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Abstract-The Gibbs energies of mixing for NaCI-KC1 binary solids and liquids and solid-saturated 
NaCl-KCI-Hz0 ternary liquids were modeled using asymmetric Margules treatments. The coefficients of 
the expressions were calibrated using an extensive array of binary solvus and solidus data, and both 
binary and ternary liquidus data. Over the Pl’X range considered, the system exhibits complete liquid 
miscibility among all three components and extensive solid solution along the anhydrous binary. Solid- 
liquid and solid-solid phase equilibria were calculated by using the resulting equations and invoking the 
equality of chemical potentials of NaCl and KC1 between appropriate phases at equilibrium, The equations 
reproduce the ternary liquidus and predict activity coefficients for NaCl and KCI components in the 
aqueous iiquid under solid-saturation conditions between 673 and 1200 K from vapor saturation up to 
5 kbar. In the NaCl-KC1 anhydrous binary system, the equations describe phase equilibria and predict 
activity coefficients of the salt components for all stable compositions of solid and liquid phases between 
room temperature and 1200 K and from 1 bar to 5 kbar. 

INTRODUCTION 

EXPERIMENTAL DETERMINATIONS of the halite and sylvite 
liquidi in the NaCl-H20, KCl-HzO, and NaCl-KCl binary 
systems and within the NaCl-KCl-H20 ternary system and 
the solidus in the NaCl-KC1 binary system obtained using 
differential thermal analysis (DTA) have been presented in 
earlier papers of this series: CHOU ( 1982), GUNTER et al. 
(1983), CHOU (1987), and CHOU et al. ( 1992). In addition, 
THOU et al. ( 1992) reviewed published experimental deter- 
minations of the solvus gap in the NaCl-KC1 anhydrous bi- 
nary as well as the general topology of the solid-liquid phase 
relations in the full ternary system. In this manuscript, we 
present thermodynamic models for the liquid and solid phases 
in the NaCl-KCl-Hz0 ternary system that satisfy the observed 
phase equilib~um behavior described in the earlier papers 
and yield activity-composition relationships for the NaCl and 
KC1 components of the liquid and solid solutions. 

The total Gibbs free energy in the NaCl-KCl-Hz0 system 
is expressed using two independent equations of state: one 
for the solid(s) and one for the liquid phase. Each equation 
has terms representing the ideal Gibbs energy cont~bution 
from each component and an expression for the excess Gibbs 
energy of mixing. In each case, the excess Gibbs energy is 
modeled using a Margules expansion in composition. The 
Margules expansion for the excess Gibbs energy of mixing 
for the solids in the NaCl-KCl-Hz0 system is a function only 
of the NaCl and KC1 com~nents, since no solid solution 
exists between Hz0 and NaCl-KCl. For the liquid phase, a 
separate Margules expansion was formulated for each binary 
subsystem. The equation for the NaCl-KC1 binary should be 
valid over the entire composition range, but the equations 
for the aqueous binaries are valid only for solid-saturated 
compositions. The model for the excess Gibbs free energy of 
the ternary liquid was obtained by combining the individual 

binary expressions together with one additional term to ac- 
count for three-particle interactions within the ternary. This 
equation is likewise valid for all anhydrous liquids, but only 
solid-saturated aqueous compositions. The form and com- 
plexity of each excess Gibbs energy model is somewhat ar- 
bitrary and represents a balance between goodness of fit to 
the experimental data and an attempt to avoid overfitting. 

Equations for the chemical potentials of each salt in each 
phase were derived from the approp~ate partial derivatives 
of the total Gibbs free energy expressions, thereby ensuring 
consistency with the Gibbs Duhem relation. Numerical values 
of the coefficients of the chemical potential expressions (and 
hence, of the total Gibbs energy equations of state) were 
evaluated using a global least-squares nonlinear minimization 
procedure and the constraint that, under conditions of 
chemical ~uilib~um, the chemical potential of each com- 
ponent must be equal in all phases. 

The Margules parameters in the NaCl-Hz0 and KCl-Hz0 
binary systems were evaluated from liquidus data alone. Thus, 
for NaCI-Hz0 compositions, the equilibrium requirement is 
that the chemical potential of the NaCl component corre- 
sponding to each experimental data point on the halite liq- 
uidus be equal to that of pure solid NaCl at the same P and 
T( i.e., &$& = &?y). From this constraint and an equation 
for the change in the chemical potential of pure NaCl on 
melting, the coefficients of the single Margules term in our 
model expression for the excess Gibbs energy of mixing in 
this binary could be evaluated. Similarly, in the KCl-Hz0 
binary, the equality of the chemical potential of the aqueous 
KC1 component with that of pure solid KC1 (F&$,~ 
= &$) and an analogous expression for the chemical po- 
tential change of pure KC1 on melting allowed the coefficients 
of the one-term Margules expansion for the excess Gibbs 
energy of mixing in this binary to be evaluated. 

Because no information was introduced for the chemical 
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potential of water, and there was only one value of the salt 
chemical potential at any P and T, there is no constraint on 
the Ma&es function for the liquid at compositions other 
than those of solid saturation. It is well known that the be- 
havior of these aqueous binaries is much more complex than 
could be described by a simple Margules function together 
with ideal entropy of mixing. At pressures between that of 
the three-phase assemblage and that of the critical line, there 
is vapor-liquid phase separation. A&so, at extreme dilution at 
any pressure, the salts dissociate into ions; this is not consid- 
ered in our entropy of mixing term. Other equations have 
been presented for these salt-water systems in particular P- 
T-Xranges above 350°C ( PITZER and II, 1983; TANGER and 
PITZER, 1989; HOVEY et al., 1990), and PABALAN and FITZER 
( 1990) review treatments below 300% and present an ex- 
tension to 350°C. To attempt a more comprehensive treat- 
ment of the aqueous systems over their full composition 
ranges would unduly complicate the present treatment at 
best and probably detract substantially from the accuracy of 
the properties here treated. 

