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About the Special Issue Editor

Robert Cooper Liebermann As an undergraduate student at Caltech in the early 1960s, I spent most
of my time playing intercollegiate football and indulging in student body politics. However, in my
senior year, I was fortunate to take a seminar reading course in geophysics led by Don Anderson,
who introduced me to studies of the deep interior of the Earth.

In my early days as a seismology graduate student at Columbia University, I conducted research
at the Lamont Geological Observatory on techniques to study the relative excitation of surface waves
by earthquakes and underground nuclear explosions. In 1965, Orson Anderson joined the geology
faculty at Columbia and was looking for prospective graduate students. I began to work with Orson
and his research colleague Ed Schreiber, using the techniques of ultrasonic interferometry to measure
sound velocities in minerals at elevated pressures and temperatures (in those days, to 0.7 GPa and
200 °C); the research activities of their laboratory are described in “The Orson Anderson Era of
Mineral Physics at Lamont in the 1960s” in this volume. I have continued to use such techniques for
the remainder of my career at the Australian National University (see “The Birth of Mineral Physics
at the ANU in the 1970s”) and at Stony Brook University (see “My Career as a Mineral Physicist at
Stony Brook: 1976-2019” in this volume); see also Liebermann, R. C., “The Role of Serendipity in My
Career in Mineral Physics: 1968 to 2013”, Phys. Earth Planet. Interiors 2014, 228, 307-323.

In 1976, I took up a faculty position at the Department of Geosciences at Stony Brook University.
Over the next half a century, in collaboration with graduate students from the U. S., China and Russia,
and postdoctoral colleagues from Australia, France and Japan, I pursued studies related to the elastic
properties of minerals (and their structural analogues) at high pressures and temperatures. In the
1980s, together with Donald Weidner (Director of the Mineral Physics Institute), I established the
Stony Brook High Pressure Laboratory, and established the first modern multi-anvil, high-pressure
laboratory in North America, using apparatus imported from Japan. With these facilities, we
were able to achieve pressure in excess of 20 GPa and simultaneous temperatures above 2000 °C
(see also Liebermann, R. C., “Multi-anvil, high-pressure apparatus: A half century of development
and progress”, High Pressure Research 2011, 31, 493-532). In 1991, in collaboration with Alexandra
Navrotsky at Princeton University and Charles Prewitt at the Geophysical Laboratory, I founded the
NSF Science and Technology Center for High Pressure Research. In 2003, I served as President of
COMPRES: Consortium for Mineral Physics Research in Earth Sciences. I formally retired in 2014
and have spent the ensuing years watching over the research projects of my Stony Brook colleague
Professor Baosheng Li and writing articles on the history of mineral physics.

In collaboration with Professor Lars Ehm at Stony Brook and Gabriel Gwanmesia from Delaware
State University, I have created a diversity program called “A Career Path for African-American
Students from Historically Black Colleges and Universities to National Laboratories”. This initiative
teaches marketable skills, places students in internships, and fosters the professional career tracks
of underrepresented minorities. It has been supported by a new program called “Opportunities for
Enhancing Diversity in the Geosciences of the NSF” (EOS, Earth and Space Sciences News 2016, 97,
9-11).






Preface to “Mineral Physics —In Memory of Orson

Anderson”

ORSON LAMAR ANDERSON
December 3, 1924-June 19, 2019

Orson Anderson was born in December 1924 in Price, Utah. He completed all of his college
education at the University of Utah. His PhD advisors were Henry Eyring and Walter Elsasser. Once
he graduated, he worked at Bell Telephone Laboratories and was introduced to physical acoustics by
Warren Mason and Harold McSkimin. After a few years at American Standard Company, he joined
the Lamont Geological Observatory of Columbia University in 1963 and later became a Professor at
the Department of Geology. In 1971, he moved to the University of California, Los Angeles (UCLA),
where he remained until his retirement in 2002. During his years at UCLA, he served as Director of
the Institute of Geophysics and Planetary Physics (IGPP).

In early 2019, I wrote a paper entitled “The Orson Anderson Era of Mineral Physics at Lamont
in the 1960s”, and began to explore options for its publication. When the Assistant Editor for Minerals,
Ms. Jingjing Yang, agreed to consider my paper, she also inquired as to whether I would like to the
be the Guest Editor for a Special Issue in honor of Orson Anderson. After asking prospective authors
about the viability of such a Special Issue, I accepted her invitation, with the hope and expectation
that it would be a wonderful present for his 95th birthday. This Special Issue is the result. It contains
original scientific papers, as well as historical reviews of the field of mineral physics (and also rock
physics). Mineral physics is the study of mineralogical problems through the application of
condensed matter physics. In reality, mineral physicists use not only physics, but also solid-state

chemistry; they study not only minerals, but all materials related to natural minerals (e.g., structural

xiii



analogs, but also glasses, melts and fluids). Mineral and rock physics are intimately connected to
many other geoscience disciplines, including seismology, planetary science, petrology, geochemistry,
geomagnetism, and geodynamics, and even materials and climate science (see the Williams—
Lattimore diagram below; copyright R. C. Liebermann).

The papers in this Special Issue are grouped into four categories: Reviews, Experimental Science,
Theoretical Science and Technological Developments. These papers include those from; first, authors
covering five generations of mineral physicists, including contemporaries of Orson (e.g., William
Bassett, Frank Stacey), the next generation of leaders in mineral physics throughout the world (e.g.,
Michael Brown, Eijji Ohtani), current leaders in the field (e.g., Agnes Dewaele, Jun Tsuchiya), senior
graduate students (e.g., Jan Borgonmano, Vasilije Dobrosavlijevic, Francesca Miozzi), and an
undergraduate student (i.e., Tyler Perez). Note that Tyler, a student of Jennifer Jackson at Caltech, is an
academic great-great grandson of Orson Anderson (Anderson > Liebermann > Bass > Jackson > Perez).

Regrettably, Orson died in June 2019, before we could complete and publish this Special Issue,
and thus, it will be published “In Memory of Orson Anderson.” However, his daughter Bonnie reported
that she was able to read my paper on the Orson Anderson era at Lamont to him before he died.

Planetary Science

Petrology

Chemistry/Physics
of Interiors, Impact

Seismology
Phase Equilibria,

Viaterials
Magma Formation pClENCE

Superhard
Mineral and Rock Physics| aeme

Elastic and
" ic Properties

Volatile
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Chenmistry, and Iron Alloy Rheological
Partitioning, Properties Properties
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T

Corrigendum: The woman in the photo in Figure 1 of my paper on “The Birth of Mineral Physics
at the ANU in the 1970s” was not Mrs. Akimoto, the wife of Professor Syun-iti Akimoto of the
University of Tokyo. The woman is, in fact, Nobuko Yagi, the wife of Professor Kenzo Yagi of
Hokkaido University and the mother of Takehiko Yagi of the University of Tokyo. I apologize to the
Yagi family for this oversight.

Robert Cooper Liebermann
Special Issue Editor
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The Orson Anderson Era of Mineral Physics
at Lamont in the 1960s

Robert Cooper Liebermann

Mineral Physics Institute and Department of Geosciences, Stony Brook University,
Stony Brook, NY 11794-2100, USA; Robert.Liebermann@stonybrook.edu; Tel.: 1-(631)-632-1968
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Abstract: From 1964 to the early 1970s, Orson Anderson led a research program at the Lamont
Geological Observatory in the newly-emerging field of “mineral physics”. In collaboration with
colleagues Edward Schreiber and Naohiro Soga, Orson exploited the techniques of physical acoustics
to study the behavior of the sound velocities of minerals at elevated pressures and temperatures.
This research program also included semi-empirical studies of the relationships between the bulk
modulus and the molar volume of solids, the use of lattice dynamics to calculate the elastic moduli of
cubic structures as a function of pressure to predict instabilities, and theoretical investigations of the
Lagrangian and Eulerian formulations of finite strain equations of state.

Keywords: mineral physics; ultrasonic interferometry; resonant ultrasound spectroscopy; law of
corresponding states; equations-of-state; Columbia University; American Geophysical Union

1. Background on Mineral Physics

According to Robert Hazen [1], “mineral physics is the study of mineralogical problems through
the application of condensed matter physics”. In reality, mineral physicists use not only physics
but also solid-state chemistry. In addition, they study not only minerals but all materials related to
natural minerals (e.g., structural analogs, but also glasses, melts, and fluids). The father of mineral
physics is widely accepted to be Francis Birch, whose seminal paper in 1952 summarized the state of
knowledge of the elasticity and constitution of the Earth’s interior at that time [2]; however, Birch did
not use the name “mineral physics”. Orson often cited the German physicist Eduard Griineisen as the
person who first introduced the term mineral physics [3]. Over the subsequent two decades, many
laboratories began to conduct experiments on the physical properties of minerals at high pressures and
temperatures. Among these were Orson Anderson at Lamont (and later at the University of California
Los Angeles/UCLA), John Jamieson at the University of Chicago, Alvin Van Valkenburg at the National
Bureau of Standards, William Bassett and Taro Takahashi at the University of Rochester, Ho-kwang
Mao and Peter Bell at the Carnegie Institution of Washington, Gene Simmons at the Massachusetts
Institute of Technology, Mineo Kumazawa at Nagoya University, Thomas Ahrens at the California
Institute of Technology, Gerhard Barsch (and later Earl Graham) at the Pennsylvania State University,
Hartmut Spetzler at the University of Colorado, Francis Birch (and later Richard O’Connell) at Harvard
University, Murli Manghnani at the University of Hawaii, Syun-iti Akimoto at the University of Tokyo,
Jean-Paul Poirier at the Institut de Physique du Globe in Paris, and Robert Liebermann at the Australian
National University (and later at Stony Brook University).

2. The Mineral Physics Laboratory at Lamont

The Mineral Physics Laboratory at the Lamont Geological Observatory was established in the
early 1960s by Orson Anderson. From 1965 to 1970, I was a graduate student, later postdoc, in that
laboratory (Figure 1). The story of how the lab was founded is best told in Orson’s own words.

Minerals 2019, 9, 342; d0i:10.3390/min9060342 1 www.mdpi.com/journal/minerals
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Figure 1. In 1976, Orson gave one of the invited talks at a workshop on seismic anisotropy in the Castle

of Liblice in Czechoslovakia, convened by Vladislav Babuska, Jaroslava Plomerova, and I.

In the following paragraphs, I shall quote from a correspondence written in May 2008 [4] by
Anderson to Michael Purdy (Director of Lamont) and to the author in 2008 [5] and 2014 [6], with the
permission of Orson (whose words will be highlighted in italics throughout this paper).

I [Anderson] was a physicist at Bell Labs for 10 years. I received my PhD in physics at the University of
Utah under the supervision of Henry Eyring and Walter Elsasser in the field of physical acoustics in 1951 and
was snapped up by Bell Telephone Laboratories, who needed physicists trained in acoustics but found them sparse
in the graduate lists of the country. Transistor physics was blooming at the time, but the telephone industries
still ran on electrical mechanical devices, and physical acoustics is the mainstay of the research needed for such
devices. I prospered in my science career at Bell Labs under the tutelage of Warren Mason and Hal McSkimin.

It was a custom at Bell Labs that an important visitor be accompanied for his entire visit by a host who is
a young scientist. A Bell Vice President, William Baker, asked me to be the host of Lamont Director Maurice
Ewing during his one-day visit in 1962. At the luncheon, I was seated between Baker and Ewing. Ewing said
that the most significant lab to him that he visited was the lab of his host. Ewing said that one of Lamont’s
perplexing problems was to determine the thickness of sediments over the basement rocks. The analysis of the
sonar signal determined the lapsed time, not the thickness. The primary difficulty is that the velocity of sound
through the sediment layer is often not known. Ewing thought that they needed the kind of lab that Anderson had
and the technical support that went with it. So, he boldly asked my VP if Lamont could borrow me to establish a
physical acoustics lab at Lamont. Vice President Baker said yes you could have him two or three days a week. So,
it was settled that I was to build a lab at Lamont equipped to handle the sediment problem and to find and hire
the scientists necessary to run the lab. I felt a little bit like I was in the slave market, so I spoke up and said I will
agree to do that if Lamont will take me on some of their ocean research expeditions.

I hired two postdocs on behalf of Lamont to run the new lab: Edward Schreiber from Alfred University
in 1963 and Naohiro Soga from the Research Division of American Standard in 1964 (where he had been
working for two years after finishing graduate school at Kyoto University). Both had PhDs in ceramics and
industrial chemistry, and I trained them in physical acoustics at my lab at Bell Labs. Schreiber took charge of the
high-pressure experiments and Soga the high-temperature experiments. By 1965, Soga and Schreiber, as postdocs,
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were producing good relevant papers at Lamont, and I had been seduced away from Bell Labs and was now an
adjunct professor of geology at Columbia and a full-time employee at Lamont. My research grants paid my salary.

In 1967, Professor Charles Drake of Columbia, the Chairman of the Department of Geology, had me
appointed a professor of Geology at Columbia University [an appointment which Orson’s graduate students
had been urging for sometime]. I was asked to teach mineralogy. Much later on, Drake told me that Professor
Rhodes Fairbridge of Columbia said that, in view of my record in teaching minerals, the biggest mistake that
the Department ever made was to appoint me a professor in it. I hasten to add that Drake did not agree with
Fairbridges’ opinion. In addition, Orson cited Max Born, Lawrence Bragg, Peter Debye, Peter Paul Ewald,
Andre Guinier, and Max von Laue as physicists who had made major contributions to mineralogy.

To learn geophysics, Orson became editor of the Journal of Geophysical Research. It was during
that period in which all of the basic plate tectonic papers were published under his editorship.

Even though laboratories in this field of experimental mineralogy arose simultaneously in the two decades
after Birch’s 1952 paper, the field did not have a name. The name “mineral physics” first appeared at Lamont.
Director Ewing [known affectionately as “Doc” Ewing by all staff] observed to me that my lab was the only one
at Lamont without a name; so, I pondered what the name should be and thought it should have physics in it
because we were using the tools of physical acoustics, and it ought to be related to geological sciences, so the word
mineral seemed an appropriate adjective. Thus, a sign labeled “Mineral Physics” appeared on the door of our lab
in an old shed, which was located just north of the new seismology building. As far as I can determine, the words
“mineral physics” were not used before the sign was printed and posted. A photograph of the sign, which was
made by Ed Schreiber, is shown in Figure 2 [7].

{ MIMERAL PHYSIC

Figure 2. “Mineral Physics” sign from Lamont in 1965. The name proposed by Orson Anderson.
The sign and photo were made by Edward Schreiber [7].

This is why Orson maintains that mineral physics was born at Lamont in the year 1964 [5].
The name “mineral physics” was subsequently adopted by the All-Union Committee of the American
Geophysical Union (AGU), for which Orson served at the founding chair. The name has become part
of the vocabulary of researchers around the world; by 2007, there were more than 30 mineral physics
laboratories in academic and governmental institutions in the U.S.

