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INTRODUCTION

The lower mantle plays an important role in understanding
the dynamics and evolution of the Earth. However, fundamen-
tal questions about this region remain unanswered. Recent stud-
ies have uncovered new evidence of chemical stratification or
heterogeneity in the deep lower mantle (Kellogg et al. 1999;
van der Hilst and Kárason 1999). Tomographic images appear
to show subducting slabs penetrating into the lower mantle (van
der Hilst et al. 1997), but the ultimate fate of these slabs is
uncertain (Kesson et al. 1998; Hirose et al. 1999). The D" re-
gion at the base of the mantle has been shown to be a region of
complex seismic behavior the origin of which is not well un-
derstood (Williams et al. 1998).

Due to the lack of direct samples from the lower mantle, seis-
mic observations and laboratory measurements are the only avail-
able means to understanding this region. MgSiO3 perovskite is
believed to be the major constituent of the Earth’s lower mantle
(Liu 1976; Knittle and Jeanloz 1987; Tomioka and Fujino 1997).
Thus, the physical and chemical properties of this material are
crucial to understanding those of the lower mantle.

The P-V-T equation of state (EOS) plays a central role in
study of the Earth’s deep interior. Using the EOS, we can cal-
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ABSTRACT

Equation of state fits to experimental P,V,T data were examined by the inversion of synthetic data
sets using the thermoelastic parameters of MgSiO3 perovskite. Our results show that by extending
the pressure and temperature range to 130 GPa and 2500 K, the volume dependence of the Grüneisen
parameter, q (=∂lnγ/∂lnV), could be resolved to ~10% under the best circumstances. However, simu-
lations also showed strong correlation between the bulk modulus, KT0, and its pressure derivative,
K'T0, and q within the currently accepted uncertainty of elastic parameters for MgSiO3 perovskite. We
considered the effect of random error based on the reported uncertainty for different measurement
techniques. Even though the laser heated diamond-anvil cell (LHDAC) technique has significantly
larger temperature uncertainty, the ability to extend the pressure and temperature ranges allows for
improved resolution of higher order thermodynamic parameters. However, systematic error from
temperature inhomogeneity in the LHDAC sample could result in overestimation of q. We also
performed Birch-Murhanghan-Debye (BMD) equation of state (EOS) fits for currently available
data sets. Consistent with the simulation results, combining recent LHDAC (Fiquet et al. 1998) and
resistance heated diamond-anvil cell (RHDAC) (Saxena et al. 1999) with lower P-T measurements
(Ross and Hazen 1989; Wang et al. 1994; Utsumi et al. 1995; Funamori et al. 1996) we obtained q =
2.0(3) and γ0 = 1.42(4). The difference between q = 2.0(3) and the normally assumed value of q =1
strongly affects calculated values for higher order thermoelastic parameters [e.g., α, (∂KT/∂T)P] as
well as first order parameters, such as density and bulk modulus at lower mantle conditions. How-
ever, possible systematic error sources need to be further investigated and measurements at higher
P-T conditions promise to yield better constraints on the thermoelastic parameters of MgSiO3

perovskite.

culate the densities and bulk wave velocities of candidate ma-
terials at lower mantle P, T conditions. By fitting the densities
and wave velocities to seismic observations, one can test mod-
els for the bulk chemistry of the lower mantle (e.g., Stixrude et
al. 1992; Wang et al. 1994; Hemley et al. 1992; Bina 1995;
Jackson 1998). In addition, the EOS enables us to determine
the depth dependence of important thermoelastic parameters
such as thermal expansivity and temperature sensitivity of the
bulk modulus. The latter is necessary for comparing seismic
bulk velocity profiles to laboratory data. The importance of
the pressure dependence of thermal expansivity for planetary
interiors was recognized early on by O. L. Anderson (1967).
Recent work by Anderson and colleagues has provided impor-
tant insights into thermal expansivity in general, and the ther-
modynamic properties of MgSiO3 perovskite in particular (e.g.,
Anderson et al. 1990; Anderson and Masuda 1994; Anderson
et al. 1995; Anderson 1998).

