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The NaCl pressure standard
J. Michael Browna)

Geophysics Program, University of Washington, Seattle, Washington 98195
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A revised pressure scale for NaCl is proposed as an update for the 30-year-old work of Decker. An
alternative approach to the analysis is utilized in conjunction with more recent data. The zero-Kelvin
compression curve is parameterized using local basis functions~splines! and constrained by accurate
pressure-volume-temperature data. Thermal pressures are estimated within a quasiharmonic
framework using a volume-dependent Gru¨neisen parameter and the Debye thermal energy. In the
pressure regime extending to 5 GPa uncertainties in pressure~based on measured volumes! are
estimated to be less than 1%. Uncertainty increases to 1.5% at 10 GPa and 3% at 25 GPa. The
largest contribution to systematic uncertainty at the highest pressures is the lack of knowledge of the
volume dependence of the Gru¨neisen parameter. Misfit of other calculated thermodynamic
properties with respect to data is relatively small. On the basis of the current analysis, pressures
determined using the older Decker calibration are low. Along the 300 K isotherm, apparent errors
in the Decker scale are as large as23% ~20.3 GPa at 10 GPa,20.47 GPa near 18 GPa, and20.37
GPa at 25 GPa!. At higher temperatures the apparent errors are smaller. At 1100 K and 20 GPa the
error is20.2 GPa. ©1999 American Institute of Physics.@S0021-8979~99!01922-2#

INTRODUCTION

A series of papers by Decker1–3 offered calculations for
the equation of state of NaCl as ‘‘a temporary practical pres-
sure scale.’’ In order to construct a calibration, Decker rep-
resented the ionic interaction potentials using both inverse
power law and exponential terms. Nearest neighbor and sec-
ond nearest neighbor interactions were included. He assumed
that thermal effects were entirely quasiharmonic, character-
ized by a volume-dependent Gru¨neisen parameter. The De-
bye model served to represent vibrational thermal energy.
Coefficients for dipole–dipole and dipole–quadrupole attrac-
tive terms were based on atomic polarizabilities applying the
Mayer formula.4 Other model parameters were constrained
using 1 bar data~the ambient pressure bulk modulus and
volumes as functions of temperature!. Extant high-pressure
compression data5–7 were shown to agree with the theoretical
model almost within his estimated uncertainties~1% below 5
GPa, 1.7% to 10 GPa and 2.4% to 20 GPa!.

In situations where volumes are determined by x-ray dif-
fraction ~i.e., in large-volume, multi-anvil experiments!, the
Decker scale remains a pressure calibration standard of
choice~see, for example, Ref. 8!. Furthermore, the~second-
ary! ruby scale is tied to the Decker scale since Piermarini
et al.9 calibrated ruby fluorescence wavelength shifts to 20
GPa against NaCl volumes determined by x-ray diffraction.
The ultrahigh pressure ruby calibrations10,11 use a functional
representation that forces a match to the Piermariniet al.
pressure derivative at low pressure. A reassessment of Deck-
er’s approximately 30-year-old work in light of more recent
data is therefore appropriate.

PRIOR EQUATION OF STATE STUDIES OF NaCl

Fritz et al.7 reported Hugoniot data and a calculated 300
K isotherm to 30 GPa. These results have not been super-
ceded and represent the only primary pressure-volume data
~based on an absolute determination of pressure! beyond 3
GPa. Additional articles, extending the range and accuracy
of NaCl pressure-volume-temperature~PVT! data were pub-
lished subsequent to Decker’s analysis. Here data traceable
to absolute determinations of pressure~force/unit area! are
noted. Spetzler, Sammis, and O’Connell12 reported adiabatic
elastic constants to 0.8 GPa and 800 K. These accurate data
provide strong constraints on the initial derivatives of vol-
ume with respect to pressure and temperature. One bar sound
velocities to nearly 800 K13 have validated the work of Spet-
zler, Sammis, and O’Connell. Hart and Greenwood14 re-
ported pressure derivatives of the adiabatic bulk modulus to
1.5 GPa at room temperature. On the basis of length mea-
surements of a 1-m-long crystal, Chhabildas and Ruoff15 re-
ported the pressure dependence of the bulk modulus to 0.7
GPa. An innovative experiment by Boehler and Kennedy16

