Erskine Williamson,
Extreme Conditions, and
the Birth of Mineral Physics

A series of papers published between 1916 and 1923 broke
new ground in materials research and laid the foundation

for modern studies of planetary interiors.

Russell J. Hemley

n the summer of 1914, Erskine Williamson, a 28-year-old

Scottish mathematical physicist, joined a new laboratory
in Washington, DC. Although he had been hired as a re-
search assistant in geology, he began to attack a broad range
of problems in physical chemistry, thermodynamics, and
heat flow. His efforts soon extended to high-pressure geo-
physics, culminating with his derivation of the pressure—
density relation for Earth’s interior and the procedure for
determining the pressures and densities as a function of
depth in the planet.! Though his equation is well known as
one of the fundamental relations in geophysics, few are fa-
miliar with its discoverer, the breadth of his research, and
the background behind its development. Williamson died
unexpectedly in 1923 at the peak of his productivity, but
during his short career he helped lay the foundations for
the modern study of planetary interiors.

The scientific and political worlds were both in transi-
tion as Williamson arrived in Washington to begin his work.
It was the eve of World War I, midway between the ap-
pearance of Einstein’s landmark 1905 papers and the de-
velopment of wave mechanics in the mid-1920s.2 Experi-
mental physics and chemistry, through the emerging fields
of x-ray crystallography and spectroscopy, were beginning
to elucidate the structures of molecules and solids. The field
of modern physical chemistry was becoming established,
and the statistical thermodynamics of J. Willard Gibbs was
taking hold, although the implications of its formalisms for
a broad range of chemical problems were not yet fully real-
ized. Scientists were becoming increasingly aware of the im-
portance of these developments for understanding Earth.
Geology was also undergoing change from a purely descrip-
tive to a quantitative science. The discovery of radioactivity
provided a cosmic heat source that could reconcile the geo-
logical evidence for a far-older Earth with what had been
deduced from classical physics.? These advances prompted
fresh new questions about Earth’s formation, its component
minerals, and its global structure. Addressing those ques-
tions was the mission of the Carnegie Institution of Wash-
ington’s Geophysical Laboratory, Williamson’s new home
(see box 1 on page 51).

Pressures and densities

Earth’s density distribution had long fascinated the world’s
great thinkers. Formal descriptions of the density as a func-
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tion of depth dating back to Isaac New-
ton were developed and refined by
leading mathematicians through the
19th century. These descriptions
ranged from the ad hoc to the mathe-
matically elegant, but could not be rec-
onciled with the growing body of geo-
physical data being collected. The
average density of Earth was known to
be 5.5 g/em?, but the density of rock at the surface consid-
erably less, about 2.7 g/em?. The question was therefore the
extent to which the higher mean density of the planet was
due to changes in composition versus compression of the
rock. The presence of an iron—nickel core had been proposed
but not universally accepted, nor could its size be deter-
mined. Data from the emerging field of seismology were be-
ginning to shed light on the planet’s deep interior. Yet there
was no link between the mathematics of a self-gravitating
body, seismological measurements, observational geology,
and the behavior of materials within the planet.

Leason Adams was an experimentalist who had ar-
rived at the laboratory just before Williamson. Together,
they articulated four principal sources of available infor-
mation about Earth’s deep interior:! the total mass and av-
erage density, determined from the size of the planet and
its gravitational constant; the radial distribution of mass,
determined by the moment of inertia; elasticity of mate-
rial, obtained from seismology; and the flattening of Earth
due to its rotation. Starting with the first point, they as-
sumed a homogeneous, adiabatically self-compressing
body. In a few short steps, they derived the appropriate re-
lations in an equation that also gives seismic wave veloc-
ities as a function of depth:

dp

GM. p(r)

_ GM,p(r)
dr r2(Vy-2ve)

r2d (1)

where p is the density, r the radius, G the gravitational
constant, and M, Earth’s mass within radius r; V;, and V4
are the compressional- and shear-wave velocities, which
can be written in terms of the adiabatic bulk and shear
moduli, K, and u, as
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Ve = SsTaH and Vg = /E
p p

