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Introduction
THE SUDBURY IGNEOUS COMPLEX is well known for its mag-
matic Ni-Cu ores occurring at the contact with footwall units.
Models for magmatic ore-forming processes are well estab-
lished (Hawley, 1962; Kullerud et al., 1969; Naldrett, 1984,
1989; Ebel and Naldrett, 1996; Mungall et al., 2005). How-
ever, in the last 15 years another type of ore has been a major
focus of exploration within the Sudbury area. The footwall-
type deposits consist of Cu-Ni-PGE veins and are found in
footwall units up to 2 km from the contact zone. Sulfide veins
may be several meters in thickness and were mostly emplaced
in intensely brecciated footwall rocks (Sudbury Breccia). The

vein assemblages are strongly enriched in Cu, Pt, Pd, Au,
and Ag in comparison to the contact-type magmatic sulfide
deposits. 

The origin of these vein-type, Cu-PGE-rich, footwall de-
posits has been debated for many years. The magmatic sulfide
differentiation model cannot explain some features observed
in footwall deposits, and the presence of hydrothermal alter-
ation along veins and in the mineral assemblages suggests that
hydrothermal processes played a significant role in the ore
genesis. One model proposed for origin of footwall ores is that
hot, highly saline and acidic hydrothermal fluids driven by the
heat of the cooling Sudbury Igneous Complex leached metals
from the contact deposits and redeposited them in the brec-
ciated footwall units (Farrow, 1994; Watkinson, 1999; Molnár
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Abstract
Footwall-type Cu-Ni-PGE (Platinum-group element) deposits are a major focus of recent exploration in the

Sudbury mining camp, owing to their higher Cu and precious metal contents compared to orebodies situated
along the lower contact of the Sudbury Igneous Complex. The most important footwall-type orebodies occur
in the Onaping-Levack area of the North Range, but economic deposits are found along the East Range of the
structure as well. Recently, promising occurrences were also discovered in Wisner Township of the North
Range.

In this paper we report results from two main footwall-type Cu-Ni-PGE occurrences (the Broken Hammer
zone and the South zone) of Wisner Township. Both discoveries are situated in intensely brecciated zones of
the footwall (Sudbury Breccia), 1,300 and 500 m, respectively, north of the present Sudbury Igneous Complex-
footwall contact. The mineralization consists of (1) massive sulfide veins, (2) disseminated/replacement sul-
fides, and (3) silicate-quartz–dominated veins. Although massive sulfide veins account for the major part of the
resource, sulfide-poor disseminations may have similarly high precious metal contents. Ore assemblages are
dominated by chalcopyrite, millerite, magnetite, and/or pyrite, quartz, and hydrous silicates. These are accom-
panied by platinum-group minerals (PGM) and other trace minerals, which commonly occur as composite
grains within sulfides and hydrous silicates. These include minerals typical of footwall-type deposits (e.g.,
merenskyite, michenerite, hessite), but also minerals found only in a few Sudbury deposits (e.g., clausthalite,
sopcheite, naumannite, bohdanowiczite).  An unnamed CuPdBiS3 mineral is one of the most abundant PGM
at Broken Hammer and might be a Pd-equivalent of mückeite (CuNiBiS3).

Statistical investigation of metal distribution patterns using grab sample and drilling data sets from both lo-
calities indicate important differences between the two occurrences and the various mineralization styles (e.g.,
increasing Cu/(Cu+Ni) and decreasing Pt/(Pt+Pd) ratio with increasing sulfide content; metal concentrations
recalculated to 100% sulfides decrease by up to two orders of magnitude for all metals from the disseminated
to the massive sulfides).

Fluid inclusion studies revealed three fluid generations which are very similar to those described from well
known footwall-type deposits of the Onaping-Levack area. Primary polyphase fluid inclusions in Cu-Ni-
PGE–bearing assemblages represent a highly saline (30–40 wt % NaCl equiv) magmatic-hydrothermal system
with a high temperature (min 450°–500°C) and a lower temperature (min 300°–350°C) stage. A later low-tem-
perature Ca-rich fluid (min 100°–200°C) is most probably part of a post-Sudbury Igneous Complex regional
fluid flow in which temperature was controlled by the geothermal gradient and not related to ore-forming
processes.

The fluid inclusion data indicate that mobilization of highly saline and relatively high temperature
(400°–500°C) Sudbury Igneous Complex-related magmatic-hydrothermal fluids similar to those described
from the Onaping-Levack embayment also occurred in the Wisner footwall. Although our studies do not rule
out the possibility of an initial magmatic sulfide melt emplacement, they prove that magmatic-hydrothermal
fluids played a significant role in the transport and deposition of metals.
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et al., 2001). Others favor an initial emplacement of highly
fractionated sulfide liquid into the footwall, followed by later
redistribution of metals by hydrothermal fluids (Li and Nal-
drett, 1993a; Jago et al., 1994; Morrison et al., 1994).

Cu-Ni-PGE assemblages were discovered in 2003 at the
Broken Hammer zone, Wisner property of the Wallbridge
Mining-Xstrata Nickel joint venture in an intensely brec-
ciated zone about 1.3 km from the present Sudbury Igneous
Complex-footwall contact along the North Range of the Sud-
bury Igneous Complex. The total inferred mineral resources,
as estimated according to NI-43-101 standards, are 251,000 t
at a grade of 3.80 g/t TPM (total precious metals: 1.56 g/t Pd,
1.62 g/t Pt, and 0.61 g/t Au), 1 wt % copper, and 0.1 wt %
nickel at the present state (August 2007) of exploration. In the
vicinity of the Broken Hammer area, several other promising
Cu-Ni-PGE occurrences were found in the footwall units, of
which the South zone is the best known at this time.

This paper documents the geology, mineralogy, petrogra-
phy, geochemistry, and fluid inclusion characteristics of vein-
type and disseminated Cu-Ni-PGE ores and their host rocks
at the Broken Hammer and South zone occurrences. Data
are used for comparison to similar ores along the North
Range (e.g., McCreedy East, McCreedy West, and Strath-
cona Mines) and to highlight the role of hydrothermal
processes in the formation of this kind of ore in the Sudbury
mining camp.

General Geology and Ore Deposits of 
the Sudbury Igneous Complex

The formation of the Sudbury Igneous Complex is related
to a meteorite impact (Sudbury Event) that occurred at 1.85
Ga (Krogh et al., 1984). Crystallization of the impact melt in
the impact crater led to the formation of the Sudbury Igneous
Complex, which is characterized by large-scale layering with
noritic units at the base, granophyric units at the top, and a
transitional quartz-gabbro zone in between (Fig. 1). The
cover units of the Sudbury Igneous Complex (Whitewater
Group) accumulated in the crater and consist of breccia of
the Onaping Formation at the bottom and shallow marine
sedimentary units toward the top. The elliptical shape of the
impact crater is the result of superimposed deformation re-
lated to the Penokean orogeny (1.9–1.7 Ga: Rousell, 1984)
and/or the Mazatzal-Labradorian orogeny (1.7–1.6 Ga: Bailey
et al., 2004). In the North Range, the Sudbury Igneous Com-
plex-footwall contact has an average dip of 40° S, whereas it
is much steeper on the East and South ranges (Rousell,
1984).

Local differences in the mineralogy and texture of rocks
exist in parts of the Sudbury Igneous Complex, especially be-
tween the North and South ranges. The presently known
thickness of the igneous sequence is up to 2.5 km on the
North Range and more than 4 km in the South Range. The
footwall units along the North Range consist of gneissic and
granitic rocks of the Archean Superior province, whereas they
are granitic and metasedimentary-volcanic units of the Pro-
terozoic Southern province along the South Range (Fig. 1).
These footwall rocks underwent impact brecciation during
the Sudbury Event, and wide zones of pseudotachylite-like
Sudbury Breccia were conduits for Sudbury Igneous Com-
plex-related magma and fluids in the later history of the

Sudbury structure, including the formation of ore deposits
(Rousell et al., 2003). 

In embayments of the Sudbury Igneous Complex-footwall
contact, the so-called Sublayer Norite and the Footwall
Breccia are host to large resources of disseminated to mas-
sive magmatic Ni-Cu-PGE ore. Additional magmatic sulfide
deposits occur in the quartz dioritic offset dikes that radiate
from or are oriented subparallel to the Sudbury Igneous
Complex-footwall contact. Economic ore deposits are also
found within the footwall rocks, up to 1 km from the contact
(Morrison et al., 1994). These footwall-type deposits tend to
occur in intensely brecciated (Sudbury Breccia) zones. The
best studied footwall deposits (McCreedy West/East,
Strathcona copper and Deep copper zones) are situated in
the Onaping-Levack area of the North Range, but signifi-
cant deposits are also found in the East Range (Victor Deep
and the recently discovered Nickel Rim South). These ores
are much richer in precious metals and Cu than are typical
magmatic sulfide deposits along the contact, and can also
host economic resources of several million tonnes. High
copper contents of footwall-type deposits are expressed by
average Cu/Ni ratios greater than 6; Pt + Pd + Au contents
are above 7 g/t, with Pt/(Pt+Pd) values usually between 0.45
and 0.5 (Farrow and Watkinson, 1997; Farrow and Light-
foot, 2002). The footwall-type orebody of the recently dis-
covered Nickel Rim South deposit hosts an inferred re-
source of 6.4 Mt at a grade of 8.3 g/t total precious metal
(3.1 g/t Pt, 3.7 g/t Pd, and 1.5 g/t Au), 5.7 wt % copper and
1.7 wt % nickel (McLean et al., 2005), whereas the PM de-
posit at the McCreedy West mine contains an indicated re-
source of 2.25 Mt (in short tons) at 2.12 g/ton  Pt, 2.68 g/ton
Pd, 0.78 g/ton Au, 1.11 wt % copper, and 0.26 wt % nickel
(Farrow et al., 2005). 

The footwall Cu-Ni-PGE deposits were recently classified
by Farrow et al. (2005). “Sharp-walled” vein systems are the
most important type and consist of a network of massive sul-
fide veins up to several meters in diameter. “Low-sulfide” but
PGE-rich systems are characterized by thin sulfide
veins/veinlets (mostly <30 cm thick) and disseminations. In
many cases, both types occur together, and these are referred
to as “hybrid” systems (Farrow et al., 2005). The vein systems
are typically oriented subparallel to the Sudbury Igneous
Complex-footwall contact and may be physically connected to
contact-type ore (e.g., McCreedy West). However, in most
cases, footwall mineralization is found without any known
physical connection with the contact (e.g., McCreedy East,
Strathcona copper zone and Deep copper zone). The sulfide
assemblages consist mainly of chalcopyrite and lesser
amounts of cubanite, pyrrhotite, pentlandite, millerite, and
magnetite. These are accompanied by a wide variety of trace
base metal and precious metal minerals. Hydrous silicates
(e.g., actinolite, biotite, epidote) are important primary con-
stituents within the sulfide veins and their alteration selvages,
and they dominate disseminated sulfide assemblages.

Geology of the Wisner Property
Wisner Township is situated in the North Range of the Sud-

bury structure (Fig. 1). The footwall rocks are part of the Lev-
ack Gneiss Complex and later intrusions. The Levack Gneiss
is heterogeneous in composition and texture, and exhibits
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well-defined layering (Dressler, 1984a). It is dominated by
felsic to intermediate gneisses and migmatites, accompanied
by isolated bodies of mafic composition. The possible sedi-
mentary-volcanic protolith (Dressler, 1984a) of 2.71 to 2.66
U-Pb age underwent upper amphibolite-granulite facies
metamorphism (James et al., 1991) at about 2.65 Ga (Krogh
et al., 1984). This complex was intruded by the Cartier Gran-
ite batholith (2.64 Ga: Meldrum et al., 1997) one of several
Algoma-type plutonic bodies situated in the southern part of
the Superior province. Granitic and monzonitic rocks of this
batholith occupy large areas on the surface of the property;
most common is a pinkish, feldspar porphyritic quartz mon-
zonite. The intrusions postdate the main metamorphic event
and have an unfoliated, medium- to coarse-grained texture.

Granite pegmatitic dikes (up to several decimeters in
width) intrude Levack Gneiss and the granitoid rocks and are
most probably related to a late phase of the Cartier Granite.
Diabase dikes that cut Levack Gneiss and Cartier Granite
rocks often contain glomeroporphyritic plagioclase; this tex-
ture implies their affinity to Matachewan-type dike swarms
(ca. 2.45 Ga: Heaman, 1997). The intrusion of the Wisner
Gabbro, which is a medium-coarse grained anorthositic gab-
bro and exposed in the eastern and southern part of the prop-
erty, took place prior to emplacement of the Sudbury Igneous
Complex but postdates the granitoid and Matachewan-type
diabase intrusions. 

