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Our ability to interpret seismic observations including the seismic
discontinuities and the density and velocity profiles in the earth’s
interior is critically dependent on the accuracy of pressure mea-
surements up to 364 GPa at high temperature. Pressure scales
based on the reduced shock-wave equations of state alone may
predict pressure variations up to 7% in the megabar pressure range
at room temperature and even higher percentage at high temper-
ature, leading to large uncertainties in understanding the nature of
the seismic discontinuities and chemical composition of the earth’s
interior. Here, we report compression data of gold (Au), platinum
(Pt), the NaCl-B2 phase, and solid neon (Ne) at 300 K and high
temperatures up to megabar pressures. Combined with existing
experimental data, the compression data were used to establish
internally consistent thermal equations of state of Au, Pt, NaCl-B2,
and solid Ne. The internally consistent pressure scales provide
a tractable, accurate baseline for comparing high pressure–
temperature experimental data with theoretical calculations and
the seismic observations, thereby advancing our understanding
fundamental high-pressure phenomena and the chemistry and
physics of the earth’s interior.

diamond-anvil cell � high-pressure research � pressure calibration �
thermodynamics � x-ray diffraction

The earth has a layered internal structure with distinct bound-
aries. The boundaries of the five main layers (the upper

mantle, the transition zone, the lower mantle, the liquid outer
core, and the solid inner core) are well defined by the observed
seismic velocity discontinuities at depths of 400, 670, 2,891, and
5,149 km (corresponding to pressures of 13.4, 23.8, 135.8, and
328.9 GPa, respectively) in a global average preliminary refer-
ence earth model (PREM) (1). The interpretation of these
discontinuities requires experimental investigations of earth
materials at high pressure and temperature. The seismic discon-
tinuities near 400 and 670 km depth are commonly associated
with the mineralogical phase transformations of (Mg,Fe)2SiO4
from �-olivine to �-phase (wadsleyite) and from �-spinel (ring-
woodite) to (Mg,Fe)SiO3-perovskite plus (Mg,Fe)O-magnesio-
wüstite, respectively (2). With the rapid increase in the use of
broadband seismometers and seismic arrays, seismologists have
been able to determine the depths of the 400- and 670-km
discontinuities and their lateral variation with increasingly finer
resolutions (3). To correlate the observed seismic variability with
the compositional and thermal variations in the mantle, we have
to be able to determine mantle phase transitions with high
accuracy, better than 1% in pressure determination (i.e., �0.25
GPa at 25 GPa). Similarly, it is critically dependent on the
accuracy in pressure determination whether or not the recently
discovered postperovskite transition (4, 5) indeed occurs at the
base of the lower mantle and accounts for a number of seismic
anomalies observed in the D� region. Because the D� layer is
observed in a narrow depth interval, corresponding to pressures
from 127 to 136 GPa, pressure uncertainties greater than 7% in
experiments would have placed the transition boundary entirely
outside the D� layer.

Accurate determination of pressure is also important for
understanding the composition and temperature of the earth’s
core and fundamental high-pressure phenomena through com-
parison of theoretical and experimental results. At a practical
level, internally consistent pressure scales are critical for com-
parisons of high-pressure results produced in different labora-
tories by using different experimental and analytical techniques.
Recently, studies of the equation of state of iron at core pressures
(6–8) illustrated the importance of pressure determination in
the multimegabar pressure range (up to 300 GPa): The use of
different pressure scales could lead to significantly different
estimates of the density deficit in the inner core, thereby
different inference of its chemistry.

Recent advances in synchrotron radiation and high-pressure
techniques have significantly increased the capacity for acquiring
high-quality experimental data over a wide pressure–
temperature (P-T) range. With a high volume of high-pressure
experimental data output from synchrotron facilities, there is an
urgent need to establish reliable practical and absolute pressure
scales. The ruby luminescent pressure gauge has been adopted
as a practical pressure scale for pressure determination in a
diamond-anvil cell at room temperature. The Mao ruby scale (9)
has been widely used for pressure determination under hydro-
static conditions. The scale was calibrated up to 80 GPa by using
reduced shock-wave equations of state of Cu and Ag, proposed
by Carter et al. (10). There are increasing evidences that the Mao
ruby scale underestimates pressures, particularly above 40 GPa,
based on a comparison of recent x-ray diffraction data for metal
standards such as Au, Pt, Ta, W, Cu, and Al with their reduced
shock-wave equations of state (11, 12) and the equation of state
of diamond (13–16). A recent study on pressure calibration by
combining the available shock-wave, ultrasonic, x-ray diffrac-
tion, and thermochemical data for a number of pressure stan-
dards comes to a similar conclusion (17).