gave PVT data with small absolute uncertainties in pressure
~0.4%! and in volume change~0.7%!. These data span a
range from ambient conditions to 500 °C and 3.1 GPa.
Boehler17 reported measurements of (]T/]P)s for NaCl to 5
GPa and 800 °C. One bar data to 1200 °C for thermal
expansivities18 and constant pressure heat capacities19 have
apparently not been remeasured since Decker’s work.

Birch20 proposed an eulerian finite strain equation of
state for NaCl that was optimized with respect to the high-
pressure data of Boehler and Kennedy16 and Fritzet al.7 His
25 °C isotherm gave a root-mean-square~rms! misfit of 5
MPa relative to the Boehler and Kennedy data. In contrast,
Decker’s equation of state has a rms misfit 34 MPa. In the
regime of pressure and temperature explored by the Boehlera!Electronic mail: brown@geophys.washington.edu
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and Kennedy data,16 Birch found that thermal pressure was
proportional to thermal energy. This provided high-pressure
validation of Decker’s assumptions of quasiharmonic ther-
mal behavior.

Near the maximum pressure for the NaCl calibration~30
GPa!, the isothermal equation of state given by Birch differs
by more than 1 GPa from that given by Decker. The source
of this discrepancy is worth noting. Fritzet al.7 reported two
fits to the primary NaCl shock-velocity (Us)-particle veloc-
ity (Up) data. A quadratic form was required to adequately
represent the lowest pressure data. An isotherm based on that
fit, given in their Table III, extended to a maximum pressure
of 25 GPa. At higher pressure and in a regime of extrapola-
tion, Fritzet al. recommended a linearUs-Up representation;
their Table IV gave a preferred isotherm from 20 to 30 GPa.
Birch’s Table VI, which extends to a pressure of 30 GPa,
lists densities that exactly match values calculated using the
~low pressure! quadratic representation~Fritz provided both
Birch and this author with computer generated tables that
extend to 32 GPa for both the linear and quadratic represen-
tations!. Near 30 GPa pressures differ by over 1 GPa at con-
stant volume between the linear and quadratic forms. Decker
used neither isothermal table in his analysis. Instead, he com-
pared his equation of state at elevated pressure against the
Hugoniot PVT states~with calculated temperatures! given by
Fritz et al.7

Since NaCl is the prototype ionic solid, substantial effort
has been directed at understanding contributions to its ther-
modynamics. Nonquasiharmonic contributions to thermal
pressure for NaCl have been extensively investigated. A
positive trend toCv , the constant-volume specific heat at
high temperature, has been associated with an explicit anhar-
monic correction.21,22 However, values for the temperature-
dependent bulk modulus used in these earlier analyses are
not supported by more recent data. In the current analysis
less anharmonicity is apparent in the high temperature spe-
cific heat data. Enck and Dommel18 suggested that the non-
linearity in their measurements of the coefficient of thermal
expansion at high temperature was a consequence of the
thermodynamics of Schottky defects. Wang and Reeber23 re-
cently reviewed the extensive literature on this idea. In order
for defects to make a significant contribution to thermal ex-
pansion in the modest regime of temperature extending to
1200 K, an energy of formation substantially lower than
measured is required.

CONSTRUCTION OF A NEW NaCl PRESSURE SCALE

The current work departs from Decker’s analysis in that
an arbitrary functional form is not imposed on the underlying
ionic interaction potential. Rather, the volume potential nec-
essary in a quasiharmonic model is directly determined from
the primary data. Three sets of PVT data underlie the cali-
bration. These are thermal expansivities,18 the Boehler and
Kennedy data,16 and the shock wave Hugoniot data of Fritz
et al.7 The resulting model is compared against additional
data sets.

