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ABSTRACT. Thermodynamic analysis of the system Na,O-K.O0-CaO-FeO-Fe,0,-AL Oy
$i0,~H,0-HCI-CO, at pressures and temperatures to 5 kb and 600°C affords quantita-
tive description and interpretation of phase relations among epidote, garnet, plagioclase,
and alkali feldspar solid solutions in hydrothermal systems. Comparison of computed
and observed compositions of these minerals and coexisting fluids suggests that the cal-
culations afford close approximation of equilibrium and mass transfer in metamorphic/
geothermal processes. The standard molal enthalpies of decomposition reactions for
plagioclase are of the order of —4 to —50 kcal mole—, which requires the activity of the
anorthite component of plagioclase coexisting with epidote solid solutions to increase
with increasing temperature at constant pressure. In contrast, because the standard
molal volumes of these reactions are also negative, ACaal,51,05 decreases with increasing
pressure at constant temperature. Stoichiometric clinozoisite is stable in the presence of
plagioclase and an aqucous phase over a wide range of Acas1,8150g 38 well as aCa“/aH*”
Q4 eee/ s> and Apges/ap,® in the aqueous solution. However, increasing Fe*++ substitu-
tion for Al*** to form epidote solid solutions decreases dramatically the range of co-
existing plagioclase and fluid compositions. Either stoichiometric epidote or clinozoisite
is compatible with plagioclase, quartz, calcite, and an aqueous phase, but only at
Xoo, < 0.2. The complex zoning commonly exhibited by both plagioclase and epidote
solid solutions in geologic systems can be attributed to minor isothermal/isobaric changes
in the composition of coexisting aqueous solutions. Logarithmic activity and fugacity
diagrams constructed with provision for solid solution permit documentation of such
changes and facilitate thermodynamic interpretation of mineral and fluid compositions
in metamorphic/geothermal systems.

INTRODUCTION

Analysis of the compositions of coexisting epidote and feldspar solid
solutions facilitates correlation of phase relations with temperature, pres-
sure, and the chemical potentials of the thermodynamic components of
metamorphic/geothermal systems.? For example, field and laboratory ob-
servations indicate that the anorthite content of plagioclase coexisting
with epidote solid solutions increases with increasing metamorphic grade
(Ramberg, 1943, 1944, 1949, 1952; Rosenqvist, 1952; Turner, 1948; Barth,
1952; Fyfe, T'urner, and Verhoogen, 1958; de Waard, 1959; Wenk, 1962;
Holdaway, 1965; Crawford, 1966; Wenk and Keller, 1969; Orville and
Johannes, 1972; Ghent and DeVries, 1972; Rambaldi, 1973; Hoérmann
and Raith, 1973; Morteani and Raase, 1974; H&y, 1976; Goldsmith, 1978).
Similarly, the occurrence and compositions of coexisting epidote solid
solutions and alkali feldspars in geothermal reservoirs have been shown to

* Present address, Department of Geoscicnces, University of Arizona, Tucson, Ari-
zona 85721

* The terms epidote, K-feldspar, and albite are used in the present communication
to refer to Ca,FeAlSi,0,,(OH), KAISi,O4, and NaAlSi,O; in their stable states of order/

disorder. Solid solutions of epidote—linozoisite and andradite-grossular are referred to
as epidote and grandite garnet solid solutions, respectively.
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be functions of both depth and temperature (White and Sigvaldason,
1961; Muffler and White, 1969; McDowell and McCurry, 1977; Hoagland
and Elders, 1978; Kendall, ms). Although correlations of this kind have
been largely qualitative in the past, they can now be rendered quar}tita-
tive by taking account of recent advances in theoretical geochemlstr}l.
These advances permit comprehensive calculation of the thermodynamic
properties of aqueous species, minerals, and gases at high pressures and
temperatures (Helgeson and Kirkham, 1974a and b, 1976; Helgeson,
Kirkham, and Flowers, 1981; Walther and Helgeson, 1977, 1980; Delany
and Helgeson, 1978; Helgeson and others, 1978; Bird and Helgeson, 1977,
1980; Flowers, 1979; McKenzie and Helgeson, 1979, 1980; Helgeson, 1981).
The purpose of the present communication is twofold: (1) to characterize
with the aid of such calculations various chemical and thermodynamic
constraints imposed by equilibrium among epidote, garnet, and feldspar
solid solutions in geologic systems, and (2) to assess the dependence of
compositional variation in these minerals on pressure, temperature, and
the compositions of coexisting fluids.

The compositions and compatibilities of epidote solid solutions,
plagioclase, garnet, laumontite, lawsonite, prehnite, wollastonite, and
other minerals in the systems CaO-Na,0-Fe,0;~Al,0,-Si0,-H,0-CO,
are common discriminators in classifications of metamorphic rocks (Eskola,
1920; Ramberg, 1949; Rosenqvist, 1952; Turner, 1948, 1968; Misch, 1968;
Seki, 1972; Winkler, 1974). Most such classifications are based in part on
observations of coexisting plagioclase and epidote solid solutions as a
function of pressure, temperature, and fluid composition. For example,
Ramberg (1949, 1952), Rosenqvist (1952), Kretz (1963), and Lindh (1978)
applied the phase rule in this context to assess the relative stabilities of
various mineral assemblages in the system Na,O-K,0-CaO-FeO-Fe,0,—
ALO;-8i0,-H,0-CO,. Similarly, the compatibilities and compositions of
coexisting epidote and plagioclase or alkali feldspar solid solutions are
commonly used to estimate relative temperatures and fluid compositions
in both metamorphic and geothermal processes (Ghent and DeVries, 1972;
Orville and Johannes, 1972; Frey and Orville, 1974; Héy, 1976; Kerrick,
1977; Helgeson, 1967; Browne and Ellis, 1970). The extent to which long-
and short-range order in plagioclase affects the equilibrium compositions
of coexisting aqueous fluids and epidote solid solutions has been assessed
in terms of the mixing properties of NaAlSi,O, and CaAl,Si,O,, meta-
stable order/disorder, and transient pressure/temperature conditions dur-
ing metamorphism (Christie, 1959, 1962; Rutland, 1961, 1962; Noble,
1962; Brown, 1962; Sen, 1963; Orville, 1974; Wenk and Wenk, 1977;
Wenk, 1977; and others). However, the metasomatic consequences of sub-
stitutional order/disorder and compositional variation in epidote solid
solutions have been largely overlooked.

Phase relations among aqueous solutions and minerals in the system
CaO-FeO-Fe,0,-AL,0,-Si0,~H,0-HCI-CO, at pressures and tempera-
tures to 5 kb and 600°C are described below with the aid of pressure-
temperature, temperature-composition, and logarithmic activity and fugac-
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ity diagrams which include provision for both solid solution and substitu-
tional order/disorder in minerals. The stability field boundaries in these
diagrams were generated for fluid pressure (Py,;q) equal to total pressure
{(Ptotar) using thermodynamic equations and data given by Helgeson and
others (1978), Helgeson and Kirkham (1974a), Helgeson, Kirkham, and
Flowers (1981), Walther and Helgeson (1977), Bird and Helgeson (1980),
and Flowers (1979).> Because the transition from clinozoisite to zoisite is
sluggish and has not been reversed experimentally, the latter polymorph
was not considered in the calculations. The thermodynamic data adopted
for clinozoisite were estimated by Helgeson and others (1978) from experi-
mental observations reported by Holdaway (1972) and Dexter Perkins, 111
(1977, written commun.). The thermodynamic data given by Helgeson
and others (1978) for margarite, lawsonite, and grossular are compatible
with recent calorimetric data (Perkins, Westrum, and Essene, 1980; Hasel-
ton and Westrum, 1980), but those for prehnite are not (see below).

The standard state for liquids and the intercrystalline standard state
for solids employed in the present study correspond to unit activity of
the pure component at any pressure and temperature. The intracrystalline
standard state for solids requires all activity coefficients of atoms on the
lattice sites of solid solutions to approach unity as the mole fractions of
the atoms on the sites approach those in the thermodynamic components
of the solutions. The standard state for gases is one of unit fugacity of the
hypothetical perfect gas at 1 bar and any specified temperature, and
that for aqueous species other than H,O calls for unit activity of the
species in a hypothetical 1 molal solution referenced to infinite dilution at
any pressure and temperature.

