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INTRODUCTION

Few indicator mineral case studies have been con-
ducted to demonstrate or test indicator minerals as a
viable exploration method for Ni-Cu-PGE deposits in
glaciated terrain. To address this knowledge gap, the
Geological Survey of Canada (GSC), through its
Targeted Geoscience Initiative 3 (TGI-3) program, col-
lected and analyzed a suite of bedrock and till samples
from around the Broken Hammer Cu-(Ni)-PGE deposit
in the North Range of the Sudbury Structure, northeast-
ern Ontario (Fig. 1).

The Broken Hammer deposit was chosen as a mag-
matic-Ni-Cu-PGE indicator mineral test site for a num-
ber of reasons: (1) the deposit was known to contain
coarse-grained platinum group minerals; (2) the
bedrock and surficial geology of the area were well
known; (3) the deposit subcrops and thus was exposed
to glacial erosion; (4) the study area was easily acces-
sible by road; and (5) the deposit was located north of
the Sudbury Structure and thus up-ice of the major Ni-
Cu-PGE deposits, mines, and smelters within the
Sudbury region. There were two specific objectives of
the research project: 1) to determine the indicator min-
eral signatures that are indicative of magmatic-Ni-Cu-
PGE mineralization; and 2) to establish practical meth-
ods that can be routinely applied in exploration for
recovery and identification of indicator minerals from
the glacial sediments. The purpose of this open file is
to report and discuss indicator mineral data for till sam-
ples collected from the deposit area. Several previous
publications have reported other data for the Broken
Hammer case study: raw indicator mineral lab data for
bedrock and till samples (McClenaghan and Ames,
2013), indicator mineral data for bedrock samples
(McClenaghan et al., in press), and till geochemical
data (McClenaghan et al., 2014).

LOCATION

The Broken Hammer deposit is located approximately
30 km north of the city of Sudbury, in Wisner
Township, Ontario. It is in the North Range of the
Sudbury Structure (latitude 46°45°46” N and longitude
82°57°55” W (Fig. 1) and can be accessed by a combi-
nation of logging roads, and exploration access roads

and trails. The property is currently held by Wallbridge
Mining Company Ltd.

GEOLOGY
Regional bedrock geology

The Sudbury world-class Ni-Cu mining district is asso-
ciated with the 1.85 Ga Sudbury Igneous Complex
(SIC), an elliptical body with offset dykes that strad-
dles the boundary between the Archean Superior
Province in the north and the Paleoproterozoic
Southern Province to the south (Fig. 2). Over 1.7 bil-
lion tonnes of Ni, Cu, Co, Pt, Pd, Au, and Ag ore
(Lydon, 2007) have been mined from this exceptional
mining district, which remains a vital exploration tar-
get. The polymetallic ore is hosted within one of
Earth’s largest preserved impact craters, the Sudbury
Structure.

The basement host rocks comprise Paleoproterozoic
rocks of the Huronian Supergroup, dominantly
metasedimentary and mafic metavolcanic rocks that
have been intruded by a series of mafic magmatic
episodes (Nipissing, Sudbury and Grenville dyke
swarms), with minor felsic episodes (Murray-
Creighton plutons) on the southern part of the Sudbury
Structure, termed the “South Range”. Basement rocks
along the northern and eastern part of the Sudbury
Structure, called the “North Range”, comprise Neo-
Archean supracrustal and intrusive rocks deformed and
metamorphosed under granulite facies conditions and
form the Levack Gneiss Complex, and late Archean
granite of the Cartier Batholith (Card, 1994; Ames et
al., 2005). These rocks were strongly affected by the
shock and thermal effects of the Sudbury impact at
1850 Ma.

The shocked and brecciated basement rocks
(Sudbury breccia unit) and melt rocks (Sudbury
Igneous Complex) control, host, and significantly con-
tributed to the formation of the ores (Ames et al., 2006).
The igneous rocks of the Sudbury Structure form the
60 x 30 km elliptical outline of the SIC, together with
radial and concentric, quartz diorite dykes in offset
structures (Fig. 2). Sudbury breccia, in the stratigraphic
and structural footwall to the SIC, consists of country
rock fragments in a cataclastic to pseudotachylitic
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Figure 1. Location of the study area in the Sudbury Basin in northeastern Ontario (modified from Ames and Farrow 2007).

matrix and form randomly oriented stringers and large
zones or “belts” of breccia found up to 200 km from the
base of the Sudbury Igneous Complex (SIC; Speers,
1957; O’Callaghan et al., 2016a,b). Sudbury breccia
represents an important economic target as a host to
Sudbury’s largest Ni-Cu-PGE deposit (Frood-Stobie)
and Cu-PGE and PGE-only “footwall deposits”.

