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ABSTRACT

The Early Devonian Lake George granodiorite stock, New Brunswick, Canada, is spatially and temporally associated with
early W–Mo–Au and later Au–Sbmineralization. The former mine was the largest antimony producer in North America until the
mid-1990s. On the basis of fluid-inclusion analyses, multiple generations of fluids evidently interacted with the granodiorite, with
the dominant fluids approximated by the system H2O–NaCl–CO2–CH4. Additional components of the fluid, S–Ca–Fe–K–Mg–
Mn, reflect fluid–rock reaction and partial re-equilibration among the rock-forming minerals (i.e., plagioclase, orthoclase, biotite,
and hornblende) in the granodiorite. The CO2-bearing inclusions (Type 1) have a relatively low salinity, ranging from 0 to 15
wt.% equiv. NaCl (ave. 4 wt.%), and most homogenize to the CO2 phase at temperatures of 200 to 470°C. Inclusions that
homogenize to the aqueous phase do so over a narrower range of temperatures (250–350°C). Fluid pressures were probably 740
to 2210 bars for Type-1 inclusions. Aqueous liquid + vapor (Type 2) and aqueous liquid + vapor + halite or sylvite (Type 3)
inclusions are recorded as well. Type-2 inclusions show a broader range of temperatures of homogenization (mostly to the
aqueous phase), from 150 to 580°C, with a salinity between 2 and 19 wt.% equiv. NaCl. The stable isotope compositions of the
rock-forming minerals in the granodiorite exhibit a disequilibrium relationship, e.g., either �18OK-feldspar > �18Oquartz, �18Oplagioclase
> �18Oquartz, or �18Oplagioclase > �18OK-feldspar. The whole-rock �18O values range from 9.4 to 10.7‰, consistent with derivation by
contamination by 18O-rich sources. Values of �Dbiotite range from –75 to –64‰. The bulk fluids entrapped in quartz phenocrysts
have �D values of –40.2 ± 5.5‰, consistent with those of the fluids in equilibrium with biotite at temperatures between 350 and
480°C. The similarities among the fluid compositions in the granodiorite, Au–W–Mo quartz–carbonate veinlets and stockworks,
and the large Sb veins, suggest that they are genetically related. These fluids are interpreted to be mainly derived from progressive
exsolution of volatiles from the cooling magmas at depth, although the CO2–CH4-bearing fluids were derived from the intrusion
by wall-rock hybridization and skarn-forming reactions and later interaction with groundwater. These CO2–CH4-bearing fluids
may have reacted with the granodioritic magma to lower its redox conditions, as reflected by a low magnetic susceptibility (ave.
6 � 10–5 SI). Together with the petrochemical features, fluid composition and T–P characteristics in the Lake George granodiorite
and associated W–Mo–Au–Sb deposit share many similarities with other reduced I-type granitic-intrusion-related gold systems.

Keywords: fluid inclusions, oxygen isotopes, hydrogen isotopes, carbonic fluids, mineral–fluid interaction, gold mineralization,
intrusion-related gold systems, granodiorite, Lake George, New Brunswick, Canadian Appalachians.

SOMMAIRE

Le pluton granodioritique de Lake George, au Nouveau-Brunswick, d’âge dévonien précoce, est associé dans le temps et
l’espace à un épisode précoce de minéralisation W–Mo–Au, et ensuite, une minéralisation Au–Sb. La mine de Lake George était
le plus important producteur d’antimoine en Amérique du Nord jusqu’au milieu des années 1990. A la lumière des résultats
d’analyse des inclusions fluides, de multiples générations de fluides ont de toute évidence réagi avec la granodiorite, les fluides
prédominants se rapprochant du système H2O–NaCl–CO2–CH4. Des composants additionnels de la phase fluide, S–Ca–Fe–K–
Mg–Mn, résultent des réactions impliquant fluide et roche hôte et d’un ré-équilibrage partiel parmi les minéraux (i.e., plagioclase,
orthoclase, biotite, et hornblende) de la granodiorite. Les inclusions à CO2 (type 1) possèdent une salinité relativement faible,

§ E-mail addresses: m0qm4@unb.ca, dlentz@unb.ca, guoxiang.chi@uregina.ca, kyser@geol.queensu.ca



1444 THE CANADIAN MINERALOGIST

entre 0 et 15% equiv. NaCl (4% en moyenne, base pondérale), et la plupart s’homogénisent à la phase CO2 à une température
entre 200 et 470°C. Les inclusions qui s’homogénisent à la phase aqueuse le font sur un intervalle de températures plus restreint
(250–350°C). Les pressions sur la phase fluide étaient probablement entre 740 et 2210 bars pour les inclusions de type 1. Des
inclusions de liquide aqueux + vapeur (type 2) et liquide aqueux + vapeur + halite ou sylvite (type 3) sont aussi présentes. Les
inclusions de type 2 font preuve d’un plus grand intervalle d’homogénéisation (surtout à la phase aqueuse), de 150 à 580°C, avec
une salinité entre 2 et 19% equiv. NaCl (poids). Les compositions des minéraux des roches encaissantes, du point de vue des
isotopes stables, montrent des signes de déséquilibre, par exemple, soit �18OK-feldspar > �18Oquartz, �18Oplagioclase > �18Oquartz, ou
�18Oplagioclase > �18OK-feldspar. Les valeurs �18O des roches totales vont de 9.4 à 10.7‰, ce qui concorde avec une dérivation par
contamination de sources enrichies en 18O. Les valeurs de �Dbiotite vont de –75 à –64‰. Les fluides piégés dans les phénocristaux
de quartz ont des valeurs globales de �D de –40.2 ± 5.5‰, conformes à celles de fluides en équilibre avec la biotite à des
températures entre 350 et 480°C. Les ressemblances parmi les compositions de fluides dans la granodiorite, les veinules et
stockwerks à quartz–carbonate et Au–W–Mo, et les veines plus volumineuses à Sb, mènent à l’hypothèse qu’ils sont tous
génétiquement liés. Ces fluides auraient surtout été dérivés par exsolution progressive de composants volatils à partir de magmas
en profondeur, quoique les fluides porteurs de CO2–CH4 sont plutôt dérivés par réactions d’hybridisation et de formation de
skarns aux dépens des roches encaissantes, et d’une interaction tardive avec les eaux souterraines. Ces fluides à CO2–CH4
pourraient avoir réagi avec le magma granodioritique pour abaisser sa fugacité d’oxygène, comme le témoigne la faible
susceptibilité magnétique des roches (en moyenne, 6 � 10–5 SI). Considérées avec les propriétés pétrochimiques, la composition
des fluides et les caratéristiques en termes de T et P de la granodiorite de Lake George et du gisement W–Mo–Au–Sb associé
montrent plusieurs ressemblances avec d’autres systèmes aurifères associés à des massifs intrusifs granitiques réduits de type I.

(Traduit par la Rédaction)

Mots-clés: inclusions fluides, isotopes d’oxygène, isotopes d’hydrogène, fluides carboniques, interaction minéral–fluide,
minéralisation aurifère, système aurifère lié à une intrusion, granodiorite, Lake George, Nouveau-Brunswick, Appalaches
canadiennes.

where. This Early Devonian granodiorite stock (U–Pb
zircon age of 412 ± 2 Ma; M.J. McLeod, pers. commun.,
2002) may have formed by partial melting of amphibo-
litic rocks in the lower crust in a volcanic arc. It is ge-
netically linked through fractional crystallization to the
Hawkshaw granitic suite (U–Pb titanite age of 411 ± 1
Ma, Whalen 1993), a major phase of the adjacent
multiphase Pokiok Batholith (Fig. 1a; Yang et al.
2002a). Whalen (1993) noted that the Hawkshaw gran-
ite differs slightly from the Lake George granodiorite in
that it does not contain hornblende, indicative of its more
evolved nature.

