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Abstract

A mineralogical and fluid inclusion study of modified, contact-style Ni-Cu-PGE ores in
the #1 and #4 shear zones, Garson Mine, Sudbury, Ontario, Canada

By Darren Thomas LeFort

The Garson deposit is a structurally and hydrothermally modified contact-style nickel-
copper-platinum-group element (‘PGE’) magmatic sulphide deposit, located in the South
Range of the Sudbury Igneous Complex, Ontario, Canada. The ores are hosted mainly in
shear zones and are exceptionally enriched in arsenic, platinum, and palladium. Bulk rock
arsenic is controlled by the abundance of cobaltite-gersdorffite solid solution (CGSS) and
nickeline in the ore assemblages. Laser ablation-ICPMS analyses show that exceptionally
high concentrations of PGE are found in these sulfarsenides and arsenides with high
PPGE/IPGE ratios (avg. >30). In contrast, the base metal sulphides are consistently
depleted in PGE and arsenic (rarely >1 ppm). The arsenic-rich phases are also rich in
PGE mineral inclusions. The arsenic-rich phases (i) may represent the accumulation of
phenocrysts from arsenic-saturated sulphide melt, or (ii) may have formed during
metamorphic reheating, recrystallization or partial melting of originally arsenic-rich
sulphide ore bodies.
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Chapter 1: Introduction
1.0 Structure of the thesis

This study has two main parts. Chapter 2 describes the mineralogy of the Garson
deposit with a focus on As and PGE distribution, while Chapter 3 is a fluid inclusion
study of pre-sulphide, regional fluids circulating along the South Range of the Sudbury
Igneous Complex. The two chapters are independent from each other and, therefore, are
repetitive to some degree (e.g., use of similar maps and descriptions of regional and
deposit geology). Chapters 2 and 3 are prepared as separate, stand alone manuscripts for
submission to Economic Geology. Chapter 1 summarizes briefly the main objectives of the
study. Chapter 4 briefly reviews potential applications of the findings of Chapters 2 and 3 to

mining, mineral processing and exploration, and suggests possible future work.

1.1 Primary objectives of thesis

The primary objective of this study was to characterize the mineralogical controls
(mineral species, abundances, textural associations, and composition) and spatial
distribution of the trace metals As and PGE (platinum group elements) as well as Au, Sb,
Co, Ag, Cd, Pb, Zn, Se, Re Te, Bi, Sb and Sn in sulphide ores that are to be mined in the
next 5 years (from 2011) at the Garson Mine (Vale Canada Ltd.), Sudbury, Ontario,
Canada. The focus of the study was on As and the PGE. The determination of the
mineralogy and spatial distributions of these metals will enable Vale Canada Limited to
(i) avoid areas of the deposit that contain unusually high concentrations of As at the
mining stage thereby avoiding associated smelter penalties; and (ii) to improve PGE

recovery. High concentrations of As are particularly problematic in the smelting process
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and will modify Bessemer matte morphology. The presence of As in high abundance will
decrease the size of Cu particulates and thus cause metal phases to be dispersed in the
matte which inhibits sinter generation (Christopher Davis, personal communication;
Toguri et al.,, 1995). The ores at Garson mine are typically richer in As than other
Sudbury ores. Typical Sudbury ores contain an average of ~3 ppm As, whereas Garson
ores contain on average ~1000 ppm As. Currently, ores mined by Vale Canada Limited.
From the Sudbury deposits are blended with Garson ore that contributes ~7-10% of the
mill feed. At these levels the As concentrations are usually diluted to level where they do
not cause a problem. However, in the near future, the amount of Garson ore sent to the
mill feed will increase, so areas with high As will have a greater effect on the overall bulk
As of the feed.

The ultimate intention of this project was to identify mineralogical criteria that mine
and exploration geologists can use to recognize, in hand sample and thin section or by
evaluation of assay data, potential problem areas of the ore body that are rich in As,
encountered during routine drilling, mapping and grade control. The research also focuses
on understanding how the ores became so concentrated in these metals during their
formation, and what geological processes led to the diverse metal associations present at
the Garson Mine. Generally, this study revises the existing genetic model (Christopher

Davis, personal communication) for As-rich mineralization at the Garson deposit.



1.2 Secondary objective of thesis

A secondary objective of this thesis was to conduct a preliminary evaluation of fluid
inclusions within early (pre-sulphide), magmatic-hydrothermal veins that are pervasive
throughout the Garson ores. These quartz veins were studied by fluid inclusion,
petrographic and geochemical techniques in order to (i) characterize the physical and
chemical conditions at the time of fluid entrapment of vein formation, and to elucidate the
relationship of these fluids to the Garson ores; (ii) determine the chemical composition of
fluids and compare to other magmatic-hydrothemal fluids and (iii) evaluate the effects of
post-entrapment modification on the South Range to assess validity of fluid inclusion

studies.

1.3 List of acronyms
The following is a list of commonly used terms throughout the thesis:

CGSS - cobaltite-gersdorffite solid solution

CSIS - contorted schist inclusion sulphide

DISS - disseminated sulphide

EMP — electron microprobe

GGSS - glaucodot-gersdorffite solid solution

INMS — inclusion-rich massive sulphide

IPGE - iridium group platinum group elements (Ru, Ir, Os)

ISS — intermediate solid solution

LA-ICPMS - laser ablation inductively coupled mass spectroscopy
MASU — massive sulphide

MSS — monosulphide solid solution

PGE - platinum group elements

PPGE — platinum group platinum group elements (Pt, Pd, Rh)
SEM - scanning electron microscope

SEM-BSE - scanning electron microscope back-scattered electrons
SEM-EDS - scanning electron microscope energy dispersive spectroscopy
SIC — Sudbury Igneous Complex

Wr — wall rock
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Chapter 2: Mineralogy and distribution of arsenic and the platinum-
group elements in shear-hosted magmatic sulphide ores, Garson Mine,
Sudbury, Canada

Darren LeFort*, Jacob Hanley

Dept. of Geology, Saint Mary'’s University, Halifax, Nova Scotia, Canada
Christopher Davis

Ontario Operations, Vale Ltd., Sudbury, Ontario, Canada

Simon Jackson

Natural Resources Canada, Ottawa, Ontario, Canada
*corresponding author email address: darrenlefort@gmail.com

Number of pages of text: 61
Number of figures: 18
Number of tables: 12 + 1 supplementary data table
For submission to Economic Geology
Abstract

The Garson deposit is a structurally and hydrothermally modified contact-style Ni-Cu-
platinum-group element (‘PGE’) magmatic sulphide deposit, located in the Sudbury
mining camp, Ontario, Canada. The ores are hosted mainly in shear zones related to syn-
to post-sulphide deformation (Penokean and Mazatzal-Labradorian orogenic events) and
are exceptionally enriched in As (avg. ~1030 ppm, range bdl-36 wt%; n=13727), PPGE
(“platinum-group” platinum-group elements) and to a lesser extent IPGE (“iridium-
group” platinum group elements). The major sulphide phases present are pyrrhotite,
pentlandite, and chalcopyrite with minor pyrite, and very locally, minor sphalerite and
galena. The main ore types observed are classified as inclusion-rich massive sulphide
(INMS), disseminated massive sulphide (DISS), massive sulphide (MASU) and minor
“contorted schist” massive sulphide (CSIS). The major control on bulk rock As

abundance in the ore is the abundance of cobaltite-gersdorffite solid solution (CGSS) and

nickeline in the ore assemblages. Both minerals show similar compositional ranges
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(Feo.11-0.41C00.01-0.73N10.15.0.77A80.71-1.235060-106) and are distinguished only by their
differing crystal forms (GGSS grains are orthorhombic dipyramidal; CGSS grains are
isometric tetartoidal) and relative grain sizes [GGSS grains are smaller (1-120 pm; avg.
~20 um), while CGSS grains are larger (~20 pum to mm scale; avg. ~500 pm)]. To a lesser
extent, nickeline (NiAs) and sperrylite (PtAs;) contribute to bulk rock As in samples
where these minerals are present in significant abundance. Grains of CGSS and GGSS
most commonly occur as inclusions hosted in major base metal sulphide phases, while
nickeline is complexly intergrown with CGSS and chalcopyrite. Laser ablation-ICPMS
analyses show that exceptionally high concentrations of PGE are found in these
sulfarsenides (avg. 199 ppm Pd, up to ~1500 ppm Pd; avg. 88 ppm Pt, up to ~940 ppm Pt)
and arsenides (avg. 44 ppm Pd, up to 130 ppm Pd) with high PPGE/IPGE ratios (avg.
>30). In contrast, the base metal sulphides are consistently depleted in PGE and As
(rarely>1 ppm), with the exception of Pd in pentlandite in rare samples that tend to have
high abundances of chalcopyrite and nickeline. Bulk rock assays yielding high As
typically coincide with highest Pd values observed and increasing Pd/Pt ratios coincide
with higher abundances of CGSS and nickeline.

