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Abstract Carbon-saturated C-O-H (GCOH) fluids
have only one compositional degree of frcedom. This
degree of freedom is specified by the variable X, that
expresses the atomic fraction of oxygen relative to
oxygen + hydrogen. The only valid constraint on the
maximum in the activity of GCOH fluid species is
related to the bulk composition of the fluid, as can be
expressed by Xo. In fluid-saturated graphitic rocks,
mineral devolatilization reactions are the dominant
factor is determining the redox state of the meta-
morphic environment. Xo is directly proportional to
the fo, of GCOH fluid, and because its value can only
be affected by fluid-rock interaction, il is an ideal
measure of the redox character and composition of
GCOH fluid. Phase diagrams as a function of X are
analogous to the P-T—X¢o, diagrams used for binary
H,0-CO, fluids; this analogy can be made rigorously
if the C—O-H fluid composition is projected through
carbon into the O—H subcomposition. After projection,
the fluid is described as a binary fluid with the compo-
nents O and H, and the compositional variable Xo.
Description of GCOH fluids in this manner facilitates
construction of phase diagram projections that de-
fine the P-T stability of mineral assemblages for all
possible fluid compositions as well as fluid-absent
conditions. In comparison to phasc diagrams with
variables based on the properties of fluid species,
P-T-Xo diagrams more clearly constraint accessi-
ble fluid compositions and fluid evolution paths. Cal-
culated P-T-X, projections are presented for the
C-O-H-FeO-TiO,-Si0O; system, a limiting model for
the stability of Fe-Ti oxides in graphitic metapelites
and phase relations in metamorphosed iron-formations.
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With regard to the latter, the stability of the assemblage
gtz + mag + gph has becn a source of controversy.
Both the calculated C-O-H-FeO-Ti0O,-Si0, system
petrogenetic grid and natural examples, suggest that
this assemblage has a large P—T stability field. Discrep-
ancies between earlier C-O-H-FeO-Si0, system
phase diagram topologies are reconciled by the
qtz + mag -+ gph = sid + fa phase field, a barometric
indicator for metamorphosed-iron formations. A more
general implication of calculated P-T—-X,, phase rela-
tion is that few inorganic mineral-fluid equilibria ap-
pear to be capable of generating hydrogen-rich,
Xo <%, GCOH fluids at crustal metamorphic condi-
tions. The utility of P-T—X,, diagrams derives from the
use of a true compositional variable to describe fluid
composition, this approach can be extended to the
treatment of carbon-undersaturated sytems, and pro-
vides a simple means of understanding metasomatic
processes of graphite precipitation.

Introduction

Phasc equilibria between minerals and C-O-H fluid
are conventionally characterized by pressure, temper-
ature and properties related to the concentration or
thermodynamic activity of fluid species (e.g., fo., .0
Or Ycg, see Table 1 for notation). A drawback of
employing these properties is that they depend both on
homogeneous equilibria within the fluid, and thus on
pressure and temperature, and on processes of mincral-
fluid interaction. For example, if the f, of two different
geologic environments is known, it is not possible to
establish which environment is more oxidizing without
first determining the effect on f;, of changing pres-
sure and temperature between the two environments
when no fluid-rock interaction occurs. Moreover,
variables based on properties of a fluid species have
little absolute significance because the possible range
of the variables cannot be defined independently of



Table 1 Frequently used symbols and phasc notations

Symbol  Meaning

o activity ol entity i, relative to a pure standard stale

fi fugacity of cntity i, relative to a 1 bar, pure, ideal gas
standard statc

G) standard state molar Gibbs energy of entity 1

G, partial molar Gibbs encrgy of entity i

i number of moles of entity i

P pressure

T lemperature

Xco, mole fraction of CO; in binary H,0-CO, fiuid

Xa atomic fraction of oxygen relative to oxygen +
hyrogen, Eq. 1

Wi mole fraction of species i in C-O-H fluid

Y; atomic fraction of component i in C-O-H fuid

Z; mole fraction of component i in C-O-H fluid

iR chemical potential of component i

Vi signed stoichiometric coefficient of entity i in a reaction
or phase
Phase

(a stoichiometric fayalite Fe,Si0,

fs stoichiomctric ferrosilite FeSiO,

gph stoichiometric graphite C

gru sloichiometric grunerite Fe,Siz0,,(OH),

hem stoichiometric hematite Fe,O4

ilm stoichiometric ilmenite FeTiO,

mag stoichiometric magnetite Fe;0,

qlz stoichiometric quartz SiO,

ru stoichiometric rutile TiO,

sid stoichiometric siderite FeCO4

usp stoichiometric ulvoespinel FcTi,O,

F, C-O-H fluid; when given, X is X (mol%)

Tlm, Ilmenite a solution belween ilm and hem; when given
x 18 mol% ilm

Mag, Magnetite a solution between mag and usp; when given

X is mol% mag

environmental conditions. The intent of this paper is to
demonstrate that these problems are circumvented if
the fluid is described by variables related to propor-
tions of its components rather than its species. The
advantage of such variables is that they are indepen-
dent of processes of internal equilibration, and thus
directly reflect mass balance constraints imposed on
fluid-rock interaction. In the specific case of carbon-
saturated systems, thermodynamic projection through
carbon permits characterization of C-O-H fluid by
a single binary compositional variable, X, a variable
used by Labotka (1991) to describe fluid speciation.
Through this transformation it becomcs apparent that
P-T-X, diagrams are exactly analogous to the
P-T—X¢q, diagrams familiar to petrologists. However,
P-T-X, diagrams have the advantage that they can be
used to portray redox equilibria in addition to simple
decarbonation and dehydration equilibria. The value
of this type of approach was recognized earlier by Burt
(1972), but Burt’s method appears to have been over-
looked by subsequent workers, possibly because Burt’s
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treatment was primarily topological. Many high grade
graphitic rocks are thought to cquilibrate in the ab-
sence of fluid (e.g., Edwards and Essenc 1988; Skippen
and Marshall 1991); for this situation, among others, it
is useful to define both fluid saturated and under-
saturated equilibria as a function of pressure and tem-
perature, i.e., by constructing P-T phase diagram pro-
jections. The interpretation and construction of such
projections is shown to be straightforward and demon-
strated for the system C- O-H-FeO-TiO,-SiO,,
a model relevant to the analysis of phase relations in
metamorphosed iron-formations and metapelites.

The fluid composition variable X,

For a compositional variable to be of greatest meaning
it must be independent of environmentally determined
parameters such as pressure and temperature. In equi-
librium carbon-saturated C—O-H (GCOH) fluids this
is not true for any variable related to the carbon-con-
tent of the (luid, because the carbon-content must vary
as a function of pressure and temperature to maintain
the equality pc = Gg,,pnie- Thus optimal compositional
variables [or GCOH fluids must be related to the
atomic proportions of hydrogen and oxygen in the
fluid. For numerical purposes it is convenient to ex-
press these proportions by the variable:

fo

Xo= .
Ng + hy

n
The significance of X is demonstrated by the isoba-
ric-isothermal C-O-H phase diagram (Fig. 1). The
possible compositions of a C-O-H fluid that co-
exists with graphite correspond to the boundary be-
tween the two-phase field in which graphite coexists
with fluid and the one-phase field for carbon-under-
saturated fluids. The boundary between these fields is

Fig. 1 Schematic isobaric-isothermal composition phase diagram
for the C~O-H system illustrating the relation between X¢ and
GCOH fluid composition
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the carbon-saturation surface. The composition of a
C—O-H fluid that coexists with graphite (ie., a GCOH
fluid) corresponds to the point on the carbon-saturation
surface intersected by a line drawn from the graphite
composition through the bulk composition of the system.

For simple dehydration reactions in the presence of
graphite, the fluid-forming reaction is essentially a reac-
tion between water and graphite; thus, the fluid must
have the same X, as water, ie., 3 (Labotka 1991).
Subsequent to its generation, the amount of carbon in
the fluid varies with pressure and temperature to main-
tain equilibrium with graphite, but in the absence of
additional fluid-rock interaction, or the introduction of
externally derived H- or O-rich fluids, X, remains
constant. Connolly and Cesare (1993) argued that such
perturbations are unlikely to be significant in dehydra-
tion dominated systems, such as metapelitic environ-
ments, and that in these systems an X, = 3 model
provides a good working hypothesis for fluid composi-
tion. The focus here is the treatment of problems where
there are grounds to reject this hypothesis.

Components vs species

In constructing a phase diagram such as Fig. 1 it is
convenient to choose C, O, and H as components; thus
fluid composition can be defined in terms of the bulk
fractions of the components ( Y;). These fractions are to
be distinguished from the concentrations of the mole-
cular species (y;) that actually comprise the fluid. In
particular, the latter vary as a function of pressure and
temperaturc in response to processes of homogeneous
fluid phase equilibration, whereas the former are inde-
pendent of these processes. The partial molar Gibbs
energy of any species is expressed as the stoichiometri-
cally weighted sum of the chemical potentials of its
components:

G =} vin;. @
j=1

where Vi is the stoichiometric cocflicient of component

j in species i. The [ugacity of the species may then be

written:

. G -G
Si= CXPI: RT } (3

Equations 2 and 3 are not based on any supposition as
to the existence of a given species; thus, through these
equations it is possible to compute the fugacity of any
arbitrarily defined species. Whether or not a species
actually exists is thermodynamically irrelevant, but in
practice fluid properties are computed as a sum of
molecular species properties. Identification of those
molecular specics present in significant quantity is
therefore the key to the accuracy of any computations.
In the present context, a species is considered signifi-

cant if its omission would change the chemical poten-
tial of any component by more than 100 J/mol. Based
on this criterion only H,, CH,, H,O, CO and CO,
were found to be present in significant amounts in
GCOH fluids, and O, was the only other important
species in C—O-H fluids more generally. The atomic
fractions of GCOH fluid components are related to
the molecular species fractions by the mass balance
constraint:

2 ViV
Y, =2 )

Vivi

Jn
0=

-

j=ti=1

from which 1t follows that the compositional variable
Xo (Eq. 1) can be expressed as:

Yo Vio + Yoo + 2¥eo, + 2o,

X = =
° Yo+ Yo 2yu, +4¥oar, +3Vum0 + Yoo + 2Vco, + 2¥o,

)

C-0-H fluid speciation as function of X,

The main concern of this paper is carbon-saturated
systems, which under certain circumstances provide
a useful model for carbon-undersaturated systems. To
understand when these situations are realized GCOH
and O-H fluid speciation (Fig. 2a) is revicwed here.

The quantitative position of the carbon-saturation
surface (Fig. 2¢), and C-O-H molecular species concen-
trations can be calculated from equations of state as
a function of X, as described in Appendix 1. From
mass balance considerations alone, however, X, =0
and 1 GCOH fluids must consist of CHH, and
CO,~CO mixtures, respectively. At intermediate X
values, GCOH fluid consists of finite, although in some
cases negligible, amounts of H,, CH,, H,0, CO and
CO,. Even if O, is not considered to be a significant
species, the f,,, or more properly o, of the fluid
may be obtained from the partial molar Gibbs energies
of other species, c.g, Ho=1%(Gco, — Gpaphice) =
3(G3, + RT Info,).

