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ABSTRACT. Correlation of ionic activity diagrams incorporating explicit provision
for solvation of aqueous species with temperature-Xco, diagrams depicting equilibrium

among minerals and fluids in the system CaO-MgO-SiO.-HCI-CO,-H.O facilitates
thermodynamic analysis of multivariant high pressure/temperature phase relations in
siliceous dolomites. Comparative calculations indicate that solvation and nonideal mix-
ing in the system CO,-H,O may have a dramatic effect on the equilibrium activities
and total concentrations of ionic species in fluids coexisting with calc-silicate mineral
assemblages. Under certain circumstances the concentration of calcium in these fluids
probably exceeds by scveral orders of magnitude the concentration of magnesium,
which may then be essentially conserved among solids during metasomatic reaction of
the fluid phase with its mineralogic environment. Application of activity diagrams to
metamorphic systems affords a comprehensive basis for correlating field and laboratory
observations with fluid inclusion studies and the solution chemistry of metamorphic
fluids at high pressures and temperatures.

INTRODUCTION

Although temperature, pressure, and the mole fraction of CO, in
fluids have been used extensively to describe and interpret phase rela-
tions in metamorphic rocks, few attempts have been made to correlate
these variables with equilibrium activities of other species in the fluid
phase. Such correlation facilitates thermodynamic analysis of metaso-
matic phase relations and affords the means to discriminate among de-
pendent and independent variables in geochemical processes. Despite the
fact that the bulk of the mineral assemblages in metamorphic rocks are
multivariant, most petrologic studies focus on invariant, univariant, and/
or divariant equilibria, which are commonly portrayed on temperature—
X o, diagrams. As a result, attention is drawn to decarbonation /dehydra-
tion processes and mineral assemblages consisting of large numbers of
coexisting phases. However, the descriptive variables in temperature—
Xco, diagrams do not necessarily coincide with their causal counterparts
in the geochemical processes responsible for univariant and divariant
mineral assemblages, which in most cases represent the end result of a
series of multivariant reactions. The purpose of the present communica-
tion is to provide a theoretical framework for thermodynamic analysis
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of such reactions by correlating logarithmic activity diagrams with their
temperature-Xco, counterparts at high pressures and temperatures.

Metasomatism of siliceous dolomites is commonly ascribed to dehy-
dration/decarbonation reactions accompanying burial or igneous intru-
sion, but it is now becoming evident that such reactions are inadequate
in themselves to explain many of the mineralogic changes observed in
calc-silicate rocks. A number of attempts have been made to document
the extent to which metasomatic processes are isochemical (for example,
Carmichael, 1969; Hewitt, 1973; Hutcheon and Moore, 1973; Morgan,
1975; Trommsdorft, 1972; Vidale and Hewitt, 1973; Carswell, Curtis, and
Kanaris-Sotiriou, 1974; Poty, Stalder, and Weisbrod, 1974; Weisbrod and
Poty, 1975; Moore and Kerrick, 1976; Kerrick, 1977; Touret, 1977; Mer-
colli, ms; Frisch and Helgeson, 1980). Although in some instances the
relative degree to which components other than CO, and H,O are in-
volved in metasomatic processes remains uncertain, in others there is no
doubt that the fluid phase introduced and/or removed SiO,, MgO, CaO,
Na,O, K,O, and even in some cases Al,O,. These observations are sup-
ported by correlation of thermodynamic calculations and experimental
data with phase relations observed in the field (Hemley and others, 1977a
and b, 1980; Frisch and Helgeson, 1980), which also indicates that many
of the mineralogic changes observed in metamorphic rocks cannot be at-
tributed simply to temperature/pressure gradients and dehydration/de-
carbonation reactions.

The role of aqueous electrolytes in metasomatic processes has re-
ceived considerable attention in recent years, both from a theoretical
(Helgeson, 1967a and b, 1968, 1969, 1970a and b; Helgeson, Brown, and
Leeper, 1969; Eugster, 1970; Wintsch, 1975) and experimental (Hemley,
1959, 1967; Hemley and Jones, 1964; Hemley and others, 1971, 1977a and
b, 1980; Orville, 1963, 1972; Ellis, 1963, 1968, 1969; Barnes and Ernst,
1963; Iiyama, 1964, 1966, 1970; Althaus and Johannes, 1969; Anderson and
Burnham, 1967; Poty, Holland, and Borcsik, 1972; Frantz and Eugster,
1973; Shade, 1974; Chou and Eugster, 1977; Chou and Frantz, 1977,
Frantz and Popp, 1977, 1979; Gunter and Eugster, 1978; and others) stand-
point. Logarithmic activity diagrams generated from the thermodynamic
properties of these electrolytes are commonly used to characterize quan-
titatively mineral equilibria in terms of the activities of ionic species in
aqueous solutions responsible for diagenetic and hydrothermal processes
(for example, Garrels, 1954; Hemley, 1959; Helgeson, 1964, 1967, 1970a
and b; Garrels and Christ, 1965; Hess, 1966; Ellis, 1969; Helgeson, Gar-
rels, and Mackenzie, 1969; Helgeson and Mackenzie, 1970). However, ap-
plication of such diagrams to metamorphic systems has so far been largely
qualitative (Eugster, 1970; Wintsch, 1975).

Recent theoretical research concerned with high pressure/tempera-
ture solution chemistry (Helgeson and Kirkham, 1974, 1976; Helgeson,
Kirkham, and Flowers, in press; Helgeson, 1980; Walther and Helgeson,
1977; Delaney and Helgeson, 1978; McKenzie and Helgeson, 1979) and
the thermodynamic properties of minerals (Helgeson and others, 1978)
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permits construction of internally consistent activity diagrams for meta-
morphic systems at pressures and temperatures to 5 kb and 600°C. Be-
cause these diagrams are consistent with both experimental and observed
phase relations, they can be used to characterize quantitatively the chem-
ical interaction of mineral assemblages and aqueous electrolyte solutions
in a wide variety of metasomatic processes.