Three types of NaCI-KC1 binary PTX data were simulta- 
neously fitted. At high tem~ratures, crystalline NaCl-KC1 
solid solutions of given compositions coexist in equilibrium 
with molten NaCl-KC1 liquids generally of different com- 
positions. Only at the minimum melting point are the solidus 
and liquidus compositions identical. The requirement for 
chemical equilibrium in this high-temperature region is that 
the chemical potentials of both the NaCl and KCl compo- 
nents in the solid be equal to those in the liquid phase (i.e., 
&$! = c($$, and $& = #r). At somewhat lower tem- 
peratures, well below that of minimum melting, a solvus gap 
appears, and two solid phases of different compositions coexist 
in equilibrium. In this region, chemical equilibrium requires 
that the chemical potentials of both the NaCl and KC1 com- 
ponents in each solid solution phase be the same (i.e., 

&% = &$!r, and t&%r = &$r). In general, calibration 
of the coefficients of the Margules expansion requires the 
compositions of both phases (solid + liquid or solid + solid) 
coexisting at each P and T. Owing to limitations in the ex- 
perimental procedures, this info~ation is rarely available; 
in the NaCl-KC1 system at high tem~ratures (see THOU et 
al., 1992 f, either the liquidus or solidus composition is known 
but not both simultaneously for any particular pressure and 
temperature. However, the fitting procedure we used allowed 
us to consider individual data points along the liquidus, sol- 
idus, or on the solvus independently; thus it was possible to 
evaluate the coefficients of the Margules expansion for the 
excess Gibbs energy of mixing for both the solid and liquid 
phases in this binary without the benefit of coexisting 
compositions. 

Only liquidus data were available within the NaCl-KCl- 
Hz0 ternary. The requirements for chemical equilibrium 
within this system are virtually the same as those for the 
NaCl-KC1 binary except that the liquid phase contains water, 
and thus the Margules expansion for the liquid contains ad- 
ditional terms. 

Further details of the fitting procedure are given in a later 
section. We now outline the thermodynamic quantities and 
relationships used in the development of our equations of 
state for NaCl-KCl-HZ0 liquids and solids. 

THE NaCl AND KCI UNARY SYSTEMS 

Equating the chemical potentials of the NaCl and KC1 
com~nen~ in solid and liquid phases at ~~ib~urn requires 
a knowledge of the chemical potential difference between the 
pure endmember solids and liquids (i.e., A&$~‘, and 
A&$$!) at the appropriate reference pressure and tempera- 
ture. Choosing our standard states as the pure endmember 
salt crystals (& &r.r) and pure metastable liquids ( gtt har,~) 
at 1 bar and T, these differences can be calculated as follows: 

s 

P 

= a bar.?. - TM? bar.~ + AVdP, (if 
I bar 
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s 
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where AV, AH, AS and AC; are the volume, enthalpy, en- 
tropy and heat capacity changes of melting, respectively. As- 
suming the volume change on melting to be constant over 
the P-T range of interest, A V can be derived from the Clau- 
sius-Clapeyron slope of the melting curve for the appropriate 
salt; thus, 

s P 

AVdP = 
AH I bar.7, 

I bar T 
(4) m,, bar 

N&I 

The following therm~ynamic quantities were used to cal- 
culate the Gibbs energy change of melting of pure NaCl at 
Pand T: 

T ,,,, bar = 1074 K (ROBIE et al., 1979), 

AH, har.r, = 28.158 kJ/mol (ROBIE et al., 1979), 

dP 

i 1 a’T S/l 
= 41.218 bar/K (CHOU, 1982), and 

ACp = 26.857 - 2.1197 

x 10-2T J/mot K (ROBIE et al., 1979). 

Substitution of the above values into Eqns. ( I )-(4) yields 
the following expression for Ap of the reaction NaCl( s) + 
NaCl(1) 

A&$$$’ = 11.539 - 2.6857 X lo-*T In T + 1.05985 

x lo-‘T2 f 1.65312 x lo-‘2-S 6.3608 

x 10_4(P- I). (5) 

KC1 

The following thermodynamic quantities were used to cal- 
culate the Gibbs energy change of melting of pure KC1 at P 
and T: 
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T In.1 tar = 

AH 1 bar,T, = 

s,, = 

1043 K (ROBIE et al., 1979), 

26.284 kJ/mol (ROBIE et al., 1979), 

39.347 bar/K (CHOU, 1982), 

AC, = 98.113 - 4.8522 X lo-*T - 1.3710 

f 103/T”’ + 1.6054 X 106/T2 J/mol K 

(ROBIE et al., 1979; CHASE et al., 1985). 

The above equation for AC, was derived from the equation 
for the heat capacity of crystalline KC1 given in ROBIE et al. 
( 1979) and the constant value of the heat capacity of liquid 
KC1 (Cr = 73.597 J/mol K) given by CHASE et al. (1985). 

Substitution of the above values into Eqns. ( l)-(4) yields 
the following expression for Ap of the reaction KCl(s) * 
KCl( 1) 

A&$$? = 40.438 - 9.8113 X lo-*T In T 

+ 2.4261 X lo-‘T2 - 5.484T’12 - 8.027 

X lO’/T + 7.88341 X lo-‘T + 6.4047 

X 10-4(P- 1). (6) 

THE NaCI-Hz0 AND KCI-Hz0 BINARY SYSTEMS 

Solids 

No solid solution exists in either the NaCl-Hz0 or KCl- 
Hz0 binary system so that the chemical potential of the crys- 
talline solid in equilibrium with either binary aqueous SO- 

lution at any temperature and pressure is equal to the ref- 
erence potential, thus, 

&$y = &$‘cr, and (7) 

/.@r = &:. (8) 

Liquids 

The total molar Gibbs free energy, (?i, of the liquid phase 
in a binary salt-water solution, MCI-HI0 is the sum of the 
ideal and excess contributions 

GWCI-H+, = ~7 %,a-ti,o + ~2 ?&I-H~~, . (9) 

The ideal part of the molar Gibbs energy is given by 

G !.&,_u20 = XhcI&fi17 + RTXk., In X’Mc, 

+ X~20cc?;?o + RTX~S~OI~ XL20, (10) 

whereas the excess molar Gibbs energy for the salt-water bi- 
nary systems can be adequately represented by a symmetric 
Margules expansion in composition 

G &I-H~O = RTX~~X’H,O&I-H~O, (11) 

where whCI_n20 is both pressure- and temperature-dependent. 
The chemical potential of the dissolved salt in the binary 

aqueous solution is given by 

= I.$$? + RT In Xk, + RT In yMc,, (12) = &y + RT In XKcr + RT In -&cl, (18) 

where G is the total Gibbs energy: e = G /Zq. The activity 
coefficient is expressed as 

ln YMCI = XBzo WL~CI-H~O. (13) 

For the NaCl-H20 binary, 

w~.c,.nIO = - (600.08 + 0.1292 (P - 1)) T-’ 

+ 0.60794 (14) 

and for the KCl-Hz0 binary, 

I 
WKCI-Hz0 = -(781.42 + O.l5446(P- l))T-’ 

+ 0.39498. (15) 

The statistical procedures used to obtain coefficients in Eqns. 
( 14) and ( 15) above and the rest of the Margules parameters 
that follow will be described in a later section. For all cal- 
culations, R = 0.0083 1447 kJ/mol K was used for the gas 
constant. 

