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ABSTRACT

Pyrite-rich quartz veins that cut Huronian sediments at Cobalt Hill, Mackelcan Township, Ontario, ca. 20 km northeast of the
Sudbury Igneous Complex (SIC), crystallized from saline hydrothermal fluids. The coarse-grained pyrite in the quartz veins
contains minute inclusions of millerite, gersdorffite, pentlandite, chalcopyrite, chalcocite, pyrrhotite, coloradoite and gold, and
primary fluid inclusions in the veins contain halite as a daughter mineral, and inclusions of pyrite, iron carbonate and micas. The
primary fluid inclusions in the quartz veins have salinities of 26–46 equiv. wt% NaCl, an entrapment temperature close to 400°C,
and pressure of ca. 1.3 kbar. The presence of chromian muscovite stringers in the quartz–pyrite veins suggests that the hydrother-
mal fluids were in contact with Cr-rich mafic or ultramafic rocks at some depth, whereas the variety of sulfide inclusions in pyrite
suggests that the source rocks were enriched in base metals and possibly gold. The mobilization of base metals, Hg telluride and
gold, and their subsequent precipitation in the quartz veins at Cobalt Hill, were facilitated by saline hydrothermal fluids that
postdate the Sudbury Event. The fluids probably represent heated Canadian Shield brines mixed with hydrothermal fluids that
crystallized the host quartz veins. The salinity and homogenization temperature of fluid inclusions in the veins are comparable to
those of fluids that mobilized base-metal sulfides and possibly PGE in the South Range deposits, and base-metal sulfides in the
North Range deposits of the SIC. The relative proximity of Cobalt Hill to the SIC, the ubiquitous presence of small Sudbury-type
sulfide inclusions in pyrite in the Cobalt Hill quartz veins, the comparable salinity and homogenization temperature of fluid
inclusions in these veins to those of metal-rich fluids of the SIC, and the presence of chromian muscovite, imply a spatial relation-
ship of the veins to Sudbury-type base metals and to a Cr-rich mafic or ultramafic intrusion at depth.
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SOMMAIRE

Les veines de quartz riches en pyrite qui recoupent les roches métasédimentaires d’âge huronien à Cobalt Hill, canton de
Mackelcan, en Ontario, environ 20 km au nord-est du complexe igné de Sudbury, a cristallisé à partir de fluides hydrothermaux
à salinité élevée. La pyrite à granulométrie grossière dans ces veines contient d’infimes inclusions de millerite, gersdorffite,
pentlandite, chalcopyrite, chalcocite, pyrrhotite, coloradoïte et or, et des inclusions fluides primaires contenant la halite précipitée
à partir du fluide piégé, et des inclusions accidentelles de pyrite, carbonate de fer et de micas. Les inclusions fluides primaires ont
une salinité comprise entre 26 et 46% NaCl (ou équivalents, en poids), une température de piégeage voisine de 400°C, et une
pression d’environ 1.3 kbar. La présence de muscovite chromifère en lambeaux dans les veines de quartz–pyrite fait penser que
la phase fluide est entrée en contact avec des roches mafiques ou ultramafiques riches en Cr à profondeur. Aussi, la variété
d’inclusions de sulfures dans la pyrite indique que les roches à la source étaient enrichies en métaux de base, et peut-être en or.
La mobilisation des métaux de base, du tellurure de mercure, et de l’or, et leur précipitation par la suite dans des veines de quartz,
ont été facilitées par les fluides hydrothermaux à salinité élevée postérieurs à l’événement d’impact à Sudbury. Ces fluides
représenteraient des saumures chauffées du Bouclier Canadien mélangées aux fluides desquels ont cristallisé les veines de quartz.
Leur salinité et les températures de leur homogénéisation sont comparables à celles des fluides qui ont mobilisé les sulfures de
métaux de base et les éléments du groupe du platine dans les gisements du flanc sud, et les métaux de base du flanc nord, du
complexe de Sudbury. La proximité de Cobalt Hill à ce complexe, la présence ubiquiste de petites inclusions de sulfures de type
Sudbury dans la pyrite des veines de quartz à Cobalt Hill, la salinité et les températures d’homogénéisation comparables des
inclusions fluides à celles du complexe de Sudbury, et la présence de muscovite chromifère supposent une relation spatiale des
veines aux accumulations de métaux de base de type Sudbury et à des roches mafiques ou ultramafiques chromifères à profondeur.

(Traduit par la Rédaction)

Mots-clés: métaux de base, or, fluides à salinité élevée, inclusions fluides, indice de Cobalt Hill, Lac Wanapitei, Ontario.
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INTRODUCTION

In the present study, I combine fluid-inclusion sys-
tematics with mineralogy to investigate the nature of
hydrothermal fluids that gave rise to pyrite-rich quartz
veins containing small inclusions of millerite, pentland-
ite, pyrrhotite, chalcopyrite, chalcocite, coloradoite and
gold at the Cobalt Hill base-metal – gold prospect, ca.
20 km northeast of the Sudbury Igneous Complex (SIC),
Ontario. Because numerous base-metal and precious-
metal prospects are known in the area, a better under-
standing of the source and origin of metal-bearing fluids
at Cobalt Hill could provide important information for
exploration east of the SIC.

Huronian sedimentary rocks are locally enriched in
base and precious metals east of the SIC and Lake
Wanapitei. The origin of these metals is enigmatic and
has been a topic of debate over the last few decades (cf.
Innes & Colvine 1979, 1984, Dressler 1982, Rowell &
Edgar 1986, Gates 1991). Owing to the complex tec-
tonic and metamorphic evolution of the area, the source
of the metals and the mechanisms responsible for their
mobilization and concentration are difficult to identify.
As high concentrations of metals are commonly associ-
ated with shear zones and faults, and most mineralized
zones are located within brecciated and hydrothermally

altered sediments or sheared gabbroic rocks (cf. Gates
1991, Rowell & Edgar 1986), metamorphism is consid-
ered by these authors to have played an important part
in their mobilization, redistribution and concentration.

My objectives here are: 1) to characterize the fluids
instrumental in the mobilization of base metals and gold
at Cobalt Hill, which represents one of several base-
metal and gold prospects east of the SIC, 2) to compare
the chemical composition and temperature of fluids that
precipitated the quartz–pyrite veins at Cobalt Hill with
fluids reported from the ore zone of the SIC, 3) to sug-
gest a possible source for the metals, and 4) to identify
the metamorphic event that may have been instrumen-
tal in the mobilization and concentration of metals.

GEOLOGICAL SETTING

Cobalt Hill is located on the northeastern margin of
Lake Wanapitei in Mackelcan Township, Ontario, ca.
20 km northeast of the SIC (Fig. 1). The area straddles
the western margin of the Wanapitei magnetic and grav-
ity high anomaly. Situated approximately 200 m north
of Jones Lake and 200 m east of Jess Lake, Cobalt Hill
is contained within an intensely microbrecciated and
hydrothermally altered zone, ca. 100 m in diameter. This
small area is part of a northwest-trending, intermittently

FIG. 1. Regional map of Cobalt Hill and the Sudbury Igneous Complex (from Peck et al. 2001).
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albitized breccia zone 450 m long and 600 m wide that
also contains the Jess Lake gold prospect. Gold values
up to 7.5 grams per tonne have been reported from grab
samples at Cobalt Hill, and up to 22.7 grams per tonne
(in a 1.5-m-long drill-core section) from the Jess Lake
gold prospect 60 m west of Cobalt Hill (Flag Resources
Ltd., company reports). Gold mineralization at Cobalt
Hill is coupled with anomalous Ni (0.34%), Co (0.55%)
and Cu (0.09%) values (Goad 1991).

