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ABSTRACT. Experimental data for coexisting synthetic nepheline, sodalite, and aque-

- ous fluid have been used to calculate the fugacities and activity coefficients of NaCl in
aqueous fluid as a function of temperature, pressure, and NaCl mole fraction in the
range 500° to 700°C and 600 to 2000 bars fluid pressure.

INTRODUCTION

Aqueous NaCl rich fluids play an important role in geological proc-
esses. Sea water and ground water from many sedimentary basins contain
NaCl as the principal dissolved salt. The Salton Sea geothermal waters
are essentially aqueous NaCl-CaCl,—KClI solutions (Helgeson, 1968). Fluid
inclusions in both igneous and metamorphic minerals commonly contain
concentrated salt solutions. These solutions are sometimes saturated, con-
taining cubic crystals of alkali chloride (Roedder, 1958).

An understanding of the thermodynamics of aqueous alkali chloride
solutions at elevated temperature and pressure will prove useful, indeed
necessary, to the understanding of metamorphism, hydrothermal altera-
tion and ore deposition, and many types of igneous activity.

NaCl-H,O phase chemistry at temperatures and pressures up to
700°C and 1500 bars was presented by Sourirajan and Kennedy (1962).
Copeland, Silverman, and Benson (1952) have studied the pressure—
volume-temperature properties of NaCl-H,O fluids in the range 380° to
400°C and 210 to 300 atm pressure. Ionization constants for NaCl and
KCl in aqueous fluid at several temperatures and pressures are listed by
Barnes, Helgeson, and Ellis (1966).

The fugacities, activities, and activity coefficients of undissociated
NaCl in NaCl-H,O fluids have not previously been studied at elevated
temperatures and pressures.

The present paper derives these data from the experimental results
in the system NaAlSiO,—KAlSiO,—NaCIl-KCI-H,O reported by Wellman
(1970).

THE FUGACITY OF NaCl OVER SODALITE -+ NEPHELINE, CRYSTALLINE NaCl,
AND HYPOTHETICAL PURE MOLTEN NaCl

The vapor pressure data of Wellman (1969) yield the equation for

NaCl fugacity over sodalite plus nepheline:
In (fyaei®t¥)p_o = + 25.516— 43.523(1000/T)

where (fxac1®°tN)p—o is the fugacity in bars at zero solid pressure and
T is in °K.

* Present address: TN73/Geochemistry Branch, NASA Manned Spacecraft Center,
Houston, Texas 77058
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The data of Zimm and Mayer (1944), Mayer and Wintner (1938),
and Kelley (1935) for the vapor pressure of crystalline NaCl may be de-
scribed by the least squares fitted equation:

In (fxac™)p_o = 16.0688 — 25.6467 (1000, T)

where (fy,or¥)p—o is the fugacity of NaCl over crystalline NaCl in bars
at zero solid pressure and T is in °K.
Now, for hypothetical molten NaCl:

HF g1 ( 1000 1000
R T TPy

In (fxaa™p—0 = ) + In (fxae™)p—o0
where (fy,a%)p—o is the fugacity of hypothetical pure molten NaCl at
zero pressure on the liquid, HFy,(, is the heat of fusion of NaCl in kcal/
mole, assumed independent of temperature, and TFy,q is the NaCl fu-
sion temperature (1073°K or 800°C).
According to Wicks and Block (1963), HFy,q = 6.850 keal /mole.
Substituting:

In (fyao)p—o = 12.8518 — 22.1997 (1000/T)

where T is in °K.
Figure 1 is a natural logarithm fugacity versus 1000/ T plot showing
the relationship of the various fugacities.
To correct for pressure on the condensed phase(s), we may use the
equation:
Pcvc—)

In fy,0* = In (Evact™)p—0 — ﬁ— (l)

|_5| L ’ 1 1 L 1
-20 -0 0

Fig. 1. Plot of log fugacity versus 1000/ T°K showing the curves for fy,g,5°*¥* (in-
dicated by So+-Ne), fxuc)™' (indicated by XI), and fyuci™ (indicated by L) The dashed
curves are metastable extensions.
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where * is a general superscript which can represent So+Ne, Xl or T, Py is
the pressure on the condensed phase(s), Vo— is the condensed phase
volume of reaction, T is in °K, and compressibility of the condensed
phases has been neglected.