Much of the discrepancy in the ruby scale can be traced back
to the lack of internal consistency among different metal pres-
sure scales based on the reduced shock-wave equations of state
of the metal standards. It has been demonstrated that different
pressure standards which were subjected the same pressure
condition predict significantly different pressures, based on their
reduced shock-wave equations of state (11). Similar discrepancy
was documented in multianvil experiments under simultaneous
high P-T conditions (18). Platinum (Pt) and gold (Au) are widely
used as internal pressure standards in in situ x-ray diffraction
measurements at high pressure because of their intense diffrac-
tion peaks, low chemical reactivity, and high crystal symmetry.
Recent x-ray diffraction data (11) indicate that the pressure
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derived from Holmes Pt scale is �7% higher than that from some
of the commonly used Au scales (19–21) at 100 GPa and ambient
temperature. The discrepancy is even larger when the Au scales
of Shim et al. (22) and Fei et al. (18) were used, whose room
temperature equation of state was based on the x-ray diffraction
data of Takemura (23).

The discrepancy between the Au and Pt scales at room
temperature is the main source of uncertainty in establishing the
ruby scale (11) and in comparisons of experimental data using
Au or Pt as the internal calibrant. It also contributes to the
uncertainties in determining the thermal equations of state of
Au and Pt, which are widely used to determine pressures at high
temperature. In this study, we report experimental data on Au
and Pt as pressure calibrants and propose internally consistent
P-V-T thermal equations of state of Au and Pt. In addition, we
report in situ x-ray diffraction measurements of neon (Ne) and
NaCl up to megabar pressures at room temperature and high
temperature. Having analyzed our experimental data and cross-
checked them with other pressure scales, we propose two Ne and
NaCl-B2 pressure scales that are consistent with the Pt and Au
pressure scales and the ruby pressure gauge as well. These
pressure scales will significantly improve pressure determination
at room and high temperatures and provide an internally con-
sistent high-pressure database.

Results and Discussion
The validity of the Au pressure scale proposed by Anderson et
al. (19) was questioned because the postspinel phase transition
boundary determined by using the Anderson Au scale occurs at
a pressure corresponding to a depth that is much shallower than
the 660-km seismic discontinuity in the earth’s mantle (24–26).
Several recent studies (17, 22, 26–29) reevaluated the P-V-T
equation of state of Au based on the existing experimental data
and theoretical calculations. One noticeable difference among
these Au scales is the equation of state at reference temperature
(300 K). The reported pressure derivative of bulk modulus (K�0 �
dK0/dP) varies from 5.0 to 6.2 with a fixed bulk modulus (K0) of
167 GPa (11), leading to very large uncertainty in pressure
determination at high pressure. The recent x-ray diffraction data
on Au in He pressure medium by Takemura (23) and Dewaele
et al. (11), based on the ruby scale of Mao et al. (9), yielded K�0

values of 5.0 and 5.5, respectively, by fitting the data to a
third-order Birch–Murnaghan equation of state,

P300K � 3/2K0�� V0/V�7/3	 � �� V0/V�5/3	
1 � 3/4�4 � K�0�

� �� V0/V�2/3 � 1	� . [1]

Several recently proposed ruby scales (11, 14–17, 30) converge
to a scale based on the W reduced shock-wave equation of state
(11), which predicts pressures �4% higher than the widely used
Mao ruby scale at 100 GPa. When using the new ruby scale of
Dewaele et al. (11), the best-fitted K�0 value is 5.77 for the data
set of Dewaele et al. (11). It is worth emphasizing that the bulk
modulus and its pressure derivative in the Birch–Murnaghan
equation of state are not interchangeable with those in the Vinet
equation of state (31) used more commonly in the high-pressure
physics community. The same data set of Dewaele et al. (11)
yields a K�0 value of 6.0 with K0 � 167 GPa, by fitting the data to
the Vinet equation of state,

P300K � 3K0� V /V0�
�2/3�1 � � V /V0�

1/3	exp
1.5�K�0 � 1�

� �1 � � V /V0�
1/3	� . [2]

We obtained x-ray diffraction data on Au in Ne pressure
medium with laser-heating annealing up to 89 GPa. The data are
shown in Fig. 1, together with the data of Dewaele et al. (11). The
two data sets are in excellent agreement, reproduced by Vinet
equation of state with K0 � 167 GPa and K�0 � 6.0 (Table 1). The
pressures in this study were calculated from the new ruby scale
of Dewaele et al. (11) that produces more consistent results in
comparison with other pressure scales. Fig. 1 also shows the x-ray
diffraction data of Au from Hirose et al. (32) with pressures
determined by using the MgO scale of Speziale et al. (33). The
room temperature datum plots right on the best-fitted compres-
sion curve (Fig. 1).