The P-V-T EOS is obtained by fitting experimentally mea-
sured volumes at various P-T conditions. Static P-V-T EOS data
have been reported using different types of experimental appa-
ratus which cover different P-T ranges and have different ex-
perimental precision. For the large volume press (LVP), typical
uncertainties are ~2–4% for pressure, ~0.1% for volume, and
~1% for temperature (Wang et al. 1994; Funamori et al. 1996).
Recently, new methods using the diamond cell combined with
laser or resistance heating have been used to obtain P-V-T EOS*E-mail: sangshim@princeton.edu
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data directly at lower mantle P-T conditions (Fiquet et al. 1998;
Shim et al. 1998; Shen and Rivers 1998; Saxena et al. 1999). It
can be expected that extension of data coverage to a pressure
more than a factor of two larger using these techniques could
improve the precision and accuracy of fitted parameters. How-
ever, compared with the LVP, laser heated diamond-anvil cell
(LHDAC) data have much larger uncertainty (order of magni-
tude) for temperature.

Extensive discussion of the merits of various alternative
forms of the P-V-T EOS for fitting experimental data is con-
tained in Jackson and Rigden (1996). In their study, model and
real data sets were used to explore both the EOS formulation
and best fitting thermoelastic parameters obtainable from ex-
isting data sets for β-(Mg,Fe)2SiO4 and MgSiO3 perovskite.
These data sets, which were obtained using the resistively heated
diamond anvil cell (Fei et al. 1992) and the LVP (Wang et al.
1994; Utsumi et al. 1995; Funamori et al. 1996), extend to a
maximum pressure of 29 GPa. Here we use similar methods as
Jackson and Rigden (1996) to explore the constraints on
thermoelastic parameters that we can expect to obtain using
the new diamond cell techniques that can reach pressure of
100 GPa or more.

In this study, we examine the confidence range of the esti-
mated parameters by fitting to synthetic data sets which are
generated to simulate data from the different experimental tech-
niques. This method also enables us to study the correlation
between fitted parameters and the effect from different error
sources. In addition, based on these results, we will show re-
sults for currently available P-V-T measurements on MgSiO3

perovskite and discuss the limitations and problems of these
data sets. Finally, we will propose optimal conditions for fu-
ture measurements to improve the resolution of the fitted pa-
rameters of the P-V-T EOS of MgSiO3 perovskite.

P-V-T EQUATION OF STATE

In the Mie-Grüneisen approach, the total pressure, Ptot(V,T),
can be expressed as a sum of the static pressure, Pst, i.e., iso-
thermal compression at 300 K, and the thermal pressure in-
creases along an isochore, ΔPth:

Ptot(V,T) = Pst(V) + ΔPth(V,T). (1)

The third-order Birch-Murnaghan equation has been widely
used to describe isothermal compression of mantle minerals:
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where KT0 is the isothermal bulk modulus, K'T0 is the pressure
derivative of the bulk modulus, and V0 the volume. The sub-
script 0 refers to ambient conditions (1 bar and 300 K).

The thermal pressure can be described using the Debye
model (Jackson and Rigden 1996):

ΔP
V

V
E V T E V Tth th th= −[ ]γ ( )

( , ) ( , )0
, (3)

E
n T

T

d

e
th

T
=

−∫9

13

3

0

R

( / )

/

θ
ξ ξ
ξ

θ
(4)

γ γ=
⎛
⎝⎜

⎞
⎠⎟0

0

V

V

q

(5)

θ θ
γ γ

=
−⎛

⎝⎜
⎞
⎠⎟0

0exp
( )V

q
. (6)

Eth is the vibrational energy for a given volume and tempera-
ture, R is the gas constant, γ  is the Grüneisen parameter, q is
the volume dependence of the Grüneisen parameter (q = dlnγ/
dlnV) which is assumed to be constant, n is the number of at-
oms per formula unit, and θ is the Debye temperature.

Figure 1 shows example isotherms and thermal pressures
calculated using the Birch-Murhanghan-Debye (BMD) equa-
tion for the thermoelastic parameters of MgSiO3 perovskite
(Table 1). In the P-V plane, the thermal pressure term is given
by the spacing between isotherms at a given volume. As shown
in Equations 3–6, all the volume dependences are expressed as
functions of q. Thus, the variation of thermal pressure with
volume determines q during EOS fitting (Fig. 1b).