PHASE RELATIONS AMONG AQUEOUS SOLUTIONS AND STOICHIOMETRIC
MINERALS IN THE sYSTEM Ca0O-Al,0,-Si0,-H,O-HCI-CO,

Description and interpretation of phase relations in this system re-
quires simultaneous consideration of the extent to which pressure, tem-
perature, and the composition of the aqueous phase affect the composi-
tions and compatibilities of a wide variety of minerals. As a consequence,
analysis of phase relations among stoichiometric minerals in the system
affords a convenient point of departure for later consideration of the
thermodynamic consequences of compositional variation and substitu-
tional order/disorder.

The subsystem CaO-Al,0~Si0,~HCI-H,0.—Equilibrium phase re-
lations among aqueous solutions, quartz, and other stoichiometric min-

2Footnote [ of table 1 in Walther and Helgeson (1977) contains a typographical
error which should be corrected. Instead of 49.003 and 31.208 cal mole™ (°K)™?, the
values shown in the footnote for the standard molal entropies of Si., and O, should
read 4.5 and 49.003 cal mole—* (°K)™, respectively. In addition, eq (10) in the sentence
preceding eq (25) should read eq (18), 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 typographical
errors in a number of the equations given by Helgeson and Kirkham (1974a and b,
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 (1981).
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Fig. 1. Phase relations in the system CaO-ALOSiOH,0O as a function of pressure and
temperature. The solid curves represent univariant reactions in the presence of quartz and an
aqueous solution. The dashed curves correspond to phase transitions for AlSiO; and SiO, poly-
morphs. Saturation (Hs0) refers to the liquid-vapor equilibrium curve for H.,O. The solid
symbols represent invariant points, and the hatched area corresponds (o the enlargement shown
in figure 2.

erals in this system are shown as a function of pressure and temperature
in figure 1, where it can be seen that clinozoisite, quartz, and an aqueous
phase are compatible over a wide range of temperature and pressure. The
reversible dehydration of clinozoisite in the presence of quartz at high
pressures and temperatures can be expressed as?

4 Ca Al,81,0, (OH) + Si0, = Ca,AlLSi;0,, + 5 CaAlLSi,Og + 2 H,O
(clinozoisite) (quartz) (grossular) (anorthite)
(1)
However, near the critical region for H,O where grossular is not stable

3 All reactions other than those shown in the figures (see below) are written in
terms of formulas corresponding to the thermodynamic components of minerals, gases,
and/or aqueous species. Where the components in the reaction represent stoichiometric
minerals, the mineral names are shown in parentheses below the formulas of the com-
ponents. However, if a formula refers to a component of a solid solution adduced in
the text, no name is given beneath the formula. Stoichiometric minerals are represented
in reactions shown in the figures by the names of the minerals, but components of solid
solutions are designated as they are in the text.
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in the presence of clinozoisite and quartz, the latter two minerals coexist
with anorthite and prehnite, which can be described by writing

2 Ca,Al,S1;0,, (OH) + Si0, =2 CaAl,Si,O4 + Ca,Al(AlSi;O,,) (OH),
{clinozoisite) (quartz)  (anorthite) (prehnite)
@)

The univariant curve representing reaction (2) is shown in figure 2, which
is an enlargement of the hatched area in figure 1.

It can be seen in figure 1 that the low-temperature stability of clino-
zoisite and quartz in the presence of an aqueous solution at pressures
< 0.5 kb is controlled by the reaction

2 CaAl,(AL,Si,0,,) (OH), + 5 Ca,Al(AlSi,0,,) (OH),

(margarite) (prehnite)
= 6 Ca,ALSi,0,, (OH) + SiO, + 4 H,O,
(clinozoisite) (quartz)
3
which is replaced at 0.5 < P < 3.8 kb by
2 Ca,Al(AlSi;0,,) (OH), + AlLSi,O;(OH),
(prehnite) (kaolinite)
= 2 Ca,AL;S1,0,, (OH) 4+ 2 5i0, + 3 H,0.
{clinozoisite) (quartz)
&
05 T T T T T T T
__|SPREHNITE #2CLINOZOISITE -
+2GROSSULAR+3QUARTZ+4Hp0 \\_
04
m 2CLINOZOISITE+QUARTZ
X 22ANORTHITE+PREHNITE | &
'.]
s
o 03 MARGARITE+QUARTZ
0’_— g 2ANCRTHITE
a +ANDALUSITE+H0
o 2PREHNITE
é“ 2ANORTHITE
o +GROSSULAR
02 +QUARTZ
+2H20
Y 4CLINOZOISITE+QUARTZ ]
' “*—|2 GROSSUL AR+5ANORTHITE
+2H50
(o] 1 1 1 1 1
390 400 410 420 430
TEMPERATURE, °C

Fig. 2. Phase relations in the system Ca0O-AlLO,-Si0.~H.O as a function of pressure
and temperature in the presence of quartz and an aqueous solution (see caption of fig. 1).
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At high pressures (> 3.8 kb) the reaction limiting the stability of clino-
zoisite and quartz in the presence of an aqueous phase corresponds to

2 CaAl,Si,0,(OH), « H,O + Ca,Al(AlSi,0,,) (OH).
(lawsonite) (prehnite)
=2 Ca,ALSi,0,, (OH) + Si0, + 4 H,O.
(clinozoisite)y  (quariz)
®)

In contrast to the high-temperature decomposition of clinozoisite and
quartz represented by reactions (1) and (2), the low-temperature stability
of this assemblage (reactions 3, 4, and b) is essentially independent of
pressure at Pryo = Pioiar < 5 kb (fig. T).

Calcium aluminum silicates that are compatible with quartz and an
aqueous phase at temperatures below ~ 225°C (where clinozoisite is not
stable in the presence of quartz and an aqueous solution) include lawsonite
and grossular at high pressures and prehnite and laumontite at low pres-
sures. It can be seen in figure 1 that laumontite, which is stable only at
low temperatures and pressures, cannot coexist with clinozoisite in the
presence of quartz and an aqueous solution. Note that the stability field
corresponding to prehnite + kaolinite 4 quartz coexisting with an aque-
ous phase appears as an irregular wedge which truncates the laumontite
stability field at low pressures. However, it should perhaps be emphasized
in this regard that the phase relations involving prehnite in figures 1 and
2 represent provisional approximations, owing to relatively large uncer-
tainties in the thermodynamic properties of prehnite (see below).

The standard molal entropies and heat capacities of margarite and
lawsonite used to generate the phase relations shown in figures 1 and 2
(Helgeson and others, 1978) differ slightly from the recent calorimetric
data reported by Perkins, Westrum, and Essene (1980). Nevertheless, in
most instances the diflerences have a negligible effect on calculated equi-
librium temperatures for coexisting minerals in the system CaO-AL O,
Si0,-H,O. For example, the univariant curve representing equilibrium
among margarite, anorthite, corundum, and H,O in figure 88 of Helgeson
and others (1978) is affected to the extent of only a few degrees by the new
calorimetric data. In contrast, an adjustment of —300 cal mole—* in the
standard molal Gibbs free energy and enthalpy of formation from the
elements of lawsonite at 298.15°K and 1 bar is required for the curve
representing equilibrium among lawsonite, laumontite, quartz, and H,O
in figure 91C of Helgeson and others (1978) to be consistent with the
entropy and heat capacity data for lawsonite reported by Perkins, Wes-
trum, and Essene (1980). However, such an adjustment affects only slightly
(by < 10°K) the univariant curves shown in figures 92B and C of Helge-
son and others (1978) corresponding to lawsonite and quartz coexisting
with wairakite or zoisite, H,O, and andalusite, sillimanite, or kyanite,
and the curves would still satisfy the experimental reversal temperatures
shown in the figures. As a consequence, all the phase relations discussed
below are affected negligibly by the new calorimetric data for lawsonite.
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The estimated standard molal heat capacities of prehnite adopted in
the present study (Helgeson and others, 1978) are in close agreement with
the recent experimental values reported by Perkins, Westrum, and Essene
(1980). In contrast, the corresponding values of the standard molal entropy
of prehnite at 298.15°K and 1 bar differ by ~ 5 cal mole—(°K)—1. The
discrepancy arises from Clapeyron slope constraints imposed by the dis-
tribution of Liou’s (1971) experimental high pressure/temperature phase
equilibrium data for the decomposition of prehnite to zoisite, grossular,
quartz, and H,O (Helgeson and others, 1978), which is inconsistent with
the calorimetric entropy of prehnite given by Perkins, Westrum, and
Essene (1980). The latter data require decomposition of prehnite solid
solutions to quartz, H,O, and garnet and epidote solid solutions at tem-
peratures too low to be consistent with the observed compositions of these
minerals in geothermal systems. In contrast, the thermodynamic properties
of prehnite adopted by Helgeson and others (1978) afford close agreement
between predicted and observed phase relations in geothermal systems
(Bird and Helgeson, 1977). It can be shown that the same observation
holds for the thermodynamic data given by Helgeson and others (1978),
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Fig. 3. Phasc relations in the system CaO-AlLO,SiO~HCI-H,O in the presence of
quartz and an aqueous solution in which ag,0 =~ 1 as a function of temperature and log

(apg+/ ") in the aqueous phase at 1 kb. The dashed curve represents saturation of the
fluid phase with respect to wollastonite.
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Bird and Helgeson (1980), and Haselton and Westrum (1980) for epidote,
andradite, and grossular, but not for the corresponding data reported for
these minerals by Aranovich (1976) and Perchuk and Aranovich (1979).