In general, Pd and Pt bulk grades are predominantly controlled by significant amounts
of these metals dissolved in the sulfarsenides and arsenides, and by the abundance of
discrete grains of telluropalladinite (PdTe + Cd, Sn, Sb), Pd-rich michenerite (PdBiTe),
and sperrylite (PtAs;) that are commonly spatially and texturally associated with the
sulfarsenides and arsenides. PGE minerals (‘PGM’) are commonly hosted in CGSS and
nickeline, along grain boundaries but dominantly as vuggy infillings (open space filling)

and may have exsolved from the host sulfarsenides/arsenides as minerals or semimetal-
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rich melt, or may have a secondary hydrothermal origin. They commonly occur as
composite (polymineralic) grains attached to other discrete phases within the vugs
including sphalerite, and Ag-, Ni-, Pb-, Bi-tellurides. Irarsite-hollingworthite
[(Ir,Ru,Rh,Pt)AsS-(Rh,Pt,Pd)AsS], paolovite (Pd,Sn), and Sn-Ni-Pd-selenide play only a
minor role in PGE distribution. Irarsite-hollingworthite grains are commonly present as
inclusions hosted in, or associated with, crystals of GGSS, possibly forming by exsolution
from the host GGSS.

A likely source of the high As content of the sulphide ores at Garson is contamination
by the metasedimentary rocks (e.g., greywackes, quartzites) of the Stobie and McKim
formations which comprise the southern contact of the deposit, and can contain
anomalously high As (up to 140 ppm bulk rock) up to several tens of metres from ores in
barren areas. The Sudbury Igneous Complex (SIC) magma may have initially
scavenged/assimilated As from these host rocks, leading to early enrichment of the melt
sheet in As. Upon separation of an As-enriched sulphide liquid from this SIC magma, an
early stage of sulfarsenide/arsenide saturation occurred, forming in CGSS-GGSS and
nickeline phenocrysts that scavenged PGE and other trace/accessory metals from the
sulphide liquid, prior to MSS crystallization. Sulfarsenides and arsenides began to
accumulate at contact of the SIC (norite) and its metasedimentary and metabasaltic host
rocks which made up the original footwall contact (floor) of the deposit. Arsenides
(nickeline) rather than sulfarsenides may have formed locally as a result of lower fO, in
areas where more graphitic metasediments were present, or where excess water from
dehydrating (contact metamorphosed) country rocks reacted with existing sulfarsenides.

After crystallization of sublayer norite and deformation, the sulphide accumulation
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containing sulfarsenide/arsenide phenocrysts at its base, was thrust-faulted and emplaced
into shears zones within, or along contacts between, sublayer norite and
metabasalt/metasedimentary rocks. Exsolution of some PGM from sulfarsenides occurred
upon cooling. As the sulphide liquid crystallized MSS, a late-stage semimetal-rich melt or
fluid began to precipitate Pd-bearing and other trace minerals in open vugs in the partially
crystallized MSS. Subsequent overturning of the deposit affer partial MSS crystallization
preserved sulfarsenide/arsenide cumulates along the former base (original footwall) of the
sulphide-sulfarsenide-arsenide accumulation, which now comprises the hanging wall in
each shear-hosted ore body.

As an alternative to the magmatic model, As-rich areas of the shear-hosted ore zones
may represent zones of accumulation of an As-rich partial melt that formed during
regional metamorphism of the sulfide ore bodies during or after emplacement while in a
solid state (rather than partially liquid mush). There are major limitations to both
magmatic and metamorphic models for the development of As-rich ores at the Garson
Mine.

The high concentrations of PGE and other elements (i.e., Sb, Au, Te, Bi) occurring as
dissolved metals and/or discrete mineral inclusions in arsenide and sulfarsenide phases
highlights the role of As-bearing cumulate phases in scavenging of the majority of
precious metals in contaminated magmatic sulphide systems to potentially produce highly
PGE-enriched regions in sulphide ore bodies, but stresses the ultimate importance of
discrete PGM (rather than dissolved PGE in sulfarsenides/arsenides) as the dominant

mineralogical host phases for the PGE in As-rich and As-poor ores.
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2.0 Introduction

Arsenic plays an important role in ore deposition and metal accumulation, but also
negatively impacts mining and smelting techniques. High concentrations of As during
smelting will modify Bessemer matte morphology by decreasing Cu,S grain size, and
causes metal phases to be dispersed in the matte which inhibits sinter generation
(Christopher Davis, personal communication; Toguri et al., 1995). Arsenic may be
released into the atmosphere and also cause fusing of the roasting bed during the roasting
process (Christopher Davis, personal communication; Toguri et al., 1995). Arsenic is also
a toxic metal with carcinogenic effects and a long residence time in the environment.
Therefore, understanding its geochemical behavior and the factors controlling its
distribution in ore-forming environments, and its paragenetic relationship to other sought-
after ore metals in magmatic Ni-Cu-PGE systems is worthwhile. Experimental studies
show that arsenide and sulfarsenide minerals, and As-rich sulphide or semimetal (As +Bi,
Te, Sb) melt phases sequester high concentrations of platinum-group elements (‘PGE’) in
magmatic systems (Gervilla et al., 1996; Gervilla et al., 1998; Gervilla et al., 2004). Ore
metals show genetic and spatial associations with As, especially in Ni-Cu-PGE deposits
associated with mafic-ultramafic rocks (e.g., Skinner et al., 1976; Makovicky et al., 1990,
1992; Arehart et al., 1993; Fleet et al., 1993; Gervilla et al., 1996, Wood, 2003; Hem and
Makovicky, 2004a, b; Hanley, 2007; Dare et al., 2010a), epithermal Cu-Au deposits (e.g.,
Sillitoe, 1983; Panteleyev, 1986; Taylor, 2007; Lefort et al, 2011), five-metal (As, Co, Ni,
Ag, Fe) association silver veins e.g., McDonald, 1987; Lang et al., 2003), disseminated
and replacement gold (e.g., Pan and Fleet, 1990; Tomkins et al., 2004), cassiterite-

arsenopyrite-dominant base metal deposits (Heinrich and Eadington, 1986) and Archean

15



greenstone-hosted quartz-carbonate Au-bearing veins (e.g., Dubé and Gosselin, 2007; and
authors therein). However, in magmatic Ni-Cu-PGE systems, As is not a prerequisite for
PGE enrichment. Base metal sulphides (BMS), which are volumetrically dominant
compared to As phases, also show a strong affinity for PGE, leading to the formation of
world-class Ni-Cu-PGE deposits, such as those hosted in the Bushveld Complex, where
PGE are intimately associated with pyrrhotite and pentlandite devoid of As enrichment
(Ballhaus and Sylvester, 2000; Barnes et al., 2006; Holwell and McDonald, 2007; Godel
et al., 2007; Bames et al., 2008; Godel and Barnes, 2008; Gonzalez-Jiménez et al, 2010).

Other elements such as Bi, Sb and Te may also serve an important role in precious
metal concentration in some magmatic sulphide deposits; Hutchinson and McDonald
(2008) proposed that the chalcophile semimetals such as As, Sb, Bi, and Te act to lower
the solubility of PGE in the base metal sulphides by inducing or promoting saturation of
discrete PGE minerals (‘PGM’), such as sperrylite (PtAs;) and geversite (PtSby).
Provided that the assimilation of sufficient As, Sb, Bi and Te into a silicate or sulphide
melt occurs from surrounding host rocks, the saturation of PGM containing these metals
may be an important process for PGE enrichment in otherwise low grade sulphides that
do not undergo more conventional or better understood processes that typically
concentrate the PGE to economically mineable levels (e.g., sulphide liquid fractionation
at Sudbury; Ebel and Naldrett, 1996; Li and Naldrett, 1993).

Arsenic concentrations in basaltic melts are far too low for arsenide/sulfarsenide
saturation to occur, therefore, contamination from an external source is critical (Wood,
2003). Contamination occurs when As is extracted from spatially associated sedimentary

host rocks via diffusion or assimilation. The superheated SIC is thought to have

16



assimilated several hundred metres of footwall rocks (Prevec and Cawthorn, 2002). The
contamination of sulphide melts by adjacent sedimentary rocks has been observed in the
Turfspruit area of the Bushveld Complex, where As and Sb-rich footwall rocks are
assimilated into the sulphide melt (Hutchinson and McDonald, 2008). Although the
genesis of the Bushveld Complex and its PGE ores differs from that of the SIC, the local
effects of As contamination are likely similar (i.e., the formation of As-minerals and
concentration of PGE within As-minerals; Hutchinson and McDonald, 2008).