Together, the velocities define the seismic parameter ®, or
K /p. Related functions for stellar interiors had been pro-
posed earlier (the Lane—-Emden equations) but these were
for a compressed gas with assumed equations of state.? The
solution to equation 1 would be obtained iteratively, start-
ing with an assumed density distribution together with in-
formation on the density and the elasticity of the compo-
nent materials. The important insight was the separation
of the effects of changes in composition and self-compres-
sion, independent of solid or fluid phase. Thus, equa-
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Box 1. Erskine Williamson and His Colleagues

Erskine Douglas Williamson was born in Edinburgh on April 10, 1886. After
graduating with bachelor’s and master’s degrees from the University of Edin-
burgh, he earned a fellowship with the Carnegie Trust of Scotland. There his rep-
utation expanded, crossing the Atlantic to the Carnegie Institution of Washing-
ton’s new Geophysical Laboratory. The lab’s director, Arthur Day, lured
Williamson from his homeland in the spring of 1914. Williamson died of a cere-
bral hemorrhage on Christmas Day, 1923, following an operation for an ulcer.
The early staff of the laboratory included a number of notable scientists. In this
1920 photograph, Williamson is standing third from the right in the back row, his
colleague Leason Adams is second from the left in the front row, and Day is
seated in the front row center. Ceramics specialist Robert Sosman is fifth from the
left in front; chemist and glass scientist George Morey and early x-ray crystallog-
rapher Ralph Wyckoff are third and fourth from the left in back. Seated at the far
right is Norman Bowen, a pioneer in experimental petrology, which was a pri-
mary focus of the laboratory for many decades. (Photos courtesy of the Geo-

tion 1—the Williamson—Adams equation—would be valid
for successive shells of the planet assumed to be homoge-
neous in composition (see figure 1).

Elasticity and high pressure

The solution to equation 1 required experimental data. To
determine the density and elasticity of rocks, Williamson,
Adams, and their colleagues at the Geophysical Labora-
tory embarked on a broad experimental program in high-
pressure measurements. Their research required the de-
velopment and implementation of entirely new laboratory
techniques, such as those employing the 500-ton press pic-
tured in figure 2. The work benefited from and comple-
mented the breakthroughs in high-pressure research ac-
complished by Percy Bridgman at Harvard University,*
whose own research was supported in part by the Carnegie
Institution. The laboratory team subsequently carried out
the first direct measurements of densities, compressibili-
ties, and elasticity of numerous minerals, rocks, and met-
als up to pressures of 12 kbar.

These were challenging experiments, given the in-
compressibility (that is, high K,) of materials expected to
reside within Earth. Indeed, the team found that all ma-
terials studied became more incompressible under pres-
sure. Moreover, such materials as those found at Earth’s
surface cannot be sufficiently compressed to create the
densities expected based on the planet’s average density.
Williamson and Adams were the first to report the com-
pressibility of diamond, a major accomplishment given the
difficulty of measuring a change in volume of such an in-
compressible solid; their result is remarkably close to the
currently accepted value.

The pair investigated not only single phases—
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individual minerals, for example—but also whole rock
samples subjected to pressures of Earth’s deep crust. Their
determination of the elastic properties of rocks revealed a
sharp decrease in the compressibility (1/K,) under pres-
sure up to 2 kbar for some rocks; that decrease was cor-
rectly interpreted as arising from the closure of cracks in
the bulk rock. They went on to measure electrical conduc-
tivities, viscosities, and other physical properties of mate-
rials at high pressures.

