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Abstract

Fluid inclusion analyses reported in the literature, together with experimental data and
thermodynamic calculations indicate that nonideality in the system H,0—CO,-NaCl may
have a profound effect on phase relations in metamorphic processes. High concentrations
of NaCl in the system H,O-CO,-NaCl increase substantially the size of the two-phase
(liquid + vapor) region by raising the consolute temperature for a given pressure and ratio
of the mole fractions of H,O and NaCl to more than double that in the binary system H,O—
CO,. As a consequence, fluid immiscibility may occur at considerable depth during
progressive metamorphism of siliceous carbonates. The effect of nonideal mixing of H,O,
CO,, and NaCl on equilibrium constraints in metamorphic systems can be assessed
quantitatively on phase diagrams generated with the aid of a modified Redlich-Kwong
equation of state (Bowers and Helgeson, 1983). Diagrams of this kind indicate that
increasing NaCl concentration results in higher temperatures and/or lower predicted values
of Xco, for equilibrium mineral assemblages than would be true for the binary system H,O-
CO,. Transection of various mineral stability fields by saturation lines representing
equilibrium between the aqueous phase and calcite, dolomite, or magnesite on logarithmic
activity diagrams is also highly sensitive to the NaCl concentration in the aqueous phase.
For example, the assemblage tremolite + dolomite + talc coexists with an H,O-rich fluid at
450°C, 2 kbar, and NaCl concentrations <1 m. However, as the concentration of NaCl
increases to ~4 m, tremolite is no longer stable in the presence of the fluid phase. The
slopes of isochores for given bulk compositions in the ternary system H,O-CO,NaCl
decrease substantially with increasing CO, concentration. The isochores generated from
the equation of state for the ternary system can be used to calculate pressure corrections
for fluid inclusion homogenization temperatures. Stability fields for certain mineral
assemblages in temperature-composition diagrams for the two-phase (liquid + vapor)
region of the system H,O-CO»NaCl are much smaller than their counterparts in the one-
phase region. Furthermore, all univariant curves which cross the consolute composition
curve on such diagrams exhibit temperature minima. These curves terminate in invariant
points which are replicated on both sides of the miscibility gap. Subtle changes in NaCl
concentration at low to intermediate values of Xco, may result in the appearance of mineral
assemblages commonly thought to occur only in the presence of CO,-rich fluids. Failure to
account for the possible effects of fluid immiscibility on equilibrium mineral assemblages
may lead to serious errors in interpretation of phase relations in metamorphic rocks.

Introduction

Considerable evidence indicates that aqueous fluids in
a wide range of geologic environments contain significant
concentrations of both CO, and NaCl. The thermody-
namic properties of these fluids have been calculated with
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the aid of a modified Redlich-Kwong (MRK) equation of
state for the ternary system H,O—CONaCl (Bowers and
Helgeson, 1983). The MRK equation of state was applied
to the ternary system by allowing the H,O parameters in
the equation to be functions of NaCl concentration. The
equation was then fit to pressure—volume-temperature
data reported by Gehrig (1980). The regression parame-
ters derived in this manner were used together with a
graphic extrapolation procedure to calculate densities,
fugacity coefficients, and the compositions of coexisting
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phases as a function of pressure at temperatures from
350° to 600°C and concentrations of NaCl from 0 to 35
wt.% NaCl relative to H,O + NaCl (Bowers and Helge-
son, 1983). The purpose of the present communication is
to evaluate the effects of compositional variation and
immiscibility in HyO-CO,~NaCl fluids on mineral equilib-
ria in geochemical processes at high pressures and tem-
peratures. The extent to which such compositional varia-
tion and immiscibility occur in hydrothermal systems can
be assessed with the aid of fluid inclusion data.