Standard state conventions—The standard state for minerals and
H,0; .4 adopted in the present study is one of unit activity of the pure
solid or liquid at any pressure and temperature, but for CO, and H,0,,,
it calls for unit fugacity of the hypothetical ideal gas at 1 bar and any
temperature. As a consequence, the activities of components correspond-
ing to stoichiometric minerals and pure H,Oy;,,;s are unity, and the ac-
tivities of CO, and H,O,,, are equal to their fugacities at all pressures
and temperatures. The standard state for aqueous species other than
H,O is defined as unit activity of the species in a hypothetical one molal
solution referenced to infinite dilution at any pressure and temperature.
Therefore, as the activity of the solvent (relative to the liquid standard
state) approaches unity, the activity coefficients of aqueous species ap-
proach one at all pressures and temperatures. In contrast, as the mole
fraction of a gas approaches unity at a given pressure and temperature,
the fugacity coefficient of the gas approaches the value of the fugacity
coefficient of the pure gas, which is not necessarily unity.

CONSTRAINTS ON ACTIVITY DIAGRAMS FOR SYSTEMS INVOLVING
CO,-RICH AQUEOUS FLUIDS

The thermodynamic basis and geologic application of activity dia-
grams have been summarized in a number of publications (see, for ex-
ample, Garrels and Christ, 1965; Helgeson, 1968; Helgeson, Brown, and
Leeper, 1969; Eugster, 1970; Kwak, 1971a and b; Vidale and Hewitt,
1973; Gunter and Eugster, 1978; Hemley and others, 1977a and b, 1980).
However, in most of these the activity of H,O (ay,0) is taken to be unity,
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Fig. 1. Phase relations in the system CO,~H.O at high pressures and temperatures
computed from data reported by Tédheide and Franck (1963) by Helgeson and others
(1978).
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which restricts the applicability of the diagrams to geochemical processes
involving aqueous solutions with little or no dissolved CO,. Despite the
presence of relatively high concentrations of electrolytes in such solu-
tions, the activity of H,O is commonly close to unity, even at high pres-
sures and temperatures (Helgeson, 1967b, 1969, 1980). In contrast, the
activity of H,O in fluids at temperatures above those corresponding to
the miscibility gap in the system CO,-H,O (fig. 1) may depart apprecia-
bly from unity with increasing CO, concentration, which affects signifi-
cantly both the intercepts and slopes of stability field boundaries on
conventional activity diagrams representing dehydration/decarbonation
equilibria.

Ion solvation and the activity of H,0.—As emphasized recently by
Hemley and others (1977b), generation of activity diagrams for systems
in which ay,o departs significantly from unity requires explicit provision
for solvation of the aqueous species involved in the reactions represented
by the stability field boundaries on the diagram. This can be demon-
strated by representing equilibrium among tremolite, talc, and an aque-
ous phase with the reaction,

Ca,Mg;Si;0,,(OH), + Mg+ + * (nyy.. H,O) + 2 Ht * (ny. H,O) =
(tremolite)

2 Mg,Si,0,,(OH), + (2 ny+ + nypgre — 2 ngye) HO + 2 Catt » (ng,+ H.O)
(talc)
1)

where ny., Ny, and ng,s+ represent the solvation numbers of the sub-
scripted species.t It can be seen by inspection of reaction (1) that explicit
provision for solvation of the ionic species introduces a reaction coeffi-
cient for H,O, which is not true if the reaction is written as

Ca,Mg;Si;0,,(OH), + Mg++ + 2 H+ = 2 Mg,Si,0,,(OH), + 2 Ca++
(tremolite) (talc)
)

Reaction (2) is a “shorthand” statement of reaction (1). It is not
meant to imply that Mg++, H+, and Ca++ are not solvated, nor that
there is no net change in the number of solvated H,O dipoles associated
with the reaction. The conventional values of the thermodynamic prop-
erties of jonic species in aqueous solution apply to formation of the
solvated species. As such, they take into account implicitly the solvation
process. For example, if we denote the (fictive) unsolvated aqueous hydro-
gen, magnesium, calcium, and chloride ions by H.+, Mg.++, Ca.*+, and
CL.—, reaction (1) can be viewed as the sum of

Ca,Mg;Si;O,,(OH), =2 Ca(,y + 5 Mg, + 8Si) + 12 O, + H,(,
(tremolite) ®)

* Representation of solvated aqueous species as (for example) Mg+ e (n_\[gHH._.O)
rather than Mg(H;,O),,hIg,,,** or Mg(OHz),‘MgH** is intended to imply weaker coordina-

tion of H,O dipoles than other ligands in aqueous complexes by analogy with “zeolitic”
or loosely bound H,O molecules in minerals such as analcime (NaAlSi;O, ¢ H.O).
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6 Mgy + 8Si, + 12 O,y + 2 Hy(y) = 2 Mg,Si,0,,(OH),
(talc) 4)
2 H.+ + 2 Cl.— = Hz(g) + C]‘.:(y} <5)

92 H+ * (nge H,0) + 2 Cl- * (ng— H,0) = 2 H.+ + 2 n. H,0,
+ 2CL— + 2 ng— H,Oy,
(6)
2Cag +2CL, =2Ca++ +4CL- (7

2 Ca.t+ + 2 ng H,Oy, +4CL— + 4 ng— H,O4) =2 Cat+ « (ng,.- HO)
+ 4 Cl— * (ng— H,0)
(®)
2 Cl.— + Mg.+t+ = Mg, + Cly, 9)
and
Mgt+ o (ny,e H,O) + 2 Cl— » (ng— H,0) = Mg.++ 4+ nyee HoOy)
+2Cl— + 2ng—-H,0,
(10)
where the subscripts (¢), (g), and (I) refer to the crystalline, gas, and lig-
uid states, respectively. The conventional standard molal Gibbs free en-
ergies of formation from the elements in their stable form at 25°C and
1 bar (AG®)) of Ht * (ny. H,0), 0.5 Cat+ ¢ (ng,.+ H,0), and 0.5 Mg++ «
(g~ H,O) are equal to one half the negative sum of the molal Gibbs
free energy changes associated with reactions (5) and (6), one fourth the
sum of the molal Gibbs free energy changes for reactions (7) and (8), and
one half the negative sum of the corresponding changes for reactions (9)
and (10), respectively, minus the standard molal Gibbs free energy of for-
mation from the elements of dissociated HCI,,,, which corresponds to
one half the negative sum of the molal Gibbs free energy changes for
reactions (5) and (6).
Nevertheless, these species are commonly written as H+, Cat++, and
Mgt +. Reactions (1) and (2) are thus equivalent, as are their thermo-
dynamic properties. However, the law of mass action expressions for the
two reactions are equivalent only if ay,, = 1. This can be demonstrated
by comparing logarithmic statements of the law of mass action for reac-
tions (1) and (2), which can be written for