Pressure is separated into a static~zero-Kelvin! compres-
sion component and a thermal component

P~V,T!5P0~V!1Pthermal~V,T!, ~1!

where the static pressure is given by the first volume deriva-
tive of the free energy

P052dF/dV~T50! ~2!

and thermal pressure is given in the Mie–Gru¨neisen form

Pthermal5~g/V!Evib~T/u!, ~3!

whereg, the Grüneisen parameter, is assumed temperature
independent.Evib , the Debye energy, is a function ofT/u
and the volume dependence ofu, the Debye temperature, is
given by

d ln u/d ln V52g. ~4!

Thermal pressure is subtracted from each measured
high-pressure/high temperature data point. The locus of the
resulting thermally corrected data then provides a represen-
tation of P0(V). Local basis functions~splines! are opti-
mized with respect to these data under the side constraint
that higher-order derivatives ofP0(V) be minimized~using
MATLAB function CSAPS!. In order to achieve an overall
smooth representation, lower weights were assigned to data
near the two junctions between the three data sets. In the case
of the shock wave data, Fritzet al.7 suggested that the lowest
pressure points might have larger systematic uncertainty as a
result of residual strength effects. With definition of the zero-
Kelvin compression curve in terms of spline coefficients and
a Debye model for vibrational energy, all volume-dependent
thermodynamic properties can be evaluated.

Prior utilization of shock wave data in the NaCl calibra-
tion has been thermodynamically inconsistent. Decker made
comparisons against Hugoniot PVT states reported by Fritz
et al. Birch used the 300 K isotherm of Fritzet al. that had
been reduced from the Hugoniot states. The thermodynamic
assumptions made by Fritzet al.differed from those used by
either Decker or Birch. A consistent thermodynamic assump-
tion underlies the analysis given here. Primary Hugoniot data
~subscripth! are reduced to the zero-Kelvin compression
curve

P05Ph2g/V~Eh2E0!, ~5!

whereE0 is energy along the zero-Kelvin compression curve
and the Hugoniot energy is

Eh5PhDV/2, ~6!

where DV is the volume change from the initial to final
~shock! state. SinceE0 depends on the zero-Kelvin compres-
sion curve, iteration is necessary to define the curve on the
basis of Hugoniot data.

In the current analysis, the Gru¨neisen parameter is as-
sumed to be a temperature-independent function of volume
~Fig. 1!. In order to match 1 bar thermodynamic data at high
temperature,g is set constant in the expanded region. Under
compression, the Gru¨neisen parameter is given a power-law
volume dependence that satisfies available high-pressure
thermodynamic data

g5g0~V/V0!q. ~7!
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Smoothing splines are used to join expanded and compressed
behavior. Three curves forg are plotted, corresponding to
q51, 1.45, and 2 in the compressed regime. The associated
variation of the Debye temperature@using Eq.~4!# is also
plotted in Fig. 1 asu/u0 ~whereu0 is the Debye temperature
under ambient conditions!.

The fundamentally different volume dependence of the
Grüneisen parameter in regimes of compression and expan-
sion can be rationalized on the basis of the underlying vol-
ume potential. Coulomb and inductive forces dominate in the
attractive region of the potential~high temperature expanded
states! while short-range repulsive forces dominate in com-
pression. Sinceg is controlled by high order derivatives of
the potential as a function of volume,g need not exhibit
identical behavior through the entire range of volume.

In analysis of shock wave data, the power-law exponent
for g is usually assumed to be equal to 1 with some experi-
mental justification.24 In the pressure regime below 5 GPa
static high-pressure work indicates thatq values for many
different solids typically lie between 1 and 2.25,26 Approxi-
mations for the Gru¨neisen parameter derived from the vol-
ume potential27–29are not inconsistent with the trends exhib-
ited by the power-law parameterization. However, there is no
compelling justification to rely on any empirical or theoreti-
cal extrapolation in the absence of measurement.