A petrological study of the Lake George granodior-
ite shows that the major rock-forming minerals (i.e.,
plagioclase, K-feldspar, biotite) appear disturbed and
partially reset by subsolidus, late-stage hydrothermal
processes (Yang et al. 2002b). As pointed out by Mar-
tin (1988), the rock-forming minerals in fresh-looking
granitic rocks mostly represent the intact pseudomorphs
of magmatic phases due to interaction with various flu-
ids. The relationship between the hydrothermal fluids
that interacted with the granodiorite stock and those re-
sponsible for W–Mo–Au–Sb mineralization remains
to be investigated. Fluid inclusions preserved in the stib-
nite–quartz veins, W–Mo–Au-bearing quartz–carbonate
veinlets and stockworks, and the granodiorite may pro-
vide important clues as to their genetic relationship. In
this study, we focus on the attributes of the fluid phase
trapped in the granodiorite and the oxygen and hydro-
gen isotope compositions of its rock-forming minerals,
which are then compared to the characteristics of fluids
in the deposits that were documented in previous inves-

INTRODUCTION

The Lake George antimony vein deposit is located
in York County, New Brunswick (Fig. 1a). Formerly
the largest Sb producer in North America, the quartz–
Sb veins are spatially and temporally associated with
earlier W–Mo mineralization related to an unexposed
Early Devonian granodiorite stock (Seal et al. 1987,
1988, Procyshyn & Morrissy 1990, Caron 1996, Lentz
et al. 2002a, Yang et al. 2002a, b). Recent assessment
of the deposit indicates that Au anomalies are wide-
spread in drill cores around the property (Morrissy
1991a), and ore-grade zones (up to 11.7 g/t Au) are lo-
cally developed (Morrissy 1991b, Lentz et al. 2002a).
The occurrence of Au-bearing quartz–carbonate vein-
lets and stockworks associated with W–Mo mineraliza-
tion within the granodiorite stock and the proximal
metamorphic aureole strongly suggests that Au miner-
alization is related to the hydrothermal system associ-
ated with the intrusion (Seal et al. 1988, Lentz et al.
2002a, Yang et al. 2002b). Elsewhere in the world, gold
mineralization in granitic domains has been documented
to be mainly related to metaluminous, subalkaline in-
trusions of intermediate to felsic composition, which
span the boundary between reduced ilmenite and oxi-
dized magnetite series, in continental tectonic settings
well inboard of convergent plate boundaries (Thomp-
son et al. 1999, Lang et al. 2000, Rowins 2000, Lang &
Baker 2001, Groves et al. 2003). In a preliminary study
of the petrochemical attributes of the Lake George gra-
nodiorite, Yang et al. (2002a) suggested that it is broadly
similar to those of gold-associated granitic suites else-
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FIG. 1. (a) Location and general geology of the Lake George and Pokiok area, New Brunswick (modified after Procyshyn &
Morrissy 1990, McLeod et al. 1994). (b) Schematic geological map of the Lake George mine site (modified after Seal et al.
1987, Procyshyn & Morrissy 1990). The location of the Lake George granodiorite stock is depicted as structural contours on
its upper contact (in meters below the surface). Note the concentric disposition of the biotite and mottled hornfels isograds
about the stock.
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tigations (Scratch et al. 1984, Seal et al. 1987, 1988).
These new data on fluid inclusions and stable isotopes,
together with such data obtained by Chi (2002), pro-
vide support for the hypothesis that the recently discov-
ered gold occurrences in southwestern New Brunswick
are typical of deposits related to reduced I-type granitic
intrusions.

GENERAL GEOLOGICAL SETTING

Lower Silurian, locally calcareous or marly turbiditic
sedimentary rocks (Seal et al. 1987, 1988, Caron 1996)
of the Kingsclear Group (Fyffe & Fricker 1987) com-
prise the host rocks to the Lake George deposit (Fig.
1b). These rocks are regionally metamorphosed to the
greenschist facies and tightly folded into upright to
steeply northwest-dipping, northeast-trending, doubly
plunging anticlines and synclines with an axial planar
cleavage (Caron 1996). The overall trend of units in the
Kingsclear Group parallels the southern margin of the
syntectonic to late tectonic Early Devonian granodior-
itic to granitic Pokiok Batholith (Fig. 1a).

Narrow shoshonitic lamprophyre dykes (414.4 ± 2.4
Ma, Ar–Ar phlogopite, Lentz et al. 2004) of calc-alka-
line affinity intrude in an overall east–west orientation
and generally dip steeply southward (Caron 1996, Lentz
et al. 2002b). These dykes are intruded by a north–north-
west-trending quartz–feldspar porphyry dyke 3–5 m
wide (Fig. 1b; see Procyshyn & Morrissy 1990). Intrud-
ing the entire package of metasedimentary rocks and
dykes is the Lake George granodiorite stock, which has
reduced I-type characteristics (Seal et al. 1987, 1988,
Yang et al. 2002a, b). Presently, the cusp of the grano-
dioritic stock at Lake George lies about 350 meters be-
low the present level of erosion, as shown by drilling
(Fig. 1b).

Thermal metamorphism associated with the
granodiorite stock is superimposed on the regional
greenschist-facies metamorphism. Concentric cordier-
ite and biotite isograds delineated by Scratch et al.
(1984) and Seal et al. (1987) outline the symmetrical
contact metamorphism, which is overprinted by meta-
somatism and W–Mo–Au mineralization associated
with this high-level stock. The contact-metasomatic
mineralized system and the associated granodiorite are
subsequently cut by Au-bearing polymetallic veins and
the main antimony-bearing systems of veins that con-
tain up to 0.3 g/t gold (Morrissy & Ruitenberg 1980,
Procyshyn & Morrissy 1990, Lentz et al. 2002a). These
features suggest that the thermal metamorphism (formed
as a result of heat transferred by fluid associated with
intrusion, cf. Williams-Jones & Ferreira 1989), contact-
metasomatic mineralization, and vein mineralization, all
of which are younger than the regional Acadian D1
deformational phase (Seal et al. 1987, 1988) and were
caused by a complex intrusion-related hydrothermal
system. Thus, the characteristics of gold mineralization
at Lake George are inconsistent with “orogenic gold

deposits” as described by Groves et al. (2003), but more
similar to their descriptions of intrusion-related gold
deposits.

PETROGRAPHY OF THE GRANODIORITE

The fine- to medium-grained porphyritic granodior-
ite consists of quartz, plagioclase, orthoclase, biotite,
hornblende, and accessory minerals such as titanite, zir-
con, apatite, ilmenite, trace magnetite, and pyrrhotite,
pyrite and arsenopyrite (Figs. 2a–f). Phenocrysts, 2–4
mm in size, include subhedral plagioclase with normal
zonation (Fig. 2e), euhedral to subhedral hornblende
(Figs. 2a, c), and subhedral to anhedral biotite (Figs. 2b,
d). Partially embayed quartz phenocrysts are also
present (Fig. 3a). A few microperthite grains occur as
phenocrysts (Fig. 2f), indicating subsolidus exsolution
at temperature lower than 500°C (Tuttle & Bowen
1958). Grains in the groundmass are usually less than 1
mm in size, and are composed of quartz, K-feldspar,
plagioclase, biotite, and amphibole. Acicular apatite
occurs in plagioclase, biotite, and amphibole pheno-
crysts. Titanite may occur as a primary phase, but is
mostly a product of the alteration of amphibole and bi-
otite, where it is associated with chlorite, magnetite, and
calcite. The calcite displays a typical orange-red
cathodoluminescence (CL) owing to Mn2+ as an activa-
tor (Fig. 3i). White mica alteration is ubiquitous in the
core of plagioclase crystals and also along cleavages and
margins of grains. Chlorite occurs as a common prod-
uct of alteration of biotite and amphibole. Imaging us-
ing the electron-microprobe revealed the presence of
muscovite lamellae along cleavage planes within igne-
ous biotite, reflecting partial alteration of this phase.