ACaoMg5Sig0un (OH)y — Mgy8ig010(0H)y = 1
as

log ((aca++ o (1 e 1,00)/(@11+ o (n o+ 1130))2) =

(an
0.5 (10g ((argger o (n yypee 11200) (11 o (n 130 1,0))%)
+ log K — (2nyp+ + 1mygpee — 2n1¢y+4) 10g @yp,0)
and
log (aga++/au:®) = 0.5 (log (ayg++/an:?) + log K), (12)
2It thus follows that AG°ru*e myemem = 0, and AG’; i e aoi nym =

°
AG® ¢ dissociated HO1 (qq)*
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respectively, where K represents the equilibrium constants for reactions
(1) and (2), which are identical. It can be seen by inspection that eq (12)
is a valid “shorthand” proxy for eq (11) only if ay,, = 1. In all other
cases, eq (12) is both misleading and incorrect, as are activity diagrams
generated from it or its analogs for other reactions.

Equation (11) can be written in abbreviated notation as

log ((I.C“4+/an+2) = 0.5 (log (aMg+A/(lH+2) (13)

+ log K — (Anygee — 2An¢,+) log ay,0)
where
Anypgee = Nyppes — 2040 (14)
and
ANgrs = Neges — 20+ (15)

which can be generalized for any reversible reaction among stoichio-
metric minerals and an aqueous phase to give

2 A;, log (a;/ay%) = log K, + zﬁ,,, An; log ay,q (16)
i

i

where Z; denotes the charge on the ith aqueous species other than H+
(i = 1,2,...1), a;, ay, and ay,, refer to the activities of the subscripted
(solvated) species in the aqueous phase, K, represents the equilibrium
constant for the rth reaction, #; , stands for the reaction coefficient of the
subscripted species in the reaction, which is positive for products and
negative for reactants, and

Aﬂ,i =n; — Z-i Nyg+ (17)

Note that the subscript i in eq (16) also applies to H,O (Any,o = ng,0 = 1),
which provides for the appearance in the reaction of H,O derived from
minerals.

Reliable activity diagrams can be generated with the aid of eq (16)
for systems in which ay, 5 1. If values of An; are known for all values
of i, the right side of the equation can be evaluated, and log (a;/ay.%)
can be used as descriptive variables in the diagrams. However, if this is
not the case and ay,, # 1, the descriptive variables become log (a;/
(ori am+?%s)), where )

o = A0t (18)

Regardless of whether ¢; is constant, phase relations in geologic systems
can be portrayed accurately on activity diagrams cast in terms of log
(a;/o; ap-%). However, calculation of log (a;/ay.%) from values of these
descriptive variables requires values of ag,o and An;. The activity of H,O
can usually be calculated and realistic values specified for a given dia-
gram. In contrast, reliable solvation numbers are not available for aque-
ous species at high pressures and temperatures, nor can they be computed
with confidence from experimental data so far reported in the literature.
Nevertheless, until such data become available, activity diagrams for
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systems in which ap,q is significantly less than unity can be cast in terms
of log (a;/(o-; ay+%s)), which affords an accurate and comprehensive frame-
work for description and interpretation of phase relations in geologic
systems.

The significance of the term “solvation number” has been the sub-
ject of considerable discussion in the literature (see, for example, Bockris,
1949; Journet and Vadon, 1955; Mikhailov and Drakin, 1960; Conway,
1966; Desnoyers and Jolicoeur, 1969; Friedman and Krishnan, 1978;
Hepler and Woolley, 1973; Samoilov, 1957, 1972; Ling, 1972; Prue, 1966;
Frank, 1966; Muirhead-Gould and Laidler, 1966; Kavanau, 1964; Night-
ingale, 1966; Bockris, Saluja, and Madan, 1970), which contains nearly as
many different sets of contradictory solvation numbers as there are meth-
ods of deriving them. Ion solvation is a statistical concept that refers to
the reduced orientational polarizability of H,O dipoles in the vicinity of
an ion. However, these dipoles, which may be temporarily in primary,
secondary, or higher order coordination, rapidly and continually exchange
position with other dipoles in the bulk fluid. The average number of H,O
dipoles that are affected by the presence of an ion at any given instant of
time corresponds to the solvation number for the ion. The solvation pro-
cess for an ion with a given charge and effective electrostatic radius is con-
trolled by the dielectric constant of the solvent, which in the case of H,O
decreases dramatically with increasing temperature and/or decreasing
pressure at high temperatures (Helgeson and Kirkham, 1974, 1976;
Helgeson, Kirkham, and Flowers, in press). It would therefore be reason-
able to expect g; to approach unity at high temperatures.

Decreased ion solvation at high temperatures is consistent with the
observation that the extended term parameter in the Hiickel equation
(b,) exhibits a maximum as a function of temperature. At pressures
corresponding to those along the vapor-liquid equilibrium curve for H,O
and temperatures >50° to 200°C, depending on the electrolyte, b, de-
creases dramatically with increasing temperature and becomes negative
at high temperatures (Helgeson, Kirkham, and Flowers, in press). This
behavior implies decreasing ion solvation with increasing temperature
above that corresponding to the extremum in b, as a function of tem-
perature.