The property contains exposures of Huronian sedi-
mentary rocks of the Cobalt Group, which represents
the uppermost sedimentary cycle of the Huronian Su-
pergroup. The sedimentary units consist predominantly
of quartz arenites mixed with minor arkosic quartzites
of the Lorrain Formation. The age of the Huronian Su-
pergroup is bracketed between that of the Copper Cliff
rhyolites at the base of the Supergroup and the Murray
Granite, at 2.45 and 2.47 Ga, respectively (Krogh et al.
1984, 1996), and the Nipissing gabbro that was
emplaced in the Huronian sedimentary rocks at 2.22 Ga
(Noble & Lightfoot 1992).

The Lorrain quartzites at Cobalt Hill are extensively
brecciated and are cut by numerous quartz veins (up to
3 m wide) that contain and are converted to assemblages
with albite, mica and chlorite. Metamorphic grade in the
area is in the lower greenschist facies. Partial alteration
of the sedimentary rocks to albite is widespread on a
regional scale, extending for hundreds of kilometers; the
western limit has been traced to the Bruce mines, and
the eastern limit to Lake Temagami (Gates 1991). The
age of albitization has been determined from the U–Pb
age of Th-poor hydrothermal monazite in the nearby
Scadding and MacLennan townships at 1.7 Ga (Schandl
et al. 1992, 1994), indicating that this regional hydro-
thermal episode postdated the Sudbury Event of 1.85
Ga (Krogh et al. 1984). The 1.7 Ga monazite age corre-
sponds to a period of granitic plutonism in the Southern
Province, the time of collisional orogeny and the devel-
opment of the Killarney Magmatic Belt (Easton 2000).

A map of the area that contains Cobalt Hill is shown
in Figure 2. Samples collected for the fluid inclusion
and mineralogical study include drill-core sections taken
at 640 m depth from the deepest hole (759 m) drilled on
Cobalt Hill (CH92–1), from outcrops adjacent to the
drill hole and from the main waste pile. DDH92–1 rep-
resents one of the twelve drill holes put down at Cobalt
Hill. A schematic cross-section of the drill-hole log for
DDH92–1 is shown in Figure 3.

PREVIOUS WORK

Highly saline fluids have been reported in fluid in-
clusions from ore zones along the North and South
ranges of the SIC by Farrow & Watkinson (1992), Far-
row et al. (1994), Li & Naldrett (1993), and Molnar et
al. (1997, 1999, 2001). In their detailed work on fluid
inclusions, these authors characterized the chemical
properties and temperature of the hydrothermal fluids

involved in the mobilization and deposition of some
metals in deposits of the North and South ranges. They
suggested a magmatic origin for the ore-bearing saline
fluids. Temperatures of homogenization (Th halite) of
primary fluid inclusions from the Strathcona Deep Cop-
per Zone, from Barnet, and from the Fraser Epidote zone
define a range of 180°–250°C (Farrow & Watkinson
1992). In sulfide and precious metal-rich veins at the
Little Stobie deposits, the primary fluid inclusions have
a total Th range of 180°–270°C (orebody 1) and 280°–
350°C (orebody 2) (Molnar et al. 1999). Most primary
fluid inclusions contain halite and a variety of other
daughter minerals, and the salinity of the fluid ranges
from 30 to 50 equiv. wt% NaCl or NaCl–CaCl2 (Far-
row & Watkinson 1992, Farrow et al. 1994, Li &
Naldrett 1993, Molnar et al. 1997, 1999). Molnar et al.
(2001) demonstrated the involvement of high-tempera-
ture fluids (Th (total) 400–500°C) released from a grano-
phyre in the genesis of the vein-type Cu–Ni–PGE ores
in the North Range. Molnar et al. (1999, 2001) distin-
guished between saline magmatic fluids and heated
Canadian Shield brines in the Sudbury ore zones on the
basis of their metal content, and suggested that the pres-
ence of saline fluid inclusions with a high content of
metals could be used an exploration guide for vein-type
Cu–Ni–PGE ores within the footwall of the Sudbury
Structure.

The presence of high-salinity fluid inclusions at the
SIC is not surprising, as in earlier studies of basement
fluids, Fritz & Frape (1982) reported the presence of
saline brines in the Sudbury area. In fact, the occurrence
of saline waters and brines has been known for several
decades within the Canadian Shield, and their
geochemical and isotopic characteristics have been
documented in detail (Fritz & Frape 1982, Frape & Fritz
1987). The brines were encountered at depths exceed-
ing 1 km, and generally occur in shear zones or in pock-
ets, under high pressure (Fritz & Frape 1982). Although
most saline brines described by these authors were col-
lected from operating mines, saline brines also have
been identified in granitic plutons in the area at 1 km
depth (Leech & Pearson 1981). The origin of the Shield
brines is controversial, and hypotheses suggested for
their origin include 1) modified seawater or basinal
brines (Kelly et al. 1986, Guha & Kanwar 1987), 2)
removal of saline fluids from fluid inclusions in crystal-
line rocks during episodes of high water–rock interac-
tion (cf. Frape & Fritz 1987, Kamineni 1987), and 3)
equilibrium reactions between low-temperature fluids
and aluminosilicates (Kyser & Kerrich 1990). Kyser &
Kerrich demonstrated with activity diagrams that the
composition of the Shield fluids are controlled by ka-
olinite, muscovite and, to a lesser degree, feldspars, and
thus, are distinct from seawater and brines. The isotopic
composition of the Shield brines in the Sudbury area is
unusual, as they have high �D values and plot to the left
of the standard meteoric water line (SMWL) (Fritz &
Frape 1982). Kyser & Kerrich (1990) suggested that the
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high �D value of these brines is most likely the result of
preferential loss of H+ to low-�D methane (–500 to –
100‰) that coexists with the brines (Fritz et al. 1987)
and proposed that the low-�D methane acted as a sink
for the hydrogen. High-�D fluids were recently reported
from the epidote-altered vein-type ores in the footwall
of the SIC by Marshall et al. (1999). On the basis of
results from their fluid inclusion and isotope study,
Marshall et al. suggested that the high values of �D can
be attributed to fluid mixing between magmatic fluids
and Sudbury-type groundwater.

ANALYTICAL TECHNIQUES

All analyses were carried out at the Department of
Geology, University of Toronto. Microthermometric

measurements on fluid inclusions were obtained on a
Linkam THMS 600 fluid inclusion stage at the F. Gor-
don Smith Fluid Inclusion Laboratory, following the
guidelines of Macdonald & Spooner (1981).

Daughter minerals were analyzed in open fluid-in-
clusion cavities (qualitative) with a JEOL 840 SEM
equipped with energy-dispersion spectrometers (EDS).
Quartz surfaces that contained the fluid inclusions were
broken prior to placing the chips into the SEM, and
daughter minerals and some accidental inclusions in the
cavities were analyzed (qualitative) to identify the ele-
ments present. Operating conditions were: 15 kV, beam
current 1 nA, take-off angle 40°, counting time 80 s.

