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ABSTRACT  The Holland and Powell internally consistent data set version 5.5 has been augmented to include pyrite,
troilite, trov (Feg 575S), anhydrite, H,S, elemental S and S, gas. Phase changes in troilite and pyrrhotite
are modelled with a combination of multiple end-members and a Landau tricritical model. Pyrrhotite is
modelled as a solid solution between hypothetical end-member troilite (irot) and Feg g7sS (trov); observed
activity-composition relationships fit well to a symmetric formalism model with a value for wyg—trov Of
~3.19 kJ mol™', The hypothetical end-member approach is required to compensate for iron distribution
irregularities in compositions close o troilite. Mixing in fluids is described with the van Laar asymmetric
formalism model with ay values for H;0-H,S, H,S8-CH; and H,8-CO; of 6.5, 4.15 and 0.045 kJ mol™!
respectively. The derived data set is statistically acceptable and replicates the input data and data from
experiments that were not included in the initial regression. The new data set is applied to the
construction of pseudosections for the bulk composition of mafic greenschist lacies rocks from the
Golden Mile, Kalgooriie, Western Australia. The sequence of mineral assemblages is replicated
successfully, with observed assemblages predicted to be stable at X(CQ,) increasing with increasing
degree of hydrothermal alteration. Results are compatible with those of previous work. Assemblages are
insensitive to the S bulk content at S contents of less than 1 wt%, which means that volatilization of
S-bearing fluids and sulphidation are unlikely 10 have had major effects on the stable mineral assemblage
in less metasomatized rocks. The sequence of sulphide and oxide phases is predicted successfully and
there is potential to use these phases qualitatively for geobarometry. Increases in X(CO,) stabilized, in
turn, pyrite-magnetite, pyrite-hematite and anhydrite-pyrite. Magnetite-pyrrhotite is predicted at
temperatures greater than 410 °C. The prediction of a variety of sulphide and oxide phases in a rock of
fixed bulk composition as a function of changes in fluid composition and temperature is of particular
interest because it has been proposed that such a variation in phase assemblage is produced by the
infiltration of multiple fluids with contrasting redox state. The work presented here shows that this need
not be the case.

Key words: gold; Kalgoorlie; redox; sulphides; sulphur; thermodynamics.

phism may be drawn from inverse models (e.g. Powell

INTRODUCTION

Fluids in metamorphic systems control rheological and
geochemical aspects of large proportions of the Earth’s
crust (e.g. Etheridge et al., 1983; McCaig, 1988), and
are implicated in the formation of hydrothermal ore
deposits (e.g. Phillips & Brown, 1987). Direct obser-
vation of fluids in these systems is generally impracti-
cal; so, thermodynamic models form an integral part of
the interpretation of metamorphic and hydrothermally
altered rocks {e.g. White er al,, 2003). Such models
allow the effects of changes in variables such as pres-
sure, temperature, bulk and fluid composition to be
predicted from forward models {e.g. Powell ef al.,
1998), and conclusions on conditions of metamor-
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& Holland, 2008).

Sulphur-bearing phases, such as pyrrhotite and
pyrite, are widespread in melamorphic rocks (e.g.
Powell et al., 1991; Neumayr er al,, 2008), sensitive
indicators of parameters that include fluid composition
and temperature (e.g. Neall & Phillips, 1987; Palin &
Xu, 2000) and recognized as vectors to ore in hydro-
thermal ore deposits (e.g. McCuaig & Kerrich, 1998).
However, these phases have been difficull to incorpo-
rate rigorously into previous thermodynamic models
(e.g. Johnson ef al., 1992; Shvarov & Bastrakov, 1999).
This is because the sulphur-bearing phases exhibit
complexity thal cannot be replicated by simple mineral
equations of state and ideal activity-composition
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models. Principal issues for common phases in the
system Fe-S are the multiple phase chanpes undergone
by troilite and the pyrrhotite solid solution series at
temperatures of geological interest (e.g. Grenvold
et al., 1959; Gronvold et al., 1991; Gronvold & Stelen,
1992), and the non-ideal mixing thermodyamic of
pyrrhotite (e.g. Rau, 1976; Powell, 1983). Additionally,
sulphur-bearing fluid components mix non-ideally in
aqueous fluids {e.g. Kishima, 1989) and may dissociate
to form charged species such as HS™ (e.g. Suleimenov
& Seward, 1997; Phillips & Phillips, 2000). Coherent
approaches to aqueous mixed solvent solutions have
been devised (e.g. Pitzer & Simonson, 1986; Anderko
et al., 2002; Wang et al., 2002; Evans & Powell, 2006)
but are not used widely in geological applications.
Further complexities are provided by the presence of
sulphide melts in systems where an appropriate flux for
such melting is present (e.g. Tomkins er al., 2007),
unmixing of sulphide melts as temperatures decrease
(Waldner & Pelton, 2005) and the poorly constrained
nature of phase relationships between phases such as
Fe”Sr_s, FEmS”, FegSm, Fe7_o|5Sg below 325 °C (e.g.
Wang & Salveson, 2005). A lack of internal consis-
tency in end-member thermodynamic data for the
sulphur-bearing phases may also compromise the
models.

Fortunately, much experimental effort has been
devoted to the elucidation of the thermodynamic
properties and phase relationships of the common
sulphur-bearing phases {e.g. Rosenqvist, 1954; Dick-
son et al., 1962; Barton & Toulmin, 1964; Toulmin &
Barton, 1964; Rau, 1976; Lin et al, 1977). The
experimental data have been compiled and reviewed by
a number of authors {e.g. Mills, 1974; Barker & Parks,
1986; Robie & Hemingway, 1995; Wang & Salveson,
2005) and data in the Fe-S system have been optimized
to give internally consistent values for enthalpies and
entropies of phases that include troilite, pyrite, pyr-
rhotite, iron, iron sulphide liquid and the stoichiome-
tric compounds Fe(S(a, Fe1oS1:, FesSip, Fe70165s
(Waldner & Pelton, 2005). The latter, however, is
aimed at the material science field, and has not been
calibrated for use at pressures above 1 bar, and phase
changes in pyrrhotite are dealt with by discontinuities
in heat capacity. The latter feature makes the model
inconvenient to apply across a range of temperatures,
as tends to be required in geological applications,

In this paper, we review experimentzl data from the
literature and use it to derive equation of state param-
eters and internally consistent values of the enthalpies
for pyrite, troilite, a Feg 4758 end-member, named trov,
H,S, S,, orthorhombic 8 and anhydrite. The term trov
refers only to the FeggssS end-member; the term pyr-
rhotite is used to describe minerals with compositions
that fall in the solid solution between FeS and more
sulphur-rich compositions. This strategy is employed
because it is necessary to be able to distinguish the
end-member (trov) from the general solid solution
(pyrrhotite). Phase changes are reproduced by a

Landau tricritical model (e.g. Holland & Powell, 1990)
and a phase change in end-member FeS at 147 °C.
Non-ideal mixing in pyrrhotite is dealt with by a
combination of a symmetric formalism model
{Holland & Powell, 1996) and the use of a hypothetical
FeS phase. The hypothetical end-member is necessary
to deal with irregularities in ordering in Fe-rich
pyrrhotite compositions.

The equation of state of sulphur-bearing fluid end-
members is based on a corresponding states approach
combined with a compensated-Redlich-Kwong
{CORK) equation of state (e.g. Holland & Powell,
1991). Non-ideal mixing in these fluids is described
with an asymmetric van Laar formulation (Holland &
Powell, 2003). Internally consistent thermodynamic
data for the S-bearing phases is added to the data set of
Holland & Powell (1998); update 5.5, 22 November
2003), and the program THERMOCALC is used to calcu-
late pseudosections (e.g. Powell et al., 1998}, which are
phase diagrams for specific rock bulk compositions,
for metabasic rocks in the system NCKFMASCOSH
(Na;O—-CaO—KZO-FeO-MgO—Alzog—SIOz—COZ—O-S-
H,0). The results are used to draw conclusions on the
development of silicate, oxide and sulphide minerals in
mafic greenschist facies rocks during metamorphic
fluid flow of the type implicated in the formation of
greenstone-hosted gold deposits such as those found at
Kalgoorlie, Western Australia.

METHODS

Data sources

Data from the literature were critically reviewed and
experiments with sufficient information for calculation
of enthalpies of reaction were included in a least
squares regression (Powell & Holland, 1993) to derive
enthalpies for the sulphur-bearing end-member phases.
Uncertainties for the compositional data were taken
from the published values, or estimated where values
were not provided. Experiments included in the fitting
exercise are summarized briefly here.

