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Abstract. Energy dispersive X-ray diffraction measurements for polycrystalline
CaSiO3 perovskite were carried out at in situ transition zone and lower mantle
P-T conditions (P=18-96 GPa, T'=1238-2419 K) using the diamond anvil cell
and double-sided laser heating at the GeoSoilEnviro Consortium for Advanced
Radiation Sources (GSECARS) sector of the Advanced Photon Source. An analysis
of the temperature error sources in laser heating reveals that the axial and radial
thermal gradients are the greatest error source. We have used measurements where
the combined temperature error (1o) from all sources is <150 K. By obtaining
X-ray diffraction patterns at 8-22 GPa and 300-2200 K range, the high-temperature
phase boundary between CaSisO5+CaySi04 and CaSiOg perovskite was determined
to be 14-16 GPa, in contrast to the results of previous large-volume press (LVP)
measurements (9-11 GPa). The stability of cubic CaSiO3 perovskite was confirmed
to 2300 km depth in the Earth’s interior. No evidence of phase transformation
or break down to oxides was observed. The proposed tetragonal distortion, and
hence the phase transformation from distorted phase to cubic, was not observed.
The combined data set of this study and earlier LVP measurements was fit to a
Birch-Murnaghan-Debye equation. By fixing Vo = 27.45 cm®/mol, K7y = 236 GPa,
and K7, = 3.9 from recent static compression data and 6y = 1000 K, we obtain
~o =1.92 £ 0.5 and ¢ = 0.6 = 0.3. Although data to 69 GPa and 2380 K were used
in the fitting, this result is also consistent with measurements to 96 GPa. This
result yields not only density and bulk modulus but also higher-order thermoelastic
parameters, such as thermal expansivity and temperature dependence of bulk
modulus, at lower mantle P-T condition in an internally consistent way. This direct
measurement of the equation of state at lower mantle condition verifies that the
density and bulk modulus of CaSiO3 perovskite at lower mantle P-T condition$ are
very close to seismic values (within 1.5 and 3.0%, respectively). These differences
are sufficiently small that the abundance of CaSiO3 perovskite will have negligible
effects on density and bulk modulus profiles for the mantle.

1. Introduction

The physical properties and the phase transforma-
tions of calcium-bearing phases are important for un-
derstanding the dynamics and the evolution of the man-
tle [Ringwood, 1975; Duffy and Anderson, 1989]. In the
transition zone, calcium is largely incorporated into the
garnet phase and transforms between 580 and 720 km
depth into CaSiO3 in the perovskite structure [Mao et
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al., 1977, Tamai and Yagi, 1989; Oguri et al., 1997;
Hirose et al., 1999)].

There have been few detailed studies about the phase
relationships in the CaO-SiO, system at transition zone
conditions [e.g., Gasparik et al., 1994; Wang and Weid-
ner, 1994]. The stability and the physical properties of
CaSiO3 perovskite have not previously been examined
directly at lower mantle P-T conditions. The stabil-
ity at lower mantle pressures were confirmed only at
300 K [Tamai and Yagi, 1989; Yagi et al., 1989; Tar-
rida and Richet, 1989; Mao et al., 1989]. The P-V-T
equation of state (EOS) was measured using a large-
volume press (LVP) [Wang and Weidner 1994; Wang et
al., 1996]. However, this measurement was performed
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Figure 1. P-T conditions of this study for CaSiO3 perovskite. Those of other studies [Mao et
al., 1989; Wang et al., 1996; Shim et al., 2000] are also plotted for comparison. Mantle P-T
conditions are from the Preliminary Reference Earth Model (PREM) [Dziewonski and Anderson,
1981} and Brown and Shankland [1981]. Melting curves of CaSiO3 perovskite (dash-dotted lines)
are from Shen and Lazor [1995] and Zerr et al. [1997].

at low P-T conditions (P < 12 GPa and T = 300~
1600 K) and requires long extrapolation to derive phys-
ical properties, such as density and bulk modulus, at
lower mantle conditions.

Recent new developments in the laser heating tech-
niques with the diamond anvil cell (DAC) enable us to
explore the stability and the physical property of ma-
terials directly at the Earth’s deep interior conditions
[Boehler et al., 1990; Shen et al., 1996; Boehler, 1996;
Shen et al., 1998; Fiquet et al., 2000; Dewaele et al.,
2000]. The improvement in temperature homogeneity in
the heated area opens new opportunity to measure the
P-V-T relationship at extreme P-T conditions [Shim
et al., 1998; Fiquet et al., 1998, 2000; Dewaele et al.,
2000; Shen et al., 2000]. Shim and Duffy [2000] showed
that P-V-T measurements using the laser-heated di-
amond anvil cell (LHDAC) have the potential to pro-
vide not only direct measurements of density and bulk
modulus at lower mantle conditions but also to resolve
higher-order thermoelastic parameters, such as the vol-
ume dependence of Griineisen parameter, temperature
derivative of bulk modulus. However, they also demon-
strated that temperature inhomogeneity could result in
systematic error in fitted parameters. This indicates
that the identification of the error sources in laser heat-
ing and their effects on EOS fitting is crucial to pursue
P-V-T measurements and for making further technical
improvement in laser heating. Here we report P-V-T

measurements on CaSiO3 perovskite at 18-96 GPa and
1238-2419 K, corresponding to the Earth’s transition
zone and most of the lower mantle (Figure 1).

2. Experimental Techniques

2.1. Sample Preparation

A natural wollastonite from Newburg, New York, was
used as the starting material. X-ray diffraction and
scanning electron microscope analysis of the starting
material confirmed that is a pure phase with only neg-
ligible amounts (<0.1 mol %) of Fe and Mn impurities.
The wollastonite powder was mixed with 10 wt % plat-
inum powder, which was used as a laser beam absorber
and pressure standard using the EOS of Holmes et al.
[1989].