Selected minerals were analyzed with an ETEC elec-
tron microprobe equipped with an EDS detector (oper-
ating conditions: 20 kV, 100 nA), using the following

FIG. 2. Location map of Cobalt Hill (after Allen 2003).
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standards: NIST for Au, REE standards (LaF3, CeF3,
PrF3, NdF3) and pure metals for monazite, and natural
mineral standards for all other minerals.

MINERALOGY AND TEXTURE

The Lorrain quartzites at Cobalt Hill consist of an-
gular to subrounded quartz ± albite, variable proportions
of minor muscovite, carbonate and chlorite. The rocks
are albitized, brecciated, and silicified, with several gen-
erations of quartz veins. Some of the early veins are frac-
tured, fragmented and brecciated, and fractures are filled
by muscovite, locally chromian, radiating chlorite, car-
bonate and quartz. Aggregates of pyrite and dissemi-
nated pyrite locally form sulfide-rich domains in the

early quartz veins, and their textural relationship to
quartz suggests contemporaneous crystallization. The
estimated content of pyrite through a 750-m drill-core
section (DDH 92–1) is ca. 3–5%, but pyrite locally oc-
curs in massive, up to 50 cm wide bands within the drill
core (Goad 1992). Fragmented pyrite contains an abun-
dance of minute inclusions of Ni–Cu sulfide, pyrrho-
tite, some mercury telluride (coloradoite) and gold
(Schandl 2002).

Detailed log descriptions of hole DDH 92–1 by Goad
(1992) make it possible to identify the major types of
alteration, the distribution of breccia zones and the sul-
fides within the 750-m section of Lorrain quartzites. The
section contains two distinct breccia zones, upper and
lower zone, and the common replacement minerals in-
clude albite, quartz, chlorite white micas, chromian
muscovite and carbonate. Two types of breccia were
identified, type 1 and 2. Type-1 breccia includes the
uppermost breccia–microbreccia zone at ca. 129 m
depth, and the upper part of the lower breccia zone at
ca. 475 m. It consists of hematite-coated (salmon pink
to red) fragments of albitized quartzite healed by small
quartz and minor chlorite veinlets. The type-2 breccia
occurs within the lower breccia zone at 500–685 m
depth, and consists of fragments of albitized quartzite
up to 15 cm in diameter, with abundant interstitial chlo-
rite and an abundance of quartz veins that cut the quartz-
ite. Stacks of chromian mica (locally up to 5–10%) are
included in the quartz veins. Silicification is apparent
throughout the entire 750-m core; the addition of quartz
is manifest in siliceous “marbling” of the albitized
quartzite and in the abundance of quartz veins.

The mineralogy and texture of the hydrothermally
altered rocks at Cobalt Hill are described below, and
mineral assemblages in selected samples are listed in
Appendix 1.

Quartz

Quartz represents the most significant secondary
mineral at Cobalt Hill. The addition of SiO2 to the
orthoquartzite in the form of quartz veins and quartz
pods implies large-scale hydrothermal activity in the
area. At least two generations of quartz veins are distin-
guished. The earlier quartz occurs as coarse-grained
veins, some of which are fractured and fragmented, and
the fractures were filled either by second-generation
quartz, fine-grained muscovite, chromian muscovite,
chlorite or carbonate. Second-generation quartz is volu-
metrically less important, the small veins filling frac-
tures in earlier quartz veins and occurring as a late
overgrowth on earlier coarse-grained quartz and on py-
rite. Pyrite containing inclusions of Ni–Cu sulfides, gold
and coloradoite is associated with the earlier quartz
veins and quartz pods. Some veins are vuggy, plumose
quartz is common in the veins, and small, euhedral
quartz with growth bands (Figs. 4a–c) is interstitial to
the plumose quartz. Most quartz in the veins is exten-

FIG. 3. Schematic cross-section of drill hole DDH92–1. Star
represents the location of the core samples used in this
study.
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sively strained and has undulose extinction. Some quartz
is iron-stained, and the parallel alignment of minute
flakes of hematite (?) in quartz suggests that they fill
microfractures. Although fluid inclusions are abundant
in most quartz, they are absent in the Fe-stained grains.

Muscovite and chromian muscovite

Muscovite aggregates occur as contorted veinlets in
fractured quartz, and as inclusions in quartz (Fig. 4d),
but they are relatively rare in the quartzite. Muscovite
and coexisting chromian muscovite occur in radiating
aggregates interstitial to quartz and as rims on pyrite.
Because most mica is associated with fractured, first-
generation quartz veins, fractured pyrite and brecciated
sediments, it appears to represent a later stage (or the
waning stage) in the hydrothermal evolution of the
rocks. Results of electron-microprobe analyses of se-
lected muscovite domains are presented in Table 1.
Some muscovite contain 1.5–2.5 wt % Cr2O3 and up to
0.49 wt% vanadium (V2O5); both Cr and V substitute
for VIAl, and signal an influx from a probable external
mafic or ultramafic source.

Carbonate

Carbonate veins fill fractures in the first-generation
quartz veins and occur as fine-grained aggregates within
the sedimentary rocks. Most carbonate aggregates are
fine-grained and Fe-stained and range in compositions
from calcite to ferroan dolomite and ankerite. Aggre-
gates of fine-grained carbonate grains are interstitial to
radiating sheafs of muscovite, but some carbonate grains
are rimmed by mica flakes. Textural relationships be-
tween the carbonates and mica suggest that crystalliza-
tion was more or less contemporaneous. Some of the
veinlets of second-generation quartz contain aggregates
of calcite, suggesting that the crystallization of carbon-
ates occurred throughout the hydrothermal evolution of
the rocks.

The feldspars

The feldspar grains define a narrow range in compo-
sition from almost pure albite to oligoclase (An5–15).
The feldspar occurs as detrital grains in the quartzite and
as replacement of detrital quartz and K-feldspar. Sec-
ondary albite is identified by its typical “chessboard”
texture characteristic of albitized rocks in the region (cf.
Schandl et al. 1994). Most feldspar grains (detrital and
replacement) are iron-stained and contain minute glob-
ules of hematite (?) and iron oxyhydroxide.

Chlorite

Chlorite occurs on slip surfaces, in highly brecciated
quartz veins, and in the brecciated quartzite. The chlo-
rite content of the rock attains 25%, particularly where

it is a matrix to the brecciated quartzite (Flag Resources
internal reports). Most aggregates of chlorite are inter-
stitial to quartz in the veins and to the albitized quartz-
ites. The composition of the vein-filling, fan-shaped
chlorite, a clinochlore, is shown in Table 1. As the
chemical composition of chlorite and variations in site
occupancy (IVAl) are temperature-dependent (Cathe-
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lineau & Nieva 1985), chlorite can be used as a
geothermometer. Thus, using the equation of Cathe-
lineau & Nieva (1985), together with the (Fe) correc-
tion of Kranidiotis & MacLean (1987), the temperature
of crystallization of chlorite in the first-generation quartz
vein (CH–4B) is calculated to be 316 ± 25°C.