Sudbury Ni-Cu-PGE ore deposits

Some of the Sudbury area Ni-Cu-PGE mines have
operated for over a century, whereas new ore deposits
and ore types, discovered as recently as 2004, are
already in production or are in the process of being
developed (i.e. advanced prospects). Sudbury Ni-Cu
contact-type deposits are widely accepted to be of mag-
matic origin, having formed during differentiation of
the SIC followed by sulphide segregation and subse-
quent collection in topographic lows or “embayments”
at the base of the SIC. The origin of the Cu-Ni-PGE

systems is controversial: both magmatic and hydrother-
mal processes having been supported in the literature.
More recently, a magmatic-hydrothermal origin was
postulated whereby initial magmatic differentiation of
the sulphide liquid resulted in the formation of a resid-
ual sulphide liquid enriched in Cu, Pt, Pd, and Au. This
liquid was then remobilized into structural pathways or
permeable zones of brecciated country rock or Sudbury
breccia in the footwall of the SIC. The recent division
of footwall Cu-(Ni)-PGE deposits into high-sulphide,
(sharp-walled vein) and low-sulphide (PGE-rich) sys-
tems based on large geochemical mine databases
(Farrow et al., 2005), instigated a series of comprehen-
sive geoscience studies to determine the characteris-
tics, origin, mode of transport, and timing of the low-
sulphide PGE-rich mineralization relative to the high-
sulphide, largely magmatic veins. Later hydrothermal
mobilization resulted in redistribution of base and pre-
cious metals, modification of the ore composition, and
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the formation of Cl-rich alteration haloes. Fluid inclu-
sion stable isotope evidence suggests ore metal trans-
port and redistribution involved mixing between
regional groundwater and a metal-rich ore fluid with a
magmatic component to form a metal-enriched brine
that partitioned, causing Au precipitation and phase
separation of Cu, Au, Ag, and Bi into a CH4-bearing
fluid that further dispersed Cu, Pt, Au, Ag, and Bi
(Farrow et al., 1994; Hanley et al., 2005, 2006).

Footwall-hosted Cu-PGE deposits are a relatively
new resource in the Sudbury camp, other than the ear-
lier discoveries in the Onaping-Levack area that
included the McCreedy deposits and the Strathcona
Deep Copper zone (Coats and Snajdr, 1984). Rising
metal prices triggered an exploration surge for footwall
deposits in the Sudbury Camp due to their high copper
and precious metal content. This resulted in the discov-
ery of numerous PGE-rich mineralized zones, includ-
ing the hybrid Broken Hammer zone (Péntek et al.,
2008). Cu-Ni-PGE deposits and occurrences studied by
the GSC include Creighton 403, Creighton Deeps,
Barnett, McCreedy East 153 zone, Victor Deep,
Levack Footwall, McCreedy West PM zone, Segway,
and Broken Hammer Cu-PGE (Ames et al., 2007,
2013a).

Local bedrock geology

The Broken Hammer deposit and Wisner west zone are
situated on the North Range of the Sudbury Structure
in Wisner Township, 1.5 km north of the SIC contact
with footwall rocks of the Archean Joe Lake gabbro
and/or granite and quartzo-feldspathic and mafic gneiss
of the Levack Gneiss Complex and Cartier batholith
(Fig. 2). Numerous contact Ni-Cu mineralized zones
occur along the base of the moderately (30°S) south-
dipping SIC contact (i.e. WD-13, WD-16, Rapid River;
Ames et al., 2005). The Wisner west zone is situated in
the footwall to a 12 km-long embayment in the SIC
(Bowell embayment) that is bounded to the west by the
Foy offset and to the east by the Joe Lake intrusion.
The Wisner west area is dominated by felsic and mafic
gneiss with plagioclase-porphyritic diabase dykes of
probable Matachewan origin. Zones of Sudbury brec-
cia host the Cu-PGE disseminations and veinlets are
commonly altered to quartz-epidote-carbonate-chlorite
rich assemblages.

Two outcrop areas stripped by Vale-Lonmin at the
Wisner west occurrence exposed a few sulphide vein-
lets, quartz-carbonate, epidote-quartz, and dissemina-
tions hosted in Sudbury breccia (pseudotachylite). The
decoupling of platinum group element (PGE) grades
from the abundance of chalcopyrite is what character-
izes this low-sulphide high-PGE mineralization at
Wisner west (Ames and Kjarsgaard, 2013).

Approximately 3.5 km to the west of Wisner west is
the Broken Hammer Cu-Ni-PGE-Au deposit, situated
1.3 km from the base of the SIC along the northern
margin of the Joe Lake gabbroic intrusion. It is a shal-
low surface zone of vein- and vein stockwork-hosted
mineralization (Fig. 3) within Sudbury breccia devel-
oped in Neoarchean quartz monzonite, Levack Gneiss
Complex (Peterson et al., 2004; Péntek et al., 2006,
2008). The Broken Hammer deposit was discovered in
2003 by Wallbridge Mining Company Ltd. through
surface prospecting and sampling for Cu-Ni-PGE min-
eralization sulphide veins (Doran et al., 2012). This
report presents the results of mineralogical studies of
till samples collected from an outcrop area that was
stripped and sampled by the GSC in 2006.

