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INTRODUCTION

High-pressure experiments have established that the silicate minerals that
comprise the Earth’s crust and upper mantle transform to assemblages
dominated by minerals having perovskite-type structures at pressures cor-
responding to those of the lower mantle. This region of the Earth’s interior
extends from 670 km to 2900 km depth and occupies approximately 60%
of the volume of the planet. The observation of the high-pressure stability
of silicate perovskite has opened up the possibility of understanding the
mineralogy of this vast region of the planet’s interior. Indeed, charac-
terization of the chemical and physical properties of a range of silicate
perovskites during the past fifteen years has provided new constraints on
the composition and structure of the mantle, new insights into core-mantle
interaction and coupling, and new bounds on mantle and core formation
and long-term evolution.

Significant progress in understanding the properties of silicate perov-
skites has been made in the past five years. A number of obstacles have
been encountered in the study of these high-pressure phases, owing to both
the small quantities in which they can be synthesized in the laboratory and
their intrinsic instability at low (e.g. ambient) pressure conditions. The
recent progress in investigations of silicate perovskites has been made
possible in large measure by advances in high-pressure techniques, such
as diamond-cell methods including synchrotron radiation and laser tech-
niques, multi-anvil press technology which has made possible the prep-
aration of single crystals and petrologic studies, and advances in theoretical
calculations such as new accurate electronic-structure methods. As a result
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of these advances, the implications for the Earth on a global scale—many
of which were speculations based on, at best, educated guesses just a
few years ago—are now grounded on experimental data supported by a
growing theoretical understanding. The emerging body of data on these
materials also provides a firm basis for ruling out alternative models. On
the other hand, a number of outstanding issues remain, and these have
given rise to some recent controversies regarding the properties of
perovskite and their geophysical implications.

Several reviews of various aspects of silicate perovskites and our current
understanding of their implications for the Earth and planetary interiors
have appeared during the last few years (Liu & Bassett 1986, Navrotsky
& Weidner 1989, Hazen 1988, Anderson 1989). In this paper we review the
mineralogy and properties of this class of geophysically and geochemically
important materials, emphasizing recent experimental data, theoretical
insights, and current problems. This is a field of active research, and we
present this review as a progress report rather than as review of a settled
subject. In the next few years, we expect many of the issues raised here to
be solved by further experiments under P-T conditions of the lower mantle
and by development and application of refined theoretical methods.

CRYSTAL CHEMISTRY

The perovskite structure for a stoichiometric compound with a com-
position ABX; consists of corner sharing anion X octahedra containing B
cations with larger A cations between the octahedra. In the perovskite-
type silicates, tetravalent silicon occupies the smaller B site, with a variety
of other (typically divalent) cations (Mg, Fe, Ca) in the A site. The ideal,
high symmetry structure (aristotype) is shown in Figure la. A variety of
distortions from this ideal structure are possible in general (Glazer 1972,
1975; Aleksandrov 1976, 1978; Salje 1989). These include various com-
binations of coupled rotations and cation displacements (off-centering).
Some octahedral-tilting transitions can be understood in terms of con-
densation of phonons at the boundary of the Brillouin zone, and other
transitions are by necessity first-order phase transitions (see below). Glazer
(1972) discussed the classification of distorted perovskites that involve
nearly rigid rotations of the oxygen octahedra. In Glazer’s notation, the
tilts in the Pbnm structure are of type (¢~ a c¢*), which means that the
octahedra are tilted along an axis parallel to ¢ with the same direction of
tilts in adjacent planes along ¢ (¢*), and are tilted by a different rotation
angle along a and b with opposite directions of tilts in adjacent planes
(Figure 1b). Aleksandrov (1976, 1978) used a different notation which
emphasizes the relationship of the ¢* type tilt to an M-point phonon

© Annual Reviews Inc. * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1992AREPS..20..553H

rI992AREPS . 20 553!

SILICATE PEROVSKITE 555

: (a) (b)

Figure 1 (a) Ideal perovskite structure for ABX; compounds, illustrating the corner-
shared BX¢ octahedra. Two rotation axes leading to tilts are shown with the arrows. (b)
Combinations of tilts giving rise to the R- and M-point instabilities (modified from Wolf &
Jeanloz 1985).

instability and the a~ type tilts to an R-point instability, as discussed
below.

The structure of (Mg,Fe)SiO; perovskite (over the P-T range under
which it has been studied experimentally) is orthorhombic, with space
group Pbnm. This structure was proposed on the basis of powder x-ray
diffraction on MgSiO; by Yagiet al (1977, 1978a) and Ito & Matsui (1978),
who studied the material quenched to room conditions. This structure was
confirmed by single crystal x-ray diffraction techniques by Horiuchi et al
(1987). A significant recent advance is the development of techniques
for growth of single crystals (Ito & Weidner 1986) for x-ray structure
determination and other techniques requiring high-quality single crystals
(see below). The single-crystal structure of Horiuchi et al (1987) is very
close to that proposed by Yagiet al (1977, 1978a) and Ito & Matsui (1978).
The larger, pseudo-tetragonal unit cell suggested by early transmission
electron microscopy and diffraction measurements (Madon et al 1980) has
been reinterpreted in terms of a high degree of twinning of crystals with
the Pbnm orthorhombic structure (Madon et al 1989).
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In MgSiO; the tilt angle around c is 11.2°, and the angle of tilt around
a and b is about 16.7°. The unit cell in MgSiO; is rotated approximately
45° from that in cubic perovskite with the new a- and b-axes approximately
equal to \/2a’, where a’ is the cubic lattice parameter, and the c-axis is
doubled. Thus the unit cell size is quadrupled with 20 atoms in the primitive
unit cell. The orthorhombic MgSiO; perovskite has the axial ratio
a:b:c=0.968:1:1.394, which differs from the equivalent ratio of the ideal
cubic perovskite, 1:1:1.414. In contrast, CaSiO; crystallizes in the high-
symmetry cubic perovskite structure at high pressure (Liu & Ringwood
1975). This difference in the structures of (Mg,Fe)SiO; and CaSiO; is due
to the small size of the ion in the A site relative to that in the B site. The
effects of the ratio of the cation ionic radii on the structure have been
examined in detail in perovskites that may be considered analogues to
silicate perovskites (Sasaki et al 1983). This relationship is generally sup-
ported by theoretical calculations based on the ionic model (Hemley et al
1985, 1987; Wolf & Jeanloz 1985; Wolf & Bukowinski 1985, 1987). These
calculations predict that the cubic CaSiO; should transform to the lower
symmetry orthorhombic perovskite structure at high compressions,
although this has not yet been observed experimentally. Thus, despite the
variety of structures observed in perovskites (e.g. Glazer 1972), only two
structure-types (cubic Pm3m and orthorhombic Pbnm) appear to be
mineralogically significant for lower mantle silicates. Others have been
predicted theoretically and are likely to occur on crystal chemical grounds

for other compositions (see below).
Iron enters the orthorhombic MgSiO; perovskite up to a mole fraction

of ~20% (see below). The effect on the molar volume is shown in Figure
2, which summarizes early powder diffraction results and the results of
more recent crystal structure refinements by the Reitveld powder method
(Parise et al 1990) and single-crystal techniques (Kudoh et al 1990) using
synchrotron radiation. Iron substitution affects the structure by causing a
decrease in the degree of distortion. Aluminum is also soluble in the
orthorhombic perovskite, with a maximum solubility of 25% (Weng et al
1982), and results in a significantly larger increase in the unit-cell volume.
Although substitution of both Fe and Al expands the structure, the former
results in a decrease in distortion from cubic (smaller octahedral tilts)
whereas the latter causes the distortion to increase. Weng et al (1982)
propose that the increase in distortion on addition of Al arises from
equal distribution of the trivalent cation on both the A and B sites [i.e.
(Mg,Al) (S1,A1)O5], which results in inefficient packing. Preliminary evi-
dence for the effect of simultaneous Fe and Al substitution has been
reported recently (O’Neill et al 1991).

The coordination of iron and cation site occupancy in (Mg,Fe)SiO,
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Figure 2 (a) Unit-cell volume of the Mg-rich orthorhombic perovskite as a function of
mole fraction of FeSiO, component. W, Yagi et al (1978b); A, Ito & Matsui (1978); A, Ito
& Yamada (1982); ], Knittle & Jeanloz (1987a); @, Kudoh et al (1990); O, Mao et al
(1991). The solid line is the fit ¥(A?) = 162.48(7) + 6.2(7) X, reported by Kudoh et al (1990).
(b) Unit-cell volume as a function of mole fraction of Al,O,. [, Weng et al (1982); A, Ito
& Matsui (1978); O, Mao et al (1991). The solid line is the fit ¥(A%) = 162.9 +8.4X,, reported
by Weng et al (1982). The dashed line is a fit that includes the more recent zero-pressure
data: V(A% = 162.9(1) +9.4(9) X,..
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perovskite has been the subject of much recent discussion. On the basis
of EXAFS (extended x-ray absorption fine structure) measurements on
(Mg,Fe)SiO, samples synthesized in a diamond-cell, Jackson et al (1987)
propose that Fe substitutes for Si, with an associated vacancy and occu-
pation of the 12-fold A site by Si. Evidence for two different Fe sites
from Mossbauer measurements of diamond-cell samples of (Mg,Fe)SiO;
perovskite was interpreted in terms of mixing of Fe on the A and B
sites (K. Weng et al, unpublished). In addition to its crystal chemical
significance, such behavior would give rise to an important entropic sta-
bilization of perovskite and perhaps unusual geochemical properties at
high temperatures. More recent measurements have been interpreted as
evidence for Fe occupying the A site alone (Jeanloz et al 1991). On the
other hand, the single-crystal x-ray diffraction data of Kudoh et al (1990)
and powder x-ray diffraction and XANES (x-ray absorption near-edge
spectroscopy) measurements of Parise et al (1990) on perovskite samples
synthesized in multi-anvil devices show no evidence for anomalous site
occupancy. Recent NMR measurements on *°Si-enriched MgSiO; per-
ovskite, also synthesized in a multi-anvil device, indicate highly ordered Si
in octahedral coordination with no Si in the A site (Kirkpatrick et al
1991). Unfortunately, similar tests on iron-bearing samples are not possible
because Fe forms paramagnetic impurities which overwhelm the NMR
signal. Differences in samples resulting from differing preparation pro-
cedures—including P-T range, approach to equilibrium, impurities, fO,,
point defects, and Fe*? content—could be responsible (Hirsch & Shank-
land 1991). The observation of octahedral Fe in such samples would be
expected if a small amount of glass or magnesiowlistite is present (see
below), since Fe partitions into melt and the oxide relative to perovskite
(Bell et al 1979, Heinz & Jeanloz 1987). Although there is now good
agreement on many of the measured physical properties of perovskite,
differences in the behavior of samples synthesized in diamond-cell and
multi-anvil devices are evident and not fully understood.