A thin (10 pm) foil of the wollastonite-platinum mix-
ture was loaded in a preindented stainless steel gas-
ket with a 150-pum-diameter hole and compressed using
300-um diamond anvils for experiments covering 10—
70 GPa. For higher pressures we loaded the foil in a 50-
um hole in a rhenium gasket. Beveled diamond anvils
with 100-pum central flats were used in this case. A
pressure medium and insulation layer of either NaCl or
argon was loaded together with the sample foil in such a
way that the sample foil was not in direct contact with
the diamond anvils.
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2.2. X-Ray Diffraction

Energy dispersive X-ray diffraction (XRD) measure-
ments were carried out using a tapered undulator source
at the GeoSoilEnviro Consortium for Advanced Radia-
tion Sources (GSECARS) sector of the Advanced Pho-
ton Source [Rivers et al., 1998]. A 10 pmx10 um X-ray
beam was used. This small beam size is important to
collect the XRD spectra from an area with a homoge-
neous temperature distribution, since the flat top of the
temperature profile is typically 20 pum in diameter.

For CaSiO3 perovskite, at least three diffraction lines
were readily observed to 96 GPa and 2419 K (Figure 2)
and used for unit cell calculation. In most cases, two
diffraction lines were observed for platinum. However,
at 85-96 GPa the 111 and 200 platinum peaks are over-
lapped by argon lines. Except in this region, at least
two lines of platinum were used to calculate its unit cell
parameters.
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Figure 2. X-ray diffraction patterns of CaSiO3 and
platinum at lower mantle P-T conditions. The CaSiOg3
diffraction lines are indexed. NaCl or argon was used
as a pressure transmitting and insulation medium. B2
refers to the high-pressure phase of NaCl. The fluores-
cence lines of indium and tungsten (indicated by aster-
isk) arise from laser and X-ray optics.
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Figure 3. Product of elastic anisotropy and uniaxial
stress component St for CaSiO3 perovskite at both high
temperature and 300 K [Shim et al., 2000]. The esti-
mated error is 1o. The high temperature data points
shown correspond to the points in Table 1.

According to lattice strain theory [Singh, 1993; Duffy
et al., 1999; Shim et al., 2000], relative shifts of individ-
ual diffraction lines for a sample under non hydrostatic
stress can be described by the differential stress t, elas-
tic anisotropy S, and the angle 1, between the diamond
cell stress axis and the normal to the diffracting planes:

Maoa(hkf—) = —St(1—3 cos? )[D(hkl) — T (hkl*)],

1)
where a(hkl) is the calculated unit-cell parameter from
a single diffraction line, and the asterisk denotes a refer-
ence diffraction line (in this study the 200 line is used as
a reference for both CaSiO3 perovskite and platinum)
and the subscript zero denotes ambient conditions. The
differential stress or uniaxial stress component t is the
difference between the principal stresses in the axial and
radial directions of the diamond anvil cell. T'(hkl) is
given by

2k + K202 + 122

Pk = =y

2

where hkl are the Miller indices of an individual diffrac-
tion line. The slope of a linear fit of the diffraction data
to Equation (1) yields a parameter that is the product
of the elastic anisotropy S and the uniaxial stress com-
ponent ¢t. The details of the methodology are described
elsewhere [Shim et al., 2000].

The product St obtained from this fit can be used
as an indicator of the stress condition of the sample.
At a given pressure and temperature a larger St value
indicates a larger uniaxial stress component ¢ since S
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is constant. Heterogeneous stress conditions induce a
range of St values at a given pressure as has been found
by Shim et al. [2000] for temperature-quenched CaSiO3
perovskite samples. In this interpretation, the scatter
of previous static compression data points from differ-
ent experiments at 300 K was explained by variations in
deviatoric stress conditions. In order to obtain an accu-
rate P-V EOS, Shim et al. [2000] selected data points
with low St values (|St| < 0.005).

The St value of CaSiO3 perovskite at high tempera-
ture is always within the range of —0.005 ~ 0.005 (Fig-
ure 3). In contrast to the 300 K case where the average
St value is +0.012 over the measured pressure range, the
St at high temperature has an average value of 0. In ad-
dition, during heating, a 20-30% decrease of peak width
is readily observed for both CaSiOg perovskite and plat-
inum. These indicate that while significant deviatoric
stresses in CaSiO3 perovskite may exist at room tem-
perature, the stress state at high temperature is more
hydrostatic.

2.3. Laser Heating

Two Nd:YLF laser beams were used to simultane-
ously heat the sample on both sides. This technique has
been described in detail elsewhere [Shen et al., 2000].
The temperature is also measured on both sides inde-
pendently (Figure 4). This design reduces the thermal
gradient along the loading axis of the DAC significantly.
To decrease the thermal gradient along the radial di-
rection, a TEMg; (TEM: transverse electromagnetic,
TEMjy1: donut shaped mode) laser mode is used to pro-
vide a large (20-30 pm) flat-topped temperature pro-
file. The temperature profile across the heated area is
measured using a charge-couple device with a spatial
resolution of 1.7 um (Figure 5).

Before each heating run we carefully aligned the laser
beams to the center of the X-ray position (which is visi-
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Figure 4. Schematic diagram of double-sided laser-
heated diamond cell geometry.
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Figure 5. Temperature profiles for the heated area at
(a) 22 GPa and (b) 92 GPa. To simplify the diagram,
we present binned data for every third point. The two
sides of the sample are denoted with different symbols.
The X-ray probed area is denoted by dotted lines.

ble due to X-ray fluorescence) using a video monitoring
system. The intensity of this diamond fluorescence is
103-10* times weaker than the thermal radiation.

The temperature is determined by fitting the mea-
sured spectrum of thermal radiation, which is corrected
for system response, to the Planck equation. Assuming
gray body radiation, we fit emissivity and temperature.
By measuring temperature across the heated area on
both sides of the sample we obtain information on the
three-dimensional temperature distribution within the
X-rayed volume. To obtain the temperature of the sam-



SHIM ET AL.: STABILITY AND P-V-T EOS OF CaSiO3 PEROVSKITE

pled volume, we assume that the temperature profile is
axially symmetric, based on the observation of a heated
area with an axially symmetric intensity distribution.
We obtain an average temperature of the X-rayed area
by integrating along the radial temperature distribu-
tion. The temperature near the edge of the probed area
will contribute more to the average temperature of the
sample due to its larger area. To account for this effect,
we calculate the average temperature Tavg:

> f:“ T(r)rrdr
mR2 ’

Tavg = (3)
where r is the distance from the center of heated area,
T'(r) is the temperature at r, and R is the radius of X-
ray probed area. The subscript ¢ denotes each tempera-
ture datum along the radial direction. This is identical
to taking a weighted average, and thus the estimated
temperature error can be calculated using the standard
deviation. The estimated error from the Planck equa-
tion fitting is also included in the calculation of error.
More detailed information can be found elsewhere (A.
Kavner et al., manuscript in preparation, 2000).