Permittivity studies of electrolyte solutions at low temperatures indi-
cate that H,O dipoles in primary coordination about cations are “tightly”
bound, but those in the immediate vicinity of anions are loosely held
and easily perturbed. As temperature increases and the standard molal
Gibbs free energy of solvation becomes less negative, cations (and even
to a greater extent, anions) become less effective in retaining their “co-
ordinated” dipoles, which favors replacement of solvated dipoles about
cations by anions to form complexes such as NaCl, KCI, MgCl,, et cetera.
These species themselves may or may not occur in high concentrations
or be solvated to form inner- and/or outer-sphere complexes, but the
ions from which they form at high temperatures are almost certainly not
solvated to anywhere near the degree they are at low temperatures.
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Quartz solubility measurements in H,O-Ar and H,0-CO, mixtures
suggest that solvation numbers for aqueous silica vary between 2 and 6
at pressures and temperatures from 1 to 5 kb and 500° to 900°C (Som-
merfeld, 1967; Novgorodov, 1975; Shettel, ms). However, large uncertain-
ties attend calculation of solvation numbers from experimental solubility
measurements, and it is not clear to what extent the various solvation
numbers reported for SiO,,,, actually represent stepwise dissociation of
Si(OH), and/or H,0O-Ar and CO,-H,O association.

Ion association.—Although the logarithms of the activities of cations
are commonly used as descriptive variables in activity diagrams, this prac-
tice is not meant to imply that dissociated species necessarily predomi-
nate in aqueous electrolyte solutions. In fact, ample evidence (which has
been summarized by Helgeson, 1969; and Helgeson and Kirkham, 1976)
indicates that increasing temperature and decreasing pressure at high
temperature favors formation of complexes in hydrothermal solutions.
The activities of species such as Mg++ * (ny,.. H,O) and Cat+ ¢ (ng,.-
H,O) in these solutions are related to those of complexes like MgCl+
(Magerr Hy0), MgCl, * (nyeer, H.O), CaClt * (ng,q+ H,0), and CaCl, *
(ncact, H.O) by appropriate statements of the law of mass action for the
dissociation of the complexes. For example, reversible -dissociation of
MgCl+ * (nyger- H,O) can be written as

MgCl+ » (nygerr H;O) = Mg+ + » (3, H,O) + Cl— © (ng— H,0)
+ (Magorr — Naggrr — Ner—y H.O (19)
for which

[} —n_ )
Argt o (nypger Hp0) 0= o (noy— Hp0) G0 MU T Mg 70

=K (20)
AxgCl* @ (nygp0p+ HeO)
The activities of these various aqueous species are related to the com-
position of the solution by activity coefficients and charge and material
balance equations, which can be used together with expressions of the
form of eq (20) to relate ionic activity diagrams to fluid inclusion com-
positions at temperatures to 900°C (Helgeson, 1969, 1980; Helgeson,
Kirkham, and Flowers, in press; McKenzie and Helgeson, 1979).
Nonideality in the system CO,—H,0.—Departures from ideality in
the system CO,-H,O are depicted in figure 2, which was generated from
Flowers’ (1979) correction of Holloway’s (1977) adaptation of the modi-
fied Redlich-Kwong algorithm for calculating high pressure/temperature
fugacity coefficients of CO, and H,O in CO,~H,O mixtures. Inspection
of this figure reveals that Flowers’ (1979) equations lead to relatively
large departures from ideality in CO,-rich fluids at 400°C and 2 kb where
the calculated fugacity coefficients of CO, (xco,) in the mixture exceed
by more than a factor of 2 the fugacity coefficients of pure CO,. How-
ever, as temperature increases to ~600°C, the thermodynamic behavior
of the fluid approaches ideality. The relations shown in figure 2 were
used in the present study to calculate values of the fugacity of H,O (fy,0)
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and feo, from fluid compositions constrained by X¢o, + Xpmo = 1 at
Pﬂm,d - Ptotal

It can be deduced from figure 2 that nonideality in the system CO,~
H,O may have a dramatic effect on the intercepts of saturation limits
and stability field boundaries on activity diagrams generated for a given
pressure, temperature, and Xcoe. For example, log (a;/0; ay.%:)) for equi-
libria involving carbonates in H,O-rich fluids at 400°C may be affected
by more than 0.8 7,, (Where fg,, represents the reaction coefficient
of CO, in the rth reaEtion). Similafly, log (a;/0; ay.%)) for dehydration
equilibria involving CO,-rich fluids at 400°C may vary by as much as 0.4
fy0,- It follows that both the intercepts and slopes of univariant curves
on temperature—-Xgo, and log (a;/(a; ag-%)) diagrams may be affected
significantly by departures from ideality in the system CO,~H,O.

PHASE RELATIONS IN THE sYSTEM CaO-MgO-S$i0,-HCI-CO,-H,O

Metamorphism of siliceous dolomites has received considerable at-
tention in recent years (Weeks, 1956; Harker and Tuttle, 1956; Metz and
Winkler, 1963; Walter, 1965; Trommsdorff, 1966b, 1968, 1972; Newton,
1966; Melson, 1966; Metz, 1967, 1970; Greenwood, 1967; Metz and
Trommsdorff, 1968; Shmulovich, 1969; Gordon and Greenwood, 1970;
Gordon, 1971; Skippen, 1971, 1974; Hutcheon and Moore, 1973; Kridel-
baugh, 1973; Cermignani and Anderson, 1973; Puhan and Hoffer, 1973;
Hewitt, 1973; Kerrick, Crawford and Randazzo, 1973; Kerrick, 1974,
1977; Slaughter, Kerrick and Wall, 1974; Glassley, 1975; Morgan, 1975;
Joesten, 1976; Moore and Kerrick, 1976; Rice, 1977; Trommsdorff and
Evans, 1977; Kase and Metz, 1977), and solubility relations among cal-
cium magnesian silicates and aqueous solutions have been documented
both theoretically and experimentally (Hemley and others, 1977a and b;
Walther and Helgeson, 1977; Helgeson and others, 1978; Gunter and
Eugster, 1978; Frantz and Popp, 1979; McKenzie and Helgeson, 1979).
As a consequence, calc-silicate rocks are particularly well suited for dem-
onstrating the advantages of using activity diagrams to interpret phase
relations resulting from metasomatic processes.

