
problem with single-phase melting simulations is the
possible superheating of the solid during heating and
undercooling of the liquid during cooling due to the
kinetics [22] especially at high pressure, which could be
reduced by two-phase simulation [23]. The two-phase
simulation was conducted by constructing a solid ± liquid
model by combining the solid and liquid models at the same
pressure and temperature from the single-phase simulation.
Figure 6 shows the simulation results along with former
studies on stishovite melting. At 20 GPa, single-phase
simulation appears to be closer to experimental data than
the two-phase simulation, possibly due to the simplicity of
the force field or the interface effect that is more
pronounced at low pressure [14]. At high pressures, the
two-phase simulation yielded more accurate results. The
melting curve of stishovite is obtained from MD simulation
results along with experimental data. The slope of the
proposed melting curve is consistent with that computed
from single-phase simulation. The MD simulation results
are close to the static DAC results at low pressure, and
shock wave data at high pressure. This appears to validate
the interpretation of superheating of the solid along fused
quartz and quartz Hugoniots by Lyzenga et al. [15]. With
the melting curve of stishovite constrained, the silica phase
diagram is extended to the megabar regime.

4. Conclusion
In conclusion, the Hugoniot of stishovite up to 235 GPa was
obtained by shocking pure stishovite samples synthesized
from a multi-anvil high-pressure press. The coesite Hugoniot
in the stishovite regime is in agreement with former study and
extended to 140 GPa. Hugoniots centered at various silica
polymorphs have been obtained, from which the GruÈ neisen
parameter for stishovite under compression is experimentally
determined. The new molecular dynamics modeling validates
the interpretation of shock melting experiments on fused
quartz and quartz, and the phase diagram of silica is
extended to the megabar regime with a sound experimental
and theoretical basis.

Acknowledgment. Contribution No. 8856, Division of Geo-
logical and Planetary Sciences, California Institute of
Technology.
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Minerals of the deep geospheres

D Yu Pushcharovski|̄

In this report I discuss the composition and structure of the
Earth's mantle. Analysis of seismic tomographymaps and the
data on thematerial composition of themantle shows that the
mantle consists of several concentric zones, instead of the
commonly accepted two zones, the upper and the lower. As in
the Earth's crust, silicates are the predominant substance of
the mantle, but structurally the silicates of the mantle differ
substantially from those of the crust. More than one hundred
tetrahedron complexes in the silicates of the Earth crust are
replaced by no more than 20 structure types of this class of
minerals in the mantle, and the main difference between these
types lies in the transformation of Si tetrahedrons into Si
octahedrons. In this sense, one can say that stishovite has
opened up a new chapter of the crystal chemistry of silicates.
New data on the structural transformations of minerals in the
deep geospheres suggest that the mineralogical diversity of
the deep zones of the mantle is much poorer than that of the
Earth's crust, but nevertheless themantle mineralogy is not as
primitive as it was believed even two to three decades ago.

One of themost intriguing problems of geology in the past
decades is related to studies of the composition and structure
of the deep geospheres of the Earth. Such research in the
Earth sciences is of top priority, since more than 90% of
matter in the universe is under pressures greater than 1 GPa.
The pressure range in the universe is enormous: pressures
vary by more than 60 orders of magnitude. In intergalactic
space, there is one atom to more than one cubic centimeter of
space, while at the center of neutron stars the state of matter is
comparable to the Sun's mass (which is approximately
300 thousand times greater than the Earth's mass) com-
pacted into a volume smaller than that of the Earth (the
Earth's volume is approximately one million times smaller
than the Sun's).
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However, the problem of predicting the state of matter in
the deep geospheres is extremely complicated, possibly even
more complicated than studies of outer space, since the range
of direct data pertaining to the state of matter in the deep
zones is extremely limited. In this connection, for a long time
the mineral aggregate from a kimberlite pipe in Lesotho,
South Africa, occupied the center of the stage. This aggregate
is considered as a representative of mantle rock deposited at a
depth of roughly 250 km. However, in December 1999, a
report appeared about the discovery on Malaita, a volcanic
island in the Solomon islands in southwestern Pacific Ocean,
of a sample related to the rock of the lower mantle at a depth
of 770 km and containing diamond and majorite crystals [1].
The core lifted out of the deepest borehole drilled on Earth on
the Kola Peninsula (the depth of the borehole is 12262 m)
broadened our scientific ideas about the deep horizons of the
Earth's crust. Although this is an outstanding technological
achievement, it must be admitted that with respect to the size
of the Earth only its top shell has been `scratched' so far. At
the same time, the most recent geophysical data and
experimental studies of structural transformations of miner-
als already make it possible to model many features of the
composition and structure of the deep zones of the Earth and
the processes taking place in the deepest regions. The
knowledge of such processes helps to solve such key issues
of modern natural science as the formation and evolution of
our planet, the geodynamic stability of the Earth's crust,
estimation of the risks involved in burying dangerous waste at