An optimal value forq ~giving a minimum in the misfit
to the Boehler and Kennedy data! was found to be approxi-
mately 1.45. Thus, in a regime of moderate pressureg(V) is
reasonably constrained by data. However, values forg, re-
quired to reduce the highest pressure shock wave data, are
necessarily based on extrapolation. Both the standard shock
wave assumption ofq51 and a substantially larger value of
q52 are shown in Fig. 1. These extremal values ofq are
considered later in a sensitivity test. Uncertainty ing at high

pressure contributes the largest formal uncertainty to the cur-
rent calibration.

In Fig. 2~a! the static pressure points for all three pri-
mary PVT data sets and the spline representation are shown.
Deviations of data from the fit are shown in Fig. 2~b!. An
expanded plot in Fig. 3 shows both the Boehler and Kennedy
pressures measured along eight isotherms and the thermally
corrected pressures. The success of the thermal correction in
placing all data on a common curve gives general support for
the models ofEvib andg. In Fig. 4, the integral of the zero-
Kelvin curve is shown. This is the volume potential under-
lying the thermodynamic description of NaCl. It shows
asymmetry about the potential minimum as expected on the
basis of the earlier discussion. Properties along the zero-
Kelvin curve are given in Table I. Pressures as a function of
volume and temperature are calculated and listed in Table II.
This table can be replicated using the quasiharmonic thermal

FIG. 1. Volume dependence of the Gru¨neisen parameter~solid curves! and
the Debye temperatureu/u0 ~dashed curves!. The upper curve forg repre-
sents a power-law exponent of 1 at high pressure. The middle curve hasq
51.45. The lower curve hasq52. For expanded volumes at high tempera-
ture,g is assumed constant.

FIG. 2. ~a! Experimental data reduced to the zero-Kelvin isotherm and a
spline representation of the data~solid line!. Squares are the Hugoniot data.
Filled circles are the PVT data by Boehler and Kennedy. Open circles are
the thermal expansion data.~b! Deviations of data plotted in~a! relative to
the spline representation. The same symbols as in~a! are used.
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model @Eqs.~1–4!# with parameters based on a spline inter-
polation~MATLAB function SPLINE! of entries in Table I.

UNCERTAINTIES IN THE NEW NaCl PRESSURE
SCALE

Random error can be partially accounted for on the basis
of PVT data scatter relative to the proposed calibration. The
data of Boehler and Kennedy have a rms misfit of 10 MPa.
This is approximately comparable with their estimated un-
certainties of 0.4% in pressure and 0.7% in volume. Hugo-
niot data have a standard error~2s! of about 1%~110 MPa!
at 10 GPa and 1.4%~350 MPa! near 25 GPa. When the
power-law exponent for the volume dependence ofg is
changed from the optimal value of 1.45, misfits to the Boe-
hler and Kennedy data increase by 50% for bothq51 and

q52 while the Hugoniot data are equally well fit. On this
basis, uncertainties based on random error of measurement
are estimated to expand with pressure~;0.5% at 5 GPa, 1%
at 10 GPa, 1.5% at 25 GPa!.

A test of the sensitivity of the derived equation of state
on the assumed volume dependence of the Gru¨neisen param-
eter is given in Fig. 5. The 300 K isotherm based onq
51.45 is taken as the standard. New zero-Kelvin curves,
based onq51 andq52, were calculated. The resulting 300
K isotherms were subtracted from the standard. At low pres-
sure the equation of state is nearly insensitive toq. Above 10
GPa, where only Hugoniot data constrain the calibration and
where thermal pressures become significant, systematic de-
viations increase. On the basis of Fig. 5, uncertainties of 100
MPa at 10 GPa and 600 MPa at 25 GPa are assigned. Thus,
the uncertain behavior ofg at the highest pressures is a sig-
nificant source of systematic error.

Under the assumption that errors associated with data
scatter and uncertaing values are uncorrelated, the current
analysis leads to an estimated uncertainty in the pressure
calibration of 0.5% at 5 GPa, 1.5% at 10 GPa and 3% at 25
GPa.