All these footwall rocks underwent intense brecciation at
1.85 Ga (Sudbury Impact Event). The wide (up to 100-m
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width) Sudbury Breccia zones have two major orientations
with southeast-northwest and east-west strike directions but
with large variation at the local scale. The southeast-north-
west orientation (~150°–330°) is dominant along the North
Range (Rousell, 1984; Molnár et al., 2001), and it is also pre-
sent as large faults, fracture sets, and various hydrothermal
veins on the Wisner property. The other dominant orientation
of fractures and sulfide veins in the area is northeast-south-
west (~70°–250°), which is nearly parallel to the Sudbury Ig-
neous Complex contact. These orientations are related to the
emplacement and deformation of the Sudbury Igneous Com-
plex (Rousell, 1984; Rousell et al., 1999). 

Although no economic ore was known on the property, re-
cently several promising Cu-Ni-PGE occurrences were found
in the footwall units. The most important is the Broken Ham-
mer area, but rich sulfide mineralization also occurs in the
South zone (Fig. 1). The Broken Hammer area is situated 1.3
km north of the present contact in a wide zone of Sudbury
Breccia (Fig. 1). The main brecciated rock is quartz mon-
zonite, but clasts of granite and gneiss also occur (Fig. 2).
Wisner Gabbro is exposed on the Fairway trench in the north-

ern part of the area. The central part of the mineralization is
located in the Big Boy trench, named after the widest (up to 1
m) massive sulfide vein in the area. There the trench exposes
an intensely brecciated zone along a Matachewan-type dia-
base dike in quartz monzonite. Within this zone the percent-
age of matrix in the breccia is high, but outward the clasts are
larger and the matrix is only found as narrow dikes. The mas-
sive sulfide veins typically occur along matrix-clast boundaries
and follow the narrow breccia dikes out from the central part.
Another control on the mineralization is the northeast-south-
west–trending (50°-80°–230°-260°) fracture set, also exposed
in the Big Boy trench. It is characterized by massive sulfide
veins (up to 10 cm in width), and a dense stockwork of differ-
ent types of silicate-quartz-(sulfide) veins. Another fracture set
striking southeast-northwest does not have any significance for
the mineralization process in this area.

The South zone is southwest of the Broken Hammer area,
500 m north of the present Sudbury Igneous Complex-foot-
wall contact (Fig. 1). The sulfide mineralization follows a
south-southeast–north-northwest–trending Sudbury Breccia
zone (Fig. 3). Quartz monzonite is dominant, but several
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intrusive bodies of pegmatite and gabbro are also exposed, es-
pecially on the West trench. Matachewan-type diabase occurs
as decimeter-scale breccia clasts and a 0.5-m-wide dike on the
North trench. The sulfide mineralization is less intense than
in the Broken Hammer area, but it has similarly high precious
metal content. It is characterized by massive sulfide veins up
to several centimeters in thickness and disseminated to semi-
massive sulfides, in which host rocks are pervasively replaced
by hydrous silicates and sulfides. An important difference be-
tween the South zone and Broken Hammer is that in the for-
mer, sulfide veins and most silicate-quartz–dominated hy-
drothermal veins are controlled by the southeast-northwest
fracture set. 

Massive sulfide veins are the most volumetric hosts of Cu-
Ni-PGE, especially at Broken Hammer. However, dissemi-
nated to semimassive assemblages may contain similarly high
concentrations of precious metals. Silicate- and quartz-domi-
nated veins are very abundant within the sulfide mineralized
zones, but some types also occur regionally. 

Methods
Mapping, structural measurements and sampling were per-

formed at all Wisner footwall-type occurrences. The Broken

Hammer and South zone areas were chosen for detailed study,
as surface and drilling exposures are best at those localities.

Bulk rock geochemical analyzes on grab samples and half-
core samples were carried out by ALS Chemex Ltd. The sam-
ples were analyzed for Pt, Pd, Au, and 47 base metals and
trace elements using inductively coupled plasma mass spec-
tometry (ICP-MS) and inductively coupled plasma atomic
emission spectometry (ICP-AES). Wallbridge Mining Com-
pany Ltd. provided the full data set from their drilling pro-
gram at Broken Hammer and South zone for statistical inves-
tigation.

Most of the mineral chemical data was acquired using a
Camebax MBX electron microprobe by wavelength disper-
sive analysis at Carleton University, Ottawa. Analyzes were
carried out at 15 kV and 15 nA for silicates and 20 kV and 35
nA for PGM and sulfides. Counting times of 15 to 20 s or
40,000 counts were employed for each element except for F
(40 s) and Ni (60 s). Some chemical data of silicates were ac-
quired using the Cameca SX 100 electron microprobe of
Masaryk University, Brno (Czech Republic) by wavelength
dispersive analysis at 15 kV, 10 nA, and 40,000 counts.

Fluid inclusion studies were performed on samples from
Broken Hammer massive sulfide veins and silicate-quartz
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(-sulfide) veins. Fluid inclusion petrography and microther-
mometric measurements were carried out using 150- to 200-
µm-thick, doubly polished sections. Microthermometric
analyses were performed on both a Chaixmeca-type and
Linkam THM 600 apparatus calibrated using synthetic fluid
inclusions. The instruments have 0.1°C reproducibility near
the melting temperature of pure carbon dioxide (–56.6°C)
and pure water (0.0°C) and 1°C reproducibility at 374°C. 

Petrography and Mineral Chemistry

Massive sulfide veins

Massive sulfide veins typically occur in the Sudbury Brec-
cia matrix, but thin veins up to several centimeters also cut
footwall rocks. The Big Boy vein trends south-southeast–
north-northwest following the intensely brecciated zone with
its widest section along the edge of a large quartz monzonite
block, about 20 m in diameter (Fig. 2). This sulfide vein has a

width of up to 1 m (Fig. 4A) and is intensely sheared. It has a
dip of about 30° to 50° toward south-southwest. Several sul-
fide veins of up to 30 cm diameter occur in the vicinity of the
Big Boy vein and are part of a northeast-southwest (50°-80°-
–230°-260°) dense stockwork containing both sulfide veins
and silicate-quartz–dominated hydrothermal veins. Sulfide
veins farther from the Big Boy vein also follow narrow Sud-
bury breccia dikes on the Big Boy and Broken Hammer
trenches. 

Sulfide veins are dominated by chalcopyrite (60–90%) and
magnetite (5–15%), whereas the proportion of other sulfides
is variable. Chalcopyrite forms the massive matrix of sulfide
veins; in it, magnetite is observed as euhedral crystals as large
as 1 mm that formed in two generations (Fig. 5A, B). Early
magnetite is commonly completely replaced by chalcopyrite;
in other cases, the second generation of magnetite precipi-
tated on old grains and contains inclusions of chalcopyrite.
The Big Boy vein contains rare primary pentlandite and

1010 PENTEK ET AL.

0361-0128/98/000/000-00 $6.00 1010

2 cm

A B

C D

2 cm

FIG. 4. Photographs of typical mineralization styles at the Broken Hammer and South zones. A. The Big Boy massive sul-
fide vein (Broken Hammer zone) looking southeast. Note up to 1 m width and shallow dip toward southwest. B. Pervasive hy-
drothermal replacement of quartz monzonite by sulfide and hydrous silicate phases (South zone, sample S-15). C. Stockwork
of actinolite-quartz (-sulfide) veins with anomalous PGE contents (Fairway trench, Broken Hammer zone). Note alteration
halo around veins. D. Disseminated assemblage in a felsic unit of the Levack Gneiss Complex. Sulfide patches are enclosed
by quartz, epidote, and actinolite (Broken Hammer zone). Quartz and actinolite contain inclusions of PGM (see Fig. 10B).
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merenskyite, qtz = quartz, vio = violarite, witt = wittichenite (after Kretz, 1983).



sphalerite; bornite and covellite occur as late, mostly fracture-
filling, replacive minerals. In sulfide veins farther from the
center of the mineralized zone millerite is the most common
(up to 20%) primary mineral after chalcopyrite. It forms eu-
hedral grains of up to 1 cm, often in a band parallel and close
to the margin of the vein. In these distal veins, bornite and vi-
olarite are very abundant late minerals (10–20%), replacing
chalcopyrite and millerite (Fig. 5A). Thin sulfide veins (up to
3 cm wide) at the South zone have similar mineralogy except
that magnetite is absent and pyrite octahedrons up to 1 cm in
size occur as inclusions in chalcopyrite. 

Quartz and hydrous silicates are important constituents of
the mineral assemblage; their amount is variable, but they av-
erage approximately 20 to 30 vol percent. They commonly
occur as euhedral, isolated inclusions in chalcopyrite but may
also form centimeter-sized patches of different intergrown
phases (Fig. 5C, D). Quartz is rich in inclusions of sulfides ac-
companied by fluid inclusions. The most common silicates
are epidote (Ps = 23–32), greenalite, actinolite, and biotite.
The latter contains up to 0.4 wt percent Cl, 0.1 wt percent F,
and up to 2.6 wt percent NiO. Chlorite of brunsvigite and pic-
nochlorite compositions (according to the classification of
Hey, 1954) is always present as a secondary phase replacing

both sulfides and silicates. Selvages of sulfide veins contain
hydrous silicate minerals similar to those described from the
veins themselves. These margins of intense alteration and
complete replacement by hydrous silicates are several cen-
timeters wide in massive rocks and up to tens of centimeters
wide in Sudbury Breccia matrix. Outside of this completely
replaced selvage, patches of epidote containing disseminated
sulfides occur for about 10 to 15 cm.

Platinum-group minerals and other trace minerals occur in
all samples as inclusions in chalcopyrite and bornite, or at the
boundaries of sulfides and hydrous silicates (Fig. 5D). They
often form large, irregular composite grains of up to five
phases, but some are also common as single grains (Fig. 6A-
I). Wittichenite (Cu3BiS3) is the most abundant mineral ac-
companying precious minerals (Table 1). In most composite
grains, it occurs as an outer rim on chalcopyrite or forms sym-
plectite with merenskyite (PdTe2) (Fig. 6A, F). Cassiterite
also commonly occurs adjacent to precious metal minerals. 

Merenskyite (PdTe2) is one of the most abundant PGM at
Broken Hammer. It can form single grains, but intergrowths
with wittichenite and hessite are more common (Fig. 6A, E,
F). Pd is substituted by up to 16 wt percent Pt and up to 8 wt
percent Ni, whereas the Bi content may be as high as 26 wt

1012 PENTEK ET AL.

0361-0128/98/000/000-00 $6.00 1012

TABLE 1.  Electron Microprobe Data for Precious Metal Minerals and Other Trace Minerals from 
Broken Hammer Massive Sulfide Veins and Disseminated Assemblages of the South Zone

Sample no. 3-3-3 8-9-2 3-3-2b 18-12-1 12-2-4 18-15-1 18-14-2 18-12-2 12-2-5 15-7-3 3-1-6 12-3-7 3-7-2 15-7-5
Occurrence BH BH SZ BH BH BH BH BH BH SZ BH BH BH SZ
Mineral witt witt witt mel claus bite tet tet nau boh uk uk uk uk

Wt %
Ag 1.14 n.d. 0.35 n.d. 0.06 n.d. n.d. n.d. 72.89 24.32 0.36 n.d. 0.41 0.50
Pd 0.07 n.d. n.d. n.d. 0.02 0.02 0.08 0.06 n.d. 0.29 17.04 21.96 22.03 20.81
Pt 0.01 n.d. 0.01 n.d. n.d. n.d. n.d. n.d. n.d. 0.09 0.59 0.01 n.d. 1.00
Au n.d. n.d. n.d. 0.15 n.d. n.d. n.d. n.d. n.d. 0.11 n.d. 0.22 0.19 n.d.
Sn 0.05 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.03 0.01 n.d.
Sb n.d. 0.03 n.d. 0.02 n.d. 0.07 n.d. 0.05 n.d. n.d. n.d. n.d. n.d. n.d.
Te 0.12 0.05 0.02 80.91 0.06 46.45 35.50 35.49 0.41 0.28 n.d. 0.08 0.02 0.05
Se 1.07 0.02 1.70 0.07 19.19 n.d. 1.34 0.29 27.97 25.16 0.21 0.71 0.04 0.17
Bi 41.68 40.87 40.80 0.05 n.d. 50.34 57.42 56.95 n.d. 47.33 45.37 43.31 43.73 43.57
Pb n.d. n.d. n.d. 0.09 76.22 0.07 0.06 n.d. 1.16 n.a. n.a. n.d. n.a. n.a.
Fe 0.12 0.94 0.60 0.26 0.84 0.46 0.24 0.54 0.88 1.03 0.07 0.81 0.17 1.48
Ni n.d. 0.02 0.26 17.70 n.d. 0.02 0.17 0.15 n.d. 0.13 2.82 0.13 0.52 0.52
Cu 36.99 38.33 38.23 0.41 1.52 0.77 0.48 1.05 1.41 0.75 13.28 13.81 13.68 13.16
S 19.12 19.46 18.63 0.06 4.69 0.03 3.95 4.49 0.63 5.00 20.65 20.09 21.04 20.66
Total 100.37 99.72 100.60 99.72 102.60 98.23 99.24 99.07 105.35 104.52 100.39 101.16 101.84 101.92

