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Abstract The Campbell-Red Lake gold deposit in the
Red Lake greenstone belt, with a total of approximately
840 t of gold (past production + reserves) and an
average grade of 21 g/t Au, is one of the largest and
richest Archean gold deposits in Canada. Gold miner-
alization is mainly associated with silicification and
arsenopyrite that replace carbonate veins, breccias and
wallrock selvages. The carbonate veins and breccias,
which are composed of ankerite + quartz and charac-
terized by crustiform—cockade textures, were formed
before and/or in the early stage of penetrative ductile
deformation, whereas silicification, arsenopyrite
replacement and gold mineralization were coeval with
deformation. Microthermometry and laser Raman
spectroscopy indicate that fluid inclusions in ankerite
and associated quartz (Q1l) and main ore-stage quartz
(Q2) are predominantly carbonic, composed mainly of
CO,, with minor CH4 and N,. Aqueous and aqueous—
carbonic inclusions are extremely rare in both ankerite
and quartz. H;O was not detected by laser Raman
spectroscopic analyses of individual carbonic inclusions
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and by gas chromatographic analyses of bulk samples of
ankerite and main ore-stage quartz (Q2). Fluid inclu-
sions in post-mineralization quartz (Q3) are also mainly
carbonic, but proportions of aqueous and aqueous—
carbonic inclusions are present. Trace amounts of H,S
were detected by laser Raman spectroscopy in some
carbonic inclusions in Q2 and Q3, and by gas chro-
matographic analyses of bulk samples of ankerite and
Q2. *He/*He ratios of bulk fluid inclusions range from
0.008 to 0.016 Ra in samples of arsenopyrite and gold.
Homogenization temperatures (7;,—CO,) of carbonic
inclusions are highly variable (from —4.1 to +30.4°C;
mostly to liquid, some to vapor), but the spreads within
individual fluid inclusion assemblages (FIAs) are rela-
tively small (within 0.5 to 10.3°C). Carbonic inclusions
occur both in FIAs with narrow 7;,—CO, ranges and in
those with relatively large 7;,—~CO, variations. The pre-
dominance of carbonic fluid inclusions has been previ-
ously reported in a few other gold deposits, and its
significance for gold metallogeny has been debated.
Some authors have proposed that formation of the
carbonic fluid inclusions and their predominance is due
to post-trapping leakage of water from aqueous—car-
bonic inclusions (H,O leakage model), whereas others
have proposed that they reflect preferential trapping of
the CO,-dominated vapor in an immiscible aqueous—
carbonic mixture (fluid unmixing model), or represent
an unusually H,O-poor, CO,-dominated fluid (single
carbonic fluid model). Based on the FIA analysis re-
ported in this study, we argue that although post-trap-
ping modifications and host mineral deformation may
have altered the fluid inclusions in varying degrees, these
processes were not solely responsible for the formation
of the carbonic inclusions. The single carbonic fluid
model best explains the extreme rarity of aqueous
inclusions but lacks the support of experimental data
that might indicate the viability of significant transport
of silica and gold in a carbonic fluid. In contrast, the
weakness of the unmixing model is that it lacks
unequivocal petrographic evidence of phase separation.
If the unmixing model were to be applied, the fluid prior



to unmixing would have to be much more enriched in
carbonic species and poorer in water than in most oro-
genic gold deposits in order to explain the predominance
of carbonic inclusions. The H,O-poor, CO,-dominated
fluid may have been the product of high-grade meta-
morphism or early degassing of magmatic intrusions, or
could have resulted from the accumulation of vapor
produced by phase separation external to the site of
mineralization.

Keywords Campbell-Red Lake - Gold deposits - Fluid
inclusions - Carbonic - Gold transport

Introduction

Carbon dioxide is a common component of ore-forming
fluids in orogenic-type and granitic intrusion-related
gold deposits (Ridley and Diamond 2000; Baker 2002;
Groves et al. 2003). As summarized by Ridley and
Diamond (2000), fluids responsible for the formation of
porphyry- and epithermal-type gold deposits are char-
acterized by compositions in the H,O-NaCl system, with
the porphyry-type having higher salinity than the epi-
thermal types, whereas fluids forming orogenic gold
deposits have compositions in the H,O-CO,—NaCl sys-
tem, with generally low salinities. The most frequently
recorded CO, mole fraction for fluid inclusions in oro-
genic gold deposits ranges from ~0.10 to ~0.25, and the
salinities range from ~1.6 to ~5.9 wt% (based on Fig. 2
of Ridley and Diamond 2000). In addition to CO,,
variable proportions of CH4 and N, are commonly
present in the fluid inclusions and are generally grouped
with CO, under the umbrella term ‘“carbonic” (e.g.,
Ridley and Diamond 2000; Van den Kerkhof and Thiéry
2001).

Fluid inclusions in orogenic-type gold deposits can be
divided into three categories, i.e., aqueous, aqueous—
carbonic, and carbonic (Ridley and Diamond 2000). The
carbonic inclusions are those in which H,O cannot be
detected by visual inspection, microthermometry or laser
Raman spectroscopy, whereas aqueous inclusions do
not contain a visible carbonic phase. Carbonic inclu-
sions are not called ‘“‘carbonic-rich” in this paper be-
cause this term may be confused with carbonic-aqueous
inclusions in which the carbonic phase is dominant and
H,O is still visible (e.g., 80% CO, + 20% H,0). While
carbonic fluid inclusions are frequently found in oro-
genic gold deposits, they are generally accompanied by
aqueous—carbonic inclusions, with or without aqueous
inclusions (Ridley and Diamond 2000). In a few cases,
however, the carbonic inclusions are almost the only
type of inclusions found in the deposit, e.g., gold
deposits in the Ashanti Belt, Ghana (Schmidt Mumm
et al. 1997), the Bin Yauri gold deposit in Nigeria
(Garba and Akande 1992), and the Fazenda Maria Preta
gold deposit in Brazil (Xavier and Foster 1999). Al-
though carbonic inclusions may be produced by fluid
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phase separation (e.g., Robert and Kelly 1987) and/or
preferential leakage of H,O relative to the carbonic
phase after entrapment (Hollister 1988, 1990; Bakker
and Jansen 1994; Johnson and Hollister 1995), these
mechanisms cannot satisfactorily explain why so few
aqueous inclusions were entrapped and/or preserved in
the above mentioned cases. Schmidt Mumm et al. (1997,
1998) proposed that the predominance of carbonic fluid
inclusions in the Ashanti Belt probably indicates a new
type of gold mineralizing fluid that is H,O-poor,
whereas Klemd (1998) argued that the phenomenon
resulted from preferential leakage of H,O from
aqueous—carbonic inclusions during deformation and
recrystallization.