Studies of fluid inclusions in quartz and feldspar in
granitic rocks from trachytic breccias on Ascension Is-
land (Roedder and Coombs, 1967) indicate that a 60-70
wt.% NaCl fluid unmixed to form an H,O-rich liquid and
a CO,-rich vapor between ~550° and 700°C. Unmixing
also apparently occurred in fluid inclusions studied by
Roedder (1971) in the porphyry ores at Bingham, Utah,
between 400° and 700°C. The liquid in these inclusions
contains up to 60 wt.% salts and the CO,-rich vapor phase
contains 6-7 wt.% salts. In contrast, Barton et al. (1977),
in a study of the environment of ore deposition in the
Creede Mining District, Colorado, cite fluid inclusion
evidence for the unmixing of a 1 molal NaCl fiuid to
produce a CO,-rich vapor at ~270°C and 50 bars. Leroy
and Poty (1969) and Poty er al. (1974) detected a large
range of Xco,/Xu,0 (Where Xco, and Xy,0 designate the
mole fractions of CO, and H,0, respectively) in a se-
ries of fluid inclusions in the uranium deposits in the
Saint-Sylvestre granite in the Central Massif in France.
Immiscibility apparently occurred in these inclusions at
~340-350°C and 700-800 bars. They suggest that the
concentration of uranium in solution is closely related to
the CO, content, and that the uranium is possibly being
transported as uranyl carbonate complexes. They further
postulate that with decreasing pressure and concomitant
unmixing of the fluid phase, the complexes dissociate,
causing uranium to precipitate. Similar observations and
postulates have been made by Lyakhov and Popivnyak
(1978) and Petrovskaya et al. (1973) in gold deposits in
Northern Buryatia, the Lena region, and several other
locations in the Soviet Union. Analyses of fluid inclusions
in quartz in the gold—quartz veins in these regions reveal
variable amounts of CO, and a wide range of homogeniza-
tion temperatures, indicating fluid immiscibility. Howev-
er, these characteristics are not observed in fluid inclu-
sions in the nonproductive zones. Petrovskaya et al.
(1973) note that periodic unmixing of the solutions could
have been caused by abrupt decreases in pressure at the
openings of fissure cavities where the ore deposits
formed. Lyakhov and Popivnyak observe maximum im-
miscibility in fluid inclusions with homogenization tem-
peratures of 210-260°C. They suggest that the pressure
drop and associated degassing of the gold-bearing solu-
tions may have contributed to the breakdown of the
complexes responsible for transporting the gold.

Three recent studies of fluid inclusions indicate that
regions of fluid immiscibility in metamorphic systems
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may extend well beyond those exhibited by the binary
system H,0-CO,. Examination of fluid inclusions in
matrix quartz crystals from an area of high-grade amphib-
olite facies in the Khtada Lake region in British Columbia
(Hollister and Burruss, 1976) indicates that separation of
an H,O-rich liquid and a CO,rich vapor occurred at
temperatures at least 75°C in excess of high-pressure
consolute temperatures in the binary system H,0-CO;.
Approximately 5-6 wt.% NaCl is present in the H,O-rich
liquid in these inclusions. Similarly, Hendel and Hollister
(1981) demonstrated by plotting homogenization tempera-
tures as a function of the mole fraction of CO; that
immiscibility occurred in fluid inclusions containing 2.6
wt.% NaCl relative to HO + NaCl in quartz veinlets in a
pelitic schist at temperatures ~65°C higher than the
consolute temperatures for pressures between 1 and 2
kbar in the system H,0-CO,. In addition, Sisson et al.
(1981) describe fluid inclusions in quartz segregations in a
calcareous psammite and a carbonate schist which exhibit
immiscibility between a brine containing ~24 wt.% dis-
solved solids and a CO,-rich vapor at 600°C and 6.5 kbar.

The observations summarized above leave little doubt
that both NaCl and CO, may be present in high concen-
trations in crustal fluids, and that these fluids may unmix
at high temperatures and pressures. Nevertheless, pres-
sure corrections applied to fluid inclusion homogeniza-
tion temperatures are commonly calculated by assuming
that the pressure-volume-temperature properties of the
fluids in the inclusions can be approximated closely by
those of pure H,O. However, even small amounts of CO,
or NaCl may alter substantially these properties. The
effect of such differences on pressure corrections of fluid
inclusion homogenization temperatures can be assessed
with the aid of the MRK equation of state adduced above.