Knowledge of the effects of pressure and temperature on the crystal
structure is essential for understanding the properties of the material under
mantle conditions. This includes possible displacive transitions, which may
give rise to anomalous changes in physical properties with important
consequences for the interpretation of geophysical data (see below). Pres-
sure effects on the structure of Mg-rich silicate perovskites have been
determined under hydrostatic conditions by both single-crystal and
powder x-ray diffraction (Yagi et al 1982; Kudoh et al 1987; Ross & Hazen
1989; Mao et al 1989b, 1991). Figure 3 summarizes the effects of P and
T on the axial (lattice-parameter) ratios c/a and b/a for (Mg,Fe)SiO,
perovskites. The experimental data show that the orthorhombic
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Figure 3 Effect of pressure and temperature on the unit-cell axial ratios for orthorhombic
(Mg,Fe)SiO,. Experimental high-temperature (2 300 K) are inctuded: [, Knittle et al (1986);
., Wang et al (1991a). The high-pressure data are hydrostatic results: A, Ross & Hazen
(1990); O, O, Mao et al (1991). The predictions of nonempirical theoretical ionic model
calculations are shown by the dot-dashed line (HJ/G—Hemley et al 1987) and the dashed
line (WB—Wolf & Bukowinski 1987). The dotted line is the result of the molecular dynamics
simulation using potentials fit to experimental data (M P—Matsui & Price 1991, and to be
published).

(Mg,Fe)SiO; perovskite is elastically anisotropic with the b-axis having
the smallest linear compressibility, f,, approximately 25% smaller than S,
or B. (Table 1). The a and ¢ compressibilities are similar, with ¢ slightly
more compressible. With increasing pressure, the difference between a and
b increases and the structure becomes more distorted, consistent with
crystal chemical arguments (O’Keeffe et al 1979) and theoretical cal-
culations (Hemley et al 1987), although the changes are relatively small.
These changes also indicate that the material becomes more elastically
anisotropic with pressure (Meade & Jeanloz 1991). The temperature
changes are also relatively small over the range of existing measurements,
and the axial ratios remain far from their ideal values (Knittle et al 1986,
Ross & Hazen 1989, Parise et al 1990). Nevertheless, recent measurements
to ~1200 K do show a decrease in c/a and b/a (Wang et al 1991a). The
temperature effects largely mirror the pressure effects over the range of the
measurements, suggesting that the structural changes are largely controlled
by volumetric terms (e.g. Hemley et al 1987). Perovskites containing open-
shell cations may not exhibit the same P-T effects on structure because of
the higher degree of directional bonding (crystal-field effects) in such
compounds (e.g. StZrO;, Andrault & Poirier 1991).
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(298 K)
K(! ﬂa() ﬂbl) ﬁcO Pmax

GPa Ky TPa~! TPa~! TPa~! GPa P media® Sample® x Reference®

246 -- 1.31 1.20 1.56 0 - sC O Yeganeh-Haeri et al (1989a,b)
247 4 1.41 1.07 1.57 10 M-E-W sC O Kudoh et al (1987)

254 4 1.30 '1.04 1.24 13 M-E,Ne SC O Ross and Hazen (1989)

258 4 1.58 1.19 1.10 . 7 M-E P 0 Yagi et al (1982)

266 3.9 -- - -— 112 none P 0.12 Knittle and Jeanloz (1987a)
261 4 1.34 1.08 1.43 30 Ne P 0, 0.1, 0.2 Mao et al (1991)

- - 1.29 1.03 1.31 7 NaCl P 0 Wang et al (1991a)

* M-E: methanol-ethanol mixture; M-E-W: methanol-ethanol-water mixture.
®SC: single crystal; P: powder.

¢ Adiabatic bulk modulus and compressibilities were measured using Brillouin scattering at zero pressure by Yeganeh-
Haeri et al (1989a,b). Isothermal moduli and compressibilities were determined from fitting P-V-a-b-c data measured

by x-ray diffraction techniques in the remaining studies.

BONDING AND ENERGETICS

Considerable insight into the crystal chemistry, bonding, and basis of
physical properties has been obtained from calculations using theoretical
and computational methods. Calculations with nonempirical theoretical
models based on first principle methods have been particularly useful.
These calculations correctly predict the M- and R-point instabilities that
lead to the Pbnm structure for MgSiO; (Hemley et al 1985, 1987; Wolf &
Jeanloz 1985; Wolf & Bukowinski 1987). One of the goals of these tech-
niques is an accurate prediction of the density, equation of state, and
structural properties of the crystal from a single, unified model. Several
sets of calculations based on the Gordon-Kim (electron-gas) model have
been performed. Hemley et al (1985, 1987) used a modified electron-gas
approach to examine principally the structural distortions at zero pressure
and at high compression. Wolf & Jeanloz (1985) and Wolf & Bukowinski
(1987) applied an earlier version of the electron-gas model and found good
agreement for the bulk modulus. Cohen (1987) used the potential induced
breathing (PIB) model, which includes dynamical charge relaxation effects
and different assumptions within the Gordon-Kim approximation; good
agreement was obtained for the bulk modulus and predictions for the
single crystal elastic moduli were made. A variety of calculations based on
empirical potentials have also been performed (e.g. Miyamoto & Takeda
1984, Wall et al 1986, Matsui et al 1987, Matsui 1988, Price et al 1989,
Wright & Price 1989, Reynard & Price 1990, Matsui & Price 1991). These
calculations have been useful for predictions of structural properties, defect
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energies, and high P-T behavior (see below). One important detail that is
very difficult to describe accurately with various potential models is the
exact degree of distortion from the cubic structure and its variation with
pressure. This is because the distortion depends critically on a delicate
interplay between the Si-O and Mg-O interactions, as well as the O-O
interaction.

All of the above calculations assumed an ionic description of the bonding
in silicate perovskite and their general qualitative success indicates that
MgSiO; is likely to be very ionic in comparison to lower pressure silicate
minerals having tetrahedrally coordinated Si. Electronic structure cal-
culations on cubic MgSiO; perovskite have been performed to determine
the degree of covalent relative to ionic bonding and to obtain the electronic
band structure (Cohen et al 1989) (Figures 4 and 5). These calculations,
which appear to represent the best description to date of the bonding in
silicate perovskites, show that the Mg is nearly a perfectly spherical Mg?*
ion. There is some charge transfer back to Si from O and the charges are
less than the nominal Si** and O?~. The valence charge on Si has both s
and d character. There is also a small covalent bond charge in between the
Si and O that contains about 0.1 electrons. Although MgSiOs is very ionic,
it is not described particularly well by a rigid ion model. In fact, the oxygen
ion density changes with pressure. If this “breathing” of the oxygen ions
is not included, it is difficult to describe accurately both the elastic prop-
erties and the equation of state (pressure-volume relations).

Three relatively strong predictions of theoretical calculations are that

1. The distortion (tilts) should increase with pressure, and the energy
difference between the equilibrium distorted structure and the undis-
torted cubic structure increases with pressure;

2. the distorted phase is significantly denser than the undistorted structure
at a given pressure; and

3. the cubic structure has a higher bulk modulus than the orthorhombic
structure.

The effect of Fe substitution, which is expected to lower the band gap and
introduce crystal field stabilization and additional directional bonding, has
not yet been explored in these calculations. Theoretical calculations on
other iron-bearing oxides, simplified models, and available experimental
data suggest that small amounts of Fe soluble in silicate perovskite do not
greatly affect its cohesive and elastic properties (e.g. Wright & Price 1989).
On the other hand, as discussed below, Fe significantly affects the electrical
conductivity and other transport properties, as might be expected from its
open-shell character.
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Figure 4 Calculated valence charge density for cubic MgSiO, perovskite using the LAPW
method. The valence charge density is the electron density associated with chemical bonding.
In MgSiO, perovskite the valence charge density is very ionic (i.e. mostly O*~) but there is
some hybridization with the Si 4 and s states. (a) Two slice planes along (007) and (110).
The magnesium ions are at the corners, the oxygen ions are at the centers of the faces, and
silicon is at the center. (b) Low-density isosurface at a density of 0.014 electrons (¢ ~)/bohr?
(1 bohr = 0.529 A). Note the density around the Mg ions at the corners and the interesting
cubic box of density around the Si at the center. (c) Isosurface at 0.05 e~ /bohr?. This surface
indicates there is excess charge in the triangles formed between two oxygens and the Si, as
illustrated by the “necking” of the surfaces. (d) Contour level of 0.1 e~ /bohr?. The principal
contribution to the higher density surfaces is from the oxygen, though there is also a small
region of spherical charge around the Si, which consists primarily of Si s states.
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Figure5 Difference between self-consistent LAPW charge density and overlapping spherical
ions (Mg?*, Si**, O?") for cubic MgSiO; along the (/10) plane (P = 155 GPa). The contour
interval is 0.005 e~ /bohr®. Negative contours are dashed (from Cohen et al 1989).

STABILITY AND PHASE RELATIONS

The possibility that silicates may adopt a perovskite-type structure at
high pressures was suggested by Ringwood (1962) on the basis of crystal
chemical systematics. A variety of studies of high-pressure silicate perov-
skite analogues were carried out by Ringwood’s group in the late 1960s
(see Reid & Ringwood 1975). The formation of a perovskite-structured
silicate was first demonstrated by Liu (1974, 1975a,b) in ferromagnesian
silicates using the diamond-anvil cell. Subsequent to the discovery of
(Mg,Fe)SiO; perovskite, considerable effort was directed toward under-
standing its stability field as a function of composition (Yagi et al 1977,
Ito 1977). The phase relations in the pseudo binary systems Mg,SiO,-
Fe,SiO, and MgSiO;-FeSiO; are shown in Figure 6, and the effect of
pressure on the MgO-FeO-SiO, ternary diagram is presented in Figure 7.
The composition range in which (Mg,Fe),SiO, spinel dissociates into
perovskite and magnesiowiistite (Mg,Fe)O extends over the range
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Figure 6 Pseudobinary diagrams in the system Mg,SiO,-Fe,SiO, at 1373 K and 1873 K.
Sp, spinel; Mw, magnesiowiistite; St, stishovite; Pv, perovskite (from Ito & Takahashi 1989).