[+1 ]

FLUID PRESSURE = TOTAL PRESSURE =2KB

x Hp0

COMPUTED FROM EQUATIONS GIVEN BY
| FLOWER.S (1979) | L L 00

00 02 04 a6 08 10
Xco,

Fig. 2. Fugacity coefficients of CO, (solid lines) and H,O (dashed lines) as a function
of temperature (labeled in °C) and X¢o, at 2 kb.
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Fig. 3. Compositions, abbreviations and phase relations among minerals in the
system CaO-MgO-SiO,-H.0-CO, at 2 kb. The circled letters correspond to those des-
ignating temperature-X o, coordinates in figures 10 and 11 (sce text).

The thermodynamic data and equations used to generate the dia-
grams shown below were taken from Helgeson and Kirkham (1974, 1976),
Helgeson, Kirkham, and Flowers (in press), Flowers (1979), Walther and
Helgeson (1977)2, and Helgeson and others (1978). The compositions of
the minerals considered in the present study, together with their abbre-
viations are shown in figure 3. Of the minerals in the system CaO-MgO-
$i0,-CO,-H,0, only calcite exhibits significant compositional variation
at pressures and temperatures below 5 kb and 600°C. Accordingly, all
minerals other than calcite were regarded as stoichiometric phases. Sub-
stitutional order/disorder in dolomite was taken into account with the
aid of thermodynamic equations and data summarized by Helgeson and
others (1978).

Calculation of the activity of CaCO, in magnesian calcite—The ac-
tivity of CaCO, in magnesian calcite coexisting with dolomite at high
pressures and temperatures can be computed from (Gordon and Green-
wood, 1970)

3Footnote | of table 1 in Walther and Helgeson (1977) contains a typographical
error which should be corrected. Instcad of 49.003 and 31.208 cal mole™" (°K)™, the
values shown in the footnote for the standard molal entropies of Si, and Oy, should
read 4.5 and 49.008 cal mole™" (°K)—', respectively. In addition, eq (10) in the sentence
preceding eq (25) should read eq (13), the second left parenthesis in the third term on
the right side of eq (25) should be deleted, and the units of a; and ¢, on page 1330
should be corrected to read cal mole™' bar™ and cal mole™ (°K)—, respectively. It
should also be noted that all the calculations discussed above took into account typo-
graphical errors in a number of the equations given by Helgeson and Kirkham (1974,
1976), which are corrected in footnote 1 of Helgeson and Kirkham (1976), footnotes 1
and 2 of Walther and Helgeson (1977), footnote 1 of Delany and Helgeson (1978), and
footnote 1 of Helgeson (1980).
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I ac,coy = (1 — Xcacoy)? (12238 4+ 1.8960 Xc,co,) T In Xecog
(1)
for
Xewcoy T Xiggeo, = 1and 0.82 < Xy, < 1.0.

Note that eq (21) is independent of both pressure and temperature. The
equilibrium composition of magnesian calcite coexisting with dolomite
at 2 kb can be expressed as

456.86
T — 375

which was generated in the present study by regression of the experimen-
tal data shown in figure 4. It can be shown that the composition of dolo-
mite along the solvus departs negligibly from Xy, = 0.5 at 2 kb and
temperatures below 600°C. As a consequence, the activity of CaNMg(COy),
in dolomite coexisting with calcite can be taken as unity. Evaluation of
eqs (21) and (22) together with statements of the law of mass action for
calcite coexisting with other phases in the system CaO-MgO-SiO,~HCI-
CO,-H,O0 indicates that compositional variation in calcite below 600°C
at 2 kb affects equilibrium temperatures by less than 1.5°C (mole of calcite
in the reaction) 1, which is equivalent to ~0.01 units in log (a;/(o; ay-"))
at constant temperature.

Activity diagrams at constant pressure, temperature, and Xqg,,—Ac-
tivity diagrams are depicted in figures 5 through 8 for the system CaO-
MgO-8i0,-HCI-CO,-H,O at 2 kb and a series of temperatures and val-
ues of X .. The diagrams were generated from the equations and data
cited above with provision for substitutional order/disorder in dolomite,
compositional variation in calcite, solvation of aqueous species, and non-
ideality in the system CO,-H,O. The dashed lines on the diagrams rep-
resent saturation in the fluid phase of calcite (horizontal dashed lines),
magnesite (vertical dashed lines), and dolomite (inclined dashed lines).
Allequilibria at values of 1og (ay++ [ (0age+ @y+?)) and 1og (@, s+ [ (O par @1a+?))
greater than those corresponding to the dashed lines are metastable. The
circled letters in figures 5 through 8 correlate with those shown in figure
3, where equilibrium phase relations are depicted in terms of the mole
fractions of CaO, MgO, and SiO.,.

-06 T T T T T T T T T

In (1 - Xeuco,) = + 3.3183 In (T — 375) — 24.126,  (22)

O GRAF AND GOLDSMITH (1958)

_16k B GOLDSMITH AND NEW TON(I969) |
. — COMPUTED
.y P S S S
350 450 550 650 750 850

TEMPERATURE ,°C

Fig. 4. Log Xirgcoy in magnesian calcite as a function of temperature at 2 kb along
the calcite-dolomite solvus (see text).
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The phase relations shown in figures 5 through 8 and in subsequent
figures are based in part on the assumption that additions of small con-
centrations of HCI to CO,~H,O fluids will not introduce a miscibility
gap in the system at 2 kb and temperatures =400°C. Experimental pres-
sure-temperature-composition data for the system H,0-CO,-NaCl at
high pressures and temperatures (Gehrig, Lentz, and Franck, 1979;
Franck, 1980) suggest by analogy that this assumption is probably valid
only if the fluid is dilute with respect to HCI.