COMPARISONS WITH OTHER THERMODYNAMIC
DATA

Additional tests of the NaCl calibration are made using 1
bar data at high temperature and data extending to a few
GPa. Derivatives of the equation of state were evaluated nu-
merically to obtainKT , the bulk modulus at constant tem-
perature, anda, the thermal expansivity. Constant volume
heat capacitiesCv follow from the Debye model. The Gru¨n-
eisen parameter, the ratioKs /KT and constant pressure to
constant volume specific heats,Cp /Cv , are then calculated.

In Figs. 6–9 1 bar, high temperature data are considered.
At all temperatures, the adiabatic bulk modulus agrees within
1% ~Fig. 6!. The maximum 2.5% deviation of model specific

FIG. 3. The primary PVT data of Boehler and Kennedy~open circles! and
reduced to zero-Kelvin curve~filled circles!.

FIG. 4. The volume potential implicit in the zero-Kelvin compression curve.
The zero of the energy scale was arbitrarily chosen for figure.

TABLE I. Properties of NaCl on the zero-Kelvin compression curve.

V(cc/gm) P(GPa) KT(GPa) K8 g u

0.3143 23.12 112.61 2.69 0.93 446
0.3256 19.33 101.76 3.01 0.98 431
0.3369 16.03 91.44 3.25 1.03 417
0.3482 13.17 81.82 3.48 1.08 402
0.3595 10.70 72.95 3.70 1.13 388
0.3709 8.57 64.88 3.85 1.19 375
0.3822 6.73 57.71 3.95 1.24 361
0.3935 5.14 51.28 4.19 1.29 348
0.4048 3.77 45.35 4.47 1.35 336
0.4161 2.60 39.98 4.64 1.40 323
0.4274 1.59 35.41 4.27 1.46 311
0.4387 0.71 31.64 4.59 1.51 299
0.4500 20.05 27.77 5.68 1.55 288
0.4613 20.69 23.93 6.05 1.59 277
0.4726 21.23 20.61 6.44 1.62 266
0.4839 21.68 17.52 7.29 1.63 256
0.4953 22.05 14.66 8.10 1.63 247
0.5066 22.35 12.16 8.41 1.63 238
0.5179 22.59 10.12 8.06 1.63 229
0.5292 22.80 8.62 6.50 1.63 221
0.5405 22.97 7.76 3.16 1.63 214
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TABLE II. Equation of state for NaCl. Temperature~Kelvin! are given across the top of the table. Volumes and volume compressions are given in the first
two columns. All other entries are pressures~GPa! at the specified volume and temperature.

