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Abstract H,O activities in supercritical fluids in the
system KCI-H,0-(MgO) were measured at pressures of
1,2,4,7,10 and 15 kbar by numerous reversals of vapor
compositions in equilibrium with brucite and periclase.
Measurements spanned the range 550-900 °C. A change
of state of solute KCl occurs as pressures increase above
2 kbar, by which H,O activity becomes very low and, at
pressures of 4 kbar and above, nearly coincident with
the square of the mole fraction (xm,0). The effect un-
doubtedly results primarily from ionic dissociation as
H>O density (py,o) approaches 1 gm/cm?, and is more
pronounced than in the NaCI-H,O system at the same
P-T-X conditions. Six values of solute KCl activity were
yielded by terminal points of the isobaric brucite-peric-
lase T-xp,0 curves where sylvite saturation occurs. The
H,O mole fraction of the isobaric invariant assemblage
brucite-periclase-sylvite-fluid is near 0.52 at all pressures,
and the corresponding temperatures span only 100 °C
between 1 and 15 kbar. This remarkable convergence of
the isobaric equilibrium curves reflects the great influ-
ence of pressure on lowering of both KCI and H,O ac-
tivities. The H,O and KCI activities can be expressed by
the formulas: ap,0 = YHZO[tzO/(tzo + (1 + cx)xKCl)],
and axa = ygal(l + 2prcar/ (o + (1+ axxa)] ',
where o is a degree of dissociation parameter which in-
creases from zero at the lowest pressures to near one at
high pressures and the y’s are activity coefficients based
on an empirical regular solution parameter W: In vy; =
(1 — x;)*W. Least squares fitting of our H,O and KCI
activity data evaluates the parameters: o = exp(4.166
—2.709/py,0) —212.1P/T, andW = (—589.6 —23.10P) /T,
with py,o in gm/cm?®, P in kbar and 7 in K. The stan-
dard deviation from the measured activities is only
+ 0.014. The equations define isobaric liquidus curves,
which are in perfect agreement with previous DTA lig-
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uidus measurements at 0.5-2 kbar, but which depart
progressively from their extrapolation to higher pres-
sures because of the pressure-induced dissociation effect.
The great similarity of the NaCl-H,O and KCI-H,O
systems suggests that H,O activities in the ternary NaCl-
KCI-H,O system can be described with reasonable ac-
curacy by assuming proportionality between the binary
systems. This assumption was verified by a few recon-
naissance measurements at 10 kbar of the brucite-per-
iclase equilibrium with a Na/(Na + K) ratio of 0.5 and
of the saturation temperature for Na/(Na + K) of 0.35
and 0.50. At that pressure the brucite-periclase curves
reach a lowest xp,0 of 0.45 and a temperature of 587 °C
before salt saturation occurs, values considerably lower
than in either binary. This double-salt eutectic effect may
have a significant application to natural polyionic
hypersaline solutions in the deep crust and upper mantle
in that higher solute concentrations and very low H,O
activities may be realized in complex solutions before
salt saturation occurs. Concentrated salt solutions seem,
from this standpoint, and also because of high me-
chanical mobility and alkali-exchanging potential, fea-
sible as metasomatic fluids for a variety of deep-crust
and upper mantle processes.

Introduction and previous work

Potassium species are important constituents of meta-
morphic fluids. Potassium metasomatism has been re-
cognized by field workers in high-grade metamorphic
terranes for over a century (e.g. Billings 1938). Alkali
exchange in natural feldspars (K-feldspathization) gives
rise to “replacement antiperthite”, a texture described
many times in high-grade gneisses (Griffin 1969; Todd
and Evans 1994; Hansen et al. 1995). The apparent ease
of alkali exchange and migration in metamorphic rocks
has led to classification of alkalis with the volatiles as
“perfectly mobile components’ (Korzhinskii 1959). This
high alkali mobility may be understandable in terms of
transport in intergranular brines (Aranovich et al.
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1987). Orville (1963) and liyama (1965) showed experi-
mentally that feldspars exchange alkali ions easily with
relatively dilute chloride and carbonate solutions at 1-2
kbar and 600°-800 °C. For chloride solutions coexisting
with both albite and K-feldspar, the K/(K+Na) ratio is
about 0.2. The preference of feldspar for potassium re-
lative to supercritical brines may be a major factor in
K-metasomatism and the production of NaCl-rich fluids
in the crust.

The influence of higher pressures and higher salinities
on the thermodynamic behavior of aqueous KCI solu-
tions is an important consideration for understanding
metasomatic processes at deep-earth conditions. Most
critical for petrogenetic interpretations are the activities
of the alkali chlorides and H,O in concentrated super-
critical solutions. The solution interaction of KCl and
NaCl and its possible variation with pressure and tem-
perature must be known in order to make predictions
about alkali transport and conditions under which par-
tial melting may occur in rock systems.

Sylvite (KCI) has been identified as a daughter mi-
neral in some of the concentrated brine inclusions which
have been described with increasing frequency in many
petrogenetic settings, including granites (Dunbar et al.
1996), gabbros (Pasteris et al. 1995), high-grade gneisses
(Touret 1985), carbonatites (Sampson et al. 1995),
eclogites (Philippot and Selverstone 1991), and the
super-high-pressure  coesite-bearing  metasediments
(Philippot et al. 1995). KCl is thought to have been a
major solute of the complex saline fluids which produced
regional metasomatism and metal ore segregation in
Cloncurry, Queensland (DeJong and Williams 1995) and
the Melones Fault Zone of California (Albino 1995).
Description of the thermodynamic properties of aqu-
eous KCI solutions thus has potential application to a
large variety of crustal processes.

Existing experimental work on the system KCI-H,O
is summarized by Sterner et al. (1992). The salt satura-
tion surfaces in the binary system and in the ternary
system with NaCl were constructed analytically based
principally on the differential thermal analysis studies to
2 kbar of Chou et al. (1992). For compositions near the
binary KCI-NaCl join, the ternary fluids may be repre-
sented adequately by a subregular solution involving five
empirical Margules parameters which are functions of
temperature and pressure.

