the results, together with the

least-squares solution for two unre-

stricted second-order components. Table

1 lists the characteristics of the two

kinetic components resolved by the com-

puter.

It is immediately clear that the long

DNA fragments reassociate very rapidly

with the short driver fragments. For ex-

ample, the fraction of the 2200-nucleo-

tide fragments which have not reasso-

ciated with short fragments by C t 10 is

only one seventh of the corresponding

value for 250-nucleotide fragments them-

selves. The rapid reaction cannot be ac-

counted for by the effect of length on the

reassociation rate (Wetmur and David-

son, 1968) and is indicative of DNA se-

quence interspersion (Davidson et al.,

1973 ; Graham etal, 1974).

The apparent reassociation constants

for the slow and fast repetitive compo-

nents of our solution for the 2200-nu-

cleotide fragments are in reasonable

agreement with the corresponding values

at 250 nucleotides. The rate constants

for both components are somewhat
greater for the 2200-nucleotide frag-

ments. This effect is not significant for

the slow component since there is too

little present in the 2200-nucleotide case

for an accurate least-squares solution.

For the fast component the apparent

50% acceleration could result from in-

accuracy or from the fact that the full

length of the repetitive-sequence element

is likely to be present on the 2200-nu-

cleotide fragments, while on the short

fragments the sequences are most often

broken as the fragments are sheared to

250-nucleotide length.

In any case, the major difference be-

tween the 2200-nucleotide and 250-

nucleotide solutions is in the proportions

of fragments which appear to carry each

class of sequence. Fragments carrying

exclusively single-copy DNA account for

one third of the 250-nucleotide DNA
(see Fig. la) but are undetectable at a

length of 2200 nucleotides. Clearly, sin-

gle-copy sequences are extensively in-

terspersed with repetitive sequences in

the A. pernyi genome. The large quan-

tity of 2200-nucleotide fragments that

carry fast repetitive sequences indicates

that these sequences are widely dis-

persed in the genome. The decrease in

the proportion of fragments which ap-

pear to be carrying slow repetitive se-

quences is clearly due to the intersper-

sion of this class with the fast repetitive

sequences.

Therefore, we know that both single-

copy and slow repetitive sequences are

interspersed with fast repetitive se-

quences. However, we do not know to

what extent slow and single-copy se-

quences are interspersed with each other.

It is also unresolved whether the 12%
slow kinetic component in the 2200-

nucleotide curve contains some linked

single-copy sequences. Future measure-

ments would be required to illuminate

this aspect of the interspersion pattern.

This point is emphasized here because it

relates to the following measurements of

the spacing between repetitive se-

quences.

Measurement of Length and Amount of

Repetitive DNA Sequences using Si

Nuclease

If reassociated DNA is digested with

a single-strand-specific nuclease under

carefully controlled conditions, the du-

plex regions may be separated from

the unreassociated single-strand regions

(Britten et al., in press). To study the

characteristics of repetitive DNA se-

quences, A. pernyi DNA fragments of

about 1800 nucleotides were incubated

to C t 10 and digested with SI nuclease

under standard conditions (Britten et

al., in press; Davidson et al., 1974)
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which leave duplex regions intact even

if they contain as much as 20% mis-

match. The duplexes were then sepa-

rated from the partially digested single-

stranded fragments by binding to HAP.
The HAP-bound fraction was chromato-

graphed on agarose A-50 (Fig. 2). Ap-
proximately 75% (18% of the starting

DNA) eluted almost coincidentally with

a 300-nucleotide marker. The single-

strand length was shown by subsequent

alkaline sucrose gradient centrifugation

to be about 230 nucleotides. The re-

mainder of the Sl-nuclease-resistant

material (6% of the starting DNA) was
excluded from the agarose column and
was polydispersed in alkaline sucrose

gradients, varying from a few hundred

to a few thousand nucleotides in single-

strand length.

Figure 3 and Table 2 show spectro-

photometric melting measurements on

fractions obtained in the chromatograph

of Fig. 2. The T„, of the long duplex frac-

tion (33) is actually slightly higher than

that of native DNA, indicating the pres-

ence of long repetitive sequences rela-

tively high in GC content. The Tm of the

short duplexes is about 74°. About 3°

reduction in Tm is expected to result

from the short length of these fragments.

Thus we estimate a reduction in Tm of

about 7° due to mismatch. It follows

that the short interspersed repeated se-

quences show greater evolutionary di-

vergence than do the long repeated

sequences. A similar result has been ob-

served for all of the other species that

have been examined in this way, includ-

ing sea urchin (see later section of this

report), Xenopus (Davidson and Brit-

ten, 1973; Davidson et al, 1974), calf

(unpublished data, Britten), Spisula

(Goldberg et al., 1975), and sea hare

(unpublished data, Angerer and Brit-

ten).

The fraction of the DNA which is re-

sistant to SI nuclease under these condi-

tions (24%) permits an estimate of the

actual fraction of the DNA which is in

repetitive sequences. Approximately

10% of the Sl-resistant material might

be single-strand tails, as suggested by
the reduced hyperchromicity (see Table

2). Therefore, the repetitive sequences

reassociated at C t 10 are appromixately

300 NT
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Fig. 2. Size distribution of Sl-resistant repetitive DNA sequences. Total DNA of 1800-

nucleotide fragment length was reassociated to Cot 10 and treated with SI nuclease. The
enzyme-resistant duplexes were passed over HAP and eluted with 0.4 M PB. They were then

chromatographed on a calibrated agarose A-50 column in 0.12 M PB. The arrows show the

elution positions of an exclusion marker (Ex, long native DNA) ; an inclusion marker (Inc,
32POr3

) ; and a 300-nucleotide-long DNA marker.
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Fig. 3. Thermal stability and hyperchromicity of repetitive sequences as a function of their

elution position from the A-50 column. Individual fractions (identified by number) from the

A-50 column shown in Fig. 2 were melted in a water-jacketed cell in a spectrophotometer, and
the A 2oo was measured. The solvent was the 0.12 M PB column eluant.

22% of the total DNA. At C t 10 the

fast fraction would have been completely

reassociated while the slow fraction

would only be about 25% reassociated

TABLE 2. Thermal Stability of Si-Resistant

Repetitive Sequences

Fraction of the

A-50 Column Hyper-
(Fig. 2) chromicity* 7\„(°C)

33 .23 85.7

35 .23 85.0

38 .23 84.0

42 .22 81.2

50 .21 77.2

56 .20 74.2

Native DNA .27 84.0

* Hyperchromicity is calculated as (Aseo at

98° — A2m at 60°)/A™ at 98°C. As can be seen

from Fig. 2 the agarose column contributes an
unknown small UV-absorbing background, and
these figures are probably too low by about

5% or 10% of their values. The average hyper-

chromicity of the Sl-resistant material com-
pared to that of fully paired DNA suggests the

existence of 15% to 20% single-stranded se-

quence. Approximately half of this is due to

mismatch according to the T,„ measurements,
suggesting that the other half is single-strand

tails.

(Table 1). Therefore, the maximum
amount of slow repeated DNA in the

nuclease-resistant fraction is one fourth

of 30%, or about 8%, of the genome.

The fast and very fast fractions are

completely reassociated at C t 10 and
correspond to about 14% of the genome.

The Spacing of Repeated Sequences as

Estimated from the Increase with

Length of the Fraction of Fragments
Containing Repeated Sequences

Tracer fragments of various defined

lengths were obtained from sheared DNA
fractionated on a preparative alkaline

sucrose gradient. Each fraction was re-

associated with a 400-fold excess of 250-

nucleotide unlabeled driver DNA, at

driver C t 20, and the fraction of tracer

fragments containing reassociated se-

quences was assayed by HAP chroma-
tography. At C t 20, the fast fraction is

completely reassociated, and the single-

copy fraction is unreassociated. The
slow fraction is partially reassociated.

Thus, the HAP binding of the tracer

fragments is due principally to the reas-

sociation of the fast fraction with some
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contribution from the slow sequences

and none from the single-copy sequences.

As a result of interspersion of different

sequence classes with each other, the

length of the single-stranded regions

linked to the reassociated sequences in-

creases with fragment length.

Figure 4 shows our best estimate of

R, the fraction of fragments which con-

tains repeated sequences as a function

of tracer fragment length. See references

(Davidson et al., 1973, and Graham
et al., 1974) for analyses of sequence in-

terspersion by this method. For this esti-

mate a correction has been made for the

increase in binding at Cat 5 X 10~ 4 due

to foldback and very fast repeated se-

quences (Davidson et al., 1973; Graham
et al., 1974) using the formula R = F —
Z/l—Z, where F is the fraction of tracer

fragment bound to HAP at C t 20 and

Z is the fraction of fragments bound at

C t5X 10~ 4
.

The solid line of Fig. 4 represents the

least-squares solution of these measure-

ments by the method described by Gra-

ham et al., 1974. This curve extrapolates

to 14% for very short fragment lengths.

This is surely too low an estimate of the

total amount of repetitive sequences re-
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Fig. 4. The fraction of DNA fragments con-

taining repetitive sequence elements as a func-

tion of fragment size. Tracer fragments of the

indicated length were reassociated together

with a 400-fold excess of 250-nucleotide-long

driver, at driver Cot 20. R represents the frac-

tion of tracer bound, after correction for the

binding that occurred at Cot 5 X 10"4
. The line

is an unrestricted computer least-squares fit.

For further details, see the text.

associated by C t 20. The solution is ob-

viously affected by scatter in the data

at short fragment lengths. Many other

solutions are possible, and the differences

between them are unimportant in their

effect on the interpretation of the major
features of the curve in Fig. 4. All solu-

tions show a strong decrease in slope at

about 800 nucleotides and a relatively

small slope at long fragment lengths.

The interpretation of such R curves pre-

viously described (Davidson et al., 1973;

Graham et al., 1974) indicates that there

are many repetitive-sequence elements

spaced by about 800 nucleotides of

DNA that was not reassociated at C Q t

20. In addition, there is another class of

repetitive sequences that are spaced

much farther apart. Since no curvature

is evident in the data at long lengths, we
conclude that most of the longer spac-

ings are greater than 2400 nucleotides.

Thus we conclude that there are two

broad classes of repetitive-sequence

spacing in A. pernyi DNA which can be

termed long-period and short-period in-

terspersion. We can also conclude that

almost all of the single-copy DNA se-

quences are included in this intersper-

sion pattern. We presume that many of

these single-copy sequences have a

length of about 800 nucleotides and that

another class is longer, by analogy to

the situation in the DNA of other spe-

cies. However, this pattern is not di-

rectly demonstrated for A. pernyi DNA
because of the presence of substantial

amounts of slow repetitive component,

which is only partially reassociated at

C t 20 in these measurements. The slow

repetitive sequences could also be inter-

spersed with fast repetitive sequences,

and thus the 800-nucleotide lengths may
include slow sequences in addition to

single-copy sequences. For this reason

it is impossible to derive an accurate

conclusion about the preponderant length

of the interspersed single-copy sequences.

The principal part of the DNA that is

reassociated at C t 20 is the fast repeti-

tive fraction, and most of the 800-nu-

cleotide-long spaces separate fast repeti-
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tive sequences. Nevertheless, the main
conclusions of this work are that most

single-copy sequences in A. pernyi DN

A

are interspersed with repetitive DNA
sequences, and that the repetitive DNA
sequences are typically 200-300 nucleo-

tides in length.

Conclusion

The reassociation kinetic measure-

ments of A. pernyi DNA made at a frag-

ment length of 250 nucleotides are sum-
marized in Table 1. The fraction of

DNA in the several kinetic components

does not reflect accurately their abun-

dance in the genome because of sequence

interspersion. Our best estimate of the

amount of DNA in the various sequence

classes is also given in Table 1, as de-

rived from measurements of Sl-nuclease

resistance. The kinetics of reassociation

of 2200-nucleotide-long labeled frag-

ments with short driver DNA indicate

that almost all of the single-copy DNA
sequence and most of the slow repeated

DNA sequence are interspersed with fast

repetitive sequences. In fact, more than

85% of 2200-nucleotide fragments con-

tain repetitive sequences that have re-

associated by C t 10.

The length and melting characteristics

of Sl-nuclease-resistant duplexes show
a striking similarity to those for many
other species. The short repetitive se-

quence duplexes account for about three-

fourths of the total enzyme-resistant

repetitive DNA at C t 10, and have a

mode length between 200 and 300 nu-

cleotides. About 25% of the Sl-resistant

duplexes (6% of the genome) are ex-

cluded from agarose A-50, and many of

these are reassociation products from

longer repetitive regions in the genome.

They appear to be polydispersed in al-

kaline sucrose sedimentation measure-

ments and little can yet be said about

their actual sequence organization.

The measurements shown in Fig. 4 of

the fraction of fragments that contain

repeated sequences as a function of

length show that the sequence organiza-

tion of A. pernyi is similar to that of

Xenopus laevis. A very large fraction of

the single-copy DNA is interspersed

with repetitive sequences. The possibil-

ity exists that the slow, fast, and single-

copy sequences are all interspersed with

each other and this prevents a direct

conclusion from the R curve measure-

ments of the length of the single-copy

sequences. However, it is clear that most

of the fast repetitive sequences are short

(200-300 nucleotides) and spaced by
about 800 nucleotides, partially if not

exclusively with single-copy DNA se-

quences.

In conclusion, we have shown that the

A. pernyi genome is organized in a pat-

tern quantitatively similar to the pat-

terns of DNA sequence organization in

Xenopus laevis, Strongylocentrotus pur-

puratus, and Aplysia californiea. There-

fore, the widespread Xenopus pattern

occurs even among insects. After this

study was completed, we showed that

the Xenopus pattern also occurs in an-

other insect, Musca domestica, a dip-

teran (see section after next). The Dro-
sophila pattern thus seems exceptional,

as it has been observed in only two in-

sects, the honeybee and Drosophila it-

self (Manning et al., 1975; Crain et al.,

19766; see next section). The functional

and evolutionary implications of this

unusual sequence organization are as

yet unclear. The pattern of sequence or-

ganization revealed by these studies in

the genome of A. pernyi, the first lepi-

dopteran to be studied, is of very gen-

eral occurrence throughout the animal

kingdom as well as in some plants. We
attribute the general occurrence and
evolutionary conservatism of this pat-

tern to some as yet unknown crucial

function in the genome.

Experimental Procedures

Preparation of DNA. DNA was ex-

tracted from nondeveloping pupae of

Antheraea pernyi obtained commer-
cially and stored at 2°. For each prepa-

ration 60 pupae were shredded for 1 min
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(Waring Blender, full speed, in 0.1 M
NaCl, 0.01 M EDTA, 0.05 M Tris, pH
8.7) . The homogenate was filtered (Ni-

tex, 153 and 56 /xm mesh) and spun for

10 min at 4000 X Q- The pellet was re-

suspended in the same buffer containing

1 M NaC104 and made 2% in Na-
DodS0 4 . After 1 hr at 37° an equal vol-

ume of Sevag solution (chloroform :iso-

amyl alcohol, 24:1, v/v) was added. The
suspension was shaken for 15 min and
centrifuged. An equal volume of phenol

was added to the aqueous phase and,

after shaking, a volume of Sevag solu-

tion. The aqueous phase was reextracted

with phenol-Sevag solution (1:1) twice.

The DNA was precipitated with 0.5 vol-

ume of cold isopropanol, wound, dis-

solved overnight in 1 mJlf EDTA, pH 7,

and digested for 1 hr at 37° with 50

jug/ml RNase A (preheated for 10 min
at 80°). The solution was digested with

200 fig/ml pronase for 1 hr at 37° (pre-

incubated for 2 hr at 37°) and extracted

with phenol-Sevag solution. The DNA
was precipitated with 2 volumes of

ethanol and dissolved in 1 mM EDTA,
pH 7. To remove contaminating poly-

saccharides, the solution was spun for

30 min at 150,000 X g.
3H-labeled DNA was synthesized by

ovarian follicles (stages from germarium
to degeneration of the nurse cells) , in

organ culture for 8 hr in 1.5 ml Grace's

medium containing 1 mCi [
3H-methyl] -

thymidine (specific activity 50.8 Ci/

mmole). The DNA was extracted from

nuclei and showed a specific activity of

about 2 X 104 cpm//>tg.

The hyperchromicity of all DNA
preparations was about 27% of the opti-

cal density after full denaturation at

98°. Melting profiles and analytical

equilibrium density ultracentrifugation

in CsCl gradients did not distinguish

such DNA preparations from the DNA
of pupal testes, which are rich in sper-

matocytes. Relative to a phage SPOl
DNA marker, the DNA had a buoyant
density of 1.694 g/cc, corresponding

(Mendel et al, 1968) to 35% G+C.
Fragmentation of DNA. DNA frag-

ments of desired lengths were generated

by shearing in a Virtis-60K homogenizer
(Britten et al, 1974) or were selected

from sheared DNA fractionated in pre-

parative alkaline sucrose gradients. Sin-

gle-stranded DNA lengths were deter-

mined by sedimentation in isokinetic

alkaline sucrose gradients (Noll, 1967)

as described previously (Angerer et al.,

1975; Goldberg etal, 1973).

Absence of Short-Period Intersper-

sion of Repetitive and Nonrepeti-
tive Sequences in the DNA of

Drosophila melanogaster

William R. Crain, Francine C . Eden*
William R. Pearson, Eric H . Davidson,

and Roy J. Britten

Interspersion of short repetitive se-

quences with single-copy sequences of

one to a few thousand nucleotides ap-

pears to be a very widespread—even

nearly universal—feature of higher ani-

mal genomes. DNAs of 15 organisms

widely distributed on the phylogenetic

tree have now been examined. In the

typical case a majority of the genome
consists of short (300 nucleotide pairs)

repeated sequences adjacent to longer

(1000-2000 nucleotide pairs) single-

copy sequences (recently reviewed by
Davidson et al, 1975a). Drosophila

melanogaster DNA does not share this

pattern of sequence organization (Man-
ning et al, 1975), and at this time two
other exceptions have been found among
the insects. These differences are of con-

ceptual importance, since DNA sequence

organization probably has significant

implications for the functional organi-

zation of the genome and for genetic

regulation (Britten and Davidson, 1969,

1971; Davidson and Britten, 1973). Pre-

vious studies of the Drosophila genome
(Manning et al., 1975) were done prin-

cipally by electron microscopy of reas-

sociated DNA, while most of the data

obtained on more typical genomes have

* Department of Zoology, Indiana Univer-

sity, Bloomington, Indiana 47401
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been derived from other methods such

as hydroxyapatite assay of reassocia-

tion of short and long fragments and SI

nuclease resistance. The question obvi-

ously arises as to whether the differences

between Drosophila DNA and other

DNAs are more apparent than real ; that

is, a result of differences in experimental

approach. Studies of sequence arrange-

ment in the Xenopas genome by electron

microscopy (Chamberlin et al, 1975)

have yielded results which are entirely

consistent with those obtained by other

methods. Xenopus DNA has a typical

pattern of short-period sequence inter-

spersion and is the type organism, since

its DNA was the first to be studied in

detail (Davidson et al, 1973). An addi-

tional effort to determine sequence or-

ganization in the Drosophila genome by
several methods other than electron

microscopy appeared justified to us. Not
only is Drosophila an important experi-

mental species, but the application of

other methods might conceivably un-

cover short repeated sequences missed

in the electron microscopic measure-

ments. In addition, earlier measurements
on Drosophila DNA (Wu et al, 1972)

had been differently interpreted. In this

paper we report a search for short re-

peated sequences in the Drosophila ge-

nome by a combination of five methods.

Manning et al. (1975) concluded that

the number average length of the re-

peated sequences in Drosophila DNA is

about 5500 nucleotides and that these

are probably terminated by single-copy

sequences. They estimated that there

are 3000 repeats in the genome. From
these results we may estimate the quan-

tity of single-copy sequence expected to

be linked to repeated sequences by a

calculation described in the Conclusion.

If there ~were a significant number of

previously unobserved, short inter-

spersed repetitive sequences, the meas-
urements reported here would show a

larger fraction of single-copy DNA
linked to repetitive sequences than sug-

gested by Manning et al. The conclu-

sions from our measurements are in

substantial agreement with those of

Manning et al. (1975).

Reassociation Kinetics of Drosophila

DNA

Figure 5 shows the reassociation ki-

netics of two different fragment sizes

of Drosophila melanogaster DNA as-

sayed by binding to hydroxyapatite. The
curves show that Drosophila melano-
gaster has a relatively small quantity of

middle repetitive DNA, as previously

observed (Laird, 1971; Wu et al, 1972;

Schachat and Hogness, 1974; Manning
et al, 1975). The kinetic curves are

dominated by the single-copy DNA re-

association. About 10% of Drosophila

DNA binds at very early times to hy-

droxyapatite. This is probably composed
of satellites and inverted repeats (Gall

et al, 1971; Peacock et al, 1973; Wilson
and Thomas, 1974; Manning et al, 1975;

Schmid et al, 1975). We have not in-

vestigated this fraction in the present

work.

The fraction of the DNA fragments

containing middle repetitive sequences

or only single-copy sequences was deter-

mined by least-squares analysis. These
quantities and the most likely rate con-

stant are shown in the legend to Fig. 5.

The reassociation of the fragments aver-

aging 1830 nucleotides is somewhat
faster than that of the 360-nucleotide

fragments. Such a result is expected for

the following reasons. First, for those

fragments which are purely repetitive or

purely single copy, the rate of reassocia-

tion is increased approximately in pro-

portion to the square root of the frag-

ment size (Wetmur and Davidson, 1968;

Wetmur, in press). Some of the frag-

ments from interspersed regions contain

both repetitive and single-copy se-

quences linked together. These fragments

are bound to hydroxyapatite when the

repetitive regions are reassociated, and
therefore when longer fragments are

used a greater fraction of the single-

copy DNA is bound at a given C Q t. This

process supplies one of the major meth-
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ods for the detection and measurement
of short-period interspersion of repeated

and single-copy sequences. The rate of

reassociation of long and. short frag-
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Fig. 5. Reassociation kinetics of Drosophila

DNA. Drosophila DNA fragments of 360 (filled

circles) and 1830 (open circles) nucleotides

were prepared by mixing unlabeled DNA from
syncytium stage eggs with 3H-labeled DNA
from Drosophila tissue culture cells (mass
ratios of 1500/1 and 750/1, respectively.

These mixtures were sheared in the Virtis

homogenizer (Britten et al., 1974). Reasso-
ciation and assay of the fraction of frag-

ments containing double-stranded regions was
carried out by binding to hydroxyapatite (see

Experimental Procedures). The least-squares

solution of the data yielded components with
the following fraction of the genome (Q) and
rate constants (k) : For the 360-nucleotide frag-

ments, very highly repetitive sequences, and
foldback, Q = 0.12, k cannot be clearly de-
fined; middle repetitive sequences, Q = 0.108,

k = 2.1 M'1
sec"

1
; single-copy sequences, Q =

0.751, k = 0.0121 M" 1
sec"

1
. Least-squares analy-

sis on the 1830-nucleotide fragment data was
carried out with the rate constant for single-

copy sequence fixed to a value of 0.0273 M'1

sec"
1

. This value was obtained by adjusting the
k for single-copy sequence from that measured
with 360-nucleotide fragments. Thus

, /1830\ 1/2

k18so = fc36o [ J
= 0.0273.

\ 360/

The values for the components in the 1830-

nucleotide curve are as follows: very highly

repetitive and foldback, Q = 0.15, k not de-

fined; middle repetitive, Q = 0.22, k = 0.94

M-1
sec"

1
; single-copy, Q = 0.64, k = 0.0273

M"1
sec"

1
.

ments has been measured for the DNA
of a number of species (Davidson et al.,

1973; Goldberg et al, 1975; Davidson
et al., 1975a; Angerer et al., 1975). In

each case in which other methods show
the presence of short-period intersper-

sion, the reassociation rate of fragments

a few thousand nucleotides long is ob-

served to be strikingly faster than that

of fragments a few hundred nucleotides

long. However, for Drosophila melano-

gaster DNA the effect of increased frag-

ment length is relatively modest. The
rate of reassociation of the 1830-nucleo-

tide fragments is faster than that of the

360-nucleotide fragments by a factor

only slightly larger than the ratio of the

square roots of the fragment lengths.

This is true for both the repetitive and
the single-copy parts of the reaction. It

follows that only a small fraction of the

1830-nucleotide-long fragments are made
up of linked repetitive and single-copy

sequences. We do not yet know whether

the rate of reassociation is exactly pro-

portional to the square root of length for

fragments as short as 360 nucleotides,

and thus a quantitative examination of

such measurements is limited in accu-

racy. The accuracy of this method is not

sufficient to detect a small amount of

relatively short interspersed repetitive

sequences if they exist.

Reassociation of Long Labeled Frag-

ments with an Excess of Short

Fragments

The reassociation of long labeled frag-

ments with an excess of short fragments

was the first method used to demon-
strate repetitive-sequence interspersion

(Britten and Smith, 1970), and it has

been used for the measurements of the

length of the interspersed single-copy

sequences in the DNA of several species

(e.g., Davidson et al., 1973; Graham et

al, 1974; Angerer et al, 1975; Efstra-

diatis et al, 1976). Figure 6 shows the

kinetics of reassociation of labeled 2200-

nucleotide-long Drosophila DNA frag-

ments with excess 390-nucleotide un-
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Fig. 6. Reassociation kinetics of 2200-nucleo-

tide labeled fragments in the presence of an

excess of 390-nucleotide DNA fragments. The
upper curve (filled circles) shows the binding

of the labeled fragments to hydroxyapatite at

60°C in 0.12 M phosphate buffer after incuba-

tion under the same conditions. The lower

curve (open circles) shows the binding to hy-

droxyapatite at 50°C in 0.12 M phosphate

buffer after incubation under these conditions.

Least-squares analysis was performed on the

data at 60°C and 50°C yielding the following

components. 60°C: very highly repetitive and
foldback, Q = 0.17, k not defined; middle

repetitive, Q = 0.27, k = 1.66 M"1
sec"

1
; single

copy, Q — 0.584, k = -0.074 M'1
sec"

1
.
50° C:

very highly repetitive and foldback, Q = 0.34,

k not defined; middle repetitive, Q = 0.166, k
— 1.06 AT1

sec"
1

; single copy, Q = 0.497, k =
0.048 M"1

sec"
1

.

labeled fragments. As above, the rate of

reassociation of the long fragments is

affected by their length, so that a small

amount of sequence interspersion is diffi-

cult to detect. Previous measurements
with bacterial DNA fragments (David-

son et al., 1973) indicated that the rate

of reassociation of long labeled frag-

ments with an excess of short fragments

is directly proportional to the length of

the long fragments. The least-squares

solutions for the rates and quantities of

the repetitive and single-copy compo-
nents are shown in the legend to Fig. 6.

The single-copy rate is in fact acceler-

ated by just the ratio of the lengths

(2200/390). Thus the majority of the

single-copy sequences are not linked to

repetitive sequences on fragments of

2200 average nucleotide length.

In Fig. 5 the quantity of the repeti-

tive component appears somewhat larger

for the 2200-nucleotide-labeled frag-

ments than for the 360-nucleotide frag-

ments. This is in part caused by linkage

of single-copy sequences to the ends of

long repetitive sequences. However, the

accuracy of these measurements is not

sufficient to determine whether the quan-

tity is greater than that expected from

the electron microscopic measurements

of Manning et al. (1975; see Conclu-

sion) .

It is possible that short interspersed

repetitive sequences exist but are either

very short or very divergent and thus

cannot be bound to hydroxyapatite at

the standard criterion. If this were true

it might be possible to detect these less

stable sequences by lowering the cri-

terion of reassociation. To test this

possibility the incubations and hydroxy-

apatite assays were done in 0.12 M
phosphate buffer at 50°C—10° C lower

than the standard criterion. Under these

conditions more divergent or shorter re-

peats would reassociate and bind to hy-

droxyapatite than at the 60°C criterion

used in the preceding experiments. The
lower curve of Fig. 6 shows the result.

Additional binding occurred at very low

C t, but no substantial change is ob-

served in the middle repetitive and sin-

gle-copy regions of the kinetics. The
implication of the low C t binding is that

under these conditions a greater amount
of DNA was associated with foldback

or satellite sequences. Since in Droso-

phila (Schmid et al., 1975) and other

species the foldback or palindrome

(Wilson and Thomas, 1974) sequences

are interspersed throughout much of the

genome, it is likely, though not proved

here, that we are seeing the effect of a

larger class of such interspersed se-

quences. There is, however, no sign of an

increased amount of middle repetitive

sequences. Thus no evidence for unusu-

ally divergent or short interspersed mid-
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die repetitive sequences can be obtained

by lowering the criterion 10° C.

The Size of SI -Nuclease-Resistant

Reassociated Repetitive Sequences

Under appropriate conditions (Brit-

ten, Graham, Eden, Painchaud, and
Davidson, in press) the single-strand-

specific nuclease SI from Aspergillus

(Ando, 1966; Vogt, 1973; Sutton, 1971)

is useful for determining the length of

repetitive sequences. With a carefully

controlled digestion, single strands can

be effectively removed without the en-

zyme attacking duplexes containing even

10%-20% mismatched base pairs. The
following procedure has been developed

to measure the length distribution of

short repetitive sequences: (a) reasso-

ciation of approximately 2000-nucleo-

tide-long fragments to a C t at which

few single-copy sequences are reasso-

ciated; (b) limited digestion with SI

nuclease to cleave single strands from

duplexes; (c) binding to hydroxyapa-

tite (0.12 M phosphate buffer, 60°C) to

separate duplexes from undigested single

strands; (d) gel filtration analysis of the

Sl-resistant duplexes on agarose A-50
columns. This method has been applied

to the DNA of a number of species that

possess typical short interspersed repeti-

tive sequences. In every case the re-

sistant duplexes separate into two size

classes: a long-fragment class, which is

excluded from the agarose column; and
a short-fragment class with a mode size

of about 300 nucleotide pairs (Goldberg

et al., 1975; Britten, Graham, Eden,

Painchaud and Davidson, in press). The
fraction of the repeats that fall in the

short repetitive sequence class varies

from 35% to 85%, depending on the

species (Davidson et al., 1975a)

.

In order to achieve greater sensitivity

the Drosophila DNA fragments were

partially separated into a very rapidly

reassociating fraction and a middle repe-

titive fraction. For this purpose the

2400-nucleotide-long fragments were in-

cubated to C t 0.05 and passed over

hydroxyapatite. The bound fraction was
eluted with 0.4 M phosphate buffer. The
unbound fraction was reincubated to

C t 3. Both fractions were digested with

Si nuclease, and the size of the resistant

duplex structure measured by gel filtra-

tion on agarose A-50. Details of the

procedure and the yield of DNA in each

fraction are given in Experimental Pro-

cedures. The size distributions of the

Sl-resistant duplexes are shown in Fig.

7 along with a control (labeled sea

urchin DNA). Identical patterns were

obtained for the sea urchin DNA in both

runs. The yield of the short fragments of

sea urchin DNA is a little less than the

amount expected, but the SI digestion

was clearly effective. The C t 0.05 bound
fraction of the Drosophila DNA shows

no measurable quantity of short Sl-

resistant duplexes. The middle repetitive

fraction (C t 0.05-3) appears to show a

small quantity of short resistant du-

plexes. About 25% of the DNA has a

fcav greater than 0.3, or a size less than

1000 nucleotide pairs. This result is con-

sistent with the pattern of long repeti-

tive sequences measured by the electron

micrographic measurements of Manning
etal. (1975).

The Hyperchromicity of Reassociated

Repetitive Fragments

When DNA fragments containing both

repetitive and single-copy sequences are

reassociated to low C t, the single copy

regions remain unpaired. The quantity

of these unpaired regions can be meas-

ured by collecting all the fragments con-

taining paired regions on hydroxyapatite

and measuring their hyperchromicity.

The amount of single-copy DNA
linked to repetitive sequences on such

fragments depends on the sequence in-

terspersion pattern. If there are many
short interspersed repeats, there will be

many single-copy sequences linked to

them and a low hyperchromicity will be

observed. The amount of hyperchromic-

ity decreases as the length of the frag-

ments increases. This effect has been
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Fig. 7. Length of Sl-resistant duplexes

formed by renaturing highly repetitive and

middle repetitive Drosophila DNA. Highly

repetitive and middle repetitive DNA se-

quences were prepared from 2400-nucleotide

fragments as described in text and treated with

SI nuclease sufficient to remove single strands

without digesting mismatched regions. 436 /*g

of highly repetitive and 600 /ug of middle re-

petitive DNA were digested under the follow-

ing conditions: 0.15 M NaCl, 0.005 M PIPES,
0.025 M Na acetate, pH 4.3, 0.1 mM ZnSCX,

37°C, 45 jnin. The resistant duplex fraction

was collected on hydroxyapatite and chro-

matographed on agarose A-50 in 0.12 M phos-

phate buffer. Sea urchin DNA (2000 nucleo-

tides) reassociated to Cot 4 was added to the

Drosophila DNA before SI digestion as a con-

trol. The arrows indicate the positions of

exclusions and inclusion markers; filled circles

represent Drosophila satellite DNA (Cot 0.05,

bound) ; open circles are Drosophila middle
repetitive DNA (Cot 0.05-3.0) ; and triangles

are sea urchin repetitive DNA.

demonstrated in measurements of the

hyperchromicity of partially reassoci-

ated DNA fragments in several species

that display typical interspersion of

short repetitive sequences (Davidson et

al., 1974; Graham et al, 1974; Goldberg

et al, 1975 ; Angerer et al, 1975)

.

The results for the middle repetitive

fraction of Drosophila are listed on the

lower part of Table 3. The upper parts

of this table show the incubations and

hydroxyapatite fractionation steps used

in purifying the appropriate middle

repetitive fraction of Drosophila DNA.
The reassociated fragments that are 300

nucleotides long at the end of the pro-

cedure have about 95% of the hyper-

chromicity of native DNA, indicating

that very little single-copy sequence is

linked to them. Even the longer frag-

ments (1000 and 1660 nucleotides) show
hyperchromicities of 83% and 79% of

native DNA. These values suggest that

some single-copy DNA is linked to re-

peats in fragments of this size, and in-

deed, some is expected if the average

repetitive sequence is 5000 nucleotides

long (Manning et al., 1975).

Kinetic Assay for Single-Copy DNA
Sequences Linked to Repetitive

Sequences

The following is probably the most
direct and most sensitive of the methods

reported in this paper to determine the

amount of single-copy DNA sequences

that are linked to repetitive DNA se-

quences. Long labeled DNA fragments

that contain repetitive sequences were

selected. These fragments were sheared

and reassociated with an excess of total

Drosophila DNA fragments. The reas-

sociation kinetics were analyzed for evi-

dence of fragments bearing only single-

copy sequences. The sensitivity of this

experiment is such that a few percent of

single-copy DNA can be detected.

The first step was to isolate a large

quantity of short repetitive DNA frag-

ments to be used to select the long la-

beled fragments containing repeats. The
frequency with which middle repetitive

sequences occur in the Drosophila ge-

nome is relatively low, about 30 copies

of each sequence. This agrees well with

the previously reported repetition fre-
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TABLE 3. Hyperchromicity of Middle Repetitive DNA Sequence after Reassociation

Initial Average Fragment Length (nucleotides) 350 1600 3200

Preparation of Middle Repetitive DNA Fraction

First Incubation

Cot

Fraction bound
Fraction of total DNA

Second Incubation

Cot

Fraction unbound
Fraction of total DNA

Third Incubation

Cot

Fraction bound
Fraction of total DNA

Hyperchromicity Determination

Fourth Incubation (for spectrophotometric melt)

Cot

Final fragment size (nucleotides)

Hyperchromicity
Fraction of native DNA hyperchromicity

Tm (°C)

3 3 3

0.24 0.31 0.32

0.24 0.31 0.32

0.012 0.016 0.016

0.41 0.55 0.56

0.096 0.17 0.18

0.29 0.51 0.54

0.44 0.30 0.22

0.042 0.05 0.039

12.6 15.3 11.7

300 1000 1600

0.22 0.20 0.19

0.95 0.83 0.79

78.1 83.5 84.5

qucncy of the middle repetitive compo-

nent (Wu et al., 1972; Schachat and

Hogness, 1974; Manning et al, 1975).

This makes it difficult to separate single-

copy from repetitive DNA, and a single

fractionation step does not suffice. Table

5 shows the fractionation steps and yield

at each stage in comparison with that

expected from our best estimates of the

repetitive frequency components of

Drosophila DNA (Table 4) . Twenty mg
of Drosophila DNA were sheared to 300

nucleotides, and 14% was recovered as

the repetitive fraction. This should con-

sist of 34% highly repetitive, 66% mid-

dle repetitive, and 0.2% single-copy

DNA, were there no sequence intersper-

sion in this genome. The reassociation

kinetics of this fraction were measured

in the spectrophotometer by optical hy-

perchromicity. The results were consist-

ent with the expected components, and

the reassociation went to completion

(final optical density = 0.75 of the ini-

tial denatured A 2(10 ). No single-copy

component could be observed in the re-

action kinetics.

The second step was to prepare long

labeled fragments. 3H-labeled DNA was

sheared to 1800 nucleotide pairs, dena-

tured, incubated to C t 0.005, and passed

through hydroxyapatite to remove the

zero time binding or foldback fraction.

This step was repeated, and a total of

10.2% of the fragments were removed.

The remaining fragments were incubated

with a 50- fold excess of the short repeti-

tive fragments (described above) to C t

3.2. The sample was then passed over

hydroxyapatite in 0.12 M phosphate

buffer at 60°C. Twenty-seven percent of

the long labeled fragments and 79% of

the short driver fragments were bound.

The bound fragments were eluted at

98°C, and the tracer recovered was 1225

nucleotides long, as assayed by alkaline

sucrose sedimentation. These fragments

were sheared to 375 nucleotides and in-

cubated with a fivefold excess of total

Drosophila DNA. The kinetics of the re-

association are shown in Fig. 8. It is

clear that the principal portion of the

labeled fragments is made up of repeti-

tive DNA sequences. Least-squares

analyses were carried out to determine

the best estimates of the fraction of the

sheared tracer fragments which con-

tained only single-copy sequence. For
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TABLE 4. Estimates from Reassociation Kinetics of the Components of Drosophila DNA

Component Single Copy Middle Repetitive Fast

Quantity 0.74 0.09 0.14

Repetition frequency 1 .0 30
Complexity 6.7 X 10

7 NTP 3.14 X 10
6

Rate constant in whole DNA 0.0121 s
0.35

b

Rate constant if pure 0.0164 3.89

Data of Manning et al., 1975 c

Quantity 0.70 0.12 0.12

Repetition frequency 1 70

Rate constant in whole DNA 0.0069 0.5

a In the fit described here, the single-copy rate constant was fixed to agree with that of the

free fit for the 360-nucleotide fragment reassociation curve.
l> For this fit the rate constant for the middle repetitive component in the 1830- and 2200-

nucleotide curves were corrected to their predicted value for 360-nucleotide fragments, and
the average rate constant was determined. This average middle repetitive rate constant was
then fixed in the least-squares fit of the 360-nucleotide fragment reassociation curve. The pre-

dicted rate constants for 360-nucleotide fragments from the two longer fragment size curves

were calculated as follows: For 1830-nucleotide fragments, where 0.936 M'1
sec"

1
is the rate

observed for the middle repetitive sequences in the experiments of Fig. 5,

/ 360 \ 1/2

k - 0.936 (
——

) = 0.45
/ 360 \

V 1830 /

90 nuclec

ences in t

/ 390 \ /360\ 1/2

For 2200 nucleotide fragments driven by 390 nucleotide fragments, where 1.66 M'1
sec"

1
is the

rate observed for the middle repetitive sequences in the experiment of Fig. 6,

40 , 0.47

20 0.63

0.005

5 0.74

The average of these two rate constants is 0.35 M" 1
sec"

1
.

c Fits of data from Manning et al. (1975) for Drosophila DNA fragments of 400 nucleotides

length.

