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Abstract—An understanding of the activity-compositioa—) relations and phase equilibria of halite-
bearing, mixed-species supercritical fluids is critically important in many geological and industrial applica-
tions. We have performed experiments ogOHCO,-NaCl fluids at 500°C, 500 bar, to obtain accurate and
precise data on the&—X relations and phase equilibria. Two kinds of experiments were performed. First,
H,0O-CO,-NaCl samples were reacted at fixed activities gbH= 0.078, 0.350, 0.425, 0.448, 0.553, 0.560,
0.606, 0.678, 0.798, 0.841, and 0.935 to define the tie lines of knoy ddtivity in the halite-vapor and
vapor-brine fields. Results indicate that fluids with all but the last of thegkddtivities lie in the vapor-halite
two-phase region and that a fluid wigh o = 0.841 has a composition close to the three-phase (vagwine

+ halite) field. A second set of experiments was performed to determine the solubility of NaCl in parts of the
system in equilibrium with halite. Data from these experiments suggest that the vapor corner of the three-phase
field lies at HO contents abovi,, o = 0.58 andXy,c; = 0.06, and belovX,, o = 0.75 andXy,c; = 0.06,

which is a significantly more kO-rich composition than indicated by existing thermodynamic
models. Copyright © 2004 Elsevier Ltd

1. INTRODUCTION excess volume(*™) from 1 bar to the pressure of interest. As
shown bySeitz and Blencoe (1999r the H,0-CQ, system,

Thermophysical data and equations of state for fluids have !
o ; . the maximum excess volume falls at or near the pressure of the
numerous applications in science and technology. Problems as_ ... - .
critical isochore. This has been observed for numerous mixed-

varied as analysis of magma-hydrothermal systems and ore - : .
deposits, flow through pipes, metamorphic phase equilibria volatile systems at all temperatures for which reliable volumet-
' ! ' ric data are available. While the values \6t* are less well-

treatment of toxic waste, and analysis of fluid inclusions require . .
. . . known for strong electrolyte solutions, the datafsgnovich
data on the thermodynamics, physical properties, and phase . s .
equilibria of pure and mixed fluids. Thus, it is unfortunate that ar_ld !\lewton (19963uggest that negative deviations from ide-
' : ality in the H,O-NaCl system increase most strongly from 2000

the equations .Of state available for mlxeq ﬂUIdS. are often_ either to 4200 bar and change relatively little to 15 kbar. The isother-
wholly theoretical or based on sparse or imprecise experimental L - .
mal pressure dependence of the activity—composition relation-

data. ships of a fluid system is obtained by integrating the excess

H,O, CO,, and NaCl are the predominant fluid components . .
in many geological systems. Although several thermodynamic volume from the pressure at which those relations are known to
. the pressure of interesBlencoe et al., 1999 However,V,,

models of the HO-COyNaCl system have been proposed decreases rapidly above the pressure of the critical isochore,

(Bowers and Helgeson 1983; Duan et al., 1996levant ex- and thus the activity—composition relations of mixed fluids

perimental data are scarce. In this paper we describe the resultsde end onlv weakly on pressure at higher pressures. Derivation
of a series of experiments performed at 500°C, 500 bar, to P y yonp 9 P !

define the activity-compositionafX) and phase relations of pfathermodynam|c model for mixing .propertles atall geplog
. ically relevant pressures depends critically on data obtained at
H,0O-CO,-NaCl fluids. Our work on the kD-CQ, system at .
o . - low pressures, where the excess volumes are relatively large.
500°C, 500 barAnovitz et al., 1998 provides a well-deter- o iy “ipic means pressures up-d.000 bar above that of
mined dataset for one of the bounding binaries of this system. ypicaly, P P

We extend that work by directly measuring the activity-com- the critical isochore.

position and phase relations of,8&l-CO,-NaCl fluids at 500°C

and 500 bar. This pressure and temperature are highly signifi- 2. PREVIOUS WORK
cant in geochemistry and petrology because many contact-
metamorphic, magma-hydrothermal, and ore-forming systems

form at or near this pressure and temperature. activity-composition and phase relations at 500°C, 500 bar, the

. Data on HO-CO,NaCl fIU|ds_ at_500°C, 500 b"?r are also interpretation of our results depends strongly on available data
important in the study of amphibolites and granulites because for the limiting binaries, which were used both to help plan our

the excess Qibbs free energy and, therefore, th? activity-com- experiments and to interpret our data. Because of its wide-
position relations of the system depend on the integral of the ranging geological and industrial significance, there have been
numerous studies of the thermodynamics and phase relations of
*Author to whom correspondence should be addressed Parts of the HO-CO,-NaCl ternary, but in most of those
(lanovitz@utk.edu). investigations attention was primarily focused opCHrich
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While the experiments reported in the present paper provide
highly accurate and precise measurements £94€0,-NaCl




3558 L. M. Anovitz et a.

compositions at lower pressures and temperatures. The P-T-X
range of the available data is limited. The results of those
studies are summarized below, exclusive of low-temperature
studies well outside of the temperature range of interest here.

The H,0O-NaCl system. The thermodynamics and phase equi-
libria of the H,O-NaCl join have been studied extensively.
Early investigationsinclude the work of Keevil (1942), Olander
and Liander (1950), Copeland et al. (1953) and Morey (1957).
Sourirgjan and Kennedy (1962) performed experiments at tem-
peratures up to 700°C, but some of their results are inconsi stent
with those of more recent investigators. Data obtained from
experiments performed at 300 to 500°C were summarized by
Bischoff and Pitzer (1989) and Bischoff (1991). More recent
studies have been conducted by Knight and Bodnar (1989),
who studied the critical curve from 0 to 30% NaCl up to 820°C
and 1574 bar, Bodnar (1994), who determined the halite liqui-
dus and isochores for 40 wt.% NaCl fluid at 350—800°C and
1000—-6000 bar, and Aranovich and Newton (1996), who con-
ducted experiments from 600 to 900°C and 2000 to 15000 bar.