The Sudbury Igneous Complex (SIC), located along the boundary between the
Superior and Southern Provinces in Ontario, Canada, hosts large reserves of magmatic
Ni-Cu-PGE. The production of PGE from this system of deposits was recently ranked
third in the world next to the Bushveld Complex, South Africa and Noril’sk, Russia
(Farrow and Lightfoot, 2002; Ames and Farrow, 2007). Arsenic-bearing accessory
minerals and mineral assemblages have been recognized in magmatic Ni-Cu-PGE
sulphide ores at Sudbury in previous studies and occur almost exclusively in deposits of
the South Range (Barlow, 1904; Lausen, 1930; Davidson, 1946; Hawley and Hewitt,
1948; Hawley et al., 1968; Aniol and Brown, 1979; Magyarosi et al., 2002; Dare et al.,
2010a). Limited work on the spatial distribution shows that the As phases tend to be
found along the margins of the sulphide ore bodies and commonly comprise intergrowths
of Co-Ni-Fe sulfarsenides and arsenides (e.g., Hawley et al., 1968; Dare et al., 2010a).
However, these textural associations have not been investigated in detail. The PGE tend
to be hosted by PGM, namely PGE-bearing tellurides, bismuth-tellurides, arsenides and
sulfarsenides, and not within BMS (Cabri and Laflamme, 1976, 1984; Cabri, 1988; Li
et al., 1993; Farrow and Lightfoot, 2002; Huminicki et al., 2005; Dare et al, 2010a).
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The PGM at Sudbury are generally considered to be late magmatic and/or may have
hydrothermal origins (Cabri and Laflamme, 1976; Li and Naldrett, 1993; Li et al.,
1993; Farrow, 1994; Farrow and Watkinson, 1997; Carter et al., 2001, 2009; Molnar
et al., 2001; Farrow and Lightfoot, 2002; Magyarosi et al., 2002; Szentpéteri et al.,
2002; Hanley et al., 2005; Péntek et al., 2008), although other studies have proposed or
suggested an early magmatic origin for certain PGM (e.g., irarsite, hollingworthite;
Szentpéteri et al., 2002; Dare et al, 2010a).

At the Garson mine, shear-hosted sulphide ores are commonly PGE-rich and host
some of the highest concentrations of As in the Sudbury camp (avg. ~1030 ppm, range
bdl — 36%; n=13727; Christopher Davis, personal comumunication). Compared to other
deposits along the South Range in which As phases have been described (e.g.,
Creighton deposit; Dare et al., 2010a), As-bearing minerals at Garson are far more
abundant and in some cases occur as minor phases (up to several vol%) within the
sulphides. However, the ores at Garson show great variability in metal tenor and
significant variations in PGE:As ratios from one section of the deposit to another which
suggests a complex history. This study represents the first mineralogical and mineral
chemical characterization of the PGE-As associations at the Garson Mine, performed
with the intention of elucidating (i) the impact that As phases have on grade and metal
ratio variation; (ii) the relative importance of magmatic, contact and regional
metamorphic, and hydrothermal processes on As and PGE distribution; and (iii) the

metallurgical/mineral processing implications of the PGE-As mineralogical associations.
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2.1 Regional Geology
2.1.1 The Sudbury Structure and its ores

The Sudbury Structure is the result of a bolide impact that occurred at 1850 Ma and is
the second largest known impact structure on Earth (Dietz, 1964; Naldrett and Hewins,
1984; Figure 2.1). The impact caused massive amounts of brecciation and shock- and
heat-induced melting of the country rocks and lower crust (Naldrett and Hewins, 1984;
Mungall et al., 2004; Lightfoot and Zotov, 2005). The elliptical (~60x27 km) Sudbury
Structure lies in the Canadian Shield at the intersection of three large structural provinces:
the Superior, Southern and Grenville (Dressler, 1984; Therriault et al., 2002). Regional-
scale deformation associated with the Mazatzal-Labradorian and Penokean orogenic
events modified the original circular impact crater and crystallizing/crystallized melt
sheet to become a northeast-southwest trending oval shaped structure (Rousell, 1984;
Figure 2.1).
These periods of deformation were also responsible for several phases of localized
structural modification of the units of the SIC and its contact with its host rocks,
hydrothermal activity and low-intermediate-grade metamorphism, most notably along the
South Range (Rousell, 1984; Magyarosi et al., 2002). Important constituents of the
Sudbury Structure include (i) the Whitewater Group (crater fill), comprised of the
Onaping, Onwatin and Chelmsford Formations, (ii) the Sudbury Igneous Complex
(‘SIC”), and (iii) brecciated, contact metamorphosed, and partially melted Archean and
Paleoproterozoic country rocks located in the footwall of the SIC (Therriault et al., 2002).
Due to the crustal component incorporated into the melt sheet, the SIC is much more

intermediate in composition (i.e., richer in SiO,) than conventional layered mafic-
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Figure 2.1: Geological map of the Sudbury Igneous Complex. The distribution of the
offset dikes, sublayer, norite, transition zone gabbro, and granophyre, the location of Ni-
Cu-PGE deposits (including the Garson Mine, the area of study), and associated country
rocks are shown. Inset shows the location of Sudbury in central Ontario.
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ultramafic intrusions (Naldrett and Hewins, 1984; Therriault et al., 2002; Mungall et al.,
2004). The SIC is also different from melt sheets associated with other terrestrial impacts
because of its great thickness, distinct layering, and exceptional degree of preservation
(Therriault et al., 2002). Authors have described the SIC as a differentiated impact melt
sheet (e.g., Naldrett, 1999; Therriault et al., 2002). The impact melt differentiated into the
observable lithological units and became saturated in sulphide liquid (Naldrett, 1999).
Rock types observed within the SIC include noritic and gabbroic mesocumulates topped
with granophyric residue, and early diorite emplaced and crystallized into radial and
concentric offset dykes in the country rocks. The South Range country rocks are
comprised of Huronian-age metavolcanics (basalts and rhyolites), associated granitic
plutons, and metasedimentary rocks (e.g., mainly greywackes and quartzites; Figure 2.1)
of the Southern Province. The North Range country rocks are comprised of Archean-age
granitoids and (dominantly) tonalitic gneisses of the Levack gneiss complex and Cartier
granite of the Superior Province (Figure 2.1).

Several different types of Ni-Cu-PGE mineralization are observed at Sudbury
(Naldrett et al., 1984; Farrow and Lightfoot, 2002; Farrow et al., 2005; Ames and Farrow,
2007). These mineralization types include (i) Cu-Ni-PGE-rich ores occurring in
concentric or radially extensive dioritic offset dykes from the main complex where the
ore is hosted in inclusion-rich quartz diorite (e.g., Kelly Lake and Totten deposits), (ii)
contact style, PGE-poor, Ni-rich ores that are hosted within the basal units of the SIC
(norite, sublayer) or in partially melted country rocks associated with heterolithic footwall
breccia-rich depressions (“embayments™) at the base of the SIC (e.g., Whistle and Craig

deposits, and Garson is a structurally modified version of this deposit type), and (iii)
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footwall-style Cu-PGE-rich ores which comprise massive sulphide veins (“high-
sulphide”) or blebby-disseminated sulphide ores (“low sulphide”) within shock-induced
breccia (e.g., McCreedy PM zone, Podolsky).

While Naldrett (1984a, b) stated that the varying concentration of PGE, Ni and Cu in
the deposits depends on the mass of silicate that a sulphide liquid interacts with (i.e., the
R-factor); it has been shown that the variations in deposit types, Ni:Cu, and PGE ratios
were due to fractional and/or equilibrium crystallization of monosulphide solid solution
(MSS) with formation of an immiscible sulphide melt, leading to the formation of the
relatively PGE-poor, Ni-rich contact ores and the Cu-PGE-rich variety footwall of ores
(e.g., Li et al, 1992, Naldrett et al, 1999; Mungall, 2007). These characteristic magmatic
processes produced MSS cumulate phases enriched in Fe, Ni, Co, Rh, Ru, Ir, and Os, and
fractionated residual sulphide liquids enriched in Cu, Pt, Pd and Au. Footwall-style ores
are thought to be a result of a separated, fractionated Cu-rich liquid crystallizing ISS,
while contact-style deposits are the result of the accumulation of sulphides in
embayments where MSS and ISS remain in contact with each other during crystallization
(e.g., Li et al., 1992; Naldrett et al, 1999; Mungall, 2007). Continued fractionation and
gravitational settling are thought to be responsible for the zoning observed in several
Sudbury ores (e.g., Creighton and Frood deposits; Cheney and Lange, 1967; Naldrett,
1984a, b).