Fe/(Mg+Fe) = 0 to 0.22; it thus covers the range of likely mantle com-
positions (Ringwood 1975, Anderson 1989). Yagi et al (1979¢) performed
phase equilibrium studies on laser-heated diamond-cell samples quenched
from high pressures and temperatures. The experiments showed that the
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Figure 7 Ternary diagrams in the system FeO-MgO-SiO, as a function of pressure from 19
GPa to 26 GPa at 1373 K. Sp, spinel; Mw, magnesiowiistite; St, stishovite; I, ilmenite; Pv,
perovskite (from Ito 1984).

three-phase loop of spinel, magnesiowlistite, and stishovite is very narrow
in pressure, in fact narrower than the resolution of the experiments at that
time. This result has been confirmed in more detailed phase equilibria
studies with a large-volume multi-anvil press (Ito & Takahashi 1989), in
which phase relations topologically close to those of the earlier studies
were also found. There is now strong evidence that the dissociation reaction
occurs within 0.2 GPa at ~ 1870 K, which corresponds to less than 4-6
km depth within the Earth (Wood 1990, Fei et al 1991b, Kuskov & Panferov
1991). The pressure of the disproportionation reaction and its sharpness
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has important implications for the interpretation of the 670-km dis-
continuity, which can be explained as the result of the phase transition
without the requirement of a change in chemical composition at this depth
(see below).

Despite the emerging consensus on certain aspects of the phase relations
in this system, several outstanding problems remain. In the diamond-cell
experiments, the Pv+3Mw+ St three-phase field (Figure 7) extends to
higher FeO content than is indicated by the multi-anvil experiments (Ito
& Takahashi 1989). The latter workers also find that the three-phase
triangle moves toward more FeO-rich compositions with increasing tem-
perature. However, attempts to model this behavior based on available
thermochemical data show the opposite effect of temperature (Fei et al
1991b). The difference in maximum solubility of Fe in perovskite determined
in diamond-cell and multi-anvil experiments is not yet resolved; possible
differences in ferric iron content need to be examined (Fei et al 1991b,
Hirsch & Shankland 1991). Guyot et al (1989) have obtained evidence
for a pressure effect on the partitioning of iron between perovskite and
magnesiowlistite. Preliminary measurements of the spinel to perovskite
transition carried out in situ in a CO,-laser-heated diamond-cell suggest
that the P-T boundary could be up to 300°C higher than that determined
in the multi-anvil quench experiments (Boehler & Chopelas 1991, 1992).

Another important problem in the phase diagram is the negative P-T
(Clapeyron) slope of perovskite-forming transitions, which has important
geophysical implications because if dP/dT is sufficiently negative it could
inhibit mixing of the upper and lower mantle. Phase equilibrium and
calorimetric data now indicate that the slope of the Il - Pv and Sp —
Pv+Mw transitions is negative (Ito & Yamada 1982; Ito & Takahashi
1987a, 1989; Ito et al 1990). The value of dP/dT is approximately —0.004
GPa/K (Ito et al 1990), which is close to the value needed to preclude two-
layer convection according to the calculations of Christensen & Yuen
(1984). The value reported by Ito et al (1990) requires information on the
relative thermal expansivities of the phases at high P and T. The results
are most consistent with the phase equilibrium data of Ito & Takahashi
(1989) if a zero-pressure thermal expansion coefficient . = 2.2 x 107K !
is assumed (see below). Recent simulations of mantle convection show
that intermittent mixing of the upper and lower mantle is possible if dP/dT
has an intermediate value of —0.002 GPa/K (Machetel & Weber 1991).

A major question with regard to the presence of silicate perovskite
throughout the lower mantle is the pressure range of its stability. Diamond-
cell studies of quenched material by Mao et al (1977) indicated that
(Mg,Fe)SiO; perovskite is stable to at least 60 GPa. It was these experi-
ments that first gave rise to the experimentally-based proposal that
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(Mg,Fe)SiO; perovskite may be the most abundant mineral in the Earth.
More recently, Knittle & Jeanloz (1987a) performed in situ x-ray diffrac-
tion measurements of (Mg,Fe)SiO, and found evidence for its stability to
pressures above 100 GPa. The range for stability of the perovskite as a
function of P-T-X has not been studied in detail at very high pressures
(e.g. > 50 GPa), however. The stability of the perovskite phase relative to
simple oxides is derived from its 2% higher density relative to the oxide
assemblage under ambient conditions, but a possible. perovskite break-
down under very high P-T conditions (e.g. D" region) needs to be examined
(even in the absence of iron) because the relative densities under these
conditions are poorly known (see below). Fei et al (1991a) have exam-
ined available thermochemical data for (Mg,Fe)SiO; and delineated the
conditions under which it may break down to simple oxides at high P and
T. On the basis of calculations of the melting curve, Stixrude & Bukowinski
(1990) propose that MgSiO; breaks down to simple oxides at the P-T
conditions of D" and thus may be responsible for seismic structure at the
base of the lower mantle, although later calculations find a greater stability
for the perovskite phase (Stixrude & Bukowinski 1992). These proposals
need to be examined by direct experimental investigation. Little is known
about the chemistry of the perovskites at deep mantle conditions (including
the D” region), as detailed phase equilibrium studies need to be performed
under these ultrahigh pressures. Nevertheless, there is evidence for new
pressure-induced reactions under these conditions, for example, reactions
between perovskite and molten iron above 70 GPa (Knittle & Jeanloz
1989b, 1991).

Liu & Ringwood (1975) reported the synthesis of cubic CaSiO; perov-
skite at 16 GPa, which was found to be nonquenchable. More recent work
has established that the calcium perovskite forms at significantly lower
pressure than does the magnesium perovskite (11-13 GPa) (Mao et al
1989a, Chen et al 1989, Tarrida & Richet 1989, Tamai & Yagi 1989, Irifune
et al 1989). Recent in situ x-ray diffraction measurements have shown that
the perovskite phase of CaSiO; is stable and retains its cubic structure to
at least the pressure of the core-mantle boundary (Mao et al 1989a).
Similar results have been obtained by Tarrida & Richet (1989) and Yagi
et al (1989) to 94 GPa and above 100 GPa, respectively. The wide stability
field of the cubic form is in general agreement with theoretical predictions
(Hemley et al 1985, 1987, Wolf & Bukowinski 1987). The sharpness of
diffraction lines rules out the possibility of tetragonal or orthorhombic
distortion of more than 0.5%. The predicted pressure-induced distortion
to a lower symmetry perovskite structure must take place at still higher
pressures. Like the magnesium-rich perovskite, the temperature range
of stability of the calcium perovskite has not been determined in detail
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experimentally, and analysis of available equations of state shows that
free energy of the oxide assemblage is very close to that of perovskite
at very high pressures (Mao et al 1989a, Fei et al 1991a). During release of
pressure, the perovskite persists metastably at pressures close to ambient.
Near zero pressure, however, the phase could be preserved for only a few
hours, although small quantities have been observed recently to persist
over longer time periods (Kanzaki et al 1991). The observation of amorph-
ization on decompression may be related to theoretical predictions that
CaSiO; perovskite becomes dynamically unstable on expansion of the
structure (Hemley & Cohen, unpublished).

Several experimental studies indicate very limited solubility between
(Mg,Fe)SiO; and CaSiO;-perovskite (Liu 1977; Mao et al 1977; Weng et
al 1982; Irifune & Ringwood 1987a,b; Tamai & Yagi 1989, Irifune et al
1989). Diopside (CaMgSi,O) breaks down to form orthorhombic Mg-
rich and cubic Ca-rich perovskites above 24 GPa rather than a single
perovskite phase. For example, Irifune et al (1989) report <2% solubility
of CaSiO; in MgSiO; and 2-5% solubility of MgSiO, in CaSiO;. By
contrast, Liu (1987) reported complete solid solution between CaSiO,
and CaMgSi,Oq in the cubic perovskite structure, and evidence for cubic
perovskite with a nearly ideal diopside composition formed in garnet
peridotite has been reported (Ito & Takahashi 1987a, Takahashi & Ito
1987). The differences could be associated with problems with meta-
stability. Kim et al (1991) report formation of Ca-perovskite from heden-
bergite (CaFeSi,O) at 19-26 GPa. Silicate perovskites containing heavier
alkaline earths Sr and Ba are predicted theoretically to be dynamically
stable but only at high pressure (Hemley & Cohen, unpublished); the
calculations indicate that they become dynamically unstable on decom-
pression because of the large cation in the A site and therefore may be
unquenchable from high pressures and temperature.

There have been limited reconnaissance studies of the phase relations
involving a wider range of compositions (cf. Liu & Bassett 1986). A very
important component is Al,O;. As discussed above, Weng et al (1982)
showed that Al,0O; dissolves in magnesium perovskite up to 25 mole %
instead of forming another phase such as garnet. Recently, a new high-
pressure rhombohedral perovskite phase with composition Ca,AlSiOj s
was reported by Fitz Gerald & Ringwood (1991). Solubility of alkali
elements (e.g. Na) in silicate perovskite has been reported and the resulting
phases generally appear to be nonquenchable. For example, Liu (1980,
1987) report evidence for the formation of a nonquenchable, cubic perov-
skite phase of omphacite composition. Experimental studies of the par-
titioning of transition metals between Mg-perovskite and metallic iron at
high pressures have begun (Ohtani et al 1992; see also Knittle & Jeanloz
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1989b, 1991). The solubility of hydrogen and rare gases in perovskite at
high pressure is of great importance but remains to be determined.

PRESSURE-VOLUME RELATIONS

Measurement of the P-V equation of state is essential for geophysical
models because such data in principle provide a determination of density
p and bulk modulus Ky (or Ky), or bulk sound velocity Vg = Kg/p as
functions of pressure. The isothermal and adiabatic bulk moduli are related
as: Ks = Kr(1+ayT), where a is the volume thermal expansion coefficient
and y is the Griineisen parameter. One of the advances in research on
silicate perovskites during the past five years has been the direct measure-
ment of the P-V relations for both (Mg,Fe)SiO; and CaSiO; perovskite
over most of the pressure range of the lower mantle (> 100 GPa). Figure
8 summarizes these results. A comparison of recent equation of state
parameters for (Mg,Fe)SiO; is given in Table 1.

