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Abstract

Pressure–volume measurements have been performed for CaSiO perovskite to 108 GPa at 300 K using NaCl and argon3
Ž . Ž .pressure-transmitting media, and energy dispersive X-ray diffraction EDXD in a diamond-anvil cell DAC . By determin-

ing a parameter that is the product of the elastic anisotropy, S, and the uniaxial stress component, t, for each data point, we
define the stress condition of the sample. For different points at the same pressure in a temperature-quenched sample, the St
value can differ by as much as a factor of 5, indicating heterogeneity in the stress condition. This may be responsible for the
large scatter of earlier P–V measurements in the DAC which in general used a large diameter X-ray beam. Also, the St

Ž .value provides insight into the elastic anisotropy, S, of CaSiO perovskite and platinum. The sign of S positive for CaSiO3 3

perovskite agrees with first principles calculations but the magnitude may be inconsistent. A new compression curve at 300
K was obtained for CaSiO perovskite by using those data points which represent the most nearly hydrostatic conditions. It3

is observed that the data points with high St values yield larger volumes than the points with small St values at a given
Ž .pressure. By selecting the data points having low St values StF0.005 , combining with lower pressure large volume press

Ž . Ž .LVP measurements and fitting to third order Birch–Murnaghan equation of state EOS , we find that CaSiO perovskite is3
˚3 XŽ .more compressible V s45.58"0.05 A , K s236"4 GPa, and K s3.9"0.2 GPa than suggested by previous0 T 0 T 0

studies. The density and bulk modulus of CaSiO perovskite at lower mantle pressures and 300 K are 1–3% greater and3

5–15% smaller, respectively, than found in previous studies. This study demonstrates that defining the stress state of the
sample is crucial to obtain an accurate 300 K compression curve for unquenchable high-pressure phases. q 2000 Elsevier
Science B.V. All rights reserved.
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1. Introduction

CaSiO perovskite is believed to be the major3

calcium silicate phase at lower mantle conditions.
Ž .Liu and Ringwood 1975 first found that CaSiO3
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258-1274.
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crystallizes in the perovskite structure at 16 GPa and
1800 K. The solubility of Ca in MgSiO perovskite3

Žappears to be very small or negligible Mao et al.,
1977; Tamai and Yagi, 1989; Oguri et al., 1997;

.Hirose et al., 1999 , which suggests that CaSiO3

perovskite may exist as an independent phase in the
lower mantle.

Since CaSiO perovskite is not pressure quench-3

able, in situ measurement is the only available probe
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to obtain information about the physical properties of
this material. Static compression data for CaSiO3

perovskite at ambient temperature have been re-
ported across the entire lower mantle pressure range
Ž . Ž24–135 GPa in previous studies Tamai and Yagi,
1989; Yagi et al., 1989; Tarrida and Richet, 1989;

.Mao et al., 1989 . However, as discussed below,
these results show a high degree of scatter which
results in a range of fit values for the bulk modulus,
K , and especially poor constraints on the pressureT 0

derivative of the bulk modulus, K X .T 0

A possible explanation for this scatter could be
non-hydrostatic stress conditions in the sample.
However, the details of the stress condition were not
quantitatively investigated in previous measure-
ments. Furthermore, most of the earlier experiments
were performed without using a pressure-transmit-
ting medium. Thus, it is possible that the previous
measurements are affected by non-hydrostatic stress.
The resulting uncertainty in K and K X affects theT 0 T 0

accuracy of the 300 K isotherm. Shim and Duffy
Ž .2000 found that obtaining an accurate 300 K
isotherm is particularly important for constraining
the higher order thermoelastic parameters that are
essential to deduce the physical properties of materi-
als at extreme P–T conditions. Thus, it is necessary
to more fully characterize the stress state of the
sample and to develop an objective criterion to choose
reliable P, V data points. We have performed P–V
measurements to 108 GPa at ambient temperature for
CaSiO perovskite using either NaCl or argon as a3

pressure-transmitting medium. We also quantita-
tively analyze the stress conditions of the sample and

Ž .apply this result to P–V equation of state EOS
fitting.