TABLE 5. Fractionation of Drosophila Repetitive DNA

Fraction Bound
to Hydroxy- Predicted* Predicted*

Cot apatite Fraction Unbound Fraction Bound Fraction Unbound

0.47

0.54

0.724 0.63

0.73

* The fraction of the DNA bound to hydroxyapatite at the different steps in the fractiona-

tion was ascertained by calculating the theoretical fraction reassociated for each component
according to the equation

C 1

~Cl ~ 1 + kC t

where C is the concentration of totally single-stranded fragments, Co is the total DNA nucleo-

tide concentration, t is time, and k is the second-order rate constant. The predicted recoveries

for the individual components were added to give the predicted total fractions bound or un-
bound. The rate constants of each component were adjusted according to the new concentra-

tion in the remaining DNA in order to calculate the recovery in the next step, using the

components arrived at from these data : 14% zero time binding and highly repetitive DNA

;

9% middle repetitive sequences with a rate constant of 0.35 M' 1
sec"

1
, and 74% single copy

with a rate constant at 0.0121 M"1
sec"

1
. The rate constants were adjusted to their values for

290-nucleotide-length fragments, and a rate constant of 100 M"1
sec"

1 was estimated for the

fast component.
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Fig. 8. Reassociation of sheared, selected

repetitive DNA in the presence of excess

whole DNA. Tritium-labeled Drosophila DNA
(tracer) fragments which had been stripped of

zero time binding sequences were reassociated

to Cot 3.1 in the presence of a 50-fold excess of

290-nucleotide purified Drosophila repetitive

DNA (driver). The tracer that had reasso-

ciated with the repetitive driver was collected

by hydroxyapatite chromatography. The sin-

gle-strand size of the tracer after elution from
hydroxyapatite was 1225 nucleotides. The
DNA that bound to hydroxyapatite was recov-

ered and sheared, reducing the tracer length to

375 nucleotides. The sheared material was
mixed with 290-nucleotide whole Drosophila

DNA in a ratio of 1 to 5 and reassociated to

various Cot values. The fraction of fragments

containing duplexed regions was measured on
hydroxyapatite. The curve represents a least-

squares fit to the data with the rate constant

for the single-copy component fixed at 0.012

M'1
sec"

1 according to the following descrip-

tion. The rate of the single-copy component
for the 375-nucleotide fragment tracer in this

curve was obtained by adjusting the rate for

360-nucleotide fragments as follows

:

. , /290\ 1/a /375\
fc"° = fc

-°(360J [Wo) =°°14 M S6C

This rate constant was further adjusted to al-

low for the dilution of the single-copy se-

quences when whole DNA driver was mixed
with purified repeat driver. Assuming that the

repeat driver contained no single-copy se-

quences the single-copy sequences would be

diluted by a factor of 0.833. The resulting rate

constant for single-copy sequences is, thus,

0.833 (0.014) = 0.012 M' 1
sec"

1
.

this purpose the rate constant for the

single-copy component was fixed at

0.012 M_1
sec

-1
, the rate constant of

single-copy sequence in the driver DNA.
All of the other parameters were allowed

to remain free. The solution indicates

that 9% of the labeled fragments are

single-copy sequences. We have also

made a least-squares analysis with the

middle repetitive as well as the single-

copy rate constants fixed at the values

shown in Table 4 (corrected for the ad-

ditional repetitive sequences present in

this mixture). With these restrictions the

calculated fraction of fragments bearing

only single-copy sequences is 14%.

Conclusion

Our purpose here is to calculate the

expected amount of single-copy sequence

linked to repetitive sequences and to ex-

amine the quantitative conclusions from

the five types of measurements. In this

calculation G is the genome size in nu-

cleotide pairs, and L is the fragment

length. For a particular set of repetitive

sequences (indicated by the subscript

1) <SX is the length of the interspersed

single-copy sequences; Q 1} the fraction

of the genome in these single-copy se-

quences; and F1} the number of inter-

spersed repetitive or single-copy se-

quences in this set. Figure 9 shows for

an ideal case the increase with fragment

length of the fraction of fragments con-

taining single-copy" DNA linked to re-

peated sequences. The slope (for L <
SO in Fig. 9 is dR/dL = QJSr. Since

Qi = FSi/G, the slope can be written:

dR/dL = FJG (1)

This simple relationship is for a par-

ticular set of interspersed sequences, and
we may add up the contribution to the

slope of each such set as long as the

fragment length is less than the length

of the single-copy sequences. Thus for

L < S the total initial slope of the curve

for the fraction of fragments containing

single-copy DNA linked to repetitive

sequence is:
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(dR/dL) initM = {F, + F 2 + F3

+ ....Fn)/G = N/G (2)

where F1} F 2 , etc., are the numbers of

single-copy (or repetitive) sequence ele-

ments in each interspersed set and N is

the total number of interspersed se-

quences in the genome. For L less than

S, the fraction of the genome which is in

single-copy sequences linked to repeti-

tive sequences (Y) follows directly:

Y = L (dR/dL) = L N/G (3)

Manning et al. (1975) take the ge-

nome size of Drosophila melanogaster

to be 1.3 X 108 nucleotide pairs (Fris-

trom and Yund, 1973) and estimate that

there are 2800 interspersed repeated se-

quences with an average length of 5500

nucleotides. If we assume that all of

e —

H

^1

t i

>

c
1

J L !

p

t

Fig. 9. The contribution of one element of a

sequence interspersion pattern to hydroxyapa-

tite binding. Shown as a function of fragment

length (L) is R, the amount of DNA in frag-

ments that contain one set of repeated se-

quences spaced by single-copy sequences of

length Si. The total quantity of single-copy

DNA interspersed with this set is Qi and the

quantity of repeated DNA is Pi. For short

fragments, little single-copy DNA is linked to

the repeats, and in the limit only the repeti-

tive DNA (Pi) would be included. The amount
of single-copy DNA increases in proportion to

the fragment length until the length of the

single-copy sequences is reached (plus enough
length to recognize the succeeding repeat).

The slope of the linear rising portion is Si/Qi.

these are interspersed with single-copy

sequences that are more than a few thou-

sand nucleotides long, then for a 1000-

nucleotide fragment length: Y = 1000

X 2800/1.3 X 108 = 0.0215. Therefore

we expect to find about 2% of the ge-

nome (2.8 X 106 nucleotide pairs) as

single-copy sequences linked to frag-

ments 1000 nucleotides long which con-

tain middle repetitive sequences. From
Table 4 the amount of middle repetitive

DNA is 9% of the genome or 11.7 X 106

nucleotide pairs. Therefore 1000-nucleo-

tide-long fragments of middle repetitive

DNA would contain 19% (2.8 X 106/2.8

X 106 + 11.7 X 106
) single-copy DNA.

We take this to be the best estimate

from the electron micrographic meas-

urements of Manning et al. For calcula-

tions involving other fragment lengths,

the quantity of linked single-copy DNA
is simply proportional to the fragment

length as long as the length of typical

single-copy sequence is not exceeded.

Calculations from the Kinetics of

Reassociation (Parts 1 and 2)

Table 6 shows the expected fraction

of the single-copy DNA calculated as

above from the number of middle repeti-

tive sequences (2800) estimated by
Manning et al. (1975). We have sub-

tracted this estimate from the least-

squares estimates of the fraction of

DNA in the middle repetitive kinetic

components. If the number of inter-

spersed middle repetitive sequences were

significantly greater than 2800 we would

observe, after this subtraction, an in-

crease in the middle repetitive fraction

with fragment length. Though small,

such an effect is seen in Table 6, and it

is this uncertain result which led us to

attempt corroboration with other, more
sensitive methods.

Measurement of the Size of the Sl-

Nuclease-Resistant Fragments

The size distribution of Sl-resistant

middle repetitive duplexes is shown on

Fig. 7 as open circles. The great ma-
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TABLE 6. Fraction of middle repetitive and single copy sequences in Drosophila genome

Middle Repetitive Component Sing e-Copy Component

Fraction Fraction

of Genome Corrected of Genome Corrected

That Is Fraction That Is Fraction

Fraction Single of Genome Single of Genome
of Frag- Copy At- in Middle Fraction Copy At- in Single-

ments tached to Repetitive of Frag- tached to Copy
Fragment Size Observed" Repeats" Sequence" ments3 Repeatsb Sequence

360 nucleotides 0.091 0.008 0.083 0.739 0.008 0.747

1830 nucleotides 0.221 0.039 0.182 0.637 0.039 0.676

2200 nucleotides 0.267 0.047 0.220 0.584 0.047 0.631

" Quantities of components determined from least-squares fit of reassociation data at given

fragment length (from Figs. 5 and 6 and Table 4).
b Fraction of genome that is single-copy sequences attached to repeated sequences at the

various fragment lengths. Calculation as described in text.
c Fraction of genome composed of component after correction for fraction of DNA which is

single copy linked to repeats at the fragment lengths used.

jority of the fragments are excluded

from agarose and are therefore greater

than 2000 nucleotides in length. A small

fraction, perhaps 15% of the mass of

DNA, has a fcav greater than about 0.4,

and thus their length is less than 400 or

500 nucleotide pairs. This represents the

best estimate by this method of the frac-

tion of the middle repeats of about 300-

nucleotide average length. While this is

a simple and direct method, the follow-

ing calculation shows that it is not a

sensitive way to detect a small number
of short repetitive sequences. If there

were, for example, as many 300-nucleo-

tide repetitive duplexes as all others

combined, we would expect 300/5600 =
5% of the total DNA in this region of

the A-50 chromatogram. We obviously

cannot rule out such a possibility from

this measurement. In fact, the data sug-

gest a potentially larger number of short

repeats. However, there are a variety of

artifactual possibilities which could give

rise to short fragments, for example,

shear breakage and internal nicking by
the SI nuclease. We prefer to draw no

conclusion from the tail of short frag-

ments shown in Fig. 7. In any case, it is

clear from this measurement that most

of the middle repetitive sequences are

long.

Hyperchromicity of Reassociated

Repetitive Fragments

The results of fractionating Droso-

phila DNA fragments of various sizes

are shown on Table 3 along with the

hyperchromicity of the purified middle

repetitive fractions. The fractionation

indicates that only a small increase in

single-copy DNA linked to middle repe-

titive DNA occurs with fragment size.

The three final fragment lengths are

300, 1000, and 1600 nucleotides. The hy-

perchromicity data for these three frag-

ment lengths imply that 5%, 16.5%, and

21%, respectively, were made up of

linked single-copy DNA. The calcula-

tion described above, assuming that

there are just 2800 interspersed middle

repetitive sequences in the genome,

yields 5%, 14%, and 21% for the three

lengths. This agreement is surprisingly

good, considering the possible sources of

error in these measurements.

Direct Kinetic Assay for Single-Copy

Sequences Linked to Middle Repeats

The least-squares solutions of the data

shown in Fig. 8 indicate that 9%-14%
of the selected 1225-nucleotide-long

fragments are made up of linked single-

copy DNA sequences. The calculation
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described above yields 17% for this

fragment length. This agreement is cer-

tainly within error. This measurement is

the only one of all of the approaches we
have applied to Drosophila DNA which

directly implies that single-copy DNA is

interspersed with the repeats at any
length. The other measurements have

relied, for example, on the increase with

length of the fraction of the genome as-

sociated with middle repeats or on the

fact that the linked DNA was single

stranded. In every case it was a reason-

able but unproved assumption that the

linked DNA is actually single-copy se-

quence. The electron micrographic meas-

urements of Manning et al. are subject

to the same proviso. However, the least-

squares solution of the data of Fig. 8

includes a component with the kinetics

of single-copy DNA which is of about

the quantity expected if there are 2800

repetitive sequences interspersed with

single-copy sequences.

Some of the fragments of Drosophila

DNA that have been "cloned" and ex-

amined by Wensink et al. (1974) con-

tain both single-copy and repetitive se-

quences. In addition, all the cloned mid-

dle repetitive sequence's so far examined

are several thousand nucleotides or more
in length. The data shown in Fig. 8 give

the best direct estimate of the number
of places in the Drosophila genome at

which repeated sequences are linked to

single-copy sequences. The actual num-
ber of such transitions in the DNA
sequence is, of course, just twice the

number of interspersed repetitive and
single-copy sequences.

Each of the measurements described

gives a result that is consistent, within

error, with the conclusion that about

2800 relatively long middle repetitive

sequences -are interspersed with single-

copy sequences in the Drosophila ge-

nome. We may ask how many more in-

terspersed repetitive sequences could be

added to the 2800 used in the calcula-

tions above without creating an unac-

ceptable deviation from the observed

measurements.

It seems very unlikely that a doubling

of the number would be acceptable.

While this would not introduce a prob-

lem of interpretation for the kinetics

and Sl-resistance methods, serious de-

viations would be revealed by the last

two methods described. The hyper-

chromic shift in one set of measurements
and the amount of single-copy DNA in

the other would have to be in error by
a factor of 2. We do not believe this is at

all likely and conclude that a twofold

greater number of interspersed repeats

is ruled out. Of course, smaller devia-

tions are possible.

Experimental Procedures

DNA preparation. Unlabeled DNA
was prepared from syncytium stage eggs

that had been stored at —70°C. The
eggs were dechorionated by suspension

in 50% Clorox for 2 min at room tem-
perature (2-3 ml/g tissue). They were
then caught on a Nitex screen and
washed sequentially with distilled H 20,

70% EtOH, and H 20. The eggs were
gently removed from the screen and al-

lowed to settle three times in ice-cold

saline Triton (0.9% NaCl, 0.1% Triton
—100:10 ml/g tissue). The dechorion-

ated eggs (Elgin and Hood, 1973) sink

in this mix. The eggs that did not sink

were washed again with distilled H 20.

The saline Triton-washed eggs were
then washed once more with H.O (10

ml/g tissue) and suspended in 0.05 M
Tris-maleate buffer, pH 7.4; 0.005 M
MgCk (5 ml/g tissue). The eggs were

homogenized with two strokes in a

Dounce homogenizer and the homoge-
nate filtered through two layers of Mira-

cloth. The material that was trapped

on the Miracloth was resuspended in a

small volume of Tris-maleate buffer, re-

homogenized in the Dounce homogenizer

and filtered through Miracloth again.

The filtered material was centrifuged at

2000 rpm for 10 min through a % vol-

ume sucrose cushion (0.2 M sucrose in

Tris-maleate buffer) to pellet the nuclei.

The pellet was resuspended in one half
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the original volume of Tris-maleate buf-

fer plus 0.1% Triton, and centrifuged a

second time through a sucrose cushion.

The nuclear pellet was resuspended in

0.1 M Tris, 0.1 M EDTA, pH 8.0 (1 ml
buffer to 1 g starting material) and the

nuclei lysed in 1% SDS. The sample was
treated with 100 ^g/ml predigested pro-

nase (B grade, Calbiochem) for 2 hr at

room temperature. The mixture was
brought to 1,0 1 NaC104 and extracted

with an equal volume of phenol: IAC
(1:1) and IAC (24:1 chloroform :iso-

amyl alcohol). The DNA was spooled

after precipitation with two volumes of

95% EtOH and redissolved in 0.015 M
NaCl, 0.05 M Tris, 0.01 M EDTA, pH
7.6. The DNA was further purified by
treatment with 50 /xg/ml RNase A (chro-

matographically pure, Worthington Bio-

chemical Co.) for 1 hr at 37°C. The
solution was adjusted to 0.1 M NaCl and
incubated with 200 ^g/ml predigested

pronase at 37°C for 1.5 hr. After diges-

tion the mixture was extracted with an

equal volume of IAC and reprecipitated

with ethanol. The yield of DNA was ap-

proximately 300 /xg/g eggs. As an addi-

tional purification step, sheared DNA
was bound to hydroxyapatite at 60°C
and washed with 0.12 M phosphate buf-

fer followed by elution with 0.4 M phos-

phate buffer.

Tritium-labeled Drosophila DNA pu-

rified from tissue culture cells was gen-

erously provided to us by Drs. Ray
White and David Hogness. A 60-ml sus-

pension of cells that had been grown in

the presence of 3H-thymidine was cen-

trifuged and the cells washed in medium
without serum. The pellet was sus-

pended in 0.5 ml medium without serum
and brought to 10.5 ml with 0.5 M
EDTA, pH 9.55; 2.5% sarcosyl, fol-

lowed by incubation at 60°C. After 2 hr

11 ml of 0.1 M EDTA containing 1

mg/ml proteinase K (EM Laboratories)

was added, and the mixture was incu-

bated at 37°C for 7 hr. CsCl was added
(1.21 g/ml), and the samples were cen-

trifuged at 33,000 rpm for 3 days at

15°C in a Spinco-40 rotor. The fractions

containing the tritium counts were

pooled and dialyzed extensively against

0.1 M NaAcetate. The 3H label was
shown to be greater than 97% sensitive

to DNase and completely resistant to

RNase. All sheared tracer preparations

were subjected to one further purifica-

tion step by binding to and elution from

hydroxyapatite. The purified tracer

melted with an optical hyperchromicity

of 95% of that expected for pure DNA.
Its specific activity was determined to

be 1 X 105 cpm/fig.

Preparation of DNA fragments. DNA
fragments of desired lengths were ob-

tained by shearing in a Virtis-60K

homogenizer as previously described

(Britten etal, 1974).

Sizing of DNA fragments. The single-

strand length of the DNA fragments was
determined on isokinetic alkaline su-

crose gradients as described by Noll

(1967). The parameters were as follows:

ymix = 9.84 ml, Cres = 43% w/v, Cflask

= 16% w/v in 0.1 M NaOH. The gradi-

ents were centrifuged at 41,000 rpm for

20-24 hr at 20°C in the Spinco-SW41

rotor. The weight average fragment

length was determined according to the

equations of Studier (1965), relative to

markers sized by electron microscopy.

DNA reassociation. Unless otherwise

indicated, the DNA was reassociated in

0.12 M phosphate buffer at 60°C or 0.4

M phosphate buffer at 66°C CQ t values

determined in the higher salt were cor-

rected to "equivalent" C n t by multiply-

ing by 4.9. All buffers and DNA solu-

tions were passed through BioRad
Chelex 100 equilibrated in the desired

buffer. The fraction of DNA molecules

containing double-strand regions was

assayed by hydroxyapatite chromatog-

raphy (Britten et al., 1974)

.

The reassociation of DNA was moni-

tored in some experiments by measuring

the hypochromicity of denatured DNA
samples at 260 nm in 0.12 M phosphate

buffer in a water-jacketed cuvette in a

Beckman ACTA Mark III spectropho-

tometer.

Si -nuclease digestion and sizing of re-
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sistant regions. Reassociated DNA was
adjusted to 0.15 M NaCl, 0.025 M Na-
Acetate, 0.005 M PIPES, 0.1 ml ZnS0 4 ,

0.005 M /?-mercaptoethanol, pH 4.4, and

digested for 45 min at 37°C with enough

single-strand-specific SI nuclease to di-

gest . all single-strand regions (Ando,

1966). The reaction was terminated by
addition of phosphate buffer to a final

concentration of 0.12 M, and Sl-resist-

ant duplex regions were collected on hy-

droxyapatite at 60° C. 14C-labeled sea

urchin DNA incubated to appropriate

C t was included as an internal control

in each SI digestion experiment. After

elution from hydroxyapatite with 0.4 M
phosphate buffer, the resistant regions

were chromatographed on a BioRad
Biogel A-50 column (1.5 X HO cm) in

0.12 M phosphate buffer. The column

was poured around a support of 6-mm
glass beads. An exclusion marker of long

native DNA and an inclusion marker of
32P0 3 were used to calibrate the column.

Contrasting Patterns of DNA
Sequence Arrangement in Apis

mellijera (Honeybee) and Musca
domestica (Housefly)

W. R. Crain, E. H. Davidson,

and R. J. Britten

Here we report measurements of the

patterns of sequence organization of the

genomes of two insects which were

chosen to provide insight into the phylo-

genetic distribution of the two patterns.

The surprising results are that the DNA
of a dipteran (housefly) has short-period

interspersion similar to that of Xenopus

and that the DNA of a hymenopteran

(honeybee) lacks short-period intersper-

sion as does Drosophila. These results

suggest that the pattern of sequence or-

ganization has undergone remarkable

change in the course of insect evolution.

Reassociation Kinetics of Honeybee
DNA Assayed by Hydroxyapatite

Honeybee DNA fragments 330 or 2200

nucleotides long were reassociated, and

the fragments remaining single stranded

at different C t values were assayed by
hydroxyapatite chromatography. The
results of this kinetic analysis are shown
in Fig. 10. The least-squares solution for

each set of data yields a single second-

order component which accounts for

85% of the reassociation. Table 7 lists

the quantities and rate constants of the

components for each solution. The rate

of reassociation of DNA fragments not

exhibiting sequence interspersion is pro-

portional to the square root of the frag-

ment length (Wetmur and Davidson,

1968). Thus, the rate constant expected

for the reassociation of 2200-nucleotide-

long single-copy honeybee DNA frag-

ments calculated from the observed rate

for 330-nucleotide fragments is

0.0038 X
'2200V/2

,-ao)
= 00ia

This value is in close agreement with

that observed for the 90% component

of the 2200-nucleotide curve (0.013),

suggesting that this component repre-

sents the reassociation of fragments con-

sisting entirely of single-copy sequences.

The observation that the quantity of the

single-copy component at a fragment

length of 2200 nucleotides is not signifi-

Fig. 10. Reassociation of honeybee DNA.
Honeybee DNA fragments 330-nucleotides

(filled circles) and 2230 nucleotides (open

circles) were reassociated in 0.12 M PB at

60°C. The fraction of fragments containing

double-strand regions was assayed by hydroxy-

apatite chromatography in 0.12 M PB at 60°C.

The curves represent a least-squares solution

to the data for one second-order component in

each case (see Table 7).
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TABLE 7. Kinetic Analysis of Apis mellijera DNA

Fragment Length Component
Fraction of

Fragments K» C 0^1/2

RMS
Deviation

(%)

330 nucleotide

2200 nucleotide

zero-time and repeats

single copy

zero-time and repeats

single copy

0.07

0.917
b

0.103

0.897

0.0038

0.0132

263

76

0.7

1.3

a Rate constant in whole DNA, M'1
sec"

1
.

b Jordan and Brosemer (1974) also observed approximately 90% single copy sequences in the

genome of Apis mellijera.

cantly decreased over that at 330 nu-

cleotides shows that no detectable por-

tion of the 2200-nucleotide fragments

consists of both repeated and single-

copy sequences.

This result shows that the principal

part of the single-copy sequences occurs

in long stretches rarely interrupted by
repetitive sequences. Regions where the

repetitive sequences occur contain little

if any single-copy sequences. Therefore,

it is likely that both the repetitive and

the nonrepetitive sequences are long

compared to the 2200-nucleotide frag-

ments. We could not rule out an arrange-

ment in which short repeats are inter-

spersed with still shorter single-copy

sequences in such a way that the ma-
jority of the length of these regions is

repetitive. There is, however, no evi-

dence for such a pattern, and as yet we
know nothing of sequence arrangement

within the repetitive regions of honeybee

DNA.

Optical Reassoeiation Kinetics of

Honeybee Repeated Sequences

Based on the data in Fig. 10, it ap-

pears that no more than 10% of honey-

bee DNA consists of repeated sequences.

In order to estimate the amount of re-

peated sequences, DNA fragments 330

nucleotides long were reassociated to C t

2. The fragments containing double-

stranded regions were collected on hy-

droxyapatite, eluted with 0.4 M PB, and

dialyzed into 0.12 M PB. The reassoeia-

tion kinetics of this fraction (7.8% of

the original DNA) were assayed by op-

tical hypochromicity as shown in Fig.

11. A large initial drop in optical density

is observed before the first measured
point at about C t 0.01. This presumably

results from a combination of foldback

DNA and, possibly, very rapidly reasso-

ciating fractions. After C t 0.01 reasso-

eiation typical of repetitive sequences is

observed which may not be complete by
C t 20. At least 40% of this C t 2 hy-

droxyapatite-bound fraction (3% total

DNA) consists of repetitive sequences

since this much reassoeiation was di-

rectly observed. It is possible that there

is a highly repetitive component, al-

though no direct evidence for it exists.

Therefore, most of the C t 2 fraction

could be repetitive DNA (about 8% of

the genome). The reassoeiation kinetics

appear to be heterogeneous, with a mid-

point at about C t 0.3 for the part of the

reaction measured. The rate of reasso-

eiation measured optically is half that

measured with hydroxyapatite (Britten

and Kohne, 1968), and the component

could have been enriched by a factor of

10 in the isolated repetitive fraction.

Therefore, we estimate the half reasso-

eiation C t in total honeybee DNA to

be about 1.5 or greater. Since the pre-

parative fractionation was done at C t

2, we probably recovered 60% or less of

the repetitive DNA and surely would

have recovered less of the more slowly

reassociating fractions. Therefore we es-

timate that 6%-10% of the honeybee
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genome consists of sequences repeated a

hundred or more times.

Reassociation Kinetics of Housefly DNA

Housefly DNA fragments 250 or 2000

nucleotides long were self-reassociated

and the fraction of single-strand frag-

ments assayed by hydroxyapatite chro-

matography. Figure 12 shows that

reassociation of the 250-nucleotide frag-

ments occurs over at least seven decades

of C t. The result of a least-squares so-

lution with three second-order compo-

nents is described in Table 8. The reas-

sociation rate constant of the slowest

0.75

Fig. 11. Reassociation of honeybee repeated

DNA monitored by optical hyperchromicity.

Honeybee DNA fragments 330 nucleotides

were reassociated to Cot 2.3. The fragments con-

taining duplexed regions were collected on hy-

droxyapatite and eluted with 0.4 M PB (7.8%

of the DNA). This fraction was dialyzed into

0.12 M PB, melted, and allowed to reassociate

at 60°C, while the A 2no was monitored in the

ActaJII recording spectrophotometer (left ver-

tical axis). The hyperehromicitv (H) at each

. .
,

A„ (98°C) - A200 (T)
point is calculated as —

A™ (98°C)

The percentage of DNA reassociated is calcu-

H - 0.03
lated as follows: % reassociated = —

—

X 100 and is shown on the right vertical axis.

The solid circles represent the data points, cal-

culating the hyperchromicity as the denatured

Aaso in the" original melt of the DNA before

reassociation. After reassociation for approxi-

mately 48 hr the renatured DNA was remelted

giving a T,„ of 81 °C which is within 1°-2°C of

the native TV. The denatured Aaoo at this point

was slightly lower than during the first melt.

The fraction DNA reassociated using this low-

ered denatured A200 is shown for Cd 20 (open

circles).

component is 0.00095, which is very close

to 0.00093, the expected value for single-

copy sequences in a genome of 0.89 pg
(Bier and Miiller, 1969). Reassociation

of 2000-nucleotide fragments, as seen in

Fig. 12, is completed at much lower CJ
values than reassociation of the 250-

nucleotide fragments. A least-squares so-

lution for two second-order components

is described in Table 8. Fragments 2000

nucleotides long containing only single-

copy sequences would be expected to re-

associate with k = 0.00095 (2000/250) 1/2

= 0.0026 M- 1 sec" 1
. It can be seen that

no significant amount of reassociation

occurs in this appropriate range of C t.

Most, if not all, of the single-copy se-

quences had been bound much earlier.

They are therefore present on fragments

containing repetitive sequences that had
previously reassociated. This is a direct

indication that a high percentage of the

single-copy sequences alternates with

repeated sequences at some distance less

than 2000 nucleotides. Reassociation of

fragments of each of these lengths goes

to only about 85% completion. We be-

lieve that the 85% observed reassocia-

tion reasonably represents all the kinetic

classes present.

The least-squares solution for each

fragment length yields a fast and a slow

repetitive component (Table 8). The
fast component increases from 23% to

32% of the DNA. The slow component
increases from 22% to 40% of the DNA.
These increases show that large quanti-

ties of single-copy sequences are inter-

spersed with both of these components.

The total increase (9 + 18 = 27%) is

almost equal to the total single-copy

component (34%) observed for the 250-

nucleotide curve. This is consistent with

the lack of an observed single-copy com-
ponent in the 2000-nucleotide curve.

Size and Sequence Divergence of

Reassociated Repeated Sequences

in Housefly DNA

In order to determine the size of the

repetitive sequence elements of housefly
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O.OOI 0.01 10

Equivalent CQt

10,000 100,000

Fig. 12. Reassociation of housefly DNA. 12a. The solid circles represent the reassociation of

tritium-labeled housefly DNA fragments 250 nucleotides long. The solid line represents a
least-squares solution of the data with three second-order components. The dashed lines show
the three components as described in Table 8. In Fig. 12b, the open circles represent the

reassociation of unlabeled housefly DNA fragments 2000 nucleotides long. The solid line rep-

resents a least-squares solution oj the data with two second-order components. The dashed
lines show the two components as described in Table 8. In both cases the fragments were
allowed to reassociate in either 0.12 M PB at 60°C or 0.4 M PB at 66°C. The fraction of

fragments containing double-strand regions was assayed by hydroxyapatite chromatography
in 0.12 M PB at 60°C.

TABLE 8. Kinetic Analysis of Musca domcstica DNA

Fragment Length Component
Fraction of

Fragments K* C 0^1/2

Average
Repetition

Frequency

RMS
Deviation

(%)

250 nucleotide

2000 nucleotide

fast

slow

single copy

fast

slow

0.23

0.22

0.34

0.32

0.40

17.2

0.192

0.00095
b

42.9
C

0.44
c

0.058

5.21

1050.0

0.023

2.27

18,000

200

1

1.8

1.3

a Rate constant in whole DNA, M'1
sec"

1
.

b This single-copy rate constant agrees well with the predicted rate constant of 0.00093 based

on a measurement of genome size of 0.89 pg (Bier and Muller, 1969). This rate is very close

to that for S. purpuratus (0.88 pg) and thus the expected rate constant for 450-nucleotide frag-

ments is 0.00125 and for 250-nucleotide fragments is (250/450)
1/2 X 0.00125 = 0.00093.

c These components are those generated by an unrestricted least-squares analysis of the data

for two components. A fit of the data in which the rates of the repetitive components in the

250-nucleotide fragment curve are imposed directly on the 2000-nucleotide fragment curve

gives a fit with no significant changes in the RMS. Since it is not clear how the fragment size

affects the reassociation rate for interspersed elements it is not possible to define the repetitive

components in the 2000-nucleotide fragment curve more precisely.
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DNA, fragments 2000 nucleotides long

were reassociated to C t 9 and digested

with a light treatment of the single-

strand-specific nuclease SI. Our esti-

mate is that under these digestion con-

ditions 80% of single strand DNA be

included on a G100 column (DIG =
80%, Britten et al, in press). After SI

digestion, 34.4% of the DNA bound as

double strands to hydroxyapatite. The
Sl-resistant double-stranded fragments

were eluted from HAP with 0.4 M PB
and chromatographed on an agarose

A-50 column. As is seen in Fig. 13, the

Sl-resistant reassociated repeats gave a

bimodal distribution; those excluded

from the column, which are about 1500

nucleotides or greater, and those which

gave a broad distribution with a peak

around 300 nucleotides. This profile is

qualitatively quite similar to that of all

other organisms previously studied which

show a short interspersion pattern

(Goldberg et al, 1975; Efstratiadis et

al, 1976).

When various DNA fractions were

melted in a spectrophotometer, a direct

0.00 '—'—'—'—'—'—'—'—'

—

L

25 35 45 55 65 75

Fraction number

Fig. 13. Agarose A-50 profile of Sl-resistant

reassociated repeated sequences of housefly

DNA. Housefly DNA fragments 2000 nucleo-

tides long were reassociated to Cot 9 and then

digested (DIG = 80%) with SI nuclease (0.15

M NaCl, 0.005 M PIPES, 0.025 M Na acetate,

pH 4.3, 0.1 ml ZnS04, 37°C, 45 min). Du-
plexes were collected on hydroxyapatite (34.4%

of the DNA was bound to HAP in 0.12 M PB)
and then chromatographed on an agarose A-50

column.

correlation was observed between the

length of the repeats and their Tm (Ta-

ble 9). A difference in Tm of 9°C was
observed between the long and short re-

peated sequences; this reduces to about

7°C when correction is made for effect

of length on Tm (A7\„ = 552). This cor-
Li

relation has been observed in the DNA
of sea urchin (Graham et al., 1974)

,

Xenopus (Davidson et al., 1973), Spisula

(Goldberg et al., 1975) and silk moth
(Efstratiadis et al., 1976) and is a result

of the greater sequence divergence of the

shorter repeats.

The Tm of DNA from the excluded

peak is 5°C below that of native house-

fly DNA. In the DNA of the other or-

ganisms examined in this manner, the

Tm of the excluded peak is within 1° or

2°C of the native Tm . Whether or not the

difference in Tm of the long repeated se-

quences with respect to native DNA
represents a real divergence of these se-

quences is not clear. In order to better

understand this observation, the follow-

ing experiment was done. Fractions 30-

38 (excluded peak) and 51-61 (~300
nucleotide pairs) were pooled from the

A-50 column and redigested more heav-

ily with SI (DIG = 95%, Britten et al,

in press). The Sl-resistant DNA was
concentrated on hydroxyapatite and
chromatographed on an A-50 column
and melted. The redigested long repeats

were 86% Si resistant, and the resistant

duplexes chromatographed as a single

excluded peak on A-50. The redigested

short repeats, which were 85% SI re-

sistant, chromatographed as a single

peak with an average size of about 300

nucleotides. It is seen in Table 9 that

when DNA from the two peaks was
melted in 0.12 M PB, their Tms differed

by about 11°C. When corrected for the

effect of length this difference was about

9°C. The Tm of the excluded peak (long

repeats) was just 1°C below that of na-

tive DNA, a result consistent with the

other organisms studied.
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TABLE 9. Thermal Stability of Si-Resistant Repetitive Sequences of Musca domestica

Enzyme Treatment
Fraction from
A-50 Column Hyperchromicity"

Tm
(°C) b

DIG = 80% c Excluded peakd

Valley e

Included peak'

0.235

0.213

0.22

79.5

76.0

70.5

DIG = 95% s Excluded peak"

Included peak 1

0.175

0.21

83.5

72.0

Native DNA 0.269 84.5

a Hyperchromicity is calculated as A2oo at 98° — A200 at 60°/A 2iio at 98°

.

b Tm is not corrected for length.
c Enzyme treatment at which 80% of single-stranded DNA would be included on a G-100

column (Britten et al., in press).
d Fraction 35 from A-50 column in Fig. 13.
e Fraction 42 from A-50 column in Fig. 13.
f Fraction 55 from A-50 column in Fig. 13.
B Enzyme treatment at which 95% of single-stranded DNA would be included on a G-100

column (Britten et al., in press).
h Fractions 30-38 of A-50 column in Fig. 13 were pooled, dialyzed into 0.15 M NaCl, 0.005 M

PIPES, 0.025 M acetic acid, 1 ml ZnSCX, and digested with an enzyme treatment equivalent
to DIG = 95% (Britten et al., in press). The resistant material was concentrated on HAP and
rechromatographed on agarose A-50. The excluded material was pooled, concentrated on HAP,
dialyzed into 0.12 M PB, and melted.

1 Fractions 51-61 of the A-50 column in Fig. 13 were pooled and treated as described in h.

The included material was pooled, concentrated on HAP, dialyzed into 0.12 M PB, and
melted.

Conclusion

These analyses of sequence arrange-

ment in the DNA of the housefly (Dip-

tera) and the honeybee (Hymenoptera)
were designed to extend our knowledge

of the occurrence of long-period and
short-period patterns of DNA sequence

intcrspersion.

The DNA of the honeybee shows only

long-period intersperion and contains no

detectable amount of linked single-copy

and repetitive DNA on fragments 2200

nucleotides long. This conclusion is

drawn from the observation that the

small fraction of the genome that reas-

sociates as repeated sequences by hy-

droxyapatite assay is virtually the same
for 330- and 2200-nucleotide-long frag-

ments. For housefly DNA, on the other

hand, most fragments 2000 nucleotides

long reassociate at repetitive C i by hy-

droxyapatite assay. Since more than

half of housefly DNA is probably made
up of single-copy sequences, most of the

single-copy sequences must be linked

closely to repetitive sequences and are

less than a few thousand nucleotides

long.

Our present knowledge of insect DNA
sequence organization can be summa-
rized as follows. Insect genomes in which

short-period interspersion has been iden-

tified are Musca (Diptera) and An-
theraea (Lepidoptera) (Efstratiadis et

al., 1976). The genomes of Drosophila,

Chironomus (Diptera), and Apis (Hy-
menoptera) lack detectable short-period

interspersion (Manning et al., 1975;

Crain et al., 1976a). Another arthropod,

Limulus (Goldberg et al., 1975), and all

other animal and plant species yet stud-

ied show the short-period pattern.

The short-period pattern is clearly the

most widespread; except for insects, it is

universally observed (so far). Moreover,

the short-period pattern occurs in some
insect species (silk moth) and even

within the Diptera, as shown by these

measurements on housefly DNA. The
presence of the short-period pattern in
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the housefly, which has polytene chro-

mosomes, suggests that no correlation

exists between the sequence arrangement

pattern and polytenization of chromo-

somes. As our knowledge grows we are

likely to learn of more subtle variations

in the patterns of DNA sequence organi-

zation. However, at the moment, the

stark contrast between the long- and
short-period patterns stands out. It is

not easy to visualize how an evolution-

ary transition could occur between two
so apparently different patterns. Yet
this may have occurred more than once

in the course of insect evolution. Only
one transition would have been needed

in the event that one branch of the

Diptera, including the housefly, were

evolutionarily more closely related to

the Hymenoptera than it is to other

Diptera such as Chironomus and Droso-

phila.

The probable occurrence of evolution-

ary transitions between long-period and
short-period intersperion patterns sug-

gests that they share some fundamental

similarity which is obscured by our sen-

sitivity to the differences. In every case

of the short-period « interspersion that

has been examined, the repetitive se-

quence lengths are distributed around a

mode value of about 300 nucleotides.

Drosophila DNA shows an average

repetitive sequence length of 5600 nu-

cleotides. In Chironomus the mean re-

peat length is also long, about 4300 nu-

cleotides (Wells et al., in press), but

there is as yet no measurement of this

for Apis. In the case of one long repeti-

tive sequence of Drosophila that has

been examined as a recombinant clone

(Finnegan, Rubin, and Hogness, 1976,

personal communication), it appears

that the long repetitive sequence is made
up of shorter repetitive sequences. Per-

haps individual repetitive sequences are

similar in length, and one difference be-

tween the short- and long-pattern ge-

nomes is the presence or absence of in-

terspered single-copy sequences.

Another similarity exists between

genomes with and without short-period

interspersion. Both types of genome con-

tain similar percentages of relatively

long repeated sequences. In all of the

short-period interspersion species that

have been studied, a small part of the

genome is made up of repetitive se-

quences that are longer than about 2000

nucleotides which, when reassociated,

have high thermal stability. The obser-

vations described above (Table 9) for

housefly DNA are typical. In every case

the long sequences have been observed

to be relatively precisely repeated. For

two long-pattern genomes, Drosophila

(Crain et al., 1976a) and honeybee (see

above), the melting temperatures of re-

associated long repetitive sequences have

been measured and both are near that of

native DNA, indicating relatively pre-

cise repetition in these cases as well.

An important point is that the three

insect species in which short-period in-

terspersion is apparently lacking all

have small genome sizes. Drosophila has

a genome size of about 0.1 pg (Fristrom

and Yund, 1973) ; Chironomus, 0.2 pg
(Wells et al, in press) ; and Apis, about

0.35 pg (determined kinetically, above,

and Jordan and Brosemer, 1974). This

correlation is at least consistent with the

concept of DNA loss in an evolutionary

transition from the short- to the long-

interspersion pattern. Other metazoan

species have genome sizes in this range,

but their DNA sequence organization

has not yet been determined. All of the

metazoan species whose DNA is known
to have a short-period interspersion

have genome sizes greater than 0.7 pg
(Davidson et al, 19756). The slime

mold Dictyostelium apparently has

short-pattern sequence organization and

a genome size of about 0.1 pg (Firtel

and Kindle, 1975), but it is so distant

from other studied species that no evolu-

tionary implication can be drawn from

this observation. All three insects with-

out short-period interspersion also have

a small fraction of the genome as repeti-

tive DNA compared to the 20%-40%
observed in typical metazoan genomes.

Since the genome sizes of these three
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insects are also small, the absolute quan-

tity of repetitive sequences is very small,

on the average less than 2 X 107 nucleo-

tide pairs.

Since the significance of these obser-

vations depends on the functional role of

the repetitive DNA and this is not

known, we cannot appreciate the mean-
ing of these correlations. Nor can we
guess whether they will hold up as more
patterns of sequence organization are

studied.

DNA SEQUENCE EXPRESSION STUDIED BY
TRANSCRIPTION INTO RNA

Structural Gene Sets Active in

Embryos and Adult Tissues of

the Sea Urchin

Glenn A. Galau, William H. Klein,

Mark M. Davis, Barbara J. Wold,
Roy J. Britten, and Eric H. Davidson

The amount of difference in the sets

of genes expressed in the various cell

types of a complex animal is not yet

known. The special functions of each

cell type may be generated by a small

fraction of the total number of active

structural genes, and in this case a large

majority of the messenger RNAs would
be shared by all or most of the tissues.

