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ABSTRACT. Available experimental data have been used to con-
struct a P-T projection of the system NaCl-CO.-H.O from 0 to 2 kb
and up to 1000°C. With the aid of field information, this system
has been extended to 6 kb. Chemographic relationships are shown
on this P-T projection. The stability fields of carbonate-silicate min-
eral assemblages from metamorphic rocks have been projected onto
the phase elements of the ternary NaCl-CO.-H.O. Dehydration, de-
carbonation, and mixed volatile reactions that model common iso-
grads of metamorphism in dolomitic marbles are related to the
elements halite, halite + vapor, halite + liquid, halite + liquid +
vapor, and liquid + vapor. Phase relations are derived on isothermal,
isobaric- plots of the chemical potentials of CO. and H.O and on
composition sections in NaCl-H.0-CO..

Studies of primary solid and fluid inclusions in metasomatic
veins from Campolungo, Switzerland show that the phase element
salt + liquid + vapor for equal molar proportions of NaCl and KCl
in the salt is located approximately at T = 500°C; P = 2000 bars;
ll’lfH20 ~ 3.5; lnf(‘,(_)2 ~ 8.0.

INTRODUCTION

The importance of the fluid phase in the metamorphism of carbon-
ate rocks was indicated by Goldschmidt (1912) in his discussion of the
principles of metamorphism. Bowen (1940) also explained the progressive
metamorphism of marbles as a process of devolatilization. Korzhinskii
(1959) developed the treatment of mixed volatile equilibria in carbonates
through the use of chemical potential diagrams which expressed the
stability of mineral assemblages as functions of the activities or fugacities
of components such as H,O and CO,. Chemical potential diagrams pro-
vide a basis for the discussion of phase relations in the present paper.

- Recently, phase relations in marbles have been described on isobaric
temperature-mole fraction CO, diagrams (Wyllie, 1962; Greenwood, 1967).
It is usually assumed in the calculation of these diagrams that the partial
pressures of CO, and H,O sum to a constant value equated with litho-
static pressure or else to a lithostatic pressure that varies with temperature
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according to a pressure-temperature gradient (Trommsdorff, 1972; Flowers
and Helgeson, 1983). Bruton and Helgeson (1983) have shown that fluid
pressure rather than lithostatic pressure controls mineral stability in veins.
Recent data from the Kola borehole (Kozlowski, 1984) suggest that fluid
pressures might be significantly less than lithostatic pressure to consider-
able depth in the crust. Hydrostatic pressure may therefore define a lower
limit for fluid pressure in high-grade metamorphic rocks.

Calculations based on the assumption that CO, and H,O are the
significant species in the fluid have provided insight into the meta-
morphism of carbonate rocks. It has been widely recognized, however,
that the composition of the fluid phase is more complex. For example,
volatile species such as CH,, CO, H, have been considered for rocks con-
taining graphite (French, 1966; Eugster and Skippen 1967; Ohmoto and
Kerrick, 1977). Many workers have observed substantial concentrations
of dissolved species such as N, (for example, Guilhaumou and others,
1981; Kreulen and Schuiling, 1982) and chlorides in fluid inclusions from
metamorphosed carbonates (for example, Poty, Leroy, and Cuney, 1974;
Crawford, Kraus, and Hollister, 1979; Kreulen, 1980; Touret, 1981; Sisson,
Crawford, and Thompson, 1981). The importance of chlorides as fluid
components has also been emphasized by Bowers and Helgeson (1983a, b).

Trommsdorff, Skippen, and Ulmer (1985) have described solid inclu-
sions of halite and sylvite in metamorphosed carbonate rocks. This obser-
vation supports evidence that chlorides are important components of
metamorphic fluids and also shows that these fluids can be saturated with
respect to chloride components under certain circumstances. The present
paper examines phase relations in metamorphic fluids containing chloride
components and considers the influence of concentrated brines on the
stability of mineral assemblages formed during the metamorphism of car-
bonate rocks.

p-1 PROJECTION OF NaCl-H,0-CO,

Gehrig (1980) constructed a schematic pressure-temperature projec-
tion for NaCl-H,O-CO,. Existing experimental data can be combined
with the schematic projection of Gehrig to construct a quantitative P-T
diagram (fig. 1) to 900°C and 2000 bars. Curves above 900°C on figure 1
have not been located experimentally and are shown schematically.

A solid circle on figure 1 indicates the critical point Ky,0 in the unary
H.,O with the liquid + vapor curve in the unary and the binary critical
curves in H,O-CO, and NaCI-H.O coincident at this critical point. The
critical curve in the binary NaCl-H,O has been measured to 700°C by
Sourirajan and Kennedy (l%‘)) The critical curve in H,0-CO, has been
investigated to 3500 bars by Todheide and Franck (1963) and Takenouchi
and Kenne(ly (1964).