2. Description of non-hydrostatic stress state

It has been shown that single-crystal elastic con-
stants and the uniaxial stress component at high
pressure can be obtained using X-ray diffraction
Ž .XRD data measured under non-hydrostatic condi-

Žtions Singh et al., 1998; Mao et al., 1998; Duffy et
.al., 1999a,b . From the lattice strain theory for cubic

Ž .crystals and assuming the isostress Reuss condi-
tion, the relative shift among different diffraction

lines that results from uniaxial compression, such as
Ž .occurs in a diamond-anvil cell DAC with a solid

pressure medium, can be described as a function of
the elastic anisotropy, S, the uniaxial stress compo-
nent, t, the angle between the diffraction plane nor-
mal and load direction, c , and the Miller indices of

Ž .the diffraction line, hkl Singh, 1993 :

a hkl ya hkl )Ž . Ž .
a0

sySt 1y3cos2c G hkl yG hkl ) . 1Ž . Ž . Ž .Ž .Ž .
Ž .where a hkl is the calculated unit-cell parameter

from a single diffraction line, and the superscript )

Ždenotes a reference diffraction line in this study, the
200 line was used for both materials under consider-

.ation, CaSiO perovskite and platinum and the sub-3

script 0 denotes ambient conditions. As discussed
Ž .elsewhere Singh, 1993; Singh et al., 1998 , the

angle c is typically ;858 in a DAC experiment,
Ž .near 08 in a typical large volume press LVP experi-

ment, and c can be varied continuously between 08

to 908 in a radial or side diffraction experiment in the
DAC.

The uniaxial stress component, t, is defined as the
difference between the principal stress along the
axial direction of the DAC, s , and the principal3

stress along the radial direction of the DAC, s :1

tss ys . 2Ž .3 1

with t taken to be positive on compression. The
elastic anisotropy factor, S, is given by,

s44
Sss ys y , 3Ž .11 12 2

where the s ’s are the single-crystal elastic compli-i j

ances. The parameter S can be either positive or
negative and is zero for an elastically isotropic mate-

Ž .rial. G hkl is given by:

h2 k 2 qk 2 l 2 q l 2 h2

G hkl s . 4Ž . Ž .22 2 2h qk q lŽ .
Ž Ž . Ž ) . w Ž .By fitting the G hkl yG hkl , a hkl y

Ž ) .x . Ž Ž ..a hkl ra data set to a linear equation Eq. 1 ,0
Ž 2one obtains a slope that is equal to ySt 1–3 cos

.c . Since c is fixed for energy dispersive X-ray
Ž .diffraction EDXD , one can calculate the uniaxial
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stress component if S is known. For platinum, S is
y1 Žequal to 0.0031 GPa at ambient pressure Mac-
.farlane and Rayne, 1965 but its pressure dependence

is unknown. In general, S may vary with pressure
Ž .Duffy et al., 1995 . In the case of CaSiO per-3

ovskite, only theoretical elastic constants are avail-
Ž .able for calculation of S Karki and Crain, 1998 .

This result suggests that S is positive and decreases
with compression from 0.0028 GPay1 at 1 bar to
0.0002 GPay1 at 120 GPa. Due to the uncertainty in
S for these materials, we will use the product St as
an indicator of the magnitude of the uniaxial stress
component in a sample.

3. Experimental methods

A natural wollastonite from Newburg, NY was
used as starting material. The crystallinity and purity
were checked by XRD and energy dispersive spec-

Ž .troscopy EDS . Minor amounts of Fe, Mg, and Mn
were detected. However, the content of these impuri-
ties were always no more than the detection limit of

Ž .the EDS technique less than 1 mol% .
Ž .Powdered F5 mm wollastonite was mixed with

Ž .10 wt.% platinum grain size F1 mm which served
as a laser absorber and internal pressure standard
Ž .using the EOS of Holmes et al., 1989 . 10-mm thick
and 130-mm diameter foils were made from the
PtqCaSiO perovskite mixture. These foils were3

loaded in a 150-mm diameter hole in a stainless steal
gasket. Diamond anvils with a 300-mm flat culet
were used at pressures below 70 GPa. At higher
pressures, a 40-mm diameter foil was loaded in
50-mm rhenium gasket hole and compressed be-
tween a pair of beveled anvils with a 100-mm diame-
ter central flat. NaCl or argon was also loaded as a
pressure-transmitting media and served to insulate
the sample from the diamond anvils. To prevent
contact between the sample foil and diamond, we put

Ž .small chips of starting material wollastonite be-
tween the sample and diamond. This also enables
argon to flow between sample and diamond such that
argon surrounds the sample and plays a role as
insulator at high temperature.

