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Abstract— An equation of state (EOS) has been developed for the NaCl-H,0-CO, system which con-
sistently predicts various properties including PVTX, immiscibility or phase equilibria, solubilities, and
activities with an accuracy close to that of experimental data from 300 to about 1000°C and 0-6000 bar
with NaCl concentrations to about 30 wt% of NaCl (relative to NaCl + H,0) or to about 50 wt% with
less accuracy. The EOS predicts that excess volumes can be over 30% of the total volume under some
T-P conditions. Adding NaCl to the H,O-CO, system dramatically increases the 7-P range of immiscibility.
The immiscibility field is minimal around 400—500°C. Above or below this temperature, it expands for a
constant pressure. A moderately saline brine can evolve into a very saline brine by phase separation at
high temperatures. The presence of NaCl can substantially decrease the activity of H,O and increase that
of CO,, thus affecting decarbonation and dehydration reactions. Compared to the EOS of Bowers and
Helgeson (1983a), the EOS of this study is more reliable in the calculation of volumetric properties

particularly in the low pressure range. In addition, BH EOS cannot predict phase equilibria.

1. INTRODUCTION

H,0, CO,, and NaCl are the most frequently encountered spe-
cies in natural fluids. The knowledge of pressure-volume-tem-
perature (PVT) properties, phase equilibria (or immiscibili-
ties ), and chemical potentials (or activities ) is essential to the
understanding of mechanisms of various geological pro-
cesses. For example, the properties of systems as diverse as
o0il deposits (Alston et al., 1985), Mississippi-valley ore de-
posits (Hanor, 1979), porphyry ore deposits (Ramboz,
1979), circulating seafloor hydrothermal fluids (Welhan and
Craig, 1979; Bischoff, 1980), geothermal fluids (Truesdell,
1993), and metamorphic fluids (Crawford, 1981) may be
controlled by fluid immiscibility. The presence of NaCl in
fluids can substantially change their thermodynamic proper-
ties. For example, the addition of NaCl into the CO,—H,0O
system can greatly increase the 7-P range of immiscibility.
Above the critical temperature of H,O (374°C), there is no
immiscibility for the binary H,O-CO,. However, the immis-
cible field may exist well above this temperature if NaCl is
added. Immiscibility has a profound impact on the transpor-
tation of many ore-forming elements (W. Hu et al., unpubl.
data) in hydrothermal processes and geothermal venting. Un-
derstanding the properties of the NaCl-H,0-CO, system is
also essential to the prediction of mixed volatile equilibria in
metamorphic settings and to the interpretation of observations
made on fluid inclusions. In addition, PVT properties have
been extensively used in the interpretation of fluid inclusion
data (Ramboz et al., 1985; Diamond, 1990).

Prior to this work, the only equation of state (EOS) avail-
able for the NaCl-H,0-CO, system was that of Bowers and
Helgeson (1983a). As reviewed by Brown and Lamb (1989),
that EOS reproduces the data of Gehrig (1980) at moderate
densities, but extrapolates poorly to higher density mixtures.
Furthermore, it cannot predict phase behavior, which is a ma-
jor limitation for geochemical applications. In order to cal-
culate isochores of this system for fluid inclusion studies,
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Brown and Lamb (1989) proposed *‘ideal geometrical’’ mix-
ing of H;O-NaCl and CO,. They linearly interpolate iso-
chores between the endmember CO, and the binary H,0-
NaCl. This provides an approximate means for isochore cal-
culations. However, there are large errors because the excess
volume of mixing H,O0-NaCl and CO, can be 10-30% of
the total volume of the mixture. In addition, it is not possible
to obtain other thermodynamic information (such as chemical
potentials or phase behavior) from this method.

The purpose of this study is to develop an EOS which can
predict both volumetric properties and phase equilibria for the
system NaCl-H,0-CO, up to high temperatures and high
pressures. Recently Anderko and Pitzer (1993) successfully
developed an EOS for the NaCl-H,0 system based on the
methods introduced by Dimitrelis and Prausnitz (1986). This
equation can predict both PVT properties and phase equilibria
in this binary to high temperatures (>300°C). A comprehen-
sive study of various EOS reveals that this approach gives the
most accurate representation of salt-containing systems. In
this study, the same approach is adopted for the NaCl-H,0-
CO, system. The resulting EOS consistently predicts various
properties including phase equilibria (or immiscibilities ), ac-
tivities, and volumetric properties with an accuracy close to
that of experiments. Since the EOS of this study treats NaCl
as ion-pair molecule, it is not reliable for temperature below
300°C, where the dissociation of NaCl is substantial. We note
that this work does not replace our earlier EOS (Duan et al.,
1992a,b) for salt-free systems which is more accurate for tem-
peratures below 350°C.