Genes whose mRNAs are ubiquitous

have been termed "housekeeping genes,"

the implication being that their role is to

program the basic life functions neces-

sary to all cells. Alternatively, house-

keeping genes could represent a minor

fraction of the expressed structural

genes, so that in many cases the sets of

genes active in diverse tissues will be

largely distinct.

In this paper we report direct meas-

urements of the amount of sequence

overlap in the mRNA populations in

several stages of sea urchin embryo and
in various adult tissues. We have com-
pared the set of structural genes whose
transcripts are active in gastrula stage

embryos to those active in the other

states of differentiation investigated.

Structural genes are here denned experi-

mentally as single copy DNA sequences

which hybridize with mRNA released

from purified polysomes. Previous work
has provided considerable quantitative

information about the gastrula mRNA

set. The structural genes transcribed at

this stage are almost all nonrepetitive

sequences (Goldberg et al., 1973; Mc-
Coll and Aronson, 1974). According to

our recent measurements (Galau et al.,

1974), the complexity (i.e., total length

in nucleotide pairs of DNA sequences

represented in the RNA) of the gastrula

mRNA is about 17 X 106 nucleotide

pairs. This is equivalent to about 1-1.5

X 104 diverse structural genes.

A few structural genes are far more
extensively represented in polysomal

messenger RNA than are most. Galau et

al. (1974) found that about 90% of the

polysomal mRNA in gastrula, the "prev-

alent message class," consists of fewer

than several hundred species, while the

other 10% is made up of the 1-1.5 X 104

species mentioned above. We term the

latter fraction of the message population

the "complex class." Each mRNA in the

complex class is present only 1-10 times

per gastrula cell, and prevalent class

messages are probably present at least

100 times more frequently. Prevalent

and complex message classes are not

peculiar to sea urchin embryos but have

been identified in most of the other tis-

sues and cell types so far investigated.

These include Friend cells (Birnie et al.,

1974) , mouse fibroblasts (Williams and
Penman, 1975), HeLa cells (Bishop et

al., 1974), Drosophila embryos (Levy

and McCarthy, 1975) , and several mouse
organs and cell types (Ryffel and Mc-
Carthy, 1975)

.

The experiments described in this re-

port concern only the complex class of

messages. The prevalent message class

represents so small a fraction of the to-
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tal active set that its pattern of expres-

sion is not detectable by our present

methods. However, previous measure-

ments have demonstrated striking alter-

ations in the activity of structural genes

coding for highly prevalent messenger

RNAs in other animal tissues. Among
many possible examples might be men-
tioned studies on the activity of the

genes coding for hemoglobin (e.g., Axel

et al, 1973; Hunt, 1974); ovalbumin
(e.g., Chan et al, 1973; Palmiter, 1973;

Rhoads et al, 1973; Harris et al, 1975)

;

cocoonase (Kafatos, 1972) ; and chorion

proteins (Paul et al., 1972). Several

groups have prepared cDNA against to-

tal cytoplasmic poly (A) RNA of given

tissue types and reacted this cDNA with

poly (A) RNA of other tissues (Levy
and McCarthy, 1975; Ryffel and Mc-
Carthy, 1975; Williams and Penman,
1975). Most of the cDNA represents

messages of the prevalent class. In some
of these experiments differences in the

amount and rate of the cDNA reaction

with the other poly (A) RNAs were ob-

served. Such results suggest that at least

in some cases there may be significant

differences in the sets of structural genes

active in the various tissues.

The experimental rationale is as fol-

lows. When labeled single-copy DNA is

hybridized to termination with mRNA
from gastrulae at ratios such that even

messages of the complex class are in con-

siderable sequence excess, only about

1.35% of the DNA reacts. This is too

small a fraction of the total single-copy

DNA to permit much resolution in com-
paring diverse mRNA populations. For
example, if the messages of another sea

urchin cell type differed from the gas-

trula message set by as much as 20%, a

change in hybrid content equal to only

0.27% of- the total DNA would result.

Such a small difference, though difficult

to measure convincingly, could obvi-

ously be important, since it would repre-

sent the addition or subtraction of 2000-

3000 sequences from the expressed struc-

tural, gene set. To increase sensitivity we
have prepared a single-copy DNA frac-

tion, the majority of which is comple-

mentary to the gastrula mRNA. We re-

port here the purification of this set of

DNA sequences by a factor of about 50,

by a modification of the procedure de-

scribed by Galau et al. (1974). About

63% of the reactable DNA in the par-

tially purified preparation hybridizes

with gastrula message compared to the

original 1.35%, which provides more
than an order of magnitude increase in

sensitivity to differences in sequence con-

tent when hybridization reactions are

carried out with other mRNAs. We re-

fer to the single-copy DNA fraction rep-

resenting gastrula messages as mDNA.
A single-copy DNA fraction depleted of

the sequences represented in gastrula

mRNA was also prepared and is termed
null mDNA. Reaction of a nongastrula

mRNA preparation with mDNA meas-
ures the fraction of the structural genes

expressed in gastrula, which is also rep-

resented in the test messenger RNA pop-

ulation. Reaction with null mDNA, on

the other hand, measures the number of

structural genes represented in mRNA,
which are different from those repre-

sented in gastrula mRNA.

Characterization of Single-Copy
3H-DNA Labeled in Vitro

The RNA-driven hybridization reac-

tions on which our measurements are

based require single-copy DNA tracer

of high specific activity. This is neces-

sary so that the hybridizations can be

carried out with moderate amounts of

mRNA and at 3H-DNA concentrations

sufficiently low to prohibit appreciable

DNA self-reaction. The highest specific

activities so far obtained by labeling sea

urchin embryos in vivo are in the range

1-3 X 105 cpm/yug (e.g., Galau et al.,

1974). Since this specific activity is in-

adequate for our present purposes, an in

vitro labeling method was required. The
procedure we have used is a modification

of the "nick-translation" method of

Schachat and Hogness (1974). The sin-

gle-copy DNA fraction was first isolated
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and then labeled in vitro with DNA
polymerase I. Whole sea urchin DNA
was first sheared to a mean length of

about 250 nucleotides, and the single-

copy sequences were purified by con-

ventional hydroxyapatite fractionation

methods (see Experimental Procedures).

The single-copy DNA was then reasso-

ciated to C t 20,000, about 40 times the

C t 1/2 for this kinetic fraction. At this

point most of the DNA is present in

large hyperpolymers (Graham, Eden,

Davidson, and Britten, in preparation;

Davidson, 1975c).

We find that these structures serve as

excellent templates for DNA polymer-

ase. It is therefore unnecessary to use

DNAase to introduce nicks, as was done

by Schachat and Hogness (1974) in label-

ing double-stranded DNA. The polymer-

ase apparently initiates at single-

stranded gaps between individual frag-

ments in the hyperpolymers, and then

proceeds along the DNA chain, displac-

ing one strand and replacing it with a

newly synthesized strand containing ra-

dioactive nucleotides. The single-copy

DNA preparation used for the experi-

ments reported here was labeled by this

method to a specific activity of 6 X 106

cpm//xg. This is equivalent to 20% nu-

cleotide substitution in vitro. By the end

of the purification and labeling proce-

dures the single-strand length of the

labeled fragments had decreased slightly

from the starting value to a mean of

about 200-250 nucleotides. We refer to

this 3H-DNA preparation as the paren-

tal tracer.

The labeled single-copy DNA reacts

with unlabeled 450-nucleotide sea urchin

DNA driver as shown in Fig. 14. The
dashed line describes the reassociation

of the driver DNA, based on a large
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Fig. 14. Reactivity of single-copy 3H-DNA, gastrula mDNA, and null mDNA with sea

urchin DNA. 250-nucleotide-long single-copy 3H-DNA (filled circles), mDNA (open circles),

and null mDNA (open triangles) were incubated with a large excess of unfractionated 450-

nucleotide-long sea urchin DNA in 0.12-0.41 M phosphate buffer at 60°C and analyzed by

hydroxyapatite. The dashed curve is the reassociatioin of carrier DNA reproduced from Galau

et al., 1974; these data are not shown here. The solid curve is a least-squares fit to the single-

copy 3H-DNA data, yielding a rate constant of 1.0 X 10~3 M' 1
sec

-1
. The reassociation rate

constant of single-copy DNA in 450-nucleotide-long DNA carrier is 1.31 X 10"3 M'1
sec"

1 based

on extensive data shown by Galau ct al., 1974.
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number of previous observations not re-

produced here (Graham et al., 1974;

Smith et al., 1974). Closed circles show
the reassociation of trace quantities of

the labeled DNA with the 450-nucleo-

tide driver. The least-squares fit illus-

trated indicates that the rate constant

for the reaction of labeled fragments

with the driver DNA is 1.0 X 10~a M~ x

sec
-1

,
i.e., within about 25% of that ex-

pected for the single-copy fraction in

whole DNA. There is no detectable con-

tamination with repetitive sequences,

and about 88% of the labeled DNA is

reactable. In our experience this com-
pares favorably with single-copy DNA
preparations labeled in vivo (e.g., Galau
et al., 1974). In the absence of driver

DNA less than 0.2% of the 3H-DNA
binds to hydroxyapatite after denatura-

tion and incubation to C ts below 1. The
readability of the in vitro labeled DNA
with both DNA and RNA decreases

slowly with time. The preparation used

for the experiments presented in this pa-

per decreased in readability from 90%
to about 60% over a 6-month period,

based on reactions with whole sea urchin

DNA similar to those illustrated in Fig.

14. This unexplained slow loss in read-
ability is a particular characteristic of

DNA labeled to very high specific ac-

tivity by this polymerase translation

procedure. Some evidence suggests that

the loss in activity is associated with

strand scissions, which would be likely

to have a noticeable effect on tracers

of the short single-strand length used in

these experiments.

The internal location of the radioac-

tive nucleotides was shown as follows.

The DNA was renatured to C n t 85,000

and treated with single-strand-specific

SI nuclease. At this point about 85% of

the single-copy DNA that binds to hy-

droxyapatite is expected to be resistant

to Si -nuclease digestion (Smith et al.,

1975). One portion of the reaction mix-

ture was passed over an hydroxyapatite

column directly, and the other portion

was treated with Si nuclease under con-

ditions promoting complete digestion of

single-stranded regions (Smith et al.,

1975). It was then bound to the hy-

droxyapatite column. About 77% of the
3H-DNA which bound without digestion

could still be bound after Sl-nuclease

treatment—or approximately 90% of

the expected value. The small difference

is probably due to the short chain length

of the tracer, which is only about half

the size of the shortest DNAs studied by
Smith et al. (1975). It is evident in any
case that almost all of the nucleotides

incorporated into the hyperpolymers are

located within single-copy DNA se-

quences and could not reside, for exam-
ple, in noncomplementary external

"tails."

Oocyte RNA and Intestine mRNA
Complexities Measured with Total

Single-Copy Tracer

The single-copy tracer was used to

measure the overall sequence complexi-

ties of two RNA preparations relative

to that of gastrula mRNA, as shown in

Fig. 15. The mRNAs employed in these

experiments were isolated by puromycin

release from polysomes of gastrulae

(Goldberg et al., 1973; Galau et al.,

1974) and adult sea urchin intestine. The
other RNA used was total RNA ex-

tracted from mature unfertilized oocytes.

These measurements were designed

mainly as controls to provide terminal

hybridization values for comparison

with those obtained with the mDNA and
null mDNA tracers. All data in Fig. 15

were derived with the particular single-

copy DNA tracer preparation from

which the mDNA and null mDNA were

prepared. At the time the experiments of

Fig. 15 were carried out, however, the

parental tracer reactivity had decreased.

Initially the parental tracer reacted with

gastrula message to the extent of 1.2%,
yielding a complexity for this mRNA
which agrees with that reported by
Galau et al. (1974): 17 X 10° nucleo-

tides. At the time of the measurements
shown in Fig. 15, about 0.67%) of the

tracer reacts with the gastrula message
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at termination. This amount of reaction

is thus taken to represent a complexity

of 17 X 106 nucleotides. On this basis,

Fig. 15 shows the complexity of the

oocyte RNA to be about 37 ± 4 X 106

nucleotides. This result is in close agree-

ment with more extensive measurements

of oocyte RNA complexity carried out in

this laboratory using different tracer

DNA preparations (data to be reported

in a separate communication, in connec-

tion with other studies). The complexity

obtained from Fig. 15 for the intestine

message preparation is 6.0 ± 0.2 X 106

nucleotides, about one third that of the

gastrula mRNA. The data plotted in

Fig. 15 and the hybridization rate con-

stants and terminal values estimated

from least-squares fits are listed in Ta-
ble 10. The errors given represent 1

standard deviation (see Experimental

Procedures).

When only a small fraction of the to-

tal tracer reacts with the message, as in

the experiments of Fig. 15, the 3H-
DNA-DNA duplex formed by tracer

self-reaction must be quantitated with

as much accuracy as possible. Table 10

shows that the 3H-DNA-DNA duplex

content in these experimental samples

amounts to a significant fraction of the

total duplex formed during the hybridi-

zation reactions. The methods used in

the present study to measure DNA-
RNA and DNA-DNA duplex content

provide a high degree of reproducibility

and are derived with only slight modi-

fication from those described by Galau
et al. (1974). Exact methods are detailed

in Experimental Procedures. Briefly, the

reaction mixture is divided into two
equal aliquots, one of which is treated

with RNAase A in a low-salt medium
(0.075 INa + ) to destroy RNA-DNA

20,000

Total RNA Cot

40,000 60,000 80,000

mRNA Cot

Fig. 15. Hybridization of single-copy
3H-DNA with sea urchin RNAs. Data presented here

are listed in Table 10. Each curve represents a least-squares fit, assuming a single pseudo-

first-order hybridization reaction, with the additional assumption that the ordinate intercept is

zero. The parameters obtained from these fits are shown in Table 10. Gastrula mRNA are

represented by filled circles; total oocyte RNA, upright triangles; and intestine mRNA, upside-

down triangles.
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TABLE 10. Hybridization of Single-Copy 3H-DNA with Various Sea Urchin RNAsa

RNA
Prepa-

ration

Cot

s-H-DNA in Duplex (%)
Com-

plexityb

(10
6 NT)Total

DNA-
DNA DNA-RNARNA RNA SH-DNA

Gastrula mRNA 1 75

500

624

1063

0.25

1.67

1.56

3.54

0.31

0.82

1.06

1.27

0.15

0.24

0.41

0.63

0.16

0.58

0.65

0.64

Terminal value

Rate constant

0.67 ± 0.03

4.2 ± 0.8 X
10"3 M-1

sec"
1

17
o

Intestine mRNA 1 202

681

857

1.44

4.86

6.12

0.63

1.22

1.00

0.45

0.99

0.76

0.18

0.23

0.24

Terminal value

Rate constant

0.24 ± 0.01

7.1 ± 0.7 X
10"3 M-1

sec"
1

6.0 ±0.3

Oocyte total RNA 2 3360

8800

26,900

85,000

0.17

0.44

1.35

4.25

0.59

6.29

2.66

4.21

0.33

5.17

1.25

2.75

0.26

1.12

1.41

1.46

Terminal value

Rate constant

1.47 ± 0.15

1.2 ± 0.5 X
10"* Af-

1
sec"

1

37 ±4

a Errors listed represent ±1 standard deviation. Kinetics of the reactions were analyzed on
the basis of the assumption of a single kinetic component with an ordinate intercept of 0, at

RNA Cot. See Experimental Procedures for discussion of this method and interpretation of

the error estimates. Terminal values and errors thereon are essentially independent of kinetic

assumptions in any case."
b Complexity is calculated in the following way

:

complexity =
17 X terminal fraction of

3H-DNA in hybrid

6T67

c
17 X 10" nucleotides was obtained by Galau et al. (1974) for the polysomal mRNA of the

gastrula.

hybrids while leaving DNA-DNA du-

plex unaffected. The other aliquot is

treated with RNAase A in high salt

(0.36 M Na+). Under these conditions

mRNA-DNA hybrids are not digested,

although nonhybridized RNA is totally

destroyed (Galau et al., 1974). The two
samples are deproteinized and passed

over hydroxyapatite columns. The RNA-
DNA hybrid content is calculated from
the total duplex bound to hydroxyapa-
tite by subtraction of the DNA-DNA
duplex content (Table 10). In the ex-

periments described in this paper, the

two-column procedure was used to ana-

lyze samples reacted with unfraction-

ated single-copy DNA and with null

mDNA.
Galau et al. (1974) deduced from gas-

trula mRNA hybridization kinetics

similar to those in Fig. 15 that the se-

quences driving the reaction constitute

only about 10% of the total mRNA
mass. This is the complex class of the

message population referred to in the

Introduction. The method of calculating

the driver RNA fraction from the

pseudo-first-order reaction kinetics is
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detailed in Galau et al. (1974). Given
the measured complexity of the RNA,
the calculation is essentially a compari-

son of the hybridization rate observed

with the rate expected, if all of the RNA
present were driving the reaction. The
expected hybridization rates can be cal-

culated directly from DNA-DNA re-

naturation kinetics since there is no sig-

nificant difference between RNA-DNA
nucleation rates and DNA-DNA nu-

cleation rates in RNA excess reactions

(Galau, Smith, Klein, Britten, and
Davidson, in preparation; Hutton and
Wetmur, 1973). In Fig. 15, a single ob-

servable kinetic component beginning at

zero is assumed for the intestine mRNA
hybridization reaction, as for the other

reactions analyzed in this paper. Where
sufficient low C t kinetic data exist, this

assumption is found to be justified (Ga-

lau et al., 1974). The rate constant for

the reaction of intestine messenger RNA,
7.1 X 10- 3 M- 1 sec- 1

,
is about 1.7

times that for the gastrula message, 4.2

X 10~ 3 M~ 1 sec
-1

, close to expectation,

since the complexity is about one third

that of gastrula message. It follows that

the high complexity class of mRNA
amounts to less than 10% of the total

mRNA in the intestine cells of the adult

sea urchin, as well as in the gastrula.

The data are not sufficient to fix the rate

of either reaction in Fig. 15 within a

range of 10%-20% (i.e., one standard

deviation; see Experimental Procedures)

even with the assumptions noted above.

However, this degree of error does not

alter the conclusion that a minor frac-

tion of the intestine mRNA mass is the

source of most of its sequence com-
plexity.

Preparation and Characterization of

Gastrula mDNA and Null mDNA

The preparation of these DNA frac-

tions is described in detail in Experi-

mental Procedures. In outline the proce-

dure used was as follows: Single-copy
3H-DNA was reacted with gastrula

mRNA to mRNA C t 400, and RNA-

DNA hybrids plus DNA-DNA duplexes

were bound to hydroxyapatite. About
1.1% of the parental single-copy tracer

reacted with the gastrula messages. At
the time the mRNA preparation was
carried out, 88% of the 3H-DNA was
reactable (Fig. 14), and the maximum
expected hybridization was 1.19% (i.e.,

1.35% of reactable tracer). The amount
of reaction expected at C t 400 was
1.05%. The single-stranded DNA was
eluted from the hydroxyapatite column
at 60°C in 0.12 M phosphate buffer and
used to prepare the null mDNA prepa-

ration. The duplex fraction was dena-

tured and then reacted a second time

with gastrula mRNA. The duplex frac-

tion was again separated on hydroxy-

apatite and was treated with KOH to

hydrolyze the RNA. This DNA fraction

was the gastrula mDNA used in the

subsequent experiments. The single-

stranded DNA from the first hydroxy-

apatite column was reacted an addi-

tional time with gastrula mRNA to

achieve further purification. The frac-

tion remaining single stranded was sepa-

rated on hydroxyapatite, and this con-

stituted the null mDNA preparation.

Goldberg et al. (1973) showed that the

messenger RNAs of sea urchin gastrulae

are almost completely transcribed from

single-copy sequences. In accord with

this, Galau et al. (1974) found that the

DNA isolated from gastrula mRNA ex-

cess hybrids reacts with whole DNA
with exactly the kinetics expected for

single-copy sequence. Nonetheless, since

the gastrula mDNA represents only

about 1.2% of the total 3H-DNA, it was
considered necessary to assay its repeti-

tive sequence content, if any. Figure 14

shows that when reacted with unfrac-

tionated sea urchin DNA driver, less

than 5% of the gastrula mDNA has re-

acted by C t 40, when most of the repeti-

tive sequence of the driver DNA is al-

ready in duplex form. In addition, the

extensive fractionations involved in pre-

paring the mDNA and null mDNA did

not affect their reactivity. It can be seen

in Fig. 14 that both DNA preparations
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react to about 90% with the whole DNA
driver, the same as does the parental

single-copy tracer.

Experiments which establish that the

mDNA and null mDNA fractions have

been satisfactorily purified are shown in

Fig. 16. Both tracers were reacted with

aliquots of the same gastrula mRNA
preparation used in their isolation, as

well as with other gastrula mRNA prep-

arations. Data for the individual reac-

tions and results of the least-squares fits

to these data are listed in Table 11. The
gastrula mDNA reacts with gastrula

mRNA at a rate of 5.8 X 10" 3 M' 1

sec
-1

, very similar to that obtained in

the less extensive experiments of Fig. 15

using the parental single-copy 3H-DNA
tracer (i.e., 4.2 X 10-3 M~ x sec

-1
).

Therefore, as expected, the same com-
plex class mRNAs that react with un-

fractionated single-copy 3H-DNA react

with the 3H-mDNA.
The final extent of the reaction of gas-

trula mRNA with mDNA is 57% ± 2%
of the total radioactive 3H-DNA, or

about 63% of the reactable mDNA se-

quence (Fig. 16, Table 11). Since 1.35%

of reactable single-copy 3H-DNA is

complementary to gastrula mRNA, a

46-fold purification has been achieved

in the preparation of the mDNA. The
maximum possible purification could

have been 74-fold. The fraction of the

mDNA which does not react with mes-

senger RNA is 43% of the total radio-

active 3H-DNA, or 37% of the reactable

tracer. Very possibly this DNA contains

sequences, complementary to gastrula

message, which have become too short to

form stable hydroxyapatite binding du-

plexes. The total quantity of this con-

taminant amounts to less than 0.5% of

the starting single-copy 3H-DNA. Re-
actions of this single-copy contaminant,

either with itself or with the various

messenger RNAs, are insignificant in the

experiments described below, compared
to the reactions with the sequences com-
plementary to the gastrula message.

Hybridization reactions with four sep-

arate gastrula messenger RNA prepara-

tions are included in Fig. 16 and Table

11. These were extracted over a two-

year period by different investigators.

As is demonstrated graphically in Fig.

••- 60 i

mDNA
1 1 i 1 A

Z
^40

.V—*—

*
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<
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Fig. 16. "Hybridization of gastrula mDNA and null mDNA with four different gastrula

mRNA preparations. The line drawn through the data of 16a is a least-squares fit of a pseudo-
first-order hybridization reaction with the assumption that the ordinate intercept is zero. Data
and parameters obtained for this fit are shown in Table 11. Gastrula mRNA preparations are

1 (circles), 2 (upright filled triangles), 3 (upside-down filled triangles), and 4 (filled squares)

(see Experimental Procedures for details of each preparation). Preparation 4 was prepared by
EDTA (rather than puromycin) release. Also shown is a reaction mixture using preparation

2 mRNA (open triangle) which was treated with RNAase to destroy DNA-RNA hybrids

before assay.
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TABLE 11. Hybridization of Gastrula mDNA and Null mDNA with Gastrula mRNAs

mDNA

Null mDNA

3H-DNA in Duplex

(%)
Cot

3H-DNA in Cot

mRNA Hybrid DNA- DNA-
Preparation RNA 3H-DNA (%) RNA 3H-DNA Total DNA RNA

1 100 0.006 26.7 250 2.94 0.77 0.74 0.03

371 0.028 53.2 600 3.00 0.83 0.80 0.03

392 0.029 52.6

392 0.029 51.4

496 0.037 55.8"

507 0.019 54.0
b

775 0.047 57.9

2 116

341

1100

1100

0.009

0.026

0.084

0.084

31.5

48.8

58.8

^0.5C

3 233

660

905

0.014

0.040

0.054

40.8

55.0

54.0

598 1.19 0.89 0.87 0.02

4 295 0.022 47.

9

b 573 0.96 0.47 0.50 -0.03

597 0.045 55.7
b

795 1.32 0.85 0.88 -0.03

Terminal value* 56.9 ± 1.6
e ^0.03

Rate constant* 5.8 ± 0.7 X
10"3 M-1

sec"
1

a Reaction mixture was incubated at 68°C, 0.5 M phosphate buffer, equivalent to 0.12 M
phosphate buffer, 60°C, and analyzed as usual in 0.12 M phosphate buffer, 60°C.

b Assayed by hydroxyapatite at 50°C in 0.12 M phosphate buffer. This criterion is approxi-

mately the same as 60° C, 0.5 M phosphate buffer.
c Treated with RNAase A to destroy DNA-RNA hybrids.
d Errors listed represent ±1 standard deviation. Assumptions applied to the kinetic analysis

are discussed in footnote a of Table 10, and in Experimental Procedures.

"Since 90% of the 3H-mDNA is reactable (Fig. 14), the plateau value represents 63% of the

reactable mDNA.

16a, the data from the four preparations

are completely coherent. One prepara-

tion was isolated by EDTA rather than

puromycin release, a change which was
without any effect on either the rate or

the terminal value of the hybridization

reaction. Thus either procedure, when
carried out on previously isolated poly-

somes, suffices to separate the messenger

from any remaining hnRNA contami-

nants. Figure 16a also shows that bind-

ing of the reacted gastrula mRNA-
mDNA hybrids to hydroxyapatite is to-

tally abolished by the low-salt RNAase
treatment. All of the duplex scored is

thus mRNA-DNA hybrid. No additional

hybrids were formed when the reaction

temperature was increased to 68°C or

the assay temperature was lowered to

50° C, indicating that the amount or rate

of the reaction is not dependent on the

conditions we have used. We conclude

from these experiments that the termi-

nal value of the gastrula mRNA-mDNA
reaction is constant for the various

mRNA preparations examined, is not

criterion limited, and represents only

mRNA-single-copy DNA hybrids. The
fraction of the 3H-mDNA hybridized by
gastrula mRNA, 56.9% (63% of reacta-

ble 3H-mDNA) , is therefore taken to be

the sequence complexity of the gastrula
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message, 17 X 106 nucleotides (Galau

et al., 1974). Terminal reaction values

of gastrula mDNA with any heterolo-

gous RNA will thus provide a direct

measurement of the complexity of those

sequences found both in the gastrula

message and in the heterologous RNA.
Figure 16b shows the absence of de-

tectable reaction between the null

mDNA and the gastrula mRNA. As de-

scribed in the previous section, these

reaction mixtures were divided into

equal aliquots, and one aliquot was used

to measure RNA-DNA hybrids plus

DNA-DNA duplexes, while the other

was analyzed for DNA-DNA duplexes.

The difference represents the fraction of

gastrula null mDNA in RNA-DNA hy-

brid. However, Fig. 16b and Table 11

show that essentially no mRNA-DNA
duplex existed in these samples. Various

gastrula mRNA preparations gave val-

ues ranging from —0.03% to +0,03%
for the amount of hybrid formed. This

result shows that the structural gene

sequences whose transcripts are present

in the gastrula have been successfully

removed during the preparation of null

6o r

-Q 50

mDNA. The null mDNA has excellent

reactivity with DNA, as demonstrated

in Fig. 14, and it is shown below that the

null mDNA reacts well with RNAs from

sources other than gastrula. In the ex-

periments which follow, the absolute

complexity represented by heterologous

mRNA-null mDNA reactions is calcu-

lated from the reactivity of the null

mDNA with unfractionated DNA, meas-

ured- as in Fig. 14 at:

Reaction of Gastrula mDNA and Null

mDNA with Adult Nonreproductive

Tissue mRNAs

Messenger RNA preparations were

derived from three nonreproductive tis-

sues of adult sea urchins as described in

Experimental Procedures. These were

intestine (excluding the esophageal re-

gion), coelomocytes, and tubefeet. Reac-

tions of the adult tissue mRNAs with

gastrula mDNA and null mDNA are

shown in Fig. 17, and the data from in-

dividual reactions, plus the results of

least-squares analyses, are listed in Ta-
ble 12. The reaction of gastrula mDNA

< 40
Z
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<
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Fig. 17. Hybridization of gastrula mDNA and null mDNA with adult nonreproductive tissue

mRNAs. The dashed line of 17a is the hybridization reaction of gastrula mRNA with gastrula

mDNA from Fig. 16. The solid lines of 17a and 17b, where detectable hybridization is ob-

served, are least-squares fits of pseudo-first-order hybridization reactions, assuming in each

case that the ordinate intercept is zero. Data and parameters obtained from these fits are

shown in Table 12. Intestine mRNA (filled triangles), tubefoot mRNA (filled circles) and
coelomocyte mRNA (filled squares).

3H-DNA binding to hydroxyapatite after RNAase treat-

ment of intestine mRNA-mDNA hybrid (open triangle).
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with its homologous mRNA, from Fig.

16, is indicated by the dashed line in

Fig. 17a. It is immediately evident that

only a small fraction of the mRNA se-

quences present on the gastrula poly-

somes is represented in the messenger

RNA populations of these adult tissues.

Thus Table 12 shows that the complexi-

ties of the coelomocyte, tubefoot, and
intestine mRNAs which react with gas-

trula mDNA are 3.5 ± 0.4 X 106 nu-

cleotides, representing 21% of the gas-

trula mRNA sequences; 2.7 ± 0.2 X 106

nucleotides, representing 16% of the

gastrula mRNA sequences; and 2.1 ±
0.1 X 106 nucleotides, representing 12%
of the gastrula mRNA sequences, re-

spectively. To ensure that the relatively

low amount of reaction with the adult

tissue RNAs is due to RNA-DNA hy-

bridization rather than to reaction be-

tween mDNA and cellular DNA which
could have contaminated the RNA prep-

arations, one reaction mixture was ana-

lyzed after low-salt RNAase treatment,

which destroys RNA-DNA hybrids.

Thus, in the case of an intestine mRNA-
mDNA reaction, the amount of 3H-
mDNA present in duplex is reduced by
this RNAase treatment from about 7%
to ^1.2% (Table 12).

The small differences in extent of re-

action among the mRNAs of the three

tissues appear to be reproducible. Three
different intestine mRNA preparations

give the same extent of reaction, and
this is also the case with four different

preparations of tubefoot mRNA (Fig.

17; Table 12). An additional control

experiment is also displayed in Table
12. The purpose of this was to test the

possibility that the relatively low satu-

ration values were caused by degrada-

tion of either mRNA or mDNA during

the course of the reaction. A mixture

containing intestine mRNA and the gas-

trula mDNA was reacted to mRNA C t

325, then heat-denatured and reincu-

bated to C t 325. If a significant frac-

tion of the reactable mRNA or mDNA
had been destroyed during the first in-

cubation, far less hybrid would have

formed the second time. Instead, about

the same hybrid content was measured
in the reincubated sample, i.e., 5.2% of

the mDNA on the second reaction, com-
pared to 6.2% in the control at C t 325.

Since the extent of these mDNA reac-

tions was relatively low, precise deter-

mination of the hybridization kinetics

would have been difficult to achieve as

well as costly in mDNA. The experi-

ments of Fig. 17 were mainly intended

to measure the plateau values. If we
make the reasonable assumption of a

single kinetic component beginning at

zero hybrid formation, as discussed

above, the kinetics of these mDNA reac-

tions all appear similar. The best-fit rate

constants fall within a factor of 1.6 of

the rate constant for the gastrula

mRNA-mDNA reaction illustrated in

Fig. 16a, and the rate of the intestine

mRNA-mDNA reaction is almost ex-

actly the same as that of the intestine

mRNA-single-copy DNA reaction (Ta-

ble 10). As stated above, this implies

that the complex class is a minor frac-

tion of the total message in all of the

adult tissues studied here.

The complexities listed in Table 12

for the adult tissue messenger RNAs
which hybridize with mDNA show that

this set of sequences includes 1.5-3 X
103 diverse messengers. To determine

whether the sequences reacting with

mDNA are the same in all three tissues,

combinations of the various adult

mRNAs were reacted with mDNA. If

the sequences shared with gastrula were

a distinct or partially distinct set in each

adult tissue, an increase in the amount
of gastrula mDNA reacted would be

observed when the mRNAs are mixed.

Three experiments of this kind are shown
in Table 13. In Experiment 1, where in-

testine and tubefoot mRNA are com-

bined, about 16.5% of the gastrula 3H-
mDNA would be hybridized at termi-

nation if the sequences are distinct,

while about 9.3% of the mDNA would

be hybridized if the intestine mRNA se-

quences are a subset of the tubefoot

mRNA sequences. The observed value is
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TABLE 13. Hybridization of Gastrula mDNA with Combinations of Adult Tissue mRNAs*

mRNA
in Mixture

mRNA
Preparation

Cot
3H-mDNA

in Hybrid (%)Experiment RNA 8H-DNA

1 Intestine

Tubefoot
2

4

376

275 0.021 8.8

2 Intestine

Coelomocyte
3

1

335

335 0.052 10.7

3 Intestine

Tubefoot
Coelomocyte

3

3 + 4

2

389

282

389 0.027 8.9

* Terminal values for hybridization with mDNA of these mRNA preparations are intestine,

7.2 ± 0.4%; coelomocyte, 11.8 ± 1.3%; tubefoot, 9.3 ± 0.7%.

8.8%, demonstrating that the same se-

quences shared by intestine with gas-

trula are shared by tubefoot as well.

Similar results are obtained with intes-

tine and coelomocyte mRNAs. Complete
additivity of these sequence sets would
result in hybridization of 19% of the

mDNA at termination, while if the in-

testine sequences were a subset of the

coelomocyte sequence set, about 11.8%
of the mDNA would be hybridized. The
value obtained is 10.7%. A triple mix-

ture of all three adult mRNAs yields the

same conclusion. Thus the experiments

of Table 13 show that within the limits

of detection the same subset of gastrula

polysomal mRNA sequences is present

in all three adult tissues. We conclude

that there is a class of about 1000-1500

messenger RNAs that is common to all

of these very distinct cell populations.

Hybridization of the adult tissue

mRNAs with gastrula null mDNA is

shown in Fig. 17b. The null mDNA ap-

pears to react with intestine mRNA with

the usual pseudo-first-order kinetics, to

a terminal value representing a com-
plexity of 3.7 ± 0.1 X 106 nucleotides

(Table 12). This is the complexity of

those mRNA sequences which are not

present on the gastrula polysomes. The
total complexity of intestine mRNA is

thus about 5.8 ± 0.2 X 106 nucleotides

(Table 12). The most important con-

clusion is that about 36% of the mes-
senger RNA species of the intestine cell

polysomes are also found in gastrula

polysomes, while the other 64% are not.

We note that the total complexity deter-

mined from the mDNA and null mDNA
reactions is in excellent agreement with

that obtained by using unfractionated

single-copy 3H-DNA, as shown in Fig.

15 and Table 10. Those experiments in-

dicated a total complexity of 6.0 ± 0.2

X 106 nucleotides for intestine mRNA.
Since the rate of the null mDNA reac-

tion with intestine mRNA is close to

that calculated in Fig. 16 for the reac-

tion of mDNA with this message prepa-

ration, the sequences not shared with

gastrula are present in roughly the same
number per cell as those which are

shared with gastrula.

No significant reaction between trie

gastrula null mDNA and either coelo-

mocyte or tubefoot mRNAs could be de-

tected. However, the sensitivity of these

reactions is limited in the lower range

by the need to subtract DNA-DNA du-
plex from total duplex. Thus both the

tubefoot and coelomocyte could include

a relatively small set of mRNAs other

than those present on gastrula poly-

somes. A rough estimate of the maximal
mRNA complexity which could have es-

caped detection in the null mDNA ex-

periments (see Table 12) is about 1.4 X
106 nucleotides for the coelomocyte re-

actions and about 0.4 X 106 nucleotides

for the tubefoot reactions. Probably the

accuracy is better than these estimates.
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These values, of course, might represent

over 1000 distinct messenger RNAs, al-

though when the experiments were car-

ried out the values amounted to less

than 0.1% of the total 3H-null mDNA.
In any case, it can be concluded that the

set of messenger RNAs shared with gas-

trula by all three adult nonreproductive

tissues represents a significant fraction

of the set of structural genes active in

these tissues. For the intestine this frac-

tion is about one third, and for the tube-

feet and coelomocytes, at least three

fourths.

Reaction of Gastrula mDNA and Null

mDNA with Mature Oocyte RNA and
Adult Ovary mRNA

Polysomes were extracted from minced
whole sea urchin ovaries after removal

of the mature oocytes. A significant num-
ber of immature oocytes remained in the

preparation, and an unknown fraction

of the polysomes derived from these

cells. Reactions of the ovary mRNA
with gastrula mDNA and null mDNA
are shown in Fig. 18, and the data from

these experiments are listed in Table 14.

The hybridization kinetics for both the

mDNA (Fig. 18a) and the null mDNA
(Fig. 18b) reactions with ovary poly-

somal mRNA are similar to those ob-

served with gastrula mRNA. Table 14

lists the rate constant for the ovary

mRNA-mDNA reaction as about 6.3 X
10- 3 M' 1 sec- 1 and that for the null

mDNA reaction as about 3.1 X 10-3

M~ x sec
-1

, which can be compared to

5.8 X 10" 3 M" 1 sec
-1

for the gastrula

mRNA-mDNA reaction (Table 11).

Thus, like the gastrula, the ovary clearly

includes a complex set of messages. The
amount of hybridization with mDNA is

about 80% of that obtained with the gas-

trula mRNA (dashed line in Fig. 18a).

There is evidently a large overlap be-

tween the set of mRNA sequences pres-

ent on the ovary polysomes and the set

present on the polysomes of the gastrula.

However, these mRNA populations are

clearly distinct, both quantitatively and

Total RNA Cot
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Fig. 18. Hybridization of gastrula mDNA
and null mDNA with total oocyte RNA and
ovary mRNA. The data presented here are

listed in Table 14. The dashed lines of 18a and
18b are the hybridization reaction of gastrula

mRNA with gastrula mDNA and null mDNA,
respectively, from Fig. 16. The solid lines of

18a and 18b are least-squares fits of pseudo-
first-order hybridization reactions, assuming an
ordinate intercept of zero for each case. Data
and parameters obtained from these fits are

shown in Table 14. Total oocyte RNA, (filled

triangles) ; ovary mRNA, (filled circles).

qualitatively. About 20% of the gastrula

mRNA sequences are not present on the

ovary polysomes, and Fig. 18b shows that

a relatively large set of messenger RNAs
that is absent from gastrula polysomes

exists in the ovary. The complexity of

this sequence set is 6.7 ±0.1 X 106 nu-

cleotides. Since the complexity of the

sequences shared with gastrula is 13 ±
1 X 106 nucleotides (Table 14) , the to-

tal complexity of ovary polysomal mes-

sage is around 20 X 106 nucleotides.

This is about 120% of the complexity of

the gastrula message set, and thus the

ovary polysomes include as many as

1.2-1.7 X 104 diverse messenger RNA
species. The complexity of the ovary

messenger RNA population is manyfold
greater than that of the adult nonrepro-
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ductive tissues examined in the preced-

ing experiments.

The mature sea urchin oocyte con-

tains few polysomes (Epel, 1967; In-

fante and Nemer, 1967). Much evidence

demonstrates that the sea urchin oocyte

contains large amounts of maternal mes-

sage that is translated following fertili-

zation but in mature oocytes is not

loaded on polysomes. The data pre-

sented in Fig. 18 and Table 14 represent

the reactions of gastrula mDNA and

null mDNA with the total oocyte RNA,
and a priori it cannot be stated what
fraction of this RNA is maternal mes-

sage. The upper abscissa in Fig. 18 is the

total RNA C t, as in Fig. 15. A surpris-

ing and significant result shown in Fig.

18a and Table 14 is that all of the

mRNA sequences of the gastrula poly-

somes are already present in mature

oocyte RNA. That is, as much gastrula

mDNA reacts with mature oocyte RNA
as with gastrula mRNA. The reaction

with gastrula null mDNA shown in Fig.

18b demonstrates the presence of a large

additional set of RNA sequences in the

oocyte. Their complexity is measured at

20 ± 1 X 106 nucleotides, yielding a to-

tal complexity for this RNA of about

37 ± 1 X 106 nucleotides. This value

conforms well with the oocyte RNA
complexity measured with the total sin-

gle-copy 3H-DNA tracer in the experi-

ments shown in Fig. 15, where a com-

plexity of 37 ± 4 X 106 nucleotides was

found. It is clear that the total oocyte

RNA is significantly different from the

ovarian messenger RNA population, both

in total complexity and in the specific

sets of sequences present. The overall

complexity of the oocyte RNA far ex-

ceeds that of any of the mRNA prepa-

rations studied in this work.