The average cell edge for synthetic starting sodalite is 8.872 =+
0.001 A, which corresponds to a molar volume of 210.4 cm?®. The hydro-
thermally prepared pure sodium nepheline of Smith and Tuttle (1957)
has a cell volume of 718.0 A? and a molar volume of 54.1 cm?®. Therefore,
the condensed phase volume of reaction for the sodalite plus nepheline
reaction is —48.1 cm? at 25°C.

Thermal expansion data reported by Skinner (1966) and Taylor
(1968) suggest that for the sodalite plus nepheline reaction in the tem-
perature range of 400 to 800°C:

Ve— = —0.002T — 48.2
where T is in °K, and the volume is in cm?.
Substituting into (1):
0.002 P 48.2 P 43523
; I P BT
R RT &£

for T (in °K) between 673 and 1073°K (400 to 800°C) and P in bars to
several kilobars.

For the molten NaCl case, the condensed volume of reaction is minus
the molar volume of molten NaCl. Taking the volume and thermal ex-
pansion of molten NaCl given in Skinner (1966) and assuming the
.thermal expansion independent of temperature:

Ve = — 25.451 exp(0.000367 T)

where T is in °K and Vg— is in cm3.
Substituting this into (1):

In (fya®) = 12.8513 — 22.1997 (1000/T)
+ 0.30610 Pgexp (0.000367 T) (1000/T)

where T is in °K and P is in kilobars.

In fy,SotNe =

FUGACITY, ACTIVITY, AND ACTIVITY COEFFICIENT OF
NaCl iy NaCl-H,O Fruips
Considering the system NaCl-H,O and letting the standard state of
NaCl be the hypothetical pure molten salt at the temperature and pres-
sure in question, the activity and activity coefficient of NaCl in NaCl-
H,O fluids may be defined as follows:

0 — o
axac® = fyaan ﬂnid/ fxacl™

o — o
yNact® = anao1® [ Xentoriae™™4

where Xyoriqof is the mole fraction of chloride in the fluid, and
fnac1® ™99, Ay, %, and yy,q® are the fugacity, activity, and activity coef-
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ficient of NaCl in NaCl-H,O fluid at the temperature, pressure, and
X entoriae ™4 in question.
These equations can also be written in logarithmic form:

In ay,® = In figu0,° 09 —In fiyoe™
0 = o
In yyae® = In ax,q® — In Xeporiae™d 2)

If sodalite and nepheline coexist with NaCl-H,O fluid, fy,q° fvid
is equal to fy,eS0+Ne at the appropriate temperature and pressure. The
data for NaCl-H,O fluids given in Wellman (1970) allow the calculation
of one point on a fy,¢® ™4 (or ay,e°) versus X orig.™d curve for each
temperature and pressure at which experiments were performed.

However, making certain assumptions concerning the nature of
Na-K mixing in aqueous chloride fluids, sodalite solid solution, and
nepheline solid solution (see below), additional fy,° ¢ values may be
derived from the data for coexisting sodalite, nepheline, and aqueous
chloride fluid in the K-bearing system given by Wellman (1970).

THE ACTIVITY OF NaAlSiO, IN NEPHELINE SOLID SOLUTION

The activities of Na and K will be assumed unity in the pure Na
and K nepheline end-members, respectively, at the temperature and pres-
sure in question. Activities of Na and K will also be set to unity in pure
NaCl-H,O and KCI-H,O fluids at the temperature, pressure, and total
chloride mole fraction (X poriae™9) of the fluid in question.

The total exchange reaction between nepheline and fluid is:

NaNe + Kfluid = N afluid + KNe

where the superscripts N and fluid indicate nepheline and fluid, re-
spectively.
By definition:
aNnClﬂum aKsNe

Kye =

aKClﬂuid al\'el\e

where ay,N¢ and agNe are the activities of Na and K nepheline end-mem-
bers in nepheline solid solution, and ay,u ™ and agq ™ are the activities
of NaCl and KClI in the fluid, respectively.

Nepheline (and sodalite) are only slightly soluble in the fluid over
the temperature and pressure range dealt with in this study (Wellman,
1970). This solubility will be assumed to have no effect upon the proper-
ties of the aqueous chloride fluid.