The research program in Orson’s laboratory at Lamont included experimental, semi-empirical,
and theoretical studies. The principal experimental technique was the determination of sound velocities
using ultrasonic interferometry (including both pulse—echo overlap and pulse superposition versions) to
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a pressure of 2 kbar (0.2 GPa) and a temperature of 200 °C. Minerals investigated included polycrystalline
aggregates or single crystals of MgO-periclase [8], AlyO3-corundum [9], Mg,SiO4-forsterite [10],
MgAl,Oy-spinel [11], zincite-ZnO [12], garnet [13], alpha-SiO, [14], CaO [15], Fe;O3-hematite [16],
NiFe,O4-ferrite [17], and (Mg,Fe),SiO4-olivine [18]. Advances in ceramic technology made available
high-quality polycrystalline specimens suitable for high-frequency ultrasonic experiments [i.e., low
porosity, small grain size, free of cracks, and densities close to theoretical values derived from X-ray
diffraction]. Most of these studies were led by Ed Schreiber and Naohiro Soga, along with visiting
scientists (Mineo Kumazawa and Murli Manghnani) and graduate student Robert Liebermann. For a
summary of these ultrasonic studies, see Figure 3 and the review paper in Reviews of Geophysics [19];
see also [20]. In Anderson’s 1995 book “Equations of State of Solids for Geophysics and Ceramic Science” [21],
he states: Ed and I showed the community that precision ultrasonic measurements of sound velocity done under
pressure [modest indeed by today’s standards] could yield valid equations of state in the shock wave pressure regine.
Naohiro and I demonstrated that high-temperature elasticity obeyed certain fundamental laws in solid-state
physics first presented by Max Born and Eduard Griineisen in the 1920s and 1930s. Their paper [22] was
selected as the outstanding contribution to ceramic literature in 1966 and brought them the Ross Coffin
Purdy Award of the American Ceramic Society in 1968.
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Figure 3. Summary of elastic properties of minerals from Anderson, Schreiber, Liebermann, and Soga [19].

Another experimental technique adopted and improved by Naohiro Soga and associates involved
vibrating specimens of isotropic symmetry to their natural resonances and measuring the frequencies of
their normal modes [23,24]. Initially, these studies used spherical specimens of tektites and lunar beads,
but, later, these were extended to rectangular specimens (and the technique was termed rectangular
parallelepiped resonance, or RPR) and were particularly useful in measuring the resonances at high
temperatures (extension to high pressures was not feasible, as the spherical normal modes were
damped by the applied pressure).



Minerals 2019, 9, 342

When Orson decided to extend this technique to anisotropic specimens, he engaged Columbia
undergraduate Harold Demarest to pursue this objective. In the following paragraph, Orson describes
the success of this initiative.

A Lamont graduate student, Harry Demarest, decided to see if he could measure the velocity of sound
in a small cube of a mineral with cubic symmetry, but he had to do research to find the required equations
that yield the velocity of sound. His experimental results showed a series of resonant bands (a spectrumy),
and Demarest developed the theory for analyzing this spectrum to yield the elastic constants and velocities of
sound. His sample was a single crystal, with cubic symmetry, of MgO. This was very exciting because we
had opened the door to measuring the elastic constant of a small body having any crystallography symmetry.
Furthermore, we did not need glue to bond the crystal to the transducer but used gravity to hold the crystal
between the transducers touching opposite corners of the cube. Using glue for the transducers limits temperature
measurements to about 700 °C. Without glue, we could hope for measurements for temperatures up to a large
fraction of the melting point (in the range 2000-2500 °C). Demarest graduated from Lamont with his PhD,
and we replaced him with Dr. Ichiro Ohno as a Lamont postdoc. Ohno was an accomplished theorist from Nagoya
who undertook the theoretical problem of analyzing the resonance spectrum of a crystal with any symmetry.
At our lab at Lamont, we had invented a new field in physical acoustics, it is now called RUS (Resonant
Ultrasound Spectroscopy). For pioneering the field of RUS, the Acoustical Society of America gave me a citation.
This citation brought welcome new funding to Lamont and the Mineral Physics Lab from the Office of Naval
Research. More importantly, our lab had pierced the barrier to find physical properties at Earth’s mantle and
core conditions because of the high temperature capability of RUS. This new work of mineral physics gave the
high-temperature answers to help theorists develop the new theory of superplumes [25].

There were two, somewhat amusing episodes during these sound velocity studies:

In 1969, Mineo Kumazawa had arrived at Lamont to study the elasticity of single-crystal diamondz
(following earlier work at Bell Labs by colleagues of Anderson). Instead, he was encouraged to study
single-crystal olivines. Orson purchased a large single crystal of Burmese peridot from a gem dealer in
New York City for a cost of more than $5000; he was so proud of that crystal that he published a photo
and news item in the local newspaper in Palisades, NY. After Kumazawa cut the precious crystal into
rectangular parallelepipeds for the acoustic studies, someone broke into the mineral physics lab at
night and stole the largest pieces (which now had no commercial value). Kumazawa was devastated
and embarrassed, and had no recourse but to try to perform his sound velocity measurements on
the small pieces remaining, often termed “curf loss”. He succeeded, and he and Orson published a
seminal paper in the Journal of Geophysical Research [18].

The other “amusing” episode occurred in 1970 and involved laboratory measurements of the
sound velocities in lunar rocks returned from the Moon by the Apollo missions. In Orson’s own words:

This was the time of the Apollo landings, and we received five rocks from the Moon to measure their physical
properties. We were amazed to discover that the surface of the Moon had a velocity of sound of about 1.8-2.1 km
per second, approximately that of seawater. Schreiber and I published a paper in Science [26] showing that the
average sound velocity of the Moon rocks was close to provolone cheese. This paper brought many request for
reprints. Of course, our task was to find why the velocity was so low in the lunar crust. We searched and found
small glass spheroids (1 mm or less) in the lunar soils. They were formed by the liquid splash from meteorites
hitting the lunar surface. We found the sound velocity of the lunar glass spheroids to be about 6.5 km per
second [23], which is what the rocks should have had by their composition. After several years, we found that
the velocity of sound of lunar material was low because it had been extensively cracked in a complete vacuum.
There was no liquid meniscus between the surface cracks and the sound would not cross over the cracks. More
importantly to physical acoustics was our discovery that we could measure the velocity of sound in a tiny sphere.
This led to a substantial innovation in physical acoustics because we were resonating a very tiny isotropic sphere
and obtaining the velocity of sound. The equations used are found in Rayleigh’s classical book. See discussion of
sphere resonant techniques above.
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In the introduction to of a memorial volume of PAGEOPH dedicated to Ed Schreiber (Figure 4) [27],
William Bassett and I quoted from their 1970 Science paper “Properties and Composition of Lunar
Materials: Earth Analogies”.

To account for these very low velocities, we decided to consider materials other than those listed initially
by Birch or the later more detailed compilations of Anderson and Liebermann [28]. [The search was aided
by considerations of much earlier speculations concerning the nature of the Moon by Erasmus in 1542 [29];
“With this merry toy ... he made his friends to believe the Moon to be made of green cheese”], and a significant
group of materials was found which have velocities that cluster around those actually observed for lunar rocks
(see Figure 5).

Experimental Techniques
in Mineral and

Rock Physics

The Schreiber Volume

Birkhauser

Figure 4. The Schreiber Volume edited by Liebermann and Sondergeld [27].
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Figure 5. From Schreiber and Anderson [26] showing the comparison between sound velocities for the

lunar rocks and for various earth materials.

The materials [cheeses] were chosen so as to represent a broad geographic distribution in order to preclude
any bias that might be introduced by regional sampling. It is seen that these materials exhibit compressional
velocities that are in consonance with those measured for lunar rocks—uwhich leads us to suspect that perhaps old
hypotheses are best after all and should not be lightly discarded.

As seen in Figure 5, the Vy = a + bp curve of Birch [30] for the rock types diabase, gabbros, and eclogites fit
the cheeses surprisingly well. This apparent inconsistency, in that the cheeses do obey these relationships by
having a velocity appropriate to their density, in contrast to the lunar rocks with which they compare so well,
may readily accounted for when one considers how much better aged the lunar materials are.”

In 1970, Anderson and Schreiber used these velocity measurements in a Christmas card (Figure 6)
for which they wrote, “It brightens the spirits in times like these to know the Moon is made of cheese”.
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( Science, 168, 1579, 1970)

MINERAL PHYSICS LABORATORY
LAMONT-DOHERTY GEOLOGICAL OBSERVATORY
OF COLUMBIA UNIVERSITY

Figure 6. From Christmas card sent by Schreiber and Anderson to colleagues in 1970. Based on
Schreiber and Anderson [26] showing velocities of lunar rocks compared with terrestrial cheeses.



Minerals 2019, 9, 342

From 1964 to the early 1970s, Anderson and his colleagues published many papers in peer-reviewed
scientific journals; after leaving Lamont for the University of California in 1971, Orson put these
Collected Reprints into a special volume to share with his friends and colleagues (see Figure 7).
In addition to his 1995 book (Figure 8), Orson also was a co-author, with Ed Schreiber and Naohiro
Soga, of a book entitled “Elastic Constants and Their Measurement” [31] (see Figure 9), in which they
discussed the theory of elasticity and various experimental techniques to measure elastic properties,
indirect methods to estimate elastic constants, and thermodynamic approaches to estimate the pressure
and temperature derivatives of elastic constants.

MINERAL
. PHYSICS
LABORATORY

Figure 7. Collected Reprints from the mineral physics laboratory of Orson Anderson at Lamont from
1964 to 1970.
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Institute of Geophysics and Planetary Physics
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Figure 8. 1995 book by Orson Anderson based on notes for his solid-state geophysics course at Lamont
Geological Observatory in the 1960s.
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Naohiro Soga

Figure 9. Book by Schreiber, Anderson, and Soga [31].

During his eight years on the geology faculty at Columbia University, Orson supervised four
graduate students: Bob Liebermann, whom he recruited from the Seismology Group at Lamont;
Leon Thomsen, whom he recruited from the Goddard Institute for Space Science in New York;
Harry Demarest, whom he recruited when he was an undergraduate at Columbia; and Nicholas
Warren, who followed Orson to UCLA. In the acknowledgements for his 1995 book [21], Orson
thanked us: Leon for teaching me Lagrangian theory, Bob for teaching me persistence, and Harry for laying the
computational foundation of resonant ultrasound spectroscopy.

Orson initially co-opted me to do library research for a review paper he had promised to write for
the Air Force Office of Scientific Research (AFOSR). In those days before electronic journals, it was

11
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necessary to access hard copies and take notes or, if lucky, make photocopies. Fortunately, Columbia
has an excellent library containing journals going back to the 19th century, and I also visited the
Library of Congress during an AGU meeting in Washington. This 1966 report for the AFOSR was later
published in Volume IVB of Physical Acoustics, edited by Warren Mason [28].

Both Thomsen and I graduated in 1969 with the theses “On the Fourth-Order Anharmonic
Equation of State of Solids” [32] and “Effect of Iron Content upon the Elastic Properties of Oxides and
Some Applications to Geophysics” [33], respectively. In collaboration with Subir Banerjee (then at
the Ampex Corporation and now at the University of Minnesota), we discovered anomalies in the
compressional and shear properties of hematite in the region of the Morin transition, which we ascribed
to magnetoelastic interactions [34,35].

The semi-empirical research in Orson’s laboratory included investigations of the relationship
of the bulk modulus K to the volume V of oxides [36], which later evolved to a proposed “law of
corresponding states for oxides” [37]; for restrictions of this “law”, see [38]. The latter showed that
Anderson’s law is valid only for oxides having their mean atomic weight to be near the value of 20 or
21, while other oxides follow the more common law of chemical physics prescribed by lattice dynamics.

During this same time period, Don Anderson, at Caltech, had formulated a “seismic equation of
state” [39]. The two Andersons (Don and Orson) spent a few years dueling over which equations of
state was the more appropriate; see [40]. As the two protagonists had almost identical initials, D.L. and
O.L., many authors began to spell out their first names when referencing their papers.

In another semi-empirical research initiative, Anderson and Liebermann [41] used lattice dynamics
and a Born repulsive potential between atoms to calculate the elastic constants of cubic lattices NaCl,
CsCl, and ZnS as functions of pressure and to predict the vanishing of a shear constant (either cy4 or
¢’ =1/2(c11 — c12)); see also [42].

The primary theoretical research in the mineral physics lab in the 1960s was conducted by graduate
student Leon Thomsen, to whom I am indebted for the following history [43].

As described in detail above, Orson’s group got the opportunity to measure acoustic velocities on
lunar rocks, which had been recovered on the Apollo mission. Comparing with terrestrial analogs,
they found that the lunar rock velocities were close to that of sapsago cheese, a hard cheese from
Switzerland. As such, they actually published a scholarly paper likening the Moon to green cheese [26].

Perhaps because of this, I took Orson’s class in mineral physics. During that semester, a paper
by Anderson appeared in the Journal of Geophysical Research, of which he was the editor. I detected a
logical error in that paper, and I brought it to Orson’s attention. Orson said, “You are correct; write a
short paper discussing my error. I will see that it gets accepted by the Journal of Geophysical Research
under your name”. This was a great lesson in academic ethics [44].

I switched my focus to Geophysics and moved my office from the Goddard Institute for Space
Science to Lamont. Orson guided my research into a PhD thesis [32,45]. This was a challenge to the
conventional (Eulerian) formulation of finite strain theory promoted by the de facto dean of mineral
physics, Francis Birch of Harvard; see details in Section 1 of my 1970 paper [45]. My thesis turned out
to be a theoretical dead end, but it provided me with the basic mathematical foundation and insights
which eventually led me to make important contributions in the analysis of seismic anisotropy” (end of
quote from Thomsen).

At Columbia, Orson taught a graduate course on “solid-state geophysics”, which started with
elementary lattice dynamics and continued to equations-of-state of solids. I adapted these notes and
used them at the Australian National University from 1973 to 1976 and at Stony Brook from 1977 to
2013. These lecture notes later formed the basis for his 1995 book “Equations of State of Solids for
Geophysics and Ceramic Science” (see Figure 8) [21].

As a native of Utah, Orson had a fascination with the Four Corners area of the western U.S.
As he was now a professor of geology at Columbia and using ultrasonic techniques to measure sound
velocities of rocks and minerals, Anderson organized field trips in 1966 and 1967 to the diatremes
of northeastern Arizona, including those at Mule Ear, Garnet Ridge, Cane Valley, and Buell Park.

12
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To reach Mule Ear, it was necessary to hire a rubber raft and a guide to transport us from Bluff,
Utah, to the field site (Figure 10a). The Columbia team was a strange one for geological field work,
as it included a solid-state physicist (Anderson), a ceramist (Schreiber), an industrial chemist (Soga),
and two seismologists (Peter Molnar and the author), so-called “strangers in paradise;” fortunately,
we had an excellent field guide, Eugene Shoemaker from the US Geological Survey in Flagstaff,
Arizona (Figure 10b). Though we did not find any diamond-bearing rocks, we did obtain many
interesting specimens and photos (see Figure 10c). In 1968, we drove to the Garnet Ridge diatreme,
where Orson and Mineo Kumazawa posed for special photos (Figure 10d,e). Kumazawa, Helmstaedt,
and Masaki [46] later published a paper on the elastic properties of eclogite xenoliths from the diatremes
of the Eastern Colorado Plateau, including a Iherzolite from the Mule Ear diatreme (see photos of field
trips to diatremes at end of text Figure 10a—e).