Yagi et al (1979b, 1982) first measured the P-V equation of state of
MgSiO; by static compression under hydrostatic conditions using x-ray
diffraction; they reported a value of the zero-pressure bulk modulus Ky
of 258( 4+ 20) GPa (dKy1/dP = K§r = 4 assumed). The maximum pressure
in this early study was 8 GPa—well below the stability field of the perov-
skite. Knittle & Jeanloz (1987a) measured the equation of state of
(Mg, oFe, ;)SiO; perovskite to pressures in excess of 100 GPa by x-ray
diffraction of laser-heated samples (without a pressure medium). The x-
ray diffraction patterns were indexed as orthorhombic perovskite. A third-
order Birch Murnaghan equation-of-state fit to the data gave zero-pressure
parameters Ky = 266(+6) GPa and K = 3.9(+4). Subsequent static
compression measurements have been carried out using single-crystal x-
ray diffraction under hydrostatic conditions but at lower pressures. Kudoh
et al (1987) report a lower value of Ky =247 GPa whereas Ross &
Hazen (1990) find Kyr = 254(+13) GPa. Recent high-resolution powder
diffraction measurements using synchrotron radiation to 30 GPa by Mao
et al (1991) give Kyt = 261(+4). In each of these studies Ko = 4 was
assumed. Yeganeh-Haeri et al (1989a,b) report a value for the adiabatic
bulk modulus Ky of 246(+ 1) GPa on the basis of single-crystal Brillouin
scattering spectroscopy carried out at zero pressure; the value for Ky
calculated from this result is 243(+1) GPa (see below). Recent results
indicate that, within experimental uncertainties, the bulk moduli of
Mg, _.Fe SiO, perovskites, with x = 0, 0.1, and 0.2, are independent of x
(Mao et al 1989b, 1991). Therefore, the density of perovskite at high
pressure increases with x in proportion to the density dependence of x at
zero pressure (Figure 2).
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Figure 8 Static compression data and P-V equations of state for silicate perovskites (room
temperature). The experimental points are from high-pressure x-ray diffraction measurements
and the curves represent least-squares fits to different data sets using Birch-Murnaghan finite-
strain equations of state (see text and Table 1). (@) (Mg,Fe)SiO;-peroskite: @, Yagi et al
(1982); +, Kudoh et al (1987); W, Knittle & Jeanloz (1987); (], Ross & Hazen (1990); O,
Mao et al (1991). (Solid line) Ky = 266(+6) GPa and Kjr = 3.9(£0.4) (Knittle & Jeanloz
1987a), and Ky = 261(+4) GPa and Kj; = 4 assumed (Mao et al 1991); these curves are
indistinguishable on this scale; (dotted dashed line) Ky = 246 GPa and Kgr = 4 assumed
(Kudoh et al 1987; see also Yeganeh-Haeri et al 1989a,b; Chopelas & Boehler 1989); (dashed
line) Kyr = 246 GPa and K = 4.5 (e.g. Stixrude & Bukowinski 1992); (dotted line) Kyr = 246
GPa and Kjr = 5.5 (see Mao et al 1991). The unit-cell volumes are given in Figure 2. (b)
CaSiO, perovskite: O, Mao et al (1989a). (Solid line) V, = 45.31(£0.08) A3 (per unit cell),
Kot = 281(+6) GPa, K = 4 assumed (Mao et al 1989a); (dashed line) V, = 45.60(+0.10)
A3, Ky =275(+£15) GPa, Kjr =4 assumed (Tarrida & Richet 1989); (dotted line)
Vo =45.58(+0.07) A3, Kyr = 288(+13) GPa, K = 4 assumed (Yagi et al 1989). Agreement
among the three studies is very good; for clarity only the data points from Mao et al (1989a)
are shown.

Although these differences in the bulk moduli determinations are per-
haps typical of inter-laboratory comparisons, particularly for incom-
pressible materials and different techniques, they nevertheless have impor-
tant geophysical implications because they can give rise to significant
differences in extrapolated values for the density (and bulk sound velocity)
of perovskites at lower-mantle pressures. Some of these apparent dis-
crepancies can be removed by recognizing the trade-off between Ky and
Kjr in equation-of-state fits to the data (Mao et al 1991). For example,
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to reconcile the low bulk modulus obtained from Brillouin scattering
(Yeganeh-Haeri et al 1989a,b) with the high-resolution diffraction data of
Mao et al (1991), a relatively high value for Kjr ~ 5.5 must be assumed
(Mao et al 1991). The high K however, is inconsistent with the higher
pressure diffraction data of Knittle & Jeanloz (1987a) (see Hemley et al
1992) (Figure 8a). A consistent set of pressure-volume relations is therefore
only available for pressures corresponding to the top of the lower mantle
(23 GPa to perhaps 50 GPa). At higher pressures, the differences become
more pronounced, which adds uncertainty to constraints on mineralogy
and composition of the lower mantle based on extrapolated equations of
state, even in the absence of the thermal effects described below.

Comparison of recent measurements of the linear compressibilities of
(Mg,Fe)SiO; perovskite are listed in Table 1. In general, the present
conclusion that the b-axis is the least compressible is consistent with the
zero-pressure Brillouin scattering study of MgSiO; perovskite by Yeganeh-
Haeri et al (1989a,b) and single-crystal x-ray diffraction studies of MgSiO
perovskite by Kudoh et al (1987) and Ross & Hazen (1989). The remaining
differences among these results may be explained as uncertainties associ-
ated with the smaller pressure range of study for the single-crystal data,
although structural differences between the (Mg,Fe)SiO; synthesized in
diamond-anvil cells and in large-volume apparati cannot be ruled out. It
is possible, for example, that this is associated with different amounts of
ferric iron (Fe™?) formed due to differences in oxygen fugacity in the two
types of experiments (Fei et al 1991b). Nonhydrostatic pressure has a major
effect on the relative compressibilities of lattice parameters. In addition,
without the resolution to separate the orthorhombic splitting of the
equivalent cubic diffraction peaks, relative compressibilities of lattice
parameters could not be accurately determined.

The room temperature P-V equation of state of CaSiO; has been mea-
sured by x-ray diffraction in diamond-cells to pressures in the 100 GPa
range by three groups (Mao et al 1989a, Yagi et al 1989, Tarrida & Richet
1989). The results are shown in Figure 8b. The agreement is comparable
to that observed for (Mg,Fe)SiO; equation of state studies. The similar
values for the bulk moduli of the two perovskites has lead to the proposal
that CaSiO; perovskite could be an invisible component in the lower
mantle (Mao et al 1989a, Tarrida & Richet 1989).

THERMAL EXPANSION

Because of the high temperatures prevailing in the lower mantle (> 1700
K, e.g. Jeanloz & Morris 1986), determination of the thermal expansivity
of silicate perovskite is essential for estimation of the density (and bulk
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modulus) of the material within the Earth. The critical role of the thermal
expansivity of the material for controlling chemical layering and the style
of convection within the mantle was pointed out by Jackson (1983) and
Jeanloz & Thompson (1983). Figure 9 summarizes the results of thermal
expansion studies of (Mg,Fe)SiO; perovskite at zero pressure. Knittle et
al (1986) measured the thermal expansion from 300-870 K at zero pressure
of polycrystalline (Mg, ;Fe, ;)SiO; perovskite synthesized in a diamond-
cell and obtained a value for the volume thermal expansion coefficient «
exceeding 4 x 107> K~ ! above 500 K. Ross & Hazen (1989) measured the
thermal expansion at low temperatures (77-400 K), and more recently
Parise et al (1990) performed powder diffraction measurements from 10
to 433 K. These studies have provided accurate determination of the
thermal expansivity, with « = 1.9-2.1 x 107> K~ ' at 300 K, but they are

| I I T |
(Mg,Fe)SiO; Perovskite &+ g
1.02 |~ . * -~
# Knittle et al (1986) ) ©-0
0 Ross and Hazen (1989) 5~ o
[~ @ Parise etal (1990) ( B
O Wang et al (1991) ~
> ~
101 [ ]
>
B THERMAL ]
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1.00 = Zero Pressure ]
»é
s
— | | | | | —
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Figure 9 Relative volume of (Mg,Fe)SiO, perovskite as a function of temperature at zero-
pressure (¥, is the room-temperature volume). Knittle et al (1986) studied (Mg, ,Fe, ;)SiO;
composition; Ross & Hazen (1989), Parise et al (1990), and Wang et al (1991a) examined
the MgSiO; endmember. The lines are fits to the experimental data: (dotted line) Knittle et
al (1986), Griineisen-Suzuki model fit to the high-temperature data, with ¥, = 162.25 A?,
Ko =260 GPa, Kjr = 4, Op = 825 K, and yp, = 2.20; (solid line) Mao et al (1991), obtained
from fitting high-P-T data, with a = 0.301 x 1074+1.500 x 10-8 T—1.139 T2 (zero
pressure); (+ + + +) Stixrude & Bukowinski (1990), Mie-Griineisen-Debye model fit to
zero-pressure thermal expansivity and phase equilibria data, ¥V, = 162.25(+0.05) A%, @, =
1016(+6) K, and yp = 1.73(4:0.14); (dashed line) Wang et al (1991a), linear fit showing
proposed phase transition at 600 K.
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limited to relatively low temperatures. The results are compatible with the
higher thermal expansion found by Knittle et al (1986) if one assumes a
temperature dependent «, as found for other silicates. There has been
concern, however, since these measurements of thermal expansivity (as
well as other properties) were made well outside the perovskite stability
field (Navrotsky 1989, Hill & Jackson 1990) where the phase is very
unstable. Wang et al (1991a) have reported that MgSiO; perovskite under-
goes a metastable phase transition at 600 K and 7.1 GPa, which is respon-
sible for the high thermal expansivity observed at low pressures (Figure
7); this is discussed in further detail below. Very recently, Wang et al
(1991b) reported low thermal expansivities which they attribute to partial
conversion to an amorphous phase at zero pressure. Hence this topic
continues to be a subject of debate.

