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ABSTRACT

Molecular dynamics simulations of CO,-H,O mixtures have been made at X, of 0.25,
0.5, and 0.75 using the TIP4P and MSM3 intermolecular potentials. At approximately
400 °C and at pressures between 2 and 5 kbar the predicted excess volumes of about 1-2
cm?/mol agree very well with the available experimental data. Although excess volumes
rapidly decrease with pressure, at both 400 and 1200 °C the simulations predict that
significant excess volumes of about 0.5 ¢cm3/mol persist to pressures of over 20 kbar. In
addition, the MD simulations predict only a small decrease in excess volumes as temper-

ature is increased from 400 to 1200 °C.

INTRODUCTION

The thermodynamic properties of fluids such as CO,
and H,O are of fundamental importance to Earth scien-
tists. These fluids profoundly influence melting temper-
atures, melt compositions, and the rheological properties
of minerals and melts. Despite their obvious geological
importance, however, the thermodynamic properties of
H,O and CO, are known only to pressures of <10 kbar.
This reflects the experimental difficulties inherent in ob-
taining reliable high-pressure data and forces Earth sci-
entists to extrapolate empirical equations of state when
fluid properties are required at higher pressures. Unfor-
tunately, although such equations faithfully reproduce the
experimental data, their accuracy when extrapolated out-
side the range of the data is impossible to assess, since
they have little theoretical basis. In addition, different
equations of state for the same fluid rarely predict the
same volume when extrapolated by more than a few kilo-
bars.

In order to attempt to predict fluid phase PVT prop-
erties in a manner that has a firmer theoretical grounding,
we have undertaken a molecular dynamics (MD) study.
This is done in the belief that if the forces between mol-
ecules are known, and that if these forces do not change
significantly over the range of densities considered, then
we can use the methods of MD to calculate thermody-
namic properties at conditions that are hard or impossi-
ble to achieve experimentally. So far we have successfully
applied the TIP4P intermolecular potential for H,O (Jor-
gensen et al., 1983) to develop an equation of state that
can be used to pressures of 300 kbar and temperatures of
2000 K (Brodholt and Wood, 1990, 1993). For CO, we
have tested similarly many of the available intermolecu-
lar potentials and found three that reproduce much of the
available low-pressure data (Brodholt and Wood, unpub-
lished manuscript). In this paper we use these intermo-
lecular potentials to investigate CO,-H,O mixtures to de-
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lineate the P-T conditions under which the properties of
mixtures of CO, and H,O deviate from ideality.

INTERMOLECULAR POTENTIALS FOR CO, AND H,O

For H,O we have used the TIP4P intermolecular po-
tential developed by Jorgensen et al. (1983). This poten-
tial has been remarkably successful at predicting H,O
properties over a wide range of conditions in both the
fluid and solid phases (Jorgensen and Madura, 1985; Ma-
dura et al., 1988; Tse and Klein, 1987). It also has been
extensively tested at high pressures and temperatures by
Brodholt and Wood (1993) and shown to reproduce ac-
curately many of the available experimentally measured
volumes, especially at higher pressures and temperatures.
The worst agreement between the simulated H,O vol-
umes and the experimental data occurs at relatively low
pressures (<2 kbar) and temperatures around 600 °C,
where the simulated volumes are more than 6 cm?/mol
larger than the data. TIP4P has a rigid geometry, with an
HOH bond angle of 104.52° and an OH bond length of
0.09752 nm, values that are consistent with the measured
values of the gas phase. It contains four interaction sites
consisting of a Lennard-Jones term between the O atoms
and three partial Coulomb charges. Two of the three par-
tial charges, gy, are situated on the H atoms, with the
third, gy, situated on a site M that is close to the O atom
but displaced 0.015 nm along the HOH bisector toward
the H atoms. The values for the Lennard-Jones and Cou-
lomb parameters are given below.