The Debye approach (Eq. 3) provides a description of ther-
mal pressure without the truncation problem that can arise when
one uses a polynomial expansion (Jackson and Rigden 1996).
This enables determination of thermoelastic parameters and
their pressure and/or temperature dependence in an internally
consistent fashion. Furthermore, Anderson (1998) demonstrated
that high P-T behavior of MgSiO3 perovskite can be well de-
scribed by the Debye model by determining specific heat, en-
tropy, and thermal pressure using the Debye model and
comparing with experimental data.

FITTING TO SYNTHETIC P-V-T DATA SETS

To test the reliability and sensitivity of the BMD equation
fit, we created several synthetic data sets that reflect varying
experimental conditions, such as pressure range, temperature
range, amount of random error and systematic error on P,V,T
data in order to simulate data from various experimental tech-
niques. P,T points were generated randomly within a given pres-
sure and temperature range. This situation is similar to that of
the LHDAC. Isothermal measurement conditions, such as are
often found with LVP data, were also simulated by fixing the
temperature range and temperature increment, and then gener-
ating pressure randomly. From these P,T points, the volumes
were calculated using the BMD equation with thermoelastic
parameters (Table 1) for MgSiO3 perovskite that agree with
those proposed by Jackson and Rigden (1996).

Error-free data sets were first used to investigate the effect
from the pressure and temperature range of the data, and corre-
lation between parameters. Subsequently, each data point was
perturbed by noise in order to simulate the effect of random
error. The amount of random error were determined based on
the published precision of each technique (Table 2). The noise
was calculated using a Gaussian random number generation
routine (Press et al. 1988) by assigning 1σ as the value given
in Table 2. Systematic temperature errors were simulated by
shifting the temperature values by a prescribed amount, in ad-
dition to the random error applied to these points.
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A non-linear least square fit routine using the Levenberg-
Marquardt method (Press et al. 1988) was used to fit the data
to the BMD equation. This enables us to fit all the parameters
in BMD equation (V0, KT0, K'T0, γ0, q, θ0). No weighting was
used for the inversion of synthetic data sets. The 1σ uncertain-
ties of the parameters were estimated from the diagonal terms
of the covariance matrix during the final step of the iteration.

P-V-T EOS FITS FOR SYNTHETIC DATA SETS

To determine the precision with which thermoelastic pa-
rameters can be determined, we first constructed noise-free data
sets using data of Table 1 and random P,V,T points covering
variable pressure ranges. This synthetic data set was then in-
verted to obtain all six thermoelastic parameters simultaneously.
The precision (1σ standard deviation) of the determination of
KT0, K'T0, and q is greatly improved as the pressure range in-
creases for a given number of data points (Fig. 2a). In contrast,

increase of pressure range does not significantly improve the
precisions of γ0, V0, and θ0 (Fig. 2b).

The same type of simulations were performed for variable
temperature ranges at a fixed pressure range (Fig. 3). Only the
parameters related to thermal pressure (γ0, q, and θ0) are af-
fected by the change of temperature range. For a fixed number
of data points, an increase in temperature range from 300–1000
K to 300–3000 K greatly improves the precision of both q and
γ0 determination. These results show that a wide range of pres-
sure and temperature is desirable to obtain the best constraints
on q. As shown in Figures 2 and 3, q can be constrained to a
precision of ~10% in the best case of a large P-T range and
large number of data points.

Some of parameters of the BMD equation may also be ob-
tained by other techniques. For example, KT0 and K'T0 can be
determined by 300 K isothermal compression experiments or
high-pressure ultrasonic or Brillouin scattering measurements.
Because MgSiO3 perovskite can be quenched, one can accu-
rately determine V0 by X-ray diffraction (XRD). θ0 can be esti-
mated from calorimetry or elastic properties. Parameters
obtained from other techniques can then be fixed during data
fitting. However, if the fixed value is not correct, this would
result in systematic error for the fitted parameters. This is sig-
nificant in the case where there is strong correlation between
parameters.

To investigate this phenomenon, KT0 was perturbed from
the value used to calculate the synthetic data by 5 GPa. The
value for KT0 (=261 GPa) was taken from static compression
measurements using a Ne pressure medium to 30 GPa (Mao et
al. 1991). Their estimated uncertainty (1σ) on KT0 is ±4 GPa.
Knittle and Jeanloz (1987) obtained KT0 = 266 ± 6 GPa by static
compression to 127 GPa without a pressure medium. KS0 was
determined to be 264 ± 5 GPa by Brillouin scattering measure-
ment (Yeganeh-Haeri 1994). Thus, we use ±5 GPa as the esti-
mated uncertainty on KT0 based on currently available data.