Volume
~cc/gm! (V02V)/V0 300 400 500 600 700 800 900 1000 1100 1200

0.3143 0.3197 23.68 23.91 24.15 24.40 24.64 24.89 25.14 25.39 25.64 25.90
0.3166 0.3147 22.88 23.11 23.36 23.60 23.85 24.10 24.35 24.60 24.85 25.11
0.3188 0.3100 22.10 22.34 22.58 22.83 23.08 23.33 23.58 23.83 24.09 24.34
0.3211 0.3050 21.35 21.59 21.83 22.08 22.33 22.58 22.83 23.08 23.34 23.59
0.3233 0.3002 20.62 20.85 21.10 21.35 21.60 21.85 22.10 22.36 22.61 22.87
0.3256 0.2952 19.90 20.14 20.39 20.64 20.89 21.14 21.39 21.65 21.90 22.16
0.3279 0.2903 19.21 19.45 19.69 19.94 20.20 20.45 20.70 20.96 21.22 21.47
0.3301 0.2855 18.53 18.77 19.02 19.27 19.52 19.78 20.03 20.29 20.55 20.80
0.3324 0.2805 17.87 18.12 18.37 18.62 18.87 19.13 19.38 19.64 19.90 20.16
0.3347 0.2755 17.24 17.48 17.73 17.98 18.24 18.49 18.75 19.01 19.27 19.53
0.3369 0.2708 16.62 16.86 17.11 17.36 17.62 17.88 18.14 18.39 18.65 18.91
0.3392 0.2658 16.01 16.26 16.51 16.76 17.02 17.28 17.54 17.80 18.06 18.32
0.3414 0.2610 15.43 15.67 15.93 16.18 16.44 16.70 16.96 17.22 17.48 17.74
0.3437 0.2561 14.86 15.11 15.36 15.62 15.87 16.13 16.39 16.66 16.92 17.18
0.3460 0.2511 14.31 14.55 14.81 15.07 15.33 15.59 15.85 16.11 16.37 16.63
0.3482 0.2463 13.77 14.02 14.27 14.53 14.79 15.05 15.32 15.58 15.84 16.10
0.3505 0.2413 13.25 13.50 13.75 14.01 14.27 14.54 14.80 15.06 15.33 15.59
0.3528 0.2364 12.74 12.99 13.25 13.51 13.77 14.03 14.30 14.56 14.83 15.09
0.3550 0.2316 12.25 12.50 12.76 13.02 13.28 13.55 13.81 14.08 14.34 14.61
0.3573 0.2266 11.78 12.03 12.29 12.55 12.81 13.07 13.34 13.61 13.87 14.14
0.3595 0.2219 11.31 11.56 11.82 12.09 12.35 12.62 12.88 13.15 13.42 13.68
0.3618 0.2169 10.86 11.12 11.38 11.64 11.90 12.17 12.44 12.71 12.97 13.24
0.3641 0.2119 10.43 10.68 10.94 11.21 11.47 11.74 12.01 12.27 12.54 12.81
0.3663 0.2071 10.00 10.26 10.52 10.78 11.05 11.32 11.59 11.86 12.13 12.40
0.3686 0.2022 9.59 9.85 10.11 10.38 10.64 10.91 11.18 11.45 11.72 11.99
0.3709 0.1972 9.19 9.45 9.71 9.98 10.25 10.52 10.79 11.06 11.33 11.60
0.3731 0.1924 8.81 9.06 9.33 9.60 9.86 10.13 10.41 10.68 10.95 11.22
0.3754 0.1874 8.43 8.69 8.95 9.22 9.49 9.76 10.03 10.31 10.58 10.85
0.3776 0.1827 8.06 8.32 8.59 8.86 9.13 9.40 9.67 9.95 10.22 10.49
0.3799 0.1777 7.71 7.97 8.24 8.51 8.78 9.05 9.33 9.60 9.87 10.15
0.3822 0.1727 7.37 7.63 7.90 8.17 8.44 8.71 8.99 9.26 9.54 9.81
0.3844 0.1680 7.03 7.30 7.56 7.84 8.11 8.38 8.66 8.93 9.21 9.48
0.3867 0.1630 6.71 6.97 7.24 7.51 7.79 8.06 8.34 8.61 8.89 9.17
0.3889 0.1582 6.39 6.66 6.93 7.20 7.48 7.75 8.03 8.31 8.58 8.86
0.3912 0.1532 6.09 6.35 6.63 6.90 7.17 7.45 7.73 8.01 8.28 8.56
0.3935 0.1483 5.79 6.06 6.33 6.61 6.88 7.16 7.44 7.72 7.99 8.27
0.3957 0.1435 5.50 5.77 6.04 6.32 6.60 6.88 7.15 7.43 7.71 7.99
0.4003 0.1336 4.95 5.22 5.50 5.78 6.06 6.33 6.62 6.90 7.18 7.46
0.4048 0.1238 4.44 4.71 4.99 5.26 5.55 5.83 6.11 6.39 6.67 6.96
0.4093 0.1141 3.95 4.22 4.50 4.78 5.07 5.35 5.63 5.92 6.20 6.49
0.4138 0.1043 3.49 3.77 4.05 4.33 4.62 4.90 5.19 5.47 5.76 6.04
0.4184 0.0944 3.07 3.34 3.62 3.91 4.19 4.48 4.77 5.05 5.34 5.63
0.4229 0.0846 2.66 2.94 3.22 3.51 3.80 4.08 4.37 4.66 4.95 5.24
0.4274 0.0749 2.28 2.56 2.85 3.13 3.42 3.71 4.00 4.29 4.58 4.87
0.4319 0.0652 1.92 2.20 2.49 2.78 3.07 3.36 3.65 3.94 4.23 4.52
0.4364 0.0554 1.58 1.86 2.15 2.44 2.73 3.02 3.31 3.60 3.89 4.19
0.4432 0.0407 1.10 1.39 1.68 1.97 2.26 2.55 2.84 3.13 3.43 3.72
0.4500 0.0260 0.67 0.95 1.24 1.53 1.82 2.12 2.41 2.70 3.00 3.29
0.4568 0.0113 0.27 0.56 0.85 1.14 1.43 1.72 2.01 2.31 2.60 2.90
0.4613 0.0015 0.03 0.32 0.60 0.89 1.19 1.48 1.77 2.06 2.36 2.65
0.4636 20.0035 20.09 0.20 0.49 0.78 1.07 1.36 1.65 1.95 2.24 2.53
0.4681 20.0132 20.02 0.27 0.56 0.85 1.14 1.43 1.72 2.01 2.31
0.4726 20.0229 0.06 0.35 0.64 0.93 1.22 1.51 1.80 2.09
0.4772 20.0329 20.13 0.15 0.44 0.73 1.02 1.31 1.60 1.89
0.4817 20.0426 20.03 0.25 0.54 0.83 1.11 1.40 1.69
0.4862 20.0524 0.08 0.36 0.65 0.93 1.22 1.50
0.4930 20.0671 20.16 0.12 0.40 0.68 0.96 1.25
0.4988 20.0818 20.10 0.17 0.45 0.73 1.01
0.5088 20.1013 20.09 0.18 0.46 0.73
0.5179 20.1210 20.05 0.22 0.48
0.5269 20.1405 0.01 0.27
0.5360 20.1602 20.18 0.08
0.5405 20.1699 20.01
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heats from measurement~Fig. 7! could be interpreted either
as an indication of a small~negative! anharmonic contribu-
tion, or as a defect in the current model parameterization, or
as a slight error in measurement. The 1 bar thermal expan-
sivities nearly match experiment~Fig. 8!. The thermody-
namic Grüneisen parameter (g5aVCp /Ks) ~plotted in Fig.
9! is nearly temperature independent and almost matches the
quasiharmonicg used to construct the calibration. The small
difference between the derived and quasiharmonicg is likely
due to the accumulation of numerical error.