Since we measure the temperature profile on both
sides, we directly calculate the thermal gradient along
the stress axis of the DAC. To obtain the temper-
ature for the probed volume, the temperatures from
both sides are averaged. We typically heat the sample
for 3 min or more while collecting a single XRD spec-
trum. During this time, at least three pairs of ther-
mal radiation spectra are collected. These were used to
detect time-dependent temperature fluctuations during
the XRD measurement.

Including all sources of uncertainty, the estimated

random error in sample temperature, U(Tsample)v was

calculated from

2
1
? ZU[Ti]z + O’[Tl,Tg]z

=1

2
Y oL@,
=1

where o is the estimated error, T is temperature, and
T'(t) is the time variation of temperature. The subscript
i denotes the two sides of the sample. In (4), the first
term includes the error from radial thermal gradient
for each side of the sample, the second term is the error
from the axial thermal gradient, and the third term is
the error from time variation of temperature on each
side. This treatment is expected to give more reliable
average temperature than simply taking the peak tem-
perature, which has often been used in previous studies.

We used thermal radiation measured over the range
670-830 nm to fit the Planck equation. If we fit a differ-
ent wavelength range (for example, dividing the range
into halves or quarters and perform separate fits), the
temperature difference does not exceed 20 K. The mea-

2
U(Tsample)

Nl

*3 @
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sured thermal radiation spectrum also contains some
noise due to the dielectric coating of the laser optics.
The error produced by this noise was determined by
taking upper and lower bounds on slopes which define
the noise envelope. This also contributes <20 K to the
temperature uncertainty.

The radial thermal gradient has long been a signifi-
cant problem in laser heating. Our approach is to im-
prove temperature homogeneity by both decreasing the
X-ray beam size and increasing the heated area. The
former can be readily achieved with a third generation
synchrotron source, and the latter is achieved by us-
ing a higher-mode laser beam, e.g., TEMy; [Shen et al.,
2000].

The radial gradient is still a major problem if there is
misalignment between the heated area and X-ray probe
area. For example, a 20-pm misalignment could result
in 200 K uncertainty (see Figure 5). Furthermore, inho-
mogeneous distribution of absorption material could re-
sult in a situation where only part of the sample couples
to the laser. In this case, the XRD pattern is obtained
from material at a range of temperatures. By using
submicron-sized platinum we can make a very homoge-
neous mixture and so minimize this problem.

The axial thermal gradient is another important er-
ror source. While decreasing the sample thickness may
help to reduce this problem, this results in a poorer X-
ray diffraction pattern. When single-sided heating is
used and temperature is measured from both sides of
the sample, the maximum axial thermal gradient was
200 K or more [Shen et al., 2000]. If an insulation ma-
terial is not used and the sample directly touches the
diamond anvils, the axial temperature problem may be
even more severe due to high thermal conductivity of
diamond. Systematic error due to the axial gradient
in single-sided heating can lead to overestimation of
higher-order thermoelastic terms in the P-V-T EOS
fit [Shim and Duffy, 2000].

In order to obtain a high-quality XRD pattern the
sample must be heated for a sufficient period of time
(typically a few minutes). The temperature should not
change very much during this interval. For most of our
runs, the temperature fluctuation over the data collec-
tion time was <50 K.

As a further test, we performed two different temper-
ature profile calculations and compared these for each
temperature measurement. The first is calculated by
fitting the data to Planck equation as described above.
In the second case, we use the following relationship be-
tween radiation intensity I and temperature for black-
body radiation:

I =¢eoT?, (5)

where ¢ is the total emissivity and o is the Stefan-
Boltzmann constant. Using the peak temperature ob-
tained from the Planck fit and the measured intensity
at the central peak temperature, we calculate the pro-
portionality factor. Assuming that this factor is con-
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stant, we then use the measured intensity to calculate
temperature away from the hot spot (A. Kavner et al.,
manuscript in preparation, 2000). For data analysis we
selected only those data points for which there is no
significant difference between the temperature profile
calculated by this method and the temperature profile
obtained by fitting to the Planck equation.

The importance of the thermal pressure effect in LH-
DAC has been extensively discussed [Heinz, 1990; Fi-
quet et al., 1996; Dewaele et al., 1998; Andrault et al.,
1998]. We account for changes in pressure during heat-
ing by measuring the diffraction line of an internal stan-
dard, platinum, at high temperature and use the P-V-T
EOS of Pt [Holmes et al., 1989] for pressure determi-
nation. The pressure generally changes by 5-10 GPa
during heating, which shows the importance of in situ
pressure measurement. While the total change in pres-
sure during heating is typically 10-20%, we observed
that the pressure may either increase or decrease dur-
ing heating.

Since the pressure at elevated temperature is de-
scribed by the sum of a static pressure at 300 K and
thermal pressure, one needs to propagate both the tem-
perature error and volume error into the pressure term.
The estimated pressure error is

o[P]? = (%‘;—)20[V(Pt)]2 + (%)20[172, (6)

where o[V (Pt)] is the estimated volume error for plat-
inum and o(T') is the estimated temperature error (equa-
tion (4)).

3. Results and Discussion

3.1. Low-Pressure Phase Boundary
of CaSiO3 Perovskite

The phase diagram of the CaSiO3 system has been
studied by the LVP technique [Wang and Weidner,
1994; Gasparik et al., 1994]. These measurements re-
ported that the 8-CapSi04+CaSiz O5 assemblage, which
is disproportionated from walstromite-type CaSiOs3,
transforms to CaSiOz perovskite at 9-11 GPa at high
temperature. In order to verify the proposed phase
boundary, four heating runs covering 8-22 GPa and
300-2200 K were performed (Figure 6).