Data inversions were conducted by fixing KT0 at 256, 261,
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FIGURE 1. The (a) isotherms and (b) thermal pressure calculated using the BMD equation with the thermoelastic parameters of MgSiO3

perovskite (Table 1) vs. normalized volume. To illustrate the effect of variations in q, we calculated isotherms for q = 2 (solid lines) and q = 1
(dashed lines).

TABLE 1.Thermoelastic parameters used to create synthetic data
sets for MgSiO3 perovskite

Parameter Reference

V0 (Å3) 162.3 Ross and Hazen (1989)
KT0 (GPa) 261 Mao et al. (1991)
K 'T0 4 Mao et al. (1991)
γ0 1.33 Jackson and Rigden (1996)
q 1 assumed
θ0 (K) 1000 Jackson and Rigden (1996)

TABLE 2.Pressure-temperature range and standard deviations
(1σ) assumed for P, V, and T measurement for each ex-
perimental technique

Techniques P(GPa) T (K) σ(P) (GPa) σ(T) (K) σ(V) (Å3)

LVP 0–30 300–2000 0.5 10 0.2
LHDAC 0–130 300,1500–3000 1.0 50,100,200 0.2
RHDAC 0–70 300–1500 1.0 20 0.2
Notes: LVP = Large volume press; LHDAC = Laser-heated diamond an-
vil cell; RHDAC = Resistivity-heated diamond anvil cell.
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264, and 266 GPa while other parameters were held at model
values (Table 1) except for q or γ0. The resultant value of q
shows a strong correlation with KT0 (Fig. 4). However, γ0 shows
only weak correlation with KT0 (±3% variation). The strong cor-
relation with q is also found for pressure derivative of the bulk
modulus, K'T0. In this case, a 10% variation of K'T0 yields a 60%
change of q. These results emphasize the importance of reduc-
ing the uncertainity in the reference compression curve for de-
termination of q without systematic bias. The strong sensitivity
of q to the elastic parameters, KT0 and K'T0, is related to the fact

that, at high pressure, ΔPth is small relative to Pst. When fitting
300 K P-V data to a Birch-Murnaghan equation, there can be
tradeoffs between the fit values of KT0 and K'T0. These tradeoffs
will not affect the value of q as long as the choice of KT0 and
K'T0 accurately describes the hydrostatic P-V curve.

Our simulation shows that θ0 is not well resolved by the P-
V-T EOS fit compared to other parameters in agreement with
earlier studies (Hemley et al. 1992; Bina 1995; Jackson and
Rigden 1996). The best approach is to fix this parameter dur-
ing the fit using measurements from other techniques. For

10

100

1000

 P
re

ci
so

n 
of

 q
 (

%
)

10 100 1000
 Number of data points

a

 Pmax = 30 GPa
 Pmax = 70 GPa
 Pmax = 130 GPa

300-2500 K

1

10

100

  P
re

ci
so

n 
of

 γ
0 (

%
)

� � 

10 100 1000
 Number of data points

b

300 - 2500 K
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MgSiO3 perovskite, θ0 has been determined to be 980 ± 15 K
from calorimetry data at 140–295 K (Akaogi and Ito 1993).
Inversions for q and γ0 for θ0 values that range up to 500 K
away from model values show that q and γ0 are not strongly
sensitive to an incorrect choice of θ0. The variations of q and γ0

are ±20% and ±8% respectively for θ0 values ±500 K from the
model value of 1000 K for synthetic data covering 0–130 GPa
and 300–2500 K.

In LVP and resistance heated diamond-anvil cell (RHDAC)
experiments, one can control the temperature accurately. Thus,
P,T data points can be measured along an isotherm. However,
in LHDAC experiments, it is difficult to set the temperature to
a desired value during the measurement. In addition, the pres-
sure may change during heating. In most such experiments,
one obtains randomly distributed P,T data points. We created
data which simulated both a random P,T distribution and iso-
thermal conditions. The fitting results for these data sets did
not show any significant difference with regard to the accu-
racy and the precision of fitted parameters. Therefore, we re-
strict our attention to the random P,T case throughout this paper.