It can be deduced from figures 5 through 8 that most commonly
observed mineral assemblages in quartz-deficient calc-silicate rocks
coexist with a fluid phase in which log (ayg/(Opg+ @w+?)) and log
(@gas+/(0cur+ ag+?)) range over less than a log unit at constant tempera-
ture, pressure, and X¢o,. Note that the trace of the intersection of the
calcite and dolomite saturation lines as a function of X, at constant
temperature is sub-parallel to the tremolite-talc and tremolite-diopside
stability field boundaries. Hence, at certain pressures and temperatures
where the intersection is near these boundaries, small changes in the
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Fig. 5. Logarithmic activity diagrams for the system CaO-MgO-S8iO.,~HCI-CO,~H,0
at 2 kb and 500° and 550°C for Xco, = 0.05 and 0.1. The circled letters correspond
to those designating temperature Xco, coordinates in figure 10. The dashed lines rep-

resent saturation in the fluid phase with respect to calcite (horizontal dashed lines),
magnesite (vertical dashed lines), and dolomite (inclined dashed lines).
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Fig. 6. Logarithmic activity diagrams for the system CaO-MgO-Si0,~HCI-CO,-H,0
at 2 kb and 500° and 550°C for XCO2 = 0.30 and 0.50 (see caption of fig. 5).

relative stabilities of the minerals arising from solid solution may have
a substantial effect on the range of X, over which talc, tremolite, and
diopside coexist with calcite and dolomite. Note that at both low and
high values of Xco,, 10g (ac.++/(0car+ ay+?)) for mineral assemblages con-
taining dolomite and magnesite is higher than that for phase assemblages
involving quartz, talc, and tremolite.

It can be deduced from figures 5 through 8 that if o, =~ oy
(which seems likely), ac,++ is ~4 orders of magnitude greater than ay..
in H,O-rich fluids coexisting with calcite, wollastonite, and diopside, or
calcite, quartz, and diopside at 2 kb and temperatures >500°C. Because
the dissociation constant of CaCl, is ~2 to 3 orders of magnitude greater
than that of MgCI, at high temperatures (McKenzie and Helgeson, 1979),
if the activity coefficients of CaCl, and MgCl, are close to unity and
those of Ca++ and Mg+*+ are nearly the same for a given “true” ionic
strength (Helgeson, Kirkham, and Flowers, in press), it follows that the
total concentration of calcium in these fluids may be several orders of
magnitude greater than that of magnesium. Fluid inclusion analyses
(Poty and others, 1977) as well as the compositions of geothermal brines
such as those in the Salton Sea geothermal system (Helgeson, 1968) sug-
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Fig. 7. Logarithmic activity diagrams for the system CaO-MgO-SiO,-HCI-CO,~H,O
at 2 kb and 500° and 550°C for Xc,, = 0.70 and 0.90 (see caption of fig. 5).

gest that this conclusion is also valid for fluids coexisting with other
mineral assemblages at lower temperatures.

The observations summarized above suggest that under certain cir-
cumstances the behavior of magnesium in geochemical processes is like
that of aluminum, which is nearly conserved among reactant and prod-
uct minerals during reaction of a fluid phase with its mineralogic envi-
ronment. However, it is also true that if the magnesium concentration
is small, it may change significantly during reaction, which would not
be true of species present in relatively large concentrations. Fluid inclu-
sion studies and geothermal brine analyses suggest that calcium chloride
concentrations in solutions involved in metasomatic processes are of the
order of 0.1 to 1 m. It thus appears that the chemical potential of cal-
cium chloride is essentially constant in metasomatic processes, but that
of magnesium chloride may be a sensitive function of reaction progress.*
Because the concentration of aqueous silica in fluids coexisting with cal-
cium magnesium silicates is also high compared to that of magnesium at

+This conclusion follows in part from the observation that a relatively small

change in a large concentration has an insignificant effect on the magnitude of the
concentration, which is not true of the same change in a small concentration.
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Fig. 8. Logarithmic activity diagrams for the system CaO-MgO-SiO.-HCI-CO,-H,0
at 2 kb and 450°C for Xco, = 0.05, 0.10, 0.30, and 050 (see caption of fig. 5).

high temperatures and pressures (see below), silica would be expected to
exhibit behavior similar to calcium. However, in certain cases (such as
fluids coexisting with dolomite, tremolite, and forsterite, or dolomite,
tremolite, and talc (figs. 5-8)), substantial mass transfer of magnesium as
well as silica and calcium may occur. The latter observation is consistent
with the relative mass transfer of calcium, magnesium, and silica accom-
panying formation of metasomatic veins in Alpine dolomites (Tromms-
dorff, 1966a; Bucher, ms; Frisch and Helgeson, 1978), as well as that de-
duced from experimental observations (Hemley and others, 1977a and b).
Consequently, in addition to temperature, pressure, and Xco,, log (ac,~/
(0car+ ay+?)) and log (aSiO;’,(aq)/o—SiOz(aq)) are particularly appropriate de-
scriptive variables for interpreting the consequences of equilibrium and
mass transfer in the system CaO-MgO-S5iO,-HCI-CO,-H,0. Four
diagrams cast in terms of the latter two variables are shown in fig-
ure 9, where it can be seen that a large stability field of talc separates
those of magnesite and tremolite. Note that dolomite coexists with
talc over an increasingly larger range of log (ag,+/(0ca++ @+?)) and log
(A5104qq)/ T810uqqy) S Xco, increases to 0.4, but then the range decreases
with further increase in X¢o,. In contrast, log (ac.++/0 e+ au-?)) for dolo-
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mite coexisting with tremolite first decreases and then increases with in-
creasing X¢o,, owing to truncation of the stability field boundary by
calcite saturation.

Correlation of activity and temperature-X o, diagrams.—Phase rela-
tions in the system CaO-MgO-Si0,—CO,-H,O at P,y = P4 = 2 kb are
depicted in terms of temperature and X¢o, in figures 10 and 11, which
were generated from thermodynamic data and equations summarized by
Helgeson and others (1978). Figure 11 represents an enlargement of the
hatched area of figure 10. The circled letters in both figures correspond
to those in figures 3 and 5 through 8, in which multivariant phase equi-
libria are depicted in terms of mineral compositions and the activities
of aqueous species at the various temperature-Xco, coordinates corre-
sponding to the circled letters in figures 10 and 11.