Equilibrium phase relations among minerals in the system CaO-
Al,0,-8i0,-H,O are shown in figures 3 and 4 as a function of temperature
and ag,+/ap® in the aqueous phase at 1 and 5 kb. It can be seen in these
figures that the range in temperature and ag,.s/ag:* corresponding to
equilibrium among clinozoisite, quartz, and an aqueous solution increases
with increasing pressure. For example, at 1 kb (fig. 3) clinozoisite and
quartz coexist with an aqueous phase between 230° and 450°C at log
(agys+/an®) between 8.6 and 6.6. However, at 5 kb (fig. 4) the assemblage
is stable from 240° to > 600°C at log (ac,+/an-?) from 8.9 to 6.1. Note
that ag,s+/ag+® in an aqueous solution coexisting with clinozoisite, quartz,
and anorthite is essentially independent of temperature at low pressures
(fig. 3), but at high pressures where the standard molal enthalpy of the
reaction is positive, ag,+/ap:? increases with increasing temperature (fig.
4). The effect of compositional variation in plagioclase on these observa-
tions is considered in a later discussion.

The dependence of phase relations among calcium aluminum silicates
on the activity of SiO; (4, in the coexisting aqueous solution is shown in
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Fig. 4. Phase relations in the system CaO-AlLO,-SiO.~HCI-H,O in the presence of
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figure 5, where it can be seen that the size of the anorthite stability field
decreases dramatically relative to those of clinozoisite and margarite with
decreasing values of 85105¢qqy NOteE also in this figure that stoichiometric
wairakite cannot coexist with an aqueous solution at 1 kb and 400°C un-
less the aqueous phase is supersaturated with respect to quartz. This
observation is also true for all other pressures < Pg,o0 = Prra = 5 kb
and temperatures < 600°C (fig. 1). However, it can be shown that
compositional variation leading to wairakite solid solutions in which
ACaAlySig07s - 2 a0 < 0.93 at 1 kb and 400°C enlarges the wairakite stability
field enough to include fluid compositions compatible with quartz.

The subsystem CaO-AL,04Si0~H,0-CO,—Phase relations among
stoichiometric minerals in this system are shown in figures 6 and 7 as a
function of temperature and fluid composition at Ppug = Prore = 1 and
5 kb, respectively. The dashed curves in these figures represent ideal mix-
ing of H,O and CO,, but the solid curves were generated using equations
summarized by Flowers (1979) for nonideal mixing in the system H,O-
CO,.

It can be seen in figures 6 and 7 that clinozoisite, prehnite, grossular,
and wollastonite coexist only with H,O-rich solutions from 400° to 600°C
at I and 5 kb, but margarite and anorthite are stable over a wide range
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of X0, Comparison of the curves shown in the figures for ideal and non-
ideal mixing in the system H,0-CO, leaves little doubt that computed
equilibrium temperatures and fluid compositions for coexisting calcium-
aluminum silicates are sensitive to the mixing equations used in the cal-
culations. Similar observations have been made by Kerrick and Jacobs
(1978).
THERMODYNAMIC CONSEQUENCES OF COMPOSITIONAL VARIATION IN EPIDOTE,
PLAGIOCLASE, AND GARNET SOLID SOLUTIONS AT HIGH PRESSURES
AND TEMPERATURES
Equilibrium among epidote solid solutions, plagioclase, and an aque-

ous phase in the system CaO-Na,O-Fe,0,~-A1,0,-5i0,~HCI-H,O can be
described by writing
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from equations given by Flowers (1979), but the dotted curves correspond to ideal mixing of

these components. The numbered symbols designate positions of corresponding isobaric

invariant points for the two types of mixing approximations used to gencrate the diagram
(see text).
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2 Ca,ALSi,0,, (OH) + 2 H+ = § CaAlLSi,Oy + Cat+ 4+ 2 H,0,  (6)
and
Ca,FeAlSi;O,, (OH) + 5 H+ =
CaALSi,Oy + Cat+ 4 Fet++ 4 8i0,,,, + 3 H,O.
%
The laws of mass action for reactions (6) and (7) appear as

K= (aCaA12Si208>3 ((1(‘,;‘:_,:‘113853012(OII)>_2 (acar+/an+?) (anzo): (8)
and
K = (acanysiy0g) (Acagkeatssizogacom) ™t (Aca+/am?)
* (Apei++/ay+?) (asmg(aq)) (am.0)®

(9)
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Fig. 7. Phase relations in the system CaO-AlLOsS$i0,~H,0-CO, as a function of tem-
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respectively, where K denotes the equilibrium constants for the respective
reactions, ag,ai,si.0g represents the activity of the anorthite component of
plagioclase, and agq,weatysizo s 0m) and @caya1,8150 12 (0H) correspond to tl}e
activities of the epidote and clinozoisite components of the epidote solid
solution. The latter two activities are related to composition and tempera-
ture by equations and data given by Bird and Helgeson (1980), but thF
activity of the anorthite component of plagioclase is related to composi-
tion by

ACaAlyS8in0g — (XC:xAlgsigos) (ACQAI-‘:Si:OS) (10)

where Xoqa1,81004 a0d Acaarsizog Stand for the mole fraction and activity
coefficient of the subscripted component, respectively. The activities of
aqueous species other than H,O in egs (8) and (9) are related to concentra-
tion by

a; = myy; (11)

where m; and 9; refer to the molality and activity coefficient of the ith
aqueous species, respectively.

The coexistence of plagioclase and an aqueous phase can be repre-
sented by writing

CaAlSi, O + 2 Na+ + 4 8i0,,,, = 2 NaAlSi,O, + Ca++  (12)

for which

i — ANaAIS 308" 0.
Aygr = <ac,,.+ ((lSioz(aq)) st K1t <____~_8_ (13)

ACarlySisOg

where K stands for the equilibrium constant for reaction (12), and
Gxaalsizoq COrresponds to the activity of the albite component of plagio-
clase, which is related to composition by

ANaA18i130g = (I— Xcu‘u._,m:os) (ANB.\ISigog) . (14)

where Axaaisizoq stands for the activity coefficient of the albite component
of plagioclase.

Although high concentrations of electrolytes may occur in aqueous
solutions involved in metamorphic processes, the activity of H,O relative
to the liquid standard state is commonly close to unity (Helgeson, 1967,
1969, 1981; Helgeson and others, 1978). Accordingly, the phase relations
among minerals and aqueous solutions presented below were generated
for apyo = 1, except for systems involving CO,. Nonideal mixing approxi-
mations for H,O and CO, taken from Flowers (1979) were used in the
latter cases to compute the positions of stability field boundaries.

