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ABSTRACT

A solid-solution mode] for the composition of chlorite has been used to calculate the physicochemical conditions of gold
deposition for the slate-belt-hosted Hifl End goldfield in the Paleozoic Lachlan Fold Belt of New South Wales, Australia. A P-T
range of 295-340°C and 1.4-3 kbar, and the redox conditions for threc major stages of gold mineralization, are estimated by
combining data for T, f{O,) and f(S,), calculated from chlorite compositions, with the results obtained from fluid-inclusion
analyses and a knowledge of the mineral paragenesis. Gold deposition occurred in a redox environment where O,) ranged from
1022 to 10364, tracked by fluid and mineral species from below the CO,~CH, stability boundary to above the pyrite—pyrrhotite
stability boundary, respectively. The temperature corrections to fluid-inclusion Ty, data provided by the chlorite model could be
as high as 190°C. With careful paragenetic control, the chlorite geothermometer seems to be a powerful tool in deciphering
multistage fluid systems, and offers a solution to some of the ambiguities attending fluid-inclusion studies in metamorphic
environments.
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SOMMAIRE

Nous avons utilisé un modele de solution solide congu pour exprimer la composition de Ia chlorite afin de déterminer
les conditions physicochimiques de déposition de l'or dans le champ aurifere de Hill End, dans la ceinture d'ardoise plissée
de Lachlan, d'age paléozoique, au Nouveau Pays de Galles, en Australie. Nous en déduisons un intervalle de température entre
295° et 340°C 2 une pression comprise entre 1.4 et 3 kbar. Nous spécifions les conditions d'oxydation au cours des trois stades
de minéralisation en regroupant les données sur T, {O,) et fS,) calculées A partir de la composition de la chlorite avec les
résultats d'analyses des inclusions fluides et une connaissance des associations paragénétiques. La déposition de l'or a eu lieu
dans un milieu marqué par une fugacité d'oxygene entre 1032 et 10-%64, tel que le montrent la spéciation de la phase fluide et
les minéraux coexistants, d'une condition inférieure & I'équilibre CO,~CH, jusqud une condition supérieure & I'équilibre
pyrite-pyrrhotite, respectivement. Les corrections 2 la température 2 partir des valeurs Ty, des inclusions fluides pourraient
atteindre 190°C. Avec un contrSle serré des associations paragénétiques, le géothermomatre fondé sur la chlorite semble offrir
un outil puissant pour décortiquer les syst2mes 2 plusieurs étapes d'incursion de fluide, et résoudre certaines des ambiguités
renconirées dans les études d'inclusions fluides dans les milieux métamorphiques.

(Traduit par la Rédaction)

Mots-clés: composition de la chlorite, minéralisation en or, température, f(O,), pH, champ aurifére de Hill End, Nouveau Pays
de Galies, Australie.
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INTRODUCTION

The Hill End goldfield, in New South Wales,
Australia, is an example of a syntectonic, slate-belt-
hosted gold deposit of Paleozoic age (Fig. 1). Bedding-
parallel auriferous quartz veins are hosted by a
deformed sequence of metagreywacke and slate of
Silurian-Devonian age, developed within the North
Hill End Trough, a post-Middle Silurian pull-apart
basin that formed between two segments of an
Ordovician and Early Silurian volcanic island arc in the
eastern part of the Lachlan Fold Belt of southeastern
Australia (Packham 1969, Scheibner 1973).
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Structural observations (Seccombe & Hicks 1989,
Windh 1990, Lu & Seccombe 1993, Seccombe et al.
1993) indicate that individual veins formed over a
protracted period corresponding to the major event
of deformation (Early Carboniferous: Powell &
Edgecombe 1978). The fluid-inclusion study of Lu
& Seccombe (1993) revealed that some of the primary
inclusions from early generations of quartz show
features of re-equilibration under conditions of internal
underpressure, which suggests trapping prior to the
peak of metamorphism. Under these circumstances,
temperatures of homogenization obtained from fluid-
inclusion studijes are not a useful guide to the tempera-
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tures of trapping of the fluid. Therefore, the results of
the fluid-inclusion study cannot be used directly to
trace the conditions of mineralization, especially for
events early in the paragenesis of the gold veins. This
paper is designed to reconstruct the P-T regime during
mineralization by combining the results of the fluid-
inclusion study with information on temperature and
the fugacity of oxygen and sulfur obtained from the
chlorite solid-solution mode} of Walshe (1986). Details
of the approach and the source of data used in the
calculations are available in Walshe (1986).