Of the many CO, intermolecular potentials tested by
Brodholt and Wood (unpublished manuscript), we have
chosen to use the MSM potential developed by Murthy
et al. (1983). It accurately reproduces the volumes at 25
°C and 1-7 kbar, a pressure range that encompasses vol-
umes from 63 down to 31 cm?/mol. At higher tempera-
tures it accurately reproduces volumes below pressures of
6 kbar. Only at high pressures and temperatures (> 6 kbar
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and >400 °C) do the simulated volumes diverge from the
available experimental data, where, at these conditions,
the simulated volumes are larger than the experimental
volumes. This is a general feature of all the CO, potentials
we have tested. The reason that we used the MSM po-
tential is that it is the best potential that employs a Len-
nard-Jones form for the dispersion and short-range re-
pulsive forces, and we know of no way to combine the
LJ potential of TTP4P with the exp-6 forms used in many
other CO, potentials. The original MSM potential has
three Lennard-Jones sites, one on each atom of the CO,
molecule, and five Coulomb partial charges. The five
charges are used to account for higher order electrostatic
moments, in addition to the quadrupole moment. Al-
though these higher order moments make a small contri-
bution to lattice frequencies in solid CO, (Murthy et al.,
1983), we have found that with regard to PVT properties,
they are not important in fluids. This means that the five
partial charges can be replaced with three, with the charge
size chosen so as to reproduce the quadrupole moment
of the original five-site model. This results in significant
savings in computer time, especially if the Ewald sum or
an equivalent is used. We have called the three-site model
MSM3. As with TIP4P, the MSM3 potential maintains
a rigid geometry with a C-O bond length of 0.1162 nm.
The form of the Lennard-Jones potential is

12 6
Vo = 4€ab|:& == G_Eb]

?.12 ré

together with the Lorentz-Berthelot mixing rules for com-
bining dissimilar atoms:

- Caa + Obb
Oap = 2

€ab = V €ga€pp -

The so-called Lorentz-Berthelot mixing rules have little
theoretical justification and are rather ad hoc. However,
they are normally used as a first approximation, and ad-
ditional cross-interaction energy parameters can be add-
ed later, if these combining rules fail to yield reasonable
results (De Pablo and Prausnitz, 1989).

For TIP4P the potential parameter values are

6o = 0.315363 nm
eo = 0.64857 kJ/mol
gu = 0.52¢ gu = —2qy = —1.04e

where e is the charge on an electron. For MSM3 the pa-
rameters are

o = 0.3014 nm
€0 = 0.69092 kJ/mol
qo = —0.297¢

o= 0.2785 nm
ec = 0.24112 kJ/mol
dc = —2q, = 0.5%4e.

Both of these intermolecular potentials incorporate
some of the most important aspects of a molecule, such
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as charge distribution and correct geometry. Obviously a
truly realistic potential would have to include intramo-
lecular forces, polarizability, and multibody interactions;
however, even if such potentials for CO, and H,O were
not still in their infancy, it is still necessary to characterize
the properties of the simpler potentials first to understand
fully the effect of incorporating these additional degrees
of freedom.

METHOD

We have used constant NVE (number of molecules,
volumes, and total energy) molecular dynamics with nor-
mal cubic periodic boundary conditions (see Allen and
Tildesley, 1987, for a review). All simulations used 108
molecules and a time step of between 1 x 10" and 7 x
10-'¢ s. The equations of motion were solved using a
fifth-order predictor-corrector routine (Gear, 1971) and a
quarternion representation for the angular motion (Evans
and Murad, 1977). The long-range Coulomb forces were
handled using the method of Adams and Dubey (1987),
rather than the traditional Ewald sum. The eighth-order
expansion was found to be sufficient. The Lennard-Jones
interactions were truncated at a distance of one-half the
box length, and long-range corrections caused by this have
been added to the pressures. This correction is based on
the assumption that the radial distribution function be-
comes equal to one at the edge of the box (Allen and
Tildesley, 1987, p. 65). The program uses real units of
kilojoules and &ngstréms.

Initially, starting configurations were taken from well-
equilibrated configurations of either pure MSM3 or
TIP4P, and the molecules were arbitrarily assigned as
being either a CO, or H,O molecule. Velocities were scaled
for the first 500 steps to obtain roughly the desired tem-
perature, and the configuration was then allowed to re-
equilibrate for at least 500 more steps to remove any
effect from the velocity scaling before thermodynamic av-
eraging began. Averages were then taken over 5000 steps.
Considerable care was taken to ensure that there were no
residual effects due to the initial configuration. This was
done in two ways. First, the results of simulations started
from an MSM3 configuration were compared with sim-
ulations started from a TIP4P configuration. Secondly,
four consecutive simulations were made, including the
initial temperature scaling as described above, with each
simulation starting from the final configuration of the
previous simulation. The results of these tests convinced
us that there were no residual effects due to the initial
starting configuration.