2. THE EQUATION OF STATE

The form of an EOS is generally chosen on the basis of its ability
to describe a system with accuracy over a range of the data used in
the parameter adjustment. To improve extrapolation beyond the range
of data, forms justified by approximate theoretical results (e.g., the
virial equation, hard-sphere gas results, etc.) are usually selected.
However, these forms can only yield qualitative results. In all cases,
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FiG. 1. Comparisons of experimental molar volumes in the binary CO,~H,0 as a function of pressure with the
predictions of the EOS of this study (a) T = 300°C; (b) T = 400°C; (c) T = 500°C; (d) T = 700°C.

accurate representations must contain parameters which are evaluated
from experimental data. The parameters for endmembers are usually
evaluated from pure system data. Then a mixing rule, which properly
combines the endmember parameters, is developed to accurately re-

produce mixture data. There are a number of different kinds of EOS,
each having strengths and weaknesses. For example, cubic EOS such
as the Peng-Robinson’s equation (Skryjek and Vera, 1986) predicts
phase equilibria well for nonaqueous systems, but provides poor pre-

Table 1. The Parameters for CO,

Bco, 0
boo, | 49.52

aco, (3.86491553-2.36222839/Tr+3.51977858/Tr2—1.01456034/Tr*).10°

(ac)co, | -4.18508460e+06+5.18786559¢+05/Tr
(ad)co, | 1.49548462e+07+1.40232739e+06/Tr
(ae)co, | -3.04732284¢+07

Tr =T/304.2
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FiG. 1. (Continued)

dictions of volumetric properties. The EOS developed by Duan et al.
(1992b) is accurate in the CH,—CO,—H,0 system over a large T-P
range, but has difficulties in salt-bearing systems like the NaCl-
H,0-CO, system.

In the approach of Anderko and Pitzer (1993) and Dimitrelis and
Prausnitz ( 1986), the system is first idealized as composed of species

Table 2. The Interaction Parameters for the Binary H,0-C0,

o 0.88868-1.7347¢-04 T+4.038¢-07 T
1.41683554-7.02857143D-04 T if T<773K
Yiij» Yiii .
1.03463-0.0002 T if T>773 K
8 » Bisjj » Sy Lo
i » i » i » Eijg | 1-28262-7.32919762e-04 T+3.51190476¢-07 T2

i and j represent CO, and H,O.

with complex but treatable interactions such as a system of hard
spheres and dipoles. The idealized system, called the reference sys-
tem, is described quantitatively using some theory with well-defined
assumptions. Corrections are then added to account for differences
between the real and the idealized systems. The corrections, called
perturbations, are empirical. For Helmholtz free energy this gives
a=a"™ + a*. 4}
For correlation and prediction of phase behavior of nonpolar sys-
tems, Dimitrelis and Prausnitz {1986 ) used a hard-sphere mixture as
a reference system. Because NaCl and H;O are strong polar mole-
cules at high temperatures, Anderko and Pitzer (1993) added a term
representing the dipolar hard sphere contribution (i.e., the difference
of Helmholtz encrgy of dipolar hard spheres and that of simple hard
spheres). We found that the use of the dipolar hard sphere term is
essential to capture the behavior of the complex salt containing sys-
tem. This leads to
a = a™ + g% + a™. 2)
The compressibility factor Z can be derived from the Helmholtz en-
ergy using the relation,

= ~v[3(a/RT)/dv}s. (3)



2872 Z. Duan, N. Moller, and J. H. Weare

(a) 700
NaCl=6Wi%, =~ =~~~ _
y'd ’

600 A

T =300°C

500

400

P (bar)

300

200

100

0 0.1 0.2 0.3 04 0.5 06

Xco,

{b) 1000

800

P (bar)

- T=350°C

<« NaCl = 20 wt%

0 0.1 0.2 0.3 0.4 0.5 0.6

Xco,

FiG. 2. (a) Vapor-liquid coexistence in the CO,—H;O and in the NaCl-H,0-CO, systems at 300°C. The solid lines:
EOS of this study; the symbols: experimental data by Todheide and Franck (1963) and Takenouchi and Kennedy (1965).
(b) Vapor-liquid coexistence in the CO,—H;O and in the NaCl-H,0-CO, systems at 350°C. The solid lines and the

symbols are the same as in (a).