The well-constrained paragenesis and the intimate
relationship between chlorite and gold in the veins at
Hill End mean that the compositional variation of
chlorite can provide important constraints on the
physicochemical conditions of mineralization. The use
of chlorite geothermometry is particularly relevant to
Hill End, where, because of the effects of re-equilibra-
tion of fluid inclusions in early-stage fluids, and the
need to apply temperature corrections to raw data on
homogenization temperature (T},) owing to lithostatic
load, temperature data obtained by fluid-inclusion
analysis are difficult to interpret.

GEOLOGICAL BACKGROUND

Sets of gold-bearing veins are hosted by the Late
Silurian Chesleigh Formation (Fig. 1), which forms
the core of the Hill End anticline. Exploited veins in the
central part of the mining field were found to range in
width from 5 ¢cm to 10 m, and the grades, to vary
dramatically from 12 g/t to 30 kg/t (Harper 1918). The
richest portions of the veins are developed on the
eastern limb of the Hill End anticline. Gold has a
patchy distribution within the veins; the highest grades
are confined to steeply S-plunging shoots that are
perpendicular to the generally N-plunging boudin and
fold axes. Rocks in the vicinity of Hill End have
experienced biotite-grade greenschist-facies regional
metamorphism (Smith 1969, Prendergast 1981, Offler
& Prendergast 1985). Peak P-T conditions of

metamorphism were estimated to be 2.9 kbar and

420°C by Seccombe & Hicks (1989) on the basis of
silica content of metamorphic white mica and the
composition of coexisting syntectonic calcite and
ferroan-magnesian calcite from the wallrocks.
Structures in the Hill End Trough are characterized by
a north-trending regional grain imparted by steep
cleavage, (near) upright folds and contractional faults.
The timing of the major deformation affecting the
central parts of the Hill End Trough is not well estab-
lished. Conclusions extrapolated from studies on the
eastern margin of the trough (Powell 1976, Powell &
Edgecombe 1978) suggest that the principal cleavage-
forming event occurred during early Carboniferous
time. At Hill End, folds trend northerly, and axial
surfaces are upright. A well-developed axial plane
cleavage strikes 170° and dips 80°E in the mine area.

MINERALIZED QUARTZ VEINS

Mineralized veins are bedding-parallel, and their
geometry follows that of the Hill End anticline. The
veins predominantly comprise quartz, carbonates and
muscovite, associated with minor pyrrhotite, pyrite
and marcasite and rare gold, chalcopyrite, sphalerite
and galena. On the basis of well-defined micro-scale
textures developed in the vein minerals, five stages of
vein and ore formation have been inferred during the
development of the auriferous quartz veins (Table 1). A
detailed description of the vein mineralogy is given in
Lu & Seccombe (1993). Three generations of chlorite
have been identified in the vein paragenesis (Stages
II-V), following two periods of deposition of barren
quartz (Stages I and II). Gold accompanies each of the
generations of chlorite.

The first generation of vein chiorite (Stage III) is
developed as fine-grained, anhedral aggregates,
distributed along the vein laminations and thus parallel
to vein walls.

Stage-IV chlorite forms fine- to medium-grained,
anhedral to subhedral grains, which are confined to
muscovite-bearing microveinlets developed oblique
to the vein laminations. In this setting, chlorite is
commonly associated with sulfides, and some medium-
to coarse-grained Stage-IV calcite. Replacement and
recrystallization textures observed in Stage-IV chlorite
may be correlated with the last event (Stage V).

Stage-V chlorite consists of medium- to coarse-
grained, eubedral clusters of grains associated with
Stage-V quartz and Stage-V calcite to form quartz +
chlorite + calcite aggregates or irregular veins. This
generation of chlorite is encountered in some samples
of the bedding-parallel veins, where it overgrows all
eatlier generations of quartz, muscovite and chlorite.
Apart from the quartz veins, chlorite is also identified
in the altered greywacke close to the contacts with
slate, where development of silicification, chloritiza-
tion, and also some sulfides including pyrrhotite and
pyrite, has been noted.

TABLE 1, PARAGENESIS AND FLUID-INCLUSION DATA,
HILL END GOLDFIELD, NEW SOUTH WALES, Al

Paragenetic stage Mineral Ty, of fluid incl
Stage 1 quartz, (arsenopyrite?)* 280°-350°C
Stage Il quartz, muscovite, pyrrhotite. 230°-280°C
Stage ITT quartz, muscovite, chlorite,
pyrrhotite, calcite, sphalerite, 190°-250°C
galena, chalcopyrite, gold.
Stage IV mmscovite, chiorite, calcite,
pyrrhotite, pyrite, sphalerite, 150°-250°C
. galena, chalcopyrite, gold.
Stage V quartz, chlorite, pymhotite,
pyrite, gold. 150°-210°C
ized from Lu & be (1993). .
* ite only found in ion zone of the mi d veins
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Gold and sulfide mineralization postdate the major
stage of quartz vein formation. In these veins, gold is
associated with muscovite, chlorite, calcite and
sulfides. Three episodes of gold deposition have been
identified. The first episode of gold mineralization
commenced during Stage III, whereas the second
episode occurs during Stage IV. The final deposition of
gold (Stage V) postdates the development of internal
laminations in the major bedding-parallel veins.