A variety of models have been used to examine this question. The
Griineisen parameter can be used to evaluate the thermal expansivity (or
thermal pressure) using the thermodynamic Griineisen parameter defined
as ym = aKV/Cy. Constraints on y,, for silicate perovskites have been
obtained from high-pressure vibrational spectra described below (Wil-
liams et al 1987, Hemley et al 1989) and from direct fits to high-temperature
expansivity data (Knittle et al 1986, Jeanloz & Knittle 1989, Stixrude &
Bukowinski 1990, Hemley et al 1992). Simple thermal models such as
Einstein and Debye approximations have been used, including the for-
malism developed by Suzuki (1975) based on Griineisen theory (Knittle et
al 1986). These models involve a parameterization of the thermal pressure
with a single characteristic frequency, together with a Griineisen parameter
vp, defined as yp = —dIn®p/dIn V, and possibly higher-order terms,
where ®p is an effective Debye temperature, which is equivalent to the
Einstein temperature (®p = \/573(9}3) for T'> ©®p. One of the problems is that
v 18 not determined directly in these studies: The yp and that determined by
spectroscopic data need not be the same as the thermodynamic Griineisen
parameter y,,. Nevertheless, both the spectroscopic data and independent
theoretical predictions indicate that y,, is 1.7-2.0 (Williams et al 1987,
Hemley et al 1989, Hemley 1991), which is higher than is typically found
for other materials (silicates and oxides), consistent with the yp determined
from the thermal expansivity data (Knittle et al 1986). Estimates of ®p
range from 725 to 1200 K (Knittle et al 1986; Wolf & Bukowinski 1987;
Hemley et al 1987, 1989; Jeanloz & Knittle 1989; Stixrude & Bukowinski
1990); the range in estimates is due in part to the fact that the vibrational
density of states is not well represented by a Debye model. Nevertheless,
similar fits to the high-temperature thermal expansivity can be obtained
over this range because of the trade-off in parameters (Hemley et al 1992).
The problem has also been examined by the use of theoretical calculations
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with nonempirical (ab initio) models (Hemley et al 1987, 1989; Cohen
1987; Wolf & Bukowinski 1987) and empirical approaches (Matsui 1988).
The recent lattice dynamical models are not inconsistent with the experi-
mentally observed expansivity, including its temperature dependence, but
it should be noted that lattice dynamical predictions of thermal expansion
are in general highly sensitive to the interatomic potentials.

The crucial property for comparison of the density of silicate perovskites
and other possible lower mantle phases with seismological density profiles
is the density at the relevant P-T conditions, which requires a knowledge
of the variation in o with pressure as well as temperature. The variation
in o with pressure is characterized by the Anderson-Griineisen parameter
Ors, which is defined as ép5 = —1/(aKrg) (dKrs/dT). Assuming Jrg is
independent of P and 7, it can be shown that é;g = (dlna/dIn V)p.
Constraints on this quantity have been obtained by the use of systematics
developed at lower P and T for other materials (Chopelas & Boehler 1989,
Anderson et al 1990, Bina & Helffrich 1992). Alternatively, theoretical
models provide useful predictions of this quantity (Wolf & Bukowinski
1987, Hemley et al 1987, Isaak et al 1990). Jeanloz & Knittle (1989)
developed empirical equations of state for both (Mg, Fe)SiO, and
(Mg,Fe)O based on an anharmonic Einstein model, predicting the densities
of both phases under lower-mantle pressures and temperatures.

Recently, the pressure dependence of « has been determined from direct

measurements of the density of (Mg,Fe)SiO; at high pressures and tem-
peratures by the use of x-ray diffraction techniques (Mao et al 1991). These
results are summarized in Figure 10. The results support a high value for
o1 (~6.5) although measurements are not yet possible at lower-mantle
temperatures (about 1700 K). Notably, these results are also consistent
with the zero-pressure values for a reported by Knittle et al (1986). Because
at the highest pressures the measurements were performed within the
stability field of the perovskite, no problems with formation of an amorph-
ous phase were encountered under these conditions. Since a decrease in 6,
is expected above the Debye temperature (e.g. Anderson et al 1990), it is
important that these measurements be extended to higher temperatures
~(i.e. above 900 K). Extension of the measurements to higher pressures
would also provide the direct determination of the pressure dependence
of dr, which could be significant under deep lower mantle conditions (Isaak
et al 1990).

SHEAR MODULUS

The shear modulus is an even more difficult quantity to measure than either
the bulk modulus and equation of state, particularly at high pressures, and
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Figure 10 P-V-T relations for (Mg,Fe)SiO; perovskite. The curves were fits to the high

P-T volume measurements (points) with Ko = 261 GPa, Kir = 4. 6 = 7.4 (dashed line) and
o1 = 6.5 (solid line) (from Mao et al 1991).

little was known about this quantity until recently. The shear modulus u is
important because primary seismological data give shear and longitudinal
wave velocities (Vs and Vp), both of which depend on the shear modulus;
i.e. Vs = (G/p)"? and V; = [(Ks+4/3G)/p]"/>. Predictions of G for silicate
perovskite ranging from 140 to 190 GPa were made on the basis of crystal
chemical systematics and theoretical models (e.g. Jeanloz & Thompson
1983, Cohen 1987, Matsui et al 1987). The high value of 190 GPa for
MgSiO; perovskite under ambient conditions predicted theoretically using
the PIB model (Cohen 1987) was subsequently confirmed by Brillouin
scattering measurements of Yeganeh-Haeri et al (1989a,b), who reported
a value of 184.2(+4.0) GPa (both Voight-Reuss-Hill bounds). Table 2
lists the complete set of single-crystal elastic moduli from these two studies.
One of the striking features of these results is that the value of G under
room conditions is equivalent to that of the lower mantle at 1000 km depth
(e.g. Dziewonski & Anderson 1981). If the lower mantle is predominantly
perovskite, this result indicates that the pressure and temperature effects
nearly completely offset each other at this depth (40 GPa and 1900—
2300 K).
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Table 2 Elastic constants (in GPa) for
MgSiO; perovskite at zero pressure

Theory® Exp®
C;; dc:./oP c;:
Static) 298K 208K 295 K
¢y 548 531 61 520
cp 54 44 32 114
¢ 551 531 56 510
c13 153 143 3.0 118
c3 175 166 30 139
c3; 41 425 63 437
241 237 19 181
Css 253 249 14 202
C 139 136 1.7 176
186 256 249 4.1 245
G 196 192 1.7 184

* Potential-induced breathing model (Cohen
1987).

®Brillouin scattering spectroscopy (Yeganeh-
Haeri et al 1989a,b).

Although measurements of G under these P-T conditions are not yet
possible, theoretical calculations can be used to assess the relative con-
tributions of pressure and temperature. Given a model for the interatomic
forces, the calculations of the pressure derivatives of the elastic moduli are
straightforward and have been performed for MgSiO; perovskite (Cohen
1987). The calculation of the temperature derivatives (thermal elastic con-
stants) are more difficult for low-symmetry structures where there are
Raman-active modes, since the Raman modes couple with the elastic
constants. At a pressure corresponding to 1071 km depth, G = 255 GPa
(at 300 K), which indicates that dG/dT ~ 0.04 GPa/K to be consistent
with geophysical data assuming a perovskite-dominated lower mantle (cf
Yeganeh-Haeri et al 1989a). It should be pointed out that the effect of iron
content on the shear modulus has not been determined and could be
significant.

MELTING

Information on the melting curve and melting relations of silicate perov-
skites is central to a number of problems in solid-Earth geophysics. Melting
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provides the most important mechanism for chemical differentiation in the
Earth; hence, perovskite melting figures prominently in models of the early
evolution of the planet. Because of the absence of widespread melting in
the lower mantle, the determination of the solidus of silicate perovskite in
principle provides an upper bound on the temperature distribution through
a large fraction of the planet. In addition, measurement of the fusion curve
provides bounds on the density of the liquid at high pressures and the
extent to which ultrabasic liquids can become neutrally buoyant relative
to surrounding crystalline phases at depth. Although virtually nothing was
known about the melting of silicate perovskites just five years ago, there
is now considerable information as a result of a series of pioneering
experiments at the forefront of high P-T technology.

The results are shown in Figure 11. Heinz & Jeanloz (1987) reported
diamond-cell measurements of the melting curve of (Mg,Fe)SiO; to 60
GPa and concluded that melting is independent of pressure above ~ 30
GPa (T,, ~ 3000 K). This curve was significantly lower than predictions
based on empirical models and extrapolations of low-pressure data (Ohtani
1983, Poirier 1989). Subsequent measurements by Bassett et al (1988)
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Figure 11 Melting curve for (Mg,Fe)SiO;. The solid line (HJ) is the experimental result of
Heinz & Jeanloz (1987) for (Mg, oFeq ;)SiO; perovskite obtained to 60(+5) GPa, and the
bold line at higher pressures (KJ) is the result of Knittle & Jeanloz (1989a) determined
experimentally to 96( + 10) GPa. The error bars give a measure of the estimated uncertainties
in the measurements at the highest pressures (see original references for details). The dashed
curves are calculated results for MgSiO; perovskite using a variety of methods: O—Ohtani
(1983), P—Poirier (1989), SB—Stixrude & Bukowinski (1990), MP—Matsui & Price (1991).
The lower pressure phase relations for MgSiO; composition are also shown (Kato & Kuma-
zawa 1985).
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support the Heinz & Jeanloz result. A higher pressure study by Knittle &
Jeanloz (1989) indicates there may be a weak increase in T, with pressure
above 50 GPa. Ito & Katsura (1992) studied the melting of MgSiO; using
a multi-anvil press and found T, of 2870 K with a slope of 30 K/GPa, but
the observations were limited to 21-25 GPa. Further measurements are
certainly required. It is not known, for example, if the melting is congruent
at very high pressures (Knittle & Jeanloz 1989a, Kubicki & Hemley 1989).
Williams (1990) melted (Mg, ssFeo.12)Si0, in a laser-heated diamond-
cell at 50-55 GPa. Infrared measurements of the quenched glasses show
evidence for enrichment in SiO, with Mw as the liquidus phase. Ito &
Katsura (1992) find eutectic melting between Mw and Pv, infer that eutectic
composition shifts toward pyroxene composition with pressure, and sug-
gest incongruent melting at deep mantle pressures.