Sylvite and halite (NaCl), though isostructural, have
a broad asymmetric miscibility gap with a critical tem-
perature near 500 °C, which rises substantially with
pressure. The most comprehensive experimental work
on the solvus is that of Bhardwaj and Roy (1971), with
accurate delineation between 1 bar and 20 kbar. The
equations of Sterner et al. (1992) incorporate this ex-
perimental work. The solvus intersects the NaCl-KCl-
H,O solidus in a complex way depending on tempera-
ture (7), pressure (P), and H,O mole fraction (xp,0) of
the liquids, resulting in cotectic melting over a substan-
tial portion of P-T-X space. Elsewhere in the supercrit-
ical region at elevated pressures melting is of the smooth

minimum type, with the minimum composition near
K/(K 4 Na) = 0.5 at pressures up to 2 kbar.
Aranovich and Newton (1996) encountered large,
previously unpredicted changes in the thermodynamic
mixing properties of NaCl-H,O fluids with increasing
pressure above 2 kbar. They measured H,O activities in
concentrated NaCl-H,O solutions in the pressure range
2-15 kbar and temperature ranges 600-900 °C and
NaCl concentrations up to halite saturation by depres-
sion of the equilibrium temperature of the reaction:

Mg(OH), = MgO + H,0

brucite periclase

Compositions of the H,O-NaCl fluid phase in equilib-
rium with brucite plus periclase at fixed 7" and P were
determined by reversed experiments. Additional precise
equilibrium data on this reaction with pure H,O were
obtained at 2-15 kbar to provide a reliable baseline for
activity calculations. Termination of the isobaric
brucite-periclase dehydration curves in the system
MgO-H,0-NaCl by halite saturation provided five
independent values for NaCl activity in concentrated
solutions in the supercritical region. The H,O and NaCl
activity data could be described within the experimental
reversal brackets by the expressions:

a0 = —— A (1a)
7 xmo + (14 o)xnaa
1+ o)xng (+2)
v = | L e (1b)

Xm0 + (1 + a)xNac

These expressions imply that H,O and NaCl are ideal
mixtures of H,O molecules and NaCl of variable degree
of dissociation o which depends on temperature and
pressure but not on composition. The parameter o was
defined by least-squares fitting of the experimental data:

o =exp(A—B/p) - CP/T (2)

where p is the density of pure H,O at (7,P), and A, B,
and C are positive constants.

The above formulation embodies a novel experi-
mental finding, namely that activity in NaCl solutions
decreases exponentially with pressure above 2—4 kbar at
constant composition and temperature. At pressures
approaching 10 kbar, H,O activity becomes nearly
equal to the square of its mole fraction. This effect most
probably derives from pressure-induced dissociation of
NaCl to Na* and CI™: o approaches one as H,O densi-
ties approach 1 gm/cm?®. Because of the physicochemical
similarity among the alkali chlorides, analogous pres-
sure-induced changes in solute behavior may be ex-
pected for KCI also.

An important implication of the low H,O activities in
concentrated brines at high pressures is that these fluids
may coexist with silicate rocks at deep crust and upper
mantle conditions without provoking extensive melting,
while providing an effective vehicle for metasomatism
and material transport, especially of the alkalis. The H,O
activities may be low enough in very concentrated



solutions to be possible fluid media in granulite facies
metamorphism, where anhydrous mafic silicates (garnet
and pyroxenes) dominate over hydrous phases (biotite
and amphibole). The properties of alkali mobility and
ease of infiltration in silicate rocks at low porosity are
much superior to those of CO,-H>O mixtures of com-
parably low H,O activity, fluids which have long been
assumed to be important in granulite facies metamor-
phism, but which are now known to have extremely low
solubilities for silicate constituents and low wetting
ability in dense silicate aggregates (Watson and Brenan
1987, Walther 1992). The present work explores H,O and
solute activities in the system KCI-H,O at deep crust/
upper mantle P-T conditions, with reconnaissance mea-
surements in the ternary KCI-NaCl-H,O system, in order
to describe more completely the thermodynamic behav-
ior of supercritical alkali chloride brines in the geological
context.

Experimental methods

Experimental methods were mainly those employed by Aranovich
and Newton (1996). Charges consisting of weighed portions of
synthetic brucite, periclase, KCl, NaCl and H,O were sealed in
1 mm diameter Pt tube segments. The periclase was a coarsely
crystalline material prepared by arc-fusion. Use of this starting
material eliminated the quench-reaction problem encountered by
previous workers who used extremely fine-grained periclase. The
experiments at 4, 7, 10 and 15 kbar were done in 1.91 cm diameter
piston-cylinder apparatus with NaCl pressure medium and cali-
brated pairs of W-3% Rh vs W-25% Rh thermocouples, and in
internally heated argon pressure vessels with sheathed Cr-Al ther-
mocouples at one and two kbar. The pressure and temperature
uncertainties in the piston-cylinder apparatus are + 0.2 kbar and
+ 3 °C, and are * .01 kbar and * 2 °C in the gas pressure vessels.
Two capsules with different charges were present in most runs in
both kinds of apparatus.

Composition of the vapor phase at the conclusion of an ex-
periment was determined by puncturing the charges under liquid
N, (to avoid spurting of water) and drying at 320 °C for up to
half an hour. A H,O yield less than the amount originally
introduced signified growth of brucite, the hydrate, whereas a H,O
yield greater than originally present signified H,O release in
decomposition of brucite to periclase. After a small amount of
reconnaissance, it was generally possible to bracket an equilibrium
composition in a single experiment: the two charges usually reacted
in opposite directions with close approach of the fluid compositions
to a common value. Confirmation of the direction of reaction was
made optically and by X-ray diffraction.

Six determinations of points on the KCI-H,O saturation surface
were yielded by termination of the isobaric brucite-periclase equi-
librium curves. When the vapor is salt-saturated, the brucite-per-
iclase curve will descend no further in temperature with increase of
KCl in the bulk composition, but becomes invariant. The invariant
temperature for coexisting brucite, periclase, sylvite and fluid at
each of the six experimental pressures was determined by reversed
reactions in charges containing small proportions of H,O, guar-
anteeing sylvite saturation of the fluid.