great depths, and the energy resources of the Earth (to name
only some such issues).

Figure 1a shows the commonly accepted model of the
Earth's interior developed by analyzing the velocity of
seismic-wave propagation. The first boundary of this type,
separating the Earth's core and the mantle, was established in
1909 by the Croatian seismologist Mohorovichich. In the
mid-'50s of the past century two new boundaries were added,
one separating the upper and lower mantles and the other
separating the outer and inner cores.

Today it is known that many discontinuities in the
seismic-wave velocities that have been detected in the deep
geospheres correlate with the structural transformations of
the mantle minerals (Fig. 2). For instance, the boundary at
410 km is related to the olivine ±wadsleyite transformation,
and the boundary at 520 km is related to the subsequent
transformation of wadsleyite into spinel-like ringwoodite. On
the whole, as Fig. 3 shows, the relatively homogeneous
concentric zone limited by the depths of 400 and 600 km,
primarily contains phases with structures of garnet and spinel
type. Below the global boundary at 670 km this association is
replaced with perovskite-like phases (which occupy about
70% of the volume of the lower mantle), Mg-wuestite (20%)
with a structure of NaCl type, and stishovite, phases
considered as a solid solution of corundum and ilmenite and
carnegieite NaAlSiO4 which is a structural analog of the Ca-
ferrite CaFe2O4.

Most researchers considered these boundaries at 410, 520,
and 670 km as global. The latest seismic tomography data
point to new boundaries of this type at depths of 900, 1700,
and 2900 km and also to local or intermediate boundaries at
1200 ± 1300 and 1900 ± 2000 kmand some other depths, which
makes it possible to revise the commonly accepted model of
the structure of deep geospheres in general and the lower
mantle in particular. A newmodel of the Earth's structure has
been developed through analysis of the propagation of
density inhomogeneities in the mantle revealed by the data
from seismic tomography maps for different depth levels and
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through the use of new information about intramantle
geophysical boundaries and data on mineral transforma-
tions at high pressures [2]. The cornerstone of this new
model lies in the recognition of a middle mantle between 840
and 1700 km, which is separated from the upper and lower
mantles by boundary zones, 170 and 500 km thick (Fig. 1b).
There is also a strong correlation of the boundaries of the new
geospheres with the pressures that determine mineral reac-
tions, while the types of structural transformations become
more and more diversified as the pressure increases.

Let us examine only the latest data. For instance, the
discontinuity in the increase of the seismic-wave velocity at
1200 km is related to the structural transformation of
stishovite into a phase with a structure of CaCl2 type, which
is a rhombically distorted structural analog of rutile [3], while
the phase with spinel composition at such pressures crystal-
lizes in the structure type of calcium titanate. The new data
point to the possible replacement at a depth of 1700 km of
ion-covalent bonds in a structure of Mg-wuestite with bonds
characterized by a metallic type of interatomic interaction [4].
A reaction between iron and corundum, which leads to
formation of wuestite and an iron ± aluminum alloy, is also
possible at this depth [5].