At %
Ag 0.05 n.d. 0.01 n.d. n.d. n.d. n.d. n.d. 1.85 0.94 0.02 n.d. 0.02 0.02
Pd n.d. n.d. n.d. n.d. n.d. n.d. 0.01 0.01 n.d. 0.01 0.75 0.97 0.95 0.90
Pt n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.01 n.d. n.d. 0.02
Au n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.01 n.d. n.d.
Sn n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Sb n.d. n.d. n.d. n.d. n.d. 0.01 n.d. 0.01 n.d. n.d. n.d. n.d. n.d. n.d.
Te 0.01 n.d. n.d. 2.00 n.d. 2.90 1.96 1.92 0.01 0.01 n.d. n.d. n.d. n.d.
Se 0.07 n.d. 0.11 n.d. 0.61 n.d. 0.12 0.03 0.97 1.32 0.01 0.04 n.d. 0.01
Bi 0.99 0.96 0.97 n.d. n.d. 1.92 1.94 1.88 n.d. 0.94 1.01 0.97 0.96 0.96
Pb n.d. n.d. n.d. n.d. 0.92 0.01 n.d. n.d. 0.02 n.a. n.a. n.d. n.a. n.a.
Fe 0.01 0.08 n.d. 0.02 0.04 0.07 0.03 0.07 0.04 0.08 0.01 0.07 0.01 0.12
Ni n.d. n.d. 0.06 0.95 n.d. 0.01 0.02 0.02 n.d. 0.01 0.22 0.01 0.04 0.04
Cu 2.90 2.97 2.97 0.02 0.06 0.10 0.06 0.12 0.06 0.05 0.97 1.02 0.99 0.95
S 2.97 2.98 2.87 0.01 0.37 0.01 0.87 0.97 0.05 0.65 3.00 2.92 3.02 2.96
Total 7.00 6.99 7.00 3.00 2.00 5.01 5.00 5.00 3.00 4.00 6.00 6.00 6.00 6.00

Abbreviations: BH = Broken Hammer zone, SZ = South zone, n.a. = not analyzed, n.d. = not detected, bite = bismuth-telluride, boh = bohdanowiczite,
claus = clausthalite, mel = melonite, nau = naumannite. tet = tetradymite, uk = unnamed Pd-mineral, witt = wittichenite
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FIG. 6. Backscattered electron image of typical assemblages of PGM and other trace minerals in massive sulfide veins (A,
E, F, G, I) and disseminated mineralization (B, C, D, H). A. Composite grain in chalcopyrite. Michenerite is partially re-
placed by symplectic intergrowth of merenskyite and wittichenite. Note disseminated Au-Ag alloy (Broken Hammer zone,
sample BH-08). B-C. Composite grain of kotulskite and moncheite on the boundary of epidote and chalcopyrite. Kotulskite
also occurs as solid inclusion in epidote (South zone, sample SZ-04). D. Group of moncheite grains (within outlined area) in
epidote (South zone, sample SZ-03). E. Composite grain in chalcopyrite (Broken Hammer zone, sample BH-12). F. Com-
posite grain in chalcopyrite. Michenerite is partially replaced by merenskyite and wittichenite (Broken Hammer zone). G.
Sperrylite grain in chalcopyrite groundmass. Note large size (>1 mm) of grain, very typical for massive sulfide veins of the
Broken Hammer zone (secondary electron image by W. Carter and L. Ling, Carleton University, Ottawa, Canada). H.
Moncheite associated with chalcopyrite and epidote disseminated in Sudbury Breccia matrix (South zone, sample SZ-04). I.
Anhedral grain of the unnamed Pd- mineral (CuPdBiS3) in bornite (Broken Hammer zone, sample BH-03). Abbreviations:
bn = bornite, ccp = chalcopyrite, ep = epidote, hess = hessite, kot = kotulskite, mer = merenskyite, mich = michenerite, mon
= moncheite, spe = sperrylite, uk = unnamed Pd-mineral, witt = wittichenite.



percent (Fig. 7; Table 2). Bi-rich merenskyite occurs mostly
in composite grains which also contain michenerite (PdBiTe). 

An unnamed Pd-sulfide (CuPdBiS3) is very common at
Broken Hammer. It is found in every massive sulfide sample,
mostly intergrown with other precious minerals and wit-
tichenite (Fig. 6A, E, I). It can also form irregular grains up
to 200 µm in diameter in bornite. It has a constant composi-
tion, except for up to 2.8 wt percent Ni substitution for Pd in
samples with high Ni content; Au and Ag can be present in
trace amounts (Table 1).

Michenerite (PdBiTe) was observed in 3 samples, where it
is replaced by wittichenite and merenskyite (Fig. 6A, F). Pt
was below detection in michenerite (Table 2), similar to
grains from the Strathcona copper zone (Farrow and Watkin-
son, 1997). In other North Range footwall-type deposits, Pt is
always present (Cabri and Laflamme, 1976; Li and Naldrett,
1993b). Michenerite always contains more Te than Bi. Only
one grain of kotulskite (PdTe) was found; it was intergrown
with merenskyite, hessite, and the unnamed Pd-mineral (Fig.
6E). It contains 4 wt percent Pt and 12 wt percent Bi (Table
2). Sperrylite (PtAs2) is the most abundant Pt mineral but has
only been observed in a few samples. It forms individual, eu-
hedral grains up to 2 mm in size, and does not occur as com-
posite grains (Fig. 6F). 

Sopcheite (Ag4Pd3Te4), a rare precious metal mineral, was
observed in a massive sulfide sample intergrown with the un-
named Pd mineral. In the Sudbury area, it has only been re-
ported from the McCreedy West mine (Cabri and Laflamme,
1976; Farrow and Lightfoot, 2002). Because of the small size
of this grain (~8 µm diam), our electron microprobe data con-
tains some Cu and Fe from the host chalcopyrite, but other-
wise the composition is nearly ideal (Table 2).

Fine disseminations of Au-Ag alloy occur in composite
grains of two Broken Hammer samples (Fig. 6A). The chem-
ical composition is Au65Ag35, close to that of alloys reported

from McCreedy West and Strathcona Deep copper zone
(Au59-63 and Au58-68, respectively) and higher than composi-
tions from the Copper zone (Au26-40) (Money, 1993; Jago et
al., 1994; Farrow and Watkinson, 1997). Mealin (2005) re-
ported one grain of almost pure native gold from the Broken
Hammer area. 

Hessite (Ag2Te) occurs in several samples (Fig. 6E) but is
not as common as in other North Range footwall-type de-
posits (Farrow and Lightfoot, 2002). Naumannite (Ag2Se) at
Broken Hammer is intergrown with clausthalite (PbSe)
(Table 1). Both minerals are very rare in the Sudbury area
(Farrow and Lightfoot, 2002); naumannite was previously
only observed at Barnet (Farrow, 1994). Tellurobismuthite
(Bi2Te3), tetradymite (Bi2Te2S), and melonite (NiTe2) are also
trace minerals in sulfide veins (Fig. 7; Table 1). In dissemi-
nated ore from the Broken Hammer, Mealin (2005) observed
several grains of crerarite (PtBi3S4-x) and one grain of
moncheite from a sulfide vein.

Disseminated-replacement mineralization

High PGE grades also occur in altered Sudbury Breccia
and footwall rocks (Fig. 4B, D). The alteration can range from
millimeter-sized disseminations to centimeter-sized patches,
which are not connected. However, they are often aligned,
which indicates a structural control of their formation. It is
also common to see interconnected alteration assemblages,
which pervasively replace the host rock and again reveal di-
rections of hydrothermal fluid flow. In many cases, these as-
semblages occur at lithological contacts (e.g., pegmatitic dikes
in gneiss, boundaries between mafic and felsic rocks, clasts in
breccia matrix), and may be tens of meters from sulfide veins
without a visible connection to them. The amount of sulfides
in these assemblages is variable; it is as low as a few percent
in disseminations, but may be semimassive in pervasive re-
placements.
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The mineralogy of these assemblages is similar to sulfide
veins. They are dominated by hydrous silicates, which enclose
the sulfides, extend into sulfide grains, or form inclusions in
them (Fig. 5F). In most cases epidote is the dominant silicate,
but actinolite needles (up to 1 mm in length) are also com-
monly present and are enclosed by sulfide grains. Greenalite
is common, whereas biotite occurs mainly in disseminations
close to sulfide veins (Fig. 5E). At the South zone the hydrous
silicate assemblage is almost entirely composed of epidote,
with only minor greenalite and actinolite. Rock-forming
quartz is commonly recrystallized at grain boundaries within
the alteration assemblage, and these parts typically contain in-
clusions of sulfides, PGM, and fluid inclusions. Within the as-
semblages fresh, euhedral quartz grains also occur, which
contain similar inclusions. The most abundant sulfide is chal-
copyrite, accompanied by pyrite, millerite, bornite, and pent-
landite; pyrrhotite is rare. 

A wide range of host-rock types is altered and replaced by
these assemblages, and there seems to be no preference for
the formation of such features in a particular rock type. The
disseminations and replacements occur in all footwall rocks
found within the mineralized area: mafic (various diabase

generations, mafic gneisses, gabbro) as well as felsic rocks
(granite, quartz monzonite, pegmatitic bodies, felsic gneisses).
In many cases the hydrothermal alteration resulted in a com-
plete replacement of the primary rock-forming assemblage
within the altered parts. In these cases, primary mineralogy
and texture are no longer recognizable; only some strongly
corroded remnants of the rock-forming minerals (especially
quartz) remain. Where the alteration process was less intense,
primary mineral assemblages are only partly altered and re-
placed. In these cases, it is commonly difficult to distinguish
alteration features caused by the mineralization process from
features caused by other hydrothermal and regional meta-
morphic processes (e.g., chloritization of biotite, saussuritiza-
tion of feldspar, actinolite rims around primary pyroxene and
amphibole, breakdown of Fe-Ti oxides to hematite, titanite,
and leucoxene).

Platinum-group and other trace minerals occur at sulfide-
silicate grain boundaries, within quartz and epidote or along
the cleavage of actinolite (Fig. 6B-D, H). They were analyzed
from disseminated sulfides of the South zone, and an assem-
blage quite similar to that of Broken Hammer sulfide veins
has been outlined. However, an important difference is that
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TABLE 2.  Electron Microprobe Data for Platinum-Group Minerals from 
Broken Hammer Massive Sulfide Veins and Disseminated Assemblages of the South Zone

Sample no. 18-15 3-1-3 12-3-4 18-10 15-7-2 3-1-2 3-6-1 3-7-1 3-8-1 3-11-3 8-9-1 12-3-1 4-10-4 12-2-3
Occurrence BH BH BH BH SZ SZ SZ SZ SZ BH BH BH SZ BH
Mineral Mer Mer Mer Mer Mer Mon Mon Mon Mon Mich Mich Kot Kot Sop

Wt %
Ag n.d. n.d. n.d. n.d. 0.16 n.d. 0.12 0.10 0.17 n.d. n.d. n.d. 0.01 34.55
Pd 16.27 29.05 17.50 23.15 14.28 6.26 10.41 7.44 8.52 24.12 23.82 36.56 39.31 24.78
Pt 0.02 n.d. 16.27 n.d. 17.76 29.89 24.35 29.48 26.89 0.02 0.01 4.00 n.d. n.d.
Au 0.25 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.05 n.d. 0.02 n.d. n.d.
Sn n.a. n.d. n.d. n.a. n.d. 0.05 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Sb n.d. 0.38 n.d. 0.01 n.d. n.d. 0.01 n.d. n.d. n.d. n.d. n.d. 0.01 n.d.
Te 75.97 66.86 64.00 48.63 47.39 48.37 49.53 52.58 46.42 34.40 30.67 43.98 36.53 41.03
Se n.d. n.d. 0.03 0.51 0.08 0.06 0.02 0.05 0.05 0.10 0.03 0.03 0.04 0.02
Bi 0.05 3.41 2.60 19.92 19.25 13.72 14.62 9.05 17.15 41.30 45.35 11.76 25.08 0.09
Pb n.d. n.a. n.d. 0.17 n.a. n.a. n.a. n.a. n.a. n.d. n.d. n.d. n.a. n.d.
Fe 0.34 0.29 0.16 1.15 0.12 0.34 0.09 0.14 0.16 0.08 n.d. 0.21 0.17 0.39
Ni 7.58 0.02 n.d. n.d. 0.01 n.d. 0.05 0.13 0.03 n.d. n.d. 0.03 n.d. 0.09
Cu 0.48 1.65 0.25 3.93 0.14 0.02 0.02 0.08 0.08 0.15 n.d. 0.39 0.04 0.64
S n.d. n.d. n.d. 2.43 n.d. n.d. n.d. n.d. n.d. 0.01 n.d. n.d. 0.01 n.d.
Total 100.96 101.66 100.81 99.90 99.19 98.71 99.22 99.05 99.47 100.23 99.88 96.98 101.20 101.59