Alcock & Richardson (1951) measured H.S:H,
ratios for the iron—troilite-gas assemblage between 447
and 985 °C and at pressures that were unspecified but
unlikely to be much different from 1 bar. Radioactive
sulphur was used to enable measurement of the gas
ratio, and this allowed continuous monitoring of gas
ratios and the approach to equilibrium,

Rosenqvist (1954) used a combination of density
measurements and direct analysis of a Hy-H.S gas
mixture in equilibrium with troilite and iron to calcu-
late Ha:H,S ratios for this system. Temperatures were
between 400 and 900 °C and pressures were close to
1 bar. These workers also recorded data for pyrite-
pyrrhotite and pyrrhotite—iron sulphide liquid systems,
but pyrrhotite compositions were not recorded; so,
data for the pyrrhotite-bearing experiments were not
included in the regression.

© 2010 Blackwell Publishing Lid
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Toulmin & Barton (1964) used the electrum tarnish
method (Barton & Toulmin, 1964) to determine the
fugacity of S, gas in equilibrium with pyrrhotite and
pyrrhotite—pyrite mixtures. Pyrrhotite compositions
were determined by X-ray diffraction. S, was assumed
to be the predominant sulphur-bearing gas phase at the
experimental conditions. Pressures were less than 1 bar
except for a few runs at the highest temperatures.
Temperature ranged from 300 to 900 °C.

Schneeberg (1973) used electrochemical techniques
to measure the fugacity of S, buffered by a pyrite-
pyrrhotite charpe. The cell used contained Ag-
Apl-AgS,, . + S;. Pyrrhotite compositions were
determined using XRD following the Yund & Hall
{1970) calibration. Pressures were less than 1 bar, and
temperatures were between 324 and 438 °C.

Rau (1976) used a combination of indirect sulphur
fugacity measurements, where sulphur fugacity was
calculated from measurements of the ratio of Hy:H,S in
gases equilibrated with pyrrhotite, and direct measure-
ment, where the sulphur pressure produced by degas-
sing pyrrhotite was measured manometrically. Changes
in pyrrhotite composition were calculated from the
measured sulphur that was released into the gas phase.
There were some difficulties with the assessment of the
initial pyrrhotile compositions; so, the absolute pyr-
rhotite compositions are somewhat uncertain, although
relative changes in composition were shown to be reli-
able by reversal of the experiments. Uncertainty in S
fugacities for the indirect measurements were not pre-
sented. Pressures for the indirect measurements were
mostly less than 1 bar; pressures for the direct mea-
surements were up to 150 bar. Temperatures investi-
gated were between 547 and 1101 °C.

Lin et af. (1977) monitored the mass of a sulphide
sample that was equilibrated with a metered mixture of
H» and H,S gas. Pyrrhotite compositions were calcu-
lated from the mass changes. Pressure was unspecified
but is unlikely to have been much different from 1 bar.
The temperature was 800 °C.

Cemic & Kleppa (1988) determined the enthalpies of
formation of pyrite and troilite from their component
elements in a twin calorimeter at temperatures between
427 and 748 °C. Pressure was 1 bar, Values for the
enthalpy of anyhydrile were taken from the calori-
metric determination reported by Majzlan er al.
{2002).

Heat capacity and enthalpy for troilite and pyrrhotite

Calculation of heat capacity and enthalpy for pyr-
rhotite is made complicated by a variety of different
crystal structures at temperatures less than 325 °C and
the existence of multiple phase transitions between 147
and 400 °C (Coughlin, 1950; Grenvold et al., 1991;
Grenvold & Stelen, 1992; Fig. la-e). Literature data
on heat capacity are available for compositions FeS
{Coughlin, 1950; Grenvold et al., 1959; Grenvold &
Stalen, 1992), Feg o5 and FegogS (Gronvold & Stalen,

@ 2010 Blackwell Publishing Ltd

1992), FegeS (Grenvold er al., 1991) and FeggrsS
(Grenvold & Stelen, 1992).

All compositions examined undergo a relatively well-
defined phase transition at 325 °C. This transition is
attributed to the disordering of antiferromagnetically
aligned spins with increasing temperature (Gronvold &
Stelen, 1992). Troilite also undergoes multiple phase
transitions at around 150 °C (Fig. 1a), which is referred
to subsequently as the composite phase transition.
These transitions are attributed to structural and
magnetic ordering changes (Grenvold & Stalen, 1992),
Intermediate pyrrhotite examined also exhibits a com-
posite phase transition at temperatures that increase
with an increasing S:Fe ratio. The magnitude of the
enthalpy of the composite transition decreases as
the S:Fe ratio increases (Fig. la-e). The composition
Fey g75S may not record the composite phase transition
at all; the region of increased C;, around 430 to 530 °Cis
thought to involve the dissolution of pyrite in pyrrhotite
{Grenvold & Stalen, 1992). The kinetics of this latter
reaction are thought to be slow; so, the heat capacity of
sulphur-rich pyrrhotite is poorly constrained.

Thermodynamic representation of this complex state
of affairs was achieved by the use of two end-members
to represent troilite above and below the composite
phase transition. The low-temperature end-member is
referred to as lot, and the higher temperature end-
member as tro. These names are arbitrary and have no
history of use with respect to Fe-S phases, so far as the
authors are aware. This is a deliberate attempt to
reduce nomenclature-related confusion. The composite
phase transition is represented by a Landau tricritical
transition for lot at 417 K and the 325 °C phase
transition is represenied by a Landau tricritical tran-
sition for tro. The lransitions are superimposed on a
baseline of the form C, = a + bT + ¢T7~, the coef-
ficients of which were derived by a fit to the heat
capacily data of Greanvold & Stelen (1992). Data
points affected by phase transitions were removed and
replaced by padding data to facilitate acquisition of the
baseline parameters. Identical coefficients were found
to be appropriate for both the lot and tro end-mem-
bers. The S-rich end-member of the pyrrhotite solid
solution is represented by an end-member with the
formula Fepg7s8, which is referred to as trov. Heat
capacity for intermediate pyrrhotite was calculated by
a simple linear combination between the properties of
tro and trov, with the proportion of trov calculated
from the formula via pyo = 8y and pgo = 1 - 8y,
where y is defined by the pyrrhotite formuia of Fe,_,S.
Pyrrhotite compositions with y values greater than
0.125 will have a negative p,; this is simply a conse-
quence of the choice of end-members and is mathe-
matically and thermodynamically valid.

Tro and lot have identical properties except for the
standard state enthalpy and entropy at 25 °C, H. and
5944 respectively. Hggps for tro was obtained by mini-
mization of the least squares fit of the experimental
data, as described below, while that for lot was
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Fig. 1. Comparison of measured and calculated heat capacities and enthalpies for pyrrhotite. Solid lines are calculated fit, dots are
data points from Gronvold et af. (1991) and Grenvold & Stolen (1992). () Heat capacity for FeS; (b) heat capacity for Feg.0eS; (c) heat
capacity for FeggS; (d) heat capacity for Feg geS; (¢) heat capacity for Fegg7sS; (f) enthalpy for FeS; (g) enthalpy for Feg g:5; (h)
enthalpy for FegS; (i) enthalpy for Feg geS; (j) enthalpy for Feg g7sS.

@ 2010 Blackwell Publishing Ltd

) poe s, 3 25 TE20T6asT] bo Arugr] 3mmo Aoy wanqry-eqropery 49 x06800 0102 ¥) E15T51 G111 1 atpepAney Lo Amiquuuyredug wag pepeofeund 30102 "FIEISZE]

.

Lo Amasspeca

| s SAHEL) SyE|ddn s &g pasaand 2 BPOIT YO 0 S 1o fmxqe) semug L oo



INTERNALLY CONSISTENT DATA FOR SULPHUR-BEARING PHASES 671

calculated by subtraction of the integrated enthalpy of
the low-temperature transitions from that of the tro. It
was necessary to follow this strategy because of the
lack of experimental data below 150 °C. The entropy
of lot was calculated such that equilibrium between lot
and tro was reached at 144 °C, which is the observed
temperature of the most intense enthalpy increase
(Fig. 1a), The entropy oflot is less than the entropy for
tro by 10.8 J mol™" K™, which is about two-thirds of
the entropy involved in the fot- tro phase transition, if
the phase transition is assumed to be described by a
Landau tricritical model. The additional entropy is
likely to be accounted for by features of the transition
that are not described by the model, such as changes in
entropy due to magnetic ordering. It is unlikely that
users of THERMocALC will utilize the lot end-member to
any great extent because tro is the recommended
end-member above 150 °C, but its inclusion greatly
improves the fit of the heat capacity and enthalpy data
to the experimental data (Fig la,f). Subsequent refer-
ences to troilite in the text refer to tro, the high troilite
end-member unless lot is specified.