In this paper, we investigate the cause for the pre-
dominance of carbonic inclusions through detailed fluid
inclusion petrography and microthermometry of the
Campbell-Red Lake gold deposit in Ontario, Canada.
The abundance of carbonic inclusions and rarity of
aqueous inclusions in this large gold deposit have been
noted in previous studies (Tarnocai 2000; Chi et al. 2002,
2003), but the origin and significance of the carbonic
inclusions have not been fully discussed. The fluid
inclusion assemblage (FIA) analysis method (Goldstein
and Reynolds 1994) was used to evaluate whether or not
a group of fluid inclusions has been subject to significant
modification after entrapment—a topic of central
interest when discussing the origin of carbonic inclu-
sions. Laser Raman spectroscopy was used to determine
the composition of the carbonic inclusions, and gas
chromatography (GC) to quantify the volatile compo-
sition of fluid inclusions in bulk samples. He and Ar
isotopes of bulk fluid inclusions were analyzed to study
the origin of the fluids. Fluid phase separation modeling
was carried out for different initial fluid compositions to
evaluate the volumetric proportions of the coexisting
immiscible liquid and vapor phases, and to determine
how much water should have been present in the car-
bonic-rich inclusions if it had not been preferentially lost
after entrapment. The origin of the H,O-poor, CO,-
dominated fluid and its implications on gold transport
are discussed.

Regional and local geology

The Campbell-Red Lake gold deposit is located in the
Red Lake greenstone belt, Superior Province, western
Ontario, Canada. With a total of approximately 840 t of
gold (past production + reserves) and an average grade
of 21 g/t Au, the Campbell-Red Lake deposit is one of
the largest and richest Archean gold deposits in Canada
(Fig. 1), and belongs to a world-class (> 100 t gold; see
Poulsen et al. 2000) category. The Goldcorp High-grade
Zone at the Red Lake mine (formerly known as the
A.W. White and the Dickenson mines), one of the two
mines currently exploiting the deposit (the other one is
Campbell mine, Fig. 1), is characterized by very high
gold grades, having produced more than 1.5 Moz at an
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average grade of 88 g/t Au since the beginning of its
exploitation in 2001 (Dubé¢ et al. 2004).

The Red Lake greenstone belt consists of 2.99-
2.89 Ga volcanic-dominated Mesoarchean rocks and
2.75-2.73 Ga Neoarchean volcanic rocks, which are
separated by an angular unconformity (Sanborn-Barrie
et al. 2001, 2004). Two main episodes of penetrative
deformation (D;, D,) took place after the ca. 2.74 Ga
volcanism (Sanborn-Barrie et al. 2001), resulting in two
sets of folds (Fq, F») and associated foliation (S;, S,). Dy
deformation probably took place between 2,742 and
2,733 Ma and reflects an east-directed shortening,
whereas D, deformation occurred between ca. 2,723 and
2,712 Ma in response to the Uchian phase of the Ken-
oran orogeny, which is related to the collision between
the North Caribou terrane to the north of the Red Lake
greenstone belt and the Winnipeg River terrane to the
south (Dub¢ et al. 2004; Sanborn-Barrie et al. 2004).
Post-collisional deformation (D3) probably continued to
about 2,700 Ma (Dubé et al. 2004; Sanborn-Barrie et al.
2004). D, is the most important deformation event in the
Red Lake greenstone belt, and was synchronous with
peak regional metamorphism and extensive granitic
plutonism (Dubé¢ et al. 2004; Sanborn-Barrie et al. 2004).

The Campbell-Red Lake gold deposit is hosted by
volcanic rocks of the Mesoarchean Balmer Assemblage
(ca. 2.99 Ga), which consists of tholeiitic and komatiitic
basalts and peridotitic komatiites, with minor felsic
volcanic and pyroclastic rocks, banded iron formation
and clastic sedimentary rocks (Corfu and Andrews 1987,
Sanborn-Barrie et al. 2001, 2004). The host rocks have
been metamorphosed to middle greenschist and
amphibolite facies (Damer 1997; Penczak and Mason
1997, 1999; Tarnocai 2000; Thompson 2003). The
amphibolite—greenschist isograd occurs within the
Campbell-Red Lake deposit (Mathieson and Hodgson
1984; Andrews et al. 1986; Damer 1997; Tarnocai 2000).
The main structures in the deposit area, which formed
during D,, consist of a series of southeast-trending folds
(F»), as outlined by the geometry of the peridotitic
komatiite (Fig. 1), and three southeast-trending, steeply-
dipping (70-80°S) brittle-ductile structures known as the
Campbell, Dickenson, and New Mine fault zones, which
disrupt the folds (Fig. 1). A number of quartz feldspar
porphyry (QFP) and feldspar porphyry (QP) dykes in
the deposit area, ca. 2,714 to 2,712 Ma (Corfu and
Andrews 1987; Dubé et al. 2004), crosscut F, folds
(Fig. 1) and S, fabrics, and are overprinted by weakly to
moderately developed S; foliation (Dubé et al. 2004).
Lamprophyre dykes of 2,702 to 2,699 Ma (Dubé et al.
2004) are well developed in the deposit area (Fig. 1).

Gold mineralization at the Campbell-Red Lake de-
posit is mainly controlled by deformation zones along
the “Red Lake Mine trend”, which is a hydrothermal
and structural corridor including the Campbell, Dick-
enson and New Mine fault zones (Fig. 1; Penczak and
Mason 1997; Tarnocai 2000; Dubé¢ et al. 2004). The
deposit is divided into different “ore zones™ (e.g., CUU,
SC, ESC, etc. in Fig. 1). Extremely high-grade gold