An omnipresent feature of C—O-H fluid speciation
at P-T conditions characteristic of metamorphic envi-
ronments is that H,O is the dominant species at Xo = %
(Fig. 2a). Except in the vicinity of the X, = % composi-
tion, GCOH fluids are nearly binary CH,—H,0O and
H,0-CO, mixtures; thus taking the binary fluids as
limiting models (e.g., yco, = 1 — V.o for Xp > 3), the
fractions of CH, and CO, are expressed from Eq. 5 as:

1-3X, X <1 ©
Ye, = X+ 1 » 0<3
) 3X, — 1 X >1 @
Yoo M xov1 073



Fig. 2a—¢ Calculated O-H
(dashed curves) and GCOH
(solid curves) fluid spcciation
{a) and fo, (b) as a function of
Xo at 600° C and 1 kbar.
Vertical dotted line marks
Xo = % composition,
horizontal dashed lines in
b locate conditions for
fo., buffers. ¢ Variation of
—log fo, in C-O-H fluid at
unit intervals from — log fo,
=230 —logfo, =21
(solid contoursy and at 0.2 log
unit intervals about the
Xo = % composition (dashed
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1
I
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mag + hem

Increasing pressure and decreasing temperature shifts
the composition of X5 =% GCOH fluid toward the
H,0-CO, and H,O-CH, joins (e.g., Ohmoto and
Kerrick 1977; Connolly and Cesare 1993), improving
the accuracy of these approximations. Similar relation-
ships can be written, that hold with greater rigor, for
the speciation of O-H fluid on cither side of the X, = %
composition.

The species abundances shown in Fig, 2a reflect the
fundamental thermodynamic constraint that the acti-
vity of a species must be a maximum when the fluid and
the species have the same composition (Appendix 2).
This constraint implies that in a compositional section
taken such that the chemical potential of one compo-
nent remains constant (as on the carbon-saturation
surface), the activity of a species must reach a maximum
when the proportions of the unconstrained compo-
nents in the fluid and species are identical. Thus
C—O-H fluid compositions at which ay,, and a¢, are
maximized correspond to the H,O-C and CO,-H,
joins, respectively (Fig. 2¢). Coincidence of maxima in
activity and concentration for a multicomponent spe-
cies is not thermodynamically requircd in a nonideal
fluid, as it is for a one-component species, but can
often be assumed as a good approximation, parti-
cularly for H,O. Therefore, the common statement

that metamorphic dehydration reactions buffer fluid
composition toward the maximum water-content pos-
sible for the fluid is not strictly correct, but it is valid
for most practical purposes (Connolly and Cesare
1993).

Although thermodynamic constraints rcquire that
the f,, of C-O-H fluids increase with X, along both
the O-H join and the carbon-saturation surface, the
Xofo, relationships in these systems are very different
(Fig. 2b). In the O-H system, X, = § fluid is effectivcly
pure walter, and f,, 1s poorly defined between the highly
reduced and oxidized values characteristic of the
H,-H,0 and H,0-0, binaries. Indeed the variation
in f,, across the X, =4 composition of O-H fluids,
which is accentuated with decreasing tcmperature or
increasing pressure, easily encompasses the range of
Jo, characteristic of crustal environments. Thus where
an O-H fluid model is appropriate, variation in X, is
unlikely to be significant; this is bornc¢ out by phase
equilibria in highly reduced alloy-bearing serpentinites
that indicate X, = 0.332-0.3332 (Peretti and Connolly
in prep). In contrast to O-H fluid, abundances of
secondary species in GCOH fluid are sufficient to en-
sure smooth variation in f, over the entirc range of X,,.
Inasmuch as H,O is the dominant constituent of geo-
logic fluids, the X, =3 composition can be taken as
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a neutral point for characterizing the redox state of
mineral-fluid equilibria. GCOH fluids are unlikely to
be generated' on the reduced side of the X, = 4 com-
position because mineral devolatilization liberates
water, CO, and O,. The minor variation of f,, in
GCOH fluid at X, > 3 accounts for the monotony of
opaque mineralogy in graphitic rocks (Whalen and
Chappell 1988; Frost 1990). Ideally the X, =3 com-
position should coincide with conditions of constant
fo, in the C-O—H composition space; as seen in Fig. 2c,
this situation is nearly realized. In detail, at X, = 3,
O-H fluid is considerably more oxidized than GCOH
fluid, with the result that there is an abrupt increase in
the f, of Xo =% C—O-H fluid at very low Y (Fig. 3b),
although the variation is otherwisc negligible.

Because the O—H join represents both the reduced
and oxidized extremes of C-O-H fluids, GCOH fluids
are the most oxidized and reduced fluids possible at
Xo > 4 and X, < 4, respectively (Figs. 2b, 2¢, 3b). This
implies that the process of graphite precipitation is one
of oxidation in X, < % fluids (Frost 1979a), and that the
maximum fqq, of Xq <% fluids occurs at the carbon-
saturation surface. At X, > % species other than H,O,
CO,, and CO become negligible in GCOH fluids. The
composition of fluids composed dominantly of those
species must lie in the triangular region of C-O-H
composition space bounds by the H,O, CO,, and CO
(Fig. 1). Thus as fluid composition shifts away from
the carbon-saturation surface toward the H,0-CO,
join, the abundance of O, must increase such that
Vo, X co, = 2 Vo, at the H,O-CO, join? (Fig. 3a). The
increase in yq, leads to anomalously high values of
fo, at the H,O-CO, join (Fig. 3b), natural X >3
C-0O-H fluids must therefore be restricted to the nar-
row field between the carbon-saturation surface and
the H,O-CO, join. When the CH,—H, O join lies with-
in the fluid composition space it plays a similar role in
that it defines a transition from reduced to very reduced
fluids (Fig. 3b). This transition is less pronounced be-
cause H, is a significant, though minor, species along
the carbon-saturation surface at X, < 1 (Fig. 3a).

Principles of P-T-X, phase diagram projection

As iscbaric-isothermal GCOH fluid speciation is de-
fined solely as a function of X, it can be anticipated
that methods of interpretation and calculation
P-T -X, diagrams are similar to those employed for

! The term generated is used here (o imply the generation of fluid
from a fluid-absent initial condition, this excludes processes by
which pre-existing fluids are modified through fluid-rock interaction.

2 For the composition of C O fluid to be that of CO;, yco must be
2¥o,. To the extent that the abundances of CH, and H; are negli-
gible, it follows that the minimum yo, must be linearly proportional
10 Xco, as composition shifts away from the C-O join.

systems with a binary fluid. There is, however, an
important distinction in that X, relates the properties
of three chemical components and this introduces com-
plexities. Consider the siderite-magnetite equilibrium:

3FeCO, (sid) + 1O, (fluid) = Fe;0, (mag) + 3CO, (fluid). (8)

Prediction of the geomectry of this equilibrium in
P-T-X, space is not obvious because both f,, and
feo, increcase with X This difficulty arises be-
cause although GCOH fluids are characterized by
a single compositional parameter, and are therclore
truly two-component solutions in a thermodynamic
sense (Connolly 1990), oxide equilibria are conven-
tionally written in terms of species, which may not be
independently variable. From equilibrium Eq. 8 this
becomes apparent from the equilibria:

3C (gph) + 30, (Quid) = 3CO, (fluid)

O, (fluid) = 20 (fluid),

which can be combined with Eq. 8 to obtain:
3FeCOj; (sid) = Fe;0, (mag) + 3C (gph) + 50O (fluid),

from which it is evident that increasing X, which must
increase [, but cannot affect i, favors reduction of
magnetite to produce siderite. Any equilibrium written
with complex C—O—H fluid species can be rewritten by
such manipulations in terms of the one-component
species H and O, and graphite. As pi¢ is independent of
Xg, and py and pg are monotonic functions of X,
P-T-X, phase diagram projections are analogous to
the well known P-T-X.o, diagrams.

The analogy between P-T—X, and P-T—X,, dia-
grams is made more clegantly by noting that if a systcm
is in equilibrium with graphite at all conditions of
interest, then the phase relations of the system can be
described with no loss of information in a carbon-free
subcomposition. In petrologic jargon, this reduction in
the dimensionality of the composition space is said to
be accomplished by “projection” through carbon. The
thermodynamic equivalent of this projection is the Leg-
endre tranformation of the Gibbs energy for the system
and its constituent phases:
Q=G — ncle, (15}
where pic = Gjupnie and the free energy function Q is
minimized for an isobaric-isothermal equilibrium.

There are no simple geologic systems that simulta-
neously involve redox, dehydration, and decarbonation
equilibria, so for purposes of demonstration consider
a hypothetical four component system M—C-O-H in
which up to six phases may be stable: fluid, graphite,
and four compounds A (M(OH),), B (M(OH)s),
C (M,0;), and D (MCOj3, or, in the carbon-free sub-
composition, MO3). In the GCOH fluid-saturated por-
tion of this system, at specified pressure or temperature,
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the possible univariant equilibria are the six permuta-
tions of the four compounds taken two at a time. These
permutations, labeled by the identities of the com-
pounds not present in the equilibrium, are listed in
Table 2. The associated reaction equations can be writ-
ten in any number of ways in terms of C—O-H volatile
specics, as done in the sccond column of Table 2 using
the species H,O, CO,, and O,. Alternatively, if reac-
tions are written with the fluid components H and O,
after projection through carbon, there are only two
types of reactions possible (Table 2, third column):
Type [ reactions in which the reaction coefficients (vy,
vg) of the volatile components have the same sign, or
one coefficient is zero, (A, B) (B, C), (B, D), (A, O),
(C, D)); and Type II reactions in which the reaction
coefficients of the volatile components have opposite
signs ((A, D)).