The sample was compressed without heating to 10.4
GPa, and wollastonite persists metastably to this pres-
sure. Upon heating to 1670-1820 K, no diffraction ex-
cept platinum lines was observed at high P-T. Accord-
ing to previous studies the P-T conditions are close to
the walstromite-3-Ca2SiO4 + CaSi;Os phase bound-
ary. Walstromite [Trojer, 1969], 5-CasSiO4 [Jost et
al., 1977], and CaSi;Os [Angel et al., 1996] have low
symmetry (triclinic, monoclinic, and triclinic, respec-
tively). The weak expected diffraction intensity due
to low symmetry may be responsible for the lack of
observed diffraction peaks. However, after quench, (-
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Figure 6. Phase diagram of CaSiO3. The four sep-
arate heating runs are denoted with numbers. Open
and solid symbols represent samples without and with
CaSiOj3 perovskite (CaPv), respectively. The starting
assemblages of CaSiOj3 perovskite and lower-pressure
phases (this coexistence is due to incomplete transfor-
mation by short test heating) is shown by the open circle
with a plus. The proposed phase boundaries between
CaySi04+CaSinsO5 and CaSiOj3 perovskite are plotted.

CaySi0Oy4 diffraction lines were observed not only at
the heated spot but also 20 um away from the heated
spot. Considering the thermal gradient (10-50 K/um),
it seems that 3-CaySiOy4 can form at fairly low tempera-
ture (about 1000 K). The X-ray exposure time required
to detect the 5-CasSiOy4 peaks was 30 min. So the ab-
sence of the peak at high temperature may be caused
by insufficient exposure time (i.e., 3 min).

The second heating run was performed starting at
12.1 GPa. At high temperature, relatively strong diffrac-
tion lines were observed which can be identified as those
of a CagSiO4 phase. Five polymorphs have been re-
ported for this stoichiometry at ambient pressure and
high temperature, i.e., v, 8, @}, &, and « in order of
increasing temperature. Although the detailed struc-
ture of some of these phases is still controversial due
to their nonquenchable nature, the powder XRD pat-
terns are well known. Using the proposed crystal struc-
tures, we calculated XRD patterns for these phases, v
[Mumme et al., 1995], B [Jost et al., 1977), oy [Iinets
and Bikbau, 1990], oy [Mumme et al., 1995, and «
(Eysel and Hahn, 1970]. The differences in the XRD
patterns are very small due to the subtle differences be-
tween the structures. However, one diffraction line at
2.0 A is strong for the high-temperature phases (a7 and
a’y) compared to lower-temperature phases (v and £).
Indeed, in our experiment this peak is observed only
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at high temperature. Furthermore, Wang and Weidner
[1994] reported a phase transformation from 8 to o, at
9 GPa and 1350 K. Thus, this phase can be identified
as the o/ phase. However, the subtle difference between
o and ofy prevents us from differentiating between
those structures. As shown in Figure 6, this run covers
P-T conditions which were reported as in the stability
field of CaSiOj3 perovskite instead of CasSiO4 by LVP
measurements.

After quench, the 2-A line disappears but other S
phase lines were observed. At 20 pum away from the
heated area, we could find the peaks which can be iden-
tified as those of titanite-type CaSisOs [Angel et al.,
1996] as well as those of 3-Ca2SiOy.

A previously unheated spot containing walstromite-
type CaSiO3 was found after further compression to
17.9 GPa. Before the heating run we exposed the sam-
ple to the laser for 30 s to test laser coupling and
X-ray-laser alignment. Immediately after this oper-
ation, strong CaSiOg perovskite lines appeared. We
performed a third heating run at this spot. At high
temperature the CaSiOg3 perovskite diffraction lines are
clearly observed. All obtained peaks are assigned to ei-
ther CaSiO3 perovskite or platinum. One more heating
run at 19.2 GPa was performed at an area that had not
been directly heated previously and which contained -
CaSiO4 peaks. Only CaSiOg perovskite and platinum
peaks were observed for this run.

The P-T conditions of these observations are plot-
ted in Figure 6. The CasSiO4+CaSisO5 assemblage is
stable to 15 GPa, and the phase boundary to CaSiOj
perovskite lies between 15 and 17 GPa. In contrast,
previous LVP studies reported the phase boundary at
much lower pressure, 9-12 GPa. Wang and Weid-
ner [1994] observed the phase boundary in situ by
XRD at high P-T using LVP. They initially synthesized
CaSiO3 perovskite at high P-T and then decreased
the pressure at a fixed temperature. The growth of
the CaySi04+CaSisOs assemblage at the expense of
CaSiO3 perovskite was used as a criterion to deter-
mine the boundary. They observed that the perovskite
phase diminishes after 20 min of heating at <10 GPa
and 1300 K, which means that this reaction is slug-
gish. Indeed, CaSiOj3 perovskite persists down to 1 GPa
at 300 K. Although the metastable persistence will
be weaker at high temperature, Wang and Weidner's
[1994] observation may indicate that their temperature
was too low (T < 1600 K) to overcome the energy bar-
rier from CaSiO3 perovskite to the CaySi04+CaSizOs
assemblage, so that CaSiOs perovskite may be able to
survive metastably in the Ca;SiO4+CaSisOs stability
field in their experiment. Thus their boundary should
be considered as a lower bound.

A quench experiment using the LVP was performed
by Gasparik et al. [1994]. As shown in Figure 6, their
phase boundary is similar to that of Wang and Weidner
[1994] but 4-5 GPa lower than this study. The reason
for the discrepancy with this study is not clear, but we
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would like to stress that our observation is based on in
situ XRD measurements.

Kanzaki et al. [1991] reported the P-T conditions
of the synthesis of various calcium silicate phases us-
ing the LVP. A glass was observed after quench from
15 GPa and 1800 K, which they identified as a quench
product of CaSiO3 perovskite. Using the LHDAC,
Tamas and Yagi [1989] synthesized CaSiO3 perovskite
at P > 13.8 GPa, suggesting a boundary that is inter-
mediate between this and other studies.