The choice of the equation of state at reference temperature
(300 K) is critical for determining the model parameters of the
thermal equation of state from the measured thermal pressures
(Pth � PT,V � P300K). Fei et al. (18) derived the Debye temper-
ature (�0), Grüneisen parameter (�0) and its volume dependence
(q) for Au, by fitting the experimental P-V-T data to the
Mie–Grüneisen relation,

Pth � � /V�E�T , �D� � E�300 K, �D�	 , [3]

where � � �0(V/V0)q and �D � �0(V/V0)��. The harmonic internal
energy E(T, �D) is calculated from the Debye model (34). The
model was based on Takemura’s (23) room-temperature com-
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Fig. 1. Calculated isothermal compression curves of Au at 300, 1,473, and
2,173 K, compared with experimental data. The 300-K data of this study (open
circles) and Dewaele et al. (11) (crosses) are based on the ruby scale of Dewaele
et al. (11), where the 300-K datum of Hirose et al. (32) (open triangle) is based
on the MgO scale of Speziale et al. (33). The pressures of the high-temperature
data at 1,473 K (filled circles) (18), 2,173 K (filled squares) (18), and 1,340 and
2,330 K (open triangles) (32) are calculated from the MgO scale of Speziale et
al. (33).

Table 1. Model parameters for the equations of state of NaCl-B2,
Solid Ne, Au, and Pt

Parameters NaCl-B2* Ne* Au† Pt‡

V0, Å3 41.35 88.967 67.850(4) 60.38(1)
K0T, GPa (Vinet) 26.86(2.90) 1.16(14) 167 277
K�0T (Vinet) 5.25(26) 8.23(31) 6.00(2) 5.08(2)
K0T, GPa (B-M) 30.69(2.90) 1.43(14) 167 277
K�0T (B-M) 4.33(26) 8.02(31) 5.77(2) 4.95(2)
�0, K 290 75.1 170 230
�0, 1.70 2.05 2.97(3) 2.72(3)
q0 0.5(3) 0.6(3) 0.6(3) 0.5(5)

B-M, Birch–Murnaghan.
*This study. The V0, �0, and �0 values for the NaCl-B2 phase and solid Ne are
adopted from Bukuwinski and Aidun (42) and Finger et al. (47), respectively.

†Optimized from the experimental data of Dewaele et al. (11), Fei et al. (18),
and this study.

‡Optimized from the experimental data of Dewaele et al. (11) and Fei et al. (18).
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pression data, which yield a lower K�0 value in comparison to the
value derived from the data of Dewaele et al. (11) and this study,
thereby underestimating pressure at room temperature and
overestimating the thermal pressure. Refitting the P-V-T data of
Fei et al. (18) and Hirose et al. (32) to the Mie–Grüneisen
relation yields a q value of 0.6 with �0 � 2.97 and �0 � 170 K
(Table 1).

The Pt scales of Jamieson et al. (35) and Holmes et al. (36)
predict higher pressures than any other metal pressure scales
based on their reduced shock-wave equations of state (11). To
establish consistent pressure scales among different metal stan-
dard, we propose a Pt scale by fitting the room-temperature
compression data of Dewaele et al. (11) and the P-V-T data of
Fei et al. (18) to the thermal equation of state describe above.
The fitted model parameters are listed in Table 1. The P-V-T
data of Fei et al. (18) were recalculated according to the Au scale
of this study. The Pt scale is consistent with the proposed Au
scale and the ruby scale of Dewaele et al. (11). In comparison,
the Pt scale of Holmes et al. (36) overestimates pressures by 4
GPa at a pressure of 100 GPa at room temperature (Fig. 2).

Neon (Ne) and NaCl are commonly used as pressure-
transmitting media in diamond-anvil cell experiments. We have
obtained compression data of solid Ne and the NaCl-B2 phase
to pressures over 100 GPa at room temperature and 1,000 K,
using ruby, Pt, and Au as pressure calibrants. Fig. 3 shows the
compression data of the NaCl-B2 phase at 300 K, together with
data from recent studies (37, 38). We obtained x-ray diffraction
data up to 107 GPa using Pt as the pressure standard. All
compression data were collected after laser-annealing to �1,600
K. Our data are in an excellent agreement with those of Sata et
al. (37) and Ono et al. (38), who also used the laser-annealing
technique to reduce the nonhydrostatic stress in the sample
chamber and used MgO and Au as the internal pressure stan-
dards, respectively. There is a remarkable agreement among the
three data sets, further strengthening the consistency among the
Pt and Au scales of this study and the MgO scale of Speziale et
al. (33). Compression data from two earlier studies (39, 40) are
much scattered, which may be attributed to the large deviatoric
stress in these experiments.