There have been nearly as many models proposed for the
H,O-NaCl system as experiments conducted on it. As dis-
cussed by Anderko and Pitzer (1993), who presented a com-
prehensive equation of state for the system from 573 to 1200 K
up to 5000 bar, the excess Gibbs energy model of Pitzer (1984)
successfully represents the available data below 573 K. The
models of Pitzer and Simonson (1986) and Pabalan and Pitzer
(1990) extended the Pitzer approach to 623 K. Pitzer and
Pabalan (1986) modeled the properties of the vapor phase at
higher temperatures up to the pressure of the three-phase as-
semblage using a successive hydration model. Tanger and
Pitzer (1989) and Levelt-Sengers and Gallagher (1990) devel-
oped models that reproduce the compositions of the vapor-
liquid two-phase region from 573 to 873 K. None of these
equations, however, correctly predicts the behavior of H,O-
NaCl fluids with liquid-like densities. Those densities, but not
the phase relations or chemical potentials, were modeled by
Lvov and Wood (1990). Knight and Bodnar (1989) provided
expressions for the pressure, temperature, and specific volume
of the critical point, and Sterner et al. (1992) devised asingle-
parameter Margules model to represent the liquidus surface.

Together with the data summaries of Bischoff and Pitzer
(1989) and Bischoff (1991) the studies discussed above provide
areasonably clear picture of phase relations for the H,O-NaCl
binary and, for present purposes, the phase relations expected
for the H,O-NaCl boundary of the H,O-CO,-NaCl system at
500°C, 500 bar. Progressing from H,O-rich to NaCl-rich com-
positions, the phase diagram consists of a one-phase vapor
field, a two-phase vapor plus brine field, a one-phase brine
field, a two-phase brine plus halite field, and finaly single-
phase halite. The H,O-rich vapor contains a maximum of 0.42
mol % NaCl, whereas high-density brine contains a minimum
of 14.8 mol % NaCl and a maximum of 33 mol % NaCl. Halite
is assumed to be pure NaCl.

The H,O-CO, system. The critica curve for the H,O-CO,
system originates at the critical point of pure H,O (374.15°C,
221.2 bar). With increasing pressure the temperature of the
critical curve first drops to a minimum near 266°C, 2250 bar,
and X0 = 0.585 (Todheide and Franck, 1963) and then
increases. Complete solution between H,O and CO, is to be
expected in our experiments because they were conducted at

P-T conditions above this curve. The available activity-com-
position data for the H,O-CO, system were summarized by
Joyce and Blencoe (1994) and Anovitz et a. (1998), and the
a—X relations of the H,O-CO, binary at 500°C and 500 bar
were determined by Anovitz et a. (1998). In the latter study,
a—X data were acquired in essentially the same manner as
described below for H,O-CO,-NaCl mixtures, and the results
provide a well-defined limiting case for the ternary. Recently
Aranovich and Newton (1999) studied the a—X relations in the
H,O-CO, system from 600 to 1000°C and 6—14 kbar. The data
of both Anovitz et al. (1998) and Aranovich and Newton (1999)
suggest that H,O-CO, fluids exhibit positive deviations from
ideal mixing in the P-T ranges studied.

The CO,-NaCl system. Very few experimental data exist on
mixing in the CO,. NaCl binary. The only published results are
those of Grjotheim et a. (1962), who studied thisjoin from 810
to 950°C at 1 atm. At 850° and 950°C the solubility of CO, in
molten NaCl is 4.6 X 107 and 6.0 X 10~° mol CO,/cm®
NaCl, respectively. Thus, CO, has very low solubility in NaCl
in this temperature range at 1 atm. No corresponding data are
available on the solubility of NaCl in CO,, but it is probably
small. The effect of pressure is completely unknown.

The H,0-CO,-NaCl system. Although there have been sev-
era studies of the H,O-CO,-NaCl system, the ranges of pres-
sure, temperature, and composition that have been explored are
severely limited. In addition, the results from several of these
studies are inconsistent (e.g., Kotel'nikov and Kotel’ nikova
1991 vs. Bowers and Helgeson 1983 at 2000 bar). Previous
studies of the H,O-CO,-NaCl system are summarized in Table
1, examination of which reveals several important points. First,
the data coverage is spotty (more so when the individual
experiments within the ranges quoted for each study are con-
sidered), especialy for temperatures above 500°C and pres-
sures below 4000 bar. This is a critically important P-T range
because, as nhoted above, excess volumes of mixing are greatest
at low pressures and because activity-composition models for
high pressures strongly depend on the lower pressure values
(cf. Seitz and Blencoe 1999; Blencoe et a., 1999). The avail-
able data, even from the more comprehensive studies (e.g.,
Schmidt 1997 and Shmulovich and Graham 1999), primarily
delineate the boundaries of the liquid-vapor two-phase field.
Very few data are available on the orientations of tie lines, the
location of the three-phase field, or activity-composition rela-
tions, particularly for NaCl- and CO,-rich compositions.

3. EXPERIMENTAL TECHNIQUES

Two kinds of experiments were performed. In the first, an improved
version of the fixed-H,O activity technique was used to locate isoac-
tivity tie-lines within the H,0-CO,-NaCl ternary (Joyce and Holloway
1993; Joyce and Blencoe 1994; Anovitz et al., 1998). This approach has
the advantage that the property of greatest interest, the relationship
between activity and composition, is measured directly and is not
derived from other data. The second kind of experiment measured the
solubility of NaCl to place limits on the locations of the phase bound-
aries in the system.