VorLumes of pURE TIP4P H,O anp MSM3 CO,

To evaluate V** it is necessary to know the volumes of
pure TIP4P and MSM3 at the same temperature and
pressure as the simulation of the mixture. This can be
done very accurately by interpolating between the con-
stant NVE simulations of MSM3 and TIP4P. First, each
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Fig. 1. A comparison of the experimental excess volumes of

mixing (¥*) at 500 °C and X, = 0.4. Greenwood (1969) pre-
dicted excess volumes that are 10 cc/mol greater than those of
Franck and Toédheide (1959) under the same conditions. The
experiments of Shmulovich et al. (1980) and Sterner and Bodnar
(1991) are in reasonable agreement with each other, although the
excess volumes of Sterner and Bodnar (1991) remain more or
less constant over this pressure range, whereas those of Shmu-
lovich et al. (1980) decrease.

isochore was individually fitted to a quadratic function:
P(Ty=a+ bT + cT.

An isotherm was then constructed by evaluating the pres-
sure on each isochore at the required temperature. The
isotherm was then fitted to a function:

VIP)=a+ bP+ c\/P+ d/P

allowing the volume at the required P and T to be cal-
culated. To estimate the error in ¥, each volume (V) used
in the fit was weighted, assuming that the error in P and
T (o5 and o) from the simulations propagated into V,, as
in an ideal gas. That is

N LA (1)
T ongp ) T \eT

R2T? R?

o} = 0%? + U%—F.
For all simulations, ¢, and ¢, were given the values of
100 bars and 4°, respectively. To test the volumes found
by interpolation, four N¥T Monte Carlo simulations were
made at the interpolated volume and temperature with
pure MSM3 and TIP4P. The pressures resulting from
these MC simulations agreed with the pressures used in
the interpolation by 40-150 bars, indicating that the in-

terpolated volumes are very accurate.

DaTa

There are four sets of experimental data on CO,-H,0O
mixing relevant to this study. Earliest is that of Franck
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and Todheide (1959), in which experiments were made
in a constant-volume pressure vessel at conditions of 0.3-
2.0 kbar and 400-750 °C and at mole fractions of CO,
0f0.2, 0.4, 0.6, and 0.8. Greenwood (1969) used a similar
apparatus to make measurements on CO,-H,O volumes;
however, these were restricted to pressures <500 bars.
Later, Shmulovich et al. (1980) used a displacement-type
piezometer to make measurements along the isotherms
at 400 and 500 °C at pressures between 1 and 5 kbar,
although over a fairly restricted compositional range. Most
recently Sterner and Bodnar (1991) used synthetic fluid
inclusions to measure molar volumes of CO,-H,O
mixtures at pressures from 1 to 6 kbar and temperatures
of 400-700 °C. They encompassed the widest and most
comprehensive compositional range, with X, spanning
from 0.1234 to 0.8736 at each P and T.

In Sterner and Bodnar (1991) and Shmulovich et al.
(1980) V= is explicitly given, whereas for Greenwood
(1969) and Franck and Tédheide (1959) it has to be eval-
uated using the volumes of the pure phases. To do this,
we used the NBS equation of state for H,O from Haar et
al. (1984), and for CO, we used the equation of state from
Shmonov and Shmulovich (1974). This is consistent with
Sterner and Bodnar (1991), who also used these two
equations of state to evaluate the excess volumes from
their experiments.