Experimental observations of plagioclase solid solutions at high
pressures and temperatures by Orville (1972) and Windom and Boettcher
(1976) indicate that small positive deviations from ideality occur (1.0 <
Acaatosivog S 1.8) at 700°C and 2 kb, and at 1100°C and pressures > 14 kb.
Nevertheless, the consequences of short- and long-range order/disorder
in plagioclase results in numerous compositional and structural discon-
tinuities at lower pressures and temperatures, many of which have been
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documented in metamorphic systems (Evans, 1964; Wenk, 1962; Crawford,
1966, 1972; Nissen, 1974; Wenk and others, 1975; Grove, 1976; Steck,
1976; Wenk and Wenk, 1977; Wenk, 1977; Garrison, 1978; and others).
In general, activity/composition relations such as those proposed by
Saxena and Ribbe (1972) and Kerrick and Darken (1975) fail to account
adequately for these observations. Accordingly, no attempt was made
in the present study to calculate numerical values of Xcaasi0, from
QGaAlySig0g

Phase relations among anorthite and other minerals in the system
CaO—Fe,0,~FeO-A41,0,-5:0,-H,0-CO,—Analysis of phase relations in
this system requires provision for both compositional variation and sub-
stitutional order/disorder among octahedral Fe+++ and Al+++ in gran-
dite garnet and epidote solid solutions. Activity/composition relations
and site occupancies in these minerals were computed from equations and
data given by Bird and Helgeson (1980).

The effect of compositional variation in grandite garnet and epidote
solid solutions on the composition of coexisting aqueous sclutions is de-
picted in figure 8. The isopleths corresponding to constant Xcq,reqsi3040(0H)
in figures 8A and B represent equilibrium among epidote solid solutions,
quartz, and an aqueous phase, which can be described in terms of

8 Ca,FeAl,Si,0,, (OH) + 13 H+
=2 Ca,ALSi,O,, (OH) + 8Si0, 4+ 3 Fe+++ + 2 Cat+ + 7 H,O

(quartz)
and
Ca,FeAl,Si,0,, (OH) + Al+++ = Ca,AlSi,0,, (OH) + Fe+t++,
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Fig. 8. Phase relations in the system CaO-Fe,0;-Al,04Si0~HCI-H,0 in the presence of

quartz and an aqueous solution in which ag,, =~ 1 as a function of log (acgs+/as"), log
(@pges+/ayys®), and log (a, ... /a;.% in the aqueous phase at 400°C and 1 kb. The dashed curves

represent saturation of the fluid phase with respect to wollastonite, andradite, andalusite, or
hematite, but the dot-dash curves denote compositions of epidote and grandite garnet solid

solutions.



aqueous solutions with epidote-feldspar mineral assemblages. 2. 589

In contrast, the isopleths corresponding to constant Xco,re,siz0,, 112 these
figures represent equilibrium among grandite garnet solid solutions,
quartz, and an aqueous phase, consistent with
Ca,Fe.S8i,0,, + 12H+ =8 Cat+ 4+ 2Fe+++ 4 3 SiO, + 6 H,O
(quartz)
(17)

Ca,Fe,$i,0,, + 2 Al+++ = Ca,ALSi,O,, + 2 Fe+++. (18)

and

The compositions shown in figure 8 for coexisting grandite garnet and
epidote solid sclutions correspond to those for

Ca,Fe.Si,0,, + 2 Ca,ALSi,0,, (OH) =
Ca,ALSi,0,, + 2 Ca,FeAlSi,O,, (OH) (19)

It can be seen in figure 8 that equilibrium partitioning of Fe+++
and Al+++ among grandite garnet and epidote solid solutions (reaction
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Fig. 9. Phase relations in the system CaO-Fe,0,-Al,0,~Si0O,~HCI-H,O in the pres-
ence of quartz, hematite, and an aqueous solution in which ag,o ~ 1 as a function of

temperature and log (a..,../a;.") in the aqueous phase at 1 kb. The dashed curve repre-
sents saturation of the fluid phase with respect to andradite, but the dot-dash curves
denote epidote solid solution compositions. The dotted curve corresponds to an extrap-
olation of the stability field boundary separating epidote and grandite garnet solid
solutions to Xcegregsizogpm > 0.33 (see text).
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19) leads to decreasing acy++/ay-> and increasing apew/ay+® in the aqueous
phase with increasing Fe+++ substitution for octahedral Al+++ in these
minerals. However, a,./ay® in the aqueous solution is essentially con-
stant and independent of compositional variation in coexisting garnet
and epidote solid solutions (fig. 8B). Note that the latter solid solutions
are compatible with stoichiometric prehnite, quartz, and an aqueous phase
at 1 kb and 400°C only if Xca,ressi505.0m < 0.1 and log (ape:++/au?) <
~9.1. This observation is affected only slightly by minor Fe+++ substitu-
tion for Al+++ in prehnite to form prehnite solid solutions coexisting
with either epidote or grandite garnet solid solutions (Bird and Helgeson,
1980). Under the conditions represented by figure 8, epidote solid solu-
tions may coexist with anorthite, quartz, and an aqueous phase at
X cuyFegsizogoc0m < 0.23 and log (ap,++/ay+*) < —7.4. Stoichiometric epidote
is stable in the presence of quartz and an aqueous phase at 1 kb and 400°C
over a narrow range of agg.+/ay-? ayere/ag®, and apes/ay:® equal to 6.6
t0 6.9, —2.5 to —2.2, and —7.6 to —7.4, respectively.

It can be deduced from figure 8 that equilibrium among epidote and
grandite garnet solid solutions in the presence of quartz, hematite, and
an aqueous phase at 400°C and 1 kb requires Xcoyress:1504,0m) ~ 0-35 in
the pistacite—clinozoisite solid solution. Extrapolation of the composition
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Fig. 10. Phase relations in the system CaO-Fe,0,~Al,O,-SiO,~HCI-H.O in the pres-
ence of quartz, hematite, and an aqueous solution in which Agn0 = 1 as a function of

temperature and log (a,../ay.®) in the aqueous phase at 5 kb (see caption of fig. 9).
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of the coexisting grandite garnet solid solution in hgure 15.of Bird and
Helgeson (1980) leads to Xcqyre.si50,., =~ 0.9. Hematite saturation preclud_es
higher concentrations of Ca,Fe,;Si;0,,(OH) and Ca;Fe,Si,0,, in these solid
solutions. However, at higher and lower temperatures, X GuyFey8iz010 (0H)
decreases to 0.33 (see below).

Phase relations in the system CaO-Fe,O,—ALO,-SiO,-H,O in the
presence of quartz, hematite, and an aqueous phase are shown in figures
9 and 10 for Py, = Piora; = 1 and b kb, respectively. The dot-dash curves
in the figures represent contours of constant composition for epidote
solid solutions computed from the law of mass action for

6 Ca,FeALSi,0,(OH) + 8 H+ =

4 Ca,Al;8i,0,,(OH) + 3 Fe,0, + 6 Si0, +4 Ca*t+ + 5 H,O
(hematite) (quartz)
(20)

Note that the stability fields of the grandite garnet solid solutions in the
two diagrams are vanishingly small compared to those of the epidote
solid solutions.

It can be seen in figures 9 and 10 that epidote solid solutions are
stable in the presence of quartz and an aqueous phase from ~ 100° to >
600°C at 1 and 5 kb. The dramatic effect of compositional variation in
epidote on its stability in hydrothermal systems can be assessed by com-
paring these figures with figures 3 and 4, respectively, where phase relations
are portrayed for Xgoyressi4040001) = XcaoFessigo;s = 0 at 1 and 5 kb. Note
that at both high and low temperatures, the composition of epidote solid
solutions coexisting with quartz, hematite, and an aqueous phase ap-
proaches Xco,ressi50,0c0m) = 0.33, which is consistent with conclusions
reached independently by Miyashiro and Seki (1958) and Strens (1965)
from petrologic and experimental observations. The minimum values of
X agFessizoqocom shown in figures 9 and 10 represent equilibrium among
epidote solid solutions and stoichiometric margarite, anorthite, hematite,
quartz, and an aqueous phase at 1 kb and 410°C (where X ayFessig0ys(0H)
= 0.22) and 5 kb and 525°C (where Xoa Fegsigomom = 0.18), respectively.
Note that Xcq,res5140,.c0m decreases with increasing temperature at tem-
peratures < 410°C at 1 kb and < 525°C at 5 kb for epidote solid solutions
coexisting with stoichiometric kaolinite, pyrophyllite, or margarite. In
contrast, Xcg,regsi40,,(0m i1CT€ases with increasing temperature at con-
stant pressure for epidote solid solutions coexisting with stoichiometric
anorthite.