Assuming that Na and K mix ideally in the aqueous chloride fluid:

1l — £
aKClﬂuid/aNaClﬂu d — XKClchloride/XNaClchlonde

where Xy toride and Xy, ¢e2ri% are equal to the mole ratios KC1/NaCl+
KCI and NaCl/NaCl+KCI, respectively, in the fluid.
Substituting back:
ag"® = ayNKyez 3)

where z = XK Clchloride /XNaClchloride.




406  Thomas R. Wellman—JFugacities and activity coefficients of

It should be noted that the assumption of ideal mixing of Na and K
in the fluid implies that NaCl and KCI interact in the same way with
H,O. That this might, in fact, be approximately true is suggested by the
gross similarity of the three phase and saturation curves in the NaCl-H,O
and KCI-H,O systems (Sourirajan and Kennedy, 1962; Keevil, 1942;
Benedict, 1939; and Benrath and others, 1937) and (somewhat circularly)
by the internal consistency of the data presented in this paper. It cannot,
however, be considered as proved, and users of these data are cautioned
to keep the somewhat arbitrary nature of this assumption in mind.

Now, from the Gibbs-Duhem equation:

XyeNe d(In ay,Ne) = —XgNe d(In agNe)

where Xy N¢ and XgNe are the mole fractions of Na and K end-members
in nepheline solid solution, respectively.
Substituting (3) into the above and differentiating:

XneYe d(In ayNe) = —Xg N d(In ayNe + In Ky, 4 In z)

. (d(In z)
}(NeNe + XKsNe = _>(Ksl\'e (_— = 1
d(In ay,Ne)
d(In ayNe) = —XgNe d(In z)

Integrating:
In aNeNe == —fXKsNe d(ln Z) (4)

The non-logarithmic form of this equation can be integrated graphi-
cally from experimental data for coexisting nepheline solid solution and
fluid. This method has the advantage of requiring no a priori assump-
tions concerning the nature of the nepheline solid solution. However,
because the necessary data in the K poor part of the system are not avail-
able, a model will be fit to the experimental data to allow extrapolation
toz = 0.

Nepheline has two crystallographically, and presumably energetical-
ly, distinct alkali cation sites (Buerger, Klein, and Donnay, 1954; Hahn
and Buerger, 1955). These sites occur in the ratio of one large site, which
preferentially accepts K, to three small sites which preferentially accept
Na. o

It is therefore logical to apply the model, developed by Grover and
Orville (1969), that assumes the coexistence of a one site ideal mixture
phase with a phase possessing two distinct crystallographic sites, each of
which behaves as an ideal mixture.

Two exchange reactions may be written, one between the aqueous
fluid and each crystallographically distinct cation site in nepheline:

KClfuid + Naa — NaClfivid | Ka (5)
KClfuid 4 Naf — NaClfivid | KB (6)

where @ represents the large K-preferring site, # represents the smaller
Na-preferring sites, and fluid represents fluid.
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Standard states for K in « and B and Na in « and g are pure KAlISiO,
and NaAlSiO, end-members, respectively, at the temperature and pressure
in question. The standard states for NaClfwid and KCIfid are the pure
NaCl-H,O and KCI-H,O fluids, respectively, at the temperature, pres-
sure, and X 040,714 of the actual aqueous fluid.

The standard state Gibbs free energies for reactions (5) and (6) are:

ag® aNaCIﬂuid>

agq ™™ ay,”

agh aNaClﬂum>

agq™d ay,p

G°,—» = —RT In

G°,— = —RT ln(

where the subscripts ; and , refer to reactions (5) and (6), respectively,
and ag%, ay,% agh, and ay,P are the activities of K in site «, Na in site a,
K in site 8, and Na in site g, respectively.