Although we do not have a P-T path that directly
crosses the phase boundary, the high P-T data points
constrain the phase boundary to within +£2 GPa. In
contrast to the previous LVP study, our result is based
on observation during pressure increase. Thus, the ki-
netics of the transformation from CaSiOj3 perovskite to
CasSi04+CaSiaO5 cannot affect our observation. The
nature of the transformation from Ca,SiO4+CaSisOg
to CaSiO3 perovskite is not well known. However, in
runs 3 and 4 where we start from the low-pressure
phase assemblage, rapid transformation from CaSiO4+
CaSipO5 to CaSiO3 perovskite was observed. So it is
likely that this transformation may be less affected by
kinetic effects. Strictly speaking, however, the phase
boundary determined by this study is an upper bound.

3.2. Stability of CaSiOj Perovskite
at Lower Mantle Conditions

The stability of CaSiO3 perovskite has been con-
firmed to lower mantle pressures at 300 K [Tamai and
Yagi, 1989; Yagi et al., 1989; Tarrida and Richet, 1989;
Mao et al., 1989; Shim et al., 2000]. However, the sta-
bility has never been studied directly at lower mantle
P-T conditions. We measured the XRD patterns at
in situ lower mantle conditions (18 < P < 96 GPa,
1238 < T < 2419 K, Figure 1). CaSiOg perovskite
diffraction lines were readily observed in all of our
runs (Figure 2). No peak splitting or new peaks were
found. This indicates that CaSiOg perovskite is stable
to 2300 km depth in the Earth’s interior.

Stizrude et al. [1996] proposed a tetragonal distortion
of CaSiO3 perovskite over the entire mantle pressure
range at the ground state based on first principles calcu-
lations. The fact that the expected peak splitting from
the distortion has never been reported at lower mantle
pressures at 300 K was attributed to the low resolu-
tion of the energy dispersive X-ray diffraction (EDXD)
technique. On the basis of the assumption that CaSiO3
perovskite is tetragonally distorted at 300 K, the phase
transformation to cubic is predicted to be 2200 K at
80 GPa [Stizrude et al., 1996].

No evidence of distortion and hence the phase trans-
formation to cubic was detected at 300 K in a related
study [Shim et al., 2000] and at high temperature by
this study. However, calculated XRD patterns show
that the peak splitting by the proposed distortion (0.7%
change of c/a ratio at 300 K) may be very close to or
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below the resolution limit of EDXD. Increasing temper-
ature is expected to decrease this distortion [Stizrude
et al., 1996]. Thus, although we observed a 20-30% de-
crease in peak width at high temperature, the splitting
may still not be detectable if the distortion is signifi-
cantly lower than at 300 K. However, the magnitude
of the proposed distortion (0.7% change of c¢/a ratio)
is smaller than the estimated volume error. Thus it is
expected that, even if exists, this distortion does not
affect the P-V-T EOS fitting result. Higher-resolution
techniques, such as angle-dispersive X-ray diffraction,
are need to further investigate the proposed distortion.

3.3. P-V-T Equation of State
of CaSiO3 Perovskite

P-V-T measurements for CaSiOg perovskite have
only been carried out below 12 GPa [Wang et al., 1996]
where the material is metastable. A long extrapolation
is thus required to apply the results to the lower man-
tle. Furthermore, the limited P-T coverage precludes
constraints on higher-order thermoelastic parameters.
In this study, we used P,V,T data points at 20-69 GPa
and 1272-2380 K.

According to Mie-Griineisen theory the total pressure
Piot(V,T) at a given volume and temperature can be
expressed as a sum of static compression at a reference
temperature Pgt(V,Tp) and the thermal pressure AP
to the temperature T at a given volume V:

Piot(V,T) = Pst(V, To) + AP (V, T). (7

For the static pressure term the Birch-Murnaghan equa-
tion is used.

The Debye model can be used to describe thermal
pressure term in (7). Indeed, it has been suggested that
the Debye model is a good approximation for MgSiO3
perovskite and MgO [Anderson, 1998]. We expect that
the Debye assumption should be reasonable for CaSiO3
perovskite as it has high symmetry and a close-packed
structure. With this model, the terms in (7) are

Y 7/3_ ‘_/9 5/3
-

(+) ‘1} “
(V)

APy = =7 [BEn (V. T) - En (Vi To)] - (9)
where Ko is the isothermal bulk modulus, K7 is its
pressure derivative, and =y is the Griineisen parameter.
The subscript zero denotes ambient conditions. The
vibrational energy can be calculated from the Debye
model,

3
Pyt (V. To) = 5 Ko

~{1—§(4—K'To>

e/T
9nRT / €3de (10)
0

Een = /1y -1

The Debye temperature is given by 8, n is the number of
atoms in a formula unit, and the R is the gas constant.
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The Griineisen parameter is assumed to be a function

of volume only:
\% q
Y= ("70) )

where ¢ is assumed to be constant. The Debye temper-
ature can also be described as a function of volume:

Yo —qv(V)) _

(11)

6 = 6y exp ( (12)
In this approach, the fitted parameters are Vp, Ko,
Ko, Y0, g, and 6.

This EOS has the advantage that it yields higher-
order thermoelastic terms in an internally consistent
way [Stizrude and Bulkowinski, 1990; Jackson and Rig-
den, 1996]. The first three terms (Vo,Kr0,K7,) are
obtained from 300 K data. It has been shown that ¢
cannot be well-constrained with LVP data alone [Jack-
son and Rigden, 1996]. Shim and Duffy [2000] found
that the increased P-T range of DAC data allows ¢ to
be better constrained. The EOS is not sensitive to the
choice of 6.

Since the thermal gradients are the major source of
error, we use only data points which have average tem-
peratures from equation (4) with an estimated standard
deviation of <150 K. These data points are listed in Ta-
ble 1. Including data points with greater temperature
variation does not systematically affect the result, but
it increases the residual of the fit. Although the P-
V-T measurements were performed to 96 GPa at high
temperature, since the platinum peaks were overlapped
by argon diffraction lines near megabar pressures, the
calculated pressures have large uncertainties. Although
we do not use these points in the fit, they are consistent
with lower P-T data points.