The main 2 to 120 cm-wide en echelon chalcopyrite
vein named ‘Big Boy’ (Fig. 4), which was uncovered
by stripping the outcrop, is dominated by chalcopyrite-
magnetite-millerite with numerous trace and rare pre-
cious metal minerals such as telluride, bismuthide,
selenide, and stannide (Table 1). A thin (cms) post-
glacial gossan, whose location is indicated in Figure 3,
was developed on a small part of the chalcopyrite vein
and was exposed on the stripped bedrock surface in
2006 (Fig. 5). This gossan contains abundant sperrylite,
as well as chalcopyrite and other minerals (Fig. 6; Se-
galena, cassiterite, kotulskite, merenskyite, electrum,
arsenopyrite, and native silver) in a goethite matrix.
Trace elements in the mineral assemblages in the
weathered sulphide include Pd-Pt-Sn-Pb-Au-Ag-As-
Bi-Te, which are reflected in the sulphide ore lithogeo-
chemistry (Ames et al.,, 2007; Péntek et al., 2008).
Epidote is a common alteration mineral in the local
area.

In 2011, a 30,000 tonne bulk sample was taken from
Broken Hammer, creating an open pit and removing
much of the till and bedrock that was sampled by the
GSC in 2006. New exposures in the pit revealed a
“super”, high-grade sperrylite zone comprising a
hydrothermal assemblage of coarse epidote-quartz-
sperrylite with world-class sperrylite crystals as large
as 15 mm (Wilson, 2012; Ames et al., 2013b). Positive
results from this initial bulk sample led to a prefeasibil-
ity study and resource estimates.

Open pit mining at Broken Hammer started in 2014
and from its opening until its closure in October 2015,
10,265 tonnes of Cu concentrates were delivered to a
Cu smelter with an average grade of 24.15% Cu and
60.4 g/t PGM (18.6 g/t Pt, 34.5 g/t Pd and 7.3 g/t Au).
In addition, 180 tonnes of high-grade gravity concen-
trates were shipped to a PGM smelter in Europe having
an average PGM grade of 1,924 g/t (1,551 g/t Pt, 145
g/t Pd, and 228 g/t Au) (Wallbridge Mining Company
Ltd., 2018).
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Figure 4. Colour photograph of the Big Boy chalcopyrite vein
exposed in the pre-2007 stripped area at the Broken

Hammer deposit. cpy = chalcopyrite.
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Table 1. List of the ore minerals present in the Broken Hammer Cu-(Ni)-PGE deposit and in till overying and down-ice of the
deposit (modified from Ames et al., 2007; data from Mealin, 2005; Watkinson et al., 2005; Péntek et al., 2008; Kjarsgaard and
Ames, 2010).

Mineral Formula Hardness* Density* At Broken Hammer, Identified Identified Identified
Identified by others in Broken in bedrock in till
Hammer HMC this HMC this
PTS this study study
study
Sulphide minerals
arsenopyrite FeAsS 5 6.07 Ames et al. (2007) no no no
bornite CusFeS4 3 4.9-5.3  Péntek et al. (2008) yes no no
chalcocite CuzS 2.5-3 55-5.8 no no yes no
chalcopyrite CuFeS; 3.5 4.1-4.3  Péntek et al. (2008) yes yes yes
covellite CuS 1.5-2 4.6-4.76  Péntek et al. (2008) yes no no
crerarite PtBi3S4-x 3 not reported  Péntek et al. (2008) no no no
emplectite CuBiS, 2 6.3-6.5  Ames et al. (2007) no no no
galena (Se) Pb(S,Se) £Bi,Ag 2.5 7.2-7.6  Ames et al. (2007) no galena no
millerite NiS 3-3.5 5.5 Péntek et al. (2008) no yes no
pentlandite (Fe,Ni,Co)9S3 3.54 4.6-5 Péntek et al. (2008) no no no
polydymite Ni2S4 4.5-5.5 4.5-4.8 Kjarsgaard & Ames (2010) no no no
pyrite FeS, 6.5 5 Péntek et al. (2008) yes yes yes
pyrrhotite FeixS 3.54  4.58-4.65 Péntek et al. (2008) no yes no
sphalerite (Zn,Fe,Cd)S 3.54 3.9-42  Péntek et al. (2008) yes no no
tetradymite BizTexS 1.5-2 7.2-7.9  Péntek et al. (2008) no no no
malyshevite PdCuBiS3 not reported not reported  Kjarsgaard & Ames (2010) no no no
violarite (Fe,Ni)3S4 4.5-5.5 4.5-4.8 Péntek et al. (2008) no no no
wittichenite CusBiS3 2.5 6.3-6.7  Péntek et al. (2008) no no no
Oxide and hydroxide minerals
cassiterite SnO» 67 6.8-7 Péntek et al. (2008) no no no
magnetite FeFe O 5.5-6 5.1-5.2  Péntek et al. (2008) yes yes yes
malachite CuzCO3(OH), 3.54 3.64 no no yes no
hematite Fe203 6.5 53 Péntek et al. (2008) no yes yes
goethite FeO(OH) 5-5.5 3343 no no yes yes
jarosite KFe3(SO4)2(OH)s 2.5-3.5 2.9-33 no no yes no
Selenide minerals
bohdanowiczite AgBiSe; 3 7.87 Péntek et al. (2008) no no no
clausthalite PbSe 2.5 7.6-8.8  Péntek et al. (2008) no no no
naumannite AgrSe 2.5 6.5-8 Péntek et al. (2008) no no no
Telluride minerals
hessite AgoTe 1.5-2 7.2-7.9  Péntek et al. (2008) no no no
kawazulite Biy(Te,Se,S)3 1.5 7.79 Ames et al. (2007) no no no
kotulskite Pd(Te,Bi) 4-4.5 8.26 Péntek et al. (2008) no no no
melonite NiTe> 1-1.5 7.3 Péntek et al. (2008) no no no
Pd-melonite (Ni,Pd)Tex not reported not reported  Ames et al. (2007) no no no
merenskyite (Pd)(Te,Bi)2 2-3 9.14 Péntek et al. (2008) no no no
michenerite PdBiTe 2.5 9.5 Péntek et al. (2008) no yes no
moncheite (Pt,Pd)(Te,Bi) 2-3 10 Péntek et al. (2008) no no no
sopcheite AgsPdsTey 3.5 9.95 Péntek et al. (2008) no no no
tellurobismuthite BixTes3 1.5-2 7.82 Péntek et al. (2008) no yes no
volynskite AgBiTe, 2.5-3 8.0 Ames et al. (2007) no no no
Other precious minerals
electrum AugsAgss 2.5-3 12.5-15  Péntek et al. (2008) no yes yes
gold Au 2.5-3 16-19.3  Mealin (2005) no yes yes
native silver Ag 2.5-3 1011  Ames et al. (2007) no no no
sperrylite PtAs; 67 10.58 Péntek et al. (2008) no yes yes