The effect of compositional variation in epidote solid solutions on
the compositions of coexisting fluids in equilibrium with quartz and cal-
cite in the presence of anorthite, grandite garnet, or hematite can be
assessed by inspection of figure 11, where phase relations are shown as
a function of X¢o, and log (aper++/(Tper+ ap+?)) in the fluid phase. gpess in
figure 11 (and subsequent figures) provides explicitly for solvation of the
subscripted species in accord with (Walther and Helgeson, 1980)

(n; — Zing:) (20a)

0y = Qo
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where n; and Z; stand for the solvation number and charge of the ith
aqueous species. The stability field boundaries shown in figure 11 were
generated with the aid of equations and data given by Flowers (1979)
describing nonideal mixing in the system H,O0-CO,. The isopleths corre-
sponding to constant Xca,regsi50,5(0m Were generated from the law of
mass action for

6 Ca,FeALSi;O,,(OH) + 4 CO, + 18 H+
= 4 Ca,ALSi;0,,(OH) + 6 Fet++ 4 4 CaCO, 4 6 SiO, 4 10 H,O
(calcite)  (quartz)
@1)

It should perhaps be emphasized in this regard that the equilibrium phase
relations shown for coexisting epidote and grandite garnet solid solutions
in figure 11 are consistent with Bird and Helgeson’s (1980) calculation
of the relative extent to which Fe+++ and Al+++ are partitioned among
the various octahedral sites in the two minerals.
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Fig. 11. Phase relations in the system CaO-Fe,0,-AL,0,-Si0,~HCI-H,0-CO, in the
presence of quartz and calcite as a function of log (al,e+”/¢rm+++an+3) and Xc02 in the
fluid phase at 1 kb and 400°C (see text). The dashed curve represents saturation of the
fluid phase with respect to hematite, but the dotted curve corresponds to an extrapola-
tion of the stability field boundary separating epidote and grandite garnet solid solu-
tions to Xc;.,r-%sngom«)m > 0.33 (sce text). The dot-dash curves denote epidote solid
solution compositions. The symbol Tpesss ON the ordinate provides explicitly for solva-
tion of aqueous species (Walther and Helgeson, 1980) — see text.
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It can be seen in figure 11 that the coexistence of grandite garnet and
epidote solid solutions in the presence of calcite, quartz, and a fluid phase
Is restricted to H,O-rich solutions (X¢o, < 0.02 at 400°C and 1 kb). This
observation holds also for clinozoisite-rich epidote solid solutions as well
as stoichiometric epidote in the absence of grandite garnet. In contrast,
epidote solid solutions of intermediate composition are stable over a wide
range of {luid compositions. Convergence of the X cagFessiz0,5(0H) isopleths
at Xco, < 0.05 in figure 11 leads to a highly sensitive interdependence of
the compositions of coexisting epidote solid solutions and H,O-rich fluids.
This sensitivity almost certainly contributes significantly to the complex
compositional zoning commonly observed in epidote solid solutions in
geologic systems.

The dependence of the equilibrium compositions of coexisting calcium
iron aluminum silicates on the activities of Fe++ and Fe+++ in the aque-
ous phase can be expressed by taking account of

4Fet++ 4+ 2H,0=4Fet+ +0,, +4 H+ (22)
for which the law of mass action can be written as
foscy, = K (apesr+/an:®)* (apesr/am+*) =* (@11,0)* (23)

where fo, . represents the fugacity of oxygen gas (indicated by the sub-
script (g)) in the system.
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Fig. 12. Phase relations in the system CaO-FeO-Fe,0,~ALO.~SiO,~HCI-H.O in the
presence of quartz and other minerals in the subsystem CaO-FeO— —-Fe;0,-510; (indicated
by the dashed labels) as a function of log fo, and log (aq,../47.") in the aqueous phase
at 400°C, 1 kb, and ay,o = 1. With one exception (see below), the dashed curves repre-
sent phase relations in the subsystem CaO-FeO-Fe,0,-SiO, in the presence of quartz.
The stability fields for minerals in this system are superimposed on those delimited by
the solid curves. The dashed curve labeled wollastonite saturation represents saturation
of the fluid phase with respect to wollastonite. The dot-dash curves denote the com-
positions of epidote solid solutions.
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Phase relations among minerals in the system CaO-FeO-Fe,O4
Al,O,-Si0,-H,0O are depicted in figures 12 and 13 as a function of fo,
and ac,«+/ay? in the fluid phase. The diagrams shown in these figures
represent two superimposed subsystems. The dashed curves delimit sta-
bility fields for minerals in the system CaO-Fe,O,~FeO-5i0, in the pres-
ence of quartz and an aqueous solution. The latter stability fields are labeled
in the figures with dashed mineral names. The solid curves and labels
represent phase relations for minerals in the system CaO-Fe,0,-Al, O
Si0,-H,O in the presence of quartz, an aqueous phase, and either fayalite,
hedenbergite, wollastonite, andradite, magnetite, or hematite. The dearth
of reliable thermodynamic data for almandine (Fe,AlSi;0,,) precludes
calculation of phase relations involving andradite-grossular—almandine
solid solutions as well as the consequences of changes in fo, on composi-
tional variation in coexisting garnet and epidote solid solutions. Never-
theless, the maximum stability of epidote solid solutions can be approxi-
mated from the compositions of epidote and coexisting grandite garnet
solid solutions computed from equations and data given by Bird and
Helgeson (1980).

It can be seen in figures 12 and 18 that Xg.,reys150,00m) decreases
with decreasing values ol f,,. Note that stoichiometric epidote may co-
exist with quartz, magnetite, and an aqueous phase only if fo, is close to
that corresponding to the hematite-magnetite buffer and a¢,+/ap.? is near
that required for quartz—hematite—andradite equilibrium. At 500°C and
1 kb, epidote solid solutions are stable if log f,, 2 —25.3 (fig. 13). At values
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Fig. 13. Phase relations in the system CaO-FeO-Fe,0,-AL,04-SiOHCI-H,0 in the
presence of quartz and other minerals in the subsystem CaO-FeO-Fe,0,-SiO, (indicated
by the dashed labels) as a function of log fo, and log (a,../a.") in the aqueous phase

at 500°C, 1 kb and Apy0 == 1 (see caption of fig. 12).
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of fo, less than this, epidote solid solutions in the presence of quartz and
an aqueous phase are metastable relative to coexisting anorthite, heden-
bergite, garnet, and an aqueous solution,

Equilibrium temperatures for reactions among minerals in the system
Ca0-AL,0~S5i0,~H,0 as a function of ag.a,siyo, in plagioclase—Uni-
variant and divariant equilibrium among stoichiometric minerals (repre-
sented by s, where i = 1, 2, . .. {) in the system CaO-ALO,-5i0;-H,0 in
the presence of plagioclase and an aqueous phase can be expressed by
writing a general reaction of the form

a

1
E Rir Y5+ Nganigsinog r CaAlLSi, O + R0, H,0=0 (24)
i=1
where 71, and fig,0,, stand for the reaction coefficients of the ith stoichio-
metric mineral and H,O in the rth reaction, which are positive for prod-
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Fig. 14. Phase relations in the system CaO-Na,0-ALO,;Si0-~H,O at 1 kb in the pres-
ence of quartz and an aqueous solution in which ap,0 = 1 as a function of temperature

and Q0as1,81,04 in plagioclase. The numbered symbols designate isobaric invariant points,
but the lettered symbols refer to the curves labeled with the same letters in figure 20.
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ucts and negative for reactants, and fig,asi,04.- Tefers to the correspond-
ing reaction coeflicient of the anorthite component of plagioclase in the
reaction. The law of mass action for reaction (24) can be written for
ag,o = 1as

) (ficanrsivoge) = K., (25)

(aCaAI2Si208.

where K, represents the equilibrium constant for the subscripted state-
ment of reaction (24). The logarithmic partial derivatives of eq (25) with
respect to temperature at constant pressure, and pressure at constant tem-
perature can be written as

(M) = A (20)
5T P RT? fcoar,siogr
and

ALV SR\ AL @n
apP .

RT n(‘nAI:SiQOS,r

respectively, where AH®, and AV®, stand for the standard molal enthalpy
and volume change for the rth statement of reaction (24).