mineralization within the Goldcorp High Grade Zone
(between levels 31 and 38, 1,350-1,700 m below surface)
at the Red Lake mine is mainly located within or close to
an F, antiform (Dubé et al. 2004). The deposit is char-
acterized by numerous barren to low-grade banded
colloform-crustiform carbonate (ankerite) =+ quartz
veins and cockade breccias (MacGeehan and Hodgson
1982; Penczak and Mason 1997, 1999; Tarnocai 2000;
Dubé et al. 2004). Gold mineralization is mainly asso-
ciated with arsenopyrite-rich silicic replacement of car-
bonate veins and breccias, as well as enclosing wall rock
selvages, accompanied by variable amounts of pyrite,
pyrrhotite, magnetite, and locally with trace amounts of
sphalerite, chalcopyrite and stibnite (Twomey and
McGibbon 2001; Dubé et al. 2004). Dubé¢ et al. (2004)
have presented several lines of evidence to show that
extensive iron—carbonate veining is mainly a pre- to
early-D, event, whereas the main-stage gold minerali-
zation and associated arsenopyrite-rich silicification are
mainly synchronous with D, deformation, regional tec-
tono-metamorphism and magmatism. Both the main-
stage gold mineralization and their host rocks are cut by
the 2,714 — 2,712 Ma feldspar porphyry dykes and the
2,702-2,699 Ma lamprophyre dykes (Dubé et al. 2004).
Minor late-stage gold mineralization occurs as visible
gold coating fractures that cut the 2,702 Ma lamp-
rophyre dykes, probably due to remobilization of the
main-stage gold (Tarnocai 2000; Twomey and McGib-
bon 2001; Dubé et al. 2004).

The Balmer Assemblage rocks in the Red Lake
greenstone belt have commonly been strongly altered.
MacGeehan et al. (1982) has distinguished a “‘feldspar-
destructive” alteration spatially associated with gold
mineralization from a regional-scale spilitic alteration,
and Parker (2000) differentiated a ferroan-dolomite
alteration proximal to gold mineralization from a con-
temporaneous calcite alteration, which is widespread in
the greenstone belt, both coeval with barren silicification
and potassic alteration, and overprinted by mineraliza-
tion-related silicification at the gold deposits. Penczak
and Mason (1997, 1999) have divided the alteration in
the mineralized zones at the Campbell mine into three
phases, i.e., early alteration, main-stage vein-associated
alteration, and mineralization-associated alteration. The
early alteration consists of biotite alteration, carbonati-
zation, silicification, and aluminous alteration, and is
most intensely developed on major fault zones, whereas
the main-stage vein-associated alteration is character-
ized by local carbonatization and chloritic selvages
around colloform-crustiform carbonate-quartz veins, as
well as distal chloritic alteration flanking and replacing
inner biotite-carbonate-altered zones (Penczak and
Mason 1997, 1999). The alteration associated with gold
mineralization is characterized by silicification, with lo-
cal development of quartz-sericite alteration (Penczak
and Mason 1997, 1999). Penczak and Mason (1997,
1999) interpreted all the alteration phases as pre-pene-
trative deformation and pre-regional metamorphism
events, and assigned the Campbell-Red Lake gold
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deposit to a deformed and metamorphosed low-
sulfidation epithermal type, whereas Mathieson and
Hodgson (1984) proposed that gold mineralization is
syn-tectonic and syn-metamorphic, overprinting pre-
metamorphic “feldspar-destructive” alteration. Twomey
and McGibbon (2001) and Dubé et al. (2004) noted that
a proximal centimetre- to metre-wide reddish-brown
biotite-carbonate alteration with disseminated arseno-
pyrite, pyrite, pyrrhotite, and variable amounts of seri-
cite, amphibole, and quartz in well foliated basalt is
commonly associated with the silicified high-grade
zones, and represents a key megascopic visual alteration
vector to the high-grade mineralization at the Red Lake
mine, suggesting that at least some biotite-carbonate
alteration is directly related to gold mineralization.
Tourmaline is a relatively late alteration product
superimposed on other alteration and overprinting all
deformation fabrics (Parker 2000; Dubé et al. 2004).

Analytical methods

Fluid-inclusion microthermometry was carried out on a
U.S.G.S.-style heating/freezing stage at the Geological
Survey of Canada—Quebec Division and the University
of Regina. The stages were calibrated with synthetic
fluid inclusions of H,O (ice-melting temperature = 0°C;
critical temperature = 374.1°C) and H,O-CO, (CO,-
melting temperature = —56.6°C). The precision of the
measurements of melting and homogenization temper-
atures of the carbonic phases are about =+0.2°C,
whereas those of total homogenization temperatures of
aqueous inclusions are around +1°C.

The gas composition of individual carbonic fluid
inclusions in quartz was analyzed using laser Raman
microspectroscopy. The analyses were carried out at
CREGU-UMR G2R, Nancy, France, with a LABRAM
Jobin-Yvon system. The exciting radiation at 514.5 nm
is provided by an ionized Argon laser (Spectra Physics).
Detection limits are about 1 mol% for CO, and N, and
0.1 mol% for CH4 and H,S. The Raman spectrum of
liquid water is very weak and thus cannot be obtained
when water is not visible (Dubessy et al. 1992).

The gas composition of bulk fluid inclusions in sep-
arate minerals (ankerite and quartz) was analyzed using
gas chromatography (GC) at McGill University, Mon-
treal, Canada. Pure ankerite and quartz were separated
by breaking sawn pieces of rock into small fragments
and handpicking. The samples were rinsed six times with
nanopure water (in beakers), allowed to stay in a bath of
nanopure water at 40°C for 4 h, then dried for 3 h at
40°C, before being placed in the crushers. They were
then heated to 120°C and flushed with UltraHighPurity
(UHP) helium for 12 h, before being crushed. The gases
released were delivered online to a GC (HP 5890)
equipped with a megabore capillary column, using UHP
helium as both the carrier and auxiliary gas, and were
analyzed using a combination of photoionization and

thermal conductivity detectors. The detection limits for
various gas components range from 10~* to 10~ pmol
(Salvi and Williams-Jones 2003).

He and Ar isotope compositions of bulk fluid inclu-
sions in arsenopyrite and gold were analyzed at the
Scottish Universities Environmental Research Centre.
The minerals were separated at the Geological Survey of
Canada, Ottawa, using a combination of crushing, sieve
sizing and panning. The arsenopyrite separates were
then passed through a 3.3 sg heavy liquid to remove
composite sulfide-quartz (+gangue) grains. Magnetic
grains were removed from each sample and contami-
nants visible under a binocular stereomicroscope were
removed by handpicking prior to analysis. All samples
were packed into stainless steel cups and crushed under
~1,000 psi in vacuo using an all metal hydraulic crusher.
After purification of the extracted gases on hot and cold
TiZr SAES getters, the heavy noble gases were trapped
on liquid nitrogen-cooled charcoal. *He and *He were
measured using a MAP215-50 magnetic sector mass
spectrometer using procedures described by Stuart et al.
(2000). Argon was released during He analysis and the
Ar isotope composition was determined after evacuation
of the He. All samples yielded *He and “’Ar concen-
trations that were significantly in excess of blank con-
centrations. Helium isotope ratios were corrected for a
2-10% blank *He. Blanks have “°Ar/*°Ar ratios that are
indistinguishable from the atmospheric value (296).
Since the Ar isotope data can most simply be interpreted
as a mix of radiogenic and atmospheric Ar, no blank
correction was applied.