THE NaCI-KC1 ANHYDROUS BINARY SYSTEM 

The NaCl-KCl anhydrous binary system exhibits both solid 
solution and liquid miscibility. Thus, the chemical potential 
of each component in either the crystal or liquid phase(s) is 
composition-dependent and is a function of pressure and 
temperature. 

NaCI-KC1 Solids 

The total molar Gibbs energy of the solid phases in the 
NaCl-KC1 binary can be expressed as 

+ RTXN,CIXK~,( w&WI-KCI 

+ W&WI-KCIXN~CI), (16) 

where w&&.K~ and wb&I_KCI are both pressure and tem- 
perature dependent. The last line of the above expression is 
a two-coefficient, unsymmetrical Margules expansion in 
composition we have chosen to represent the excess part of 
the Gibbs energy function. The form of the Margules expan- 
sion follows that used by PELTON et al. ( 1985). There are 
other algebraically equivalent expressions such as that used 
by WALDBAUM ( 1969) in a similar treatment of this system. 
The parameters appearing in the different forms are math- 
ematically related but, in general, they are not interchange- 
able. Our choice of the particular expressions used in this 
treatment was arbitrary. 

The chemical potentials of the NaCl and KC1 components 
in the solid phases within the NaCl-KC1 binary are given by 

,.,ac, _ ‘~%,N~cI-KCI 
‘a&’ - &r&c1 

= I&:;” + RT ln XNacl + RT In -ykacI, (17) 

&% = 
dG,,~,c,-KCI 

an, 
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and the activity coefficients for NaCl and KC1 are expressed phase(s) is composition-dependent and is a function of pres- 
as sure and temperature. 

ln &Cl = %Cd ~df~i.KCl f 2~~~~Cl-KC,~~=C,~, (19) 

In ?%I = x&,(w&,Cl-KC, + W&W,-U’,(l - 2x,,,)). (20) 

The pressure and temperature dependencies of the Margules 
parameters for the solid phases in the NaCI-KC1 binary system 
are given by 

Ternary Solids 

Wabft-K~, = (397.88 + 0.14768( P - 1)) T-’ + 9.247 

- 1.1724 X 10-4(P- 1) - 1.7728 

The thermodynamic expressions for the chemical poten- 
tials and activity coefficients of the NaCl and KC1 components 
of the solid phase(s) in the anhydrous NaCl-KC1 binary given 
by Eqns. ( 16)-( 22) of the previous section are directly ap- 
plicable to solids in the ternary system because there is no 
solid solution between Hz0 and NaCl-KCI. 

X 10-2T+ 8.8543 x 10-67-2 (21) Ternary Liquid 

W&o.kC, = 573.04T_’ + 0.17979 

- 4.202 X lo-?. (22) 

NaCl-KC1 Liquid 

A completely analogous set of expressions describes the 
molar Gibbs free energy, chemical potentials, and activity 
coefficients of NaCl and KC1 components in the liquid phase 
in the NaCl-KC1 binary system. For the molten salts, the 
compositional variables in the above equations refer to the 
mole fraction of the indicated component in the binary liquid. 
The pressure and temperature dependencies of the Margules 
parameters for the NaCl-KC1 binary liquid are 

n&fi_KC[ = -(246.6 + 0.031026(P - l))T-’ 

- 0.22741 (23) 

wbh,c,_Kc, = -32.7T-’ + 0.12075. (24) 

The values -246.6 and -32.7 were determined by the heat 
of mixing data of HERSH and KLEPPA ( 1965) and were held 
constant during the evaluation of the remaining coefficients. 
The asymmetric Margules parameter, wb&,c,.Kcl, was found 
to exhibit negligible pressure dependence over the range of 
availabie experimental data ( I-2000 bars). 

The total molar Gibbs energy of the liquid phase in the 
NaCbKCl-HZ0 ternary can be expressed as 

%~cI-WI-tr*o = &acI~~$7ac’ + RTXW, in XNsCl 

f XKCIP?$? + RTXuo in XKCI + XH~O&~~ 

+ RT~H,o in xH20 + ~T~~~Cl~~~O~‘kaC~-ft,O 

+ R T%&&,o &Y-H~O 

+ RT~N,cIXKCI( W&~CY.KCI + wb~aC,.KCJivaCd 

+ R~~N~cIXKCIXH~O ‘&+CI-KC,-~20. (25 ) 

The first six terms of Eqn. (25) are ideal mixing terms 
while the remaining terms are our model for the excess Gibbs 
energy of mixing in the ternary liquid. The excess function 
is derived from the separate Margules expansions for each 
binary liquid given earlier plus an additional term repre- 
senting only ternary interactions. The pressure and temper- 
ature dependencies of the Margules parameters ~&_u~~, 
r&,_n20, wah,CI_KCI, and wbkaCI_KCI are as given earlier; those 
for the ternary Margules term are given by 

It is interesting to note the marked difference between the 
nonide~ity of the solid and the liquid. For the solid, there is 
a substantial positive departure from ideal solution behavior 
( wu’ $0) and considerable asymmetry ( wb” # 0). This may 
be ascribed to the difference in size of the Na+ and K+ ions 
with the asymmetry arising from the greater excess energy 
from squeezing a larger ion in a smaller cavity in the crystal 
as compared to placing a smaller ion in a larger than optimum 
cavity. For the disordered pattern of the liquid, this difference 
in cation size is unimportant and the departure from ideality 
is small. In fact, it is even of the opposite sign with 
w&,~~_k~, < 0, which implies a slightly lower energy for the 
mixed pattern of cation sizes as compared to that for equal 
cation sizes. 

= (392.62 + O.l5223(P - l))T-’ - 0.61532. (26) 

The chemical potentials ofthe NaCl and KC1 components 
in the hquid phases within the NaCl-KCl-HZ0 ternary are 
given by 

and the activity coefficients for NaCi and KC1 in the ternary 
liquid are expressed as 

THE NaCI-KCI-I&O TERNARY SYSTEM 

The NaCl-KCI-HZ0 ternary system exhibits both solid so- 
lution between NaCl and KC1 and complete liquid miscibility 
among all three components over the range of PTXconditions 
considered in the present treatment. Thus, the chemical po- 
tential of each component in either the crystal or liquid 



Mixing of NaCl-KC1 binary solids 2299 

+ W~CI-H~OX”~O( 1 - XKCI) + xNaC,( 1 - XKC,) 

x w&GKC, + x&d 1 - =KCl) W&C,-KC, 

+ W~aC1-KCI-H*OXNaCIXH*O( 1 - 2xKCl). (30) 

Equations (25) and (27)-( 30) describe thermodynamic 
properties of the liquid phase in the NaCl-KCl-HZ0 ternary 
system. By setting the mole fraction of any one component 
equal to zero, the resulting equation reduces exactly to the 
corresponding equation given earlier for describing that 
property in a binary solution of the other two components. 