The solid square on figure 1 indicates the triple point Ty,q of NaCl
with the unary melting "md liquid + vapor curves as well as the binary
curves for liquid 4 vapor + halite coincident at this point. The three-
phase curve liquid 4+ vapor + halite in NaCl-H,O has been measured to
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708.5°C by Sourirajan and Kennedy (1962). The three-phase curve liquid
+ vapor + halite has not yet been determined in NaCl-CO, and is located
schematically on figure 1. The unary melting curve in NaCl has been
measured to 65 kb by Akella, Vaidya, and Kennedy (1969). Solubilities of
CO, in liquid NaCl have been measured by Grjotheim and coworkers
(1962) at 1 atm of CO, pressure between 810° and 950°C indicating that
the unary liquid + vapor curve in NaCl exists at less than 1 atm over
these temperatures. The critical point for the unary NaCl has not been
determined. The three curves at high temperature in figure 1, that is, the
unary liquid + vapor curve in NaCl and the binary critical curves in
NaCl-H,O and NaCl-CO, must all meet at the critical point for NaCl,
as indicated schematically on figure 2.

The experimentally determined curves on figure 1 indicate that the
pressure-temperature relationships in NaCl-H.,O-CO, are reasonably well
understood at low pressures. Quantitative phase relations are less well
established at higher pressures, although an understanding of the ternary
system at higher pressures is essential for the study of metamorphic rocks
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Fig. 1. Pressure-temperature projection for the ternary system NaCl-H,0-CO,. Unary
curves with a thin signature, binary curves with an intermediate thickness, a portion of
the ternary supercritical curve with a heavy signature. The experimentally measured parts
of curves are solid, and estimated curves are dashed. A scale-break is indicated at 900°C
as the position of curves above 900°C is speculative. All three curves extrapolated above
900°C meet at the experimentally undetermined critical point for NaCl. Chemographic
relationships are shown schematically. L = liquid, V = vapor, H = * = halite, SCF =
supercritical fluid, K"‘,0 = critical point for HyO, Txuc) = triple point for halite, lnqu1d

vapor in the unary, NaClL
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equilibrated in the presence of saline fluids. It is particularly important to
establish the boundaries between the two-phase region of liquid-vapor
and the region of supercritical fluid, since phase relations and geologic
processes such as mass transfer depend on the physical nature of the fluids
present.

Ternary critical fluids are bounded by critical phenomena in the
binary NaCl-CO, at points P and Q on figure 2. Point Q lies above the
maximum pressure of figure 2, and those curves labelled Q are coincident
at a single point above the maximum pressure of the diagram. Points P
and Q correspond to the intersections of the binary critical curve for the
system ‘NaCl-CO, with the ruled surface on which liquid + vapor +
halite coexist in this binary. Gehrig (1980) has indicated that point P in
NaCl-CO; must be close to the critical point of CO, because of the limited
solubility of NaCl in CO.-rich fluids. As H,O is added to NaCl-CO,, a
family of points in the ternary system, corresponding to P and Q in the
binary, defines a ternary critical curve shown with a heavy dashed signature

on figure 2. This ternary critical curve, PQ, has not yet been located ex-
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Fig. 2. Pressure-temperature projection for the ternary system NaCl-H,O-CO.. Unary
curves with a thin signature, binary curves with an intermediate thickness, a portion of
the ternary supercritical curve shown with a heavy signature. The experimentally mea-
sured parts of curves are solid and estimated curves are dashed. Those curves ending at
point Q are coincident at a single point, Q, at a pressure greater than shown in the dia-
gram. The square represents a point determined by Sisson and others (1982) for coexisting
brine + vapor during the formation of fluid inclusions in metamorphic rocks developed at
600°C and 6.5 kb. The triangle corresponds to the pressure and temperature estimated by
Mercolli (1982) for coexisting liquid + vapor at Campolungo, Switzerland. H = halite, L =
liquid, SCF = supercritical fluid, K.,A_M, = critical point in the unary system, HoO, Ty,c1 =

triple point for halite, liquid, vapor in the unary, NaCl, Kyaci = schematically located crit-
ical point in NaCl.
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perimentally; its position must therefore be estimated on the basis of the
limited experimental data available for the ternary system as well as field
evidence.

Takenouchi and Kennedy (1965) have measured the solubility of CO,
in brines at temperatures down to 150°C and pressures to 1400 bars. These
data indicate that liquids saturated with CO, have a decreasing solubility
of CO, with increasing NaCl (to 20 wt percent) as suggested by triangle 2
on figure 1. A point at 150°C and 1400 bars (figs. 1 and 2) is therefore
assumed to lie within the two-phase region liquid + vapor in the ternary.

Sisson, Crawford, and Thompson (1981) have presented evidence for
two coexisting fluids in rocks formed apparently at 6.5 kb and 600°C, as
indicated by the square on figure 2. CO,rich fluid inclusions in these
rocks coexist with salt-saturated aqueous inclusions as would be consistent
with the phase relations shown in triangle 1 on figure 1. The point on
figure 2 corresponding to the observations of Sisson and coworkers must
therefore lie within the ternary two phase region liquid + vapor. Accord-
ing to these observations phase relations in metamorphosed carbonates
will be influenced by coexisting liquid and vapor to high temperatures
and pressures.

