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Abstract

The pressure-volume-temperature equation of state (EOS) of gold is fundamental to high-pressure science because
of its widespread use as an internal pressure standard. In particular, the EOS of gold has been used in recent in situ
multi-anvil press studies for determination of phase boundaries related to the 660-km seismic discontinuity. These
studies show that the boundaries are lower by 2 GPa than expected from the depth of the 660-km discontinuity. Here
we report a new P-V-T EOS of gold based on the inversion of quasi-hydrostatic compression and shock wave data
using the Mie-Griineisen relation and the Birch-Murnaghan-Debye equation. The previously poorly constrained
pressure derivative of isothermal bulk modulus and the volume dependence of Griineisen parameter (¢ =d Iny/d In V)
are determined by including both phonon and electron effects implicitly: Ko7 =5.0+0.2 and ¢=1.0%£0.1. This
combined with other accurately measured parameters enables us to calculate pressure at a given volume and
temperature. At 660-km depth conditions, this new EOS yields 1.0+ 0.2 GPa higher pressure than Anderson et al.’s
EOS which has been used in the multi-anvil experiments. However, after the correction, there still exists a 1.5-GPa
discrepancy between the post-spinel boundary measured by multi-anvil studies and the 660-km discontinuity. Other
potential error sources, such as thermocouple emf dependence on pressure or systematic errors in spectroradiometry,
should be investigated. Theoretical and experimental studies to better understand electronic and anharmonic effects in
gold at high P-T are also needed.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Recent developments in multi-anvil press [1]
and laser-heated diamond anvil cell [2,3] tech-
niques together with synchrotron X-ray diffrac-
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tion enable in situ determination of phase dia-
grams [1,4-9] and the equations of state of
Earth materials [10,11] at deep interior conditions.
These demand accurate in situ pressure calibrants
whose equations of state are well known. The
pressure-induced fluorescence shift of ruby [12]
has been well established based on shock wave
data for several metals. Recent independent cali-
bration using Brillouin spectroscopy coupled with
X-ray diffraction [13] confirms the accuracy of the
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scale. The ruby scale is, however, not often used
for in situ high-P-T studies for a variety of rea-
sons, including the difficulty of separating pres-
sure effects from temperature effects on the mea-
sured fluorescence shift.

For in situ X-ray diffraction studies, a pressure
marker of known equation of state (EOS) is often
used [14]. The criteria for choosing a suitable in-
ternal diffraction standard have been extensively
discussed [15,16]. In general, gold is the material
that best satisfies these criteria and thus it has
been extensively used as an internal standard in
both ambient- and high-temperature experiments
in multi-anvil press. However, one disadvantage
of gold is that existing equations of state [15,17—
19] show significant discrepancies especially at
high P-T. While most ultrasonic [20-23] and stat-
ic compression [17,24] measurements generally
agree on the bulk modulus, Koy =167 GPa, its
pressure derivative, Ko7, is uncertain and spans
a range from 5.0 [15] to 6.39 [20]. This results in
about 10% uncertainty in the pressure determined
from the gold EOS even at 300 K [16,25]. When
fitting P—V-T experimental data to an EOS such
as the Mie-Griineisen—Debye model, even small
errors in the reference isotherm at 300 K can
lead to large systematic errors in the fit parame-
ters (i.e., Griineisen parameter) of the thermal
EOS [26].

In recent studies using the gold scale, this un-
certainty precludes determination of the phase
boundaries in the MgO-SiO, system near 660
km depth with sufficient accuracy to test seismic
and mineralogical models [1,5-8]. The conditions
at 660 km depth (23-24 GPa and 1700-2000 K)
require accurate determination of the thermal
pressure because this quantity contributes 30—
50% to the total pressure. Uncertainty in the pres-
sure at 660 km depth is estimated to be ~0.2
GPa based on comparison of different seismic
and density models.

In this study, we constrain the pressure deriva-
tive of the bulk modulus, K¢z, of gold from re-
cent high-quality quasi-hydrostatic compression
data measured at 300 K [27]. We then calculated
the Griineisen parameter at high P-T using this
300 K isotherm and Hugoniot data [28-32]. Our
approach is similar to that of Heinz and Jeanloz

[17]. However, in that study, the 300 K isotherm
was obtained under non-hydrostatic conditions
which are well-known to produce systematic error
in the 300 K compression curve [33,34]. The data
set used here was measured under negligible de-
viatoric stress using a helium pressure medium as
discussed by Takemura [27]. We will compare this
EOS with earlier studies [15,17,18] and apply this
EOS for the recently measured phase boundaries
in MgO-SiO; related to the 660-km seismic dis-
continuity.