A least-squares fit of Vinet equation of state to the compres-
sion data of the NaCl-B2 phase yielded K0 of 26.86 (�2.90) GPa

and K�0 of 5.25 (�0.26), with an initial volume (V0) of 41.35 Å3.
A fit of the third-order Birch–Murnaghan equation of state to
the same data yielded K0 of 30.69 (�2.90) GPa and K�0 of 4.33
(�0.26), with fixed V0. In general, the Vinet equation of state
gives a better representation of the data over a large compression
range (41). The NaCl data cover a range up to 50% volume
compression. The best-fitted experimental compression curve is
in an excellent agreement with the theoretical predictions (42,
43), resolving the long-standing discrepancy between the theo-
retically calculated equation of state and the experimental
compression data for the NaCl-B2 phase.

The compression data of the NaCl-B2 phase at 1,000 K were
obtained by combining the synchrotron x-ray diffraction and
externally heated diamond-anvil cell techniques (44). Fig. 4
shows experimental data collected during the decompression
from 98 to 34 GPa while the sample was maintained at a constant
temperature of 1,000 K. The pressures were determined from the
measured unit cell parameters of Pt based on the Pt pressure
scale of this study. We obtained the thermal equation of state of
the NaCl-B2 phase by fitting the data to the Mie–Grüneisen
relation. The optimized thermal parameters are listed in Table
1. A comparison of the isothermal compression curves at 300 K
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Fig. 2. Calculated isothermal compression curves of Pt at 300, 1,473, and
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and 1,000 K indicates a rather small thermal expansivity at high
pressure for the NaCl-B2 phase (Fig. 4). The result is consistent
with the theoretical calculations that showed similar pressure
dependence of the thermal expansivity (43). The thermal be-
havior of the NaCl-B2 phase is ideal for using the NaCl-B2 phase
as a pressure calibrant at high temperature because the small
thermal expansivity at high pressure will reduce the uncertainties
in pressure determination under simultaneous high P-T conditions.

The compression behavior of solid Ne has been investigated
up to 110 GPa at room temperature, using ruby and W as the
internal pressure standards (45). The pressures determined from
the reduced shock-wave equation of state of W are �5% higher
than pressures from the ruby scale of Mao et al. (9). The W
pressure scale is more consistent with the new ruby scale
proposed by Dewaele et al. (11), as discussed by Hemley et al.
(46). We obtained the compression data of solid Ne up to 61 and
115 GPa using Pt and Au, respectively, as the internal pressure
standards. Both data sets are in a good agreement (Fig. 5),
demonstrating again the consistency of our Au and Pt scales. Our
room-temperature data are in a better agreement with the
equation of state of solid Ne determined by Hemley et al. (45)
based on the W scale or the new ruby pressure scale of Dewaele
et al. (11) (Fig. 5), further demonstrating the consistency among
our Au and Pt pressure scales, the W scale, and the ruby pressure
scale of Dewaele et al. (11). A least-squares fit of the Vinet
equation of state to all room-temperature compression data
(refs. 45 and 47, and this study) yielded K0 of 1.16 (�0.14) GPa
and K�0 of 8.23 (�0.31), with an initial volume (V0) of 88.967 Å3.
A fit of the third-order Birch–Murnaghan equation of state to
the same data yielded K0 of 1.43 (�0.14) GPa and K�0 of 8.02
(�0.31), with fixed V0. Combining the compression data at 1,000
K, we established the thermal equation of state of solid Ne with
the optimized thermal parameters listed in Table 1.

The thermal equations of state of the NaCl-B2 phase and solid
neon established in this study were based on high-quality com-
pression data up to 1,000 K over a wide compression range.
There is a remarkable consistency among the room-temperature
data collected with different internal pressure standards under
conditions close to hydrostatic environment by He or Ne media
and by laser-annealing in soft media such as NaCl and Ne. The
high-temperature data were collected under a uniform, stable
heating environment with accurate temperature measurements.
The agreement reflects the self-consistency among the ruby

scale (11), the refined Pt and Au pressure scales of this study, and
the proposed NaCl-B2 and Ne scales. Because NaCl and Ne are
widely used as pressure media in the high P-T experiments,
the use of the NaCl-B2 and Ne scales will significantly enrich
the high P-T database and provide a crosscheck on pressure
determination.