The EDXD spectra were measured using a ta-
pered undulator synchrotron source at the GSECARS

Ž .sector 13-ID-D of the Advanced Photon Source

Ž . Ž .APS Rivers et al., 1998 . A 10=10 mm beam
size was obtained using tungsten carbide slits. By
measuring the XRD spectra over this small area, the
effect of inhomogeneity due to stress gradients is
expected to be reduced. Furthermore, the small beam
size is useful to probe the stress condition around the
heated area.

To transform lower pressure phases to the per-
ovskite phase and to attempt to relax the deviatoric

Ž .stress, the samples were heated Ts1500–2400 K
at frequent intervals using the double-sided laser-

Fig. 1. Representative XRD patterns of CaSiO perovskite at high3

pressures and ambient temperature. CaSiO perovskite lines are3
Ž .indicated with hkl values. The background structure from the

undulator insertion device is indicated by ‘‘bg’’. Indium and
tungsten X-ray fluorescence lines arising from laser and X-ray
optics, respectively, are marked. Pt indicates platinum diffraction
lines. Although in these patterns the diffraction peaks from pres-

Ž .sure medium argon are not clearly observed, other XRD patterns
do contain peaks of the pressure medium and we also observe a
transparent portion of the sample chamber which indicates the

Žexistence of transparent argon sample mixture is dark gray due to
.platinum . During heating argon peaks tend to grow strongly, and

the local variation of argon peak intensity is due to preferred
orientation.
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Fig. 2. Fit of the unit-cell parameter of CaSiO perovskite from3
Ž .individual diffraction lines to Eq. 1 . The St value is related to

the negative of the slope. The Miller index of each point is shown
at the right of the symbol. For this case, St was determined to be
0.0059"0.0004.

Ž .heated diamond-anvil cell DSLHDAC technique
Ž .Shen et al., 1998 . The CaSiO perovskite phase3

begins to form during or after heating above 1000 K
Ž .at more than 15 GPa Shim et al., 2000 . The XRD

Žpatterns at 300 K were measured up to 108 GPa Fig.
.1 .

The XRD peaks were fit using a pseudovoigt
profile function. The unit-cell parameters and vol-
umes were calculated using four or more diffraction
lines for CaSiO perovskite and three or more for3

platinum. The St values were obtained for both
materials by fitting the calculated unit-cell parame-
ters from individual diffraction lines and their Miller

Ž . Ž .indices to Eq. 1 Fig. 2 . For CaSiO perovskite,3

we used at least three diffraction lines for the St
calculation. Since we have two strong diffraction
lines for platinum and the others are relatively weak,
we used only the 111 and 200 lines to obtain the St
value for platinum.

4. Results

4.1. Stress state of temperature-quenched samples

It has long been recognized that the uniaxial
nature of the DAC could result in generation of

significant non-hydrostatic stresses in a solid and
produce a systematic error in P–V measurements
Ž .e.g., Kinsland and Bassett, 1977 . By measuring the
XRD pattern as a function of angle from the maxi-

Ž .mum stress direction of a DAC, Duffy et al. 1999a
confirmed that the measurement along the maximum
stress direction could result in 30% overestimation of
bulk modulus, K , in the case of rhenium. Although0

rhenium is extreme due to its large strength, this
observation emphasizes the importance of quasi-hy-
drostatic conditions for P–V measurements or, at
least monitoring the stress state of the sample.

In most of our XRD spectra, the 200 lines of
CaSiO perovskite and platinum yield larger unit-cell3

Žparameters than other lines 0.36% larger for CaSiO3
.perovskite on average . This was also observed for

Žplatinum and gold at high pressure and 300 K Shim
.and Duffy, unpublished data . For gold, in side

Ž .diffraction experiments, Duffy et al. 1999a ob-
served that the unit-cell parameter calculated from
the 200 line is always higher than those from other
lines for cs908 which is nearly the same condition
as this study. They showed that this relative shift of
the 200 line can be interpreted as a result of non-hy-
drostatic stresses in the sample for the case where
S)0.