2. Equation of state of gold

Takemura [27] recently reported the results of
synchrotron X-ray diffraction experiments on
gold samples contained within a helium or meth-
anol pressure medium in a diamond anvil cell.
The quasi-hydrostatic ruby fluorescence scale
[12] was used for pressure determination over
the range 0-75 GPa at 300 K in the helium experi-
ment. Helium is well known to provide the most
nearly hydrostatic pressure environment at pres-
sures above 15 GPa [35]. That the stress distribu-
tion was in fact very close to hydrostatic was
verified using several different criteria, including
ruby peak widths and splittings, and X-ray dif-
fraction peak width and lattice parameter var-
iance from multiple diffraction lines. The latter
approach should be an especially sensitive indica-
tor of non-hydrostatic stresses in gold because of
its large elastic anisotropy [33,34] and the demon-
strated effects of non-hydrostatic stress on lattice
parameter variance [34].

The P-V data of Takemura [27] with a helium
medium were fitted to the third-order Birch—-Mur-
naghan equation (Fig. 1):

)
W)

where Py is the static pressure at 300 K, V is
volume, and V¥V, is the volume at 300 K and

3
Py(V) = EKOT

{ 1 —Z(4—K’0T)
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Fig. 1. Quasi-hydrostatic compression data at 300 K (solid
circles [27]) and result of fit to 300 K isotherm (dash-dotted
curve), and shock compression data (open up triangles
[28,30]; open diamonds [29]; open down triangles [31]; open
squares [32]) for gold. The 300 K isotherm measured by
Heinz and Jeanloz [17] under non-hydrostatic conditions is
shown for comparison (dotted curve). The Hugoniot calcu-
lated from equations of state by this study (solid curve) and
Anderson et al. [18] (dashed curve) are shown. A vector rep-
resents the effect of anharmonic correction in Anderson et
al.’s EOS.

1 bar. We performed two inversions: we fit Ko7
with fixed Koy to 167 GPa from ultrasonic mea-
surements [20-23] and we also fit both Ky and
K'¢r simultaneously. For each fit we assigned a
weight to each data point based on the uncertain-
ties of measured pressure and volume. We ob-
tained K'o7 =5.01 £0.02 for the former inversion,
and Kyr=164*1 GPa and K'ogr=5.2%0.1 for
the latter inversion. Since the correlation between
Kor and K'gr is known to be significant in a si-
multaneous fit of these parameters and the x> of
these two fits are almost identical, we prefer to use
the former result. We take the difference between
these two fitting results as a reasonable estimate
for the uncertainties of the parameters: o(Ky7)=
3 GPa and o(K'y7)=0.2.

The result of K'yr =5.0 is consistent with shock
wave data [15], while this value is lower than all
ultrasonic measurements, i.e., 5.21 [21] to 6.39
[20]. Duffy and Wang [16] compiled Ky and

Ko7 of metals measured by shock wave and ul-
trasonic, and found that ultrasonic measurements
systematically overestimate K'gr compared with
shock wave values (~10%). They pointed out
that significant variation of the value among ul-
trasonic measurement may imply that the values
measured by ultrasonic technique available cur-
rently are not precise. In a recent refinement of
the NaCl pressure scale, it was also recognized
that lower-pressure measurements yield much
higher K’ than high-pressure measurements cover-
ing a wide pressure range [36]. In addition, K" of
NaCl decreases rapidly below 3 GPa but de-
creases much more slowly at higher pressures. It
should be noted that all the ultrasonic measure-
ments for gold were conducted to maximum pres-
sures of less than 1 GPa.

In the Mie-Griineisen approach, pressure at a
given volume and temperature, 7, can be ex-
pressed as a sum of pressure along an isotherm,
Py, at a reference temperature, 7y (=300 K in
this case), and an isochoric thermal pressure
from the reference isotherm to the temperature
of interest, APy(= Py (V,T)—Pw(V,T))):

P(VvT):Pst(VaT0)+APth(VaT) (2)

where Py can be obtained from the 300 K iso-
therm (Eq. 1) and APy, follows from the thermal
energy, AElh(VsT) (:Elh(VaD_Eth(V>TO))5 as de-
scribed in the Mie-Griineisen equation:

APW(V,T) = %AEth(V, T) (3)

where yis the Griineisen parameter.