Since CaSiOg perovskite is unstable at ambient P-
T conditions, there is no direct measurement of Vj
and no elasticity measurements at ambient conditions.
DAC measurements have been performed to 130 GPa at
300 K [Tamai and Yagi, 1989; Yagi et al., 1989; Tarrida
and Richet, 1989; Mao et al., 1989)]. Fitting these data
to (8) yields Ko = 280 GPa, assuming K, = 4. How-
ever, LVP measurements [Wang et al., 1996], system-
atics in the CaTiO3-CaSiOg system [Sinelnikov et al.,
1998], and first principle calculations [Karki and Crain,
1998] all suggest that the bulk modulus may be smaller
(230-245 GPa). Indeed, Shim et al. [2000] found that
the previous DAC measurements are significantly con-
taminated by nonhydrostatic stress, so that they yield
higher K7¢. By monitoring the St value, Shim et al.
[2000] was able to characterize the stress condition of
sample at high pressure. Their static compression result
is used in this study (Table 2).

The Debye temperature 6y is normally constrained
by calorimetric measurements. However, owing to the
instability of CaSiO3 perovskite at ambient conditions,
this quantity has not been measured. For MgSiOgs per-
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Table 1. CaSiO3 Data Used in P-V-T EOS Fitting®

Experiment 1, NaCl Experiments 2-4, Ar

P,GPa  V,K° T, K P,GPa VK T, K
35.5(7)  41.599(62) 1416(54) 24.3(12) 43.311(13) 1808(141)
35.2(7)  41.648(29) 1410(54) 25.0(10) 43.287(29) 1756(144)
35.5(8)  41.658(36) 1450(60) 24.6(9)  43.447(30) 1788(89)
35.9(7)  41.785(17)  1592(44) 23.6(6)  43.408(25) 1686(59)
34.8(7)  41.855(22) 1733(49) 21.9(16) 43.418(74)  1555(117)
34.8(7)  41.919(21)  1687(51) 22.4(7)  43.434(48) 1633(78)
36.1(8)  41.813(40) 1648(41) 21.6(8)  43.467(37) 1539(80)
35.4(9)  41.789(43)  1640(41) 67.4(24) 38.261(57) 1652(24)
35.8(7)  41.843(8)  1625(55) 68.4(23) 38.203(25) 1533(40)
42.8(10) 40.965(43)  1669(31) 68.5(24) 38.168(25) 1410(17)
43.4(9)° 41.010(34) 1785(66) 67.2(23) 38.058(60) 1272(28)
42.3(10)  41.096(97)  1993(73) 22.0(4)  43.658(64) 1488(45)
46.6(11) 40.438(39)  1485(46) 21.7(7)  43.662(14) 1668(62)
46.3(21)  40.338(60)  1589(35) 20.6(5)  43.543(9)  1511(62)
472(11)  40.309(71)  1493(51) 21.0(7)  43.569(33) 1365(54)
47.4(11)  40.396(94)  1520(45) 56.2(16) 39.992(67)  2380(67)
472(12) 40.431(58)  1585(50) 64.3(20) 38.515(83) 1752(116)

2The number in parentheses is the estimated uncertainty (1o).

ovskite it has been measured to be 1000 K [Akaogi and o = 1.92 4+ 0.05 and ¢ = 0.6 £ 0.3. This result is pro-

Ito, 1993]. We assume here that 6y of CaSiO3 perovskite
is the same as for MgSiO3 perovskite.

By fixing Vo, Ko, Kpg, and 6, only two param-
eters, 7o and ¢, are fit using the Birch-Murnaghan-
Debye (BMD) equation (equation (7)-(12)) and data
shown in Table 1. No weighting was used. As shown in
previous simulations of P-V-T data [Shim and Duffy,
2000], o is mainly constrained by low-pressure and
high-temperature data points and ¢ by high-pressure
and high-temperature data points. For this reason,
we combined our data with the LVP data [Wang et
al., 1996]. The fit for the combined data set yields

jected on to the P-T plane is in Figure 7. The residual
of fit is also shown in Figure 8. Since the residual is ran-
domly distributed around zero, it is likely that terms of
higher order than g, such as volume dependence of ¢
itself, are not resolvable by this study.

Table 2 compares the EOS parameters from the study
with those of Wang et al. [1996] and results for MgSiO3
perovskite [Jackson and Rigden, 1996; Fiquet et al.,
2000]. The fits to the BMD equation were also per-
formed for the individual data sets. The LVP data
[Wang et al., 1996] alone yields 7o = 1.74 & 0.17 and
g = —3.5 1+ 4.9. Here 7 is marginally consistent with

Table 2. Thermoelastic Parameters for CaSiO3 Perovskite?

CaSiO3 Perovskite

MgSiO3 Perovskite

Parameter This Study Wang Jackson Fiquet
Vo, cm® mol™? 27.45(2) 27.45(2) 24.43 24.43
Ko, GPa 236(4) 232(8) 262 259.5(9)
Ko 3.9(2) 4.8(3) 4.0b 3.69(4)
Yo 1.92(5) 1.7¢ 1.33 1.4¢
q 0.6(3) 1.0° 1.0P 1.4(5)
80, K 1000P 1100P 1000 1100P
ap, 1073 K1 2.2(3) 3.0(5) 1.57 2.18(12)
(dK7/dT)p, GPa K~'  —0.028(11) —0.033(8) -0.021  —0.017(2)
o7 5.2(21) 48 5.2 5.64

2The number in parentheses is the estimated uncertainty (1o). The thermoe-
lastic parameters for CaSiO3 perovskite are from Wang et al. [1996] and the
thermoelastic parameters for MgSiO3s perovskite are from Jackson and Rigden
[1996] and Figuet et al. [2000].

> Assumed value.

¢Inferred value.

dDerived from the parameters given by Figuet et al. [2000].