In the late 1960s, the Lamont mineral physics team dispersed, and the Mineral Physics Laboratory
closed. The sign was inherited by Ed Schreiber and later given to Orson, who still has it in Utah
(see Figure 2 from [7]).

Naohiro Soga moved to Rice University and subsequently to Kyoto University, where he continued
to apply lattice dynamics to inorganic network-forming materials such as silicates; he deduced their
interatomic bond strengths, as well as other types of force constants arising from the network structural
vibrations in order to clarify their physical properties.

Orson Anderson moved to the University of California Los Angeles (UCLA) in 1971 and served
on the faculty until 2002.

Edward Schreiber moved to Queens College of the City University of New York. He died tragically
in a car accident in 1991.

In 1998, a Topical Session of the American Geophysical Union was convened in honor of
Orson Anderson, who gave the last talk. A collection papers was later published in American
Mineralogist (Volume 85, 2000), which represented topics of interest to Orson, who was a co-author on
four of the papers [47].

Figure 10. Cont.
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Figure 10. (a) Orson Anderson and Naohiro Soga being transported to the Mule Ear diatreme (in the
background) via a rubber raft piloted by guide Kenny Ross; (b) field geologist Eugene Shoemaker
showing outcrop from the Mule Ear diatreme to Edward Schreiber (ceramist), Orson Anderson
(solid-state physicist with back turned), Naohiro Soga (industrial chemist), and Peter Molnar
(seismologist); (¢) Ed Schreiber viewing Alhambra Rock; (d) Orson Anderson on the Garnet Ridge
diatreme; (e) Mineo Kumazawa at the Garnet Ridge diatreme.
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Abstract: The late Taro Takahashi earned a particularly well-deserved reputation for his research
at Lamont Geological Observatory on carbon dioxide and its transfer between the atmosphere
and the oceans. However, his accomplishments in Mineral Physics, the field embracing the
high-pressure-high-temperature properties of materials, has received less attention in spite of
his major contributions to this emerging field focused on the interiors of Earth and other planets.
In 1963, I was thrilled when he was offered a faculty position in the Geology Department at the
University of Rochester, where I had recently joined the faculty. Taro and I worked together for
the next 10 years with our talented students exploring the blossoming field just becoming known
as Mineral Physics, the name introduced by Orson Anderson and Ed Schreiber, who were also
engaged in measuring physical properties at high pressures and temperatures. While their specialty
was ultrasonic velocities in minerals subjected to high pressures and temperatures, ours was the
determination of crystal structures, compressibilities, and densities of such minerals as iron, its alloys,
and silicate minerals, especially those synthesized at high-pressure, such as silicates with the spinel
structure. These were materials expected to be found in the Earth’s interior and could therefore
provide background for the interpretation of geophysical observations.

Keywords: mineral physics; earth interior; diamond anvil cell; high pressure

1. Introduction

Geophysics, the study of the macro properties of Earth, was very active in the mid-twentieth
century. Such properties included seismic signals (at all depths), gravity, magnetism, moments of
inertia, free oscillations, and heat flow. The study of meteorites and volcanic rocks provided clues
about planetary interiors and suggested the most likely compositions. At the same time, it was
becoming clear that there was not enough understanding of the most fundamental properties of
matter at the conditions existing in the interiors of Earth and other planets, properties that could
possibly be measured in laboratories equipped with apparatus capable of achieving those pressures
and temperatures.

Taro Takahashi and I were good friends while we were graduate students in geology at Columbia
University in the latter part of the 1950s. When he and I had finished and defended our PhD theses,
he was invited by Maurice Ewing, Director of Columbia University’s Lamont Geological Observatory,
to undertake a post-doctoral position to participate in excursions around the oceans on the Vema,
Lamont’s research vessel. I once visited him at Lamont and climbed to the crow’s nest on the Vema,
an adventure which gave me a taste of what it must have been like for him to go to sea and experience
the excitement of making valuable contributions to oceanography. On the Vema, Taro collected samples
of sea water and analyzed them in the Vema chemistry lab immediately after they were collected.
Doc Ewing’s primary research interest, and what he is most famous for, was seismic exploration of the
oceans and the rocks in the floor under the oceans. Over meals, while both were pursuing their research
interests on the Vema, Taro would ask Doc about what the seismic studies were revealing. One day,
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as he learned more about seismic research, he asked Doc what he thought caused the Mohorovi¢i¢
discontinuity (Moho for short) that separates rocks conducting seismic signals at ~6 km per second from
deeper rocks conducting seismic signals at ~8 km per second, and has a depth that varies dramatically
under oceans and continents. It is a major feature of the earth’s interior and was attracting a lot of
attention which eventually led to the theory of plate tectonics, the great paradigm shift in geology.
Doc replied that there were two possible explanations, either a change in composition or a change in
physical properties. It was clear to both that, at that time, the compositions and physical properties
were simply too poorly understood to answer the question adequately.

2. End of Post-Doc Years and Chance to Pursue Research on Earth’s Interior

When Taro’s two-year post-doc appointment was up, he decided it was time to find a position at a
research university where he might be able to find a more definitive answer to the question he had
asked Doc Ewing. He was convinced that finding an answer to that and numerous other questions
about Earth’s interior would depend on more accurate data regarding the properties of minerals at
the pressures and temperatures in the Earth’s interior, and that would need to be done in a lab with
special equipment. He accepted a faculty appointment at Alfred University in Upstate New York in
around 1959. One of the first things Taro did was write a letter to Percy Bridgman, Professor of Physics
at Harvard University and considered the father of high-pressure research, to request some of his
papers. Bridgman replied with an extensive collection of his reprints. As it turned out, Bridgman
had sent that valuable collection to Taro shortly before he died. It was only a few years after that
a research team at the General Electric Research Lab succeeded in synthesizing diamond using the
belt apparatus invented by Tracy Hall. When General Electric executives told Tracy that the belt
design belonged to GE, Tracy left GE and returned to his hometown, Provo, Utah. There, he joined the
Brigham Young University faculty, where he invented the tetrahedral multi-anvil press which was
also able to synthesize diamond. It was a derivation of the tetrahedral multi-anvil apparatus that
Taro installed in his lab at Alfred University [1] (Figure 1). He and his students analyzed the physical
properties of minerals at high pressures, especially minerals with a composition believed to be the
same as, or similar to, the components of the earth’s interior.

Soon after I completed my thesis, I took a post-doc position in the Chemistry Department at
Brookhaven National Laboratory measuring the ages of minerals from young volcanic rocks, a job
made possible because two of the most sensitive mass spectrometers in the world resided there in
Oliver Schaeffer’s lab. This was very different from going to sea on the Vema, but was very exciting
in other ways. When my post-doc appointment ended in 1961, I took a position in the Geology
Department at the University of Rochester, not far from Alfred.

Shortly after I had settled into my new job, the chairman of the Geology Department, Bob Sutton,
asked me who I thought the department should add to its faculty next. Without hesitation, I said,
“Taro Takahashi”. I, too, had installed equipment, a GE X-ray machine so I could study minerals;
Taro seemed a perfect choice. Much to my pleasure, Bob took me seriously, and we invited Taro to
pay us a visit. Shortly after that, Taro was offered a position in the Geology Department at Rochester
and generous space to carry on his research into the effects of high pressure on minerals. Outfitting
his lab with equipment, his move from Alfred to Rochester went well, except for one unfortunate
incident. He brought with him the large plumber’s vise (near the foreground in Figure 1) that he
needed for some of his experiments. When the campus plumbers left after installing a badly needed
sink, he realized that his vise was missing and could not be found anywhere. It was a serious loss but,
at the same time, it was a source of amusement when we tried to imagine the plumbers asking each
other if the vise could possibly have belonged to the new guy just moving in, and if he could possibly
need a plumber’s vise for his research.
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Figure 1. Alfred University, 1960: Taro Takahashi’s high-pressure lab equipped with a tetrahedral
multi-anvil apparatus. Taro is on the right and his graduate student at the time, Ed Schreiber, is in the
center. It was shortly after this (about 1963) that Taro accepted an offer at the University of Rochester
and continued his high-pressure research, while Ed moved to Lamont Geological Observatory as a
member of the research faculty to pursue high-pressure experiments in the Mineral Physics laboratory
of Orson Anderson. (Photo courtesy of Taro Takahashi and Bob Liebermann).

3. Married Life and Friends

I met Jane, my wife-to-be, soon after I moved to Rochester. She too was a geologist. We fell in love
and married, and bought a farm in Churchville, a few miles west of Rochester and had our first child,
Kari. Taro was a frequent visitor to the farm, where he became acquainted with Kari. They seemed to
hit it off right away (Figure 2).

Taro met Elaine, his wife-to-be, at Rochester also. When he proposed to her, he gave her an
engagement ring with a pearl and a diamond, suggesting that her passion for biology might join his
passion for oceanography and high-pressure research. I had given Jane an engagement ring bearing
two diamonds the same size. That must have been an omen as, in our case, I had not yet learned what
kind of research I would be conducting for the rest of my life as a result of my collaboration with Taro.
After they married, Taro and Elaine both became frequent visitors to our farm. Taro and I liked to
write papers there, with me at the typewriter and Taro looking over my shoulders saying things like,
“Isn’t there a simpler way to say that?” or “How about inserting a reference here?”. When he was not
making comments like that, he was generating new ideas and new ways to convey them through print;
I'would keep typing, but then I would get to comment. There was no delete button on my typewriter,
of course, just a rapid-firing X key. Our pages often had many Xed out words, sometimes nine tenths
of a page. However, I loved writing papers that way and I think he did too. It was exciting and fast (it
was, after all, an electric typewriter). Taro and I produced 21 peer-reviewed papers with our students
(see Appendix A). Computer aids to writing would have to wait, but we did make use of the primitive
computers then available to help interpret data.
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Figure 2. Taro was a frequent visitor to our farm a few miles west of Rochester. Here, he holds Kari,
our first-born child. I'm not sure, of course, but he does look as if he might be telling her that someday
she too may be a geologist. If so, he was right.

4. The Diamond Anvil Cell

Taro and I talked about the properties of minerals at very high pressures and temperatures
and ways to extend the range of pressure and provide simultaneous temperature so we could use
X-rays and other analytical techniques to examine their properties. One day, Taro came to my office,
very excited about something, and said he had just seen a notice for a paper to be given in a few days
at a conference in New York City, describing an instrument called a diamond anvil cell that would
let a person look directly at a sample through the diamonds, using a microscope. That sounded too
good to be true, and so we drove to New York City and listened to Alvin Van Valkenburg talk about
the simple, beautiful, clever, little instrument and saw pictures of samples taken at high pressure [2].
If visible light could be used to observe samples at high pressures, why not X-rays? We introduced
ourselves and made arrangements to pay a visit to Van’s lab at the National Bureau of Standards in
Washington, DC. One of the first things we learned there was that the idea of using X-rays had already
been thought of and put to use by Charlie Weir, a member of the Bureau of Standard’s high-pressure
team [2]. Taro asked if they would object to having our machinist make a diamond anvil cell designed
for use with X-rays, and they said that they did not object. I did not even know that we had a machinist.
Fortunately, Taro knew a very able machinist, Phil Stook, on one of the upper floors of a large, drafty,
old brick factory in Hornell, NY who used to make transmissions for army tanks but now did odd jobs
for people.

Taro and I drove back from Washington to Rochester, marveling at the bright, new way that had
just opened up before us. He was sure that Phil would be willing to tackle something as small as a
diamond anvil cell, in spite of his earlier job. The first few cells that Phil made for us in that old brick
factory worked perfectly [3]. However, there were many problems yet to be solved; my GE X-ray
diffractometer was woefully inadequate for all the ideas we and our students were having, and so
we purchased additional Norelco and Jarrell Ash X-ray machines, each with four ports and much
better designed for use with X-ray film cameras. Needless to say, the samples were microscopic in
size, as that was the only way to achieve the high pressures (up to 300 kilobars) that we hoped to go
to. No manufacturers made collimators suitable for producing such a small (~0.1 mm) X-ray beam,
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and so we consulted nearby Corning Glass works. They sent us a boxful of empty thermometer stems
of various sizes made of lead glass. They were perfect when we cut them to length. The best results
were achieved after days (and nights) of exposure. Our students soon fell into a ritual of developing
the films at the end of each week when they were finished with their classes and could measure the
diffraction lines to solve for crystal structure and molar volume. The small X-ray films (35 x 35 mm)
were difficult to read accurately, especially with their dark backgrounds, due to the tiny sample sizes.
We decided that focusing monochromatic sources would greatly improve the quality of our films.
Although I found bent-crystal focusing monochromators for sale, there was no product for mounting
them on our X-ray machines. So, I had Phil make a prototype box with 1/8” brass walls to hold and
tune the monochromator and told him it must not leak any of the X-rays. When he had finished,
he showed me that it could hold water without leaking. That was safer than I had expected, but I
decided that a few of them for the most challenging samples would serve nicely. From then on, we had
sharp lines that stood out from the lighter backgrounds.

Once we learned what a capable machinist Phil was, we got together and persuaded the Rochester
Geology Department to hire Phil and find space so we could establish a machine shop to make more
diamond anvil cells, but with ever changing designs as we came to realize just how versatile the
instrument could be, as a result of its extraordinarily simple principle. Diagrams of just a few of the
many different designs that evolved are shown in reference [4].

We made a great team because Taro had a strong background in solid-state physics,
thermodynamics, and math, at which he was far more capable than I was. He befriended some of the
faculty in the Physics Department, who provided help in interpreting our data. Taro was very good at
guiding our students to squeeze as much information as possible from their data.

I, on the other hand, loved dreaming up new designs for the diamond anvil cell. There were
so many possibilities and so much to be studied. I am very grateful for Taro’s grasp of the need
for lab measurements, and his ability to interpret our data and guide our students just as Orson
Anderson at Lamont, at about the same time, contributed to our understanding of planetary interiors
through ultrasonic measurements of elastic properties, and his guidance of such able colleagues as Bob
Liebermann and Ed Schreiber.

5. Research Results

There are many interesting parameters to be measured as a function of pressure. Crystal structure
is essential for determining molar volume which, in turn, is needed for determining densities. The effect
of pressure on these very basic properties is needed for interpreting field observations resulting from
geophysical research. Therefore, these properties seemed like the most important ones to start with,
especially as we were bringing together X-ray diffraction (my specialty) and pressure (Taro’s specialty).