Several experiments were made in the system KCI-NaCl-H,O
(-MgO) to sketch out the ternary chloride brine system. According
to the calculated melting diagram of Sterner et al. (1992), the binary
system KCI-NaCl has a continuous isobaric melting loop with a
broad minimum quite near to a KCl mole fraction of 0.5, and, with
increasing H,O content of the salt melts, the minimum shifts to
higher KCl mole fraction and lower temperatures and intersects the
solvus near xp,0 = 0.4. A point on the KCI-NaCl-H,O minimum
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Fig. 1 Schematic univariant equilibria in the system KCI-NaCl-H,O-
MgO at constant pressure in the supercritical fluid region. Point A4 is
the brucite dehydration temperature for pure H,O. Curves between
AB and AE are brucite-periclase-fluid equilibria as functions of
chloride concentration for fixed NaCl/KCl ratios. Curves BD and ED
are, respectively, the univariant intersections of the brucite-periclase-
fluid surface with the saturation surface of halite solid solution and the
saturation surface of sylvite solid solution. Point D is an invariant 5-
phase point on the salt saturation minimum curve. At temperatures
higher than Point C, the minimum has a continuous tangent, whereas
below C the minimum is of the cotectic type. A unique brucite-
periclase-fluid curve AD of fixed NaCI/KCI terminates at the invariant
point of four solids plus fluid; all other curves between AB and AE
terminate on one or the other salt saturation surface. The diagram
assumes that the fluid phase is strictly ternary (with negligible Mg
content). Sy sylvite, Ha halite, FI fluid, s.s. solid solution

melting curve at 10 kbar was determined using the brucite-periclase
equilibrium. At fixed pressure, there exists a univariant locus of
lowest melting temperature as a function of H;O mole fraction. A
unique brucite-periclase curve for fixed Na/(Na + K) in the fluid
terminates on the salt saturation minimum curve (Fig. 1). Geo-
metrical constraints indicated that the parameters of this intersec-
tion at 10 kbar are close to xp,0 = 0.45, Na/(Na+ K) = 0.4 and
T = 590 °C. Several reversal runs with initial parameters embrac-
ing the above values were made to define invariant parameters of
the equilibrium brucite-periclase-halite solid solution — sylvite solid
solution — fluid. The method of these runs was identical in principle
to the sylvite saturation experiments.

Quenched solid salt in the KCI-NaCl experiments was always
two-phase, with compositions close to the end-members, whether
the salt phase during the experiments was fluid or a homogeneous
solid solution. Apparently, reequilibration is so rapid that high-
temperature solid solutions cannot be quenched with our appara-
tus. This fact presented no difficulties of interpretation, inasmuch
as the solvus is very well known to 20 kbar from the experimental
work of Bhardwaj and Roy (1971).

Results of experiments and interpretation

Table 1 gives details of the experiments defining isobaric
univariant brucite-periclase curves in the KCI-H,O-
MgO system and the six experimental data for the iso-
baric sylvite saturation curves. The data are plotted in
Fig. 2. The isobaric brucite-periclase curves are well-
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Table 1 Experimental data on the reaction Brucite (Br) = Periclase
(Per) + HyO in the presence of H,O-KCI solutions (n/r small
change in water content in the course of the run; sat, runs under
KCl-saturated conditions; s¢. initial; fin. final)