It can be demonstrated by analogy with the arith-
metic arguments put forward for the construction of
T-Xco, and P—Xq, diagrams (e.g., Greenwood 1962)3,
that the T-X, or P—X,, phase field corresponding to
a type I reaction must have an extremum at X, = v/
(Vo + vi), whereas the loci of the equilibrium of a type
II reaction must approach the limiting fluid composi-
tions asymptotically with no intervening extremum.
The chemographic distinction between type I and II
reactions is seen in Fig. 4 to be that the compositions of
the condensed phases of a type I reaction must lie along
a line, or a plane in more complex systems, that inter-
sects a possible composition of the fluid (e.g., the reac-
tions corresponding to ((A, B), (A, C), (B, ©), (B, D),
(C, D)). It follows that if a system is initially composed
of only the fluid-absent assemblage of a typc I reaction,
then this assemblage may devolatilize to produce
a fluid, and that this {luid can have only one composi-
tion, Le, Xg = v {vyg + Vo). Such reactions are also
known as singular reactions, because they are a degen-
erate form of more general fluid-producing reactions.
The composition of the fluid produced by a singular
reaction is a singular composition. The geometry of

Fig. 3a—c Calculated C—~O-H fluid speciation (a), fo, {b), and ac (¢)
as a function of Ye at Xo = % (solid curves) Xo =2 (short dashed
curves), and Xo = + (long dashed curves) at 600°C and | kbar. The
latter two compositions are those at which GCOH fluid has
Xen, =% and Xco, ~ %, respectively, from Eqs. 6 and 7. Vertical
dotted lines locate positions of carbon-saturation surface, H,0-CO,
join al X¢ = £, and CH4,~H,0 join at X¢ = 4. Horizontal dashed
lines in b locate conditions for f5, buffer assemblages

* Greenwood’s arithmetic arguments regarding extrema of type
T cquilibria can be made more simply and generally by noting that if
it were possible to have an extremum at any composition other than
Xo = Vvo/(va + Vo), then equilibrium would not be possible at fluid
compositions between the extrcmum and the composition
Xo = Vo/(va + vo) because reaction progress would drive fluid
composition away from the equilibrium composition. A third, alter-
native, argument on the location of P-T~X, extrema is given in
Appendix 2.
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Table 2 Possible T-X,

univariant equilibria and Equilibrium Reaction Projected Reaction Extremum
reactions in the GCOH fluid- Point
saturated system M—-C-O- H. N
Reaction coefficients of products (G D) M(OH); + 492 , M(OH); = MO; + 3H fi, Xo=0
and reactants are considered to =MCO; + H H,0
have opposite signs. Bquilibria (A B) 2M(OH), + 0O, 2M(OH), = M,0; [, Xo=1
are identified by the phases = M,0; + 2H,0 +4H + O
possible in the system, but (8, C) 2M(OH); = M,0, 2M(OH); = M0, fy Xo =1
absent from the equilibrium. +3H,0 +6H +30 s
Phase chemography is shown in (B, D) M(PH)S = l\l/l (OH), M(OH)E = M(OH), fy, Xo=1
Fig. 4, phasc notation: +2H,0 +lz O, +H+30
A (M(OH)3), B (MCO; or (A, 0 2MCO; + 310, 2MO; = M,0, + 30 fs5, X =1
MO;), C (M(OH),), and = M,0; +2CO, )
D (M,0,) (A, D) M(OH), + CO, M(OH), + O None
= MCO, + H,0O =MO; +2H
A= M(OH); ‘
B = MO or MCUO4 = [AC
O G o, 52 ups0r
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Fig. 4 Chemographic relations in the hypothetical M—C-O-H sys- [ Op. 2 :
tem in the M-O-H subcomposition after projection through car- (,’J[C V\f\f}/ “UBF -~
bon. The fluid composition intersected by the dashed line connecting ’ i “\\O‘e‘ /\O\'\\'ﬁ
any pair of compounds is that produced by decomposition of the RN R W %
more volatile-rich compound, ie., the Xo coordinate of the ex- i,’ y D 4\ @
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- ’/ VA -MOH);= MOs Hy  *.
[ i . \ '
O D T N P
phase fields of type I reactions is constrained further f L 4 A f5

given that the fluid-present assemblage of the reaction
tends to have greater entropy and volume than its
fluid-absent equivalent. Thus, the fluid-present assem-
blage is generally stable on the high-temperature and
low-pressure side of type I phase fields, although excep-
tions to the latter generality are not uncommon. In
contrast to type I reactions, the compositions of the
condensed phases of type II reactions define a line, or
plane, that does not span any possible fluid composi-
tion (e.g., (A, D), Table 2 and Fig. 4). Consequently,
type II reactions can only occur in the presence of
a fluid, but they cannot generate a fluid.

Given the constraints discussed in the foregoing
paragraph, the isobaric T — X, diagram for the hypo-
thetical graphite- and fluid-saturated M—C-O-H system
shown in Fig. 5 was constructed by assuming stability
of invariant fields [A] and [D]. The utility of such
a diagram is that it indicates the likely influence of

Xo

Fig. 5 Isobaric T7-X, phase diagram section for the carbon-
saturated M—C O-H system. Invariant and singular points are
identified by the phases possible in the system, but absent from the
equilibrium, in square bracketrs. Stablc, singly metastable, and
doubly metastable univariant fields are shown by solid, dashed, and
dotted curves, respectively

devolatilization equilibria on the fluid evolution of
graphitic rocks. A simple dehydration equilibrium such
as (B, C) must have a T — X, maximum X, =3;
thus such reactions must buffer fluid composition to-
ward this composition during prograde metamorphism
{cf. Ohmoto and Kerrick 1977; Connolly and Cesare
1993); whereas decarbonation or dcoxygenation equi-
libria such as (A, C) buffers fluid composition toward
X, = 1. Simple mineral devolatilization reactions cannot



generate fluids with Xy < §; however complex de-
volatilization reactions in which hydroxylated minerals
decompose to carbonates or relatively oxidized min-
erals (e.g., (B, C) and (C, D)) arc potential mechanisms
for generating reduced fluids.

Once phase relations have been projected through
the carbon component there is nothing to distinguish
carbon-saturated from carbon-free systems. The fore-
going discussion therefore applies identically to car-
bon-free systems as a function of X; however, as noted
earlier, variation in Xq of natural O-H fluids is unlikely
to be significant. Thus devolatilization in the O-H
system is better treated by conventional methods as
a function of pg, O py, assuming ay,o = 1, except in
anomalously reduced systems.

Mineral-GCOH fluid equilibria as a limiting model

The phase diagram projections employed here are
strictly valid only for carbon-saturated systems; how-
ever, the absence or presence of graphite has little effect
on cquilibria that involve no simultaneous redox pro-
cesses. This is true of both decarbonation and dehydra-
tion equilibria at X, > 3 because C-O-H fluid consists
predominantly of only H,O and CO, over the entire
range of f,, characteristic of igneous and metamorphic
environments. GCOH fluids are the most reduced
C-O-H fluids possible at X, > §; thus although the
loci of decarbonation and dehydration cquilibria are
not significantly affected by reduced carbon activity,
the equilibria may become metastable as the stability
fields of oxidized minerals (e.g., magnetite, hematite,
epidote) expand. In contrast to the relative insensitivity
to the carbon-saturation constraint of dehydration and
decarbonation equilibria at X, > %, carbonate stability
is strongly dependent on this constraint at X, < 4. This
dependence arises because at X, <% the dominant
carbon-bearing fluid species is CH,, and consequently
decarbonation also entails the reduction of carbonate.
Stability of carbonates and oxidized phases therefore
decreases rapidly as fluid composition shifts away from
the carbon-saturation surface in reduced fluids.

P-T phase diagram projection and fluid-generating
reactions

As already discussed, fluid can be generated by any
singular devolatilization reaction. If the devolatili-
zation is an equilibrium process then it must occur
at conditions corresponding to the extremum of
a univariant field in T—X, or P-X, projection, i.e., at
an extremum point. Thompson (1983) has shown that
invariant fields in T-X ¢, and by analogy in T-X, or
P — X, projections may represent fluid-generating
equilibria. However, because fluid-generating reactions
have variable stoichiometry and are not easily deduced
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Fig. 6 P-T projection for the carbon-saturated M C-O-H system,
i.e.,, a projection of phase relations in the M—O-H subcomposition
(Fig. 4) onto the P-T coordinate frame. Univariant fields are labeled
by the associated reaction equation, with the high T assemblage to
the right; other notation as in Fig. 5. The projection was constructed
to be consistent with the T—X, section of Fig. 5 assuming fluid
composition f; (Fig. 4) at the invariant point. Arrows indicate lower
and upper temperatures of the T-X section (Fig. 5). Inset shows
stability ficld of B + C, with and without fluid

from such projections, it is more straightforward to
establish the reactions directly in a P -T phase diagram
projection. The construction of P-T projections for
systems containing a binary tluid has been detailed
elsewhere (Connolly and Trommsdorff 1991) and can
be done quantitatively by computer from thermodyn-
amic data (Connolly 1990) or qualitatively from phase
diagram principles (Abart et al. 1992). Figure 6 shows
a possible P--T projection for the M-C-O-H system
(Fig. 4); the projection has been constructed so that the
T—X, diagram of Fig. 5 corresponds to the isobaric
section indicated by arrows. Two types of univariant
fields can be distinguished in Fig. 6: degenerate fields
(A, B), (A, C), (B, C), (B, D) and (C, D); and non-
degenerate ficids (A), (B), (C), (D) and (F). With the
exception of (F), these fields are the P-T loci of extrema
and invariant points that appear in the T-X,, section
(Fig. 5). The fifth non-degenerate univariant field of the
P T projection, (F), limits the stabilities of the fluid-
absent assemblages in the system, and cannot appear in
a fluid-saturated projection. Singular and non-degener-
ate fields of Fig. 6 coincide at points that are designated
singular points; on either side of such points the reaction
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coefficient of one phase in the reaction of the non-
degencrate field changes sign, e.g., across the
[B, D] singular point the reaction equation of (D)
changes from A =B+ C+ Fto A+ B=C+ F with
decreasing pressure.

An asset of the P-T projection is that it defines the
stability of the relevant phases not only for all possible
fluid compositions, but also for fluid-absent conditions.
As an example of this the inset of Fig. 6 shows the
stability field of the assemblage B 4+ C to be bound by
univariant fields (F) and (A), and that of B+ C + F to
be bound by (D) and (A). Considering the M—-C-O-H
chemographic relations (Fig. 4), it can be deduced that
on cither side of (D) there are two possible assemblages
that include B+ C. These are A+B+C or
B+C+D,andB+C+DorB+C+Fatlowand
high temperature, respectively.

The construction of the P--T projection shown in
Fig. 6 brings to light two errors in earlier discussions of
projections for mixed-volatile tluids that merit men-
tion. Abart et al. (1992) stated that any singular equilib-
rium for which fluid composition is extremal, ie.,
X, =0 or 1, cannot become metastable in a (¢ + 2)-
phase system. This statement supposes that the com-
positions of the phases of the singular equilibrium lie at
a boundary of the possible composition space for the
system; however, as demonstrated by equilibrium
(C, D), it is possible that the phase compositions in
such an equilibrium span the composition space of the
system. In this case the equilibrium can have any per-
mitted level of stability. Connolly and Trommsdorft
(1991) showed a topology where non-degenerate
univariant fields terminate at singular points at which
fluid composition is extremal. Although this is a valid
topological device, and does not violate any funda-
mental thermodynamic principle, it implies a phenom-
enological extreme that is unlikely to be realized;
specifically here, the possibility that a hydrogen-bear-
ing compound coexists with a hydrogen-free fluid. Thus
in real phase diagram projections such singular points
do not occur, and the conjugate univariant fields must
approach the relevant singular field asymptotically,
e.g., as (A) and (C) approach (A, C), and (C) and (D)
approach (C, D).