At %
Ag n.d. n.d. n.d. n.d. 0.01 n.d. 0.01 n.d. 0.01 n.d. n.d. n.d. n.d. 3.94
Pd 0.51 0.97 0.64 0.76 0.58 0.27 0.43 0.31 0.36 0.97 0.98 0.89 0.95 2.87
Pt n.d. n.d. 0.32 n.d. 0.39 0.69 0.55 0.66 0.62 n.d. n.d. 0.05 n.d. n.d.
Au n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Sn n.a. n.d. n.d. n.a. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Sb n.d. 0.01 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Te 2.00 1.85 1.96 1.33 1.60 1.71 1.70 1.81 1.63 1.16 1.06 0.89 0.73 3.96
Se n.d. n.d. n.d. 0.02 n.d. n.d. n.d. n.d. n.d. 0.01 n.d. n.d. n.d. n.d.
Bi n.d. 0.06 0.05 0.33 0.40 0.30 0.31 0.19 0.37 0.85 0.95 0.14 0.31 n.d.
Pb n.d. n.a. n.d. n.d. n.a. n.a. n.a. n.a. n.a. n.d. n.d. n.d. n.a. n.d.
Fe 0.02 0.02 0.01 0.07 n.d. 0.03 0.01 0.01 0.01 0.01 n.d. 0.01 0.01 0.09
Ni 0.44 n.d. n.d. n.d. n.d. n.d. n.d. 0.01 n.d. n.d. n.d. n.d. n.d. 0.02
Cu 0.02 0.09 0.02 0.22 0.01 n.d. n.d. 0.01 0.01 0.01 n.d. 0.02 n.d. 0.12
S n.d. n.d. n.d. 0.26 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Total 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 2.00 2.00 11.00

Abbreviations: BH = Broken Hammer zone, SZ = South zone, n.a. = not analyzed, n.d. = not detected, Kot = kotulskite, Mer = merenskyite, Mich = mich-
enerite, Mon = moncheite, Sop = sopcheite



the dominant Pt mineral is moncheite (PtTe2); sperrylite, the
main Pt-mineral in Broken Hammer sulfide veins, seems to
be completely absent.

Moncheite occurs as individual grains up to 20 µm in di-
ameter, but one 80 µm grain showed exsolution of kotulskite
(PdTe) (Fig. 6C, D, H). The Pd content is between 6 and 10
wt percent, but the grain with kotulskite contained only 5.6 wt
percent Pd (Table 2). Te is substituted by 9 to 20 wt percent
Bi. Merenskyite is also very common at South zone. Most
grains are Bi rich (14–20 wt %) and contain more Pt (18–20
wt %) than merenskyite from Broken Hammer. Kotulskite
observed in one sample that exsolved from moncheite (Fig.
6B, C) was very Bi rich (25–34 wt %) but contained no Pt
(Table 2). Cabri and Laflamme (1976) reported even higher
Bi contents, and also no Pt, in kotulskite from the McCreedy
West mine. 

The unnamed Pd mineral (CuPdBiS3) was also identified in
this assemblage. The composition is again quite constant, al-
though 1 wt percent Pt had substituted for Pd (Table 1). One
grain of bohdanowiczite (AgBiSe2) was observed intergrown
with merenskyite and the unnamed Pd-mineral in a sample
from the South zone (Table 1). In the Sudbury area, bo-
hdanowiczite was only reported with uncertainty from the
McCreedy East deposit (Jago et al., 1994).

In the recently introduced classification by Farrow et al.
(2005) low-sulfide systems described from the McCreedy
West deposit include mineralization styles very similar to the
disseminated/replacement styles in this study. Assemblages
containing <1 vol % sulfide, but still highly PGE-bearing,
contribute significantly to the metal content of this style of
ore (Farrow et al., 2005).

Silicate-quartz dominated veins

Veins dominated by gangue minerals and containing vari-
ous amounts of sulfides are very abundant at both localities.
For example, the footwall of the Big Boy vein (exposed to the
northeast of it) displays very intense hydrothermal alteration
(Fig. 2). There, a dense stockwork of subparallel veins (both
sulfide and silicate-quartz dominated) is exposed within a
zone trending northeast-southwest. The intensity of this hy-
drothermal alteration is strongest near the Big Boy vein and
gradually decreases toward the northeast. The sulfide content
and mineralogy of the veins also show a gradual change and
may correspond to decreasing temperature or other physico-
chemical changes of the associated fluid.  

Close to the footwall of the Big Boy vein, the veins as thick
as 0.5 cm are entirely filled by quartz and have alteration sel-
vages of 3 to 4 cm width. These selvages contain epidote,
greenalite, and biotite. Biotite is rich in halogens (0.6 wt % Cl
and 0.14 wt % F).

Actinolite-dominated veins (Fig. 4C) are very common in
the entire hydrothermal stockwork northeast of the Big Boy
vein and show compositional zoning. Close to the main min-
eralized area they can be either fracture filling or replace-
ment type, and contain, apart from actinolite and epidote, a
high percentage of chalcopyrite and hematite (Fig. 5G). To
the northeast, toward the Fairway trench, fractures are filled
with actinolite and minor amounts of quartz and titanite. De-
spite the absence of sulfides, these veins have anomalous
PGE contents (0.2–0.4 g/t). 

Late, crosscutting quartz-chlorite-chalcopyrite veins are
also very common. They are less than 1 mm thick and have no
obvious alteration selvages. Chlorite is brunsvigite, with
greater than 1.0 wt percent NiO and negligible halogen con-
tents. Many 2- to 3-cm-wide veins contain coarse-grained
(0.5–1 cm), anhedral, milky quartz. Chalcopyrite occurs as in-
terstitial grains, locally accompanied by magnetite and mil-
lerite. In other cases, pyrite is rimmed by hematite and forms
up to 2 mm euhedral grains in quartz. Epidote is intergrown
with sulfides and occurs as inclusions in quartz and in bands
along vein walls (Fig. 5H). Veins have wide (up to 5 cm) al-
teration selvages composed of epidote and chlorite. 

All of these vein styles have anomalous precious- and base-
metal contents, the concentration of PGE attaining several
g/t. Similar veins are also found in mineralized sections of
drill core from Broken Hammer and extend the mineralized
zone beyond the central part that is rich in sulfide veins. 

At South zone, silicate-quartz–dominated veins are also im-
portant in trenches and in drill cores; however, they do not
form such a dense stockwork as exposed at the Broken Ham-
mer zone. Rather, they occur as individual veins striking
southeast-northwest (Fig. 3).

The different vein types described above are restricted to
mineralized zones. Apart from these, there are several hy-
drothermal vein types regionally distributed over the prop-
erty that are not related to the mineralization processes. Very
common are epidote-quartz-chlorite veins with a strike equiv-
alent to the two main structural features of the area (north-
northeast–south-southwest and northwest-southeast). This
type was described by Molnár et al. (2001) and Waczek
(2003), who observed these veins along the North Range and
within the Main Mass Sudbury Igneous Complex, as well.
Veins dominated by quartz, calcite, and chlorite, containing
various amounts of sulfides (chalcopyrite, pyrite, and mil-
lerite) are also regionally distributed. Many of these veins
strike north-south and are rimmed by an intense silicification
halo with disseminated pyrite. Even sulfide-rich varieties of
these veins have no anomalous precious metal contents. 

Geochemical Characteristics

Metal correlations

On a deposit scale, metal distribution was investigated
using the drill data sets of Wallbridge Mining Company Ltd.
To identify mineralized samples, we used cutoffs of 0.5 g/t Pt
+ Pd, 0.1 wt percent Cu, and 0.1 wt percent Ni. Base and pre-
cious metal concentrations, ratios, and correlations reported
below were determined using a data set obtained by using
these cutoffs (580 samples). Ratios and correlations involving
trace elements were determined using a data set of 465 sam-
ples, which contained values for all trace elements.

The data set using the Cu-Ni cutoff contains 892 samples;
applying the PGE cutoff resulted in a data set of 736 samples.
312 samples satisfy the Cu-Ni cutoff but contain less than 0.5
g/t Pt + Pd. These samples could be derived from Cu-Ni min-
eralization not related to the Sudbury Igneous Complex
and/or indicate PGE-poor parts of the Sudbury Igneous
Complex-related Broken Hammer mineralization. More in-
teresting is the large number (156) of samples with Pt+ Pd
concentrations equal to or above 0.5 g/t but having less than
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0.1 wt percent of both Cu and Ni, confirming that large parts
of the Broken Hammer system are extremely sulfide poor but
still rich in PGE. 

The same cutoffs were used to refine the much more lim-
ited data set of the South zone occurrence. A final set of 47
samples contained data for Cu, Ni, and precious metals; of
these samples only 13 also contained values for trace elements.

In the correlation matrix of geochemical data from Broken
Hammer, Pd correlates well with Cu and S (Table 4, Fig. 8);
however, there is no correlation with Ni. Other elements
showing positive correlation with Pd are (in decreasing order
of correlation): Te, In, Sn, Cd, Zn, and Bi (Table 4; Fig. 8). Pt
and Pd show very weak positive correlation. Pt has the
strongest correlation with As, and less so with Bi, Ag, Sn, and
Te in decreasing order. The correlation of Au with Ag is very
weak, but there is a good correlation of Au with Co, and Ag
with Sn and Bi.

At South zone the behavior of some metals, especially Pt,
shows important differences compared to Broken Hammer.
In this case, Pt has a quite strong relationship with Pd (r =
0.83) and many other trace metals (e.g., Te, r = 0.89; Sn, r =
0.87; Bi, r = 0.84; In, r = 0.81; As, r = 0.72; Cd, r = 0.71; Pb,
r = 0.68; Ag, r = 0.67; Au, r = 0.60). Metals showing positive
correlation with Pd are In (r = 0.91), Te (r = 0.90), As (r =

0.89), Sn (r = 0.88), Bi (r = 0.81), and Cd (r = 0.67). Both Pt
and Pd show strong positive correlation with S (r = 0.89 and
0.91, respectively) and have stronger relationship with Cu (r
= 0.84 and 0.93) than Ni (r = 0.70 and 0.50). The correlation
of Au and Ag is again very weak (r = 0.23). The strong rela-
tionship of Au with Co seen at Broken Hammer is not present
here. Instead we see quite good positive correlation of Au
with Bi (r = 0.86) and Te (0.71). Ag shows strong positive cor-
relation with Pb, Cd, Sn, Pt, and Sb (in decreasing order).  

Metal concentrations and ratios 

For the 580 samples that contain ≥0.5 g/t Pt + Pd and ≥0.1
wt percent Cu or Ni we used a method similar to that used by
Farrow et al. (2005) to subdivide the data into intervals of dif-
ferent S concentrations. Similar intervals were chosen for our
data set in order to be able to compare the Broken Hammer
occurrence to the different ore zones described by Farrow et
al. (2005).

Data were recalculated to 100 percent sulfide contents in
order to compare the metal tenor of different mineralization
styles and occurrences. As the sulfide mineralogy is domi-
nated by chalcopyrite and millerite, for this calculation we as-
sumed a sulfide phase with 35 wt percent S content (both
ideal chalcopyrite and millerite have S contents of about 35
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FIG. 8. Plots of Pd versus Te, In, S, Pt versus As, S and Pt versus Pd of the Broken Hammer zone. Note poor correlation
of Pt versus Pd, caused by the very irregular occurrence of the large grains (>1 mm) of dominant Pt mineral (sperrylite)
within the mineralized zone. Diamond drill core data set (n = 580) from Wallbridge Mining Company Ltd.



wt %). In some cases, we did not have a value for the S con-
tent of a given sample and could not recalculate the concen-
tration data. Because of nugget effects caused by extremely
high values, we also report median values.

The concentration of Cu recalculated to 100 percent sul-
fide is usually between 30 and 38 wt percent (median = 33 wt
%) in both disseminated sulfide and sulfide vein samples (see
table in App.), which is in good agreement with our observa-
tions that chalcopyrite is the dominant sulfide. However, Cu
contents above 35 wt percent (in some cases reaching values
above 50 wt %) indicate that secondary copper minerals (bor-
nite, chalcocite, and covellite) may also occur in significant
amounts. The concentration of Ni recalculated to 100 percent
sulfide is much more variable. It is typically below 5 wt per-
cent (median = 3.9 wt %) but can be as high as 50 to 60 wt
percent in millerite-rich samples. Rarely, Ni contents exceed
65 wt percent, which might be caused by the presence of Ni-
bearing minerals other than millerite, such as violarite. 