Run# T°C P kbar Duration xn,0 XH,0 Stable
h st. fin. phase
K-54 850 15 50 0.86 0.883 Per
K-55 850 15 50 0.93 0.89 Br
K-73 830 15 53 0.81 0.858 Per
K-74 830 15 53 0.9 0.871 Br
K-45 800 15 48 0.76 0.793 Per
K-46 800 15 46 0.82 0.8 Br
K-47 750 15 66 0.66 0.7 Per
K-48 750 15 66 0.74 0.711 Br
K-65 720 15 122 0.68 0.656 Br
K-66 720 15 122 0.6 0.652 Per
K-50 700 15 120 0.56 0.603 Per
K-51 700 15 120 0.64 0.612 Br
K-76 650 15 89 0.3 0.39 Per, sat
K-80 645 15 73 0.3 0.214 Br, sat
K-28 800 10 74 0.94 0.93 Br
K-29 800 10 74 0.88 0.91 Per
K-32 780 10 47 0.82 0.864 Per
K-33 780 10 47 0.91 0.887 Br
K-20 750 10 45 0.77 0.799 Per
K-21 750 10 45 0.83 0.813 Br
K-5 750 10 27 0.74 0.799 Per
K-36 730 10 72 0.72 0.76 Per
K-37 730 10 72 0.8 0.776 Br
K-1 700 10 47 0.6 0.693 Per
K-4 700 10 55 0.76 0.712 Br
K-7 670 10 49 0.6 0.625 Per
K-8 670 10 49 0.7 0.631 Br
K-38 650 10 70 0.56 0.593 Per
K-39 650 10 70 0.64 0.608 Br
K-31 630 10 70 0.51 0.544 Per
K-30 630 10 70 0.59 0.556 Br
K-35 620 10 118 0.3 0.227 Br, sat.
K-40 625 10 72 0.3 0.437 Per, sat.
K-56 740 7 94 0.84 0.859 Per
K-57 740 7 94 0.92 0.875 Br
K-43 700 7 145 0.72 0.783 Per
K-44 700 7 145 0.81 0.784 Br
K-60 680 7 147 0.71 0.735 Per
K-61 680 7 147 0.76 0.737 Br
K-58 650 7 146 0.64 0.673 Per
K-59 650 7 146 0.71 0.669 Br
K-63 620 7 165 0.54 0.579 Per
K-64 620 7 165 0.6 0.572 Br
K-71 605 7 99 0.29 0.423 Per, sat.
K-62 600 7 165 0.29 0.235 Br, sat.
K-83 660 4 70 0.76 0.804 Per
K-84 660 4 70 0.86 0.812 Br
K-89 630 4 144 0.67 0.724 Per
K-90 630 4 144 0.74 0.722 Br
K-87 600 4 146 0.6 0.657 Per
K-88 600 4 146 0.67 0.644 Br
K-95 575 4 145 0.3 0.39 Per, sat.
K-93 570 4 138 0.3 0.272 Br, sat.
K-11 640 2 139 0.79 0.844 Per
K-12 640 2 139 0.91 0.873 Br
K-18 620 2 118 0.73 0.773 Per
K-19 620 2 118 0.78 0.763 Br
K-15 600 2 145 0.59 0.681 Per
K-16 600 2 145 0.7 0.694 Br, n/r
K-22 570 2 198 0.56 0.57 Per, n/r
K-23 570 2 198 0.62 0.572 Br
K-41 555 2 283 0.27 0.388 Per, sat.
K-70 550 2 190 0.29 0.261 Br, sat
K-92 570 1 228 0.65 0.69 Per
K-91 570 1 228 0.75 0.711 Br
K-97 550 1 165 0.29 0.37 Per, sat.
K-96 540 1 168 0.3 0.36 Br, sat.
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Fig. 2 Brucite-periclase-fluid equilibrium curves in the system KCI-
MgO-H,0 at six pressures in the range 1-15 kbar determined by the
reversed fluid-phase measurements. Data are given in Table 1.
Horizontal brackets indicate approach to closure of final vapor
compositions. Vertical brackets at xy,0 = 1.0 are reversal intervals of
the brucite-periclase equilibrium with pure H,O fluid from Aranovich
and Newton (1996). The one-kbar curve is only approximately
constrained by one experimental bracket. Six isobaric sylvite
saturation temperatures are determined by reversals of the H,O
concentration of fluids in equilibrium with either brucite or periclase
and sylvite over narrow temperature intervals, as indicated by the
brackets at xp,0 = 0.3. The isobaric temperature-invariant brucite-
periclase-sylvite-fluid lines intersect with their respective brucite-
periclase-fluid curves in six points on the sylvite-fluid P-T-xp,0
saturation surface, as shown by the black squares. Isobaric sylvite
saturation curves (hydrous melting curves) calculated from thermo-
dynamic analysis of our brucite-periclase and sylvite saturation data
are shown; the good agreement with the measured saturation points is
evident. The limiting H,O mole fraction of KCI-H,O fluids in
equilibrium with brucite and periclase is near 0.52; it is not certain if
there is a real variation with pressure. Filled circles sylvite melting
points from Clark (1959)

constrained by the reversal data. Slight curvature is in-
dicated in the lower pressure range, whereas the curves
for 4 kbar and above are nearly straight lines. The
brucite-periclase curves terminate in invariant sylvite
saturation points determined by the reversed experi-
ments with initial xp,0 = 0.3 in Table 1. The limiting
H,O mole fractions of the brucite-periclase curves aver-
age 0.52; a systematic pressure variation is not clear-cut.
The six isobaric sylvite saturation curves, constructed
from thermodynamic analysis, described below, of our
experimental data, agree closely with the six measured
saturation points (Fig. 2).

The outstanding feature of Fig. 2 is that the depres-
sion of the brucite-periclase equilibrium temperature at
10 and 15 kbar is much greater at a given H,O con-
centration than at 1 and 2 kbar. This fact militates a
dramatic decrease of H,O activity in concentrated KCI



solutions with pressures above 2 kbar. The brucite de-
composition temperature at any xpg,o of the fluid phase
is somewhat lower than in NaCl-H,O. Both of these
findings are in fundamental accord with the results of
the electrical conductance measurements (Quist and
Marshall 1969; Quist et al. 1970), which demonstrated
that the major increase in the conductance (i.e. degree of
dissociation) of 0.0lm KCI solutions occurs in the
pressure range 1-3 kbar and that the KCl solutions ex-
hibit higher conductance at any given P-T than NaCl
solutions of the same concentrations.

Brucite in several of the run products was analyzed
for Cl, including both high-pressure and low-pressure
runs. None of the analyses showed Cl concentration
exceeding 0.1 CI atoms per 50 Mg atoms. Therefore,
substitution of Cl in brucite is negligible in terms of the
H,O activity calculations.

Experiments were made to determine an upper bound
on MgO solubility in concentrated KCl solutions at el-
evated pressure-temperature conditions. Two capsules
with the normal amounts of KCl and H,O (about 4 mg
and 2 mg, respectively) and only 0.1 mg of periclase
were held at 700 °C and 10 kbar for 48 h before
quenching. The fluid compositions straddled the brucite-
periclase field boundary, as previously determined. A
charge with xp,0 =0.67 yielded abundant coarse-
grained periclase with geometrically etched surfaces and
no brucite. Nearly the original amount of periclase was
recovered. Had the entire amount of periclase been
dissolved, the maximum contribution of MgO to the
fluid phase would have been only 1.5 mol%. In fact, the
actual amount was much less than this. A charge with
xm,0 = 0.73 yielded abundant large geometrical brucite
flakes (Fig. 3). A few relics of periclase jacketed with
brucite were present. The two experiments together
demonstrate that the MgO content of the fluids in our
experiments was much too small to have influenced the
activity measurements.

H,O activities were retrieved from the vapor com-
position data using the tabulated fugacities of Burnham
et al. (1969) and the expression of Aranovich and
Newton (1996) for the standard Gibbs free energy of the
pure H,O brucite-periclase reaction at one bar:

AG® (joules) = 73418 — 134.95 T 3)

Compressibilities and thermal expansions of the solid
phases were taken from Holland and Powell (1990). H,O
activities (ap,0) are given in Table 2. Figure 4 shows the
same profound change of state of the salt solutions with
pressure as shown by concentrated NaCl solutions: at
pressures greater than 2 kbar, for H,O densities greater
than about 0.8 gm/cm?®, H,O activities decrease rapidly
with compression and become nearly equal to the
squares of the H,O mole fractions. The exponential
density dependence of ap,o is even more pronounced
than in NaCl solutions: at 4 kbar the high pressure be-
havior is effectively realized. Some further lowering of
am,0 With pressure occurs at 10 kbar and possibly even
slightly more at 15 kbar.