Monazite-(Ce)

Fine-grained, Th-poor monazite is an important ac-
cessory mineral in the quartzites and in the quartz veins

(Table 1). A hydrothermal origin for the monazite is
suggested by the lack of detectable Th in it (Schandl et
al. 1994, Schandl & Gorton 2004). Monazite aggregates
occur as inclusions in vein quartz within the first-gen-
eration veins at Cobalt Hill (Fig. 4e), as stringers in
muscovite veinlets, and interstitial to the albitized
quartzites. Monazite grains, having similar morphology
and geochemistry, have been identified (and dated by
U–Pb) in hydrothermally altered quartzites at the nearby
Scadding gold mine and at the Sheppard gold occur-
rence (ca. 20 km south of Cobalt Hill), where they are

FIG. 4. a, b. Quartz with growth zonation in vein. Scale bar:
0.2 mm. c. Growth zonation in quartz that contains primary
fluid inclusions. Scale bar: 0.2 mm. d. Stringers of
chromian muscovite interstitial to quartz. Scale bar: 1 mm.
e. Aggregate of low-Th monazite grains (high relief) in
quartz. Scale bar: 0.1 mm.

a b

c d

e
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considered to have crystallized during the episode of
sodium metasomatism (albitization) of the host sedi-
mentary rocks at 1.7 Ga (Schandl et al. 1992, 1994).
Th-poor monazite is known to occur in hydrothermal
ore deposits worldwide, where it crystallizes from hy-
drothermal fluids (cf Schandl & Gorton 1991, Schandl
et al. 1994, Compston & Matthai 1994, Wang et al.
1994, Schandl & Gorton 1994). Because albite at Cobalt
Hill predated, or was more or less contemporaneous
with, the pyrite-rich quartz veins, the time of vein em-
placement (and the crystallization of pyrite, Ni–Cu sul-
fides and gold) may be constrained by the presence of
Th-poor hydrothermal monazite in the muscovite-, car-
bonate-, and chlorite-bearing quartz veins. Their age is
probably comparable to the 1. 7 Ga age of formation of
the hydrothermal monazite at the Scadding gold mine
and the Sheppard gold occurrence.

Sulfides

Subhedral to euhedral grains of pyrite occur as
coarse-grained aggregates within first-generation vein
quartz, some of which are fragmented and brecciated,
as well as poikiloblasts that overgrow the sediment fab-
ric. Some of the pyrite grains are fractured and frag-
mented, and pyrite is rimmed by fine-grained muscovite,
chlorite and carbonate. Textural relationships between
pyrite and vein quartz suggest that the crystallization of
pyrite was predominantly contemporaneous with the
first-generation veins, and that pyrite poikiloblasts in the
host rocks are metamorphic, and not detrital in origin.
Some pyrite does, however, occur in late quartz vein-
lets, or as small poikiloblasts that overgrow the earlier
coarse-grained vein quartz.

Minute (30–500 �m) inclusions of Ni–Cu sulfides
(pentlandite, millerite, gersdorffite, chalcopyrite and
chalcocite) are present in pyrite (Figs. 5a–h) of the first-
generation quartz veins. It is emphasized that sulfide
inclusions are never associated with fractures within the
pyrite, nor are they present in the late poikiloblasts of
pyrite. Other small inclusions in the first-generation
pyrite include pyrrhotite, coloradoite, gold, and a Ni-
rich sulfide having a composition intermediate between
gersdorffite and bravoite. All of the inclusions in pyrite
were identified by their optical properties and chemical
composition (Table 1).

The Ni concentration of pentlandite is relatively high
at 41 wt%, and the As content in gersdorffite fluctuates
between 33 and 24 wt%. The high Ni content of pent-
landite is consistent with observations by Misra & Fleet
(1973) and Craig & Scott (1982), that pentlandite has
its highest Ni concentration where coexisting with
millerite and pyrite. All sulfide inclusions in pyrite are
anhedral; some are teardrop-shaped, some are
subrounded, skeletal, elongate, and worm-shaped.
Chalcocite is relatively common, occurring as replace-
ment of chalcopyrite. Gold occurs as minute inclusions
in pyrite, and some are intergrown with coloradoite

(Fig. 5h). Results of electron-microprobe analyses of se-
lected sulfides, gold and coloradoite are shown in
Table 1. It should be noted that the Ni–Cu sulfides,
coloradoite and gold are present only in the pyrite-rich
quartz veins, and that none were identified in the quartz-
itic host-rocks.

The small inclusions of Ni–Cu sulfides, gold and
coloradoite in pyrite within first-generation vein quartz
at the Cobalt Hill prospect bear a striking similarity to
the sulfide assemblages in some hydrothermal veins of
the SIC (cf. Molnar et al. 1999).

PETROGRAPHY OF THE FLUID INCLUSIONS

Fluid inclusions were identified in first-generation
quartz veins and in coarse-grained quartz-rich pods.
Although the quartz veins at Cobalt Hill are composite,
consisting of more than one generation, only the major,
first-generation veins, believed to have been contempo-
raneous with sulfides and gold, were included in this
investigation. Three types of fluid inclusions were iden-
tified in the quartz veins: type I: saturated aqueous fluid
inclusions that consist of H2O liquid, a vapor bubble,
and one or more of daughter minerals (halite, mostly) ±
accidental inclusions (Fig. 6a); type II: aqueous fluid
inclusions that consist of liquid and vapor H2O, and type
III: CO2-rich fluid inclusions that consist of CO2 vapor
+ liquid and H2O liquid (Fig. 6b). Type-I inclusions are
the most abundant, and type-III are the least abundant.
Most fluid inclusions are irregularly shaped, particularly
those that contain daughter minerals. The size of halite
crystals varies in type-I inclusions, making up 10 to 90%
of the individual fluid inclusions (Fig. 6c), and the de-
gree of fill for the two-phase fluid inclusions ranges
from 50 to 90%. None of the CO2-rich inclusions con-
tains daughter minerals or accidental inclusions.

Primary and secondary fluid-inclusions were identi-
fied in the sulfide-rich vein quartz, and in the quartz-
rich pods contemporaneous with the veins. Primary
inclusions range in size from 3 to 25 �m, they occur in
growth bands (Fig. 4c), and in distinct clusters within

FIG. 5. Coarse-grained pyrite with minute inclusions of Cu–
Ni sulfides, coloradoite and gold. a. Inclusions of
pentlandite (pn), chalcopyrite (cp) and chalcocite (cc) in
pyrite. Scale bar: 0.2 mm. b. Inclusions of pentlandite (pn)
and chalcopyrite (cp) in pyrite. Scale bar: 0.2 mm. c.
Chalcocite (cc) inclusion in pyrite. Scale bar: 1 mm. d.
Pentlandite (pn) and chalcopyrite (cp) inclusions in pyrite.
Scale bar: 0.2 mm. e. Chalcocite (cc) and chalcopyrite (cp)
inclusions in pyrite. Scale bar: 0.2 mm. f. Numerous small
inclusions of chalcocite in pyrite. Scale bar: 0.2 mm. g.
Numerous small inclusions of chalcocite and pentlandite in
pyrite. Scale bar: 0.2 mm. h. Gold (Au), coloradoite (Clr)
and chalcopyrite (cp) inclusions in pyrite. Scale bar:
0.1 mm.