Figure 1 schematically illustrates the phase relations of the H,O-
CO,-NaCl system at 500°C and 500 bar and the experimental tech-
niques used to determine the a—X relations. The phase diagram contains
three one-phase fields defining the stability limits of an H,O-CO,-rich
vapor, an H,O-NaCl-rich brine, and halite. There are aso the two-
phase fields halite + vapor, halite + brine, and vapor + brine and the
three-phase field halite + vapor + brine.
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Table 1. Experimental and theoretical studies of the H,0-CO,-NaCl system, excluding clathrates.

Reference Pressure (kb) Temp (°C) Compositional range Comments
Anovitz et d. (this study) 0.5 500-800 ternary Fixed activity and phase-equilibrium
experiments
Bowers and Helgeson (1983) 0-2 400-600 H,0-CO,-Xnac < 0.3 model
Brown and Lamb (1989) 2-10 >350 <6 wt% NaCl Calculation of isochores
Darimont (1987) Data comparison
Drummond (1981) <0.378 25-400 0-6 m NaCl Experiments: CO, in H,O-NaCl
solutions
Duan et a. (1995) 0-6 300-1000 <30 wt% NaCl Vapor-liquid model, does not predict
saturation surface
Ellis and Golding (1963) <0.0919 <330 0-2 m NaCl Experiments. CO, in H,O-NaCl
solutions
Franz et a. (1992) 1-3 500-700 Xnac) < 0.2 Experiments: no three-phase data,
Xco, < 05 limits of NaCl solubility in fluid
Gehrig (1980) <3 25-560 6, 10, 20 wt% NaCl Experiments: isopleths and two-phase
regions
Hendel and Hollister (1981) 1-2 200-350 2.6 wt% NaCl Natural samples
Jacobs and Kerrick (1981) 2,6 450-600 5, 10 wt% NaCl Experiments: a/X data, effects of
ternary compositions on
decarbonation equilibria
Johnson (1991) 6.6-7.5 890-960 <50 wt% NaCl Experiments: synthetic fluid
0.1 < Xco, < 05 inclusions, liquid-vapor miscibility
Johnson (1992) 6.0-7.6 870-960 6-23.9 wt% NaCl Experiments: synthetic fluid inclusion
0.1 < Xco, < 051 PVT data
Joyce and Holloway (1993) 2 700-850 ternary Experiments: four isoactivity curves
Kotel'nikov and 1-2 400-800 X0 > 05 Experiments: synthetic fluid inclusions
Kotel' nikova (1991) one- or two-phase fields, no tie
lines or three-phase fields
Kotel’ nikova and 5 700 Experiments: synthetic fluid inclusions
Kotel' nikov (1997)
Malinin and Kurovskaya 0.05 25, 100, 150 0-6 m NaCl Experiments: solubility of CO, in
(2975) H,O-NaCl solutions
Malinin and Savelyeva 0.05 25, 50, 75 0-4.5 m NaCl Experiments: solubility of CO, in
(2972) H,O-NaCl solutions
Naumov et a. (1974) 0.6-25 100-500 0-5 lonic strength Model solubility of CO, in H,O-NaCl
solutions from natural samples and
extrapolation of lower P-T
experiments from the literature
Popp and Franz (1989) 1-3 500-700 0.5-4 m NaCl > 60 Experiments: synthetic fluid
wt% H,O inclusions, 1 or 2-phase fields. No
tie lines of three-phase fields
Plyusnina (1990) 1 200-300 XCO, < 0.2 1 m NaCl Experiments: a-X data, effects of
ternary compositions on epidote
equilibria
Schmidt (1997) 1-5 300-800 <40 wt% NaCl Experiments: synthetic fluid
<20 wt% CO, inclusions, liquid-vapor boundaries,
isohomogenization lines
Shmulovich and Graham 59 700-900 H,O-NaCl-abite Experiments. H,O-NaCl-albite melting
(1996) experiments
Shmulovich and Plyasunova 5 500 10-25% sdlinity Experiments: synthetic fluid
(1993) inclusions, liquid-vapor boundary
Sterner et a. (1984) 1 500 12, 20% NaCl Experiments: liquid-vapor boundary
Takenouchi and Kennedy 0.1-14 150-450 6, 20% NaCl Experiments: solubility of CO, in
(1965) H,O-NaCl fluids
Yasunishi and Y oshida 0.001 15-35 0.5-5 M NaCl Experiments. CO, solubility in
(1979) H,O-NaCl fluids

Experiments were conducted in ahydrogen-service, internally heated
gas apparatus with alargeinternal volume, which permits simultaneous
reaction of several encapsulated samples that, in turn, provide isoac-
tivity reversal brackets at fixed P and T. Temperature was monitored
with three thermocouples placed at the bottom, in the middle, and at the
top of the sample holder. Temperature was controlled using a dual-
channel Micristar controller and a two-zone, kanthal-wound furnace,
the upper and lower windings of which were controlled by the upper
and lower thermocouples to minimize thermal gradients. Temperature
readings among the three thermocouples typically varied by approxi-
mately 1°C, suggesting that the overall thermal gradient in the sample

holder was less than = 5°C. Pressure was measured using a calibrated
60000 psig pressure transducer. Experiments were run for at least 1
week, and several ran for as long as 4 weeks.