The energy along the Hugoniot, Ey, is deter-
mined from the Rankine-Hugoniot equations to
about 1% accuracy. To use this quantity, Eq. 3
can be rewritten as:

PV, To)=Pu(V) = LIEx(V. To)=En(V)] (4

where Py is the pressure along the Hugoniot. This
enables us to calculate y directly from the mea-
sured quantities, Py, Py, and Eg—Ey for each
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data point along the Hugoniot. However, it is
necessary to know the 0 K isotherm to calculate
Eg. We obtained the 0 K isotherm by subtracting
Pu(V,Ty)—Pw(V,0), obtained using Eq. 3 and the
Debye model, from Py (V,T). In the Debye mod-
el, Eqn(V,T) can be calculated from:

9nRT [~ Z*
Eth(VvT):TA mdz (5)

where n is the number of atoms per formula unit,
R is the gas constant, and x=6&(V)/T (8 is the
Debye temperature). The volume dependence of
0 is considered using:

dIn@
“dInV ()

If the Griineisen parameter is expressed as a
function of volume only, assuming ¢ (=d Iny/d
In V) is constant:

V q
- - 7
r=n(y.) )
the following relation can be obtained:
6 = Opexp <¥) (8)

Once the 0 K isotherm is obtained, Eg (7,300
K) can be calculated by adding Ew(V,T)) (Eq. 5)
to Ey(V,0 K) obtained from numerical integration
of the 0 K isotherm. An important advantage of
this approach is that yis directly determined from
high P-T data points. Furthermore, the assump-
tion for the variation of y (Eq. 7) is only used
below 300 K where electronic and anharmonic
effects are small, and thus this assumption does
not influence the calculated y values. This also
allows inclusion of electronic and anharmonic
contributions implicitly in the calculated y. A sim-
ilar approach can be found in the work by Hixson
and Fritz [37], although they used this method for
a forward calculation. An important difference in
our approach is to restrict use of the phonon
model, i.e., the Debye model, to temperatures be-
low 300 K, where the overall electronic contribu-
tion is negligible and the phonon contribution is
dominant.

We solved Eq. 4 numerically to calculate the
Griineisen parameter for each Hugoniot data
point (Fig. 2a) and ¢ using Eq. 7. It is observed
that ¢ converges to a constant value at high com-
pression (Fig. 2b). Below 25% compression, the ¢
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Fig. 2. Calculated (a) Griineisen parameters, ¥ and (b) their
logarithmic volume derivatives, g, for Hugoniot data points
using quasi-hydrostatic (solid circles [27]) and non-hydro-
static (open circles [17]) 300 K isotherms. Error bars (20) are
calculated from the uncertainties of the 300 K isotherm and
the Hugoniot. y and ¢ values obtained from this study (solid
lines) and Heinz and Jeanloz [17] (dotted lines) are shown.
The shaded area is the range of ¢ values proposed by Ander-
son et al. [18]. Thermal pressure contribution to the total
pressure, APy, = Py, is also indicated.



S.-H. Shim et al. | Earth and Planetary Science Letters 203 (2002) 729-739 733

values are small and even negative. If correct, this
implies that y increases with compression which is
unphysical (Fig. 2a). This may be understood as a
result of a systematic trend caused by material
strength which is significant at low compression
(where temperatures are also low) along the Hu-
goniot [16,38,39]. In other words, the presence of
shear strength along the Hugoniot results in a
greater volume at lower pressure than expected
for pure hydrodynamic compression. This greater
volume requires a higher y to explain the greater
difference between the 300 K isotherm and the
Hugoniot at a given pressure.