Textural relations show that apatite and ilmenite
were the earliest phases to crystallize from the melt,
followed by early hornblende phenocrysts and then by
simultaneous crystallization of biotite and plagioclase,
and later, by quartz and orthoclase (Yang et al. 2002b).
Most of the sulfides seem to be hydrothermal in origin,
but some ovoid grains of pyrrhotite enclosed in horn-
blende and biotite may be primary (i.e., magmatic). The
granodiorite intrusion has a low magnetic susceptibility
(4 to 21 � 10–5 SI, ave. 6 � 10–5 SI), as inferred from
measurements on the drill core samples with the
Exploranium KT–9 instrument. This indicates a low
content of magnetite (Ishihara 1981), consistent with
ilmenite as the dominant Ti–Fe oxide in the intrusive
body.

The Hawkshaw granite outcrops approximately 3 km
northwest of the Lake George Sb deposit (Fig. 1a). It is
mainly composed of medium- to coarse-grained, pink
K-feldspar porphyritic, biotite granite to granodiorite
with minor equigranular biotite granite (Whalen 1993,
Whalen et al. 1996). The Lake George granodiorite ex-
hibits petrochemical features typical of an I-type gran-
ite, derived from partial melting of an arc-like lower
continental crust in a volcanic arc or late orogenic envi-
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ronment (Yang et al. 2002a), which is consistent with
the main batholith (Whalen 1993, Whalen et al. 1996).
Interestingly, the Lake George granodiorite exhibits fea-
tures of reduced I-type intrusions (Yang et al. 2002a),
whereas the Hawkshaw granite belongs to oxidized I-
type granitoids, based on mineralogical and petrochemi-
cal studies (Whalen 1993, Shabani 1999). Local redox
conditions (reduced) may play an important role in gold
deposition and associated mineralization.

PETROGRAPHY OF FLUID INCLUSIONS

We studied fluid inclusions in quartz phenocrysts
from ten of the least-altered samples of granodiorite
taken from drill core of the Lake George granodiorite
stock (Fig. 1b) away from the zones of mineralization.
Fluid inclusions in acicular apatite enclosed in plagio-
clase phenocrysts and in late-stage quartz veins cutting
the granodiorite also were investigated. The majority of
fluid inclusions lying along healed microfractures that
cross-cut quartz phenocrysts are considered to be sec-
ondary in origin (Figs. 3a, g). However, the relationship
between some fluid inclusions and crystal-growth fea-
tures in quartz phenocrysts cannot be established (Fig.
3h), because the inclusions are irregularly distributed,
either occurring in isolation or in clusters; thus, the ori-
gin of these inclusions is indeterminate (Roedder 1984,
Goldstein & Reynolds 1994). Fluid inclusions in the
apatite crystals (Fig. 4e) enclosed in plagioclase and
some inclusions in late-stage quartz veins (Figs. 3d–f)
are primary in origin, as indicated by their relations to
the direction of growth of the host minerals, respectively
recording the fluids trapped above (magmatic) and
below (possibly postmagmatic) the solidus.

Fluid inclusions were classified on the basis of phase
assemblages at room temperature. Three types of fluid
inclusions, occurring either as trails along healed frac-
tures, isolated inclusions or as clusters in quartz phe-
nocrysts (Figs. 3a–c, g, Figs. 4a–c, f) from the Lake
George granodiorite, are identified and described below.

Type-1 inclusions (aqueous liquid + CO2 liquid ±
CO2 vapor) (Fig. 4a), comprising 55% of the population
of fluid inclusions observed, vary in size (5 to 20 �m),
CO2 total volume-ratios (10 to 100), and shape (nega-
tive crystal form, irregular, and elongate). This type of
inclusion is characterized by the presence of CO2 liquid
or vapor at room temperature, and in particular by the
appearance of the distinct CO2 liquid and vapor phases
during cooling (Fig. 4a). The inconsistency in phase
ratios of the inclusions may reflect fluid immiscibility
(i.e., CO2 effervescence) during entrapment.

Type-2 inclusions (aqueous liquid + vapor) (Fig. 4b)
are ubiquitous, both in phenocrystic and matrix quartz
from the granodiorite. Type-2 inclusions in phenocrys-
tic quartz are variable in size (5 to 14 �m), shape (nega-
tive crystal form, irregular, elongate), and vapor
proportions (10–60%), and commonly occur along
healed fractures. However, some of them also occur in

planes or clusters with Type-1 inclusions (Fig. 4f).
Type-2 inclusions constitute about 40% of the popula-
tion of fluid inclusions observed.

Type-3 inclusions (aqueous liquid + vapor + halite
or sylvite) (Fig. 4c) are relatively less abundant com-
pared to Type-1 and Type-2 inclusions, constituting
only 5% of the population of inclusions observed.
Vapor : total fluid ratios in such inclusions are com-
monly constant, within a range of 20 to 25%. They usu-
ally occur as isolated inclusions, although some of the
Type-3 inclusions coexist with Type-2 inclusions along
the same plane.

In late-stage quartz veins ca. 1 mm in width (Figs.
3d–f) that cut the granodiorite, Type-2 inclusions are
dominant (Fig. 4d), Type-1 inclusions are minor, and
Type-3 inclusions are absent. Type-2 fluid inclusions
were also found in apatite (Fig. 4e) enclosed in plagio-
clase phenocrysts, and these inclusions must predate
those inclusions trapped in the quartz phenocrysts and
vein quartz.

It is not uncommon for Type-1 and Type-2 fluid in-
clusions to occur in the same quartz phenocryst, within
the same planes or clusters. Also, they show a fairly
consistent ratio of phases (Fig. 4f), suggesting that any
post-entrapment modification was complete before the
nucleation of additional phases. The relative timing of
different types of fluid inclusions in the same quartz
phenocryst is generally difficult to determine, although
trails of most Type-2 inclusions were observed to cut
clusters of randomly distributed Type-1 inclusions.
Inclusions in the quartz veins may be later than those
in the quartz phenocrysts, although they are similar in
phase relations to some of the Type 2 inclusions in the
phenocrysts. The general sequence of fluid evolution
recorded in the Lake George granodiorite is: Type 2
inclusions in apatite → (?) Type 3 inclusions in quartz
phenocrysts → Type 1 + Type 2 inclusions in quartz
phenocrysts → Type 2 ± Type 1 inclusions in quartz
veins. The presence of multiple types and generations
of fluid inclusions reflects the complexity of the hydro-
thermal activity related to the sequential downward
crystallization of the Lake George granodiorite stock,
with continual fluid evolution from that cooling vapor-
saturated magma system at depth.

MICROTHERMOMETRY RESULTS

All microthermometric measurements were per-
formed on a USGS-style heating–freezing stage (made
by Fluid Inc., USA) located at the University of New
Brunswick, except for a few of measurements carried
out at the Quebec Geoscience Centre of the Geological
Survey of Canada, also on a USGS-style heating–freez-
ing stage. The accuracy and precision of the measure-
ments of melting and partial homogenization of carbonic
phases are estimated to be about ±0.2°C, whereas those
of the temperatures of final homogenization are around
±1°C. Fluid composition and T–P conditions were esti-
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mated by using the microthermometric data and the
computer program MacFlinCor (Brown & Hagemann
1994). The microthermometric results are summarized
in Table 1 and Figures 5 and 6.