In the fixed-H,O-activity method the activity of H,O is set by fixing
oxygen fugacity (fo,) with a metal—metal-oxide buffer and by fixing
hydrogen fugacity (f,,,) with an Ar-H, pressure medium. During the
experiment, the hydrogen fugacity is monitored with a Shaw membrane
(Shaw 1963, 1967). In the experiments presented here Ni-NiO was
used as the metal—metal-oxide oxygen buffer, and the f,, vaue
defined experimentally by Anovitz et al. (1998) was used to calculate
ay,,0- Together, the known fo, and fy,, values fix H,O activity through
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Fig. 1. Schematic illustration of the phase equilibriain the H,O-CO,-NaCl system and the experimental approaches used
to determine a—X relations and phase equilibria in this study. Figure A shows the NaCl-saturated phase equilibrium
experiments, and figure B shows the fixed-H,O activity experiments.

the equilibrium H,O = H, + 1/2 O,. The equilibrium mole fraction of
H,0 corresponding to that H,O activity is then experimentally reversed
(approached from opposite compositional directions to bracket the
equilibrium value without assuming equilibrium has been achieved) by
measuring the changes in the H,O contents of samples whose initial
compositions were either more or less H,O-rich than the equilibrium
value.

In the a—X experiments, 5 cm long X 5 mm o.d. Ag,sPd,5 capsules
were loaded with water, silver oxaate as a source for CO,, NaCl, and
Ni + NiO to buffer f, . The amount of water initially added to each run
is listed in Table 2, and excess amounts of NaCl, Ni, and NiO were
used. The NaCl was placed in asmall (1cm X 3 mm) Pt inner capsule
with only the lower end welded shut, which was placed in the outer
capsule assembly last. To fix the H,O activity, the fugecity of hydrogen
was selected by using an H,—Ar pressure medium of known compo-
sition. In general, the fugacity of hydrogen equals the mole fraction of
hydrogen in the pressure medium multiplied by the total pressure.
Although the hydrogen content of the gas and the pressure and tem-
perature of the run fix the nominal hydrogen fugacity, some hydrogen
is absorbed by the pressure vessel and may be released during a
subsequent experiment. Thus, the actual hydrogen fugacity during an
experiment varies from the nominal value. The hydrogen fugacity for
each experiment is, therefore, measured using a Ag,sPd,s Shaw mem-
brane placed next to the capsules and connected by capillary tubing (to
minimize volume) to a calibrated, high-precision 20 psia pressure
transducer (see Anovitz et a., 1998 for additional details). The mem-
brane was supported internally with alumina powder and was evacu-
ated to <0.01 bar before each experiment. Because Ag,sPd;s is highly
permeable to hydrogen but not to argon (Rubin 1966; Ackerman and
Koskinas 1972, Holleck 1970, Huebner 1971, Chou 1987, Gunter et a.,
1987), the pressure inside the membrane equals the fugacity of hydro-
gen in the much higher-pressure gas in the pressure vessel.

Figure 1 illustrates the method used to determine and, where possi-
ble, reverse, the positions of tie-lines and phase boundaries. Each
experiment contained eight to twelve capsules. For the isoactivity
experiments, starting compositions were chosen so that each contains
either more or less H,O than the expected equilibrium value. The
sample compositions cover a range of CO,/NaCl ratios and expected
changes in the mole fraction of H,O. In capsulesthat initially contained
more H,0 than was stable for a given H,O activity, the H,O reacted
with Ni metal to form NiO and H,; the H, then diffused through the
Ag,sPd,5 capsule into the pressure medium. In capsules that initially
contained less than the equilibrium mass of H,0, H, from the pressure
medium diffused into the capsule and reacted with NiO to form Ni and

H,O. Such paired reactions provide reversals of equilibrium H,O
contents at known H,O activities.

The solubility of halitein vapor or vapor + brine mixtures along the
boundary of the three-phase field was determined by measuring the loss
of halite from the inner capsules. We conducted additional solubility
experiments without Ni and NiO. In those experiments the outer
capsules were platinum, no Ni-NiO was added, and the pressure me-
dium was Ar because there was no need to control a,,o. The volume
of theinner capsuleis small relative to that of the outer capsule, and the
NaCl dissolved during the experiment precipitated primarily outside
the inner capsule during the quench. Thus, the amount of NaCl remain-
ing in the inner capsule after the experiment provides a measure of the
amount dissolved in the known amount of fluid. This constitutes a
half-reversal on the location of the halite saturation surface.

4. ANALYTICAL TECHNIQUES

In our previous work using the fixed H,O-activity technique (Ano-
vitz et a., 1998) we developed new vacuum-line manometric tech-
niques for precise and accurate measurement of the H,O and gas
contents of reacted samples to obtain more reliable a—X data for the
H,0-CO, and H,O-N, systems. While analysis of ternary H,O-CO,-
NaCl samples required some modifications of these procedures, the
overall approach is very similar.

To analyze a sample, the outer capsule was first punctured in a
vacuum line using a custom puncturing device, then warmed with a
heat gun to expel al the H,0O and CO, gas, which were separated
cryogenically. The H,O was then reacted with uranium a 800°C
(Bigeleisen et al., 1952). The resulting H, was pumped into a standard
volume with a Toepler pump, and the pressure in that volume was
measured by a mercury manometer. CO, was transferred cryogenically
into a separate reference volume, and its pressure was measured by a
pressure transducer. Typicaly the yield of CO, from our synthetic
silver oxalate was 98—100%; the analyzed amount of CO, was used in
all subsequent calculations. The precision of this technique was dis-
cussed by Anovitz et al. (1998). As in that study, if the measured
change in the amount of H,O in the capsule was <2 umoles, the result
was not considered a reliable indication of reaction direction.

Analysis of the NaCl contents in the fluid was more straightforward.
In each sample halite was initially loaded into the inner capsule. After
the experiment and manometric analysis of the fluid, the outer capsule
was opened, and the inner capsule extracted and cleaned to remove
loosely adhering Ni, NiO, Ag, and NaCl. The inner capsule was then
weighed and cut in half lengthwise. The halves were twisted to open the
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Table 2. Data for H,O-CO,-NaCl fixed-activity experiments at 500°C, 500 bar.