By integrating equation 1 starting near Earth’s surface,
Williamson and Adams found that the interior cannot con-
sist of the average material found at the surface, simply
compressed to a smaller volume. Their analysis led to the
first clear evidence that the mantle’s composition is differ-
ent from that of crustal rocks, and they proposed a mantle
dominated by ferromagnesian silicates such as olivine.
Their analysis also provided direct and quantitative evi-
dence for a much heavier core. They subsequently wrote,
“Beyond reasonable doubt, the Earth has a metallic core of
iron or iron-nickel, the diameter being about half the
Earth.” Moreover, they deduced the pressure at the very
center of our planet as about 3.2 Mbar. We now know, based
on subsequent detailed seismological and other geophysical
studies, that the central pressure is some 3.6 Mbar.
Williamson and Adams deduced that the density of iron at
Earth’s center is 10.7 g/cm?; we now know it is 13.0 g/cm?.

The pair’s conclusions represented a remarkable
achievement. Given the data available at the time, their
calculation of the mantle’s average density and composi-
tion and their depiction of the core are both remarkably
close to our current understanding. It is no surprise, then,
that their 1923 article “Density Distribution in the
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Earth,” published one month before Williamson’s death,
is a landmark paper in geophysics (see figure 1).

Chemistry and thermodynamics

This work was the outgrowth of several lines of investiga-
tion and was the culmination of a research program that
involved major contributions to fields beyond geophysics
(see box 2 on page 54). The successful application of ther-
modynamics to rocks and minerals required extensions to
the formal treatment laid out by Gibbs in two fundamen-
tal ways. First, the Gibbs treatment had to be extended to
complex multicomponent systems with a great many de-
grees of freedom; second, it had to include thermodynamic
states as functions of stress and strain. Williamson tack-
led both, as demonstrated by his 1917 paper “Effect of
Strain on Heterogeneous Equilibria,” which was moti-
vated by peculiar problems of carbonate mineral solubility
and metastability.

That research eventually grew into a broader program
focused on further developing and applying equilibrium
thermodynamics. Gibbs had defined various “potentials,”
but the relevance of his formalisms was not appreciated,
despite the growing number of papers on the topic.b
Williamson and George Morey’s 1918 paper “The Laws of
Chemical Equilibrium” appears to be the first to spell out
a clear meaning of the term “chemical potential.”” They
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Density Distribution in the Earth
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Reprinted from JourNAL oF THE WASHINGTON ACADEMY
or Bemences, Vol. 13, No. 19, November 19, 1023

Figure 1. The 1923 paper “Density Distribution in the
Earth”" provided the pressure-density relation (upper left) for
Earth, calculated using the Williamson-Adams equation
(equation 1, also known as the Adams—-Williamson equa-
tion) and data available at the time (black line). The pair
used a pressure scale in which 1 bar equals 1T N/m?, now
defined as a pascal; thus T million megabars is equal to the
modern megabar. The plot at lower left shows the
density—depth relation calculated in the paper (solid black
line) together with those estimated by Viktor Goldschmidt
(dotted line) and Pierre Laplace (dashed line)." In 1923 the
seismologist Beno Gutenberg published a similar pressure—
density relation based on very different assumptions (see

B. Gutenberg, Physik Zeit 24, 296, 1923). The yellow lines
in both figures show the modern view, from the Preliminary
Reference Earth Model (see A. M. Dziewonski, D. L. Ander-
son, Phys. Earth Planet. Inter. 25, 297, 1981).

wrote, “The variable w, which bears to the mass of a com-
ponent the same relation that pressure bears to volume,
temperature to entropy, or electrical potential to the quan-
tity of electricity, is what we call the ‘chemical potential.””
This simple yet elegant analogy is now embedded in the
lexicon of chemical thermodynamics.

Optical glass and the war

World War I interrupted this diverse research program,
but it was a hiatus that led to still other groundbreaking
discoveries. Like other scientists at the Geophysical Lab-
oratory, Williamson decided to help with the war effort. A
critical problem facing the nation was how to enhance the
quality of optical glass, which until then had been obtained
from Germany. Williamson relocated to glass-making
plants in Pennsylvania and New York to help improve the
manufacturing process. By mathematical treatments of
heat flow in a variety of geometries and of structural re-
laxation, he showed how the annealing of glass could be
optimized, which dramatically reduced cracking and de-
vitrification. The work also addressed such simple but im-
portant engineering problems as the proper motion of stir-
rers in the melt and the placement of thermocouples in the
manufacturing apparatus. The results of that work were
published in a series of papers following the war and in-
clude fundamental equations still in use that describe heat
conduction in solids.? In fact, entirely different Williamson
and Adams equations came to be known in the glass and
ceramics literature.’