From the assumption of ideal mixtures:

X8 X chloride
B = Rl W .
XK CIchloride XNau
X.BX chloride
G°— = —RT In (———K 2 )
XK Clchlorlde XNaﬂ

where X9, Xy,% Xgh, and X,# are the mole fractions of K in site «, Na
in site o, K in site 8, and Na in site 3, respectively.
Solving for Xg® and Xg#:

XKClchloride Ka

XKa' —

XKClchloride Ka — XKClchloride + 1 (7)
XKﬂ _ XKClchloride KB

XKClchloride Kﬂ i XKClchloride -+ 1 (8)

where K, = exp(—G°,—/RT) and Kg = exp(—G°,—/RT).
From the ratio of the number of sites, Xg/Ne, the mole fraction
KAISiO, in nepheline solid solution, is defined as:

XgsNe = (Xg* + 3Xgh) /4 9)

Unfortunately, G°,— and G°,— cannot be expressed explicitly in
terms of Xggeteride and XgNe. In this study, G°;— and G°,— were
chosen by an iterative computer method to minimize the squared devia-
tions between observed and calculated values of XgNe. Equations (7) and
(8) substituted into (9) were used to calculate the Xg/Ne values.

The application of the least squares method to the data of Wellman
(1970) for coexisting nepheline solid solution and aqueous fluid yield the
following energy values:

G°,—»
G°,—>

—2.5 + 0.5 kcal/mole
6.0 =+ 0.8 kcal/mole
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Substituting the formula for Xg/Ne into (4):
T g 6 e e 2 e il 2 — B f d(In 7)
4 K,,z +1 Kpz + 1
And, integrating:
In(Kqz + 1) + 3In(Kgz + 1) | =
4
Noting that In ay.¥ = 0 (ay.N¢ = 1) when z = 0 (pure Na system):
In(Kqz + 1) + 3In(Kgz + 1)
4 (10)
Activities calculated from this formula agree, over the range of avail-
able data, with those derived from graphical integration of (4), as they
must in so far as the model curves fit the data. The two site model, how-
ever, not only allows a reasonable extrapolation to the Na end-member

standard state but also gives the activities in closed analytic form instead
of requiring graphical or numerical integration.

In aNeNe =

z=0

ln aNeNe —_ -

THE ACTIVITY OF Na END-MEMBER IN SODALITE SOLID SOLUTION

The exchange reaction between sodalite solid solution and an
aqueous chloride fluid may be written as follows:

Kflid | NaSo — Nafluid 4 KSo

where the superscripts fluid and So denote the fluid and the sodalite solid
solution, respectively.

The standard states for NaS and KS° are defined as pure Na and K
sodalite end-members, respectively, at the temperature and pressure of
the reaction. Naflvid and Kfuid standard states are as defined previously.

By definition of the equilibrium constant (Kg,) and the standard
state Gibbs free energy (G°g,—) of the above reaction:

Kgo = exp(—G°g,—>/RT) = (ap,™ ay,o™™9/age ™ ag,5)

where ag,S and ap,° are the activities of Na and K sodalite end-members,
respectively, in sodalite solid solution.

Assuming, as before, that Na and K mix ideally in the fluid, and
further assuming that Na and K sodalite end-members mix ideally in the
sodalite solid solution:

Kg, = exp(—G°s,—/RT) = Xp,50/X S0z (11)
And:
In ag,5° = In X8 = —In(Kg,z + 1) (12)

where Xg S and Xp,S° are the mole fractions of Na and K sodalite end-
members in sodalite solid solution.

”

v
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The data of Wellman (1970) involve sodalites with no more than 8
mole percent K end-member. Therefore, even if not strictly valid at all
compositions, the assumption of ideal Na—K mixing in sodalite solid solu-
tion should be useful in this limited composition range.

The application of equation (11) to the data of Wellman (1970) for
coexisting sodalite solid solution and fluid yields a mean value and mean
deviation for the Gibbs free energy of:

G°y,— = 5.47 =+ 0.18 kcal/mole

FucAciTy oF NaCl From NaCl-KCl-H,O FLUID DATA
For the Na-bearing components involved in the decomposition of
sodalite:

4NaAl, , Si,,,0,Cl, ,, (sodalite solid solution) =
3NaAlSiO, (nepheline solid solution) + NaCl (fluid)

where the coefficients have been chosen to keep the total number of moles
constant.
The equilibrium constant is:
fNaC]ﬂuid (aNeNe)3
Kpy=——"—~
(38050)4
Now, when X8 and Xy,N¢ equal unity (pure Na system):

Kp = fyaamSot+Ne

fxae®°+Ne being taken at the appropriate temperature and pressure.
Substituting and rearranging:

(asuSo)4
(aNeNe)S

Substituting (10) and (12) into the above equation:

fNaClﬂum — ( ) fNaCIS°+Ne

3 9
In anClﬂmd = Z ln(KaZ + 1) + Z‘ ln(Kﬁz —I— 1)
— 4n(Kg,z + 1) + In fiyq 50 +Ne (18)

In fy,™4 may be calculated for any point in the K-bearing system at
which sodalite, nepheline, and fluid coexist.