Type-1 carbonic fluid inclusions in phenocrystic
quartz are the most abundant. Melting temperatures of
CO2 (Tm CO2) vary from –58.0 to –56.6°C (ave. =
–57.3°C) (Fig. 5a), with a few as low as –65.6°C. The
CO2 melting data indicate that some of the carbonic in-

FIG. 2. Photomicrographs illustrating the mineralogy and texture of the Lake George granodiorite. (a) Euhedral hornblende and
biotite enclosed by orthoclase; at upper right corner, euhedral titanite partly enclosed in plagioclase (sample LG83–2–2461),
cross-polarized light (XPL). (b) Subhedral phenocryst of biotite in fine-grained felsic groundmass consisting of quartz,
orthoclase, plagioclase, and opaque phases (sample LG81–12–1567), XPL. (c) Seriate to porphyritic texture, euhedral horn-
blende enclosed by plagioclase (sample LG81–19–1351), XPL. (d) Seriate to porphyritic texture, subhedral to anhedral biotite,
and anhedral ilmenite (and other opaque phases) (sample LG81–14–1886), XPL. (e) Plagioclase phenocryst with normal
zoning and polysynthetic twinning as well as pericline lamellae; at the lower right corner, another grain of plagioclase is
partially replaced by white mica (sample LG83–2–1995), XPL. (f) Orthoclase with irregular fine lamellae of albite (sample
LG83–2–1995), XPL.



Au–W–Mo–Sb MINERALIZATION, LAKE GEORGE GRANODIORITE, NEW BRUNSWICK 1449

clusions may contain significant CH4 or N2, although
the clathrate melting temperatures (Tm clath) above 10°C
suggest the presence of CH4 (Shepherd et al. 1985).
Values of Tm clath range from 1° to 13°C (ave. = 9°C)
(Fig. 5b). Homogenization temperatures of liquid CO2
(ThCO2) range from 5° to 28°C (ave. = 19°C), but a few
measurements record lower values of between –4 and
–8°C) (Fig. 5c). Salinities of the carbonic fluid inclu-
sions, calculated from gas clathrate melting tempera-
tures, range from 0 to 15 wt.% equiv. NaCl [ave. =
4 ± 3.3 (1�) wt.%, n = 40: Shepherd et al. 1985, Parry

1986], but most are below 6 wt.%. Most of the carbonic
inclusions homogenize to the CO2 phase, although some
homogenize to the aqueous phase. Temperatures of final
homogenization (Th) range from 200 to 470°C (Fig. 5d),
although those that homogenize to the aqueous phase
show a relatively narrow range (250–350°C). Values of
Th for Type-1 fluid inclusions are fairly consistent in a
given quartz phenocryst, and show a similar range for
those that homogenize to the carbonic phase and aque-
ous phase, suggesting that these inclusions were trapped
from an effervescing fluid system. Consequently, Th
values are assumed to be equal to the entrapment tem-

FIG. 3. Photomicrographs of typical phenocrysts of quartz containing abundant secondary fluid inclusions from the Lake George
granodiorite, as well as a quartz vein cutting the host granodiorite. (a) Quartz phenocryst in the granodiorite porphyry, whose
groundmass is very fine grained and shows features attributed to quenching (sample LG78–18–1190), plane-polarized light
(PPL). (b) Quartz phenocryst coexisting with opaque minerals (pyrite, pyrrhotite) (sample LG81–12–1567), XPL. (c) Quartz
phenocryst in the granodiorite porphyry; its groundmass is very fine-grained, showing features attributed to quenching, sec-
ondary opaque minerals associated with white mica and carbonates (sample LG81–2–1791), XPL. (d) A quartz vein 1 mm
wide (late magmatic or postmagmatic) cuts the granodiorite (sample LG80–36–1647), PPL. (e) A quartz vein 1 mm wide (late
magmatic or postmagmatic) cuts the granodiorite. Note that it cuts across a quartz phenocryst in the granodiorite (sample
LG80–36–1647(2)), PPL. (f) The same view as (e), but with XPL. (g) Abundant secondary fluid inclusions distributed along
healed microfractures in a quartz phenocryst (sample LG81–12–1567), PPL. (h) Cathodoluminescence (CL) photograph of a
quartz phenocryst showing primary growth-induced zoning, with patches of orange-red-luminescent calcite (secondary) (sam-
ple LG81–14–1291). (i) CL photograph showing orange-red-luminescent calcite (secondary) replacing K-feldspar (blue) and
biotite (dark) (sample LG81–14–1291).
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peratures (Tt) (Roedder 1984). On the basis of the
method described by Diamond (2001), fluid pressures
estimated from isochores of the vapor-rich inclusions
(CO2/total = 100%, no visible aqueous phase could be
identified), with temperatures approximated by those of
liquid-rich inclusions (250–350°C) range from 740 to
2210 bars (Fig. 5e). These pressures correspond to
lithostatic depths of approximately 2.8 to 8.4 km, with a
rock density of 2.7 g/cm3 being used for calculation
(Shepherd et al. 1985).

Type-2 aqueous fluid inclusions are ubiquitous, both
in phenocrystic and matrix quartz from the granodior-
ite. Because the size of inclusions in the matrix is rela-
tively small (<5 �m), the present study mainly focused
on inclusions in quartz phenocrysts. These fluid inclu-
sions in phenocrystic quartz are variable in size (5 to 14
�m), shape (negative crystal form, irregular, elongate),
and vapor proportions (10–60%). Temperatures of last
melting of ice (Tm ice) (–15.7 to –1.5°C) (Fig. 6a) indi-
cate salinities of 19.2 to 2.5 wt.% equiv. NaCl (Fig. 6b),
using the equation of Bodnar & Vityk (1994). Most of
the inclusions homogenize to the liquid phase over a
broad range of temperatures (Th), from 150 to 580°C.
Some inclusions homogenize to the vapor phase (Fig. 6c).
We note that fracture-controlled fluid inclusions in phe-
nocrystic quartz are characterized by low salinity
(<3.5 wt.% equiv. NaCl) and low Th (110–270°C),

values that are similar to those in quartz veins cutting
the host rock. Fluid inclusions in apatite (Fig. 4e) show
a consistent range of Th (570–581°C), with a salinity of
15 wt.% equiv. NaCl.

Type-3 halite–sylvite-bearing fluid inclusions are
relatively rare; only a few inclusions were investigated.
The dissolution temperature (Ts) of the daughter min-
eral ranges from 264.9 to 270.0°C, corresponding to
salinities of 35.7 to 36.0 wt.% equiv. NaCl (Bodnar &
Vityk 1994). The temperatures of final homogenization
(to liquid) (varying from 291.3 to 292.5°C) of Type-3
inclusions are slightly higher than Ts. Fluid pressure of
Type-3 inclusions is below 1 kbar (cf. Bodnar 2003).