The thermodynamics of Landau transitions are
described in detail by Holland & Powell (1992). Briefly,
the transition is described by three parameters, T, the
critical temperature, Sp,,y, the maximum entropy of
the transition, and V., which is equal to Sq,x T/
dP. At temperatures less than T,

max 1/2
Coen =7 ﬁ (T~ Ty (1)
Sex = Smnx(l - QZ) (2)
_ ° g |
Hex = 2SmtuTc: (“6‘ = 2 +§), (3)
and "
Ver = Vmax(1 — @7) (4)
where 174
0= (1 = Tlc) : (5)

At T> T, Sax=S8max» Hex —'Smn.xTCv Vex=Vimax and
0=0. H.,, Scx and V, are the excess entropy, enthalpy
and volume, respectively, due to the disorder related to
the transition at the temperature of interest, and Q is a
macroscopic order parameter. T, was defined to be
325 °C for tro, and 322 °C for trov, on the basis of the
heal capacity plots. Initial guesses for S, were taken
from integrals of the areas under the heat capacity
phase transition peaks. Values for Sy, were then
refined via the least squares fitting process. The best fit
values were 10 J mol K for lot, 12 J mol™! K™ for
tro and 10J mol™ K™ for trov. Values for Vi
cannot be constrained from the 1-bar heat capacity
data and are discussed below.

This strategy replicates heat capacities for troilite
and FeggssS well at temperatures above the phase

© 2010 Blackwell Publishing Ltd

transition, and adequately below and at the phase
transitions (Fig. 1). Enthalpies are reproduced well for
tro, and are slightly underpredicted for trov (Fig. 1j).
Higher values of S;,,, could have been used to remove
this underprediction, but this was not performed
because the lower value of S.,,, replicates the experi-
mental heat capacities at the phase change well, and
because heat capacities and enthalpies at temperatures
above the phase change are probably slightly overes-
timated due to dissolution of pyrite in the pyrrhotite
phase (Grenvold & Stalen, 1992).

The measured heat capacities and enthalpies of the
intermediate pyrrhotites, FeggsS, FeggeS and FeggoS,
for which data are not incorporated in the fit, provide a
stringent test of the model. Heat capacities are repro-
duced approximately for all three intermediate com-
positions (Fig. 1b-d). Enthalpies are reproduced well
for Feg 39S, and for Fep g8 (Fig. 1h,i), which supports
the retention of the lower value of 8., for trov.
However, enthalpies are predicted less well for the
Feg 08S composition (Fig. 1g). This is attributed to heat
capacities for the intermediate phases that are not a
linear combination of those of the chosen end-mem-
bers. These results suggest that there are complex
entropic and enthalpic effects that relate to changes in
ordering in pyrrhotite, even above the temperature at
which the solid solution is thought to be continuous
(e.g. Wang & Salveson, 2005). However, these small
discrepancies do not prevent good replication of the
experimental data by the internally consistent ther-
modynamic data based on the model assumptions
outlined here.

More complex solid solution models were tested in
an attempt to improve the agreement between
observed and modelled enthalpy example. For exam-
ple, an order—disorder model (e.g. Holland & Powell,
1996a,b) was applied but failed to improve the fit of the
data for the intermediate compositions. However,
future versions of THERMocALC will be able to incor-
porate multiple order—disorder phase transitions which
are more flexible than the tricritical Landau transition,
and it is likely that these will enable better represen-
tation of the data.

Volume-related parameters

Volume is calculated as described by Holland & Powell
(1998).

V= VPT+ ch = Vex,298 [6}
where
4P \'*
Ver=Vir| 1 - 7
rr=ir(1 - 55 ©
and

Vir= Vo(l +a*(T — 298) — 20a°(vVT - v298)), (8)
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and g
Vex,ZBB = anx“ = nga}- {9)

Vex and Q7 are defined by Eqns 4 and 5 respectively. k7
is #205(1=1.5%1074(7—298)). ¥, was taken from litera-
ture compilations or fit to experimental data (Table 3),
and expansion and compression coefficients were
calibrated against the data listed in Table 3. Values for
Voux Were calibrated mostly against the data of
Tenailleau et al. (2005) (Fig. 2) because their data were
much less scattered than that of Selivanov er al, (2003).
Calibrated values are consistent with the gradient of
the FeS(IV) to FeS(V) phase transition in pressure—
temperature space that was measured by Urakawa
et al. (2004).

Activity-composition relationships for pyrrhotite

Phase relations in the system Fe-S are complex and
have been summarized by a number of authors (e.g.
Kissin & Scott, 1982; Barker & Parks, 1986; Wang &
Salveson, 2005). The bulk of the complexity cccurs
below 325 °C, and is not considered further here. At
the temperatures of interest (325 °C to sulphide melt-
ing at 742 to 1188 °C), most pyrrhotite occurs as the
1C hexaponal NiAs structure (Fig. 3). Non-stoichi-
ometric deficiencies in Fe are mostly accommodated by

{a) 2

® Selivanov af af. (2003
O Tenailleau et al. (2005)

1.85

1.9

V () bar)

1.85

200 400 600 800 1000
Temperature (°C)

{b)1.85

® Selivanov et al. (20035)) ®

1.84 O Tenailleau & al. (200

1.82

V (J bar)
=

1.78

1.76

100 200 300 400 500 600 700
Temperature (°C)

Fig. 2. Measured and calculated volumes for FeS and FegpgqsS.
Line is calculated volume, (a) FeS; (b) FeggrsS.

vacancies on Fe sites (e.g. Barker & Parks, 1986),
sulphur is five-six co-ordinated (Skinner er al., 2004),
and charge balance is maintained by the formation of
Fe(IIl) (Pratt et al, 1994). In the Fe-rich regions
(y = 0.025), there is evidence for Fe over and above that
on the Fe sites, which may be interstitial, or substitute
for S (Barker & Parks, 1986; Skinner et al., 2004), but
current evidence is ambiguous. Powell (1983) suggested
a change in the energetics of substitution at y equal to
0.125, on the basis of the data of Rau (1976) and
Burgmann et al. (1968), but the proposed discontinuity
has also been attributed to the inclusion of metastable
microdomains of monoclinic pyrrhotite in the
S-rich experiments (Barker & Parks, 1986). Melting
begins at 949 °C for pure troilite, and the maximum
temperature of stability for pyrrhotite is 1188 °C
(Wang & Salveson, 2005).

Here, the pyrrhotite solid solution will be considered
to extend from the pure FeS composition through
trov, Feg g75S, to more sulphur-rich compositions. The
properties of end-member FepgssS (trov) were
obtained as described above. The optimal FeS end-
member for the simple mixing model preferred here
does not have exactly the same thermodynamic prop-
erties as tro, because of complexities in structure in the
Fe-rich pyrrhotite compositions, which introduce

(Fe,S) melt
1500 | Two
melis
1365
1261
1C pyrrhotite + Sjiq
€ ,
g pyrrhatite 1015
2 10001C
o]
o
[=%
E
2
1C pyrrhotite + pyrite

mC + pyrite
nA + pyrite ~ 1: nA +4C

2:4C+nC

AC+pyrita  3:nA
4. mC
5.2C

] 1 I
0 : 0.2 0.3 0.4 0.5
FeS y F982

Fig. 3. Phase relations in Fe-8, after Cemic & Kleppa (1988).
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INTERNALLY CONSISTENT DATA FOR SULPHUR-BEARING PHASES 673

irregularities into the properties of compositions with
¥y < 0.025 (e.g. Rau, 1976). For this reason, we allow
the FeS end-member in pyrrhotite to be hypothetical.
The hypothetical end-member is named trot. This
phase has the same heat capacity and phase transition
characteristics as tro, the real troilite end-member, but
the enthalpy and entropy are allowed to vary to opti-
mize the fit between experiment and the model, If such
an end-member were not necessary then the properties
of tro and trot would be identical, within error; so, the
fitting process acts as a test for the need of the hypo-
thetical trot end-member.

The data of Rau (1976) were used to calibrate the
regular solution activity-composition model (e.g.
Holland & Powell, 1996b) for mixing between trot
(FeS) and trov (Feggs58). Data for the most iron-rich
compositions (y<0.025) could not be reproduced by
the model, even when using the trot end-member, and
were removed from the fitting data set. The discrep-
ancy is attributed to irregularities in Fe ordering in the
most Fe-rich compositions so that the most iron-rich
compositions behave like tro instead of trov. For this
reason, model results should be interpreted with cau-
tion when pyrrhotite compositions more iron-rich than
Feg g8 are predicted.

The equilibrium used for calibration is

BFeqersS(trov) = TFeS(trot) + 58, (10)

for which

7 o}
AG = 0= AG® + RTIn /5 (11
ey

which is equal to

al i
AG =0=AG’ + RTIn —--"";""f e
Qirov,id

+ TRTIn Yo — 8RTInpyp0y (12)
The activity terms are dealt with by a symmetric for-
malism model, so

RTInyy, =(1- P:rot]'lwtmtutmv (13)
and
RTIn Y0y = Pl Wirot—trov (14)
Dot 1S defined by
Prror = 1 — 8y (15)

where y is defined by the pyrrhotite formula Fe,_,S.
Ideal activities are described by a mixing-on-sites
expression, where Fe is allowed to mix across the
whole site. Under this assumption,

uotid = Xpe =1 —y (16)
and

© 2010 Blackwell Publishing Ltd

auova = ex bl = o1 — p)iyl (17)

where xy is the proportion of vacancies on the Fe site
and ¢ is a normalization constant. The value of ¢ is
1.4576. Substitution of Eqns 13-17 into Eqn 12 gives

AG=0=AG" + ern%l + Werot—trav( TPl oy — 8PEo1)-

(18)

which can be arranged to produce the equation of
a straight line, with RTIn(f5,/cy) as the y coordinate,
(1p%,, — 8p%,,) as the x coordinate, and Wy oroirov @5
the gradient.