Laser-Raman microprobe analysis of the inclusions
indicates that gas-phase compositions relate to the
paragenetic stage of the host quartz (Lu & Seccombe
1993). In Stage-I quartz, H,O, and N, dominate in
the primary inclusions, CH, and CH, + H,0, are
important in secondary inclusions related to mineral-
ization, but H,0, is the only major phase in post-
mineralization secondary inclusjons. In Stage-1I quartz,
the composition of the gas phase is dominated by CH,
and CH, + H,0,. Earliest Stage-V quartz, associated
with further deposition of gold and the formation of
conformable and discordant veins of chlorite and
calcite in the footwall of the principal laminated veins,
contains fluid inclusions dominated by H;O, and CH,
+ Hy)0O,,. Later deposition of Stage-V quartz, accom-
panied by calcite in the crest of the major anticline, is
characterized by CO,-rich inclusions bearing liquid
CO,.

CHLORITE COMPOSITIONS:
INTERPRETATION AND EVALUATION

Numerous attempts have been made to interpret the
compositions of chlorite in terms of temperature of
formation (see recent review by De Caritat ez al. 1993).
None of these approaches has been entirely successful.
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The problem is our poor understanding of the solid-
solution properties of the mineral. Other questions,
such as the effect of poor microprobe analyses, are
much less sigpificant. One of the main difficulties
concerns the fact that the silicon content of the mineral
is not a unique function of temperature and may be
strongly influenced by the pH of the environment of
growth. The Walshe (1986) geothermometer seems to
operate best in the range 250 to 300°C in neutral to
slightly acidic environments (coexistence with sericite
but not pyrophyllite or K-feldspar). These conditions
are met in this study. Details of the approach and the
source of data used in the calculations are available in
Walshe (1986).

The samples chosen for analysis were collected
either from the underground mines or from drill core.
Minerals prepared for analysis include not only all
three generations of vein chlorite, but also chlorite in
the altered greywacke. Selected samples of rock were
prepared as polished thin sections, and chlorite was
described under the microscope on the basis of occur-
rence and paragenesis. The analyses were done at the
University of Newcastle using a JSM-840 scanning
electron microscope coupled with an epergy-dispersion
microprobe system. Operating conditions were: 2 mA,
15 kV, and 60 seconds counting time. The analytical
uncertainty of chlorite is below 1%. Data reduction was
carried out with an on-line Tracor Northern 5500
system, using the PRZ correction program.

Chlorite compositions and calculated T—{0O,)
conditions are given in Figures 2 and 3, respectively. A
summary of representative data is given in Table 2.
Stage-III chlorite is relatively enriched in iron [Mg
numbers, 100 Mg?*/(Fe?*+Fe*++Mg?*), range from 20
to 28] compared with chlorite from Stages IV and V

50
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FiG. 2. Variation in magnesium number and silica content expressed as the content of Si**
(in atoms per formula unit) in the tetrahedral site of different stages of chlorite from

the veins and altered wallrock.
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FiG. 3. Calculated temperatures and f{O,) values for different types of chlorite from
the veins and altered wallrock. Pyrite—pyrrhotite, magnetite-hematite and CO,—CH,
stability boundaries are plotted on the basis of data listed in Appendices I and I1.

TABLE 2. CHLORITE COMPOSITIONS AND CONDITIONS OF FORMATION OF CHLORITE
FROM THE HILL END GOLDFIELD

Il-chl IH-chl III-chl IV-chi IV-chl V-chl V-chl a-chl a-chl

$i0, 2405 2381 2433 2447 2412 2448 2439 2277 2336
ALO, 1817 1961 1872 2004 2120 2076 2115 2161 2085
FeO 3658 3888 3908 3054 3042 3035 2968 3247 3112
MO 020 020 028 0.13 023 036 035 037 046
MgO 6.89 5.13 540 1159 1122 1188 1195 898 973
Na,0 - - - - - - 024 - -
K0 - - - - . - - - -
TiO, - 0.13 - N - . . . _
Cr,0, - - - - - - - - -
Ca0 - - - - . - - - -
Total 8589 8776 8781 8687 8719 8783 8776 8620 8552
Sitet) 276 2.70 276 265 259 261 260 251 238
Mg# 2544 1938 2022 4050 3994 4150 4218 3353 3639
T(C) 290 295 280 290 295 290 200 315 300
logf0, 354 <349 368 344 334 336  -334 314 336
logfS, A1 A7 -129 0 <114 <109 <109 108 98  -11.0
10gages 22 21 23 25 25 25 26 24 24
TCCY 305 325 305 310 315 315 315 330 320
TECR 195 205 200 185 190 185 185 195 190