Fluid-absent T—X,, invariant reactions

As a result of compositional degeneracies it is not
uncommon that the equilibrium of a “fluid-absent”
reaction, i.e., a reaction in which the reaction coefficient
of the fuid is zero, appears in T—X, projection. It
is important to recognize such an equilibrium, in par-
ticular if it projects as a T-X, invariant point, to
avoid making incorrect inferences as to possible fluid
compositions that can be generated by mineral de-
volatilization. To illustrate this, consider the carbon-
saturated, M—C—O-H system comprised of fluid, and

Fig. 7a,b Phase relations for a carbon-saturated M—C-O-H system
in which the only compounds other than graphite are E (M(OH),),
G (M,0(0H),) and K (MO). a P-T projection, the univariant
dehydration equilibria correspond to singular reactions that gener-
ate an X = 3 fluid (f), dotted line locates isobaric T—X, section (b).
Inb, G =F + K is stable at the T-X, invariant points, but meta-
stable at all other fluid compositions

the compounds E (M(OH),), G (M,0(OH),), and
K (MO). As the compounds differ only in degree of
hydration, the only possible univariant devolatilization
reactions correspond to the X, =  singular equilibria
E =G, E=XK, and G = K. Given the orientation of
the univariant fluid-absent phase field G =E + K
shown in the P-T projection of Fig. 7a, the topology of
the singular curves can be determined by
Schreinemakers principles. If an isobaric T—X,, section
is constructed at any pressure below that of the invari-
ant point of the P-T projection, the univariant T-X,
phase fields G = K and E = G must intersect at two
invariant points representing the fluid-absent equilib-
rium G = E + K. In this context fluid-absent is per-
haps a misnomer, in that although the reaction does
not involve fluid, it is stable in the presence of a fluid
with compositions corresponding to the X, coordi-
nates of the invariant points. Thus, the impression that
devolatilization of the assemblage E + K at the T-X,
invariant points is capable of generating highly reduced
or oxidized fluids is false. The system would be capable
of attaining such conditions only by buffering the com-
position of an even more reduced or oxidized, ex-
ternally derived, fluid through dehydration. In the ab-
sence of an externally derived fluid, dehydration would
only occur at the X, = $ composition.

Graphite reaction coefficients

The reaction coefficient of graphite in the reaction
associated with a univariant P-T phase field can only
be determined if the carbon-content of the fluid is
known at the conditions of interest. As the carbon-
saturation surface lies at more carbon-rich compositions



than the H,0O-CO, join (Fig. 2c), it 1s possible to
make the generalization that any fluid-generating re-
action that does not involve both decarbonation
and a redox process must consume graphite. In con-
trast to reactions that involve redox processes, the
reaction cocfficient of graphite tends to be small in
dehydration-decarbonation reactions because of the
proximity of the carbon-saturation surface to the
H,0-CO, join. Univariant P~T fields correspond to
the invariant and singular points of isobaric T -Xg
diagrams; therefore a definite stoichiometry can be
assigned to the reactions that occur at the conditions
represented by thesc points. However, the reaction
coefficient of graphite for reactions that occur along
the univariant T-Xg phase fields between invariant
and singular points may vary strongly as a function of
X5, and cannot be quantitatively constrained without
knowledge of the proportions of flnid and mineral
reactants. Consider decarbonation of MCO; to MO.
At X, =1 this reaction must consume graphite be-
cause GCOH fluid is slightly more carbon-rich than
CO,, but at X, <4 the dominant fluid species are
CH, and H,0 and the reaction stoichiometry must
approach:

MCO, + CH, = MO 4 2H,0 + 2C.

Even if the decarbonation equilibrium occurs only at
Xo >4, as commonly the case, irregular variation of
the carbon-saturation surface relative to the H,O0-CO,
join, discussed subsequently with regard to metaso-
matic processes, may lead to a situation in which
graphite is precipitated with increasing X,. For these
reasons, it is misleading to assign graphite reaction
coeflicients for P~T-X, phase fields.

A petrogenetic grid for the graphitic system C-0-H-Fe0-
Ti0,-Si0,

The system C-O-H-FeO-TiO,-SiO, is employed
here to demonstrate the methods discussed previously.
Calculations for this system were done taking into
consideration the phases fayalite, ferrosilite, grunerite,
ilmenite, magnetite, quartz, rutile, siderite, and GCOH
fluid (sce Table 1 for notation). [lmenite and magnetite
werc treated as Fe—Ti solutions with mixing properties
as described by Anderson and Lidsley (1988). Thermo-
dynamic data for all minerals were taken from a revised
version of Holland and Powell’s (1990) data base. Pro-
perties of the fluid were computed as in Connolly and
Cesare (1993). The calculations were done using a com-
puter program (Connolly 1990) that is available from
the author. For calculations in which the composition
of phases are implicit variables, the program computes
equilibrium compositions with a specified precision.
In the present case, the compositional precision for
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magnetite, ilmenite, and fluid were set to + 4, + 0.5,
and + 0.1 mol%, respectively. Where cited, estimated
standard errors (§) on equilibrium conditions were
computed from the variance-covariance matrix for the
thermodynamic data as estimated from Holland and
Powell’s (1990) regression analysis of experimental
data. Aspects of the C—-O-H-FeO-Ti0,-SiO, sys-
tem were considered by Connolly and Cesare (1993)
using an earlicr version of Holland and Powcll’s data;
the calculated cquilibria presented here are substan-
tially different and should be considered to supersede
those presented earlier. In particular, the stability
field of Fe-amphibole is reduced, in agrecment with
the recent experiments of Lattard and Evans (1992),
and the stability of magnetite expanded, in better
agreement with natural assemblages, as discussed be-
low. For simplicity, equilibria involving native iron and
wiistite, that are stable at X < 0.05, are not considered
because such conditions arc unlikely to be realized in
crustal metamorphic cnvironments where the
C-O-H-FeO TiO,-S10, system is an appropriate
model.

Calculated isobaric T-X,, sections and the P-T
projection for the graphite-saturated C—-O-H-FeO-
TiO,-8i0, system are shown in Figs. 8 and 9, respec-
tively. To clarify these diagrams, Fig. 10 shows the
fluid- and graphite-saturated phase relations at various
conditions represented in Fig. 8, and the compositions
of coexisting phases at selected points in Figs. 8 and
9 are listed in Table 3. In Fig. 8, phase fields in the
C-O-H-FeO-8i0, and C-O-H-FeO-TiO,-SiO,
systems are distinguished by thin and thick lines. For
example, in Fig. 8a, the phase field sid = mag corres-
ponds to conditions for the equilibrium of the reaction
(with graphitc and fluid) that defines the absolute
stability of siderite, and the lower thermal limit for
stoichiometric magnetite in the presence of graphite
and C-O-H-fluid; whereas, the phase field sid + Ilm
= Mag defines the lower thermal limit of magnetite-
ulvéspinel solution coexisting with graphite and fluid.
The limiting composition of the magnetite-ulvospinel
solution, at the conditions represcnted by Fig. 8a, can
be determined, from Table 3, to vary from Maggg at its
reduced, low-temperature, extreme (point P,) to Magg,
at the singular point Pg.

In contrast to most other carbonate-bearing sys-
tems, the C-O-H-FcO-Ti0Q,-Si0, system is relative-
ly simple in that the only stable singular equilibria
mvolving fluid occur at X, =% or 1 at conditions
shown in Fig. 9. The X, =3 (F;,) singular curves
(Fig. 9a) define the maximum stability for grunerite in
the pre-sence of graphite. These curves locate the con-
ditions for grunerite dehydration in the absence of
siderite or magnetite, and essentially reproducc the
H,O FeO-SiO, petrogenctic grid of Lattard and
Evans (1992), demonstrating the negligible effect of
graphite in simple dehydration processes (Connolly
and Cesare 1993).
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Fig. 8a—e Calculated isobaric 1'-X, phase diagram sections [or the
carbon-saturated C-O-H-FcO-TiO,-8i0, system. Thin curves
represent C-O-H-FeO-SiO, equilibria; mag + qiz field (stable
in a and b) is shaded. Where reactions are wrillen on a single
line, the high T assemblage is to the right. Large open and filled
circles represent C-O-H-FeO-8i0, and C-O-H-FeO-Ti0,-SiO,
invariant points, small circles in the interior of the diagrams and on
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vertical axes locate extremum points. Circled letters locate condi-
tions for chemographies of Fig. 10. Phase assemblages and composi-
tions at labeled points are listed in Table 3. The univariant field
Mag + llm = Usp terminales at the critical point P44, at temper-
atures above this point there is continuous, although not complete,
solution between usp and mag. Vertical dotted line locates Xo =3
composition
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P(kbar)

Fig. 9a,b Calculated P-T projection for the graphite-saturated
C-O-H-FeO-Ti0,—Si0O, system. a Equilibria in C- O-H-Fe()-Si0,
subsystem, thin curves represent singular curves, mag + qiz field is
shaded. b C-O-H-FeO-Ti0,~Si0, univariant fields, thin curves

@

locate C—O-H-FeO-Si0, equilibria of a. Phase assemblages and
compositions at labeled points are listed in Table 3. T-X, diagrams
ol I'ig. § are isobaric (luid-saturaled sections of portions of the P-T
projection

Fig. 10a—o0 Calculated chemographic relations [or the [uid- and
graphite-saturated C-O-H-FeO-Ti0,—Si0, system at condilions
indicated in Fig. 8. Compounds are identilied by filled circles and the
composition of solutions are indicated by heavy solid bars as in a;

shaded regions are lwo-phase fields. In b-o only the composition
space bound by compositions FeTiO;-Si0,-FeO is shown (the
triangle drawn with solid lines in a). At all conditions illustrated, the
most ilmenite-rich Ilm coexists with glz + ru
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Table 3 Phase assemblages

corresponding to points in Fig. Point  Assemblage Point  Assemblage
8 and 9, notation as in Table 1; -
fluid is not listed for assemblages Lt fa + gru + Nmgg + Mago, Py [gru + Jsid + Ilmgg + Magos
identified only in Fig. 8. The P, [qtz + Jru + s;d + lmgg P, gru + gtz + sid + limg, + Magg,
additional phase thal coexists Ps [qtz + Jru + sid + Ilmog 5 Ps [tz + Isid + llmgs + Magg,
with degenerate assemblages is L7 fa + gru + qtz + limeg + Magy, Ps fa + gru + qtz[ + Tlmgg
indicated in square brackets Py fa + qtz + llmgs + Magss 5 P fa + gru 4 Timgg + Magy,
Py gru + sid + Ilmgg + Maggg P, [qtz + Jru + sid + Ilmg,
Py gru + gtz + sid + Ilmg s + Maggg P fa + gru + qtz + llmgys + Magy,
P [qtz 4+ Jru + sid + limg, 5 Pis fa + gru + qtz + Ilmge 5
Py [qtz + Jsid + llmgy; + Magge Pig fa + qtz + llmys + Mag,s
Pyg gru + qtz + sid + Tlmg, + Mags, P,y gru + fa + fs + lmgy, + Mag,
P, fs + gru + gtz + Ilmy, + Mags P, fs + sid + qlz + IImy, + Mag,y + Fuo
P, fa 4+ gru -+ qtz + mag + Fg, P, gru + qlz + sid + mag + F,4
P,s fa + gru + qtz + sid[ + mag] + F3 P, fa + gru + sid +mag + F,
P, fa + fs + gr + sid[ + Maggg] + F35 P.g [gtz + Jru + sid + Ilmgg + Fyg0
P,y [fa + Jqtz -- Ilmg, + Mag,s + Figo 30 fa + gru + qtz + Ilmy; + Magg, + Fas
P), fa + gtz + Ilmg, + Magye + Iy P, fa + bqtz + Ilmge + Magz, s + Figo
P, gru + qtz + sid + Ilmeg + Magg, + Fas  Pay fa + bqtz + limy, + Mag,s + Figg
Pis fa +fs + gru + gtz + Ilmg, + Mag,y Pig fs + gru + sid + qtz + Ilmy, + Mag.;
+ Fag + Fag
Pse fa + 5 + gru + Hmes + Magg, + Faiy Py fs + gru + sid + Ilmy, -+ Maggs + Fis
Pyo [s + gru + qtz + sid[ + Ilmg, ] + Fae P, [gtz + Jru + sid + limgg + Foo
42 fa + qtz + llmys + Magss s[ + Fes] Pas fa 4 gru + gtz + sid[+ Mago,] + Fa
Pso [fa + Jllmgg + Mags; + Fi, Pso [fa + JMmye + Magzy + Fys