High-pressure data are plotted in Figs. 10, 11, and 12. In
Fig. 10, the adiabatic bulk modulus at 300 and at 800 K to 1

GPa is matched to within 2%. The adiabatic temperature
changes (]T/]Ps5Tg/Ks) measured by Boehler17 to 5 GPa
and to 1100 K are plotted Fig. 11. At 300 K the data are in
accord with the model. A systematic offset of about 20% at
high pressure and elevated temperature argues that Boehler’s
]T/]Ps data are not wholly consistent with the PVT data of
Boehler and Kennedy. Boehler17 proposed a value forq, the
power-law exponent ofg, of 2 in order to fit the data shown
in Fig. 11. However,g and Ks are not thermodynamically
independent. Within the context of the current quasihar-
monic analysis,Ks changes in proportion withg such that
]T/]Ps is independent of the exponentq. If the PVT data are
not in error, systematic bias in the]T/]Ps measurements
must be considered.

FIG. 5. Sensitivity of model pressures on the assumed volume dependence
of the Grüneisen parameter. The equation of state for NaCl using the power-
law exponentq51.45 is taken as the standard. Two curves represent devia-
tions from the standard as a result ofq51 andq52.

FIG. 6. Comparisons of the model adiabatic bulk modulus as a function of
temperature at 1 bar. Filled circles are from Spetzler, Sammis, and
O’Connell. Asterisks are from Yamamoto and co-workers. Solid lines are
model predictions.

FIG. 7. Comparisons of the model specific heat at constant volume as a
function of temperature at 1 bar. Filled circles are from the JANF Tables.
The solid line is the model prediction.