Analyses were performed using a JSM-840 scanning electron microprobe coupled with an energy-dispersion
system under the conditions of 2uA, 15kV and 60 seconds counting time. All oxides expressed as wt%.
Compositions are representative of Stages II-, IV- and V-chlorite from the veins, and chlorite from altered
hostrock (a-chl). Mg# = 100 Mg/(Mg+Fe?"+Fe*); T(°C)! = chlorite crystallization temperature calculated
from the chlorite geothermometer of Cathelineau (1988); T(°C)? = as above, using chlorite geothermometer of
Kranidiotis & MacLean (1987).
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(Mg numbers range from 39 to 44, Fig. 2). The similar
compositions displayed by Stage-IV and Stage-V
chlorite are possibly due to recrystallization of
Stage-IV chlorite during Stage-V activity, and the
replacement of Stage-IV chlorite by Stage-V chlorite.
Chlorite from the wallrocks has an intermediate
compositions but is more aluminous than chlorite from
the veins.

Calculated temperatures of chlorite crystallization
fall within a range between 280 and 315°C. The
Walshe (1986) geothermometer is sensitive to error in
the analysis of the chlorite for silicon; a 1% error
corresponds to a 10% error in the calculated tempera-
ture. For comparison, temperature calculations were
also performed using the Cathelineau and Kranidiotis
& MacLean geothermometers (De Caritat ef al. 1993).
Temperatures calculated using the Cathelineau (1988)
geothermometer are 15-30°C higher than those
obtained by the Walshe (1986) geothermometer. The
Kranidiotis and MacLean (1987) geothermometer
yielded much lower temperatures, in the range 185 —
205°C; this range is even lower than the raw data on
homogenization temperature of the relevant fluid
inclusions in quartz (Table 1, and Lu & Seccombe
1993). A detailed review of chlorite geothermometers
by De Caritat ez al. (1993) showed that in the tempera-
ture interval near 300°C, temperatures calculated using
the Kranidiotis & Maclean (1987) geothermometer
could be as low as 80°C below the measured tempera-
ture of chlorite formation (Fig. 6 of De Caritat e al.
1993). In contrast, the deviation between calculated
temperature and measured temperature is within 10°C
for the Walshe (1986) geothermometer.

At Hill End, chlorite precipitation occurred after
the peak of metamorphism, during paragenetic stages
II to V, implying that the temperature of chlorite
precipitation is lower than 420°C. Fluid inclusion
(Lu & Seccombe 1993) and stable isotope studies
(Lu 1993) suggest that the mineralizing fluid is of
metamorphic origin. Therefore, a pressure correction to
the raw homogenization temperature (150-250°C,
Table 1) is necessary. The results obtained from the
Walshe (1986) geothermometer provide a basis for
establishing the size of the pressure correction.

The inferred redox conditions for the crystallization
of Stage-IIl chlorite are close to the CO,-CH,
boundary (Fig. 3). In contrast, the fluids in equilibrium
with Stage-IV and Stage-V chlorite and the wallrock
chlorite seem to have been 1-2 log units above this
boundary. Compared with the redox conditions implied
by the composition of the gas phase in the relevant
fluid inclusions, the calculated O,) values are
generally about 1 to 2 log units higher, especially the
O, values calculated for Stage-IV chlorite. Most of
the inclusions trapped in the Stage-IV event, corre-
sponding to the deposition of Stage-IV chlorite,
contain CH, as the dominant gas phase (Table 1 of Lu
& Seccombe 1993). The more Al- and Fe-rich

character of the wallrock chlorite compared with
chlorite in veins from Stages IV and V probably
resulted from a higher value of a(Al**)/a(H*) in the
wallrocks.

Calculated values of f{S,) for Stage-III chlorite are
consistent with the growth of chlorite in equilibrium
with quartz and pyrrhotite. Calculated values of f(S,)
for Stage-III chlorite range between 1 and 5 log units
below the pyrite—pyrrhotite buffer, implying that
pyrrhotite is the only stable phase, consistent with the
mineral assemblages of Stage III (Table 1). In contrast,
calculated values of f(S,) for Stage-IV and Stage-V
chlorite and the wallrock chlorite range from about
2 log umits below the pyrite—pyrrhotite buffer to
about 1 log unit above the buffer. These conditions are
consistent with growth of both pyrrhotite and pyrite
during Stages IV and V. Calculated values for log
a(HZS)aq range between —2.2 to —2.3 for Stage-III fluids
and between 2.5 and —2.6 for Stage-IV and Stage-V
fluids.