PHASE RELATIONS ON CHEMICAL POTENTIAL DIAGRAMS

In describing phase relations for carbonate rocks metamorphosed in
the presence of saline fluids, it is helpful to consider relationships among
mineral assemblages as functions of the chemical potentials of CO, and
H,O as well as composition diagrams for the fluids. Mineral equilibria
are represented by linear relationships on chemical potential diagrams
but exhibit more complex relationships when composition is given ex-
plicitly as on isothermal, isobaric ternary composition sections. The com-
position diagrams, however, have the advantage of providing a more
direct indication of the physical nature of the fluid.

The phase elements on a typical composition diagram (triangle 1)
occupying an important part of P-T space on figure 1 are shown schemati-
cally in the composition diagram of figure 3A and the chemical potential
diagram of figure 3B. Unary elements are labelled on both diagrams with
letters, binary elements with numbers, and ternary with Roman numerals.
The stable phase in each of the unary systems H,O and CO, plots along
the ordinate and abscissa, respectively, of the chemical potential diagram.
The stable phase in the unary NaCl is represented by the origin on fig-
ure 3B.

Binary systems NaCl-H,O (labelled 1) and NaCl-CO. (labelled 2)
plot as straight lines between the corresponding unaries in chemical poten-
tial space as well as composition space. The binary system H,O0-CO, fol-
lows a curved path (labelled 8) with the sum of the chemical potentials of
CO, and H,O related to lithostatic pressure (Skippen, 1974) or hydro-
static pressure (Bruton and Helgeson, 1983) or some other geologically
interesting condition.

All ternary phase relations are shown on figure 3 within the area
bounded by the binary systems. This is not, however, a necessary condition
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Fig. 3. Phase clements in NaCl-H,0-CO, shown schematically for that region of
pressure-temperature space in which the ternary phase element halite + liquid + vapor
is stable with a supercritical fluid in the binary H,0-CO,. Binary elements are indi-
cated with numbers, and ternary elements with Roman numerals. C = consolute point.
The boundary of the ternary liquid + vapor region has been studied by Gehrig (1980)

and Bowers and Helgeson (1983a). (A) Isobaric isothermal composition section. (B)
Chemical potential of CO, versus chemical potential of H,O.
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in chemical potential space, where excess chemical potentials for CO, or
H,O could result in stable ternary elements outside the area bounded by
the binaries. Among the ternary elements that can be represented on the
chemical potential diagram are the lines corresponding to the saturation
of fluids with halite. The liquid + halite line (curve I) extends from the
binary system NaCl-H,O and the vapor + halite line (curve II) from
NaCl-CO, toward the three-phase region halite 4+ liquid + vapor in the
ternary system. The three-phase region in figure 3B plots as a point at the
junction of curves I and 11, since the criteria for equilibrium require that
the chemical potentials of all components be equal in all phases. Curve
IIT corresponds to the coexistence of an H,O-rich liquid and a CO,rich
vapor. This curve on figure 3B extends from the three-phase region to the
consolute point, labelled C, at which liquid and vapor become indistin-
guishable. The two limbs of the liquid 4 vapor curve extending from the
consolute point toward the three-phase region on figure 3A are reduced
to a single line on figure 3B because of the equality of chemical potentials
in coexisting phases.

The relationship between composition and chemical potential dia-
grams can be similarly represented for all the topologies on figure 1. These
relationships have been summarized on figure 4.

MINERAL EQUILIBRIA

Various types of equilibria involving volatile components such as CO,

and H,O can be distinguished (Greenwood, 1967). For example:

1. Dehydration

2. Decarbonation

3. CO, and H,O on opposite sides of the equilibrium

4. CO, and H,O on the same side of the equilibrium
A series of isotherms (that is, isothermal equilibrium lines) for these types
of equilibria are shown on schematic chemical potential diagrams on
figures 5 to 8. The binary and ternary curves in NaCl-H,0-CO, are de-
pendent on pressure and temperature but have been shown as single
curves on figures 5 to 8 for simplicity.

Isotherms for a dehydration reaction are shown on figure 5. These
isotherms are horizontal lines on figure 5A, since the equilibrium constant
for a dehydration equilibrium is independent of CO,. The intercept on
the H,O axis can be calculated from thermodynamic or experimental de-
terminations of the equilibrium constant. At T1 on figure 5A, it can be
seen that the isotherm intersects both the binary phase element H,0-CO,
and the ternary curve corresponding to vapor + halite. The T1 isotherm
then remains beneath the halite saturation line which is represented in
figure 5B by halite solid solutions with CO, and H,O; the area represent-
ing the solid phase has been enlarged on 5B for purposes of illustration.