Capsule ppm H, Py, (bar) 81,0 Initial X0 Initial Xyl Final X0 Final Xyaa A pmoles H,O
5-7-98-1 1790 13.49 0.7976 0.6520 0.1754 0.6403 0.1813 —12.40
5-7-98-2 1790 13.49 0.7976 0.7346 0.1090 0.7203 0.1149 —20.76
5-7-98-3 1790 13.49 0.7976 0.7162 0.0587 0.7090 0.0602 —10.67
5-7-98-4 1790 13.49 0.7976 0.6891 0.0805 0.6915 0.0799 2.36
5-7-98-7 1790 13.49 0.7976 0.0000 0.7665 0.0934 0.6949 50.82
5-7-98-8 1790 13.49 0.7976 0.0000 0.7103 0.2267 0.5496 18.57
5-21-98-9 1500 10.25 0.6060 0.5173 0.0485 0.5025 0.0500 —10.25
5-21-98-10 1500 10.25 0.6060 0.4672 0.1351 0.4739 0.1335 418
5-21-98-11 1500 10.25 0.6060 0.4237 0.2261 0.4092 0.2295 -820
5-21-98-15 1500 10.25 0.6060 0.0000 0.6972 0.1231 0.6114 21.60
5-21-98-16 1500 10.25 0.6060 0.0000 0.7494 0.0968 0.6769 30.44
6-6-98-19 1274 7.19 0.4251 0.33%4 0.0579 0.3574 0.0563 15.87
6-6-98-20 1274 7.19 0.4251 0.4159 0.0622 0.4234 0.0614 7.99
6-6-98-21 1274 7.19 0.4251 0.2855 0.0733 0.3058 0.0712 13.96
6-22-98-26 1790 11.47 0.6782 0.4966 0.1031 0.5213 0.0963 6.74
6-22-98-30 1790 11.47 0.6782 0.5099 0.1551 0.5168 0.1529 3.59
6-22-98-33 1790 11.47 0.6782 0.5580 0.2239 0.5312 0.2375 -13.22
6-22-98-34 1790 11.47 0.6782 0.6171 0.1818 0.5972 0.1912 —4.99
6-22-98-35 1790 11.47 0.6782 0.5484 0.1364 0.5443 0.1377 —7.01
12-8-95-7 1280 9.47 0.5599 0.0000 0.5246 0.2602 0.3882 207.23
12-8-95-8 1280 9.47 0.5599 0.4100 0.3127 0.3753 0.3311 —28.31
7-13-98-39 1274 7.57 0.4476 0.4321 0.1170 0.4329 0.1168 0.48
7-13-98-41 1274 7.57 0.4476 0.5494 0.0518 0.4960 0.0579 —16.80
7-13-98-43 1274 7.57 0.4476 0.3410 0.0571 0.3674 0.0548 17.97
NCH 54 2000 14.22 0.8408 0.7598 0.0717 0.7564 0.0727 —1.64
NCH 57 2000 14.22 0.8408 0.8145 0.1211 0.8065 0.1263 —-7.11
NCH 58 2000 14.22 0.8408 0.7517 0.1733 0.7471 0.1765 —3.00
NCH 61 2000 14.22 0.8408 0.6390 0.3371 0.3530 0.6040 —37.24
NCH 62 2000 14.22 0.8408 0.7588 0.2224 0.1364 0.7962 —64.32
8-12-98-63 2000 14.22 0.8408 0.8450 0.1190 0.6236 0.2891 —40.57
NCH 65 1000 5.92 0.3500 0.1774 0.4015 0.1826 0.3989 152
NCH 66 1000 5.92 0.3500 0.1260 0.4600 0.1931 0.4247 16.49
NCH 67 1000 5.92 0.3500 0.2878 0.3470 0.2764 0.3526 —2.75
NCH 69 1000 5.92 0.3500 0.1741 0.2058 0.2006 0.1992 3.80
NCH 71 1000 5.92 0.3500 0.1861 0.5658 0.1756 0.5732 -191
NHC87 758 1.32 0.0780 0.1152 0.2281 0.0463 0.2458 —24.71
NHC90 758 132 0.0780 0.0591 0.6245 0.0362 0.6397 —13.86
NHC91 758 1.32 0.0780 0.0781 0.6021 0.0196 0.6403 —19.50
NHC93 1500 9.36 0.5534 0.4339 0.1451 0.4222 0.1480 —2.08
NHC94 1500 9.36 0.5534 0.4366 0.1424 0.4414 0.1412 0.94
NHC95 1500 9.36 0.5534 0.4872 0.1269 0.4913 0.1259 147
NHC96 1500 9.36 0.5534 0.5068 0.1200 0.4919 0.1236 —3.60
NHC98 1500 9.36 0.5534 0.2785 0.4048 0.3407 0.3699 11.29
NHC99 1500 9.36 0.5534 0.3525 0.3307 0.3875 0.3128 6.12
NHC102 1500 9.36 0.5534 0.3843 0.3000 0.3810 0.3016 -0.94
NHC103 1500 9.36 0.5534 0.4500 0.2801 0.4415 0.2844 —2.00
NHC109 2250 15.82 0.9354 0.739% 0.2239 0.7414 0.2223 8.32
NHC113 2250 15.82 0.9354 0.7842 0.0791 0.7744 0.0827 —4.87
NHC114 2250 15.82 0.9354 0.7874 0.1826 0.7881 0.1820 116
NHC117 2250 15.82 0.9354 0.8251 0.0605 0.8285 0.0594 5.78
NHC119 2250 15.82 0.9354 0.8169 0.0802 0.7979 0.0885 —8.61
NHC120 2250 15.82 0.9354 0.8380 0.1338 0.8350 0.1363 —3.67

capsule, and the two parts were placed in water and heated in an
ultrasonic cleaner to dissolve the NaCl. After dissolution the capsule
halves were dried and reweighed. The change in weight yielded the
mass of NaCl remaining in the inner capsule. The difference between
this and the initial weight of halite in the inner capsule yielded the
amount of NaCl dissolved in the fluid during the experiment. With the
exception of NaCl, only loosely adhering particles that might fall off
during the remainder of the analysis had to be removed during the
cleaning operation, because firmly attached particles would not affect
the results. All weighings were performed with the same Mettler A163
analytical balance, having a precision of 0.01 mg. The balance was
calibrated before each weighing session.