THE ROLE OF SALINE FLUIDS, COBALT HILL PROSPECT, ONTARIO 1549



1550 THE CANADIAN MINERALOGIST

FIG. 6. Fluid inclusions (type I, II and III) in quartz. Scale
bar: 25 �m. a. Type-I primary fluid inclusion with a small
crystal of halite as daughter mineral and an unidentified
rectangular inclusion. b. Type-III CO2-rich secondary in-
clusion. Inner bubble; CO2 vapor, outer rim; CO2-rich liq-
uid. c. Type-I primary fluid inclusion with large crystal of
halite as daughter mineral. d. Type-I secondary fluid inclu-
sions with halite crystal as daughter mineral. e. Type-II
fluid inclusions with variable vapor:liquid ratio (similar
Th).



THE ROLE OF SALINE FLUIDS, COBALT HILL PROSPECT, ONTARIO 1551

individual grains of quartz. Approximately two-thirds
of the primary fluid inclusions are of type I, and one
third are of type II. The type-I fluid inclusions contain
one or more solid phases, such as halite and accidental
inclusions. Some of the accidental inclusions are long
prisms or irregularly shaped large plates with low re-
lief, and some are isotropic grains.

Secondary fluid inclusions occur in linear arrays in
individual quartz grains in the veins. They are generally
controlled by fractures that terminate within grain
boundaries or traverse grain boundaries. Some, but not
all, contain halite (Fig. 6d), but most inclusions are pre-
dominantly of type II. CO2-rich inclusions (type III) are
also considered to be secondary and occur with some of
the type-II secondary inclusions.

FLUID-INCLUSION MICROTHERMOMETRY

Type-I fluid inclusions containing halite as a daugh-
ter mineral were cooled well below their freezing tem-
perature (–90°C), then slowly heated in order to identify
the temperature of first melting, or eutectic temperature

of ice (Te). Because the Te for these inclusions is be-
tween –55 and –65°C, the fluid most likely contains
solutes in addition to NaCl, such as CaCl2 (Crawford
1981). However, as hydrohalite could not be positively
identified in halite-saturated fluid inclusions, the salin-
ity of the fluid is expressed in terms of NaCl equivalent.
The salinity of type-I primary and secondary fluid in-
clusions was calculated from the temperature of final
dissolution of halite (Bakker & Brown 2003), that of
type-II inclusions, from the temperature of final melt-
ing of hydrohalite (Bakker & Brown 2003), and that of
type-III inclusions from the melting temperature of
clathrate. The appearance of high-relief aggregates in
type-II fluid inclusions at approximately the eutectic
suggests that the aggregates are probably hydrohalite.
Thus, salinity was calculated from the temperature of
final dissolution of hydrohalite. The summary of
microthermometric data obtained for fluid inclusions of
types I, II and III in individual samples is shown in
Table 2.

Primary aqueous fluid inclusions

Several populations of fluid inclusion were identi-
fied in the vein quartz. This is apparent in Figure 7,
which shows a relatively wide range in the salinity of
primary fluid inclusions (25 to 46 equiv. wt% NaCl).
Three distinct groups of fluid inclusions are apparent;
type II has a narrow range of 24–25 equiv. wt% NaCl,
whereas the larger group (type I) has two ranges, 31–35
and 38–40 equiv. wt% NaCl.

In all types of fluid inclusions, homogenization oc-
curred to the liquid phase, with the exception of a few
type-II inclusions, where liquid homogenized to the
vapor phase. In type-I inclusions, the Th (V→L) ranges
from 100 to 275°C, and Th (halite) ranges from 175 to
350°C (Fig. 8). In a single fluid inclusion, Th(V→L) at
384°C is similar to the Th (halite) at 390°C. Thus, the mode
of homogenization of halite-bearing fluid inclusions is
consistent for all of the fluid inclusions in the vein
quartz, as halite dissolution is invariably preceded by
the disappearance of the vapor bubble. As shown in Fig-
ure 8, Th (V→L) is lower by 60–110°C than the dissolu-
tion temperature of halite in all of the type-I fluid
inclusions. In Figure 9, type-I primary inclusions show
a wide range of salinity, 31–46 equiv. wt% NaCl, and
Th, 190°–390°, whereas type-II primary inclusions have
a narrow range of salinity, 26–27 equiv. wt% NaCl, but
a range of 200° to 335°C for Th.

In type-I primary fluid inclusions, the minimum tem-
perature of trapping is represented by the halite-disso-
lution temperature Th (total), whereas in type-II primary
fluid inclusions, the minimum temperature of trapping
is represented by Th (V→L). Thus the minimum tempera-
ture of crystallization of the early quartz vein that con-
tains the pyrite with the inclusions of Ni–Cu sulfide and
gold was in the range 190°–390°C (Fig. 10).
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FIG. 7. Salinity histogram of all primary and secondary fluid inclusions.

FIG. 8. Plot of homogenization temperature (vapor to liquid) of halite in type-I primary
and secondary fluid inclusions. Data points in open square represent fluid-inclusion
population used for the pressure–temperature diagram in Figure 14.
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FIG. 9. Plot of salinity versus homogenization temperature of primary and secondary fluid
inclusions.

FIG. 10. Homogenization-temperature histogram of type-I and -II primary fluid inclu-
sions.
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A limited number of coexisting type-II fluid inclu-
sions show variable vapor-to-liquid ratios in the vein
quartz (Fig. 6e), and their comparable Th (272°–285°C)
suggests that boiling probably occurred during the crys-
tallization of the vein. In this case, Th equals the trap-
ping temperature.

Secondary aqueous fluid inclusions

Three types of secondary fluid inclusions were iden-
tified; type I, II and III, having a salinity range of 19 to
32 equiv. wt% NaCl (Fig. 7). Many of the secondary
fluid inclusions are free of daughter minerals, but those
that contain halite generally have salinities comparable
to some of the primary fluid inclusions. In some small
two-phase fluid inclusions, the morphology of the fine-
grained aggregates of the solid phase during heating, and
the sluggish final dissolution of the solids between –0.1
and –2.5°C, suggest that the solid is probably not ice,
but hydrohalite (Bodnar 2003). Thus, the salinity was
calculated from the temperature of final dissolution of
hydrohalite. As shown on Figure 9, the trend of Th ver-
sus salinity of type-I primary and secondary fluid inclu-
sions is comparable, although the ranges in salinity
(30–32 equiv. wt% NaCl) and Th (175°–230°C) in the
type-I secondary inclusions are narrower than in the
primary inclusions. Type-II secondary inclusions have
an average salinity of 26 equiv. wt% NaCl and Th of
130°–230°C (Fig. 9).