Univariant reactions limiting the stability of antigorite (Mg,Si;,Og;
(OH);,) are numbered 1 through 5 in figure 10, where it can be deduced
that antigorite is compatible with CO,-H,O fluids at 2 kb only at tem-
peratures <475°C and X o, <0.14. The configurations of curves 1 through
5 in figure 10 are identical to those of the corresponding curves generated
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Fig. 9. Logarithmic activity diagrams for the system CaO-MgO-SiO;-HCI-CO,-H.O
at 2 kb and 500°C for X.:o2 = 0.2, 04, 0.6, and 0.8. The dashed lines correspond to

saturation in the fluid phase with respect to calcite (horizontal dashed lines) and quartz
(vertical dashed lines).



metasomatic phase relations at high pressures and temperatures: 1. 591

by Trommsdorff and Evans (1977), who give 520°C and X¢o, = 0.20 for
these limits.

It has already been demonstrated (Helgeson and others, 1978) that
the phase relations shown in figures 10 and 11 are in close agreement
with the bulk of the experimental data reported by Harker and Tuttle
(1956), Greenwood (1967), Gordon and Greenwood (1970), Skippen (1971,
1975), and Slaughter, Kerrick, and Wall (1975). However, figures 10 and
11 are not compatible with certain extrapolations made in these experi-
mental studies, especially at low values of X¢g,. In general, the curves
shown in figures 10 and 11 are ~10°C higher at a given X¢o, than those
generated by Skippen (1975) and Slaughter, Kerrick, and Wall (1975)
from extrapolation of their experimental data. The discrepancies appar-
ently arise from differences in the fugacity coefficients of CO, and H,O
employed in the present study and those used by Skippen and Slaughter,
Kerrick, and Wall.
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Fig. 10. Temperature-X¢o, diagram for the system CaO-MgO-5i0;~HCI-CO,-H:O

generated from thermodynamic calculations (see text). The circled letters indicate min-
eral assemblages and positions of logarithmic activity diagrams shown in figures 3 and
5 through 8. The numbered curves represent the following reactions involving antigo-
rite (Mg.sSisOgs(OH)ga).

(1) antig — 18 forst + 4 talc + 27 H.O

(2) 40 dol + 13 antig — 20 trem + 282 forst + 383 H.O + 80 CO.

(8) 47 talc + 30 dol + 30 H.O —= 15 trem + 2 antig + 60 CO,

(4) 20 mag + antig — 34 forst + 31 H.O + 20 CO,

(5) 17 talc + 45 mag + 45 H,O —= 2 antig + 45 CO.
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It can be seen in figures 10 and 11 that 8 invariant poi

nts and a

myriad of univariant reactions occur among MgO-rich mineral assem-
blages at 2 kb and high values of X¢o,. Much of the complexity in the
phase relations in figure 11 arises from the appearance of anthophyllite
and enstatite as stable phases at high X¢o,. Note that anthophyllite is not
stable at temperatures below ~480°C, but as temperature increases above

~480°C, anthophyllite becomes stable at increasingly lower

values of

Xco,- The stability of anthophyllite in the presence of dolomite is lim-
ited to Xco, >0.71 and temperatures between 500° and 550°C. Chryso-

tile, which is apparently metastable (Helgeson and others, 197

8) and oc-

curs at 2 kb and temperatures <400°C only in H,O-rich environments,

was omitted from figure 10.
Triple points on the activity diagrams shown in figures 5

correspond to divariant assemblages on the temperature-Xcg,

through 8
diagrams

in figures 10 and 11. The relation of these various diagrams to each other
can be assessed with the aid of figure 12, where equilibrium among cal-
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Fig. 11. Enlargement of the CO.rich portion of the temperature-Xc¢o, diagram

shown in figure 10. Note that the two invariant points corresponding to the coexistence
of magnesite, anthophyllite, quartz, talc, and fluid, and magnesite, anthophyllite, quartz,

enstatite, and fluid are nearly c01nc1dent on the diagram.
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cite, tremolite, dolomite, quartz, and a fluid phase at 2 kb is depicted as
a function of temperature, Xeoy and log (ayyee /(g @n+?)). The three
surfaces labeled CBL.D, ACBEF, and AGBN correspond, respectively, to
the coexistence of tremolite, dolomite, calcite, and fluid; tremolite, cal-
cite, quartz, and fluid; and calcite, quartz, dolomite, and fluid. Note that
the intersection of these surfaces along AB, which represents the coexis-
tence of all five phases, appears as a projection along A’B’ on the front
(temperature—X¢o,) face of the block diagram. Note also that surface
AGCBEF intersects surfaces CBLD and AGBN at higher values of log
(arrge+/ (Oargr+ @yp+2)) with both increasing and decreasing Xco, from X,
= 0.5.

The phase relations illustrated in three-dimensional space in figure
12 can be depicted in terms of temperature—log (a;/(o; ay.%:)) and Xcos~
log (a;/(o; ay+%)) by taking sections of the block diagram in the planes
of MHI and JKL, respectively. Diagrams of this kind afford insight into
the sensitivity of various equilibria to relative changes in temperature,
X¢o,» and the concentrations of electrolytes in the fluid phase.

Temperature-activity diagrams—It can be seen in figure 13 that the
fluid phase coexisting with the majority of the mineral assemblages
shown in the figure at 2 kb, X, = 0.3, and temperatures between 400°
and 600°C exhibit a remarkably narrow range (3.4-4.8) of log (ay-+/
(oyig+ a+?)). Note also that under these conditions, coexisting calcite and
dolomite requires 4.23 < log (aygr+/ (Oarger aye?)) <4.48.