The calculated stability field of quartz + magnetite +
graphite

Interpretation of Fig. 8 does not involve any principles
that are not already familiar to petrologists through
T—Xco, diagrams. However, because P—T projections
for systems with a fluid of variable composition arc
not widely used, it may be helpful to consider the
stability field of qtz + mag+ F [+ gph]* in the
C-O-H-FeO-Si0, system as an aid to understanding
the utility of the P-T projection and its relation to
T-X, diagrams. In Fig. 8a it is seen that the lower
T-Xo limit for qtz + mag [+ gph] is the isobaric in-
variant point P,s, that is simultaneously the upper
limit for gru + sid (the gru + sid field is extremely
narrow below P,s; in Fig. 8a), it follows that this
isobaric invariant point locates the conditions for
the univariant P-T equilibrium gru + sid = gtz +
mag + F [ + gph], i.e, the curve extending from P,, to
invariant point P, in Fig. 9a. For the specific condi-
tions of Fig. 8a, the quantitative stoichiometry of the
equilibrium reaction is:

0.969 sid + 0.577 gru = 4.61 gtz + 1.67 mag [+ 0.0620 gph]
+ 100 Fy,. )

The effect of pressure on this equilibrium is to shift the
fluid composition from X, = 0.36 to X = 0.43 with

4 Square brackets are used here to denote the participation of phases
that are constrained to be present in excess in the phase diagrams of
Figs. 8 10.

increasing pressure (points P,, and P,5), which causes
the stoichiometry to vary accordingly. A counterintui-
tive implication of Eq. 9 is that prograde devolatili-
zation of the divariant assemblage sid + gru + qtz +
mag + C-O-H fluid would buffer fluid composition
toward conditions for graphite precipitation, i.e., those
for Eq. 9. The high temperature limit of qtz + mag
is defined in Fig. 8a by the extremum point P,,
which corresponds to the singular curve gtz + mag
[+ gph] =fa + F,4, in Fig. 9a that terminates at in-
variant point P4,. At pressures above this invariant
point, the high temperature limit of qtz + mag in
T-X, diagrams becomes restricted to progressively
more water-rich compositions by the qtz+
mag + sid + fa invariant point (P, Fig. &b). In P-T
projection (Fig. 9a) these invariant points appear as
the “fluid-absent” univariant equilibrium mag + gtz
[+ gph] = sid + fa that is only stable in the presence
of GCOH fluid between invariant points P4, and P,5.

The stability field of gtz (or bqtz) + Mag + F
[+ gph] in the C-O-H-FeO-Ti0,-Si0, system is
complicated by solution behavior. The origin of this
complication is that, at graphite-saturated conditions,
the magnetite-content of Mag decreases more rapidly
with temperature than does the hematite-content of
Ilm. Thus, at low pressure qtz + Mag [+ gph] de-
volatilizes by the reaction:

gtz + Mag + gph =fa + Ilm + F 0. (10)

The phase field for Eq. 10 has a positive Clapeyron
slope at low tempcrature and pressure {e.g., at point



P,,, Fig. 9b), so that with increasing pressure the mag-
netite-content of Mag decreases. This, in turn, reduces
the reaction coefficients of graphite and fluid until they
vanish at the graphite- and fuid-absent singular point
(P5,, Fig. 9b), which is virtually identical with the
pressure maximum of equilibrium Eq. 10. At tempera-
tures above this singular point, fa + Ilm [ + gph] be-
comes the reduced assemblage, and the stability of
quartz + Mag is favored with increasing temperature.
Consequently, at pressures below the P-T singular
point, T—X g sections for the C-O-H-FeO-Ti0O, Si0O,
system have two separatc stability fields for Mag + qtz:
a low temperature {ield for Ti-poor compositions, and
a high temperature field for Ti-rich compositions (per-
haps more properly designated ulvospinel). At pres-
sures above the P--T singular point, these fields merge,
and the trace of the fluid- and graphite-absent singular
curve bqtz + Mag = fa -+ llm (extending from the sin-
gular point P,, through point P,, in Fig. 9b) locates
the resulting inflection in the fa + Ilm = bqtz + Mag
T-X,, phase field (P, Fig. 8a).

Petrological implications of the C—-O-H-FeO-TiO,—
SiO, petrogenetic grid

In the analysis of the phase relations of metamor-
phosed iron-formations it is commonly assumed that
solution behaviour stabilizes iron-silicates relative to
qtz + mag (e.g, Burt 1972; Frost 1979b; Miyano
and Klein 1983). Given this assumption, the
C-O-H-FeO-SiO, system is an important limiting
model! for iron-formations, as it defines the maximum
stability of qtz + mag. Because graphite (or carbon-
aceous matter), quartz and magnetite are ubiquitous in
low and medium grade metamorphosed iron-forma-
tions, many authors (e.g. French 1968; Burt 1972)
assumed that qtz + mag is stable in the presence of
graphite. Subsequent authors rejected this possibility
on the basis that it would preclude the stability of
sid + fa assemblages (¢c.g., Bonnichsen 1975; Frost
1979b). This objection is strictly valid only for the
C-0O-FeO-Si0, system, and only if the possible effects
of pressure are not considered; thus it cannot be raised
in the context of the projection shown in Fig. 8a, that is
consistent with Burt’s (1972} phase diagram topology
at pressures below the qtz + mag [+ gph] =sid + fa
univariant field, and with Frost’s (1979b) topology at
higher pressures. The uncertainty in the pressure
(8, = 1.1 kbar) of the gtz + mag [ + gph] = sid + fa is
relatively small. Therefore, it can be stated with confi-
dence that stability of the qtz + mag [+ gph] assem-
blage is not a computational artifact.

Although the calculated stability field of qtz + Mag
extends to more reduced conditions that inferred by
Frost (1979b), ncither the qtz + Mag nor siderite fields
cross the X, = 3 boundary for graphite-saturated sys-
tems, even at temperatures as low as 300° C. Because
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Xo < 3 H-O fluid is more reduced than GCOH fluid of
equivalent X, (Fig. 2b), this implies that qtz + Mag
and siderite cannot be stable in X, <4 C-O-H fluids.
Consequently, the calculated C-O-H-FeO-TiO,-Si0O,
petrogenctic grid supports the common assumption
that the fluid phase during the metamorphism of iron-
formations is predominantly an H,O0-CO, mixture
{e.g., Butler 1969; Frost 1979b; Miyano and Klein
1983). Moreover, as the gencration of X, < 3 fluids
by mineral devolatilization requires the prograde
formation of carbonates or oxidized minerals, it can be
inferred from the restriction of magnetite and siderite
stabilities that inorganic devolatilization processes in-
volving common rock-forming minerals in quartz-
bearing lithologies are incapable of generating X, < §
fluids.

The observation that magnetite and graphite arc
“incompatible” in gru + orthopyroxene + gtz rocks of
the Wabush iron-formation in Quebec (Butler 1969;
Frost 1979b) is actually not inconsistent with the exisi-
ence ol a stability field for qtz + mag + gph. This
is shown by noting that, because fluid in equilib-
rium with gtz + mag must have an Xq > 3, dehydra-
tion ol gruncrite to orthopyroxene in the presence of
gph + qtz + mag must occur by a reaction of the form:
gru+ mag + gph=f+qtz+ F. (1
It can be anticipated that devolatilization reactions of
this type are associated with major modal variations of
the oxides that are reduced, and graphite that is oxi-
dized, during fluid generation. This behavior contrasts
with that to be expected during decarbonation-dehy-
dration reactions (e.g.., Eq. 10) in which only minor
amounts of graphite are required to adjust the car-
bon-content of the fluid from the H,O -CO, join to the
carbon-saturation surface. Equilibrium Eq. 11 is
univariant in the C-O-H- FeO-Si0O, system, where it
is metastable and akin to the univariant field
gru + mag [+ gph]=fa +qtz+ F (P,; to P,5 in
Fig. 9a or point P,s, Fig. 8a). Thus, the apparent
incompatibility of magnetite and graphite may merely
reflect variations in bulk composition and the fact that
the metamorphic temperature for the assemblages was
above that for the equilibrium Eq. 11. This is supported
by Butler’s (1969) observation that the only other
graphitic assemblages in the Wabush formation include
siderite. In the C-O-H-Fe-MgO-SiO, system,
a more appropriate model for the Wabush iron-forma-
tion, Eq. 11 becomes divariant, but would still be
constrained to occur within the qtz + mag [+ gph]
stability field of the C--O -H-Fe-SiO, system. In this
respect, it is reassuring to observe that Butler’s estimate
of metamorphic conditions (6 kbar, and 600°C) lies
within the calculated field. '

The argument here, that qtz + mag [+ gph] is
stable in the C-O-H-FeO-Si0, system, is not an
argument for the importance of this assemblage in
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natural systems. Indeed, the restricted P-T field for
qtz + mag [+ gph] suggests that the Frost (1979b) is
correct in doubting that many of the occurrences of the
assemblage represent equilibrium parageneses. Despite
this, there are less equivocal examples of natural
gtz + Mag + llm + gph parageneses in metapelitic
rocks (McLellan 1985; Burton and O’Nions 1991). The
metamorphic conditions estimated by McLellan
(6 kbar, 500-650° C, X, ~ %) and Burton and O’Nions
(5 + 0.5 kbar, 460 +20°C, Xy = 09) are in broad
agreement with the computed gtz + Mag stability field
(Fig. 9b). However, the high X, estimates are not con-
sistent with the water-rich conditions required to sta-
bilize qtz + mag [ + gph] with respect to siderite at low
temperatures. If these assemblages were, in {act, stable
with fluids of the compositions inferred, the stability of
siderite must be overestimated in Fig. 9a. This is unlike-
ly given by the rarity of qtz + mag [+ gph] and the
small statistical uncertainty for the siderite stability
limit 8y = 5°C, §, &~ 200 bar).