1t follows that

3 3
]+<.3_%_2)n+(.3_€._§£+1)172_£ 3

v F FFF " 5
' = . (
Z=——=ZM 4 Z% 4 7, 4 1-1n)°
RT Z 4) (1-mn)
where
2.1. The Hard Sphere Contribution D=7 xo1, (6)
=l
By comparison with experimental phase equilibria data from non-
polar systems, Dimitrelis and Prausnitz (1986) found that the equa- < 2 7
tion for hard spheres developed by Boublik (1970) and Mansoori et E= Z Xi0i M
al. (1971) is superior to that by Carnahan and Starling (1969). There- =
fore, this expression, which is good for both pure systems and n
mixtures of different radius hard spheres, is adopted for the hard- F=1Y x0}, (8)
sphere reference term. i=1
Table 3. The Interaction Parameters for the Binary NaCl-CO,
o -1.73355444+5.60408826¢-03 T-2.70381422¢-06 T2
1.41683554-7.02857143¢-04 T if T<773 K
Yis » i .
1.03463-0.0002 T if T2773K

iy » i » B » G | 1-28262-7.32919762¢-04 T+3.51190476¢-07 T2

i and j represent NaCl and CO,.
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Table 4. Comparison of the Data of Gehrig (1980) with Those of Bischoff (1991)
T(°C) P (bar) XNaCl XH,0 v(Bischoff) v(Gehrig)
500 556 0.0193 0.9807 5143 48.34
430 363 0.0193 0.9807 37.62 4094
- < 13 13 3 Ii(n) _ 2 3
3 Y xaxl(b)? + b)?)2] e 1+ cam + csn® + cen’, 19)
i TN, F 9 2(n)
n= 4v T ) al,
—=¢ +2cm + 3can?, (20)
In this expression, v is molar volume, b is the van der Waals co- on

volume, and N, is Avogadro’s number. As can be seen, only one
parameter b; for each species needs to be determined (by placing x;
= 1 in Eqns. 8 and 9), because ¢; can be found from Eqns. 8 and 9.
The value of b; is determined by fitting experimental data of end-
member systems.

2.2. The Dipolar Contribution

The expression for the dipolar hard-sphere Helmholtz energy de-
veloped by Stell et al. (1972, 1974) and Rushbrooke et al. (1973)
and the mixing rule by Twu et al. (1975) and Gubbins and Twu
(1978) are adopted for the dipolar contribution in the mixture system.

ol.
3_173 = (0 + 2cm + 3em®(] + e + esn’ + can®)

+ (1 + e+ +en)es + 2¢sm + 3cen?). (21)

b; is the endmember van der Waals covolume and is evaluated
from experimental data. Fitting c;, the parameters of the () and
I3(n) functions, to the results from the hard-sphere equations of
Rushbrooke et al. (1973) yields: ¢, = 1.6054, ¢, = —4.4521, ¢,
= 10.0368, c, = 0.35147, ¢cs = ~1.83943, and ¢; = 5.95676. n and
f1; in the above expressions are obtained by

b 1o
2A3 8A2 aAg "1=_=4‘Z inxibii’ (22)
1 -—— E-‘-E Vo Wi
Zsp =1 A2 s (10) : g \'2 ”s
(1—A—:) F=\our) 2
where where 6 is dipole moment, k is Boltzmann constant, and b can be
calculated in Eqn. 22. Therefore, u is the only parameter to be de-
42 " bb .., termined by fitting to dipole moment measurements.
2=-3 X ):x.&—l;;‘n.,u.’#,lz(n), an
i=] jm=1
0L nL bbb 2.3. The Perturbation Contribution
=T XX Y xxxo o nk@lEEgL(m),  (12)
I Rrriiir * bybuby Kaslslan The perturbation contribution accounts for effects which cannot be
94, 45" oh(n) represented by the hard-sphere term and the dipoie hard-sphere term.
=2_ . xx—2 bib; oo ( L(n) + 2 ) 13) Anderko and Pitzer (1993) developed the following expression for
an 3 .=Z| E; ! b/b A S on the perturbation contribution of mixtures:
8A;, 100 22 bbb (bybubu)®” a  acb  3adb® aeb’
=5 2 2 X axxn =-S5t + 24
on 9 imiimam & bbb b2 2 2?16 16vt (24)
NG (2 Ln) + 1 313(77))”, (14) In this equation, the quantities a, ach, adb?, and aeb? are related to
! n the second, third, fourth, and fifth virial coefficients. These parame-
ters together with b are evaluated from endmember (pure system)
where experimental data and the following mixing rules:
7][j=b,]/4v, (]5) n n
= Qi s 25
Tk = bl 40 = (bibuby) P 14, (16) a=Z Z nue 29
=[(b” + bj")2)°, (17) i 2'-: i
ach = X; X% (ac )b (26)
L(n) =1+ cm+ em? + o, (18) i) jul k=] !