Petrography and fluid inclusion microthermometry

A total of 41 doubly polished thin sections (7 from the
Campbell mine, 34 from the Red Lake mine) were
examined for fluid inclusions. These samples were col-
lected from the L zone (1851E Stope), DDH 31L042
(396.6-397 ft) and DDH 08L598 (469—469.2 ft) at the
Campbell mine and the following veins or ore zones at
the Red Lake mine: N-S breccia vein (level 31), a
quartz-tourmaline vein in a lamprophyre dyke (level 34),
HW zone (level 34), Main zone (level 34), HW/EW
intersection (level 37), and HWS5 zone (level 34-38). One
additional sample from the Cochenour gold deposit,
located at the northwest end of the Red Lake Mine
trend, was also examined. Fluid inclusion types (car-
bonic, aqueous—carbonic, and aqueous) were visually
classified for all samples, and microthermometry was
carried out for 381 fluid inclusions from eight doubly
polished thin sections, numbered Kg00-50-3, Kg00-50-4,
Kg00-51A, Kg00-54, Kg00-11-1 (Red Lake mine), and
Core-A2, Core-A3, and RP94-20A (Campbell mine).
These samples are from carbonate veins with variable
degrees of silicification and gold mineralization, and
contain mineral phases from pre- and syn- to post-gold
mineralization.
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growth contact with coarse, blocky ankerite crystals. Note the
undulose interference color of the quartz related to deformation.
Sample KGO00-50-3 (cross polarized light). ¢ Ankerite (white)
replaced by fine-grained quartz (Q2) (grey) with associated gold.

Ankerite was the first mineral to be precipitated in the
veins. It locally shows a well-developed crustiform tex-
ture distinguished by a change in color from dark grey to
white (Fig. 2a) and a cockade texture (Penczak and
Mason 1997; Chi et al. 2002; Dubé et al. 2004). Some
relatively large and locally euhedral quartz crystals (Q1)
are associated with the ankerite (Fig. 2b). Most quartz
(Q2), which is typically fine-grained, occurs as a
replacement of ankerite, and is associated with arseno-
pyrite and native gold from the main stage gold miner-
alization (Figs. 2c, d). Late-stage quartz (Q3) occurs as
euhedral crystals filling residual space left by ankerite
and earlier quartz (Chi et al. 2002) or as fillings in
fractures crosscutting lamprophyres, and is associated

Sample KGO00-11 (scanned rock slab). d Fine-grained quartz (Q2)
associated with gold and sulfides. Sample KGO00-11 (plane
polarized light). e Euhedral quartz (Q3) associated with calcite in
a vein cutting a lamprophyre dyke (plane polarized light; calcite is
stained red by potassium ferricynaide-Arizarin Red S solution). f
Paragenetic sequence of the gold-bearing carbonate-quartz veins

with calcite (Fig. 2¢). The paragenetic sequence of the
vein minerals is illustrated in Fig. 2f. Ankerite, Q1 and
Q2 are commonly deformed to varying degrees as shown
by undulose extinction and subgrain textures, whereas
Q3 and calcite show little evidence of deformation.

In all the 41 samples examined, carbonic inclusions
predominate, and in most doubly polished sections they
are the only fluid inclusions observed. Rare aqueous and
aqueous—carbonic inclusions were found in only a few
samples, but in one of these samples (Kg00-51A), from a
location where Q3 occurs in veins cutting lamprophyre,
there are appreciable numbers of aqueous and aqueous—
carbonic inclusions. Tarnocai (2000) also commented on
the predominance of carbonic inclusions in the 36



Fig. 3 a Fluid inclusions distributed along growth zones in
ankerite. Sample KG00-50-5 (plane polarized light). b Randomly
distributed fluid inclusions in quartz (Q2). Sample Core-A2 (plane
polarized light). ¢ Isolated fluid inclusions in quartz (Q1). Sample
KGO00-50-3 (plane polarized light)

doubly polished sections that he examined from the
Campbell mine, noting that aqueous—carbonic inclu-
sions are only present in samples from a low Au-grade
veinlet and represent a very small proportion of the fluid
inclusions in these samples.

Fluid inclusions occur in healed fractures, clusters, or
are isolated or randomly distributed in ankerite and
quartz (Q1, Q2 and Q3). Well-defined primary inclu-
sions are only found locally in ankerite where fluid
inclusions are distributed in growth zones (Fig. 3a).
Some of the growth zones are overprinted by healed
fractures so that primary and secondary inclusions
cannot be readily distinguished. Fluid inclusions ran-
domly distributed in three dimensions (Fig. 3b) are
likely primary, and the FIA concept is loosely applied to
them by assuming that fluid inclusions occurring in a
small volume in a crystal are penecontemporaneous.
Isolated fluid inclusions (Fig. 3c) are also likely primary,
and the validity of their microthermometric data is
broadly constrained by comparison with neighboring
fluid inclusions. Fluid inclusions occurring in clusters
(Fig. 4) and short healed fractures (Fig. 5) (not includ-
ing those in inter-granular healed fractures) are probably
pseudosecondary, although a secondary origin cannot
be ruled out, especially for those near grain boundaries.
These fluid inclusions were likely entrapped contempo-
raneously and represent the most reliable and thus useful
FIAs. The degree of consistency of microthermometric
data of fluid inclusions within such FIAs provides a
measure of the degree of modification of the inclusions
after entrapment (Figs. 4, 5). Some FIAs show a con-
siderable range of homogenization temperatures
(Figs. 4b,c, Se), which seem unrelated to the sizes of the
fluid inclusions (Fig. 4b, c), whereas other FIAs show
very consistent homogenization temperatures (Fig. 5a—
d). In both cases, there is a systematic difference in
homogenization temperatures among different FIAs
within the same crystal (Figs. 4, 5).