Both massive sulfide veins and disseminated-replacement
mineralization have very high concentrations of PGE, Au, and
Ag as well as Bi, Te, Zn, Pb, Sn, and other metals. The most
important trace metals forming minerals with Pt and Pd at
Sudbury are As, Bi, Sb, Sn, and Te (e.g., Cabri and Laflamme,
1976; Farrow and Lightfoot, 2002). The relative proportions
of these metals [e.g., Sn/(Te+Bi+Sn+Sb+As)] in Broken
Hammer sulfides are 45 percent Sn, 30 percent Bi, 15 per-
cent Te, 10 percent As, and << 10 percent Sb. 

The concentration of Pd in sulfide veins is consistently
high, with values typically between 20 and 40 g/t (see App.).
The distribution of Pt reflects a nugget effect, so its concen-
tration is much more variable (ranging from 0.1 g/t to as high
as several tens of g/t). The concentration of Au is usually be-
tween 0.5 and 3 g/t. The precious metal content of dissemi-
nated-replacement sulfides may reach similarly high values.

The differences in grade of various mineralization styles
can be best understood if we compare average and median
values of the different groups according to S contents (Table
3). The modal percent sulfide values shown in Table 3 can be
roughly correlated with mineralization styles (disseminated to
massive sulfides). The bulk concentration of PGE increases
with S content with the maximum values in massive sulfides.
The large difference between average and median PGE val-

ues of the 5 to 10 wt percent S group is caused by a sample
with very high nugget effect (Pt = 734 g/t, sample W10-10246
in App.) and shows the importance of using both average and
median values. Unexpectedly, gold values are highest in the
group containing 5 to 10 wt percent S and decrease in the
more massive sulfides. The highest values for silver also do
not correspond to the highest S contents; they have a maxi-
mum in the group containing 10 to 20 wt percent S. 

Metal concentrations recalculated to 100 percent sulfides
decrease by one or two orders of magnitude for all metals
from the disseminated to the massive sulfides (Table 3; App.). 

The Pt/(Pt + Pd) ratios decrease with increasing S (Table
3). Low-sulfide assemblages have roughly similar Pt and Pd
contents, whereas massive sulfide veins have much higher
concentrations of Pd than Pt. A similar trend was observed by
Farrow et al. (2005) in all studied deposits at the McCreedy
West mine and the Podolsky project. Compared to that data
set, the Broken Hammer occurrence resembles mostly the
PM deposit of the McCreedy West mine.

The average Pt/(Pt + Pd) ratio of the Broken Hammer oc-
currence is 0.44 (median = 0.48) with a peak between 0.5 and
0.6 (Fig. 9). However, the ratios have a wide range, and it is
common to find Pt/(Pt + Pd) values from nearly 0 to 1 in dis-
seminated sulfides within several meters of drill core. Al-
though the much more symmetric frequency plot of the
South zone occurrence has a peak between 0.4 and 0.5, the
average Pt/(Pt + Pd) value of 0.46 (median = 0.46) is very sim-
ilar to that at Broken Hammer. These values are comparable
with those of other footwall deposits; e.g., Farrow and
Watkinson (1997) report average Pt/(Pt +P d) values of 0.4 for
the Deep copper zone and 0.55 for the Barnet showing.

The Cu/(Cu + Ni) ratio of the Broken Hammer samples in-
creases with increasing S (Table 3). Low-sulfide assemblages
may contain significant Ni as well as Cu, but massive sulfide
veins contain only negligible amounts of Ni.  A similar trend
was observed in all deposits studied by Farrow et al. (2005). 

The average Cu/(Cu + Ni) ratio for Broken Hammer is 0.85
(median = 0.89), although the largest number of values are
above 0.9 (Fig. 9). South zone data indicate an average
Cu/(Cu + Ni) ratio of 0.84 (median = 0.85). Thus, both de-
posits show strong Cu enrichment characteristic of footwall
deposits of the Sudbury mining camp.
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TABLE 3.  Average and Median Metal Concentrations and Ratios of S Content Intervals of the 
Broken Hammer Drilling Data Set (n = 580, Drill Data From Wallbridge Mining Company Ltd.)

S (wt %) Modal % Pt+Pd Au Ag Pt+Pd Au Ag Pt/(Pt+Pd) Cu/(Cu+Ni)
interval sulfide n Recalc. to 100% sulfides

<1 <3 395 Av. 3.05 0.52 5.77 315.24 56.92 611.61 0.48 0.84
(Med.) (2.04) (0.25) (3.47) (236.89) (29.30) (375.89) (0.51) (0.87)

≥1–2 ≥3 to 6 47 Av. 8.36 1.34 11.77 214.30 34.02 307.28 0.40 0.88
(Med.) (4.80) (0.58) (5.83) (106.04) (14.88) (120.96) (0.39) (0.92)

≥2–5 ≥6 to 14 43 Av. 15.76 2.79 15.92 193.23 31.22 182.98 0.34 0.85
(Med.) (5.53) (0.92) (9.05) (68.87) (10.53) (84.53) (0.30) (0.94)

≥5–10 ≥14 to 29 20 Av. 57.79 8.74 19.48 414.62 26.33 128.24 0.40 0.86
(Med.) (15.37) (1.51) (14.65) (63.63) (8.51) (75.44) (0.42) (0.97)

≥10–20 ≥29 to 57 16 Av. 17.59 2.03 17.13 47.58 4.97 41.53 0.19 0.96
(Med.) (14.30) (1.09) (15.90) (51.46) (4.32) (31.55) (0.18) (0.98)

≥20 ≥57 9 Av. 34.89 1.83 15.22 146.12 8.82 73.38 0.23 0.99
(Med.) (34.98) (1.15) (5.80) (41.034) (1.43) (6.40) (0.11) (1.00)

See text for details regarding trends in the table



Fluid Inclusion Studies

Fluid inclusion petrography

Fluid inclusions in quartz of massive sulfide veins, dissem-
inations, and quartz-silicate-(sulfide) veins are classified into
two major types according to their phase compositions ob-
served at room temperature. All samples contain several gen-
erations of fluid inclusions which are classified on the basis of
their origin and relative time of entrapment (primary, early
secondary, late secondary).  

Type I inclusions are saturated aqueous inclusions with
liquid + vapor + solids (Laq + V+ Sn). The vapor phase occu-
pies about 15 to 20 vol percent in these inclusions. In addition
to halite they may also contain one or two other daughter

minerals. Polyphase inclusions containing an oval green
daughter mineral, with dark outline and weak anisotropy (re-
ferred to as SX1), are classified as type IA (Fig. 10A, B). Those
saturated-aqueous inclusions which lack this phase are re-
ferred to as type IB inclusions (Fig. 10C). Both type IA and
IB inclusions may contain another daughter phase, which is
normally isotropic, colorless, and has variable habit.

Type IA inclusions are observed as isolated objects or
groups of several inclusions, independent of any fracture in
quartz of massive sulfide and silicate-quartz dominated veins,
and in the newly formed parts of recrystallized quartz in dis-
seminated sulfides and are considered to be primary fluid in-
clusions. Type IB inclusions are mostly isolated in quartz of
silicate-quartz–dominated veins. They also occur along short
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TABLE 4.  Correlation Coefficient Matrix of Various Elements from the Broken Hammer Zone (n = 465, drill data from Wallbridge Mining Company Ltd.)

Cu Ni S Pt Pd Au Ag As Bi Cd Co In Pb Sb Sn Te Zn

Cu 1.00
Ni 0.12 1.00
S 0.73 0.21 1.00
Pt 0.18 0.04 0.14 1.00
Pd 0.72 0.12 0.71 0.26 1.00
Au 0.15 0.29 0.21 0.06 0.29 1.00
Ag 0.24 0.07 0.21 0.37 0.37 0.22 1.00
As 0.15 0.70 0.18 0.56 0.14 0.09 0.22 1.00
Bi 0.31 0.40 0.28 0.45 0.43 0.14 0.54 0.57 1.00
Cd 0.74 0.03 0.40 0.20 0.51 0.05 0.12 0.09 0.23 1.00
Co 0.16 0.85 0.21 0.05 0.22 0.59 0.12 0.53 0.32 0.07 1.00
In 0.93 0.16 0.72 0.19 0.73 0.19 0.23 0.14 0.32 0.81 0.21 1.00
Pb –0.01 –0.07 –0.07 0.20 0.00 –0.05 0.26 0.15 0.26 0.16 –0.06 –0.04 1.00
Sb 0.10 0.05 0.03 0.05 0.03 –0.02 0.16 0.12 0.16 0.14 0.03 0.13 0.16 1.00
Sn 0.52 0.19 0.53 0.35 0.69 0.39 0.55 0.26 0.54 0.30 0.26 0.55 0.06 0.08 1.00
Te 0.75 0.21 0.56 0.35 0.85 0.24 0.45 0.26 0.53 0.59 0.27 0.80 0.04 0.11 0.67 1.00
Zn 0.66 0.07 0.35 0.17 0.47 0.07 0.13 0.13 0.24 0.74 0.12 0.71 0.18 0.16 0.35 0.54 1.00

Positive correlation coefficients above 0.5 are shown in bold
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FIG. 9. Comparison of Pt/(Pt + Pd) and Cu/(Cu + Ni) frequency plots. Note very different Pt/(Pt + Pd) patterns of the two
zones, caused by differences in distribution and mineralogy of Pt. Diamond drill core data set from Wallbridge Mining Com-
pany Ltd.



fractures that terminate within the quartz grains and, there-
fore, are considered to be primary and early secondary in
quartz-silicate–dominated veins.

Type II unsaturated aqueous inclusions do not contain solid
phases and have a liquid + vapor (Laq + V) phase composition
at room temperatures (Fig. 10D). The vapor phase percent-
age is about 5 vol percent. Type II inclusions occur in frac-
ture-related fluid inclusion trails in massive sulfide veins, in
most quartz-silicate-(sulfide) veins and in disseminated as-
semblages. Therefore, these inclusions are considered to be
late secondary in these samples. In quartz of some regionally
distributed late veins, type II inclusions are probably primary,
because their distribution in the host mineral is random and
not related to fractures.  

Fluid inclusion microthermometry

Type IA inclusions: During heating of type IA inclusions,
homogenization of the vapor phase occurred between 124°
and 391°C, mostly at lower temperatures than halite dissolu-
tion (223°–363°C) (Table 5). The last phase to dissolve was al-
ways the green SX1 phase, which gave total homogenization
temperatures of these inclusions from 415° to 492°C (Fig.

11). The other daughter crystal dissolved between 81° and
430°C. Freezing of these type IA inclusions was never
achieved, despite cooling and cycling to very low tempera-
tures (–180°C). This is due to the sluggish nature of nucle-
ation of ice and hydrate phases in fluid inclusions having
highly saline and complex composition (Shepherd et al.,
1985). Dissolution temperatures of halite correspond to 33 to
44 wt percent NaCl equiv salinity of this fluid type. However,
these values are only estimations, because the presence of ad-
ditional daughter minerals and other cations has an effect on
the solubility of halite and dissolution of halite took place
under vapor-absent conditions (Linke, 1965; Bodnar, 1994).

Type IB inclusions: The vapor phase in these inclusions al-
ways homogenized at lower temperatures (73°–260°C) than
the dissolution of halite (219°–371°C) (Table 5). Total ho-
mogenization of these fluid inclusions always took place by
dissolution of halite; other daughter minerals always ho-
mogenized at lower temperatures (70°–165°C). Halite dis-
solution temperatures correspond to salinities of 29 to 44 wt
percent NaCl equiv, which is again an estimate owing to the
presence of other cations in addition to Na and dissolution
of halite in the absence of a vapor phase. In cases where

1020 PENTEK ET AL.

0361-0128/98/000/000-00 $6.00 1020

qtz

qtz

ep

FIG. 10. Photomicrographs of fluid inclusion types associated with Cu-Ni-PGE mineralization of the Broken Hammer
zone. A. Primary type IA inclusions in quartz of massive sulfide vein. Quartz is hosted by chalcopyrite, and is intergrown with
epidote. Note polyphase composition of inclusion containing also the green, slightly anisotropic daughter crystal (SX1) with
dark outlines. B. Primary type IA inclusion in quartz of a hydrous silicate-dominated assemblage. Note PGM inclusion asso-
ciated with the inclusion. Note another daughter mineral (SX2) in addition to the green phase SX1. C. Primary type IB in-
clusion in quartz of a PGE-bearing silicate-quartz-dominated vein. D. Secondary type II fluid inclusion trails cutting quartz
of a massive sulfide vein. Quartz is hosted by chalcopyrite, intergrown with epidote, and contains inclusions of sulfides.



freezing of inclusions could be achieved, eutectic melting
temperatures range from –50° to –75°C, whereas final melt-
ing of ice occurred between –43° and –62°C. These data in-
dicate the presence of Ca and other divalent cations in addi-
tion to Na in the fluid (Linke, 1965; Oakes et al., 1990). 