Since 45% of the oocyte RNA se-

quence set reacts with mDNA, we may
conclude that these are structural gene

transcripts, either maternal messenger

RNAs or the immediate precursors

thereof. An argument that the remain-

ing 55% of the set of complex oocyte

RNAs may also be stored message can

be derived from the kinetics of the null

mDNA-oocyte RNA reaction. Table 14

shows that according to the least-squares

fits the rate of this reaction (2.2 X 10-4

M-1
sec

-1
) is the same as that of the

mDNA reaction (2.1 X 10-4 M-1

sec
-1

). Thus the RNA molecules react-

ing with the null mDNA are present

about the same number of times per

oocyte as are the maternal message se-

quences reacting with mDNA. An addi-

tional point is that the frequency of oc-

currence of "these RNA molecules is only

slightly larger than the frequency of oc-

currence of complex mRNAs in the gas-

trula. Approximately 1% of the total

oocyte RNA drives the hybridization

reactions, while 0.1% of the total RNA
of the gastrula reacts with the mDNA.
The complexity of the oocyte RNA is

about twice that of the gastrula mRNA.
Therefore the number of oocyte RNA
molecules representing each mDNA se-

quence is only five times the number of

copies of each sequence represented in

the gastrula polysomes.

Reaction of Gastrula mDNA and Null

mDNA with the mRNAs of Other

Embryonic Stages

Polysomal mRNAs derived from

mesenchyme blastulae and plutei were

reacted with gastrula mDNA and null

mDNA. At the stages used, the blastulae

contain about 450 cells and the plutei

about 1000-1500 cells, while the gas-

trulae contain 600 cells. In addition we
studied mRNAs extracted from a devel-

opmentally abnormal form well known
in sea urchin embryos, the exogastrula

(Czihak, 1971). The hybridization reac-

tions are illustrated in Fig. 19 and the

data obtained in these experiments are

listed in Table 15. All the reactions dis-

play similar kinetics (Fig. 19), and the

values of the rate constants shown in

Table 15 indicate that the concentra-

tions of the complex mRNA sequences

are about the same for all the embryonic

stages studied as for the gastrula.

Figure 19a shows that about 70% of
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the mRNA sequences found in the gas-

trula polysomes are also present on

blastula polysomes. These mRNA se-

quences have a complexity of 12 ± 1 X
106 nucleotides (Table 15). The blastu-

lae from which the mRNA was isolated

are only 12 hr earlier in development

than the early gastrulae used to prepare

the mDNA. Nevertheless, all three blas-

tula mRNA preparations, irrespective

of the methods of extraction (see Ex-

perimental Procedures), display the

same qualitative distinction from gas-

trula mRNA. A real difference thus

exists between the mRNA populations

of these developmental stages: Some
30% of the gastrula message set is ab-

sent from the blastula polysomes. This

distinction is further demonstrated in

the hybridization reactions of blastula

mRNA with gastrula null mDNA (Fig.

19b, Table 15). The blastula contains a

set of mRNAs not present on gastrula

400 600 800

mRNA Cot

Fig. 19. Hybridization of gastrula mDNA
and null mDNA with other embryo mRNAs.
The dashed line of 19a is the hybridization re-

action of gastrula mRNA with gastrula mDNA
from Fig. 16. The solid lines of 18a and 18b

are least-squares fits of pseudo-first-order hy-

bridization reactions, assuming in each case an
ordinate intercept of zero. Data and parame-
ters obtained from these fits are shown in

Table 15. Exogastrula mRNA, filled circles;

blastula mRNA, filled triangles; and pluteus

mRNA, filled squares.

polysomes, the complexity of which is

15 ± 1 X 106 nucleotides. These se-

quences must be degraded by the time

gastrulation occurs. The total sequence

complexity of the blastula mRNA is 27

± 1 X 106 nucleotides, or about 160%
of the complexity found in gastrula. It

is not yet clear whether the additional

mRNA sequences found in the blastula

are a subset of those stored in the ma-
ture oocyte.

A different picture derives from the

experiments with pluteus mRNA shown
in Fig. 19. About 82% of the gastrula

mRNA sequences are still present on the

pluteus polysomes 54 hr later. The com-
plexity of these shared sequences is 14

± 1 X 106 nucleotides (Table 15). How-
ever, few additional sequences are rep-

resented in pluteus mRNA, since no null

mDNA reaction can be detected (see

Fig. 19b). In this case we estimate that

the largest amount of null mDNA reac-

tion that could have escaped detection is

equivalent to a complexity of only 0.6

X 106 nucleotides. The total sequence

complexity of the pluteus mRNA thus

cannot be very much greater than 15 X
106 nucleotides. These results mean that

virtually all of the pluteus mRNA se-

quences must already be present on the

gastrula polysomes. Furthermore, these

sequences are apparently all represented

in the RNA of the mature oocyte, since

this is true of the gastrula mRNA se-

quences. Figure 19 and Table 15 also

show that the overall complexity of the

exogastrula mRNA is about 14 X 106

nucleotides, or 82% of the gastrular

mRNA complexity. Few additional

mRNA sequences, if any, are present in

this aberrant embryo form since there

is no detectable null mDNA reaction

(Figure 19b). Therefore, the exogastrula

appears to lack a set of mRNAs present

in normal gastrulae, the complexity of

which is about 3 X 106 nucleotides. This

would imply that the . absence of as

many as 2000 species of messenger RNA
is correlated with the failure to form a

normal archenteron and the associated

developmental abnormalities.
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Unique Sets of Structural Genes

Expressed in Diverse Cell Types

The measurements described provide

quantitative comparisons of the sets of

structural genes expressed in various

states of differentiation. Though each

set includes thousands of individual se-

quences, the fraction of the total single-

copy sequence represented is only a

small percentage of the total. This fact

necessitated the use of two partially pu-

rified DNA fractions representing and
excluding the active gene sequences of

a reference mRNA population, that of

gastrula. The excess mRNA hybridiza-

tion reactions carried out with these

DNA fractions have enabled us to meas-

ure distinctions in the patterns of struc-

tural gene expression with far greater

resolution than in any previous studies.

The results of the measurements are

summarized in Fig. 20. Here the solid

portion of each bar shows the complex-

ity of those structural gene sets repre-

sented in the mRNAs of various tissues

and cell types which are also represented

in gastrula mRNA. Similarly, the open

portion of each bar gives the complexity

of the structural gene sets represented

in each tissue which are excluded from

the gastrula gene set. The overall height

of each bar indicates the total complex-

ity of the mRNAs in each tissue. Com-
plexity is expressed in three ways in Fig.

20. The left ordinate shows the total

length of single-copy nucleotide se-

quence, and the two right ordinates show

the percentage of gastrula mRNA com-

plexity and the percentage of total sin-

gle-copy sequence. Figure 20 shows

clearly that each of the tissues we have

investigated contains a different, though

partially overlapping, set of structural

gene transcripts. Before proceeding to a

discussion of the biological implications

Ovary Oocyte Blastula Gastrula Ruteus Tubefoot Intestine Coelom-
total RNA ocyte

Fig. 20. Sets of structural genes active in sea urchin embryos and adult tissues. The solid

portion of each bar indicates the amount of single-copy sequence shared between gastrula

mRNA and the RNA preparations listed along the abscissa. These data are obtained from the

mDNA reactions described in the text. The open portions show the amount of single-copy

sequence present in the various RNAs studied but absent from gastrula mRNA. These data
derive from the null mDNA reactions described in the text. Dashed lines indicate the maxi-
mum amount of null mDNA reaction which could have been present and escaped detection,

in terms of complexity, for cases where no apparent null mDNA reaction was observed (see

Tables 12 and 15). The total complexity of each RNA is indicated by the overall height of

each bar. Complexity is calibrated in three ways along the three ordinates shown. From left to

right these are : in nucleotides of single-copy sequence ; as percentage of gastrula mRNA com-
plexity ; as percentage of total single-copy sequence.
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of these data, however, we wish to con-

sider the general significance of the mes-
senger RNA subclass we have dealt with

in this work.

Significance of the Complex Class of

Messenger RNAs

As pointed out earlier in this paper

our studies have necessarily focused on

the complex class of mRNAs, since we
are concerned with measuring the size

and overlap of the active sets of struc-

tural genes. The complex class repre-

sents messages which may be present on

the average as seldom as one copy per

cell. The limit calculation yielding this

low value is based on the experiments of

Galau et al. (1974) with sea urchin gas-

trula mRNA and assumes that all 600

cells of the gastrula are perfectly equiv-

alent in the sets of mRNA species pres-

ent. Uncertainties in this calculation

permit a lower limit estimate ranging

up to five copies per cell. If, as is not un-

likely in view of present results, the

various embryonic anlagen contain par-

tially distinct sets of complex class

mRNAs, the number of occurrences per

cell for many species of complex class

messages could be greater. Nonetheless

it is clear that the mRNAs driving the

hybridization reactions described in this

paper belong to a rare sequence class in

which relatively few copies of each

mRNA species are present per cell. The
issue we wish to consider is whether this

mRNA class is functionally significant.

An alternative proposition might be that

the complex mRNA class simply derives

from "leakage" of repressed genes, simi-

lar to that known for inducible pro-

karyote systems in the repressed state.

Figure 20 shows that each state of

differentiation investigated in the sea

urchin is associated with a specific set

of the complex mRNAs. These differ

from each other by millions of nucleo-

tides of sequence complexity, represent-

ing the transcripts of thousands of

structural genes. Thus the putative

"leakage" process would have to be tis-

sue- and cell-type specific. Since only a

small fraction of the total single-copy

sequence is represented in each mRNA
set (Fig. 20), most of the single-copy

DNA and, at least in some cases, most
of the structural genes are repressed so

effectively that their transcripts cannot

be detected at all. We estimate that in

the experiments presented in this work
any significant number of additional

polysomal mRNA sequences, if present

at all, occur at least 2 orders of magni-

tude below the concentrations of the

complex mRNA sequence class studied

here. In other words, many DNA se-

quences, including structural gene se-

quences, are repressed in sea urchin cells

to a far greater extent than are those

represented by the complex class mes-

sages. This is, of course, true only with

respect to the presence of their tran-

scripts on cytoplasmic polysomes, as the

data we discuss here do not concern nu-

clear RNAs. These considerations show
that the mRNAs of the complex class

are specifically selected, since they rep-

resent a highly restricted set of tran-

scripts and are arranged in sets correlated

with the functional state of the cell.

A further argument, and one which we
find convincing, comes from examina-

tion of some known proteins of mam-
malian liver. Mouse liver is among the

tissues in which a complex mRNA se-

quence class has been identified. From
the data of Ryffel and McCarthy (1975)

we calculate that there are an average of

20 copies of complex class mRNAs per

cell. For a number of liver enzymes,

sufficient information exists that by as-

suming typical rates of translation (see

Kafatos, 1972), the approximate num-
ber of mRNAs needed to maintain the

steady-state enzyme concentrations can

be calculated. The data required are the

amount of enzyme per cell, the rate of

turnover of the enzyme, and the molecu-

lar weight of the enzyme subunits (De-

tails of the calculations will be presented

elsewhere [Galau, Ph.D. Thesis, 1976] )

.

Some enzymes require large numbers of

mRNAs for maintenance of their steady-
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state concentrations. However, in a non-

exhaustive search of the literature we
have found several examples of enzymes
whose function is clearly important to

the liver in physiological terms but

which appear to require for maintenance

only 1-10 mRNA molecules per liver

cell. Four such enzymes are acetyl CoA
carboxylase, alanine aminotransferase,

xanthine oxidase, and NAD glycohydro-

lase. It appears, therefore, that some
complex class mRNAs play a functional

role in liver. Although we cannot exclude

the "leakage" hypothesis, the evidence

summarized here appears to us to render

it rather unlikely. Complex class mes-

sages are a ubiquitous feature of animal

mRNA populations, since they have been

identified in all the mRNA populations

studied in somatic tissues. (See refer-

ences.) Of course, by far the largest ma-
jority of active structural genes produce

mRNAs that belong to the complex class.

Our view at present is that these mRNAs
play physiologically functional roles in

differentiated cells. Regulation of their

expression is therefore a basic aspect of

cell differentiation.

Biological Significance of the mDNA
and Null mDNA Hybridization Results

The number of structural genes needed

for early development. To a first ap-

proximation our data cover one phase of

the sea urchin life cycle, that extending

from oogenesis to feeding pluteus (Fig.

20). The oocyte RNA may include most

of the sequences in blastula message re-

acting with null mDNA, and we have

shown here that the oocyte RNA in-

cludes all of the gastrula mRNA se-

quences. Thus, as a crude maximum es-

timate, the complexity of oocyte RNA
approximates the structural gene infor-

mation needed to program and carry out

development from oogenesis to the feed-

ing pluteus stage. This amounts to about

6% of the total single-copy sequence,

some 37 X 10 fi nucleotides, or 20,000-

30,000 diverse structural genes.

The concept of "housekeeping genes."

Our observations on the three adult non-

reproductive tissues provide an indica-

tion that the housekeeping gene concept

may be a valid one. We find that gas-

trula, tubefoot, coelomocyte, and intes-

tine all share a common subset of

mRNAs. Housekeeping gene transcripts

are supposed to be ubiquitous and ob-

ligatory in diverse cell types, and the

shared subset of mRNAs demonstrated

in the experiments of Table 13 so far

conforms to this definition. According to

our experiments such genes represent

only about 0.3% of the single-copy DNA
sequence. The number of such genes in

the sea urchin genome is no more than

1000-1500.

Distinction between embryonic cells

and adult nonreproductive tissues. The
adult tissues we have studied consist of

several different cell types, each present

in significant concentration. In addition

there may be rare cell types whose spe-

cific mRNA populations do not contrib-

ute significantly to the total complexities

measured. Nonetheless, the structural

gene sets active in the adult nonrepro-

ductive tissues are clearly severalfold

smaller than those represented in repro-

ductive cells and embryos. The complex-

ity of the mRNA populations in these

three adult nonreproductive tissues

ranges from about 15% to 35% of that

of gastrula mRNA. We cannot be cer-

tain that the measured complexities rep-

resent the true complexity of the mRNAs
in the complete organ or tissue, e.g., the

whole intestine, because of the unknown
potential contribution of rare cell types.

However, Fig. 17 shows that the amount
of hybridization increases relatively lit-

tle beyond RNA C t 400. Therefore there

are few very rare sequences deriving

from either rare cell types or infrequent

transcription in major cell types. We
conclude that there are differentiated

adult tissue cell types, if not complete

organs, which require less than about

5000 structural genes to operate. This

statement refers to the usual circum-

stances of tissue maintenance and to

messengers present at a frequency within

1-2 orders of magnitude of the typical
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complex sequence class mRNAs. In com-
parison, the process of embryonic differ-

entiation can be seen to be very expen-

sive in terms of the number of structural

genes and the number of complex class

mRNA species required.

We can now take up the issue raised

in the text. Figure 20 shows that it is

unlikely that very small fractions of the

active structural gene sets are responsi-

ble for the functional diversity of the

various tissues. Generally the differ-

ences observed are quite large. For ex-

ample, 56% of the mRNAs on the poly-

somes of blastula stage embryos are dis-

tinct from those of gastrulae, and 44%
are homologous. Similarly, 64% of the

mRNAs of the intestine are distinct

from those of gastrulae, and 36% are

homologous. These differences amount to

many thousands of individual structural

genes whose transcripts are present at

detectable levels in one set of cell types

and are absent in another. Some adult

nonreproductive tissues, such as coelo-

mocytes and tubefeet, require a large

fraction of their total structural gene

activity as housekeeping genes. This is

not the case for other adult tissues, e.g.,

intestine or ovary, and for differentiat-

ing embryos.

Relation between oocyte RNAs and

embryo mRNAs. Among the most sur-

prising and significant findings in this

work is that virtually all of the poly-

somal gastrula mRNA sequences are

found to be represented in mature oocyte

RNA. This claim has been made earlier

(Whiteley et al., 1966, 1970), but un-

fortunately these experiments are with-

out relevance to most messenger RNA
sequences, since nonrepetitive sequence

transcripts could not have been detected.

We show here as well that a large frac-

tion of the gastrula message species are

present in pluteus, blastula, and an ab-

normal form, the exogastrula. Each of

the latter embryonic stages has a specific

subset of the gastrula message set loaded

on its polysomes. A possible paradox is

posed by these discoveries. It appears

that the mass of the gastrula mRNA

can be accounted for by newly synthe-

sized messages, while the oocyte RNA
includes the complex class gastrula

mRNA sequences and all subsets thereof.

This statement follows from new meas-
urements of mRNA content, turnover,

and synthesis rates to be presented else-

where (Galau, Britten, and Davidson,

in preparation; see also Nemer, et al.,

1975; Nemer, 1975). However, the latter

data refer to the bulk of the mRNA and
not specifically to the complex message

class. According to our results, sufficient

RNAs of each of the complex class gas-

trula sequences are stored in the mature

oocyte to supply the embryo polysomes.

Therefore, we cannot yet exclude the

possibility that the complex mRNA se-

quences present on these polysomes are

all maternal messages, right up to the

pluteus stage, while it is the prevalent

message class that is newly transcribed.

However, if it is found that complex

class messages are synthesized and turn

over with the same kinetics as the bulk

of the mRNA, an interesting conclusion

will follow. This is that the embryo in-

herits a program for structural gene

transcription similar to that controlling

transcription during oogenesis, as well

as maternal messenger RNA molecules

which are used early in development.

The specific subsets of the gastrula

mRNA set present in the pluteus, blas-

tula, and exogastrula thus would repre-

sent stage specific modulations in the em-

bryonic transcriptional program, rather

than in the sets of preserved maternal

messages being translated.

It is informative to compare the total

complexity of blastula, gastrula, and

pluteus mRNAs (Fig. 20) . The diversity

of the structural gene transcripts being

translated in the embryo gradually de-

creases as development proceeds. Fur-

thermore, little or no additional mRNA
sequence is found in the pluteus, com-

pared to gastrula. Therefore, many of

the proteins needed to construct the

much more complex structures of the

pluteus must be synthesized during the

gastrula stage or even earlier, and simi-
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larly, proteins needed by gastrulae must
be synthesized in all the pregastrula

stages. These data suggest that there are

important post-translational assembly

mechanisms operating in embryonic

morphogenesis.

Structural gene regulation. Our experi-

ments provide an estimate of the dimen-

sions of the process of structural gene

regulation. It is clear that many thou-

sands of structural genes are specifically

required for the construction of the dif-

ferentiating embryo. Thus large-scale

changes in the sets of structural genes

active must occur during development.

An understanding of structural gene reg-

ulation requires an explanation of the

coordinate activation of the many genes

whose function is specifically required in

differentiating cells.

Experimental Procedures

Growth of sea urchin embryos. Eggs

of Strong ylocentrotus purpuratus were

collected, fertilized, and cultured at

15°C by standard methods (e.g., Smith

et al., 1974). The embryos were grown

at 2-A X lOVml in 30 units/ml penicil-

lin G, 50 jug/ml streptomycin, with con-

stant stirring and aeration. The develop-

mental stages relevant to the experiments

in this paper can be summarized briefly

as follows: At 17-19 hr after fertiliza-

tion the blastulae hatch and begin to

swim. The mesenchyme blastulae from

which the blastula mRNA used in these

experiments is extracted are harvested

at 24-25 hr. At this stage the embryos
have well-defined primary mesenchyme
cells. At 36 hr, the time at which gas-

trula mRNA was prepared, the embryos
have initiated gastrulation, and skeletal

formation has begun. Exogastrulae were

obtained from cultures exposed to a con-

taminated air supply. The active air-

borne agent inducing exogastrulation is

unknown, but the cultures were nearly

homogeneous, classical exogastrulae at

50 hr. Exogastrula mRNA was extracted

from such cultures at 36 hr. At this stage

the embryos displayed regressive arch-

enterons, a slightly enlarged oblate

shape, and a noticeable external pos-

terior accumulation of cells. Normal
plutei were harvested at 90 hr. S. pur-

puratus embryos can begin ingesting

algae at about 70-80 hr. For this paper,

mRNA extracted from unfed plutei was
used. These are relatively well-differen-

tiated larvae containing complete diges-

tive tracts and well-formed, brachiated

skeletons.

Isolation of mRNA
General mRNA extraction procedures.

The mRNA preparations used in these

experiments include polysomal rRNA
as well as mRNA, but have been exten-

sively purified of nonpolysomal RNAs,
particularly nuclear RNAs. The basic

procedure we have used here is similar

to that described by Galau et al. (1974)

with occasional modifications as noted

below. Embryos were washed in 1.5 M
glucose and were pelleted by centrifuga-

tion. They were resuspended in 50 mM
PIPES (pH 6.5), 500 ml KC1, 12 ml
MgCl 2 ,

containing 500 ^g/ml PVS (poly-

vinyl sulfate), 5 mg/ml bentonite

(PKM-PVS-bentonite) ; and the cells

lysed by homogenization in a 40-ml

glass, size-B Dounce homogenizer. The
nuclei and cell debris were removed
from the homogenate by low-speed cen-

trifugation, and the resultant super-

natant was brought to 1% Triton X-100
and 0.5% sodium deoxycholate, to re-

lease membrane-bound polyribosomes.

Following a further centrifugation at

25,000 g to clarify the supernatant, the

polysomes were pelleted by high-speed

centrifugation; resuspended in 10 mM
PIPES (pH 6.5), 2 mM" MgCl 2 , 500 mM
KC1, and 25 //.g/ml PVS; and layered on

exponential sucrose gradients (5%-
40%) made up in the same buffer. In

some cases the sucrose gradients con-

tained 5 mM MgCl 2 . With some prepa-

rations, as noted below, the polyribo-

somes were not pelleted, but the 25,000

g supernatant was layered directly onto

sucrose gradients. This was possible in

preparations where the original lysate

volume was small because no concentra-
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tion step was necessary. Because of oc-

casional difficulties in resuspending the

polyribosomal pellet in the adult tissue

mRNA preparations, the omission of the

pelleting step generally improved the

final yield. Polysomes sedimenting at

>100S were collected and pelleted by
ultracentrifugation. The pellet was re-

suspended in 50 ml Tris (pH 7.4) , 500

ml KC1, 2 ml MgCl 2 , 25 ^g/ml PVS,
and incubated with 2 milf puromycin for

30 min at 4°C and 30 min at 37°C to

disaggregate the polyribosomes (Blobel,

1971). The mixture was then layered on

sucrose gradients as described above,

and the material sedimenting at <80S
was collected, made 5 mM in MgCl 2 ,

and precipitated with ethanol. Total

polysomal RNA was extracted from the

ethanol precipitate by dissolving the

pellet in 10 ml sodium acetate (pH
6.5), 100 ml NaCl, 1 ml EDTA, 1%
SDS, and deproteinizing at room tem-

perature with an equal volume of phe-

nol: chloroform :isoamyl alcohol (50:48:

2). The RNA was twice precipitated

from 0.3 M sodium acetate with ethanol

and dissolved in either water or 0.5 M
phosphate buffer, 0.2% SDS, at total

RNA concentrations of 10-25 mg/ml.
mRNA preparations from gastrula,

exogastrula, and pluteus. Gastrula

mRNA Preparations 1, 2, 3; exogastrula

mRNA; and pluteus mRNA were all

prepared in the manner just described.

Gastrula mRNA Preparation 4 was ex-

tracted with the following modifications.

The 25,000 g supernatant was layered

directly on sucrose gradients. The su-

crose gradients were centrifuged as de-

scribed above, and the >100S material

was pelleted, resuspended in 50 ml Tris

(pH 7.5) , 500 ml KC1, 25 yug/ml PVS,

and the solution brought to 0.1 M EDTA
(pH 6.8) at 4°C to disaggregate the

polyribosomes. Isolation of the <80S
material was then carried out as de-

scribed above.

mRNA preparations from blastula.

Homogenization as described above

caused significant nuclear lysis with

blastula stage embryos. This problem

was avoided by the following proce-

dures: The embryos used for mRNA
Preparation 1 were washed in 1.5 M glu-

cose and the cells lysed in 50 mM PIPES
(pH 6.5) , 200 mM KC1, 12 mM MgCl 2 ,

25 /Ag/ml PVS and 2.5 mg/ml bentonite.

The remainder of the procedure was as

described above except that the 25,000

g supernatant was layered directly onto

sucrose gradients with no prior concen-

tration. Blastula mRNA Preparations 2

and 3 were prepared essentially as in the

section above except that the polysomes

were concentrated by centrifugation into

a 2 M sucrose cushion followed by
dialysis.

Ovary mRNA preparation. Ovarian

tissue was dissected from 20 female

urchins after the mature eggs had been

shed by injection of 0.5 M KC1 into the

coelomic cavity. After disrupting the tis-

sue into small pieces and shaking for

several minutes in 15°C seawater, the

tissue was inspected by light microscopy

and judged to be almost entirely free of

mature eggs. The tissue was then finely

minced, washed in 1.5 M glucose and

homogenized in 100 ml of PKM-PVS-
bentonite buffer in a size-B Dounce
homogenizer. The remainder of the iso-

lation procedure was as described above.

Tubefoot mRNA preparation. Ex-

tended tubefeet were cut from adult sea

urchins with scissors. A typical amount
of starting material was 20-40 cc of

tubefoot tissue. Preparations 1, 2, and 3

were homogenized for 60 sec in a War-
ing blender with 200 ml of PKM-PVS-
bentonite buffer per 40 cc of tissue. The
remainder of the isolation was as de-

scribed above. Preparation 4 was iso-

lated as above, except that the 25,000 g

supernatant was layered directly onto

sucrose gradients and brought to 0.1 M
EDTA (pH 6.8) to disaggregate the

polyribosomes. We found that polysomal

RNA prepared in this manner had trace

amounts of RNAase activity associated

with it. Therefore, the RNA was dis-

solved in 1% SDS, 1 mM EDTA, and 20

mM Tris (pH 8), and incubated with

10 /ig/ml proteinase K (EM Labora-
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tories) for 1 hr at 4°C and 1 hr at 37°C.

The RNA was then deproteinized with

chloroform :isoamyl alcohol (24:1) and

precipitated with ethanol.

Intestine mRNA preparation. Intes-

tine, tissue was dissected from about 50

sea urchins for each of the three mRNA
preparations. For Preparation 1, after

washing in cold seawater, the tissue was
placed directly into a Waring blender

with 200 ml of PKM-PVS-bentonite and

homogenized for 60 sec. For mRNA
Preparations 2 and 3, the tissue was
minced and then homogenized in a size-

B Dounce homogenizer with 200 ml of

PKM-PVS-bentonite. The extraction of

mRNA from the lysate was as described

above.

Coelomocyte mRNA preparation. For

each mRNA preparation 2-3 liters of

coelomic fluid were obtained by opening

the animal around the peristomal mem-
brane and pouring the fluid contents into

250 ml of 0.25 M EGTA (pH 7.0) at

1°C to a final EGTA concentration of

0.25 M . The EGTA prevents coagulation

of the coelomocytes. The cells (about 20

cc of packed cells per 1 coelomic fluid)

were pelleted by centrifugation. From
five to ten ml of packed cells were re-

suspended in 40 ml of PKM-PVS-ben-
tonite. They were lysed by homogeniza-

tion with a size-B Dounce homogenizer.

In both mRNA preparations utilized in

this report, the 25,000 g supernatant was
layered directly onto sucrose gradients.

In Preparation 1,0.11 EDTA (pH 6.5)

at 4°C was used to disaggregate the

polysomes. Other procedures were as

above.

Total oocyte RNA. Two different

RNA preparations were utilized for the

hybridization reactions. For the first, 5

X 107 mature oocytes were washed in

1.5 M glucose and resuspended in 200

ml of 100 mM Tris (pH 7.4), 200 ml
NaCl, 1 mM EDTA, 0.5% SDS, con-

taining 10 ng/m\ PVS. The eggs were
lysed in a size-B Dounce homogenizer,

and an equal volume of phenol :chloro-

form:isoamyl alcohol (50:48:2) was
added. The aqueous solution was ex-

tracted two times at room temperature

and precipitated with 2 vol of ethanol.

The precipitate was taken up in 10 mM
PIPES (pH 6.5), 5 mM MgCl 2 , and

DNAase I was added to 75 /xg/ml. After

incubation for 2 hr at room temperature

the solution was deproteinized with an

equal volume of phenol : chloroform :iso-

amyl alcohol (50:48:2), followed by

ethanol precipitation. The RNA precipi-

tate was taken up in 0.3 M sodium ace-

tate (pH 6.5) and placed over a Sepha-

dex G-200 column. The RNA in the

excluded volume of the column was pre-

cipitated with ethanol and stored at

—20°C in water at 23 mg/ml. For the

second preparation 4 X 106 eggs were

lysed in 80 ml of 50 mM sodium acetate

(pH 5.1), 10 mM EDTA, 0.5% SDS, 10

tig/m\ PVS, 7 M urea, and 1 mg/ml
bentonite, in a size-B Dounce homoge-

nizer at room temperature. Following

lysis, an additional 130 ml of buffer was
added, and the RNA was deproteinized

at room temperature with phenol :m

cresol:8-hydroxyquinoline (Kirby, 1965)

and chloroform :isoamyl alcohol (24:1)

and precipitated with ethanol. To ensure

complete removal of any contaminating

nucleases, the precipitate was dissolved

in 20 mM Tris (pH 8.0), 0.5% SDS, 50

mM EDTA, and incubated with 10

^ig/ml of proteinase K for 1% hr at

37°C. The solution was deproteinized

with chloroform :isoamyl alcohol (24:1)

and precipitated with ethanol.

Preparation of Labeled Single-Copy
SH-DNA

Unlabeled DNA was isolated from

frozen S. purpuratus sperm by standard

techniques (Britten et al., 1974). It was
dissolved at 0.7 mg/ml in 30 ml 3.3 mM
sodium acetate (pH 6.5), 67% glycerol,

and sheared to a mean single-strand

length of 250 nucleotides in a Virtis-60

homogenizer, using the large blade.

Shearing was carried out at 50,000 rpm
for 30 min in a 100-ml vessel cooled in a

dry ice-ethanol bath. Single-copy DNA
was isolated by denaturing and reasso-

ciating the DNA in 0.12 M phosphate
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buffer (pH 6.8; an equimolar mixture of

basic and dibasic sodium phosphate) at

60°C to a C t (moles nucleotide L~ x

sec) of 600. The unreassociated DNA
was recovered by hydroxyapatite chro-

matography and again reacted in 0.12 M
phosphate buffer at 60° C, this time to

C t 350. The DNA remaining single

stranded was isolated by hydroxyapa-

tite chromatography and was then incu-

bated to C t 5000 in 0.12 M phosphate

buffer at 60°C. DNA which had rena-

tured at this point was harvested by
hydroxyapatite chromatography.

Single-copy DNA was labeled in vitro

by modification of the method of Scha-

chat and Hogness (1974) for long

double-stranded DNA, in which DNAase
I is used to introduce single-strand nicks

that serve as initiation sites for E. coli

DNA polymerase I. The structures

formed by extensively reassociating

short DNA fragments are substrates for

polymerase I in the absence of DNAase.
We have used this method to label 1-20

fig of reassociated 250-300 nucleotide

long E. coli DNA or single-copy sea

urchin DNA to a specific activity of 3-

10 X 106 cpm///.g. Little or no change in

the single-strand fragment length oc-

curs. To prepare sea urchin single-copy

DNA tracer, the unlabeled single-copy

DNA was reassociated to a C t of 20,000

and labeled at 15-35 jig/ml in 0.05 M
phosphate buffer (pH 7.6), 0.01 M
MgCl 2 , 1 mAf EDTA, containing 2 X
10- 5 M dATP, dGTP, dCTP and 1-2 X
10- 5 M 3H-dTTP (55 Ci/mmole, 0.6-1

mCi/ml reaction mixture; Schwarz-

Mann) . Five units of E. coli DNA poly-

merase I (Boehringer Mannheim, grade

1) per fig DNA were added, and the re-

action mixture was incubated at 11°-

12°C for 27-48 hr. The rate of 3H-dTTP
incorporation gradually declined with

time but was still high at 30 hr. As much
as 30%-40% of the 3H-dTTP was in-

corporated.

With the polymerase preparation used

here, 20%-30% of the incorporated ra-

dioactivity was in DNA fragments con-

taining self-complementary or foldback

regions. Along with unincorporated pre-

cursor, this was simply removed by pas-

sage over a hydroxyapatite column. The
reaction mixture was adjusted to 0.03 M
phosphate buffer (pH 7.6), 0.135 M
NaCl, and 10 mM EDTA; heated to

100°C for 3-5 min; incubated at 50°C
for 1 min; and passed over hydroxyapa-

tite at 50°C in 0.03 M phosphate buffer,

0.135 M NaCl. The precursor eluted

gradually from the column in two peaks

with extensive washing with 0.03 M
phosphate buffer, 0.135 M NaCl at 50°C.

Single-strand DNA containing no fold-

back duplexes recognizable by hydroxy-

apatite at 50°C was washed from the

column with 0.12 M phosphate buffer at

50°C and saved. Duplex-containing

fragments were removed with 0.5 M
phosphate buffer at 50°C or 0.12 M
phosphate buffer at 98°C. Final recov-

ery of foldback-free, labeled DNA has

averaged 75%-80% of input DNA mass.

Preparation of Gastrula mDNA and

Null mDNA
On a pilot scale gastrula mDNA and

null mDNA were prepared previously

by Galau et al. (1974). In that study

RNAase A was used to liberate mDNA
from single-copy DNA-mRNA hybrids

in greater than 60%-70% purity. Sub-

sequently, we have had difficulty com-

pletely removing this nuclease, which is

obviously an absolute requirement. An
alternate method was developed which

relies instead on successive reactions with

mRNA to enrich for mDNA sequences.

Gastrula mRNA Preparation 1 (see

above) was mixed with nonrepetitive
3H-DNA, denatured, and incubated in

0.41 M phosphate buffer, 0.2% SDS, at

60°C to an mRNA C t of 400 and a 3H-
DNA C t of 27. All reaction mixtures

were diluted to less than 100 /xg/ml to-

tal RNA in 0.12 M phosphate buffer,

0.2% SDS, for passage over the 60°C
hydroxyapatite columns. Less than 100

fig total RNA was loaded per cc hy-

droxyapatite. The material failing to

bind to hydroxyapatite was passed over

another column to completely recover
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all duplexes. The single-strand material

remaining after this additional passage

was saved for the preparation of null

mDNA. Duplex-containing 3H-DNA was
recovered from the columns with 0.5 M
phosphate buffer, 0.2% SDS, at 60°C
and pooled. This fraction was then de-

natured and reacted with additional

mRNA to an equivalent (new) mRNA
C t of 200 (total mRNA C t 500) and
3H-DNA Cot 0.8 in 0.41 M phosphate

buffer, 0.2% SDS, at 60°C. The reaction

mixture was diluted as above and passed

over a single hydroxyapatite column,

and the bound material was eluted with

0.5 M phosphate buffer, 0.2% SDS, at

60°C. Foldback-containing DNA was
removed by denaturing the duplexes in

0.12 M phosphate buffer, 0.2% SDS, in-

cubating 1 min at 60°C to a very low
3H-DNA C t, and again placing the

mixture over hydroxyapatite. The ma-
terial that failed to bind was treated 45

min in 0.3 M KOH at 37°C to hydrolyze

the residual gastrula mRNA, neutral-

ized with acetic acid, and passed over a

Sephadex G-100 column. The excluded

DNA was the gastrula mDNA.
Preparation of null mDNA from the

single-stranded fraction obtained in the

first mRNA hybridization continued as

follows. A second reaction mixture with

additional mRNA was incubated to an

equivalent mRNA C t of 200 and 3H-
DNA Cot of 47 in 0.52 M phosphate

buffer, '0.2% SDS, at 60°C. Considering

carryover of mRNA from the first in-

cubation, the total mRNA C t was ap-

proximately 250. The reaction mixture

was diluted and passed over a single

hyroxyapatite column. The single-

stranded 3H-DNA not bound was the

null mDNA. When denatured in 0.12 M
phosphate buffer, 0.2% SDS, and incu-

bated 1 min at 60°C, less than 0.4% of

the mDNA and less than 0.15% of the

null mDNA bind to hyroxyapatite.

Hybridization of
3H-DNAs with RNA

and Analysis of Hybrid Content

Single-copy 3H-DNA, null mDNA,
and mDNA were incubated with RNA

in 0.50 M phosphate buffer, 0.2% SDS,

at 60°C as described in the tables. From
100 to 500 cpm of 3H-mDNA was used

per reaction mixture. The input null

mDNA and single-copy DNA were ad-

justed to yield 20-400 cpm (average 100

cpm) of DNA-DNA duplex per hy-

droxyapatite column. The mRNA C t is

calculated for mRNA preparations, as-

suming 2% of the polysomal RNA is

mRNA (Humphreys, 1971; Galau et al.,

1974) . The RNA C t for the oocyte RNA
is calculated for the total RNA. All

mRNA C ts referred to in this paper are

equivalent mRNA C ts; that is, they

have been corrected for accelerations in

rate due to Na+ concentration (Britten

et al., 1974) relative to the rate in 0.12

M phosphate buffer at 60°C. All DNA
C ts referred to are also equivalent DNA
C ts. After denaturation for 1-2 min at

98°C, hybridization samples were in-

cubated from 3 hr to as long as 160 hr to

the indicated mRNA or total RNA C ts.

The majority of the reactions were in-

cubated 24-48 hr, and only rarely did

the time exceed 92 hr.

Control experiments described earlier

(Fig. 16 and Table 11) indicate that

RNA-driven reactions with mDNA con-

tain essentially no DNA-DNA duplex.

The reactions were analyzed by placing

them directly over hydroxyapatite in

0.12 M phosphate buffer, 0.2% SDS, at

60°C. Single-stranded 3H-DNA was
washed through the column with the

same buffer. Hybridized 3H-DNA bound
to the column was eluted at 98°C in the

same buffer. Fractions from the column

were assayed for radioactivity by direct

counting in scintillation fluid. Where
noted, low-salt RNAase treatment (see

below) was used to destroy RNA-mDNA
hybrids before hydroxyapatite assay.

Reaction mixtures containing total

single-copy 3H-DNA and null mDNA
were analyzed as follows by a method
modified slightly from the procedures

used by Galau et al. (1974). The hy-

bridization reactions were diluted to

100-150 fA with 0.05 M phosphate buffer

and placed over a 0.3 X 20 cm Sephadex
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G-100 column in 0.05 M phosphate buf-

fer to remove the SDS. The excluded
3H-DNA and RNA were diluted to 2 ml
with 0.05 M phosphate buffer and di-

vided into two equal parts. The first

aliquot was used to assay total duplex

content. This was brought to 0.25 M
phosphate buffer and 10 fig/m\ RNAase
A, incubated 1 hr at room temperature,

and then stored at —20°C. Control ex-

periments reported by Galau et al.

(1974) indicate that gastrula mRNA-
DNA hybrids are unaffected by this

treatment. The second aliquot was used

to assay DNA-DNA duplex content.

This was incubated 12-20 hr in 0.05 M
phosphate buffer, 10 jug/ml RNAase A
at 37°C in order to completely digest

the RNA of RNA-DNA hybrids. This

sample was then cooled to room tem-

perature, brought to 0.25 M phosphate

buffer, stored at room temperature 1 hr

and then frozen at —20°C. For hy-

droxyapatite assay, the two samples

were rapidly thawed, diluted 1:2 with

0.0025 M phosphate buffer and immedi-

ately deproteinized by shaking with 2

ml chloroform :isoamyl alcohol (24:1).

The aqueous phase was recovered by
centrifugation and brought to 0.2% SDS.
The samples were then placed over hy-

droxyapatite as described above except

that the single-strand 3H-DNA was ex-

tensively washed from the column before

elution of the bound 3H-DNA. This in-

cluded repeatedly stirring the column
bed in small aliquots of buffer and blow-

ing the bed completely dry with air

pressure.

Data Reduction

Pseudo-first-order rate constants and
terminal extents of the hybridization re-

actions were derived from the data by
least-squares analysis with the aid of a

computer. Errors calculated for each of

these parameters are listed in the tables.

These errors represent one standard de-

viation (not including systematic er-

rors) around the best-fit parameter val-

ues. Data were fitted to the expression

D/D = exp[—C t fc] where D/D is

the fraction of 3H-DNA remaining sin-

gle stranded at time t; C is the mRNA
or (for oocyte RNA) the total RNA
concentration; and k, the pseudo-first-

order rate constant. See Galau et al.