This method was applied to the data of Rau (1976).
Pyrrhotite composition data for experiments where
sulphur fugacities were measured indirectly, and were
thus subject to possible systematic error, as discussed
by Rau (1976), were adjusted by -0.003(1 — p) as
sugpested by Powell (1983). The remainder of the data
at temperatures between 547 and 1101 °C were fit to
the model simultaneously to produce a single value for
Wirot-trovs Of =3.19 £ 0.04 kJ mol ~! (Fig. 4a). Alter-
native models that utilize van Laar asymmetric
formalism (Holland & Powell, 2003), different end-
member choices and mixing models that involved
mixing across only a fraction of the available site, were
also applied to the data, but the simple tegular solution
model performed as well or better than any of the more
complicated models and is therefore preferred.

Fluid end-member properties and activity composition
relationships

Fluid end-members considered are the pure fluids, H,S
and S, and the aqueous species HS™, HSO;, SO}~ and
HSO; . Entropies for H,S and S, are taken from Cox
et al. (1987), and heat capacities from data tabulated
by Chase (1998). Data for the aqueous sulphur-bearing

20

'Fep 8755
Hrov

¥

RTLn{Sp1/2
[+
|
N
o

5

3

a Direct measurements
* |ndirect measurements
=10 -5 0 5

BPyro? ~7Pirov®

Fig. 4. Comparison of calculated and measured activity-
composition parameters for & Wior-iwoy of —3.19 kJ mol~!. Data
points acquired by the indirect method are shifted by

0.003(1 = ») as suggested by Powell (1983). y is defined by the
pyrrhotite formula Fe,_,S. Data from Rau (1976).
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species are from Shock & Helgeson (1988); enthalpies
for these phases are fixed to those from the literature
and are not optimized during the least squares fitting
process because of the lack of experimental data at the
pressures and temperatures of interest.

Mixing of pure fluid end-members is accounted for
by the van Laar asymmetric formalism (VL-ASF)
approach (Holland & Powell, 2003), and for the
aqueous species by the Debye-Huckel asymmetric
formalism (DH-ASF) (Evans & Powell, 2006). These
methods are fully compatible and allow mixing
between aqueous and fluid phases in mixed solvents
and high ionic strength solutions to be considered.
ASF parameters for the agueous species were set to
zero, for want of sufficient experimental data at the
pressures and temperatures of interest to warrant fur-
ther calibration. ASF parameters to describe mixing
between the pure fluids H,S and H;0 were calculated
by a fit of the VL-ASF expression for activity coeffi-
cients to the modified Redlich-Kwong expression
(Holloway, 1977; Flowers, 1979), with Redlich-Kwong
parameters calculated by a corresponding states
approach (Holloway, 1977). A value for ays-n,0 of
6.5 kI mol™!' was found to fit the Redlich-Kwong
expression over a range of pressure and temperature
(an Sa) Values for au,5-CH, and ast-co of
4.15 kJ mol™! (Fig. 5b) and 0.045 kJ mol™! (Fig. 5c),
respectively, were calculated by the same method.
Values were optimized at 0.4 GPa and 600 °C. §S; gas
was considered to mix ideally as it tends not to be
present in significant concentrations in geological
environments; however, it was included in the database
to aid testing of the database against experimental data,

Derivation of enthalpies

An internally consistent set of enthalpies for the solid
and fluid end-members (Tables 1 & 2) was derived by
the weighted least squares minimization method
described by Powell & Holland (1985) and Powell &
Holland (1993). Inputs were the enthalpies of reaction
for the equilibrium or equilibria associated with each
of the data poinis in each of the listed experiments at
reference state conditions (25 °C and 1 bar). The
enthalpies were calculated from the reported experi-
mental parameters and specified entropies, volumes,
heat capacities, thermal expansions and compressibil-
ities, and activity-composition medels. Data sources
for the set thermodynamic parameters are discussed
above, and summarized in Table 3. Solute aqueous
end-members were not included in the least squares
minimization, because of a lack of well-constrained
experimental data at the pressures and temperatures of
interest.

Initial estimates of the reference state enthalpies for
the solid and pure fluid end-members were refined and
optimized by least squares minimization of the resid-
uals between the fit and calculated average enthalpy
for each experimental data set. Uncertainties and

a8
® [T viase
------ Flowers 1978

_ 08
g

06
2

=

(gm 0.4

02

02 04 06 05 1
X(H,0}

L g —— VLASF

----- Flowers 1977

0.2 0.4 0.6 0.8 1
XCH)

e
o
=]

Ggy (k! mol)
o
o
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-

0.2 04 06 08 1
XCO,)

Fig. 5. Comparison of calculated mixing relations for H.S-
bearing fluids with excess Gibbs free energy calculated with the
VL-ASF equations (Holland & Powell, 2003) and the modified
Redlich-Kwong approach (Flowers, 1979) at 0.4 GPa and

600 °C. (a) H,S-H,0; (b) H,5-CHy; () HaS5-CO;.

correlations between the fit enthalpies were also
calculated, which facilitates error propagation on
thermodynamic calculations made using the data set.
Uncertainties on the final enthalpies are based on input
estimates of experimental uncertainties and the spread
of the experimental data. Literature estimates of
experimental uncertainties were absent in some cases,
and less than would be expected if the full range of
contributions to uncertainty had been taken into
account in others. In these cases the experimental
uncertainties were estimated.

© 2010 Blackwell Publishing Ltd
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Table 1, Thermodynamic data for mineral and fluid end-members.

pyr tro trot lat trav any 5 H,§
A (] mal™) =177 -2799 ~99.03 -102.4 =96.05 ~14338 12834 -20.28
a{AH ) (k] mol™) 023 0.07 0.17 0.07 0.15 1.35 027 ol
S{Jmol™ K™Y 529 70.8 65.5 60 575 106.% 231 205.77
V(I bar™) 2,394 1.819 1.819 1518 1.738 4.594 [V 0
Coa (I mol™ K1) 0.0373 0.0502 0.0502 0.0502 0.0511 0.1287 0.01M 0.0474
Cop ¢ 10° (b mol™! K3 26715 1.1052 11052 1.1052 0.8307 4.8545 0.2398 1.024
Coe (kT mol™' K) -1817 -940 -940 -040 -669.7 -1223 -161 6159
Cpat (k] mol™! K*¥3) 0.6492 o 0 0 0 -0.5605 -0.065 -0.3978
&> 107K 6.38 14 15.14 9.67 1225 843 na. na.
« (GPa) 1.395 0.658 0.658 D.658 0.658 0.544 na. na.
T (K} na. 598 598 430 595 n.a na fn.a
Soear (§ ™' K*Y) nsa. 12 12 10 10 na. na. n.a
¥ {J bar™} na. 0.041 0.041 [} 0.016 na. na. na

Table 2. Thermodynamic data for solute end-members.

HS Hs04 50} HsO,
AH]y (k] mol™'y -16.04 -623 82 -906.12 -B8S.7
(AN, (kI mot™') 515 515 5.15 5.15
S(Fmol" K™Y 68 139 188 125.04
V(T bar™") 2,065 33 1.388 352
Cpzn (kI mol™ K™Y =0.092 ~0.0058 0.268 0,022

Table 3. Sources of data for mineral and fluid end-members.

Pyrite tro, trot lat trov any Sz HS
5 1 [ [ 6 10 14 14
Cricd 2 6 6 6 i 2 2
Vv 3 7 7 7 3
a& 4 7 B 7 12
x 5 9 9 9 13
T. & 6 [
S & L] 6
Lo 7 7

I = Chase (1998); 2 = il to eqquation which is derived from fits to data tabulated in Chase
{1998); 3 = Robie (1966); 4 = fit to data in Skinner (1966); 5 = fit to dots in Adams &
Williamson (1923); 6 = optimized, see teas; 7 = fit 1o data from Tennilicau ef al. (2005);
§ = fit to data in Taylor (1970); 9 = fit 10 data for troilite in King & Prowitt (1982); 10 =
Robie & Hemingway (1995); 11 = it to expression in Majelan ef af. (2002); 12 = fit to daa
in Evans (1979); 13 = from data in Birch (1966), 14 = Cox ef of. (1987).

Experimental data for the sulphur-bearing minerals
considered here do not include other end-members
considered in the data set except for elemental Fe and

Table 4. Fit diagnostics.