Good agreement is obtained between the chlorite
compositions indicated on Figure 3 and the position of
chlorite in the paragenesis. The trend from low fO,)
and an association with pyrrhotite for early chlorite, to
higher f{O,) and an association with pyrite, for chlorite
formed later in the paragenesis, is clearly evident.

DiscussioN
An estimate of the pressure of formation of the deposit

Calculated temperatures of chlorite formation for
Stages III through V are consistently higher than
homogenization temperatures for fluid inclusions from
the same stages. Since both the homogenization
temperatures and the chlorite temperatures are
pressure-sensitive, the former more so than the latter,
there is an opportunity to estimate a unique set of P-T
conditions of mineralization.

A calculated P-T relationship for a portion of the
system CH,—H,0,), where the concentration of CH, is
taken to be 0.2 mole/kg H,0, is displayed on Figure 4.
The CH, content of the fluid was calculated from the
results of laser-Raman analysis of fluid inclusions
(Lu & Seccombe 1993), based on the shift of the
vibrational Raman frequency of CH, (Fabre &
Oksengorn 1992), following the equation:

(P + n%a/V?)(V-nb) = nRT 1

in which the constants have values a = 2.25,
b = 0.04278 and R = 0.08206 atmosphere per mole
per degree (Weast 1990). The bubble-point line of the
CH,—H,0 system (ngyy = 0.2 mole/kg H,0) was
established by Hanor (1980).

On Figure 4, points E'and F are the lower-tempera-
ture limits calculated from the chlorite data under two
different assumptions of confining pressure. Point F is
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24

20

1.6

P (kbar)

1.2
0.8

04

100
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Fic. 4. Calculated P-T relations for a portion of the system CH,—CO,, where CH, =
0.2 mole/kg H,0. The shaded area is the estimated P-T regime for the Hill End fluids,
which is confined by fluid-inclusion homogenization (Line AB’ and line CD’) and

chlorite data (line BE and line BE’).

calculated on the basis that the pressure remained
constant at 1000 bars, whereas point E is calculated
assuming that pressure followed the liquid—vapor curve
for pure water, and line E-F represents the regression
line for the pressure dependence of the temperature
data calculated from chlorite compositions. Thus, the
lower limits of the P-T data for chlorite crystallization
are assumed to follow line E-F and its extrapolation
through point B on Figure 4. Similarly, points E’ and
F' are the upper limits of the temperature data
calculated from chlorite compositions under the same
two assumptions concerning pressure, and line E'—B’
defines the upper P-T limits for chlorite crystallization.

Fluid inclusions trapped during Stage III of the
paragenesis (Table 1) demonstrate a range in T, from
190 to 250°C, with a mode at 210°C (Lu & Seccombe
1993). Because the system involves CH, rather than
pure water, homogenization of a vapor-liquid
inclusion takes place along the bubble-point line. For a
temperature of homogenization of 210°C (point C on
Fig. 4), the corresponding density isochor is 0.86. This
means that the variation in P-T conditions of the fluid
in the homogenized inclusion would follow line C-D,
which intersects line B-E at point D, and intersects line
B’-E’ at point D’.

Fluid inclusions trapped during the later period of
Stage-IV and Stage-V activity have a similar range in
T, from 150 to 190°C (Table 1); however, most of the
data points are concentrated near 170°C (Lu &
Seccombe 1993). Based on a similar reasoning as
above, the variation of P-T conditions of the homo-
genized inclusions would follow line A-B, which

intersects line B-E at point B, and intersects line B'-E'’
at point B’ Therefore, the shaded area on Figure 4 is
the estimated P-T regime of the Hill End fluids, which
gives a range in pressure from 1.4 to 3 kbar and a range
in temperature from 295 to 340°C.

The above estimated temperatures provide a means
of establishing the extent of the temperature correction
for the fluid-inclusion Tj, data from coexisting quartz.
Stage-III chiorite precipitated in the middle to late parts
of the Stage-IIl paragenesis. T, values of fluid
inclusions trapped in quartz during this period are in
the range 190-250°C. If the temperature range
295-340°C determined from Figure 4 is taken as the
estimated true temperature of the fluid, then a
temperature correction to the T, data between 45 and
150°C may be envisaged for this generation of fluid
inclusions.

By a similar argument, a temperature correction of
about 45-150°C may be inferred for T data in the
range 190-250°C represented by inclusions trapped
during Stage IV of fluid activity. Also, T), data that
range between 150 and 190°C for primary fluid
inclusions trapped during Stage V may require a
temperature correction of about 100-190°C to be
consistent with the range in temperature of 295-340°C
calcnlated for Stage-V chlorite.