When the draft was introduced in Britain to feed the
growing trench warfare, Williamson and other expatriates
were called up. Only a letter from the Geophysical Labo-
ratory’s director, Arthur Day, to the British ambassador
spared Williamson from the front. Indicating his greater
value to the Allied cause by his service to the fledgling
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Figure 2. A four-post, 500-ton high-pressure apparatus used by Williamson and others at the Carnegie Institution of Wash-
ington’s Geophysical Laboratory. The picture shows the hydraulic press, pressure vessel, micrometers, and connections; the
overall design is similar to that used in modern presses. The schematic shows the pressure vessel mounted in the hydraulic
press used for compressibility measurements. The movement of a piston in the vanadium vessel was used to determine the
volume change of the sample, and the change in electrical resistance of a manganin wire provided a measure of the pres-
sure. (Adapted from L. H. Adams, E. D. Williamson, J. Johnston, J. Am. Chem. Soc. 41, 12, 1919.)

glass industry, Day saved him from the fate of other young
Britons (such as Henry Moseley, who discovered the origin
of the atomic numbers of the elements). Day’s intervention
paid off, as some 95% of the production of optical glass dur-
ing the war was carried out under the direction of
Williamson and other scientists from the Geophysical Lab-
oratory. The industry partnership, which Day had begun
before the war, contributed to the development of glass
technology at Corning Glass Works in New York, includ-
ing the invention of new glasses such as Pyrex.

Developments and extensions

Williamson and Adams had proposed a methodology for a
quantitative understanding of planetary interiors, but
their specific model was limited by the paucity of infor-
mation then available.! In their model, the largely granitic
crust gives way at a critical depth—starting at about
60 km from the surface—to more basic material. From 60
to about 1600 km is a region dominated by iron—
magnesium silicate minerals. Below that lies pallasite, a
mixture of silicates and iron—nickel alloy, and below about
3000 km lies the iron—nickel core.

The mantle and core zones represent regions of con-
stant composition with the density increasing as a result
of compression. The pioneering geochemist Viktor Gold-
schmidt had proposed similar changes in composition with
depth,! but the Williamson—Adams model was the first to
be supported by solid experimental data on material prop-
erties at high pressures and temperatures. Many details
remained to be worked out, most notably the identification
of the seismic discontinuities at various depths. In 1936
Irish crystallographer John Bernal suggested that the dis-
continuity at 400 km arises from the phase transition in
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the mineral olivine to a denser spinel structure, and Inge
Lehmann discovered the discontinuity between the outer
and inner core.!?

Williamson and colleagues correctly suspected that
the temperatures deep within Earth must be several thou-
sand degrees,! but could not address the effects of tem-
perature at high pressure. They conjectured that materi-
als must be in some sort of glassy state, because it was
unclear that melting points of minerals could rise by so
large an amount under pressure; indeed, there was much
speculation about melting lines ending in critical points.?
Following the notions of geologist Reginald Daly," they
suggested that glassy material exists in the deep mantle
at temperatures above what they thought were the maxi-
mum melting points of minerals; the high pressure was as-
sumed to maintain the materials’ rigidity. Only years later
would experiments indicate that melting temperatures of
most minerals increase substantially with pressure, obvi-
ating any need to invoke the presence of a glass.

In 1952, using new experimental data that had been
collected in the three decades since Williamson and Adams’
analysis and an improved understanding of how materials
transform under pressure, Francis Birch worked out a
more general treatment. Specifically, he incorporated seis-
mic discontinuities and the role of temperature on such
transformations throughout Earth’s deep interior.!? In par-
ticular, Birch extended equation 1 to include the effects of
temperature:

dp  GM,p(r)
dr r2d

where « is the coefficient of thermal expansivity and 7 is
the difference between the adiabatic gradient and the true

+ apr, (2)
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temperature gradient. New Zealand—born mathematician
and seismologist Keith Bullen quantified the departure
from uniform chemical composition by defining a homo-
geneity parameter 7,

dK,
= +
dP
which should be near unity for homogeneous regions that

are close to adiabatic.’® Here, P represents pressure and g
the acceleration of gravity.