Secondary CO2-rich fluid inclusions

CO2-rich fluid inclusions are relatively rare in vein
quartz. Their morphology is distinctive, as the liquid
H2O contains a central CO2-rich vapor bubble that is
rimmed by liquid CO2 (Fig. 6b). Microthermometric
measurements were obtained from only five CO2-rich
inclusions, as all others decrepitated during heating. The
melting temperature of CO2 at –56.5 to –56.6oC sug-
gests that other dissolved gases (e.g., CH4) are not
present. The salinity of the fluid was calculated from
the temperature of final melting of clathrate (–3.2 to
–3.8°C), which gives an average salinity of the fluid of
18.5 equiv. wt% NaCl (Fig. 7). Homogenization of CO2
took place in the range of 22°–24°C, which corresponds
to a density of ca. 0.8 g/cm3. The average Th of the CO2-
rich fluid inclusions at 135°C is much lower than Th of
the type-I and -II primary fluid inclusions, but compa-
rable to some of the type-II secondary inclusions with
which they coexist.

Daughter minerals and accidental inclusions
in the fluid inclusions

Fluid inclusions were opened in quartz vein frag-
ments, and the daughter minerals and other (accidental)
inclusions were examined under scanning electron mi-
croscope (SEM) equipped with an energy-dispersion

spectrometer (EDS). Elements present in the individual
inclusions were identified (qualitative analysis), and
some of the daughter minerals and accidental inclusions
are shown on Figures 11a–f. The most common solid
inclusion in the cavities is halite, some of which con-
tains Fe, and trace amounts of Sn and Au. Although the
Sn and Au peaks are minute in comparison with the
large Si peak that represents the host quartz, and the Na
and Cl peaks of halite, they are distinct. Another (less
common) daughter mineral in the fluid inclusions is Fe
chloride (Fig. 11c). Accidental inclusions identified in
the cavities are pyrite (Fig. 11d), muscovite (Figs. 11e,
f), and Fe carbonate.

DISCUSSION

Fluid-inclusion microthermometry combined with
mineralogy suggests that the pyrite-rich quartz veins in
the fractured, brecciated, and hydrothermally altered
quartzites at Cobalt Hill were generated by saline, metal-
bearing fluids. That the crystallization of pyrite was
contemporaneous with the emplacement of quartz veins
is suggested by the presence of small euhedra of pyrite
in fluid-inclusion cavities within vein quartz (Fig. 11d).
Pyrite in the veins contains an abundance of small in-
clusions of Cu–Ni sulfides, coloradoite and gold, sug-
gesting that saline fluids mobilized these metals from
an unknown source and precipitated them with pyrite.
The type and variety of minute inclusions of sulfide
(pentlandite, pyrrhotite, gersdorffite, millerite, chal-
copyrite and chalcocite) in a single grain of pyrite sug-
gest that the fluids were in contact with base-metal
sulfides at some depth. The abundance of muscovite in
fluid-inclusion cavities, which also contain halite and
pyrite, suggests that crystallization of the pyrite-rich
quartz veins and of the micas was broadly contempora-
neous. In addition, the textural relationship between
muscovite, chromian muscovite and chlorite also sug-
gests that the crystallization of chlorite and the micas
was more or less contemporaneous. Thus, some of the
fractures (filled by micas and chlorite) in quartz and
pyrite probably developed during the emplacement of
the veins. The wide range in Th and salinity within pri-
mary fluid inclusions (Fig. 12), the evidence for phase
separation (boiling) in some inclusions, coupled with
fracturing and brecciation of the vein quartz, imply fluc-
tuating pressure and temperature of the fluid during the
evolution of the veins.

The Th of the primary fluid inclusions represents the
minimum temperature at which the host vein of quartz
could have crystallized. However, a pressure correction
must be applied to the Th to obtain the true temperature
of crystallization. Pressure can be estimated from mea-
surements obtained on halite-bearing fluid inclusions
(Bodnar 1994), as achieved by combining the tempera-
ture of Th(H) with the Th(L,V) of the same inclusions.
Figure 8 demonstrates the homogenization behavior of
the three-phase fluid inclusions (liquid – vapor – halite),
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and Figure 13 is a complementary diagram for fluid of
40 wt% equiv. NaCl, used for estimating P–T condi-
tions for a fluid of appropriate salinity (i.e., 40 wt%
equiv. NaCl). Figure 8 shows the trapping of fluids
along the Th(H) = Th(L) line, and the maximum tem-
perature of halite dissolution for a group of fluid inclu-
sions (at ca. 330°C) where �T for Th(H) and (ThL,V) =
70. This information was used in Figure 13 to deter-
mine the P–T conditions for the fluid. The pressure, as

constrained by the �T for Th(H) and Th(L,V), was esti-
mated at 1.3 kbar. If the fluid having a Th of 330°C is
projected up the iso-Th line on Figure 13, one gets a
maximum temperature of formation of ≥400°C for the
vein quartz that contains the Cu–Ni sulfide inclusions.
The 1.3 kbar pressure was also applied to lower-tem-
perature halite-bearing fluid inclusions having a Th
range of 160°–260°C. The pressure-corrected tempera-
ture range for these fluids is 220–320°C.

FIG. 11. SEM photographs of daughter minerals and accidental inclusions in open fluid-inclusion cavities. a, b. Cube of halite
in inclusion cavity and on inclusion wall. c. Subrounded chloride in inclusion cavity consists of Fe, Na and Cl. d. Pyrite cube
consisting of Fe and S in fluid inclusion cavity. e, f. Book of muscovite in fluid-inclusion cavity. g. Halite and muscovite in
fluid-inclusion cavity. h. Subrounded halite in fluid-inclusion cavity (with minor Sn and Au).

a b

c d
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The calculated temperature of chlorite in the frac-
tured vein quartz, 316 ± 25°C (Fig. 13), suggests that
the crystallization of chlorite occurred during cooling
of the fluids. This lower chlorite-based temperature is
consistent with the crystallization of chlorite during frac-
turing of the vein quartz.

The best estimate of temperature (≥400°C) and sa-
linity (25–46 eq. wt% NaCl) of fluids in primary fluid
inclusions of the Cobalt Hill quartz veins is comparable
to those reported from various orebodies in the SIC (Far-
row & Watkinson 1992, Farrow et al. 1994, Li &
Naldrett 1993, Molnar et al. 1997, 1999). A pressure of
1.1–1.5 kbar was obtained for the North Range grano-
phyre by Molnar et al. (2001). Molnar et al. (1997,

2001) demonstrated that the vein-type Cu–Ni–PGE de-
posits of the North Range of the SIC formed by hot,
saline, magmatic fluids (400–480°C) that interacted
with primary magmatic ores, remobilizing and redepos-
iting the metals in permeable brecciated zones, whereas
the vein-type ores of the South Range deposits formed
in the temperature range of 180°–350°C. The fluid that
deposited quartz in veins at 200°–380°C and 130°–
230°C at the Lindsley mine, remobilized some of the
sulfides and PGE and redeposited them in the fractured
and brecciated zones (Molnar et al. 1997).

The relationship between CO2-rich and aqueous fluid
inclusions at Cobalt Hill is unclear. Their Th (vapor→liquid)
is clearly much lower than the Th of the aqueous pri-

e f

g h
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FIG. 12. Temperature of total homogenization of primary and secondary fluid inclusions
in vein quartz at Cobalt Hill.