FI’ITING PROCEDURE 

The coefficients of the Margules expansions used to de- 
scribe the excess Gibbs energy of mixing of the liquid and 
solid phase(s) in the NaCl-KCl-Hz0 ternary and its subsys- 
tems were calibrated using a global, nonlinear, least-squares 
optimization procedure. The main advantage of the nonlinear 
approach is that it permits more flexibility in the types of 
data used in the regression. In the present exercise, only a 
portion of the data set was amenable to direct linear regression 
(i.e., the liquidus data in the NaCl-H20 and KCl-HZ0 binaries 
and the solvus data in the NaCl-KC1 system). The remainder 
of the PTX data (i.e., the liquidus and solidus data in the 
NaCl-KC1 system and all of the ternary liquidus data) could 
not be incorporated directly into a linear least-squares fit. 
The main disadvantage to the nonlinear approach is that it 
is very computer-intensive. Because many of the thermo- 
dynamic relationships involved cannot be solved explicitly 
in terms of the Margules coefficients, each step in the regres- 
sion involves solving the appropriate chemical potential 
equalities numerically. 

Temperature was selected as the dependent variable in our 
fitting procedure, and the quantity Z( TobS - Talc)* was min- 
imized. Earlier fitting attempts used composition as the de- 
pendent variable. This practice was abandoned due to com- 
plications arising from undefined solutions near the solvus 
crest and minimum melting points. The PTX data used in 
the regression are tabulated in CHOU et al. ( 1992). All points 
were assigned equal weight except the two lowest temperature 
l-bar solvus data on the NaCl-rich side, which were omitted 
from the regression. Forcing the solution through these two 
points in a temperature-dependent regression gave them un- 
due emphasis because of the steepness of the solvus limb in 
this region. Also, the minimum melting points for each pres- 
sure on the NaCl-KC1 binary liquidus were assigned larger 
weights (9X) in accordance with the relatively smaller un- 
certainties (N l/3) estimated for the determination of liquidus 
temperatures during congruent crystallization. 

A more statistically rigorous approach to evaluating the 
coefficients involves minimizing the shortest distance from 
the individual datum to the curve (or surface). This procedure 
is discussed by FIGURSKI and MALANOWSKI ( 1988) and al- 
lows the individual uncertainties in each variable for each 
datum to be incorporated into the weighting scheme. How- 
ever, in the present thermodynamic-PTX analysis, this 
method would have been prohibitively computer-intensive, 
and satisfactory results were achieved using the less rigorous 
procedure and the weighting scheme outlined above. 

For each type of data used in the regression, the appropriate 
equations (the simultaneous equality of chemical potentials 
of NaCl and/or KC1 between phases) were solved numerically 
for temperature at the experimental P-X conditions. Thus, 
an initial set of values for the coefficients was required to 
begin the procedure. The initial parameters for the symmetric 
Margules expansions used to mode1 the excess Gibbs energy 
in the NaCl-H20 and KCl-HZ0 binaries were derived by linear 
regression with Gibbs energy as the dependent variable 
(GUNTER et al., 1983). Both sets of coefficients were then 
reoptimized using the temperature-dependent nonlinear 
procedure. The phase diagram calculated using the new coef- 
ficients more accurately reproduced the experimental liquidus 
data in each binary system. 

Starting parameters for the asymmetric Margules expan- 
sion for the NaCl-KC1 binary were derived using compositions 
of coexisting phases on the solvus and approximate com- 
positions and temperatures of the minima at different pres- 
sures ( PELTON et al., 1985). Unfortunately, this procedure 
permits the inclusion of only these rather specialized data 
points for which the compositions of both phases present in 
equilibrium are known at the same P and T. During the 
nonlinear regression, these initial coefficients changed con- 
siderably with the addition of the rest of the NaCl-KC1 
liquidus and solidus data. 

Once satisfactory values for the P-T dependencies of the 
Margules coefficients for the individual binaries were ob- 
tained, the NaCl-KCl-H,O ternary liquidus data were in- 
cluded in the regression; but only the NaCl-KC1 binary coef- 
ficients were allowed to vary (the coefficients for the NaCl- 
Hz0 and KCl-H20 binaries were held at the previous values). 
Although the coefficients derived from separate fits to the 
individual binaries provided a reasonably accurate phase 
diagram for the ternary system, the simultaneous regression 
of both the ternary and NaCl-KC1 binary data resulted in 
notable improvement within the ternary at little expense to 
the goodness of fit in the NaCl-KC1 binary. Finally, it was 
found that with one additional Margules term (and its P-T 
dependencies) representing only ternary interactions, the re- 
sulting equations reproduced the ternary liquidus within 
experimental uncertainty. 

The coefficients given in Eqns. (14), (15), (21)-(24), and 
(26) were derived from ( 1) independent regression of binary 
NaCl-Hz0 and KCl-Hz0 liquidus data; followed by (2) global 
regression of NaCl-KC1 binary liquidus, solidus, and solvus 
data and ternary liquidus data with the aqueous binary coef- 
ficients held constant. In a final regression, the coefficients 
of the NaCl-HZ0 and KCl-H20 binaries were “turned loose” 
along with all the other Margules coefficients, and the entire 
data set was fitted simultaneously. The result was not a sig- 
nificant improvement over the previous step so it was decided 
to retain the independently derived coefficients for the 
salt-water binaries. 

RESULTS 

Phase diagrams for the NaCl-KCl-H20 ternary system and 
its subsystems have been constructed using the expressions 
given above for the chemical potentials of NaCl and KC1 in 
the solid and liquid phases (Eqns. (17)-(20) and (27)-(30), 
respectively) and those describing the change in chemical 
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potential of the pure salts upon melting (Eqns. (5) and (6)). 
The PTX range of validity of these equations and the diagrams 
constructed using them is discussed in detail in the final sec- 
tion. The calculations involved equating the chemical poten- 
tials of NaCl and/or KC1 between appropriate phases, then 
solving the resulting equations for liquidus, solidus, or solvus 
compositions at various temperatures and pressures. De- 
pending on which property is desired, the simultaneous so- 
tution of up to three chemical potential equalities may be 
required, Numerical methods were employed because the 
equation(s) generally cannot be solved explicitly for the de- 
sired compositional variable. Discussions of the calculation 
of phase equilibria from Gibbs free energies and chemical 
potential equalities are presented by WALDRAUM ( 1969) and 
WOOD ( 1987). 