Dubrovinsky et al. [3] have substantiated the dispro-
portioning of Mg-Fe perovskite at a depth of 2000 km, a
process accompanied by the formation of Mg-wuestite
and silicon oxide whose structure is intermediate between
a-PbO2 and ZrO2. This phase has recently been detected in
shergottites. At the same depth the halite-like form of
wuestite is replaced by the nickeline-like form of wuestite [6]
and disproportioning of ferripericlase to wuestite and
periclase occurs [7]. At even greater pressures the electronic
structure of atoms of individual elements may change. For
instance, it has been proved that from 2200 km downward
(beyond 100 GPa) the iron atoms in pure wuestite may
transform from the high-spin state to the low-spin state [8].
Funamori and Jeanloz [9] have also established that at such
depths Al2O3 with the corundum structure transforms to the
rhombic structure of Rh2O3, with the molar volume decreas-
ing by 4%. All these results helped in developing the new
model of the Earth's structure, in which the lower mantle is

not as homogeneous as assumed earlier. This new model has
been gaining support.

Of course, as a general conclusion, it must be admitted
that the mineralogical diversity of the deep zones is poorer
than that of the Earth's crust. However, the new data suggest
that the mantle mineralogy is not as primitive as it was
assumed to be only two or three decades ago.

As is known, silicates dominate in the Earth crust: they
occupy about 95% of the volume of the continental crust.
At the same time, one must bear in mind that the silicates of
the Earth's crust comprise only 0.6 mass % of their total
content in the Earth [10]. Thus, the main fraction of this
class of minerals is concentrated in the mantle. However,
structurally the mantle silicates differ dramatically from the
silicates of the Earth crust, primarily in that Si tetrahedrons
are transformed into Si octahedrons [11]. Presently the
stability of silicates with Si tetrahedrons under pressures
corresponding to mantle conditions is considered as a
unique phenomenon. One of the few examples of this type,
ZrSiO4 with the scheelite structure, is characterized by
extremely low compressibility and, correspondingly, a large
bulk modulus (301.4 GPa) [12], which determines the
stability of the structure under the pressures at depths of
about 1300 km. The possibility of formation at great depths
of mineral phases with Si octahedrons was first corrobo-
rated by Stishov and Popova [13] in their study of the
structure of stishovite, which in this sense may be consid-
ered as the cornerstone of a new chapter in the history of
the crystal chemistry of silicates. The subsequent high-
pressure experiments conducted by Hazen and Finger [14]
revealed that in most rock-forming silicates in the 8 ± 30 GPa
pressure range the average Si ±O distances in tetrahedrons
decrease to the critical value of 1.59 A

�
and that the SiO4

tetrahedrons transform into SiO6 octahedrons. An example
of this type of mineral phase is the (Fe, Mg)-perovskite
(Mg0.88Fe0.12)SiO3 with a framework of Si octahedrons. As
shown in Fig. 4, rhombic distortion in this structure type
increases with pressure. The number of such mineral phases
with SiO6 octahedrons grows from year to year, and today
this family includes more than 30 compounds of 18
structure types, which can be broken down into two
groups: (a) those with the joint presence of Si tetrahedrons
and Si octahedrons, and (b) those with the presence of only
Si octahedrons. Such silicates dominate the mantle down to
approximately 2900 km. Speaking of structures with Si
octahedrons, it must be noted that the number of structure
types inherent in them is seven.
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The oxygen atoms in all such structures are extremely
closely packed. Silicates with the structure types of rutile-
stishovite, hollandite, and the Ca-ferrite CaFe2O4 form a
single structure-homologous series, in which columns of (Si,
Al)-octahedrons coupled along the edges serve as the
common structural element (Fig. 5). Phases with a composi-
tion similar to potassium feldspar, KAlSi3O8, crystallize in
the hollandite structure type, while carnegieite, the Na
aluminosilicate NaAlSiO4, crystallizes in the Ca-ferrite
structure type. Silicates with hollandite structure are con-
sidered as possible storage sites for alkaline cations in the
mantle. An analog of sanidine, the potassium feldspar
KAlSi3O8, with hollandite structure proved to be the second
example (after stishovite) of a compound with silicon atoms
in six-coordination and the third example (after garnet and
perovskite) in which Si/Al isomorphism in the octahedrons
was detected.

The silicate phases that crystallize in the above structure
types are of interest to geophysicists. Their interest in
stishovite is also due to the discovery of stishovite in
sedimentary rock dating back to the Palaeogene ±Cretac-
eous boundary. This supports the hypothesis of a catastrophe
resulting from the Earth's collision with an asteroid approxi-
mately 65million years ago. The structure types of perovskite,
its derivative K2NiF4, ilmenite, and pyrochlore are consid-
ered to be acceptable for silicates of the mantle.