Also, the uncertainties of ¥ and ¢, which in-
clude both the uncertainties of the 300 K isotherm
(uncertainties of both Kyr and K’y7) and Hugo-
niot, decrease with compression. This is because y
and ¢ at lower compression are extracted from the
smaller difference between the 300 K isotherm
and Hugoniot (i.e., thermal pressure). Thus, we
select data points where the thermal pressure con-
tribution is more than 28% (P>130 GPa,
T>2000 K) and also where the shock tempera-
ture is high enough to relax shear stress. We cal-
culated the average g for these data points by
weighting with their thermal pressure contribu-
tions. ¢ is calculated to be 1.00%0.03. In order
to test the robustness of this result, we also calcu-
lated ¢ with different methods: weighting with
APy for all data points (¢=0.98£0.07) and
weighting with the estimated uncertainty for
high-compression data points (g=0.8910.03).
This shows that the uncertainty of ¢ can be esti-
mated to be £0.1.

In order to confirm consistency between this
method and the approach by Heinz and Jeanloz
[17], we also apply this method for their non-hy-
drostatic compression data. At high compression
the calculated ¢s using this method lie at 1.7+0.7
which is identical to those found in Heinz and
Jeanloz [17] (Fig. 2b).

We performed another inversion following the
approach by Hixson and Fritz [37]. We express
Hugoniot pressure as a sum of static and thermal
pressure using Egs. 2 and 3:

Pu(V) = Po(V, Ty) + %AEth(V, Th) )

This equation requires to calculate temperature
along the Hugoniot, Ty:

o dr [(Vo—=V)dPy + (Pu—Py)dV

(10)

where Cy is the isochoric heat capacity which can
be calculated from the Debye model. Once Ty is
known, AEy can be obtained from the Debye
model. We solved Eq. 9 numerically to calculate
a g value for each Hugoniot data point by numer-
ical integration of Eq. 10 using a Runge-Kutta
routine with adaptive step size control [40].
Although this method only takes into account
the phonon contributions, the result obtained
from this approach is identical to the former ap-
proach within uncertainty.

Both anharmonic and electronic effects are sig-
nificant at high temperatures, but they have op-
posite signs for gold [41]. If their magnitudes are
comparable, these terms compensate each other
and so deviation from the quasi-harmonic model
may be negligible. The agreement between the
above two approaches may imply that this may
be the case for gold at high P-7. Nevertheless,
further studies (e.g., [42]) are needed to better
quantify the magnitude of these effects.

The ¢ value obtained from the quasi-hydro-
static compression curve is significantly lower
than the value obtained using the non-hydrostatic
compression data [17]. However, our ¢ value is
consistent with those found for other metals
from shock sound speed measurements [43] and
static adiabatic compression measurements [44],
where g values for many metals and other materi-
als are observed to be close to 1.

It should be emphasized that the quasi-hydro-
static ruby scale [12] used for the static compres-
sion measurements is based in turn on the shock
wave EOS of copper and silver. Thus, it is possi-
ble that the ¢ =1 assumption used for the reduc-
tion of the shock wave EOS influences the in-
verted value of ¢ for gold. However, we note
that the ruby scale is not based on any shock
wave data for gold. Moreover, the accuracy of
this ruby scale has recently been independently
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Table 1

Thermodynamic parameters of gold

Parameter References
Vo (A%) 67.850 £ 0.004 [27]

Kor (GPa) 1673 [20-23]
Kor 5.0+0.2 This study
% 2.97%0.05 [18]

q 1.0£0.1 This study
6 (K) 170 [18]

3nk (J/gK) 0.125 [15]

¢o (km/s) 3.10+0.02 This study
s 1.525+0.008 This study

shown by a combined Brillouin and X-ray diffrac-
tion study [13].

A full set of parameters for the Birch—-Murna-
ghan-Debye equation (Eqgs. 1-3 and 5) is given in
Table 1. We also present fitted parameters for the
intercept, ¢y, and the slope, s, of the linear particle
velocity, Up, and shock wave velocity, Us, rela-
tion. Calculated pressures for given volumes and
temperatures using our EOS are shown in Table
2.

In order to test our gold EOS, we calculate heat
capacity, thermal expansion, and adiabatic bulk
modulus, and compare with measured quantities
at 1 bar and high temperatures [45-49]. We found
good agreement in heat capacity for a wide range

of temperature (0-1000 K) (Fig. 3a). Calculated
thermal expansion parameters well match mea-
sured values below 600 K. At high temperature,
our values are consistent with the lower values
[47] among existing measurements (Fig. 3b). It
should be noted that literature values for the ther-
mal expansion of gold are discrepant by 10% at
very high temperature (1000 K) [46]. In addition,
anharmonic and electronic effects are significant
in this high temperature range at 1 bar.