(1974) for calculations using this equa-

tion and further discussion. The only re-

strictions used in the curves fitted here

were that there is a single kinetic com-

ponent in each reaction and that no sig-

nificant amount of hybrid forms at very

low RNA C t; i.e., the ordinate intercept

is zero. These conditions conform to what
was observed for gastrular mRNA-
driven reactions with total single-copy
3H-DNA, the kinetics of which were

studied in great detail by Galau et al.

(1974). Terminal values and the size of

the standard deviations calculated for

the terminal values change insignifi-

cantly if these restrictions are not ap-

plied. Where no low C t kinetic data

exist, the rates are poorly determined by
the data, and for these examples the as-

sumption of zero ordinate intercept af-

fects the rate significantly. However,

this is a reasonable assumption, as in no

case for which sufficient data exist do we
find that non-zero ordinate intercepts

appear. The least-squares computer pro-

gram used to fit the hybridization data

provides estimates of the standard devi-

ation for each parameter. We wish to

stress that these standard deviations

describe the variability of the data, as-

suming that a single kinetic component
exists. If more than one component is

present or if other systematic errors in-

tervene, the standard deviations no

longer represent the actual errors in each

set of measurements.

Sequence Complexity of the RNA
Accumulated in Oocytes of

Arbaeia punctulata

David M. Anderson* Glenn A. Galau,

Roy J. Britten, and Eric H. Davidson

Maternal messenger RNAs are now
known to be very important in early de-

* Department of Biological Sciences, Purdue

University, West Lafayette, Ind. 47907
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velopment. This has been demonstrated

most extensively in sea urchin embryos
(e.g., Gross et al, 1973; Humphreys,
1971). Maternal messenger RNA and
possibly other RNA species not yet iden-

tified are stored in the RNA of the ma-
ture, oocyte. Measurement of the com-
plexity of oocyte RNA, that is, the total

length of nonrepetitive DNA sequence

represented in the RNA, provides a

molecular index of the magnitude of the

developmental program stored in the

RNA. Although complexity estimates

exist for the oocyte RNAs of several

species (Davidson and Hough, 1971

;

Davis, 1975; Rosbash et al, 1974), so

far no measurements have been reported

for sea urchin oocyte RNA. We report

here a determination of the complexity

of Arbacia punctulata oocyte RNA. Ex-

cess oocyte RNA was hybridized with

Arbacia single-copy DNA tracer, and

the complexity was estimated from the

fraction of the single-copy DNA found

to be complementary to total oocyte

RNA. The results indicate the complex-

ity of this RNA to be about 3.0 X 107

nucleotides.

Isolation and Characterization of

Single-Copy W-DNA

Figure 21 (closed circles) shows the

reassociation kinetics of 300-nucleotide-

long Arbacia sperm DNA, monitored by
hydroxyapatite chromatography. The
solid curve was obtained by least-squares

analysis, assuming second-order renatu-

ration kinetics (Britten et al., 1974). To
obtain the fit shown, the rate constant of

the most slowly reassociating class of

fragments, those containing only single-

copy sequence (dotted line), was fixed

at 1.3 X 10-3
1- mole- 1 -sec" 1

. This is

the rate .constant expected for the frag-

ment length used and the genome size

of this organism. The genome size was
measured at 0.76-0.79 pg by Hinegard-

ner (1974) and Marshak and Marshak
(1953). About 60% of the DNA frag-

ments fall in this class. Insufficient low

C t data were obtained to permit a quan-

100 IOOO 10,000

DNA Cot

Fig. 21. Reassociation of various Arbacia
DNA fractions. All incubations were at a con-

centration of 10 mg DNA/ml in 0.41 M phos-

phate buffer, 0.5% sodium dodecyl sulfate, at

67°C. Reassociation was monitored by binding

to hydroxyapatite. Closed circles show data for

the reassociation of 300-nucleotide-long frag-

ments of total Arbacia DNA. The solid curve
was obtained by least-squares analysis of the

data (Britten et al, 1974) with the single-copy

component rate constant fixed at 1.3 X 10"3

1 • mole"1
• sec"

1
, the theoretical rate for a ge-

nome of 0.76-0.79 pg, assuming 300-nucleotide-

long DNA fragments. The dotted line repre-

sents the reassociation of the single-copy com-
ponent. The size of this component (60%) is

essentially independent of the number of re-

petitive components assumed. Open circles in-

dicate the reassociation of isolated 300-nucleo-

tide-long single-copy 3H-DNA with a 2000-fold

excess of total 300-nucleotide-long DNA. The
least-squares solution (dashed line) gives a

rate constant of 1.4 X 10"3
1 • mole"1

• sec
-1

.

Closed triangles show the reassociation of DNA
isolated from DNA-RNA hybrids with a 20,000-

fold excess of total 300-nucleotide-long DNA.
The curve is a least-squares fit to the data
with a rate constant of 1.8 X 10"3 1-mole"1

-

sec"
1

.

titative description of the repetitive se-

quence components.

Due to the interspersion of single-

copy DNA with repetitive DNA se-

quence (reviewed in Davidson and Brit-

ten, 1973, and Davidson et al, 1975a),

hydroxyapatite assay of reassociated

DNA underestimates the amount of sin-

gle-copy sequence in the genome. Some
single-copy sequence is present as single-

stranded "tails" on the duplexes bound
to hydroxyapatite after incubation to

low C t. Using a nuclease specific for
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single-strand DNA to assay reassocia-

tion, Skoultchi and Gross (1973) ob-

served 80%-85% of the nucleotides of

short Arbacia DNA fragments reasso-

ciating at the rate expected for single-

copy DNA. The sequence arrangement
in another sea urchin DNA, that of

Strongylocentrotus purpuratus, has been
studied in detail (Graham et al., 1974).

By a variety of techniques, including

the use of single-strand-specific nu-

cleases, it is shown that 75% of the ge-

nome is single-copy sequence. Due to

the interspersion of this sequence with

repetitive DNA, however, only 50% of

450-nucleotide-long Strongylocentrotus

DNA fragments are entirely single copy
as assayed by hydroxyapatite binding.

The data of Skoultchi and Gross (1973)

and Fig. 21 for Arbacia DNA thus indi-

cate that about 80% of the Arbacia
genome is probably single-copy se-

quence.

Arbacia embryos were labeled with
3Ff-thymidine, and the DNA was ex-

tracted and subjected to successive low

C t incubations followed by hydroxy-
apatite fractionation to remove the re-

associated repetitive sequences. The pro-

cedures used are described in Experi-

mental Procedures.

To assay its purity, the resulting sin-

gle-copy 3H-DNA preparation was re-

associated with an excess of 300-nucleo-

tide-long total Arbacia DNA, and the

results are presented in Fig. 21 (open

circles). The least-squares solution for

the reassociation of the single-copy DNA
with total DNA (dashed line) gives a

rate constant of 1.4 X 10-3 1-mole-1 -

sec
-1

. This is in good agreement with

that expected for this size genome. Fig-

ure 21 shows that the tracer contains no
detectable repetitive DNA; the tracer

displayed excellent reactability (about

90%) when the experiments shown in

Fig. 21 were carried out. Later the re-

activity of the 3H-DNA tracer declined

to about 70%. A similar phenomenon
has been reported by Galau et al.

(1976a). In any case, the above results

establish the labeled single-copy DNA

preparation as suitable for the hybridi-

zation experiments which follow.

Hybridization of
3HSingle-Copy DNA

to Oocyte RNA

Experiments in which small amounts
of single-copy 3H-DNA were reacted

with a 4000-fold excess of unlabeled

oocyte RNA are displayed in Table 16

and Fig. 22. The DNA-RNA reaction

mixtures were incubated to various RNA

TABLE 16. Hybridization of Oocyte RNA
to Single-Copy 3H-DNA*

DNA- RNA-
Total Total DNA DNA
RNA Duplex Duplex Duplex

Cot (%) (%) (%)

200 0.20 (0) 0.20

790 0.35 0.35

1,000 0.50 (0) 0.50

1,900 0.75 (0) 0.75

3,200 1.15 0.05 1.10

3,500 1.38 (0.08) 1.30

4,000 1.38 0.10 1.28

5,300 1.75 (0.20) 1.55

5,700 1.75 (0.22) 1.53

6,000 2.10 (0.25) 1.85

7,300 2.13 0.33 1.80

9,400 2.34 0.49 1.85

10,300 2.36 (0.58) 1.78

11,700 2.58 0.67 1.91

11,800 2.48 (0.68) 1.80

12,000 2.64 (0.69) 1.95

12,600 2.51 0.71 1.80

14,000 2.72 (0.82) 1.90

14,900 2.74 0.89 1.85

16,000 2.87 0.97 1.90

20,500 3.28 (1.30) 1.98

23,700 3.35 (1.50) 1.85

24,000 3.45 1.52 1.93

* The amount of RNA-DNA duplex was de-

termined by subtracting the DNA-DNA value

for each data point from the total amount of

DNA in hydroxyapatite-bindable duplex as de-

tailed in Galau et al. (1974). The DNA-DNA
value was determined for a portion of each re-

action mixture after RNase treatment to de-

stroy RNA-DNA hybrids. The DNA-DNA
duplex values in parentheses were not deter-

mined directly but were interpolated from the

other self-reassociation data. All incubations

were at 18-20 mg RNA/ml and contained 5 ,ug

3H-DNA/ml in 0.41 M phosphate buffer, 0.5%
sodium dodecyl sulfate. The reactions were

carried out at 67° C.
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Fig. 22. Hybridization of oocyte RNA to

single-copy 3H-DNA. Two methods for pre-

senting the data in Table 16 are shown in 22a

and 22b. The solid line represents the best

least-squares solution of the data according to

the pseudo-first-order equation D/D = e
—Cot k, where D is the concentration of unre-

associated DNA ; D and Co are the initial con-

centrations of DNA and RNA, respectively; t

is the time of incubation in seconds; and k is

the pseudo-first-order rate constant (see Galau
et al., 1974 for discussion of pseudo-first-order

hybridization kinetics). The rate constant ob-
tained for this fit is 3.0 X 10"4

1 • mole"1
• sec

-1
,

and the terminal value is 1.93% of the 3H-
DNA in hybrid.

C t values, and the fraction of the DNA
in RNA-DNA hybrid was determined
by hydroxyapatite fractionation, as de-

scribed by Galau et al. (1974). Briefly,

part of each reaction mixture was as-

sayed for total duplex and for DNA-
DNA duplex remaining after a low-salt

RNAase treatment which destroys RNA-
DNA hybrids. The amount of 3H-DNA
in RNA-DNA hybrid is calculated as

the difference between these two num-
bers.

The data are fitted well by a single

first-order kinetic component. The ho-

mogeneity of the reaction suggests that

the species driving the reaction are each

present in essentially the same concen-

tration. The overall reaction has an

RNA Coti/z of 2300 (rate constant =
3.0 X 10~ 4

1- mole" 1 -sec
-1

) and ap-

proaches completion at RNA Cot 10,000.

The best least-squares fit to the data

places the DNA saturation value at

1.93% of the total DNA.
It is unlikely that this termination

value is caused by nucleic acid degrada-

tion during the incubations. The absence

of nucleic acid degradation in the hy-

bridization mixtures was shown directly

by Sephadex G-100 chromatography of

reaction mixtures after incubation to

RNA Cots as high as 20,000. All the

RNA was excluded from the Sephadex
column in these tests. Also, to prove that

no more DNA is reactable with RNA
after RNA C t 10,000, the DNA not in

hybrid was isolated by hydroxyapatite

and reincubated with additional RNA to

a new RNA C t of 20,000. No detectable

hybridization of this selected DNA with

additional RNA occurred.

Demonstration That the 3H-DNA in

Hybrid Is Single-Copy DNA

It is desirable to determine the repeti-

tive-sequence content, if any, in the

hybridized 3H-DNA. Any hybridiza-

tion to repetitive 3H-DNA in the sam-
ples could have contributed a large

amount of hybrid while representing

only a very small RNA complexity. The
hybridization reactions we have de-

scribed were carried out with total

oocyte RNA, and in sea urchins this

RNA is known to include substantial

amounts of heterogeneous repetitive se-

quence transcript (Hynes and Gross,

1972; Whiteley et al, 1966).

Oocyte RNA was incubated with sin-

gle-copy 3H-DNA to an RNA C t of

10,000, and the DNA that was in an
RNA-DNA hybrid was isolated as de-

scribed in Galau et al. (1974) by first

isolating the total duplexes and then re-
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covering the 3H-DNA liberated from

RNA-DNA hybrids with RNAase treat-

ment. To prove that the selected 3H-
DNA was in fact complementary to

oocyte RNA, a portion of this 3H-DNA
was incubated with a 4000:1 excess of

oocyte RNA to an RNA C t of 2400, and
the fraction of the 3H-DNA in hybrid

was determined as usual by binding to

hydroxyapatite. This experiment showed
that 30% of the 3H-DNA was in RNA-
DNA hybrid. However, the reaction is

only 44% complete at RNA C t 2400

(Fig. 22), and as shown in Fig. 21

(closed triangles), the reactability of the

tracer had by then declined to 74%.
Therefore, about 90% of the reactable
3H-DNA tracer obtained from the hy-

brid fraction was complementary to

oocyte RNA. To assay its repetitive se-

quence content, the selected 3H-DNA
was mixed with excess unlabeled whole

300-nucleotide-long Arbacia DNA. The
DNA was heat denatured, incubated at

67°C in 0.41 M phosphate buffer, and
the reassociation kinetics were followed

by hydroxyapatite. The results are shown
in Fig. 21 (closed triangles, solid line).

Least-squares analysis yielded a second-

order rate constant of 1.8 X 10~ 3 1-

mole-1 -sec
-1

for this reaction, a value

which agrees with the reaction rate con-

stants noted earlier in this report for the

single-copy sequences in the Arbacia

genome. Figure 21 shows that there is no

detectable repetitive sequence compo-
nent in the recovered 3H-DNA. These

data indicate clearly that the oocyte

RNA has indeed hybridized with single-

copy 3H-DNA sequences. The satura-

tion value obtained can therefore be

used to calculate the complexity of the

oocyte RNA.

Calculation of Oocyte RNA Complexity

and RNA Sequence Concentration

The calculation of RNA sequence

complexity by these saturation tech-

niques requires knowledge of the total

single-copy DNA sequence complexity

in the genome, and the fraction of the

reactive single-copy 3H-DNA that is

complementary to the RNA. As noted

above, the size of the haploid Arbacia

genome is approximately 7.2 X 108 nu-

cleotide pairs, about 80% of which are

nonrepetitive. As judged by reaction

with whole DNA, about 74% of the 3H-
DNA remained reactable when the ex-

periments shown in Fig. 22 were carried

out. At termination 1.93% of the 3H-
DNA was hybridized with the oocyte

RNA (Fig. 22). Assuming asymmetric

transcription, this represents approxi-

mately 5.2% of the single-copy com-

plexity, or about 3.0 X 107 nucleotides

of diverse sequence. It is to be noted

that this value is subject to several un-

certainties. Among these are the size of

the genome of Arbacia punctulata, the

actual content of single-copy DNA in

the Arbacia genome, and the range of

hybridization results which would have

been obtained had several RNA prepa-

rations rather than only one been used.

We judge that these uncertainties are

unlikely to affect the complexity by
more than 20%-30% at most.

The concentration of the RNA se-

quences driving the reaction of Fig. 22

can be calculated from the RNA com-

plexity and the rate constant of hy-

bridization by reference to a standard

reaction. With similar hybridization con-

ditions, the pseudo-first-order rate con-

stant for the reassociation of 300-nu-

cleotide-long 0X DNA with excess 360-

nucleotide-long 0X RNA (complexity

of 5500 nucleotides) is 170 l-mole-1 -

sec
-1 (Galau et al, in preparation). The

rate constant expected for a hybridiza-

tion reaction driven by a purified RNA
of 3.0 X 107 nucleotide complexity is

thus about 3.1 X 10~ 2
1- mole-1 -sec

-1
.

This assumes that the reacting RNAs
are about 360 nucleotides long. Although

not measured in this study, the size of

the oocyte RNAs during the hybridiza-

tion reaction is likely to be larger than

360 nucleotides, which would decrease

the expected hybridization rate. How-
ever, the rate reduction would not be

more than a factor of two if the hy-
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bridizing RNA were as long as 2000 nu-

cleotides (Galau et al., in preparation).

The observed rate constant in Fig. 22 is

3.0 X 10" 4 l-mole-^sec -1 . We con-

clude, therefore, that l%-2% of the

oocyte RNA is driving the hybridization

reaction with single-copy DNA (see

Galau et al, 1974, for discussion of this

type of calculation).

Conclusion

The complexity of the Arbacia oocyte

RNA measured in this report, 3.0 X 107

nucleotides, is very similar to that meas-

ured for several other oocytes. The com-
plexity of the oocyte RNA of the sea

urchin Strongylocentrotus purpuratus is

about 3.7 X 107 nucleotides as measured

by the same techniques used here (Ga-

lau et al, 1976a). From similar data of

Davis (1975) on oocyte RNA of the

echinoid worm Urechis caupo we calcu-

late the complexity of this RNA to fall

in the range 3.1-4.7 X 107 nucleotides.

The measurements of Davidson and
Hough (1971), together with current

knowledge of sequence organization in

the Xenopus genome, yield a value in

the range 2.7-4.0 X s

107 nucleotides for

the complexity of Xenopus oocyte RNA.
In addition, it appears that the complex

sequences are included in around 1% of

the RNA in the oocytes of all these

species.

The majority of these oocyte RNA se-

quences are probably maternal mRNAs.
This is suggested by the observations

that the polyadenylated RNAs of Xeno-
pus oocytes have about the same com-
plexity measured for the total RNA
(Rosbash et al., 1974). Furthermore, the

polyadenylated RNAs are of the size

characteristic of mRNAs in Xenopus
cells (Rosbash and Ford, 1974). In the

sea urchin S. purpuratus, polyadenylated

oocyte RNAs can be translated in an
in vitro system with good efficiency

(Jenkins et al., 1973). Direct measure-
ments indicate that 45% of the RNA se-

quences present in S. purpuratus oocytes

are also represented in the polysomal

mRNA of gastrula stage embryos alone

(Galau et al, 1976a). If the oocyte RNA
of the complexity measured here is all

maternal mRNA, its diversity is suffi-

cient to code for 1.5-3 X 104 different

proteins.

Experimental Procedures

Preparation of total unlabeled DNA.
DNA was extracted from sea urchin

sperm by a modified Marmur (1961)

procedure as reported in Britten et al.

(1974). The purified DNA was ethanol

precipitated, resuspended in 0.02 M so-

dium acetate (pH 6.8), and sheared to

300-nucleotide-long fragments by Virtis

homogenization (50,000 rpm, 30 min) as

described by Britten et al (1974). The
sodium acetate concentration was raised

to 0.2 M, and the DNA was ethanol-

precipitated. DNA was resuspended in

0.41 M phosphate buffer (equimolar

Na 2HP0 4 and NaH 2P0 4 ), passed over

Chelex (BioRad) to remove divalent

cations (Davidson and Hough, 1971),

and stored at 4°C over chloroform.

Preparation of single-copy 3H-DNA.
Arbacia eggs were collected, washed, and
fertilized by standard procedures. A to-

tal of 2 X 107 embryos were grown in

culture at a concentration of 2 X 105

embryos/ml of seawater. At the four-

cell stage, 3H-thymidine (60 Ci/mole,

Nuclear Dynamics) was added to 10

/iCi/ml. Embryos were grown to the

mesenchyme blastula stage (12 hr) with

additions of 3H-thymidine to 10 ^Ci/ml
at 3.5 hr and 7 hr after the first addition

of isotope. Nuclei were prepared by
standard procedures (Aronson et al,

1972), and the 3H-DNA was isolated by
the method of Sinclair and Brown
(1971). The yield was 1.7 mg 3H-DNA
at a specific activity of 8.9 X 104 cpm/
^g. The 3H-DNA was sheared to a mean
length of 300 nucleotides and passed over

Chelex as described above.

Single-copy 3H-DNA was prepared in

the following manner: The 3H-DNA
was heat-denatured and incubated at

67°C in 0.41 M phosphate buffer, 0.5%
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sodium dodecyl sulfate, to an equivalent

C t of 20,000. C t is the concentration of

DNA in moles of nucleotide per liter

times the time of incubation in seconds.

In this report, all C t values are equiva-

lent C ts corrected for the acceleration

of reactions in salt concentrations higher

than the standard 0.12 M phosphate

buffer (Britten et al, 1974). The 3H-
DNA was adjusted to 0.12 M phosphate

buffer and then slowly passed through

an hydroxyapatite column maintained

at 60°C. The column was then washed
with 5 volumes of 0.12 M phosphate

buffer. Under these conditions, single-

stranded 3H-DNA passes through the

column, and double-stranded DNA is

bound. The reassociated 3H-DNA was
then eluted from the column with 0.41

M phosphate buffer. This was denatured

and reincubated to C t 200 in 0.41 M
phosphate buffer at 60°C and passed

over hydroxyapatite. The unbound frac-

tion was collected, dialyzed against 0.2

M sodium acetate, precipitated with

ethanol, and resuspended in 0.12 M
phosphate buffer. The 3H-DNA was
again incubated at 60°C to C t 200 and
again passed over hydroxyapatite. This

procedure strips the preparation of re-

petitive sequences, which are all reas-

sociated by a Cot of 200 (Fig. 21). The
unbound fraction from the final C t 200

incubation was the single-copy DNA
preparation used in the following ex-

periments.

Isolation of oocyte RNA. Arbacia

oocytes were collected and washed by
standard procedures. Eggs were pelleted

and resuspended in 0.2 M NaCl, 0.001

M EDTA, 0.1 M Tris, 0.5% sodium

dodecyl sulfate (pH 7.4), at a concen-

tration of 1 cc of packed eggs per 20 ml
of buffer. Eggs were lysed in a Dounce
homogenizer and the lysate extracted

for 20 min at room temperature with an

equal volume of phenol. The lysate was
centrifuged for 5 min at 4000 g and the

aqueous phase was stored at 4°C. An
equal volume of fresh buffer was then

added to the phenol layer and interface,

and the extraction was continued for 10

min at 60° C. The mixture was again

centrifuged, and the two aqueous phases

were combined. The combined aqueous

phases were then extracted repeatedly

with chloroform :isoamyl alcohol (24:1,

v/v) ; the aqueous layer was removed,

and the RNA precipitated with 2 vol-

umes of ethanol. The RNA was resus-

pended and treated with DNase I

(Worthington) at 50 /ig/ml in 0.1 M
sodium acetate (pH 5.0), 5 ml MgCl 2

at 22°C for 20 min. The RNA was ex-

tensively reextracted with chloroform

and the aqueous phase passed over

Sephadex G-100. The red Arbacia pig-

ment was retarded by the column, while-

the RNA was excluded in the void vol-

ume. The RNA was precipitated with

ethanol, resuspended in 0.41 M phos-

phate buffer containing 0.5% sodium

dodecyl sulfate, passed over Chelex (Bio-

Rad) , and stored at —20°C.

DNA-DNA and DNA-RNA reasso-

ciation. DNA or RNA was resuspended

in 0.41 M phosphate buffer, denatured

and incubated at 67°C to various C t

values. The extent of DNA reassocia-

tion was assayed by hydroxyapatite

chromatography. The samples were ad-

justed to 0.12 M phosphate buffer, and

the DNA was passed slowly over hy-

droxyapatite at 60°C in 0.12 M phos-

phate buffer. The single-stranded DNA
was washed from the column with 0.12

M phosphate buffer, and the duplex-

containing fragments bound in 0.12 M
phosphate buffer were eluted with 0.41

M phosphate buffer. The amount of

DNA in each fraction was determined

either by its absorbance at 260 nm or by

scintillation counting. RNA excess-

DNA-RNA reassociation reaction mix-

tures included 0.5% SDS, and DNA-
DNA and DNA-RNA duplexes were as-

sayed by hydroxyapatite by the methods

of Galau et al. (1974). RNA excess hy-

bridization reactions follow pseudo-first-

order kinetics, and the reaction kinetics

observed were analyzed accordingly, as

described by Galau et al. (1974)

.
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Evolutionary Divergence and
Length of Repetitive Sequences

in Sea Urchin DNA

Roy J . Britten, Dale E. Graham*
Francine C. Edenfi Denise M. Painchaud,

and Eric H. Davidson

Recent measurements have shown that

short-period interspersion of repetitive

and single-copy DNA sequences is the

typical pattern of organization of the

majority of the DNAs of most species.

Short-period interspersion refers spe-

cifically to a pattern of repetitive se-

quences of a few hundred nucleotides

alternating with single-copy sequences

ranging in length from less than a thou-

sand nucleotides. This pattern is char-

acteristic of the majority of the DNAs
of each of 17 animal species which have
now been studied (Davidson et al,

1975a), including the human (Schmid

and Deininger, 1975). The quantity of

DNA involved in this short-period pat-

tern ranges from 50% to 80% of the to-

tal DNA (Goldberg et al, 1975; Angerer

et al., 1975; Graham et al., 1974; Dav-
idson et al, 1973, 1974, 1975a; Cham-
berlin et al, 1975; Bonner et al, 1974;

Britten and Smith, 1970). Drosophila

(Manning et al, 1975) and certain other

insects (Crain et al, 19766; Manning,

personal communication) contain little

or no short repeated sequences, and the

majority of their single-copy sequences

are probably very long. The dominant
pattern of short-period interspersion of

repeated and single-copy sequences

therefore occurs very generally but not

universally in higher-organism genomes.

It seems likely that the interspersed re-

peated sequences carry out important

functions in the cell (Britten and David-
son, 1969, 1971 ; Davidson and Britten,

1971). It has recently been shown that

expressed single-copy structural genes

* Department, of Biology, Purdue University,

Lafayette, Indiana 47907

t Department of Biology, University of In-

diana, Bloomington, Indiana 47401

are nearly always next to interspersed

repetitive sequences (Davidson et al,

19756).

The length of the repetitive sequences

is clearly a significant aspect of DNA
sequence interspersion. Chamberlin et al.

(1975) showed by electron microscopy

of DNA renaturation products that a

major fraction of the repetitive sequence

elements in Xenopus DNA are distrib-

uted sharply around a mean value of

345 nucleotides. Similar studies have not

been carried out for sea urchin DNA,
but in Xenopus, sea urchin, and many
other DNAs, digestion of renaturation

products with Si nuclease has revealed

approximately 300-nucleotide repetitive-

sequence elements (e.g., Goldberg et al,

1975; Davidson et al, 1974). The Xeno-
pus sequence organization studies are of

particular significance for the work de-

scribed in the present paper. Since no

nuclease treatment was used in the elec-

tron microscope study of Chamberlin et

al. (1975), and yet the same average

repetitive sequence length was obtained

for Xenopus DNA as in SI nuclease ex-

periments (Davidson et al, 1973), it is

clear that this enzyme does not often cut

within repetitive sequences. This com-
ment refers to the particular high-salt

conditions for SI nuclease applied in this

laboratory in studies of repetitive se-

quence length (see Experimental Pro-

cedures) and to repetitive sequences

with a base sequence divergence similar

to that of Xenopus repetitive DNA.
When renatured, the repetitive se-

quences of the sea urchin genome melt

about the same number of degrees below

long native DNA as do those of the

Xenopus genome (see below) and thus

are divergent to an approximately simi-

lar degree. In organisms displaying the

Xenopus type of sequence organization,

repetitive sequences much longer than

300 nucleotides are always present as

well. In this paper all stretches of re-

peated sequences that are longer than

1000 nucleotides are considered to be
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part of the "long" repeat class. These
have not yet been studied extensively by
electron microscopy, and their actual

lengths are not yet known.
In this paper we describe further de-

tailed measurements of the length dis-

tribution of repetitive sequences in the

sea urchin genome, using the single-

strand-specific nuclease SI. Within

bounds set by the specificity of the en-

zyme and the length of the original frag-

ments, the length of the resistant du-

plexes is a measure of the length of the

repetitive sequences in the genome. We
have investigated the action of the en-

zyme and find that at appropriately high

salt concentrations, the rate of nicking

of imperfectly paired reassociated re-

gions can be reduced to low levels. This

was also the conclusion reached by Rice

(1974a), who studied the effect of SI

nuclease on duplexes formed from de-

aminated DNA of the bacteriophage T4.

We have also found that early in the

reaction, Si acts as an endonuclease,

making spaced cuts in single strands and
thus detaching the repetitive duplexes

from most of the single-strand regions.

Limited digestion under high-salt condi-

tions effectively prevents nicks within

mismatched duplex regions, even though

with very extensive digestion (Shenk

et al., 1975) or very low NaCl concen-

tration (Wiegand et al., 1975) SI cuts

DNA at single base mismatches.

The thermal stability of the reasso-

ciated short and long repetitive sequences

isolated by Sl-nuclease digestion has

been examined in several genomes. We
reported earlier that the long regions

typically have high thermal stability,

similar to that of perfectly paired DNA
(Davidson et al., 1973; Goldberg et al.,

1975). The short repetitive sequences

show a broad range of thermal stabili-

ties, with melting temperatures from a

few degrees to as much as 15 degrees be-

low that of native DNA of the same
length. Thus there is an apparent corre-

lation between length of repetitive se-

quence and the amount of divergence

within homologous families of repeated

sequence. The validity of this correla-

tion is examined in this paper. The
amount of sequence divergence provides

a significant insight into the possible

evolutionary history of these sequences.

Kinetics and Mode of Action of SI

Nuclease on Eukaryotic DNA

The kinetics of Si digestion were

studied with partially reassociated 2000-

nucleotide-long sea urchin DNA frag-

ments since such a DNA preparation

was used for the sequence-length meas-

urements reported below. The kinetics

of reassociation of sheared sea urchin

DNA are well known (Graham et al.,

1974), and we estimate that 2000-long

fragments reassociated to C t 20 will

have about 90% of the repetitive se-

quences and 3% of the single-copy se-

quences in duplex. Digestion of such

DNA with a single-strand-specific nu-

clease is expected to leave about 25% of

the DNA as resistant duplexes. The
progress of the digestion was assayed by

gel filtration, using Sephadex G-100.

Figure 23 shows the results of this ex-

periment. There is an initial very rapid

digestion of about 20% of the single

strands, followed by a somewhat slower

digestion terminating when only about

25% of the DNA remains in relatively

large fragments. The resistant DNA
fraction has been examined by melting

in a spectrophotometer, and its hyper-

chromicity is within 2%-3% as great as

that of native double-stranded DNA.
This result shows that the resistant DNA
fraction contains at least 90% duplex

DNA.
Figure 24 shows the importance of the

method of assay in the interpretation of

the action of SI nuclease. Three differ-

ent methods have been used for these

measurements. The abscissa for Fig. 24

is the logarithm of the product of incu-

bation time and the ratio of the quan-

tity of enzyme to the quantity of DNA
(units of /A enzyme min/mg) (see Ex-

perimental Procedures). The logarithmic

scale is necessary to show the wide range
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Fig. 23. Kinetics of SI nuclease digestion of 2000-nucleotide-long sea urchin DNA reasso-

ciated to Cot 20. Digestions were performed under the standard conditions listed in the meth-
ods. The percentage of the DNA which elutes from Sephadex G-100 at K* v < 0.3 (ordinate)

is plotted as a function of the product of enzyme concentration times digestion time divided

by DNA concentration (abscissa). Units are /d of enzyme stock (see Experimental Proce-

dures for comparative quantitation) X min per mg of DNA. DNA concentration was 250

fig/ml. The first two points were 2 min and 6 min at 5.7 /d/mg. The next 5 points were 6, 15,

22.5, 30, and 135 min at 20 /d/mg ; and the final point was 50 min at 100 /d/mg.

100 1000 10000 100000

fii minmg" 1

Fig. 24. Kinetics of SI digestion of 2000 nucleotide long (Cot 20) sea urchin DNA assayed by
three methods. The center curve (filled triangles) is the G-100 assay data of Fig. 23. The left-

curve (open circles) shows the percentage of the DNA that is bound to hydroxyapatite. The
right curve (filled circles) is the result of two measurements of the optical density at 260 nm
of digestion mixtures incubated at 37°C in the spectrophotometer cuvette. The ordinate on
the right is the percentage increase in optical density, corrected by the factor 1.33 since only

75% of the DNA is single stranded and digested during the measurements. This scale is useful

for DNA quantitation by optical density during extensive digestions. The abscissa is /d of

enzyme stock X min per mg of DNA, as described in Experimental Procedures and in the

caption to Fig. 23. Also shown are values of the digestion estimate (DIG) described in the

text.
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of measurements. The parameter (/A min
mg_1

) is convenient and practical and
is justified over the range of enzyme and
DNA concentrations used here. It would

be inapplicable at very low concentra-

tions or at very different enzyme-to-

substrate ratios.

The center curve on Fig. 24 shows the

results of the Sephadex assay using the

data shown on Fig. 23. This assay de-

pends on the conversion of single-strand

DNA to short oligonucleotides. These

results should be comparable to those of

the commonly used TCA precipitation

assay (Sutton, 1971; Vogt, 1973; Schenk

et al., 1975) even though DNA frag-

ments can penetrate G-100 beyond Kav

= 0.3, which is probably somewhat
larger than the TCA precipitation limit

of 10-20 nucleotides.

The right curve shows the increase in

optical density at 260 nm for a similar

DNA preparation plotted on a scale

chosen for comparison with the other

curves. This hyperchromic shift is meas-

ured at 37°C in the enzyme buffer and
results from the destruction of the sec-

ondary structure of the single-strand

fragments. Two-strand duplexes are not

involved. In this low temperature en-

vironment the hyperchromicity depends

on the fraction of single-strand DNA
that has been digested to very small

fragments or mononucleotides. By the

stage at which most fragments are in-

cluded (i.e., beyond Kav = 0.3) on Se-

phadex G-100, only about 10% or 20%
of the ultimate hyperchromic shift has

occurred.

The left curve on Fig. 24 shows the

reduction in hydroxyapatite binding of

DNA originally present as 2000-nucleo-

tide-long fragments incubated to C t 20.

At the start of the Si digestion a major

part of this DNA preparation consists,

of course, of short repetitive duplexes

with covalently linked single-strand

tails. The single-strand regions make up
a majority of these structures, and their

average length is (2000 — 300) /2 = 850

nucleotides. The reduction in binding to

hydroxyapatite is a result of endonu-

cleolytic cuts in the single-strand tails

which very rapidly unlink most of the

single-copy DNA from the duplex re-

gions. As Fig. 24 shows, this assay meas-

ures a reaction which progresses more
than 10 times as rapidly as that meas-

ured by the G-100 assay.

The relationship between the results of

these three assays is qualitatively that

expected from independent endonucleo-

lytic scissions occurring throughout the

single-strand DNA regions. The reduc-

tion in hydroxyapatite binding should

be very much faster than the reduction

in G-100 exclusion, since one cut every

few hundred nucleotides would sharply

reduce the length of single-strand tails.

One cut every few tens of nucleotides

would probably reduce the size far

enough for the G-100 chromatography

limit we are using. The hyperchromic

shift assay reflects a very small frag-

ment size resulting from a much larger

number of strand scissions.

To obtain some quantitative insight

into these expectations a simple model

calculation was made for the scission

process. A series of random numbers be-

tween 1 and 10,000 were generated in a

computer and considered to be the loca-

tions of cuts in 10,000 nucleotides of

DNA. As the calculation proceeded, the

lengths of the surviving uncut fragments

were scored and gave the results shown
in Fig. 25. The left curve is .the fraction

of fragments greater than 200 long,

while the center curve is for fragments

greater than 20 long. The fraction of

fragments 200 nucleotides or longer de-

cays at about 10 times the rate of the

fraction of fragments greater than 20

nucleotides long. Thus the calculation is

consistent with the qualitative expecta-

tion. In addition the left and the center

calculated curves on Fig. 25 are exam-

ples of the kinetics expected for a single-

strand scission process. There is an ap-

proximately exponential decay of the

number of fragments greater than 200

nucleotides or 20 nucleotides with the

form of pseudo-first-order reactions.

These reactions are essentially com-
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Fig. 25. Results of a model calculation of endonucleolytic digestion using a Monte Carlo

method with a computer (see text). The left and center curves show the fraction of fragments

remaining greater than 200 and 20 nucleotides as a function of the number of strand-scission

trials at random locations per 10,000 nucleotides. The right curve shows the fraction of bonds
remaining.

pleted (10%-90%) within about a fac-

tor of 10. However, the measurements of

the digestion of single-stranded DNA
shown on Fig. 24 require more than two
decades for completion. We draw the

conclusion that the measured Sl-nu-

clease digestion is made up of more than

one process; i.e., that the reaction can-

not be described with a single rate con-

stant. Thus the reaction appears to be

heterogeneous in rate. Furthermore,

there are good reasons to believe that

more than one digestion mechanism is

involved.

The choice of a unit for the quantita-

tion of Sl-nuclease activity is made dif-

ficult by the apparent heterogeneity of

the rate of reaction at various stages and
by the great dependence of the result on
the method of assay. We have avoided

the definition of a unit of Sl-nuclease

activity by describing each digestion in

terms of an arbitrary quantity which
depends on the concentration of enzyme
in our particular batch (i.e., /A min
mg- 1

).

As mentioned, the kinetics of diges-

tion are complex and cannot be described

in terms of a single process. However, an
estimate of the fraction of single-strand

DNA digested is useful for interpreting

and planning measurements with SI nu-

clease and for quantitative comparison

with results in other laboratories. To
arrive at an estimate of the extent of di-

gestion we make use of the half-reaction

point by G-100 assay in units of [A min
mg-1

. A convenient empirical equation

for the calculation of the estimated ex-

tent of digestion (DIG) at any given

value of i*\ min mg
-1

is DIG = 1 — (1

4- /A min mg-1/#) -1 where H is the

value of /a\ min mg-1
for half digestion.

For our conditions, enzyme batch, and
DNA, H is 135 ^1 min mg-1

. As an ex-

ample we calculate the DIG at 10 fi\ min
mg-1

, which is about half reaction by
hydroxyapatite assay on Fig. 24. The
DIG is 1 — (1 + 10/135)

- 1 = 0.07.

The G-100 assay measurements show
about 10% digestion at this stage, which
is in reasonable agreement. Under cer-

tain conditions, such as extreme enzyme-
to-DNA ratio, the DIG calculation

might be expected to yield a poor ap-
proximation, and it would be better to

perform a G-100 assay at or near the

actual digestion conditions.

The digestion of single strands is

nearly complete (G-100 assay) by 1000
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fi\ min mg- 1 (DIG = 0.88), and the

curves for G-100 assay and hydroxyapa-
tite assay show only a small slope on
Fig. 24. However, the quantity of re-

sistant DNA differs between the two as-

says. To investigate this difference 2000-

long C t 20 reassociated sea urchin DNA
was digested to 5000 ^1 min mg-1

, and
the fraction of the DNA that eluted

from a Sephadex G-100 column at i£av

< 0.3 was passed over hydroxyapatite.

To confirm the reality of this fraction,

the hydroxyapatite-unbound DNA was
again passed over G-100 and hydroxy-
apatite. About 5% of the total original

DNA was recovered, and this sample

was melted in the spectrophotometer to

determine the amount of duplex present.

This fraction exhibited a low melting

temperature of 70°C and a hyperchro-

micity of 9% or about one third that of

native DNA. Thus perhaps one third of

this DNA (i.e., 1.5% of the total start-

ing DNA) is resistant repetitive du-

plexes which do not bind to hydroxy-
apatite. We have not further character-

ized this Sl-resistant DNA.
The length of single-strand DNA

fragments remaining undigested at vari-

ous stages of the reaction has been stud-

ied to further elucidate the mechanism

of SI digestion. These fragments are

longer than would be expected as a re-

sult of endonucleolytic strand scissions

at random locations. Since the fraction

bound to hydroxyapatite is less than the

fraction which elutes from G-100 at i£av

< 0.3, purely single-strand fragments

are present in the undigested fraction

measured by the Sephadex assay. There-

fore a hydroxyapatite binding step is

now included in the purification of Sl-

resistant duplexes and is very important

for light Si digestion studies (less than

1000 /A min mg-1
). The single-strand

DNA fragments recovered from the G-
100 columns after 450 fA min mg-1 (DIG
= 0.77) digestion has a mode length of

about 300 nucleotides, as assayed on al-

kaline sucrose gradients.