*data from www.webmineral.com



Indicator mineral data for till samples from the Broken Hammer deposit, North Range, Sudbury Structure

Figure 5. Colour photographs of sample site 06-MPB-010
showing the post-glacial gossan that developed on the Big
Boy chalcopyrite vein that was exposed in a small open pit in
2006: a) an overview of the sample site and (b) a close-up of
honeycomb texture that has developed in the gossan. The
sample site is marked by yellow dashed line.

Surficial geology

The Sudbury region was most recently glaciated during
the Late Wisconsinan (25,000 to 10,000 years ago),
during which time ice of the Labrador Sector of the
Laurentide Ice Sheet covered the Sudbury region and
generally flowed to the south-southwest (Fig. 7)
(Boissoneau, 1968; Bajc, 1997a,b,c; Bajc and Hall,
2000). In the Wisner Township area, till was deposited
by ice flowing southward (185-175°). The Wisner
Township area is dominated by bedrock outcrop and
thin (<2 m) discontinuous till veneer over bedrock
(Bajc, 1997a). Prior to the removal of the overburden
in 2011, the Broken Hammer deposit was overlain by 1
to 3 m of till. In general, till across the North Range is
thin (<0.5-3 m thick), locally-derived, has a silty sand
(>50% sand) matrix, is loose, and contains about 10 to
30% clasts. Soil has been developing on the glacial
sediments of the North Range since deglaciation, about
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Figure 6. Pie chart illustrating the relative abundance of Pt-
Pd-As-Sn minerals in a 1 kg sample of the post-glacial
gossan that has developed on the Broken Hammer Big Boy
chalcopyrite vein (n = 180 mineral grains; from Ames et al.
(2007).

10,000 years ago, which has produced a podzolic soil
(Barnett and Bajc, 2002).

Historically, till sampling has not been a component
of mineral exploration in the Sudbury region due to the
abundant bedrock outcrop and the widespread surface
contamination related to the mining and smelting oper-
ations in the Sudbury region over the last 120 years.
However, unlike the South Range, the North Range and
west end of the Sudbury Structure have thicker and
more continuous till cover that masks the underlying
bedrock. The widespread till cover in these areas pro-
vides an ideal sample medium for drift prospecting.
These areas to the west and north are also up-ice of the
main Sudbury deposits, thus background metal concen-
trations in till will be lower than on the down-ice
(south) side of the Sudbury Structure.

Bajc and Hall (2000) carried out both a regional-
scale till geochemical survey of the North and West
ranges in the Sudbury Structure, as well as detailed
studies at selected deposits/occurrences, including foot-
wall mineralization on the Barnet property, in support
of Ni-Cu-PGE exploration. They demonstrated that till
matrix geochemistry is a useful exploration method in
the Sudbury region, however, they cautioned that the B-
horizon developed on till was depleted in metals with
respect to the C-horizon, due to hydromorphic disper-
sion of metals held in sulphides. They identified Pt and
Pd as well as Au, Cr, Co, Ag, Pb, As, Se, Sb, Te, Bi, Mn,
and Fe as pathfinder elements in till for the Sudbury Ni-
Cu-PGE deposits in general, and Pd, Au, Cu, and Ni as
specific pathfinders around the Barnet footwall miner-
alization.
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Figure 7. Late Wisconsin regional ice-flow patterns in the Sudbury region (modified from Bajc and Hall, 2000).