Pressure corrections for homogenization
temperatures of fluid inclusions in the
ternary system H,O-CQO,-NaCl

Calculated densities of fluids in the ternary system
H,0-CO,-NaCl (Bowers and Helgeson, 1983) are shown
as isochores on the pressure—temperature diagrams de-
picted in Figures 1-5. The solid curves in Figure 1
represent pure H,O, which is designated A in the compo-
sition diagram in the upper left corner of the figure. The
dashed curves refer to H,O-CO, fluids containing 10
mole% CO, (solution B). The dot-dash curves correspond
to H,0-CO,-NaCl fluids with 10 mole% CO, and 1.74
mole% NaCl (solution C). Although fluid inclusions con-
taining pure H,O homogenize along the equilibrium va-
por-liquid saturation curve for the system H,O shown in
Figure 1, those with compositions corresponding to solu-
tions B and C homogenize along the curves labeled D and
E, respectively. Certain areas in the figure are shaded or
hachured to emphasize the shift in the slopes of the
isochores resulting from addition of CO, and NaCl. This
effect is most pronounced at high temperatures.
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The isochores depicted in Figures 2-5 refer to the bulk
compositions labeled A through P in Figure 6A. The
dashed curves represent the limits of the two-phase vapor
+ liquid immiscible region extrapolated from published
experimental solubility data by Bowers and Helgeson
(1983).2 Note in these figures that the slopes of the
isochores decrease only slightly with increasing NaCl
concentration at constant Xco, (diagrams A-D in Fig. 2),
but they decrease dramatically with increasing Xco, at
constant Xyac (diagrams B,F,J,L,N, and P in Figs. 2-5).
It can be seen that the limits of the two-phase region shift
to higher temperatures with increasing NaCl concentra-
tion.

The diagrams shown in Figures 2-5 can be used to
calculate pressure corrections for fluid inclusion homog-
enization temperatures if the fluid composition is known.
Isochores for bulk compositions not shown in these
figures can be generated from densities taken from tables
or calculated from the MRK equation of state for the
ternary system H,O-CO,-NaCl given by Bowers and
Helgeson (1983).

Phase relations among minerals and
H,0-C0O,-NaCl fluids

Jacobs and Kerrick (1981) have demonstrated experi-
mentally that compositional variation of fluids in the
ternary system H,0-CO,-NaCl may affect significantly
mineral equilibria in metamorphic systems.® Several ex-
amples of these effects on dehydration and decarbonation
reactions are discussed below. The thermodynamic prop-
erties of minerals and H,O employed in the calculations
were generated from equations and data summarized by
Helgeson and Kirkham (1974), Helgeson et al. (1978), and
Helgeson er al. (1981). Fugacities of H,O and CO, were
calculated from the MRK equation of state for the ternary
system H,0-CO,-NaCl using parameters generated by
Bowers and Helgeson (1983).

Dehydration reactions

Univariant curves representing equilibria among miner-
als and a fluid phase are shown in Figure 7. The coexis-
tence of muscovite and quartz with andalusite, K-feld-
spar, and a fluid is depicted in Figure 7A for various
values of Xco, along binary PA-1 in Figure 6B. The
curves in Figure 7B refer to fluid compositions along
parabinary PA-2 in Figure 6B. Those in Figure 7C are for
constant Xco, = 0.1 and the designated values of Xnaci,
which correspond approximately to molalities of 0, 1, 2,

2 The terms liquid and vapor are used in the present communi-
cation to designate coexisting phases of higher and lower densi-
ties, respectively, in an immiscible region of pressure-tempera-
ture~composition space. The term fluid is used to designate a
single phase.

? For the most part, Jacobs and Kerrick’s (1981) experimental
data compare favorably with fluid compositions calculated from
the MRK equation of state (Bowers and Helgeson, 1983).
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Fig. 1. Isochores (designated in g c¢cm™3) for solution
compositions corresponding to pure H,O (solid curves), 90
mole% H,O and 10 mole% CO, (dashed curves), and 88.26
mole% H,0, 10 mole% CO,, and 1.74 mole% NaCl (double dot-
dash curves)—see text.

and 4, respectively. The long-dash curves in Figure 7
represent metastable extensions of the equilibrium curves
into the sillimanite or kyanite stability fields. The short-
dash curves in Figures 7B and C represent the limits of
the two-phase vapor + liquid immiscible region in the
ternary system H,O-CO,-NaCl.

The equilibrium assemblage represented by the curves
in Figure 7 consists of six components and five coexisting
phases in the fluid-phase region of the subsystem H,O-—
CO,-NaCl. Of the three degrees of freedom required by
the phase rule, two are constrained by specifying the
concentration of CO, and NaCl in the fluid, which results
in the isocompositional univariant curves shown in the
diagrams. The intersection of these curves with the
boundary of the two-phase liquid + vapor region in the
system H,0-CO,-NaCl is thus invariant at constant
composition. Note that addition of CO, and/or NaCl at a
given pressure lowers significantly the equilibrium tem-
perature for the dehydration reaction.