Explanations for the variation in the magnitude of
the temperature correction for the different generations
of fluid inclusions are likely to be both geological and
chemical: (1) The lithostatic load on the vein systems
has varied during mineralization. This is indicated by
the vein structures, which display a change from a
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ductile to a brittle structural regime during the
evolution of the veins. This is particularly true if
we consider the pressure variation likely to be
encountered during “crack-seal” (Ramsay -1980)
cycles of vein accumulation. In addition, textural
evidence of the post-lamination nature of Stage-V
quartz shows that the final-stage fluid has been
subjected to a quite different environment of pressure
compared with the previous stages of fluid activity.
The coarse-grained, vuggy Stage-V quartz encountered
at the crest of the anticline displays open-space
infilling textures. Differing pressures will result in
significant differences in the corresponding tempera-
ture-correction for T, data (Potter 1977). (2) The
chemical properties of the inclusion fluids vary
significantly. Although all inclusions contain a low-
salinity aqueous fluid, major differences exist among
the several stages of fluids according to the amounts of
dissolved gases. The presence of variable amounts
of N,, CH,, or CO, will have a significant effect on the
position of the solvus of low-salinity aqueous fluids
(Hollister & Burruss 1976, Bowers & Helgeson 1983).
In addition, isochors for CO,-rich fluids will be
different from those established for CH,~H,0 and
H,0-based systems (Roedder 1984), resulting in
differing temperature-corrections for any given
pressure. Both of these factors will affect the
magnituede of the temperature correction, but the extent
is difficult to quantify.

Uncertainties exist in interpreting the temperatures
calculated from the composition of chlorite. The
possibly lengthy time-intervals indicated by some of
the paragenetic stages produce difficulties'in precisely
correlating periods of quartz deposition with periods of
chlorite deposition. Also, because individual fluid
inclusions developed in quartz cannot be related
directly to the precipitation of chlorite, only average Ty,
data can be employed in a comparison of temperatures
derived from fluid inclusions with those obtained from
the composition of chlorite. Nevertheless, with careful
paragenetic control, the chlorite geothermometer
seems capable of resolving some of the uncertainties in
the study of multistage fluid-dominated systems,
especially since it offers an independent check of
temperature data generated by fluid-inclusion studies
in metamorphic environments.

Physicochemical conditions of mineralization

The stages of mineralization at Hill End can be
defined by considering phase equilibria involving
mineral and fluid, using fluid parameters established
from fluid inclusions, chlorite compositions and
mineral paragenesis. For a temperature of 300°C
(within the temperature interval for the gold deposition
as estimated from Fig. 4), the stability fields of aqueous
sulfur species may be computed as functions of pH and
log O,).

The total sulfur content of the fluid (ZS) may be
estimated from H,S concentration in the fluid [log
a(H,S),, ranges from —2.16 to ~2.64; Table 1]. A value
for XS of 2 x 102 mol/kg is obtained, by assuming 1)
an iomic strength of one, and 2) the mole fraction of
HyS(q [XH,S4g) nearly equal to XS. The second
assnmption is based on the observation that pyrrhotite
and pyrite are the dominant sulfides, and the calculated
log f(O,) values from the composition of chlorite are
mostly below or close to the pyrite—pyrrhotite buffer
(Fig. 3). This finding implies that H,S is the major
species of dissolved sulfur in the fluid (Ohmoto & Rye
1979). In constructing a diagram to define the stability
fields of mineral species present in the auriferous
quartz veins, Fe—O-S mineral boundaries were
computed as functions of pH and log AO,) under
the conditions of T = 300°C, ionic strength = 1 and
=S = 2 x 10 mol/kg (Fig. 5). All of the equations
and the relevant equilibrium constants and ionic
activity coefficients used in these calculations are listed
in Appendices I and II, respectively. The stability field
for the mineral assemblages precipitated during
episodes of gold mineralization (the shaded area) is
constrained by using the fluid parameters established
from fluid-inclusion data, chlorite data and mineral
paragenesis.

Because the ratio of CH, to CO, changes signifi-
cantly in the inclusion fluids during mineralization, the
CO,—CH, boundary on Figure 5 was established using
data in Appendix II and the following equation:

At a temperature of 300°C, the CO,—CH, boundary
lies at AO,) = 10734, Ohmoto (1986) stressed that
disequilibrium is common between CO, and CH,
below 250°C, which is likely to have been only
50-90°C less than the estimated temperature of the ore
fluids at Hill End. The validity of using the calculated
stability-boundary between CH, and CO, therefore
may be questioned. However, the ploited position of
this boundary agrees well with the results obtained in
our study, on the basis of both fluid-inclusion evidence
and f{O,) values calculated from the chlorite data.