In our experience with thistechnique, theinitial drying step iscritical
to the quality of the result. The capsules used for the fixed H,O-activity

experiments were dried very thoroughly as part of the fluid analysis.
Use of a high-vacuum line, a heat gun, and a liquid-nitrogen trap
efficiently removed water from the remaining salt. For the experiments
with the platinum outer capsules, the inner capsules were dried in a
vacuum oven after removal from the outer capsule.

5. RESULTS

The results of our activity—composition and phase equilib-
rium experiments are shown in Figures 2 and 3 and listed in
Tables 2 and 3. The tables show the change in the number of
micromoles of H,O observed for each sample, as well as the
initial and final mole fractions of H,O in the fluid.
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Fig. 2. Results obtained from experiments performed to locate the
phase equilibrium boundaries in the H,0-CO,-NaCl system at 500°C,
500 bar. Because data were only obtained on the H,O-CO,-NaCl vapor
saturation surface and the vapor-brine edge of the three phase field,
other ternary phase boundaries are only constrained at their binary
endpoints or where they intersect the experimentally determined
curves, and their positions should be considered tentative or schematic.

5.1. Phase Boundary Results

Figure 2 shows the data that locate the phase boundaries in
the H,0O-CO,-NaCl system at 500°C, 500 bar. The starting fluid
compositions are assumed to lie on the H,O-CO, binary at the
location dictated by the amounts of H,O and silver oxaate
loaded into the capsules. The generation of CO, from the Ag
oxalate and its subsequent mixing with water is assumed to
occur before NaCl dissolution because halite was originally
held in the inner capsule. The change in fluid composition
during the experiment may have been more complex, but the
final composition still provides a half reversal of the equilib-
rium boundary.

The diamonds shown in Figure 2 represent final fluid com-
positions. Because some samples failed to reach equilibrium
and because reversals with NaCl-supersaturated solutions were
impossible, the maximum solubility results were used to locate
the NaCl saturation surface. The data limit both the maximum
amount of NaCl soluble in an H,O-CO, fluid and the position
of the vapor-brine edge of the three-phase field. The vapor-
brine tie line was determined from solubility experiments in
which the bulk composition of the system lay within the three-
phase field. The analytical techniques used cannot distinguish
high-pressure, high-temperature brine from vapor compositions
because the vapor and brine are combined by the quench and
analysis. Thus, the endpoints of this tie line cannot be deter-
mined directly. Nonetheless, the location can be, and it is
possible to locate the ends from inflection points in the solu-
bility curve. For instance, the vapor end point can be deter-
mined from the intersection of the vapor-brine tie line with the
vapor-saturation curve, which, as can be seen from Figure 2,
generally meet at a high angle.

The phase equilibrium results shown in Figure 2 suggest,
first, that in the vapor + halite field the solubility of NaCl in the

vapor does not appear to be alinear function of H,O/CO, ratio.
Instead, it appears to be low up to amole fraction of H,O close
to 0.30; in more water-rich vapor the solubility increases rap-
idly to ~7.5 mol %. Thermodynamic modeling suggests that
this is reasonable. Figure 2 aso shows that there is some
inconsistency in the data used to locate the vapor-brine edge of
the three-phase field. Above X, o of ~0.66 the data suggest
two possible locations for the saturation curve. Most of the data
suggest avapor boundary without a noticeable inflection. Three
samples, however, suggest a much higher NaCl content and
imply that the H,O content of the vapor corner of the three-
phase field was exceeded in the other samples. Later work
suggests an explanation for this anomalous result. In most
experiments, the crimped end of the inner capsule was on top.
Transport of NaCl from the inner to the outer capsule under
these conditions can only occur in the vapor phase. Under
conditions where a brine phase is stable, some brine may
precipitate in the outer capsule, but most remains in the inner
capsule on the halite. On quenching, the NaCl in this brine
remains in the inner capsule, and the results, therefore, signif-
icantly underestimate the NaCl content of the vapor-brine edge
of the three-phasefield. In our later experiments (Anovitz et a.,
2002) this problem was addressed by orienting the inner cap-
sule with the crimped end down, after first melting the NaCl in
it to prevent grains from falling out while the capsule is
inverted. Therefore, we believe that the samples having higher
halite solubility more accurately indicate the location of the
vapor-brine edge of the three-phase field.

5.2. Activity-Composition Results

Figure 3 shows the results of the fixed H,O-activity exper-
iments. The circles represent starting fluid compositions, and
the triangles indicate final values. For each sample, the only
possible change in the composition is a change in H,O content.
Thus the initial and final fluid compositions fall on a line that
intersects the H,O corner of the phase diagram. The positions
of the isoactivity curves (curves of constant a,, o) and tie lines
are fixed by the datafor the H,O-CO, system at X, = 0 and
by our new experimental data in the middle. In addition, tie
lines in the vapor + halite field end at pure NaCl. In general,
the isoactivity curves in the vapor field are not collinear with
the two-phase tie lines. As can be seen, in many cases tight
reversals of the positions of the isoactivity lines were obtained.