H, gas; so, the data set is effectively independent of the
S-free end-members. Fit diagnostics provided (Table 4)
are uH, a measure of the pressure- and temperature-
related uncertainty on the experimental bracket, dfs, a
comparison of experimental bracket width with the
uncertainties on bracket ends and /i a measure of the
influence of the equilibria on final calculated enthal-
pies. dfs values less than two are acceplable. & varies
between 0 and 1; low & indicates that the final enthal-
pies are effectively independent of a particular experi-
mental data set and vice versa. Weightings for each
data set are also included in Table 4; these are used to
indicate the relative reliability of the experiments. A
weighting of one indicates maximum reliability. Fit
diagnostics for the calorimetry constraints are slightly
different to those for the experimental data sets used to
derive enthalpy brackets. The diagnostics provided are
h, which, as before, is a measure of influence of the
calorimetric measurement on calculated enthalpies and
e*, which measures the discrepancy between the final
least squares enthalpy and the calorimetric measure-
ment. Values for ¢* of less than 2.5 are deemed
acceptable.

Initial results for the regression showed that
enthalpy values close to the initial estimates could be
obtained using all the experimental data considered,
except those of Alcock & Richardson (1951) and
Schneeberg (1973). The Alcock and Richardson data

Source Equilibnia uH dis h e Within bracket
Gronvold & Stelen (1992) lot = tro ond H 0.59 n.a. Yes
Rau (1976) 16 trov = 14 trot + Ss 3198 0.2 071 na. Yes
Lin ei al. (1977} & wrov + Hy = 7Ttrot + H;8 1.92 0.3 008 n.a. Yes
Toulmin & Barton (1964) 16 trov = |4 trot + §; 37 08 a n.a. Yes
Toulmin & Barton (1964) 16 trov = [4 trot + 5§; i ol 0.23 na. Yes
Toulmin & Barton (1964) 2trot + S; = 2pyr 175 07 0.56 na. Yes
Schaceberg (1973) 16 trov = |4 trot + §; not used

Schnecberg (1973) 2pyr=2ro + 5, ot used

Rosengvist (1954) Fe+HyS=tro+H; 0.4 -23 0.38 n.a Yes
Alcock & Richardson {1951) Foe+H:S=tro+H; not used

Cemic & Kleppa (1988) lmm=Fe + 8§ n.a. n.o. 0.51 4.2 na.
Cemic & Kleppa (1988) pyr=Fe + 28 n.a. na. 0.6} 01 na
Majzlan et of. (2002) Ca+5+20,=Ca50, n.a. na. 1 0 na

© 2010 Blackwell Publishing Ltd
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676 K. A. EVANS ET AL.

set is one of two that explores the iron-troilite-gas
equilibria, along with Rosengvist (1954), and the two
data sets are slightly inconsistent with each other. It
was possible to fit both simultaneously if the experi-
mental uncertainties were increased; however, it is
statistically preferable to exclude one of the data sets.
Inclusion of the data set of Rosenqvist (1954) produced
values for the enthalpy of H,S that were closer to
published values than those obtained when the Alcock
and Richardson data set was included; so, the former
was preferred for the final fit (Table 4). Ideally, the data
set of Schneeberg (1973) would have been included in
the data set, as it provides constraints on the pyrite-
pyrrhotite equilibrium at relatively low temperatures
(324438 °C), and is generally consistent with the rest
of the data. However, there are only four data points,
and, while these were almost in agreement with the
other data, there were small discrepancies (2-8 *C) in
excess of the stated uncertainties; so, the data
were excluded, The benefit of the exclusion is that the
Schneeberg data may be used as a lest for the final
data sei.

The data of Toulmin & Barton {1964) were also
slightly in disagreement with those of Rau (1976), al-
though the combined experimental bracket for each
data set was within that expected from the fit enthal-
pies; so, the discrepancies were small. The Rau data
were consistent with those of Burgmann er al. (1968),
which were used as an independent test of the model
(see below), while the Toulmin & Barton (1964) data,
which also have much larger uncertainties due to the
nature of the experiments, were not.

Calculated o, for the regression is 1.031 with 275
degrees of freedom, which compares satisfactorily with
values for previous versions of the data set (Holland &
Powell, 1990, 1998). Fit values for the end-member
reference state enthalpies were compared with those
from literature compilations (Table 5) and found to be
comparable.

Calculated values for experimental data

A measure of the ability of the final data set to
reproduce the input data points is provided by a
comparison of calculations with the literature-derived

Table 5. Comparison of derived values for AHp9g with literature
values.

Phasc TIERMOCALS cas B9S RH95 98 WPOS
pyr =171.7 =171.5 =17.5 =175 =171
lot -102.4 =101.1 =102.6 =101.7 =100.1
tro =99.0 ~96.3
oy =96.1 =915 =054 =94.4
any -1433.8 =431

5 1283 128.6

H,;8 -203 -205

All volues are in kJ mol™ C85 = Chase et af. (1985); B95 = Barin (1995); RH95 = Robie
& Hemingway (1995); C98 = Chase (1998). WPO5 = Waldner & Pelion (2005)

data (Fig. 6). Data from additional studies that were
not included in the regression are also shown; these are
data for pyrrhotite-gas equilibria from Burgmann
et al. (1968) (Fig. 6b) and for the pyrite-pyrrhotite
equilibria from Arnold (1951) and Schneeberg (1973)
(Fig. 6d). Uncertainties used in the figure are those
specified by the literature, where available, although in
many cases these are smaller than the data points
themselves.

The majority of the data points fall acceptably close
to the calculated trends. The data of Rau (1976)
(Fig. 6a) lie on the calculated lines at all temperatures
and across the greater part of the compositional range
investigated. Small discrepancies are noted at pyrrho-
tite compositions close to FeS. This reflects divergence
of measured compositions from those predicted by the
symmetric formalism activity-composition model at
these compositions, as noted above. Pyrrhotite com-
positions for the pyrrhotite—gas equilibrium experi-
ments of Toulmin & Barton (1964) and Burgmann
et al. (1968) are predicted very well (Fig. 6b) in spite of
the independence of these latter data from the final fit
values. The majority of data for the iron-troilite-gas
equilibria fall on or within error of the calculated line
(Fig. 6c), and the distribution of the data points illus-
trates the small but systematic difference between the
Alcock & Richardson (1951} and Rosenqvist (1954)
data sets; THERMOcALC calculations fit the Rosenqgvist
{1954) data, as would be expected given the inclusion
of these data in the regression. Calculated tempera-
tures and pyrrhotite compositions for the pyrite-
pyrrhotite equilibrium are close to observed values
(Fig. 6d), although the model systematically under-
predicts the sulphur content of troilite at lemperatures
close to pyrite melting. In terms of the model, this is a
consequence of optimization of heat capacities for
intermediate pyrrhotite compositions rather than for
the most sulphur-rich ones.

Range of applicability

The data are considered to be applicable over the
pressure and temperature range of the experimental
data from which the experimental data set is derived,
and applicable, with caution at pressures and
temperatures outside those conditions. Thus, data for
the solid phases can be considered reliable from 300
to 1100 °C. Extension to pressures higher than 1 bar
is possible because of single-phase compressibility
measurements, which exist for pressures up to
1.2 GPa for pyrite, and from 0.4 to 15 GPa for
troilite; however, confirmation of phase boundaries at
pressures of geological interest is desirable. The mix-
ing model that allows H,S to be considered in the
fluid phase is more restricted and should be treated
with caution at conditions far from the calibration
conditions of 0.4 GPa and 600 °C, although experi-
mental data are replicated adequately at 0.1 GPa and
300-~500° C.

£ 2010 Blackwel! Publishing Ltd
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Fig, 6. Comparison of experimental with calculated flutid and mineral compositions. (a) Data for pyrrhotite-sulphur gas equilibria
from Rau (1976); (b) pyrrhotite composition data from Toulmin & Barton (1964} and Burgmann ¢ al. (1968); {c) data for the troilite-
gas equilibria from Alcock & Richardson (1951) and Rosenqvist (1954); (d) temperature-pyrrhotite composition data for the pyr-
rhotite-pyrite equilibria from Arnold (1951), Toulmin & Barton (1964) and Schneeberg (1973).

Replication of aqueous S-bearing experimental data

Literature reports of experiments on S-bearing aque-
ous systems at the pressures and temperatures of
interest (> 300 °C and 30 MPa) are rare because reli-
able measurement of solution concentrations at these
elevated pressures and temperatures is so difficult.
However, Kishima {1989) recorded concentrations of
H,S and H, in solution in equilibrium with the pyrite~
pyrrhotite-magnetite buffer at 300-500 °C and pres-
sures to 0.1 GPa. These data were not used in the
production of the data set, so provide a demanding test
of the data and associated activity-composition mod-
els. The experimental observations were compared
with solubilities calculated by THERMOCALC, and were
found to replicate the experiments reasonably well
(Fig. 7). Discrepancies are attributed to the experi-
mental pressures which are semewhal lower than those
for which the CORK EOS parameters (Holland &
Powell, 1991) for these gases are optimized.