The accuracy of the Mao et al. (9) ruby scale has been
independently evaluated by direct pressure measurements using
the Brillouin scattering and x-ray diffraction techniques (48).
The result indicated that the quasihydrostatic ruby scale is
accurate within 2% up to the maximum pressure (55 GPa) of the
measurements. Recent studies (11–17) suggested that the qua-
sihydrostatic ruby scale significantly underestimates pressures
above 40 GPa. Our experimental data also indicate that the new
ruby scale of Dewaele et al. (11) provides a better agreement on
the 300-K compression data of Au, Pt, NaCl-B2 phase, and solid
Ne, compared with multiple pressure scales including MgO, Au,
and Pt. More importantly, we have established a set of internally
consistent pressure scales that can be used to determine phase
transition boundaries and equations of state of solids at high
temperature, which provide a tractable baseline for comparing
the high P-T experimental data with the seismic observations
including the depths of seismic discontinuities and density
profile in the earth’s interior. This internally consistent approach
is a first, necessary step toward a solution in dealing with the
growing amount of published high P-T data. Ultimately this must
rely on the establishment of an absolute pressure scale based on
self-consistent equation of state measurements by simultaneous
x-ray diffraction and acoustic measurements.

Methods
We conducted three static compression experiments at the
GSECARS 13-ID-D beamline (Advanced Photon Source, Ar-
gonne National Laboratory), using either an externally heated
diamond-anvil cell or a symmetric diamond-anvil cell. The first
experiment was designed to check the equation of state of Au by
using ruby as the pressure calibrant. High pressures were gen-
erated between two gem-quality single-crystal diamonds with a
brilliant cut. We used Ne as the pressure medium and a small
ruby sphere as the pressure calibrant. The second experiment
was designed to determine the P-V-T equation of state of NaCl
by using Pt as the internal standard. Beveled anvils with 200-�m
culet were used to generate pressures over 100 GPa. The Pt
powder mixed with an iron-free silicate perovskite sample was
sandwiched between NaCl layers, loaded into a 100-�m-
diameter sample chamber in a preindented Re gasket (22-�m
thickness). The third experiment was aimed to obtain P-V-T data
of solid Ne while Ne was used as a pressure medium, using Pt and
Au as the internal standards, respectively. Both 300-�m flat and
100-�m beveled diamond anvils were used in the experiments. A
mixture of Pt powder and iron-free silicate perovskite was loaded
into a sample chamber (150 �m in diameter by 35 �m in
thickness) drilled from a preindented Re gasket, whereas a
mixture of Au powder and silicate perovskite was loaded into a
60-�m diameter sample chamber in a preindented Re gasket
(23-�m thickness) by using the beveled anvils. Only one-third of
the chamber volume was filled with the sample. The sample
chamber was then filled with Ne gas at 200 MPa in a high-
pressure gas-loading device (49) and subsequently sealed at
pressures above 1 GPa.

To reduce the deviatoric stress in the sample chamber, we
annealed the samples by laser-heating to �1,600 K. X-ray
diffraction data of the samples were obtained after each laser-
annealing. The diffraction peaks are sharpened with improved
least-squares fit of cell parameters from different hkl diffraction
peaks after the annealing. Although Ne serves as an excellent
quasihydrostatic pressure medium, the sample was also laser-
annealed at each pressure to further minimize the deviatoric
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stress. Stable high temperatures up to 1,000 K were achieved by
an external resistance-heater system around the diamond anvils
in a mildly reducing atmosphere (Ar with 1% H2) (44). The
temperatures were measured with a Pt-Pt 10% Rh thermocouple.

Intense monochromatic synchrotron x-radiation, with a fixed
wavelength of 0.3311 Å, was used for angle-dispersive x-ray
diffraction measurements. A highly collimated x-ray beam (6 
7 �m) was aligned with the center of the sample chamber in the
diamond-anvil cell. The diffraction patterns of the samples were
recorded with a high-resolution Mar (Evanston, IL) CCD area
detector and then processed with FIT2D software (www.esrf.fr/
computing/scientific/FIT2D). The detector tilting and the dis-

tance between the sample and detector were calibrated against
the known lattice parameters of CeO2. The lattice parameters of
the samples were determined by fitting the observed diffraction
peaks.
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