Actjvity-~om~sition piots were constructed from activity 
coefficient expressions given in the previous sections. Unlike 
the phase equilibria calculations, which involve the solution 
of chemical potential equalities using numerical techniques, 
the activities of the NaCl and KC1 components in the solid 
and Iiquid phases may be calculated directly using Eqns. ( 19), 
(20). (29), and (30). 

The NaCI-Hz0 Binary System 

Isobars on the halite liquidus in the NaCI-H20 binary sys- 
tem are shown in Fig. 1. The curves were calculated by solving 
for equality of chemical potential between the NaCI,, com- 
ponent and the pure crystalline salt at the same Pand T( i.e., 
&$r = &$)using Eqns. ( 17), (27). and (5) with the mole 

1200 f I I I f 

1100 
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3 
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X N&I NaCl 

Fro. I. Isobars on the halite liquidus in the NaCI-HZ0 aqueous 
binaw calculated as outlined in the text. Numbers in circles are pres- 
sures;n kilobars. Light solid line is 500 bar isobar. Open circles are 
data from GUNTER et al. ( 1983) at 500 and 2000 bars. The IO00 
and 1500 bar data from GUNTER et al. ( 1983) used in the regression 
are not shown. but the fit is comparable to that at 500 and 2000 bars. 

0.0 0.2 0.4 0.6 0.8 1.0 

Hz0 X NaCl NaCl 

FIG. 2. Activity coefficient for NaCl (+y&,) in the halite-saturated 
aqueous binary calculated using Eqns. ( 13) and ( 14) at PTX con- 
ditions along curves in Fig. 1. Light solid line is 500 bar isobar. Dashed 
lines are isotherms. 

fraction of KC1 equal to zero in both solid and liquid. The 
open circles on Fig. 1 are the liquidus data from GUNTER et 
al. ( 1983) used to calibrate the pressure and temperature 
dependencies of the symmetric Margules expansion for the 
excess Gibbs energy of mixing of the liquid phase in this 
binary system (Eqn. 14). Experimental liquidus temperatures 
are compared with those calculated using our equations of 
state in Table 2 of CH~U et al. ( 1992). The melting point of 
pure NaCl ( XNacl = 1 .O on Fig. 1) is given by 

Tg$‘:-(k’f = 1074 + P/41.218. (31) 

Variation ofthe activity coefficient for NaCI,, (~k,~~) with 
pressure and temperature in halite-saturated binary solutions 
calculated using Eqns. ( 13) and ( 14) is given in Fig. 2. This 
figure is analogous to Fig. I2 of GUNTER et al. ( 1983) except 
that the coefficients of our activity expression are slightly 
different from theirs. Because no the~~ynamic info~ation 
for water was incorporated and only one value of the chemical 
potential of the salt was used at any P and T, we emphasize 
that Eqns. ( 13) and ( 14) are only valid at solid saturation. 

The KC&H20 Binary System 

Isobars on the sylvite liquidus in the KCl-Hz0 binary sys- 
tem are shown in Fig. 3. The curves were calculated by solving 
for equality of chemical potential between the KC&, com- 
ponent and the pure crystalline salt at the same P and T (i.e., 

Kfl P(aq.P.7’ = /&.P.Z KC’ ) using Eqns. ( 18), (28), and (6) with the mole 
fraction of NaCl equal to zero in both solid and liquid. The 
open circles on Fig. 3 are the Iiquidus data from THOU et aI. 
( 1992) used to caiibrate the pressure and temperature de- 
pendencies of the symmetric Margules expansion for the ex- 
cess Gibbs energy of mixing of the liquid phase in this binary 
system (Eqn. 15). Experimental liquidus temperatures are 
compared with those calculated using our equations of state 
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FIG. 3. Isobars on the sylvite liquidus in the KCI-Hz0 aqueous 
binary calculated as outlined in the text. Numbers in circles are pres- 
sures in kilobars. Light solid line is 500 bar isobar. Open circles are 
data from CHOU et al. ( 1992) at 500 and 2000 bars. The 1000 and 
1500 bar data from CHOU et al. used in the regression are not shown, 
but the fit is comparable to that at 500 and 2000 bars. 

in Table 4 of CHOU et al. ( 1992). The melting point of pure 
KC1 (Xxc, = 1 .O on Fig. 3) is given by 

T:?,*(K) = 1043 + P/39.341. (32) 

Variation of the activity coefficient for KCl, ( y kc,) with 
pressure and temperature in sylvite-saturated binary solutions 
calculated using Eqns. ( 13) and ( 15 ) is given in Fig. 4. For 
reasons analogous to those given above for the NaCl-Hz0 
system, Eqns. ( 13) and ( 15) are only valid at solid saturation. 

The NaCl-KCI Binary System 

Isobaric projections of phase equilibria in the NaCl-KC1 
anhydrous binary system are shown in Fig. 5a-f. The liquidi 
(upper most curves) and solidi were calculated by simulta- 
neously solving for equality of chemical potentials of the NaCl 
and KC1 components between the solid and liquid phases in 
equilibrium at a given P and T (i.e., $@ = &$y and &zr 
=~1~~IT)usingEqns.(l7),(18),(27),(28),(5)and(6)with 
the mole fraction of Hz0 equal to zero. The solvi (lower- 
most curves) were constructed by simultaneously solving for 
equality of chemical potentials of NaCl and KC1 between the 
two solids in equilibrium at P and T (i.e., $$k = &ffk and 
k$,r = &F,T) using Eqns. ( 17 ) and ( 18 ) . Compositions and 
temperatures of the minimum melting points along the liquidi 
and the critical points on the solvi calculated using our equa- 
tions of state are given in Table 1. Pressures correspond to 
those of the diagrams in Fig. 5a-f. 

Experimental liquidus data from CHOU ( 1982), solidus 
data from CHOU et al. ( 1992)) and solvus data from BARRETT 
and WALLACE ( 1954), VESNIN and ZAKOVRYASHIN ( 1979), 

and BHARDWAJ and ROY ( 1971) are compared with tem- 
peratures calculated using our equations of state on Fig. 5a- 
f and in CHOU et al. ( 1992; Tables 1, 7, and 8 ) . The limbs 
of the anhydrous liquidi calculated using our model are gen- 
erally located a few degrees above those reported by CHOU 
( 1982 ) for compositions intermediate between minimum 
melting and the pure endmembers. In differential thermal 
analysis cooling experiments, bulk compositions that undergo 
congruent crystallization should yield the most accurate 
temperatures, and therefore pure endmember compositions 
and those nearest the minimum melting points were given 
greater emphasis in our fitting procedure. The slight bias to- 
ward higher temperature for the intermediate compositions 
could reflect a small amount of unaccounted for supercooling 
prior to the observed onset of crystallization in the DTA 
runs; or, less likely, it might suggest a somewhat more com- 
plex T-X dependence for the Gibbs energy of mixing for the 
solid and/or the liquid phases than our equations provide. 
Similarly, solidi temperatures for these intermediate com- 
positions predicted using our equations generally lie slightly 
below those recorded by CHOU et al. ( 1992). This may again 
be a reflection on the simplicity of our model; or, alternatively, 
it may indicate that some small amount of unaccounted for 
superheating occurred in compositions that exhibit incon- 
gruent fusion prior to the observed onset of melting in the 
DTA heating runs. Additional discussion of the analytical 
uncertainties in the DTA measurements are presented in parts 
I-IV of this series. 