@ 2010 Blackwell Publishing Ltd

APPLICATION TO SULPHIDE-BEARING MINERAL
ASSEMBLAGES IN GREENSTONES

Geological background

The sulphur-bearing data set and mineral and fluid
activity-composition models described above were
used to investigate the development of metamorphic
mineral assemblages in greenschist facies metabasalts
of the type that host giant Archean gold deposits such
as the one at Kalgoorlie in Western Australia (e.g.
Phillips, 1986). The stability of S-bearing minerals in
such rocks is of interest because 8§ complexes with gold
in aqueous solution {e.g. Benning & Seward, 1996); so,
changes to the S-bearing mineral assemblage can
infiuence the mobilization, transport and deposition of
gold.

Mineral and bulk-rock compositions and petro-
graphic relationships are described in detail by a
number of authors (e.g. Phillips, 1986; Boulter ef al.,
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Fig. 7. Comparison of measured and calculated fluid composi-
tions with data from Kishima (1989), which was not used in the
least squares minimization. (a} pressure-gas compaosition rela-
tions; (b) pressure-absolute H; concentrations; (c} pressure—
absolute H,S relationships,

1987; Phillips & Brown, 1987; Phillips & Gibb, 1993;
White et al., 2003; Bateman & Hagemann, 2004) and
are only briefly summarized here. Bulk-rock composi-
tions are tholeiitic, with much of the gold hosted by
iron-rich, magnetite-bearing lithologies in the Golden
Mile Dolerite and Paringa Basalt. The rocks were
metamorphosed at greenschist facies conditions prior
to mineralization and rocks that show little sign of
the carbonation and hydrothermal alteration that
accompanies mineralization contain the assem-
blage actinolite-albite-chlorite-epidote-magnetite =+
quartz. Igneous Ti-rich magnetite is commonly altered
to leucoxene, ilmenite and pyrite. Mineralization was

accompanied by extensive carbonation, sulphidation
and hydrothermal alteration. The most distal alter-
ation zone is the chlorite alteration zone, in which the
mineral assemblage is chlorite-calcite~dolomite-
albite—quartz-magnetite with trace pyrite, and siderite
in Fe-rich lithologies. Note that dolomite refers to all
minerals of the composition Ca(FeMg)CO;, that is, it
covers ankeritic compositions. The intermediate car-
bonate alteration zone is more intensely carbonated
and rocks contain the assemblage dolomite, quartz,
albite, ilmenite, magnetite, muscovite, chlorite,
pyrite + siderite = hematite. The mode of chlorite is
generally smaller than that in the less altered distal
alteration zone. The most gold-rich alteration in the
pyrite-rich proximal zone has a bleached appearance
which reflects the partial or complete loss of chlorite,
and contains dolomite, albite, pyrite, muscovite,
quartz = chlorite £ siderite + hematite. Feldspar in
all zones is of albitic composition (Phillips & Gibb,
1993). The composition of fluid inclusions in vein
quartz indicate that the fluid associated with mineral-
ization was relatively low salinity (<2 wt% NaCl
equivalent) and CO,-rich, with X(CO;) between 0.2
and 0.3 (Ho er al,, 1992).

Previously, fluid inclusions have been used to esti-
mate the pressure, temperature and bulk compositions
that accompanied mineralization (e.g. Ho et al., 1992).
Pseudosections, phase diagrams calculated for a spe-
cific bulk composition, have also been used to inves-
tigate the effects of rock bulk composition, pressure,
temperature and fluid composition on the silicate
mineral assemblage (White ef al, 2003). Mineral
assemblages imply equilibration at 315-350 *C and
0.1-0.2 GPa at an X(CO,) of 0.1-0.25, with more
COs,-rich fluid compositions found in the proximal
alteration zones (White et al., 2003).

Pseudosection calculation methods

P-T (Fig. 8), T-X(CO,) (Fig. 9), T-X(S) (Fig. 10a) and
X(S)-X(CO,) (Fig. 10b) pseudosections were calcu-
lated using THERMocALc v3.22 and the Holland &
Powell (1998) data set v5.5, updated 22 November
2003 and augmented with the data for the
sulphur-bearing  end-members  presented  here
(ts-ds555.txt). The chemical system investigated was
NCKFMASCOSH  (Na0-CaO-K,0-FeO-MgO-
Al03-810,-C0,-0-80+-H->0). Phase relations were
calculated at pressures ranging from 0.1 to 0.5 GPa
and temperatures from 300 to 500 °C. Pseudosections
were used because the chemical system investigated is
complex; so, high-variance assemblages might be
expected, and pseudosections allow the boundaries of
high-variance assemblages to be delineated when
bulk composition is fixed. Previous work (e.g. Frost,
1979, 1985) has investipated low-variance phase
relations in subsystems of NCKFMASCOSH, and
the topology of the diagrams presented by these
workers forms the underlying structure for the
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Fig. 8. P-T pseudosection for the bulk composition in Table 6 at X{CO,) of 0.2. Quartz and fluid in excess. (a} Full
pseudosection; (b) inset 10 illustrate the interplay between albite-plagioclase and pyrite-pyrrhotite stabilities; (c} inset to illustrate
the divariant field at 0.5 GPa. Abbreviations are ab: albite; act: actinolite; any: anhydrite; bi: biotite; ce: calcite; chl: chlorite;
dol: dolomite; mu: muscovite; fearb: iron carbonate; pl: plagioclase; pyr: pyrite; po: pyrrhotite; hem: hematite; mt: magnetite,
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Fig. 9. T-X(CO,) pseudosection for the bulk composition in Table 6 at 0.15 GPa. Quartz and fluid in excess. Abbreviations as for
Fig. B. Letters in stars relate to assemblages seen in greenschist facies mafic rocks from the Golden Mile, Kalgoorlie. M,
prehydrothermal alteration; C, distal alteration; I, intermediate alteration; P, proximal alteration.

sequence of reactions observed in the pseudosections,
Such diagrams, while useful, particularly in systems
with relatively small numbers of components, show
the mineral assemblage as a function of intensive
chemical potentials such as oxygen fugacity and
hydrogen fugacity. The pseudosection approach
provides a useful complement to the chemical po-
tential approach because only the bulk composition,
pressure, temperature and, in some cases, fluid
composition, needs to be specified.

The bulk composition used (Table 6) is that of a
carbonated Golden Mile Dolerite, from the carbonate
alteration zone at Kalgoorlie, Western Australia

(Phillips, 1986, Table 6, composition 3), Specification
of S in the bulk composition for miErMocALC is as SOy;
so, it is necessary to balance the S with negative
quantities of O to produce S in the valence states of
interest in pyrite and pyrrhotite, which are -1 and -2
respectively. The proportion of O also determines the
quantity of Fe(3 +); so0, n(0)=0.5a(Fe**) — 3n(5*") -
2.57(S7) + n(S%"), where n denotes the number of
moles of the species considered. This strategy works
well; S in valence +6 (anhydrite), =1 {pyrite) and -2
(pyrrhotite) are predicted in equilibrium with Fe(3+)
bearing phases at plausible pressures, temperatures
and fiuid compositions.

& 2010 Blackwell Peblishing Ltd
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INTERNALLY CONSISTENT DATA FOR SULPHUR-BEARING PHASES 681

Fig. 10. (a) 7-S pseudosection for the range
of bulk compositions in Table 6 at a pressure
of 0.15 GPa and an X(COy) of 0.2. (b)
5-X(CO;) pseudosection for the bulk com-
position in Table 6 at a pressure of 0.15 GPa
and a temperature of 350 °C.

Table 6. Bulk compositions (wt%) used for pseudosection
construction.

50, AlO, CaD MgD FeO K0 Na:O © S04

Figs &9 5263 1463 BS5 434 1514 |69 296 -005 01
Sich cnd-member 5241 1457 831 431 (508 |68 295 =048 005
for Fig. 10

S-poor end-member 5265 1464 B3% 434 U515 169 297 0005 001
for Fig. 10

Minerals considered were albite, actinolitic amphi-
bole, chlorite, muscovite, biotite, dolomite, garnet,
plagioclase, pyrrhotite, pyrite, anhydrite, calcite,
quartz, iron carbonate, magnetite, hematite and
H,0-CO; fiuid. Results for caleulations made with an
H,S-H,0-CO; fluid were compared with those for the
H,0-CO; fiuid and found to be comparable for the
situations addressed here, as very little sulphur is
dissolved in solution at the conditions considered.
Subsequent calculations used the H,0-CQ, fluid, which
greatly simplifies calculations. Quartz and fluid were
specified to be in excess in all calculations. Calcite,
quartz, albite, pyrite, magnetite, hematite and anhydrite
were assumed to be pure phases. The peristerite pap in
feldspar was simulated by provision for co-existing

© 2010 Blackwell Publishing Lid

albite and plagioclase. Activity-composition relations
in the fluid were those of the van Laar asymmetric for-
malism described by Holland & Powell (2003). Activity—
composition relations for pyrrhotite were those
described in this work. Amphiboles were modelled with
the ferric-bearing activity composition relations descri-
bed by Diener et al. (2007). The enthalpy of siderite was
modified slightly to enable reproduction of co-existing
carbonate compositions reported by Rosenberg (1967).
The carbonate models were otherwise that of White
et al. (2003). The model for chlorite is from Holland
et al. (1998). Otherwise, mineral activity composition
models were as described by White et al. (2007).