METHODS
Field sampling methods

A total of 34 till samples were collected in 2006 (Figs.
2, 3) around the Broken Hammer deposit for indicator
mineral and matrix geochemical analyses. Sites
included sections exposed along the main stripped
bedrock surface containing the Big Boy vein (samples
06-MPB-009, -011, -012, -018, -019, -035, -036, and
-037) (Fig. 3), and along associated stripped outcrops
or clearings (samples 06-MPB-013 to -017, -020 to
-027). Samples were also collected from road cuts
between 9 and 600 m south (down-ice) of the deposit
(samples 06-MPB-028, -029, and -031 to -034).
Samples 06-MPB-005 to -008, -030, -038 and -039
were collected 1.5 to 5 km south of the deposit.
Samples 06-MPB-01 to -03 were collected 6 km north
of the deposit to establish background till composition.
Samples 06-MPB-04 to -07 were collected up-ice
(north), overlying, and just down-ice (south) of the
Wisner West Cu-PGE deposit (Fig. 3).

A bulk sample (06-MPB-10) of the post-glacial gos-
san was collected for petrography and to recover heavy
minerals to determine mineralogy. Till and gossan sam-
ple locations as well as field descriptions are included
in Appendix A and individual site photos are reported
with the till geochemical data in McClenaghan and
Ames (2013). In addition to till sampling, bedrock stri-
ations were measured to record the local direction of
glacial transport. Striations measured in this study are
reported in Appendix A.

Sample processing and indicator mineral
recovery

Large till samples (~15 kg) were processed at
Overburden Drilling Management Ltd. (ODM),
Ottawa, to produce non-ferromagnetic heavy mineral
concentrates for picking indicator minerals, details of
which can be found in detail in McClenaghan and
Ames (2013). First, the samples were disaggregated
and sieved to obtain the <2.0 mm material, which was
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then passed over a shaking table to produce a table pre-
concentrate. The pre-concentrate was then micro-
panned to recover gold, sulphide, and platinum group
minerals (PGM). These panned minerals were exam-
ined, counted, and then returned to the sample. The
gold and sperrylite grain counts reported in Table 2 are
the result of this processing step.

The <2.0 mm pre-concentrate was then further
refined using heavy liquid separation in methylene
iodide diluted to a specific gravity (SG) of 3.2. The fer-
romagnetic fraction was removed, and the non-ferro-
magnetic heavy mineral fraction was sieved into three
size fractions: 0.25-0.5, 0.5-1.0, and 1.0-2.0 mm.
These three fractions were then examined for indicator
minerals. Chalcopyrite and pyrite grain counts that are
reported in Table 2 are the result of this step. Complete
listings of indicator mineral data for till samples from
this study were initially reported in McClenaghan and
Ames (2013).

A selected number of epidote, titanite, rutile, and
ilmenite grains were selected for further examination at
a later date. These new grain abundances are reported
in Appendix B, in the “additional picking” and
“Epidote Estimates” worksheets of the raw lab data
reported by ODM. Appendix B is an updated version of
the ODM data file first reported as Appendix B2 of
Open File 7388 (McClenaghan and Ames, 2013).

Electron microprobe analysis

Four mineral grain mount maps are included in
Appendix C1. Electron microprobe (EMP) data for
grains in the mounts are listed in Appendix C2 to C6.
EMP analyses of epidote, apatite, and titanite grains
were carried out the GSC, Ottawa. Data were acquired
on a Cameca SX-50 microprobe fitted with 4 wave-
length-dispersive spectrometers with a take-off angle
of 40 degrees. Normal operating conditions were 20 kv
accelerating voltage and 10 nA current. Count times
were 10 seconds on-peak and 5 seconds off-peak.
Standards used were a mixture of natural and synthetic
pure metals, simple oxides, and simple compounds.
Data reduction was accomplished with a ZAF matrix
correction (Armstrong, 1988) using Probe For
Windows software. Electron microprobe (EMP) data
for epidote, titanite and apatite conducted at GSC
Ottawa are listed in Appendix C2, C5, and C6.

Additional microprobe analyses of selected epidote
grains were carried out at Carleton University, Ottawa
using a four-spectrometer wavelength dispersive
CAMECA Camebax. Oxide mienrals were analyzed at
20 kV and 25 to 30 nA sample current with 10 to 20
seconds counting time. Standards used were MgAlyO4
for Mg and Al, Crp03 for Cr, MnTi for Mn, CaSiO3 for
Si and Ca, FeTiO3 for Ti and Fe, NiO for Ni, ZnAl>O4
for Zn, and V for V. Silicate minerals were analyzed at

15 kV and 20 nA with counting times of 20 seconds per
element. Standards used were CaSiO3 for Si and Ca,
MgAl»O4 for Al, MgsSiO4 for Mg, FexSiO4 for Fe,
Crp03 for Cr, MnTi for Ti and Mn, NiO for Ni,
KAI3Si130g for K, NaAl3Si3Og for Na, and ZnAl,O4
for Zn. Overlap corrections were performed using the
PAP procedure. Calibrations were checked by analyz-
ing known USNM standards (that were not used for
calibration) as samples. Electron microprobe data for
epidote produced at Carleton University are listed in
Appendix C2.

Axinite EMP analyses was carried out using a
Cameca SX-100 Electron Probe Micro Analyzer
(EPMA) at the Geoscience Laboratories (Ontario
Geological Survey) in Sudbury, Ontario. Major ele-
ments were analyzed under normal operating condi-
tions (20 kV and 20 nA). The edited EMP data are
listed in Appendix C3. OGS EMP raw data and elec-
tron microprobe operating conditions are listed in
Appendix C4.