The melting temperature of the carbonic phase ranges
from —56.5 to —59.2°C for carbonic fluid inclusions
from ankerite and different generations of quartz
(Fig. 6), indicating that the fluids are dominated by CO,,
but contain trace to minor proportions of other gases.
Fluid inclusions from Q1 and ankerite appear to have
slightly higher 7,,—CO, (mainly —56.6 to —57.3°C)
(Fig. 6a) than those from the main ore-stage quartz
(mainly —56.7 to —57.5°C) (Fig. 6b) and Q3 (mainly
—57.2 to —58.0°C) (Fig. 6¢).

The homogenization temperatures of CO, (73,—CO»)
are highly variable among different FIAs (Fig. 7a), but
show a relatively narrow range within individual FIAs
(see Figs. 4, 5). T,—CO, values in ankerite are relatively
high (21-31°C), and some of them and many of those in
associated quartz (Q1) homogenize to vapor (Fig. 7a).
However, some of the fluid inclusions in Q1 have low
T,—CO; values (=5 to 20°C, to liquid) (Fig. 7a). Car-
bonic inclusions in Q2 have T7;,—CO, values from 0 to
29°C, and generally homogenize to liquid (Fig. 7a),
whereas the 7,—CO, values of carbonic inclusions in Q3
mainly fall in the range from 14 to 27°C (to liquid;
Fig. 7a). Chi et al. (2003) discussed the significance of
fluid pressure fluctuations indicated by the fluid inclusion
data, and attributed them to periodic changes of pressure
regime between supralithostatic and hydrostatic.
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zation temperatures (to liquid), and relationship between homog-
enization temperatures and sizes (longest dimension). ¢
Distribution of carbonic inclusions within another cluster, histo-

Only a small number of aqueous fluid inclusions were
observed in ankerite, Q1, and Q2, while more were
found in Q3. The homogenization temperatures (73,) of
the aqueous inclusions range from 190 to 350°C in
ankerite, 153 to 173°C in QI, and 250 to 390°C in Q2
(Fig. 7b). Aqueous inclusions in Q3 have Tj values
ranging from 70 to 326°C (Fig. 7b), and many of them
show high melting temperatures of clathrate (27.8—
32.6°C).

Gas composition of individual fluid inclusions

The gas compositions of individual carbonic fluid
inclusions from five doubly polished sections (Red

gram of their homogenization temperatures (to liquid), and
relationship between homogenization temperatures and sizes
(longest dimension). d Distribution of carbonic inclusions within
a cluster; note the consistency of homogenization temperatures (to
liquid except one inclusion noted V in the upper right corner). e
Enlargement of individual carbonic inclusions. Note there is no
visible aqueous phase

Lake mine: Kg00-50-5, Kg00-51A, Kg00-11-1; Camp-
bell mine: Core-A3, and RP94-20A) were analyzed
with laser Raman spectrometry (Fig. 8). The data
indicate that the carbonic fluid inclusions are domi-
nated by CO, in each of the three different generations
of quartz, and have variable proportions of CH4 and
N,. Most data for Q1 and Q3 liec on the CO,—CH,
binary system, whereas most data for Q2 are in the
CO,—N, system (Fig. 8). Two inclusions from Q2,
phase changes of which were not observed during
cooling, lie in the CH4—N, binary system (Fig. 8). The
average proportions (including all analyses) (mol%) of
CO,:CH4:N, are 99.4:0.6:0 for Q1, 88.9:4.3:6.8 for Q2,
and 97.5:2.2:0.3 for Q3. Trace amounts (<0.1 mol%)
of H»S were detected in several Q2 and Q3 inclusions.
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The H,O peak was not observed in the carbonic
inclusions examined.

Bulk gas composition of fluid inclusions

Eight samples (7 ankerite and 1 quartz—Q2, Table 1), all
from the Red Lake mine, were analyzed with gas chro-
matography (GC) to determine the composition of the
bulk inclusion fluid. The results (Table 1) indicate that
the fluids are dominated by CO,, but contain significant
amounts of CH4 and minor N,. There is no systematic
difference among different samples, and the average
proportions of CO,:CH4:N, (mol%) are 87.4:10.8:0.6.
Trace amounts of H,S were detected, but not quantified.
There was no significant difference between the height of
the water peak for the blank (0.5 g Brazilian quartz,
water-free) and those for the samples, indicating that the
bulk fluid in all cases contained negligible H,O. The
much higher ratio of CH4 to N, measured by GC
compared to the average values obtained by laser Ra-
man spectroscopic analyses of inclusions in Q2 indicates
that although the overall fluid inclusion population is
characterized by a predominance of CH4 over N,
individual inclusions may be enriched in N, (Fig. 8).
This, in turn, suggests that there were multiple episodes
of fluid trapping.

Fig. 5 Photomicrographs
showing carbonic fluid
inclusions in short healed
fractures (a, b, ¢, d) and
randomly distributed (e) in
quartz (Q1) (Sample KG00-
54A; cross polarized light), and
histograms of homogenization
temperatures (to liquid) in
individual fluid inclusions
assemblages. Note the
consistency of homogenization
temperatures within individual
healed fractures and the wide
range for randomly distributed
ones

He and Ar isotopes of bulk fluid inclusions

He and Ar isotope compositions of inclusion fluids in 5
arsenopyrite samples and 1 gold sample were analyzed
(Table 2). Helium isotope ratios are normalized to the
air ratio (Ra=1.39x10"°). *He/*He ratios (0.008—
0.016 Ra) are comparable to crustal values (0.01-
0.05 Ra), and significantly lower than mantle values (6—
7 Ra). “°Ar/*®Ar ratios (762.4-6119.0) are significantly
higher than the atmospheric value (295.5), indicating the
preservation of radiogenic “°Ar.