Table 5. Ternary Interaction Parameters for the NaCl-H,O0—CO, System

Yk -0.207+0.00227 T-1.051¢-06 T2

Biig » By » By

1.0

Bk » Eiijk » i » Eijik » Dijak

s bigax | 1.28262-7.32919762¢-04 T+3.51190476¢-07 T

i, j and k represent NaCl, H,O and CO;.
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FiG. 3. Comparison of experimental phase equilibria (measured by synthetic fluid inclusion method) in the ternary

NaCl-H,0-CO, with the prediction of the EOS of this study. (a) 500°C, 2000 bar; (b) 500°C, 1000 bar; (c) 600°C,
1000 bar; (d) 700°C, 1000 bar).

adr* =3 3 Y Y xxxolad)ubly ., 1)

im] jum] k=) l=}

byw = [(b! + b}” + bl” + b}7)1473, (30)
bym = [(B!" + b} + b} + b]” + b)*)I5], 31
ab’=3 3 ¥ ¥ Z X XXX X (3€ )it Yt » (28) a; = (a,a)' ey, (32)

im| jm| k=] f=) me]

L o= ) V3,
The mixing parameters in Eqns. 2528 are related to the endmem- (ac)u = [(ac)i(ac)(ac] Ty » (33)
ber parameters by the following equations: (ad)u = [(ad); (ad)(ad)i(ad)] "6y , (34)
by = [(B)® + b}"” + b)*)I3)°, (29)
T=930°C
Ta800°C P=7500 bar NaCl
P=2000 bar NaCi
60
W
4w/
H:0 20 20 CO.
H0 20 40 60 €0, Xeo,
X
©0: —— EOS of this Study
— EOS of this Study ---- Experiment by Johnson (1991)

-~ Experiment by Kolechikov and Kolechikova (1890) FiG. 5. The prediction of immiscibility boundary (measured by
FiG. 4. The prediction of immiscibility boundary in the ternary synthetic fluid inclusion method) in the ternary NaCl-H,0-CO, at
NaCl-H,0-CO, at 800°C and 2000 bar. 930°C and 7500 bar.
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T=850°C
P=2000 bar NaCl

H0 CO;

—— EOS of this Study
---- Data by Joyce and Holloway

FiG. 6. Comparison of experimental immiscibility boundary (mea-
sured using hydrogen and oxygen buffer) in the ternary NaCl-H,0—-
CO, at 850°C and 2000 bar with the prediction of the EOS of this
study.

(ae)jum = [(ae);(ae);(ae)(ae)(ae)) *eum , (35)

where a;,, v, 6y, and €. are interaction parameters which are
evaluated from mixed system data.

3. EVALUATION OF EXPERIMENTAL DATA
AND PARAMETERIZATION

The system NaCl-H,0-CQO, includes three pure systems
(NaCl, H,0, and CO,), three binaries (NaCl-H,0O, NaCl-
CO;, and H,0-CO,), and one temary. The parameters for
pure NaCl and H,O and the binary interaction parameters for
NaCl-H,O mixtures are taken from Anderko and Pitzer
(1993). The thermodynamic properties for pure CO, and
CO,-H,0 are well predicted by the EOS of Duan et al.
(1992a,b). However, the form of that EOS is different from
that of the EOS presented here. Therefore, we need to evaluate
the parameters for pure CO,, the binary mixture interaction
parameters for CO,—H,0 and NaCl-CO,, and the temary
interaction parameters for NaCl-H,0-CQO,. Because there is
little experimental data on systems with NaCl concentrations
larger than 25 wt% (relative to NaCl + H,0), where liquid
+ solid NaCl field lies, the EOS of this study does not include
the prediction of halite solubility and may be less accurate for
high NaCl concentration systems.

i.1. CO,

CO; has no permanent dipole moment, 50 uco, = 0 and Zy,
= 0. The van der Waals covolume of CO,, bco,, and a, ac,
ad, ae in Eqn. 24 are found from the PVT data of CO,. These
data were reviewed by Duan et al. (1992a). 1846 data points,
covering a range of 300—1000°C and 08000 bar were used
in the evaluation on these parameters. All the datasets agree
with each other within about 0.1-0.5% for pressures below
3500 bar. Above 3500 bar the deviation between datasets can
be as much as 2.5%. The parameters for this EOS are listed
in Table 1. The fit to the data has an average error in volume
of 1.2%. The maximum deviation of the fit is 4.1% at 3500
bar and 320°C.

3.2. CO,-H;0

Many PVT and phase equilibria data for this binary system
have been reported. These data have been reviewed by Duan
et al. (1992b). It was found that most of the PVTX data agree
within about 5%. There was some deviations in the phase
equilibrium data. The reported compositions of the coexisting
vapor phase differ by as much as 16% between Takenouchi
and Kennedy (1964) and Todheide and Franck (1963). Re-
cently, Sterner and Bodnar (1991) and Mather and Franck
(1992) remeasured the equilibrium composition and found
agreement of Todheide and Frank’s data.