RESULTS

Indicator mineral grain counts for the 0.25-0.5 mm
fraction of heavy mineral concentrates of till samples
were normalized to a 10 kg sample weight (<2 mm
table feed) to allow comparison between samples
(Table 2). These normalized results are discussed
below and are plotted as proportional dot maps in
Appendix D (Maps 1 to 5). Colour photographs of
selected indicator minerals grains are included in
Figure 8. Results for the Wisner west till samples (06-
MPB-04, -05, -06, -07) are listed in the appendices but
are not described or discussed below.

Platinum group minerals

Sperrylite (PtAsp) is a platinum group mineral (PGM)
that is easily recognizable in pan concentrates by its
bright silver white colour (Fig. 8a,b). The background
content of sperrylite grains in the pan concentrate frac-
tion of till samples up-ice of the deposit (defined using
regional data of Bajc and Hall (2000)) is zero. Till sam-
ples proximal to mineralization were found to contain
between 0 and 714 sperrylite grains/10 kg in the pan
concentrate (Table 2; Appendix D, Map 1). Overlying
mineralization, till contains up to 714 sperrylite grains.
Between 10 and 50 m down-ice, till contains 10s of
grains; between 50 and 250 m down-ice, till contains a
few visible sperrylite grains. Sample 06-MPB-031, col-
lected 600 m down-ice, contains 21 sperrylite grains.

Gossan sample 06-MPB-010, also processed by
ODM, contained an estimated 100 grains of sperrylite
in the pan concentrate as well as 9 grains in the 0.25—
0.5 mm heavy mineral fraction. Sperrylite grains in the
coarser (0.5-1.0 mm and 1.0-2.0 mm fractions of sam-
ple 06-MPB-010 are aggregates of sperrylite + goethite
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Figure 8. Colour photographs of indicator minerals: a) a small fragment of gossan sample 06-MPB-010 revealing sperrylite
grains in a goethite matrix; b) sperrylite grain from till sample 06-MPB-011; c) chalcopyrite grains from till sample 06-MPB-027;
d) pyrite grains from till sample 06-MPB-027; e) goethite grains from till sample 06-MPB-009; f) epidote grains from till sample
06-MPB-011; g) axinite grains from till sample 06-MPB-039; and h) titanite grains from till sample 06-MPB-011. Photos by

Michael J. Bainbridge Photography.
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+ chalcopyrite (Fig. 8a). Thus, it is not unexpected that
there are abundant sperrylite grains in the local till
samples down-ice.

Figure 9 shows the range in the sizes and shapes of
sperrylite grains recovered from till sample 06-MPB-
026, collected 37 m down-ice (south) of mineraliza-
tion. Angular fragments of broken grains up to 100 pm
are shown in Figure 9a to f and smaller, intact sperrylite
crystals are shown in Figure 9g,h. Till sample 06-MPB-
033, collected 190 m down-ice of the mineralization,
was found to contain 50 pm sperrylite grains, both an
intact crystal (Fig. 10a) and an angular fragment (Fig.
10b). Coarse (>100 pum) sperrylite grains were also
recovered from local till samples. Samples 06-MPB-
011, -012, and -027 contained one to two grains that
were 0.25-1.0 mm in diameter (Appendix B, work-
sheet “MMSIM”).

Gold

A threshold of 5 grains/10 kg was established between
background and anomalous numbers of gold grains in
till samples in the region around Broken Hammer using
data from Bajc and Hall (2000). Map 2 in Appendix D
shows the distribution of gold grains in Bajc and Hall’s
regional till samples around the Broken Hammer study
site. The three background till samples collected 6000
m up-ice of the Broken Hammer deposit contain
between 4 and 28 gold grains/10 kg. Metal-rich till
proximal (within 10 m) of the Broken Hammer deposit
contains between 2 and 456 gold grains/10 kg (Table 2,
Appendix D, Map 3). Between 10 and 50 m down-ice,
till contains 10s of grains; between 50 and 250 m
down-ice, till contains only a few gold grains. Sample
06-MPB-031, collected 600 m down-ice, contains 9
gold grains. Most gold grains in till samples down-ice
of the main chalcopyrite vein vary in size (length
dimension reported by ODM) between 10 and 50 um
(Table 3a). Most gold grains recovered from gossan
sample 06-MPB-010 have a similar size range (Table
3b). Most till samples contain a mixture of pristine to
reshaped gold grains, using the gold grain shape classi-
fication scheme of DiLabio (1990). However, samples
06-MPB-11, -12, and -18 contain mostly pristine gold
grains, reflecting their short glacial transport distance
and proximity (<1 m) to mineralization.

Chalcopyrite

Chalcopyrite (Fig. 8c) is by far the most abundant ore
mineral in till overlying and down-ice of the deposit,
with up ~16,000 grains/10 kg in metal-rich till (Table
2). Background abundances of chalcopyrite in regional
till up-ice, as reported by Bajc and Hall (2000) are zero
(Appendix D, Map 4). Overlying mineralization, till
contains up to 16,000 chalcopyrite grains. Between 10
and 50 m down-ice, till contains 1s to 100 of grains;

between 50 and 250 m down-ice, till contains a few
(<10) visible grains. Sample 06-MPB-031, collected
600 m down-ice, contains 0 chalcopyrite grains.