ANALYSIS OF DECREPITATE MOUNDS

Analysis of decrepitate mounds using scanning elec-
tron microscopy (SEM) or electron-probe micro-ana-
lyzer (EPMA) has proved to be a relatively simple and
reliable semiquantitative method to evaluate fluid com-
position (Hayes et al. 1988, Savard & Chi 1998, Kontak
et al. 2001, Kontak 2002). Decrepitate mounds hosted
by quartz from the granodiorite and a narrow quartz vein
(1 mm wide) cutting the granodiorite were analyzed
with a JEOL JSM–6400 SEM, LINK–eXL X-ray mi-
cro-analyzer, at conditions of 15 kV and 1.5 nA. The
techniques used in this study are slightly different from
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FIG. 5. Microthermometry data for Type-1 fluid inclusions
(L + LCO2 ±VCO2) from the Lake George granodiorite.
(a) Histogram of melting temperatures of CO2 (Tm CO2).
(b) Histogram of melting temperatures of clathrate (Tm

Clath). (c) Histogram of homogenization temperatures of
CO2 phases (Th CO2). (d) Histogram of final temperatures
of homogenization (Th). (e) Isochores of carbonic inclu-
sions (approximated by CO2), showing possible range of
fluid temperature and pressure (shaded area). The method
of pressure estimation based on carbonic inclusions and
coexisting aqueous inclusions was described in detail by
Diamond (2001).
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FIG. 4. Petrography of fluid inclusions and host minerals from the Lake George granodiorite. (a) Type-1 fluid inclusions consist
of three phases: liquid CO2 (LCO2) + vapor CO2 (VCO2) + aqueous liquid (L), at room temperature (18°C in this case), hosted
in quartz phenocryst (sample LG80–36–1647). (b) Type-2 fluid inclusions are composed of two phases: L + vapor (V), hosted
in quartz phenocryst. Note that values of the ratio V/(L +V) are variable (sample LG83–2–1995). (c) Type-3 fluid inclusions
comprise three phases: L + V + S (halite or sylvite) (sample LG81–14–1291). (d) Type-2 fluid inclusions are dominant in the
quartz vein (Fig. 3d) that cuts the host granodiorite, and minor Type-1 inclusions also occur (sample LG80–36–1647). (e)
Type-2 inclusion hosted in apatite that is enclosed in plagioclase from the Lake George granodiorite; V/(V + L) = 30%
(sample LG81–14–1886). (f) Type-1 and type-2 fluid inclusions occur in the same crystal of quartz (sample LG83–2–1995).
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those adopted by previous investigators in that
microthermometric measurements of fluid inclusions
were first determined on a USGS heating–freezing
stage, and then the samples were transferred to a muffle
furnace for 30 minutes to decrepitate the fluid inclusions
at 700°C. Various shapes of the mounds (i.e., irregular,
elongate to tabular) were found (Fig. 7). The decrepi-

tate mounds of Type-1 carbonic fluid inclusions are
characterized by Na–Ca–Fe–K–Mg–Mn mixtures,
whereas those from Type-2 fluid are similar, but do not
contain Mn. Appreciable sulfur was detected in the de-
crepitate mounds of both types of fluid inclusions; the
fluids thus contain notable amounts of sulfur in addi-
tion to chlorine.

FIG. 6. Microthermometry data for Type-2 fluid inclusions (L + V) from the Lake George granodiorite. (a) Histogram of tem-
peratures of final melting of ice (Tm ice). (b) Histogram of salinities (equiv. wt.% NaCl). (c) Histogram of temperatures of final
homogenization (Th). The symbols in (a) and (b) are the same as those in (c), which represent different behaviors of the fluid
inclusions during heating or different host minerals (i.e., quartz and apatite) and textural relations. See text for details.
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OXYGEN AND HYDROGEN ISOTOPE COMPOSITIONS

Hand-picked separates of quartz, K-feldspar, plagio-
clase, and biotite from six granodiorite samples were
analyzed for oxygen isotopes, with hydrogen isotopes
being analyzed for biotite and bulk fluid inclusions ex-
tracted from the quartz phenocrysts. Hornblende ob-
tained from one sample (LG81–14–1886) also was
analyzed for oxygen and hydrogen isotopes. Detailed
analytical methods were described by Kyser et al.
(1999). Estimated errors on reported � values relative
to V–SMOW are ±0.2‰ for oxygen and ±3‰ for hy-
drogen isotopes at the 1� level. The results are presented
in Table 2, together with calculated temperatures for
mineral pairs assuming oxygen isotope equilibrium be-
tween phases.

In most samples, 18O enrichment in the rock-forming
minerals exhibits an abnormal, disequilibrium sequence,

e.g., either �18OK-feldspar > �18Oquartz, �18Oplagioclase >
�18Oquartz, or �18Oplagioclase > �18OK-feldspar (Table 2). Only
one sample (LG81–14–1886) appears to have normal
18O fractionation among the minerals (e.g., quartz > K-
feldspar > plagioclase > biotite > hornblende; cf. Taylor
1978). The calculated temperatures for the mineral pairs
are inconsistent with one another, e.g., Tquartz–K-feldspar
998°C, Tquartz–plagioclase 836°C, and Tquartz–biotite 514°C
(Table 2). These features suggest that magmatic equili-
bration  among the minerals in the Lake George grano-
diorite was disturbed by late-stage hydrothermal fluids,
consistent with petrological investigations (Yang et al.
2002b). Notably, feldspar and biotite are apparently
enriched in 18O during fluid–rock reaction, elevated by
2 to 4‰ (Fig. 8), in comparison with primary (i.e., mag-
matic) quartz–feldspar (ca. 2‰) and quartz–biotite (ca.
6‰) fractionation. In contrast, �18O values of quartz
remain relatively constant (9.2 to 10.6‰), consistent

FIG. 7. Secondary electron images of decrepitate mounds hosted by quartz from the Lake George granodiorite. (a) Very fine-
grained mixture of Na–Ca–Fe–K–Mg–Mn salts (sample LG83–2–1995). (b) Very fine-grained irregular to elongate mixture
Na–Ca–Fe–K–Mg–Mn salts (sample LG80–36–1647). (c) Irregular and elongate mixture of Na–K–Ca–Fe–Mg compounds
(sample LG81–14–1291). (d) Tabular Ca–Fe–K–Mg–Mn mixture (sample LG80–36–1647). Note that all these mounds con-
tain an amount of sulfur. The scale bars are 10 �m in length.
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with their low relative susceptibility to oxygen isotope
exchange with fluid (Longstaffe 1982, Criss & Taylor
1983, Gregory & Criss 1986).

The bulk �18Oquartz values (Table 2) of the granodior-
ite samples are estimated to range from 9.4 to 10.7‰
(ave. 10.2‰), based on the mode of the samples and
corresponding mineral �18O values. Given that the feld-
spar �18O values (Table 2) are not primary, but in fact
reflect low-temperature re-equilibration with a hydro-
thermal fluid, these values represent a maximum for the
whole rock. The whole-rock �18O values are in the high
part of the range for normal granites, and are slightly
higher than �18O value for the Hawkshaw granite (9.6‰,
see Whalen et al. 1996). Such high �18O values are
consistent with derivation by contamination with an
18O-enriched source (Taylor 1978, 1988).

The �Dbiotite values are fairly constant, ranging from
–75 to –64‰ (Table 2), similar to those of hypothetical
magmatic biotite (Taylor 1974). The bulk fluids en-
trapped in quartz phenocrysts have higher �D values,
–40.2 ± 5.5‰ (Table 2). Such �D values of bulk fluids
are consistent with those of the fluids in equilibrium
with biotite at temperatures between 350 and 480°C
using the fractionation factor for hydrogen isotopes be-
tween biotite and H2O (Suzouki & Epstein 1976). Horn-
blende has a lower �D value, –106‰, than the biotite
and fluids extracts from the quartz phenocrysts.