The important role that silicates with Si octahedrons play
in the lower mantle have determined the interest in the
behavior at high pressures of their model analogs based on
structural elements consisting of octahedrons. Bismutoco-
lumbite, Bi(Nb, Ta)O4, a mineral whose structure can be
considered as an octahedral framework, belongs to such
compounds. Single-crystal study of this mineral has shown
that the Bi octahedron is the first to be distorted by high
pressure [16], which leads to the rotational displacement of
Nb octahedrons in the layers formed by them (Fig. 6). As a
result of these changes, the structure loses its inversion center,
and in this sense becomes an analog of stibiocolumbite. Thus,
we can conclude that the stereoactivities of the lone electron
pairs of the bismuth atoms at high pressures and of the Sb
atoms under normal conditions are comparable.

Most silicates considered have been obtained at pressures
above 20 GPa. At lower pressures (10 ± 20 GPa) the silicates
containing silicon in the four- and six-coordinations crystal-
lize. These high-pressure phases, characteristic of the transi-
tion zone, include silicon-enriched varieties of garnet, pyrox-
ene, and titanite and also two fairly abundant series of Mg-
silicates and Na(K)-silicates. Many of these have germanate
analogs, the so-called germanogermanates. In a book pub-
lished in 1986 there is a chapter devoted to germanogerma-
nates [17], where I predicted that such structures are
acceptable for silicates of the deep geospheres. Today nearly

10 out of the 16 types of germanogermanates have silicate
analogs.

Among the mineral phases of this type I would like to
mention compounds with structure types of the most
important rock-forming minerals: garnet, sphene, and pyr-
oxenes. The mineralogical importance of these compounds
became especially evident after the discovery in 1970 of a
silicon-enriched garnet, which became known as majorite,
(Mg, Na)3(Fe, Al, Si)2Si3O12, and was found in the Coorara
meteorite (Western Australia).

In addition to fairly simple structure types, character-
istic of silicon-enriched garnets, pyroxenes, and titanite
(sphene), the mineralogy of the transition zone has lately
been supplemented with a new, exceptionally important
and crystallochemically interesting series of Mg-silicates
that contain (as the above phases) Si atoms in the four-
and six-coordinations. It is assumed that at least a fraction
of the water resources of the Earth is related to these
minerals.

Topologically, the structures of this family ofMg-silicates
are closely related to each other. Their study began with what
became known as the anhydrous phase B, or
Mg14[VI]Si[IV]Si4O24. Clearly evident in the polyhedral frame-
work of this structure are octahedral layers of brucite type,
in which each eighth octahedron is vacant, while the
occupied octahedrons contain regularly arranged Mg and

a

a

a b c

Figure 5. Octahedral frameworks in the structures of (a) rutile-stishovite,

(b) hollandite, and (c) Ca-ferrite type.

a

b

Figure 6.Distortion of the layer of (Nb, Ta) octahedrons in the structure of

bismutocolumbite: (a) at atmospheric pressure, and (b) at 9.56 GPa.
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Si atoms [18]. These octahedral layers alternate with pairs of
layers of olivine type formed by Mg octahedrons and Si
tetrahedrons (Fig. 7). Unlike this phase, in the structure of
the other, hydrogenous, phase B of this family,
Mg12[VI]Si[IV]Si3O19(OH)2, the mixed layer is similar to
humite [18] (Fig. 8). Structurally coupled models have also
been proposed for three chemically close phases of this series:
the superhydrogenous phase B, Mg10Si3O14(OH)4, phase D,
MgSi2H2O6, and phase E, Mg2.4Si1.21O6H2.36.

Silicosilicates of alkaline cations contain silicon atoms in
six-coordination and are much more open structures
(compared to all those discussed above). Many such struc-
tures are analogs of germanogermanates synthesized earlier.
Chiefly these are structures of alkaline silicates, analogs of
wadeite, K2Si4O9 and Rb2Si4O9, whose mixed frameworks
contain ternary rings of Si tetrahedrons coupled by isolated Si
octahedrons.