A decrease in the melting slope with pressure indicates that the volume
change on fusion approaches zero, which would require significant changes
in liquid structure to take place over this pressure range. The extent
to which such a change in liquid structure for MgSiO; compositions is
associated with coordination changes in the liquid at these pressures has
been a subject of continued discussion (Heinz & Jeanloz 1987; Knittle
& Jeanloz 1989b; Jeanloz 1990; Miller et al 1991a,b). Early molecular
dynamics simulations predicted a coordination change at very high
compressions, although the actual pressures were not accurately deter-
mined (Matsui & Kawamura 1980, Matsui et al 1982). More recent simu-
lations also predict this transition, but they also show that high densities
can be reached without changes in Si coordination changes, i.e. by repack-
ing of Si0, tetrahedra (Kubicki & Lasaga 1991). This result also seems to
be consistent with high-pressure Raman studies, although these measure-
ments have been limited to glasses at room temperature and may not be
direct analogues of melts (Kubicki et al 1992). Stixrude & Bukowinski
(1990) calculated the fusion curve from available thermochemical data
(mostly at lower pressures). They find that a leveling off and possibly a
maximum in the melting curve is compatible with the current data.
However, the result is extremely sensitive to key parameters (such as the
compressibility of the melt) which have not been measured at mantle
conditions (Hemley & Kubicki 1991), so this result remains speculative.
Recent molecular dynamics calculations of Matsui & Price (1991) pre-
dict a significantly higher melting curve, with no maximum under lower
mantle conditions, which may be taken as evidence against neutral buoy-
ancy of MgSiO; melts in the lower mantle. On the other hand, on the
basis of recent shock-wave studies of komatiite liquid to 36 GPa, Miller
et al (1991a,b) suggest that liquidus perovskite is neutrally buoyant at
70 GPa.
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VIBRATIONAL DYNAMICS

The vibrational properties of perovskite are important for understand-
ing the nature of possible distortions and for identifying phase transitions
in these materials. In this regard, vibrational Raman scattering is par-
ticularly relevant because the activity of the first-order Raman spectrum
is strongly dependent on the distortions of the crystal from the high-sym-
metry cubic form. This arises from the fact that all of the Raman-active
vibrations in the distorted (e.g. orthorhombic) perovskite structures are
derived from modes that occur at the edge of the Brillouin zone in
the cubic form (cubic perovskite has no Raman-active modes). Certain
of these modes are associated with displacive transitions between low
and high-symmetry perovskite structures; that is, they may be soft
modes, vibrations whose frequencies decrease and eventually vanish as a
function of either pressure or temperature at the transition (cf. McMillan
1988).

There are 20 atoms in the primitive unit cell in Pbnm perovskite; thus
there are 60 zone center modes including the 3 translational modes. The
optic modes decompose as 74,+ 7B ;+ 5B,,+ 5B;,+8A4,+ 78, +9B,,+
9B,,. There are 24 Raman-active modes (A4,, By, B, and B;;) and 25
infrared-active modes (B,,, B,,, and Bs;,). The symmetry vibrations for
orthorhombic Pbnm perovskite are shown in Figure 12.

The infrared spectrum of MgSiO; perovskite, first measured by Weng
et al (1983) at zero pressure shows vibrations characteristic of octahedrally
coordinated Si. Williams et al (1987) reported measurements of the pres-
sure dependence of the infrared spectrum to 27 GPa as well as the Raman
spectrum at zero pressure. Hemley et al (1989) measured the pressure
dependence of the Raman spectrum of single crystals of MgSiO,, and
recently Chopelas & Boehler (1992) measured spectra of polycrystalline
samples. The pressure dependences of the vibrational modes documented
in these studies are shown in Figure 13. Additional preliminary data on
the pressure dependence of the far-infrared spectrum have been reported
(Hofmeister et al 1987, see also Hemley et al 1989). No soft-mode behavior
was observed in any of the high-pressure measurements. Chopelas &
Boehler (1992) report a decrease in intensity and a small change in pressure
shifts of two modes at 37 GPa, which they have interpreted as evidence
for a phase transition. However, no transition has yet been observed by
x-ray diffraction in this pressure range, as discussed above. In general there
is considerable coupling of the polyhedral vibrations in the perovskite.
This strong coupling of the modes is associated with characteristic face-
sharing of the component polyhedra (SiO4 octahedra and MgQO, , distorted
dodecahedra). The observed vibrational modes have not yet been assigned
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Figure 12 (a) Raman-active symmetry modes for Pbnm perovskite. The view is along (/10)
in the orthorhombic cell, or (100) in cubic coordinates. The c-axis is vertical. Si-O “bonds”
are indicated by solid lines. The arrows indicate the atomic displacements for each type of
symmetry mode. Only the minimum number of displacement vectors are shown, and the
displacements are copied by unit-cell translations. The actual vibrational modes are linear
combinations of the motions shown. Thus for 4, there are 7 modes, which are linear
combinations of O(1) and Mg displacements in the x- and y-directions, and O(2) dis-
placements in the x-, y-, and z-directions. Only the 4, symmetry modes correspond to
possible tilt transitions. (b) Odd-symmetry modes for Pbnm perovskite. The 4, modes are
inactive, and the B,,, B,,, and B,, are infrared active. All of these modes break inversion
symmetry, but only the B modes generate a dipole moment that can interact with infrared
radiation.

© Annual Reviews Inc. * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1992AREPS..20..553H

rI992AREPS . 20 553!

SILICATE PEROVSKITE 581

Figure 12b

to specific symmetry species, although it is likely that the strongest Raman
bands have 4, symmetry.

Mode-Griineisen parameters y; can be obtained from least-squares fits
of the high-pressure mid-infrared and Raman data (Williams et al 1987,
Hemley et al 1989, Chopelas & Boehler 1992). This information is impor-
tant for assessing the microscopic origin of thermodynamic properties
such as thermal expansivity and entropy. The y,; (values at zero pressure)
are comparatively large, which indicates that the material has appreciable
anharmonicity, at least at low pressure. The results can be used to calculate
the Griineisen parameter via the approximation, yg, = () = Zyici/Zc;,
where c¢; is the heat capacity function for an Einstein oscillator and the
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Figure 13 Pressure dependence of the vibrational frequencies for MgSiO; perovskite (room
temperature). Raman modes: @, Hemley et al (1989); O, Chopelas & Boehler (1992).
Infrared modes: A, Williams et al (1987). The solid and dashed lines are least-squares fits to
the pressure shifts for the Raman and infrared modes, respectively.

sum includes in principle all vibrational modes i (see Hemley et al 1989).
The sum over the available data gives (y,> = 1.80-2.03 (¢ = 0—2) at 300
K and {y,> = 1.67-1.87 at high temperature which is close to previous
results (Hemley et al 1989, Williams et al 1989). Despite the wealth of new
information on the vibrational properties of this material at high pressures,
accurate calculation of y,, from spectroscopic data is still problematic
because the pressure shifts for most of the modes have not been measured
and there may be inadequate sampling of the vibrational density of states.

An additional application of vibrational spectroscopic measurements of
silicate perovskite has been their use in characterizing the materials at low
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pressures. This has been particularly important because of the ease with
which samples transform to glassy phases at low pressures (e.g. zero
pressure) when subjected to heating, laser illumination, and grinding or
polishing (Hemley et al 1989, Yeganeh-Haeri et al 1989b, Wolf et al
1990). The glass phase, which is formed prior to crystallization of enstatite
(Knittle & Jeanloz 1987b), is readily observed by vibrational spectroscopy
and may not be apparent in standard x-ray diffraction or x-ray spectro-
scopic measurements. There is evidence that the extent of amorphization
depends on both sample history and the method of preparation. Amorph-
ization also complicates high-temperature Raman measurements on sili-
cate perovskites, which are important for studying possible temperature-
induced soft-mode behavior. Preliminary Raman spectra as a function of
temperature up to the point of vitrification at zero pressure have been
reported for MgSiO; (Wolf et al 1990, Durben & Wolf 1991). The fre-
quencies v decrease with temperature, but no anomalous soft-mode
behavior (defined as v — 0) has yet been observed. Because of amorphiza-
tion, such measurements need to be performed at high pressure, within
the stability field of the perovskite.

HIGH-TEMPERATURE PHASE TRANSITIONS

The question of high-temperature phase transitions in distorted perov-
skites is closely related to the vibrational dynamics as observed in Raman
spectroscopy because many of the possible transitions would involve soft-
mode behavior with some mode frequencies vanishing (or becoming small)
at the phase transition. Continuous transitions in perovskite, if they did
occur in the Earth, would be particularly important if they involve soft
Raman modes because they would then lead to elastic or acoustic anom-
alies in shear moduli at the phase transition. Thus, for example, a soft-
mode transition from an orthorhombic phase to a tetragonal phase would
involve probable softening of ¢,,—c,,, and transition from the ortho-
rhombic phase to a monoclinic phase would involve softening of a shear
mode (e.g. cg¢). Also, the average shear modulus could show non-
monotonic behavior as a function of pressure and/or temperature.

There are a number of possible phase transitions in perovskite with
increasing temperature that involve loss of the various octahedral tilts,
culminating with the cubic structure, possibly at temperatures above the
melting point. Aleksandrov (1976, 1978) discussed some possibilities for
phase transitions from Pbnm, but his analysis assumed that symmetry
will always be increased with increasing temperature—which is not neces-
sarily the case. The subset of transitions he considered that refer to Pbnm
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is shown by the square blocks in Figure 14. The structures in the circles
are for possible intermediate phases which tend to have lower symmetry
but lead from one tilt system to another in cases where Aleksandrov
considered only discontinuous phase transitions possible. Thus if
(Mg,Fe)SiO; does transform at high temperatures to another distorted
perovskite [g"a" ¢t using Glazer’s (1975) notation], it is most likely to
transform to tetragonal D;,(00c™), orthorhombic D3¥(a~a~0), monoclinic
Ci.(a”b~c™), or to orthorhombic Dy/(0a"c*).

Glazer’s + and — type tilts can be related to M, and R, instabilities.
In other words, the atomic displacements are modulated by cos[—g-r],
where ¢ is given by (0.5,0.5,0) (in units of 2xn/a) for the M-point and
(0.5,0.5,0.5) for the R-point and r is the lattice vector (relative to the cubic
lattice). Figure 1 shows the M,- and R,s-type rotations. There is one three-
dimensionally degenerate R-point in the cubic Brillouin zone and there are
three distinct M-points. Thus the rigid tilts in perovskite can be represented

000
Pm3m
1x1x1 (P)
00c+ a-00 a-b-0 a-a-0
14/mmm 14/mem C2/m Imma
2x2x1 (C) 2x2x2 (F) x2x2 (F 2x2x2 (F)

a-0c+
Cmca
2x2x2 (C)

Figure 14 Possible structural phase transitions in perovskite from cubic Pm3m to lower
symmetry perovskite structures. ‘
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as coordinates in a six-dimensional space, only a subset of which can be
described by Glazer’s notation. The R,s and M, modes are folded into the
zone center in Pbnm and become Raman-active modes. One or more of
these modes might be expected to display soft-mode behavior near a
continuous high-temperature phase transition. However, many of the
Raman modes are not observed since they are too weak (Williams et al
1987, Hemley et al 1989. Chopélas & Boehler 1992), and no such soft-
mode behavior has yet been observed in MgSiO; perovskite.