Type II inclusions: Type II secondary inclusions always ho-
mogenized to liquid between 105° and 157°C (Table 5). Eu-
tectic melting occurred between –50° to –54°C and ice-melt-
ing temperatures were from –13° to –30°C. Salinities
calculated from ice-melting temperatures using CaCl2-H2O
model composition are between 17 and 25 wt percent CaCl2
equiv.

Discussion

Characteristics of Cu-Ni-PGE mineralization

During this study we distinguished three types of PGE-
bearing mineralization that were observed in both occur-
rences (Broken Hammer and South zone). Massive sulfide
veins at the Broken Hammer system can be compared to sim-
ilar veins of classical footwall deposits, for which there is very
detailed information, especially in the North Range (e.g., Li
et al., 1992, Li and Naldrett, 1993a, b; Farrow, 1994; Jago et
al., 1994; Farrow and Watkinson, 1997; Everest, 1999). Much
less information is available on the sulfide-poor assemblages
(Farrow et al., 2005), such as the disseminated-replacement
mineralization and silicate-quartz dominated veins of this
study. 

Sulfide veins at Broken Hammer are dominantly composed
of chalcopyrite and magnetite, with an increasing percentage
of millerite (and thus increasing Ni content) and bornite to-
ward the outer part of the mineralized zone. A similar trend
was also observed at the McCreedy West deposit (Li et al.,

1992; Farrow, 1994; Everest, 1999). Although pentlandite,
cubanite, and pyrrhotite are major sulfides in other footwall
deposits (Li et al., 1992; Money, 1993; Everest, 1999), they
are either absent (pyrrhotite, cubanite) or they are present in
very minor amounts (pentlandite) at Broken Hammer. The
formation of magnetite in multiple stages (and replacement
of the first stage magnetite by chalcopyrite) is also character-
istic of the McCreedy West mine (Everest, 1999).

Hydrous silicates and quartz are also major primary con-
stituents of sulfide veins and their alteration halos in the Bro-
ken Hammer zone. Previous studies from other footwall de-
posits have shown that there is a gradational, spatial increase
of gangue minerals toward the terminations of individual sul-
fide veins (e.g., Li et al., 1992; Hanley et al., 2005). This fea-
ture could not be observed in the complex Broken Hammer
stockwork. However, there is a decrease in sulfides (and in-
crease in gangue minerals) from the Big Boy vein to the
northeast in the Broken Hammer system as exposed and in-
tersected by diamond drilling. The dominant assemblage of
hydrous silicates (epidote, actinolite, greenalite, and biotite)
is comparable to that reported from other footwall-type de-
posits (e.g., Li and Naldrett, 1993a; Farrow, 1994; Everest,
1999).

Both mineralogy and metal contents of disseminated-re-
placement mineralization are similar to those observed in sul-
fide veins, and in many cases, silicate-quartz–dominated veins
also have anomalous PGE and base metal contents. The ob-
servations on these sulfide-poor assemblages are very impor-
tant in understanding the formation of the whole PGE-bear-
ing system. 

The trace and precious metal mineral assemblages ob-
served at both localities are unique. At Broken Hammer, the
PGM dominantly occur as composite grains of up to five
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TABLE 5.  Summary of Microthermometric Data Measured in Fluid Inclusions Associated with Cu-Ni-PGE Mineralization of the Broken Hammer Zone

Th (L-V)L Th (L-H)L Th (L-SX1)L Th (L-SX2)L Th (total) T eut Tm (ice) Salinity
Origin of Type of average average average average average average average average

Type of fluid fluid range range range range range range range range
sample inclusion inclusion n n n n n n n n

Massive Primary Type IA 134 298 454 138 454
sulfide veins 105–165 290–310 441–470 120–185 441–470

8 5 5 5 5

Secondary Type II 185 185
128–225 128–225

6 6

Silicate– Primary Type IA 196 313 460 158 460 39 (Na)1

quartz- 124–391 223–363 415–492 81–430 415–492 33–44
sulfide veins 22 22 22 8 22 22

Primary Type IB 171 291 103 291 61 47 38 (Na)
and early 73–260 143–371 70–165 151–371 –75 to –50 –62 to –42 29–44
secondary 46 46 15 46 7 7 46

Secondary Type II 133 133 51 –16 21 (Ca)2

105–157 105–157 –54 to –50 –30 to –19 17–25
11 11 9 9 9

Th (L-V)L = homogenization temperature of vapor phase, Th (L-SX1)L = homogenization temperature of solid phase SX1, Th (L-SX2)L = homogenization
temperature of solid phase SX2, Th (total) = total homogenization temperature, Te = eutectic temperature, Tm (ice) = ice melting temperature

1 Salinity in wt % NaCl equiv 
2 Salinity in wt % CaCl2 equiv



phases hosted by sulfides or hydrous silicates and quartz.
Major minerals in these intergrowths are merenskyite, mich-
enerite, the unnamed Pd-sulfide (CuPdBiS3), and wittichen-
ite, which occur in multiple combinations with less common
trace and precious metal minerals. Intergowths of up to 5
phases were also described from the Strathcona mine (Cop-
per zone and Deep copper zone) and the McCreedy West
mine (e.g., Li and Naldrett, 1993b; Farrow, 1994; Farrow and
Watkinson, 1997). Although sperrylite is the most common Pt
mineral at Broken Hammer, it is never present in the inter-
growths. The random distribution of the individual sperrylite
grains up to 2 mm in diameter might be the reason for several
geochemical signatures observed in this occurrence: (1) the
nugget effect of Pt in sulfide veins, (2) the good correlation of
Pt and As, (3) the poor correlation of Pt with other metals (in-
cluding Pd), and (4) the very irregular pattern of the Pt/(Pt +
Pd) frequency plot. Wittichenite was never found to be very
common in footwall-type deposits (e.g., Li and Naldrett,

1993b; Farrow and Watkinson, 1997; Farrow and Lightfoot,
2002), while the unnamed Pd-sulfide has not been described
before. This sulfide was discovered at Broken Hammer by
Watkinson et al. (2005) and was also observed at South zone
during this study. Our microprobe analyses, showing signifi-
cant amounts of Ni incorporation instead of Pd, confirm that
this unnamed mineral might be the Pd equivalent of mück-
eite (CuNiBiS3) (Watkinson et al., 2005). 

The strong correlation of Pd with Te and Bi is easily under-
stood, given the assemblage of Pd minerals. The strong rela-
tionship with Sn, In, Cd, and Zn may reflect the occurrence
of cassiterite and sphalerite spatially associated with Pd min-
erals. The strong correlation of Au with Co is not yet under-
stood, but a similar relationship was observed in some alter-
ation facies of the Fraser mine Epidote zone (Farrow, 1994).

In disseminated-replacement mineralization of the South
zone, it is very common to find single grains of PGM hosted
by silicates. Intergrowths are less common and are composed
of two to three phases. At the Strathcona Deep copper zone
and the Barnet showing single grains were also found to be
more common than intergrowths (Farrow, 1994). 

At South zone, moncheite and merenskyite dominate the
PGM assemblage. The absence of sperrylite and the much
stronger correlation of Pt with Te than As support the obser-
vation that moncheite is the major Pt-bearing mineral at this
occurrence. The lack of a strong positive correlation between
Au and Co at this location, as well as the strong relationship
of Au with Bi and Te, may indicate other mineralogical dif-
ferences between the two occurrences which are not known
at this time. 

At both occurrences telluride and sulfide minerals domi-
nate among the trace and precious metal minerals and are ac-
companied by bismuth tellurides, selenides, and an arsenide
(sperrylite) at the Broken Hammer occurrence. Compared to
well-known footwall-type deposits, the mineralogy of the two
occurrences described here shows the greatest similarities to
the McCreedy West deposit and the Barnet showing (Cabri
and Laflamme, 1976; Farrow, 1994; Farrow and Watkinson,
1997; Everest, 1999). The McCreedy East and Strathcona de-
posits (Copper and Deep copper zones) also include bis-
muthides and Sn-bearing minerals (Li and Naldrett, 1993b;
Farrow, 1994; Farrow and Watkinson, 1997; Molnár et al.,
2001), which seem to be absent from the occurrences studied
here despite the high concentrations of Sn. According to the
mineralogy and the trace element correlations at both loca-
tions, we conclude that the best indicator elements for foot-
wall-type Cu-Ni-PGE mineralization in the Wisner area are
In, Te, Sn, Bi, As and, to a lesser extent, Cd, Co, and Zn.

Our fluid inclusion studies performed on samples from the
Cu-PGE-rich mineralized zone at Broken Hammer revealed
fluid inclusion populations very similar to those described
from other footwall-type deposits of the North Range (Far-
row and Watkinson, 1992; Li and Naldrett, 1993a; Farrow,
1994; Molnár et al., 2001; Hanley et al., 2005). Our type IA
fluid inclusions represent the relatively high temperature
(min 400°–500°C), high salinity fluids of the magmatic-hy-
drothermal system developed below the Sudbury Igneous
Complex. This indicates that hydrothermal fluid flow driven
by the cooling Sudbury Igneous Complex was not locally re-
stricted (e.g., in the Onaping-Levack embayment) but also
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was present in several zones of the footwall along the North
Range and was related to Cu-Ni-PGE deposition in the foot-
wall of the Wisner area. Type IB inclusions found in many sil-
icate-quartz–dominated veins are similar to those of some late
brines described from the other deposits, most likely a late,
lower temperature (min 300°–400°C) stage of the Sudbury
Igneous Complex-related magmatic-hydrothermal system
(Molnár et al., 2001). PGE contents up to several grams per
ton in the same veins indicate that these fluids were still metal
bearing. Fluid inclusions similar to our type II inclusions
occur regionally and are most probably not related to the hy-
drothermal system driven by the Sudbury Igneous Complex
(Marshall et al., 1999; Molnár et al., 2001). 

Implications for the formation of Cu-Ni-PGE mineralization

The formation of footwall-type Cu-Ni-PGE deposits is still
not completely understood, despite good knowledge of the
most significant deposits of this type (McCreedy East and
West, Strathcona copper zone and Deep copper zone). Some
emphasize the importance of hydrothermal processes in the
formation of these orebodies, whereas others favor a combi-
nation of magmatic and hydrothermal processes. Below we
compare these two models, including our observations from
the Broken Hammer and South zone occurrences.

In the magmatic-hydrothermal model, the footwall-type
sulfide veins represent a highly fractionated sulfide melt that
intruded the footwall rocks from the Sudbury Igneous Com-
plex-footwall contact (Morrison et al., 1994). The Sudbury Ig-
neous Complex basal contact hosts the world-class massive
sulfide Ni-Cu-PGE orebodies, which have been mined in the
Sudbury camp for over a century. These deposits have Ni/Cu
ratios less than 1, and PGE contents are also mostly less than
1 g/t (Farrow and Lightfoot, 2002). Several studies document
a fractionation trend in which Cu and precious metals are en-
riched toward the lower parts of the orebodies, close to the
footwall contact (e.g., Naldrett et al., 1994). As a result, it is
argued that the footwall-type sulfide veins might represent
extremely fractionated liquids of magmatic sulfide. This mo-
bile sulfide melt might have been intruded along structural
pathways into footwall units, especially intensely brecciated
zones of the footwall (Sudbury Breccia). This model applies
best to the McCreedy West deposit, where a physical con-
nection between the Ni-rich contact ore and the Cu-PGE-
rich footwall ore is evident. After this initial emplacement of
magmatic sulfide melt, hydrothermal fluids are thought to
have remobilized and redistributed the metals (Li et al., 1992;
Li and Naldrett, 1993a; Jago et al., 1994; Hanley et al., 2005). 

Other studies favor formation of footwall-type Cu-Ni-PGE
mineralization mainly by hydrothermal processes (Farrow,
1994; Farrow et al., 2005; Farrow and Watkinson, 1996;
Watkinson, 1999; Molnár et al., 1997, 1999, 2001). According
to this model, hydrothermal fluid flow driven by the heat of
the cooling Sudbury Igneous Complex was responsible for
the deposition of these orebodies. The high-temperature, hy-
persaline, magmatic fluids were capable of remobilizing Cu
and precious metals from the contact-type ore, transporting
them along structural pathways and redepositing them in re-
sponse to changes in fluid and/or host rock composition. 