All the PVTX data above 300°C listed in Table 3 of Duan
et al. (1992b), plus the phase data by Todheide and Franck
(1963) and Mather and Franck (1992) are used in the eval-
vation of H;O—-CQ, binary interaction parameters ( Table 2).
With this parameterization, it is shown by Fig, 1 that the EOS
of this study can predict volumes in this binary with maximum
deviation of about 5%. This is about the same accuracy as the
EOS of Duan et al. (1992b). Figure 2a,b shows that the EOS
described here can also predict phase equilibria accurately
except for the critical region. D. B. Joyce and J. G. Belencoe
(pers. commun.) measured the activities of H,O in this binary
from 400 to 700°C at 500 bar using a hydrogen and oxygen
fugacity buffer. These measurements can be predicted by the
EOS of this study within the error bars except at 400°C. This
is similar to the performance of our earlier EQS (Duan et al.,
1992b) for temperatures above 350°C.

3.3. NaCl-CO,

Solubilities of CO, in molten NaCl have been studied by
Gjothiem et al. (1962) in the temperature range 850-950°C
at a CO, pressure of 1 atm. At 850 and 950°C, the solubilities
of CO, in NaCl are 4.6 X 107° and 6.0 X 10~ moles of CO,
per cm’ of solvent, respectively. It is very likely that the NaCl
solubility in the CO, vapor phase is smaller. Thus, CO, and
NaCl are almost immiscible in the 7-P range of the present
study. However, the concentrations of both NaCl and CO, in

T=700°C
P=5000 bar NaCl

HO CO;

~-— EOS of this Study
-—-— Experiment by Joyce and Holloway
---- Schematic line drawn by Joyce and Holloway

Fi1G. 7. Calculation of phase equilibria at 700°C and 5000 bar and
comparison with experimental data (measured using hydrogen and
oxygen buffer). The dashed line is a schematic immiscibility bound-
ary drawn by Joyce and Holloway (1993).
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FiG. 8. (a)-(d) Comparison of experimental PVTX properties in the ternary NaCl-H,0-CO, with prediction of the
EOS of this study. Symbols: the experimental data of Gehrig (1980); The dashed line: the predicted phase boundary.
Below this boundary is the liquid-vapor two phase field and above the boundary is the single fluid phase field, solid

lines: isochores. CP stands for critical point.

H,O-containing fluids can be very high and the interaction
between them is not negligible. It follows that we have to
evaluate the CO,—NaCl interaction parameters directly from
the ternary data as discussed below. The parameters are listed
in Table 3. Because there are few experiments on systems
with NaCl concentrations larger than 25 wt%, we cannot as-
sess the validity of our new EOS for highly saline ternary
compositions.

3.4. NaCl-H,0-CO;

The most extensive PVTX dataset for this ternary system,
about 5000 experimental data points covering temperature
range from about 200-560°C and pressure range from 0 to
3000 bar, has been reported by Gehrig (1980). Note that his

original data need 0.4-2.9% correction (depending on tem-
perature ) in volume because of thermal expansion of aparatus.
Since this is the only comprehensive PVTX dataset in this
T-P range, we can only roughly estimate its uncertainty. The
binary H,O-NaCl density data reported by Gehrig (1980)
agree with densities interpolated from data reported by Bod-
nar (1985) within about 4% for pressures above 1000 bar.
For pressures below 1000 bar, the deviation of the Gehrig
(1980) data from those of Bischoff (1980) is about 7% as
indicated by Table 4. In addition to these data, Johnson
(1992) measured isochore locations using synthetic fluid in-
clusions with xco, ranging from 0.1-0.51 and relative salin-
ities of 6-23.9 wt% around 7000 bar and 200°C.

Besides the PVTX data, Takenouchi and Kennedy (1965)
reported CO, solubility data in NaCl agueous solution from
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Table 6. Comparison of experimental mole volumes with EOS

T(K) Pbar) xnu1 XH,0 Xcoz V(BH) V(OMW) v(exp) em(BH) em(DMW)
733 416 0193 9789 0018  40.53 57.94 61.14 -33.711 -5.23
733 435 0191 9688 0121 4245 56.19 57.88 -26.66 -2.92
713 406 0186 9439 0375 4574 58.62 62.03 -26.26 -5.49
ns3 403 0185 9415 0400 47.83 60.48 61.14 -21.77 -1.08
703 407 0183 9303 0514 44.89 55.31 58.08 -22.72 -4.77
733 517 0183 9303 .0514 4588 49.45 5197 -11.71 -4.85
703 412 0180 9146 0674 5135 59.46 61.14 -16.02 -2.75
733 402 0324 9463 0213 4822 66.20 6624  -27.20 -.05
743 457 0324 9463 0213 4431 56.30 56.05 -20.94 45
713 400 0317 9252 0431 4497 58.56 57.06 -21.19 2.62
763 403 0714 9259 0027 39.22 70.96 71.33 -45.01 -.52
713 423 0669 8677 0654 42.86 53.00 56.05 -23.53 -5.43

The volume are in cm/mole. v(BH) , v(DMW) are the mole volumes calulated by the EOS of