It is crucial to investigate which modes in Pbnm perovskite correspond
to the R,s and M, modes in cubic perovskite and whether these modes are
expected to go soft at various phase transitions. A symmetry analysis of
Pbnm perovskite was performed using the method of Boyer (1974). By
examining the symmetry modes, we find that only 4, symmetry modes
are compatible with tilt distortions that can lead to continuous phase
transitions at high temperatures. There are two 4, modes compatible with
M, symmetry and two 4, modes compatible with R,s symmetry. Thus
lack of soft-mode behavior in the 4, modes is sufficient to rule out soft-
mode behavior in a Pbnm perovskite. A transition to Imma would likely
be a soft-mode transition. A soft-mode transition to /4/mmm would require
two R,s-type modes going soft simultaneously. A direct transition to
Cmcem would be first-order, though Cmcm could be reached continuously
through a monoclinic P2,/m structure. The latter path also would not
involve soft-mode behavior. In general, a second-order, continuous phase
transition does not require soft-mode behavior. An example is the tran-
sitions in La,_,Ba ,CuQ, (Pickett et al 1991). The phase transition could
have order-disorder character, where above the phase transition tem-
perature T, there would be uncorrelated local tilts which become correlated
as temperature decreases until a phase transition occurs, at which point
the tilts are all in phase. Order-disorder transitions can couple with elastic
constants and cause elastic anomalies as well as soft-mode transitions.

A variety of calculations have considered the relative stability of cubic
and orthorhombic MgSiO;. Wolf & Bukowinski (1987) and Bukowinski
& Wolf (1988) predicted that the series of transitions orthorhombic —
tetragonal — cubic in MgSiO; occurs in the mantle with increasing tem-
perature. These calculations, however, significantly underestimate the dis-
tortion of the orthorhombic form in comparison to experiment (Figure 3),
and hence its stability relative to cubic. Also, the phase transition tem-
perature was not calculated directly but was estimated by extrapolating
the results of quasi-harmonic calculations assuming critical behavior in
the tilts as functions of temperature; however, quasi-harmonic calculations
do not include the fluctuations that cause critical behavior. It is necessary
to perform anharmonic calculations with interatomic potentials that more
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accurately reproduce the room P-T structure (e.g. Hemley et al 1987).
Using the PIB model Cohen (1987) found that the energy difference (ex-
pressed as temperature) between cubic and orthorhombic MgSiO; rose
rapidly by 60 K GPa~'. Though the energy difference is 6700 K at 100
GPa, the results are sensitive to small changes in the interatomic potentials. -
Matsui & Price (1991), using their empirical rigid ion potential, predict
that the transition occurs just below their theoretically predicted T, which
is very high (Figure 11). They found a continuous transition from ortho-
rhombic to cubic, which is not allowed in a soft-mode transition, and
indicates order-disorder character.

Wang et al (1990, 1992) have interpreted the extensive twinning observed
in electron microscopic studies of quenched samples of (Mg,Fe)SiO;
perovskite as evidence for a structural transformation at high P and T.
The observation of twins (Wang et al 1990) does not in itself indicate that
the twins are formed by cooling through a phase transition, but the more
recent observations (Wang et al 1992) that crystals quenched from above
1870 K at 26 GPa contain more twins than samples annealed below 1570
K is suggestive of a phase transition. They suggest that the transition is to
the tetragonal P4/mbm (00c*) or I4/mcem (a~00) structures. Wang et al
(1992) suggest that the kink observed in the melting curve of perovskite
by Knittle & Jeanloz (1989a) arises from the intersection with the same
perovskite structural phase transition they observe at lower pressures
(Figure 11). If correct, this proposal would imply that seismic velocity (or
density) anomalies arising from this transition should occur at a depth
corresponding to ~ 50 GPa in the lower mantle. A transition from ortho-
rhombic to tetragonal should correspond to a softening of the shear
modulus ¢,,—c,, at the transition. Although these results are quite com-
pelling, the interpretations are complicated by sample decomposition
effects under the electron beam, the possibility that samples annealed at
higher temperatures have coarser twins (and thus are easier to observe),
greater equilibrium density of twins at higher temperature, and com-
positional changes in the various runs. Wang et al (1992) also studied
analogue perovskites CaTiO;, CaGeO,;, MnGeO;, LaGaO;, and SmAIlO;
which have Pbnm structure at ambient conditions and observed similar
twinning textures for samples quenched from below and above a phase
transition. Although this provides further support for the proposal for a
phase transition in (Mg,Fe)SiO;, it should be pointed out that intermediate
plagioclase feldspars contain ubiquitous polysynthetic twins which are not
the result of any phase transitions.

Evidence for another phase transition has been reported by Wang et al
(1991a) on the basis of direct x-ray diffraction measurements of MgSiO;
perovskite as a function of temperature to 1200 K at 7.1 GPa. On the basis
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of shifts of the 113 diffraction peak, a temperature-induced phase transition
to another orthorhombic structure at 600 K was proposed (see Figure 7).
They concluded that the thermal expansion coefficient of the perovskite is
significantly smaller than the previous measurements and further that the
structure of the Pbnm orthorhombic perovskite may not be representative
of the mineral in the Earth. However, the magnitude of the volume dis-
continuity initially observed at the proposed phase transition is reported
to be smaller in subsequent studies (Weidner et al 1991) and may not be
statistically significant. Other diffraction experiments carried out in this
pressure range also do not support the results of the Wang et al study
(Mao et al 1991, Y. Fei, personal communication). The discrepancy could
be associated with texturing effects in the former samples, which can
introduce errors in the determination of peak positions in powder diffrac-
tion patterns. In view of the complications arising from studies of perov-
skite at lower pressures (e.g. amorphization), the issue also reinforces the
need for careful measurements on the material within its stability field
(P > 23 GPa).

The observation of ferroelectricity in perovskites has given rise to the
suggestion that silicate perovskites might undergo similar ferroelectric
transitions, perhaps at lower mantle conditions (Litov & Anderson 1978,
Anderson 1988). The charge distribution of the end-member MgSiOj; is
largely ionic and does not reveal the type of Ti d-orbital hybridization
found for BaTiO; that may be responsible for ferroelectric behavior in the
latter material (Cohen & Krakauer 1990). This does not rule out possible
ferroelectric-type behavior on substitution of other cations in silicate
perovskite.

TRANSPORT PROPERTIES

Other important physical properties are the transport properties of silicate
perovskite, such as electrical conductivity, thermal conductivity, and rhe-
ology. These properties are needed for modeling convection, thermal
history, and the Earth’s magnetic field, but they are very difficult to study
because of the instability of perovskite under ambient conditions and
technical difficulties associated with measurement of transport properties
under extreme conditions of temperature and pressure. Despite these prob-
lems, significant progress has been made, and the first direct measurements
have been reported.

The electrical conductivity of mantle phases strongly controls the
strength of the magnetic field at the Earth’s surface. Measurements of the
electrical conductivity of silicate perovskite at high P and T has therefore
been of great interest. These challenging experiments have been at the limit
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of high-pressure techniques, and the results are accordingly controversial.
Li & Jeanloz (1987, 1990) reported measurements of electrical conductivity
of (Mg,Fe)SiO; at high P and T using laser-heated diamond-cell
techniques. Their results indicated that the conductivity of the Mg end-
member is several orders of magnitude lower than geophysical obser-
vations for the lower mantle (Li & Jeanloz 1987). Subsequent measure-
ments indicated a large effect from Fe, but the conductivity of
(Mg, ¢Fe, )SiO; perovskite is still lower than geophysical data for the
lower mantle (Li & Jeanloz 1990, Li et al 1991). Peyronneau & Poirier
(1989) measured the conductivity of both perovskite and perovskite-mag-
nesiowlistite assemblages at high pressures, but using resistance heating
(to 673 K); extrapolating these results to lower-mantle temperatures gives
a value for the conductivity in good agreement with geomagnetic models.
The measurements are extremely sensitive to contamination by water (Li
& Jeanloz 1991, Poirier & Peyronneau 1991). Both laboratories now obtain
agreement for the conductivity of high iron-content samples containing
20% Fe/(Fe+ Mg), which consist of perovskite and magnesiowiistite mix-
tures, although there is still a discrepancy for iron compositions. These
results are not consistent with the dominant conduction mechanism for
perovskite being ionic (O’Keeffe & Bovin 1979, Poirier et al 1983, Kapusta
& Guillope 1988, Wall & Price 1989), although very recent theoretical
calculations predict that ionic conductivity could be important very close
to melting (Matsui & Price 1991). It should be noted that the evidence for
ionic conductivity in fluoride analogues (O’Keeffe et al 1979) has been
attributed to surface effects (Andersen et al 1985). Finally, these experi-
ments also indicate that the conductivity of (Mg,Fe)O is significantly
higher than that of (Mg,Fe)SiO; perovskite, and that this mineral may
dominate the conductivity of the lower mantle (Li & Jeanloz 1990, Wood
& Nell 1991).

Little is known about thermal conductivity, k, at high pressures and
temperatures except for model extrapolations from low-pressure measure-
ments (Kieffer 1976, Roufosse & Jeanloz 1983, Brown 1986). Until
recently, no measurements were available for silicate perovskite. Osako &
Ito (1991) measured the thermal diffusivity a = C,px of a large poly-
crystalline sample of MgSiO; between 160 and 340 K and fit the results to
l/a= A+ BT where A = (—6.2+1.4) x 10° m~?s and B = (2.15+0.05)
x 10° m? s K~'. They obtain x = 5.1 W m~! K~' under ambient con-
ditions which is similar to other silicates. Extrapolating to lower mantle
conditions they estimated x = 3.0 Wm™"' K~ ' at 670 km depth at 1900 K
and 12 W m~' K~ at the top of the D" layer at 2500 K. They suggest
that the thermal conductivity would be high enough to prevent the D"
layer at the base of the mantle from being a thermal boundary layer.
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An understanding of the rheological properties of silicate perovskite
at high pressures and temperatures is crucial for detailed modeling of
convection in the Earth. This has been addressed in several theoretical
studies of ion migration in MgSiO; perovskite (Wall et al 1986, Price et al
1989, Miyamoto 1988). This is a very difficult problem experimentally
because laboratory time scales are many orders of magnitude shorter
than flow time scales in the Earth. Nevertheless, measurements of the
plasticity of silicate perovskites are beginning. The plasticity of single
crystals of MgSiO; perovskite has been studied at 300 K and found
to be higher than that of olivine and enstatite (Karato et al 1990).
Estimates of the shear strength of (Mg,Fe)SiO; and magnesiowiistite
have been obtained from measurements and analyses of the pressure
distribution supported by polycrystalline samples in the diamond-cell
(Meade & Jeanloz 1990). The results indicated a maximum shear stress
of approximately 7 GPa under lower-mantle pressures and room tem-
perature, compared with 8.5 GPa for (Mg,Fe),SiO, spinel, and the
authors speculated that the lower mantle may be more ductile than the
transition zone. Ito & Sato (1991) argue that the absence of seismicity
below 700 km arises from superplasticity associated with the fine-grain
texture of perovskite and magnesiowiistite assemblages in the lower
mantle.