The more extensive observations de-

scribed in Table 17 show that the mode
size of single-strand DNA fragments de-

creases very slowly. Both E. coli and sea

urchin DNAs were studied. The right

column on Table 17 shows that after

very little digestion the single-strand

fragment length has been reduced to 400

nucleotides. Increasing the amount of

enzyme increases the digestion but gives

only a moderate reduction in single-

strand fragment size. Therefore, the

TABLE 17. Length of Single Strands after 5 min SI Digestion

DNA eluting Single-Strand

Enzymeb
at A'av < 0.3

C Length4

/d min mg"1
(%) (nucleotides)

2800 nucleotide 95 2700

Urchin DNA (Cd ** 0.01 )
a '

e 50 96 407

150 76 305

500 42 220

1600 nucleotide E. coli*-
e 99 1508

100 65 270

500 38 214

a Alkaline sucrose measurements before denaturation.
b Digestion under standard conditions.
c Chromatographed on Sephadex G-100 in 0.12 M phosphate buffer, pH 6.8.
d Alkaline sucrose measurements of fragments recovered from G-100 columns.
e Sea urchin DNA at 112 Mg/ml or E. coli DNA at 43 £tg/ml was denatured in a sealed capil-

lary tube at 100°C for 1 min, then blown out into 1 ml buffer at 27°C containing single-strand

calf carrier DNA at 50 ^g/ml and SI nuclease. Less than 1% of the E. coli and less than 10%
of the sea urchin DNA could have reassociated.
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number of endonucleolytic scissions does

not increase in proportion to the ratio of

SI nuclease to DNA. Line 3 of Table 17

shows 25% of the DNA digested (G-100

assay) while the mode size of the ex-

cluded fragments is 305 nucleotides. If

the action of the enzyme were solely a

result of random endonucleolytic scis-

sions we would expect (after one fourth

of the DNA had been reduced to less

than 10 or 20 nucleotides) that a smaller

mode size than 305 nucleotides would be

observed. For example, a model calcula-

tion for randomly located strand scis-

sions (Fig. 25) gives a mode size of

about 25 nucleotides when 25% of the

DNA has been reduced to fragments less

than 20 nucleotides. We visualize that

the digestion proceeds by means of a

limited number of initial endonucleolytic

strand scissions followed by dominantly

exonucleolytic digestion. The measure-

ments with E. coli DNA (Table 17)

show that this is not a specific property

of sea urchin or higher organism DNA.
It is not clear that the endonucleolytic

and exonucleolytic activities are present

on the same enzyme molecule. A second

batch of enzyme prepared in the same
way as the one used he

s

re shows a some-

what greater ratio of reaction rate as-

sayed by hydroxyapatite to the rate

assayed by G-100, i.e., relatively greater

endonucleolytic activity. The early en-

donucleolytic activity is useful for our

purposes since at very limited enzyme
digestion most of the single strands are

cleaved from contiguous duplexes. At
this early stage no measurable strand

scissions take place within the mispaired

duplexes under our conditions of reduced

temperature and high salt concentration.

Repetitive DATA Duplexes after Limited

Enzyme Digestion

The size distribution of repetitive Sl-

nuclease-resistant duplexes after very

limited enzyme digestion is shown in

Fig. 26. For this measurement sea urchin

DNA was sheared to 2000 nucleotides,

denatured, incubated to equivalent C t

20, and digested for 45 min with 5 /d/mg
SI nuclease under standard conditions.

Such a light digestion (DIG = 0.63)

yields many single-strand fragments of

a few hundred nucleotides length which

are not linked to duplex regions (cf. Ta-
ble 17). The duplex-containing frag-

ments were isolated by diluting the sam-

ple into a large volume of 0.12 M phos-

phate buffer (PB) and passing it over

hydroxyapatite at 60°C. About 26% of

the DNA was bound to hydroxyapatite

while 51% eluted from the Sephadex at

Kay < 0.3 in a parallel assay. The du-

plex-containing fraction was eluted from

the hydroxyapatite with 0.4 M PB and
analyzed on a Biogel agarose A-50 col-

umn. The lower curves of Fig. 24 are a

composite from an immediately previous

calibration of the column using very

long 3H-labeled sea urchin DNA as an

exclusion marker, 32P0 4 as an inclusion

marker, and sheared native DNA to

mark the position of 300 nucleotide

duplexes.

Figure 26 shows a bimodal distribu-

tion of lengths consisting of structures

which are 2000 nucleotide pairs and

longer in the exclusion region and a

broad distribution of shorter lengths in-

cluded by the column, with a mode value

near 300 nucleotide pairs. The length of

the fragments in the exclusion region is

presumably limited by the length of the

initial DNA fragments. However, the

following arguments indicate that the

length of the shorter fragments recov-

ered from an agarose A-50 column gives

a good representation of the length of

short repetitive sequences in the sea

urchin genome. Much of the single-

strand DNA remains a few hundred

nucleotides long after this light digestion

(Table 17), showing that the number of

endonucleolytic cuts is relatively small

even in purely single-strand regions.

Furthermore, the rate of attack on mis-

matched duplexes is very low compared
with the rate for single strands. Very
few cuts can have been made in mis-

matched duplexes. Therefore, after the

light enzyme digestion (DIG = 0.63)
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Fig. 26. Agarose A-50 fractionation of 2000-nucleotide-long sea urchin DNA fragments reas-

sociated to Cat 20. The DNA was digested under standard conditions for 45 min at 5 /td/mg

and passed over hydroxyapatite (see Experimental Procedures). The three calibration markers
shown in the lower part of the figure are from an immediately previous run with the same
column and are very long native DNA, 300-long sheared duplex fragments, and radioactive

orthophosphate. Each fraction corresponds to about 5 ml. The scale at the top shows an esti-

mate from other agarose A-50 calibration runs of the expected elution positions for duplexes

of various lengths.

the duplex length distribution cannot

have been significantly reduced below

that of the repetitive regions. The du-

plex lengths are somewhat overestimated

because single-strand ends presumably

remained attached to some of the duplex

regions. However, the hyperchromicity

of the fragments shows that they are

principally duplex. We estimate that the

single-strand tails amount to less than

25% of the short fragments, by mass.

The thermal stability and hyperchro-

micity were measured by melting in a

spectrophotometer. The melting curves

of each of the fractions is shown in Fig.

27 along with those of long native DNA
and purely single-strand DNA for com-

parison. The hyperchromicity of the long

fragments (Fractions 9, 10, and 11) is

greater than 90% of pure duplex while

that of the 300-nucleotide peak frag-

ments (Fractions 14, 15, and 16) is about

75% of that of pure duplex. Figure 27

also shows the correlation between ther-

mal stability or sequence mismatch and

length which will be examined in detail

below. The low thermal stability of

short fragments suggests that their hy-

perchromicity is reduced by internal

mispaired bases, as well as by unpaired

DNA at the ends of the two strands.

The Length of the Component Single

Strands of the Repetitive Duplexes

In order to measure the length of the

repetitive duplexes by an independent
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Fig. 27. Spectrophotometry melting curves of the fractions from Fig. 26. In order to deter-

mine the hyperchromicity the column effluent from Fractions 6 and 7 (OD = 0.071) and
from Fractions 23 and 24 (OD = 0.071 and 0.066) of Fig. 26 was used to estimate the solution

blank. Samples were melted in a spectrophotometer with paper tape recording and computer
averaging to improve precision. The native 2000-long DNA was also sea urchin DNA.

method and to determine whether the

Si nuclease had created nicks within

these duplexes, the length of the compo-
nent single strands was determined by
alkaline sucrose gradient sedimentation.

This experiment showed the mode length

of the single strands of the short inter-

spersed repetitive sequences to be about

300 nucleotides, as expected. The details

of the experiment are as follows. Two
thousand-nucleotide-long fragments of
3H-thymidine-labeled DNA were reas-

sociated to C t 4 and digested with 10

/d/mg of Si nuclease for 45 min under

standard conditions. The sample was
brought to 0.12 M PB and passed over

hydroxyapatite at 60°C. The binding is

less than that shown on Fig. 24 because

the incubation was to C t 4 rather than

CQ t 20. Eighteen percent of the labeled

DNA was bound, and this fraction was
assayed on agarose A-50 (Fig. 28).

Fractions 50-66, as indicated on Fig. 28,

were combined and concentrated, and
the single-strand fragment length was
determined by alkaline sucrose sedimen-

tation. Figure 29 shows the alkaline su-

crose profile. A rather sharp peak is

seen, indicating a narrow distribution of

lengths around a mode value of 328 nu-

cleotides (311 in another measurement).

Thus this measurement shows that SI

nuclease did not create any appreciable

number of single-strand nicks in the im-

perfectly paired reassociated regions. A
narrow distribution of lengths around

300 nucleotides has been observed for

similar fractions of Sl-nuclease-resistant

DNA from a number of other organisms

(Goldberg et al., 1975; Davidson et al,

1974; Chamberlin et al, 1975).

The length of the component single

strands of the long repetitive duplexes

excluded on an agarose A-50 column
was also determined by alkaline sucrose

sedimentation. The results were 9.8 and
10.2 S, yielding an average single-strand

length of 1460 nucleotides. This value is

somewhat shorter than the starting frag-

ment size of about 2000 nucleotides. It

indicates that during denaturation, reas-

sociation, hydroxyapatite chromatog-
raphy, SI treatment, and agarose A-50
chromatography, a small single-strand

length reduction occurred, perhaps one

nick in every other 2000-nucleotide

strand. This result shows that the long

reassociated DNA was almost entirely
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Fig. 28. Agarose A-50 fractionation of
3H-

labeled sea urchin 2000-long fragments incu-

bated to Cot 4 and digested for 45 min under
standard conditions with 10 /d SI nuclease per

mg DNA (DIG = 0.77). The positions of ex-

clusion and inclusion markers are shown by
arrows. The fractions indicated were pooled

and concentrated, and DNA single-strand

size was determined by alkaline sucrose as

shown in Fig. 29.

in duplex. There are apparently few Sl-

nuclease-sensitive single-stranded re-

gions in the reassociated long repetitive

DNA. Therefore in the genome the long

repetitive sequences are longer than the

fragment size of 2000 nucleotides. A
similar conclusion can be drawn from
the near native hyperchromicity of the

excluded DNA fragments shown in Fig.

27. Were the long repetitive sequences

interspersed with single-copy sequences

at a 2000-nucleotide length, a fraction

of the single-copy sequence would have
remained attached, and the hyperchro-

micity of the excluded fractions would
have been reduced significantly below
the 25% observed in Fig. 27.

Repetitive Duplexes after Extensive

Si Digestion

The result of a more extensive diges-

tion of reassociated DNA with SI nu-

400
1
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300 / I -
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Fig. 29. Alkaline sucrose gradient profile of

the pooled fractions from the agarose A-50

analysis shown on Fig. 28. The positions of

two unlabeled markers of 340 and 2700 nucleo-

tides are shown. The mode size of the pooled

samples is 328 nucleotides, and the width is

reasonably narrow.

clease is shown in Figs. 30 and 31. Two-
thousand-nucleotide DNA fragments

were denatured, reassociated to C t 20,

and digested with 100 /xl/mg for 45 min
under standard conditions (DIG =
0.97). In this measurement 3H-thymi-

dine-labeled sea urchin embryo DNA
was mixed with a large quantity of

sperm DNA. The quantities of DNA
shown in Fig. 30 are based on the optical

density of the fractions eluted from

agarose A-50 column. The radioactivity

was also assayed, and the long DNA
fragments showed a slightly greater spe-

cific activity (
3H cpm/optical density

at 260 nm) than did the short fragment

region.

Our purpose here is to compare the

results of the extensive digestion with

those for the limited digestion described

earlier. The quantity of enzyme per mg
of DNA used for the measurement of

Figs. 30 and 31 is the same as that used

in the digestion kinetics measurement of
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Fig. 30. Agarose A-50 analysis of 2000-nu-

cleotide-long sea urchin DNA reassociated to

Cot 20 and extensively digested with SI nu-

clease at 100 til/mg DNA for 45 min (4500 fi\

min mg-1 DNA, DIG = 0.97). The lower curve

represents a 300-nucleotide-long duplex DNA
marker.

Fig. 23 and 20 times that used in the

measurements of Figs. 26 and 27. Quali-

tatively the results of this extensive

digestion (DIG = 0.97) are similar to

those of the limited digestions (DIG =
0.63 and 0.77) shown in Figs. 26, 27, and

28. In all cases an exclusion peak made
up of long enzyme-resistant duplexes is

seen as well as a short duplex peak with

a mode size of about 300 nucleotides.

However, quantitatively the effect of

more extensive digestion is clearly visi-

ble. The long fragments account for a

smaller fraction of the DNA as the di-

gestion is increased (Table 18). In addi-

tion, there appears to be a slight reduc-

tion in the mode size of the short frag-

ments. Some differences are also present

in the melting curves of Fig. 31 (DIG =
0.97) compared to those of Fig. 27 (DIG
= 0.63). The long duplex fractions such

as 10 and 11 show an even higher melt-

ing temperature and hyperchromicity

after the more extensive digestion. It ap-

pears that a low melting fraction has

been removed from the long repetitive-

sequence region. We interpret this to

mean that there is a class of large reas-

sociated structures made up of some-

what divergent repetitive sequences.

These structures include mispaired or

unpaired regions that can be digested or

cut after extensive treatment with SI

nuclease. Since the total quantity of Sl-

resistant DNA does not appear to de-

crease very much, the products of the

extensive digestion probably appear as

short duplexes. Table 18 shows that after

light digestion about half of the resistant

DNA is in large structures (Kav less

than 0.3), while after extensive digestion

only about a third remains large. There-

fore, about one sixth of the SI -resistant

reassociated DNA is in structures which

0.90 -

0.80

0.70
70
Temperature, °C

Fig. 31. Spectrophotometry melting curves of the fractions from Fig. 30. See caption of

Fig. 27 for details.
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TABLE 18. Fraction of DNA in Long and
Short Duplexes after 45-min SI Digestion of

2000-Nucleotide Reassociated Fragments

Experiment 1 2 3

Equivalent GV 20 4 10

Enzyme/DNA (/d/mg) 5 10 100

Digestion estimate

(DIG) 0.63 0.77 0.97

Sl-resistant DNA asso-

ciated with duplex

;

hydroxyapatite bind-

ing (%) 26 18 20

Fragments longer than

1000 nucleotides; K^
less than 0.3 (%) 47 40 30

Figures showing results 26,27 28,29 30,31

are large after light digestion and are

reduced to less than about 1000 nucleo-

tide pairs by extensive digestion {Kay

greater than 0.3 ) . This amounts to about

4% of the genome, since about 25% of

the DNA is in Sl-resistant repetitive se-

quences reassociated by C t 20.

Correlation between Precision of

Repetition and Length

The melting curves shown in Figs. 27

and 31 exhibit a very striking effect. The
short Sl-resistant duplexes (Fractions

16-18) melt as much as 10°-15°C below

the long repetitive duplexes (Fractions

9 and 10) . Furthermore, there is a corre-

lation between duplex length, as deter-

mined by agarose A-50 chromatography,
and T„, over the whole range, from the

exclusion peak to the smallest duplex

that could be adequately measured. The
data of Fig. 31 show this effect very

clearly for DNA which had been exten-

sively digested (DIG = 0.97). However,
even with limited SI digestion (DIG =
0.63) this correlation is clearly evident,

as shown in Fig. 27. Part of the varia-

tion of Tm with length results from se-

quence divergence, and part results from
the length of the fragments. The direct

effect of length may be estimated from
measurements of the thermal stability

of perfectly matched DNA duplexes of

various lengths (Crothers et al., 1965;

Hayes et al., 1970). These and other re-

sults have been reviewed by Britten et

al. (1974), and under the conditions used

here the differences in melting tempera-

ture between long DNA and fragments

of length L (in nucleotides) is best esti-

mated as 650/L. On this basis, for a

length of 300 nucleotides the expected

melting temperature decrease is about

2°C. The length effect could be slightly

greater for mismatched duplexes, but it

is clear that only a minor fraction of the

10°-15°C difference is directly due to

the length of the duplexes. The reduc-

tion in thermal stability therefore must
be caused principally by sequence mis-

match resulting from divergence of the

repetitive-sequence classes. We estimate

that the degree of divergence ranges

from 0%-2% for the long DNA frac-

tions to 10% or 15% for the short du-

plex class. These estimates are somewhat
uncertain as a result of inaccuracy with

which the relation between Tm reduction

and percentage of mismatch is known.

We have used a factor of 1% mismatch

per 1°C reduction in Tm (Britten et al.,

1974 ; Wetmur, in press)

.

It is known that under certain condi-

tions Si nulease will digest mispaired

regions (Sutton, 1971). The proposition

might be made that the correlation be-

tween length and precision is an artifact

of the nuclease. That is, there might be

a higher probability of an Sl-nuclease

cut occuring in more divergent duplexes,

thus reducing their length relative to

more precisely paired fragments. This

proposition is inconsistent with three

kinds of evidence which will be ex-

amined in the remainder of this section.

First, in the case of Xenopas laevis

DNA the length of the short repeated

sequences has been measured in the elec-

tron microscope without the use of en-

zyme digestion (Chamberlin et al.,

1975). These measurements, based on a

total of 575 repetitive duplex regions for

which both terminations could be ob-

served, yielded a mean length of 345 nu-

cleotides. The same result was obtained
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from SI -nuclease measurements on re-

natured Xenopus DNA (Davidson st al.,

1974) made in the manner described

here.

Second, the measurements with sea

urchin DNA have been repeated using

the single-strand exonuclease Exo-7,

which degrades single-strand DNA from

both 3' and 5' ends but does not attack

duplex regions (Chase and Richardson,

1974) even if they are mispaired. This

measurement was done by incubating

800-nucleotide sea urchin DNA to C t

7 and digesting with 10 units of Exo-

7/fig of DNA. The digestion products

were passed over hydroxyapatite, and

16% of the DNA was bound. The bound
fraction was analyzed on an agarose

^A-50 column. Since Exo-7 requires free

single-strand ends, the digestion was in-

complete. Due to the short initial frag-

ments the long and short repeated re-

gions were not so well resolved in this

experiment. Nevertheless, the correlation

between length and precision of pairing

was observed. Measured by hydroxy-

apatite thermal chromatography the

longer enzyme-resistant fractions had a

Tm only 5°C below 2000-nucleotide na-

tive DNA fragments, while the shorter

fractions melted 14°C below the native

sea urchin DNA.
In a third approach the correlation

between precision of base pairing and
length of repeated regions has been di-

rectly demonstrated, without the aid of

any nuclease, by means of hydroxy-
apatite thermal chromatography. The
preparation of high and low thermal

stability repetitive fractions from 2500-

nucleotide-long DNA fragments is de-

tailed in Table 19. Included with the

repetitive sequence fractions are cova-

lently linked single-copy sequences. The
earlier steps remove the zero-time bind-

ing fraction (steps 1-2), and the single-

copy DNA that is not linked to repeated

sequences (steps 3-5). This is important

since self-reassociated single-copy DNA
would also appear in the high thermal

stability fraction. Step 7 is the principal

thermal fractionation procedure. It is

followed by a preparative alkaline su-

crose step to assure that the high and

low thermal stability fractions examined

have the starting fragment length. It was

found that little degradation had oc-

curred and most of each fraction was
recovered as long fragments. At this

point the labeled fractions were sheared

to separate most of the linked single-

copy DNA from repetitive sequences.

The kinetics of reassociation of the frac-

tions were measured in the presence of a

great excess of total sheared sea urchin

DNA. Figure 32 shows the reassociation

kinetics for the high and low thermal

stability fractions. The difference be-

tween these two curves is principally

due to the presence of a large single-

copy component in the 60°-70°C frac-

tion which is absent in the 80°-90°C frac-

tion. The rate of reassociation of single-

copy sequences in the presence of total

sea urchin DNA is well known for this

fragment size (Graham et al., 1974;

Davidson et al., 19756). Therefore, in

the analysis of the kinetics shown in

Fig. 32 the rate of the single-copy com-

ponent was fixed (fc = 0.00125 M~ x

sec
-1

). Least-squares analysis showed

that the single-copy component
amounted to 53% of the 60°-70°C frac-

tion. We conclude that this fraction is

derived from the interspersed regions of

the genome and that the repeated se-

quences are typical divergent short. se-

quences about 300 nucleotides long.

Least-squares analysis of the kinetics of

the 80°-90°C fraction showed only a

5% single-copy component. Due to scat-

ter in the data there remains an uncer-

tainty of 5%-10% as to the quantity of

single-copy sequences present in this

fraction, and none might really exist.

Since the quantity of single-copy se-

quences is small or nil, the high thermal

stability fraction must have been de-

rived from long repeated-sequence re-

gions which were not interspersed with

single-copy sequences on a length scale

of about 2000 nucleotides. This observa-

tion directly demonstrates the correla-

tion between the precision of repetition
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TABLE 19. Measurement of Linkage of Single-Copy DNA to Sea Urchin Repetitive

Fractions vs. Sequence Divergence

Starting Material 30 fig 2500-Nucleotide-Long Sea Urchin Labeled DNA

1. Denature and incubate to Cot 6 X 10"*

2. Hydroxyapatite fractionation unbound 89% bound 11% (discard)

3. Add 1.5 mg 500-nucleotide-long

driver DNA (a 50-fold excess)

4. Denature and incubate to Cot 49

5. Hydroxyapatite fractionation unbound bound
(discard) 72% of tracer

40% of driver

6. Denature and incubate to Cot 20

7. Hydroxyapatite thermal chro- Fraction eluted at

matogram 60°C 70°C 80°C 90°C 98°C
% labeled DNA loaded 44 18 30 18 0.6

% original total labeled DNA (discard) 11 19 12 (discard)

8. Alkaline sucrose to eliminate

small fragment contamination

9. Shear to 477 311 444 nucleotides

10. Add unfractionated 500-long

driver DNA (600-fold excess

over previously added driver)

11. Reassociation kinetic curve for

each fraction by hydroxy-

apatite assay

12. Least-squares analysis, fixing the

single-copy rate as 0.00125

(M_1
sec

-1
), the single-copy

rate in total sea urchin DNA
Fraction of labeled DNA which is

single copy 53% 35% 5%

* The 53% single-copy sequence observed in the low thermal stability fraction suggests that

the fragments had been somewhat reduced in size by this stage, as expected in a fractionation

procedure involving this many steps. Long fragments of purely interspersed DNA would con-

tain about 75% single-copy DNA (Graham et al., 1974) and fragments of about 700-nucleotide

length would contain about 55% single-copy DNA.

and the length of the repeated sequences

by an independent route.

Conclusion

Both long and short repetitive se-

quences have been found in sea urchin

DNA. Other briefly reported measure-

ments indicate that this pattern is of

general occurrence in eukaryotic DNA.
Table 20 summarizes the results for the

DNAs of the five species for which meas-

urements of the type reported here have

been completed, including thermal sta-

bility measurements of the long and

short repeated sequences. Each of these

DNAs exhibits properties very similar

to those of sea urchin DNA. The mode
length of the short repeated sequences

is almost identical (see references listed

on Table 20) , and the degree of sequence

divergence of the families of short se-

quences is very similar. Calf and silk

moth long repeated sequences show
higher thermal stability than does na-

tive DNA, presumably as a result of the

special nucleotide composition of satel-

lites present in the long sequence frac-

tion. Calf DNA is known to have high

GC satellites (Britten and Smith, 1971).
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Fig. 32. Reassociation kinetics assayed by hydroxyapatite (60 °C, 0.12 M PB) of high and
low thermal stability fractions from the experiment described in Table 19. The labeled frac-

tions eluted at 70°C and 90°C were sheared and mixed with a 600-fold excess of total un-

labeled DNA (see Table 19). The curves shown are the result of least-squares analysis of the

kinetics of reassociation for three second-order components. The driver DNA showed the

expected reassociation kinetics for 450-nucleotide-long fragments (Graham et al., 1974), includ-

ing single-copy component half reassociation at Cot 800.

The DNA of oyster, horseshoe crab, the

jellyfish Aurelia, and the nemertean

worm Cerebratulus (Goldberg et al.,

1975) have been reassociated to repeti-

tive C t, digested with Si, and analyzed

on agarose A-50 columns, although the

thermal stabilities were not measured.

In each case both long and short repeti-

tive sequences were observed, and the

mode length of the short sequences ap-

pears to be about 300 nucleotides. Thus,

not only are long and short repetitive

sequences observed in the DNA of many
species, but the details of their sequence

TABLE 20. Thermal Stabilities of Long and Short Repetitive Regions of Eukaryotic DNA a

Melting Temperature of

Duplexes Relative to Long
Native DNA, Corrected for

Duplex Length" (°C)

Organism

Long Repeats Short Repeats

O1500 (300

nucleotides) nucleotides) Reference

-1 -8 Goldberg et al., 1975.

-2 -9 Fig. 31.

-2 -12 Davidson and Britten, 1973

+ 1 -10 Efstratiadis et al., in press.

+3 -12 Britten, unpublished.

Spisula (clam)

Strongylocentrotus (sea urchin)

Xenopus (clawed toad)

Antheraea pemyi (wild silk moth)
Bos (cow)

* 2000-4000 nucleotide long DNA was reassociated to a Cot sufficient for the reassociation of

most of the repetitive DNA and treated with SI nuclease. Long and short duplexes were
isolated by chromatography on agarose A-50 and melted in a spectrophotometer. The melt-
ing temperature of the excluded peak is compared to that of the mode of the short region

which was about 300 nucleotides in each case.
b Melting temperature depression due to duplex length was taken to be 650 divided by the

duplex length in nucleotides.



940 CARNEGIE INSTITUTION

organization are, at least in some re-

spects, very similar. Many further ob-

servations will be required for a func-

tional interpretation of these generally

occurring patterns. However, their gen-

erality and the nonrandom distribution

of both repetitive and nonrepetitive se-

quence element lengths indicates that

the interspersion patterns have been se-

lectively preserved during the evolution

of higher organism genomes. This im-

plies a functional significance.

The sequence organization of the long

repetitive regions is as yet unknown.
Probably these regions consist of a mix-

ture of tandemly repeated short or sim-

ple sequences such as satellites and longer

sequences which do not show internal

repetition in short distances. The long

repeated sequences have complexity and
a range of repetition frequencies similar

to the short repetitive sequences (Eden

et al, in preparation)

.

Evolutionary Implications

The correlation between precision and

length of repeated sequences may have

useful implications for understanding

the evolution of both classes of repeti-

tive sequence. Knowledge of repetitive

sequence function is very limited except

for some long repeated sequences that

are clustered structural genes for tRNA,
ribosomal RNA, and histones. In addi-

tion, there are probably other as yet un-

identified clustered repeated genes (Ga-
lau et al, 1976a; Goldberg et al, 1973).

It has been argued (Galau et al, 19766)

that such clustered repetitive genes could

account for a significant fraction, per-

haps a majority, of the long repetitive

regions.

Currently available evidence on the

evolution of repetitive sequences has re-

cently been reviewed (Britten and Dav-
idson, in press), including the correla-

tion between precision of repetition and

sequence length. Here we limit discus-

sion to two propositions which can be

best supported: (1) The divergence of

the short repeated sequences shows that

they have been present for extended pe-

riods of evolution; (2) the precisely re-

peated long sequence regions are rela-

tively recent additions to the genome
even though they may be multiple copies

of preexisting sequences rather than to-

tally new sequences.

We may estimate a lower limit for the

evolutionary age of the long and short

repetitive sequences from their degree of

sequence divergence. Only limited meas-

urements of evolutionary rates of change

of DNA sequence are available, and
these differ depending on the group of

organisms. For example, the rate of nu-

cleotide substitution in single-copy DNA
during much of higher primate evolution

has been measured to be about 0.1% per

million years (Kohne et al., 1970; Hoyer,

et al, 1972; Britten and Davidson, in

press). In rodents this rate may be as

much as five times greater (Rice, 19746).

Britten and Davidson (in press) argue

that the rate of nucleotide substitution

observed in the majority of single-copy

DNA is not greatly affected by selection

pressure. This observation was based on

evidence suggesting that much of the

single-copy DNA is probably not struc-

tural gene DNA and on the fact that in

primates the most rapidly changing pro-

tein coding sequences evolve at the same
rate as the majority of the single-copy

DNA. Typical short repetitive sequences

show about 10% average divergence. If

the rate of substitution of the repeats

were the same as that of primate single-

copy DNA, 50 million years would be

required to reach 10% average sequence

divergence. Therefore we estimate that

many of the short repetitive sequences

have been present in primate genomes

for at least 50 million years. If the rate

of divergence of the repetitive sequences

were reduced by selection pressure then

the sequences could be much older. In

other taxons the rates of divergence are

higher and the minimum sequence age

correspondingly lower. According to Ta-

ble 20 the reassociated short repeats

have an average reduction in Tm of 8°-

12°C for all five species, and thus a se-
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quence divergence of about 10%. The
similarity in the degree of divergence

within the short repetitive sequence

families in DNAs from such phyloge-

netically diverse organisms poses a sig-

nificant question. Perhaps it is due to

common function and the resulting simi-

larity in selection pressure. Whatever
the cause, members of the short classes

of repeated sequences survive for exten-

sive evolutionary periods. It is an im-

portant conclusion that the evolutionary

lifetime of most short repetitive-sequence

families is far longer than the length of

time during which typical species and
even genera persist.

In principle the lack of divergence of

the long repetitive regions could result

either from their recent addition to the

genome or from strong selection pressure

which maintains these sequences un-

changed and thus maintains the pre-

cision of repetition. In the latter case one

would expect that related species would
share the long, precisely related se-

quences and that little sequence diver-

gence would be observed between the

sets in the related genomes. A number of

measurements have been made which,

for the bulk of the precisely repetitive

sequences, appear inconsistent with this

alternative. Rice (1972) measured by
hydroxyapatite thermal chromatography
the thermal stabilities of hybrids be-

tween the repetitive DNAs among a

number of rodents. Very few high ther-

mal stability repetitive DNA hybrids

were observed in these intergeneric com-
parisons. For example, no hybrids are

formed between rat and mouse repetitive

DNAs that display thermal stabilities

within 10°C of that of perfectly paired

DNA. On the other hand, studies of

DNA sequence relationships between
Xenopus laevis and X. borealis do show
high thermal stability repetitive DNA
hybrids (Galau et al., 19766). A conclu-

sion from the rodent experiments of Rice

(1972) is that the precise relationships

observed among the long repeats are due

•to the recent multiplication of these

DNA regions in the genome of each spe-

cies or genus. The generality of this con-

clusion has yet to be established.

A few structural genes are known to

be arranged in long repetitive regions,

and their evolutionary relationships are

being explored. Examples are the histone

genes and the genes for 5S, 18S, and 28S

ribosomal RNA. In the case of the ribo-

somal RNA cistrons it is clear that the

structural genes are highly conserved in

evolution. However, there exist spacer

sequences that are not conserved and

that differ in nucleotide sequence be-

tween species of the same genus (Brown
and Sugimoto, 1974). Nevertheless, the

spacers are relatively precisely repeated

sequences even though the individual

spacers differ in length (Brownlee et al.,

1974; Wellauer et al., 1974). The ribo-

somal gene spacers are therefore anal-

ogous to the bulk of the long repetitive

regions in both their intragenomic pre-

cision of repetition and their intraspecies

divergence. This similarity suggests that

parallel processes may be involved in the

evolution of all of the long repeated se-

quences. Their evolution apparently in-

volves multiplication of particular se-

quences and loss of other precisely

repeated sequences, either through di-

vergence or deletion. The mechanism for

this complicated process remains obscure

although arguments have been advanced

(Smith, 1974) that it is the result of un-

equal crossover in tandem repeated re-

gions. The ribosomal gene regions are

tandemly repeated, and some of the

other long repetitive regions have been

identified as satellites which are tandem
repeats of very short sequences. The long

repetitive regions studied here include

very complex sequences, however, and
current observations suggest that only a

fraction of them are tandemly repeated

(Eden et al., in preparation).

When repetitive DNAs from species

belonging to related genera are reasso-

ciated with each other, it is usually ob-

served that there are many shared se-

quences showing low thermal stability.

The existence of these shared sequences

supports the concept that the short, im-
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precisely repeated sequences are evolu-

tionarily ancient in origin. Since long re-

peated sequences are currently being

added to the genomes while the short

ones have been present for longer pe-

riods, it is natural to consider whether

the two classes are evolutionarily re-

lated. Perhaps the short repeats derive

from long repeated-sequence regions by
means of sequence rearrangement and
nucleotide substitution (Britten and
Kohne, 1966; Britten and Davidson,

1971). No direct evidence as yet exists

for this concept.

Experimental Procedures

Preparation of DNA. DNA was ex-

tracted from sea urchin sperm as de-

scribed in Graham et al., 1974. Calf

thymus DNA was purchased from

Sigma.

Shearing of DNA. DNAs were sheared

using a Virtis-60K homogenizer with

2.5-cm diameter blades. DNA 300 nu-

cleotides long was prepared by shearing

in a solution of 0.01 M NaAc, 66% gly-

cerol, in a dry ice-ethanol bath at 50,000

rpm for 20 min (Britten et al., 1974).

DNA 2000 nucleotides long was prepared

by shearing in 0.12 M PB in an ice-

water bath at 10,000 rpm for 20 min.

Determination of fragment lengths.

Isokinetic alkaline sucrose gradients

(Noll, 1967; Vmix = 9.84 ml, Cres = 43%
w/v, Cnask = 16% w/v in 0.1 M NaOH)
were used for all DNA fragment length

measurements. All measurements were

made at least in duplicate with markers

in each tube. The markers consisted of

sheared preparations of labeled and un-

labeled DNA calibrated against each

other and ultimately calibrated by meas-

urement of Kleinschmid preparations in

the electron microscope and referred to

the length of 0X replicative form double

strand circles.

Conditions of reassociation. DNA to

be digested with Si nuclease was incu-

bated at 60°C in 0.3 M NaCl, 0.01 M
PIPES (Sigma), pH 6.7. For other pur-

poses, such as hydroxyapatite fractiona-

tion, incubation was in 0.12 M PB, pH
6.8. The ratio of the rates of reassocia-

tion in these two media was taken to be

2.5 (Britten et al., 1974) for equivalent

C t calculations. Equivalent C t is the

C t (M X sec/L) multiplied by the ra-

tio of the rate in the medium to that in

0.12 M"PB.
Preparation of Si nuclease. We utilized

a partially purified preparation, as de-

scribed by Vogt (1973; personal com-
munication). Five grams of crude alpha

amylase type IV (Aspergillus oryzae)

were dissolved at 4° for 1 hr in 0.02 M
sodium acetate, pH 4.6, 5% glycerol,

and then centrifuged. The pH of the

supernatant was then readjusted down
to 5.0 by the addition of acetic acid, and

the supernatant was heated to 70° in an
80° waterbath. Following centrifugation,

the supernatant had ammonium sulfate

added to 3.8 M . It was stirred for 1 hr

at 4° and was centrifuged again. Am-
monium sulfate was added additionally

to the supernatant to 0.6 M. The pre-

cipitate was collected by centrifugation,

dissolved in 0.02 M Tris, pH 7.5, 5%
glycerol, and then loaded on an 80-ml

column of DE-52 (Whatman) equili-

brated with the Tris buffer. The column

was rinsed with 400 ml of buffer and

eluted with a NaCl gradient from 0.0 to

0.4 M in the same buffer. The peak cuts

of activity were combined ; an equal vol-

ume of glycerol was added and the prep-

aration stored at —20°C.
Conditions of digestion. The following

standard digestion condition was estab-

lished after studies showed that a sig-

nificant fraction of reassociated repeated

sequences was digested with lower salt

and higher temperature conditions. Mer-

captoethanol (MSH) is included be-

cause measurements showed that the

enzyme lost a significant fraction of its

single-strand activity within an hour in

the absence of mercaptoethanol, while

in the presence of mercaptoethanol the

activity was very much more stable. For

digestion, 1 vol of reassociation buffer

(0.3 M NaCl, 0.01 M PIPES, pH 6.7)
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was added to 1 vol of 0.05 M Na acetate,

pR 4.4, containing 2 X 10~ 4 M ZnS0 4 .

Then 0.05 ml per ml of final volume of

0.5 M MSH and the requisite volume of

enzyme stock were added. The tempera-

ture was raised to 37°C for 45 min, and

the digestion was terminated by chilling

on ice and adjusting the sample to 0.12

MPB.
Removal of digestion products. For

some purposes the reaction mixture was
passed over Sephadex G-100 and the ex-

cluded region taken as the enzyme-re-

sistant fraction. With light enzyme
digestion (see text) fairly long single-

strand fragments were present in the ex-

cluded fraction, and under these condi-

tions the digestion mixture was diluted

to several ml of 0.12 M PB and passed

over hydroxyapatite at 60°C to separate

structures containing duplex regions.

Enzyme quantitation. The apparent

rate of activity of Si nuclease depends

on a number of parameters such as salt

concentration (Sutton, 1971) and tem-

perature, as well as the method of assay.

The presence of MSH may also affect

the rate. Under the conditions we used,

the ratio of quantity of enzyme to quan-

tity of DNA almost' totally controls the

rate of digestion of single strands while

the actual enzyme concentration has

little effect on the rate. Since the rate of

digestion is strongly dependent on the

method of assay and since there is evi-

dence that the reaction is heterogenous

in mechanism and rate, we have avoided

the use of a unit of enzyme activity.

Each of our digestions is described in

terms of the quantity of a particular

enzyme preparation used throughout this

work in the units fi\ min mg-1 DNA.
For comparison with other work we also

calculate a digestion estimate (DIG)
based on the fi\ min rag-1 required for

50% digestion with G-100 assay: DIG
= 1 — (1 -f- /u.1 min mg-1/135) -1 . From
this formula we may approximate the

initial rate of digestion by G-100 assay

as 7.4 fig of DNA per min per /A of our

enzyme stock. Because of the heteroge-

neity in mechanism the initial rate is

actually somewhat greater. A Sutton unit

(Sutton, 1971), under his conditions,

converts 0.025 fig of DNA per minute to

TCA solubility; thus 1 p\ of our prepa-

ration works, under our conditions, at

the rate that about 300 Sutton units

would work under his conditions.

Shenk et al. (1975) define a unit as

the amount of Si nuclease that with

their conditions and substrate will re-

lease "1 nanomole of nucleotides" per

min. We take this to mean release of

TCA-soluble oligonucleotides and com-

pare it with the G-100 assay (Kav =
0.3). In these terms 7.4 fig is 22 nmol per

min per fi\. Shenk et al. use 135 of their

units per fig for 30 min in a typical di-

gestion. This corresponds to 135 X 1000

X 30/22 = 1.8 X 105
fi\ min mg- 1 or

DIG = 0.9993. By this comparison their

typical digestion was about 1000 times

that used for Figs. 26 and 27 in this

work. If their definition is taken literally

as release of nucleotides it would be

better to compare it with the hyper-

chromicity assay and the ratio would be

more than a factor of 10 greater. This

comparison is somewhat uncertain since

Shenk et al. presumably depend on the

initial rate of digestion, and we are esti-

mating the rate from the half digestion

point by G-100 assay.

Agarose fractionation. Agarose A-50

(BioRad), 100-200 mesh, columns were

prepared with glass beads to prevent

compression of the gel and to permit re-

producible high flow rates. Coarser grade

gel gave very poor or no resolution. Col-

umns were washed and run in 0.12 M
PB for duplex DNA analysis. Measure-

ments showed that these columns absorb

small amounts of double- or single-

strand DNA and therefore high specific

activity tracer preparations were ana-

lyzed in the presence of 50 fig of heter-

ologous DNA fragments. For analysis of

single-strand DNA, columns were run in

the presence of 0.6% formaldehyde.

DNA samples were denatured in the ab-

sence of formaldehyde to avoid cross-

linking; 0.6% formaldehyde was added,

and the sample was immediately cooled.
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Single-Copy DNA and Structural
Gene Sequence Relationships

among Four Sea Urchin Species

Robert C. Angerer, Eric H. Davidson,
and Roy J. Britten

Comparison of single-copy DNA se-

quences in the genomes of related spe-

cies provides insight into the processes

of evolution. Such measurements require

incubating labeled DNA of one species

with an excess of DNA from a second

species and isolating the reassociated

DNA fragments on hydroxyapatite.