Fig. 3 Ordinary light photomicrograph of dried portion of quenched
charge originally containing 3.94 mg KCl, 2.58 mg H,O and 0.11 mg
coarsely crystalline periclase. The experimental conditions were
700 °C, 10 kbar, and 48 h. The H,O mole fraction of the fluid was
0.73, just within the brucite field (see Fig. 2). The experiment yielded
abundant, large, geometrical brucite flakes, apparent in the photo (the
largest grain seen is about 50 pm across), embedded in quench-
precipitated sylvite. A companion run at the same conditions, with
xu,0 of the fluid just outside the brucite field (0.67), yielded coarse
periclase with etched surfaces and no brucite. These experiments
demonstrate that MgO solubility in KCI-H,O solutions at 10 kbar
and 700 °C is much too small to have affected the activity mea-
surements

KCI activities were calculated for the six sylvite sat-
uration points terminating the brucite-periclase curves at
each pressure. The standard molar entropy of melting,
AS; . of KCI at the normal melting point of 1043 K is
given by Robie et al. (1978) as 25.20 joules/K. The
change of AS,,, with temperature is quite small, according
to Sterner et al. (1992), and the effect of pressure is un-
certain. Therefore we have taken AS,,, as a constant. KCl
activities (agxc)) were calculated from the expression:

Asm(Tsat - Tm) - RTsat In aKCl (4)

where AS,, is the entropy of fusion of pure KCI, T}, is
the melting point in K of pure sylvite at a given pressure
and T, is the sylvite saturation temperature at that
pressure and fixed H,O mole fraction. The T, values
were taken from the melting-point equation of KCI
given by Clark (1959). They agree exactly with the DTA
measurements of Chou et al. (1992). The six akcy values
yielded by the six isobaric saturation points are given in
Table 2.

The exponential pressure decreases of ay,o and axcy
were modeled using formulas analogous to Egs. (1a),
(1b). However, the low H,O activity values yielded by
the brucite-periclase data necessitated an additional

term multiplied to the expression for ap,o:
YH,0 = eXP{WKfogcﬂ (5a)

where yy,0 is a binary activity coefficient and Wk is a
regular solution Margules parameter which depends on
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Table 2 Measured H,O activity from brucite-periclase reversals
and KCI activity from sylvite saturation temperatures®

P T Xm0  fmo Pm,0 . AH,0  aKcl T'i,o0/kc
kbar °C bar gm/cm
15 850 .887 45747 973 815 919
15 830 .865 45580  .980  .737 .852
15 800 197 45407 991 .628 788
15 750 706 45045 1.009 472 .669
15 720 .654 44922 1.020  .391 .598
15 700 .608 44679 1.027 344 .566
15 647" 515 1.050 308 .635
10 800 .920 16214 885  .833 915
10 780 .876 15829 893 751 .857
10 750 .805 15331 905  .634 788
10 730 768 14921 913 .565 736
10 700 703 14318 925 472 671
10 670 .628 13646 938  .391 .623
10 650 .601 13193 946  .342 .569
10 630 .550 12711 954 298 .542
10 623" .520 957 333 .694
7 740 .867 7174 811 .784 904
7 700 183 6692 830 .614 784
7 680 136 6429 840  .542 736
7 650 671 6038 855 443 .660
7 620 576 5623 870  .359 .623
7 603" .530 879 342 728
4 660 .808 2551 718 .683 .845
4 630 723 2359 737 551 762
4 600 .651 2161 57 441 677
4 572° .540 776 358 779
2 640 .859 1171 549 860 1.001
2 620 .768 1109  .568  .737 957
2 600 .688 1046 .587  .628 913
2 570 571 952 .617 488 .855
2 553" 515 .634 378 779
1 570 .701 585 415 655 934
1 545" 520 .396 .825

* Asterisk signifies sylvite saturation point. I'y,o/kci signifies the
ratio of activity to mole fraction of H,O and KCI (conventional
activity coefficient). Xp,o is the mean H,O mole fraction of a bru-
cite-periclase bracket. f,0 is the fugacity of H,O at a bracket 7"and
P (Burnham et al. 1969, with logarithmic extrapolation to 15 kbar).
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03 04 05 06 07 08 09 10
Mole fraction of H,O

Fig. 4 H,O activity values in concentrated KCI-H,O solutions
derived from the brucite-periclase reversal brackets of Fig. 2.
Uncertainties generally somewhat smaller than symbol sizes. Note
close approach of activities to the squares of the H,O mole fractions at
pressures above 4 kbar

P and T but not on composition of the fluid. The cor-
responding KCI activity coefficient is:

Ykc1 = €Xp [WKHX%JZO} (5b)

Least-squares analysis of the experimental data points,
including the sylvite saturation points, yielded the pa-
rameters:

okcl = exp(4.166 — 2'709/szO) —212.1P/T
Wkn = (—589.6 — 23.10P)/T

(6a)
(6b)

with P in kbar and py,o in gm/cm’. Formulas based on
expression 1) with these parameters reproduce all of the
measured activity data to + 0.014.

Figure 5 shows sylvite saturation curves (or hydrous
melting curves) at 0.5, 2 and 5 kbar calculated from
Egs. (1), (4)(6). The actual DTA liquidus measurements
at 0.5 and 2 kbar of Chou et al. (1992) which are directly
comparable are plotted. It is seen that our equations
agree perfectly with their DTA data. However, their
predicted 5 kbar saturation curve lies 10 to 15 °C higher
than ours at moderate H,O contents. This discrepancy
exists because their equations do not anticipate the large
pressure-induced drops in H,O and KCl activities which
occur above 2 kbar.