Although the gtz + Mag [+ gph] assemblage may
be relatively uncommon, its stability relative to
sid + fa, as defined by the univariant equilibrium
qtz + Mag [+ gph] = sid + fa is a potential barom-
eter for iron-formations, a lithology notorius for its
lack of pressure indicators. The effect of graphite-
undersaturation on the C-QO-H-FeO-SiO, phase
fields of Fig. 9a is identical to an increase in f,,, namely
to increase the stability of magnetite-bearing assem-
blages. Thus, the maximum stability of non-graphitic
sid + fa assemblages in the presence of fluid in the
C-O-H-FeO-Si0, system is limited at low temper-
ature by the equilibrium gru+ mag [+ gphl=
fa + sid + F, and at low pressure by the equilibrium
gtz + Mag [+ gph] = sid + fa (Fig. 9b). An oft cited
example of a natural sid + fa paragenesis is the assem-
blage fa (Xg=0971)+sid (Xg. =0.928)+ gru
(Xp. = 0.97) + mag + qtz from the Gunflint iron-
formation described by Floran and Papike (1978, their
sample 67-223). If Mg-solution is taken into account
with ideai-solution models, the stability field of this
assemblage expands in comparison to that shown in
Fig. 9a, yielding P-T conditions of 5.8 kbar and 575°C
(Xo = 0.53) and 5.1 kbar and 615°C (X, = 1) for the
activity “corrected” invariant points P,s and P,, of
Fig. 9a. With a generous estimate of the error for the
activities of fayalite, siderite, and grunerite (+ 0.1,
+0.05, +0.35, respectively), the §p for these points is
ca. 2 kbar. If correct, this suggests higher pressures than
commonly assumed for the contact metamorphism of
the Gunflint iron-formation, and by association for
intrusion of the Duluth complex. Although such
a statement may seem controversial, most previous
pressure estimates (2—4 kbar) have been proposed as
minimum estimates (e.g., French 1968; Simmons et al.
1974) A notable cxceplion is the upper limit on meta-
morphic pressure (2.5 kbar) asscssed by Labotka et al.
(1981) with sphalerite barometry for the Rove formation,

which is stratigraphically higher than the Gunflint
formation.

The C-O-H-FeO-TiO,-Si0, system phase rcla-
tions of Figs. 810 define the maximum stability, and
extent of Ti-solution, for Fe—Ti oxides in graphitic
metapelites, with the possible exception of Cr- and
Mn-rich lithologies. These phase relations are in agree-
ment with the observation opaque mineralogy of
graphitic metapelites as recently reviewed by Frost
(1990). Restriction of the gtz + Mag ficld to Xq >3
fluid compositions, which becomes more pronounced
in Mg- and Al-rich systems, is consistent with the rarity
of this assemblage. Hmenite solution is extremely lim-
ited at Xy =%, varying from Ilgg s to Ilg over the
P-T conditions illustrated in Fig. 9. These composi-
tions are nearly independent of temperature, and be-
come progressively more restricted and ilmenite-rich
with decreasing pressure. With increasing X, the he-
matite-content of ilmenite is predicted not to exceed
7mol% (Table 3, Fig. 10). Natural ilmenites from
graphitic metapelites often have no significant hematite
component (e.g., Scvigny and Ghent 1989; Connolly et
al. 1994), while this may reflect water-rich fluid com-
positions it may also be attributable to retrograde
effects. A separate ulvospinel phase may be stable in
quartz-undersaturated systems at temperatures below
the critical curve of the Usp—Mag solvus (P4, Fig. 8a;
P;,P.,, Fig. 9b). The stability of such a phase in
natural systems at P > 2 kbar would be indicative of
X ¢ < 3 fluids.

Graphite stability diagrams

P-T—-X, phase diagrams define the equilibrium condi-
tions for graphite precipitation in response to changes
in pressurc and temperature, but often it is the evolu-
tion of fluid composition in response to fluid-rock
disequilibrium that is of interest, as in metasomatic
systems. In this case there is no option but to resort
to isobaric-isothermal phase diagrams that specify
both compositional degrees of freedom of the fluid in
a rational manner (Frost 1979a). Because the carbon-
saturation surface approaches the O—-H join at X = 3
there is no single choice of compositional variables that
provides comparable graphical resolution for all re-
gions of interest. One solution to this problem is to
describe C-O-H fluid composition in terms of dis-
placements relative to CH,—H,O and H,0-CO, joins.
As seen in Fig. 1, description relative to the H,O-CO,
join is convenient for Xy >4 compositions, whereas
that relative to the CH,~H,O join is preferable at
X < 3. The selection of the third component necessary
to define the ternary composition space in each case is
arbitrary; for present purposes the componenis are
chosen as H,0-CQ,-0O and CH,-H,O-H. Fig. 11
shows the location of the carbon-saturation surface at
various P—T conditions in these composition spaces; in
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both composition spaces X = 3 composition corres-
ponds to the C-H,O tieline, and, in the limit that the
fluid composition approaches the CO,-H,O and
H,0-CH, joins, the component mole fractions
Zco, and Zcy, are related to X, as in Eqgs. 6 and 7.

Metasomatic graphite precipitation
The compositional evolution of a metasomatic fluid

depends only upon its initial composition and the pro-
portions of the fluid components released or consumed
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during equilibration, Thus if the conditions for mineral
equilibria are projected onto the fluid composition
space, it is a rclatively simple matter to determine
processes that can lead to graphite precipitation. This is
illustrated by Fig. 11c, which shows quartz-saturated
equilibria in the C—-O-H-Fe¢O-S10, system and the
C-0O-H-K,0-Al,0;-Si0, dehydration equilibrium
muscovite (mus) = orthoclase (or) + kyanite (kya).
Consider the interaction of a kya + or rock with a fluid
of initial composition A in Fig. 11c. Because composi-
tion A lies to the water-rich side of the mus = kya + or
[+ giz] equilibrium, introduction of the fluid into the
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rock results in hydration, depleting the fluid in H,O.
This is the only possible process as long as the fluid
remains undersaturated with respect to carbon; thus
the composition of the fluid must shift directly away
from the H,O component along the path A — A’.

Beyond composition A’ the possible evolution of
the system becomes ambiguous because the relative
rates of muscovite formation and graphite precipitation
cannot be determined from an equilibrium model. If the
rate of graphite precipitation is low, the system may
achieve conditions for the metastable mus = kya + or
[+ gtz] equilibrium at composition A", and sub-
sequently evolve toward A" with graphite precipita-
tion. The concentration of graphite produced by this
process is in principle unlimited, in that it is con-
strained only by the rate at which graphite is ultimately
precipitated. However, the change in composition from
A to A” generates an excess carbon content of only
0.00008 mol C/mol mus. Thus, generation of significant
quantities, as opposed to concentrations, of graphite by
this mechanism at the specified conditions requircs
massive hydration. Alternatively, if the fluid cannot
become carbon-supersaturated, its composition shifts
along the saturation surface toward A”. In the latter
case, the amount of graphite precipitated is coupled
to the amount of hydration by the slope of the satura-
tion surface. Over the interval A" — A", this slope aver-
ages 0.002 mol C/mol H,O; hence production of 1 cm?
muscovite precipitates a minute quantity of graphite,
ca. 0.0002 cm?>.

The principle illustrated by muscovite hydration
can be applied to any reaction of known stoichiometry.
For cxample, il magnetite forms by the combined dehy-
dration-oxidation reaction 3 gru + 7 O = 7 mag | + 24
gtz] + 3 H,O0, or cquivalently 3 gru +H_ 0, =7
mag [+ 24 qtz], fluid composition is driven directly
away from the composition of the “species” H_ O,
(Zo = — 075, Zy,0 = 1.75). Given that grunerite can
only be in equilibrium with graphite [ + qtz] and fluid
of composition C in Fig. 11c, it follows that formation
of magnetite by grunerite dehydration can precipitate
graphite only if the initial fluid composition lies to the
right of the tielinc connecting composition C with
H_,O,. Likewise, siderite decarbonation-oxidation to
produce magnetite can only lead to graphite precipita-
tion if the initial fluid is more water-rich than the tieline
between composition D and C_,O_5 (Fig. 1l¢). In
composition to the muscovite hydration reaction,
a negligible amount of siderite or grunerite oxidation is
necessary to saturate an initial fluid of composition
A (Fig. 11¢) in carbon. In the case of grunerite, the
oxidation of one molc of gruncrite to magnetite 1s
sufficient to saturate 376 moles of the initial fluid A.
Thereafter, each mole of grunerite oxidized along the
saturation surface precipitates one mole of graphite.

It would be incorrect to conclude from this dis-
cussion that mineral oxidation reactions are a more
effective mechanism of precipitating graphite than arc

hydration reactions. The efficacy of a given mechanism
is dependent on the direction in which mineral reac-
tions drive fluid composition relative to the carbon-
saturation surface. This in turn is dependent on the
reaction stoichiometry and the initial fluid composi-
tion. Because of the inflection in the carbon-saturation
surface near the X, = 1 composition, both redox and
carbonation-decarbonation reactions become ineflec-
tive in water-rich fluids, arguably the most commeon
metamorphic fluids, leaving hydration reactions as the
only mechanism of metasomatic graphite precipitation.
Indeed, muscovite hydration has been shown to be an
effective means of precipitating graphite in metapelitic
rocks (Hollistcr and Buruss 1976). At least two addi-
tional inflections can occur along the saturation surface
in the vicinity of the CO,-H,O join (Fig. 11ab). The
existence of such inflections makes it possible, although
perhaps not probable, for virtually any type of mineral
reaction to precipitate graphite from C-O-H fiuid.
Ordinarily dehydration induced by infiltration of
a CO,-rich fluid should be incapable of driving graph-
ite precipitation, as its primary effect is to dilute the
carbon-content of the fluid. However, as illustrated in
Fig. 11c, the existence of an inflection in the carbon-
saturation surface at composition B”, implies that mus-
covite dehydration driven by a fluid more CO, and
carbon-rich than B” may cause graphite precipitation.
The path B — B” suggests the possibility of separating
the dehydration rcaction front {at B’} from the zone of
metasomatic graphite (B" — B”). Such a separation has
been observed in graphitic talc-magnesite serpentinites
formed by the infiltration of CO, from adjacent car-
bonate-rich metapelites, with no evident associated
mineral oxidation (Surour 1993). Thus, while the illus-
tration provided by Fig, 11c may seem improbable, this
mechanism does appear to operate in natural environ-
ments, where different physical conditions and chem-
istry may enhance the inflections shown in Fig. 11a.
These inflections have different origins. The inflection
at water-rich compositions (e.g., 500°C and 6 kbar,
400° C and 4 kbar, Fig. 11a) is due to water non-ideal-
ity, which 1s accentuated at high pressure or low tem-
perature and by electrolytic contaminants. In contrast,
the inflection at CO,-rich compositions, reflecting the
intersection of the carbon-saturation surface with the
CO,—H join (see also Fig. 2c), is dampened with de-
creasing temperature and increasing pressure
as the saturation surface approaches the CO,—H,O
join.