1do
g dr

n (3)

The modern legacy

Although those early Earth models predate the plate-
tectonic revolution, their authors understood the concept of
planetary differentiation—that the combined forces of grav-
ity and internal heat can segregate materials within plan-
etary bodies. Indeed, modern dynamical treatments of plan-
etary structure and evolution take the Williamson—Adams
equation as one of their starting points. The modern ver-
sions of the Williamson—Adams approach for Earth are the

Box 2. Other Significant Pursuits

everal of Williamson'’s papers addressed chemical thermo-

dynamics, including the 1918 article “The Laws of Chemical
Equilibrium,”” which clarified the notion of the chemical poten-
tial. Interestingly, Gilbert Lewis and Merle Randall’s 1923 text-
book Thermodynamics (McGraw-Hill, New York), read by gen-
erations of graduate students, used the term “partial molal free
energy” instead of chemical potential. In the second, revised
edition of the text published in 1961, Kenneth Pitzer and Leo
Brewer added a discussion with terminology virtually identical
to that used by Williamson and George Morey.

“Temperature Distribution in Solids”® became the funda-
mental paper for glass annealing. The article “Change of the

TEMPERATURE DISTRIBUTION IN SOLIDS
DURING HEATING OR COOLING

BY
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radially symmetric reference Earth models, as shown in fig-
ure 3. According to the current view, the continuous density
and sound-velocity profiles of the deep mantle are consis-
tent with the presence of dense simple oxides and per-
ovskite-structured silicates surrounding a much denser core
rich in liquid iron—nickel (see the article by Raymond Jean-
loz and Barbara Romanowicz in PHYSICS TODAY, August
1997, page 22).

The region near the core-mantle boundary is an area
of considerable current research—two years ago new
pressure-induced structural transitions were discovered
to occur there!*—as are continued studies of the outer and
inner core. A new generation of experimental tech-
niques—from multimegabar high-pressure devices to
probes of deep planetary structure—together with the
Williamson—Adams relation underpin modern planetary
models, including those of planets outside our solar sys-
tem.® The actual experimental data obtained by the early
investigators have naturally been superseded in the wake
of improved measurement techniques. But many early ob-

Physical Properties of Materials with Pressure” (E. D.
Williamson, J. Franklin Inst. 193, 491, 1922) outlined the
progress in the emerging field of high-pressure physics. In it,
Williamson wrote, “The difficulties of making exact measure-
ments of any physical quantity whatever under the conditions
outlined are very considerable and much time is consumed
merely devising tools for the enterprise.” The use of x rays to
reveal the structure of matter was in its infancy at the time. In
that paper he also made the prescient remark, “X-ray analysis
has elucidated the arrangement of the atoms in many of the
simple crystals, so that the compressibility [studied in this
way]| should give some idea for the laws governing the forces
of attraction or repulsion. . .. The change in compressibility
has not been examined from this point of view, so far as |
know.” This statement underlies the rationale behind much of
modern high-pressure physics—understanding the forces of at-
traction and repulsion of atoms in condensed matter. We now
know that structures can be surprisingly complex under pres-
sure, an unexpectedly rich realization of Williamson’s predic-
tion. The photo shows an early x-ray diffractometer used at the
Carnegie Institution of Washington’s Geophysical Laboratory
in a program begun by Ralph Wyckoff (courtesy of the Geo-
physical Laboratory Archives).

|Reprinted {rom the Journal of the American Chemical Soclety,
Vol. XL. No.l. January, 1918.]