Under the high temperatures and low strain rates of the lower mantle, -
yield stress itself is not a pertinent quantity, rather the viscosity or strain
rate versus stress is important. The latter are essentially unknown for
minerals under lower mantle conditions and in fact may be governed by
magnesiowlistite rather than perovskite. In order to address the problem
of temperature dependence of the rheology of perovskite, Beauchesne &
Poirier (1989, 1990) have studied high-temperature creep in BaTiOs,
KTaO;, KNbO;, RbCaF;, and KZnF; perovskites and found that each
perovskite behaved qualitatively differently; thus it was impossible to draw
general conclusions about perovskite deformation at high temperatures.
The results were fit to the form: é = Ac”exp(— Q/RT), where ¢ is the
strain rate, o is the shear stress, R is the gas constant, 7 is temperature, Q
is the activation energy, and 7 is the stress exponent. They found that »
varies from 1 to 3.7, In 4 varies from —11 to —62 (¢ is in Pa), and Q
varies from 116 to 469 kJ/mole in the three oxide perovskites they studied.
This would imply a drop in strength (or increase in strain rates) of many
orders of magnitude between room temperature and mantle temperatures.
In summary, little remains known about deformation of perovskite under
mantle conditions, but progress has been made at low temperatures and
high pressures and, on other perovskites, at high temperatures and zero
pressure.
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DISCUSSION

The increasing number of measurements of the physical and chemical
properties of silicate perovskites has provided an essential database for
unifying mineralogical, geochemical, and seismological models of the
Earth’s lower mantle (Silver et al 1988, Anderson 1989). There is now a fair
amount of agreement concerning the structural properties and equation of
state, including the bulk modulus and thermal expansivity. The measure-
ments provide new insight into interpretation of the 670-km discontinuity,
seismologically determined density profiles, the D” region, and the core-
mantle boundary. However, it must also be said that a complete and
accurate description of the physical properties of these phases at mantle
conditions is not yet in hand, as is evident from the number of controversies
that need to be resolved. Thus, one of the central questions in solid-
earth geophysics—the composition of the lower mantle, and whether it
is chemically distinct and convecting separately from that of the upper
mantle—ocontinues to be a matter of active debate. A detailed review of
this topic, including mineral physics data for both silicate perovskites and
oxide phases and analyses of different seismological models is presented
by Bina & Hemley (to be published). Here we point out key constraints
from measurements on silicate perovskites.

The phase equilibrium study of Ito & Takahashi (1989) has reaffirmed
the coincidence of (Mg,Fe),SiO, silicate spinel to perovskite plus mag-
nesiowiistite transition with the 670-km discontinuity, including the sharp-
ness of the transition, in agreement with earlier diamond-cell studies.
They argue that the 670-km discontinuity is therefore compatible with the
occurrence of an isochemical transformation in this system and with a
homogeneous peridotitic composition for the upper and lower mantle.
In principle, the P-T slopes of the perovskite-forming reactions provide
another constraint, but the measured values are not sufficiently negative,
or well enough determined experimentally, to rule out mixing of the upper
and lower mantle (Ito et al 1990). Currently, the most reliable constraint
on the chemical composition is provided by density measurements on
candidate upper-mantle compositions at lower-mantle pressures. Jeanloz
& Kanittle (1989) have calculated densities for perovskite and mag-
nesiowlistite at lower mantle conditions from equation of state models
determined in part from experimental data. They conclude that for a range
of predicted geotherms upper mantle compositions are incompatible with
seismic data (Dziewonski & Anderson 1981) in the lower mantle; specifi-
cally, an iron enrichment (bulk iron component of 15%) is required, with
the intrinsic density of the lower mantle 2.6% (and possibly up to 5%)
higher than the upper mantle. Their results are dependent on as-yet un-

© Annual Reviews Inc. * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1992AREPS..20..553H

rI992 AREPS . 20 J553F!

SILICATE PEROVSKITE 591

measured parameters at high P-T conditions (Chopelas & Boehler 1989,
Bina & Silver 1990, Bukowinski & Wolf 1990). The high-P-T x-ray diffrac-
tion results (Mao et al 1991) support the equations of state used in this
analysis but indicate there is a significant decrease in thermal expansion
that is not included in these calculations. Hemley et al (1992) have shown
that including this effect decreases the need for iron enrichment at the top
of the lower mantle (with no thermal boundary layer), although silica
enrichment is then required (Liu 1979, Bass & Anderson 1984, Kuskov &
Panferov 1991). Further analysis of the density profile for the entire lower
mantle, where the density is better constrained seismologically, as well as
for the seismic parameter, is given by Bina & Hemley (1992). A change in
chemical composition should give rise to a thermal boundary layer, and
two separately convecting systems in the upper and lower mantle. If so,
iron enrichment then becomes a plausible means by which to offset the
effect of higher temperatures (thermal expansion) in order to be consistent
with the seismic density profiles (Jeanloz & Knittle 1989). A compositional
boundary, if present, may not occur at the identical depth as the phase
transition to perovskite-bearing assemblages (Jeanloz 1991).

As described above, transitions to higher symmetry forms have been
predicted to occur with increasing temperature in (Mg,Fe)SiO; perovskite,
and these transitions could complicate such inferences for the composition
of the lower mantle (Wang et al 1992). There is currently no direct experi-
mental evidence for these transitions, although similar transitions are
documented for isostructural perovskite materials. If perovskite is cubic
under lower mantle P-T conditions, its bulk modulus is expected to increase
as a result of the loss of degrees of freedom for compression. Theoretical
calculations indicate that the bulk modulus could increase by ~5% on
going from orthorhombic to cubic (Cohen et al 1989). Such antiferroelastic
transitions, which may be soft-mode driven, may give rise to unusual shear
softening as the transitions are approached. Yeganeh-Haeri et al (1989a)
have proposed that transitions of this type may be responsible for the high
values of dIn V,/dIn V, (~ 2-3) observed in studies of lateral heterogeneity
in the lower mantle (e.g. Dziewonski & Woodhouse 1987). Recent cal-
culations show, however, that such behavior can arise from the effect of
temperature on the shear modulus relative to the bulk modulus at high P
and T in simple materials such as MgO (Isaak et al 1990, 1992; Agnon
& Bukowinski 1990; Anderson et al 1992), which do not exhibit these
transitions.

The CaSiO; perovskite exists in the lower mantle as a major separate
phase with an abundance subordinate only to ferromagnesian silicate
perovskite and, most probably, to magnesiowistite. The weight percentage
of CaSiO; perovskite is 6.2% in the pyrolite model, 7.0% in a recent model
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based on solar abundances, and 12% in the piclogite model. Since CaSiO;
also has a higher bulk modulus than (Mg,Fe)SiO; (by ~3%) (Mao et al
1991), an appreciable enrichment of Ca in the lower mantle could con-
tribute to increasing Ks. Such a comparison could be used to bound the
Ca abundance in the lower mantle, since sufficient constraints cannot be
obtained from the density alone (see Mao et al 1989a). These results will
also depend on the thermal expansivity of the calcium perovskite at mantle
conditions, which has not been measured. Ita & Stixrude (1991) have
suggested that the CaSiO; perovskite transition could be responsible for
seismic structure near 520 km (i.e. in the transition zone) (Shearer 1990).
Recent studies have indicated that partitioning of rare earth elements
in CaSiO; perovskite is significantly higher than that in (Mg,Fe)SiO,
perovskite (Ito & Takahashi 1987b; Kato et al 1988a,b). If so, cubic CaSiO;
perovskite could represent a large reservoir of rare earth elements in the
mantle. However, the effects of disequilibrium in such experiments have
been questioned (Walker & Agee 1989).

OUTLOOK

Progress on the study of silicate perovskite during the past few years may
be characterized as moving from the study of analogue materials, to studies
carried out at ambient (room) conditions, and finally to the in situ study
at high pressures. In situ studies of silicate perovskites under combined
high pressure and high temperatures are in their infancy (Mao et al 1991),
and few have yet been performed under lower mantle P-T conditions.
Future work will likely be characterized by in situ measurements under
these extreme conditions, including petrologic studies of whole rock
samples at deep mantle conditions (e.g. O’Neill & Jeanloz 1990). As in
the past, accurate ultrahigh-P-7 measurements will require continued
development of both high-pressure technology and analytical techniques.
With these developments it is probable that further progress will also be
made in the study of transport properties, which could provide important
additional constraints on mantle mineralogy. These may be controlled
by the defect chemistry of silicate perovskites at high temperatures and
pressures, about which little is currently known.

If our current understanding of the phase equilibria under lower mantle
conditions is correct, then the study of the properties of (Mg,Fe)SiO; and
CaSiO; perovskite, along with magnesiowiistite and stishovite, should
fully describe the physical properties of the lower mantle. It is important
to recognize that our understanding of the deep earth may be biased by
the properties of those materials that can be quenched to low (ambient)
conditions or otherwise easily studied in the laboratory. Evidence for new
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nonquenchable aluminous, calcic, and magnesium silicate phases which
are stable under lower mantle conditions has been reported (Guyot et al
1989, Ito 1989, Kubicki & Hemley 1989) and others have been predicted
(e.g. Finger & Hazen 1991), and new classes of chemical reactions occur-
ring at deep mantle conditions are indeed likely (e.g. Knittle & Jeanloz
1989b, 1991a). It is likely to take many years to fully describe the elastic,
rheological, and transport properties of these materials and the deep rocks
that they constitute. In so doing, new insights into properties of silicates
and oxides will be gained, new high-P-T technology and computational
techniques will be developed, and a better understanding of the Earth and
its history will be achieved.
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