Figure 1 is a plot of V* as a function of pressure for
the four experimental data sets at 500 °C and X, of 0.4.
This temperature and composition allows for comparison
over the largest range in pressure. The plot shows the
standard behavior of V** with pressure for a homoge-
neous fluid mixture. At the lowest pressures H,O and
CO, mix ideally. When pressure increases, excess vol-
umes rapidly increase as intermolecular interactions be-
come important. At some pressure F** reaches a maxi-
mum, after which excess volumes decrease with pressure.
Some significant differences in excess volumes exist, how-
ever, among the experimental studies. The data of Green-
wood (1969) have very high excess volumes that are up
to 10 cm?/mol greater than those found by Franck and
Todheide (1959) at the same pressure. This difference is
much larger than the quoted experimental errors, which
are about 1 cm3/mol for both studies. In addition, the
excess volumes of Franck and Todheide (1959) reach a
maximum by 600 bars, whereas those of Greenwood
(1969) appear to be still increasing with increasing pres-
sure. Similar apparatus were used in both studies, and
they both reproduce the end-member pure phase vol-
umes, so it is hard to identify the source of error. Unfor-
tunately, the MD simulations of this study cannot help
to resolve these discrepancies, as the errors in volume are
too large at low pressures and high temperatures, when
the fluid behaves as a nearly ideal gas. The errors in pres-
sure and temperature in the simulation are about 50 bars
and 3°, which, if we propagate the errors as for an ideal
gas, lead to errors of > 12 cm?/mol at low pressures. How-
ever, in a recent review of H,O-CO, mixtures, Méader
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TaeLe 1. Summary of mixing simulations
T P v V(MSM3) V(TIP4P) Videal)
Xeo, (K) (kbar) (cm®mol)  (cm3/mol) 2 (cm?/mol) a (cm3/mol) Ve o
0.75 667 26.67 24 27.04 0.02 14.11 0.02 23.81 0.19 0.02
665 13.25 28 31.34 0.03 16.28 0.03 27.58 0.32 0.03
663 7.54 32 35.70 0.06 18.25 0.08 31.34 0.64 0.08
662 5.00 36 39.98 0.12 19.90 0.13 34.96 1.04 0.13
670 3.43 40 44.95 0.25 21.85 0.27 39.18 0.82 0.27
680 2.78 44 48.91 0.37 23.34 0.39 42.52 1.48 0.39
683 225 48 53.37 0.52 24.89 0.58 46.25 1.75 0.58
0.75 1426 17.18 32 35.70 0.03 20.03 0.03 31.78 0.22 0.03
1539 12.94 36 40.01 0.04 23.21 0.04 35.81 0.19 0.04
1541 10.03 40 43.82 0.07 25.96 0.06 39.36 0.64 0.07
1470 7.58 44 47.97 0.12 28.77 0.1 43.17 0.83 0.11
1466 6.03 48 52.95 0.19 32.45 0.18 47.83 0.17 0.19
1498 5.37 52 56.20 0.23 35.00 0.22 50.90 1.10 0.22
0.5 682 32.03 20 26.11 0.03 13.66 0.03 19.89 0.11 0.01
694 13.82 24 31.37 0.03 16.32 0.03 23.85 0.15 0.03
693 7.47 28 36.30 0.06 18.61 0.07 27.46 0.54 0.07
675 4.62 32 41.05 0.13 20.47 0.15 30.76 1.24 0.14
702 3.30 36 46.72 0.28 22.86 0.28 34.79 1.21 0.28
690 2.34 40 52.86 0.49 24.89 0.52 38.88 1.12 0.51
693 1.94 44 57.55 0.70 26.41 0.70 41.98 2.02 0.70
0.5 1429 29.17 24 30.66 0.01 16.80 0.01 23.73 0.27 0.01
1580 19.70 28 35.21 0.03 19.93 0.03 27.57 0.43 0.03
1469 12.51 32 39.86 0.04 22.96 0.04 31.41 0.59 0.04
1547 9.88 36 4413 0.07 26.22 0.06 35.18 0.82 0.07
1493 7.58 40 48.28 0.11 29.08 0.12 38.68 1.32 0.12
1474 5.87 44 53.55 0.18 32.89 0.18 43.22 0.78 0.18
1508 5.22 48 57.14 0.24 35.76 0.23 46.45 1.55 0.23
0.25 638 38.59 16 2491 0.01 13.10 0.10 16.05 —0.05 0.10
683 14.59 20 30.89 0.02 16.07 0.03 19.78 0.22 0.03
671 6.38 24 37.41 0.08 19.01 0.09 23.61 0.39 0.08
649 3.44 28 44.28 0.25 21.37 0.26 27.10 0.90 0.26
699 2.51 32 51.76 0.45 2461 0.47 31.39 0.61 0.46
687 1.82 36 59.61 0.75 26.80 0.81 35.00 1.00 0.81
0.25 1539 19.32 24 35.17 0.03 19.85 0.03 23.68 0.32 0.03
1500 12.34 28 40.32 0.04 23.35 0.04 27.59 0.41 0.04
1542 9.42 32 44.92 0.08 26.77 0.07 31.31 0.69 0.08
1469 6.89 36 49.88 0.13 30.16 0.13 35.09 0.91 0.13
1496 5.78 40 54.28 0.20 33.55 0.20 38.73 1.27 0.20

Note: T, P, and V are the temperature, pressure, and molar volume of the simulation at the mole fraction of CO, given in the first column. The columns
labeled V(IMSM3) and V(TIP4P) are the volumes of the pure phases at T and P. Also given are the ideal molar volume and the excess volume. See

text for an explanation of ¢.