Effects of pressure and temperature

The relative stabilities of carbonate-bearing mineral
assemblages are sensitive to pressure, temperature and
X(CO,), which makes it difficult to represent the full
range of phase relations in two dimensions. Here,
calculated pressure—temperature phase relations at
fixed X(CO,) (Fig. 8), and T-X(CO,) relationships at
fixed pressure (Fig. 9), are used to allow the relative
effects of the different variables to be assessed.
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6B2 K. A. EVANS ET AL,

The pressure-temperature section at a fixed X(CQ,)
of 0.2 (Fig. 8) is relatively simple, with few changes in
topology as a function of increasing pressure until
above 0.4 Gpa. It should be noted, however, that the
fixed X(CO;) obscures the stabilization of carbonates
relative to silicates with increasing X(COj); this is
shown in Fig. 9 and discussed below. Nevertheless, this
diagram is wseful because it allows changes in the
silicate mineral assemblage to be assessed. The vast
majority of lines have a positive dP/dT, which is
typical of devolatilization reactions where entropy and
volume changes are both positive. At the lowest
temperatures, the stable assemblage is dolomite, iron
carbonate, muscovite, pyrite, anyhydrite and albite
plus quartz and fluid. The predicted presence of
anhydrite is consistent with other phase equilibria
studies (e.g. Evans er al., 2006; Evans, 2010), but
anhydrite is identified rarely in thin sections of these
rocks (see Clout e al., 1990 for an exception), possibly
due to its poor preservation potential and/or a lack of
appropriate fluid composition during metamorphism.
Increasing temperature drives formation of hematite
coupled with consumption of anhydrite, and then
chlorite growth at temperatures that increase from
around 310 °C at 0.1 GPa to 410 °C at 0.4 GPa. The
anhydrite-hematite transition is trivariant and is thus,
theoretically, a field in P-T space, but the width of the
field is only about 0.1 °C, which is below the resolution
of the figure; so, the field appears as a line.

The next reaction with increasing temperature
depends on pressure, because of the differing slopes in
pressure-temperature space of the low-variance
fields in which sulphide-oxide and silicate—carbonate
transitions take place. At the lowest pressures
(<0.12 GPa), the anhydrite~-hematite transition is
followed by chlorite growth, loss of iron-carbonate,
calcite growth and loss of hematite coupled with
growth of magnetite. Between 0.12 and 0.25 GPa, the
anhydrite-hematite transition is followed by chlorite
growth, as before, but loss of hematite in favour of
magnetite is the next reaction, which precedes chlorite
growth, loss of iron carbonate and calcite growth.
Between 0.25 and 0.39 GPa, both anhydrite-hematite
and hematite-magnetite transitions occur at lower
temperatures than the sequence of chlorite growth, loss
of iron-carbonate and calcite growth, whereas, at
pressures greater than 0.39 GPa, the hematite stability
field terminates and anhydrite is lost in favour of
magnetite instead. This variation, not recognized
previously, has the potential for use as a qualitative
geobarometer,

The hematite-magnetite reaction is, like the anhy-
drite-hematite reaction, very narrow in P-T space.
This is because the hematite-magnetite reaction is
degenerate in the system NCKFMASCOSH and is
effectively divariant. The narrow temperature interval
over which hematite and magnetite coexist contrasts
with petrological phase relations where hematite and
magnetite are frequently observed in textural equi-

librium (e.g. Phillips & Gibb, 1993; Evans et al.,
2006; Neumayr et al., 2008). The most likely expla-
nation is that fluid-rock buffering extends the stabil-
ity range for the hematite plus magnetite-bearing
assemblages.

Higher model temperatures drive loss of dolomite
and growth of biotite. Mineral assemblages at
Kalgoorlie do not contain biotite; so, the biotite-in line
provides a limit on the pressures and temperatures of
hydrothermal alteration, although the limits shown are
sensitive 1o the assumed bulk-rock and fluid compo-
sition, and should be treated with caution. Other
reactions that are not seen in examples from
Kalgoorlie include growth of pyrrhotite at the expense
of pyrite, which follows biotite-in at pressures less than
0.32 GPa and crossing of the peristerite gap, with
conversion of albite to plagioclase. At pressures grealer
than 0.32 GPa, closure of the peristerite gap occurs at
lower temperatures than the pyrite-pyrrhotite transi-
tion. The relative positions of the pyrite-pyrrhotite
boundary and boundaries between the silicate mineral
assemblages is pressure sensitive, and thus has the
potential to be used as a geobarometer. The absence of
pyrrhotite in the Golden Mile is consistent with the
phase diagram; pyrrhotite-bearing greenstones, such as
those at neighbouring Mount Charlotte are thought to
have been formed at significantly higher temperatures
than those of the Golden Mile (e.g. Bateman &
Hagemann, 2004).

Amphibole is stabilized at temperatures greater than
420 °C, and the carbonate phases react out, so that
the highest temperature assemblage modelled is
amphibole-biotite-pyrrhotite-magnetite~quartz-pla-
gioclase-fluid. This is equivalent to the observed pre-
hydrothermal alteration assemblage if it is considered
that the biotite is stabilized by the addition of hydro-
thermal potassium.

At the highest pressures considered ( > 0.45 GPa) the
amphibole- and muscovite-bearing fields converge, so
that there is no longer a distinct separation between the
two index minerals. The fields converge at a small
divariant field with negligible width at about 480 °C
and 0.45-0.5 GPa, which contains both muscovite and
amphibole.

The oxide and sulphide phases observed in the
Golden Mile are predicted for a rock with fixed
composition in equilibrium with a H;O-CO, fluid at
different temperatures. However, there is little evidence
for temperature gradients between the different alter-
ation zones, or for a strong role for temperature-driven
gold deposition; so, it is necessary to investigate
whether variations in fluid composition can drive
similar variation in the oxide/sulphide phases.

Effects of changing fluid composition

The T-X(CO,) pseudosection (Fig. 9) is more complex
than the P-T pseudosection, which indicates that
mineral stability is much more sensitive to temperature

© 2010 Blackwell Publishing Ltd
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INTERNALLY CONSISTENT DATA FOR SULPHUR-BEARING PHASES 683

and X{CO,) than to pressure. Changes to the silicate
mineral assemblage at X(CO;) up to 0.5 are similar to
those shown in the P-T section. At these water-rich
compositions, the sequence of stable silicate minerals,
with increasing temperature is muscovite-albite, musco-
vite—chlorite-albite, muscovite-chlorite-biotite-albite,
chlorite-biotite-albite—plagioclase,  chlorite-biotite-
amphibole-plagioclase and biotite~amphibole-plagio-
clase. The main effect of increases in X(CQ,) is to
destabilize chlorite in favour of the ferromagnesian
carbonates, dolomite and siderite, so that at X{(COy)
between 0.5 and 0.7 the amphibole-chlorite-biotite field
is excised, and at X(CO,) greater than 0.7 the biotite-
chlorite field also disappears so that chlorite is not stable
at any temperature. The majority of lines have a positive
slope in T-X(CO,) space which indicates that these
reactions are dominantly decarbonation reactions,
although there is likely to be some degree of accom-
panying dehydration. A minority of lines have negative
slopes, these relate to dehydration or dehydration-
decarbonation phase boundaries,

The sequence of carbonate minerals with increasing
X(CO,) is calcite, calcite-dolomite, dolomite and
dolomite-iron carbonale. At temperatures greater than
400 °C a carbonate-free region appears at the low
X(CO,) side of the figure. The changes in stability
relate to transfer of iron and magnesium from chlorile
to the carbonate phases with increasing X(CO,).

The sequence of oxide and sulphide phase stabilities
are identical to those in the P-T section with anhy-
drite-pyrite, pyrite-hematite, pyrite-magnetite and
pyrrhotite-magnetite stabilized with increasing tem-
perature, The width of the fields within which the
sulphide and oxide phases changes is very narrow in
T-X(CO,) space, as in P-T space. However, it can be
seen that buffering along the hematite—-magnetite
reaction in T-X(CO,) space could produce co-existing
hematite and magnetite over a wider range of
temperature than would be possible if X(CO,) were
fixed. Indeed, buffering along the hematite-magnetite
reaction is likely because this reaction is dominantly a
decarbonation reaction as indicated by its positive
slope. The slope of the pyrrhotite-pyrite reaction
varies as a function of the mineral assemblage. This
reflects the competition between silicate, carbonate and
sulphide and oxide phases for the available iron, and
means that an X{CO,) gradient at fixed temperature
could produce the transition from pyrite to pyrrhotite
and vice versa.