FIG. 8. Comparisons of the model thermal expansivities as a function of
temperature at 1 bar. Filled circles are from Enck and Dommel. The solid
line is the model prediction.
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The pressure derivative of the adiabatic bulk modulus
(K85dKs /dP) shown in Fig. 12, representing a second de-
rivative of the compression curve, is a most severe test of the
current analysis. Joins between the three primary data sets
are evident in this representation. Small discontinuities in the
second derivative of the compression curve~implicit in the
data! are observed at 0 GPa and at 3 GPa. Nonlinear system-
atic errors in measurements could rationalize this behavior,
with little consequence for the pressure calibration. How-
ever, the nonmonotonic behavior shown in Fig. 12 makes
detailed comparisons with experiment problematic.

Measured values ofK8 appear to lie on the appropriate
trend suggested by a visual smoothing of the model. In the
regime of large volumes, where the calibration depends en-

tirely on the thermal expansion data,K8 has a maximum
value near 8. BothK8 and its derivativedK8/dP change
significantly in the low-pressure regime to 5 GPa. Experi-
mental determination ofdK8/dP is an exacting task and the
uncertainties in measurements are typically large. However,
data shown in Fig. 12 are in reasonable accord with the pre-
dictions. With data extending to less than 1 GPa, Chhabildas
and Ruoff15 reported dK8/dP521 GPa21 and Spetzler,
Sammis, and O’Connell12 gave a value of20.9 GPa21. The
experiment by Hart and Greenwood14 extending to 1.5 GPa
resulted in dK8/dP520.34 GPa21. The trend towards
smaller values ofdK8/dP for data obtained over a greater
pressure range is in accord with the features ofK8 shown in
Fig. 12.

FIG. 9. Comparisons of the model Gru¨neisen parameter as a function of
temperature at 1 bar. Filled circles are evaluated from the thermodynamic
data asaKsV/Cp . The solid line is the model prediction.

FIG. 10. Comparisons of the model adiabatic bulk modulus at high pressure
with 300 and 800 K data from Spetzler, Sammis, and O’Connell. Solid lines
are model predictions.

FIG. 11. Comparisons of the model with thedT/dPs measurements at 300,
500, and 1100 K from Boehler. Solid lines are model predictions.

FIG. 12. Comparisons of the model pressure pressure ofK85dKs /dP at
300 K. Filled circles are from Spetzler, Sammis, and O’Connell. Filled
squares are from Hart and Greenwood. The solid line is the model predic-
tion.
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COMPARISON OF THE CURRENT CALIBRATION
WITH THE DECKER SCALE

The difference between the current equation of state for
NaCl and that given by Decker is shown in Fig. 13 for iso-
therms at 300, 700, and 1100 K. At room temperature and at
all pressures, Decker’s work gives lower pressures for a
given volume than suggested by the current analysis. At 300
K, the 0.3 GPa difference in pressure at 10 GPa~3%! lies on
the edge of the mutual estimated uncertainties. At higher
pressure, the deviation appears to reach a maximum value of
0.47 GPa near 18 GPa~2.5%! and to decrease to 0.37 GPa at
25 GPa~1.5%!. Decker’s isotherms at higher temperatures
deviate less from the current work. The 1100 K isotherms are
nearly identical to almost 10 GPa. At 20 GPa and 1100 K the
deviation approaches 1%.

CONCLUSION

A recalibration of the NaCl pressure scale is accom-
plished using primary high-pressure data. A quasiharmonic
analysis is shown to provide a thermodynamically consistent
description of the measured properties over a wide range of
temperature and pressure. The most compelling interpreta-
tion is that all data support a calibration that is systematically

at a higher pressure for a given volume than estimated using
the Decker scale. At room temperature, the Decker scale is
systematically in error by 3% at 10 GPa. If only the Hugo-
niot data gave evidence of a systematic error, it would be
possible to invoke uncertainty ing as an explanation. How-
ever, in the pressure regime to 3 GPa, the more accurate
primary data of Boehler and Kennedy reinforce the deviation
trend evident at still higher pressure.
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