Fortunately, the crystal structures of most of the samples we wanted to study were well known
or simple enough that they were easily determined. Initially, we did not worry about the question
of hydrostaticity, but we soon found that deviatoric stress could lead to inaccurate molar volume
measurements. We adopted Alvin Van Valkenburg’s gasketing method of immersing samples in a
fluid pressure medium or a solid soft enough to introduce negligible deviatoric stress. We used X-ray
diffraction patterns of NaCl, or sometimes Au, as the pressure marker. In fact, we, along with others,
devoted much effort to making the NaCl pressure scale accurate. We wrote 22 papers, mostly on the
isothermal compression of minerals important to the Earth’s interior. Figure 3 shows the plots of molar
volume versus pressure of four of the mineral phases that were of greatest interest at the time.
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Figure 3. Four examples of early measurements of isothermal compression at 25 °C of phases important
for interpreting data concerning the Earth’s interior using lattice parameters based on X-ray diffraction
(a) Fe, Fe-5.15 Ni , Fe-10.26 Ni [5]; (b) Three spinel phases of synthesized Fe,;SiO4 (open circles),
Feq sMg2SiOy (pluses), Fej ¢Mg( 45104 (closed circles) [6]; (¢) Spinel phase of synthesized Co,SiO4
dashed and solid lines by two slightly different least-square fits [7]; (d) Two garnet compositions [8].

6. High Temperatures Simultaneous with High Pressure

One day in the mid-1960s, while Taro and I were having lunch at a local restaurant, we were
discussing the desirability of being able to raise the temperature of our samples simultaneously
with high pressure. Resistance heating was certainly a possibility, but the achievable temperatures
would not get us very far into the Earth’s interior. Taro said, “Maybe we could use a laser beam to
heat our samples to higher temperatures while they are under pressure”. Lasers were very new at
that point, so new that when we discussed our idea with a faculty member in the Department of
Physics at the University of Rochester, he commented that “Maybe lasers will have a use after all”.
The idea immediately appealed to me, but lasers were not something you could place an order for.
I thought maybe it would be good to get some experience with resistance heating and collecting data
at temperatures up to perhaps ~800 °C. That was challenge enough, and it was only after Taro and I
parted ways that I finally succeeded in coming up with a good design for resistance heating. A few
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years later, lasers became available and I visited the Howard Hughes Laser lab in California in 1968
with a diamond anvil cell loaded with graphite at high pressure. I shot the sample with their ruby
laser and looked to see if the graphite had become transparent, indicating that it had transformed into
diamond. It had not. Even though the test run was a failure, I was so convinced that Taro was right
that I purchased the laser anyway. When I set it up in my lab and tried the experiment again, it failed
again. The solution was easy, however. The diamond anvils were such good thermal conductors
that the graphite simply was not hot enough for the transition. I mixed particles of graphite with
NaCl and tried again. This time, the black particles of graphite not only became transparent, but they
clearly had a very high refractive index that made them stand out from the salt. If a different sample
was too transparent for the laser beam to heat it, graphite could be mixed with it to make it dark.
Heating a sample by laser was an excellent way to promote phase transitions with kinetic barriers,
like that of graphite to diamond. Most silicates of interest also had kinetic barriers and so the study
of high-pressure phases of many silicates could benefit from laser heating. Measuring temperature,
however, was a new challenge if pressure-temperature phase boundaries were to be determined or
new phases were to be found. Blackbody emission spectra were the solution to that, as long as the
sample was black or nearly black. Laser heating with more powerful YAG lasers became so intense
that diamond particles in NaCl could be melted to form spherical droplets with a giant fullerene
structure [9], and eventually anvils themselves could be heated to diamond melting temperatures
without anything dark being present [10].

We accomplished a great deal of research on a variety of phases, nearly all believed to be
components of planetary interiors, and attended many conferences during the ~ten years that Taro and
I worked together. We had some very talented students: Ho-Kwang (Dave) Mao, who has become
one of the leading researchers in mineral physics, is a member of the National Academy of Sciences,
and founded HPSTAR, a new research institute in China patterned after Carnegie’s Geophysical
Laboratory. Lin-gun (John) Liu joined Ted Ringwood’s Lab in Canberra, Australia. A few months later,
Ted visited me in Rochester and told me that John had just successfully synthesized and identified the
first silicate perovskite phase [11]. Ted was convinced that it was the so-called “post-spinel” phase,
a phase that soon came to be considered the most abundant mineral in the Earth. It was not found as a
naturally occurring phase until 2014, when it was given the mineral name bridgmanite in honor of
Percy Bridgman [12].

After 2 years at Alfred and 7 years at Rochester, Taro took a sabbatical at Caltech working with Don
Anderson and Tom Ahrens. After that, he felt he had accomplished what he had told Doc Ewing he
wanted to do concerning the Earth’s interior by finding ways to determine physical properties such as
crystal structures, densities, and compressibilities that surely influence the velocities of seismic signals,
as well as ways to solve compositions based on those physical properties at high pressures. He decided
that the time had come to return to his geochemical research at Lamont Geological Observatory, just as
he had told Doc he would do. Amazingly, while at Rochester, Taro had remotely continued his carbon
dioxide research with Wally Broecker at Lamont.

Taro had, indeed, been instrumental in launching a new field which soon came to be known as
mineral physics thanks to Orson Anderson and Ed Schreiber. I missed Taro and Elaine as friends and
colleagues, but continued my interest in mineral physics, moving to Cornell University where there
was the Cornell High Energy Synchrotron Source (CHESS), which soon proved to be one of the most
important new technologies for conducting research in our new field of study.

Taro’s suggestion of laser heating had opened a new realm of research into examination of the
properties of minerals deep in the Earth’s interior, eventually leading researchers all the way to the
pressure-temperature conditions in the Earth’s core, and even the interiors of larger planets. Diamond
anvil cells and multi-anvil devices have evolved side by side over the decades following the 1960s,
each filling increasingly diverse needs. Nothing can compare to the multi-anvil devices when sample
size matters, or the synthesis of new phases is needed for further testing. However, it is hard to beat the
diamond anvil cells if the experimenter wants to travel to a different lab or conference with a sample
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already under high-pressure and easily slipped into a suitcase or a pocket. In the decades that followed,
some giant advances in technology have motivated users to find ways to use them. Synchrotron
sources along with digital methods for recording X-ray patterns now provide such small, intense X-ray
beams and rapid imaging that exposures which used to require a week can now be made in seconds
and, in some cases, fractions of seconds, making it possible to record a movie of a phase transition or a
chemical reaction. Synchrotron radiation also made it possible to introduce a range of spectroscopic
techniques that could yield information never before possible. I hope that my descriptions, along with
Bob Liebermann’s descriptions of the early days of mineral physics at Lamont, will further motivate
newcomers to explore ways to delve even more deeply as technology advances [1].

Taro, who passed away on 3 December 2019, will be sorely missed by all of us who knew him.
It was an honor to have had the chance to work so closely with such a remarkable and versatile research
scientist, with such a keen mind and such great ideas. If it had not been for Taro, I might never have
joined such a fascinating branch of science at the time of its inception.

Acknowledgments: I especially want to thank Bob Liebermann for inviting me to tell this story about Taro
Takahashi’s lesser-known contributions to one of today’s most active new branches of science. I appreciate the
help given to me by my friend, Elise Skalwold, in helping me prepare this paper.
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Appendix A

List of Peer Reviewed Papers by Takahashi, Bassett, and Students:

e  Bassett, WA ; Takahashi, T. Specific volume measurements of crystalline solids at pressures up to
200 kilobars by X-ray diffraction, In 1964 Symposium on High-pressure Technology; Giardini, A.A.,
Lloyd, E.C., Eds.; American Society of Mechanical Engineers: New York, NY, USA, 1964; pp. 1-7.

e  Bassett, W.A,; Takahashi, T. Silver iodide polymorphs. Am. Miner. 1965, 50, 1576-1594.

e  Bassett, W.A,; Takahashi, T.; Stook, P. X-ray diffraction and optical observations on crystalline
solids up to 300 kilobars. Rev. Sci. Instrum. 1967, 38, 37-42.

e Mao, HK;; Bassett, W.A_; Takahashi, T. Effect of pressure on crystal structure and lattice parameters
of iron up to 300 kilobars. J. Appl. Phys. 1967, 38, 272-276.

e  Takahashi, T.; Bassett, W.A. The effect of pressure on the density of possible mantle-core minerals
up to 300 kilobars, In U.S. Progress Report, International Upper Mantle Project; National Academy of
Sciences, 1967; pp. 134-136.

e  Bassett, W.A,; Takahashi, T.; Mao, H.K.; Weaver, ].S. Pressure-induced phase transformation in
NaCl. J. Appl. Phys. 1968, 39, 319-325.

e Takahashi, T.; Bassett, W.A.; Mao, H.K. Isothermal compression of the alloys of iron up to
300 kilobars at room temperature: Iron-nickel alloys. J. Geophys. Res. 1968, 73, 4717-4725.

e Mao, HK,; Takahashi, T.; Bassett, W.A.; Weaver, ].S.; Akimoto, S. Effect of pressure and temperature
on the molar volumes of wustite and three (Fe,Mg),SiO4 spinel solid solutions, ]. Geophys. Res.
1969, 74, 1061-1069.

e  Takahashi, T.; Mao, HK.; Bassett, W.A. X-ray diffraction study of a high pressure polymorph of
lead, Science 1969, 165, 1352-1353.

e  Bassett, W.A; Takahashi, T.; Campbell, ].K. Volume changes for the B1-B2 phase transformations
in three potassium halides at room temperature, Trans. Am. Crystallographic Assoc. 1969, 5, 93-103.

e  Mao, HK,; Takahashi, T.; Bassett, W.A. Isothermal compression of the spinel phase of Ni;SiO4 up
to 300 kilobars at room temperature, Phys. Earth Planet. Interiors 1970, 3, 51-53.

e  Takahashi, T,; Liu, L.G. Compression of ferromagnesian garnets and the effects of solid solutions
on the bulk modulus. J. Geophys. Res. 1970, 75, 5757-5766.

e Liu, L.G.; Takahashi, T.; Bassett, W.A. Effect of pressure and temperature on the lattice parameters
of rhenium. J. Phys. Chem. Solids 1970, 31, 1345-1351.
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e Mao, HK,; Bassett, W.A.; Takahashi, T. High pressure phase transformation in magnetite.
Annu. Rep. Dir. Geophys. Lab. 1970, 68, 249-250.

e  Mao, HK,; Takahashi, T.; Bassett, W.A. Study of lead up to 180 kilobars. Annu. Rep. Dir. Geophys.
Lab. 250-253.

e  Weaver, ].S.; Takahashi, T.; Bassett, W.A. Calculation of the P-V relation for sodium chloride up
to 300 kilobars at 25 °C, In Accurate Characterization of the High-Pressure Environment: Proceedings;
Lloyd, E.C., Ed.; US National Bureau of Standards: Gaithersburg, MD, USA, 1971; pp. 189-199.

e  Bassett, WA ; Takahashi, T. Effect of pressure on possible mantle minerals up to 300 kilobars;
In Upper Mantle Project; National Research Council of the National Academies (NRC), 1971;
pp- 181-183.

e Liu, L.G,; Bassett, W.A.; Takahashi, T. Effect of pressure on lattice parameters of stishovite.
J. Geophys. Res. 1974, 79, 1160-1164.

e Mao, HK,; Takahashi, T.; Bassett, W.A.; Kinsland, G.L.; Merrill, L. Isothermal compression
of magnetite to 320 kbar and pressure-induced phase transformation. J. Geophys. Res. 1974,
79, 1165-1170.

e Liu, L.G,; Bassett, W.A.; Takahashi, T. Isothermal compressions of a spinel phase of C0,5i0, and
magnesian ilmenite. J. Geophys. Res. 1974, 79, 1171-1174.

e  Bassett, WA ; Takahashi, T. X-ray diffraction studies up to 300 kilobars. In Advances in High Pressure
Research; Wentorf, R., Ed.; Academic Press London and New York, 1974; Volume 4, pp. 165-247.
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Abstract: In 1970, I established the first mineral physics laboratory in Australia at the Australian
National University (ANU) under the auspices of A.E. (Ted) Ringwood. Over the next six years,
we published 25 research papers in peer-reviewed journals, many of them in collaboration with
graduate students, Ian Jackson and Leonie Jones. This research was focused on measurements of
sound velocities in minerals (and their structural analogues) at high pressures and temperatures,
as well as studies of melting and elastic shear instabilities in materials and applications of these
experimental data to interpreting seismic models of the Earth’s interior.

Keywords: mineral physic; ultrasonics; sound velocities; high-pressure phases; melting and elastic
shear instabilities

1. Introduction

Introduction reproduced with permission from Liebermann [1], published by Elsevier B.V., 2014.

In 1969, when I was a graduate student at Columbia University’s Lamont Geological Observatory,
my advisor Orson Anderson attended an international conference at the Australian National University
(ANU) in Canberra, Australia, to deliver our joint paper on lattice dynamic calculations of the elastic
moduli of cubic lattices [2]. This was the meeting at which A.D. Wadsley collapsed on the stage and
died while Frank Press was delivering his talk (T. Takahashi, personal communication, March 2013).
During that meeting, A.E. (Ted) Ringwood informed Anderson that he was looking for a postdoc to set
up an ultrasonics laboratory; subsequently, Richard O’Connell declined to apply for this job and I was
offered the post. Enroute from Lamont to Canberra, I spent 10 months as a postdoc at the Seismological
Laboratory at Caltech; during that period, I profited from advice and guidance on equipment for my
new ultrasonics lab at the ANU from Hartmut Spetzler and Rick O’Connell.

At the Birch Symposium at Harvard in 1970, I met Ted Ringwood and we laid plans to purchase
equipment so that it would be on campus when I arrived in late September. John Jaeger (then the Chair
of the Department of Geophysics and Geochemistry at the ANU) visited the Anderson lab at Lamont
later that year and told me that he hoped I knew how to operate and maintain all that electronic
equipment as the ANU did not have suitable staff to do so; that turned out to be apocryphal as the
Department not only had an excellent machine shop, but also several very talented electronic staff.
In addition, Ringwood and David Green were blessed with two superb Senior Technical Officers,
Alan Major and William Hibberson, who were tremendous assets to my new research program.

My six years at the ANU were a fantastic period of exposure to high-pressure geosciences. While
I'was still at Lamont, Frank Stacey from the University of Queensland was a visiting scientist. In early
1971, Stacey invited me to give a paper at the Australian-New Zealand Association of Science (ANZAS)
in Brisbane. Later, he recommended to Ian Jackson and Leonie Jones, both graduates of the Physics
Department of the University of Queensland, that they apply for a graduate fellowship to study at the
ANU under my supervision. When they arrived to begin their graduate research programs, Ringwood
was nervous about their lack of exposure to Earth sciences, so he insisted that they take “remedial”
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courses in the geology department. After both completed introductory geology, Jackson took the 3rd
year mineralogy course and topped the class; Ringwood never raised the issue again.

In 1973, the ANU established the Research School of Earth Sciences (RSES) which provided the
opportunity for the Department of Geophysics and Geochemistry to move out from under the control
of the Research School of Physical Sciences. Anton Hales arrived from the University of Texas at Dallas
to become the Founding Director of the RSES; over the next three years, I learned much from Hales
about scientific leadership and administration.

