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coesite. I, therefore, concluded that the possibility of carbon
diffusion into the sample must be eliminated in some way,
since otherwise the interaction of carbon and quartz compli-
cates the picture too much. The next step involved taking a
platinum capsule. Then I slightly raised the pressure and the
temperature. In a new series of experiments, the coesite yield
was nearly 100%. In what follows we carry out the
experiments under the highest pressure possible and a
temperature of 1800—2000 °C. The result was again coesite,
but there was also a significant difference in the outcome. An
unknown phase with a high refractive index and high
birefringence appeared systematically. This phase either
covered the coesite or formed laminated and needle-shaped
grains. We named this phase in the laboratory record as
‘phase X’. Phase X emerged only as an impurity, maybe
because there was never enough time for it to form in
abundance. So the next time the experiment was prolonged
to three hours. The result was an explosion. Another
prolonged experiment, and another explosion. This
prompted to use water jackets to cool the steel exteriors of
the chamber. So then the first experiment with jackets. The
pressure was higher as before than the last transition point in
bismuth and the heater’s output power corresponded to a
temperature of about 2000 °C. The experiment was contin-
ued for two hours, and the chamber was not fractured. Finally
I took out the platinum capsule and noticed certain
difference. Before it was sufficient to break off the lid of the
capsule, and the contents could easily be poured out, with the
walls of the capsule remaining clean. Now, however, the
capsule’s lids could be separated from the capsules only
together with a fraction of the contents. The material taken
from the center of the capsule was practically pure coesite.
Then I noticed phase X, and the quantity of it was slightly
greater. The second and third experiments followed in the
course of one weak. The result was the same. I still ignored the
material stuck to the capsule’s lids.

Next I reduced the output power of the heater and carried
out further experiments. I extracted the ‘lentil’ and took out
the capsule. And what did I find? I found that it was
impossible to open the capsule. The lid had stuck. It was
proved to be impossible to break off the side surface of the
capsule. Finally I had to use clippers and cut the capsule open.
I took some of the substance and placed it on the microscope
slide. The substance was neither quartz nor coesite. What I
saw was an unknown fibrous material with a high refractive
index. Of course this was phase X, but it was not easily
recognizable in such large quantities. There were a few needle-
shaped formations and even well-formed elongated crystals.
Some of the crystals appeared to be green in crossed Nicol
prisms. The birefringence of the material was high. Then I
began to suspect dimly what had happened: the jackets with
running water intensified the removal of heat, so that the
temperature in the chamber fell, and we ‘landed’ into the
stability region of the new phase. Analytical chemistry
techniques were then employed for purposes establishing
whether all the effect was not the result of contamination.
There were fears that, possibly, graphite diffuses into the
capsule and interacts with silica, with the result that some
carbon compounds are formed, etc. After checking and
rechecking, hesitating and thoroughly discussing the results,
it was confirmed that a new dense phase of silica had been
discovered. Finally, a paper was written and submitted to
publication. T have left out many details that made research
more complicated since they are of no interest now.

In August 1961, the paper was published and received
much attention. And then, in December 1961, I received a
letter from Edward Chao in which he reported about the
discovery of a new mineral, a natural analog of the phase X, at
Meteor Crater in Arizona. Chao also wrote that the new
mineral was named stishovite.

Strictly speaking the scientific story of the discovery ended
with these events. What followed is quite a different story...
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1. Introduction

Pure stishovite and coesite samples with densities of
4.31 4+ 0.04 and 2.92 4+ 0.03 g/cm3, respectively, and dimen-
sions appropriate for planar shock-wave experiments have
been synthesized with a multianvil high-pressure press. The
principal Hugoniot centered at stishovite obtained by shock
loading up to 235 GPa yields a linear shock velocity (Us)—
particle velocity (up) relationship Us = Co + sup, where
Co = 9.08 km/s, and s = 1.23. The new shock-wave data for
coesite to 140 GPa agree with, and extend, the former study.
These data along with previous studies on other polymorphs
now provide Hugoniots for the major polymorphs of SiO;
(fused quartz, quartz, coesite and stishovite). The Griineisen
parameter for stishovite under compression obtained from
the internal energy and pressure differences between different
principal Hugoniots of silica polymorphsisy = 1.35(V/ V)4,
where ¢ = 2.6 + 0.2. Previously melting of stishovite at 70 and
113 GPa was inferred from shock temperature measurements.
These are in accord with recent molecular dynamics modeling
of the high-pressure fusion curve of stishovite.

Silica is important not only as the main constituent of the
Earth and other terrestrial planets but also as a model system
to study the fundamental physics of material properties, such
as polymorphic phase changes and interatomic potentials [1].
To understand the seismic structure of the Earth and
transport processes (e.g., heat and mass), knowledge of
thermodynamics of the MgO—SiO, system is crucial. Free
silica may exist as stishovite (or post-stishovite phases) in the
Earth from 300 km depth (10 GPa) in the upper mantle to
2891 km at the core-mantle boundary (CMB, 136 GPa).
Stishovite-type phases may play a key role in chemical
reactions in the lowermost mantle [1—3]:

(MgooFep 1) SiOs (perovskite) + 0.15Feg o(liquid)
< 0.9MgSiO;s(perovskite) + 0.2FeO(hpp)
+ 0.05FeSi(liquid) + 0.05Si0; (stishovite) , (1)

(Mg, Fe)O(B1) + SiO,(stishovite)
— (Mg, Fe)SiOs (perovskite). (2)

These reactions sequester iron from the mantle into the
metallic core and consume silica into Mg-perovskite and



may have occurred during the early accretion history of the
Earth [3]. In this sense free silica might be scarce at the lower
mantle. Stishovite was the first silicate discovered with Si*~*
octahedral coordination with O®~, characteristic of all the
lower mantle silicate phases, and the elastic, thermodynamic
and transport properties of stishovite in joint presence with
other materials remain important for seismic and geodynamic
studies of the Earth. Stishovite and post-stishovite phases are
also important for planetary impact processes: the structure
of shocked SiO;-bearing rocks and meteorites constrains the
interpretation of impact process [4, 5].