Studies of the South Range deposits and the SIC, in general have been numerous,
while specific studies of the unique Garson deposit are lacking. Previous studies are

limited to Hawley et al. (1968) and Aniol and Brown (1979). A current Ph. D. project on
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the structural aspects of the Garson deposit is in progress (Mukwakwami et al., 2011a,

2011b).

2.1.2 Geology of the Garson deposit

The Garson deposit is a structurally modified contact style deposit located along the
South Range and is hosted along the contact between norite of the SIC sublayer and the
metasedimentary-metabasaltic rocks of the Huronian-age Stobie and McKim formations.
The development and current morphology of the Garson deposit was strongly influenced
by shear zones, and local enrichment in As is a key compositional characteristic of the
ores. The Garson Fault is the main structure in the deposit and has a similar orientation as
the main ore bodies (Cochrane, 1991), which are each hosted in one of four, east-west
trending shear zones (named the #1,#2#3, and #4 shears). The host rocks have
experienced several phases of deformation which led to the fragmentation, separation and
overturning of the ore zones and current orientation dipping steeply to the south (Figure
2.2; Figure 2.3; Mukwakwami et al, 2011a). The thickness of the current sulphide ore
zones within each shear ranges widely from a few centimetres to ~60 metres, averaging 3
to 15 metres in width (Figure 2.2, Figure 2.3). The main lithologies observed at the
Garson Mine are: (i) metavolcanics (basalts) and metasediments (e.g., greywackes,
quartzites) of the Stobie and McKim formations, serving as the main host rocks to the
ores, (ii) the SIC sublayer: a noritic, inclusion-rich unit, located at the base of the SIC and
encloses ore in some areas, (iii) Sudbury breccia, comprised of impact (shock)
brecciated/melted footwall material dispersed through the host rocks; and (iv) an olivine

diabase dyke which intersects the shear zones and ore bodies. Of the four main shear
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zones, #1 shear is the most economically important mineralized shear zone at Garson due
to its Ni high grade and tonnage. At depths less than 4000 ft, the #1 shear lies at the
contact of the footwall sublayer norite and the metasedimentary/metavolcanic rocks of the
hanging wall (Figure 2.2). From the 4000 level and below, the #1 shear is hosted entirely
within metavolcanic rocks and dips steeply to the south (Figure 2.2). The #2 and #3
shears converge with #1 shear below the 1000 level and below the 2800 level,
respectively (Figure 2.2). The #2 shear is hosted along the contact between the sublayer
norite and metasediments, while the #3 shear is hosted entirely within the sublayer norite
(Figure 2.2). The #2 and #3 shear ore bodies are minor contributions to the overall Garson
deposit tonnage and are not currently being mined. The #4 shear, a volumetrically
significant ore body, strikes east-west and dips steeply to the south. It is bound by
metavolcanics in its hanging wall and norite along its footwall, a reversal of the #1 shear
hanging wall and footwall units.

Several ore types are observed at the Garson deposit (Figure 2.4; Figure 2.5). The main
ore types observed in this study are inclusion-rich massive sulphide (INMS),
disseminated sulphide ore (DISS) and massive sulphide (MASU; Figure 2.4, Figure 2.5).
Other minor ore types include contorted schist inclusion sulphide (CSIS), breccia
sulphide (BXSU), gabbro-peridotite inclusion sulphide (GPIS), disseminated (DISS), and
ragged disseminated sulphide (RDSU). The ore types vary greatly at the metre scale with
MASU occurring in the center of the ore bodies and INMS, DISS and other ore types
occurring along the margins of the ore bodies (Figure 2.4). The ore types can grade into
one another gradually or sharply. Volumetrically minor, chalcopyrite-rich ore is

characteristic of an area known as the Ramp and is located adjacent to the main shears
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Figure 2.2: Cross section of the Garson ore bodies facing east (2640 E section). The
current orientation is the result of overturning of the ore bodies, which was originally
shallowly north-dipping. The #1 and #4 shear zones are hosted at the contact of sublayer
norite and metabasalts/metasediments. Below the 4370 level, the #4 shear is hosted
entirely in metabasalt. Modified from Aniol and Brown (1979). Stars indicate sampled
levels within #1 and #4 shear.
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Figure 2.3 (previous page): Plan view of shear zones with arsenic and PGE grades. a)
Plan view of the #1 and #4 shear-hosted ore bodies on the 5000 level; b) Plan view of the
#1 and #4 shear-hosted ore bodies showing As grades on the 5000 level; ¢) Plan view of
the #1 and #4 shear-hosted ore bodies showing As grades on the 5100 level.
Discontinuous high As regions in the ore are present mainly along the current hanging
wall (former footwall) and generally not on both sides of the ore zones. Note that on these
levels sulphide ore bodies are exclusively hosted in metabasalt and not in metasediment
(see text for explanation). Line and arrow indicate current dip direction.
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Figure 2.4: Major and minor ore types in hand sample. a) Volumetrically minor
“contorted schist” ore containing foliated fragments of wall rock and sulphides; b)
Massive sulphide ore containing massive Po, less than 10% wall rock inclusions by
volume; ¢) Inclusion-rich massive sulphide containing Po and Cpy, with more than 10%
inclusions; d) Inclusion-rich massive sulphide with abundant wall rock inclusions (20%);
e) Volumetrically minor chalcopyrite-rich ore from the Garson ramp; Abbreviations:
Cpy= chalcopyrite; Qtz= quartz; Po= pyrrhotite; Wr= wall rock.
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(Figure 2.4e). The Ramp ore is hosted mainly along the contacts between the Frood-
Stobie Breccia belt, metavolcanics, olivine diabase and norite. Although some assay data

was acquired and is discussed below, the area was not a major focus of this study.

2.2 Sampling and analytical methods

The proportions of samples obtained for this study tend to be biased toward the INMS
type. This is because most samples were gathered in mined-out areas from the margins of
the ore bodies. Where possible, fresh rock faces containing MASU ore were also
sampled. Approximately 150 thin sections were made from 110 chip samples gathered on
the 4470, 4600, 4800, 4900, 5000 and 5100 levels at the Garson Mine (Figure 2.2).
Special attention was made to sample stopes with varying As and PGE grades as
indicated in company assay databases (i.e., areas with high As-high PGE, high As-low
PGE, low As-high PGE, low As-low-PGE). Additionally, several large chip samples (30-
45 cm width) were sectioned into thin sections and chip samples in order to determine the
hand sample-scale variations in As and PGE grade and mineralogy at the sub-metre scale.
Several chip samples were taken from an active mining face to determine variation in the

same characteristics on the stope scale.

2.2.1 Bulk rock analyses of the ores

The chip samples were prepared for bulk rock assay to be performed at ALS Minerals,
Sudbury, Ontario. The bulk rock samples all had corresponding thin sections made to
determine the possible mineralogical controls for various metals. Samples for assay were

prepared by cutting larger chip samples into multiple smaller (~8cm®) blocks. The
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samples were then packaged and delivered to be assayed. Each sample was crushed to a
size of 10 mesh (2mm) using Boyd crusher-rotary sample divider combo unit and then
ring pulverized to 85% -200 mesh (74 pm).

All samples were analyzed for Cu, Ni, Co, Fe, S, As, Pb, Zn, Sb, and Bi using the ME-
ICP81 procedure, an ICP-MS based method. Sample masses of 0.2g were fused with a
sodium peroxide flux (2.6g) at 670°C in a furnace and then cooled and dissolved in 30%
HCI solution. Nickel, Cu, Co, Fe, S, As, Pb, Zn, Sb, and Bi and in solution were
determined using a Varian Vista (ICP-OES). Gold, Pt and Pd were determined by a Pb-
fire assay/ICP-MS technique on 30g of sample. Silver was determined by aqua regia

dissolution/atomic absorption spectroscopy on 2g samples.

2.2.2 Trace/accessory mineral identification and analysis

Scanning electron microscopy (SEM) was used extensively to image and map out the
distribution of, and, with electron dispersion spectroscopy (EDS) to analyze the chemical
composition of, As-bearing and other trace/accessory phases observed in the Garson ores.
Samples were characterized with a Leo 1450 VL SEM (Saint Mary’s University, Nova
Scotia) at an accelerating voltage of 20kV and a beam current ranging from 5-20 nA. The
SEM was also used to estimate modal abundance through point counting and grain size
determinations from BSE images. Thirty-three samples were chosen for detailed grain

and trace phase modal analysis within the ores (Supplementary Table 1, Appendix A).
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2.2.3 Microprobe analysis of As carriers

Arsenides and sulfarsenides were analyzed by electron microprobe (EMP; Dalhousie
University, Nova Scotia). Samples containing phases analyzed by microprobe include
M19, 20 (# 4 east 4900L), M32, 46 (#1 west S000L) M66 (#4 west S000L), M81-86, 88,
89 (#1 west S5100L) 91 (#4 west S100L), M105-107, 110 (#4 west 4470L; Figure 2.2,
Figure 2.3; Tables 2.1-2.5, 2.11, Appendix A). The instrument used was a JEOL 8200
electron microprobe operated at an accelerating voltage of 15 kV, a beam current of 20
nA and an on-peak count time for each element of 10s. Standards used for calibration of
analyte sensitivities and peak position determinations were in-house, stoichiometric

pyrrhotite (Fe), pentlandite (Ni), chalcopyrite (Cu), arsenopyrite (As), and cobaltite (Co).