A large group of alkaline silicates with Si tetrahedrons and
Si octahedrons also have low-density mixed frameworks with
highly diversified structural elements (see Table 1). In recent
years their number has increased, and many of them have
germanogermanate analogs.

In conclusion I would like to note that stishovite is the
cornerstone of this entire group of silicate phases that may
exist in the deep geospheres. Today it is clearly evident that
the mantle mineralogy is not as primitive as it seemed not so
long ago. I believe that in the years to come we will witness
new discoveries in this elegant and enigmatic field of
structural mineralogy.

This work was supported by the Russian Foundation for
Basic Research (Grants 01-05-64731 and 00-05-65399) and
the program ``Universities of Russia''.
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Hydrothermal growth of stishovite (SiO2)

N A Bendeliani

1. Introduction
Single stishovite crystals have been grown by the hydro-
thermal method in the SiO2 ±H2O system under a pressure
of 9 ± 9.5 GPa in the 1170 ± 770 K temperature interval. The
method produced well-cut, transparent crystals of prismatic
habit with the faces (110) and (111) andmaximumdimensions
of 500� 500� 2400 mm.

The advances in growing and studying single stishovite
crystals achieved during the last 40 years, starting with the
discovery of this silica phase which plays an important role in
geophysics and planetary sciences, have been limited to the
results of three experiments [1 ± 3]. Using accidentally grown
single-crystal grains with sizes of 200 ± 300 mm, the research-
ers were able to measure the refractive index and microhard-
ness [1] and decipher the crystal structure [2]. Ramley et al. [3]
studied the effects of hydrogen infusion into the lattice and
observed acicular crystals that were up to 1000 mm long but
only 25 mm wide. The ever growing interest in the properties
of stishovite has led to the need for developing a fairly simple
and reliable method of growing large and perfect single
crystals of this phase. This problem has been solved at the
Institute for High Pressure Physics of the Russian Academy
of Sciences [4].

2. Experiment
Crystal growth was done in a Konak-type high-pressure cell
with automatic monitoring of loading and programmed
control of the current strength in the heater. The dependence
of the temperature on the current strength was determined in
a preliminary experiment. Figure 1 shows a schematic of the

high-pressure cell. The active volume of the hermetically
sealed platinum ampoule was � 25 mm3. The temperature
gradient along the ampoule's height did not exceed 20 at
1200K. The sourcematerials were a powder of natural quartz
with a grain size of 10 ± 20 mm and distilled water. The
amount of water was estimated by the ratio of the volumes
of the components and ampoule.

3. Results and discussion
Using the example of coesite, a high-pressure phase of SiO2

less dense than stishovite, Dyuzheva et al. [5] showed that the
classical method of hydrothermal growth in modified form is
realized fairly simply in conditions of extreme compression.
Hence, provided that the necessary equipment is available,
the solution of this problem is reduced primarily to determin-
ing the solubility of stishovite in an aqueous fluid.

The pressure of 9 ± 9.5 GPa (the phase transition in Sn)
under which the growing process took place proved to be
sufficiently high for the system not to leave the stishovite
regime in the course of the entire experiment (six to seven
hours). The position of the liquidus on the (T, x) phase
diagram under such pressure for a mixture consisting of the
solution and stishovite was estimated by registering the sizes
of stishovite grains in experiments with different component
ratios in cooling from various temperatures. These data were
then used to build the relevant part of the phase diagram
(Fig. 2), which while being inaccurate in detail was quite
sufficient for use as a working diagram. The melting
temperature of ice-VII on the diagram has been taken from
the paper by Pistorius et al. [6].

The best results were achieved with 6 mol.% of SiO2 in the
source mixture. The temperature was lowered from 1170 to
770 K with a cooling rate of roughly 1 K minÿ1. Under such
conditions the growth process produces transparent color-
less, sometimes clear amber-coloured crystals of a prismatic
habit with characteristic dimensions of 600� 600� 1200 mm.

2 mm

1

2

3

4

5

Figure 1. Schematic of a high-pressure cell: 1, input lead; 2, metal disk;

3, graphite heater; 4, ampoule; 5, container
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