However, even though a number of such

measurements have been made, this sub-

ject is still relatively undeveloped. Here
we present a preliminary study of four

sea urchin species, three belonging to

the genus Strongylocentrotus and the

fourth to the genus Lytechinus, which is

in a different order. The evolutionary

relationships of these species are dis-

played in Fig. 33, which is constructed

in accordance with the phylogeny pre-

sented by Durham (1966). The two or-

ders represented, Temnopleuroida and
Echinoida, diverged approximately 175

million years ago. Within the order

Echinoida, the family Strongylocentro-

tidae is represented in the fossil record

from the early Miocene, about 20 million

years ago. Exact divergence times for

the three Strongylocentrotus species are

not available because of the sparse fossil

record. However, these species were mor-
phologically distinct 7 million years ago,

and this represents their minimum di-

vergence time (Fig. 33; Durham, per-

sonal communication). Based on their

morphology, S. purpuratus and S. dro-

bachiensis are the more closely related

species. S. franciscanus appears slightly

earlier in the fossil record and is mor-

phologically less closely related to S.

purpuratus than is S. drobachiensis.
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Fig. 33. Phylogeny of the sea urchin species studied. After Durham (1966). Dashed lines

indicate uncertainty in the time of origin of the indicated taxa. my = million years.
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Reassociation of Sea Urchin DNAs

DNA reassociation kinetics for Stron-

gylocentrotus purpuratus, S. francis-

canus, and Lytechinus pictus are pre-

sented in Fig. 34. For this analysis 450

nucleotide fragments of unfractionated

DNA were reassociated to the indicated

C t (see Experimental Procedures). The
fraction of fragments containing duplex

was determined by hydroxyapatite chro-

matography. The kinetics of reassocia-

tion appear quite similar for these three

genomes. The solid line of Fig. 34 shows

the best least-squares fit for S. purpura-

tus DNA, using one repetitive and one

single-copy kinetic component; the

dashed and dotted lines show the best

solutions for S. franciscanus and L. pic-

tus DNAs, respectively. The genome
sizes of these species are: S. purpuratus,

0.89 pg; *S. franciscanus, 0.83 pg; and L.

pictus, 0.97 pg (Hinegardner, 1974).

Thus, the rates of reassociation of the

single copy-components are expected to

be indistinguishable. As Fig. 34 shows,

the renaturation rate constants for the

single-copy components obtained by
least-squares procedures are close to 1

X 10" 3 M- 1 sec- 1 for all three DNAs.

2 0.4 -

IOOO

Equivalent C t

10000 100000

Fig. 34. Reassociation of unfractionated DNA from three sea urchin species. DNA fragments

450 nucleotides long were reassociated in 1 M NaCl buffer at 70°C at 7.5 mg/ml for Cot values

of 175 M-sec or greater. For Cot values less than 175 M-sec incubation was at 250 Mg/ml in

0.12 M PB at 60°C. After incubation the samples (250 fxg) were adjusted to 0.12 M PB, and
the fraction of molecules containing duplex regions was determined by chromatography on 1

ml beds of hydroxyapatite at 60° C. Bound duplex material was subsequently eluted at 98°C
in 0.12 M PB. Values of Cot in 1 M NaCl buffer are corrected to the equivalent rate in 0.12 M
PB, using a rate acceleration factor of 25. The solid line is a computer fit to the S. purpuratus

data with two components: single copy component 55% with rate constant k = 1.2 X 10~3

M"1
sec"

1
; repetitive component 25% with k = 6.65 X 10"2 M^1

sec"
1

. The dashed line is a

fit to the S. franciscanus data: single copy component 55% with k = 1.1 X 10"3 M'1
sec

-1
;

repetitive component 29% with k = 0.103 M'1
sec"

1
. The dotted line is a fit to the L. pictus

data: single copy component 47% with k = 9.6 X 10"4 M'1
sec"

1
; repetitive component 29%

with k = 4.7 X 10"2 M'1
sec"

1
. S. purpuratus, circles; S. franciscanus, triangles; L. pictus,

squares.
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The quantities of single-copy DNA in

the S. franciscanus and L. pictus ge-

nomes are also quite similar to that in

S. purpuratus, as are the amounts of in-

termediate frequency repetitive DNA.
We do not have sufficient low C t data

to determine whether the total distribu-

tions of repetition frequencies are simi-

lar.

Divergence of Total Single-Copy

DNA Sequence

We have determined the extent of se-

quence relatedness between S. purpura-

tus single-copy DNA and the single-

copy DNA of each of the other species.

These measurements are made by reas-

sociating tracer amounts of radioac-

tively labeled single-copy DNA from

S. purpuratus with a large excess of

homologous or heterologous unfraction-

ated driver DNA. Two quantities can

then be measured as an indication of the

sequence relatedness of the S. purpura-

tus tracer DNA to the driver DNA of

another species. First, the extent of re-

action of the tracer with heterologous

driver measures the fraction of single-

copy DNA fragments that include re-

gions of sufficiently homologous sequence

to form stable duplexes. Second, the

thermal stability of the duplexes formed
with heterologous DNA can be measured
by thermal chromatography on hydroxy-

apatite. The difference in the midpoint

of the thermal transition (Tm ) for tracer

reassociated with homologous and with

heterologous DNA is termed &Tm . This

quantity is directly related to the de-

gree of base mispairing in the duplexes,

and hence to the degree of sequence di-

vergence between the single-copy DNAs
of the two species (Laird et al., 1969;

Britten et al., 1974). In most cases the

extent of reaction is dependent on the

reassociation criterion. The criterion im-

poses a lower limit on the Tm of mis-

matched duplexes, since the sequences

included in the measurement are only

those which form stable duplexes, and
more distantly related sequences are ex-

cluded. Where the reassociation is in-

complete for this reason, the measured

ATTO underestimates the divergence be-

tween the DNA sequences of the two

species. In these measurements this dif-

ficulty is accentuated by the short length

of the tracer DNA preparation. The Tm
of homologous tracer-driver duplexes is

at least 8°C below that of long native

urchin DNA (see Fig. 36)

.

The preparation of S. purpuratus sin-

gle-copy DNA is described in Experi-

mental Procedures. DNA labeled in vivo

and fractionated to remove repetitive

sequences was used in some measure-

ments as single-copy tracer. Alterna-

tively, unlabeled DNA was fractionated

and the final single-stranded fraction

was reassociated to high C t and labeled

in vitro with 3H-TTP, using E. coli

DNA polymerase I. The length of the

tracer fragments labeled in this way
was about 230 nucleotides. The kinetics

of reassociation of both types of tracer

in the presence of a large excess of S.

purpuratus DNA driver are shown in

Fig. 35 (open and closed circles). The
line drawn through the points repre-

sents the least-squares solution to the

combined data using two kinetic compo-

nents. The tracers are both 90% reacta-

ble with driver DNA, and 80% of each

reacts as a single-copy component.

About 8% of each of the tracers reacts

as a repetitive contaminant. The rate

constant for the reassociation of these

tracers is less than that for the single-

copy component of Fig. 34 because of

the smaller fragment size of the tracer.

These data show that there is no ob-

servable difference in the reassociation

kinetics of tracers labeled in vivo and in

vitro.

The kinetics of reassociation of S.

purpuratus single-copy tracer with S.

franciscanus and L. pictus DNAs are

also presented in Fig. 35. A marked dif-

ference in the extent of reaction of *S.

purpuratus single-copy sequences with

the DNAs of these two species can be

seen in Fig. 35a. The reaction of the

S. purpuratus tracer with S. franciscanus



DEVELOPMENTAL BIOLOGY RESEARCH GROUP 947

Fig. 35a. S. purpuratus single copy tracers labeled in vivo (open symbols) or in vitro (filled

symbols) were combined with a 10
5
- or 2 X 10

4
-fold excess, respectively of S. purpuratus (open

and filled circles), S. jranciscanus (open triangles), or L. pictus (filled squares) driver DNA.
The reassociation conditions were as indicated in the legend to Fig. 34. The data for reaction

with L. pictus driver has been corrected for self-reassociation of the tracer (maximum 2.2%
at Cot 1(f). The lines through the points represent best least-squares computer fits to the data

using a single-copy and one repetitive component: S. purpuratus driver 89% final reaction,

79% single copy with k = 5.1 X 10"4 M'1
sec"

1 and 9% repetitive ; S. jranciscanus driver 62%
reaction, 55% single copy with k := 5.6 X 10"4 M"1

sec
-1 and insufficient data to specify a

repetitive component; L. pictus driver 10.5% final reaction, 8.8% single copy with k = 3.7 X
10~4 M'1

sec"
1 and 1.8% repetitive.
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Fig. 35b. The data of 35a are shown normalized to 100% final reaction for each DNA driver.

The solid line is the computer fit to the S. purpuratus-driven data from 35a, normalized to

100%.



948 CARNEGIE INSTITUTION

DNA driver is 70% of the homologous

reaction (0.62 X 100/0.89), and with

L. pictus DNA driver the reaction is

only 11.8% of the homologous reaction

(0.105 X 100/0.89). In Fig. 35b these

reactions are normalized to 100% to

facilitate comparison of the rates of re-

association. The line drawn through the

points is the least-squares solution to the

data for the S. purpuratus DNA re-

action.

It is evident that althought the ex-

tents of reassociation of the S. purpura-

tus tracer with the heterologous DNAs
are lower, the rates of the reactions are

quite similar. The least-squares solution

for the reaction of the S. purpuratus

tracer with S. franciscanus DNA yields

a rate constant equal to that for homolo-

gous driver. The reaction of the same
tracer with L. pictus DNA gives a 30%
lower rate constant. The similarity of

the heterologous and homologous rates

is expected. Measurements described be-

low show that the thermal stability of

the products of the heterologous reac-

tions is only 2.5°-7.5°C below that of

the homologous reaction. The data of

Bonner et al. (1973) suggest a rate re-

duction of a factor of only 2 per 10°C
reduction in thermal stability.

Additional cross-reaction data are

summarized in Table 21. The first three

rows shows the cross-reaction of 250-

nucleotide-long S. purpuratus single-

copy tracers with whole DNA of the

other three species at the 70°C criterion.

The normalized cross-reaction values

given in the last column are consistent

with the evolutionary relationship of

these species as outlined in the text: The
two Strongylocentrotus species are most
closely related to S. purpuratus, and S.

drobachiensis shares more single-copy

TABLE 21. Homology of S. purpuratus Single-Copy DNA Sequences to the DNA of Other

Sea Urchin Species

% Reasso- Normalized
Criterionb

ciated Maximum % Cross-

Driver" (°C) (average) % Reactable Self-Reaction 8 Reaction11

S. drobachiensis 70 49.5, 57.1 (53.3) 77.3
e

2.7 67.8

S. franciscanus 70 41.5, 42.6, 40.8,

39.2 (41.0)

77.3
e

2.7 51.3

L. pictus 70 (11.6)
a 89.0' 2.2 11.5

S. franciscanus 60 67.0, 63.1, 67.2

(65.8)

85.1
e

2.2 76.7

a Whole-genome DNA sheared to 400-nucleotide fragments at a minimum driver mass excess

of 1700.
b Incubations in 1 M NaCl buffer at the indicated temperature.
c Percentage of reassociation was determined as the percentage of the tracer fragments

bound to hydroxyapatite in 0.12 M PB at 60°C (for incubations at 70°C) or 50°C (for incuba-

tions at 60°C) at equivalent Cots between 35,000 and 105,000. The tracers used were 230-260

nucleotides long.
d Value determined from1 the data of Fig. 35.
e Average percentage of reassociation of this tracer preparation to homologous DNA at the

indicated criterion. Individual determinations were 75.5, 75.6, and 80.8 at 70°C, and 84.3 and

85.9 at 60°C.
' Percentage of reassociation of this tracer to homologous DNA from the data in Fig. 35.

g Percentage of the tracer in duplex after incubation under identical conditions but without

driver DNA. Each number is the average of three determinations.

% reassociated — % self-reaction
Computed as —z -—r-. — — X 100.% reactable — % self-reaction

This normalization does not correct for the fraction of the cross-reaction caused by the small

repetitive sequence contaminant in the S. purpuratus single-copy tracer (see Fig. 35). How-
ever this correction has no significant effect on the percentage of cross-reaction calculated for

the single-copy component.
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sequences in common with S. purpuratus

than does S. franciscanus. L. pictus

shows only a very small cross-reaction

with S. purpuratus single-copy sequences.

The extent of the reaction of S. pur-

puratus single-copy tracer with S. fran-

ciscanus DNA presented in Table 21 is

lower than that of Fig. 35a (51% vs.

69%). This effect is probably caused by
differences in the fragment length dis-

tributions of the tracers used for the two
measurements. The data of Table 21

were obtained with in vitro-labeled

tracers of a mean length of 230 nucleo-

tides, while for Fig. 35a a somewhat
longer tracer which had been prepared

from 450-nucleotide fragments was used.

Our experience indicates that longer

tracer preparations commonly have

higher normalized reactabilities to het-

erologous DNAs as assayed by hydroxy-

apatite binding. The fourth row in Table

21 shows a measurement of the extent of

cross-reaction of S. purpuratus 230-

nucleotide tracer with S. franciscanus

DNA at a less stringent criterion. A
10°C decrease in incubation tempera-

ture results in a 50% increase in the ex-

tent of cross-reaction. This observation

shows that the criterion of incubation

has selected the better-matched fraction

of the heterologous reassociation prod-

ucts from a population with a wide
range of divergence.

The thermal stabilities of the du-

plexes formed between »S. purpuratus

single-copy tracer and homologous and
heterologous DNAs are presented in

Fig. 36. The Tm of S. purpuratus tracer

reassociated with homologous driver is

approximately 8°C below that of 500-

nucleotide native S. purpuratus DNA.
This decrease is largely attributable to

the short fragment length of the tracer

(reviewed in Britten et al., 1974)

.

The values of ATm for cross-reacting

single-copy sequences are consistent with

the relationships of these species based

on the taxonomy presented in Fig. 33.

The decrease in Tm of the heterologous

duplexes ranges from 2.5° to 7.5°C and
parallels the extents of reaction (Table

70 80
Temperature

Fig. 36. Hydroxyapatite thermal chromato-

grams of S. purpuratus single-copy duplexes

formed with homologus and heterologous

driver DNAs. 36a. S. purpuratus single-copy
3H-DNA tracers were reassociated with 400-

nucleotide homologous and heterologous driver

DNAs to equivalent Cots of 42,000-^88,000 in 1

M NaCl buffer at 70°C at the indicated mass

excess of driver. The samples were diluted to

0.12 M PB at 60°C and applied to hydroxy-

apatite at 60° C. The temperature was in-

creased in approximately 3°C increments, and

the DNA fragments rendered completely sin-

gle stranded at each temperature were eluted

with 0.12 M PB. A given curve is for the reas-

sociation products of one of the two tracers

used (see Experimental Procedures) ; these

tracers gave identical thermal chromatograms
for duplexes formed with S. purpilratus driver

DNA. The percentage of the tracer reasso-

ciated to each driver is given in parentheses:

open circles, S. purpuratus native DNA, 500

nucleotide fragments; filled circles, S. purpura-

tus driver, 100,000 (89.8%) ; upside-down filled

triangles, S. franciscanus driver 3,400 (40.8%) ;

filled triangles, S. drobachiensis driver 1,767

(57.1%) ; filled squares, L. pictus driver 100,000

(11.5%). Numbers given beside the curves rep-

resent the temperature at which 50% of the

bound DNA is eluted from the column (Tm ).

21). The divergence of the sequences ob-

served to cross-react in these measure-

ments is so small that little effect on the

rate of reassociation is expected, as noted

above. A particularly interesting result

is the thermal elution profile of the du-

plexes formed between S. purpuratus

tracer and L. pictus driver. Although

88% of the single-copy DNA of these*
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0.25

Temperature

36b. The data for the S. purpuratus and L.

pictus driven duplexes is presented in differen-

tial form: S. purpuratus, solid lines; L. pictus,

broken lines.

two species has diverged beyond recog-

nition at the 70°C criterion, the 12%
that does react shows a decrease in Tm
of only 7.5°C. This result is emphasized

when the thermal elution data are plotted

in differential form as in Fig. 36b. Ap-
proximately two thirds of the duplexes

formed with L. pictus DNA have ther-

mal stabilities in the range of those of

the homologous reaction. This measure-

ment shows that a small fraction of the

sequences of these urchins has been rela-

tively conserved in evolution. However,
in order to evaluate the extent of this

conservation we would need to know the

base composition or native melting tem-

perature of these particular sequences.

If the GC content of the conserved se-

quences is the same as in the total sin-

gle-copy DNA, then about 12% of these

genomes show approximately 7.5% se-

quence divergence. However, it remains

possible, as implied by Fig. 36b, that a

smaller fraction, say 5%, of these ge-

nomes shows almost no sequence diver-

gence. Further measurements are re-

quired to establish which view is correct.

Divergence of Structural Gene Sequences

Structural gene sequences expressed

at gastrula were selected from S. pur-

puratus single-copy DNA by hybridiz-

ing the DNA with purified gastrula

polysomal RNA (Galau et al., 1976a).

DNA was recovered from the DNA-
RNA hybrids and further selected by a

second round of hybridization with the

polysomal RNA. Details of the purifica-

tion procedure are given in Galau et al.

(1976a). The gastrula messenger RNA
population contains transcripts of ap-

proximately 14,000 genes active in S.

purpuratus gastrulae and thus represents

a large sample of structural genes (Ga-

lau et al., 1974). The final preparation of

message complementary DNA (mDNA)
reacted to about 57% with gastrula mes-
senger RNA and 90% with excess DNA.
This represents about a 50-fold purifi-

cation.

The results of reassociation of these

mDNA sequences with a large excess of

L. pictus or S. franciscanus DNA are

presented in Table 22. The reaction of

S. purpuratus mDNA sequences with S.

franciscanus DNA at the 60°C criterion

(Table 22) shows that 85.4%-91.2% of

these sequences have complements in the

»S. franciscanus genome (see footnotes e

and f of Table 22) . In fact, the normal-

ized cross-reaction may be greater than

90% because the reactability of the

mDNA tracer in heterologous reactions

is probably overestimated by using its

reactability with homologous DNA. By
comparison, 77% of the total single-copy

DNA is complementary at this criterion.

We conclude that for these more closely

related species, structural gene sequences

are diverging at a lower rate than is the

bulk of the single-copy DNA sequences.

A similar conclusion was drawn by Ros-

bash et al. (1975) from experiments in



DEVELOPMENTAL BIOLOGY RESEARCH GROUP 951

which cDNA transcribed from rat myo-
blast messenger RNA was reacted with

rat and mouse DNA. The reaction of

mDNA with L. pictus DNA (Table 22)

shows that only 14% of the S. purpura-

tus structural gene sequences are suffi-

ciently similar to their homologues in

the L. pictus genome to reassociate at

the 70°C criterion. The comparable re-

action between the total single-copy

DNAs of these two species is 12% (Ta-
ble 21 and Fig. 35). Thus, we observe no
specific conservation of structural gene

coding sequences at very great evolu-

tionary distance (i.e., the 175 million

years separating S. purpuratus from L.

pictus) but do see such conservation for

the more closely related pair of species.

Such an observation is consistent with

extensive amino acid sequence conserva-

tion represented by the L. pictus-S. pur-

puratus comparison, even at this great

evolutionary distance. Because of codon

degeneracy one might expect that after

considerable evolutionary time many
third bases would differ even if the coded
amino acid sequence were identical.

After a very long time the steady-state

condition of such highly conserved genes

would probably yield 20%-30% DNA
sequence divergence. This amount would
be increased by the additional changes
where amino acids could be substituted.

The sum of these changes would almost
certainly lead to a degree of divergence

that would prevent the reassociation of

structural gene single-copy DNA at the

criterion used in these measurements.

Conclusion

The measurements of the degree of

single-copy DNA sequence relatedness

among these four species are qualita-

tively consistent with the species' phylo-

genetic relationships. The closest rela-

tive of Strongylocentrotus purpuratus
on morphological and fossil grounds is

S. drobachiensis, and the DNA of this

species reacts to the greatest extent with
S. purpuratus single-copy DNA and
forms the most stable heteroduplexes. S.

franciscanus , a member of the same
genus, is less closely related to S. pur-

puratus on the basis of morphology, and
the DNA sequences show greater diver-

gence. Only a very small amount of

single-copy sequence homology is seen

between the DNAs of S. purpuratus and
L. pictus which are members of different

orders with lines of descent that have
been separate for at least 175 million

years.

One major purpose of measurements
of this type is to establish the degree of

DNA sequence relatedness among spe-

cies. An appropriate quantitative de-

scription would include precise tabula-

tion of the amount of DNA sequence

shared at any particular degree of se-

quence divergence. For a number of rea-

sons we cannot yet reach this goal. First,

we have not examined the relationships

at a low criterion of precision and there-

fore have not measured the widely di-

vergent sequences. Second, adequate

measurements are not yet available for

the repeated sequence relationships

among these species. The interpretation

of such measurements is somewhat un-

certain since we do not accurately know
the conversion factor relating the ther-

mal stability of duplexes and the degree

of divergence, nor do we know the exact

effects of shared sequence length on this

factor. Finally, questions can be raised

about the extent of completion of the re-

action between more distantly related

species. The fragments used in this study

were about 230 nucleotides long, and the

melting temperature of duplexes formed

between the S. purpuratus tracer and
homologous DNA was 8°C below that

of long native DNA. For these reasons

the results obtained were probably af-

fected by the fact that the criterion in-

cubation temperature 60°C (or equiva-

lent) was only about 16°C below the Tm
of the homologous tracer reaction. How-
ever, these difficulties refer mainly to the

more distantly related species pairs.

We may estimate the average rate of

change of single-copy DNA sequences

during the evolution of these urchin spe-
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TABLE 22. Homology of S. purpuratus Gastrula Polysomal Message Sequences to the

DNAs of Other Sea Urchin Species

Driver*

Normalized 6 Corrected

Reassociated Cross- Cross-

Criterionb (average) Reactabled Reaction Reaction

(°C) (%) (%) (%) (%)

L. pictus

S. franciscanus

70

60

10.7, 12.7 (11.7)

65.8, 70.1 (68.0)

90.0

79.6

13.0

85.4

14.0

91.2

a Whole-genome DNA sheared to 400-nucleotide fragments at a driver mass excess of 2.5

X 10
s

.

b Incubations in 1 M NaCl buffer at the indicated temperature.
c Percentage of reassociation was determined as the percentage of the tracer fragments bound

to hydroxyapatite in 0.12 M PB at 60°C (for incubations at 70° C) or 50°C (for incubations at

60°C) at equivalent GVs between 70,000 and 250,000.
d Percentage of reassociation of the tracer to homologous DNA at the indicated criterion.

The percentage of reactable decreased with time due to decrease in fragment size of the tracer.

— X 100. This normalization assumes that the mDNA tracer consists entirely
% reactable

of sequences complementary to gastrula mRNA.
1 Corrected for the composition of the mDNA preparation, which consists of 60% sequences

complementary to S. purpuratus gastrula messenger RNA and 40% (presumably random)

single-copy sequences. The reaction with mDNA sequences is computed as

reaction with mDNA sequences =

normalized cross-reaction — 0.4 (single-copy cross-reaction from Table 21)

(K6

This normalization takes into account the possibility that 40% of the mDNA tracer consists

of random single-copy sequences.

cies. In spite of the caveats mentioned

above, the largest uncertainty in these

estimates is in the time of divergence of

the species as judged from the fossil rec-

ord. For these estimates we assume that

1% sequence divergence reduces the

melting temperature of the duplexes by

1°C (Laird et al, 1969; Britten et al,

1974). The extent of reassociation and
thermal stability of the products are

highest for the reactions between S. pur-

puratus tracer and S. drobachiensis or

S. franciscanus DNA, and there is the

least ambiguity due to criterion limita-

tion. The Afm for reassociation with S.

drobachiensis DNA is 2.5°C, which indi-

cates a base sequence divergence of

about 2.5% between the DNAs of these

two species. The paleontological evi-

dence indicates that these species di-

verged no less than 7 nor more than 20

million years ago (Durham, personal

communication). The rate of single-copy

sequence divergence in the line leading

to each species is therefore between

0.06% and 0.25% per million years.

Similar calculations for S. franciscanus

vs. S. purpuratus give values of 0.08%-

0.35% per million years. These esti-

mates are not greatly different from the

estimate for primates, using the data of

Kohne (1970), of about 0.7% per mil-

lion years and that for two Xenopus spe-

cies of 0.2% per million years (Galau

etal, 19766).

In the case of the relationship between

L. pictus and S. purpuratus we observe

only 12% sequence homology and there-

fore can make no estimate of the aver-

age rate of divergence. This small frac-

tion of the single-copy DNA appears to

be highly conserved. As indicated in

Fig. 36b and discussed above, the degree

of divergence of these sequences is only

7.5% or less. The measurement made
with the DNA sequences expressed in

gastrula messages (mDNA) shows that

these conserved sequences are probably
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not principally structural genes. Struc-

tural genes for even highly conserved

proteins would not necessarily be ex-

pected to appear in the class of highly

conserved sequences because of the num-
ber of changes that could occur in the

third position of degenerate codons. This

highly conserved fraction of the single-

copy DNA could either be a residue of

sequences that have by chance shown
only a small percentage of substitution

in evolution or sequences that could have

been conserved by selection pressure.

However, it seems unlikely that the se-

quences have survived by chance. Thus
there may exist a set of single-copy

DNA sequences of unknown role which

are highly conserved by selection pres-

sure resulting from important sequence-

specific functions.

Experimental Procedures

Ani?nals. Specimens of Strongylocen-

trotus purpuratus, S. franciscanus and
Lytechinus pictus were collected locally.

Sperm was collected from S. drobachien-

sis in Seattle, Washington, by Dr. Carol

Paschl and kindly shipped to us frozen

on dry ice.

DNA extraction. Unlabeled DNA was
isolated from fresh or frozen sperm by
the modified Marmur method described

in Table 2 of Britten et al. (1974), with

the following modifications: NaC104

was omitted; after the initial depro-

teinization and precipitation steps, the

DNA was dissolved in 0.1 AT NaCl, 0.05

M ethylenediaminetetraacetate (EDTA)

,

pH 8.0, and digested with 25 /ig/ml

RNAse (Worthington) at 37°C for 30

min. The pronase digestion, deproteini-

zation, and precipitation steps were then

repeated. RNAse treatment was omitted

for some samples which showed 26% or

greater hyperchromicity [(A260 at 98°C
- A260 at 60°C/A 2fi0 at 60°C) X 100]

in 0.12 M PB (sodium phosphate buffer,

pH 6.8) after the initial purification

steps.

For the preparation of radioactively

labeled DNA, S. purpuratus embryos

were raised to the 4-cell stage as de-

scribed by Hinegardner (1967). Five

mCi of 3H-thymidine was then added to

1.5 X 107 embryos in 150 ml of seawater

containing penicillin and streptomycin,

and the embryos were incubated over-

night to approximately hatching blas-

tula stage. Embryos were frozen with

dry ice, ground with powdered dry ice in

a Waring blender and used for DNA iso-

lation as described above. Specific ac-

tivities for the two preparations used

were 160,000 and 59,000 cpm//*g under

our counting conditions.

Preparation and sizing of DNA frag-

ments. DNA fragments of the indicated

sizes were produced by homogenization

in a Virtis-60K homogenizer as previ-

ously described (Britten et al., 1974). In

some cases 450-nucleotide fragments

were produced by passing the DNA
twice through a press at 50,000 psi (Brit-

ten et al, 1974).

The single-strand fragment length of

DNA preparations was determined by
centrifugation through isokinetic alka-

line sucrose gradients (Noll, 1967) ; Vmix

= 9.84 ml, Cres = 43% w/v, Cflask =
16% w/v in 0.1 N NaOH. Gradients

were centrifuged at 41,000 rpm for 20-

24 hr at 20°C in the Beckman SW-41
rotor. The weight average fragment

length was determined in duplicate

measurements with reference to known
markers, using the equations of Studier

(1965).

Reassociation conditions. Prior to re-

association, DNA samples were passed

over Chelex 100 (BioRad) to remove
heavy metal contaminants. Reassocia-

tions were carried out in 1 M NaCl, 0.01

M PB, 0.001 M EDTA, pH 6.8 (1 M
NaCl buffer), at either 70°C or 60°C.

The former condition is equivalent to a

criterion of 0.12 M PB at 60°C. Values

of C t in this buffer are corrected to the

equivalent C t in 0.12 M PB, using a

rate acceleration factor of 25. This fac-

tor was experimentally determined from
comparison of the rate of reassociation

of the single-copy component in whole
S. purpuratus 450-nucleotide DNA in 1
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M NaCl buffer at 70°C to the known
rate in 0.12 M PB at 60°C. All values of

C t quoted in this paper are corrected to

be equivalent to that in 0.12 M PB,
60°C.
Hydroxyapatite chromatography . The

fraction of DNA fragments in molecules

containing duplex after reassociation was
determined by chromatography on hy-

droxyapatite (BioRad, DNA Grade Lot

#13412). Samples were diluted to 0.12

M PB and applied to water-jacketed hy-

droxyapatite columns at either 60°C or

50°C for incubations performed at 70°C
or 60°C, respectively. Unbound material

was removed by washing with at least 5

bed vol of 0.12 M PB. Duplex material

was subsequently eluted by raising the

temperature of the column to 98°C. DNA
loads were less than 250 fig of DNA per

cc (0.4 g) of packed hydroxyapatite.

The stability of reassociated DNA
duplexes was determined by thermal

chromatography from hydroxyapatite.

Samples of reassociated DNA were ap-

plied to the columns as indicated. The
temperature was then increased in 3°C
increments, and the DNA fragments

rendered completely single-stranded at

each temperature were eluted from the

column. As an internal standard, 14C-
labeled 500-nucleotide-long native DNA
fragments were mixed with the sample.

Counting methods. Radioactive sam-
ples were counted in mixtures of 0.06 M
PB and Instagel (Packard) in the pro-

portions 1:1.25 or in 0.12 M PB in

toluene-based scintillation fluid contain-

ing 20% (v/v) Scintisol (Isolab) in the

proportion 1:5.

Preparation of S. purpuratus single-

copy DNA. S. purpuratus single-copy

tracer DNA was prepared either from
DNA labeled in vivo with 3H-thymidine
(see above), or from unlabeled DNA
that was subsequently labeled with 3H-
TTP using E. coli DNA polymerase I

(see below).

DNA fragments 300-450 nucleotides

long were reassociated in 1 AT NaCl buf-

fer to equivalent C t 700, and the unre-

associated fragments separated by hy-

droxyapatite chromatography. The DNA
was concentrated by ethanol precipita-

tion and again reassociated to equivalent

C t 700 and fractionated on hydroxy-

apatite. The unbound fraction was used

as single-copy tracer for in vivo-labeled

DNA. When DNA was to be labeled in

vitro with E. coli DNA polymerase I,

the unbound fraction was concentrated

and reassociated to equivalent C t

18,000, and the duplex material was col-

lected on hydroxyapatite and eluted

with 0.5 M PB. This duplex material

was used as template for the in vitro

labeling procedure. From 18% to 21%
of the input DNA was isolated as the

single-copy fraction.

In vitro labeling of S. purpuratus sin-

gle-copy DNA. Reassociated S. purpura-

tus single-copy DNA was dialyzed into

0.05 M sodium phosphate buffer, pH
7.53. This DNA was used as substrate

for E. coli DNA polymerase I in a modi-

fication of the procedure developed by
Schachat and Hogness (1974). The reac-

tion mixture contained 1 X 10-4 M each

dCTP and dATP, 1 X 10" 3 M dGTP,
0.75 mCi/ml 3H-TTP (35 Ci/mmol, Nu-
clear Dynamics Lot #335), 0.05 M
sodium phosphate, pH 7.53, 0.01 M
MgCl 2 , 5.7 /ag/ml DNA template, and

100 units/ml of commercially obtained

E. coli DNA polymerase I (Boehringer

Mannheim, Grade 1). The sample was
incubated at 11°C for 22 hr. The unin-

corporated nucleotides were removed by

chromatography on Sephadex G-200 in

0.12 M PB. Self-complementary fold-

back sequences were removed by dena-

turing the DNA in 0.12 M PB, incubat-

ing briefly at 50°C, and binding the

"instantaneously renaturing" DNA se-

quences to hydroxyapatite (22% of the

radioactivity in DNA). The specific ac-

tivity of the DNA estimated from 10%
TCA precipitation of an aliquot of the

reaction mixture was 1.9 X 106 cpm//xg.

The resulting DNA was 230 nucleotides

long as determined on alkaline sucrose

gradients.

Isolation of DNA complements to

polysomal RNA of S. purpuratus gas-
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trulae (mDNA). S. purpuratus single-

copy DNA labeled in vitro was hy-

bridized with RNA isolated from the

polysomes of S. purpuratus gastrulae by
a puromycin-release procedure. DNA
recovered from these hybrids was fur-

ther purified by a second round of hy-

bridization to the polysomal RNA. De-

tails of this procedure and characteriza-

tion of the mDNA preparations used

here can be found in the report of Galau
et al. (1976a). The final mDNA prepa-

ration reacted to about 60% with gas-

trula polysomal RNA, compared to the

1.2% reaction obtained with unfrac-

tionated single-copy tracer.
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Administrative Reports





Report of the Executive Committee

To the Trustees of the Carnegie Institution of Washington

In accordance with the provisions of the By-Laws, the Executive Committee
submits this report to the Annual Meeting of the Board of Trustees.

During the fiscal year ending June 30, 1976, the Executive Committee held

four meetings. Printed accounts of these meetings have been or will be mailed

to each Trustee.

The estimate of expenditures for the fiscal year beginning July 1, 1976, has

been reviewed by the Executive Committee.

Two vacancies exist in the membership of the Board of Trustees, resulting from

the resignation of Patrick E. Haggerty in June 1975, and the death of William

I. Myers in January 1976.

The terms of the Vice-Chairman and Secretary of the Board, all Committee
Chairmen, and the following members of Committees also expire on April 30, 1976:

Executive Committee
Henry S. Morgan

Finance Committee
William T. Golden
Henry S. Morgan

Nominating Committee
William R. Hewlett

Auditing Committee
Juan T. Trippe

April 30, 1976

Frank Stanton, Chairman
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Abstract of Minutes

of the Seventy-Eighth Meeting of the Board of Trustees

The annual meeting of the Board of Trustees was held in the Board Room of

the Administration Building on Friday, April 30, 1976. The meeting was called

to order by Chairman William McChesney Martin, Jr.

The following Trustees were present: John T. Connor, John Diebold, Michael

Ference, Jr., Carl J. Gilbert, William T. Golden, Hanna H. Gray, Crawford H.

Greenewalt, William C. Greenough, Caryl P. Haskins, William McChesney
Martin, Jr., Henry S. Morgan, Walter H. Page, Robert M. Pennoyer, Richard S.

Perkins, Robert C. Seamans, Jr., Frank Stanton, Charles H. Townes, Juan T.

Trippe, and James N. White. Garrison Norton, Trustee Emeritus, and the

President, Philip H. Abelson, were also in attendance.

The minutes of the Seventy-Seventh Meeting was approved.

The Chairman notified the Trustees of the death of William I. Myers, Trustee,

and of Alfred L. Loomis and Keith S. McHugh, Trustees Emeriti. He read a

memorial statement in tribute to Dr. Myers and the following resolution was
unanimously adopted:

Be It Therefore Resolved, That the Board of Trustees of the Carnegie

Institution of Washington hereby records its deep sense of loss at the death

of William Irving Myers.

And Be It Further Resolved, That this resolution be entered on the

minutes of the Board of Trustees and that a copy be sent to the family of

Dr. Myers.

Dr. Haskins read a memorial statement in tribute to Dr. Loomis and the

following resolution was unanimously adopted:

Be It Therefore Resolved, That the Board of Trustees of the Carnegie

Institution of Washington hereby records its deep sense of loss at the death

of Alfred Lee Loomis.

And Be It Further Resolved, That this resolution be entered on the minutes

of the Board of Trustees and that a copy be sent to Mrs. Loomis.

Mr. Page read a memorial statement in tribute to Mr. McHugh and the fol-

lowing resolution was unanimously adopted:

Be It Therefore Resolved, That the Board of Trustees of the Carnegie

Institution of Washington hereby records its deep sense of loss at the death

of Keith Stratton McHugh.

And Be It Further Resolved, That this resolution be entered on the minutes

of the Board of Trustees and that a copy be sent to Mrs. McHugh.
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The reports of the Executive Committee, the Finance Committee, the Retire-

ment Committee, and the Auditing Committee were accepted. On recommenda-
tion of the latter, it was resolved that Arthur Andersen & Co. be reappointed

as public accountants for the fiscal year beginning July 1, 1976.

On the recommendation of the Nominating Committee, Robert 0. Anderson
and J. Paul Austin were elected members of the Board of Trustees.

Frank Stanton was elected Vice-Chairman of the Board and William T. Golden
was elected Secretary of the Board, both for terms ending in 1979.

The following were elected for one year terms: Frank Stanton, as Chairman
of the Executive Committee; Richard S. Perkins, as Chairman of the Finance
Committee; Juan T. Trippe, as Chairman of the Auditing Committee; Robert
M. Pennoyer, as Chairman of the Nominating Committee; and Carl J. Gilbert,

as Chairman of the Retirement Committee.

Vacancies in Standing Committees, with terms ending in 1979, were filled as

follows: Henry S. Morgan was elected a member of the Executive Committee;
William T. Golden and Henry S. Morgan were elected members of the Finance

Committee; Juan T. Trippe was elected a member of the Auditing Committee;

and John Diebold was elected a member of the Nominating Committee.

The annual report of the President was accepted.

To provide for the operation of the Institution for the fiscal year beginning

July 1, 1976, and upon recommendation of the Executive Committee, the sum
of $7,369,400 was appropriated.

An Ad Hoc Committee on Finance was established and the Chairman appointed

the following Trustees to serve on the Committee: Frank Stanton (Chairman),

John Diebold, Carl Gilbert, William T. Golden, and William C. Greenough.

Article V, Sections 1, 8, 13, and 14 of the By-Laws were amended to read as

follows:

ARTICLE V

Committees

1. There shall be the following Standing Committees, viz. an Executive

Committee, a Finance Committee, an Auditing Committee, a Nominating

Committee, and an Employee Benefits Committee.

Finance Committee

8. The Finance Committee shall have custody of the securities of the

Institution and general charge of its investments and invested funds and

shall care for and dispose of the same subject to the directions of the Board

of Trustees. It shall have power to authorize the purchase, sale, exchange,

or transfer of securities and to delegate this power. So long as the Institution

is the trustee under any retirement or other benefit plan for the staff mem-
bers and employees of the Institution, it shall be responsible for supervision

of matters relating to investments thereunder and for the appointment or

removal of any investment manager or advisor. It shall also be responsible

for reviewing the financial status and arrangements of any employee benefit
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plan for which the Institution is not the trustee and for appointment or

removal of any plan trustee or insurance carrier. It shall consider and recom-

mend to the Board from time to time such measures as in its opinion will

promote the financial interests of the Institution and improve the manage-
ment of investments under any retirement or other benefit plan. The Com-
mittee shall make a report at the annual meeting of the Board.

Employee Benefits Committee

13. The Employee Benefits Committee shall consist of three members to

be elected by the Board of Trustees by ballot for a term of three years, who
shall be eligible for re-election, and the Chairman of the Finance Committee
ex officio. Any member elected to fill a vacancy shall serve for the remainder

of his predecessor's term.

14. The Employee Benefits Committee shall, subject to the directions of

the Board of Trustees, be responsible for supervision of the activities of

the administrator or administrators of any retirement or other benefit plan

for staff members and employees of the Institution, except that any matter

relating to investments or to the appointment or removal of any trustee or

insurance carrier under any such plan shall be the responsibility of the

Finance Committee. It shall receive reports from the administrator or ad-

ministrators of the employee benefit plans with respect to administration,

benefit structure, operation, and funding. It shall consider and recommend
to the Board from time to time such measures as in its opinion will improve

such plans and the administration thereof. The Committee shall submit a

report to the Board at the annual meeting of the Board.

The members of the previous Retirement Committee were elected as members
of the Employee Benefits Committee with the term of the Chairman and members
of the Committee to continue.
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Financial Statement
for the year ended June 30, 1976
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Arthur Andersen <5c Co.

1666 K Street, N.W.

Washington, D. C. 20006

(202) 785-9510

September 3, 1976

REPORT OF INDEPENDENT PUBLIC ACCOUNTANTS

To the Auditing Committee of
Carnegie Institution of Washington:

We have examined the statement of assets, liabili-
ties and funds of CARNEGIE INSTITUTION OF WASHINGTON (a non-
profit corporation chartered by Act of the United States
Congress) as of June 30, 1976, and June 30, 1975, the related
summary statement of changes in funds for the year ended
June 30, 1976, and the supporting exhibits and schedules,
all of which are set forth on the thirteen immediately
following pages. Our examination was made in accordance
with generally accepted auditing standards, and accordingly
included such tests of the accounting records and such other
auditing procedures as we considered necessary in the circum-
stances .

In our opinion, the financial statements and
supporting exhibits and schedules referred to above present
fairly the assets, liabilities and funds of Carnegie Insti-
tution of Washington as of June 30, 1976, and June 30, 1975,
and the changes in funds for the year ended June 30, 1976,
in conformity with generally accepted accounting principles
consistently applied during the periods.
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Basis of Accounting

The financial statements of the Institution are prepared on the accrual basis of accounting. The

Institution follows a policy of reporting all commitments outstanding at year-end as liabilities for finan-

cial statement purposes.