Discussion

The data presented in this study clearly indicate that
fluid inclusions in the Campbell-Red Lake gold deposit
are predominantly carbonic. Laser Raman analysis does
not show the H,O peak in carbonic inclusions, and GC
analysis of bulk samples indicates that H,O is below the
detection limit, confirming the extreme rarity of aqueous
inclusions in ankerite and early and main ore-stage
quartz (Q1, Q2). Questions that arise from these obser-
vations include: (1) do carbonic inclusions result from
preferential leakage of water from aqueous—carbonic
inclusions after entrapment or do they represent
entrapment of a carbonic fluid? (2) does the rare
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Fig. 6 Histograms of melting 14 a B
temperatures of CO, of
carbonic fluid inclusions. a 12 -
ankerite and associated quartz . - —
(Q1). b Ore-stage quartz (Q2). ¢ 10 [] Ankerite
Post-mineralization quartz g 0
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occurrence of aqueous inclusions result from preferential
entrapment of a carbonic phase over an aqueous phase
produced by fluid unmixing or does it indicate that the
carbonic fluid was not accompanied by an aqueous
phase? and (3) if the fluid was initially poor in water,
how did it transport silica and gold and alter the wall
rocks? Similar questions have been asked and discussed
in studies of the other gold deposits dominated by car-
bonic inclusions (e.g., Garba and Akande 1992; Schmidt
Mumm et al. 1997, 1998; Klemd 1998; Xavier and
Foster 1999; Wille and Klemd 2004). We further inves-
tigate these questions below based on the data from
Campbell-Red Lake, emphasizing the use of the fluid
inclusion assemblage (FIA) concept, quantitative mod-
eling of phase separation, and comparison with other
gold deposits.

Entrapment of a carbonic fluid versus post-trapping
leakage models

Whether or not the carbonic inclusions which dominate
in some orogenic gold deposits were produced by pref-
erential leakage of H,O from former aqueous—carbonic
inclusions has been a controversial topic. A number of

Melting temperatures of CO2(°C)

studies (e.g. Hollister 1990; Bakker and Jansen 1994
Johnson and Hollister 1995) have shown that H,O is
preferentially lost over carbonic components when fluid
inclusions are stretched after entrapment or the host
mineral is deformed or recrystallized. This mechanism
has been used to explain the origin of carbonic inclu-
sions in high-grade metamorphic rocks (Hollister 1988,
1990), and has been argued to be responsible for the
formation of carbonic inclusions in some gold deposits
in the Ashanti Belt (Klemd 1998). Most researchers who
have studied fluid inclusions in gold deposits dominated
by carbonic fluid inclusions (e.g., Garba and Akande
1992; Schmidt Mumm et al. 1997, 1998; Xavier and
Foster 1999), however, concluded that the carbonic
inclusions represent a carbonic fluid that was H,O-poor,
at the time of entrapment. It is notable that these gold
deposits dominated by carbonic inclusions are appar-
ently not different from other gold deposits in terms of
degree of metamorphism of the host rocks (green schist
to amphibolite facies), timing of mineralization (syn- to
post-peak metamorphism and deformation) and con-
trolling structures (brittle-ductile shear zones and brittle
faults) (Garba and Akande 1992; Schmidt Mumm et al.
1997, 1998; Xavier and Foster 1999), therefore, it is
difficult to explain why the preferential H,O-leakage
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Fig. 7 Histograms of a
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process almost completely removed H,O from the H,O—
CO; inclusions in some deposits but did not do the same
for other deposits. It is more likely that the processes
controlling this difference in fluid inclusion populations
lies outside the deposits, and is unrelated to the meta-
morphic and structural conditions at the sites of min-
eralization.

We support the hypothesis that the carbonic fluid
inclusions represent a carbonic fluid present during
carbonate veining and gold mineralization at the
Campbell-Red Lake gold deposit with detailed FIA
analysis. Fluid inclusions within a single FIA should
have the same homogenization temperature if they have
not been modified after entrapment (Goldstein and
Reynolds 1994), excluding heterogeneous trapping. If

fluid inclusions in an FIA are subject to modification
after entrapment, their specific volumes will be changed
to variable degrees depending on the size and shape of
individual inclusions (Bodnar 2003), which will be re-
flected by the variation of homogenization temperatures
of fluid inclusions within the FIA. The vulnerability of
fluid inclusions to post-trapping modification is also
related to the softness of the host minerals (Bodnar
2003), thus fluid inclusions in quartz (Mohs hard-
ness = 7) are less prone to post-trapping modification
than those in ankerite (Mohs hardness = 3.5-4). Given
the deformation features of the mineralized zones at
Campbell-Red Lake, it is reasonable to assume
that many fluid inclusions may have been modified to
varying degrees by post-trapping processes. If the fluid



Fig. 8 The CO2—CH4—N2
composition (mol%) of
carbonic fluid inclusions from
different generations of quartz,
as analyzed by laser Raman
microspectrometry. Trace
amounts (<0.1 mol%) of H,S
were detected in most of the
inclusions from Q1 and Q2, and
are not presented in the figure.
Data from Chi et al. (2003) and
this study

737

40

60

Q2

CH4

CO,

\\\ 21 analyses
N

\
\
1

i

inclusions were originally composed of aqueous and
carbonic components, we would expect to see variable
proportions of an aqueous phase in the fluid inclusions
depending on the degree of modification to which they
have been subjected. Thus, we would expect to see more
carbonic inclusions in ankerite than in quartz, and FIAs
that show more variable homogenization temperatures
would have more variable aqueous/carbonic ratios,
whereas FIAs that have narrow homogenization tem-
perature ranges would be composed most consistently of
aqueous and carbonic phases. Our observations indicate
that fluid inclusions in quartz and ankerite are both
carbonic, and those in FIAs with highly convergent T},
values (Figs. 4, 5) are also carbonic, free of any detect-
able water. These observations argue strongly against
preferential H,O leakage as the principal mechanism of
formation of carbonic inclusions in the Campbell-Red
Lake deposit.

Single carbonic fluid versus fluid unmixing models

If the carbonic fluid inclusions do not result from post-
trapping modification, they may represent either a single

OO T NZ

CH;

carbonic fluid or the carbonic phase preferentially en-
trapped from coexisting, immiscible aqueous and car-
bonic fluids resulting from fluid unmixing. The single
fluid model was proposed by Schmidt Mumm et al.
(1997) and Xavier and Foster (1999) for the Ashanti and
Fazenda Maria Preta gold deposits, respectively, and the
fluid unmixing model was favored by Garba and Ak-
ande (1992) and Tarnocai (2000) for the Bin Yauri and
Campbell-Red Lake gold deposits, respectively. Each
model has some advantages over the other, but also
faces some unsolved problems, which are discussed be-
low.