Equilibria in the system CaO-MgO-SiO~H,0-
CO,-NaCl

Phase relations in this system at 2 kbar are shown in
Figures 8-13 as a function of temperature and Xco, or
Nco,» which is defined by*

Rco,
Neag,. = ——— 1
%7 Reo, + 1 ()

4 Nco, in the present communication corresponds to Nco,m,0
in Bowers and Helgeson (1983).
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. Fig. 2. Isochores (solid curves, designated in g c ) for fluids with the bulk compositions labeled in the lower right corner of each
diagram. The letters in the upper left corners correspond to the same letters shown in Fig. 6A. The dashed curves represent the limits

of the miscibility gap in the system H,O-CO,~NaCl.

where

Rco, = @
Note that only for the binary system H,0-CO; is Nco,
equal to Xco,. The circled letters shown in Figures 8, 12,
and 13 designate fluid compositions and temperatures
represented by activity diagrams presented below.
Figure 8 (Walther and Helgeson, 1980) refers to the
H,0-CO, binary, but Figures 9 and 10 represent phase
relations along the pseudobinaries through the ternary
system H,0-CO,-NaCl designated as PS-1 and PS-2 in
Figure 6C. It can be seen in Figure 9 that the miscibility
gap in the system H,O-CO,-NaCl at 2 kbar occupies only
a small part of temperature-Xco, space above 400°C
along PS-1. As a consequence, none of the curves repre-
senting mineral equilibria intersects the miscibility gap in
Figure 9. Nevertheless, it can be deduced by comparison

of Figures 8 and 9 that increasing departures from ideality
in the fluid with increasing NaCl concentration result in
higher equilibrium temperatures for reactions at low
Xco,- This effect diminishes with increasing Xco,

Invariant point A in Figure 8, which represents the
assemblage talc, dolomite, calcite, quartz, tremolite, and
fluid is displaced to A’ in Figure 9. The fluid composition
represented by A in Figure 8 corresponds to that desig-
nated A in Figure 9. Note that the difference between A
and A’ is ~4 mole% CO,, which is of the order of the
maximum difference in the positions of corresponding
curves in the H,O-rich regions of Figures 8 and 9.

In contrast to Figure 9, the miscibility gap in the system
H,0-CO,-NaCl is a prominent feature of Figure 10,
where the consolute temperature reaches ~535°C. As a
consequence, seven new invariant points occur in the
diagram. It should perhaps be emphasized that curves
such as those representing equilibrium among talc, for-
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Fig. 3. Isochores (solid curves, designated in g cm™?) for fluids with the bulk compositions labeled in the lower right corner of each
diagram. The letters in the upper left corners correspond to the same letters shown in Fig. 6A. The dashed curves represent the limits

of the miscibility gap in the system H,0-CO,~NaCl.

sterite, magnesite, and the fluid phase in Figure 10
terminate in invariant points at different temperatures on
either side of the miscibility gap. The temperature differ-
ence occurs because pseudobinary PS-2 in Figure 6C
does not coincide with any of the equilibrium tie lines
shown in Figure 6D. As a consequence, no tie lines can be
drawn through the miscibility gap on the plane represent-
ed by Figure 10. Similarly, no curve is shown connecting
corresponding invariant points on either side of the
miscibility gap because the compositions of the coexisting
vapor and liquid phases in this region do not fall on the
plane of the paper.

The invariant point labeled A and A’ in Figures 8 and 9,
respectively, does not appear in Figure 10 because the
figure refers to a fixed value of Xn.c/X, n,0 and the
equilibrium assemblage talc, dolomite, calcite, quartz,
and tremolite occurs together with both a liquid and vapor
phase along a tie line within the immiscible region of the

system H,O-CO,~NaCl. This can be seen in the schemat-
ic three-dimensional diagram in Figure 11, where two of
the curves that meet at invariant point A and A’ in
Figures 8 and 9 are represented by surfaces in tempera-
ture-Xco,—~Xnac1 space. The surface bounded by
AA’'B'BFC in Figure 11 represents

3CaMg(CO3), + 4Si0, + H,O
(dolomite) (quartz)

= Mg;Si40,0(0OH), + 3CaCO; + 3CO, (3)
(talc) (calcite)

and surfaces AA’'D’'D and BB’E'E correspond to

2CaMg(C03)2 + Mg;Si4Om(OH)2 + 48102
(dolomite) (talc) (quartz)

= CazMgssigOZZ(OH)z +4C0O, 4

(tremolite)
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diagram. The letters in the upper left corners correspond to the same letters shown in Fig. 6A. The dashed curves represent the limits

of the miscibility gap in the system H,O-CO,-NaCl.