DISCUSSION

Data on the fluid-inclusion microthermometry pre-
sented here suggest the fluid systems that interacted with
the Lake George granodiorite may be approximated by

FIG. 8. Values of �18O relations in coexisting quartz, feld-
spar, biotite, and hornblende in the Lake George grano-
diorite. The primary cluster of granitic samples without
hydrothermal alteration has a quartz–feldspar fractionation
of 2‰ (�Q–M = 2) (Criss & Taylor 1983). Compared to
quartz, the �18O values of K-feldspar, plagioclase, and
biotite are somewhat elevated at about 2 to 4‰, which re-
quires that the fluid that reacted with these minerals was
rich in 18O or at low temperature.
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the system H2O–NaCl–CO2–CH4. This is characteris-
tic, although not diagnostic, of deeper parts of the newly
recognized type of intrusion-related gold systems
(Thompson et al. 1999, Lang & Baker 2001, Baker &
Lang 2001, Baker 2002, Chi 2002, Fan et al. 2003,
Groves et al. 2003); aqueous fluid inclusions with vari-
able salinities are documented as well. Late-stage fluids
in the quartz veins that cut the host granodiorite are char-
acterized by low-temperature and low-salinity aqueous
fluids (of Type 2), although minor CO2-bearing inclu-
sions also occur. Type-2 inclusions in apatite recorded
the highest temperature of homogenization with mod-
erate salinity (15 wt.% equiv. NaCl); they are interpreted
to represent a primary magmatic fluid trapped at the
early stage of volatile saturation during the magmatic
evolution. Type-1 fluid inclusions were not observed in
apatite, on the basis of our limited dataset, and less abun-
dant Type-3 inclusions (halite- or sylvite-bearing) may
represent the residual fluids of Type 2 in apatite. If a
pressure correction is considered for this fluid in apatite
(Roedder 1984), then the temperatures of trapping are
as high as 770–780°C, which is above the solidus tem-
perature of H2O-saturated granodiorite (Whitney 1988).

Secondary Type-1 and Type-2 inclusions seem to
coexist in phenocrystic quartz, although their relative
timing is difficult to determine. If generated simulta-
neously, they may represent episodic unmixing of a
parental aqueous–carbonic fluid. Cooling and decom-
pression may be major causes of immiscibility of CO2-
bearing fluid (Bowers & Helgeson 1983, Frantz et al.
1992). However, only Type-2 fluid inclusions, inter-
preted to be primary magmatic fluid, were found in apa-
tite enclosed in plagioclase, suggesting that this fluid
predated those trapped in Type-1 and Type-2 inclusions
in the quartz phenocrysts. Trapping of exsolved fluids
in the apatite probably occurred during rapid crystalli-
zation induced by pressure quenching of the magma.
Volatile saturation may start at relatively higher pres-
sures, recorded by the hornblende geobarometer (3–5
kbar), in comparison to the lower pressures inferred for
final emplacement of the stock (< 2 kbar), based quali-
tatively on quenched textures, Ab–Or–Q–H2O phase
equilibria, and contact-metamorphic mineral assem-
blages (Seal et al. 1987, 1988, Yang et al. 2002b).
Hydrofracturing associated with volatile saturation may
be responsible for the pressure-quench phenomena, and
a high flux of fluid linked with exocontact-related min-
eralization around the granodiorite stock. Progressive
cooling of the magmas inward to the core of the magma
chamber at depth (cf. Marsh 1996) may have led to
emanations of relatively high-temperature (350-470°C),
low-salinity, and CO2-rich fluids (Type 1), which inter-
acted with the upper part of solidified granodiorite stock
and were trapped in the quartz phenocrysts, mainly as
secondary inclusions. These fluids were favorable for
Au, Sb, W, and Mo partitioning from the granodioritic
magma into the fluid (Bowers 1991, Keppler & Wyllie
1991, Frank et al. 2002) and resulted in formation of

stockwork mineralization within the granodiorite and
the contact-metamorphic aureole.

Furthermore, low-salinity (<3.5 wt.% equiv. NaCl)
secondary aqueous fluid inclusions in the quartz phe-
nocrysts also are ubiquitous. In addition to the magmatic
fluids from depth, these fluids may have interacted with
other rock-forming minerals in the granodiorite as well,
resulting in partial to complete re-equilibration, as indi-
cated by inconsistency of two-feldspar thermometry
(i.e., TAb < 500°C, TAn = 342–1950°C, TOr = 350–
668°C), as well as by the large range in halogen fugac-
ity ratios [log(fHF/fHCl) = –2 to 0, at 400°C] for fluids in
equilibrium with biotite (Yang et al. 2002b). Oxygen
isotope thermometry also indicates disequilibrium
among the rock-forming minerals (Table 2). These low-
temperature and low-salinity fluids may be attributed to
input of circulating groundwater. However, these fluids
are not considered be related to Au mineralization, as
they are considerably different both in temperature and
salinity from those in quartz from both Sb veins, and
gold-bearing W–Mo veinlets and stockworks (Scratch
et al. 1984, Seal et al. 1987, 1988).

Figure 9 shows the relationship of the salinities of
fluid inclusions to final temperatures of homogeniza-
tion for the Lake George granodiorite. No simple corre-
lation can be discerned from the dataset. Multiple
generations of fluids thus interacted with the granodior-
ite, reflecting the complexity of fluid evolution. How-
ever, the P and T conditions of entrapment of the fluid
inclusions in the granodiorite can be estimated in terms
of fluid isochores (Fig. 10) and constraints on either P
or T conditions determined with other methods. The
broad scenario of fluid evolution recorded in granodior-
ite may be generalized temporally. Magmatic fluid as-
sociated with pressure quenching of the granodiorite
stock was trapped in apatite (Type-2 inclusion at P and
T conditions of entrapment ca. 1.3 kbar, ca. 770–
780°C); cooling of this fluid may generate hypersaline
fluid (Type-3) trapped (secondary) in quartz phenocrysts
(≤1 kbar, ca. 375°C); below 500–600°C, the upper part
of the stock was already solidified, although the down-
ward cooling magma was progressively releasing CO2-
bearing fluids. Rising and cooling of these magmatic
fluids resulted in immiscibility to generate Type-1 and
Type-2 inclusions, which interacted with the granodior-
ite stock and were trapped in the quartz phenocrysts,
mainly as secondary inclusions (ca. 2.2 – 0.7 kbar, ca.
250–470°C). Late-stage quartz veins cut the granodior-
ite, trapping low-salinity and low-T fluids (180–290°C)
dominated by Type-2 (but containing minor Type-1)
inclusions, which is interpreted as convective ground-
water driven by the granodiorite stock.

Comparison with previous fluid-inclusion
studies at Lake George

Previous fluid-inclusion studies were focused on the
Au-bearing quartz–Sb veins and W–Mo–Au systems of
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FIG. 9. Relations of the salinities of fluid inclusions to final temperatures of homogeniza-
tion from the Lake George granodiorite. Boiling and mixing trends are shown for com-
parison. Solid diamonds (�) are carbonic inclusions homogenizing into the aqueous
phase, open diamonds (�) represent carbonic inclusions homogenizing into the CO2
phase, squares with cross (��) represent carbonic inclusion in quartz vein homogenizing
into CO2 phase, solid circles (�) represent aqueous inclusions that homogenize into the
liquid phase, open circles (�) are aqueous inclusions that homogenize into the vapor
phase, open triangle (�) is the aqueous inclusion in apatite that homogenizes to the
vapor phase, crosses (+) denote the aqueous inclusions in quartz vein homogenizing
into the liquid phase, and solid squares (�) represent brine inclusions with halite that
homogenize to the liquid phase. No apparent track can be defined from the data, reflect-
ing the complexity of fluid activities recorded.

FIG. 10. Isochores for fluid inclusions in the Lake George granodiorite. Fluid pressures of
Type-1 inclusions, estimated as described by Diamond (2001), range from 740 to 2210
bars (see texture for details). The pressure (1.3 kbar) of Type-2 inclusions in
phenocrystic quartz is assumed to be constrained by the assemblage of metamorphic
minerals (Seal et al. 1987), so that the entrapment temperatures are between 250° and
595°C; Type-2 inclusions in the quartz veins that cut the granodiorite were entrapped at
180° to 290°C; Type-2 inclusions in apatite may have been trapped at 770–780°C. Type-
3 inclusions are entrapped below 1 kbar, so that the maximum temperature of entrap-
ment is 375°C.
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veinlets. Three types of fluid inclusions occur in the
quartz–Sb vein systems: aqueous liquid–vapor inclu-
sions, aqueous liquid–vapor–halite polyphase inclu-
sions, and CO2-bearing inclusions (Scratch et al. 1984).
They determined Th values to trace the direction of fluid
migration, and provided salinity data solely for the ha-
lite-bearing inclusions (38–40 wt.% equiv. NaCl). The
values of Th decrease from in excess of 350°C in the
deep easterly workings to less than 325°C in the west-
ern Adams workings. This represents a gradient of about
25°C in 600 m, implying that the fluids flowed along
the vein (fault) systems and follow the gradient of de-
clining temperatures (Scratch et al. 1984).