FIG. 13. Pressure – temperature diagram (after Bodnar 1994) used for estimating P–T
conditions of formation of the sulfide-bearing quartz veins. The iso-Th lines are for
fluid inclusions containing 40 wt% NaCl, the solid inclined vertical line represents the
L(40) + H liquidus, the horizontal dashed line is the estimated pressure on the basis of
differences in homogenization between halite and liquid–vapor; �T(H) – T(L) = 70,
and the horizontal arrow indicates the path of the cooling fluids. The complete range of
Th for the fluid inclusions is shown by the filled horizontal ruler between 160° and
390°C. The thin vertical line represents the calculated (pressure-independent) chlorite-
based temperature.
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mary fluid inclusions, but comparable to some of the
secondary inclusions. Although the present data are in-
sufficient to establish how the CO2-rich fluids fit into
the evolution of the quartz veins, they probably pertain
to a separate hydrothermal event that overprinted the
mineralized vein quartz.

The paragenetic sequence of various replacement
minerals in the Cobalt Hill quartzites suggests that the
pyrite-rich quartz veins postdate the 1.85 Ga Sudbury
event. The emplacement of pyrite-rich quartz veins into
albitized quartzites at Cobalt Hill, and the occurrence
of some secondary albite in the quartz veins, suggest
that the quartz veins and the albite may have been
broadly contemporaneous. The quartz veins were
emplaced during a metamorphic event that either
slightly postdated the episode of pervasive albitization
in the area (at 1.7 Ga; Schandl et al. 1994), or it may
have been more or less contemporaneous with the wan-
ing stages of this episode. The latter is also implied by
the abundance of Th-poor hydrothermal monazite (typi-
cal of hydrothermal ore deposits; Schandl & Gorton,
2004) in the quartz veins, having similar composition
and texture to Th-poor hydrothermal monazite-(Ce) that
defined the 1.7 Ga age of sodium metasomatism at the
Scadding gold mine in Scadding Township.

As the suite of small base-metal inclusions in pyrite
in the quartz veins at Cobalt Hill is comparable to
Sudbury-type sulfides, it is not unreasonable to suggest
that the base metals were derived by hot saline fluids
from magmatic sulfides at some depth. Metals were
mobilized from the source by the hot brines that also
crystallized the quartz veins. Thus, Cobalt Hill and vi-
cinity have an excellent exploration potential for
Sudbury-type mineralization.

The significance of chromian muscovite
in the quartzite and quartz veins

In mafic and ultramafic rocks, the source of Cr is
pyroxene and chromian spinel. Although chromian
spinel is stable under most metamorphic conditions, the
replacement of pyroxene by amphibole during metamor-
phism will liberate a significant amount of Cr that can
partition into metamorphic muscovite. Because the
amount of Cr in pyroxene is generally proportional to
the concentration of Cr in the rock, the amount of Cr
released from ultramafic rocks will be significantly
more than from mafic rocks. Exceptions are Cr-rich
mafic rocks, such as cumulates.

The ubiquitous presence of chromian muscovite over
a 180-m section of the Lorrain quartzites in DDH92–1
at Cobalt Hill suggests that Cr was added to the sedi-
mentary rocks and veins from a nearby source. The pres-
ence of up to 5–10% chromian muscovite in the veins
and sedimentary rocks implies the presence of a Cr-rich
igneous body at a depth. This prediction is based on the
premise that Cr is one of the most immobile elements in
the periodic table; thus, it will not move far from its

source once liberated during metamorphism. Such a
model was entertained by the author at several well-
known gold deposits hosted by pervasively altered ul-
tramafic rocks (cf. Dome, Kerr Addison and Aquarius
mines in Ontario, and the Cassiar gold mine in British
Columbia), where chromian muscovite occurs on the
selvages of gold-bearing quartz veins within the ultra-
mafic host. Limited mobility of Cr has been demon-
strated at the Kidd Creek VMS deposit in Timmins,
Ontario by Schandl (1989) and Schandl & Wicks
(1993), where pervasively altered ultramafic rocks con-
sisting of magnesite, quartz and chromian muscovite are
in contact with altered rhyolite. Whereas chromian mus-
covite predominates over white mica in the rhyolite at
the ultramafic contact, it gradually decreases in abun-
dance, and finally disappears from the rhyolite at ca. 5
m distance from the contact with the ultramafic rock.
This finding is consistent with the limited mobility of
Cr.

The source of Cr in the Cobalt Hill muscovite is
enigmatic, as the only outcropping mafic intrusion, a
Nipissing gabbro, is located ca. 1 km northwest of Co-
balt Hill. Because the Nipissing gabbro suite generally
contains only 150–350 ppm Cr (Lightfoot & Naldrett
1996), it would be an unlikely source of Cr. A mafic or
ultramafic intrusion that could supply sufficient Cr to
account for the presence of chromian muscovite
throughout the 180 m thickness of the Lorrain quartz-
ites and quartz veins must be a Cr-rich body that either
immediately underlies Cobalt Hill, or is the lateral ex-
tension of a buried body adjacent to Cobalt Hill. At
present, the only known Cr-rich rocks are the East Bull
Lake Intrusive Suite (EBLI) (Easton 1998) and the
melanorites and the igneous-textured sublayer of the
SIC (Lightfoot et al. 1997), which occur 20–25 km south
and west of Cobalt Hill. In theory, both the EBLI and
SIC could provide sufficient Cr to form the Cobalt Hill
chromian muscovite, but their distance from Cobalt Hill
makes them unlikely candidates for the source. Never-
theless, the presence of a variety of Ni–Cu sulfide in-
clusions in pyrite and the relative abundance of
chromian muscovite in pyrite-rich quartz veins at Co-
balt Hill imply the presence of Cr-rich igneous rocks at
depth that have comparable chemical composition and
sulfide mineralogy to the SIC and, possibly, the EBLI.

CONCLUSIONS

1. Coarse-grained pyrite with minute inclusions of
pentlandite, millerite, gersdorffite, pyrrhotite, chalcopy-
rite, chalcocite, coloradoite and gold was deposited from
saline fluids in quartz veins at the Cobalt Hill prospect,
20 km northeast of the SIC. The salinity of the fluid was
in the range of 25–46 equiv. wt% NaCl, the tempera-
ture of formation of the quartz veins was ≥400°C, and
the pressure was approximately 1.3 kbar. The salinity
of the Cobalt Hill fluids, and the entrapment tempera-
ture and pressure for the pyrite-rich quartz veins are
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comparable to P–T conditions associated with some of
the vein-type ores of the Sudbury Ni–Cu–PGE deposit
(cf. Molnar et al. 1997, 1999, 2001).

2. The ubiquitous occurrence of chromian musco-
vite in quartz veins and the host quartzite between 335
and 680 m depth at Cobalt Hill suggests the presence of
a Cr-rich mafic or ultramafic intrusion at comparable
depths. The variety of Ni–Cu sulfides, pyrrhotite,
coloradoite and gold inclusions in pyrite suggests that
this hypothetical intrusion contains Sudbury-type as-
semblage of sulfides.

3. The absolute age of the Cobalt Hill quartz veins
has not been determined, but the textural relationship
among the assemblages of various alteration minerals
suggests that the veins postdated the Sudbury event.
Mineralization may have been more or less contempo-
raneous with waning stages of the widespread 1.7 Ga
episode of albitization in the area (Schandl et al. 1994).
This age is considered to be the time of granitic plu-
tonism in the Southern Province, the time of collisional
orogeny, and the development of the Killarney mag-
matic belt (Easton 1991).