Curves AC and AD in Figure 11 correspond to univariant
curves in the plane of the H,O0-CO, binary depicted in
Figure 8. The miscibility gap in the system H,O-CO,-
NaCl is bounded in Figure 11 by D'A’B'E'JH.
Univariant curves on phase diagrams like those shown
in Figures 8-10, 12, and 13 correspond to the intersection
of pseudobinary or parabinary planes with divariant sur-
faces like those in Figure 11. Invariant points such as A in
Figure 8 become univariant curves (AA’) in the one-phase
region of the ternary system (Fig. 11). Note that where a
univariant curve like AA’ (which corresponds to the
coexistence of talc, dolomite, calcite, quartz, tremolite,
and fluid) intersects the miscibility gap (at A’) the curve
terminates in an invariant point which is replicated on the
opposite side of the immiscible region (at B’). As a
consequence, the invariant assemblage is stable for all
bulk compositions along the tie line connecting A’ and B’
in the immiscible region. The intersection of this tie line

(as well as the other tie lines shown in Figure 11) with the
pseudobinary represented by Figure 10 is not shown in
the latter figure because the compositions of the coexist-
ing vapor and liquid phases do not fall on the plane of the
diagram.

Univariant curve BB’ in Figure 11 corresponds to the
analog of AA’ in the liquid phase region. The assemblage
tremolite + liquid + vapor is stable at temperatures
above those corresponding to surface D’A’B’E’ in Figure
11, which consists of liquid-vapor tie lines. At tempera-
tures below those represented by this surface, the assem-
blage dolomite + talc + quartz + liquid + vapor is stable.
At more H,O-rich bulk compositions, talc, calcite, liquid,
and vapor coexist at temperatures above those corre-
sponding to A'B’'A’, but dolomite, talc, quartz, liguid,
and vapor are in equilibrium below the tie line surface
denoted by A'B’A’. This trivariant phase region above
the tie line surface is bounded at higher temperatures by a
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divariant surface corresponding to equilibrium among
talc, calcite, quartz, tremolite, liquid, and vapor, which
extends from the limits of the immiscible region at higher
temperatures to tie line A’B’. This surface, as well as
other surfaces represented by univariant curves in Fig-
ures 8 through 10 were omitted from Figure 11 for the
sake of clarity.

Figures 12 and 13 correspond to parabinaries through
the one-phase region of the ternary system H,O-CO,-
NaCl along PA-2 and PA-3 in Figure 6B, respectively. It
should be emphasized that the positions of the invariant
points shown in Figure 13 are somewhat uncertain be-
cause they lie outside of the compositional region repre-
sented by the experimental data array used to generate
the regression parameters in the MRK equation of state.
As a consequence, fugacity coefficients had to be extrap-
olated (Bowers and Helgeson, 1983) to calculate these

fluid compositions. The parabinary phase diagrams
shown in Figures 12 and 13 do not differ significantly from
their pseudobinary counterparts in Figures 9 and 10, but
they are perhaps more geologically relevant because they
represent fluids with constant concentrations of NaCl.