2.2.4 Trace element analyses of As-carriers and base metal sulphides

Laser ablation inductively-coupled plasma mass spectroscopy (LA-ICPMS) was
performed at the Geological Survey of Canada, Ottawa, Canada (Tables 2.1-2.5,
Appendix A). Samples were chosen based on their bulk As and PGE concentrations, the
presence of arsenic-bearing minerals identified during preliminary SEM and optical
petrographic analysis, and priority of company mine plans.

Sulphides, sulfarsenides and arsenides were analyzed for the following isotopes: $**,
Fe¥’, Co™, Ni®®, Ni®, Zn%, As”, Se”’, Ru®, Ru'®!, Ru ', Rh!®, Pd'% pq'% pdl%s Ag!"7,
Ag'®, Cd", sn''®, Sb'2, Te!?S, Ta'® Re'SS, 0s!®, Ir', Pt Au', Hg?™, Pb®, pp2®
and Bi’®. Other isotopes were also measured during LA-ICPMS analyses to monitor
possible contamination by host silicate minerals (Si%®, Sr*®, Y** and Zr’). Generally, the

central portions of large grains were chosen [typically larger than ~35 pum and visibly free
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of platinum-group mineral (PGM) inclusions] to ensure that signals obtained were from
uncontaminated, pure phases. A laser spot size of up to 52 um was used whenever
possible to obtain higher count rates. Each measurement was performed at a fluence of 4
mJ/cm? (attenuated to 4%), and at a pulse rate of 10 Hz. Owing to the unreasonably long
washout times and contamination problems associated with measuring As, analyses of
As-rich phases were obtained at the end of the session to avoid elevated backgrounds due
to transient contamination (and therefore, higher limits of detection for subsequent
analyses) when analyzing the BMS. Synthetic standards used for calibration of analyte
sensitivities were a basaltic glass (GSE-1; produced by the USGS), a chemically
precipitated sulphide (MASS-1; produced by the USGS), and pyrrhotite and a quenched
NiS fire assay fusion mixture (P0726 and Po689, produced at Memorial University, St.
John’s, Newfoundland). Data reduction was performed using Glitter™ data reduction
software for the laser ablation microprobe. Intervals that showed prolonged and consistent
count rate intensities (i.e., excluding any short-lived, high intensity peaks representing
PGE mineral inclusions) were integrated during data reduction. Incorporation of high
intensity spikes during data reduction resulted in highly variable trace element
concentrations (e.g., PGE, Te, Bi, Ag) from one spot to another within a single mineral
grain. In comparison, exclusion of these spikes during data reduction yielded consistent
and very narrow concentration ranges within single grains (see below). Internal
standardization utilized the Fe content of BMS based on stoichiometry and the Fe or Ni of
arsenides/sulfarsenides based on EMP analyses. Manual corrections for argide
interferences were performed. High purity (99.999% Cu) copper metal was analyzed to

determine, and manually correct for, the interference of Cu®>Ar*® on Rh'® and Cu®’Ar*
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on Pd'®, where necessary. Other interferences (Cd106 on Pd'%; Zr*°0' on Pd'%; Y¥0'¢
on Pd'®; and Zn**Ar* on Pd106) were determined to be negligible by monitoring and
comparing count rates and calculated concentrations of potentially affected isotopes to

those isotopes of the same element with no known interferences.

2.2.5 Mass balances

Petrographic analysis of 74 thin sections (Supplementary Table 1, Appendix A) was
performed in order to determine major base metal sulphide, sulfarsenide and arsenide
abundances to predict the bulk rock As, Pt and Pd in each corresponding sample. Major
phase abundances (pyrrhotite, chalcopyrite, pentlandite, As-minerals and silicate gangue)
were reported from each ore type sample (74 samples) in Figure 2.5 as modal (area) per
cent based on visual identification by petrographic microscope. Modal per cent values
were then converted to weight per cent using standard mineral specific gravities as well as
an average specific gravity for wallrock fragments of 3.25. Combining LA-ICPMS and
EMP data for As, Pt and Pd from major sulphide and sulfarsenide/arsenide phases with
the determined weight per cent abundances of these minerals, the proportion of each
metal (As, Pt, and Pd) hosted in each mineral phase was calculated as well as a predicted
assay value for each metal. Predicted values were then compared to the corresponding
bulk rock analyses for As and the PGE in order to determine the effectiveness of using
thin section and hand sample petrography for mass balance determinations and grade
control (Supplementary Table 1, Appendix A). For those samples in which PGE mass

balances were performed (33 samples), modal analysis of PGE was done by SEM-BSE,
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Figure 2.5: Distribution of majer phases, As-minerals (CGSS-GGSS-nickeline), and
silicate gangue by ore type. On average, there is a higher abundance of As-minerals in
DISS and INMS than in MASU. Ore type abbreviation: CSIS=contorted schist sulphide;
DISS= disseminated sulphide; INMS= inclusion-rich massive sulphide; MASS= massive
sulphide. Mineral abbreviation: CGSS= cobaltite-gersdorffite solid solution; Mineral
abbreviations: Cpy= chalcopyrite; GGSS= glaucodot-gersdorffite solid solution; Pn=
pentlandite; Po= pyrrhotite; Sg= silicate gangue; n=number of samples studied/analyzed.
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whereby within representative areas (with specific pm® measured) PGM grain dimensions
were measured and modal % combined with published mineral compositions or

quantitative analyses obtained by SEM were used to predict their contributions to total Pt
or Pd grade. To account for Pt and Pd occurring in BMS, sulfarsenides andarsenides, LA-
ICPMS values were averaged for each PGE. If the mass balances were being performed
on samples with corresponding LA-ICPMS data, then values specific to those samples
were used. If mass balances were performed on samples without corresponding LA-

ICPMS data, then an average from the corresponding shear or level.

2.3 Results
2.3.1 Mineralogy of major base metal sulphide phases

Major ore styles (INMS, MASU, and DISS; Figure 2.5) were observed in both #1 and
#4 shears. Of the samples sent out for bulk rock analysis, the proportion of each ore type
represented is as follows: INMS (43%), DISS (34%), MASU (11%), and CSIS (2%) as
well as host rocks sampled at varying distances from sulphide contacts (10%).

The ores are primarily composed of pyrrhotite with varying amounts of pentlandite and
chalcopyrite (Figure 2.5). Based on samples gathered for this study, MASU is comprised
of mainly pyrrhotite (avg. ~67 vol%), pentlandite (~12%) and chalcopyrite (14%), and
contain abundant host rock fragments and silicate mineral grain inclusions as well (<10%;
avg. ~7%; Figure 2.4, Figure 2.5). INMS comprises of similar proportions of major
sulphides with significantly more inclusions of silicates and rock fragments (>10%, avg.
~23.5%; Figure 2.4, Figure 2.5). Disseminated sulphide ores are characterized by still

higher proportions of silicates and rock fragments (avg. ~32%, Figure 2.4, Figure 2.5).
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Pyrrhotite occurs as massive polycrystalline aggregates, but can also occur as
disseminated grains hosted in chalcopyrite and in host rocks/silicates. Pyrrhotite
aggregates comprise the matrix in most of the samples and have poorly defined grain
boundaries. The massive pyrrhotite contains inclusions of pentlandite, chalcopyrite, and
magnetite with lesser sphalerite, galena, arsenides, sulfarsenides, and other
trace/accessory phases as well as abundant inclusions of host lithology fragments, silicate
crystals (small inclusions or recrystallized silicate remenants) and quartz vein fragments.
In samples where pyrrhotite is disseminated, it forms ragged, anhedral grains and often
shows open space-filling textures within silicates in the host rocks or occurs as inclusions
within other sulphides. Pyrrhotite grain size ranges greatly from sample to sample and
within single samples from pm to cm-sized grains. Pentlandite most commonly occurs as
pm to mm wide stringers that occur along pyrrhotite grain boundaries. Like pyrrhotite,
pentlandite grains commonly contain host rock fragments, silicate grains and quartz. In
many cases, pentlandite stringers commonly rim pyrrhotite grains. Pentlandite also occurs
as anhedral, equant to sub-equant porphyroblasts (“eyes”) in pyrrhotite and chalcopyrite
that range from ~100 um to ~1 cm in size. Pentlandite exsolution lamellae in pyrrhotite
are present but uncommon.