Activity-composition relationships for the NaCl and KC1 
components in the solid and liquid phases at 1 bar and various 
temperatures are shown on Fig. 6a-d. The solid curves in- 
dicate the activity of NaCl and KC1 in the solid phases, 
whereas the dashed curves are activities in the liquid phase. 
The temperatures of each isothermal, isobaric projection in 
Fig. 6a-d correspond to those indicated on Fig. 5a. Note that 
for the construction of both the liquid and solid curves in 

0.4 
t 

4kbary 673K 
5 kbar 

II 1 II ’ 1 ’ 1 ’ 1 
0.0 0.2 0.4 0.6 0.8 1.0 

H20 X KC1 KCI 

FIG. 4. Activity coefficient for KC1 ( y ia) in the sylvite-saturated 
aqueous binary calculated using Eqns. ( 13) and ( 15) at PTX con- 
ditions along curves in Fig. 3. Dashed lines are isotherms. 
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FIG. 5. Phase relations in the NaCI-KCI anhydrous binary system at (a) 1, (b) 500, (c) 1000, (d) 1500, (e) 2000, 
and ( f) 5000 bars calculated as outlined in the text. Circles are liquidus data from CHOU ( 1982), solidus data from 
CHOU et al. ( 1992), and solvus data at I atm from BARRETT and WALLACE ( 1954) and VESNIN and ZAKOVRYASHIN 
( 1979) and at higher pressures from BHARDWAJ and ROY ( 197 I ). T,, T,,. T,, and Td correspond to temperatures of 
activity-composition diagrams in Fig. 6. 

Fig. 6a-d, the reference state was taken as that of the pure 
solid at P and T.* Using this convention, the activity of the 
pure endmember liquid is equal to unity only at the P and 
T of melting. However. the activities are equivalent for all 
phases in equilibrium as shown by the dotted horizontal lines 
on Fig. 6b,d connecting the compositions of coexisting phases. 
Activity-composition relations for other pressures and tem- 
peratures may be obtained using Eqns. ( 19), (20), (29), (30). 
( 5 ) , and (6 ) with ,I’,,, = 0 and the appropriate Margules 
coefficient expressions. 

The NaCl-KCl-Hz0 Ternary System 

Isobaric projections of the liquidi in the NaCI-KCl-HZ0 
ternary system are shown in Fig. 7a-e. The isotherms were 

TABLE 1. Calculated invariant points in the N&t-KC1 binary. 

(T in K) 

Pure components Min. Melting Critical Pt. 

P(bar) ,cc’ T_Kc’ T,,,,, &?,*a t 
T< XN,Cl 

1 1074 1043 929 0.514 776 0.641 

500 1086 1056 940 0.514 782 0.640 

1000 1098 1068 950 0.514 789 0.640 

1500 1110 1081 960 0.514 795 0.639 
2000 1122 1094 970 0.514 801 0.638 
5000 1195 1170 1030 0.515 836 0.634 

* The activity of the NaCl or KC1 component in the liquid at P 
and T relative to the pure solid standard state is given by: 

In LI~$ = In X’,,, + In -y& + A&$‘~!/R7 (33) 

where the activity coefficient and chemical potential terms for the 
appropriate salt component are given by Eqns. (29) and (5) for NaCl 
and (30) and (6) for KCI. t Relative to N&l + KCI (mole fraction) 
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FIG. 6. Calculated activity-composition relations in the NaCI-KCI anhydrous binary at 1 bar and (a) 1100, (b) 
1000, (c) 850, and (d) 700 K. The activities of the NaCl and KC1 components for the solid phase(s) are given by the 
solid curves, while the dashed curves give NaCl and KC1 activities in the liquid. The standard state for both curves is 
the pure solid at P and T. Using this convention, the activities of the NaCl and KC1 components are equal in both 
phases coexisting at equilibrium. Dotted horizontal lines connect compositions of coexisting phases (liquid-solid or 
solid-solid). 

calculated by simultaneously solving for equality of chemical 
potentials of the NaCl and KC1 components between the 
solid and liquid phases in equilibrium at a given P and T 
(i.e., &j,$! = &$y and cc&$ = p$r) using Eqns. ( 17 ), ( 18 ), 
(27), (28), (5), and (6). The cotectic boundaries (vertically 
oriented curves) separating the halite and sylvite liquidi at 

subsolvus temperatures were constructed by simultaneously 
solving for equality of chemical potentials of NaCl and KC1 
between the two solids and one liquid phase in equilibrium 

NaCl _ NaCl at P and T (i.e., CL::% = &P,T - h.P,T and &gT = d$,T 

= &$) using Eqns. (17), (18), (27), (28), (5), and (6). 
The compositions of all liquidus data used in our fitting 
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routine are shown on Fig. 7a-d. In each ternary projection, 
the differences between the experimental and calculated Iiq- 
uidus temperatures are indicated by the sizes of the symbols. 
Experimental liquidus temperatures are also compared with 
those calculated using our equations of state in Tables I, 2, 
4, and 6 of CHoU et al. ( 1992), 

At a given pressure and temperature, each liquidus com- 
position is in equilibrium with a unique solid phase having 
composition along the NaCl-KC1 anhydrous binary, except 
for ternary liquid compositions along the cotectic, which are 
in simultaneous equilibrium with two anhydrous solids. The 
equilibrium compositions of coexisting liquid and solid phases 
at 500 bars and four different temperatures calculated using 
our model are shown in Fig. ga-d. At subsolvus temperatures 
(673 and 773 K), the phase diagrams each contain a single- 
liquid phase field, two solid -t liquid phase fields, and one 
three-phase field (solid + solid -l- liquid). At low temperatures, 
the equiiibrium solid phases are near endmember composi- 
tions. As temperature increases, the so&us gap closes resuIting 
in narrowing of the three-phase field within the ternary, and 
a wider range of equilibrium solid compositions is observed. 
At supersolvus temperatures (e.g. 790 K; Fig. 8c), a contin- 
uous two-phase (solid + liquid) field extends from pure NaCl 
to pure KCl. With further increase in temperature, two dis- 
tinct two-phase fields are again observed (e,g. 973 K; Fig. 
8d). Figure 8e shows the ternary phase relations at 773 K, 
the same temperature as Fig. Sb, but at a pressure of 5000 
bars. At this higher pressure, 773 K is well below the solvus 
crest and a broad three-phase field is again observed. 