In order to describe the stress state of the sample,
we calculated St values for CaSiO perovskite and3

Ž .platinum Fig. 3 . The St values for both CaSiO3

perovskite and platinum show considerable scatter
even at the same pressure. The St values are based

Žon small shifts of diffraction lines typically F
.0.7% , so part of this scatter may be caused by the

low resolution of EDXD technique.
However, when diffraction patterns are recorded

Ž .directly at high temperature Shim et al., 2000 , the
scatter of St values decreases markedly and the
average values approach zero. This means that the
noise contribution from EDXD is small. This is
consistent with the results of EDXD experiments on

ŽMgO under quasi-hydrostatic conditions helium
.pressure-transmitting medium in which mean lattice

parameter differences from different diffraction lines
Ž .were found to be only 0.03% Speziale et al., 2000 .

Since S is constant for a given pressure and tempera-
ture, the observed scatter at 300 K must be caused by
differences in t, i.e., heterogeneity in the sample
stress state. To confirm this hypothesis, we probed
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Ž . Ž .Fig. 3. Measured St values for a CaSiO perovskite and b3

platinum versus pressure at 300 K. The data points with solid
symbols are the points for which St of both CaSiO perovskite3

and platinum are less than 0.005. These points were selected for
Ž .EOS fitting. The estimated error 1s obtained from linear fitting

is denoted by the error bar. Since only two diffraction lines were
used, an estimated error is not available for platinum.

several spots near the heated area both after quench
Ž .and cold compression Fig. 4 . This was possible by

using a small X-ray beam of 10=10 mm. We
obtained three or four spectra by shifting the sample
relative to the incident X-ray beam by 10–15 mm in
two orthogonal directions. Directly after temperature
quench we typically found different St values at

Ž .different positions from the heated spot Fig. 4a . For
the case of Fig. 4a, the measured pressure difference
within a 30-mm area is no more than 2 GPa. In
previous EOS studies of temperature-quenched

high-pressure phases, a small radial pressure gradient
was used to suggest that the sample is fully relaxed
and deviatoric stress is not significant. However, the
St measurement is a more direct probe of the stress
state.

Fig. 4. Pressure and uniaxial stress component around the heated
Ž . Ž .area a after quench and b after heating followed by compres-

sion at 300 K. The X- and Y-axes are the distances from the
central heated spot. The size of symbol is proportional to the

Ž Ž . Ž ..magnitude of the St value the scale is different for a and b .
For each point, the pressure and the St values are given above.

Ž .The number in parenthesis is the estimated uncertainty 1s .
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The St value directly at the heated area is gener-
ally smaller than at surrounding areas, although not
always the minimum as shown in Fig. 4a. This is
consistent with the expectation that heating will re-
lease deviatoric stresses. However, after further cold
compression, the heated spot does not have a smaller

Ž .St value than surrounding areas any more Fig. 4b .
This indicates that heating the sample after compres-

Žsion as used by some earlier studies Yagi et al.,
.1989; Mao et al., 1989 may be an effective way to

reduce the differential stress.
As shown in Fig. 4, the St value varies dramati-

cally over short distances near the heated area. We
used a laser beam with a 40-mm diameter to heat the
sample. The shape of the emitted intensity and tem-
perature profiles are approximately Gaussian, al-
though a TEM mode is used for heating. Thus, for01

the area within "10 mm from the center of the
heated spot, the intensity and temperature profiles

Ž .are nearly flat Shim et al., 2000 , and for the rest of
the heated area the intensity and temperature de-
crease rapidly with a gradient of ;100 Krmm.
Thus, the spot 15 mm away from the center corre-
sponds to the position where thermal gradient be-
comes large. This different heating condition may be
responsible for the observed inhomogeneity of St

Ž .values within a small area Fig. 4a . This problem
worsens when we compress the material at 300 K

Ž .after quench Fig. 4b . In this case, at the center, the
St value reaches a maximum. However, 10 mm
away from the center, St is very close to zero.
Again, this shows the heterogeneity of the stress
condition within a small range. As pointed out previ-
ously, the pressures are nearly the same for the
different spots within the experimental error range.
Since, S is a function of pressure, we can expect that
this parameter would be nearly constant within the
measured area in Fig. 4. This supports the idea that
the scatter of St is due to the heterogeneity of
differential stress, t.