Activity diagrams are shown in Figure 14, which refer
to the fluid compositions and temperatures represented
by the circled letters in Figures 8, 12, and 13. The
symbols o+ and oc,++ stand for solvation parameters
defined by (Walther and Helgeson, 1980)

o = aHzo(ni—Zinm) )

where n; and Z; refer to the solvation number and charge
of the ith aqueous species. The dashed lines on the
activity diagrams represent fluid saturation with respect
to calcite (horizontal lines), magnesite (vertical lines),
and dolomite (diagonal lines). Regions of the diagrams
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Fig. 6. Diagram A: Bulk compositions in the ternary system H,0—CO,-NaCl designated by letters A-P in Figures 2-5. Diagram B:
Bulk compositions corresponding to binary PA-1 and parabinaries PA-2 and PA-3, for which Xnac1 = 0, 0.0193 and 0.0715,
respectively. Diagram C: Bulk compositions in the ternary system corresponding to pseudobinaries PS-1, PS-2, and PS-3 for which
Nyacr = 0.0193, 0.0715, and 0.1423. Diagram D: Schematic phase diagram for the ternary system H,O-CO,-NaCl at a given

temperature and pressure (see text).

corresponding to values of log(amg:+/(omg++ah+)) and
log(aca«+/(oca++ah+)) that are greater than those corre-
sponding to the dashed saturation lines represent meta-
stable equilibria.

It can be deduced from Figures 8, 12, and 13, together
with the activity diagrams designated B, D, and F in
Figure 14 that the tremolite stability field in the presence
of calcite, dolomite, and a fluid phase becomes smaller
and disappears with increasing NaCl concentration at
450°C and Nco, = 0.0S. Similarly, it can be deduced from
Figures 8, 12, 13, and the activity diagrams annotated C,
E, and G in Figure 14 that forsterite becomes metastable
in the presence of a fluid phase at 500°C, N¢o, = 0.10, and
concentrations of NaCl in excess of Xyac1 = 0.02.

Phase relations in the system CaQO-MgO-SiO—-H,0-
CO»x-NaC(l at 2 kbar and 500°C are depicted in Figure 15
in terms of Nco, and either log(amg+-/(Omg++afi+)) OF
log(aca++/(oca+afy+)). Figure 15A, which refers to Xnaci
= 0 (PA-1 in Figure 6B) was taken from Walther and
Helgeson (1980). Figures 15B and 15C refer to parabinary
PA-2 in Figure 6B (Xnaci = 0.0193), but Figure 15D
represents parabinary PA-3 (Xnac) = 0.0715). The posi-
tions of the invariant points shown in Figure 15D are
somewhat uncertain because extrapolated fugacity coeffi-

cients were used to calculate the fluid compositions
(Bowers and Helgeson, 1983). Nevertheless, it can be
seen by comparing Figures 15A through D that the
invariant points occur at lower Ncq, values with increas-
ing NaCl concentration. i

Phase relations among minerals, liquid, and
vapor in the two-phase region of the
ternary system H,0-CO,-NaCl

Correlation of pressure—volume-temperature relations
for the ternary system H,0-CO,-NaCl with tempera-
tures, pressures, and bulk fluid compositions characteris-
tic of metamorphic terranes (Sisson et al., 1981; Hendel
and Hollister, 1981; Kreulen, 1980; Crawford et al., 1979;
Hollister and Burruss, 1976; among others) indicates that
fluid immiscibility may occur far more commonly in
metamorphic processes than has been generally recog-
nized in the past. Because the presence of coexisting
liquid and vapor has a dramatic effect on equilibrium
temperatures for dehydration and decarbonation reac-
tions, failure to take into account the thermodynamic
consequences of vapor-liquid immiscibility may lead to
serious errors in interpreting phase relations in metamor-
phic rocks. This can be demonstrated by comparing the
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temperature—-Xco, diagram in Figure 8 (for which Xn.c) =
0) with the corresponding temperature-N¢o, diagram in
Figure 16, which represents equilibrium among minerals
in the system CaO-MgO-Si0,-H,0-CO, in the presence
of both liquid and vapor in the two-phase immiscible
region of the system H,O-CO,—NaCl.