From the assumption that ay,u ™ = unity when Xgqchloride — (),
and from the assumption of ideal Na-K mixing in the fluid:

aAxa Clﬂ“m = ] = XK Clchlorlde

And :
— x o
f fluid ( I — K Clchlorlde) fN ol fluid

fNaClo fluid — fNuClﬂum/(l f chlchloride) (14)
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APPLICATION TO THE DATA FOR COEXISTING NEPHELINE, SODALITE,
AND AQUEOUS CHLORIDE FLUID

The data of Wellman (1970) include 56 experimental runs which
involve nepheline, sodalite, and aqueous chloride fluid, including only
points at which both nepheline and sodalite are major phases.

If it is assumed that NaCl and KCI mix ideally in the aqueous fluid,
that sodalite is an ideal solid solution of Na and K end-members, and
that the nepheline obeys the two-site ideal solution model of Grover and
Orville (1969) in Na and K, then, given temperature, pressure, K/Na+K
in the fluid (Xggeteride), and chloride mole fraction in the fluid
(Xentorige™9) for each experimental point, one may calculate the natural
log of NaCl fugacity in the fluid (In fy,™9) from equation (13), the
natural log of NaCl fugacity in NaCl-H,O fluid at the same X j;orige™™4
(In fyae;° M09) from equation (14), and the natural log (and log,,) of the
activity coefficient of NaCl in NaCl-H,O fluid with respect to NaCl
liquid (In yy,¢:°) from equation (2). These data are given in table 1.

The following equation was fitted to the data of table 1 by a com-
puterized least squares procedure:

In yxp01® = 20.898 — 29.279 (1000/T) + 0.0476 (In X y10r106™019)

-+ 4.165 (1000/T)* — 0.425 (1000/T) (P)

-+ 0.0652 (In X porige19)* (15)
where T is in °K, and P is in kilobars.

Figures 2 and 3 show contoured surfaces of log;, yw,0° on a
log X noriae™? versus 1000/ T plot at 1000 and 2000 bars. The contours

T Al L \J L] Ll L) L
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Fig. 2. The contoured surface of logi x.c1Y° on a log Xentoriae™™!® versus 1000/
TeK plot for 1000 bars fluid pressure, generated from equation 15. The extent of the
two fluid region is from Sourirajan and Kennedy (1962). The 1000 bar data are in-
cluded for comparison. Open circles are data from experiments in the NaCl-H,O sys-
tem, and filled circles are data from experiments in the NaCl-KCI-H,O system.
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TABLE 1

Observed and calculated values for coexisting
nephelines—sodalite—aqueous fluid data

411

T°C P bars chlchlorlde Xchloride“um ]n fNuOl““m ln fmm“"”