Despite the regularity of the data, some inconsistencies exist.
For the experiment performed at a,, o = 0.798 the mole frac-
tion of H,O in sample 5-7-98-4 increased from 0.6891 to
0.6915 with a change in H,O content of 2.36 wmoles. This
result is inconsistent with the results from sample NCH 62,
which limits the location of the a,,,o = 0.841 tie line to less
H,O-rich conditions. This total change in H,O in sample 5-7-
98-4 is small, however, and that for NCH 62 is relatively large
(64.32 umoles). Thus, the results for sample 5-7-98-4 could
reflect analytical error.

The largest apparent inconsistency, however, is for the ex-
periment conducted a a,,, = 0.606. Two samples reacted in
this experiment, 5-21-98-15 and 5-21-98-16, initially contained
no H,O and yielded final H,O contents that do not provide
strong constraints on the location of the tie line. The measured
H,O contents of the other three samples reacted in that exper-
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Fig. 3. Results obtained from fixed-activity experiments. Circles represent starting fluid compositions, and triangles
represent final values. Open symbols show an H,O-increase, and filled symbols show an H,O decrease. Gray circle-triangle
pairs are inconsistent with the results from the remaining experiments at a given activity. The dark gray region is the range
of possible locations for a given fixed-activity tie line, as constrained by the experiments at that activity, and the heavy line
is the selected location for that tie line. The light lines and the light gray regions show possible locations for the tie line

constrained by the experiments at higher and lower activities.

iment, 5-21-98-9, 5-21-98-10 and 5-21-98-11, are mutually
inconsistent. Both 5-21-98-9 and 5-21-98-11 indicate H,O con-
tents that are too low in comparison with values obtained from
the experiment performed at &, = 0.553. Because 5-21-09-9
is actually in the one-phase vapor field, its anomalous H,O
content may reflect curvature in the isoactivity linein that field,
athough there is no independent evidence of this. The mea-
sured H,O content of sample 5-21-98-11, however, remains
inconsistent and is considered to be an outlier.

With the exception of the data points just discussed, the
phase diagram for the H,O-CO,-NaCl system at 500°C and 500
bar, shown in Figure 3, has been drawn in a manner consistent
with all the experimental data obtained. A combination of the
phase equilibrium and fixed-H,O-activity experiments was
used to determine the location of the vapor corner of the
three-phase field. The upper limit is set by the experiment
performed at &, = 0.94, which was determined to lie in the
vapor-brine field. While the position of this point cannot be
determined accurately using our approach, it is approximately
X0 = 0.75, Xyac = 0.06.

The minimum H,O content of the vapor corner of the three-
phasefield islesswell determined. It certainly lies abovethetie
line for a,, o = 0.68, and therefore above X, = 0.58. The
choice of a more limiting value depends on the uncertainties
assigned to the two samples 5-7-98-4 and NCH 62, which were
reacted at a,, o = 0.80 and a,, o = 0.84. If, as suggested above,
the value for sample NCH 62 is correct and for sample 5-7-98-4
iserroneous, then the vapor end of the a, o = 0.84 tieline must
lie below X, o = 0.63. Because only a maximum-H,O half-
reversal was obtained in this experiment, the location of the
vapor corner of the three-phase field is not fixed. The most
constraining experimental datum remains that for the a, o =
0.68 experiment. On the other hand, if the value of X o
obtained from sample 5-7-98-4 is correct and that for sample
NCH 62 is not, the vapor corner must lie at X, o = 0.71. This
is considered unlikely because of the large difference in the
change in H,O content between the two samples. The location
of the vapor corner of the three-phase field shown in Figures 2,
3, and 4 is the average of the limiting values: X, = 0.665.
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Table 3. Datafor H,O-CO,-NaCl salt-saturated vapor experiments at
500°C, 500 bar.

Initial Initial Fina Final A pmoles

Capsule Xn,0 Xnaci X0 Xnaci NaCl
NCH 11 0.5475 0 0.5110 0.0450 76.14
NCH 1 0.7907 0 0.7330 0.0628 20.19
NHC 3 0.7609 0.7300 0.0320 11.98
NHC 4 0.7495 0.7105 0.0547 16.08
NHC 9 0.5437 0.5151 0.0262 8.56
NHC 10 0.5402 0.5193 0.0499 15.91
6-6-98-19 0.3602 0.3775 0.0031 1.369
6-6-98-20 0.4435 04343 0.0371 25.59
6-6-98-21 0.3080 0.3182 0.0334 1574
NHC 65 0.2964 0.2874  0.0198 291
NHC 66 0.2333 0.3284 0.0217 2.74
NHC 69 0.2192 0.2478 0.0107 1.03
NHC 72 0.9507 0.8698 0.0851  269.66
NHC 73 0.9042 0.8281 0.0842 173.50
NHC 74 0.8801 0.7965 0.0950  240.75
NHC 75 0.8604 0.8016 0.0684 144.07
NHC 78 0.7799 0.7364 0.0558 89.66
NHC 76 0.8281 0.7507  0.0934 180.52

NHC 80-1 0.8775
NHC 81-1 0.7875
NHC 82-1 0.9056
NHC 82-2 0.5128

0.7032 0.2070  715.40
0.7527  0.0441 65.53
07134 02125  736.10
0.5083  0.0088 12.32

[eNeoloooooooooooooooooooooooooololoolo oo Ne]