A schematic enlargement of the central portion of Fig. 8b 
is included to show subtleties of the phase relations that are 
not evident at the full scale. Note that at 500 bars, there is a 
unique point on the 773 K isotherm where a single liquid 
(i.e., the cotectic) is in equilibrium with two distinct solids. 
The compositions of the coexisting cotectic liquid and solids 
are joined by bold tie lines. The compositions of the two 
~uilib~um solid phases lie on the solvus at 500 bars and 
773 K (see Fig. 5b), and both are enriched in NaCl/(NaCf 
+ KCI) relative to liquid. At this P and T, the cotectic liquid 
composition does not represent a minimum in XH+J along 
the isotherm as it does at lower temperatures (e.g., 673 K; 
Fig. 8a). Rather, the liquid having the lowest water content 
along the 773 K isotherm is in equilibrium with an anhydrous 
solid having the same NaCl f ( NaCI + KCl). The composi- 
tions of these two phases are connected with a dashed tie 
line. 

It should be emphasized that the projections in Fig. 8 show 
only equilibria between the liquid and solid phases. The one- 
phase vapor field, the &O-rich boundary of the one-phase 
liquid field, and vapor-liquid equifibria present in Fig. gb,c,d 
are not shown. There is no vapor phase stability field at the 
P-T conditions of either Fig. 8a or e. The pressure of the 
solid(s) + liquid + vapor surface is less than 500 bars for all 
compositions in the NaCl-KCI-Hz0 ternary so that no s $ 1 
+ v equilibria occur at the pressures and temperatures con- 
sidered in Figs, 8a-e. We have omitted the vapor phase equi- 
libria on these diagrams because we have not considered it 
in the present thermodynamic treatment. 

Phase relations in NaCl-KC&H20 system are typical of 
those found in several geologic systems, notably the alkali 

feldspar-water ternary ( NaAlSi 308-KAISi 308-H10 ) . Projec- 
tions of ternary phase equilibria onto the NaCI-KC1 join at 
different values of Xr,o are shown in Fig. 9a-d. The addition 
of Hz0 has no effect on the solvus position at fixed pressure. 
However, as XHzo increases, the liquidus and solidus move 
to progressively lower temperatures until eventually the sol- 
idus intersects the sollvus, compietely eliminating the region 
of infinite solid solution found at lower water contents t Fig. 
9c,d). Furthering the analogy with the alkali feldspar-water 
system, at high Xw,o, phase relations in the NaAlSi30x- 
KAISi~OS-HzO ternary like those in Fig. 96 can be used to 
expIain the evolution of a two-feldspar granite. 

Activity~om~sition reIationships for the NaCl and KC1 
components ofthe sohd and liquid phases within the ternary 
system at solid-saturation may be obtained using Eqns. ( I9 ), 
(20), (29), (30), (5), and (6) and the appropriate Margules 
coefficient expressions. 

RANGE OF VALIDITY 

Limits on the PTXrange of validity ofequations presented 
in this manuscript may be estimated as follows. Liquidus, 
solidus, and solvus data were simultaneously regressed to ob- 
tain equation of state parameters for the anhydrous N&l- 
KC1 system. At a given pressure, the excess Gibbs energy 
function for the solid was constrained at both ends f i.e., XNacl 
= 0.0 and 1.0) and at up to two intermediate compositions 
for several temperatures between =500 K and final melting. 
The same is true for the anhydrous binary liquid over its 
more limited range of stability below final melting. This pro- 
cedure should yield accurate expressions for the excess Gibbs 
energies of the liquid and solid phases and, for the activity 
coefficients of the NaCl and KC1 components in each phase 
for all stable compositions (i.e., not just along coexistence 
surfaces) at least up to final melting. 

In the case of the aqueous binaries and the ternary system, 
the validity of the appropriate equations is more restricted. 
As discussed in the introduction, because nu th~~~y~amic 
information for water was incorporated and only one value 
of the chemical potential of the salt was used at any P and 
7; the excess Gibbs energy of mixing of the aqueous liquid 
is poorly constrained. As a result, the equations given in this 
paper for thermodynamic properties of aqueous systems are 
valid only at or near solid saturation. By partial di~erentiation 
of Eqn. (25) with respect to &rlot one could obtain an ana- 
lytical expression for the chemical potential of water in the 
liquid. However, such an expression would be invalid even 
at solid saturation because our expressions were calibrated 
only against the properties of the salts. 

Except for twenty high-pressure data points on the NaCf- 
KC1 solvus, all data used in our fitting procedure were between 
I and 2000 bars. Over this range, the Margules parameters 
exhibited, at most, small linear pressure dependencies, sug- 
gesting that our equations may be extrapolated to somewhat 
higher pressures. Additionally, our equations predict liquidus 
temperatures within ~x~~menta~ uncertainty for the three 
additional data points between 3 and 4 kbar given by CUNTER 
et al. ( 1983 ), which were not incorporated in our regression. 
Based on these observations, we estimate that phase equilibria 
and chemical potentials of NaCl and KC1 may be accurately 
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bars and 773 K. The phase relations in this region are discussed in 
the text. 
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FIG. 9. Calculated projections of ternary phase equilibria onto the NaCl-KC1 join at 2000 bars and Xu,o = (a) 0.00, 
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composition space, they plot along the NaCl-KC1 join. However, the liquid compositions given by the upper curves 
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A rather curious situation arises for liquid-phase water contents such that the minimum melting temperature is 
nearly coincident with the maximum temperature on the solvus (see (c)). Because the true phase relations are not 
apparent at the scale of the full T-X projection, a schematic T-X insert is provided with a greatly expanded temperature 
scale covering approximately a 2 K range near 800 K. 
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TABLE 2. Comparison wtth vapor-saturated solubilities reported by Sterner 

et al. (1988) for the NacI-KC&f& 0 tema y. 