The lower limit of the fO,) prevailing in the
mineralizing fluids is based on the value calculated
from the chlorite composition and also the composition
of arsenopyrite developed in the country rocks. From
Figure 5, the lowest fO,) value obtained from the
chlorite data is located at about 1.8 log units below
the CO,—CH, boundary. At a temperature of 300°C,
the CO,—CH, boundary is located at a fO,) value of
107349, which implies that the lowest {0,) value in the
fluid could have been as low as 10367, This value is
almost the same as the f{O,) value calculated from the
arsenic content of the arsenopyrite (Kretschmar &
Scott 1976). On Figure 5, the calculated arsenopyrite—
151lingite boundary is located at a {O,) value of 10-364,
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corresponding to an arsenopyrite composition of
45 wt% As.

This result also is consistent with the redox
conditions implied by the composition of the gas phase
in fluid inclusions. N, is the only gas phase
encountered in fluid inclusions from Stage I of fluid
activity. Since NHj is not detected in any inclusion
fluids, the redox conditions therefore must be located
above the N,-NH; boundary, which can be calculated
from:

N, + 3H, = 2NH, 3)
where logK at 300°C is taken from Johnson et al.
(1992).

The upper limit of AO,) for the mineralization is
constrained by the composition of chlorite associated
with pyrite. From Figure 5, some Stage-V chiorite is
located above the pyrite-pyrrhotite buffer by about one
log unit; the pyrite—pyrrhotite buffer is located at a log
AO,) value of —33.3, and the upper limit for the redox
conditions is approximately constrained at a log {O,)
value of —32.3.

The pH range during mineralization is deduced from
the presence of muscovite and the absence of either
K-feldspar or kaolinite in the hydrothermal assem-
blages. Boundary conditions are set by:

2KALSi,0,,(OH), + 2H* + 3H,0 =

3A1,81,05(0H), + 2K* @
and

3KAISi;Oq + 2H* =

KA1,8i;0,,(OH), + 6Si0, + 2K* (5)

The molar concentration of K* has been determined
from the bulk analysis of inclusion fluids extracted
from several samples of pulverized vein quartz, where
attempts were made to select single generations of
quartz for analysis (Lu & Seccombe 1993). The
concentration of K+ in these fluids ranges from 0.31 to
0.56 mg/g (average 0.35 mg/g). Using these figures,
calculated values of pH for the mineralizing fluids
range from 5.2 to 6.4. Equilibrium constants required
in these calculations come from the data of Helgeson
(1969).

Fluid-evolution lines are indicated on Figure 5 by
the numbered arrows. For the first episode of gold
mineralization (path 1), during Stage-III fluid activity,
the calculated log f{O,) values of Stage-III chlorite,
which precipitated in the middle to late stages of this
fluid-circulation event, range from below the CO,~CH,
boundary to slightly above this line. This position
indicates that the redox conditions are mainly confined
to the methane field during the early to middle stages,
consistent with the presence of CH, in fluid inclusions
trapped in quartz at this stage. The associated iron

sulfide is invariably pyrrhotite. Minor amounts of
calcite are deposited in the late stage of this event,
possibly associated with the development of late
chlorite, at a time when redox conditions moved up to
CO,—CH, boundary. ]

Path 2 (Fig. 5) traces the pH and log f{O,) variation
in the second episode of gold mineralization
(Stage IV). Although ail the calculated O, data
pertinent to Stage-IV chlorite define a fluid compo-
sition above the CO,-CH, boundary (Fig. 3), the
relevant fluid inclusions trapped in this stage contain
CH, as the major gas phase. This may indicate that in
the early stages of this event, the redox condition of the
fluid is confined to the stability field of methane. Part
of the f{O,) data for Stage-IV chiorite are below or
close to the pyrite—pyrrhotite buffer (Fig. 3), but
several data points are above this buffer. Therefore, on
Figure 5, the redox condition at this stage of evolution
of the fluid covers the field defined by the presence of
CO, in the fluid phase and pyrrhotite as the stable iron
sulfide, but ultimately enters the stability field of
pyrite. This agrees with the mineral assemblages in
which pyrrhotite is the dominant sulfide, and pyrite
only appears in the very latest stage of this second
episode of gold deposition.

The Stage-V chlorite, which crystallized over a
fO,) range close to and above the pyrite—pyrrhotite
buffer, defines the evolution of fluid in the late stages
of the last episode of gold deposition. In the early
stages of this last event, Stage-V quartz was deposited
while trace amounts of CH, still existed in the fluid.
This indicates that the redox conditions remained near
the CO,~CH, boundary. Toward the middle to late
stages of this final event, CO, became the major gas
phase in the fluid inclusions, and Stage-V chlorite
precipitated with pyrrhotite under redox conditions
below the pyrrhotite—pyrite buffer. In the last stages of
gold deposition, the redox conditions in the fluid
became relatively oxidizing and moved above the
pyrrhotite—pyrite buffer. Pyrite became the dominant
sulfide. Stage-V chlorite crystallized together with
pyrite and calcite, and apparently coincided with the
appearance of some liquid-CO,-bearing fluid inclu-
sions in the latest Stage-V quartz in the hinge zone of
the Hill End anticline.