2. Arrival and First Years at the ANU

In October 1970, my wife Barbara and I arrived in Canberra with our one-year old daughter,
Karen in tow. As Ted Ringwood was overseas, David Green welcomed us and installed us in Apt. #1 of
the Garran University flats in the Woden valley. John Cleary led the search for a car, ending in a 2-door
Datsun coupe (a little difficult to install a baby carrier in the rear seat).

On one of my first days in the Department of Geophysics and Geochemistry, Prof. Jaeger introduced
me to the faculty and students and offered me a yard of ale with instructions to down it in one gulp.
The ultrasonic equipment ordered when I was still at Lamont had been delivered, and with the help of
electronics specialist, Eddie Penikis, I began to set up the new ultrasonics laboratory.

With Alan Major, we began to learn how to hot-press polycrystalline specimens suitable for
ultrasonic measurements of elastic wave velocities, using synthetic powders prepared by Alan and Bill
Hibberson [3]. The first specimens were fabricated in a piston-cylinder apparatus at pressures less
than 35 kbar (3.5 GPa) and temperatures up top 1200 °C; we initially focused on germanate analogues
of silicate mineral phases. We tested the polycrystals in the ultrasonics lab using a polishing jig and
specimen holder fabricated in the Department machine shop (both of which are still currently in use in
our lab at Stony Brook).

The first velocity experiment at high pressure were conducted in a liquid-media apparatus to
7.5 kbar in laboratory of Mervyn Paterson with assistance of Bill McIntyre; Bill had been assigned by
Jaeger to work with me while Jaeger was “wintering” in Northern Hemisphere. Ringwood was very
surprised to learn about this assignment but had no basis to object.

The first results on rutile and spinel compounds were obtained by the pulse transmission
(“time-of-flight”) technique and reported at the IUGG meeting in Moscow, Russia, in August 1970,
less than one year after establishing the new ultrasonics lab at the ANU, with technical assistance of
new electronics technician Doug Mayson [4]. These “time-of-flight” measurements were collected to
7.5 kbar at room T and the data at highest P were taken to represent pore free specimen [4-11].

The next advance in ultrasonics was to employ the pulse superposition technique to obtain
more precise measures of travel times to 7.5 kbar. Values reported were those “back-extrapolated”
to 1 bar to obtain velocities representative of a pore-free specimen; these data were then compared
with results from single crystals in other labs [5,11-14]. In later experiments, the measurements of
velocities using the pulse superposition technique were sufficiently precise to allow determination of
the pressure derivatives.

3. Research of Graduate Students Ian Jackson and Leonie Jones

Ian Jackson initially worked on melting and elastic shear instabilities in alkali halides [15]
and engaged in some hard-sphere modeling of melting with Bob Watts of the Research School of
Physical Sciences.

Ian later studied the disproportionation of spinels into mixed oxides and revealed the significance
of cation configuration and implications for the mantle [16]. and the elastic properties of (MgxFe;_,O)
solid solutions [11].

His PhD dissertation (1976) was entitled “Phase equilibria and elastic properties in silicate
analogue systems: studies of melting and polymorphic phase transformations”.
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Leonie Jones initially worked on the elastic and thermal properties of fluoride and oxide analogues
with the rock salt, fluorite, rutile, perovskite structures [17] and later the elasticity of aluminate, titanate,
stannate and germanate compounds with the perovskite structure [18].

Her Ph.D. dissertation (1976) was entitled “High-temperature elastic properties of fluoride and
oxide analogues”.

4. Related Research (1971-1976)

In 1976, I worked on phase equilibria and elastic properties of pyrolite model for the oceanic upper
mantle with David Green, who presented our paper at the IUGG international congress in Grenoble,
France [19]. Ringwood expressed surprise that I was collaborating with his colleague and competitor
when I was working “under the supervision of Ringwood” (Figure 1).

Figure 1. Visit of Professor Syun-iti Akimoto of the University of Tokyo to Research School of Earth
Sciences (RSES) in 1975: L to R: David Green, Ted Bence from Stony Brook, Don Anderson from Caltech,
Ted Ringwood, Mrs. Akimoto and author.

We also worked on a number of other mineral physics projects:

Elasticity systematics and applications to interpretation of Earth models [5,20-22].

Hot-pressing of polycrystalline specimens of high-pressure phases [23]—presented at 4th
International Conference of High Pressure—25-29 November 1974, Kyoto, Japan. See also [24].

Elasticity of anorthite and nature of the lunar crust [25].

Elasticity of stishovite—most challenging project to hot-press and measure sound velocities in
polycrystalline stishovite [9,10]. No anisotropy observed. Consistent with later Brillouin scattering
data from Weidner’s laboratory [26].

Elasticity and phase equilibria of spinel disproportion reactions and thermomechanical regime of
descending lithospheric plates [16,27].

5. Interactions with Other Research Groups in the RSES

I was welcomed into the rock mechanics research group of Mervyn Paterson and Bruce Hobbs.
There I met and interacted with Jim Boland and John Fitzgerald, specialists in transmission electron
microscopy. I also had extensive contact with John Cleary and others in their seismological group.

As there were no formal courses required for graduate students in the Institute of Advanced
Studies at the ANU, I initiated a series of informal seminars on Monday evenings for Ian Jackson
and Leonie Jones. In addition to reading and discussing current geophysical literature, we profited
from participation of visiting scientists, including Don Anderson, Adam Dziewonski and Ralph
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Lapwood. It was during that era that geophysicists were exploring use of inverse theory to analyze
observational data to obtain velocity and density models of the Earth’s interior. To help us understand
this approach, Prof. Lapwood kindly offered a set of tutorial lectures on inverse theory, using the book
by Cornelius Lanzcos.

After arriving in 1973 to become the first Director of RSES, Anton Hales became a regular attendee
at our weekly seminars. In addition to bringing his decades of geophysical knowledge, he provided
funds for me to buy cheese and crackers to sustain us through the evening (and to leaven the beer
which we drank).

When the Department of Geophysics and Geochemistry evolved to become the Research School
of Earth Sciences (RSES) in 1973, it became necessary to establish a Faculty Board and produce bylaws;
T helped Ian MacDougall to draft these bylaws and we served together on the Faculty Board. During
one of the board meetings, some members challenged Director Hales on the appropriateness of his
contract with the U. S. Department of Defense (to install and operate seismic stations on the Australian
continent); Hales abruptly adjourned the meeting and deputized me to talk to Faculty Board members
and convince them that it was Hales’ right to hold such a contract.

6. Post-1970 Research Collaboration between ANU and Stony Brook

In 1976, I was offered a faculty position as an Associate Professor in the Department of Earth and
Space Sciences (later Department of Geosciences) at Stony Brook University and was encouraged by
Orson Anderson (my Ph.D. advisor) to accept.

After a postdoctoral appointment in the laboratory of Thomas Ahrens at Caltech, Ian Jackson
returned to the ANU in the late 1970s to take up a faculty position in the Petrophysics Group of Mervyn
Paterson in the Research School of Earth Sciences.

Jackson and I continued to collaborate on research projects, capitalizing on ultrasonic techniques
developed in Jackson’s lab at the ANU and synthesis techniques to fabricate polycrystalline specimens
of high-pressure phases of mantle minerals developed in my lab at Stony Brook. Gabriel Gwanmesia
and Baosheng Li hot-pressed the polycrystals at Stony Brook, and Sally Rigden measured the sound
velocities at the ANU during visits by Gwanmesia and the author (Figure 2a,b) [28-34].

@)
Figure 2. (a) Gabriel Gwanmesia and Sally Rigden with the ultrasonic interferometer in Ian Jackson’s
laboratory at the ANU. (b) Sally Rigden from the ANU with Gabriel Gwanmesia and the author in

High Pressure Laboratory at Stony Brook in 1991. Reproduced with permission from Liebermann [1],
published by Elsevier B.V., 2014.

In 1994, Baosheng Li, then a graduate student and now a Professor in the Department of
Geosciences, developed techniques to incorporate ultrasonic interferometric measurements of sound
velocities in situ in the Kennedy-Getting high-pressure apparatus in collaboration with Ian Jackson

31



Minerals 2020, 10, 163

(my first graduate student and subsequently the Director of the Research School of Earth Sciences at
the ANU; see Figure 3a,b). This pioneering development provided the opportunity to conduct sound
velocity experiments to pressures of 10 GPa [35] and was exploited over the next few years by many
graduate students and postdocs.

(@) (b)
Figure 3. (a) May 1994. Baosheng Li and Ian Jackson in the Stony Brook High Pressure Laboratory.
Tan spent 6 weeks in our laboratory working with Baosheng on interfacing the ANU ultrasonic
interferometry system with the 1000-ton split-cylinder apparatus of the Kennedy—Getting type [35].
Reproduced with permission from Liebermann [1], published by Elsevier B.V., 2014. (b) Baosheng Li
and Kennedy-Getting press with Walker-type module in High Pressure Lab in 1994. Reproduced with
permission from Liebermann [1], published by Elsevier B.V., 2014.

As part of her doctoral research at the ANU, Jennifer Kung spent six months at Stony Brook on the
synthesis of polycrystalline specimens of ScAlO3-perovskite with the aid of Gabriel Gwanmesia [36,37].
When she was a postdoctoral research associate at Stony Brook from 20002005, Jennifer measured the
high-temperature velocities of orthoenstatite in Jackson’s lab (Figure 4) [38]; Sytle Antao (graduate
student of John Parise) accompanied Jennifer to measure the sound velocities of magnesium ferrite
spinel [39].
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Figure 4. Jennifer Kung with high-temperature, ultrasonic apparatus in laboratory of Ian Jackson at the
RSES at the ANU. Circa 2011.

In the most recent collaboration between the ANU and Stony Brook, Ting Chen and her colleagues
measured the sound velocities of polycrystalline coesite at high pressure and temperature in Baosheng
Li’s laboratory [40] using a specimen hot-pressed by the author in a girdle—anvil apparatus in 1975,
and so very “well-aged” [23].

In the author’s most recent visit to Australia, he and his wife were hosted by Maggie and Ian
Jackson at their cottage on Lilli Pilli beach, which we remember fondly from our many family visits
there from 1970 to 1976 (Figure 5).

Figure 5. Ian Jackson and the author at Lilli Pilli, Australia, 2006.
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Abstract: In 1976, I took up a faculty position in the Department of Geosciences of Stony Brook
University. Over the next half century, in collaboration with graduate students from the U.S., China
and Russia and postdoctoral colleagues from Australia, France and Japan, we pursued studies of the
elastic properties of minerals (and their structural analogues) at high pressures and temperatures.
In the 1980s, together with Donald Weidner, we established the Stony Brook High Pressure Laboratory
and the Mineral Physics Institute. In 1991, in collaboration with Alexandra Navrotsky at Princeton
University and Charles Prewitt at the Geophysical Laboratory, we founded the NSF Science and
Technology Center for High Pressure Research.
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1. Introduction

In March 2013, I was invited by Tetsuo Irifune to give the keynote address at the Final Symposium
of G-COE and TANDEM program at Ehime University in Matsuyama, Japan. I chose that opportunity
to reflect on my career in mineral physics with the title: “Mineral Physics and Bob-san from 1963 to
2013: Role of Serendipity.” Yanbin Wang was in the audience in Matsuyama and suggested that I
submit a manuscript on this topic to Physics of the Earth and Planetary Interiors for a Special Issue for
which he was the Guest Editor. When Jay Bass heard of this talk, he recommended that I be asked to
reprise this talk after the banquet at the 2013 Annual Meeting of COMPRES at Lake Geneva, Wisconsin
in June 2013; I modified the title for the U.S. audience: “Role of Serendipity in My Career in Mineral
Physics: 1963 to 2013.” In October 2013, Dan Davis (the Chair of the Department of Geosciences) invited
me to give this talk at the weekly Geosciences Colloquium and later to adapt it for the Geosciences
Newsletter. This paper is the result and focuses on my career in mineral physics at Stony Brook from
1976 to 2019 and it compliments my earlier paper in Physics of the Earth and Planetary Interiors [1].

2. Before Stony Brook

After being an undergraduate in geophysics at Caltech and obtaining a PhD at Columbia University
under Orson Anderson, I spent 6 years at the Australian National University (ANU) in Canberra
working in the high-pressure laboratory of Ted Ringwood. When I decided to explore the opportunities
to return to the U.S. to a tenure-track faculty position, I was fortunate that the Department of Earth
and Space Sciences at Stony Brook was conducting a faculty search led by Don Weidner, who was
open-minded enough to consider hiring another mineral physicist. I was encouraged to negotiate an
attractive start-up package by Charlie Prewitt and Ted Bence (who were on sabbaticals in Australia at
Monash University in Melbourne and the ANU, respectively).
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3. Start of my Career at Stony Brook (1976 to 1983)

I arrived in December 1976, shortly after the birth of our third child (two of whom are Australians)
and was welcomed by the faculty, graduate students, and staff. Several of the senior graduate students
of Prewitt and Weidner (Alan Kafka, Hubert King, Louise Levien, and Mike Vaughan) took me under
their wing and “taught” me how to become a faculty member.

When the Provost Sei Sujishi learned that my first proposal to NSF Geophysics (which I wrote
while still in Canberra) had been approved for funding, he immediately freed up the start-up funds
which enable me to place an order for a 500-ton hydraulic press from Harwood Engineering and a
girdle-anvil, high-pressure apparatus from Pressure Systems Research. This equipment was delivered
in September 1977 and installed in Room 375 of the ESS Building with the help of Tony Vidmar (our
new technician), Al Catalano (machinist) and Alan Major (consultant from Ringwood'’s lab at the ANU)
(see Figure 1a,b). Vidmar and I had been flown in Fred Gwinner’s plane to Boston to visit the Harwood
factory to assess the needs for installing the new press (Fred was foreman of the departmental Machine
Shop). On our return to campus, we had to educate the Facilities and Engineering unit at Stony Brook
about the difference between weight/force and pressure, as they were nervous about installing such a
heavy press on the third floor of the Earth and Space Sciences Building.

(b)

Figure 1. Installation of Harwood 500-ton press and girdle-anvil apparatus in 1977. (a) Bob and technician

Tony Vidmar contemplating how to bring the press to upright position; (b) Al Catalano (machinist
extraordinaire) and Alan Major from ANU with Tony Vidmar checking hydraulic connections to press.

In Spring 1977, I served on the Graduate Committee and had a chance to get an early look at the
applications for Fall 1977. We were successful in recruiting Paula Davidson from Brown University,
with lobbying from Louise Levien and as the result of a return visit to campus by Paula. From my
colleagues Charlie Sclar at Lehigh University and Taro Takahashi at Queens College of CUNY, I learned
that Jay Bass was unhappy at Arizona State University and looking for a new institution to continue
his Ph.D. studies. I contacted Jay and invited him to apply to our Department, which he did and
arrived in August 1977 with Paula. Although both Paula and Jay ultimately decided to pursue their
doctoral dissertations under the supervision of other Earth Science faculty (Don Lindsley for Paula and
Don Weidner for Jay), I have always taken a special pride in helping to recruit them to Stony Brook.