While calculated adiabatic bulk moduli are con-
sistent with measurements [48,49] within uncer-
tainty (2.5%), the temperature dependence of
measured values (0Ks/07=-—0.029 GPa/K) is a
factor of two smaller than that of calculated val-
ues (—0.014 GPa/K) (Fig. 3c). By transforming
Kg to Kt and using:

() S0,

it can be seen that the slope of Fig. 3c is related to
anharmonicity (i.e., the volume dependence of
thermal pressure, Py, = aKt) [18]. In fact, Ander-
son et al. [18] calculated the anharmonic correc-
tion based on this quantity. Using their procedure
and the temperature dependence of Kt at 300 K

Table 2

Pressure (in GPa) at selected compressions and temperatures using the gold EOS from this study

1=V, 300 K 500 K 1000 K 1500 K 2000 K 2500 K 3000 K
0.00 0.00 1.42 4.99 8.56 12.14 15.72 19.30
0.02 3.55 497 8.53 12.11 15.69 19.26 22.84
0.04 7.55 8.96 12.53 16.11 19.68 23.26 26.84
0.06 12.06 13.48 17.04 20.62 24.19 27.77 31.35
0.08 17.16 18.57 22.13 25.71 29.28 32.86 36.44
0.10 2291 24.32 27.88 31.45 35.03 38.61 42.19
0.12 29.42 30.82 34.38 37.95 41.53 45.10 48.68
0.14 36.77 38.17 41.73 45.30 48.88 52.45 56.03
0.16 45.11 46.50 50.06 53.63 57.20 60.78 64.35
0.18 54.56 55.95 59.50 63.07 66.64 70.22 73.80
0.20 65.29 66.68 70.22 73.79 717.37 80.94 84.52
0.22 77.50 78.89 82.43 85.99 89.57 93.14 96.72
0.24 91.42 92.80 96.33 99.90 103.47 107.05 110.62
0.26 107.32 108.69 112.22 115.78 119.35 122.93 126.50
0.28 125.51 126.87 130.40 133.96 137.53 141.10 144.68
0.30 146.38 147.73 151.25 154.81 158.38 161.95 165.53
0.32 170.38 171.73 175.24 178.79 182.36 185.93 189.51
0.34 198.07 199.40 202.90 206.46 210.02 213.59 217.17
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Fig. 3. Calculated (a) isobaric heat capacity, Cp, (b) thermal
expansion, ¢, and (c) adiabatic bulk modulus of gold (solid
lines) at ambient pressure and high temperature. Measured
values are also plotted for comparison (open squares in a
[45]; open squares in b [46], open diamonds in b [47]; open
squares in c [48], open diamonds in ¢ [49]). Error bars on
the solid lines are the estimated uncertainty (1c) calculated
from the uncertainty of thermoelastic parameters in Table 1.

calculated from our EOS, we obtained (0Ky/
0T)y =—0.7x1073 GPa/K, which is significantly
smaller in magnitude than Anderson et al.’s value
(—11.5%x1073 GPa/K). It should be noted that
our value in Fig. 3c is calculated by projecting
the EOS that is constrained by high P-T data
to ambient pressure, whereas the ultrasonic mea-
surements [48,49] were performed directly at am-
bient pressure. Thus, this discrepancy may imply

that the volume dependence of thermal pressure,
or anharmonicity, of gold is considerably sup-
pressed at high P-T. In order to resolve the dis-
crepancy in 0Kg/0T at 1 bar, one can calculate ¢
just from 1 bar data, and then fix this, ¢ =2.5—
3.0, and introduce another functional form, such
as g =qo(V/Vy)?, to describe the variation at
high pressure [50]. For gold, however, there is
no clear evidence that ¢ follows such functional
form at high pressure and in fact ¢ is nearly con-
stant as shown in Fig. 2b.