Bowers and Helgeson (1983a) and by the EOS of this study, respectively. v(exp) is experimental

mole volume By Gehrig (1980). err=(vgos — Vexp).100p,, -

300 to 400°C. Recently, Kotelnikov and Kotelnikova (1990)
and Frantz et al. (1992) measured immiscibilities using syn-
thetic fluid inclusions. The data of Frantz et al. (1992) range
from 500 to 700°C and 1000—3000 bar. Except for the dia-
gram at 600°C and 3000 bar, all the others have sufficient data
to delineate the immiscibility boundaries and tie lines. The
data of Kotelnikov and Kotelnikova (1990) covers a temper-
ature range from 400 to 800°C and pressure range from 1000
bar to 2000 bar. We were unable to delineate the phase bound-
aries from this dataset except in the cases of 600 and 800°C
at 2000 bar. The boundaries of the immiscibility at these tem-
peratures are consistent with those of Frantz et al. (1992).
These two datasets provide important insights into the phase
conditions of this system under high 7-P conditions. Useful
data were also reported by Joyce and Holloway (1993). They
measured the activity of water in the ternary system using
Ju, and fo, buffers. Based on the measured equilibrium activ-
ity-composition relation, they drew tie lines at 850°C and
2000 bar.

There are ten ternary parameters (see Table 5) to be eval-
uated. If all the ternary interaction parameters are equal to 1.0,
it implies that the ternary interactions are negligible, and the
ternary properties can be predicted on the basis of the three
binary systems. However, our test indicates that temary in-
teraction parameters are indispensable for the reliable predic-
tion of either phase behavior or volumetric properties, no mat-
ter how the binary parameters are adjusted. It was found that
all the 6,’s can be set equal to each other with little effect
on fitting. This is also true for all the €;. s. Therefore, only
three ternary parameters as a function of temperature (7 co-
efficients in total ) (see Table 5) need to be adjusted. We eval-
uated the three temary parameters based on the 2547 data
points (calibrated) of Gehrig (1980), Takenouchi and Ken-
nedy (1965), and Frantz et al. (1992). These data fall into
the 7-P range below 700°C and 3000 bar. In order to test the
extrapolation of the EOS, we reserve the data of Johnson
(1991), Joyce and Holloway (1993), and Kotelnikov and
Kotelnikova (1990), which cover T-P range up to 950°C and

Table 7. Prediction of Molar Volume (cc/mole) at High Temperatures and Pressures

T(C) P(bar) x(NaCl) x(H,;0) x(C0O2) vexp)'  WEOS)”
938 7458 0410 7720 1870 27.67 27192
930 6600 0352 2800 30.78 30.81
924 6800 0244 4890 35.60 34.56
940 7400 0617 2900 29.96 29.94

* The experimental data are from Johnson (1992)

** calculated mole volume (cm®/mole )by the EOS of this study.
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Table 8. The Excess Volume® {cc/mole)

TCC)  P(bar) Vi Ve
400 500 49.73 6.48
400 1000 34.89 1.35
400 2000 28.98 0.39
500 500 73.05 23.77
500 1000 41.79 4.65
500 2000 31.21 0.79
700 500 118.47 7.04
700 1000 60.84 9.52
700 2000 38.00 24
700 5000 27.53 -0.08

* Vex=™mix ~ 0.2v002—0-8VNuci-1,0 WithxNe1/XH20=025

10
@ 650°C
2000 bar
08l
06} 1
a
04 aco, 1
0.2 8,0 J
oo 0.2 0.4 0.6 0.8 1.0
xN'o
1.0
®) 650 °C
4000 bar
08} 4
0.6 L
8
a
04} o {
a
0.2} o .
00 _— .~ R
0.2 0.4 0.6 0.8 1.0
Xn,0
(c) 1.0 T T T T
750°C
08 L 2000 bar i
osl 4
a
04l aco, 1
02} a0 .

0.0 - —_— ' "

0.2 0.4 0.6 0.8 1.0
xH.O
FI1G. 9. (a)~(c) The activities of H,O and CO, at high temperatures
and pressures. The cross bars are the experimental measurements of
Joyce and Holloway (1993). The curved solid lines are the calculation
of this EOS. The diagonal solid lines represent ideal mixing.

500
T(*c) P=2000 bar

F1G. 10. The P-T boundaries for the reaction 3 dolomite + 2 quartz
+ H,0 = talc + 3 calcite + 3CO, in the absence of NaCl (dashed
line) and with the addition of 0.1 mole fraction of NaCl (solid line).

7500 bar. As shown below, the EOS is valid over a much
broader 7-P range than the range for the parameter evaluation.

4. COMPARISON WITH EXPERIMENTAL DATA

The reliability and accuracy of an EOS must be determined
by comparison with experimental data. Here, we demonstrate
the capability of this EOS to predict both phase equilibria (or
immiscibilities ) and volumetric properties (PVTX) in the ter-
nary system.