During crystallization of the igneous complex, footwall units
suffered intense contact metamorphism at temperatures of

600°C up to about 300 m and 400°C up to about 600 m from
the contact (Dressler, 1984b; Coats and Snajdr, 1984; Hanley
and Mungall, 2003; Prevec and Cawthorn, 2002). Within this
zone of elevated temperature, fluids are thought to have been
mobilized and interacted with footwall rocks and Sudbury Ig-
neous Complex-footwall contact units. Some studies indicate
that partial melting of footwall rocks also occurred, and that
this process resulted in the formation of irregular to veinlike
felsic rocks with granophyric texture and abundant miarolites
(Coats and Snajdr, 1984; Molnár et al., 2001). These partial
melts intruded Sudbury Igneous Complex units, footwall
rocks, and contact magmatic sulfides. Molnár et al. (2001) re-
ported that high-salinity brines exsolved during crystallization
of this partial melt and contributed to the magmatic-hy-
drothermal system below the Sudbury Igneous Complex.
However, it is very likely that fluids from other sources were
also present in this hydrothermal system. Other major
sources proposed include (1) regional groundwater-metamor-
phic fluids, (2) magmatic fluids exsolved from the Sudbury Ig-
neous Complex, and (3) magmatic fluids exsolved from highly
fractionated sulfide melts (Li et al., 1992; Farrow, 1994; Jago
et al., 1994; Marshall et al., 1999; Molnár et al., 2001; Mc-
Cormick et al., 2002a; Hanley et al., 2005). Features repre-
senting fluid exsolution have been reported from the Main
Mass of the Sudbury Igneous Complex (especially the gra-
nophyre unit: Ames et al., 1998; Wáczek, 2003), but fluids ex-
solving from these units migrated upwards and did not take
part in the hydrothermal system developed under the Sud-
bury Igneous Complex. Recent studies indicate that H2O and
halogens may be soluble in sulfide melts (Mungall and Bre-
nan, 2003; Wykes and Mavrogenes, 2005), but fluids exsolv-
ing from these sulfide liquids are unlikely to have been of
sufficient volume to play a significant role in the magmatic-
hydrothermal system. Thus, the main components of this sys-
tem were most probably fluids released from partial melting
at the Sudbury Igneous Complex-footwall contact and of the
footwall itself, as well as mobilized regional groundwater from
the footwall rocks.

Fluid inclusion studies of different footwall-type deposits of
the North Range (Farrow and Watkinson, 1992; Li and Nal-
drett, 1993a; Farrow, 1994; Molnár et al., 2001; Hanley et al.,
2005; this study) confirm that the magmatic-hydrothermal
system below the Sudbury Igneous Complex had a relatively
high temperature (300°-500°C) and contained high salinity
fluids (up to 50 wt % NaCl equiv). Experimental studies indi-
cate that such fluids are capable of transporting high concen-
trations of Pt and Pd. Low-temperature (<300°C) experi-
ments (Gammons et al., 1992; Gammons, 1995) have shown
that under acidic (pH<3) and oxidizing conditions (hematite
stability field) very high solubilities in the ppm range of Pt
and Pd chloride complexes can be attained. In their experi-
ments at 400°-500°C, Xiong and Wood (2000) also reported
high solubilities of Pd under acidic (pH= 4.5–5) and oxidizing
(nickel-nickel oxide to magnetite-hematite buffer) conditions,
even in a low salinity fluid. However, according to Hanley
(2005) conditions during hydrothermal Ni-Cu-PGE mineral-
ization are more likely to have been reducing and at near-neu-
tral pH, more suitable for transport of Pt and Pd as bisulfide
complexes (Gammons and Bloom, 1993; Pan and Wood,
1994). We suggest that the fO2 and pH conditions of the
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Sudbury Igneous Complex-related hydrothermal system were
variable (both spatially and with time) due to fluid-rock inter-
action, as indicated by changes in mineralogy (e.g., the domi-
nant Fe-bearing mineral is magnetite at Broken Hammer sul-
fide veins, whereas pyrite is dominant in the narrow sulfide
veins at the South zone, and hematite occurs in silicate-quartz
dominated veins at both localities).

The capability of Sudbury Igneous Complex-related hy-
drothermal fluids to transport high concentrations of PGE is
indicated by the assemblages themselves. “Low-sulfide” min-
eralization described by Farrow et al. (2005) from the PM de-
posit at McCreedy West is similar to that observed at the Bro-
ken Hammer and South zone occurrences and is interpreted
to be hydrothermal in origin. Extremely high PGE contents
suggest that these disseminated-replacement assemblages
were formed by highly enriched PGE-bearing fluids. Recent
laser ablation ICP-MS analyses on brine and hydrocarbon
fluid inclusions from the footwall-type deposit at Fraser mine
have shown that these fluids contain high concentrations of
Cu (0.1–1 wt %), Au, Bi, Ag and Pt (0.1–10 ppm range) (Han-
ley et al., 2005). 

Thus, it is possible that hydrothermal processes could have
been entirely responsible for the formation of the two studied
footwall-type occurrences rather than just redistributing met-
als after initial magmatic emplacement of sulfide melt. This
may explain a number of features of footwall deposits (in-
cluding Broken Hammer and the South zone occurrences).
(1) Most of the footwall-type deposits, except McCreedy
West, lack an obvious physical connection to a contact ore-
body. For example, deposits at the Strathcona mine (the
Deep copper zone and Copper zone) are located 600 and 300
m from the contact. The Broken Hammer and South zone oc-
currences are 1,300 and 500 m from the contact. (2) Sulfide
veins in all footwall deposits are at most several meters wide
(e.g., the Big Boy vein at Broken Hammer); most are less than
10 cm wide. At the South zone occurrence all the veins are
less than 5 cm wide. It is unlikely that fractionated sulfide
melt could intrude several hundred meters into the footwall
in such thin veins. (3) The sulfide and gangue mineralogy is
very similar in sulfide veins and the disseminated-replace-
ment assemblages, which are interpreted to be entirely hy-
drothermal. (4) Quartz grains in massive sulfide veins contain
primary type IA fluid inclusions; in some cases similar pri-
mary fluid inclusions also occur in sulfides of the same veins
(Farrow, 1994). (5) Primary type IA and IB fluid inclusions
occur not only near sulfide veins, but also within the sulfide-
poor assemblages which are found in a large area (and locally
in very dense stockworks) within the Broken Hammer zone
up to tens of meters from the best developed mineralization
(containing the Big Boy vein). The predominance of high-
temperature (450°–500°C) fluid and disseminated-stockwork
mineralization is most consistent with a hydrothermal origin.
(6) A random distribution of precious metals in sulfide veins
was observed in many cases (Li et al., 1992), including the ob-
served nugget effects of Pt, Au, and Ag at Broken Hammer.
Such a distribution might be caused by a hydrothermal redis-
tribution after magmatic emplacement (Hanley et al., 2005),
but in some instances (like the random occurrence of sper-
rylite inclusions in chalcopyrite of Broken Hammer sulfide
veins) it is more likely a primary feature. The large-scale

zonation of metals (e.g., increase in Ni content toward the
outer parts of footwall-type deposits, and the decreasing
trend of Cu/(Cu + Ni) values with decreasing S contents seen
at Broken Hammer) is not consistent with the fractionation
trend of sulfide liquids (cf. Naldrett, 1984; Li et al., 1992;
Naldrett et al., 1994).

According to the recently proposed hydrothermal model of
Farrow et al. (2005), low-sulfide, PGE-rich mineralization
was a product of the Sudbury Igneous Complex-related fluids
due to fluid-rock interaction. Formation of  “sharp-walled”
Cu-rich veins occurred when dilational features developed
due to final tectonic readjustment of the Sudbury structure,
which led to the “freezing” of the system. The South zone
mineralization can be regarded as a low-sulfide, PGE-rich
system, whereas the Broken Hammer occurrence appears to
be a hybrid system, as a large percentage of the metal is
hosted by the sharp-walled Big Boy vein.

Although our studies do not rule out the possibility of an
initial sulfide melt emplacement, they prove the importance
of hydrothermal fluids in the formation of the Broken Ham-
mer and South zone mineralization. There is much evidence
that magmatic hydrothermal fluids were responsible for the
formation of disseminated, low-sulfide, PGE-rich mineraliza-
tion and that they were present and possibly played a signifi-
cant role in the deposition of sharp-walled veins as well.

Conclusions
The Cu-Ni-PGE mineralization at Broken Hammer and

South zone occur in intensely brecciated zones of the footwall
(Sudbury Breccia), about 1,300 and 500 m, respectively,
north of the present Sudbury Igneous Complex-footwall con-
tact. Several mineralization styles were observed. The South
zone occurrence is a low-sulfide, PGE-rich system, according
to the classification of Farrow et al. (2005), whereas the Bro-
ken Hammer deposit is a hybrid system, containing the sharp-
walled Big Boy sulfide vein. Although massive veins account
for the major portion of the ore, sulfide-poor assemblages
may have similarly high precious metal contents and are sig-
nificant in understanding the whole PGE-bearing system.
Metal distribution patterns identified using grab sample and
drilling data sets from both localities reveal important differ-
ences between the two deposits and the various mineraliza-
tion styles; e.g., increasing Cu/(Cu + Ni) and decreasing
Pt/(Pt + Pd) ratio with increasing sulfide content; metal con-
centrations recalculated to 100 percent sulfides decrease by
up to two orders of magnitude from the disseminated to the
massive sulfides. The primary assemblages are dominated by
chalcopyrite, millerite, magnetite, and/or pyrite, quartz, and
hydrous silicates, whereas pentlandite and pyrrhotite occur
rarely. These are always accompanied by a wide variety of
trace minerals, including minerals typical of footwall-type de-
posits (e.g., merenskyite, michenerite, hessite) and also min-
erals found only in a few Sudbury deposits (e.g., clausthalite,
sopcheite, naumannite, bohdanowiczite). An unnamed
CuPdBiS3 mineral is one of the most abundant PGM at Bro-
ken Hammer, and might be a Pd equivalent of mückeite (Cu-
NiBiS3).

We suggest that disseminated-replacement assemblages
were formed by a primary magmatic-hydrothermal system
driven by the heat of the cooling Sudbury Igneous Complex.
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These fluids were also present and possibly played an im-
portant role during the deposition of massive sulfide veins.
The fluid responsible for mineralization was relatively hot
(min 400°–500°C) and had high salinity (30–40 wt % NaCl
equiv), as indicated by primary fluid inclusions in quartz.
This fluid was capable of leaching mobile elements such as
Cu and precious metals from primary, magmatic ores (prob-
ably at the Sudbury Igneous Complex-footwall contact), and
transporting and redepositing them in the structurally fa-
vorable part of the Broken Hammer and South zone areas.
This indicates that hydrothermal fluid flow driven by the
cooling Sudbury Igneous Complex was not locally restricted
(e.g., in the Onaping-Levack embayment) but also was pre-
sent and responsible for Cu-Ni-PGE deposition in other
zones of the footwall along the North Range. The fluids fol-
lowed zones of Sudbury Breccia but also two structural ori-
entations (150°–330°, 50°–230°) related to the emplace-
ment and deformation of the Sudbury Igneous Complex
that were preferred pathways as indicated by stockworks of
hydrothermal veins in both cases. The preferred occurrence
of disseminations and replacements at lithological contacts
indicates the importance of geochemical barriers in metal
deposition. As both Broken Hammer and the South zone
occur close to the regional contact of Wisner Gabbro with
quartz monzonite, it is possible that such geochemical
changes influenced even the large-scale distribution of Cu-
Ni-PGE mineralization. 

Silicate-quartz-(sulfide) veins contain inclusions of fluids
representing the later stage of the Sudbury Igneous Complex-
related magmatic-hydrothermal system. This lower tempera-
ture (min 300°–400°C) fluid was still capable of transporting
metals, as indicated by the occurrence of sulfides and anom-
alous PGE-contents in these veins. Late, low-temperature
(100°–200°C), hydrothermal veins without PGE-contents are
regionally distributed and were formed by processes not re-
lated to the magmatic hydrothermal system of the Sudbury
Igneous Complex. 
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APPENDIX
Metal Contents of Representative Grab and Drill Core Samples from the Broken Hammer and South Zone Occurrences 

Sample Type2 Cu Ni S Pt Pd Au Ag As Bi Cd
Sample location1 no. (wt %) (wt %) (wt %) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

BHZ BB BH-13 Qtz-sil v. 1.36 0.16 0.91 0.04 0.24 0.50 7.88 1.20 6.81 0.08
BHZ BB BH-10 Dissem. 6.99 0.34 6.16 4.15 9.76 0.64 23.50 4.50 27.10 0.57
BHZ BB BH-03 Mass.sulf. 24.90 5.18 >10 2.46 39.70 1.47 88.70 6.80 120.00 0.48
BHZ BB BH-15 Mass.sulf. 34.90 0.01 >10 8.37 29.80 1.12 19.20 12.50 65.90 20.20
BHZ BB BH-16 Mass.sulf. 32.00 0.42 >10 32.40 38.20 0.75 5.00 22.10 65.00 8.50
BHZ BB BH-18 Mass.sulf. 26.50 0.02 >10 1.41 20.50 2.61 7.34 1.90 31.20 9.72