The curves shown in Figure 16 represent projections
from Xy,ci = 1 of phase relations on the face of the
miscibility gap (which corresponds to the surface bound-
ed by D'A’B’E'JH in Figure 11) to a temperature-Nco,
plane at Xy,c0 = 0. As a consequence, the mineral
stability fields shown in the figure correspond to those in
the two-phase region of the ternary system H,0-CO,-
NaCl. Note that each of the univariant curves and invari-
ant points on the CO,-rich side of the miscibility gap in
Figure 16 are repeated on the H,O-rich side. Each
corresponding curve or invariant point can be connected
by an isothermal tie line, along which the indicated
mineral assemblages are stable in the immiscible region.
For example, invariant points A and B in Figure 16,
which represent the coexistence of talc, dolomite, calcite,
quartz, tremolite, liquid, and vapor correspond to invari-
ant points A’ and B’ in Figure 11, which are connected by
atie line. Similarly, a given point on a univariant curve on
the CO»-rich side of the miscibility gap, such as b’, can be
connected by an isothermal tie line to its H,O-rich
counterpart (b) as shown in Figure 17. All but a few such
tie lines have been omitted from Figure 16 for the sake of
clarity, but an example is shown in Figure 17, where the
stable mineral assemblages coexisting with liquid + vapor
at 525°C are shown along cross section ff” in Figure 16.
The letters shown within the large circles in Figure 17
denote the limits in the large triangle of the compositional
range of liquid + vapor for which the assemblages
designated in the circled triangles are stable. The letters
in the large triangular cross section in Figure 17 designate
the intersections of univariant curves with the line of the
cross section in Figure 16.

It can be deduced from Figure 17 that calc-silicate
compatibilities in the two-phase liquid + vapor region of
the system H,0-CO»-NaCl are highly sensitive to small
differences in NaCl concentration. For example, increas-
ing Xnacy at Nco, = 0.5 from 0.166 by only 0.003 to 0.169
changes the stable mineral assemblage from that repre-
sented by bb'c’c to that designated as cc’d'd. Because of
the dual occurrence of each invariant point in Figure 16,
the mineral assemblages coexisting with liquid and vapor
in regions such as cc'd’d in Figure 17 are stable at any
given temperature over a wide range of bulk compositions
in the system H,0-CO,-NaCl. Note that in the absence
of high enough NaCl concentrations to cause immiscibil-
ity, all of the univariant curves and invariant points on
the H,O-rich side of the phase diagram shown in Figure
16 occur at equivalent temperatures and pressures only in
the presence of a single COy-rich fluid phase. It follows
that fluid inclusion analyses are a requisite for reliable
interpretation of metamorphic phase assemblages.
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All of the curves in Figure 16 that cross over the
consolute composition curve for the system H,0-CO»—
Na(l exhibit minima along the face of the miscibility gap.
The minima result from the intersection of the miscibility
gap with the divariant surfaces representing the equilibri-
um phase assemblages in temperature-Xnacr—Nco, space.
In certain cases these minima restrict significantly the
range of temperature and Nco, over which a given
mineral assemblage is stable in the immiscible region. For
example, it can be seen in Figure 16 that immiscibility
causes the univariant curves representing both liquid and
vapor coexisting with (1) dolomite, quartz, talc, and
calcite, (2) talc, calcite, quartz, and tremolite, and (3)
talc, calcite, tremolite, and dolomite to exhibit tempera-
ture minima between Nco, = 0.2 and N¢o, = 0.25. Asa
consequence, the sizes of the stability fields between
these curves are drastically reduced from their counter-
parts for Xna.cy = 0 in Figure 8. Note that as a result of
increasing Xn,ci and concomitant fluid immiscibility,
each of the curves in Figure 8 that exhibits a maximum is
represented by a corresponding curve in Figure 16 that
exhibits two maxima, one each at high and low values of
Nco,- As a result, mineral assemblages that would other-

wise be stable only at low temperatures in the presence of
an H,O-rich fluid occur at much higher temperatures in
the presence of coexisting liquid and vapor phases.

The effects of immiscibility in the system H,O-COr-

(=]

DOL+TALC+QTZ+FLUID

TEMPERATURE —»

p o

xC02

Fig. 11. Schematic 3-dimensional representation of phase
relations in the system CaO-MgO-SiO,~H,0-CO,~NaCl at 2
kbar (see text and caption of Fig. 8).
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NaCl on the activity ratios of ionic species characteristic
of mineral equilibria in the system CaO-MgO-SiO,-H,0-
CO, can be assessed in Figure 18, where log(amg++/
(aMg++a%,+)) is plotted as a function of Nco, in a projection
from Xnacg = 1 of phase relations on the face of the
miscibility gap at 500° and 2 kbar to an Nco, — log(amg++/
(omg++ah+)) plane at Xnacy = 0. Tie lines (which are not
shown for the sake of clarity) can be drawn to connect
points of equal log(aMgH/(o-MgHalz.p)) on either side of the
miscibility gap in Figure 18. As in the case of Figure 16,
each invariant point appears on opposite sides of the
consolute composition curve. Comparison of Figures 15C
and 18 indicates that immiscibility introduces minima in
the curves representing equilibrium among minerals, va-
por, and liquid that are not apparent in the corresponding
curves for coexisting minerals and a single fluid phase.
Note also that the solubilities of calc-silicate minerals are
increased significantly in the liquid phase at high NaCl
concentrations.