My first teaching experience at Stony Brook was in the Spring 1977 semester, in which I offered
ESS 607: Topics in Geophysics; I chose to adapt my informal lectures on “solid-state geophysics” from
the ANU and enjoyed having Robin Reichlin and Doug Anderson in the class (along with Kafka, King,
Levien and Vaughan who sat in for moral support). This course was modeled after one I took from
Orson Anderson at Columbia in the 1960s (and which later evolved into his book “Equations of State of
Solids for Geophysics and Ceramic Science” [2]). In Spring 1978, this course was approved as ESS 556:
Solid State Geophysics; over the next 35 years, I have taught this course another 13 times and profited
from having an outstanding series of geophysics and geochemistry graduate students enroll (see list of
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these students below Appendix A). I have also taught a shortened versions in France at the Université
Paris XI in Orsay in 1983 and at the Université Paul Sabatier in Toulouse in 2002 (where is had been
incorporated as a foundation course for their Master’s students and it now taught by Frédéric Béjina).

The period of 1976-1983 was an active period of recruiting new faculty in geophysics by Don
Weidner and me. We were very fortunate that the strong geochemistry group stepped back and allowed
the new geophysics program to reach maturity. During this period, many new geophysics faculty were
hired, some of whom stayed to pursue their careers (Teng-fong Wong and Dan Davis) while others moved
on to other institutions (Brad Hager, Jay Melosh, Rob Comer, Cliff Thurber). The addition of Wong and
Davis expanded the research programs in experimental geophysics while the later appointments of Bill
Holt and Lianxing Wen opened up new opportunities in global geodynamics and seismology.

Most significantly, Ann Lattimore joined the group as an Administrative Assistant in the mineral
physics group in the early 1980s and served with distinction for the next 25 years until her retirement
in 2007 (see Figure 2 from her retirement party).

Figure 2. Ann Lattimore with Don Weidner and Bob on occasion of her retirement in 2007.

While my own research laboratory was in its infancy, I profited by collaboration with a series of
visiting scientists who came to the Brillouin spectroscopy laboratory of Don Weidner to measure the
elasticity of single crystal of mantle minerals which they had synthesized in their home laboratories,
including Eiji Ito, Hiroshi Sawamoto, Nozumu Hamaya and Akira Fukizawa. When Don published
his new elastic moduli of single-crystal SiO,-coesite [3], he included ultrasonic sound velocity data
which I had obtained on a polycrystalline specimen at the ANU. As his first research project at Stony
Brook, Jay Bass engaged a junior faculty member in the Department of Applied Mathematics in an
investigation to obtain the elastic properties of minerals from joint inversion of data from acoustic and
static compression experiments [4].

My first graduate student at Stony Brook, Barbara Leitner, synthesized a single crystal of pyrope
garnet in Don Lindsley’s petrology lab and measured its elastic properties in Weidner’s Brillouin lab
for her ML.S. thesis project [5]. In collaboration with Charlie Prewitt and his postdoc Satoshi Sasaki, we
documented the crystal structure of CaGeOj3-perovskite using a specimen synthesized in my lab at the
ANU [6].
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During this same period, Susan Narbut and Ann Sirinides completed their M.S. theses in my
laboratory on the elasticity of two-phase aggregates produced by phase transformations involving
disproportionation reactions. A separate project on attenuation and dispersion in anelastic materials
pursued by Ann Singer was not successful;, however, during my sabbatical in France in 1983-1984
supported by a grant from the NSF, I published a theoretical paper with Jean-Paul Poirier on the
activation volume for creep and its variation with depth in the Earth’s lower mantle [7].

In addition to the undergraduate students cited below, two students obtained B.S. Honors thesis
under my supervision: Peter Lellis worked on isostructural systematics of elasticity in mantle minerals
and Kirk Maasch evaluated data from acoustic and static compression experiments on the elastic
behavior of hematite [8].

In 1979, the National Research Council of the U.S. National Academy of Sciences commissioned a
study of “The Impact of Technology on Geophysics.” I was invited to prepare and publish a chapter in
this study entitled “The impact of technology on high-pressure geophysics [9].

When I visited Stony Brook for an interview for a faculty position in 1976, the Chair Pete Palmer
asked me what my plans were for conducting geophysical surveys of Long Island; I think that Pete
was disappointed when I told him I had no such plans. However, a few years later, the U.S. Nuclear
Regulatory Commission, which was funding a Northeast Seismic Network to monitor local earthquake
activity, invited Weidner and me to acquire seismic monitoring equipment and install it on Long
Island where the Shoreham nuclear plant was scheduled to open shortly. Over the next 5 years, we
operated seismic stations in the Mashomack Preserve on Shelter Island and in the Caumsett State Park
on Lloyd’s Neck. For their M.S. thesis research, Ellyn Schlesinger conducted a seismic noise survey on
Long Island and Richard Wilkinson conducted an intensity survey to confirm the location and focal
mechanism of an earthquake which occurred beneath Long Island Sound near Greenport in October
1981. When Neville Carter left for Texas A&M, Wong and I inherited his liquid pressure system, which
led to a M.S. thesis by Tom Ruubel measuring velocities in natural rocks from the Ramapo fault system.
While the pursuit of this local seismology project diverted some resources from our other funded
projects (including important contributions by Kafka, Leitner and Vaughan), it gave us an opportunity
to engage a series of undergraduates in research; these included Emanuel Caiti, Claire Teuten, Linda
Gunderson, and Kirk Maasch, as well as Noel Barstow (a structural geology graduate student), Thomas
Caruso (a seismology graduate student), Schlesinger, and Wilkinson. We also occupied temporary
seismic stations, including one in the Morton Wildlife Refuge on Jessup Neck (only accessible using
Mike Vaughan’s canoe). One of our helpers in this field work was a paleontology graduate student
who insisted that we purchase deer tick collars to protect him from lyme disease.

As described in detail below, the Stony Brook mineral physics team (Liebermann, Prewitt and
Weidner) submitted a major instrumentation proposal to the NSF Earth Sciences Division in August
1983 for a new generation of high-pressure apparatus. I then departed for France for a year-long
sabbatical leave, my first at Stony Brook. I was lodged at the Université Paris XI in Orsay, outside Paris,
with the research group headed by Olivier Jaoul; we commenced a study of atomic diffusion of Fe
and Si in olivine at high pressure [10], which evolved to a 20-year collaboration driven primarily by a
series of graduate students and postdocs (Yves Bertran-Alvarez [11,12], Paul Raterron [13], Frédéric
Béjina [14,15]). As we were not able to transfer our family to Tokyo in January 1984 due to the lack of
appropriate accommodation for our “large” family (us and three kids under age 15), we decided to
remain in the Paris region and Jean-Paul Poirier generously provided some financial support; this led
to a strong collaborative effort between the laboratories of Poirier in Paris and ours in Stony Brook
focused using transmission electron microscopy to understand the mechanism of phase transformations
in minerals at high pressures (driven by postdocs and visiting scientists Jannick Ingrin [16], James
Boland [17], Frangois Guyot [18], Isabelle Martinez [19], Laurence Galoisy (from the laboratory of
Georges Calas)) who worked with our graduate students Anne Remsberg [20], Yanbin Wang [21] and
Gabriel Gwanmesia [22].
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4. Establishment Stony Brook High Pressure Laboratory and Evolution to CHiPR and COMPRES:
1984 to 2019

In 1971, as I was attending the International Union of Geodesy and Geophysics (IUGG) Congress
in Moscow and making an academy exchange visit to Czechoslovakia, Ringwood encouraged me to
visit the high-pressure laboratories in Japan enroute back to Canberra. Guided by Naohiro Soga and
Mineo Kumazawa, I spent ten days visiting labs in Tokyo, Nagoya, Kyoto and Osaka.

In 1983, the NSF Division of Earth Sciences created a new program for Instrumentation and
Facilities. We (Liebermann, Prewitt and Weidner) decided to submit a proposal for a modern,
multi-anvil, high-pressure lab modeled on those in Japan. Our proposal was funded in late 1983, we
began to consider the options for acquiring high-pressure apparatus for our laboratories at Stony
Brook University.

By the mid-1980s, most of the new developments in multi-anvil, high-pressure apparatus had
become concentrated in Japan. In summer 1984, we went on a “shopping trip” to companies and
laboratories in Japan to search for high pressure equipment, including Tokyo, Tsukuba, Nagoya, and
Misasa. We decided to import two different types of high-pressure apparatus to Stony Brook: (1) a
DIA-type, cubic-anvil apparatus modeled after MAX-80 at the Photon Factory (PF) in Tsukuba and
named SAM-85 (Figure 3a); and (2) a Kawai-type, 2000-ton uniaxial, split-sphere apparatus modeled
on the 5000-ton version in the laboratory of Eiji Ito and named USSA-2000 (Figure 3b).

LARGE - VOLUME
HIGH - PRESSURE
MINERAL PHYSICS
IN JAPAN

@ (b)

Figure 3. (a) MAX-80 at Photon Factory in Tsukuba in 1984. Don Weidner, author and Charlie
Prewitt with Osamu Shimomura. This modified DIA apparatus was designed by a team led by
Osamu Shimomura and Takehiko Yagi and installed on a X-ray beamline at the Photon Factory in
Tsukuba, Japan in the early 1980s; it was called MAX-80 for “multi-anvil type X-ray system designed in
1980.” (b) Author in laboratory of Eiji Ito in ISEI, Misasa, Japan with USSA-5000 apparatus. This is a
Kawai-type, double-stage, multi-anvil apparatus. This USSA-5000 apparatus later served as the model
for multi-anvil laboratories at Stony Brook University in the U.S. (Liebermann, Prewitt and Donald
Weidner), at the University of Alberta in Canada (Christopher Scarfe), and the Bayerisches Geoinstitut
in Germany (David Rubie).

In the summer of 1985, SAM-85 was installed initially in Room 375 with the guidance and assistance
of Osamu Shimomura, Yosiko Sato and Hisao Kanda (Figure 4a,b). One of the first experiments in
SAM-85 was the synthesis of artificial diamond by Hisao Kanda (see Figure 4c).
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(o)

Figure 4. (a) Team of Gabriel Gwanmesia, Osamu Shimomura, Anne Remsberg, Yosiko Sato, Tibor
Gasparik and Charlie Prewitt with author after installation of SAM-85 (Six Anvil Machine named
for Osaamu Shimomura and Osamu Fukunaga, who designed the apparatus). Reproduced with
permission from Liebermann [1], published by Elsevier B.V., 2014. (b) Consultation among first users
of SAM-85: Jannick Ingrin, Anne Remsberg, Hisao Kanda, Tibor Gasparik and Gabriel Gwanmesia. (c)
Hisao Kanda preparing to synthesize artificial diamonds for the first time at Stony Brook in SAM-85.

In December 1985, the USSA-2000 apparatus was installed in a new High Pressure Laboratory at
Stony Brook (Figure 5a,b). During these installations, we profited from the guidance and advice of
many Japanese colleagues (Figure 5c). From 1985 to 2002, Tibor Gasparik (Stony Brook Ph.D., 1981)
served as the Manager of the High-Pressure Lab, with Bob as the Director (Figure 5d). The laboratory
as it existed in 1985 following the dedication ceremony overseen by the author, Don Weidner and
Charlie Prewitt (Figure 6).

During the 1985-1986 year, three Japanese scientists spent 9-12 months each as visitors to the
High-Pressure Laboratory: Hisao Kanda from the National Institute for Research in Inorganic Materials
in Tsukuba, Manabu Kato from Nagoya University and Hiroshi Watanabe from Osaka University (see
photo in Figure 5¢). Kanda discovered an unused high-pressure apparatus on the loading dock in
the Department of Chemistry at Stony Brook. After some detective work, we learned that this press
belonged to William LeNoble in Chemistry, who had inherited it from the U.S. Army Benet Weapons
Laboratory in Watervliet, NY. He generously gave us the press and, after a difficult passage across
campus when the forklift became stuck in the mud, it was installed in the High-Pressure Laboratory.
Our talented machine shop staff refurbished the press and pumping system and Virginia Haniford,
one of Don Weidner’s graduate students, painted it a bright green (see Figure 7a). This press contained
two rams, one of 700 ton capacity and one of 300 ton, and had originally been designed by George
Kennedy and Ivan Getting at UCLA. We purchased a Walker-type multi-anvil module, inserted it in
this press, and christened it the Uniaxial Split-cylinder Apparatus with 1000 ton rams (USCA-1000).

We also moved the 500-ton Harwood press and SAM-85 to the High-Pressure Lab and Gabriel
Gwanmesia conducted pressure calibration experiments on both of them for his M.S. thesis (Figure 7b).
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Thus, by mid-1986, there were four distinct high-pressure systems operational in the High-Pressure
Laboratory: the USSA-2000, the Kennedy-Getting press, the Harwood press and SAM-85 and the lab
was fully-equipped and nice and clean (Figure 7c).

(0 (d)

Figure 5. (a) Installing USSA-2000 in the High-Pressure Laboratory at Stony Brook University in
December 1985. This building had originally been a cooling tower and had fallen into disuse. Charlie
Prewitt “discovered” it and we were able to convince the university to renovate it to house the new
multi-anvil, high-pressure apparatus in 1985. (b) The installation on 4 December 1985 was recorded by
Channel 55 News in New York City, who asked us to halt the installation until their cameraman could
arrive; this required us to instruct the crane operator to hold the heavy press in mid-air for a half hour.
(c) Al Catalano inserting guideblock into 2000-ton press, watched by Tibor Gasparik, Hisao Kanda, the
author, and Manabu Kato. (d) Author with Kawai-type guideblock in USSA-2000 press with Japanese
dolls as good-luck charms (gift of Sumitomo company).

Over the next five years, many graduate students and postdocs exploited the new opportunities
for research using these high-pressure apparatus (Figure 7d).

One of the first experiments in the USSA-2000 apparatus was conducted by Anne Remsberg who
studied the transformation in Co,SiOy4 from the olivine to the spinel phase in collaboration with Jim
Boland and Tibor Gasparik; the olivine polymorph is especially colorful (see Figure 7e) and Anne often
wore her magenta blouse when presenting talks on her research [20] (see Figure 4b above).

For his Ph.D. research at Stony Brook, Gabriel Gwanmesia adapted the hot-pressing techniques
we had developed at the ANU in the 1970s for multi-anvil, high-pressure apparatus [23], in particular
the 2000-ton uniaxial split-sphere apparatus (USSA-2000). Subsequently, ultrasonic interferometric
techniques were used to measure the sound wave velocities in polycrystalline specimens of the
wadsleyite and ringwoodite phases of Mg,SiOy4 [24,25] in the piston-cylinder apparatus at the ANU in
collaboration with Sally Rigden and Ian Jackson (Figure 7f,g); later, this Australian collaboration was

42



Minerals 2019, 9, 761

extended to pyrope-majorite garnets by Gwanmesia [26], stishovite by Baosheng Li [27], magnesium
ferrite by Sytle Antao [28] and enstatite by Jennifer Kung [29].