Chalcopyrite occurs high abundances in some samples. It occurs as large grains
showing mutual (equilibrium) boundaries with, or as disseminated inclusions in,
pyrrhotite. Chalcopyrite also exhibits secondary textures (e.g., space filling and net
texture, post-dating pyrrhotite and pentlandite crystallization) in pyrrhotite and host rocks.

Chalcopyrite is often abundant in wall rocks adjacent to massive sulphide.
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Inclusions of metabasalt, metasedimentary host rocks, and quartz fragments (from
brecciated, pre-sulphide metamorphic quartz veins) are ubiquitous within ore types found
at the Garson deposit (Figure 2.5). The host rock fragments are rich in amphibole such as
hornblende, ferrotschermakite (Mukwakwami et al., 2011a; 2011b) and minor riebeckite,
which commonly occur as tabular crystals. In the metasedimentary rocks, a strong
foliation is observed. Metabasalts are characterized by abundant prismatic black
amphibole porphyroblasts (up to 3 mm) in a medium-dark green matrix of amphibole-
quartz-biotite-plagioclase-1lmenitetgamet (Mukwakwami et al., 2011b).
Metasedimentary rocks observed at Garson are typically metamorphosed greywackes that
are massive, fine-grained and dark grey in hand sample (Mukwakwami et al., 2011b). The
metagreywackes are composed of 60-70% quartz, 10-20% plagioclase, 15-25%

ferrotschermakite intergrown with biotite.

2.3.2 Trace elements within major sulphide phases

The LA-ICPMS results show that the major sulphides contain consistently very low
concentrations of As and other deleterious trace metals (e.g., Cd, Sb, and Pb), and are
generally poor in PGE (Tables 2.1-2.6, Appendix A), demonstrating that they do not

contribute significantly to bulk rock abundances of these elements.

2.3.2.1 Pyrrhotite
Pyrrhotite has As concentrations consistently below detection limit (bdl), with rare
values above detection limits reaching up to ~12 ppm (see section 2.4.8 The effects of

PGE and accessory mineral micrograins). Pyrrhotite shows a wide range in dissolved Ni
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and Co contents, from 0.2 to 1.1 wt% and 3 to 240 ppm, respectively (Table 2.1,
Appendix A). Cobalt-poor pyrrhotite and pentlandite are consistently found in nickeline-
rich samples (samples A86-91 #1 west shear S000L; A59-61; #1 west shear 5100L; Table
2.1, 2.2, Appendix A). Concentrations of Se in pyrrhotite are consistent (up to 181 ppm,

avg. 108 ppm, n=117).

2.3.2.2 Pentlandite

Pentlandite shows a wider range of As than reported in pyrrhotite. Whereas many
pentlandite analyses report As below detection limits, average As concentration in
pentlandite with detectable amounts is ~1.5 ppm, with a range from bdl to 28 ppm;
anomalously high values are due to the presence of micrograins of sulfarsenides or
arsenides (Table 2.2, Appendix A). Arsenic concentrations in pentlandite are highest in
stope 2424 (#4 west 4470L) and stopes 1291 (#1 west S000L) and 1321 (#1 west 5100L).
Cobalt values for pentlandite range from 500 ppm up to wt%, with the lowest Co values
occurring in arsenide-rich samples (#1 west shear S000L). Pentlandite in nickeline-rich
samples from two stopes (1291 of SO00L #1 west shear and 1321 of S100L #1 west shear;
Table 2.7, 2.11, Appendix A) have consistently higher Pd than other samples, ranging
from 8-22 ppm. Pentlandite from nickeline-absent samples has much lower
concentrations of Pd, similar to the concentrations found in all other samples (Table 2.2,
Appendix A). Pentlandite has relatively consistent values of Pd, ranging from 0.1 - 2.3
ppm (avg. ~1 ppm). The highest values of Ru in pentlandite were observed in the
nickeline-free sample from stope 1291 (#1 west shear 5S000L), while pentlandite from all

other samples have values for Ru above detection limit, ranging 0.03 - 2.12 ppm.

38



Tellurium concentrations tend to increase with depth, while Rh concentrations decrease
with depth (Table 2.2, Appendix A). Antimony concentrations are low in pentlandite (bdl
— 1.2 ppm; Table 2.2, Appendix A). Concentrations of Se in pentlandite are consistent (up

to 193 ppm, avg. 105, n=76).

2.3.2.3 Chalcopyrite

Chalcopyrite shows As values consistently below detection limit, with highest values
reaching only 7 ppm (#1 west shear 5000L; higher values are affected by micrograins;
Table 2.3, Appendix A). Chalcopyrite contains varying amounts of Ag, with an average
of 4 ppm and a range from bdl - 25 ppm. Chalcopyrite has low Sb concentrations, ranging
from bdl - 1.3 ppm, but shows slightly higher concentrations (3-7 ppm) in stope 2774
(4900L #4 east; Table 2.3, Appendix A). Gold, Pt, Cd and Se concentrations in
chalcopyrite show an overall increase with depth (Table 2.3, Appendix A). Palladium and
Zn tend to be consistent with depth, while Ru shows an overall decrease with depth
(Table 2.3, Appendix A). Other elements such as Ag, Ir and Os show no trends and values
are variable (Table 2.3, Appendix A). Concentrations of Se in chalcopyrite (up to 200
ppm, avg. 106 ppm, n=108) are consistent and similar to other base metal sulphides in the

Garson ores.

2.3.3 Mineralogy of the sulfarsenides and arsenides
2.3.3.1 General characteristics
The major As-bearing phase in the Garson ore bodies is cobaltite-gersdorffite solid

solution (CGSS) with glaucodot-gersdorffite solid solution (GGSS) as a minor phase.
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Macroscopic CGSS grains can be observed in thin section at low magnification or in hand
sample, and display a wide range in grain size from ~20 pm to several mm (avg. ~500
pum). The grains are dull grey, anhedral to euhedral and commonly show
resorbed/corroded cores described originally as “spongy” by Hawley et al. (1968; Figure
2.6a, ¢). Modal abundance of CGSS can reach up to 2 vol% (Table 7, Appendix A).
Figure 2.7 and Table 2.8 (Appendix A) show a wide range of CGSS-GGSS compositions
in Ni-rich, Co-poor compositions near the gersdorffite end-member to values close to the
cobaltite/glaucodot end-member. Concentrations of Co and Ni in CGSS vary significantly
vertically through individual ore bodies (0.3 to 25% Co, and 5 to 30% Ni) but also within
single samples and single grains (0.3% to 22% Co, and 9 to 23% Ni; Figure 6a, Box 2;
Table 2.8, Appendix A). The compositions of CGSS-GGSS have a range of Feg ;.
0.41C00.01.0.73Ni0.15.077A8071-1.2350.60-1.06. The compositional range of CGSS and GGSS
show significant overlap, and they are only distinguished from one another by their
crystal morphology as observed in thin section or by SEM-BSE, and by grain size (see
below). The grains are often compositionally zoned from denser (brighter in BSE) Ni-rich
areas to Co-rich (Figure 2.8a, Box 2). The grains also contain inclusions of nickeline and
a variety of trace/accessory phase (Figure 2.8; Box 2). CGSS is hosted as inclusions in
pyrrhotite (35%), chalcopyrite (11%), pentlandite (3%), silicate gangue (3%), as well as
commonly occurring along boundaries between pyrrhotite and chalcopyrite (5%),
pentlandite (15%), or silicate gangue (22%).The remaining 6% of CGSS grains are hosted
along grain boundaries between combinations of these minerals. It should be noted that
even in chalcopyrite or silicate gangue-rich samples, minor amounts of pyrrhotite are