To test the effect of differing uncertainties resulting from dif-
ferent experimental techniques, we first synthesized a data set
which covers a similar data range (0–30 GPa) and has similar
experimental uncertainty to the currently available LVP data set
(Table 2). We created three individual data sets which have the
same pressure and temperature range, errors on P,V,T, and distri-
bution of data points in the P-T plane as those of Wang et al.
(1994), Utsumi et al. (1995), and Funamori et al. (1996). The
total number of data points is 250. Data sets were also created
that simulate the LHDAC case by varying pressure range (30–
70 GPa and 30–130 GPa) and random temperature error (50,

100, and 200 K) (Table 2). The number of data points is 50.
These data sets were then combined with the LVP data set.

Due to the addition of random errors on the data points, the
fitting results are affected by the scatter of the data points. We
therefore generated 100 data sets and performed fits for each
one. We then take an average of those results to remove the
effect of individual scatter in a data set. This process also en-
ables us to obtain the distribution of fitted parameters around
the true value. This can be compared with the estimated stan-
dard deviation of fitted parameters from the covariance ma-
trix. KT0, K'T0, V0, and θ0 were fixed throughout these
calculations. No weights were used during the fitting.

As shown in Figure 5a, the scatter of fitted q values is greatly
reduced by combining LHDAC data and LVP data. Moreover,
even when we have more than one order of magnitude higher
errors on temperature for the LHDAC data (200 K), by ex-
panding the pressure range (to 130 GPa in this case), the scat-
ter of the resulting q value is lower than obtained from the LVP
data alone. In contrast, γ0 is not improved significantly by com-
bining LHDAC with LVP data. The scatter of γ0 is also not
sensitive to the effect of the relatively large temperature error
of the LHDAC data. The thermal pressure term is relatively
more important in the lower pressure and high-temperature re-
gion which is covered in LVP experiments ( P ≤ 30 GPa and
T ≤  2000 K) (Funamori et al. 1996). However, as pressure
increases, even at very high temperature, the contribution of
the thermal term to the total pressure decreases to less than
10%. γ0, which is the main contribution to the thermal pressure
term, is thus mainly controlled by low pressure but high-tem-
perature data points. Although q is also part of the thermal pres-
sure term, since q is the volume dependence of γ0, a large
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FIGURE 4. The fitted values of (a) q and (b) γ0 vs. perturbed KT0 values. The synthetic data was generated for 0–130 GPa and 300–2500 K.
The values used to generate synthetic data were indicated as dashed lines. The error bars are the 1σ of estimated parameters.
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variation in volume is needed to determine q reliably. There-
fore, the larger P-T range improves the resolution of this pa-
rameter. The LHDAC technique can readily achieve this
condition, despite the larger uncertainty in temperature.

The RHDAC data sets were synthesized in similar manner as
for LHDAC. However, the error and range of temperature are
less than that of LHDAC. Figure 5 shows that RHDAC data also
improves the resolution of q. However, because of its limited
temperature range (in this study we assume that it is limited to
below 1500 K), the standard deviation of q is bigger than that of
LHDAC measurement. Compared to LVP data alone, the larger
pressure range of the RHDAC provides a clear advantage.

One final point regarding Figure 5 is that the estimated un-
certainties of the fitted parameters from the covariance matrix
agree with the standard deviation determined directly by fit-
ting to 100 data sets. For example, the estimated error range of
γ0 is ±0.02 and q is ±0.2 for pressure range of 30–130 GPa and
random noise of temperature 100 K. This agrees well with the
data point shown in Figure 5. This means that despite the lack
of weights for data from different techniques, the estimated
error range using the least-square routine appears realistic.
However, this result is based on the assumption that we only
have random errors for P,V,T.

There are many possible sources of systematic error for high
P-T experiments, such as the P-V-T EOS of the internal stan-
dard, non-hydrostatic stresses in the sample, misalignment of
XRD system, inhomogeneous heating, and so on. One of the
most serious problems for LHDAC measurements are radial
and axial temperature gradient in the sample. By decreasing
the X-ray beam size and increasing the laser beam diameter,
the thermal gradients are reduced in the radial direction (Shen

and Rivers 1998). To decrease the axial gradient, the sample
thickness may be decreased but this reduces the quality of the
XRD pattern. Recently a new laser heating system has been
developed at the Advanced Photon Source using double sided
laser heating (Shen and Rivers 1998) (Fig. 6). By measuring
temperatures from both sides of a sample heated from one side
only, Shen and Rivers (1998) found a greater than 200 K ther-
mal gradient along the axial direction.