= . - - :‘
Figure 6. Don Weidner, Bob Liebermann and Charlie Prewitt at dedication ceremony for the USSA-2000
in December 1985.

In 1986, we were awarded a grant from the NSF for “Acquisition and Maintenance of Multi-anvil,
High Pressure Apparatus” at Stony Brook. With the financial support for the High-Pressure Lab
secured on a continuing basis, the university decided to create a new research unit using funding from
the Graduate Research Initiative of the State University of New York. This unit was named the Mineral
Physics Institute, with funding to support the operation of the High-Pressure Lab and other research
labs in mineral physics and chemistry, and Donald Weidner was appointed as the Founding Director.

In 1986, Charlie Prewitt moved to Washington, D.C. become the Director of the Geophysical
Laboratory of the Carnegie Institution of Washington and Alex Navrotsky moved from Arizona State
University to Princeton University. These transitions created new opportunities for collaboration.
In 1991, a proposal for a NSF Science and Technology Center for High Pressure Research (CHiPR) was
funded for a total of 11 years to 2002, with total funding of $36 million. Stony Brook served as the
headquarters of CHiPR with Weidner as the Principal Investigator (PI) and Liebermann as the Co-PI,
and branch campuses at Princeton (Co-PI Navrotsky) and Carnegie (Co-PI Prewitt) (Figure 8).

(b)

Figure 7. Cont.
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Dr Sally Rigden and Mr Cabriel Gwanmesia with the ulltrasonic inlerferometer.

(8)

Figure 7. Stony Brook High Pressure Laboratory circa 1986. (a) 1000-ton Kennedy-Getting press
installed in High Pressure Laboratory after inheritance from the laboratory of William LeNoble in
the Department of Chemistry. (b) Gabriel Gwanmesia calibrating the girdle-anvil apparatus in the
Harwood press as part of his M.S. thesis. (c¢) The Stony Brook High Pressure Laboratory in 1986 with
the USSA-2000, the 500-ton Harwood press with girdle-anvil and the 1000-ton Kennedy-Getting press
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installed and operational. Reproduced with permission from Liebermann [1], published by Elsevier
B.V., 2014. (d) Graduate students and postdocs of Bob in High Pressure Lab circa 1988. L. to R. Bob,
Yves Bertran (France), Gabriel Gwanmesia (Cameroon), Ren Lu (China), Frangois Guyot (France),
Anne Remsberg (USA), Yanbin Wang and Xing Liu (China). Reproduced with permission from
Liebermann [1], published by Elsevier B.V., 2014. (e) C0,5iO,. Residual core of olivine phase (magenta)
surrounded by a rim of large golden brown single-crystals of spinel [20]. (f) Sally Rigden from the
ANU with Gabriel Gwanmesia and the author in the High-Pressure Lab in 1991. Reproduced with
permission from Liebermann [1], published by Elsevier B.V., 2014. (g) Gabriel Gwanmesia and Sally
Rigden in Ian Jackson’s laboratory at the ANU.

(b)

Figure 8. Founding of CHiPR in 1991. Triumvirate of institutions for CHiPR: Stony Brook University;
Carnegie Institution of Washington, and Princeton University and official CHiPR logo (using a
blacksmith’s anvil as a base). Reproduced with permission from Liebermann [1], published by Elsevier
B.V, 2014.

One of the new initiatives in my research group in the CHiPR era began in 1994 when Baosheng
Li, then a graduate student and now a Professor in the Department of Geosciences, developed
techniques to incorporate ultrasonic interferometric measurements of sound velocities in situ in the
Kennedy-Getting high-pressure apparatus in collaboration with Ian Jackson (my first graduate student
and subsequently the Director of the Research School of Earth Sciences at the Australian National
University; see Figure 9ab). This pioneering development provided the opportunity to conduct sound
velocity experiments to pressures of 10 GPa [30] and was exploited over the next few years by many
graduate students (Tony Cooke [31], Lucy Flesch [32], Yegor Sinelnikov [33], Jun Liu [34], Kenneth
Darling [35]) and postdocs (Ganglin Chen [36], Frédéric Decremps [37,38], Jennifer Kung [39], Gabriel
Gwanmesia [40]) for such studies.

At the nearby Brookhaven National Laboratory, the National Synchrotron Light Source (NSLS)
was built in the early 1980s. Charlie Prewitt opened our eyes to the research opportunities of such
synchrotron X-ray facilities (Figure 10a). In the early 1990s at the beginning of the CHiPR era,
Don Weidner and his team moved SAM-85 from the campus to the NSLS and installed it on the
superconducting beamline (X17B2). Don recruited Mike Vaughan (Stony Brook Ph.D. 1979) back from
the University of Chicago to energize the MPI multi-anvil operation at the NSLS (Figure 10b).

Ultrasonic interferometry was first adapted for use in conjunction with synchrotron X-rays at the
X17B2 hutch by my research team (led by Baosheng Li). In a typical experiment with a polycrystalline
sample, three types of data are collected: (1) X-ray diffraction from the sample and the pressure
standard, (2) ultrasonic waveforms using transfer function method, and (3) X-ray radiographic image
of the sample. Data processing of these raw data results in the determination of pressure, unit cell
volume, compressional and shear wave velocities at all pressure and temperature (T). Such acoustic
experiments have been conducted by many of my students and postdocs over the past 15 years. These
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simultaneous ultrasonic interferometry and X-radiation measurement techniques which we developed
at the NSLS [41-43] have now been implemented at many major synchrotron sources in the world,
including SPring-8 in Japan, the Advanced Photon Source in the U.S., and DESY in Germany.

13 May 1994

Baosheng Li and Ian Jackson with
in situ ultrasonic experiment at
high P

(@ o (b)

Figure 9. (a) Baosheng Li and Ian Jackson using the Kennedy-Getting press to develop their new
experiments extending ultrasonic interferometric measurements of sound velocities to 10 GPa in 1994.
(b) Baosheng Li and Kennedy-Getting press with Walker-type module in High Pressure Lab in 1994.
Reproduced with permission from Liebermann [1], published by Elsevier B.V., 2014.

Figure 10. (a) Charlie Prewitt at X7 beamline of the new NSLS in early 1980s (from newsletter of State
University of New York). (b) SAM-85 installed on the superconducting wiggler beamline (X17B2) at
NSLS with Don Weidner and Mike Vaughan.

During the first quarter century of my research programs at Stony Brook, we were extremely
lucky to have access to the personnel and equipment resources of the departmental machine shop
and electronics support facility, which the founding fathers (no women on the faculty in the 1960s) of
the Department had wisely incorporated into the staffing plan. The Machine Shop, which originally
included Bob Muller in addition to Fred Gwinner and Al Catalano, continued to provide excellent
service under Paul Hoversen with Ed Vorisek and Herb Schay and later Carey Koleda and Ricky
Palencia. For this entire period, Bill Huebsch and Ben Vitale, who had been recruited from Brookhaven
National Lab by the founding Chair Oliver Schaeffer, lent their considerable expertise in all things
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electrical and electronic to our research programs (from major projects such as the High Pressure Lab to
the MPI’s experimental program at the NSLS to minor needs such as installing antennas on the roof of
the Health Sciences Center to receive the signals from our seismic stations on Shelter Island and Lloyd’s
Neck). These experimental programs simply could not have achieved their national and international
stature without the dedicated services provided by these extraordinary staff members. Unfortunately,
the Department and the University have recently decided to close these support facilities with the
likely consequence that it will be difficult or impossible to establish and maintain such world-class
experimental programs in the future.

All of the 25 NSF Science and Technology Centers established in the late 1980s and early 1990s
were required to wind-down operations in Year #10 and close at the end of Year #12; for CHiPR, this
end came in February 2002; at Stony Brook, we marked this occasion with a group photo which we
sent as a thank you to Dan Weill, the Program Director for the Instrumentation and Facilities Program
in the NSF Division of Earth Sciences (see Figure 11).

Figure 11. Group photo of faculty, staff and graduate students at Stony Brook in early 2002 as thank
you to Dan Weill of the Instrumentation and Facilities Program in Earth Sciences at NSF.

In anticipation of “sunset” of CHiPR, we began to develop ideas for an expanded mineral physics
initiative to expand access of high-pressure facilities to broader community, especially for graduate
students, postdocs and junior faculty at U.S. academic institutions.

A proposal was submitted in August 2001 on behalf of 18 universities and national laboratories in
the U.S. to establish a Consortium for Materials Properties Research in Earth Sciences (COMPRES);
funding approved for 5 years commencing in 2002, with Stony Brook University as the headquarters
of COMPRES.

COMPRES headquarters subsequently moved to the University of Illinois at Urbana-Chapaign
in 2010 and then to the University of New Mexico in 2015. Additional details of the evolution of
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COMPRES may be found in the Bass, Tempe and Long-Range Planning reports (Figure 12a—); see
also [44].

Understanding the
Building Blocks of the Planet

High-Presﬁ'e
Mineral Physics

(b)

tremes: From Atoms and Bonds
kes and Plate Tectonics

+ [
- Rl

2016 LONG-RANGE PLANNING REPORT

EDiToRs co-cuaRs
= - G h

Donald

Figure 12. (a) Frontispiece of Bass Report of COMPRES (edited by Jay Bass, 2004). (b) Frontispiece of
Tempe Report of COMPRES (edited by Quentin Williams, 2010). Reproduced with permission from
Liebermann [1], published by Elsevier B.V., 2014. (c) Frontispiece of Long Range Planning Report
(edited by Przemyslaw Dera and Donald Weidner, 2016).
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5. Bob as an Administrator at Stony Brook

My administrative career while at Stony Brook has been characterized by a series of serendipitous
events; each of these has involved finding something good or useful to do even though I was not
specifically looking for it.

The first of these events occurred in 1982-1983: I had been encouraged to apply for a position as
Program Director for Geophysics in EAR at the NSF. I decided not to apply as I was under consideration
for Chair of the Department of Earth and Space Sciences; when the Astronomy faculty vetoed my
appointment as Chair, I was free to go on sabbatical leave to France in September 1983 to work with
Jaoul and Poirier and their colleagues in Orsay and Paris (see above).

After a 3-month stay in Japan, which included the “shopping trip” describe above, I became the
Director of the new High-Pressure Laboratory and later the Co-Director of CHiPR (1991). In 1993, I
was a candidate to become the Director of the Research School of Earth Sciences at the Australian
National University; however, I withdrew my candidacy after a receiving a generous retention offer
from Stony Brook organized by Don Lindsley and Don Weidner.

In 1997, I became Chair of the newly-named Department of Geosciences and found that to be
one of the most rewarding administrative experiences of my life; we hired new faculty (including
Lianxing Wen and Troy Rasbury), recruited many outstanding graduate students and expanded our
research programs.

When Paul Armstrong (Dean of the College of Arts and Sciences) departed for Brown University
in 2000, Provost Robert McGrath asked me to serve as Interim Dean. I did so with every intention of
only staying a year or so but became somewhat addicted to the challenges of the College leadership
and so applied for the permanent job. When I was not chosen to be the new Dean, I decided to take
another sabbatical in France, and was fortunate that Olivier Jaoul and his team had now moved to the
Université Paul Sabatier in southern France (see Figure 13), where I spent another sabbatical leave
in 2002-2003.

Figure 13. Author receiving degree of Docteur Honoris Causa at Université Paul Sabatier from Olivier
Jaoul in 2004. Reproduced with permission from Liebermann [1], published by Elsevier B.V., 2014.

On my return to Stony Brook in 2003, I assumed the role of President of COMPRES and held
that position until 2010. I then “retired” from administrative duties and returned to teaching at the
graduate level (GEO 556 and 607) and helping to advise two groups of graduate students: (a) Three
African-American women who were pursuing M.S. degrees in Geosciences Instrumentation under the
supervision of Lars Ehm (Associate Professor in the Department of Geosciences) with the objective of
qualifying for positions as Science Associates at the national laboratories of the U.S. Department of
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Energy (such as Brookhaven National Lab) [45]; (b) Three Chinese women who were working with my
colleague Baosheng Li (Professor in the Department of Geosciences) on projects to utilize ultrasonic
interferometry in conjunction with synchrotron X-radiation to measure sound velocities of minerals
at high pressures and temperatures [46-48]. All six of these graduate students took my Solid-State
Geophysics course in the Fall 2013 semester (see Figure 14), which was my last semester of teaching
at Stony Brook as I formally retired in 2014 and was then appointed as a Research Professor in the
Department of Geosciences and the Mineral Physics Institute.

Figure 14. Graduate students in GEO 556: Solid-State Geophysics in Fall 2013 semester, with Bob
teaching his last class at Stony Brook. Left to right: Xintong Qi, Ting Chen, Xuebing Wang, Bob, Adairé
Heady, Ashley Thompson, Melissa Sims.
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Appendix A

Appendix A.1 GEO 556: Solid-State Geophysics (Originally ESS 556)

From the Spring 1977 to Fall 2013 semesters, Bob has taught this course 14 times and had the
privilege of introducing the following graduate students and postdocs to the wonders of mineral
physics (some of whom audited the course and others who took it twice!).

Sp77: Doug Anderson, Elizabeth Hauser, and Robin Reichlin
—listed as GEO 607.
Audits: Alan Kafka, Hubert King, Louise Levien, Michael Vaughan.
Sp78: Jay Bass, Ben Burton, Paula Davidson, Barbara Leitner, Susan Narbut.
First time listed as ESS 556.
F79: Andy Au, Jay Bass, Ben Burton, Ann Singer.
F82: Hwai-kuo Chen, John Kandelin, Tom Ruubel, Michael Simpson, Ann Sirinides.
Sp85: Gabriel Gwanmesia, Virginia Haniford, Jaidong Ko, Xing Liu, Amir Yeganeh-haeri,
Jianzhong Zhang.
F87: Ren Lu, George Moussouris, Rosemary Pacalo, Kim Pacanovsky, Anne Remsberg, Yanbin Wang.

Audit: Gabriel Gwanmesia.
F89: Yves Bertran, Yuan Liu, Yue Meng, Woosun Yang, Yusheng Zhao.
F91: Jishan Jin, Baosheng Li, Wenlu Zhu, Yong Zou.
F93: Reggie Minault, Bingming Shen-tu, Yegor Sinelnikov, Xiang Xia.
F95: Tony Cooke, Lucy Flesch, Rui Li, Jun Liu, Yujin Wu, Hui Zhao.
Audit: Frédéric Béjina.
F97: Corne Kreemer, Haibin Su
Audits: Ganglin Chen, Jiuhua Chen, Hiroki Kagi, Jianzhong Zhang.
SP00: Stan Adler, Kenneth Darling, Elliot Klein, Li Li, Laura Rossier, Veronika Vajdova
F11: Yu Chen, Yuan-yuan Liu, Guangrui.Qian, Gina Scherbenko, Terry-Ann Suer.
Audit: Matt Jacobsen.
F13: Ting Chen, Adaire Heady, Xintong Qi, Ashley Thompson, Melissa Sims, XuebingWang.
Audits: Xuefei Li, Yongtao Zou.