It follows from eq (26) that the temperature dependence of the ac-
tivity of the anorthite component of plagioclase coexisting with stoichio-
metric minerals and an aqueous phase in the system CaO-Na,O-Al,O,-
§$i0,-HCI-H,O is controlled by AH®, for the various reactions involving
plagioclase in figures 14 and 15. It can be deduced from the curves in
these figures that if fig,a.si.04 i negative for all these reactions, AH®, is
also negative, except in the case of the reaction represented by the iso-
baric univariant curve connecting invariant points 1 and 2 in figure 14.
The latter reaction can be written as

CaAlSi, O, + ALSi,O,(OH), = CaAl, (ALSi,O,,) (OH), 4 2 Si0, + H,O
(kaolinite) (margarite) (quartzy  (28)

The values of AH®, for all the other reactions written with CaAlLSi, O, on
the left range from ~ —4 to ~ —50 kcal mole—?, and AV°®, varies from
~ —5 to < —100 cm? mole—1. Hence AcuALSi0g 11 the plagioclase involved
in these reactions increases with increasing temperature at constant pres-
sure but decreases with increasing pressure at constant temperature.

The phase relations depicted in figures 14 and 15 are shown in figures
16 and 17 as a function of temperature and ag,+/ap* in the coexisting
aqueous phase. The “railroad” curves in these figures represent isopleths
of Gcaaigsiyoe in plagioclase. It can be deduced from figures 14 through 17
that clinozoisite, plagioclase, quartz and an aqueous solution are com-
patible over a wide range of temperature and acaa1,s1.0,- NOte that increas-
Ing pressure at constant ACaAlLSip0g increases the equilibrium temperature
but decreases ac,++/ay+* in the aqueous phase coexisting with plagioclase,
clinozoisite, and quartz. For example, clinozoisite, quartz, and an aqueous
solution are compatible with plagioclase in which @g.asisoq = 0.5 be-
tween 295° and 350°C, where log (aga:-/an+*) = 7.6 to 7.8 at 1 kb (figs. 14
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and 16). However, at 5 kb the assemblage is stable between 425° and
530°C at log (acy++/an) = 6.5 to 7.2 (figs. 15 and 17).

Petrologic observations of metamorphosed pelites in the central Swiss
Alps by Frey and Orville (1974) indicate that the CaAl,Si, Oy content of
plagioclase coexisting with margarite in the absence of clinozoisite is
nearly constant with increasing metamorphic grade. However, in some
rocks the transition from greenschist to amphibolite facies is accompanied
by unusually high mole fractions of CaAlSi,04 in plagioclase assoicated
with margarite, These petrologic observations are in close agreement with
the calculated phase relations shown in figures 14 and 16. For example,
equilibrium among margarite, plagioclase, and quartz in the presence of
an aqueous solution and kaolinite or pyrophyllite can be represented by
reaction (28) and

CaALSi,0, + ALSi,0,,(0OH), = CaAl,(AL,Si,0,,) (OH), + 4 SiO,

(pyrophyllite) (margarite) (quartz)
(29)
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Fig. 15. Phase relations in the system CaO-Na,0-Al,O.~$i0,~H.O at 5 kb in the pres-
ence of quartz and an aqucous solution in which ag o = 1 as a function of temperature
and Acaniy81,504 in plagioclase.
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The curves connecting invariant points 1, 2, and 3 in figure 14 repre-
sent the equilibrium constants for these reactions, which vary only
slightly as a function of temperature. As a consequence, the variation of
Acanpsizog iN plagioclase coexisting with margarite, quartz, and an aqueous
phase in the presence of kaolinite or pyrophyllite between ~ 240° and
370°C at 1 kb is restricted to values between ~ 0.2 and 0.3. However, it
can be seen in figure 14 that at higher temperatures where pyrophyllite is
not stable at 1 kb, ac.ai,si,04 increases dramatically with increasing tem-
perature in plagioclase coexisting with margarite, quartz, andalusite, and
an aqueous phase, which can be expressed as

CaAl,Si,04 + ALSIO; + H,0 = CaAL(ALSi,O,,) (OH), + SiO,
(andalusite) (margarite) (quartz)
(30)

COMPOSITIONAL CONSTRAINTS INPOSED BY COEXISTING EPIDOTE, GARNET,
AND PLAGIOCLASE SOLID SOLUTIONS IN METAMORPHIC PROCESSES

Petrologic observations of metamorphic rocks containing plagioclase
and epidote solid solutions from the Hohe Tauern area of Austria by
Hormann and Raith (1978) and Morteani and Raase (1974) indicate
that Xcaasi04 in the plagioclase is correlative with local compositional
variation in the coexisting epidote solid solutions. Their observations
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Fig. 16. Phase relations in the system CaO-Na,0-Al,0,-SiO.~HCI-H,0 at 1 kb in
the presence of quartz and an aqueous solution in which ag,o =~ 1 as a function of tem-
perature and log (a,../a.®) in the aqueous phase. The dashed curve designates satura-

tion of the aqueous phase with respect to wollastonite, but the “railroad” curves repre-
sent isopleths of the activity of the anorthite component of plagioclase.
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indicate also that Xeaansiog 18 greater in plagioclase coexisting with
clinozoisite-rich epidote solid solutions than that in plagioclase associated
with epidote-rich solid solutions in adjacent strata. These observations
can be correlated with fluid and mineral compositions by taking explicit
account of the thermodynamic behavior of epidote and plagioclase solid
solutions at high pressures and temperatures.

Phase relations among epidote and plagioclase solid solutions at
500°C and 5 kb are shown in figure 18 as a function of agy+/ap+? and
ape+r/ag-® in the coexisting aqueous solution. Isopleths corresponding to
constant activity of CaAl,Si,Oq in plagioclase are shown for ag,asioz =
0.3, 0.5, and 0.7. None is shown for unit activity of CaAl,Si,O4 because
stoichiometric anorthite is not stable in this system at 500°C and 5 kb.
Note that ag,+/ag-? In the aqueous phase coexisting with epidote and
plagioclase solid solutions decreases with increasing ape:++/ag+* at constant
Acanlysi,0g in response to increasing substitution of Fe+++ for Al+++ in
the epidote solid solution. It can be seen in figure 18 that epidote solid
solutions in which Xcg,res5i4070(0m) S 0.03 may coexist with plagioclase,
quartz, and an aqueous phase over a wide range of agy 181004 Gcor/an-% and
dper+-/ag+3. In contrast, this range is restricted severely if X cuyFeySiz0,2 (0H)
in the epidote solid solution is 2 0.27. Note also that at constant pressure,
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Fig. 17. Phase relations in the system CaO-Na,0-Al,O;-S8i0.~HCI-H,O at 5 kb in
the presence of quartz and an aqueous solution in which @y, =~ 1 as a function of tem-
perature and log (a.../ay.") in the aqueous phase (see caption of fig. 16).



600 D. K. Bird and H. C. Helgeson—Chemical interaction of

temperature, and dgge/du? Xguoressiz0,(0m) 1NCIEases, but dcaa,sisog de-
creases with increasing ape++/ag.* in the aqueous phase.

Compositional constraints imposed on the aqueous phase by the
compatibility of plagioclase and epidote solid solutions at 500°C and
5 kb are shown in figure 19, where a number of the stability fields depicted
in figure 18 are plotted as a function of agaan,sis04 and Xgu,reqsi3040(0H): It
can be seen that agasisoq in plagioclase coexisting with epidote solid
solutions decreases dramatically with increasing Fe+++ substitution for
Al+++ in the epidote solid solutions. Note that stoichiometric clinozoisite,
quartz, and an aqueous phase may coexist with plagioclase in which 0.375
< ACarlosig0g < 0.99, but stoichiometric epidote, quartz, plagioclase, and
an aqueous solution are restricted to aggar,si,0q = 0.11 to 0.13.