Pyrite

Pyrite (Fig. 8d) abundance in the 0.25-0.5 mm heavy
mineral concentrate of background till samples in this
study is 3 to 70 grains/10 kg (Table 2). Pyrite content
in till overlying and up to 600 m down-ice of the min-
eralization varies from 0 to 132 grains (Appendix D,
Map 5). In contrast to the 0.25-0.5 mm heavy mineral
fraction, the pan concentrate of till sample 06-MPB-
011 was found to contain approximately 2000 grains
(Appendix B, worksheet “Detailed VG”).

Geothite

Goethite (Fig. 8e) is present in trace amounts in all till
samples (Appendix B, worksheet “MMSIM”). The
actual numbers of grains per sample was not reported
by ODM.

Epidote

Thousands of epidote (Fig. 8f) grains are present in
each till sample. Epidote is listed as present of as part
of the background assemblage of the heavy mineral
concentrate of each till sample examined (Appendix B,
worksheet “MMSIM™). The exact number of grains in
each till sample is listed in Appendix B, worksheet
“Epidote estimates”. A selection of 30 to 40 epidote
grains from nine till samples overlying and at varying
distances down-ice of mineralization were analyzed by
EMP to confirm their identification and characterize
the variation in composition versus proximity to miner-
alization. EMP data are listed in Appendix C2.

Axinite

Axinite (CapMgAlx(BO3)SigO12(OH)) grains (Fig. 8g)
were recovered only from till sample 06-MPB-039
(Table 2), collected 5 km down-ice of the Broken
Hammer deposit at the south end of Joe Lake and over-
lying the Onaping Formation (Fig. 2). A total of 23 axi-
nite grains recovered from the 0.25-0.5 mm heavy
mineral fraction of till sample 06-MPB-039 were ana-
lyzed by EMP to confirm their identification. EMP data
are listed in Appendix C3 and C4.

Titanite

Titanite grains were visually identified in selected till
heavy mineral concentrates by their brown colour (Fig.
8h) and selectively picked from eight till samples
(Appendix B, worksheet “Additional Picking”) overly-
ing and at varying distances down-ice of mineralization
to examine their compositional range. The total number
of grains in each till sample was not determined.
Selected grains were analyzed by EMP to confirm their



Indicator mineral data for till samples from the Broken Hammer deposit, North Range, Sudbury Structure

File Name = 06-MPB-26-A tif File Name = 06-MPB-26-B.tif

File'Name = 06-MPB-26-D.if File Name = 06-MPB-26-E.tif

File Name = 06-MPB-26-H.tif File Name = 06-MPB-26-L {if

File Name = 06-MPB-26-1.tif

Figure 9. Scanning electron microscope electron backscatter images of sperrylite grains recovered from till sample 06-MPB-
026, collected 50 m down-ice (south) of mineralization, shows the variable size and shape of the grains: a to f) angular frag-
ments of broken grains up to 100 ym in diameter, g and h) smaller, intact sperrylite crystals.
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Figure 10. Scanning electron microscope electron backscat-
ter images of sperrylite grains recovered from till sample 06-
MPB-033, which was collected 170 m down-ice of the miner-
alization: a) intact crystal, and b) angular fragment.

identification and to characterize the variation in com-
position versus proximity to mineralization. EMP data
are listed in Appendix CS5.

Apatite

Apatite grains were selectively picked from the >3.2
SG heavy mineral concentrate of eight till samples
(Appendix B, worksheet “Additional Picking”), over-
lying and at varying distances down-ice of mineraliza-
tion, to examine their compositional range. Selected
grains were analyzed by EMP to confirm their identifi-
cation and to characterize the variation in composition
versus proximity to mineralization. Apatite EMP data
are reported in Appendix C6.

DISCUSSION

The main metallic minerals recovered from till samples
in this study are chalcopyrite, pyrite, sperrylite, and
gold. Between 50 m and 250 m down-ice, till contains
a few visible sperrylite grains and <16 gold grains.
Beyond 250 m down-ice, the spacing of the till samples

Table 3. Number and size of the largest dimension of the
gold grains in (a) till samples near the Broken Hammer
deposit, and (b) gossan sample 06-MPB-010.

a) Gold grains in till samples
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b) Gold grains in gossan sample 06-MPB-010
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was not sufficient to determine the distance down-ice-
that mineralogical signatures from the Broken Hammer
deposit may or may not be detected. However, one till
sample (06-MPB-031) collected 600 m down-ice did
contain a 21 sperrylite grains (Table 2).

The well preserved sperrylite in the till samples and
one gossan samples is an indication that sperrylite is
resistant to surficial weathering and is a useful indica-
tor mineral for detecting the presence of PGM mineral-
ization in the Sudbury region. Other PGM present in
the gossan (Fig. 6) were not recovered from the pan
concentrate of till samples. Pyrite, pentlandite, and
pyrrhotite, also present in the deposit, were not recov-
ered from the till samples. Their absence may be due to
the moderate to high degree of oxidation that has
affected the till combined with their instability in the
surface weathering environment, relative to chalcopy-
rite and sperrylite (Averill, 2011).