In lattice strain theory, the stress state is assumed
Ž .to be uniform over the sample Singh, 1993 . In

addition, microscopic deviatoric stresses may be pre-
sent that manifest themselves as broadening of

Ž .diffraction lines Weidner, 1998 . It is likely that
both macro- and micro-scale stresses are present in

Ž .our samples. The measured St values Fig. 3 pro-
vide evidence of the former while narrowing of the

Ž . Ždiffraction peaks by ;20% upon heating Shim et
.al., 2000 provide evidence for the latter. In this

study, we assume that the stress state is homoge-
neous over the volume sampled by our 10=10 mm
X-ray probe.

The heterogeneity of the stress condition could
have affected the earlier DAC studies for CaSiO3

Žperovskite Tamai and Yagi, 1989; Yagi et al., 1989;
.Tarrida and Richet, 1989; Mao et al., 1989 where a

Žlarge X-ray beam size was used 60 mm, Yagi et al.,
1989 and Mao et al., 1989, and 110 mm, Tarrida and

.Richet, 1989 . The measurement over such a large
volume containing heterogeneous stresses may ex-
plain the rather large random scatter of measured
volumes for these earlier studies.

The uniaxial stress component, t, can be directly
calculated for each P,V data point using the mea-
sured St value, provided that single-crystal elastic
moduli are known as a function of pressure. For
CaSiO perovskite, these parameters have never been3

measured at high pressure or ambient pressure due to
CaSiO perovskite’s instability at ambient condi-3

tions. The only available information on the single-
crystal elastic stiffnesses, C , of CaSiO perovskitei j 3

is the first principle calculation by Karki and Crain
Ž .1998 . We calculated S using their result. Accord-
ing to this calculation, S is positive from ambient
pressure to 140 GPa. This is consistent with our
result that requires S)0. No clear pressure depen-
dence of St can be resolved by our data. The calcula-

Ž .tion of Karki and Crain 1998 suggests S decreases
rather strongly with pressure. However, it is ex-

Žpected that t will increase with compression Duffy
.et al., 1999a,b . Hence, the approximately constant

value of St in Fig. 3 may be consistent with a
decrease in S with compression.

However, if we use Karki and Crain’s S value to
calculate the uniaxial stress component, t, from St,
the uniaxial stress component should be more than
15 GPa for the entire pressure range. This value is
surprisingly high. If true, this implies that CaSiO3

perovskite is an exceptionally strong material. How-
ever, uncertainty in the C ’s and St values makesi j

these t values highly uncertain.
According to Fig. 3b, St of platinum is almost

randomly scattered around zero with a slight positive
Ž .sign average value is 0.0023"0.0052 . The S of

platinum is also unknown at high pressure. Thus, by
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using our average St value and the calculated S at
ambient condition from Macfarlane and Rayne
Ž .1965 , the average t is estimated to be 0.7 GPa.
However, for the maximum St observed for plat-

Ž .inum St;0.012 , the differential stress could be as
large as 3.9 GPa.

One can expect that the differential stress could
be reduced by using a soft pressure-transmitting
medium. Thus, one might expect that argon might be
better than NaCl as a pressure-transmitting medium.
Interestingly, the St value from the experiment using
an argon medium is not systematically smaller than
that which used NaCl. Argon is known to freeze

Ž .above 1.2 GPa at 300 K Finger et al., 1981 . The
comparable sample St values with argon may indi-
cate that the strength of solid argon is comparable to
that of NaCl at high pressure. However, in terms of

chemical inertness, argon is still better as a pressure-
transmitting medium.