always spatially associated with CGSS. Of the 57 samples that were studied in detail by
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Figure 2.6 (previous page): Reflected light photomicrographs and SEM back-
scattered electron images of arsenide and sulfarsenides. a) Reflected light
photomicrograph of a large CGSS grain containing abundant nickeline inclusions; b)
Reflected light photomicrograph showing an enlargement of frame a); c¢) Back-scattered
image of a large, euhedral CGSS grain with a resorbed or “spongy” core; d) Back-
scattered image of a GGSS grain showing characteristic habit in comparison to CGSS
(see frame c); CGSS and GGSS have overlapping compositional ranges and are only
distinguished from one another by their crystal system and grain size; e) Back-scattered
image of a rounded grain of Ncl with abundant inclusions of CGSS, Po and Tsu occurring
in the rim, CGSS formed before or synchronously with Ncl; f) Back-scattered image of a
composite grain of GGSS and Ncl showing complex their intergrowth; g) and h) Back-
scattered images of Cpy-Ncl intergrowths with minor CGSS. Mineral abbreviations:
CGSS= cobaltite-gersdorffite solid solution; Cpy= chalcopyrite; GGSS=glaucodot-
gersdorffite solid solution; Ncl= nickeline; Pn= pentlandite; Po= pyrrhotite; Tsu=
tsumoite.
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Figure 2.7: CoAsS-NiAsS-FeAsS ternary diagram (section at 650°C) showing range
of composition of CGSS-GGSS grains. CGSS-GGSS compositions analyzed from the
Garson ores range significantly from Co- to Ni-end members but there is considerable
compositional overlap between encountered compositional ranges at different levels and
in different shears. Numbers correspond to shear and level in feet, in either east or west
areas of the shears. The hatched field shows the intersection of the immiscibility gap at
the 650°C section, and isotherms lying on the solvus surface. Modified after Klemm
(1965) and Hanley (2007).
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Figure 2.8 (previous page): SEM backscattered electron images showing textural
characteristics of tellurides and other accessory phases. Note open space filling, grain
boundary hosted textures, composite grain nature of inclusion, and some textural
associations between CGSS and accessory phases. a) Large anhedral CGSS grain hosted
between Po and Pn, with abundant Ncl, Hs and Po grains. Box 1 shows a composite grain
of CGSS, Hs, and Sph, hosted within Pn. Box 2 shows a Ncl grain and intergrowths with
the host CGSS. The lighter areas in the CGSS are zoned portions of the mineral with
higher Co-Ni ratios. Box 3 shows a large Hs grain as a vug infilling along a boundary
between Po and CGSS; b) Composite grain of Tsu and Sph hosted along Pn and silicate
gangue boundary; ¢) Composite grain of Tsu, Mel and Sph filling a cavity near a Cpy and
Sg boundary; d) Composite grain of Hs and Sph showing vuggy infilling texture in Po; ¢)
Euhedral CGSS grain with Tsu filling in its resorbed core, hosted along a Cpy and silicate
boundary; f) Composite grain of BiTe and Hs hosted in Cpy; g) Narrow Gal stringer
rimming spherical grain of Po, hosted in Pn; h) Pyrrhotite hosted in silicate gangue
located ~70 m into the host rock. Mineral abbreviations: Amph= amphibole; Cpy=
chalcopyrite; gal= galena; CGSS= cobaltite-gersdorffite solid solution; Hs= hessite; Mel=
melonite; Ncl= nickeline; Pn= pentlandite; Po= pyrrhotite; Sph= Sphalerite; Sg= silicate
gangue; Tsu= tsumoite.
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petrographic analysis, 26 were found to contain an abundance of CGSS grains. Of the
samples which contain CGSS grains, 62% were INMS type ore, while DISS (23%),
MASU (13%), and wall rock (2%) ore types account for the remaining 38%. CGSS forms
symplectic intergrowths with nickeline in several As-rich samples from stope 1291 of the
#1 west shear on 5000L (M46, A86, 87, 89-91; Supplementary Table 1, Appendix A).
The intergrowths are usually large (~1 mm?” areas) and can contain abundant sulphide and
trace/accessory phase inclusions (Figure 2.6f). The intergrowths commonly show the
crystal form of CGSS (Figure 2.6f). Significant quantities of nickeline can be hosted in
CGSS (Figure 2.6a, b) and CGSS can occur as rims on nickeline grains in rare cases
(Figure 2.6¢). Anhedral blebs of CGSS are observed that contain sub-spherical nickeline
inclusions in As-rich samples (Figure 2.6b, e). Nickeline forms rounded, subhedral blebs
which range in size from >5 pm to ~2 mm (Figure 2.6b, e). The nickeline is hosted as
inclusions in pyrrhotite (32%), chalcopyrite (27%), silicate gangue (3%), CGSS (2%),
and often occurs along the boundaries between pyrrhotite and chalcopyrite (21%), silicate
gangue (4%) and chalcopyrite and silicate gangue (11%). Nickeline can also occur as
small (~5-50 pm) inclusions and intergrowths in CGSS (Figure 2.8a, Box 2; Figure 2.6a,
b, f-h). Inclusions of base metal sulphides, CGSS-GGSS and trace phases occur in the
rims of nickeline grains (Figure 2.6a). Nickeline grains were observed in 10 of the 57
samples studied in detail by petrographic analysis. Of the samples that contain nickeline,
70% were INMS, while DISS and MASU comprised the remaining 20 and 10% of ore
type samples, respectively.

Nickeline contains trace abundances of inclusions of hessite, tsumoite,

tellurobismuthite, michenerite, and electrum in the rims of the grain, or along grain
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boundaries between other minerals (Figure 2.6e). Nickeline is the dominant As carrier in
8 As-rich samples whereas CGSS is dominant in 11 (Table 2.7, Appendix A) and occurs
as a trace phase in many others (Supplementary Table 1, Appendix A).

Several samples taken from stope 1291 (#1 west shear 5000L; Figure 2) and stope
1321 (#1 west shear 5100L; Figure 2) show high abundances of nickeline and/or
nickeline-CGSS intergrowth, ranging from 0.5 to 5.5 modal % (Supplementary Table 1,

Appendix A). These samples are described in the following section.

2.3.3.2 Nickeline-chalcopyrite intergrowths

Nickeline displays a very complex texture with chalcopyrite in one MASU sample
[A62/DTL 11B (2); stope 1321, #1 west shear 5100L; Figure 2.6]. The sample consists of
massive chalcopyrite with abundant nickeline inclusions (Figure 2.6g, h). The abundance
of nickeline inclusions is much higher than in other samples, based on visual estimates;
~40 vol% of the sample consists of blebs of nickeline grains hosted primarily in massive
chalcopyrite. Approximately 15 vol% of the sample is, with grains ranging from <5 to 70
pm, (avg. of ~40 pm; Figure 2.6 g, h). The remaining nickeline grains are larger,
averaging ~200-300 pm. Within this sample are symplectic intergrowths of chalcopyrite

and nickeline (Figure 2.6g, h).

2.3.3.3 Glaucodot-gersdorffite solid solution
Glaucodot-gersdorffite solid solution (GGSS) is a minor As-bearing phase in Garson
ores. The major and trace element concentrations in GGSS are very similar to CGSS.

Other than average grain size, the crystal class of GGSS is the only characteristic
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distinguishing it from CGSS. GGSS commonly occur as small (1-120 um; avg. ~20 pm),
thin lath-like crystals (orthorhombic dipyramidal), whereas CGSS tends to be larger
tabular grains or amorphous grains (orthorhombic dipyramidal to isometric tetartoidal
system; Figure 2.6c, d; 8b, d). The majority of GGSS grains are hosted within pyrrhotite
(51%), but many grains have been commonly observed in chalcopyrite (3%) and
pentlandite (5%), or along boundaries between pyrrhotite and silicate gangue (26%), and
pentlandite (4%). The remaining 11% of CGSS grains are hosted along grain boundaries
between combinations of these minerals. GGSS grains are found in 20 of the 57 samples
studied by petrographic analysis and occur in INMS (60%), DISS (25%), MASU (10%),
and CSIS (5%) ore types. GGSS tends to be present in many ore types but contributes
little to bulk As in samples, owing to its small grain size and relatively low abundance
compared to CGSS (Supplementary Table 1, Appendix A). Only when GGSS is present
in samples with very low bulk rock As content, does the GGSS control a significant % of

As (Table 2.7, Appendix A).

2.3.4 Trace elements in arsenides and sulfarsenides
2.3.4.1 Cobaltite-gersdorffite solid solution

CGSS contains elevated Ag (up to 540 ppm, avg. 38 ppm, n=53) and contains
significant PGE; Ru (up to 260 ppm, avg. 23 ppm, n=56), Rh (up to 90.1 ppm; avg.7.5
ppm, n=39; up to 4240 ppm, avg. 568 ppm on 5100L, n=14), Pd (1100-1500 ppm in stope
2221 of 4600L #4 west shear, n=3; up to 350 ppm, avg. 160 ppm, n=54, in all other

shears and levels), Pt (up to 940 ppm, avg. 88 ppm, n=51; 1844-3650 ppm, avg. 2750
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Figure 2.9: Summary of LA-ICPMS analyses of Pd in gersdorffite by level. Box and
whisker plots showing concentrations of Pd in gersdorffite grains. Note consistent

concentrations from level to level (with exception to one level) and narrow ranges in
concentration within all grains analyzed from single levels.
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ppm, n=2, in rare cases #1 west shear on 5000 and 5100L), Os (up to 85 ppm, avg. 3.6
ppm, n=37), and Re (up to 2.1 ppm, avg. 0.46 ppm, n=21). Palladium is fairly
homogeneously distributed in the CGSS structure. The highest Pd concentrations in
CGSS are an order of magnitude higher than the average and are found on #4 west shear
of the 4600 level. Palladium in gersdorffite shows similar concentrations from level to
level, except the 4600 level where Pd values are an order of magnitude higher (Figure
2.9). Ranges in Pd concentration in gersdorffite are narrow for all shears, highlighting the
validity of approach to data reduction for signals showing the presence of accidental PGE
mineral inclusions in such host phases (Figure 2.9). The highest concentrations of Pt in
CGSS are in #4 shear west 4800 level and #1 shear west 5000 level (Table 2.4, Appendix
A). The LA-ICPMS data for Pt show a wide range of concentrations within single
samples and single grains, suggesting that Pt is partially distributed in CGSS as micro-
inclusions of PGM. This observation is supported by SEM observations of small grains of
sperrylite in the CGSS.