Isotherm T2 intersects the halite saturation lines at the three-phase
element. The intersection of T3 with the element liquid + vapor on 5A
results in two phases joined by a tie-line across the liquid + vapor element
on 5B. T4 encounters the liquid + vapor element at the consolute com-
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Fig. 4. Relationships between ternary composition sections in NaCl-H.O-CO, and
phase elements on plots of chemical potential of H.O versus the chemical potential of
CO.. The regions of pressure-temperature space corresponding to each of these dia-
grams are shown in figure 1. The dashed curve on the chemical potential diagrams
represents the binary H,O-CO.. The mutual solubilities of CO, and NaCl have been
exaggerated for purposes of illustration. H = * = halite, L. = liquid, V = vapor, SCF =
supercritical fluid. ¥ull circle indicates consolute point. The equilibria and transitions
from figure 1 that relate composition sections 1 to 9 are: (1 2) SCF > L + V (H,O- CO,,)
(2-3) L'+ V > SCF (H,0-CO.-NaCl); (3-4) SCF > L + V (H,0-CO,-NaCl), L =
(H0), L = V + H (H,O-NaCl); (4-5) H + V = L (H,O-NaCl); (5-6) H + V =
(NaCl-CO,); (6-7) L + V > SCF (H.O-NaCl); (7-8) H = L (NaCl); (8-9) SCF > L + V
(H,O-NaCl).

L
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position. No intersection with the binary NaCl-CO, is possible on figure
5 for a dehydration equilibrium.

Figure 6 illustrates a series of isotherms on a chemical potential and
composition diagram for a decarbonation reaction. The relationship of
the decarbonation isotherms to the phase elements in NaCl-H,O-CO, is
comparable to the dehydration equilibrium except that the binary NaCl-
H,O is avoided because the chemical potential of CO. is undefined on
this join.

A mineral equilibrium with CO, and H,O on opposite sides is illus-
trated in figure 7. Isotherms for such an equilibrium fall along curves
with varying chemical potentials of both CO, and H,O. Intersections with
either NaCl-H,O or NaCl-CO, are impossible, and the isotherms there-
fore approach the NaCl apex.

ts \ . \ N

HO0  Ts T T3 T COy

Fig. 5. Schematic isotherms for dchydration cquilibria. The isotherms are indi-
cated by lines with a short dash labelled T1 to T5. Phase elements in the ternary sys-
tem NaCl-H,0-CO, are as shown on figure 3. (A) chemical potential of CO, versus
chemical potential of H,O. (B) composition section through the ternary system NaCl-
H.0-CO,.
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Figure 8 illustrates a somewhat more complicated pattern for iso-
therms describing equilibria with two volatile components on the same
side of the equilibrium. As shown by Greenwood (1967), these equilibria
have two intersections with the binary CO.-H,O and terminate at a tem-
perature maximum corresponding to isotherm T4 on figure 8. The nature
and number of intersections with the ternary phase elements depend on
the slope of the isotherm on 8A relative to the ternary curves. For the
isotherms as drawn on figure 8A, the equilibrium intersects the halite
saturation lines at four points along T1. This number of intersections
could be reduced if the slope of the isotherm on 8A were different. Be-
tween the two intersections of T'1 with the binary H,O-CO, on figure 8A,
the isotherm intersects the ternary halite + liquid, liquid + vapor, and
halite + vapor elements. These intersections result in a complex pattern

Fig. 6. Schematic isotherms for decarbonation equilibria. The isotherms are indi-
cated by lines with a short-dash labelled T1 to T6. Phase elements in the ternary sys-
tem NaCl-H,0-CO, are as shown on figure 3. (A) chemical potential of CO, versus
chemical potential of H,O. (B) Composition section through the ternary system NaCl-
H,0-CO..
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for the isotherm on figure 8B. The remainder of the isotherms are shown
on figure 8C.

Isotherm T3 is unique in corresponding to a temperature maximum
for the mineral equilibrium along the ternary vapor + liquid element.
According to Bowers and Helgeson (1983a) a part of the L 4+ V element
may lie outside the binary CO,~H,O on figure 8A (compare fig. 9). The
point T, could then be located on the boundary of L. + V.

RELATIONSHIPS BETWEEN MINERAL ASSEMBLAGES AND TERNARY FLUIDS

Phase relations in calcite-bearing metacarbonates can be described by
reference to the following 6-phase assemblages (Skippen, 1974):
I: talc, tremolite, calcite, dolomite, quartz, fluid
1I: tremolite, diopside, calcite, dolomite, quartz, fluid
III: tremolite, diopside, forsterite, calcite, dolomite, fluid.

B.

HpO h 2 T3 T, Ts Oy

Fig. 7. Schematic isotherms for mixed volatile equilibria with CO, and H,0 on
opposite sides. The isotherms are indicated by lines with a short dash labelled T1 to
Th. Phase elements in the ternary system NaCl-H,0-CO, are as shown on figure 3.
(A) chemical potential of CO, versus chemical potential of H,O. (B) composition sec-
tion through the ternary system NaCl-H,O-CO,.
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Fig. 8. Schematic isotherms for mixed volatile equilibria with CO, and H.O. on
the same side. The isotherms are indicated by lines with a short dash labelled TI1 to
T4. Phase elements in the ternary system NaCl-H.O-CO, are as shown on figure ‘3.
(A) chemical potential of CO, versus chemical potential of H,O. (B, C) composition

sections through the ternary system NaCl-H,0-CO..
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Points indicating the stability of the above assemblages are plotted on
figure 9 using thermodynamic data from Helgeson and coworkers (1978).
These assemblages are connected, where appropriate, with lines repre-
senting common four-mineral elements.