Figure 2a,b compares the EOS calculation of the liquid-
vapor equilibria with experimental data at 300 and 350°C,
respectively. In this figure, the NaCl concentration is not
shown on the vapor side because it is so small. The figure

FIG. 11. The phase diagram of the system NaCl-H,0-CO, at var-
ious temperatures and constant pressure of 1000 bar. The part below
300°C is calculated from the EOS of Duan et al. (1992b).
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clearly demonstrates that the predictions of this EOS are
within experimental accuracy under the conditions shown ex-
cept near the critical range. It is interesting to note from these
figures that the extent of immiscibility can be considerably
increased over that of the CO,—H,0 binary by the addition
of NaCl.

The accuracy of this EOS in the prediction of phase equi-
libria (immiscibilities) is further shown by Figs. 3, 4, 5, 6,
and 7. Figure 3 shows the close agreement of the prediction
of phase coexistence measurements of Frantz et al. (1992).
Figure 3a,b (see above) indicates that the immiscibility fields
decrease with increasing pressure for a given temperature.
The diagram at 800°C and 2000 bar of Kotelnikov and Ko-
telnikova (1990), given by Fig. 4, is well predicted by our
EOS. Although we did not use any data above 700°C and
3000 bar in the parameterization, the immiscibility at 930°C
and 7500 bar are well predicted as compared with the syn-
thetic fluid inclusion measurement by Johnson (1991) (see
Fig. 5). The data of Johnson (1991) are not sufficient to de-
termine the tie lines. The tie lines between vapor-liquid phase
equilibrium established by Joyce and Holloway (1993) are
shown in Figs. 6 and 7. We show very good agreement with
their data at 850°C and 2000 bar (Fig. 6). In Fig. 7, the tie
line measured by Joyce and Holloway (1993) is in general
agreement with our EOS. However, the schematic phase
boundary they drew shows a substantially larger immisci-
bility field. Their data appear to be insufficient to draw this
boundary.

Figure 8a-d displays the comparison of volumetric data
with the EOS of this study for systems of various composi-
tions. In these figures, the nearly straight lines are the pre-
dicted isochores, the dashed lines are predicted phase bound-
aries, and the solid dots are the experimental PVT data of
Gehrig (1980). It can be seen that the EOS is very close to
the experimental data (within an error of about 6—-7% in vol-
ume ) under various conditions. Table 6 indicates that the EOS
errors in the low pressure range will lead to big errors in the
evaluating fugacities or chemical potentials. Because NaCl is
treated as ion-pair molecules in the EOS and it partially dis-
sociates below 350°C, the accuracy decreases slightly below
350°C. Although the parameters in this EOS are evaluated
from data below 700°C and 3000 bar, the volume measure-
ments over 920°C and 7000 bar of Johnson (1992) are ac-
curately predicted (see Table 7).

5. PREDICTION OF PROPERTIES

Excess volumes, activities, isochores, and phase equilibria
can be determined from the EOS. All these properties are
important in the understanding of fluid behavior under various
geological conditions.

5.1. Excess Volume

The excess volume is defined as:

Vex = Vmix — 2, Xilhi. (36)

We have previously discussed the excess volume in the CH,—
CO,-H,0 system (Duan et al., 1992b) and shown that it can
be a large percentage of the total volume. In the NaCl-H,0
system, the excess volume can be both very negative and pos-
itive. For example, at 400°C and 1000 bar, the excess volume
of the system 0.1NaCl + 0.9H,0 is —47.9 cubic centimeter
(cc) when the total volume is 23.1 cc. The accuracy of the
ideal geometric mixing approach of Brown and Lamb (1989)
can be assessed by calculating the excess volume defined as

Vex = Umix — Xco,Vco, =~ (1 - xcoz)UNaCI-H,o, (37)

where vy, is the molar volume of the ternary mixed system
and Unaci-n,0 is molar volume of the binary under the same
T-P condition and same xn,i/ X0 ratio. It can be seen from
Table 8 that the excess volume amounts to about 7—30% of
the total volume for pressures below 2000 bar, and about 0—
5% for pressures above 2000 bar. This implies that the ap-
proach (see above) of Brown and Lamb (1989) may give
approximate resuit for pressures above 2000 bar, but incorrect

o AnnA L

resulis for pressures below 2060 bar.

5.2. Activities
The activity of a species i is defined as
a; = x;; 1?7, (38)

where ¢! is the fugacity coefficient of species i in its pure
state. The equations for calculating fugacity coefficients are
listed in the Appendix. Comparison of the calculated activities
in the binary H;O-CO, with the data of Joyce and Holloway
(1993), as shown in Fig. 9, indicates that our calculations are
in good agreement with experimental data except at the water-
rich end. The activity measurements in the temary NaCl-
H,0-CO, by Joyce and Holloway (1993) enabled them to
This tie line is well predicted by our EOS as shown in Figs.
6 and 7. Note that the data of J + H were not used in the
evaluation of the parameters.