25,964

SHIM ET AL.: STABILITY AND P-V-T EOS OF CaSiO3 PEROVSKITE

2500 —— T — T
-+ O Thisstudy /| : _|_‘~_'39.99 .
- O  Wangeétal.(1996) . ’ ! R
L Do : ; ; ; i
o :" :'4 ; :" 36.38 n
. 2000F '°+ =
e - ) 3 TR + B
~ r 443353219 43 ‘541 85 +“ o 38. 5‘ 1
o L L 341 41 ! b
— : ;43 65 ¥ “ 79 P?‘p RETE! 25 E
> - N s TR ; 740.431]40.34 . i
E 1500 | ;43 5‘ 433 676 ! 0. 3)1$3°4§° o 20_'“ ]
A= ;g 4, ss#ﬂ 60 ; __,__3_317

(¢b} r R 43 ‘57 + : ; a
Q. Lo : : 38.06 | . 4
(b} . :' ; P

- LT
1000 ocol /¢ S
H D[Ilg i 1
Fo oo : ; ; ! ! b
[46 45 44 43 142 [41 ;40 ;39 ! 38 137 :36 .

500 E] DLIM N B SR b : L [ ] S
0 - 20 40 60 80 100

Pressure (GPa)

Figure 7. P-V-T data for CaSiO3 perovskite
best fitting BMD equation are plotted for com

listed next to the point. The error bars denote the estimated uncertainty (1o).

projected on the P-T plane. Isochrons from the
parison. The measured volume of each point is
High-pressure

data points (open circles) were not used in the fit.

the above result within the uncertainty, and ¢ is not
constrained in this case, consistent with expectations
based on the simulations of Shim and Duffy [2000]. A
fit to our P,T data points alone yields vo = 2.00 £+ 0.08
and ¢ = 0.9 + 0.4, which agrees with the above result
within the uncertainty. Interestingly, the BMD fit for
the LVP data set for CaSiO3 perovskite does not con-
strain 7y as well as for MgSiOg3 perovskite data set. This
is caused by the fact that the high-temperature run for
CaSiOj3 perovskite was performed over a narrow pres-
sure range (1-12 GPa), as shown in Figure 7, and the
temperature range is smaller than that of the MgSiO3
perovskite data set (T° < 2000 K). Our LHDAC data
for CaSiO3 perovskite by itself yields a good constrain
for o as well as for gq.

As shown in Figure 7, the total volume variation of
the LVP data is controlled by pressure and tempera-
ture by nearly equal amounts. However, it is the pres-
sure that controls the volume variation in our data set:
~12% of the volume change is by pressure and 2%
by temperature. Thus the temperature contribution
is more dominant in the LVP data set than the LH-
DAC data set and the pressure contribution is dominant
for LHDAC. In the quasi-harmonic assumption the
Griineisen parameter and its volume variation should
be the same regardless of whether measured under iso-
baric (denoted as yp and gp) or isothermal (denoted
as yr and ¢r) conditions [Gillet et al., 1998]. The dif-
ference between these parameters can be attributed to
anharmonic effects:

a=oalyr—p), (13)

where a is the anharmonicity and « is the thermal ex-
pansivity. Assuming 7o from the LVP data set rep-
resents yop and 7o from this data set represents vor,
the parameter ag can be estimated to be 0.5 ~ 0.8 x
1075 K~!. This value is only a rough estimate, be-
cause the volume variation in the LVP data is con-
trolled nearly equally by both pressure and temper-
ature so ag may be underestimated. The ag value
has also been measured by vibrational spectroscopy
[Gillet et al., 1998]. In vibrational spectroscopy the
value can be measured for individual modes, but our
value would be considered as a weighted average of all
modes. Since the weighting scheme is not well known,
it is difficult to compare our value to vibrational spec-
troscopy results directly. However, our value is slightly
smaller than those of spectroscopy results for other
mantle silicates: 0 ~ —5.9 x 1075 K~! for 8-Mg,SiOy4
[Reynard et al., 1996], —0.5 ~ —6.0 x 1073 K~! for
forsterite [Gillet et al., 1997], 0.9 ~ —2.6 x 1075 K1
for ilmenite-type MgSiOs [Reynard and Rubie, 1996],
and 0 ~ —10 x 10~% K~! for MgSiO3 perovskite [Gillet
et al., 1996]. From Raman measurements as a function
of pressure and temperature, direct measurement of the
anharmonic effect has been performed for MgSiO3 per-
ovskite [Gillet et al., 2000]. It was also observed that
the anharmonicity is small at lower mantle conditions.
These observations support the use of a harmonic model
for lower mantle constituents.
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Figure 8. Residual of P-V-T EOS fit for CaSiO3 perovskite. The error bars denote estimated
uncertainty (1o). Solid circles are present data used in the fitting. Open circles and squares show
highest pressure data that were not used in the fitting.

We also performed a weighted fit on the combined
data set using weights calculated from the estimated un-
certainties for pressure, volume, and temperature. The
result in this case is v9 = 1.88 £0.21 and ¢ = 0.3 +2.2.
As shown by Shim and Duffy [2000], the lower P-T
measurements control the fit due to their low estimated
errors for P,V,T. Thus the volume dependence term ¢
cannot be constrained.

Above 90 GPa, we have two data points that are
not used in the fitting due to the large uncertainty in
measured pressure. If those are included in the com-
bined data set, the result becomes vy = 1.95 £+ 0.04 and
g = 0.9 £ 0.2, which yields a larger ¢ but one that is
within mutual uncertainties. Including these points ex-
pands the pressure range by 30% and hence they have
a more significant effect on ¢ than data points at lower
pressure.