4.2. EOS of CaSiO peroÕskite3

Since differential stress can produce systematic
error in measured volume and pressure, characteriz-
ing the uniaxial stress component is crucial to obtain
an accurate P–V EOS curve. Ideally, we should
have a hydrostatic stress state surrounding the sam-
ple to determine elastic properties by fitting the P–V
data to an EOS. In other words, the P–V relation-
ship should be measured where t is close to zero.

Fig. 5 shows the measured P,V points at 300 K.
The St value for each data point is represented using
a color scale. All measured points are shown includ-
ing those measured at the heated spot and at nearby
positions. As shown in Fig. 4a, the heated spot is not

Fig. 5. Measured P,V data and EOS fit to the third-order Birch–Murnaghan EOS. The fit was performed for the points which have
< < Ž . Ž .St -0.005 red circles for both CaSiO perovskite and platinum combined with data by Wang et al. 1996 . The error bar represents the3

Ž .estimated uncertainty 1s of pressure and volume. Data points whose symbol has a black edge were used for EOS fitting.
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Table 1
The data points used for EOS fitting. The number in parenthesis is

Ž .estimated uncertainty 1s

3˚Ž . Ž .Pressure GPa Volume A Pressure medium

Ž . Ž .16.8 11 43.167 58 Ar
Ž . Ž .18.3 5 43.044 28 Ar
Ž . Ž .47.9 10 39.194 36 NaCl
Ž . Ž .57.7 12 38.158 33 Ar
Ž . Ž .57.9 13 38.049 34 Ar
Ž . Ž .82.3 22 36.347 54 Ar
Ž . Ž .85.8 24 36.175 75 Ar
Ž . Ž .87.5 25 36.104 68 Ar
Ž . Ž .89.6 30 35.909 55 Ar
Ž . Ž .105.2 33 35.300 86 Ar

necessarily the minimum St spot, although it gener-
ally shows a small St value.

Fig. 5 shows that there is a great deal of scatter in
the P,V data points even when a pressure-transmit-
ting medium is used. However, the points with simi-
lar St value, i.e., same color in Fig. 5, are aligned
along bands in the P–V plane. It is clear that data
points with low St yield lower volumes for a given
pressure. The St value increases as one moves to
increasing volumes at constant pressure. Hence, the
larger differential stress results in a larger volume for
a given pressure. This is consistent with the well-
known behavior of DAC samples under non-hydro-

Ž .static stress Kinsland and Bassett, 1977 and was
Žalso observed in radial diffraction experiments Duffy

.et al., 1999a .
The generation of stress in a DAC is uniaxial. The

X-ray beam passes near the axial direction of the
DAC in the normal geometry, so that the X-rays only
sample the d-spacing near the minimum stress direc-
tion. Under highly non-hydrostatic conditions, the
volume would be significantly overestimated in this
case. This effect will be greater if the shear strengths
of the sample and pressure standard are different.

Ž .In the laser-heated diamond-anvil cell LHDAC
experiment, platinum is normally used as both a
pressure standard and laser absorption material.
However, as shown above, the strength of platinum
is relatively small. However, some silicates, i.e.,
CaSiO perovskite as in this study, and oxides, MgO3
ŽDuffy et al., 1995; Shim and Duffy, unpublished

.data , should be able to sustain much larger differen-
tial stress. A CaSiO perovskite–platinum mixture,3

such as used here, could be very sensitive to devia-
toric stress.

To fit P,V data to the third order Birch–
Murnaghan equation, data points were selected from
our data set which have St value less than 0.005

Ž .both for CaSiO perovskite and platinum Table 1 .3
< <The choice of St -0.005 is justified by the fact that

this corresponds to the range of St values found at
Ž .high temperature Shim et al., 2000 . A total of 10

data points meet this criterion. These data points
were presented in Fig. 3 using solid symbols.

Since we do not have data points below 15 GPa,
V cannot be constrained by the present data alone.0

We thus combined our data with the lower pressure
Ž . Ž .data PF10 GPa of Wang et al. 1996 . The

weighting factor for each data point was calculated
using the experimental uncertainty in pressure and
volume. By fitting to a third order Birch–Murnaghan
equation, the isothermal bulk modulus of CaSiO3

perovskite, K , is found to be 236"4 GPa and itsT 0
X Ž .pressure derivative, K is to be 3.9"0.2 Table 2 .T 0

If K X is fixed to 4.0, a value of K equal toT 0 T 0

234"2 GPa results. These bulk modulus values are
significantly lower than those of previous DAC mea-
surements, but consistent with lower pressure mea-

Ž .surements by Wang et al. 1996 and the first princi-
Ž .ples calculation by Karki and Crain 1998 .