4. The metal-transporting saline fluids that crystal-
lized the pyrite-rich quartz veins at Cobalt Hill were
probably heated Canadian Shield brines. The variety of
small Sudbury-type assemblage of sulfide inclusions
and gold in the pyrite, and the salinity and temperature
of fluids at Cobalt Hill, are comparable to the SIC sul-
fide ores and to the fluids that remobilized and precipi-
tated some of the Sudbury ores. It should be noted that
although there are differences in alteration assemblages
between the sulfide-bearing quartz veins at Cobalt Hill
(muscovite, carbonate, albite, chlorite) and the vein-type
deposits of the SIC (epidote, actinolite, biotite, chlorite),
these differences are considered to result from differ-
ences in wallrock mineralogy and composition. The
present findings suggests that Cobalt Hill and its sur-
rounding area provides an excellent target for explora-
tion for base-metal sulfides and, possibly, gold.
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APPENDIX 1.
BRIEF PETROGRAPHIC DESCRIPTION OF SELECTED SAMPLES

CH–1: Quartzite. The rock consists of subrounded
quartz grains, lesser relict albite and perthitic K-feld-
spar, with interstitial aggregates of microcrystalline
quartz. Rare white mica occurs in the matrix. Several
quartz clasts contain secondary fluid inclusions with
daughter minerals (mostly halite). No sulfides, only a
few aggregates of rutile.

CH–2A: Granulated quartzite. Quartz clasts are over-
grown by chessboard albite. Minor relict albite clasts
are also present in the rock, but albitization is evident
from partial replacement of granulated earlier silicate
(quartz or K-feldspar?) by chessboard albite. Frag-
mented pyrite occurs within the metasedimentary rock.
Pyrite grains contain a few minute inclusions of pyrrho-
tite and chalcopyrite. Fluid inclusions in quartz do not
contain halite as a daughter mineral.

CH–2A–1: Clast-supported quartzite with few ortho-
clase and albite clasts, interstitial chessboard albite and
granulated fine-grained quartz. The rock contains local-
ized segregation of fine-grained apatite, monazite and
rutile. The few fragmented grains of pyrite do not con-
tain other sulfide inclusions. Rare secondary fluid in-

clusions with halite as a daughter mineral are present in
some quartz clasts.

CH–2B: Quartzite with some relict albite clasts and
a fragmented quartz vein. The rock is albitized, and the
very fine-grained interstitial matrix consists of quartz
and secondary albite. Some quartz clasts are rimmed by
fine-grained chessboard albite, and some seem to be
partly replaced by albite. A few grains of pyrite present
in the rock are fragmented and granulated. With the
exception of a few relict grains, most albite (ca. 10
vol.%) is replacement chessboard albite. Secondary
fluid inclusions are aqueous and do not contain halite as
a daughter mineral.

CH–3A: Fragmented, granulated arkosic quartzite.
Chessboard albite forms a rim on some quartz clasts.
The matrix is mostly microcrystalline cherty quartz, and
the clasts are subrounded quartz grains, angular frag-
ments of earlier quartz vein and relict albite fragments.
Inclusion-free fragmented and granulated pyrite appears
to be part of the metasedimentary rock. Quartz veinlets
cross-cut the rock. A few veinlets of muscovite occur in
fractures. Secondary fluid inclusions contain halite as a
daughter mineral in quartz clasts.
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fine-grained interstitial, granular quartz matrix. Pyrite
poikiloblasts do not contain sulfide inclusions, only fine-
grained quartz. Fine-grained muscovite on pyrite, rutile,
monazite and zircon are the only accessory minerals
present. Fluid inclusions are rare in the quartz.

CH–7A: Coarse-grained plumose quartz in quartz
vein. Fine-grained carbonate and muscovite veins are
interstitial to quartz. Euhedral grains of pyrite are also
interstitial to quartz, and they are rimmed by carbonate.
Minute grains of hydrothermal monazite are relatively
abundant in the vein. There is an abundance of fluid
inclusions (secondary?) in the least-strained quartz,
some of which contain halite as a daughter mineral.

CH–7B: Massive quartz vein with minor interstitial
bundles of radiating muscovite. Muscovite also occurs
in veinlets. Most quartz grains are strained, partly granu-
lated and have the appearance of plumose quartz at the
grain boundaries. Euhedral pyrite is interstitial to quartz
vein and contains segregations of minute inclusions of
Ni–Cu sulfides. Some pyrite (and quartz) are fractured
and fragmented. Hydrothermal monazite is abundant; it
occurs in quartz and also in fractures. The quartz con-
tains an abundance of fluid inclusions, some of which
contain halite as a daughter mineral.

CH–7C: Coarse-grained quartz vein; some quartz
grains are fragmented, fractured and partly replaced by
an intergrowth of white micas and carbonate. Minor
chlorite is interstitial to quartz. Some of the quartz in
the vein shows evidence of partial recrystallization at
grain boundaries (plumose, pressure-shadow-type
quartz). Pyrite grains are interstitial to quartz, some are
fractured and fragmented, and contain minute Ni–Cu
sulfide inclusions and gold with coloradoite (mercury
telluride). Hydrothermal monazite is abundant in the
vein. Secondary fluid inclusions are abundant in the
quartz, and several contain halite as a daughter mineral.

CH–3B: Fractured arkosic quartzite cut by quartz
vein. The quartz vein contains inclusions of albitized
clasts. Fracture-filling fine-grained albite veinlets cross-
cut the quartz vein. Fine-grained epidote, monazite and
zircon aggregates are disseminated throughout the rock.
Fractured and fragmented poikiloblasts of pyrite are
rimmed by minor white mica and pyrite. Primary fluid
inclusions in the fragmented quartz vein are rare, and
they are generally free of daughter minerals. Some sec-
ondary fluid inclusions contain inclusions of halite.

CH–3C: Sheared, granulated quartzite consists of
quartz and a few albite clasts. Some quartz grains are
stretched; they are elongate, sheared clasts with mortar-
textured matrix. The few grains of fragmented pyrite
that occur with fragmented quartz do not contain sul-
fide inclusions. Fluid inclusions in quartz are secondary
and are generally free of daughter minerals.

CH–4A: Fractured quartz vein contains stringers of
contorted muscovite and chromian white mica (Table
1) that occur in the fractures. Fine-grained muscovite
and fine-grained carbonate aggregates occur as inclu-
sions in quartz. Fluid inclusions in quartz contain halite
as a daughter mineral. A few inclusions are CO2-rich.

CH–4B: Clast-supported quartzite with minor albite
clasts. Radiating bundles of chlorite are interstitial to
quartz clasts. Some fragmentation and annealing of
quartz are apparent. A few aggregates of carbonate and
rutile are interstitial to quartz. A few quartz clasts con-
tain fluid inclusions with halite as a daughter mineral.

CH–5: Arkosic quartzite with interstitial microcrys-
talline quartz matrix. Rutile, monazite and zircon are
accessory minerals. Rare muscovite and chromian white
mica occur in small veinlets. Secondary fluid inclusions
are relatively rare in quartz clasts.

CH–6: Clast-supported arkosic quartzite. It consists
predominantly of quartz and lesser albite clasts with