Seal et al. (1988) pointed out that the variability in
liquid : vapor ratio in inclusions reported by Scratch et
al. (1984) may have been due to CO2 effervescence.
They estimated that the fluids responsible for quartz–
Sb mineralization occurred at ca. 1.3 kbar, based on the
Sb mineralization closely associated in time with
W–Mo(–Au) mineralization that was barometrically
well constrained (Seal et al. 1987). The salinities of the
fluids in the Hibbard Vein (Fig. 1b) were found to range
from 1.5 to 18.0 (ave. 8.2) wt.% equiv. NaCl (see Seal
et al. 1988).

Seal et al. (1987, 1988) extensively documented the
fluid-inclusion geochemistry in two types of W–Mo
veinlets at Lake George: (1) calc-silicate veinlets are
dominated by two-phase aqueous inclusions, although
three-phase (brine + CO2-rich liquid + vapor) were lo-
cally encountered; (2) quartz–scheelite veinlets are
dominated by variable proportions of three-phase (brine
+ CO2-rich liquid + vapor), two-phase (CO2-rich liquid
+ vapor) and two-phase (brine + vapor) inclusions. Val-
ues of Th for inclusions in the calc-silicate veinlets range
from 178 to 384°C, and salinities are 4.1–17.5 wt.%
equiv. NaCl (ave. 10.0 wt.%). Values of Th for inclu-
sions from the quartz–scheelite veinlets entrapped from
non-effervescing fluid range from 405 to 350°C,
whereas those entrapped from an effervescing fluid
range from 350 to 142°C, with salinities of 1.0–19.6
wt.% equiv. NaCl (ave. 6.7 wt.%). The melting tempera-
tures of CO2 in inclusions from the quartz–scheelite
veinlets are between –76 and –56.6°C, suggesting the
presence of variable methane (from nil to >45 mole %)
in the CO2-rich phase. The first-melting temperatures
of brine in inclusions from both types of veinlets were
as low as –50°C, suggesting the presence of dissolved
CaCl2 and MgCl2, in addition to NaCl. This is confirmed
by analyses of decrepitate mounds discussed above. A
confining pressure of 1.3 kbar was estimated for entrap-
ment of the effervescing fluid, assuming that the fluid
consists of 6.7 wt.% equiv. NaCl and 17 mole% CO2 at
350°C (Seal et al. 1987, 1988).

The results of previous studies on fluid inclusions
from W–Mo–Sb–Au mineralization (Scratch et al. 1984,
Seal et al. 1987, 1988) demonstrate their similarities in
phase relations, final homogenization, and salinities
with the fluids in quartz phenocrysts from the grano-

diorite in this study, and thus their genetic linkage. They
may be derived from a common hydrothermal system,
with the complexity of fluid inclusions recorded in the
granodiorite a good indicator for its high potential of
mineralization. Interestingly, Sn, W, and Mo deposits
associated with granite intrusions have comparable
types of fluid inclusion and reduced conditions (Linnen
1998), compared to the data of this study and intrusion-
related gold systems.

The source of CO2

Abundant carbonic fluid inclusions (Type 1) trapped
in the Lake George granodiorite may be important with
respect to the origin of the various mineralizing systems,
in particular gold. The source of this CO2 is presently
enigmatic, although there are several possibilities. Con-
sidering the subduction-related petrogenesis of the gra-
nodiorite (Yang et al. 2002a), three possible origins for
the carbonic component of the fluids are considered: (1)
subduction-related partial melting of the lower crust or
the mantle sources (deep), (2) assimilation, hybridiza-
tion or skarnification reactions involving sedimentary
rocks of the upper crust during emplacement, possibly
including local host-rocks (intermediate), and (3) circu-
lation of hydrothermal fluids through local carbonate-
bearing and organic-carbon-bearing sedimentary rocks
(e.g., Kingsclear Group) during cooling of the intrusion
(shallow).

Several east–west-trending, steeply south-dipping
narrow Early Devonian lamprophyre dykes occur at the
Lake George mine site (Fig. 1b), and many more occur
along the southern boundary of the Pokiok Batholith
(Seal et al. 1987, Caron 1996, Lentz et al. 2002b). Em-
placement of these dykes seems to immediately precede
emplacement of the Lake George granodiorite stock
(Lentz et al. 2004). They show arc-type geochemical
associations (low Ti, Y, Nb, and high U, Th, La, Ce)
similar to lamprophyric dykes of calc-alkaline affinity
(Lentz et al. 2002b), suggesting a mantle-derived com-
ponent for part of the magmatic evolution in this area.
Hence it is plausible that there was a deep source of CO2
from the mantle incorporated into the granodioritic
magma during subduction-related partial melting of the
lower crust.

The CO2-bearing fluids taken up into the intrusion
from wall rocks, as a result of hybridization reactions,
may be an alternative mechanism for the source of the
fluids. Abundant carbonate (up to 40% locally) and
black shale within the turbiditic metasedimentary rocks
(i.e., the Kingsclear Group, see Caron 1996) may pro-
vide a possible source of CO2 and CH4 through a series
of decarbonation reactions (Seal et al. 1987) and hy-
bridization (Lentz 1996). The incorporation of aqueous
fluids during metamorphic devolatilization-type reac-
tions usually leads to oxidization of the hornfels along
the contact (cf. Yardley & Long 1981). The reduced
characteristics of the granodiorite may result from its
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reaction with hydrothermal fluids bearing CO2–CH4.
These fluids may partly be derived from complex hy-
bridization reactions (see Lentz 1996), and the magmatic
sources may provide CO2-bearing fluids at an earlier
stage during evolution of the hydrothermal systems.
Fluids exsolved from the cooling granodioritic magma
may become more H2O-rich and saline during satura-
tion and continued decompression (Lowenstern 2001).

Sources of fluids reacting with the granodiorite

Magmatic equilibrium between the rock-forming
minerals in the Lake George granodiorite was disturbed
chemically (Yang et al. 2002b) and isotopically, sug-
gesting that it reacted with late-stage hydrothermal flu-
ids. Examples of these fluids are preserved in healed
fractures in quartz phenocrysts, as indicated by the three
types of inclusions. In terms of various calibrations of
oxygen isotope fractionation between minerals and H2O,
as well as hydrogen isotope fractionation between bi-
otite and H2O, the stable isotope compositions of the
fluids can be deduced from the measured mineral isoto-

pic values, assuming apparent equilibrium temperatures
obtained from fluid inclusions in this study. The �18O
and �D values of fluids reacted with the granodiorite at
temperatures between 300 and 600°C range from 3.1 to
10.6‰ and from –60 to –22‰, respectively (Fig. 11),
consistent with fluids derived from progressively degas-
sing of magmas at depth.

Three altered samples of granodiorite have �18O
values of 12.8–15.1‰ (Scratch et al. 1984), higher than
the values of the least-altered samples presented in this
study, suggesting that they were affected by low-tem-
perature fluids. As shown above, very low-temperature
(<100°C) fluids recorded in the granodiorite are negli-
gible, although a variable portion of secondary inclu-
sions with low salinity and low to medium Th do occur;
these may represent significant involvement of convec-
tive groundwater in the system driven by the granodior-
ite intrusion.