Extensive and detailed studies on the silica system have
been conducted for long time with various techniques [1]. For
shock wave experiments, McQueen et al. [6] reanalyzed the
first shock-wave studies on fused quartz and quartz by
Wackerle [7] and demonstrated that the high-pressure region
above 30 GPa for both initially crystal quartz and fused
quartz appeared to behave as if transition to the recently
discovered rutile phase had occurred. They predicted
Cp = 10.0 km/s and s = 1.0 for stishovite Hugoniot. Addi-
tional studies such as those by Fowles [8], Ahrens and
Rosenberg [9] and some Russian studies (see Trunin [10] and
references cited therein for a complete review) on crystal and
porous quartz, fused silica, crystabolite and coesite all
demonstrated transition to stishovite as suggested by McQu-
een et al. [6]. Podurets et al. [11] proposed the stishovite
Hugoniot as Cyp = 7.6 km/s and s = 1.41, based on their
shock-wave experiments. Furnish and Ito [12] had synthe-
sized polycrystalline stishovite for shock-wave measure-
ments. Unfortunately, their samples were heterogeneous.
They varied in both porosity and stishovite content such
that the initial bulk densities varied from 3.8 to 4.07 g/cm3.
This gave rise to considerable scatter in the resulting data.
Although the shock-compressed states are undeniably com-
pressed stishovite, the data are too scattered to provide an
independent contribution to our knowledge of the equation
of state of this phase. The direct measurement of the
Hugoniot of stishovite is of paramount importance as
suggested by Trunin [10].

Advances in static synthesis techniques, shock-wave
diagnostics and theoretical modeling enable further study on
high-pressure silica phases [13, 14]. To address the equation of
state and the post-stishovite transition along the Hugoniot
[10], direct shock-wave loading of stishovite is realized by the
synthesis of pure stishovite samples with dimensions circum-
venting edge effects and ensuring high accuracy of measure-
ment in planar impact experiments [13]. The melting point of
stishovite at 70 and 113 GPa was previously inferred from
shock-induced melting experiments [15]. New molecular
dynamics modeling of stishovite melting [14] complements
the shock-wave study. In this review, we summarize our
experimental work on high-pressure phases of silica and
theoretical study on the phase diagram of stishovite.

2. Static synthesis and dynamic loading of coesite

and stishovite

To conduct planar shock-wave loading on a light gas gun, the
diameter to thickness ratio of the sample should be larger
than 3 to avoid edge effects. The accuracy of the present
shock-wave velocity measurement (%1 ns) is limited by the
streak camera capable of measuring 80— 100 ns propagation
time in a 1 mm thick stishovite or coesite sample. This
presents a challenge for the synthesis of stishovite with
multianvil high-pressure press: the minimum required dimen-

sions are 3 mm in diameter and 1 mm in thickness. Previously
typical dimensions of the recovered sample in laboratory
multianvil cells that reach 10 GPa are ~ 1.5 mm in diameter
[16]. A new technique was adopted to radically simplify the
assembly to maximize space, at the expense of exact
characterization of the sample environment [13]. In the
synthesis experiments, success is justified by the recovered
phase, and precise pressure (P) and temperature (7) control is
not important. For this reason, the ZrO, insulator, LaCrOs
heater, MgO spacer, and Pt capsule typically used in modern
multianvil experiments [16] were dispensed with and only a
Re foil was used as both heating element and sample
container. The stishovite samples were synthesized using
14-mm sintered MgO octahedra, 8-mm truncation-edge-
length carbide anvils and pyrophyllite gaskets. The tempera-
ture is monitored with W/Re thermocouple, and pressure is
calculated from the loading calibration. The starting material
is a cylinder of pure silica glass. Stishovite samples have been
synthesized at 14 GPa and 1000 °C, with bulk density of
4.31 £0.04 g/cm3, diameter of about 4 mm, and thickness of
about 25 mm. The density was measured using Archimedean
method with toluene as the immersion liquid, and quartz as a
calibration standard. These samples are pure stishovite with
zero porosity as evidenced by optical microscopy and X-ray
diffraction (XRD) patterns [13].

Coesite samples have been synthesized with the cubic
module in the multianvil press at approximately 4 GPa and
900 °C. The pressure medium is a 21-mm pyrophyllite cube
with a barium carbonate sleeve surrounding the graphite
heater. The square anvil truncations are 16 mm along each
edge. The starting material is silica glass. The final products
have bulk densities of 2.92 + 0.03 g/cm3 and XRD patterns
with only coesite peaks. The coesite samples are ~ 5.3 mm in
diameter, and ~ 5 mm in length.

The synthesized coesite and stishovite samples are sec-
tioned into disks and polished for shock-wave experiments.
The stishovite and coesite samples mounted in the target
assembly have diameter/thickness ratios of approximatily 4
and 5, respectively. Coesite and stishovite samples were
mounted in the same target assembly when possible. Planar
impact experiments have been conducted on the Caltech two-
stage light gas gun with a streak camera measuring the shock
velocity, and flash X-ray diagnostics the projectile velocity
[13]. By varying the flyer—driver material and projectile
velocity, different final states were achieved in the shocked
coesite and stishovite samples. The directly measured projec-
tile velocity and shock velocity (Us) were reduced to shock-
state particle velocity (u,), pressure (P) and spe e
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