To simulate the effect of this systematic error on the fitted
parameters, we tested a simple case. For a single-sided heating
system, we assume that laser heats a finite depth of the sample
(Fig. 6a). This is appropriate for the case of a non-absorbing
sample (e.g., MgSiO3 perovskite) mixed with an absorbing
medium (e.g., platinum). In this case, the volume measured by
X-ray diffraction is an average along the axial temperature gra-
dient. However, most of the thermal radiation will come from
the surface where the sample is hottest. Therefore, the mea-
sured temperature by radiometry will be higher than the aver-
age temperature sampled by the X-ray beam. As a result, the
temperature will be systematically overestimated. This situa-
tion can be simulated by adding systematic errors to the data.
In this case, we perturb each temperature by a fixed amount
(50, 100, and 200 K) and then add random error as was done
previously. Again, 100 data sets were inverted.

As shown in Figure 7, systematic overestimation of tem-
perature results in q being significantly overestimated. This
effect is less pronounced for the larger pressure range. γ0 is
relatively insensitive to the systematic temperature error of
LHDAC data. Interestingly as pressure range increases, under-
estimation of γ0 becomes more significant (Fig. 7b). This may
be due to the correlation between q and γ0 during fitting; the
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FIGURE 5. The fitted values of (a) q and (b) γ0 vs. the random temperature error (1σ). The synthetic data covered a pressure range of 0–70
GPa and 0–130 GPa. The values used to generate synthetic data are indicated as dashed lines. The symbols represent the average of fitted
parameters and the error bars are the standard deviation (1σ) from inversions of 100 data sets. The points are slightly shifted from each other to
prevent overlap of symbols.
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a b

FIGURE 6. Schematic diagram of laser heated diamond-anvil cell with (a) single-sided heating geometry and (b) double-sided heating
geometry.
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FIGURE 7. The fitted values of (a) q and (b) γ0 vs. amount of systematic error added. The values used to generate the synthetic data are
indicated as dashed lines. The symbols represent the average of fits to 100 data sets. The error bars are the standard deviation (1σ) of the fitted
parameters of the 100 data sets. The points are slightly shifted from each other in order to prevent overlap of symbols.

systematic overestimation of q may be compensated to some
extent by underestimation of γ0 relative to the case for 70 GPa.

Currently available laser heating techniques yield an un-
certainty of ~100 K (Fiquet et al. 1998). With this precision, by
expanding the measured pressure range to 130 GPa, we can
expect to obtain q and γ0 with 1 standard deviation uncertain-
ties of ±0.2 and ±0.03, respectively, assuming that we only have
random errors on the temperature measurements. However, if
there is also systematic error, we cannot eliminate the possibil-
ity of overestimation of  q together with a slight underestimate
of γ0. However, γ0 will still be reliable within the estimated
uncertainty.

P-V-T EOS FIT FOR AVAILABLE DATA SETS

There have been several P-V-T measurements using the LVP
(Wang et al. 1994; Utsumi et al. 1995; Funamori et al. 1996)
which reached to as high as 29 GPa and 2000 K, correspond-
ing to the uppermost part of the lower mantle. In addition, the
thermal expansion parameter was measured at ambient pres-
sure between 77 and 381 K (Ross and Hazen 1989). These data
were fitted to the BMD equation by Jackson and Rigden (1996).
In their study, they assumed q = 1 which enabled them to
linearlize the BMD equation. They also obtained γ0 = 1.33(3)
which is consistent with previous analyses (Wang et al. 1994;
Anderson et al. 1996; Gillet et al. 1996).
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As discussed above, we fit the data using the nonlinear least
squares method. When q is fixed at 1, our results from fits to
the lower pressure and temperature (LPT) data set agree with
those of Jackson and Rigden (1996). It should be noted that the
values of V0 reported for the studies in the LPT data set varying
between 162.2–162.6 Å3. If, instead of using raw volume data, we
normalized the volume by the V0 value given for each study, we
find that with q fixed at 1, we obtain slightly different results from
Jackson and Rigden (1996), but they are consistent within the er-
ror range (Table 3). This normalized data set was used for all the
fits below. When q is allowed to vary, the lower pressure and tem-
perature data set was not able to constrain q reliably (Table 3),
consistent with the simulation results discussed earlier.