Local shales have high �18O values (16.0–22.4‰,
ave. = 18.9 ‰, n = 3, Scratch et al. 1984), so that any
fluid reacted with the shales must have be elevated in
�18O value. Interestingly, calculated �18O and �D com-

FIG. 11. The stable isotope compositions (�18O and �D) of fluids that reacted with the
Lake George granodiorite, in comparison with terrestrial fluid reservoirs (modified from
Taylor 1974, Rollinson 1993). The evolving tracks of the fluids in equilibrium with the
rock-forming minerals at temperatures between 300° and 600°C are shown (see text for
detailed explanation); we use the average oxygen isotope value of quartz and biotite as
a basis of calculation and use an average hydrogen isotope ratio of the biotite to con-
strain the fluids reacted with these minerals. The calibration of oxygen isotope
fractionation between minerals and H2O are used: quartz–H2O (Clayton et al. 1972),
biotite–H2O (Bottinga & Javoy 1975, Friedman & O’Neil 1977). Hydrogen isotope
fractionation between biotite and H2O is based on Suzouki & Epstein (1976). The com-
positions of meteoric water, assumed to be �18O = –5‰ and �D = –30‰, are also
shown. The data for Cambro-Ordovician shales are from Scratch et al. (1984). The field
of the Lake George quartz–Sb vein mineralization and related hydrothermal alteration
is from Seal et al. (1988), who recalculated the original data of Scratch et al. (1984).
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positions of fluids in equilibrium with the granodiorite
are significantly lower than that of the ore fluids respon-
sible for the formation of the Sb–quartz veins, with
�18O = 14.4 – 15.5 ‰, �D = –36 – –24 ‰ (see Seal et
al. 1988). This requires addition of 18O from the coun-
try rock to the vein fluids. Values of �34S in three stib-
nite samples from Lake George (–5.8, –4.6 and –1.8 ‰)
(R. Seal, pers. commun., 2003) also reflect a role of sedi-
mentary sulfur in Sb mineralization.

Genetic considerations

Various episodes of mineralization occurred at Lake
George (Figs. 1b, 12), including exocontact Au–W–Mo

veinlet and stockwork mineralization (Type I),
polymetallic auriferous veins (Type II), and Au-bearing
antimony veins (Type III) (Scratch et al. 1984, Seal et
al. 1987, 1988, Lentz et al. 2002a). As stated previously,
the close spatial and temporal relationship of the Au–
W–Mo mineralization to the granodiorite, along with
high temperatures of deposition associated with quartz
and ore minerals obtained from fluid-inclusion data in
Type-I and -III mineralization (Scratch et al. 1984, Seal
et al. 1987), which are similar to the fluids trapped by
quartz phenocrysts within the granodiorite presented in
this study (Fig. 11), support a magmatic–hydrothermal
source (arrows 1 and 2 in Fig. 12) even though low-
temperature and low-salinity fluids indicate a contri-

FIG. 12. A model for hydrothermal systems that interacted with the Lake George granodiorite stock and related Au–W–Mo–Sb
mineralization. 1) Solid arrow: magmatic hydrothermal fluids; 2) dash arrow: Fluids derived from cooling magmas at depth;
3) dotted arrow: circulation of groundwater. A) The Lake George granodiorite stock; three types of inclusions occur: CO2-
bearing, H2O-rich aqueous, and halite-bearing fluid inclusions. B) The Hibbard Sb ore vein; three types of inclusions occur:
CO2-bearing, H2O-rich aqueous, and halite-bearing fluid inclusions. C) Apparent extent of development of Au–W–Mo veinlets
and stockwork (Seal et al. 1987, Procyshyn & Morrissy 1990, Morrissy 1991a, b); two types of inclusions occur: CO2-
bearing, and H2O-rich aqueous fluid inclusions. Location of N–S cross-section is shown in Figure 1b; the isograds were
modified from Seal et al. (1987) and Procyshyn & Morrissy (1990).
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bution from circulation of groundwater (arrow 3 in
Fig. 12). Oxygen and hydrogen isotope data support this
speculation.

CO2-bearing fluids are characteristic of intrusion-
related gold systems, representing deeper levels mag-
matic–hydrothermal ore systems (Lang & Baker 2001,
Baker 2002), but the role of CO2 in gold mineralization
is not well understood. CO2 is likely to act as a fugitive
agent in hydrothermal systems, leading to unmixing of
the fluids to create a separate vapor phase, owing to its
very low solubility in both melts and fluids (Lowenstern
2001). This process may give rise to metal fractionation
between coexisting brine and vapor phases (Heinrich et
al. 1999, Rowins 2000, Ulrich et al. 2002); Au, As, and
Cu preferentially partition into the vapor phase, whereas
Na, K, Fe, Mn, Zn, Rb, Cs, Ag, Sn, and Pb partition into
the brine. Hence, gold mineralization distal from the
intrusion warrants attention during exploration.

On the basis of a thermodynamic analysis of gold
solubility in magmatic fluids (Gammons & Williams-
Jones 1997) and the fluid-inclusion data presented in
this and previous studies, AuCl2– is probably the domi-
nant species in the ore fluids at higher temperatures
(>500°C), and it gradually changes to Au(HS)2

– as tem-
perature decreases (<400°C), because H2S abundance
is high and acid neutralization results from granodiorite
and host-rock reactions. Phase separation of CO2-bear-
ing fluids with an associated increase in pH effectively
extracts sulfur from the fluids as H2S, which is prefer-
entially partitioned into the gas phase; influx of ground-
water with an associated drop in temperature may have
resulted in Au deposition mainly in the exocontact au-
reoles adjacent to the granodiorite stock (Fig. 12).

CONCLUSIONS

A few conclusions can be made as follows, on the
basis of the present fluid-inclusion and stable isotope
study of the Lake George granodiorite, and a compari-
son with previous fluid-inclusion studies on the
exocontact W–Mo mineralization (Seal et al. 1987) and
Au-bearing antimony veins (Scratch et al. 1984, Seal et
al. 1988).

1. Multiple generations of fluids in the system H2O–
NaCl–CO2–CH4 interacted with the Lake George gra-
nodiorite; saline aqueous fluids are subordinate. These
fluids, containing appreciable Ca–Fe–K–Mg–Mn,
caused partial re-equilibration and recrystallization of
rock-forming minerals in the granodiorite.

2. There are similarities among the fluid inclusions
in granodiorite and Au–W–Mo quartz–carbonate vein-
lets and stockworks, and the major Sb-bearing veins,
suggesting that they may have related sources. These
fluids were mainly derived from progressive exsolution
of volatiles from the downward cooling magmas, al-
though the intrusion may assimilate volatiles (CO2–
CH4) from wallrock through hybridization, which may
play an important part in redox nature of the granodior-

ite. The complexity of fluid inclusions recorded in phe-
nocrystic quartz from a high level granodiorite intru-
sion may be an important indicator of a high potential
for gold mineralization.

3. Fluid composition and T–P characteristics in the
Lake George granodiorite and associated W–Mo–Au
and Au–Sb deposits share similarities to those of the
recently recognized type of intrusion-related gold sys-
tems. However, the preliminary microthermometric
study of fluid inclusions is only the first step toward
understanding fluid compositions and T–P conditions.
The oxygen and hydrogen isotope data of the rock-form-
ing minerals help constrain the sources of the fluids that
reacted with the granodiorite, and test equilibrium rela-
tionship among the minerals. Detailed micro-analyses
of fluid inclusions (e.g., laser-Raman, PIXE and LA–
ICP–MS) are warranted for a better understanding of
the hydrothermal system.
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