Carbon activity diagrams

Phase diagrams based on truc compositional variables
offer the only means of unambiguously interpreting
metasomatic phase relations of systems in which the
compositional degrees of freedom of the fluid are
unconstrained. Unfortunately, they do not provide
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a practical means of representing carbon-undersaturated
phase relations more generally because natural
C-O-H fluid compositions are largely confined to the
narrow region between the carbon-saturation surface
and the CH,—H,O and H,0-CO, joins. To develop
a general method of representing carbon-under-
saturated phase relations it is necessary to employ
variables that expand this region at the cost of direct
physical meaning. Any thermodynamic potential of the
fluid components, or derivative quantity (e.g., 1, a;, f;),
well serves this purpose. Thus Frost (1979a) suggested
the use of a phase diagram coordinate frame defined by
the variables Y. and log f,,. An alternative projection,
illustrated by Fig. 12 for the fluid-saturated portion of
the C-O-H-FeO-TiO, SiO, system, is defined by
the variables X, and log ac. For purposes of orienta-
tion note that equilibria at log a- = 0 in Fig. 12 corres-
pond to the equilibria in Fig. 8a at 500° C, and that the
activities of carbon along the H,O-CO, join at
Xo =04 and X =1 are ca. 10753 and 107 1°-3, re-
spectively. The ac— X and f,,~ Y diagrams portray
the same information and, unless the variables cor-
respond to the independent variables for a process,
therc is no fundamental reason to prefer onc over
the other. However, the a.—X ¢ projection has the prac-
tical advantages of an easily interpretcd compositional
variable and a simple geomctry, in that the graph-
ite-saturation surface corresponds to the logac. =0

111

boundary. Additionally, the X location of phase field
extrema with respect to the a¢ variable is constrained
by mass balance in the same manner as in the T-X,
projection; thus, T-Xq and log ac—X, diagrams are
topologically equivalent. Extrapolation of Anderson
and Lindsley’s (1988) model for the R3 structure, as
done here, to hematite-rich compositions leads to
underestimation of the stability of ilmentic hematite.
However, even allowing for gross error in the hematite
solution model, comparison of Figs. 12 and 11c sug-
gests that hematite-bearing parageneses are diagnostic
of binary H,O0-CO, fluids, and that any other
C-0O-H-FeO -Ti0,-Si0, paragenesis is indicative of
the compositional displacement toward the carbon-
saturation surface in X >3 C-O-H fluid.

The ac — X and fo,—~ Y diagrams have little value
for analyzing metasomatic phase relations because of
the extremely irregular variation of the potentials ac
and f,, with fluid composition. This is illustrated by the
oxidation-decarbonation of siderite to produce mag-
nctite, 3 sid + O = mag + 3 CO,. The oxidation com-
ponent of this reaction drives the composition of an
Xo>% fluid toward the carbon-saturation sur-
face (Fig. 11a) increasing both a¢ and fg,, but this is
countered by decarbonation that generally lowers both
potentials. It is seen in Fig. 11¢ that oxidation is the
dominant effect at 4 kbar and 500° C, but there is no
way to determine this with any rigor from Fig. 12.
Therefore, although it is evident that siderite decompo-
sition must increase both X and Y in the fluid, 1t is
not possible to determine whether g, and f,, increase
or decrease.

Summary and discussion

The composition C- O-H fluid in graphitic rocks is
controlled by the proportions of hydrogen and oxygen
released or consumed by mineral reactions. As
a measure of these proportions X directly reflects the
mass balance constraints that operate during fluid-rock
interaction. Consequently, when it is necessary to con-
sider fluid composition in the analysis of graphitic
rocks, X is the best possible fluid compositional vari-
able for constructing phase diagrams. From a thermo-
dynamic point of view the speciation of GCOH fluid is
irrelevant and, given the carbon-saturation constraint,
GCOH fluids can be treated as binary O—H fluids after
projection through carbon. A particular benefit of this
method is that it facilitates construction and interpreta-~
tion of phase diagrams in which the complete composi-
tional phase relations of a system are projected onto
a P—T coordinate frame. Such projections define the
conditions for GCOH fluid generation and the stability
of mineral assemblages in both fluid saturated and
undersaturated (i.e., either fluid-absent or fluid-under-
pressured) systems. In graphite-free systems C-O-H
fluid is often modeled as a binary H,O-CO, fluid. At
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Xo >+ GCOH fluids closely approximate H,O-CO,
fluids in terms of major species, but are considerably
more reduced. GCOH fluid therefore provides an alter-
native to the H,O—-CO, model, in which f,, is poorly
defined, in that X, and Xco, are simple related and
that P-T—-X, diagrams define the maximum stability
of reduced phase assemblages.

A simple example of the value of this last feature is
provided by the C-O-H-FeO-Si0, system, a model
for the phase relations of metamorphosed iron-forma-
tions. In this system, the maximum stability of the
sid + fa assemblage is limited at low pressure by the
cquilibrium sid + fa = qtz + mag + gph, a potential
geobarometer. The significance of this equilibrium, and
its pyroxene equivalent, does not appear to have been
recognized carlier because most phase diagrams for the
C-O-H-FcOQ-Si0; system have been constructed as-
suming the stability of qtz + mag at all conditions. The
difficulty with this assumption is that it precludes the
stability of equilibria in which silicates and/or car-
bonates breakdown to qtz + mag and graphite or
a C-O-H-fluid. The -calculated stability field of
qtz + mag + gph extends to pressures of about 8 kbar
and may be slightly underestimated if the conditions
inferred by McLellan (1985) and Burton and O’Nions
(1991) for the occurrence of this assemblage in meta-
pelites are correct. In any case, this suggests a minimum
pressure of 5 kbar (8p = 2 kbar) was necessary to stabi-
lize the sid + fa assemblage reported by Floran and
Papike (1978) in the contact metamorphosed Gunflint
iron-formation. Although subject to considerable un-
certainty, this implies higher pressures for the emplace-
ment of the Duluth complex than supposed {from strati-
graphic reconstructions (e.g., French 1968; Pasteris
1988). For most graphitic metapelites, C—O--H -FeO—
TiO,-SiO, system phase equilibria dcfine the max-
imum stability of Fe-Ti oxides. Calculated P-T-Xo
phase diagram projections for the C-O-H FeO—
TiO,-Si0, system indicate that in the presence of
C--O—H fluid: (i) qtz + Mag is only stable at X¢ > %;
and (ii) ilmenite solution behavior is virtually independent
of P-T conditions in water-rich fluids and is limited to
a narrow range of compositions, slightly more hematite-
rich (ca. 1-4 mol%) than stoichiometric ilmenite.

Generation of X < $ fluids by inorganic devolati-
lization reactions requires simultaneous formation of
carbonates or relatively oxidized minerals. In quartz-
bearing rocks, the restriction of both carbonate and
magnetite stability fields to X¢o > 4 fluids implies that
devolatilization of common rock-forming mineralogies
cannot generate Xo < 4 fluid. Although not presented
here, calculated P-T—-Xo phase equilibria (Connolly
1994) for the C—O-H-Fe-MgO-SiO; system show
that this conclusion holds as well for ultramafic rocks,
with the exception of reactions involving brucite and
magnesite. At low pressure (< 5kbar), brucite-mag-
nesite reactions are capable of generating tluids with
compositions approaching Xo = 0.1 (ycu, =& 64 mol%).

Whether the kerogen component present in natural
graphitic material plays an important role in the gen-
eration of X < % fluids is problematic. The bulk of the
transformation from kecrogen to graphite appears to
occur at low metamorphic grades (< 300-400°C, e.g.,
French 1968; Buseck and Bo-jur 1986), and conse-
quently would not be expected to contribute an impor-
tant component to fluids generated at higher grades.
However, kerogen has becn identified in sillimanite
grade metamorphic rocks (e.g.,, Large et al. 1994), and
Rumble and Hoering (1986) inferred from isotopic
evidence that X¢ < % fluids, derived from kerogen de-
composition, were responsible for formation of graph-
ite veins in sillimanite grade rocks.

The isobaric-isothermal Xo-ac phase diagram pro-
jection suggested here provides a means of describing
phase relations in carbon-undersaturated systems that
is similar to the well known Yc—fo, diagram of Frost
(1979a). A difficulty in employing such diagrams is that
the path defining the locus of fluid compositions result-
ing from a metasomatic processcs cannot be predicted
with certainty. There is no univcrsally practical solu-
tion to this problem, but the mass balance constraints
on fluid evolution become apparent if equilibrium con-
ditions are projected onto the fluid composition space.
Through such projections it has been shown that in
cerfain circumstances graphite precipitation can be
driven by almost any type of mineral-volatile reaction.

The primary purpose of this paper was to demon-
strate that the formalism necessary to treat phase
cquilibria with GCOH fluids is no more complicated
than that for H,O—CO; fluids. This is true only in
theory, for GCOH fluid equilibration involves both
heterogeneous and homogeneous rcactions. Innumer-
able studies have shown that in natural and experi-
mental systems perfect GCOH fluid equilibrium is
never realized, but the quantitative importance of dis-
equilibrium cannot be assessed with any rigor. Thus, at
present GCOH fluids can only be accepted as a limiting
model with the understanding that fluid speciation may
be affected by many factors. Aside from the inevitable
complications of additional fluid components, two key
assumptions in speciation calculations for graphite-
saturated systems may be of limited validity in natural
systems. These are that carbonaceous matter in meta-
morphic rocks is perfectly crystalline graphite, and that
the fluid present during metamorphism is in equilib-
rium with this material. As noted above, carbonaceous
material is metamorphic rocks is typically neither pure
nor well crystallized. It is probable that such material is
metastable with respect to perfectly crystalline graphite
at all metamorphic conditions; thus fluid in equilibrium
with such material will have more carbon-rich com-
positions, particularly at low Xg, than predicted for
GCOH fluid. As illustratéd indirectly in Fig. 3, order of
magnitude variations in graphite activity are necessary
to cause significant changes in fluid speciation, but
it is pointless to speculate further on the effect of this



without a thermodynamic model for carbon activity in
such material. In experimental systems fluid-graphite
disequilibrium can occur at temperatures as high as
750°C (e.g., Ziegenbein and Johannes 1980; Morgan
et al. 1992). However, carbonaccous films form readily
from C-O -H fluid at 400° C through interactions with
chemically active mineral surfaces (Tingle and
Hochella 1993), and graphite has also been shown to
have precipitated from fluid inclusions trapped at
T < 400° C (Pasteris 1988). Thesc latter observations
suggest that even at low temperature metastable equili-
bration of fluid and carbonaceous matter may not be
inhibited in natural environments and on geologic time
scales.
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Appendix 1

Calculation of C-O-H-S fluid speciation as a function of X,

Calculation of molecular fluid speciation as a function of a vari-
able thal relates the proportions of the {fluid components (e.g.,
Xo) involves introduction of additional mass balance constraints
that do not appear in calculations as a function of species
properties (e.g., French 1966; Eugster and Skippen 1967). To
provide a general cxample of how this is done, the speciation
calculation of a C-O-H-S fluid composed of nine significant spc-
cies (H,O, H,S, H,, CH,, CO;, CO, COS, SO, and O;) as
a function of Xo, ac and fs, is described herc. The formulation
for such a fluid can be used Lo calculate the propertics of S-free
fluids by lowering fs, to a value at which sulfur species become
negligible; likewise speciation of C-free fluids can be calculated by
lowering ac.