Fluids in the binary system H,O-CO, under lithostatic pressure are
represented in figures 9 and 10 by a curve calculated with fugacity coeffi-
cients from Bowers and Helgeson (1983a). These authors calculated the
coefficients with the modified Redlich-Kwong equation of state as proposed
by Holloway (1977) and modified by Flowers (1979).

A curve representing the coexistence of liquid + vapor in the ternary
system NaCl-H,O0-CO, is plotted on figures 9 and 10 using fugacity data
from Bowers and Helgeson (1983a; figs. 30, 31). The curve for the ternary
liquid 4 vapor element plots outside the binary lithostatic line in H,O-
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Fig. 9. Natural logarithms of the fugacities of H,O and CO, at 500°C and 2000
bars. The dashed curve represents the binary supercritical fluid in H.O-CO,. The solid
curve represents the liquid + vapor element in the ternary system NaCl-H,0-CO, as
calculated by Bowers and Helgeson (1983a). The straight lines indicate mixed volatile
equilibria which connect the following 5-mineral assemblages (point I: talc, tremolite,
dolomite, calcite, quartz) (point II: tremolite, diopside, dolomite, calcite, quartz) (point
III: forsterite, diopside, tremolite, dolomite, calcite).
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CO, due to the excess chemical potentials of CO, and H,O calculated by
Bowers and Helgeson.

Halite saturation lines have been used in the discussion above to
model the saturation of fluids with salt components. In geologic fluids,
however, the dissolved chlorides include KCI and CaCl, as well as NaCl
(Trommsdorff and others, 1985). The chemical potential of H,O is lowered
considerably in a liquid saturated with respect to both NaCl and KCI in
comparison to a liquid saturated with a single salt. An indication of this
effect is seen in the melting temperature of 660°C (Chou, 1982) for crystals
with equal molar proportions of KCl and NaCl at 1 atm compared to
800.5°C for pure NaCl. The salt saturation lines on figure 10 are there-
fore plotted at lower chemical potentials of H,O for KCl-NaCl mixtures.

Free energies have not yet been measured for salt-saturated fluids at
the conditions of interest in this study. It is, however, possible to obtain
some indication of the position of the salt saturation lines on figure 10.
They are bracketed at higher chemical potentials by the binary lithostat
and at lesser chemical potentials by evidence from field relations at
Campolungo, as described below.

EVIDENCE FROM THE FLUID AND SOLID INCLUSIONS AT CAMPOLUNGO

The development of metasomatic quartz—calcite-tremolite veins in
the dolomitic marbles of Campolungo, Switzerland has been described by
Walther (1983). The fluid inclusions in these veins have been thoroughly
studied by Mercolli (1982) with additional information provided by
Walther. Mercolli has recognized several generations of fluid inclusions,
the most significant of which for the genesis of the tremolite veins is the
earliest. This set consists of two types with the properties measured by
Mercolli (ms) summarized in table 1; aqueous inclusions contain approx
50 wt percent NaCl plus KCI and now contain a salt crystal at room tem-
perature. Always associated with these saline aqueous inclusions is a
second type containing more than 90 percent by volume CO,. ] Touret
(personal commun, June, 1985) considers that less than 10 percent of other
gases does not significantly alter the volumetric properties of CO,. Mer-
colli has carefully examined the question of whether or not the saline
aqueous and CO,-rich inclusions truly represent coexisting fluids. He has
concluded that the two fluids were coexisting at the time of entrapment
on the basis of geometric relationships within single fractures. Mercolli
has observed that these two types of fluid inclusion are related spatially

TasLE 1
Early, cogenetic fluid inclusions in sample B1B (Mercolli, 1979)

Multiphase inclusions COs-rich inclusions

volume percent CO, 5 90 - 95

wt percent NaCl 42 - 50 n.d.

T(C), homogenization NaCl 495.6 - 498.2 —

T'(C), homogenization CO, — 26.9 - 28.9
T(C), fusion CO, — (—b56.6) - (—58.6)
diameter of inclusions, um 10 10
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to the tremolite veins. He has concluded that fluids represented by these
inclusions are related to the genesis of the veins.