Axinite is a hydrothermal alteration mineral. It was
only recovered from one till sample (06-MPB-039) that
overlies the Onaping Formation (Fig. 2), which is host
to numerous hydrothermal Zn-Cu-Pb occurrences and
deposits (Ames et al., 2006). In addition to containing
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axinite, this till sample contains the highest Mo, Zn,
Pb, and Cd contents in this study. The presence of axi-
nite combined with the elevated metal values may
reflect the presence of volcanogenic massive sulphide
mineralization nearby. No systematic patterns are
apparent for the distribution of epidote, apatite, or
titanite with respect to the location of mineralization,
thus they are not considered to be useful indicator min-
erals for this deposit.

CONCLUSIONS

This open file describes the indicator mineral data for
34 till samples from the vicinity of the Broken Hammer
Cu-Ni-PGE-Au deposit. Ore minerals recovered from
till include chalcopyrite, pyrite, sperrylite, and gold.
These heavy minerals (Table 1) are visually distinct
and can be easily recovered by common surficial sam-
ple processing methods (cf., McClenaghan, 2011) used
to recover indicator minerals. Sperrylite grains as large
as 1.0 mm were recovered from the till. This is not
unexpected, as the deposit is known to contain large,
world-class sperrylite crystals. Metal-rich till at Broken
Hammer contains up to 714 sperrylite grains, 456 gold
grains, and ~11,000 chalcopyrite grains/10 kg. This
study is the first to report such high abundances of
sperrylite grains in till.

Historically, till sampling has not been used for Cu-
Ni-PGE exploration in the Sudbury region. This study
demonstrates that indicator mineral methods can be a
useful exploration technique for detecting footwall-
hosted Cu-Ni-PGE style of mineralization. Till sam-
pling will be most effective in the north and west parts
of the Sudbury Structure, i.e., up-ice (north) of the
main Sudbury deposits, where till cover is thicker and
more continuous, bedrock outcrop is less abundant, and
anthropogenic contamination of soils related to mining
and smelting is minimal. Till can most easily be col-
lected from the flanks of bedrock outcrops, and from
till exposures in road cuts and along lake and river
shorelines. Because of the small size (tens of metres) of
footwall deposits, an effective till sample spacing
would be <2 km for a regional-scale survey, and <50 m
for a property-scale survey. Till in the region is thin (<2
m), thus weathered till may be the only sampling
medium available at some sites. Though unoxidized till
is the optimal sample medium, the presence of sper-
rylite in the till indicates that oxidized till is also worth-
while sampling if it is the only medium available.
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APPENDICES

Appendix C1. Grain mount maps for electron microprobe analysis.

axinite — 06-MPB-39

1

Grain mount map 06-0537-P07, Axinite grains in the 0.25—-0.50 mm fraction of sample 06-MPB-39.
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Grain mount map 22713, 0.25-0.50 mm fraction of till samples 06-MPB-04, -06, -11, -12, -20, -23, -33, -35, and -39.
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Appendix C1 continued.
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Grain mount map 22714, 0.25-0.50 mm fraction of till samples 06-MPB-04, -06, -11, -21, -23, -33, -35, and -39.

Grain mount map 22716, Apatite grains in the 0.25-0.50 mm fraction of till samples 06-MPB-04, -06, -12, -21, -23, -33, and

-35.



Indicator mineral data for till samples from the Broken Hammer deposit, North Range, Sudbury Structure

Appendix D. Proportional dot maps of indicator mineral abundance.
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Appendix D, Map 1. Proportional dot map of sperrylite grains in pan concentrates of till samples collected proximal to the
Broken Hammer deposit (normalized to a 10 kg sample weight) (detailed bedrock geology from Peterson et al. 2004; regional
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Appendix D continued.
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Appendix D, Map 2. Proportional dot map of the number of gold grains in the pan concentrates of till samples collected by the
GSC around the Broken Hammer deposit (normalized to a 10 kg sample weight) (regional bedrock geology from Ames et al.,
2005).
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Appendix D continued.
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Appendix D, Map 3. Proportional dot map of gold grains in pan concentrates of till samples collected proximal to the Broken
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geology from Ames et al., 2005) (datum NAD27).
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Appendix D continued.
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Appendix D, Map 4. Proportional dot map of chalcopyrite grains in the 0.25-0.5 mm fraction of heavy mineral concentrates of
till samples collected proximal to the Broken Hammer deposit (normalized to a 10 kg sample weight) (detailed bedrock geology
from Peterson et al. 2004; regional bedrock geology from Ames et al., 2005) (datum NAD27).
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Appendix D continued.
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Appendix D, Map 5. Proportional dot map of pyrite grains in the 0.25-0.5 mm fraction of heavy mineral concentrates of till sam-
ples collected proximal to the Broken Hammer deposit (normalized to a 10 kg sample weight) (detailed bedrock geology from

Peterson et al. 2004; regional bedrock geology from Ames et al., 2005) (datum NAD27).
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