R = 1.5 R = 213 R-1/3 R = 0.0 

XHzO TSWB Tt x-f@ Tt TSHB Tt ‘j-B ‘j-t 

0.85 549 
5.85 648 
0.75 712 
0.70 761 
0.65 851 
0.65 834 
5.55 864 

0.55 890 
0.45 914 
0.45 936 
0.35 957 
0.30 976 
0.25 994 
0.20 1512 
0.15 1028 
0.10 1544 
0.05 1559 
0.50 1573 

713 
753 
788 
820 
849 
876 
951 
924 
946 
967 

986 
1555 
1023 
1045 
1558 
1074 

458 
566 

635 
677 
714 
746 
774 

799 
822 
843 

863 
881 

897 
913 
927 

945 
951 
962 

(643) 
677 
758 
737 
763 
787 
810 
831 
851 
871 

889 
956 
922 
937 
952 
966 

453 (478) 439 (556) 
478 (515) 529 (565) 
537 (546) 599 (617) 

585 (588) 658 (663) 
627 (627) 708 705 
665 (664) 753 743 
750 698 791 779 
732 730 825 812 
762 760 855 843 
791 789 881 871 
817 815 905 898 
842 845 926 923 

86.3 863 946 946 
884 885 965 968 

905 956 983 989 
923 925 1501 1058 

939 943 1525 1526 

955 960 1045 1543 

TSHB = Vapor-saturated liquidus temperatures from Sterner et al. (1988). 

Tt = Vapor-saturated liquidus temperatures calculated in this work. 
R = NaCI/(NaCI + KCl) mole fraction. Parentheses indicate extrapolation 
below the recommended lower temperature limit of 673K. 

predicted to pressures of at least 5000 bars, subject to the 
constraints in the preceding two paragraphs. 

The equations presented herein for the chemical potentials 
of NaCl and KC1 in the liquid phase are valid from approx- 
imately the melting temperatures of the pure components at 
the pressure of interest down to about 673 K. This represents 
a maximum extrapolation of only about 50 degrees below 
the lowest temperature data. This lower temperature limit 
was established by comparing liquidus compositions along 
pseudobinaries at vapor saturation with values calculated us- 
ing equations in STERNER et al. ( 1988) valid over the entire 
va~r-~tumt~ liquidus. The pressure at vapor saturation 
was interpolated from their Fig. 3. Results of the comparison 
are presented in Table 2 for four different values of R 
= NaCl/(NaCl + KCI) mole fraction. Good agreement is 
observed between 673 K and the melting temperature of the 
solid solution with maximum discrepancies of about 12- 15 
degrees occu~ng along the NaCl-Hz0 binary. Below 673 K, 
the vapor-saturated solubilities calculated using the present 
equations begin to diverge rapidly from those of STERNER et 
al. (1988). 

The equations for the chemical potentials of NaCl and 
KC1 in the solids are valid to lower temperatures and can be 
used to calculate phase ~~lib~a and activities of the salt 
components in solid solutions from their anhydrous melting 
temperatures down to 273 K with comparable accuracy. Al- 
though the solvus data used in the regression extended down- 
temperature to only =550 K, below this temperature, the 
equilibrium solid phases approach nearly endmember com- 
positions. 

SUMMARY AND CONCLUSIONS 

slid-liquid phase equilibria in the NaCl-KCI-Hz0 ternary 
have been modeled using equations of state for Gibbs energy. 
The range of validity of the equations extends from =673 
K to the melting of the anhydrous salt and pressures from 
the solid t liquid + vapor surface to =5 kbars for all com- 
positions. The equations reproduce available liquidus, solidus, 
and solvus data within experimental uncertainty and are 
consistent with enthalpies of mixing of NaCl-KC1 liquids 
measured by HERSH and KLEPPA ( 1965 ) and enthalpies of 
fusion, melting points, and heat capacities of the pure salts 
given in ROBIE et al. (1979) and CHASE et al. (1985). 

The excess Gibbs energies of mixing in our equations for 
the solid and liquid phases are represented by two-term Mar- 
gules expansions in composition. Coeficients of the pressure 
and temperature dependencies of the Margules parameters 
were calibrated using a global, least-squares, nonlinear min- 
imization procedure and the constraint that under conditions 
of chemical equilibrium, the chemical potential of each com- 
ponent must be equal in all phases. The fitting procedure 
permitted the inco~oration of individual PTX datum in ad- 
dition to coexisting liquid + solid or solid + solid equilibrium 
pairs. 

Because of the geological significance of these fluid com- 
ponents, considerable effort has been devoted to the devel- 
opment of predictive models for the NaCl-KCI-H20 ternary 
and its subsystems at crustal P-T conditions. While other 
equations have been presented for these. salt-water systems 
in particular P-T-X ranges (PITZER and LI, 1983; TANGER 

and PITZER, 1989; HOVEY et al., 1990; PABALAN and PITZER, 

1990), the present model represents the only detailed treat- 
ment of the NaCl-KCl-Hz0 ternary that extends to the fused 
salt limit at elevated pressures. 

We considered adding comparisons of the results of our 
present treatment with other equations for the aqueous bin- 
aries, However, such comparisons would have validity only 
at the single composition of solid saturation at any T and P. 
At the three-phase pressure, the equations of TANGER and 
PWZER ( 1989) and HOVEY et al. ( 1990) agree with our new 
equations since they were fitted at this P-T-X. However, those 
equations are known to yield inaccurate tiquid densities at 
these compositions; hence, a divergence must arise with in- 
crease in pressure. Comparison with equations valid only 
below 623 K for the aqueous systems would have little mean- 
ing since the minimum temperature of validity for the present 
treatment in aqueous systems is 673 K. While such compar- 
isons might still be of interest, we expect that a much more 
comprehensive equation for aqueous NaCl will become 
available soon. At that time, more meaningful comparisons 
with the present equation for NaCl-Hz0 will be made. 

Subsequent to our thermodynamic-PTX analysis, addi- 
tional data became available for the NaCl-HZ0 binary (KOS- 

TER VAN GROOS, 199 1 f . Koster van Groos studied the halite 
liquidus up to 6000 bars using differential thermal analysis. 
His reported liquidi temperatures are some 20-25 K higher 
than those calculated with our equations, which for NaCl- 
Hz0 are based on the experimental data of GUNTER et al. 
( 1983 ) . The discrepancy in the experimentally determined 
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liquidi temperatures arises from a fundamental difference in 
the interpretation of the DTA data in the two studies.and is 
discussed in Part IV of this series ( CHOU et al., 1992). 

Gibbs energy models like those used in our treatment of 
the NaCl-KCl-Hz0 system allow accurate representation of 
phase equilibria and thermodynamic properties using a rel- 
atively small number of adjustable parameters and minimal 
experimental data. Equations of this type together with the 
fitting procedures described herein are applicable to other 
geological systems that exhibit partial or complete miscibility 
between solid and/or fluid phases, such as the alkali feldspar- 
water ternary, a silicate analogue to the NaCl-KU-Hz0 
system. 
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