The single fluid model readily explains the absence or
extreme rarity of aqueous inclusions. However, the
relationship between this water-poor fluid and hydrous
alterations is unclear. At the Ashanti deposit, it has been
observed that the intensity of chloritization, sericitiza-
tion and epidotization increases toward quartz veins
(Klemd 1998), and that carbonatization is very limited
around the mineralized veins (Schmidt Mumm et al.
1997). Klemd (1998) interpreted the hydrous alteration
as an indication of the passage of aqueous-bearing
mineralizing fluids, whereas Schmidt Mumm et al.
(1998) argued that these alteration types may have

Table 1 Gas composition of bulk fluid inclusions analyzed by gas chromatography (mol%)

Sample mineral =~ KGO00-50-2a ankerite  2b ank  3a ank 3bank 5a Ank  5Sbank  6a quartz (Q2) 7 ank  Average
N, 0.5 0.7 0.9 0.6 0.6 0.8 0.3 0.3 0.6
CH, 10.4 12.0 16.9 14.2 13.4 15.1 8.0 6.3 12.0
CO, 89.1 87.3 82.2 85.2 86.0 84.1 91.7 93.4 87.4
H,O Negligible NI NI NI NI NI NI NI NI
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Table 2 He and Ar isotopes of fluid inclusions

Sample Mineral *He/*He (Ra) AL CAr
KGO01-28B Arsenopyrite 0.010 2095.5
KGO01-28A Arsenopyrite 0.011 3025.4
KGO01-39A Arsenopyrite 0.008 4370.9
KGO00-19A Arsenopyrite 0.008 4329.9
KGO02-73D-As Arsenopyrite 0.010 6119.0
KG02-73D-Au Gold 0.016 762.4

resulted from aqueous fluids unrelated to mineralization.
The limited distribution of carbonatization was inter-
preted to reflect restricted migration of the carbonic fluid
along discrete shear zones and limited contact between
the fluid and wall rocks (Schmidt Mumm et al. 1997). At
the Campbell-Red Lake deposit, mineralized zones are
characterized by a proximal biotite-carbonate alteration
(Twomey and McGibbon 2001; Dubé et al. 2004). At the
Campbell mine, the biotite-rich alteration is flanked and
replaced by chloritic alteration (Penczak and Mason
1997, 1999). This alteration pattern does not seem to be
incompatible with the single carbonic fluid model if the
host rocks were subjected to extensive hydrothermal
alteration prior to carbonate veining and gold mineral-
ization, as originally proposed by MacGeehan and
Hodgson (1982) and MacGeehan et al. (1982). In such a
model, water for biotitization, chloritization and serici-
tization may have been locally derived from the host
rocks, which had been previously hydrolyzed, rather
than from the mineralizing fluids.

Because gold is invariably associated with silicifica-
tion (Q2) and fluid inclusions (primary and pseudosec-
ondary) in Q2 are carbonic, the single carbonic fluid
model would imply that both gold and silica were
transported by the CO,-dominated fluids. Thermody-
namic analysis suggests that the solute species of Si in a
CO,—H,0 fluid is H4SiO4 (Newton and Manning 2000)
or Si(OH)4.2H,O (Walther and Orville 1983), and
experiments indicate that the solubility of SiO, decreases
with decreasing Xy,o (Walther and Orville 1983; New-
ton and Manning 2000). No experimental data are
available on SiO, solubility in a water-free carbonic
fluid, and it is not known what solute species Si may
form in such a fluid. The gold-transporting ability of
carbonic fluids is also unknown. However, there is a
general consensus that gold is transported primarily as
bisulfide and chloride complexes in aqueous fluids at
elevated temperatures (Gammons and Williams-Jones
1997; Benning and Seward 1996). Both laser Raman and
GC analyses of fluid inclusions from Campbell-Red
Lake indicate that H,S was present in the ore fluid, and
it is therefore attractive to speculate that complexation
of gold with this species was the means by which gold
was transported in the ore fluid. Although there are no
experimental data on the solubility of gold in an H,S-
bearing fluid, this hypothesis is supported by experi-
mental findings that H,S gas can dissolve appreciable
concentrations of other metals, e.g., Sb (Zakaznova-
Takoleva et al. 2001). We therefore propose, as

documented for Sb, that the gold at Campbell-Red Lake
was transported as an HjS-solvated species having the
stoichiometry Au.n(H,S)¥*°, and that its solubility de-
pended only on the fugacity of H,S and not on whether
the latter was dissolved in H,O or CO,.

The fluid unmixing model has several advantages
over the single carbonic fluid model, although the scar-
city of aqueous inclusions and the lack of any
unequivocal petrographic evidence of two coexisting
carbonic and aqueous phases make it difficult to validate
the model. The most obvious advantage of the model is
that it readily explains the hydrous alteration and the
transportation of silica and gold, as the mineralizing
fluid is assumed to be composed of aqueous and car-
bonic components like that in most orogenic gold de-
posit. In addition, fluid unmixing has been proposed as a
major mechanism of gold deposition in orogenic gold
deposits (e.g., Robert and Kelly 1987; Naden and
Shepherd 1989; Guha et al. 1991). The question that this
model does not answer is why fluid inclusion evidence of
the aqueous phase is absent or extremely rare.

The interpretation that the carbonic phase is prefer-
entially trapped due to its higher wetting angles than
aqueous phase (Watson and Brenan 1987) is not suffi-
cient, because the same mechanism can be applied to
other gold deposits where fluid unmixing is well-docu-
mented, and yet aqueous and aqueous—carbonic inclu-
sions are commonly recorded. Little is known about the
relationship between the volume ratio of carbonic to
aqueous phase in the immiscible fluids and the ratio of
carbonic to aqueous inclusions being entrapped. We
believe that if the fluid unmixing model were to be
applicable to deposits dominated by carbonic fluid
inclusions, the pre-unmixing fluid would be significantly
more enriched in carbonic species than in ordinary
orogenic gold deposits, such that the vapor resulting
from phase separation would be volumetrically pre-
dominant and the trapping of the aqueous phase pre-
vented.