Recently Fiquet et al. (1998) published P,V,T data at 30–60
GPa and 300–2500 K using the LHDAC. By itself, this data set
is too small and covers too narrow of range to be reliably in-
verted. By combining this data with the LPT data (see Table 3),

we obtain q = 2.7(5). This result is significantly different from
the normal assumption of q = 1 which is the value consistent
with 300K spectroscopic data (e.g., Lu and Hofmeister 1994).

Saxena et al. (1999) recently reported P-V-T measurements
using their RHDAC system at 35–110 GPa and 300–1500 K.
We also combined this data with the LPT data set. In this case,
we obtained q = 1.7(3) and γ0 = 1.40(4). γ0 is consistent with
earlier results (Table 3), but q is also significantly greater than
1 in this case.

Finally we also combined all available data sets and per-
formed a fit. The result lies between the results using LPT+FI
and LPT+SA alone (Table 3). Isotherms calculated from these
parameters and selected data points are shown in Figure 8a.
The difference between the solid lines and dashed lines is mainly
caused by different q value (2.0 and 1.0, respectively). As tem-
perature and pressure increase, the difference between the two
isotherms are significant; at 100 GPa and 3000 K, the volume
difference is 3%. At ambient conditions, using the result from
LPT+FI+SA, we calculate the thermal expansion coefficient
α0 as 1.7(3) × 10–5 K–1 and (dKT/dT)P = –0.028(7) GPa/K. These
are similar to those reported by Jackson and Rigden (1996) [α0

= 1.57 × 10–5 K–1 and (dKT/dT)P = –0.021 GPa/K]. However,
the pressure dependence of these parameters, especially (dKT/
dT)P depends strongly on the value of q in the model. As shown
in Figure 9, in the middle part of lower mantle, the thermal
expansivity, α, and temperature dependence of isothermal bulk
modulus, (dKT/dT)P, are different for the case of q = 1 and q =
2. However, as pressure increases, the difference between the
two cases decreases. To better resolve these differences, fur-
ther improvement in the data set are needed. The largest error
source in determining (dKT/dT)P is the uncertainty in q. The
value of (dKT/dT)P is important for comparing seismic bulk
velocity profiles to laboratory data. The strong sensitivity of q
and hence (dKT/dT)P to systematic error in the reference iso-
therm and temperature measurement technique suggest that such

TABLE 3.Fitting results using various combinations of P-V-T data
sets for MgSiO3 perovskite

Data set γ0 q

LPT 1.35(2) 1*
1.37(8) 1.2(11)

LPT + FI 1.48(5) 2.7(5)
LPT + SA 1.40(4) 1.7(3)
LPT + FI + SA 1.42(4) 2.0(3)
Stixrude et al. (1992) † 1.96(10) 2.5(17)
Jackson and Rigden (1996) ‡ 1.33(3) 1*
Notes: Other parameters were fixed at V0 = 162.3 Å3, KT0 = 261 GPa, K'T0

= 4.0, θ0 = 1000 K. LPT = Lower pressure and temperature measure-
ments (Ross and Hazen 1989; Wang et al. 1994; Utsumi et al. 1995;
Funamori et al. 1996). These were also used by Jackson and Rigden
(1996). FI = Fiquet et al. (1998). SA = Saxena et al. (1999).
* Fixed parameter.
† V0 = 163.13 Å3, KT0 = 263(7) GPa, K'T0 

= 3.9(4), and θ0 = 1017(7) K for
(Mg,Fe)SiO3 perovskite.
‡ Fixed values of KT0 = 261 GPa, K'T0 = 4.0, q = 1, and θ0 = 1000 K.
However, they took KT0 as 262.4 GPa in their Table 5 based on Brillouin
scattering measurements.
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comparisons should be performed with caution.
As shown in the inset of Figure 8a, isotherms calculated by

the LPT+FI+SA fit are consistent with the measured data points,
although some discrepancy remains in the case of Fiquet et al.
(1998). The difference between the observed pressure and cal-
culated pressure using the LPT model (q = 1) is shown as a
function of volume compression in Figure 8b. The pressure
residuals of the data of Wang et al. (1994) and Funamori et al.
(1996) are randomly distributed. However, those of Utsumi et
al. (1995), Fiquet et al. (1998), and Saxena et al. (1999) are
systematically shifted to negative values. Since the data of
Utsumi et al. (1995) lie between those of Wang et al. (1994)
and Funamori et al. (1996), the effect of this systematic shift of
Utsumi et al. (1995)’s data will be compensated. However, since
all of the higher pressure data points show a systematic shift,
they produce a difference in q values between the LPT fit and
LPT+FI+SA fit.