In yxa01°  10gioywact®

501 628 0.000 0.00196 —30.22 —30.22 —8.49 —3.69
503 627 0.000 0.00272 —30.08 —30.08 —8.75 —3.80
502 604 0.699 0.145 —28.40 —27.20 —9.81 —4.96
507 1013 0.000 0.00303 —29.49 —29.49 —8.62 —3.74
501 1000 0.213 0.019 —29.30 —29.06 —9.80 —4.26
507 1020 0.421 0.048 —28.38 —27.84 —9.73 —4.23
506 1030 0513 0.075 —28.24 —27.52 —9.83 —4.27
506 1030 0.624 0.126 —27.99 —27.01 —9.84 —4.27
501 1476 0.000 0.00818 —29.56 —29.56 —9.71 —4.22
502 1508 0.000 0.01008 —29.47 —29.47 —9.87 —4.29
503 2000 0.000 0.01233 —29.02 —29.02 —9.92 —4.31
505 1978 0.000 0.01590 —28.89 —28.89 —10.11 —4.39
503 1978 0.258 0.061 —28.29 —27.99 —10.49 —4.55
502 1978 0.872 0.093 —28.10 —27.64 —10.51 —4.57
501 1984 0516 0.145 —27.84 —27.12 —10.41 —4.52
555 600 0.000 0.00041 —26.60 —26.60 —5.15 —2.24
557 604 0.000 0.00045 —26.47 —26.47 —5.18 —2.25
551 1019 0.000 0.00363 —26.55 —26.55 —7.36 —3.20
554 1018 0.000 0.00415 —26.36 —26.36 —7.40 —3.21
552 1510 0.000 0.00798 —26.13 —26.13 —8.01 —3.48
554 1507 0.000 0.00942 —26.01 —26.01 —8.11 —3.52
553 2016 0.000 0.01695 —25.70 —25.70 —8.62 —3.74
554 2010 0.000 0.01701 —25.64 —25.64 —8.59 —3.73
603 600 0.000 0.00035 —23.75 —23.75 —3.59 —1.56
604 604 0.000 0.00041 —23.69 —23.69 —3.72 —1.62
604 1019 0.000 0.00248 —23.40 —23.40 —5.44 —2.36
606 1018 0.000 0.00268 —23.29 —23.29 —5.46 —2.37
606 1009 0.388 0.021 —22.39 —21.90 —6.12 —2.66
599 992 0.409 0.044 —22.74 —22.22 —6.97 —3.03
607 1007 0451 0.049 —22.21 —21.61 —6.71 —291
603 992 0.465 0.087 —22.41 —21.78 —7.38 —3.19
607 10381 0.525 0.140 —22.04 —21.30 —7.46 —3.24
604 1510 0.000 0.00736 —28.07 —23.07 —6.43 —2.79
605 1507 0.000 0.00791 —23.01 —23.01 —6.47 —2.381
608 2008 0.000 0.01821 —22.51 —22.51 —7.12 —3.09
605 2015 0.000 0.01919 —22.67 —22.67 —7.25 —3.15
603 1980 0.110 0.033 —22.50 —22.38 —7.44 —3.23
603 1980 0.224 0.069 —22.23 —21.98 —7.77 —3.38
602 1977 0.306 0.100 —22.11 —21.75 —7.88 —3.42
601 1984 0.454 0.175 —21.86 —21.25 —7.93 —3.44
652 1000 0.000 0.00174 —20.88 —20.88 —3.84 —1.67
651 1002 0.000 0.00188 —20.93 —20.93 —3.95 —1.71
653 1494 0.000 0.00624 —20.51 —20.51 —5.00 —2.17
654 1528 0.000 0.00701 —20.43 —20.43 —5.09 —2.21
651 1978 0.000 0.01819 —20.29 —20.29 —6.03 —2.62
652 2032 0.000 0.01859 —20.21 —20.21 —6.02 —2.61
710 1000 0.000 0.00087 —18.14 —18.14 —1.81 —0.79
706 1002 0.000 0.00109 —18.32 —18.32 —2.12 —0.92
709 988 0.477 0.037 —17.22 —16.57 —3.97 —1.72
705 1017 0.472 0.076 —17.39 —16.75 —4.78 —2.08
705 1017 0.465 0.185 —17.40 —16.77 —5.70 —2.47
703 1494 0.000 0.00526 —18.15 —18.15 —3.68 —1.60
708 1528 0.000 0.00572 —17.90 —17.90 —3.65 —1.58
705 2032 0.000 0.02053 —17.73 —17.73 —4.91 —2.13
700 2000 0.194 0.070 —17.53 —17.381 —5.59 —243
702 2012 0.293 0.152 —17.24 —16.89 —6.00 —2.60
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Fig. 8. The contoured surface of 10gi xa0:Y° on a log Xenioriae™'® versus 1000/
Te°K plot for 2000 bars fluid pressure, generated from equation (15). The 2000 bar
data are included for comparison. Open and filled circles have the same significance
as in figure 2.

were generated from equation (15). The extent of the two fluid region at
1000 bars was obtained from the work of Sourirajan and Kennedy (1962).
The two fluid region was not encountered between 500° and 700°C at
2000 bars. The data points of table 1 for 1000 and 2000 bars were in-
cluded in the figures to indicate the quality of the fit.
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