In a ¢ =4 component fluid comprised of n =9 species it is
possible to write n — ¢ reactions between any set of ¢ species with
lincarly independent compositions, and each of the remaining
species. In the context of the present problem the [ugacity, or
activity, of ¢ = 2 components (C and §,) are known. To make use
ol this information it is desirable to write the equilibria in terms of
these components. Thus it must be possible to writen +q —¢c =7
linearly independent reactions between the n + q = 11 species and
componcnts, each involving, at most, a linearly independent set of
¢ —q = 2 species, the set of g =2 constraincd components, and
one additional species. Equilibrium constants for these reactions
can then be used to relate the fugacities, and thereby concentra-
tions, of the n + q — ¢ = 7 species to the fugacities of the remaining
¢ — q = 2 species and the q constrained components. The choice of
the set of ¢ — q = 2 specics is arbitrary, and is taken as {CO, H,}
here. The n + g — ¢ = 7 reactions and equilibrium constants are
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then:
20 froadc
200=C0O,+C  K;= 7 (A1)
JCO
Hy+CO =TL0 +C K, =/nodc (A2)
fuafeo
o Jer,
2H, +C=CH, Ky=27 (A3)
fHZ2 de
| fuas
H; +48;=H,S  Ks=—"F (A4)
sz\/fsl
CO+148,=COS K;= —f“’—L (A5)
Jeo/Js.
. 2
2C0 + 48, =80, + 2C 1<6:l5.‘12”'—c_ (A6)
Jo /.
foiaé
200=0,+2C  K;= T (A7)

The equilibrium constants are calculated at the P-T condition of
interest from tabulations of thermodynamic data such as those
provided by Reid et al. (1987). The fugacity of each species can be
expressed:
fi=8. (AB)
where 8; = fi°yy, fi° is the fugacity of a purc fluid of the i'* species,
and v; is the activity coeflicient of the species in the mixcd-volatile
fluid. The advantage of scparating fluid properties into two terms,
[ and y;, is that any desired equation of state can be used for the
pure specics. The resulting [ugacities can then be combined with
activity coefficients from an equation of state that provides appro-
priate mixing rules, such as the Modified Redlich-Kwong (Hollo-
way 1977).

By rearranging the equilibrivm constant expressions Egs.
Al-A7, in combination with Eq. A§ the mole fractions of CO,,
H,0, CHy, H,S, COS, SO, and O, can be written in terms of yeo
and yg,:

K, 84
Voo, =Ciydo  Cp= 2 (A9)
Beo, de
K; 0y, 8¢
Yao = Cahm, yeo Cy = g—HL—O (A10)
H.0dc
2 I<3 5]?12 dc
yen, = Ca i, Cy=—a-—2— (A11)
Ocn.
K8, /fs.
Veos = Can, C, = 2T V/S: (A12)
Ou.s
K s8cor/fs,
Yeos = Cs yeo Cs = %O\’f% (A13)
cos
K680~/ fs.
Vso, = Cs y%o Co = ng\’_fg: (A14)
850, dc
K- 84
Yo.=Crydo  Cr=—"—2 (A15)
8o, a¢
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The mass balance constraint:

1= ¥ (A16)
i=1

can be rearranged using Eqs. A9-A15 as a quadratic in yeo:
0=aydo + byco+¢ (A7)
where:
a=Cs+C +Cy (AIS)
b=1+Cs+ Cyyu, (A19)
c=Cayi, +yu,(Ca+ 1) - L (A20)
By experience it is found that the root:

—b+ /b — 4z

VA M (A21)

Yco = 72

of Eq. Al7 is physically meaningful. Through Egs. A9-A1S and
A21, the abundances of all fluid species are expressed solely as
a function of yy,. The value of yy, may then be determined by
employing the mass balance constraint implicit by specification of
Xo. For algebraic purposes it is simpler to convert this constraint
to one on the atomic O:H ratio:

Ho XO

= A22
113%] XQ —1 ( )
wherc

o = 2(Yo, + Yco. + ¥so.) + YH,0 + Yeo + Ycos
ng = 2(yn,0 + Yu.s + yu. + 2yen.)-
Eq. A22 can thus be written as:

o _ 2Cq yéo + veo + 2C1 yédo + Czycoyn, + Csyeo + 2C véo
firg 2C2ycoyn, + 2ym. + 2Cayn. +4Cayh,

(A23)

where yco 18 an explicit function of yn, given by Eq. A21.

In practice, the speciation is determined in an iterative proced-
ure consisting of three steps, (i) Equilibrium constants (K,-K ) and
fugacities of the pure species fluids are determined at the P-T
condition of interest from equations of state. Species activity coeffi-
cients are set to unity, and an initial cstimate for yy, is computed
subject to the constraint that Eq. A21 must be greater than zero. (ii)
Eq. A23, with Eq. A21 substituted for yco, is solved for yu, by
a numerical method such as Newton-Raphson Iteration. Abund-
ances of the remaining species are computed from Eqgs. A9-A15
and A21, and the species activity cocfficients are computed from
a mixed-volatile equalion of state. (iil) The revised estimate of yu, is
compared to the previous value, if the estimates do not differ within
a specified tolerance the speciation is accepted. Otherwisc step (ii)
is repeated.

Graphite-undersaturated C- O—H-S fluids

In treating graphite-free rocks carbon activity is not a meaningful
quantitative variable becausc it varies in a irregular manner within
the fluid composition space and because it is not easily quantified
from mineral equilibria. In cases where Gu.o, Go, or Geo, (or

equivalently the corresponding fugacity) is constrained by mineral
equilibria these constraints can be coupled with Eq. A23 for speci-
ation calculations. This coupling requires replacement of the fluid
phase equilibria in Eqs. A1-A7 by a set of n+qg(=1)—c=6
equilibria that do not include a carbon component and introduc-
tion of the constraint for the species of known G;:

(GG
Y= RTIn e,

When such constraints cannot be implemented a sccond possibility
is to introduce additional mass balance constraints on the fluid
bulk composition. Specification of C:S ratio, Y¢ or X5 are cxam-
ples of such constraints that have been implemented by the author.
Implementation of these constraints involves the solution of an
additional equation of the form of Eq. A23, and this requires
a doubly iterative solution algorithm. FORTRAN computer pro-
grams based on these algorithms, as well as the C-O-H-S speci-
ation algorithm discussed above, are available upon request from
the author (please supply a 3.5” Sun, DOS, or Maclntosh disk).

(A24)

Appendix 2

Conditions for a maximum in thermodynamic activity

The thermodynamic activity or fugacity of a species is directly
proportional to its partial molar Gibbs energy. Consequently, the
isobaric-isothermal conditions for a maximum in the partial molar
Gibbs encrgy are also the conditions for maxima in activity and
fugacity. If a phase exhibits immiscibility, then the partial molar
Gibbs energy of any component in the fluid has, at least, a local
maximum at the immiscible composition. This case is trivial; the
more general case considered here is the identification of the stable,
miscible, composition of a phase at which the partial molar Gibbs
energy of a given specics is maximized. The differential of the
partial molar Gibbs energy (G;, Eq. 2) of a species j with
stoichiometry {vj ---vl} in a c-component phase is:

dG; = Y vidw.
k=1

I o

(B1)

The differential dp. can be expressed in terms of the remaining
chemical potentials through the Gibbs—Duhem relation:

n
dp, = — Z —kd}lk {B2)
k=11
Substitution of Eg B2 into Eq B1 yields:
o et . o
dGy= Y | vi —vi— ldu. (B3)
k=1 ne

The partial molar Gibbs energy is therefore a function in ¢ — 1
independent variablcs; the conditions for an cxtremum in this
fanction are:

° _.
{“Glzvg;»vgﬂzo} k=1-c—1, (B4)
0 fic fle
or equivalently:
j
{l‘;:ﬁ} K=1-c— L (BS)
vl one

Thus, the partial molar Gibbs energy of a species can only have an
extremum when the species and phase have identical compositions.



To demonstrate that this extremum is a maximum it is convenient
to introduce a set of normal cquations in {n, ---n._1} from Eq. B3:

G, T Lm0

it —vi= = =lc—1 B6

%:anh k;,[vk v ne |0ny (56)

The conditions:

oG;

{;lJzo} h=lwc—1. (B7)
"

provide an alternative set of necessary and sufficient conditions for

an extremum in G;. From Eq. B4, it follows that these conditions

. L. Vj vi_ 1

are only satisfied at the phase composition —JI cvi .
Ve ©

conditions to be those of a maxima in G;j it is sufficient that:

Ond

Partial differentiation of Eq. B6 with respect to {ny -+~ n._; } yields:

6ZGJ el I 8nk 6pk j i g alllk_
o = 2 o Lo [ B

ce— 1,

IFor these

(B8}

0} k=1-c- L

h=1 (B9)

For k # h the first term of the summation in Eq. B4 vanishes; and,
at an extremum, by Eq. B9, the second term in the summation is

. vi Vj -1
zero. Thus, at the composition {_11 Cj .
vi v

asz 1 a].Lh
et S el h=1..¢—1 B10
{Enﬁ Tle <© nh>} ¢ (B10)
By making use of the definition of chemical potential:

eG
b=, (B11)

on;
Eq. B10 can be rewritten as
¢?G; 1 /92%G

=\ h=1-c—1 B12

{5n§ . (w)} ¢ (P12

For any stable composition of a phase it follows from Gibbs’
stability criterion that:

087G
= |>0 B13
(E n§> (B13)
221G, . . vi vl
Therefore —- must be negative at the composition J— - —
o7t vi vl

and the partial molar Gibbs energy must be a maximum.

Conditions for maximum G; in a section at constant p.

The forcgoing proof defines the conditions for a isobaric-isother-
mal global maximum in Gj, but in many situations it is of interest
to determine the conditions for a maximum in G; at constant
chemical potential of one or more components {c.g., along the
carbon-saturation surface in the C-OQ H system). This is readily
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shown by noting that in a system in which s chemical potentials are
fixed, Eq. B3 becomes:

1

c nk

duc-s: - 2

k=1 Me-s

dp - (B14)

The same logic applied previously in the general case, can then be
applied to demonstrate that the partial molar Gibbs energy of
a species has a maximum at the composition:

vi Tk
jk =—0 k=1...c—s—1,
\,C_S nC_S

1.e., when the proportions of the unconstrained components in the
phase and species are identical.

(BLS)

Extrema in univariant phase fields as a function of a phase
composition

A useful application of the compositional constraint on the maxi-
mum of the activity of a species, is that it also detcrmines the
compositional coordinate of the possible extrema in univariant
phase (ields as a function of the composition of a phase and an
additional potential variable (P, T, , etc.). As a relevant example,
consider the devolatilization reaction:
A=B+VCC+VDO + vgH, (816)
wherc A is a condensed phase that decomposes to form the conden-
sed phase B and a C—~O-H fluid. This reaction can be written
equivalently as:

A=B+C, O H,, (B17)
where C, O, H,, is a C-O-H “species”. From Eq. B15 it follows

that this species has its maximum thermodynamic activity in a
carbon-saturated fluid when:

. Vo
Xo: ~.
Vo + vu

(B18)

Thus, the univariant equilibrium A = B must havc extrema, maxi-
ma and/or minima, at this fluid composition in T-X¢ or P-Xo
diagram sections. It is to be emphasized that the C, .O. H,,
species is no less rcal or stable, than any other possible species.
Indeed, such distinctions are mecaningless when applied to species
within a phase; however, it is possible to distinguish significant and
insignificant species in terms of concentration. In this respect, the
real concentration of the species C, O, H,, may be vanishingly
small, and therefore insignificant.
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