Appendix A.2 Theses Supervised by Bob Liebermann at ANU and SBU

Appendix A.2.1 Australian National University—Research School of Earth Sciences

ITan Jackson (1976)—Ph.D.
Subject: Phase equilibria and elastic properties in silicate analogue systems: studies of melting and
polymorphic phase transformations.

Leonie Jones (1976)—Ph.D.
Subject: High-temperature elastic properties of fluoride and oxide analogues.

State University of New York at Stony Brook:
Department of Earth and Space Sciences (1976-1997)
Department of Geosciences (1997-2019)

Barbara J. Leitner (1979)—M.S.
Subject: Elasticity of Single Crystal Pyrope

Ellyn A. Schlesinger (1979)—M.S.
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Subject: A Seismic Noise Survey of Long Island, New York

Susan M. Narbut (1979)—M.S.
Subject: Phase equilibria of the disproportionation reaction Ca;SnOy (strontium plumbate) CaSnO3
(perovskite) plus CaO (rocksalt)

Peter J. Lellis (1980)—B.S. Honors
Subject: Isostructural systematics of elasticity in silicate minerals

Ann E. Sirinides (1983)—M.S.
Subject: Elastic Properties of two-phase Aggregates

Richard J. Wilkinson (1983)—M.S.
Subject: The Long Island Sound Earthquake of October 21, 1981: Location, Focal Mechanism,
Intensity Survey

Thomas Ruubel (1984)—M.S.
Subject: Laboratory measurements of velocities in rocks from the Ramapo fault system

Kirk Maasch (1986)—B.S. Honors
Subject: Acoustic and static compression experiments on the elastic behavior of hematite.

Gabriel Gwanmesia (1987)—M.S.
Subject: Pressure calibration in a girdle-anvil and a DIA-type pressure apparatus at room temperature
(25 °C) and high temperature (1000 °C)

Appendix A.2.2 Theses Supervised (cont.)
Anne R. Remsberg (1990)—Ph.D.

Subject: A study of the polymorphic phase transformations in CopSiOy4

Ren Lu (1990)—M.S.
Subject: Study of kinetic rates of transformation between garnet and perovskite phases of CaGeO3

Yanbin Wang (1991)—Ph.D
Subject: Electron microscopy and X-ray diffraction studies on structural phase transitions in
MgSiO3 perovskite.

Gabriel Gwanmesia (1991)—Ph.D

Subject: High pressure elasticity for the beta and spinel polymorphs of Mg,SiO4 and composition of
the transition zone of the Earth’s mantle.

Appendix A.2.3 Yves Bertran at Université Paris XI [Olivier Jaoul]

Baosheng Li (1993)—M.S.

Subject: Polycrystalline Stishovite: Hot-pressing and elastic properties

Baosheng Li (1996)—Ph.D.
Subject: Ultrasonic Measurements of the Elastic Wave Velocities of Olivine and Beta Polymorphs of
Mg,SiOy4 at Mantle Transition Zone P and T and Geophysical Implications

Lucy C. Flesch (1997)—M.S.
Subject: Sound velocities in polycrystalline MgSiOs-orthopyroxene to 10 GPa at room temperature

Jun Liu (1997)—M.S.
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Subject: Calorimetry study of the coesite-stishovite transformation and calculation of the
phase boundary

Yegor Sinelnikov (1997)—M.S.
Subject: Elasticity of CaTiO3-CaSiO3 perovskites

Joseph A. Cooke (1997)—M.S.
Subject: Ultrasonic measurements of the elastic wave velocities of Mgz Al,Si301, pyrope garnet to 9
GPa at room temperature

Yegor Sinelnikov (1998)—Ph.D.—Check This Date?
Subject: Elasticity of MgSiOs-perovskite at high pressure and temperature by ultrasonic interferometry

Appendix A.2.4 Theses Supervised (cont.)

Jun Liu (2001)—Ph.D.
Subject: Elasticity of Pyrope-Majorite Garnets at High Pressures and Temperatures and Implications
for Geophysics

Kenneth Darling (2002)—M.S.
Subject: Ultrasonic Measurements of the Elastic Wave Velocities of Polycrystalline (Mg,Fe) San
Carlos Olivine
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Abstract: The development of the geophysical high pressure research in the former German
Democratic Republic (GDR) is described here. The GDR was a German state established in 1949 at
the territory of the Soviet occupation zone. The different experimental investigations under extreme
pressure and temperature conditions and their industrial applications, including the pilot manufacture
of synthetic diamonds are explained. A review of the research topics pursued including experiments
on lunar material and Earth core/mantle material is described.

Keywords: high pressure; physical properties; partial melting; lunar samples; diamond synthesis

1. Introduction

High pressures and high temperatures are two of the most important physical parameters in
characterizing the physics of materials. In chemistry research and production lines under higher
pressures and temperatures are also important; but in this field the volumes are bigger and pressures
over 1 GPa are rarely applied.

In the mid-1970s when the author began working at the Zentralinstitut fiir Physik der Erde
(ZIPE), scientists could only read international journals at the institute’s library. Based on these data
we could fill out order cards for special printed copies. Any personal contact with the authors was
not allowed. Some of these special printed copies became personal guides to the scientific. For us
in the discipline, perhaps the most valuable were undoubtedly the papers by Birch (1960/1961),
Christensen (1965), Manghnani et al. (1974) and Kern (1978) [1-5]. Everything that was described in
this literature could also be possible at Potsdam—pressure, geologically targeted samples, ultrasonic
measurements, material interpretation of seismic data. We have to realize the world was divided into
two different scientific regions at that time. That means any international published result could be
possible by inaccessible materials and equipment. Consequently this “translation” to the “eastern”
market was the first step of commencing scientific work. The publication of our own research results
only happened at meetings and in the journals of countries of the Council for Mutual Economic
Assistance (COMECON—an “eastern” analogue of the European Economic Community— EEC). During
the 1970s, the conditions and methods of ZIPE experiments became comparable to those in the western
countries and achieved-especially with the new “French press” (see later) — even higher conditions.
The ZIPE department V had close relations with geoscientific institutions inside COMECON mainly
at Kiev, Moscow, Novosibirsk, Apatity and Prague, including mutual visits. Later in the mid-1980s,
the publication in “western” scientific journals was allowed and became customary. Consequently,
the years from 1989—the year of the peaceful revolution—to 1992—the year of establishing the
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GeoForschungsZentrum Potsdam—were, for the ZIPE scientific staff, the first time to be involved in
the worldwide science community.

It was one of the peculiarities of scientific research in the German Democratic Republic (GDR) that
the main part of high pressure research was conducted in the field of geosciences. From the mid-1960s
to the early 1970s, the Institute for Geodynamik in Jena and the Geomagnetic Institute in Potsdam
(integrated in the later Central Institute for Physics of the Earth) and the Karl Marx University in
Leipzig, initiated the first experimental high pressure research. The background and basis for these
research activities were polymorphic [6-9].

In Potsdam, at the Geomagnetic Institute, a rock magnetic department was established under
the aegis of Frolich. The original theoretical and experimental investigations on the behaviour of
the Earth’s magnetic field and its geological development over time were very soon followed by the
first rock-physical investigations under higher pressure and temperature conditions. The influence of
Stiller and Vollstadt was particularly noticeable in this development; the latter was able to provide the
mineralogical component to the mainly geophysically oriented group (see Table 1).

Table 1. The status of high pressure research at different institutions of the German Democratic Republic

(GDR) in 1967.
department for hysical Central Institute for Physics of the
- . - P! ent for geophysic Central Institute for Physics Earth, Potsdam Physics section,
Institution VEB Geophysik Leipzig survey *‘“‘? gen!agy O,f . of the Earth, Potsdam Dep. of Crystallography of
Karl-Marx-University Leipzig Humboldl—University Berlin
high pressure device, pressure
200 t press 100 t press 200 t};r;sts, fgslsp ress, chamber up to 40-60 kbar,
P! uniaxial with small internal space
. ultrasonic equipment
equipment 1-4 MHz, high resistance

ultrasonic equipment
0.3-1 MHz

ultrasonic equipment, high
pressure hamber up to 8 kbar
in test

measurement devices, strain
gauges measurement

polarisation microscopy, X-ray
and spectroscopic devices

devices, pressure chamber
up to 2 kbar in test

comparison of sound
velocities of in-situ
measurements with
laboratory tests under
uniaxial pressure

deformation and electrical
resistivity under
uniaxial pressure

hysteresis and anisotropy of
p-wave velocities under
uniaxial pressure

recent research

pressure chamber up to 10
kbar with heater, pressure
chamber up to 30 kbar with
heater, pressure chamber up
to 100 kbar with heater

pressure chamber up to
2 kbar

further development above

research projects chamber (heating)

In Jena, a strong theoretical group was established in the Institute for Geodynamics under the
aegis of Uhlmann, which took particular interest in the condition of the deeper interior of the Earth
and the material behaviour under extreme pressure and temperature conditions [10-13]. There too,
under the influence of Stiller and against the background of theoretical investigations, a high-pressure
group with a geophysical orientation similar to that in Potsdam was formed, i.e., mainly at conditions
of the lower crust and upper mantle. However, reaching higher pressures was not given up. Later at
Potsdam a new high pressure laboratory was established for performing experiments with the newly
developed split sphere high pressure chamber (see later).

Organizational changes within the field of geosciences of the Academy of Sciences of the GDR
led to the fusion of these regionally separated research activities and to the later concentration of the
experimental activities at Potsdam (see Figures 1-4).

At the end of 1970 the first successful synthesis of industrial diamonds was made at ZIPE, for
the time being without economic consequences. In 1981, the industrial pilot production was started
in cooperation with district industry. By 1989, all hard material research and pilot production in
Oranienburg were discontinued.
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Figure 2. Construction site of the first high pressure hall with a pit for the triaxial press (6 January 1971).

58



Minerals 2020, 10, 412

Figure 4. Prof. Vollstadt and his biggest press at that time.
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2. Methods and Equipment of Measurement

2.1. Petrophysical Properties of Rocks and Minerals under Extreme P,T-Conditions

In autumn 1973, department V of ZIPE consisted of two buildings—a basement two-storey
office part with lecture hall and the high-pressure laboratory, consisting of a hall, two offices and
a large preparation room. In the hall there were two hydraulic presses—500 t and 600 t maximum
load. For the latter, there was a removable carriage with a lateral punch ring allowing forces up to a
maximum of 400 t. When combined this resulted in a triaxial system; i.e., a compression system in
which a cube-shaped sample could be compressed in three directions. The world-famous laboratory
of Prof. Kern in Kiel had the same principle. A piston heater was also developed in order to be able
to experimentally simulate the temperature, which increased with depth, during the high-pressure
experiments. After moving out the triaxial insert, a 600 t press with a yoke adjustable via two spindles
was available [14-17] (see Figures 5 and 6).

Figure 6. Sample insertion at the triaxial press.
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The 500 t press had a manually adjustable yoke. Two classical oil pressure chambers up to 0.5 GPa
maximum pressure, inner diameter 50 mm, as well as two piston-cylinder devices with different
diameters (10 and 17 mm) of the ring system up to 1.75 GPa were available. Lead sheeting was
used as a quasi-hydrostatic pressure transfer medium in which the rock samples were embedded.
Ceramic ultrasonic transducers for compressional waves were installed in the upper and lower part
of the column guide frames. For the oil pressure chambers there were initially no fixed measuring
set-ups available. The task of the first author’s (Mueller) final thesis was to develop an attenuation
measurement for P-waves. The solution was a spring-loaded transmission method. Since the elastic
coupling to the sample is critical in this case and the oil infiltration of samples should be avoided,
all rock samples were covered by an air-drying lacquer. The ultrasonic transducers were separated
from the sample only by a thin copper foil. The damping values were determined relative to a
metallic specimen of known attenuation or by measuring with two samples of different lengths.
In the course of the expansion of the high-pressure methods for measuring the elastic properties,
a statistical measuring principle was established; i.e., first, the elastic wave velocities of all samples of
a rock up to 0.5 GPa and room temperature were measured. On this basis, representative samples
for the high-pressure, high-temperature experiments were then conducted, which were then finally
incorporated into interpretation of deep seismic data. For this purpose, a special measuring set-up
with two pairs of barium-titanate-zirconate ultrasonic transducers for elastic compression and shear
waves was developed (see Figures 7 and 8). Measuring electronics, two measuring instruments
for electric cables with preamplifiers, were utilized. In compact form, the instruments contained
all the components (pulse generator, delay unit, oscilloscope) which are required for an ultrasonic
measurement. Later a special ultrasonic measurement device from the company Krompholz was
obtained [18-23].

Figure 7. Internal set-up of the 0.5 GPa oil pressure chamber.

These complex physical laboratory investigations also included measurements of the electrical
conductivity and thermal properties of rocks under ambient and extreme pressure and temperature
conditions. The results showed that with increasing pressure e.g., the electrical resistance increases,
whereby the increase is more significant for sediments than for magmatic rocks.

Other parameters, such as magnetic quantities (magnetic anisotropy, direction of magnetization,
Curie temperature), were also the subject of laboratory investigations and were used to clarify the
magnetic rock behaviour down to the pressures of the deeper Earth crust (about 1 GPa and 750 °C).

The existing high-pressure measurements of elastic properties were essentially limited to crustal
pressures; i.e., hydrostatic 0.5 GPa and quasi-hydrostatic 0.6 GPa. Thus, if the conversion factor of
pressure in GPa to depth in km was 30, this corresponded to depths less than 20 km. It was then
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decided to purchase an oil pressure chamber up to a maximum pressure of 1.2 GPa. For this purpose,
a two-layer shrunk jacketed vessel was built. Following the example of the existing 0.5 GPa chamber,
the pressure chamber stood on the fixed lower punch with the electrical feedthroughs. The long upper
punch was used for compression (Figures 7 and 8). The inner structure, the actual measuring cell,
was connected to the lower punch with cables. Since there were problems with the compression path
in practical test operation, the measuring assembly was connected to the lower punch with a plug.
For this purpose, the measuring set-up was fed from above with a specially manufactured key and
connected to the lower punch. However, there were problems with the pressure-transmitting medium.
The hydraulic oil, which had been used up to 0.5 GPa, could no longer be used. From about 0.7 to
0.8 GPa its viscosity increased so much that cables were torn. Therefore, a mixture of ethanol and
methanol was used as a new pressure transmitting medium. As expected, the viscosity behaviour was
excellent, but the lubricating effects on the metal seals were not. Therefore, up to 10% hydraulic oil
was added as lubricant. The measuring set-up was designed for measuring the elastic wave velocities
of longitudinal and shear waves up to 750 °C [24-36].
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Figure 8. Sketch of the 1.2 GPa oil pressure chamber.

In 1977, there was an opportunity for scientific institutions to order major purchases on the world
market, if this could remedy a massive shortage in the sense of scientific progress. Department V
applied for a high-performance gas pressure cham