Table 3 lists 10 kbar experiments on the brucite-
periclase equilibrium with fluids in the KCI-NaCl-H,O

XH,0
0 0.1 02 03 04 05 06

Chou ot { .......... 5 kbar

860
820 al., 1992
760 |
740

700 -

660

Temperature (°C)

620 -

Sylvite + Liquid
580 -

540 4

500 T T T T —
1.0 0.9 0.8 0.7 0.6 0.5 0.4

Xkal

Fig. 5 Sylvite hydrous melting curves at 0.5, 2 and 5 kbar described
by thermodynamic formulation of this work, Egs. (1)-(6) (text),
compared with the DTA measurements of Chou et al. (1992) at 0.5
and 2 kbar (symbols), and their predicted 5 kbar curve (dashed line).
Our equations are in excellent agreement with their measurements but
depart from their prediction at higher pressures because of the greater
decrease of H,O and KCl activities found in the present study



Table 3 Experimental data on the reaction Br = Per + H,O at
10 kbar in the presence of H,O-NaCl-KCl solutions. Abbreviations
as in Table 1

Run # T °C Duration, NaCl/ XH,0 XH,0 Stable
h (NaCl + KCI) st. fin. Phase
NK-14 650 139 0.492 0.53 0.568  Per
NK-15 650 139 0.518 0.613 0.575 Br
NK-12 610 119 0.501 0461 0.5 Per
NK-13 610 119 0.516 0.533  0.507 Br
NK-3 590 240 0.504 0.3 0.38 Per, sat.
NK-4 590 240 0.364 0.3 0.36 Per, sat.
NK-10 585 142 0.352 0.282 0.23 Br, sat.
NK-11 585 142 0.491 0.294  0.26 Br, sat.

system. Experiments at 650 °C and 610 °C with NaCl/
(NaCl + KCI) = 0.5 both yielded apparently reversed
Xm0, indicating that fluids were not salt-saturated and
that final vapor compositions indeed lie within the an-
ticipated narrow T-xp,o wedge of brucite-periclase-fluid
stability (Fig. 6). This result shows that no marked de-
partures exist from proportionality of ap,o behavior
between the two binary systems. Saturation experiments
with xg,0 = 0.3 and NaCl/(NaCl + KCI) = 0.5 and 0.35
both showed reversibility of the saturation temperature
at 587 £ 3 °C. The intersection of this invariant tem-
perature with the KCI-NaCl-H,O saturation minimum
curve, calculated as described below, gives an absolute
minimum xg,o of 0.45 for any fluids coexisting with

| T T T
Periclase
10 kbar
700 ~
3
- . ?C}\
— *. %
o 650 - 2
L _ ‘%,
% Periclase '.3(/
@ + 2
Q Salt S.S.
£ +
2 )
600 Fluid
‘—‘» .
I Brucite + Salt S.S.(S)
+
Fluid
550 | L |
0.3 0.4 0.5 0.6 0.7

Mole fraction H»0 in fluid

Fig. 6 Reversals of brucite-periclase equilibria in concentrated solu-
tions of NaCl and KCI with Na/(Na + K) = 0.5 at 10 kbar. Data
given in Table 3. Lengths of reversal arrows indicate changes of H,O
mole fraction of fluids. Ability to reverse the fluid compositions shows
that vapors were not salt-saturated. Reversal arrows at xp,0 = 0.3
bracket the temperature of brucite-periclase-crystalline salt equilibri-
um for Na(Na + K) of 0.35 and 0.50 (no difference found).
Calculations based on thermodynamic analysis indicates that the
Na/(Na + K) of the invariant fluid is 0.38. Brucite-periclase curves for
Na/(Na + K) of 1.0 and 0 are shown. The experimental invariant
temperature of 587 % 3 °C predicts the minimum H,O concentration
for brucite-periclase equilibrium of 0.45. Calculations indicate that the
KCI-NaCl-H,O salt saturation minimum changes from smooth
minimum to cotectic at about 550 °C and xy,0 = 0.46
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periclase + brucite + Na-K chloride salts at 10 kbar.
The calculations indicate that the minimum in the sat-
uration surface is still rounded at 587 °C but becomes a
cotectic at slightly lower temperatures and higher H,O
contents.

Combination of the activity expressions in the binary
salt-H,O systems into the ternary KCI-NaCl-H,O sys-
tem might be a complex problem requiring use of ad-
ditional Margules parameters were it not for the close
similarity of the activity behavior in the two binary
systems. This similarity encourages a simple artifice: it
may be assumed that the ideal activity expressions based
on Egs. (1a), (1b) may be projected proportionately into
the ternary system:

XKCl

id id
a =agy ————— (7a)
KNH KH
XKCl + XNaCl
id id XNaCl
a =any —————— (7b)
NKH NH
XKCI 1 XNaCl
i i XKCI i XNaCl
al}io = aﬁK : ldN : (7c)
XKCI 1 XNaCl XKCI 1 XNaCl

Here, aldy;; is the ideal activity of NaCl in the KNH
ternary system (without the activity coefficient) and aldy;
is the same quantity in the NaCI-H,O system based on
expression (1b). The ideal ternary activities of KCIl and
H,O are formulated analogously. It is seen that these
expressions reduce to the appropriate binary expressions
as each component individually goes to zero.

It may be shown that the formulas (7a)—(7c) satisfy
the Gibbs-Duhem equation:

xkard In (@) +xnacid In (@)

+xmodIn (aigzo) =0 )

in general only for the special case where the dissociation
parameters, o, in the KCI-H,O and NaCl-H,O systems
are equal. This slight departure from complete generality
is of no significance, however, because the o’s are so
nearly equal that Eq. (7c), the expression for H,O ac-
tivity, must be valid to a high degree, though it is only an
approximation to some more complex formula which
satisfies the Gibbs-Duhem equation with expressions 7a
and 7b.