TEMPERATURE,C

Fig. 12. Phase relations among tremolite, dolomite, calcite, quartz, and a fluid
phase as a function of temperature, X¢o,, and log <“Mg“/(°'Mg“ ay.?) at2 kb (see text).
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The slopes of the curves shown in figures 13 and 14 are consistent
with

< T > B 2.303 Aiypges » RT2 ©3)
9 log (ayrg:+[(Orygr @u+?)) ) mxco, - AH®°,
and
< oT ) _ 2.303 Ag,+, RT? (24)
d log (aCa++/(0'Cu++ ay+?)) P.XCO, AH®°,

where Ay, and g+, refer to the reaction coefficients of Mg++ and
Cat+ in the rth reaction (which are positive for products and negative
for reactants), and AHP®, stands for the standard molal enthalpy of the
reaction. Because AHP®, is positive for most of the reactions in figures 13
and 14, the slopes of the curves representing these reactions are negative.
However, in a few cases (such as diopside, calcite, and tremolite coexist-
ing with a fluid phase), increasing temperature is accompanied by in-
creasing log (g /(0yg++ au+?)). Note in figure 14 that the presence of
calcite in calc-silicate assemblages is restricted to 6.27 <log (ac,+/(07car
ay+?)) <6.85. It should be emphasized that at 2 kb talc coexists with
quartz at lower values of ag0,,,,/sio. at 400°C than those corre-

2(aq)
sponding to the coexistence of talc and forsterite at 600°C (fig. 15).
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Fig. 15. Phase relations in the system CaO-MgO-Si0,~HCI-CO,~H.O as a function of
temperature and log (“S'Oz(uq)/"'smg(uq)) at 2 kb and Xco, = 0.3.
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Xgo,—activity diagrams.—Phase relations in the system CaO-MgO-
$i0,~HCI-CO,-H,O at 2 kb and 450°, 500°, and 550°C are shown in
figures 16 through 19 in terms of X¢o, and log (ayge+/(0yge G+?)) or log
(acur+[ (O cars an+?)). The configurations of the curves in these figures are
similar to those of corresponding curves in temperature-Xc,, diagrams
(figs. 10 and 11). The slopes of the curves in figures 16 through 19 can be
expressed as

d log (a;/(o; ag+?s)) _ 1 ( flcosr Mo
d X(‘O:z r.T 2303 ﬁi,r X(;q): XHQO
1 . d 1og Xco. N 0 1og Xi.0
— Acoy, | —at2 + Ao, —a 22
e ( COu.r ( 3 Xco, o 1,0 3 XCO;: > . > (25)

which is similar to the analogous expression derived by Greenwood (1967)
for (9T /80X co,)p- It follows from eq (25) that for reactions in which 7, ,
and iy, , have the same sign, the curves in figures 16 through 19 exhibit
extrema, but for those in which figo,.r and fy,e . are of opposite sign,
the curves are sigmoid. In both cases, departures from symmetry are
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Fig. 16. Phase relations in the system CaO-MgO-Si0,-HCI-CO,-H.O as a function
of log (ayggee/(Oypgee @gye®)) and Xeo, at 2 kb and 450°C.
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caused by differences in ¢y, , and iy, o, together with nonideal mixing
of CO, and H,0. } )

It can be deduced by comparison of figures 13 and 16 through 18
that log (ayg,+ /(0 ygr ap+?)) in fluids coexisting with a given mineral as-
semblage shown in the figures at 2 kb and 450° to 550°C exhibits a wider
range as a function of X¢o, at constant temperature than it does as a
function of temperature at constant X¢,. Note also in figure 19 that
dolomite can exist over a range of log (ac_a;/(a-(‘“” ay+?)) spanning 0.5 log
units at most values of Xg.,.

Diagrams for systems with an ubiquitous solid phase—Phase rela-
tions among a fluid phase and minerals in the system CaO-MgO-8iO,~
CO,-H,O0 in the presence of quartz are depicted in figures 20 through 22
as a function of log (ay/(0ags au+®)), 10g (ag,+ /(0 e+ @+?)), and log
ag,o at 2 kb and 450°, 500°, and 550°C. In contrast, calcite is specified
as an ubiquitous phase in figure 23, where the descriptive variables are
log (asmg(aq)/o'sm-_)(aq)) and log ay,o.

Because the presence of quartz fixes the activity of SiO,,, at con-
stant pressure and temperature, talc is stable only along saturation lines
in figures 20A, 21A, and 22A, which define upper limits of log (ayy./
(oag+ ag+?)) and log (Acys+ /(0 cas+ an+?) for the coexistence of quartz, talc,

T
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Fig. 17. Phase relations in the system CaO-MgO-SiO,~HCI-CO.~H.O as a function
ot log (aMg“/(aMg“ ay.®)) and Xco, at 2kb and 500°C.
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and a fluid phase. As a consequence, quartz, talc, and tremolite may
coexist with a fluid phase at lower values of log ap,, as temperature
increases at constant pressure. Note that the stablhty field of dolomite +
quartz decreases in size considerably with increasing temperature, but
that of diopside + quartz increases.

It can be seen in figure 23 that quartz saturation restricts severely
the range of composition of fluids coexisting with either talc or tremolite
and calcite. With increasing temperature the stability fields of diopside
=+ calcite and tremolite + calcite increase at the expense of that for talc
+ calcite. Note that in contrast to fluids coexisting with tremolite, dolo-
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Fig. 18. Phase relations in the system CaO- MgO —-Si0,~HC1-CO.-H,O as a function
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mite, quartz, and calcite, those in equilibrium with diopside, tremolite,
quartz, and calcite are H,O-rich.

CONCLUDING REMARKS

The activity diagrams presented in the foregoing pages represent
relatively few of the many combinations of descriptive variables that can
be used to describe and interpret metasomatic phase equilibria at high
pressures and temperatures. Multiple generation of these diagrams with
the aid of remote interactive numerical and graphic computer techniques
facilitates rapid and comprehensive thermodynamic analysis of complex
phase relations in multicomponent systems. As more and better data be-
come available from which to calculate dissociation constants, activity
coefficients, and values of o, the utility of activity diagrams applied to
metamorphic systems will increase. However, even in the present state of
knowledge they afford a comprehensive frame of reference for guiding
experimental studies and mapping multivariant phase relations observed
in the field on chemical potential (activity) coordinates. Because these
coordinates can be correlated with their geographic counterparts, the
approach enhances considerably detection of spatial and temporal trends
in temperature, pressure, and fluid composition. In addition, it affords a
means to discriminate quantitatively among causal and dependent vari-
ables in geochemical processes, which will be the subject of a later com-
munication in this series.
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