NHC91 0.1963 0.0541 0.0092 1.03
NHC 95 0.5580 0.5207  0.0735 12.83
NHC 102 0.5461 0.5059 0.0726 9.58
NHC 125 0.9502 0.8282 0.1283 13244
NHC 126 0.9012 0.8270 0.0824 75.97
NHC 127 0.8538 0.7740  0.0935 41.58
NHC 128 0.7935 0.7385 0.0693 58.52
NHC 129 0.7476 0.6979  0.0664 60.74
NHC 130 0.7006 0.6636  0.0528 29.77
NHC 131 0.6492 0.6056  0.0673 58.69
NHC 132 0.5817 0.5501 0.0544 30.80
51 0.9503 0.8335 0.1230  136.03
5-2 0.9005 0.7968 0.1151  116.69
5-3 0.8495 0.6800 0.1996  480.30
5-4 0.7931 0.7633  0.0375 39.70

6. DISCUSSION

Direct comparisons between the data acquired in this study
and the results obtained by previous investigators are difficult
to make because the P-T—X conditions of prime interest here
have not previously been extensively investigated (cf. Table 1).
Figure 4 summarizes the phase relations determined in our
experiments and compares them with the results of Bowers and
Helgeson (1983). The two are significantly different. The
model of Bowers and Helgeson (1983) places the vapor corner
of the three-phase field at relatively low H,O contents—~5
mol percent—in contrast with our experiments, which suggest
a location above 63 mol percent. At the pressure and temper-
ature of our experiments, the Bowers and Helgeson (1983)
model was based largely on the data of Takenouchi and
Kennedy (1965) and Gehrig (1980). The experiments of Gehrig
(1980) were performed with samples containing 6, 10, and 20
weight percent NaCl at temperatures to 550°C and pressures to
3000 bar, and those of Takenouchi and Kennedy (1965) were
performed at 6 and 20 weight percent NaCl at temperatures to
450°C and pressures to 1400 bar. Thisis equivalent to approx-
imately 1.9, 3.3, and 7.2 mol percent NaCl on the H,O-NaCl
join and 4.6, 7.7, and 15.8 mol percent NaCl on the CO,-NaCl

join. Comparison of these compositions with the phase equi-
libria for the ternary system suggested by our experiments
shows that they lie primarily in, or close to, the vapor field.
Thus the experiments of Takenouchi and Kennedy (1965) and
Gehrig (1980) place only weak constraints on the location of
the three-phase field, which may explain why the model of
Bowers and Helgeson (1983) predicts anomalously low H,O
contents for the vapor corner of the three-phase field.

Two other models for the H,O-CO,-NaCl system, those of
Naumov et al. (1974) and Duan et a. (1995), are also based on
limited datasets. The model of Naumov et a. (1974) was
developed from the experimental data of Takenouchi and
Kennedy (1964) and from fluid inclusions with mole fractions
of NaCl up to 0.29, but mole fractions of CO, only up to 0.69.
The model of Duan et al. (1995) is based on the ternary
experiments of Takenouchi and Kennedy (1964), Gehrig
(1980), Kotel’'nikov and Kotel’nikova (1990), Frantz et al.
(1992), and Joyce and Holloway (1993). The data of
Kotel’nikov and Kotel’ nikova (1991) were obtained from syn-
thetic fluid inclusionsin quartz at pressures higher than those of
interest here (1000—2000 bar) and, within the ternary system,
mole fractions of NaCl no higher than 0.13 at 500°C. While
Kotel'nikov and Kotel'nikova (1991) noted the presence of
halite in some of their samples, no attempt was made to
delineate the three-phase field. Frantz et a. (1992) also ac-
quired data from synthetic fluid inclusions in quartz at higher
pressures (1000—3000 bar) than that of our experiments, and
their 500°C, 1000 bar data were limited to mole fractions of
NaCl no greater than 0.062. However, extrapolation of their
data to lower pressures suggests lower solubilities of NaCl for
intermediate H,0O-CO, compositions than obtained in our ex-
periments. The reasons for this difference are unclear. Like
Kotel’'nikov and Kotel'nikova (1991), Frantz et a. (1992)
found halite in some of their samples; however, they suggested
that it formed during quenching. If so, phase-equilibrium data
may be difficult to obtain by the synthetic fluid inclusion
method. Joyce and Holloway (1993) performed fixed-H,O ac-
tivity experiments on vapor-brine assemblages at higher pres-
sures and temperatures than those of interest here. Their results
indicate the presence of a three-phase field with a vapor corner
at relatively high H,O contents.

The morphology of the H,O-CO,-NaCl phase diagram de-
lineated in this paper has important implications for the ther-
modynamics of metamorphic fluids during decarbonation reac-
tions. Because the amount of NaCl in the halite-saturated vapor
decreases with increasing X, (Fig. 1), the activity of NaCl in
most NaCl-bearing fluids must increase during decarbonation.
Even if the NaCl content of the fluid is relatively small, the
activity of NaCl may increase substantially during addition of
CO, to the fluid. This is because the activity of NaCl aong the
saturation surface must be fixed. Thus, halite can precipitate
from even relatively NaCl-poor fluids at elevated X, if de-
carbonation proceeds far enough.

The results presented in this paper show that the fixed-H,O
activity technique works well for H,O-CO,-NaCl fluids and
that NaCl solubility experiments can be used to locate the
positions of important phase boundaries in the H,O-CO,-NaCl
system. Our data show that the vapor corner of the three-phase
field occurs a a relatively high a0, they provide a major
contribution to the accuracy of a—X models, and they provide a
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Fig. 4. Summary of the determined phase equilibria and isoactivity tie-lines for the H,0-CO,-NaCl system at 500°C, 500
bar. The isoactivity linesin the vapor field are fixed at the H,O0-CO,, side and at the vapor-saturation curve. They need not

be straight lines within the vapor field.

basis from which experiments at both higher pressures and
temperatures can be planned.
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