BHZ W15 14803 1 0.34 0.08 0.27 7.25 2.18 0.40 15.90 4.40 23.20 0.44
BHZ W15 14787 1 0.13 0.03 0.17 0.50 0.47 0.10 3.90 1.00 5.99 0.38
BHZ W16 14870 1 0.61 0.02 0.46 5.13 3.31 0.90 1.50 0.80 8.22 0.02
BHZ W17 14899 1 0.28 0.17 0.26 27.90 2.96 1.44 2.60 7.10 16.30 0.18
BHZ W17 14911 1 0.40 0.28 0.43 7.36 4.99 0.86 0.90 3.10 19.90 0.18
BHZ W07 WAL9322 1 0.41 0.07 0.32 0.06 2.18 0.13 1.30 n.a. n.a. n.a.
BHZ W22 12471 1 0.43 0.05 0.45 2.19 2.08 0.94 5.20 2.00 19.20 0.17

BHZ W07 WAL9369 2 1.25 0.11 1.20 7.28 30.40 9.46 45.50 n.a. n.a. n.a.
BHZ W15 14754 2 2.02 0.08 1.93 35.99 9.88 2.61 30.90 8.70 235.40 0.26
BHZ W27 15285 2 1.88 0.38 1.74 15.19 5.39 0.68 3.70 2.00 15.00 0.06
BHZ W39 16461 2 1.22 0.04 1.25 23.60 8.98 0.31 1.60 4.10 10.30 0.10
BHZ W42 18697 2 1.23 0.04 1.32 2.99 3.91 0.27 10.25 1.60 12.75 0.38
BHZ W64 19956 2 1.78 0.11 1.88 0.46 1.42 0.50 1.01 0.20 6.04 0.05
BHZ W66 503910 2 0.44 0.04 1.23 16.30 14.00 1.41 60.10 2.50 145.00 0.45

BHZ W07 WAL9370 3 3.10 0.37 3.34 11.60 30.00 10.30 99.10 n.a. n.a. n.a.
BHZ W15 14793 3 2.38 0.10 2.14 207.07 7.47 0.77 51.60 112.90 250.70 0.57
BHZ W25 15157 3 2.63 0.12 2.97 1.62 2.95 0.67 2.00 0.80 10.00 0.09
BHZ W28 15430 3 3.57 1.06 4.15 60.75 13.00 9.90 36.00 16.30 53.30 0.39
BHZ W36 16285 3 2.40 0.85 2.54 4.67 14.08 3.49 13.40 3.70 51.60 0.78
BHZ W54 19855 3 2.89 0.02 2.84 0.18 0.34 0.02 2.57 1.60 2.39 0.27
BHZ W55 19380 3 4.92 0.17 4.61 0.44 0.68 1.60 3.17 0.90 8.03 0.56

BHZ W07 WAL9309 4 5.40 0.14 5.13 0.26 7.19 0.27 5.70 n.a. n.a. n.a.
BHZ W10 10222 4 7.69 0.31 7.33 60.45 7.33 1.59 15.80 n.a. n.a. n.a.
BHZ W10 10246 4 6.97 0.10 6.51 734.40 11.51 5.09 38.10 n.a. n.a. n.a.
BHZ W27 15304 4 10.34 0.20 >5 31.333 12.893 1.899 31.8 4.1 48.3 10.5
BHZ W55 19372 4 6.67 0.20 6.72 2.38 15.15 34.20 31.50 2.80 44.20 0.43
BHZ W72 504178 4 5.78 0.99 5.54 5.05 7.00 3.83 91.40 10.00 26.10 0.63
BHZ WW1 WAL9753 4 7.56 0.07 7.51 0.49 0.68 0.35 2.50 n.a. n.a. n.a.

BHZ W07 WAL9384 5 11.62 0.97 10.90 7.54 11.20 1.38 23.70 n.a. n.a. n.a.
BHZ W17 14898 5 13.41 0.35 13.10 0.45 15.55 1.50 35.90 4.20 64.60 0.60
BHZ W17 14903 5 20.30 1.61 19.70 23.92 22.94 5.71 3.20 10.00 49.50 3.90
BHZ W19 14980 5 17.66 0.09 17.20 0.70 29.60 3.15 4.12 5.80 58.10 4.69
BHZ W22 12482 5 12.49 0.32 >10 2.94 9.29 0.95 15.00 0.20 62.00 0.88

BHZ W05 WAL9154 6 31.57 0.39 31.70 13.50 32.40 2.78 5.00 n.a. n.a. n.a.
BHZ W06 WAL9235 6 33.19 0.04 31.70 0.16 35.60 0.71 6.60 n.a. n.a. n.a.
BHZ W18 14955 6 31.93 0.03 28.30 0.10 23.86 1.21 3.10 4.50 40.50 11.20
BHZ W20 12404 6 32.84 0.01 >5 66.43 10.40 0.98 8.00 2.10 54.90 21.20
BHZ W45 19268 6 23.70 0.17 >10 1.59 17.45 0.60 3.85 4.10 43.00 1.33

SZ E SZ-01 Mass. sulf. 12.45 0.58 >10 15.70 64.90 1.70 10.95 4.80 90.00 0.84
SZ E SZ-02 Mass. sulf. 0.95 0.15 1.04 8.55 6.72 1.47 8.31 0.70 30.70 0.23
SZ E SZ-03 Dissem. 2.10 0.20 2.13 14.20 14.05 3.88 11.75 1.20 85.60 0.15
SZ E SZ-04 Dissem. 9.61 0.14 8.17 18.45 30.90 1.10 106.00 3.50 61.50 1.75
SZ SE SZ-15 Replace. 6.64 0.86 7.48 10.60 11.75 1.34 57.00 3.10 27.00 0.40
SZ W33 17049 1 0.21 0.04 0.32 0.94 1.20 0.18 n.d. 0.50 1.81 0.03

SZ W34 17243 1 0.19 0.02 0.53 1.37 1.90 0.05 n.d. 0.80 1.14 0.02
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Co In Pb Sn Sb Te Zn Cu3 Ni Pt Pd Cu/(Cu+Ni) Pt/(Pt+Pd)
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (wt %) (wt %) (ppm) (ppm)

27.20 0.29 17.80 0.06 43.60 0.78 97.00 52.31 6.15 1.54 9.23 0.89 0.14
44.10 1.98 61.40 0.48 66.80 26.70 134.00 39.72 1.93 23.58 55.45 0.95 0.30

171.00 1.23 21.00 0.22 7.90 143.50 22.00 n.a. n.a. n.a. n.a. 0.83 0.06
66.00 8.49 872.00 0.34 54.30 77.90 393.00 n.a. n.a. n.a. n.a. 1.00 0.22
42.00 7.30 124.50 0.35 52.40 71.80 297.00 n.a. n.a. n.a. n.a. 0.99 0.46
34.00 6.24 83.10 0.12 37.70 56.60 329.00 n.a. n.a. n.a. n.a. 1.00 0.06

27.70 0.14 387.70 0.36 20.90 6.00 135.00 43.56 10.76 939.56 10.54 0.80 0.77
29.30 0.10 123.80 0.07 9.40 2.12 130.00 25.74 5.56 102.94 32.97 0.82 0.51
45.10 0.07 30.30 0.31 19.70 6.99 74.00 46.31 1.61 390.25 22.55 0.97 0.61
29.00 0.28 35.90 0.34 16.70 4.89 163.00 37.81 22.42 3755.23 3.72 0.63 0.90
36.00 0.15 44.50 0.11 15.40 8.99 126.00 32.69 22.39 599.23 23.74 0.59 0.60
n.a. n.a. n.a. n.a. n.a. n.a. n.a. 45.17 7.77 6.56 1271.67 0.85 0.03

37.70 0.12 50.50 0.09 14.90 5.70 96.00 33.37 4.12 170.26 33.26 0.89 0.51

n.a. n.a. n.a. n.a. n.a. n.a. n.a. 36.43 3.06 212.33 886.67 0.92 0.19
28.70 0.36 94.20 43.90 0.26 28.50 79.00 36.67 1.52 652.74 179.13 0.96 0.78
32.80 0.44 51.40 35.00 0.15 8.01 115.00 37.82 7.59 305.45 108.36 0.83 0.74
20.30 0.29 107.10 41.80 0.13 32.00 88.00 34.27 1.08 660.86 251.55 0.97 0.72
11.50 0.20 198.50 35.30 0.10 13.40 49.00 32.61 1.01 79.28 103.67 0.97 0.43
37.00 0.31 14.20 31.90 0.12 3.39 66.00 33.14 1.98 8.58 26.44 0.94 0.25
36.10 0.11 273.00 59.50 0.31 36.20 85.00 12.61 1.20 463.82 398.37 0.91 0.54

n.a. n.a. n.a. n.a. n.a. n.a. n.a. 32.45 3.87 121.56 314.37 0.89 0.28
40.80 0.40 908.60 115.20 0.74 43.10 94.00 38.96 1.67 3386.59 122.19 0.96 0.97
15.60 0.30 17.80 13.80 0.05 4.79 41.00 30.98 1.41 19.07 34.74 0.96 0.35

193.10 0.85 38.00 43.60 0.13 35.50 99.00 30.11 8.94 512.34 109.66 0.77 0.82
105.70 0.52 82.50 96.50 0.17 28.20 53.00 33.04 11.69 64.31 194.03 0.74 0.25
38.30 0.07 33.10 1.30 0.21 0.25 45.00 35.62 0.27 2.21 4.17 0.99 0.35
18.60 0.70 28.80 28.40 0.11 2.75 101.00 37.35 1.28 3.36 5.19 0.97 0.39

n.a. n.a. n.a. n.a. n.a. n.a. n.a. 36.83 0.96 1.77 49.05 0.97 0.03
n.a. n.a. n.a. n.a. n.a. n.a. n.a. 36.71 1.46 288.64 34.98 0.96 0.89
n.a. n.a. n.a. n.a. n.a. n.a. n.a. 37.47 0.51 3948.39 61.86 0.99 0.98

86.6 3.21 141.6 49 0.23 44.3 339 n.a. n.a. n.a. n.a. 0.98 0.71
44.40 1.70 45.55 175.50 0.12 23.40 98.00 34.74 1.02 12.40 78.91 0.97 0.14
46.00 0.96 121.50 98.30 0.97 16.10 74.00 36.52 6.27 31.90 44.22 0.85 0.42
n.a. n.a. n.a. n.a. n.a. n.a. n.a. 35.25 0.33 2.28 3.15 0.99 0.42

n.a. n.a. n.a. n.a. n.a. n.a. n.a. 37.31 3.12 24.21 35.96 0.92 0.40
43.50 2.70 21.20 75.80 1.37 37.70 153.00 35.83 0.94 1.20 41.55 0.97 0.03

102.20 4.65 73.00 60.30 0.16 48.00 192.00 36.07 2.85 42.49 40.76 0.93 0.51
22.50 4.13 75.10 75.70 0.15 37.50 204.00 35.93 0.18 1.43 60.23 0.99 0.02

33.10 3.14 55.50 52.10 0.42 29.20 176.00 n.a. n.a. n.a. n.a. 0.97 0.24
n.a. n.a. n.a. n.a. n.a. n.a. n.a. 34.86 0.43 14.91 35.77 0.99 0.29
n.a. n.a. n.a. n.a. n.a. n.a. n.a. 36.65 0.05 0.18 39.31 1.00 0.00

13.80 5.68 43.50 35.10 0.07 34.10 236.00 39.49 0.04 0.12 29.51 1.00 0.00
19.20 7.93 181.60 59.00 0.12 74.90 547.00 n.a. n.a. n.a. n.a. 1.00 0.86
23.60 3.72 51.60 68.40 0.10 50.90 183.00 n.a. n.a. n.a. n.a. 0.99 0.08

17.40 2.21 19.10 57.90 0.09 111.50 64.00 n.a. n.a. n.a. n.a. 0.96 0.19
17.90 0.23 23.40 14.40 0.07 20.60 32.00 31.97 5.05 287.74 226.15 0.86 0.56
13.00 0.26 20.70 19.10 0.07 83.50 49.00 34.51 3.29 233.33 230.87 0.91 0.50
12.40 0.98 43.00 66.60 0.10 68.50 113.00 41.17 0.60 79.04 132.37 0.99 0.37

102.00 1.71 18.60 27.40 0.08 60.10 91.00 31.07 4.02 49.60 54.98 0.89 0.47
23.10 0.07 11.80 4.30 0.05 3.06 72.00 23.19 4.27 103.25 131.36 0.84 0.44
46.70 0.09 8.80 2.90 0.09 3.27 64.00 12.55 1.06 90.14 125.74 0.92 0.42

Note: n.a. = not analyzed
1 BHZ = Broken Hammer zone, SZ = South zone; BB = Big Boy trench, E = East trench, SE = Southeast trench, 
W and WW followed by numbers represent drill holes
2 Dissem. = dissemination, Mass. sulf. = massive sulfide vein, Replace. = replacement, Qtz-sil v. = quartz-silicate dominated vein; 1, 2, 3, 4, 5, 6 = inter-

vals according to S wt % content (see Table 3 for details) 
3 Cu, Ni, Pt and Pd concentrations in italic are recalculated to 100% sulfides
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