Uncertainty in pressure using our EOS can be
calculated using the uncertainties of parameters
listed in Table 1. For example, the pressure un-
certainty at 660-km depth conditions (23-24 GPa
and 1700-2000 K) is calculated to be 0.3 GPa.
Another way to estimate the accuracy of our
EOS is to check the uncertainty of the data set
used to obtain it. The accuracy of the 300 K iso-
therm is mainly affected by the accuracy of ruby
scale which is used for pressure measurement. The
accuracy of ruby is estimated to be 1% [13]. In the
course of data inversion, this propagates to a 0.2
GPa uncertainty for the 660-km depth conditions.
Hugoniot data also have uncertainty. From the
data scatter, the error from Hugoniot data may
be 0.2 GPa at 660-km depth pressure. This means
that the calculated uncertainty is a reasonable es-
timate of the accuracy of this EOS.

3. Comparison with previous studies and
implication to the phase boundaries

In order to compare this EOS with previous
studies [15,17,18], we plot pressure differences
along selected isotherms (300, 1000, 2000, and
3000 K) (Fig. 4). Compared with this study, Ja-
mieson et al.’s [15] EOS overestimates pressure
below 130-160 GPa and underestimates beyond
130-160 GPa. They used the same Hugoniot
data except the data by van Thiel et al. [32].
Although pressure and internal energy are well
defined along the Hugoniot, in order to derive
the EOS solely from Hugoniot data, one has to
know ¥ and ¢, and use a model to calculate the
internal energy change. They assumed 7y, =3.22
instead of using a value calculated from accurate
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Fig. 4. Pressure differences calculated from the EOS of gold
by this study (horizontal solid lines) with Jamieson et al. [15]
(dash-dotted lines), Heinz and Jeanloz [17] (dotted lines), and
Anderson et al. [18] (dashed lines) for 300, 1000, 2000, 3000
K isotherms. Anderson et al. [18] adapted the 300 K iso-
therm from Heinz and Jeanloz [17]. Pressure differences at
660-km depth conditions are shown in the inset.

room temperature measurements (y = 2.97). ¢ was
assumed to be 1.

Heinz and Jeanloz’s [17] EOS overestimates
pressure by 5% compared to our EOS at 300 K.
Underestimation of pressure at moderate pressure
(20-50 GPa) and high temperatures (2000 and
3000 K) is also notable. Using a forward calcula-
tion, they showed that the reduced 300 K iso-
therm from Hugoniot data using 3 =2.95+0.43
and ¢=1.710.7, both of which are calculated
from measurements at ambient conditions, is con-
sistent with their measured 300 K isotherm. How-
ever, their static measurement was performed with
a methanol-ethanol pressure medium, which sus-
tains significant shear stress above 10 GPa, and
the ¢ value is not directly determined from high-
P-T data.

Anderson et al.’s [18] EOS underestimates pres-
sure at low pressures and high temperatures. This
becomes significant as temperature increases.
They used non-hydrostatic compression measure-
ments [17], and low- and high-temperature elastic-
ity measurements at ambient pressure [48,49]. It is
notable that this EOS is not tied to any high-P-T
data. We calculated the Hugoniot using Anderson
et al.’s EOS. Since the anharmonic correction in
the EOS is not easily incorporated in Hugoniot
calculation, we use ¢=2.5-3.0, which was pro-
posed by Anderson as a range consistent with
his anharmonic EOS. This approach overesti-
mated pressure by 4% compared with the original
anharmonic EOS by Anderson as shown by the
vector in Fig. 1, and thus this can be an upper
bound for Anderson et al.’s EOS. As shown in
Figs. 1 and 2, Anderson et al.’s EOS cannot
match the shock wave data, which provide strong
constraints on the thermal pressure. This limits
the use of this EOS at high P-T conditions. In
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Fig. 5. Comparison between seismic velocity profiles (AK135
[56]) and experimental results (post-spinel [1,9]; post-ilmenite
[7]; post-garnet [6]) at 550-700-km depth conditions. The
phase boundaries measured using Anderson et al.’s [18] gold
scale (dashed lines for the P-T conditions where measured
and dotted lines for the P-T conditions where extrapolated)
are corrected for the EOS of gold by this study (thick solid
lines). The post-spinel boundary measured with platinum
scale [9] is shown for comparison (Sp, spinel; Pv, perovskite;
Pc, periclase; Il, ilmenite; Gt, garnet; Vp, P-wave velocity;
Vs, S-wave velocity).
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contrast, our EOS satisfies the shock wave data
(Fig. 1).