Fig. 13. Temperature-Nq, diagram depicting mineral-fluid
equilibria in the system CaO-MgO-SiO,H,0-CO,-NaCl at 2
kbar along parabinary PA-3 in Fig. 6B. The dashed curve
represents the limits of the miscibility gap in the system H,O-
CO,-NaCl (see text and caption of Fig. 8).
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Concluding remarks

The results of calculations summarized above leave
little doubt that metamorphic phase equilibria may be
highly sensitive to Xn,c in the fluid. The phase diagrams
discussed in the preceding pages representing equilibrium
among minerals and a single fluid phase or coexisting
liquid and vapor phases in the system H,0-CO,~NaCl
illustrate but a few examples of the dramatic conse-
quences of nonideality and immiscibility in multicompon-
ent crustal fluids on mineral relations in geologic systems.
Many mineral assemblages that are stable in the presence
of a fluid over a narrow range of composition in the binary
system H,O0-CO, may coexist with fluids that exhibit a
wide range of composition in the ternary system H,O-
CO,-NaCl, and vice versa. The fact that separation of a
liquid and vapor from a single fluid phase in the ternary
system can occur at pressures and temperatures in excess
of 2 kbar and 550°C suggests that immiscibility may be

magnesite (vertical lines), and dolomite

responsible for apparent contradictions between phase
relations documented by experiments with fluids in the
system H,O-CO, and those observed in metamorphic
rocks.

Highly saline solutions may be generated from NaCl-
poor fluids as a result of immiscibility. For example,
decreasing temperature and/or pressure to 500°C and 500
bars will result in unmixing of a fluid in which X¢o, = 0.2,
Xnaci = 0.04, and Xy,0 = 0.76 to 14 mole% liquid in
which Xco, = 0.004, Xnacy = 0.18 (~12 molal), and XH,0
= 0.816 coexisting with 86 mole% vapor in which Xco, =
0.735, Xnacy = 0.016, and Xu,0 = 0.249. This process
affords an alternative mechanism to those proposed in the
past to explain the origins of highly saline fluids in diverse
geologic environments. These include partitioning of
chlorine gas and chloride complexes of alkalies, alkaline
earths, and heavy metals into a magmatic aqueous phase
generated by retrograde boiling during cooling of a hy-
drous magma at intermediate pressures (Burnham and
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NaCl.

Ohmoto, 1980). It has also been proposed that highly
saline fluids found in the pore spaces of sandstones may
have been derived from evaporites, or by filtration
through semipermeable shale membranes (Hunt, 1979;
Kharaka and Smalley, 1976).

Although the results of the calculations summarized
above apply to fugitive phases in the system H,O-CO,
NaCl, they are probably indicative of the consequences
of reactions among minerals and coexisting liquid and

vapor or fluid phases involving H,O, CO,, and substantial
concentrations of other electrolytes such as KCl, MgCl,,
or CaCl,. Many more experimental studies will be re-
quired to assess adequately the effects of these electro-
lytes on devolatilization reactions. In the interim, calcula-
tions of the kind described above should afford close
approximation of metamorphic phase relations as a func-
tion of Xnaci and Nco, at high pressures and tempera-
tures.
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Fig. 16. Temperature-Nco, diagram depicting mineral-fluid equilibria in the system Ca0-MgO-Si0,-H,0-CO,-NaCl in the two-
phase liquid + vapor region of the subsystem H,0-CO,-NaCl at 2 kbar (see text). The double-short-dash long-dash horizontal line
corresponds to the trace of the cross-section represented by the large triangular diagram in Fig. 17, which is labeled with the same

lower case letters shown above.
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Fig. 17. Cross section of the ternary system H,O—CO,~NaCl at 2 kbar and 525°C (large triangle) along the horizontal line labeled
[ in Fig. 16. The letters shown within the large circles designate the limits in the large triangle of the compositional range of liquid +
vapor for which the mineral assemblages shown in the circled triangles are stable (see text).
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