(1991) also noted that the data of Franck and Tédheide
(1959) are inconsistent with other data and with equa-
tions of state that satisfy phase equilibria constraints, and
he concluded that it is the data of Franck and Tédheide
(1959) that are most likely to be in error.

Better agreement is found between the higher pressure
data of Shmulovich et al. (1980) and Sterner and Bodnar
(1991), with excess volumes of between 2 and 0 cm?/mol
(Fig. 1). V== of Shmulovich et al. (1980) decreases from
1.88 cm?*/mol at 2 kbar to —0.13 cm?®/mol at 5 kbar,
whereas Sterner and Bodnar (1991), on the other hand,
reported a more-or-less constant excess volume (within
error) of about 0.8 cm*®/mol over this pressure range. We
do not attribute much importance to these small differ-
ences.

It is worth emphasizing at this point that the observed
decrease of excess volumes with increasing pressure does
not equate with decreasing activity. The activity of a
component in a mixture is an integrated property (with
respect to pressure), and the only way that it can start to
decrease is if the excess volumes become negative.

REsuLTS

Simulations have been made at CO, mole fractions of
0.25, 0.5, and 0.75 and at temperatures close to 400 and
1200 °C. Molar volumes ranged from 16 to 52 cm?/mol,
and pressures from 1.82 to 39 kbar. The results are sum-
marized in Table 1. Since we are using the constant NVE
ensemble, it is difficult to arrive at exactly the desired
temperature. It should be noted, therefore, that when the
400 or 1200 °C isotherms are referred to in some figures,
the simulated temperatures may actually differ by 20 or
30°. A similar consideration should be made for pressure.
The exact pressures and temperatures are given in Ta-
ble 1.

To evaluate the MD simulations, we have chosen to
compare the MD results with the data of Sterner and
Bodnar (1991) rather than with those of Shmulovich et
al. (1980). This is not because we believe that Sterner and
Bodnar’s data are better, but because the compositional
coverage is more extensive. Although there are some dif-
ferences between the two data sets, they are generally
small.
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Fig. 2. The molar volumes at 400 °C obtained from the MD
simulations (solid symbols) are compared with the experimental
data (open symbols) of Sterner and Bodnar (1991). At low pres-
sures the simulated volumes are always larger than the data,
which is because TIP4P overestimates the volumes of H,O at
low pressures. At higher pressures TIP4P more accurately pre-
dicts H,O volumes, and therefore the volumes of the CO,-H,O
mixtures are more accurately reproduced.

Figure 2 compares the simulated molar volumes with
the experimental data of Sterner and Bodnar (1991) along
the 400 °C isotherm. Most noticeable is that the simulat-
ed volumes are substantially higher than the experimen-
tal data, especially at low pressures. This was expected,
since at pressures below 5 kbar the TIP4P potential over-
estimates H,O volumes by up to 6 cm?*/mol (10%) (Brod-
holt and Wood, 1993). However, it can be seen that as
pressures approach 5 kbar, the difference between the ex-
perimental and calculated volumes becomes small (<1.0
cm?/mol). This is a reflection of the fact that both TIP4P
and MSM3 accurately predict H,O and CO, volumes at
these conditions. We therefore expect that at pressures
exceeding 5 kbar, the volumes of CO,-H,O mixtures can
be accurately predicted with the MSM3 and TIP4P po-
tentials.