Two modifications were made in thermodynamic
formulae used in previous work, without significant loss
of accuracy. The subregular solution formula of Sterner
et al. (1992) for KCI-NaCl mixing in the nearly regular
binary liquids was approximated as a regular solution
formula by refitting their 2-kbar liquidus data. Also, the
dissociation parameter in the NaCl-H,O system of Ar-
anovich and Newton (1996), anac1, Was recalculated in
Eq. (2), along with a regular solution parameter wyy,
that was introduced in order to make the activity ex-
pressions for NaCl-H,O and KCI-H,O symmetrical. The
new A, B, and C constants and the new wny parameter
fitted by least squares to the measured activity data of
Aranovich and Newton (1996) are given in Table 4.
They reproduce the NaCl and H,O activities in the bi-
nary system to + 0.01, virtually as well as in the earlier
formulation. With these simplifications, the activity co-
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Table 4 Parameters used in

present calculations® Parameter

Source

Wiy = Wi = (—589.6 — 23.10P)/T
Wiy = Wiy = (109.0 — 6.89P)/T

Wy = WE = —445.0/T

Wi = (397.9 + 147.7P) /T + 9.267 — .1172P
—.01773T + 8.854 x 10-°7?

Wy = (970.9 + 147.7P) /T +9.447 — .1172P
—.01777T + 8.854 x 106712

an = exp(4.040 — 2.902/pyy.) — 134.2P/T

og = exp(4.166 — 2.709/py.0) — 212.1P/T

Tn(KCI) = 1043.0(P/6.9 + 1.0)*17>

Tn(NaCl) = 1073.5(P/16.7 4 1.0)*7™

AV, = —13.38 — 2.4 x 1074(T — 298) + 0.019P

ASm(KCl) = 25.20; ASp(NaCl) = 26.22

This paper

This paper; Aranovich and Newton (1996)
Sterner et al. (1992), modified (see text)
Sterner et al. (1992)°

Sterner et al. (1992)°

This paper; Aranovich and Newton (1996)
This paper

Clark (1959)

Clark (1959)

Holland and Powell (1990)

Robie et al. (1978)

& Explanations: AG*/RT = WiiXiX? + W;iXX?. AGE = excess Gibbs free energy of mixing in a binary

join; N = NaCl;K'=KCl; H=

JHZO; F = fluid; S = solid; py,o = density of H,O, gm/cm?;

P = pressure, kbar; T = temperature, K; o = degree of dissociation in Egs. (la), (Ib), text;

AV, = V(periclase) — V(brucite), cm’mol; T, = melting point at pressure P; ASp, =

melting, j/K.

entropy of

b Wik (present) = WS (Sterner et al. 1992); W3 (present) = W5 + W? (Sterner et al. 1992). The
transformation is required by the slightly different Margules formulation used by Sterner et al. (1992)

efficients in the ternary system are formed from the three
Margules parameters of the binary systems. The relevant
equations of Sterner et al. (1992), their expressions 29
and 30, simplify to:

Iy = Wi, o + WkNRel
+ (Wkn + Wka — WNH)XNaCIXH,0 )

where yxng 18 the activity coefficient of KCl in the ter-
nary fluids. Symmetrical expressions exist for the activity
coefficients of NaCl and H,O.

The preceding formulation allows a simple interpre-
tation of the « and W parameters. The ideal molecular
activities of Eqs. la, b, expressing configurational free
energy, incorporate a degree of dissociation parameter o,
which should vary between zero for no dissociation of
NaCl or KClI in solution to unity for complete dissoci-
ation. Additional effects of non-ideality, including sol-
vation of solute species, devolve mainly to the W
parameters of the activity coefficients. In our data fitting,
the o parameters for both NaCIl-H,O and KCI-H,O are
slightly larger than one at the highest pressures, indi-
cating that they absorb some of the non-ideality along
with the W’s in our simple formulation. The assumption
of proportionality of binary mixing properties in the
ternary system is borne out by the brucite-periclase
measurements and salt saturation measurements shown
in Fig. 6. As expected, the H,O activity at a given H,O
concentration in the double salt system is intermediate
between the H,O activities in the single salt systems, and
the saturation minimum curve lies at lower temperatures
and lower xp1,0 than the saturation curve of either single
salt system.

Figures 7a—d show calculated liquid-solid equilibria
at 2,5, 10 and 15 kbar for various H,O mole fractions in
the ternary system. The 2 kbar curves are nearly iden-
tical to those presented by Sterner et al. (1992). Figure 7a
shows a few of the DTA liquidus data of Chou et al.

(1992) which can be compared directly with our calcu-
lated curves. Their experimental 2 kbar points fall
below our calculated liquidus curves by only 4 °C at
Na/(Na + K) =0.25, 8°C at Na/(Na + K) = 0.65,
11 °C at Na/(Na + K) = 0.45. This discrepancy parallels
that between the Gunter et al. (1983) DTA liquidus data
in the NaCl-H,O system at 2 kbar and those of
Aranovich and Newton (1996), which are systematically
higher in temperature. The Aranovich and Newton
(1996) data favor the DTA halite melting data in the
NaCl-H,O system of Koster Van Groos (1991) over
those of Gunter et al. (1983). Since expressions (7) and
(9) reproduce our activity data to 15 kbar very well, it is
likely that calculated hydrous melting relations at pres-
sures of 5-15 kbar are accurate. The formulas predict
that the minimum melting point in the ternary system
becomes very low in temperature and is shifted markedly
towards KCl-rich compositions with pressure above
5 kbar. The isobaric solidus curves closely approach the
solvus crest at xy,0 = 0.4 at all pressures. At higher xp,0
the salt melting minimum is of the cotectic type.

Petrologic applications

The most important feature for petrogenesis in the
present work is the very low H,O activity in concen-
trated alkali chloride solutions at elevated pressures. The
KCI component lowers ap,o even more than does NaCl
at a given 7, P, and xp,0, and KCl activity is lower at a
given salt concentration than NaCl activity. For this
reason the isobaric ternary solidi are progressively
asymmetric as pressure and xp,o increase.