Mineral assemblages in iron-rich lithologies from
Kalgoorlie are predicted in the fields marked in Fig. 9,
and are consistent with increasing X(CO,) at constant
temperature with increasing extent of alteration. M
indicates potential conditions of prehydrothermal
alteration, C the distal alteration, 1 the intermediate
alteration and P the proximal alteration. However, it
should be noted that changes in bulk composition
driven by metasomatism are not accounted for in the
figure. The assemblage in rocks from the chlorite

© 2010 Blackwell Publishing Lid

alteration zone is predicted in a relatively narrow low-
variance (trivariant) field; widespread occurrence of
this mineral assemblage indicates that rock buffering
of fluid composition must have operated for this
assemblage to be preserved. The hematite-magnetite
reaction crosses the fields of stability for the distal,
intermediate and proximal assemblages; so, it is plau-
sible that X(CO,)-driven rock buffering along this
reaction could have produced coexisting hematite and
magnetite in equilibrium with the observed assem-
blages.

Temperatures are within the range proposed by
White ef al. (2003), while X(CQ,) for the proximal
zone, at > 0.4, is higher than that obtained from fluid
inclusion studies and the results of White ez al. (2003),
which are between 0.2 and 0.3. Fluid inclusion studies
generally sample fluids from quariz vein material,
which may not be representative of fluids that have
undergone fluid-rock interaction. Additionally, White
et al. (2003) did not include any sulphide and oxide
phases in their calculations, and so lacked the tem-
perature constraint provided by the hematite-anhy-
drite reaction in this study. The relatively high
calculated X{CQ») values are fixed by the position of
the hematite-anhydrite line. If this line occurred at
lower temperatures then values more consistent with
previous fluid inclusion studies would be obtained.

Ideally, it would be possible to determine the
T-X{CO>) trajectory of a rock undergoing alteration
from figures such as Fig. 9. This is possible for the two
extreme flow regimes where fluid compositions are
completely externally and internally buffered. If fluid
compositions are externally buffered by infiltration of
externally derived fluid then the trajectory in X(CO)
space is vertical at the value of X(CQ,) of the infil-
trating fiuid. If X{(CO,) is internally buffered, that is, it
is determined by the composition of fluid released by
devolatilization reactions, then the 7-X(CQ,) proceeds
along the line of minimum fluid production, and will
track through low-variance fields on a trajectory that is
parallel or at a low angle to the field boundaries. Real
rocks are likely to have experienced flow regimes that
were not only some combination of the end-member
models but also oscillated temporally between greater
and lesser contributions from the two end-members in
response to changes in rates of fluid production, infil-
tration and strain. Additionally, the X(CO,) trajectory
depends on porosity, permeability and the rate of
temperature increase with respect to deformation-
induced fluid loss. This is because fluid composition
can change significantly without much reaction if the
porosity is small, so that produced fluid easily over-
whelms any resident fluid and vice versa. Thus, large
porosities can mimic the effects of external buffering,
while smaller porosities favour internal buffering
type behaviour. Given these considerations, it is
impossible to unambiguously determine 7-X(CO,)
trajectories without specification of a number of
poorly constrained parameters. Nevertheless, observed
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684 K. A, EVANS ET AL,

assembiages in the Kalgoorlie rocks are broadly com-
patible with a flow regime in which internal buffering
of fluid composition played an important role, in spite
of the significant metasomatism that is observed.

Effect of variation in sulphur content

The X(8)}-T section (Fig. 10a) was drawn to explore the
sensitivity of mineral assemblages to changes in the
rock bulk sulphur content. This is of interest because it
allows assessment of the effects of loss of sulphur from
the rock by devolatilization, or addition by sulphida-
tion. Neither of these processes is accounted for in the
T-X(CO,) section, which is drawn for a fixed bulk
composition. The figure is drawn for a pressure of
0.15 GPa and an X(CO;) of 0.2. The bulk composition
is identical to that used for the previous diagrams, but
50, is varied between (.02 and 1 mol.%. The quantity
of the O component was varied in proportion to the
sulphur.

The pseudosection exhibits the same sequence of
reactions as those described in previous sections; so,
these are not discussed further here. The majority of
the lines are flat or relatively flat, with changes of
around 0-3 °C in the temperature of boundaries for
sulphur contents between 0.02 and 1 mol.%. This is as
expected for field boundaries associated with changes
in the silicate mineral assemblage because sulphur does
not participate significantly in these reactions, but
slightly surprising for the pyrrhotite-pyrite boundary,
as the increase in sulphur might be expected to stabilize
pyrite with respect to pyrrhotite. The reaction is
insufficiently low variance that the temperature of
reaction is fixed by the assemblage; however, the small
changes in sulphur content investigated here are
insufficient to have a major effect on the temperature
of the pyrite-pyrrhotite equilibrium; so, the reaction is
effectively buffered. Minor sulphur-related effects are
seen; the increase in sulphur mol.% increases the width
of the field within which pyrrhotite and pyrite coexist,
and changes in sulphur content cause minor changes in
the reaction sequence. For example, at high sulphur
contents, loss of iron carbonate precedes the hematite—
magnetite tiransition with increasing temperature,
whereas at low sulphur contents this sequence is
reversed. Similarly, at around 430 °C, at low sulphur
contents, the pyrite-pyrrhotite transition occurs within
the stability field of co-existing albite and plagioclase,
while at higher sulphur contents, the pyrite—pyrrhotite
transition occurs in the plagioclase stability field. These
changes have little effect on the overall geometry of the
diagram. The insensitivity of phase boundary positions
indicates that changes in observed sulphide and oxide
phases are driven dominantly by temperature and fluid
composition rather than by minor changes in sulphur
content at the sub-weight per cent level. This is con-
venient because it is difficult to account for the effects
of these processes on figures such as Fig. 9, This con-
clusion will not apply to higher degrees of sulphida-

tion, where added sulphur combines with a significant
proportion of the iron within the rock and affects the
effective Mg/Mg + Fe and hence the conditions of
silicate and carbonate equilibria, as discussed by
Tomkins & Grundy (2009). Such rocks include the
pyrite-bearing quartz veins at Kalgoorlie, where sul-
phur contents are up to several weight per cent.
However, comprehensive examination of the metaso-
matism associated with such sulphidation is beyond
the scope of this study.

Effect of variation in sulphur content and fluid composition

A pseudosection in X(S}-X(CO;) space (Fig. 10b) was
drawn to enable examination of the interplay between
desulphidation and suiphidation reactions, which alter
the bulk sulphur in the rock, and changes in fluid
X(CQ,), which can be driven by devolatilization and
infiltration. The SO, content of the rock was varied
from 0.01 to 1 mol.% while the O content was varied in
proportion, as above. The figure is drawn for a pressure
of 0.15 GPa and a temperature of 350 °C, so as to be
relevant to pold-related alteration at Kalgoorlie. The
bulk composition, except for sulphur, is that shown in
Table 6.

The sequence of mineral assemblages is insensitive to
the sulphur content of the rock; two orders of magnitude
difference in sulphur content barely affects the X{CO,)
of reaction. Thus, the positions of equilibria are rela-
tively insensitive to processes such as the loss of sulphur
bearing volatiles such as H,S, and sulphidation reac-
tions. Preliminary investigations indicate that section
geometry is more sensitive to changes in 5:0 ratio, and
more extreme increases in sulphur content may also have
additional effects, but a full discussion of this aspect of
the phase relations is beyond the scope of this study.

SUMMARY

The internally consistent data set for sulphur-bearing
end-members thal has been derived from experimental
data reproduces naturai and experimental observa-
tions. Pseudosection calculations based on the new
data predict the observed sequence of mineral assem-
blages lor greenschist facies metabasalts. New con-
straints on the pressure dependence of the sequence of
mineral reactions has the potential for use as a quali-
tative but retrogression-insensitive geobarometer.

The mineral assemblages observed at Kalgoorlie,
Western Australia, are predicted at X(CO4) values that
increase with increasing degree of hydrothermal alter-
ation. These results are compatible with those of pre-
vious work. The sulphide and oxide minerals present
depend on X(CO,). Assemblages are insensitive to the
sulphur bulk content at sulphur contents between 0.01
and 1 mol.%, which means that volatilization of sul-
phur bearing fluids and sulphidation are unlikely to
have had major effects on the stable mineral assem-
blage where sulphidation is not extreme. However,
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INTERNALLY CONSISTENT DATA FOR SULPHUR-BEARING PHASES 685

higher degrees of sulphidation are likely to have a
significant effect on the pressure-temperature-fluid
compositions of the phase boundaries, The sequence of
stable sulphide and oxide phases with increasing
X(CO,) at 350 °C is pyrite-magnetite, pyrite-hematite
and anhydrite-pyrite. Magnetite~pyrrhotite is pre-
dicted at temperatures greater than 410 °C. This is of
particular interest because it has been proposed that
such variation in sulphide and oxide phases is
produced by the infiltration of multiple fluids with
contrasting redox state (e.g. Neumayr et al., 2008).
The work presented here shows that this need not be
the case.
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