Land, Buildings and Equipment

The Institution capitalizes expenditures for land, buildings, telescopes and other significant

equipment, and construction projects in progress. Expenditures for other equipment are charged to cur-

rent operations as incurred, and the cost of such equipment is not capitalized. The Institution follows

the policy of not depreciating its buildings, telescopes and significant equipment.

Retirement Plan

The Institution has a noncontributory retirement plan in which all regularly employed United

States personnel are -eligible to participate. Voluntary contributions may also be made by employees.

Actuarially determined contributions are funded currently by the Institution, and there are no unfunded

past service costs. The total contributions made by the Institution were $476,656 in 1976 and $453,684

in 1975. Benefits under the plan upon retirement are dependent upon the investment performance of the

Institution's Retirement Trust. After four years' participation, benefits are fully vested.

During 1975, the plan was modified in order to comply with the Employees Retirement Income

Security Act of 1974. The modifications were generally of a technical nature and had no significant

impact on the plan.
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CARNEGIE INSTITUTION OF WASHINGTON

STATEMENT OF ASSETS, LIABILITIES AND FUNDS

JUNE 30, 1976 AND 1975

ASSETS

1976

Cash $ 347,637

Accrued interest 512,734

Grants receivable 651 ,228

Advances 73,275

Investments (cost),* Schedule 2:

Governmental bonds 12,541,263

Nongovernmental bonds 22,982,709

Common stocks 43,096,495

Total investments 78,620,467

Land 854,088

Buildings 4,756,290

Equipment 10,104,439

Total assets $95,920,158

LIABILITIES AND FUNDS

Appropriated funds:

Accounts payable and accrued expenses-

Operating Fund $ 440,232

Restricted Grants 95,733

Total liabilities 535,965

Operating Fund, Exhibit 1 1,487,321

Restricted Grants, Exhibit 2 834,147

Unappropriated Funds, Exhibit 3 77,347,908

Plant Fund 15,714,817

Total liabilities and funds $95,920,158

1975

$ 145,588

403,145

428,509

47,227

5,047,113

23,487,483

49,286,443

77,821,039

766,402

4,603,555

8,211,486

$92,426,951

$ 528,950

73,786

602,736

1,603,090

403,922

76,235,760

13,581,443

$92,426,951

Approximate market value on June 30, 1976: $92,215,278; on June 30, 1975: $93,719,359.
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CARNEGIE INSTITUTION OF WASHINGTON

EXHIBIT 1 APPROPRIATED FUNDS

CHANGES IN OPERATING FUND

FOR THE YEAR ENDED JUNE 30, 1976

Balance, July 1, 1975 $1,603,090

Appropriations

Budget, July 1, 1975 to June 30, 1976 $6,454,715

Las Campanas Observatory

Unrestricted Capital Fund 906,203

Special Opportunities Fund 15,000

Bush Gift 1,800

Hale Relief Fund 410 7,378,128

Total available for expenditures 8,981,218

Expenditures

Salaries $3,049,817

Employee benefits 646,290

Building maintenance 430,612

Educational and research supplies 379,795

Equipment 313,686

Administrative 236,907

Financial advisory services 205,397

Taxes 196,430

Fellowship grants 169,046

Insurance 142,565

Travel 109,918

Publications 101,684

Consulting fees 39,428

Awards 37,799

Commissary 32,977

Shop 23,472

Rent 21,771

Entertainment 15,235

Fellowship travel 8,794 6,161,623

Transfers to Plant Fund

Construction in progress:

Equipment 843,607

Salaries 199,352

Building 147,053

Employee benefits 38,030

Taxes 11,164

Land (improvements) 87,686

Buildings 5,382 1,332,274

Total expenditures 7,493,897

Balance, June 30, 1976 $1,487,321
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EXHIBIT 2

CARNEGIE INSTITUTION OF WASHINGTON

APPROPRIATED FUNDS

CHANGES IN RESTRICTED GRANTS

FOR THE YEAR ENDED JUNE 30, 1976

Expenditures

Carnegie Corporation of

New York

Max C. Fleischmann Foundation .

Jet Propulsion Laboratory

Massachusetts Institute of

Technology

Moseley Gift

Muscular Dystrophy Association .

National Academy of Sciences . . .

National Aeronautics &
Space Administration 18,551

National Cystic Fibrosis

Research Foundation 25,000

National Science Foundation 311,978

Office of Naval Research

Preston Gift

Public Health Service

Whitehall Foundation 8,852

Wistar Institute 14,913

Total $403,922

Balance

July 1, 1975 Grants Salaries Other

Balance

June 30, 19

$ 194 $ 80,000 $ 79,384 $ 810

250,000 13,935 236,065

37 (37)

66,606 $ 17,054 48,571 981

1,199 64 1,135

25,476 12,488 12,988

23,198 35,000 14,781 43,417

129,510 38,767 56,562 52,732

(6,000) 15,375 3,625

327,900 74,208 204,132 361,538

20,550 14,800 5,750

300 300

243,085 28,357 114,220 100,508

35,000 23,504 20,348

(4,912) 7,950 2,051

$1,202,478 $181,136 $591,117 $834,147
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CARNEGIE INSTITUTION OF WASHINGTON

SCHEDULE 2 INVESTMENTS, JUNE 30, 1976

Approximate

Description Par Cost Market

Federal Agency Bonds

Federal Home Loan Banks,

Cons., 7.80s, 1976

Federal Home Loan Banks,

Cons., 9.50s, 1979

Federal Home Loan Banks,

Cons., 8.15s, 1979

Federal Home Loan Banks,

Cons., 7.80s, 1980

Federal Home Loan Banks,

Cons., 7.30s, 1983

Federal National Mortgage Association,

6 3
/8 s, 1977

Federal National Mortgage Association,

9.80s, 1979

Federal National Mortgage Association,

8s, 1980

Federal National Mortgage Association,

8.40s, 1983

Federal National Mortgage Association,

8.20s, 1984

Federal National Mortgage Association,

7.95s, 1984

Twelve Federal Land Banks,

Cons., 6.40s, 1978

Twelve Federal Land Banks,

Cons., 7.30s, 1982

Twelve Federal Land Banks,

Cons., 8.20s, 1983

United States of America Treasury,

Notes, 6 % s, 1978

United States of America Treasury,

Notes, 7 3
/8 s, 1981

United States of America Treasury,

Notes, 8s, 1982

United States of America Treasury,

Notes, 7V,s, 1982

United States of America Treasury,

Notes, 7 7/8 s, 1986

Total

Foreign Bonds

Alcan Aluminum Corporation,

Prom. Notes, 4 3
/4 s, 1984

Aluminum Co. of Canada, Ltd.,

S. F. Deb., 9V2 s, 1995

Churchill Falls (Labrador) Corp., Ltd.,

1st Mtg. Series A, 7 % s, 2007 ....

IAC, Ltd.,

Sec. Note Series Z, 5 V4 s, 1982 . . .

$1,000,000 S 992,656 $ 1,001,250

200,000 199,925 210,750

500,000 502,344 508,750

500,000 501,719 500,625

1,000,000 999,375 965,000

600,000 602,437 597,000

200,000 200,000 211,000

500,000 497,656 504,375

1,000,000 1,000,000 1,018,750

600,000 599,063 603,750

500,000 496,250 497,500

500,000 497,031 489,375

500,000 500,000 485,000

800,000 800,000 811,000

500,000 499,609 496,715

1,000,000 998,920 993,120

1,150,000 1,157,188 1,168,688

1,000,000 997,090 1,008,750

500,000 500,000 500,465

12,541,263 12,571,863

543,000 543,000 454,763

500,000 517,267 495,000

800,000 800,000 676,000

750,000 750,000 583,125
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CARNEGIE INSTITUTION OF WASHINGTON

INVESTMENTS-Corafmued

Description

Foreign Bonds

—Continued

Quebec Hydro-Electric Commission,

S. F. Deb., 5s, 1988

Quebec Hydro-Electric Commission,

Deb., Series BN, 9 '4s, 1995

Total

Public Utility Bonds

American Telephone & Telegraph Company,
Deb., 8 3

/4 s,2000

American Telephone & Telegraph Company,

Deb., 8.70s, 2002

National Rural Utilities Co-op Finance Corp.,

9v8 s, 1985

Pacific Gas & Electric Co.,

1st & Ref. Mtg. Series BB, 5s, 1989

Pacific Power & Light Co.,

1st Mtg., 4 3
/8 s, 1986

Potomac Electric Power Co.,

Deb., 4 s
/8 s, 1982

Washington Water Power Co.,

1st Mtg. 4 7/8 s, 1987

Total

Industrial and Miscellaneous Bonds and Notes

American Express Credit Corporation,

Sr. Notes, 9 % s, 1982

American Hoechst Corp.,

Notes, 5 3/4 s, 1986

Arco Pipe Line Co.,

Notes, 8s, 1982

Atlantic Richfield Company,

Demand Note

Boeing Co.,

Notes, 6 3/8 s, 1986

Columbia Broadcasting System, Inc.,

Prom. Note, 5 % s, 1991

Crown Zellerbach Corp.,

Prom. Note, 4 % s, 1981

Crown Zellerbach Corp.,

S. F. Deb., 878 s, 2000

Erie Mining Company,

1st Mtg. Series B, 4 % s, 1983

First International Bancshares, Inc.,

Notes, 9s, 1983

Four Corners Pipe Line Co.,

Sec. Note, 5s, 1982

Par

$ 618,000

500,000

Cost

Approximate

Market

606,083 $ 458,865

504,126 490,000

3,720,476 3,157,753

375,000 375,500 386,719

925,000 925,000 935,406

750,000 754,300 780,000

250,000 251,050 175,000

250,000 251,551 175,625

210,000 212,225 172,463

300,000 300,000 223,125

3,069,626 2,848,338

500,000 500,000 527,500

736,000 736,000 634,800

300,000 298,500 301,125

445,000 445,000 445,000

584,000 584,000 467,200

680,000 680,000 549,100

150,000 150,000 134,250

,000,000 1,026,929 1,000,000

259,000 251,458 190,365

450,000 450,000 463,500

62,000 62,000 55,645
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CARNEGIE INSTITUTION OF WASHINGTON

EMVESTMENTS-Confz'/zued

Description

Industrial and Miscellaneous Bonds
—Continued

General Electric Co.,

Demand Note

General Electric Credit Corp.,

Notes, 8.60s, 1985

General Motors Acceptance Corp.,

Demand Note

General Motors Acceptance Corp.,

Deb., 5s, 1977

General Motors Acceptance Corp.,

Deb., 5s, 1981

General Motors Acceptance Corp.,

4 5/8 s, 1982

Inter-American Development Bank,

Notes, 8 % s, 1985

International Bank for Reconstruction & Development,

Notes, 8.15s, 1985

Kaiser Aluminum & Chemical Corp.,

1st Mtg., 5v2 s, 1987

Kresge (S. S.) Company,

Prom. Note, 4 7/8 s, 1983

Mercantile Stores Co., Inc.,

S. F. Deb., 8.70s, 1995

Montgomery Ward Credit Corp.,

Deb.,4'/,s, 1980

NCNBCorp.,
S. F. Deb., 8.40s, 1995

Revlon, Inc.,

Notes, 8.45s, 1985

Searle (G. D.) & Co.,

Notes, 8s, 1981

Sears, Roebuck Acceptance Corp.,

Sub. Deb., 4 % s, 1977

Sears, Roebuck Acceptance Corp.,

Sub., 8V,s, 1986

Sears, Roebuck & Co.,

7 3
/4 s, 1985

Shell Funding Corp.,

Collat. Tr. Series B, 4 3/4 s, 1985

Union Carbide Corp.,

8V2 s, 2005

United Air Lines, Inc.,

Notes, 5s, 1984

Weyerhaeuser Co.,

Notes, 8s, 1985

Woolworth (F. W.) Company,

Prom. Note, 5s, 1981

Total

Bonds, funds invested

Par Cost

Approximate

Market

300,000 $ 300,000 $ 300,000

500,000 500,500 515,625

900,000 900,000 900,000

200,000 195,000 196,000

200,000 199,000 176,000

480,000 390,912 404,400

500,000 502,500 495,000

400,000 400,000 395,000

164,000 164,000 128,740

513,333 513,333 419,650

500,000 500,000 472,500

200,000 199,000 175,500

500,000 497,500 462,500

500,000 501,375 507,500

800,000 794,000 809,000

525,000 511,505 521,063

400,000 399,200 406,500

500,000 491 ,250 496,250

584,000 584,000 492,020

,000,000 987,500 1,000,000

560,000 560,000 443,800

500,000 498,750 505,000

419,395 419,395 352,291

16,192,607 15,342,824

$35,523,972 $33,920,778
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CARNEGIE INSTITUTION OF WASHINGTON

INVESTMENTS-Contmued

Description

Common Stocks

Air Products & Chemicals, Inc

Alcon Laboratories, Inc

American Express Company

American Home Products Corp

American Standard Inc

AMP Incorporated

Automatic Data Processing Inc

Boeing Company

Cameron Iron Works, Inc

Caterpillar Tractor Co

Central Telephone & Utilities Corp

Charles River Breeding Labs, Inc

Chemed Corporation

Chesebrough-Pond's, Inc

Christiana Securities Company

Citicorp

Coca-Cola Company (The)

Colt Industries Inc

Connecticut General Insurance Corp. . . .

Cross (A. T.) Co

Data General Corp

Disney (Walt) Productions

Dow Chemical Co

Eastman Kodak Company

Engelhard Minerals & Chemicals Corp.

Exxon Corporation

Ford Motor Co

General Electric Company

General Motors Corporation

General Tire & Rubber Company (The) . .

Genuine Parts Co

Gilbert Associates, Inc

Goodyear Tire & Rubber Co

Halliburton Company

Harland (John H.) Company

Hewlett-Packard Co

Illinois Power Company

INCO Limited

Interco, Incorporated

International Business Machines Corp. . .

International Paper Co

International Telephone & Telegraph Corp.

Interpace Corporation

Johnson & Johnson

Approximate

Shares Cost Market

8,000 $ 382,109 $ 612,000

5,000 164,318 113,750

20,000 644,375 730,000

15,000 606,581 513,750

20,000 492,595 497,500

12,000 261,089 399,000

2,500 68,006 168,125

15,000 531,825 611,250

1,200 139,500 174,000

15,000 922,034 1,366,875

40,000 596,511 880,000

5,000 189,898 95,000

5,000 171,062 102,500

30,000 571 ,373 866,250

5,000 684,542 627,500

30,000 537,857 1,083,750

10,000 160,455 841,250

10,000 493,350 535,000

14,000 740,500 696,500

3,000 178,500 91,500

3,000 93,504 163,875

10,000 335,740 566,250

30,000 887,086 1,447,500

18,000 296,043 1,802,250

15,000 526,700 513,750

20,000 652,115 2,092,500

14,000 602,055 819,000

30,000 581,734 1,713,750

30,000 900,794 2,055,000

30,000 680,702 675,000

15,000 433,428 568,125

7,000 265,737 131,250

40,000 557,439 920,000

15,000 655,000 954,375

5,000 130,137 87,500

4,000 249,135 459,000

20,000 518,728 500,000

29,000 960,560 1,036,750

15,000 646,402 637,500

13,000 318,426 3,597,750

10,000 427,500 730,000

25,000 718,086 709,375

5,000 104,036 148,125

5,000 96,998 420,000
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CARNEGIE INSTITUTION OF WASHINGTON

INVESTMENTS-Corefinued

Approximate
Description Shares Cost Market

Common Stocks

—Continued

Kaiser Aluminum & Chemical Corp

Kresge (S. S.) Co

Lawter Chemicals, Incorporated

Mary Kay Cosmetics, Inc

Mead Corporation (The)

Merck & Co., Inc

Middle South Utilities, Incorporated

Minnesota Mining & Manufacturing Company

Monsanto Company

Ocean Drilling & Exploration Company . . .

Owens-Corning Fiberglas Corporation ....

Owens-Illinois, Inc

Penney (J. C.) Company, Inc

Perkin Elmer Corporation (The)

Petrie Stores Corporation

Phelps Dodge Corporation

Philip Morris, Inc

Pittston Company (The)

Potlatch Corp

Procter & Gamble Co

Public Service Company of Indiana, Inc. . .

Ralston Purina Co

Reynolds (R. J.) Industries

Sabine Royalty Corp

Schering-Plough Corp

Schlumberger Limited

Sears, Roebuck and Company

Snap-on Tools Corp

Squibb Corp

Standard Oil Company of California

Standard Oil Company (The) (Ohio)

UAL, Inc

Union Camp Corp

Union Carbide Corp

Union Pacific Corporation

United States Steel Corporation

West Point-Pepperell, Inc

Xerox Corporation

Common stocks, funds invested .

Aggregate investments

25,000 $ 781,075 $ 946,875

30,000 1,026,743 1,065,000

10,500 191,719 118,125

4,000 63,438 72,000

30,000 603,304 622,500

12,000 210,517 864,000

30,000 444,600 438,750

20,000 1,014,578 1,112,500

8,000 773,465 746,000

2,000 84,200 68,000

12,000 545,263 618,000

10,000 594,200 605,000

15,000 843,031 783,750

20,000 479,635 470,000

2,000 136,781 142,750

12,000 508,800 513,000

10,000 645,150 512,500

20,000 731,800 915,000

19,000 759,658 1,206,500

10,000 993,643 948,750

18,000 472,500 459,000

15,000 658,107 774,375

10,000 579,500 563,750

4,000 162,373 182,000

10,000 784,017 537,500

15,000 298,086 1,305,000

15,000 1,578,576 971,250

3,000 161,725 100,500

20,000 930,667 657,500

25,000 993,544 950,000

10,000 699,057 727,500

20,000 560,550 555,000

12,000 529,428 765,000

10,000 627,500 676,250

6,000 533,651 554,250

15,000 682,500 813,750

15,000 524,692 562,500

10,000 713,857

43,096,495

$78,620,467

616,250

58,294,500

$92,215,278
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SCHEDULE 3

CARNEGIE INSTITUTION OF WASHINGTON

SUMMARY OF INVESTMENT TRANSACTIONS

FOR THE YEAR ENDED JUNE 30, 1976

Cash awaiting investment, July 1, 1975 1,427

Sales and Redemptions

Capital

Gain Loss Book Value

Bonds $ 2,796 $ 102,246 $31,613,949

Common stocks 8,244,826 3,780,031 19,590,712

8,247,622 3,882,277 51,204,661

Realized capital gain, net ... 4,365,345 4,365,345

$8,247,622 $8,247,622

Total sales and redemptions 55,570,006

Gift of security recorded at fair market value 9,506

Cash transferred to Operating Fund (3,580,000)

Total 52,000,939

Acquisitions

Bonds $38,603,325

Common stocks 13,400,764

Total acquisitions 52,004,089

Cash awaiting investment, June 30, 1976 ($ 3,150)
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Articles of Incorporation

i\ty't\$t\ Congress of % Iniieb States of America;

git tTxe jitetond Jtessiou,

Begun and held at the City of Washington on Monday, the seventh day of December, one

thousand nine hundred and three.

A.2ST ACT
To incorporate the Carnegie Institution of Washington.

Be it enacted by the Senate and House of Representatives of the United

States ofAmerica in Congress assembled, That the persons following, being persons

who are now trustees of the Carnegie Institution, namely, Alexander Agassiz,

John S. Billings, John L. Cadwalader, Cleveland H. Dodge, William N. Frew,

Lyman J. Gage, Daniel C. Gilman, John Hay, Henry L. Higginson, William

Wirt Howe, Charles L. Hutchinson, Samuel P. Langley, William Lindsay, Seth

Low, Wayne MacVeagh, Darius 0. Mills, S. Weir Mitchell, William W. Morrow,

Ethan A. Hitchcock, Elihu Root, John C. Spooner, Andrew D. White, Charles

D. Walcott, Carroll D. Wright, their associates and successors, duly chosen, are

hereby incorporated and declared to be a body corporate by the name of the

Carnegie Institution of Washington and by that name shall be known and have

perpetual succession, with the powers, limitations, and restrictions herein contained.

Sec. 2. That the objects of the corporation shall be to encourage, in the

broadest and most liberal manner, investigation, research, and discovery, and

the application of knowledge to the improvement of mankind ; and in particular

—

(a) To conduct, endow, and assist investigation in any department of

science, literature, or art, and to this end to cooperate with governments,

universities, colleges, technical schools, learned societies, and individuals.

(b) To appoint committees of experts to direct special lines of research.

(c) To publish and distribute documents.

(d) To conduct lectures, hold meetings, and acquire and maintain a library.

(e) To purchase such property, real or personal, and construct such building

or buildings as may be necessary to carry on the work of the corporation.
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990 CARNEGIE INSTITUTION

(f) In general, to do and perform all things necessary to promote the

objects of the institution, with full power, however, to the trustees hereinafter

appointed and their successors from time to time to modify the conditions and

regulations under which the work shall be carried on, so as to secure the

application of the funds in the manner best adapted to the conditions of the time,

provided that the objects of the corporation shall at all times be among the

foregoing or kindred thereto.

Sec. 3. That the direction and management of the affairs of the corporation

and the control and disposal of its property and funds shall be vested in a board

of trustees, twenty-two in number, to be composed of the following individuals

:

Alexander Agassiz, John S. Billings, John L. Cadwalader, Cleveland H. Dodge,

William N. Frew, Lyman J. Gage, Daniel C. Gilman, John Hay, Henry

L. Higginson, William Wirt Howe, Charles L. Hutchinson, Samuel P.

Langley, William Lindsay, Seth Low, Wayne MacVeagh, Darius 0. Mills,

S. Weir Mitchell, William W. Morrow, Ethan A. Hitchcock, Elihu Boot,

John C. Spooner, Andrew D. White, Charles D. Walcott, Carroll D. Wright,

who shall constitute the first board of trustees. The board of trustees shall

have power from time to time to increase its membership to not more than

twenty-seven members. Vacancies occasioned by death, resignation, or otherwise

shall be filled by the remaining trustees in such manner as the by-laws shall

prescribe; and the persons so elected shall thereupon become trustees and also

members of the said corporation. The principal place of business of the said

corporation shall be the city of Washington, in the District of Columbia.

Sec. 4. That such board of trustees shall be entitled to take, hold and

administer the securities, funds, and property so transferred by said Andrew

Carnegie to the trustees of the Carnegie Institution and such other funds or

property as may at any time be given, devised, or bequeathed to them, or to such

corporation, for the purposes of the trust ; and with full power from time to time to

adopt a common seal, to appoint such officers, members of the board of trustees or

otherwise, and such employees as may be deemed necessary in carrying on the

business of the corporation, at such salaries or with such remuneration as they may

deem proper; and with full power to adopt by-laws from time to time and such rules

or regulations as may be necessary to secure the safe and convenient transaction

of the business of the corporation; and with full power and discretion to deal

with and expend the income of the corporation in such manner as in their

judgment will best promote the objects herein set forth and in general to have

and use all powers and authority necessary to promote such objects and carry out

the purposes of the donor. The said trustees shall have further power from time



ARTICLES OF INCORPORATION 991

to time to hold as investments the securities hereinabove referred to so transferred

by Andrew Carnegie, and any property which has been or may be transferred

to them or such corporation by Andrew Carnegie or by any other person,

persons, or corporation, and to invest any sums or amounts from time to time

in such securities and in such form and manner as are permitted to trustees

or to charitable or literary corporations for investment, according to the laws

of the States of New York, Pennsylvania, or Massachusetts, or in such securities

as are authorized for investment by the said deed of trust so executed by Andrew

Carnegie, or by any deed of gift or last will and testament to be hereafter made

or executed.

Sec. 5. That the said corporation may take and hold any additional

donations, grants, devises, or bequests which may be made in further support of

the purposes of the said corporation, and may include in the expenses thereof

the personal expenses which the trustees may incur in attending meetings or

otherwise in carrying out the business of the trust, but the services of the

trustees as such shall be gratuitous.

Sec. 6. That as soon as may be possible after the passage of this Act a

meeting of the trustees hereinbefore named shall be called by Daniel C. Gilman,

John S. Billings, Charles D. Walcott, S. Weir Mitchell, John Hay, Elihu Root,

and Carroll D. Wright, or any four of them, at the city of Washington, in

the District of Columbia, by notice served in person or by mail addressed to

each trustee at his place of residence; and the said trustees, or a majority

thereof, being assembled, shall organize and proceed to adopt by-laws, to elect

officers and appoint committees, and generally to organize the said corporation;

and said trustees herein named, on behalf of the corporation hereby incorporated,

shall thereupon receive, take over, and enter into possession, custody, and

management of all property, real or personal, of the corporation heretofore known

as the Carnegie Institution, incorporated, as hereinbefore set forth under "An Act

to establish a Code of Law for the District of Columbia, January fourth, nineteen

hundred and two," and to all its rights, contracts, claims, and property of any

kind or nature ; and the several oflicers of such corporation, or any other person

having charge of any of the securities, funds, real or personal, books or property

thereof, shall, on demand, deliver the same to the said trustees appointed by this

Act or to the persons appointed by them to receive the same ; and the trustees

of the existing corporation and the trustees herein named shall and may take

such other steps as shall be necessary to carry out the purposes of this Act.

Sec. 7. That the rights of the creditors of the said existing corporation

known as the Carnegie Institution shall not in any manner be impaired by the
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passage of this Act, or the transfer of the property hereinbefore mentioned, nor

shall any liability or obligation for the payment of any sums due or to become

due, or any claim or demand, in any manner or for any cause existing against

the said existing corporation, be released or impaired; but such corporation hereby

incorporated is declared to succeed to the obligations and liabilities and to be held

liable to pay and discharge all of the debts, liabilities, and contracts of the said

corporation so existing to the same effect as if such new corporation had itself

incurred the obligation or liability to pay such debt or damages, and no such action

or proceeding before any court or tribunal shall be deemed to have abated or been

discontinued by reason of the passage of this Act.

Sec. 8. That Congress may from time to time alter, repeal, or modify this

Act of incorporation, but no contract or individual right made or acquired shall

thereby be divested or impaired.

Sec. 9. That this Act shall take effect immediately.

CJ^JL SLX..I9QLJL

President of the Senate pro tempore.



By-Laws of the Institution

Adopted December 13, 1904. Amended December 13, 1910, December 13, 1912, Decem-
ber 10, 1937, December 15, 1939, December 13, 1940, December 18, 1942, December 12,

1947, December 10, 1954, October 24, 1957, May 8, 1959, May 13, 1960, May 10, 1963,

May 15, 1964, March 6, 1967, May 3, 1968, May 14, 1971, August 31, 1972, May 9, 1974, and
April 30, 1976.

ARTICLE I

The Trustees

1. The Board of Trustees shall consist of twenty-four members with power to increase

its membership to not more than twenty-seven members. The Trustees shall hold office

continuously and not for a stated term.

2. In case any Trustee shall fail to attend three successive annua! meetings of the

Board he shall thereupon cease to be a Trustee.

3. No Trustee shall receive any compensation for his services as such.

4. All vacancies in the Board of Trustees shall be filled by the Trustees by ballot at an

annual meeting, but no person shall be declared elected unless he receives the votes of

two-thirds of the Trustees present.

5. If, at any time during an emergency period, there be no surviving Trustee capable of

acting, the President, the Director of each existing Department, and the Executive Offi-

cer, or such of them as shall then be surviving and capable of acting, shall constitute a

Board of Trustees pro tern, with full powers under the provisions of the Articles of Incor-

poration and these By-Laws. Should neither the President, nor any such Director, nor the

Executive Officer be capable of acting, the senior surviving Staff Member of each existing

Department shall be a Trustee pro tern with full powers of a Trustee under the Articles of

Incorporation and .these By-Laws. It shall be incumbent on the Trustees pro tern to

reconstitute the Board with permanent members within a reasonable time after the

emergency has passed, at which time the Trustees pro tern shall cease to hold office. A list

of Staff Member seniority, as designated annually by the President, shall be kept in the

Institution's records.

6. A Trustee who resigns after having served at least five years and having reached age
seventy shall be eligible for designation by the Board as a Trustee Emeritus. A Trustee
Emeritus shall be entitled to attend the annual meeting of the Board but shall have no
vote and shall not be counted for purposes of ascertaining the presence of a quorum. A
Trustee Emeritus may be invited to serve in an advisory capacity on any committee of the

Board of Trustees except the Executive Committee.

ARTICLE II

Officers of the Board

1. The officers of the Board shall be a Chairman of the Board, a Vice-Chairman, and a
Secretary, who shall be elected by the Trustees, from the members of the Board, by ballot

to serve for a term of three years. All vacancies shall be filled by the Board for the unex-
pired term; provided, however, that the Executive Committee shall have power to fill a
vacancy in the office of Secretary to serve until the next meeting of the Board of Trustees.

2. The Chairman shall preside at all meetings and shall have the usual powers of a
presiding officer.

3. The Vice-Chairman, in the absence or disability of the Chairman, shall perform the
duties of the Chairman.

993
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4. The Secretary shall issue notices of meetings of the Board, record its transactions,

and conduct that part of the correspondence relating to the Board and to his duties.

ARTICLE III

Executive Administration

The President

1. There shall be a President who shall be elected by ballot by, and hold office during

the pleasure of, the Board, who shall be the chief executive officer of the Institution.

The President, subject to the control of the Board and the Executive Committee, shall

have general charge of all matters of administration and supervision of all arrangements

for research and other work undertaken by the Institution or with its funds. He shall

prepare and submit to the Board of Trustees and to the Executive Committee plans

and suggestions for the work of the Institution, shall conduct its general correspondence

and the correspondence with applicants for grants and with the special advisers of the

Committee, and shall present his recommendations in each case to the Executive Com-
mittee for decision. All proposals and requests for grants shall be referred to the President

for consideration and report. He shall have power to remove, appoint, and, within the

scope of funds made available by the Trustees, provide for compensation of subordinate

employees and to fix the compensation of such employees within the limits of a maximum
rate of compensation to be established from time to time by the Executive Committee.

He shall be ex officio a member of the Executive Committee.

2. He shall be the legal custodian of the seal and of all property of the Institution

whose custody is not otherwise provided for'. He shall sign and execute on behalf of

the corporation all contracts and instruments necessary in authorized administrative and
research matters and affix the corporate seal thereto when necessary, and may delegate

the performance of such acts and other administrative duties in his absence to the

Executive Officer. He may execute all other contracts, deeds, and instruments on behalf

of the corporation and affix the seal thereto when expressly authorized by the Board of

Trustees or Executive Committee. He may, within the limits of his own authorization,

delegate to the Executive Officer authority to act as custodian of and affix the corporate

seal. He shall be responsible for the expenditure and disbursement of all funds of the

Institution in accordance with the directions of the Board and of the Executive Com-
mittee, and shall keep accurate accounts of all receipts and disbursements. Following

approval by the Executive Committee he shall transmit to the Board of Trustees before

its annual meeting a written report of the operations and business of the Institution

for the preceding fiscal year with his recommendations for work and appropriations for

the succeeding fiscal year.

3. He shall attend all meetings of the Board of Trustees.

4. There shall be an officer designated Executive Officer who shall be appointed by

and hold office at the pleasure of the President, subject to the approval of the Executive

Committee. His duties shall be to assist and act for the President as the latter may duly

authorize and direct.

5. The President shall retire from office at the end of the fiscal year in which he becomes
sixty-five years of age.

ARTICLE IV

Meetings and Voting

1. The annual meeting of the Board of Trustees shall be held in the City of Washington,

in the District of Columbia, in May of each year on a date fixed by the Executive

Committee, or at such other time or such other place as may be designated by the

Executive Committee, or if not so designated prior to May 1 of such year, by the
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Chairman of the Board of Trustees, or if he is absent or is unable or refuses to act, by

any Trustee with the written consent of the majority of the Trustees then holding office.

2. Special meetings of the Board of Trustees may be called, and the time and place

of meeting designated, by the Chairman, or by the Executive Committee, or by any

Trustee with the written consent of the majority of the Trustees then holding office.

Upon the written request of seven members of the Board, the Chairman shall call a

special meeting.

3. Notices of meetings shall be given ten days prior to the date thereof. Notice may
be given to any Trustee personally, or by mail or by telegram sent to the usual address

of such Trustee. Notices of adjourned meetings need not be given except when the

adjournment is for ten days or more.

4. The presence of a majority of the Trustees holding office shall constitute a quorum
for the transaction of business at any meeting. An act of the majority of the Trustees

present at a meeting at which a quorum is present shall be the act of the Board except

as otherwise provided in these By-Laws. If, at a duly called meeting, less than a quorum
is present, a majority of those present may adjourn the meeting from time to time

until a quorum is present. Trustees present at a duly called or held meeting at which a

quorum is present may continue to do business until adjournment notwithstanding the

withdrawal of enough Trustees to leave less than a quorum.

5. The transactions of any meeting, however called and noticed, shall be as valid as

though carried out at a meeting duly held after regular call and notice, if a quorum is

present and if, either before or after the meeting, each of the Trustees not present

in person signs a written waiver of notice, or consent to the holding of such meeting, or

approval of the minutes thereof. All such waivers, consents, or approvals shall be filed

with the corporate records or made a part of the minutes of the meeting.

6. Any action which, under law or these By-Laws, is authorized to be taken at a

meeting of the Board of Trustees may be taken without a meeting if authorized in a

document or documents in writing signed by all the Trustees then holding office and
filed with the Secretary.

7. During an emergency period the term "Trustees holding office" shall, for purposes

of this Article, mean the surviving members of the Board who have not been rendered

incapable of acting- for any reason including difficulty of transportation to a place of

meeting or of communication with other surviving members of the Board.

article v

Committees

1. There shall be the following Standing Committees, viz. an Executive Committee, a
Finance Committee, an Auditing Committee, a Nominating Committee, and an Employee
Benefits Committee.

2. All vacancies in the Standing Committees shall be filled by the Board of Trustees

at the next annual meeting of the Board and may be filled at a special meeting of the

Board. A vacancy in the Executive Committee and, upon request of the remaining

members of any other Standing Committee, a vacancy in such other Committee may be

filled by the Executive Committee by temporary appointment to serve until the next

meeting of the Board.

3. The terms of all officers and of all members of Committees, as provided for herein,

shall continue until their successors are elected or appointed.

Executive Committee

4. The Executive Committee shall consist of the Chairman, Vice-Chairman, and
Secretary of the Board of Trustees, the President of the Institution ex officio, and, in

addition, not less than five or more than eight Trustees to be elected by the Board by
ballot for a term of three years, who shall be eligible for re-election. Any member elected
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to fill a vacancy shall serve for the remainder of his predecessor's term. The presence of

four members of the Committee shall constitute a quorum for the transaction of business

at any meeting.

5. The Executive Committee shall, when the Board is not in session and has not given

specific directions, have general control of the administration of the affairs of the

corporation and general supervision of all arrangements for administration, research,

and other matters undertaken or promoted by the Institution. It shall also submit to the

Board of Trustees a printed or typewritten report of each of its meetings, and at the

annual meeting shall submit to the Board a report for publication.

6. The Executive Committee shall have power to authorize the purchase, sale, exchange,

or transfer of real estate.

Finance Committee

7. The Finance Committee shall consist of not less than five and not more than six

members to be elected by the Board of Trustees by ballot for a term of three years, who
shall be eligible for re-election. The presence of three members of the Committee shall

constitute a quorum for the transaction of business at any meeting.
8. The Finance Committee shall have custody of the securities of the Institution and

general charge of its investments and invested funds and shall care for and dispose of the same
subject to the directions of the Board of Trustees. It shall have power to authorize the pur-

chase, sale, exchange, or transfer of securities and to delegate this power. So long as the

Institution is the trustee under any retirement or other benefit plan for the staff members
and employees of the Institution, it shall be responsible for supervision of matters relating to

investments thereunder and for the appointment or removal of any investment manager or

advisor. It shall also be responsible for reviewing the financial status and arrangements of

any employee benefit plan for which the Institution is not the trustee and for appointment
or removal of any plan trustee or insurance carrier. It shall consider and recommend to the

Board from time to time such measures as in its opinion will promote the financial interests

of the Institution and improve the management of investments under any retirement or other

benefit plan. The Committee shall make a report at the annual meeting of the Board.

Auditing Committee

9. The Auditing Committee shall consist of three members to be elected by the Board

of Trustees by ballot for a term of three years.

10. Before each annual meeting of the Board of Trustees, the Auditing Committee

shall cause the accounts of the Institution for the preceding fiscal year to be audited

by public accountants. The accountants shall report to the Committee, and the Com-
mittee shall present said report at the ensuing annual meeting of the Board with such

recommendations as the Committee may deem appropriate.

Nominating Committee

11. The Nominating Committee shall consist of the Chairman of the Board of

Trustees ex officio and, in addition, three Trustees to be elected by the Board by ballot

for a term of three years, who shall not be eligible for re-election until after the lapse

of one year. Any member elected to fill a vacancy shall serve for the remainder of his

predecessor's term, provided that of the Nominating Committee first elected after

adoption of this By-Law one member shall serve for one year, one member shall serve

for two years, and one member shall serve for three years, the Committee to determine

the respective terms by lot.

12. Sixty days prior to an annual meeting of the Board the Nominating Committee
shall notify the Trustees by mail of the vacancies to be filled in membership of the Board.

Each Trustee may submit nominations for such vacancies. Nominations so submitted

shall be considered by the Nominating Committee, and ten days prior to the annual

meeting the Nominating Committee shall submit to members of the Board by mail a list

of the persons so nominated, with its recommendations for filling existing vacancies on

the Board and its Standing Committees. No other nominations shall be received by the

Board at the annual meeting except with the unanimous consent of the Trustees present.
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Employee Benefits Committee

13. The Employee Benefits Committee shall consist of three members to be elected by the

Board of Trustees by ballot for a term of three years, who shall be eligible for re-election and
the Chairman of the Finance Committee ex officio. Any member elected to fill a vacancy shall

serve for the remainder of his predecessor's term.

14. The Employee Benefits Committee shall, subject to the directions of the Board of
Trustees, be responsible for supervision of the activities of the administrator or administra-

tors of any retirement or other benefit plan for staff members and employees of the Institu-

tion, except that any matter relating to investments or to the appointment or removal of any
trustee or insurance carrier under any such plan shall be the responsibility of the Finance
Committee. It shall receive reports from the administrator or administrators of the employee
benefit plans with respect to administration, benefit structure, operation, and funding. It

shall consider and recommend to the Board from time to time such measures as in its opinion
will improve such plans and the administration thereof. The Committee shall submit a report
to the Board at the annual meeting of the Board.

ARTICLE VI

Financial Administration

1. No expenditure shall be authorized or made except in pursuance of a previous

appropriation by the Board of Trustees, or as provided in Article V, paragraph 8, hereof.

2. The fiscal year of the Institution shall commence on the first day of July in each

year.

3. The Executive Committee shall submit to the annual meeting of the Board a full

statement of the finances and work of the Institution for the preceding fiscal year and a

detailed estimate of the expenditures of the succeeding fiscal year.

4. The Board of Trustees, at the annual meeting in each year, shall make general

appropriations for the ensuing fiscal year; but nothing contained herein shall prevent

the Board of Trustees from making special appropriations at any meeting.

5. The Executive Committee shall have general charge and control of all appropria-

tions made by the Board. Following the annual meeting, the Executive Committee may
allocate these appropriations for the succeeding fiscal year. The Committee shall have full

authority to reallocate available funds, as needed, and to transfer balances.

6. The securities of the Institution and evidences of property, and funds invested and

to be invested, shall be deposited in such safe depository or in the custody of such trust

company and under such safeguards as the Finance Committee shall designate, subject

to directions of the Board of Trustees. Income of the Institution available for expenditure

shall be deposited in such banks or depositories as may from time to time be designated

by the Executive Committee.

7. Any trust company entrusted with the custody of securities by the Finance Com-
mittee may, by resolution of the Board of Trustees, be made Fiscal Agent of the

Institution, upon an agreed compensation, for the transaction of the business coming

within the authority of the Finance Committee.

8. The property of the Institution is irrevocably dedicated to charitable purposes,

and in the event of dissolution its property shall be used for and distributed to those

charitable purposes as are specified by the Congress of the United States in the Articles of

Incorporation, Public Law No. 260, approved April 28, 1904, as the same may be

amended from time to time.

ARTICLE VII

Amendment of By-Laws

1. These By-Laws may be amended at any annual or special meeting of the Board of

Trustees by a two-thirds vote of the members present, provided written notice of the

proposed amendment shall have been served personally upon, or mailed to the usual

address of, each member of the Board twenty days prior to the meeting.
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