The maximum temperature for the dissolution of salt crystals in the
aqueous inclusions described by Mercolli (ms) is near 500°C. This agrees
well with calcite-dolomite thermometry of the veins by Mercolli and by
Walther (1983) who obtained temperatures of 500° = 20°C from mag-
nesian calcite compositions. Isochores determined from homogenization
temperatures (Mercolli, 1982) indicate a pressure of 2000 bars at 500°C.
Walther has estimated a higher pressure of 3.25 kb. The consistency of
temperature determinations from calcite-dolomite geothermometry and
the salt dissolution measurements by Mercolli support the hypothesis that
the fluids were in equilibrium with chloride minerals at the time the vein
minerals formed. This possibility has been enhanced by the observations
of Trommsdorff, Skippen, and Ulmer (1985) who discovered apparently
primary solid inclusions of halite and sylvite in the vein minerals at
Campolungo containing the saturated fluid inclusions. The compositions
of coexisting halite and sylvite in these primary salt inclusions also indi-
cate a temperature of 500°C when compared with the miscibility gap in
the system KCl-NaCl.

The equilibrium mineral assemblage places the veins on the reaction
line, dolomite + quartz + calcite + tremolite + fluid. The stable portion
of this reaction line on figures 10 and 11 is between points I’ and II’ where
talc or diopside, respectively, are added to that assemblage. The position
of the reaction line and points I’ and II" have been calculated for figures
10 and 11 using data from Helgeson and coworkers (1978). The reaction
line has been adjusted for impurities in the tremolite (see table 2), using
an ideal solution model for amphibole (Skippen and Carmichael, 1977).
The analytical data in table 2 indicate an OH-tremolite component ac-
tivity of 0.27. It may be noted that points I’ and I1” (figs. 10, 11) involving
this impure amphibole differ from the corresponding points on figure 9
for pure tremolite.

It is possible to constrain further the vein assemblage to a point along
the reaction line, if the mole fraction of CO, in the vapor is used to cal-
culate the equilibrium fugacity of CO,. The method described by Burruss
(1981, p. 61) has been used to calculate a minimum CO, content of 70
mole percent for the CO,rich inclusions, using data given in table 1.
Fugacity coeflicients for mixtures in NaCl-H,O-CO,, as calculated by
Bowers and Helgeson (1983a), have been used to locate specific fluid com-
positions along the reaction line in figures 10 and 11.

Two additional observations enable phase relations in the system
NaCl-KCI-H,0-CO, to be correlated with the carbonate veins from
Campolungo. Mercolli (1982) observed that salt crystals in the primary
generation of aqueous liquid inclusions were completely redissolved at
temperatures between 495.6° and 498.2°C, that is, the temperature of
formation of the veins as independently determined from calcite-dolomite
geothermometry. This indicates that the primary liquid was saturated
with respect to salt components. Furthermore, Trommsdorff, Skippen,
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Fig. 10. Natural logarithms of the fugacities of H,O and CO, at 2000 bars and
500°C. The diagram applies to metasomatic tremolite-quartz-calcite veins in dolomitic
marbles at Campolungo, Switzerland. The ternary liquid 4 vapor clement ends at con-
solute point C and plots above the binary curve for supercritical fluids in H;0-CO..
The solid portion of the ternary liquid + vapor element indicates that part of this ele-
ment has been plotted from the data of Bowers and Helgeson (1988a). The dashed por-
tion of this curve as well as the halite + liquid and the halite + vapor elements are
estimated. The point labelled NaCl-KCl-vapor is located by phase assemblages ob-
served in the rocks of Campolungo. The estimated positions of the remaining phase
elements in NaCIl-KCI-H,0-CO, are shown in a dashed pattern. The straight line con-
necting points I’ and II’ represents the equilibrium position of the assemblage, tremo-
lite—quartz—calcite-dolomite as observed in the rocks from Campolungo. Points 1" and
Il indicate the equilibrium positions calculated for the 5-phase assemblages, talc-
tremolite-dolomite—calcite-quartz and tremolite-diopside-dolomite—calcite-quartz. The
positions along the equilibrium line for mole fractions of COy(Xco,) in the supercriti-
cal fluid of 0.8 and 0.7 arc also indicated; these points were calculated using fugacity

coefficients for NaCI-H,0-CO, from Bowers and Helgeson (1983a). C = consolute point,
L = liquid, V = vapor.
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Fig. 11. Natural logarithms of the fugacity of CO, and H,O. Curves and lines are
as described for figure 10. The calculated position of the mole fraction of CO, (X) for
various compositions of the supercritical fluid in NaCl-H,0-CO, are indicated by
points along the equilibrium line. Fugacity coefficients from Bowers and Helgeson were

used to calculate the fluid compositions. (A) 2000 bars, 450°C. (B) 2000 bars, 500°C

(C) 3000 bars, 500°C.

TABLE 2

Microprobe analysis of tremolite, sample B1B

Wt percent

SiO, 58.02 Cl < .02
TiO, 0.03 Cr,0, < .03
Al,O, 1.26 MnO nd.
FeO 0.15 NiO n.d.
MgO 24.61

CaO 13.04

Na,O 0.40

K.O 0.14

F 1.66

Average of 15 analyses

Na,.1; Koues Cay e Mgf.us Al Fe, s Sig O (OI‘I)“'.% Fo.us
Formula calculated from the analysis with all F associated with Mg

Analyst: P. Ulmer
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and Ulmer (1985) have described primary solid inclusions of halite and
sylvite from Campolungo vein specimens as independent evidence of the
saturation of primary fluids with salt components. The coexisting liquid
and vapor inclusions ohserved by Mercolli together with the evidence for
saturation of the fluids with respect to NaCl and KCI indicate that the
phase element halite 4 sylvite 4 liquid + vapor is located on figure 10 by
the point representing the Campolungo veins. Apart from their coin-
cidence at the conditions of the vein assemblage, it is only possible at
present to locate schematically the elements salt + liquid, liquid + vapor,
salt 4 vapor on figure 10.