Table 2
EOS parameters for CaSiO perovskite compared with previous3

studies. The number in parenthesis is the 1s estimated uncer-
tainty

X3˚Ž . Ž .V A K GPa K0 T 0 T 0

) Ž . Ž .This work 45.58 236 4 3.9 2
Theoretical calculations

Ž .Wolf and Jeanloz 1985 55.74 274 3.85
Ž .Hemley et al. 1987 45.81 347 5.3

Ž .Sherman 1993 44.96 300 4.0
Ž .Wentzcovitch et al. 1995 46.15 254 4.4

Ž .Chizmeshya et al. 1996 45.62 255.6 4.724
Ž .Karki and Crain 1998 45.35 241 4.14

Experimental measurements
)Ž . Ž . Ž .Tamai and Yagi 1989 45.58 7 325 10 4.0
)Ž . Ž . Ž .Yagi et al. 1989 45.58 7 288 13 4.0
)Ž . Ž . Ž .Tarrida and Richet 1989 45.60 10 275 15 4.0
)Ž . Ž . Ž .Mao et al. 1989 45.37 8 281 4 4.0

Ž . Ž . Ž . Ž .Wang et al. 1996 45.58 4 232 8 4.8 3

) Fixed parameter.
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In earlier DAC studies, the data scatter precludes
precise determination of the pressure derivative of
the bulk modulus, K X . In the LVP study that covered0

Ž .a limited pressure range PF10 GPa , to obtain a
X Ž .constraint on K , Wang et al. 1996 combinedT 0

their data with the high-pressure DAC data of Mao
Ž . X Ž .et al. 1989 . A large value of K s4.8 wasT 0

obtained by reconciling their data with Mao et al.’s
Ž .1989 non-hydrostatic measurement. The resultant

Ž .compression curve of Wang et al. 1996 is not
Ž .distinguishable from that of Mao et al. 1989 over

the mantle pressure range where CaSiO perovskite3

is stable.
To compare the scatter of data points in our study

with previous studies, we overlay all available data
sets in Fig. 6. Interestingly, the data scatter from this
study is comparable to that of previous studies. The

Ž .EOS of Mao et al. 1989 is generally consistent with
our data points which have Sts0.015. This suggests

Ž .that earlier studies such as Mao et al. 1989 are
significantly affected by non-hydrostatic stress.
However, our selected data points which have the
smallest differential stress components indicate that
the density and bulk modulus at lower mantle pres-
sure and 300 K is 1–3% greater and 5–15% smaller,

Žrespectively, than those of previous studies Tamai
and Yagi, 1989; Yagi et al., 1989; Tarrida and

.Richet, 1989; Mao et al., 1989; Wang et al., 1996
Ž .Fig. 6 .

In combining different data sets, one needs to
ensure that the stress conditions of sample are simi-

Ž .lar during the experiment. Wang et al. 1996 claimed
that by heating the sample before measuring the 300
K XRD spectra they could decrease the non-hydro-
static stress to less than 0.05 GPa by watching the
relative diffraction line shift of NaCl or BN, both of
which existed in the sample capsule with CaSiO3

perovskite. Thus, it is reasonable to combine our low

ŽFig. 6. P–V measurements from this study and previous studies Tamai and Yagi, 1989; Yagi et al., 1989; Tarrida and Richet, 1989; Mao et
.al., 1989; Wang et al., 1996 . The color scale for St values is the same as in Fig. 5.
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Ž .St data with Wang et al.’s 1996 data since these are
the only data sets for which a low deviatoric stress
can be demonstrated.