The relative stabilities of plagioclase, stoichiometric calcium-alumi-
num silicates, and garnet and epidote solid solutions are shown in figures
20 and 21 as a function of aceai,si.oe temperature, and pressure along a
“typical” geothermal profile with a gradient of 100°C kb~ (= 30°C
km—1). The lettered symbols in figure 20 represent the reactions and
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Fig. 18. Phase relations in the system CaO-Na,0-Fe.0,-Al,0.-8i0,~HCI-H,O in the pres-
ence of quartz and an aqueous solution in which an,e = 1 at 5 kb and 500°C as a function of
log (agy../ag.”) and log (ag,.../ayg.”) in the aqueous phase. The long-dash curves represent
saturation of the fluid phase with respect to wollastonite, andradite, or hematite, but the short-
dash curve corresponds to an extrapolation of the stability field boundary separating epidote
and grandite solid solutions to Xcllzhgsig(,jz(oﬁ, > 0.33 (see text). The dot-dash curves denote

compositional isopleths for epidote and grandite garnet solid solutions, but the “railroad”
curves designate activities of the anorthite component of plagioclase.
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Fig. 19. Activity/composition relations for coexisting epidote and plagioclase solid
solutions, quartz, and an aqueous phase in which ag,o == 1 at 500°C and 5 kb.
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Fig. 20. Phase relations in the system CaO-Na,O-Al,0,-5i0,~H.O along a geotherm
with a 100°C kb—* gradient in the presence of quartz and an aqueous solution in which
g0 =~ 1 as a function of temperature, pressure, and Qoaniysi,405 in plagioclase. The
letters designate corresponding reactions in figure 14.
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curves similarly labeled in figure 14, but the stability field boundaries in
figure 21 were generated from the laws of mass action for

4 Ca,ALSi,0,.(OH) + Fe, O, + 28i0, =
(hematite) (quartz)
2 Ca,FeAl,Si,0,,(OH) + 4 CaAl,Si,04 + H,O

(1)
and
4 Ca,Al,Si;0,,(OH) + Si0, = Ca;AlSi,0,, + 5 CaAlSi,O4 4+ 2 H,O
(quariz)
(32)

It can be seen in figures 20 and 21 that increasing pressure and tem-
perature along the geothermal profile represented by the ordinate in-
creases dramatically the range of acaaisis0, i plagioclase coexisting with
clinozoisite-bearing assemblages. In contrast, plagioclase coexisting with
epidote, quartz, and an aqueous phase (fig. 21) is constrained to a narrow
range of dc.asiog (S 0.02). Note also in figure 22 that acaansiog 10
plagioclase coexisting with epidote at 5 kb must be < 0.13, but for clino-
zoisite-bearing assemblages, acan,siyoq is constrained to be > 0.11 (fig. 20).
It follows from these observations that the temperature dependence of
the mole fraction of CaAlSi,O in plagioclase is highly sensitive to the
composition of coexisting epidote solid solutions.

Various observations by Miyashiro and Seki (1958), Holdaway (1965),
Ernst and others (1970), Ghent and DeVries (1972), Rambaldi (1973),
Hérmann and Raith (1973), Raith (1976), and others indicate a general
tendency for Xca,regsi5050(0m) in epidote solid solutions to decrease with
increasing metamorphic grade. Changes in bulk composition and the
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Fig. 21. Phase relations in the system CaO-NaO-Fe,04AlLO~SiO~H,0 along a
geotherm with a 100°C kb~ gradient in the presence of quartz and an aqueous solu-
tion in which an,o = 1 as a function of temperature, pressure, and Agartysigog M
plagioclase. T
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fugacity of oxygen appear to be partly responsible for these observations,
which are consistent with the phase relations shown in figures 9, 10,
and 22. For example, inspection of figures 9 and 10 indicates that
X uyFeySigoqoommn 1N epidote solid solutions coexisting with margarite,
anorthite, quartz, liematite, and an aqueous phase decreases from a value
of 0.22 at 1 kb and 410°C to ~ 0.18 at 5 kb and 525°C. Similarly, it can
be seen in figure 22 that Xc.,regsignqocom in epidote solid solutions de-
Creases as Acgal,si,oq iNCreases in coexisting plagioclase solid solutions
which equilibrate consecutively with kaolinite, pyrophyllite, and margar-
ite, with increasing temperature at constant pressure.
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Fig. 22. Phase relations in the system CaO-Na,0-Fe,0,-Al;0,-SiO-HCI-H,O at 5
kb in the presence of quartz, hematite, and an aqueous solution in which ag0 ~ 1 as
a function of temperature and log (an,../a;") in the aqueous phase. The dashed curve
represents saturation of the fluid phase with respect to andradite, but the dotted curve
corresponds to an extrapolation of the stability field boundary separating epidote and
grandite garnet solid solutions to Xcﬂ‘,geasi‘domom > 0.33 (see text). The “railroad”
curves denote isopleths of Acar,si,0g in plagioclase.
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The consequences of increasing X¢o. in the fluid phase on the min-
eral compositions and compatlbllmes discussed above are shown in figures
23 and 24. Isopleths of aguai,si,0s = 0.5 and 0.25 in plagioclase are shown
in figure 23, but those in figure 24 correspond to agaarsisoq = 1.0, 0.95,
0.9, 0.7, and 0.5. It can be seen in these figures that the compositions of co-
existing epidote and plagioclase solid solutions are sensitive functions of
both X¢q, and agpes++/ (T ges++ ag+?) in the fluid phase.

The symbols shown in figures 23 and 24 represent average mineral
compositions for coexisting epidote and plagioclase solid solutions re-
ported by Rambaldi (1973) and Ghent and DeVries (1972) for staurolite-
grade metamorphic rocks, which were plotted assuming acaaysizoq =~

-5-0lllIlIllllllIlIlllll]lIl
—(WOLLASTONITE SATURATION) 5KB,500°C 1
(GRANDITE GARNET)

LEMATITE SATURATION _ g == === 1
—— =

Pt
-

e
-

-
e-"
-
-
-

-
e
-
-

PLAGIOCLASE

\(OCaNZSizog 05)

LOG(OFe+++/(0’,.—e+++Oa+))

(OCGA|25i208=0'25) T
XCazFepSiz0p 07 :
(EPIDOTE SOLID SOLUTION) -
i CO3F92$I30|2 =04 :
Go7ie—XCaxFe3Siz0|o(0H) 4

/  @PRAMBALDI (1973)

-70 d U S S T S O I | -
~0 0.05 ol oI5 20 25
xC02

Fig. 23. Phase relations in the system CaO-Na,O-Fe,0,-Al,0,-Si0,-HCI-H,0-CO,
in the presence of quartz and calcite as a function of log (aFe”*/(gFe*“aHJ‘)) and Xeo,
in the fluid phase at 500°C and 5 kb. The long-dash curve represents saturation of the
fluid phase with respect to hematite, but the short-dash curve corresponds to an extrapo-
lation of the stability field boundary separating epldote and grandite garnet solid solu-
tions to Xcapregsizorom > 0.33 (see text). The “railroad” curves represent constant

activities of the anorthite component of plagioclase and the dot-dash curves denote com-
positional isopleths for epidote and grandite garnet solid solutions. The symbols repre-
sent analytical compositions of coexisting epidote and plagioclase solid solutions (see
text and caption of fig. 11).
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Xcuarpsigoge 10 all cases the symbols represent highly zoned epidote and
plagioclase solid solutions. It can be deduced from figures 23 and 24 that
minor fluctuations in fluid composition under isobaric and/or isothermal
conditions can account for the complex zoning observed in these min-
erals. For example, compositional variation amounting to = 5 mole per-
cent of either Ca,Fe,Si,0,,(OH) or CaAl,Si,O, in coexisting epidote and
plagioclase solid solutions may result from changes in Xgg,, and log (agew++/
{0per+» ag+?)) of only = 0.02 and = 0.3, respectively. )
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Fig. 24. Phase relations in the system CaO-Na,O-Fe,0;-AL0.~8i0,-H,0-HCI-CO, in
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CORRELATION OF MINERAL AND FLUID COMPOSITIONS
IN GEOTHERMAL RESERVOIRS

Exploitation of active geothermal systems permits correlation of the
compositions of hydrothermal solutions and associated mineral assem-
blages with measured pressures and temperatures. Deep drill holes in
such systems near the Circum-Pacific margin commonly encounter epidote
solid solutions coexisting with albite and K-feldspar in hydrothermally
altered Quaternary to Recent volcanic and sedimentary rocks. It can be
shown that for the most part calculated compositions of the aqueous
phase coexisting with these minerals compare favorably with published
chemical analyses of reservoir fluids in geothermal systems (see below).

Epidote, albite, K-feldspar, K-mica, and quartz—This mineral assem-
blage is common in a number of active geothermal systems near the Cir-
cum-Pacific margin, including those at Wairakei, New Zealand (Steiner,
1953, 1968), Otake, Japan (Hayashi and Yamasaki, 1976), and Pauzhetka,
USSR (Noboko, 1970, 1976). These systems occur in Quaternary to Re-
cent volcanic rocks consisting of rhyolitic, andesitic, and dacitic flows,
tuffs, and ignimbrites associated with Pacific margin tectonism. Measured
temperatures are < 300°C, and the solute of the reservoir fluids consists
primarily of NaCl and KCI with ionic strengths of ~ 0.1 or less. Carbon
dioxide is a minor component of the fluids.