Indeed, since we fixed all the parameters for Pst in Equation
1 as well as θ0, only the variation of γ, and hence q, is important
during the fitting. The negative shift in Figure 8b means the ob-
served pressure is lower than the pressure from the LPT fit. If
we include the FI and SA data sets in the fit, these data require a
stronger change of pressure difference at given temperatures as
volume increases. This means we must have a larger q.

However, the negative shift is much greater for the data
points of Fiquet et al. (1998) than those of Saxena et al. (1999).
This data set therefore results in the highest q (Table 3). Also
the data points of Fiquet et al. (1998) show relatively large
scatter (Fig. 8b). This systematic shift could be related to the
different systematic error source of different techniques. As
we discussed above, uncertainty in the reference (300 K) com-
pression curve and systematic temperature overestimation could
result in overestimation of q.

Although newly published high pressure and temperature
data (Fiquet et al. 1998; Saxena et al. 1999) improve the reso-

lution of q, there may remain systematic error sources which
are technique dependent. As shown in Figure 8a, q is very sen-
sitive to small changes of volume. Better constraints on q may
be possible by performing experiments at 80–130 GPa and tem-
perature above 2000 K.

The resolution of q for MgSiO3 perovskite is also restricted
by the limited range of thermal expansion parameter measure-
ments at ambient pressure. Because of its abnormal behavior
in the metastable field at high temperature and ambient pres-
sure, reliable data is only available below room temperature
(Ross and Hazen 1989; Wang et al. 1994). This results in un-
certainties in the isotherms at low pressure and high tempera-
ture (Fig. 8a). q itself may also be volume dependent (Anderson
et al. 1993) but the present data set is insufficient to resolve the
volume dependence of this quantity.

All of these inversions were performed without weighting
the data. Statistically it is reasonable to give a weight to each
data point based on its estimated uncertainties. We also per-
formed the fit by giving different weight to the data points from
different techniques using the uncertainties given in Table 2.
The uncertainties of volume and temperature were also included
in weight using following equation.
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where σ is the estimated total uncertainty, σ(P), σ(V), and σ(T)
are the uncertainties for P,V,T. The subscript i denotes indi-
vidual data points. The derivatives are calculated using the
equation derived from the BMD EOS.

By this method, the LPT data set has approximately four
times more weight than FI data set and approximately three
times more than SA data set. In this case, the result is mainly
constrained by LPT data set; q = 1.3(10) for LPT+FI and q =
1.6(5) for LPT+SA and LPT+SA+FI. The fact that LPT has
many more data points (250) than FI (27) or SA (37) also af-
fects this result.

As discussed by Funamori et al. (1996), weighting will make
the result most sensitive to ambient or lower pressure mea-
surement rather than the high P-T measurement because of the
inherently larger error of high P-T points. In this case, high P-T
data points where MgSiO3 perovskite is thermodynamically
stable will have minimal effect on the fitted thermoelastic pa-
rameters. In addition, different groups may assign greatly dif-
ferent uncertainties to their data, despite using similar
experimental techniques (Funamori et al. 1996). Thus we pre-
fer the result from the analysis without weight.

The decrease of estimated uncertainties in fitted parameters
by using experimental high P-T data agrees well with those ob-
tained from simulation (cf., Table 3 and Fig. 5). For example,
the estimated uncertainty of q for the LPT data set (±1.1) de-
creases by a factor of four if FI+SA are included. This was also
observed in the synthetic data sets (LVP and LVP +LHDAC with
100 K temperature error and Pmax = 130 GPa in Fig. 5a). How-
ever, the absolute uncertainty is about two times higher for the
measured data sets. This could be due to either smaller errors
assumed for the synthetic data compared with measured data or
systematic difference in error source for different techniques.
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