In this study, St and volume calculations were
performed for the cubic unit cell of CaSiO per-3

Ž .ovskite. However, a tetragonal I4rmcm distortion
Ž .of cubic Pm3m CaSiO perovskite has been pro-3

Žposed based on theoretical calculations Stixrude et
.al., 1996 . This calculation suggests that the cubic

phase is unstable compared to the tetragonal phase
for all pressures at the ground state. We investigated
the evidence for this by calculating the XRD pattern
based on the proposed tetragonal structure. It turns
out that the peak splitting for such a small distortion
Ž .0.7% change of cra ratio is close to the resolution
limit of EDXD technique. Assuming 0.7% cra ratio
change for CaSiO perovskite and 0.5 keV full width3

Ž .at half maximum FWHM for EDXD, however, the
distortion should still result in selective peak broad-

Žening in the case of small splittings e.g., cubic 200
.and 110 lines and the appearance of new peaks for

Ž .larger splittings e.g., cubic 111 line . These were
not observed in any of our XRD measurements.

Nevertheless, if an undetectable tetragonal distor-
tion exists with less than 0.7% cra ratio change,
this will affect the St calculation. However, our
calculations show that the proposed distortion will
yield only Sts0.0008. If we assumed even a 50%
intensity change caused by preferred orientation, so
the apparent centroids of nearly overlapped peaks are
shifted, St can vary within only y0.0007;0.0046
range, which is much less than the observed St of
CaSiO perovskite. Thus, the observed St of CaSiO3 3

perovskite cannot be explained by tetragonal distor-
tion. Also, this distortion can result in "0.28%
change for the measured volume. Again, this is no
more than the experimental uncertainty. If the magni-
tude of distortion is larger than the proposed one, we
expect it would be detectable by EDXD.

5. Conclusion

XRD patterns were measured to 108 GPa for
CaSiO perovskite in the DAC. Argon or NaCl was3

used as pressure-transmitting media. By defining the
product of the uniaxial stress component, t, and the
elastic anisotropy, S, we can describe the stress

condition of the sample under various conditions,
such as after temperature quench and after cold
compression. At a given pressure, the St value shows
a large variation from 0.005 to 0.025. This indicates
heterogeneity in the stress state for different posi-
tions in the sample.

Data points where a large non-hydrostatic stress
component exists yield larger volumes for CaSiO3

perovskite, whereas for points where the stress con-
dition is close to hydrostatic the measured volume is
relatively smaller. However, because the pressure
standard, platinum, is less sensitive to deviatoric
stress, this heterogeneous stress condition of the
sample results in a large amount of scatter for mea-
sured volumes at the same pressure. This may have
affected earlier DAC measurements where a large
diameter X-ray beam was used and the stress condi-
tions were not characterized.

It can be demonstrated that the data points and
Ž .EOS fit to earlier DAC data by Mao et al. 1989

follow along a curve corresponding to a relatively
high St value of 0.015 in the current study. By
choosing the data points which have StF0.005 for
platinum and CaSiO perovskite and combining with3

Ž .lower pressure data by Wang et al. 1996 , we find
that CaSiO perovskite is much more compressible3

than found in earlier DAC or LVP studies. The
fitting result is K s236"4 GPa and K X s3.9T 0 T 0

"0.2. The bulk modulus is much smaller than previ-
Žous DAC measurements Tamai and Yagi, 1989;

Yagi et al., 1989; Tarrida and Richet, 1989; Mao et
.al., 1989 and is consistent with LVP measurements

Ž .Wang et al., 1996 . However, the pressure deriva-
tive of the bulk modulus is significantly different

Ž .from that of Wang et al. 1996 who relied on
non-hydrostatic high-pressure measurements by Mao

Ž . Xet al. 1989 in order to resolve K .T 0

Our new compression curve indicates that the
density and bulk modulus of CaSiO perovskite are3

1–3% greater and 5–15% smaller, respectively, at
Ž .lower mantle pressures 25–135 GPa at 300 K than

Ž .previous studies. As Shim and Duffy 2000 point
out, higher order thermoelastic parameters, which are
obtained by fitting P–V–T data, are strongly af-
fected by small uncertainties in the 300 K compres-
sion curve. Therefore, the improved 300 K EOS will
enable us to better determine the density and bulk
modulus CaSiO perovskite at the lower mantle3
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pressure and temperature conditions, as discussed in
Ž .a separate publication Shim et al., 2000 .
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