Earlier DAC and LVP measurements reported much
different static compression curves for this material. As
discussed by Shim and Duffy [2000], the reference static
compression curve at 300 K has a strong effect on the
value of q. We performed a P-V-T EOS fit for the
combined data set by fixing the static compression term
to that of Wang et al. [1996] (Table 2). As discussed
above, the compression curve of earlier studies [ Tamai
and Yagi, 1989; Yagi et al., 1989; Mao et al., 1989;
Tarrida and Richet, 1989] are essentially the same as
that of Wang et al. [1996] at large compressions. A
significantly different result was obtained for the fitted
parameters in this case, especially for ¢: v = 2.06 +0.05
and g = 2.6 £0.3. This would indicate a significant vol-
ume dependence of the thermal pressure. In this study,
the data set at 300 K and high temperature were both

measured under the same experimental conditions, and
it was demonstrated that deviatoric stresses are mini-
mal. Thus the results obtained by fixing the static com-
pression term to that of Shim et al. [2000] are internally
consistent.

Wang et al. [1996] used a high-temperature Birch-
Murnaghan equation and polynomial expansion for the
thermal pressure to fit their LVP data. However, the
limited P-T range does not allow constraints to be
placed on higher-order terms. For example, (0K /0T)p
was not resolved directly in their EOS fit. Instead,
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Figure 9. Thermal expansivity o and temperature de-
pendence of bulk modulus, (0K /8T)p, at lower man-
tle pressures and 2500 K. For comparison, curves calcu-
lated from the preferred parameter set by Wang et al.
[1996] are also presented.
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Figure 10. Density and adiabatic bulk modulus of
CaSiO3 perovskite at lower mantle P-T conditions cal-
culated using the parameters of this study (solid lines)
and Wang et al. [1996] (dotted lines) together with the
BMD equation. Seismic data (PREM) are shown as
solid circles. The error bars for this study denote the
estimated uncertainty (1o) calculated from Table 2.

by interpolating data points to isochoric and isobaric
conditions they obtained this parameter as well as ag.
Other parameters were then derived from these. To
compare with our results, we list their preferred param-
eters in Table 2.

Using the BMD results, « and (dKp/dT)p were de-
termined at 1 bar and 300 K (Table 2) and for 0-
120 GPa and 2500 K (Figure 9) using the values in
Table 2 and the equations given by Jackson and Rigden
(1996].

At 1 bar and 300 K, (8K /9T)p is consistent for both
studies, but the present g is significantly lower than
that of Wang et al. [1996]. Since CaSiO3 perovskite
is unstable at ambient conditions, direct measurement
of ap is not possible. This value from both studies is
basically a projection of high P-T data to ambient con-
ditions. The calculations of a and (0Kr/0T)p at high
pressure and 2500 K (Figure 9) show that our o and ¢
yields smaller temperature sensitivity of bulk modulus
and larger temperature sensitivity of density than those
of Wang et al. [1996] at lower mantle conditions.

The thermoelastic parameters of CaSiO3 perovskite
are also compared with those of MgSiO3 perovskite in
Table 2. Unfortunately, K7, and ¢ of MgSiO3 per-
ovskite from currently available data show significant
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discrepancies, 3.6-4.0 and 1.3-2.7, respectively. Here
we present the result by Jackson and Rigden [1996],
which assumes ¢ = 1, and the LHDAC result by Fiquet
et al. [2000]. Significant differences between CaSiOj
perovskite and MgSiOg perovskite can be found for the
bulk modulus and Griineisen parameter.

Profiles of density p and adiabatic bulk modulus Kg
were calculated using the BMD equation at lower man-
tle P-T conditions (Figure 10) and compared with the
seismic model PREM [Dziewonski and Anderson, 1981].
Lower mantle temperatures were taken from Brown and
Shankland [1981]. The density and adiabatic bulk mod-
ulus of CaSiOj3 perovskite are very close to that of the
lower mantle: 3% greater for the adiabatic bulk mod-
ulus but indistinguishable within estimated error and
1.5% greater for density. However, the bulk modulus
reported by Wang et al. [1996] is significantly higher
than that of PREM (6.5-13.5%).

4. Conclusion

Recent improvements in the laser heated diamond
anvil cell (LHDAC) technique open up new opportu-
nities to measure material properties at the conditions
of the deep interior of the Earth. The phase bound-
ary between CaSi04+CaSisO5 and CaSiO3 perovskite
was found by in situ measurements to lie at 14-16 GPa
in contrast to earlier large-volume press (LVP) results
which reported 9-11 GPa. This work demonstrates that
the LHDAC can be used for in situ determination of
phase boundaries.

The stability of cubic CaSiOg perovskite was demon-
strated to 2200 km depth (96 GPa). No evidence of a
phase transformation such as tetragonal distortion or
break down to oxides was observed. However, a very
small tetragonal distortion (c/a ratio change <0.7%)
would not be detectable by this work. Since the magni-
tude of distortion is smaller than the estimated volume
error of this study, even if it exists, our EOS fit result
may not be affected significantly.

In this study, energy dispersive X-ray diffraction mea-
surements were performed directly at lower mantle P-
T conditions. Data covering 20-69 GPa and 1272-
2380 K as well as 16-105 GPa at 300 K were com-
bined with data of Wang et al. [1996] (P =0-12 GPa,
T =300-1600 K) and fit to the Birch-Murnaghan-Debye
(BMD) equation. Only data showing homogeneous
temperatures, small thermal gradient, and hydrostatic
stress conditions were used in the fitting. The com-
plete set of thermoelastic parameters are Vo = 27.45 &+
0.02 mol/cm?, Ko = 236 + 4 GPa, K%, = 3.9+ 0.2,
Y% = 1.92 +£0.05, ¢ = 0.6 + 0.3. Using this equa-
tion, we calculate not only the density and bulk mod-
ulus but also higher-order thermoelastic terms (e.g.,
(0K7/0T)p, o) at lower mantle P-T conditions (Fig-
ure 9).

In contrast to previous results, both the density and
bulk modulus of CaSiO3 perovskite are very close to
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those of lower mantle seismic models. In an earlier man-
tle chemical model [Ita and Stizrude, 1992] a chemically
distinct lower mantle was proposed. Bulk sound veloc-
ity profiles for upper mantle mineral assemblages were
unable to fit the lower mantle seismic models. A ma-
jor reason for this discrepancy was their choice of high
bulk modulus of CaSiO3 perovskite (Kro = 301.4 GPa).
Our results indicate that the bulk modulus of CaSiO;
perovskite is much smaller at lower mantle conditions.
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