The principal consequences of low H,O activity for
deep-crustal metamorphic processes are elevation of the
melting temperatures of quartzofeldspathic rocks and
suppression of the refractory hydrous ferromagnesian



1 1 1 1 X(HZO)
900
800 A
O 700 -
[0}
5
§ 600 A
[0}
o
£
@ 500 -
400
300 - NaCl(ss) + KCl(ss)
0 0.2 0.4 0.6 0.8 1.0
a NaCl/(NaCl + KCI)
1 1 1 1 X(HQO)
1000 P = 10 kbar

900 A

800 1

700 A

600

Temperature (°C)

500 A

400 A

NaCl(ss) + KCI(ss)

0.4 0.6
c NaCl/(NaCl + KCl)

0.8 1.0

Fig. 7 Liquidus and solidus curves in the system KCI-NaCl-H,O at 2
(a), 5 (b), 10 (¢) and 15 kbar (d) described by present thermodynamic
formulation. Relevant DTA measurements of Chou et al. (1992) are
shown in a. The small systematic discrepancy at high H;O mole
fraction reflects a similar disagreement in the NaCl-H,O saturation

silicates biotite and amphibole relative to the anhydrous
minerals garnet and pyroxene. Inhibition of melting al-
lows for metamorphism and metasomatic alteration in
the presence of chemically active fluids; suppression of
the hydrous phases provides for stabilization of granu-
lite facies assemblages in the presence of H,O-bearing
fluids.

The effect of concentrated alkali chloride brines on
the hydrous granite solidus was calculated by Aranovich
and Newton (1996). The P-T solidus curves in the sys-
tem NaAlSi;Og(Ab)-KAlSi;O5(0r)-SiO,(Qz)-H,0-CO,
were taken from the experimental work of Ebadi and
Johannes (1991) and two simplifying assumptions were
made:
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curve between Aranovich and Newton (1996) and Gunter et al.
(1983). The solvus curve (dashed in upper temperature interval) is
from the equations of Chou et al. (1992). Alkali chloride hydrous
melting is cotectic for liquids of xy,0 = 0.6 and of the smooth
minimum type at xp,o less than 0.4

(1) The granite solidus temperature is determined
principally by H,O activity. A possible effect of silicate
solubility in the brine fluid was neglected. The P-T sol-
idus points for constant ap,o were taken from Ebadi and
Johannes’ (1991) preferred activity model.

(2) The chloride brines at the granite melting mini-
mum are Na-dominated. This assumes that the alkali
ratio near Na/(Na + K) = 0.8 of chloride solutions in
equilibrium with two feldspars at elevated temperature
at 1 kbar (Iiyama 1965) and 2 kbar (Orville 1963)
continues to apply to higher salt concentrations and
pressures.

The granite-brine P-T melting curves for constant
xm,0 in the fluid show a remarkable effect: at pressures to
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2 kbar they are nearly identical with the melting curves
in the system CO,-H,O, with strongly negative dP/dT
slopes at the higher H,O mole fractions, but because of
the strong decrease of ap,o with increasing pressure,
they bend sharply and become positive above 4 kbar.
Consequently, concentrated alkali chloride solutions at
higher pressures greatly elevate the hydrous granite
solidus. This effect makes possible active alkali metaso-
matism in silicate systems at deep-crust/upper mantle
conditions without large-scale melting. Concentrated
brine may thus provide an intergranular medium in
which alkalies are “perfectly mobile” components (Ko-
rzhinskii 1959) whose physicochemical behavior resem-
bles that of the volatile constituents.

The present work enhances the concept of alkali
mobility, with suppression of whole-rock mobility (i.e.
melting). The H,O activity is even lower at a given
concentration in KCI solutions than in NaCl solutions,
and is even more pressure-dependent. At deep-crustal
conditions, H,O activities in concentrated (K, Na)Cl
solutions could be low enough to permit crystallization
of the dense anhydrous silicates pyroxene and garnet in
common quartzofeldspathic lithologies in the presence
of a chemically active fluid with high infiltration capa-
bility. An important consequence of the present work is
that mixture of KCI with NaCl suppresses salt satura-
tion to lower temperatures and lower ay,o than for so-
lutions of either chloride alone, thus allowing still lower
am,o in migrating fluids. Figure 8§ shows the minimum
am,o obtainable at 700 °C and 10 kbar, calculated from
Egs. (7) and (9) and the data of Table 4. The lowest ap,0
values encountered before salt saturation are less than
0.15. H,O activities this low would permit crystallization
of orthopyroxene in granulite facies assemblages in the
deep crust, with suppression of biotite and amphibole
(for instance, see Moecher and Essene 1991). Other
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Fig. 8 H,O activity-concentration curves at 10 kbar and 700 °C for
the systems NaCl-H,O, KCI-H,O and KCI-NaCl-H,O (saturation
minimum). The filled circles indicate that the solutions are salt
saturated. The figure shows that a mixed-salt solution can ultimately
reach a H,O activity much lower than solutions in the system NaCl-
H,>O before saturation occurs

ionizable solutes which would likely coexist in natural
fluids, including CaCl,, Na,CO3; and (Fe, Mg)SOy,
would further inhibit salt saturation and promote low
H,O activity.

In summary, our experimental work on H,O activities
in concentrated KCI-NaCl solutions shows that they are,
in many ways, feasible as fluids of suitably low H,O ac-
tivity and high alkali mobility for a variety of deep crust
and upper mantle processes. These fluids would also have
the desired mechanical property of high wetting ability
for silicate mineral grain boundaries, in contrast to CO,-
rich solutions. It is likely that concentrated brines would
be immiscible or only partly miscible with CO, under
high-grade metamorphic conditions (Duan et al. 1995).
A high-temperature magmatic effluent might split during
ascent into CO,-rich and brine-rich phases, and the
brines might become more concentrated by absorption of
H,O into migmatitic melts. The much greater propensity
of CO, to be captured as fluid inclusions in silicate
minerals probably has led to an exaggeration of the rel-
ative petrological role of this type of fluid (e.g. Newton
1992). Recent reports of highly saline inclusions in
granulites (Touret 1996; Smit and Van Reenen 1997)
indicates that this type of fluid may be a greater factor in
deep-earth processes than has been assumed previously.
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