The sensitivity of the approach to locating phase elements in chemi-
cal potential space has heen tested by varying pressure and temperature
as indicated on figure 11. At 450°C and 2000 bars and also at 500°C and
3000 bars, the composition (Xq, == 0.7) of the CO,-rich vapor indicates a
metastable point on the reaction line well outside the stable segment be-
tween points I and II. The calculated points for Xcq, = 0.7 also fall sub-
stantially above the binary lithostat in a region that can be assumed to be
mechanically unstable.

Data for ternary phase elements in the system NaCl-H,O0-CO, are
limited to that part of the ternary liquid + vapor curve that can be cal-
culated from the results of Bowers and Helgeson (1983a). The remaining
phase elements for this system have been located schematically.

METACARBONATE PHASE RELATIONS ON FLUID COMPOSITION SECTIONS

Mineralogic data from Campolungo have made it possible to corre-
late carbonate-silicate mineral assemblages with phase elements in the
system NaCI-KCI-H,O-CO,. To this point, these correlations have been
limited to chemical potential space where sufficient experimental and
thermodynamic data exist to examine phase relations in a complex natural
system. It is also possible to transfer these phase relations to composition
sections for the fluid system using the relationships summarized on fig-
ures 5 to 8.

Such relationships at 2000 bars and 450°, 500°, 525°C are shown on
figures 12 to 14. These figures correspond to pseudoternary sections
through NaCI-KCI-H,0-CO, at approximately equal molar proportions
of NaCl/KCl, as observed for solid minerals at Campolungo (Tromms-
dorft, Skippen, and Ulmer, 1985). The diagrams have been constructed
by utilizing the sequence of reaction curves (Skippen, 1974) around the
six-phase points I, II, 111, whose relative positions are as shown on figure
9 and by taking into account the intersections of these curves with each of
the phase elements in the fluid system plotted on figure 10.

Figure 12 for 450°C includes points I, 1I, and III. Points II and III
are plotted within the field of solid salt corresponding to their location
on figure Y below the salt saturation lines. Phase relations in NaCl-KCl
(Waldbaum, 1969) indicate that halite and sylvite may coexist at 450°C
but are completely miscible at 500°C and above.

Point I plots within the region of supercritical fluid. as illustrated on
figure 11B. The position of point I at nearly equal proportions of CO,/
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H,O is consistent with its intersection with the binary H,0-CO, line at
460°C and X¢o, = 0.5 (Walther and Helgeson, 1980). The intersections
of reaction curves with H,O-CO, have also been taken from Walther and
Helgeson.

Figures 13 and 14 include only points II and III and associated re-
action curves. Point I has passed beyond the binary lithostat in chemical
potential space and is therefore unstable at the conditions of these dia-
grams. Intersections with the H,O-CO, binary have been taken from
Walther and Helgeson (1980).

(Na K)Cl

2KB/ 450 C

/ ) \ N\
. . .
. N .
A \ \
D N < S N\ occ po__ %

_———— e [N e T a

Fig. 12. Relationships at 450°C and 2 kb between mineral equilibria in metamorphosed
carbonate rocks and fluids in the system NaCl-KCI-H.O-CO,, as observed at Campolungo,
Switzerland. The composition of the salt phase in equilibrium with fluids at Campolungo is
at approximately equal molar proportions of NaCl and KCI. The phase elements in the fluid
system correspond to those shown in figure 8. Isotherms for carbonate-silicate equilibria cor-
respond to those shown on figures 5 to 7. Phase relations for carbonate-silicate assemblages
are shown on triangular diagrams that represent projections onto the CaO-MgO-SiO, base of
the system CaO-MgO-Si0,—CO,~H,O. Only phase assemblages including calcite have been
considered as indicated by the triangles drawn with solid lines. Intersections with the binary
H,0-CO, arc from Walther and Helgeson (1980). Points labelled with Roman numerals indi-
cate: I: talc-tremolite-quartz—calcite-dolomite; II: tremolite-diopside—quartz—calcite-dolomite;
III: forsterite-diopside-tremolite-calcite-dolomite. S = solid solution between KCI-NaCl, L =
liquid, V = vapor, FO = forsterite, DI = diopside, TR = tremolite, TC = talc, Q = quartz,
DO = dolomite, CC = calcite.