CONCLUSIONS

Temperatures calculated from chlorite compositions
at each paragenetic stage combined with the homo-
genization temperature of fluid inclusions in associated
quartz should provide a relatively reliable check on
inferred temperatures of trapping obtained from the
fluid inclusions. This is particularly so because
the performance of the chlorite model appears to be
well established by the consistency between the
calculated O, and f(S,) data and the nature and
paragenetic position of the vein assemblages. This
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consistency is supported at least in part by the data
obtained for gas species in the fluid inclusions.

The average corrections to T, data provided by the
chlorite model are estimated to be about 45-150°C for
the inclusions trapped during Stage-IIT fluid activity,
90-150°C for the inclusions trapped in the Stage-IV
event, and 100-190°C for the inclusions trapped in the
last stage (Stage V), respectively.

The calculated redox parameters for each particular
stage of mineralization, combined with fluid-inclusion
data and mineral assemblages, can be summarized as
follows: 1) f{O,) ranged from 107364 to 10-3*in the first
episode of gold mineralization (Stage IIT). Under these
conditions, CH, is the dominant carbon species in
the fluid inclusions, and pyrrhotite is the only sulfide.
2) During the second episode of gold mineralization
(Stage IV of the paragenesis), {O,) remained between
107356 gnd 107334, Early in this stage, CH, was the
dominant gaseous species in the fluid inclusions, and
pyrrhotite was the dominant sulfide. 3) The redox
environment changed dramatically during the last
episode of gold mineralization. At that stage, fO,)
ranged from 107347 to 10732, CO, gradually became the
dominant gaseous species in fluid inclusions, and
pyrite became the dominant sulfide.

Despite some uncertainties, with careful paragenetic
control, the chlorite geothermometer seems to be a
powerful tool in deciphering multistage fluid systems,
and offers a solution to some of the ambiguities
attending fluid-inclusion studies in metamorphic
environments.
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APPENDIX 1. EQUILIBRIUM CONSTANTS FOR REACTIONS IN THE Fe-O-S-HyO SYSTEM

logKT

200°C  250°C  300°C  Ref.

1. HyO(y =H* + OH- <1127 -1113  -1139  a
2. HpS(ag) = H¥ + HS" 696  -735 806 a
3. 2H28(aq) + 02(g) = 2H20() + S2(g) 353 31.0 274 b
4. 2H* + SO4%" = H)S(ag) + 202(g) 6413  -57.10 -4855 a
5. HSO4~ =H* + 5042 449 541 706 a
6. KSO4~ =K+ + 8042- -194 260 318 ¢
7. NaSO4~ = Na* + S04 -194 260 318 ¢
8. CaSO4(ag) = Ca?* + 5042 36 4.0 450 g
9. 2FeSy = 2FeS + Sy(g) -1656  -1346 -1091 d
10. 3FeS) +209(g) = Fe304 + 38)(g) 37.7 35.5 33.6 e
11. 6Fe203 = 4Fe304 + O2(g) -40.5 -35.3 -31.0 f

Sources: a. Helgeson (1969); b. logK from Ahmad et al. (1987), data for HZS(aq) from Naumov et
al. (1974) and HoO from Helgeson & Kirkham (1974); c. logK from Ripley & Ohmoto (1977),
based on data from Helgeson (1969) and extrapolated above 200°C, dissociation constant for NaSO4~
assumed equal to the dissociation constant for KSO4"; d. Crerar & Barnes (1976) using data from
Scheibner (1973); ¢. logK from Ahmad et al. (1987), based on data from Helgeson et al. (1978); f.
Ripley & Ohmoto (1977), based on data from Haas & Robie (1973); g. Helgeson (1969),
extrapolation above 200°C.

APPENDIX Il.  ACTIVITY COEFFICIENTS OF IONS CONSIDERED*

Temperature (°C)
Species e

200 250 300
K* 034 042 059
HS-, OH-, 031 038  -051
52 -1.08 4130 -1.63
8042 -125 4150  -1.87
HSO4~, HCO3", NaSO4-, KSO4~ -0.28 035 047
CaZ* -0.96 -115 -145
CHy, HpS, HyCO3 0.99 0.12 0.20
032 -1.16 139 -1.74

From Ahmad et al. (1987) calculated following procedures given in Helgeson (1969).
Ionic strength = 1.

* Expressed as logarithms to base 10.