The gold EOS by Holzapfel et al. [19] is ob-
tained from shock wave and ultrasonic data using
a modified pseudo-Debye-Einstein model and the
EOS proposed by Holzapfel [51]. They used a
much higher K’¢7 (= 6.2) constrained by ultrason-
ic measurements performed to less than 1 GPa. At
1500 K and 25 GPa, we found that Holzapfel et
al.’s EOS under-predicts pressure by 0.2 GPa
compared with our EOS. Anderson et al.’s EOS
under-predicts pressure by 0.6 GPa compared
with Holzapfel et al.’s EOS at this condition.

Recent in situ determinations for the post-
spinel [1], the post-ilmenite [5,7], and the post-
garnet [6] phase transitions in the MgO-SiO,
(-Al,03) system were based on the gold scale by
Anderson et al. [18]. However, more recent laser-
heated diamond anvil cell studies [9,25] using ruby
and platinum pressure scales reported that the
post-spinel transition occurs close to 660-km
depth condition.

We corrected the phase boundaries determined
using Anderson et al.’s scale with our new gold
scale (Fig. 5). At 660-km depth conditions (for
T=1800-2000 K), our EOS shifts the phase
boundaries 1.0 GPa higher (the inset in Fig. 4).
In addition, it slightly increases the slopes,
although this increase is not significant consider-
ing the uncertainty. Even after the correction,
however, the boundaries still yield unreasonably
low temperatures at 660 km depth: 1200 K for
the post-spinel and 1000 K for the post-ilmenite
boundaries. The higher pressure phase boundary
of the post-garnet reaction coincides with a plau-
sible temperature at 660 km depth. However, con-
sidering that this transition occurs over a wider
pressure range with a positive Clapeyron slope
while seismic observations indicates that the 660-
km discontinuity is much sharper with a negative
slope [52], it is less likely that the post-garnet
transition is the principal transition responsible
for the 660-km seismic discontinuity.

Even with a 1.0 GPa correction to the gold
scale, there still exists a 1.5 GPa discrepancy be-
tween the two in situ measurements [1,9] for the
post-spinel boundary using different pressure
scales. An important difference between these

two in situ experiments involves the temperature
measurements. Irifune et al. [1] used a thermocou-
ple whereas Shim et al. [9] used radiometry. Since
the thermocouple was placed in the pressure cell,
the pressure effect on thermocouple emf should be
considered. However, this effect is not well known
and ignored. An experiment [53] at low pressure
demonstrated that this effect may be significant:
the order of 30 K at 5 GPa and 2000 K. To
reconcile a 1.5 GPa discrepancy, the measured
temperature would need to be in error by 200 K
at 660-km depth conditions for the gold scale.
However, significant issues associated with tem-
perature measurement by spectroradiometry are
also currently unresolved [54]. Further studies
are needed to improve temperature measurements
in both the diamond cell and large-volume press.
Better understanding of electronic and anhar-
monic effects in gold are also needed.

4. Conclusion

The P-V-T equation of state (EOS) of gold
was determined by combining new quasi-hydro-
static compression data from a diamond anvil
cell [27] and existing shock wave data [28-32].
From these data sets, the pressure derivative of
the bulk modulus, Ky, is found to be 5.0£0.2
and the logarithmic volume dependence of the
Griineisen parameter, ¢, is obtained to be 1.0*
0.1 from fitting to the Birch-Murnaghan and
Griineisen equations. Our data inversion implic-
itly includes the electronic contribution in the fit-
ted Griineisen parameter as well as the phonon
contribution.

Our P-V-T EOS shifts pressure by 1.0 GPa at
660-km depth conditions compared with Ander-
son et al.’s [18] EOS which was used in recent
in situ multi-anvil determination of the phase
boundaries [1,5,6] in the MgO-SiO; system near
the 660-km seismic discontinuity. However, even
after the correction, there remains 1.5 GPa dis-
crepancy between these studies and the 660-km
discontinuity. Other potential error sources, such
as thermocouple emf dependence on pressure or
systematic errors in spectroradiometry, should be
investigated.
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In addition to the phase boundary studies, the
gold pressure scale has been used frequently in P—
V-T measurements (e.g., MgSiOs perovskite [55]).
Thus, it is expected that the fitted parameters,
such as Griineisen parameter and ¢, will be influ-
enced by this pressure correction. A future study
(Shim and Jeanloz, manuscript in preparation)
will address this question.
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