_————
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CONCLUDING DISCUSSION

Figures 12 to 14 illustrate a typical set of relationships between car-
bonate-silicate assemblages in metamorphic rocks and salt-bearing fluids.
These figures are consistent with metacarbonate phase relations in the
liquid + vapor ternary element previously derived by Bowers and Helge-
son (1983b) for NaCl-H,O-CO,. Bowers and Helgeson located the liquid-
vapor element by analysis of laboratory measurements (Gehrig, 1980) of
P-V-T data for supercritical fluids that border the liquid + vapor ele-
ment. The position of the liquid 4 vapor element has been determined in
a different manner in this study. Free energy data for mineral assemblages
observed in the field at Campolungo, Switzerland have been combined
with fluid inclusion studies (Mercolli, 1982) and observations of halite
and sylvite in these rocks (Trommsdorfl, Skippen, and Ulmer, 1985) to
locate the halite + sylvite 4 liquid + vapor element in chemical potential
space. An interesting, but not necessarily contradictory, difference between
the two approaches is the resulting position of the liquid + vapor element

(Na K)Cl

2 KB/ 500 C

—----2 Cc 0O __A\

Fig. 13. Relationships at 500°C and 2 kb between mineral equilibria in metamorphosed
carbonate rocks and fluids in the system NaCl-KCIl-H,O-CO,, as observed at Campolungo,
Switzerland. Diagram is labelled as figure 12.
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relative to the binary element in H.,O-CO, for supercritical fluids at
lithostatic pressure. The data of Bowers and Helgeson (1983a) suggest
that the ternary liquid + vapor element falls outside the binary element
on chemical potential diagrams, apparently due to more positive deviation
of H,O and CO, from ideality in the ternary mixtures. It is also possible
that this effect is due to uncertainty in fitting the liquid + vapor phase
boundary to limited experimental data. The field data from Campolungo,
as interpreted in this work, indicate that the liquid + vapor element for
conditions of salt saturation in NaCl-KCI-H,0-CO, falls beneath the
binary curve for supercritical fluid at the pressure and temperature of
Campolungo. Phase relations on figures 12 to 14 have been derived on
the assumption that the liquid + vapor element remained beneath the
binary curve for supercritical fluids at Campolungo.

The phase relations at Campolungo and for the conditions of figures
12 to 14 have been derived with the topology of the salt—{luid system the
same as for NaCl-H,O0-CO, under identical conditions as shown on figure

(Na,K)Cl

2 KB/ 550 C

Fig. 14. Relationships at 550°C and 2 kb between mineral equilibria in metamorphosed
carbonate rocks and fluids in the system NaCl-KCI-H,0-CO,, as observed at Campolungo,
Switzerland. Diagram labelled as figure 12.
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1. The information from the rocks of Campolungo supports the assump-
tion that liquid + vapor coexist with salt minerals. It is clear, however,
from figures 1 and 2 that other configurations for phase elements in the
salt-fluid system are possible. Further correlation of these additional
topologies with metacarbonate rocks will proceed as additional laboratory
measurements of P-V-T properties of fluids become available and as
further field studies of the type described in this paper are carried out
over a range of pressure-temperature conditions.

Phase relations such as developed on figures 12 to 14 provide a basis
for studying metamorphic processes in carbonate rocks and for under-
standing more fully the significance of isograds in carbonate rocks that
may have been influenced by saline fluids. For example, Masch (ms) has
carefully mapped isograds in dolomitic marbles of the Monzoni aureole,
Italy. Crossovers of isograds for the appearance of talc and tremolite as
well as forsterite and wollastonite have been documented by Masch. It is
possible that these relationships between isograds are related to varying
salt content of fluids as well as variation in CO,~H,O ratios. This possi-
bility is enhanced by the intrusion of the Monzoni complex at a depth of
only a few hundred meters beneath the sea.

Addition of salt to H,O-CO, fluids may significantly increase or de-
crease the stability of certain mineral assemblages in fluid composition
space. For example, the assemblage diopside-dolomite may be stable in
fluids with high H,O and NaCl contents, as suggested on figure 14. This
assemblage has often been correlated with CO,rich fluids (for example,
Skippen, 1974).

The relationships between mineral assemblages and salt-bearing
fluids, as illustrated on figures 12 to 14, also make it possible to under-
stand better geologic processes that involve rock-fluid interaction. Re-
action mechanisms and therefore textures in metacarbonates may be
influenced by the presence of salt components in the fluids. Reaction paths
followed during progressive metamorphism may also be affected by the
addition of salt components to the fluids.

The extent of concentrated brines in metamorphic rocks is little
known. Trommsdor{l, Skippen, and Ulmer (1985) have considered mecha-
nisms that could lead to concentration of salt components. Figure 2
demonstrates the wide P-T range over which ternary fluids in NaCl-
H,O-CO, can exhibit fluid immiscibility. We consider it likely that a
CO,rich fluid dissolves substantially more H,O than NaCl. Thus, brines
in metacarbonate and other CQO, reservoirs could become concentrated in
salt components by the separation of a large mass of CO,-rich fluid if such
a process occurs on a large scale.

It is therefore increasingly advantageous to study carefully solid and
fluid inclusions in metamorphosed carbonates to understand the genesis
of these rocks.
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