Despite the large differences between the predicted and
experimental volumes at low pressure, the excess vol-
umes of mixing agree remarkably well with the experi-
mental data. Plotted in Figure 3 are the experimental and
simulated excess volumes at 400 °C as a function of pres-
sure at the three compositions. The error bars shown are
2¢. In accord with theoretical expectations, the simulated
excess volumes decrease from about 2.0 cm?/mol at 2
kbar to small values at pressures exceeding 10 kbar. At
X0, 0f 0.25 and 0.5, the agreement between the data and
the simulations is very good, whereas at X, of 0.75 the
simulated excess volumes are somewhat larger than the
data. Unfortunately Shmulovich et al. (1980) did not do
experiments at X, of 0.75, and so we cannot directly
compare with their data. However, at X, of 0.6 and 3.0
kbar, V== of Shmulovich et al. (1980) is about 0.4 cm?3/
mol greater than that of Sterner and Bodnar (1991), which
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Fig. 3. A comparison of the simulated excess volumes as a
function of pressure with the experimental data. The error bars
are 20. At high pressures the predicted excess volumes fall to
low values (<0.5 cc/mol).

suggests that, at X, = 0.6, the data of Shmulovich et al.
are in better agreement with the simulated volumes. At
Xco, 0of 0.25 and 0.75, V= of Sterner and Bodnar (1991)
appears to be increasing with pressure. If the error bars



BRODHOLT AND WOOD: CO,-H,0 MIXTURES

400°C, 5 kbar

T | T T
3 o MD Simulations -
°© o Sterner & Bodnar, 1991
© 2 _
£
e
g 1| $ ® $ .
: : ¢
> 0 e e —
-1 | 1 | L
0 0.2 0.4 0.6 0.8 1
X(C02)
400°C, 2 kbar
| I T
3 - _
°
© 2+ =
£
~
0 1 -
= ¢
3
B O e —
-1 | | I l
0 0.2 0.4 0.6 0.8 1
X(C02)

Fig. 4. Standard plots of excess volumes as a function of
composition at 2 and 5 kbar., The agreement between the sim-
ulated excess volumes and the experimental data is very good.
At low pressures the error in the simulated volumes is quite
large. Error bars are shown as 2.

are taken into account, however, the trend cannot be
proved. Also, the highest pressure excess volume of
Sterner and Bodnar (1991), at X, = 0.5, is inconsistent
with the other data.

The good agreement between the simulations and ex-
perimental data can also be seen in a plot of V** vs. X,
(Fig. 4). Both simulations and data predict that the max-
imum in V* is at about X, of 0.5 at 2 and 5 kbar. At 2
kbar the agreement between the simulations and data is
not quite as good as at 5 kbar, although at low pressures
the uncertainties in the simulated excess volumes are quite
large.

Temperature effects on excess volumes can be seen in
Figure 5, which is a plot of V= vs. P at 400 and 1200 °C.
At both temperatures V** decreases strongly with pres-
sure. The surprising thing is that temperature does not
have such a strong effect; excess volumes at 400 and 1200
°C are very similar at all three compositions. However,
although we would expect mixtures to approach ideality
at high temperatures, there is little experimental evidence
for such an effect in CO,-H,0O at high pressures. This can
be seen in the data of Sterner and Bodnar (1991). If we
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Fig. 5. The simulations at 400 °C are compared with the

simulations at 1200 °C, showing that the effect of temperature
on excess volumes is quite small.

look at their 5-kbar data, we see that the maximum ex-
cess volume at 400 °C is 1.20 cm?*/mol at X, of 0.5,
whereas at 700 °C the maximum excess volume is 1.18
cm?®/mol at X, of 0.6. The only effect of temperature
between 400 and 700 °C is to move the maximum excess
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Fig. 6. Simulated excess volumes are plotted as a function of
composition for 400 and 1200 °C. The excess volumes decrease
quite strongly with pressure while maintaining an approximately
symmetrical shape.

volume slightly, from X, 0of 0.5 to 0.6, with no decrease
in its magnitude. This is consistent with the MD predic-
tion that excess volumes decrease very little between 400
and 1200 °C.

The small effect of temperature on excess volumes pre-
dicted by the MD simulations is in contrast to the large
decrease predicted by the equation of state of Kerrick and
Jacobs (1981). At 1200 °C and X,, = 0.5, this equation
of state predicts very small excess volumes of 0.03 cm?/
mol at 5 kbar and —0.1 cm*/mol at 13 kbar.

The combined effect of temperature and pressure on
the excess volumes are illustrated in Figure 6. By 13 kbar,
Ve« has fallen to <0.5 cm?*/mol at both temperatures, al-
though at 1200 °C excess volumes of about 0.4 cm?3/mol
persist to pressures greater than 20 kbar.
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