The Laws of Chemical Equilibrium

By Erskind D. Williamson and George W. Morey

CHANGE OF THE PHYSICAL PROP-
ERTIES OF MATERIALS WITH
PRESSURE

BY
ERSEINE D. WILLIAMSON, B.Sc., M.A.
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Figure 3. Williamson and Adams'’s schematic model of Earth’s deep
interior, the northern slice of the planetary sketch at left, illustrates
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servations stand to this day, including the effects of crack
closure on the elasticity of whole rocks, which is central
to interpreting data on the lithosphere, elastic anisotropy
in the mantle, and earthquake prediction.® (For modern
studies of related problems, see the article by Robert
Guyer and Paul Johnson in PHYSICS TODAY, April 1999,
page 30.)

Modern research in the broader field of matter under
extreme conditions can also be traced back to those early
advances. Studies of organic systems today build on the in-
vestigations of Williamson and Adams on mustard gas
[(C,H,CD,S] carried out for the war effort.!” Megabar pres-
sures set the scale for the condensed matter physics and

the concentration of iron (in black) within Earth’s core." In their view,
above the core sits a rocky layer of iron mixed with silicates and an
outer shell composed of silicate material. The colored cross section
in the southern slice depicts a modern, radially symmetric view of
the planet’s deep interior. The so-called post-perovskite silicate phase
is now known to be stable in the region at the base of the mantle
(D” layer); unlike the silicate perovskites that compose the bulk of
the lower mantle, this newly discovered phase can incorporate a
large amount of iron in its crystal structure.' The image below, de-
termined from seismic tomography and mineral physics data, shows
the lateral variation in elevation of the perovskite to post-perovskite
transition above the core-mantle boundary (CMB). (Right image from
D. Helmberger et al., Proc. Nat. Acad. Sci. USA 102, 17257, 2005.)

PHASE TRANSITION ELEVATION ABOVE CMB (km)

chemistry of extreme conditions, a regime characterized by
numerous profound changes in material properties. Just
after Williamson died, scientists recognized that atoms
could be effectively destroyed by pressure (and tempera-
ture), and that quantum mechanics provided a means for
understanding phenomena such as the extreme densities
encountered inside stars.!® That recognition led to the con-
jecture that all materials must eventually transform to met-
als or dense plasmas under compression. Testing this pos-
tulate has motivated much of high-pressure research for 80
years and led to numerous surprises, among them the
observation not only of pressure-induced metallization,
but also unexpected examples of pressure-induced

e - e R — =

Figure 4. The Geophysical Laboratory (left) in Washington, DC, when Williamson worked there, and the new Erskine
Williamson Building (right), dedicated April 2004 at the University of Edinburgh, UK. The Erskine Williamson Building
houses the Centre for Science at Extreme Conditions, which, like the modern Geophysical Laboratory, is one of several high-
pressure centers worldwide. (Left photo adapted from H. S. Yoder Jr, Centennial History of the Carnegie Institution of Wash-
ington, vol. 3, Cambridge U. Press, New York, 2004; right photo courtesy of the University of Edinburgh.)

www.physicstoday.org

April 2006 Physics Today 55




superconductivity (see the article by Russell Hemley and
Neil Ashcroft, PHYSICS TODAY, August 1998, page 26). Re-
cent work suggests more exotic behavior in a growing num-
ber of materials.

Williamson did not live to appreciate the flourishing
field that he helped to create on the eve of the quantum
revolution in physics. In some 20 papers published during
a span of eight years, including the interruptions of World
War I, he and a small cadre of fellow scientists laid the
foundation for mineral physics and the broader study of
matter under extreme pressures and temperatures (see
figure 4). The modern field thrives at the interface of many
disciplines—it bridges the gap between geology and astro-
physics, between condensed matter physics and plasma
physics, and between planets and stars.

I thank C. T. Prewitt, S. Gramsch, S. Hardy, N. W. Ashcroft,
S. C. Solomon, J. Katz, R. Jeanloz, A. Davis, L. Sawyer, R. J.
Nelmes, B. O. Mysen, S. G. Brush, and the late H. S. Yoder Jr
for valuable input and discussions.
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