As stated before, adding NaCl in the H,O-CO, system can
dramatically change the activities of both H,O and CO,. For
example, at 450°C and 2000 bar, the fugacity coefficients of
H,0 and CO; in the system 0.6H,0O + 0.4CO, are 0.316 and
2.404, respectively. However, adding 0.1 mole fraction of
NaCl and keeping the H,O to CO, ratio constant, these fu-
gacity coefficients change to 0.222 and 4.607, respectively.
This change in activity has a substantial effect on alteration
reactions. For example, consider the decarbonation and de-
hydration reaction:

3CaMg(CO;),(dolomite) + 4Si0,(quartz) + H,0
= MgsS8i,0,0(OH ), (talc)
+ 3CaCO;(calcite) + 3CO, (39)
in the system CaO-MgO-SiO,—H,0-CO, (Bowers and
Helgeson, 1983b). Adding 0.1 mole fraction NaCl relative to

NaCl + H,O + CO,, the stability field of the minerals will
shift substantially as shown in Fig. 10.
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5.3. Calculation of Isochores, Homogenization
Temperatures, Pressures, and Immiscibilities

Using microthermometric technique together with Raman
spectrometry analyses, it is possible to find out the total com-
position and total homogenization temperatures (Ramboz et
al., 1985; Williams-Jones and Ferreira, 1989; Diamond,
1990). According to the composition analyzed, a constant
composition diagram with phase relations and isochores can
be calculated. This kind of diagram determines the homoge-
nization pressures (internal pressure) for a given homogeni-
zation temperature. With the known temperature, pressure,
and composition, the volume can be calculated. Isochores can
be calculated as needed. Such calculations are illustrated by
Fig. 8a—d. The curved dashed lines in these figures are phase
boundaries. This boundary also represents homogenization
T-P cvrve. Above this curve, the system is homogeneous. Be-
1ow this curve, the fluid separates into liquid and vapor phase.
The compositions of the liquid and vapor phase can be deter-
mined from the EOS. The end of these dashed lines should
be close to critical region. The nearly straight lines are isoc-
hores.

The immiscibility can be better illustrated by a three di-
mension phase diagram. Such a diagram can be calculated
from the EOS. Figure 11 is a constant pressure diagram show-
ing the phase relations under varying temperatures. It can be
seen that the immiscibility field is minimal around 400°C.
Above or below this temperature the immiscibility field ex-
pands. The dashed line A-B connects the critical points of
various temperatures. Above 640°C, there are no critical
points. The dashed straight lines are tie-lines representing lig-
uid-vapor coexistence. The tie lines indicate that very highly
saline brines may result from phase separation under high
temperatures. More details on the relationship between the
immiscibility and mineralization will be discussed in a sepa-
rate publication (Hu et al., 1995).
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APPENDIX: CALCULATION OF FUGACITY
COEFFICIENTS

A few errors in the equations of Anderko and Pitzer (1993) are
corrected here. The fugacity coefficient ¢; is given by:

Hi — I-":!
RT

In¢: = -2z, (AD)

where (u;—u*) is the difference between the chemical potential of
component i in the real system and that in the ideal gas state. It is
given by the sum of the hard-sphere, dipolar, and perturbation con-
tributions:

(i ~ ) = Aptipa + Dptigip + Aplyper. (A2)

The hard-sphere contribution is expressed as

nang
(%)
Apiva _| _\RT/

RT o +Z~1, (A3)

[y TP
where
3DE E? E?

an F " F E?
+ +{—=- 1 - 4
RT 1-79 (1-n)? F2 1jIn( 1), (A4)

(%)
e RT

Nang
a( RT )

==+
on; RT ox;
T "
(%)
i ad (AS5)
- x| —— R
=1 ! Ox;
T i
where
[+ %] Qha
o) 1) oo
ax,- - oD BX,'

v T 5w

Qng [ 1%}
B(RT) OE a(RT) 9F

9 ox ' oF ox 9
where D, E, and F are given by Eqns. 6-9 and
() 2
RT F
b (a-m" (A7)
o) noce e
RT F F F? 3152l . AR
= + + — —_
9E a-m a-m 't F n(1-m7n), (A8)
and
a) g, B WET _E
(RT) FTRCTP T F T perm
oF (1-n (a-m?
2E%
FJ EJ
a-me —2F3 In(l-7n). (A9)
oD
o oi, (A10)
OE_ o? (All)
ax,- iy
OF R
ox o}. (A12)
The dipolar contribution is given by
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The derivatives of A, and A; with respect to the number of moles of
component i are
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where
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where b; is defined by Eqn. 17.
The perturbation contribution to the chemical potential is
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