Equilibrium among epidote, alkali feldspar, and mica solid solutions
in the presence of quartz and an aqueous phase can be represented by
writing
6 KAISi;O, + 3 NaAlSi;O, +4 Cat+ + 2H,0

= 2 Ca,AlLS1;,0,,(OH) + KAL,(AlSi;0,,) (OH),
+ 18 Si0, + 3 Nat++ 5 K+ (33)
(quartz)
for which the law of mass action appears as

( (aCa-_zAISSiaolz(OH))Q((IK;\IQ(A1S13010)(OH):) ) < (axa+)¥(ag+)® >=K

(aKAISi308)6(aN:zAISi303)3 (aCa++)4(aH20)2

where K stands for the equilibrium constant for reaction (33). If the ac-
tivities of NaAlSizOy, KAISi;O,, KAL(AISi;O,,)(OH),, and H,O are set
to unity in eq (34), the logarithm of the expression can be written as

log K — 2 log ACayALySi400 (01 = 108 (Axas® ag+® deqr%) (85)

which is represented by the curves and symbols in figure 25. The symbols
shown in the figure represent values of the right side of eq (35) computed
from published analyses of reservoir fluids using activity coefficients and
dissociation constants taken from Helgeson (1969), but the curves were
generated from thermodynamic equations and data given by Helgeson
and Kirkham (1974a), Helgeson, Kirkham, and Flowers (1981), Helgeson
and others (1978), and Bird and Helgeson (1980), which provide for equi-
librium order/disorder in K-feldspar, albite, and epidote solid solutions.
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The symbols for Wairakei represent composite values for wells producing
from the Waiora fault zone, but the other symbols correspond to indi-
vidual analyses.

It can be seen in figure 25 that the symbols and curves are in close
agreement with one another. Although the slight compositional variation
exhibited by micas and feldspars in geothermal systems has little effect
on this observation, metastable disorder in either albite or K-feldspar
may increase (ax,+«* ags® de,++—*) by as much as several orders of magni-
tude. It thus appears from the close correlation of the calculated and
measured temperatures and fluid compositions in figure 25 that the feld-
spars in the geothermal systems considered in the figure are almost com-
pletely ordered, and that Xc,,ressi50,0c0m < 0.28 in the coexisting epidote
solid solutions. In contrast, the authigenic K-feldspar in the Salton Sea
geothermal system is almost completely disordered (see below).
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Fig. 25. Activity-temperature diagram for an aqueous phase coexisting with albite, K-feld-
spar, muscovite, quartz, and epidote solid solutions at pressures corresponding to those along
the liquid-vapor equilibrium curve for H,O. The solid and dashed curves represent composi-
tional isopleths for epidote solid solutions generated from cquations given in the text, but the
symbols represent values of log (ay,.* ar,® an,.. ) computed from analyses of geothermal
reservoir fluids reported to be coexisting with the above assemblage — see text.
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Epidote, K-feldspar, K-mica, calcite, and quartz.—This mineral as-
semblage occurs at depths ranging from ~ 0.6 to 1.1 km in the arkosic
sands of the Colorado River delta in the Salton Sea geothermal system of
southern California (Helgeson, 1967, 1968; Keith, Muffler, and Cremer,
1968; Muffler and White, 1969; Kendall, ms; McDowell and McCurry,
1977). X-ray and petrographic analyses of drill core and cuttings taken
from this depth interval indicate that the relative abundances of calcite
and K-mica decrease, but those of epidote and K-feldspar increase with
increasing depth and temperature. The measured temperatures range
from ~ 250° to 325°C, and the aqueous phase associated with this min-
eralization contains large concentrations of NaCl, CaCl,, and KCI with a
stoichiometric ionic strength > 5.

It has been shown (McDowell and Elders, 1978; D. McDowell, 1978,
written commun.; Bird and Norton, 1979) that AR AL (A1S140,0) (OM)p =~ 0.6
in the coarse-grained authigenic K-mica solid solution recovered from
depths of ~ 0.8 to 1.0 km in the Elmore no. I well in the Salton Sea geo-
thermal system, and that the coexisting K-feldspar corresponds to sani-
dine. The epidote solid solution in the assemblage is compositionally
zoned with X, peqs150,,(0m) ranging from ~ 0.15 to 0.25 (McDowell and
McCurry, 1977). Other authigenic phases include albite, anhydrite, py-
rite, chlorite, quartz, and calcite. Representing equilibrium among these
various minerals and the aqueous solution with hydrolysis reactions makes
it possible to calculate acye/aps? axa+/Gue Axe/Gms, Qpes/Ags?, Garese/ams®,
5105(4qy AFer+/ A8+, f0,400y fSoiqy and feoug in the geothermal reservoir
fluid by simultaneous evaluation of statements of the law of mass action
for the reactions. Calculations of this kind (Bird and Norton, 1979) afford
close approximation of the Salton Sea geothermal fluid composition re-
ported by Helgeson (1967). For example, the compositional relations
summarized above for epidote and K-mica solid solutions coexisting with
sanidine, calcite, quartz, and an aqueous phase can be combined with the
law of mass action for

3 KAL(AISi;0,,) (OH), 4+ 4 CaCO, + 6 SiO,
(calcite)  (quartz)

=2 Ca,ALSi,0,(OH) + 3 KAISi,O4 + 4 CO, + 2 H,O
(sanidine)
(36)
to give (for unit activity of KAISi,O,, CaCOy, SiO,, and H,0)

log fco, = 0.25 (log K —2log ACayA148i5019(0H) F 3 log QK ALy (A18130 ) (OH)s)
= 0.25 (log K — 2 10g aca,aiys140,,0m) 1 3 log (0.6)) (87)

where K represents the equilibrium constant for reaction (36).

The curves in figure 26 were generated from eq (87) with agai,(aisiz0,0)
tomyy = 0.6 for Xeg,re,s150,0(0m = 0.0, 0.2, and 0.33, but the symbols de-
note analytical fluid and mineral compositions in the Salton Sea geo-
thermal system. The hexagons in figure 26 represent analytical composi-
tions of coexisting epidote and K-mica solid solutions in the presence of
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sanidine, calcite, and quartz, which are in close agreement with the
hatched symbol representing the value of log fcoscg in the geothermal
reservoir reported by Helgeson (1967, 1968). It can be deduced from the
curves shown in figure 26 that ac,+/ag? in the reservoir fluids decreases
with increasing temperature at depths from ~ 0.8 to 1.0 km in the Salton
Sea geothermal system.
CONCLUDING REMARKS

Although the compositions and compatibilities of coexisting minerals
in the system K,0O-Na,0O-CaO-FeO-Fe,0,-Al,0,-Si0,—-H,0-CO, are
complicated functions of pressure, temperature, and fluid composition,
they are commonly definitive with respect to the chemical conditions pre-
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Fig. 26. Phase relations in the Salton Sea geothermal system as a function of tem-
perature in the 11D no. 2 well (Helgeson, 1968). The curves represent compositional iso-
pleths for epidote solid solutions generated from equations given in the text. The
hexagons correspond to reported temperatures and compositions of epidote solid solutions
coexisting with a K-mica solid solution (“KAX2<A1Si3010)<0n>0 =~ 0.6), sanidine, calcite,
quartz, and the aqueous phase in the Salton Sea geothermal system. The hatched symbol
represents the value of log fco, reported by Helgeson (1967, 1968) for the production
zone in the 11D no. 2 well (see text and caption of fig. 11).
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vailing during metamorphic and geothermal processes in the Earth’s crust.
Analysis of the compositions of coexisting epidote and plagioclase solid
solutions permits calculation of the thermodynamic consequences of
metasomatism in metamorphic environments. Similarly, analysis of phase
relations among epidote solid solutions and alkali feldspar mineral assem-
blages affords a means of predicting the compositions of geothermal reser-
voir fluids. Calculations of this kind can also be used to predict spatial
changes in fluid composition from detailed petrographic descriptions and
mineral analyses such as those presented by Kendall (ms), McDowell and
McCurry (1977), Hoagland and Elders (1978), and others.
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