Using the “GeoFluids™ program (from the website of
UCSD-Chemical Geology Group: http://www.geotherm.
ucsd.edu/geofluids), which is based on the equation of
state of Duan et al. (1995) for the H,O0-CO,-NaCl
system, the volume ratios of carbonic to aque-
ous phase in the immiscible fluids resulting from
phase separation of four different initial fluids and
the Xp,0 values in the vapor were -calculated.
Fluid a(XHzo = 0.9, XC02 = 0.07, XNacl = 003) and
¢ Xmo = 0.48, Xco, = 0.48, Xnac1 = 0.04) represent
the minimum and maximum Xco, values for the
“majority of orogenic gold deposits”, and fluid
b (XHZO = 0.8, Xco, = 0.16, Xnac1 = 0.04) is the aver-
age of the “most frequently recorded composition” of
orogenic gold deposits (Ridley and Diamond 2000),
whereas fluid d (Xu,0 = 0.16, Xco, = 0.80, Xnac1 =
0.04) represents a fluid much more enriched in CO, than
in most orogenic gold deposits. The results of the sim-
ulation indicate that when the initial fluids are domi-
nated by H,O (fluids a and b), the liquid phase resulting



from phase separation is volumetrically more important
(52-79%) than the vapor, and the vapor contains sig-
nificant amounts of H>O. When the initial fluid contains
equal amounts of H,O and CO, (fluid ¢), the volume of
the vapor produced by phase separation (57-96%) is
greater than the liquid, and the Xy,o values in the vapor
range from 0.22 to 0.47. When the initial fluid is sig-
nificantly enriched in CO, (fluid d), the vapor produced
by phase separation is volumetrically dominant (94—
97%), and the Xy,o values in the vapor range from 0 to
0.15. We conclude that phase separation from a fluid
with composition a, b or ¢ cannot produce a volumet-
rically dominant carbonic fluid phase, whereas a fluid
with pre-unmixing Xco, > 0.8 may give rise to a car-
bonic phase, the volume of which is so overwhelmingly
greater than the liquid phase that the latter cannot be
entrapped.

Source of the H,O-poor, CO,-dominant fluids

As is evident from the above discussion, both the single
carbonic fluid and the fluid unmixing models imply an
initial fluid dominated by carbonic components and
poor in water. The H,O/CO, ratio in the crust is about
40 on a global scale (Fyfe et al. 1978), so the average
fluid in the crust is dominated by water, and the for-
mation of a fluid dominated by carbonic components
requires some special and localized geologic processes or
environments where carbonic components are signifi-
cantly enriched relative to water. In addition, the fluid
must be focused along discrete structures so that it is not
“diluted” by fluids from the environment dominated by
water.

Considering that the main gold mineralization stage
at Campbell-Red Lake was synchronous with regional
tectono-metamorphism and magmatism (Dubé et al.
2004), the ore-forming fluids are possibly of metamor-
phic or magmatic origin. Carbonic inclusions are com-
mon in high-grade metamorphic rocks (Touret 2001)
and in mantle xenoliths (Anderson and Neumann 2001).
The H,O-poor, carbonic fluid may have been derived
from the lower crust, with or without input from the
mantle. Enrichment of CO, in the lower crust during
granulitization may have resulted from an influx of CO,
from the mantle (Newton et al. 1980; Santosh 1986), or
from preferential H,O removal by partial melting
accompanying granulitization (Fyon et al. 1989; Sarkar
et al. 2003). Although the noble gas isotope data for the
Campbell-Red Lake deposit do not show a mantle sig-
nature, some contribution from the mantle cannot be
ruled out because although we have argued that the
formation and predominance of carbonic inclusions did
not result from post-trapping modification, most of the
fluid inclusions have likely experienced variable degrees
of post-trapping modification, and the influence of these
changes on the He isotopes of the inclusion fluids is
unknown. The H,O-poor, carbonic fluid at the Camp-
bell-Red Lake gold deposit may also have been derived
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from degassing of magmatic intrusions. In most cases,
felsic magmas generated in the crust are enriched in
H,O, but there are examples showing CO, dominance in
ultrahigh-temperature granitoids (Santosh et al. 2005),
although this kind of granitic magma may not be able to
migrate too far from the source region because it will
solidify rapidly. Alternatively, if the magma initially
contains both H,O and CO,, and intrudes into higher
levels of the crust, CO,-dominated fluids may be derived
from preferential CO, release during the early stage of
magmatic degassing (Lowenstein 2001). Such a possi-
bility may be evaluated by studying fluid inclusions in a
regional scale, especially those in the syn-mineralization
granitic intrusions (Dubé¢ et al. 2004).

A final potential origin of the CO,-dominated fluid is
that it represents the vapor resulting from fluid phase
separation below the site of mineralization (Chi et al.
2003, 2005). Although it has been proposed by a number
of studies that fluid unmixing causes gold precipitation
(e.g., Robert and Kelly 1987; Naden and Shepherd 1989;
Guha et al. 1991), contrary examples exist and indicate
that fluid unmixing does not necessarily result in gold
precipitation (see Mikucki 1998). Even if certain
amounts of gold are extracted from the fluid system
during unmixing, it is still possible that large amounts of
gold are partitioned into the vapor, and carried by H,S
which is partitioned preferentially into the vapor during
phase separation (Naden and Shepherd 1989; Gammons
and Williams-Jones 1997). Moreover, Heinrich et al.
(1999) have shown that Au, Cu, As and B tend to be
selectively partitioned into the vapor of boiling mag-
matic fluid systems. Thus, although much of the Cu in
porphyry—epithermal systems is precipitated to form a
porphyry copper deposit due to the temperature drop
that attends boiling, large amounts of Cu and Au are
transported in the vapor to form epithermal deposits at
higher levels (Williams-Jones et al. 2005).

Conclusions

The data from fluid inclusion microthermometry, laser
Raman spectrometry and gas chromatography indicate
that fluid inclusions in the ankerite veins and main ore-
stage quartz from the Campbell-Red Lake gold deposit
are predominantly carbonic, composed mainly of CO,,
with minor CH4 and N,, and trace H,S. Aqueous
inclusions are extremely rare. Fluid inclusion assemblage
analysis suggests that although post-trapping modifica-
tions and host mineral deformation may have altered the
inclusions to varying degrees, these processes were not
solely responsible for the formation of carbonic fluid
inclusions and the extreme rarity of aqueous inclusions.
The carbonic inclusions most likely represent a primary
fluid present during carbonate veining and gold miner-
alization at Campbell-Red Lake, and this fluid may have
been derived either from phase separation of an initial
aqueous—carbonic fluid or from a single carbonic fluid.
In the case of fluid phase separation, the pre-separation
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fluid is likely to have been significantly enriched in CO,
(with Xco, > 0.8) in order to produce the CO,-domi-
nated fluid and to prevent the entrapment of the aque-
ous fluid. The CO,-enriched fluid may have been derived
from the lower crust in relation to granulitization or
from early degassing of magmatic intrusions. If the ini-
tial fluid contains some water (fluid phase separation
model), gold may have been carried as gold bisulfide
complexes as in most orogenic gold deposits, whereas if
the initial fluid was free of water (the single carbonic
fluid model), gold may have been transported as H,S-
solvated species.
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