CGSS contains significant concentration of Sb (113-1065 ppm; avg. 305 ppm) and can
contain Ag, Te, Pb and Bi (Table 2.4, Appendix A). Apparent concentrations of these
elements in CGSS can be artificially increased by the presence of micrograins of hessite,
altaite, tellurobismuthite and tsumoite which are common trace phases found hosted in
sulfarsenides (Table 2.4, Appendix A). CGSS host the highest concentrations of Se (up to

1643 ppm, avg. 310 ppm, n=59). GGSS grains are too small to analyze using LA-ICPMS.
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2.3.4.2 Nickeline

Nickeline contains consistent but relatively low Co (from sample to sample) when
compared to CGSS (144-540 ppm, avg. 285 ppm, n=26). Nickeline contains the highest
concentrations of Sb than any other mineral (1230-3360 ppm, avg. 2260 ppm, n=26), with
average values reaching an order of magnitude greater than those observed in CGSS.
Concentrations of Te range from 615 to 1680 ppm, with an average of 998 ppm (n=26).
Concentrations of Au in nickeline range from 3 to 16 ppm (avg. 6.8 ppm, n=26).

Nickeline hosts the lowest concentrations of Se (up to 134, avg. 69, n=26).

2.3.5 Characteristics of the PGE minerals

Thirty-three representative ore samples were studied in detail by SEM-EDS and SEM-
BSE (back scattered electron) in order to determine PGM and trace phase composition
and distribution (Table 2.9, Appendix A). Present in several samples are Ir and Rh-
bearing sulfarsenides, which are most likely non-ideal irarsite-hollingworthite (Figure
2.10a-d; Table 2.9, Appendix A). These mineral grains are very small (<1-2 pm) and are
primarily hosted as inclusions in CGSS/GGSS or along mineral grain boundaries with
CGSS/GGSS (Figure 2.10a-d). Analyses of non-ideal irarsite-hollingworthite were
attempted by electron microprobe but the grains were too small to obtain reliable results.
A single grain of Re-sulphide (rheniite) was observed hosted in chalcopyrite (Table 2.9,
2.10, Appendix A). A variety of Pd-bearing tellurides have been observed in samples
with low bulk As (Figure 2.10e, f), as well as high As samples, and are texturally
associated with the arsenides and sulfarsenides (Figure 2.10g, h). The Pd-bearing

minerals are predominantly telluropalladinite and michenerite, with minor paolovite
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Figure 2.10 (previous page): Back-scattered electron images showing textural
characteristics of IPGE minerals and Pd-tellurides. Note the resorption textures in
GGSS, the exsolved nature of IPGE minerals and open-space filling textures displayed by
the Pd-tellurides. a) Euhedral GGSS grain with resorbed core hosting Ir-Hw along Cpy
and Pn boundary; b) Small anhedral Ir-Hw grain hosted in euhedral GGSS in Po; ¢)
Composite grain of euhedral GGSS, Ir-Hw and Tsu grains hosted along contact of Po and
silicate gangue grains; d) Small anhedral Ir-Hw grain hosted in euhedral GGSS in Cpy e)
Composite grain of Mich, Hs, and Tsu within an open cavity cutting across a Po and Pn
grain boundary; f) Large Mich grain hosted in a vuggy cavity along Po and silicate
gangue (Sg) grain boundaries g) Small grains of Mich and Tsu grains hosted in CGSS
occurring along Po and Sg grain boundary; h) A cluster of Mich, Hs and Tsu grains
hosted within a single Ncl grain. Mineral abbreviations: CGSS= cobaltite-gersdorffite
solid solution; GGSS= glaucodot-gersdorffite solid solution; Hs= hessite; Ir-Hw= irarsite-
hollingworthite; Mich= michenerite; Ncl= Nickeline; Po= pyrrhotite; Sg= silicate gangue;
Tsu= tsumoite
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(SbyPd) and in rare examples, an unnamed (Sn, Ni)PdSe was observed (Table 2.9, 2.10,
Appendix A). Average telluropalladinite grain sizes are ~12.3 pum (~1-100 pm).
Telluropalladinite contains some Cd, Ni, and Sb, while paolovite can contain Sb
(Supplementary Table 2.1; Table 2.10, Appendix A). Telluropalladinite grains are mainly
hosted as inclusions in CGSS (25%), with the remainder as inclusions in silicate gangue
(15%) and chalcopyrite (10%), and hosted along grain boundaries between pyrrhotite and
nickeline (15%), or pyrrhotite and silicate gangue (10%; Table 2.9, Appendix A).
Michenerite is commonly hosted along grain boundaries, often between pyrrhotite and
nickeline (25%), but can also occur along grain boundaries between silicate gangue,
CGSS, chalcopyrite and sphalerite (Table 2.9, Appendix A). Micherenite grain sizes are
similar to telluropalladinite (~12.5 pum avg., 4-90 pm). Only a small number of
michenerite grains (25%) are not hosted along such boundaries (Table 2.9, Appendix A).
Those not hosted along grain boundaries are hosted as inclusions in nickeline (55%),
CGSS (35%), pyrrhotite (10%) and chalcopyrite (10%; Table 2.9, Appendix A).
Telluropalladinite and michenerite are texturally associated with sulfarsenides and
arsenides, with ~50% of telluropalladinite grains and ~80% of michenerite grains
occurring as either inclusions in As-minerals or as inclusions hosted along boundaries
between sulfarsenides-arsenides and base metal sulphides or silicate gangue (Figure
2.10e-h; Table 2.9, Appendix A). Michenerite commonly forms composite
(polymineralic) inclusions joined to hessite (AgTe), tsumoite (BiTe), tellurobismuthite
(BiyTes) as well as sphalerite (Figure 2.10e; Table 2.9, Appendix A). The composite
inclusions are anhedral, show open space-filling textures, and range from 3 - 90 um in

size, but are usually <20 pm (Figure 2.10e-h). Inclusions of telluropalladinite and
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michenerite are most common in nickeline and CGSS, where they appear to be infilling
small vuggy cavities (Figure 2.10g, h). The grains often fill vugs that cross boundaries
between two adjacent minerals (Figure 2.10e). Quantitative analyses of these minerals by
electron microprobe were not obtained due to their very small grain size, although they
have been reported by SEM-EDS (Table 2.10, Appendix A).

Sperrylite (PtAs;) is the main Pt-bearing mineral observed the samples studied
(Christopher Davis, personal communication; Supplementary Table 2.1, Table 2.9,
Appendix A). Sperrylite is subhedral and 50% of all grains are hosted along grain
boundaries between adjacent chalcopyrite and nickeline (Table 2.9, Appendix A). The
grains are small with an average size of ~12 pym (~5-25um). Iridium-Rh-bearing minerals
contain minor amounts of Pt, but the scarcity of these grains suggests that they contribute
very little to overall Pt concentrations in the ores. Presumably, they must significantly
contribute to the IPGE concentrations in the ores (Supplementary Table 2.1, Appendix
A). Irarsite-hollingworthite grains are hosted predominantly in GGSS (55%), pyrrhotite
(40%) and chalcopyrite (5%), as well as commonly occurring along boundaries between
pyrrhotite and chalcopyrite (5%). All grains are spatially related to CGSS (Table 2.9,

Appendix A).

2.3.6 Other accessory minerals

Sphalerite and magnetite occur in many of the Garson ore samples as a minor phase.
The sphalerite is predominantly hosted in pyrrhotite and range in grain size from20 to 120
pm. Sphalerite contains significant amounts of Cd (~1.5-2.5 wt%), Se (~150-200 ppm),

and contains up to ~16 ppm Ag (Table 2.6, Appendix A). Sphalerite is found in all major
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base metal sulphide phases and can occur in composite grains attached to CGSS, hessite
and tsumoite (Figure 2.8a, b).

Magnetite is present in many samples as rounded, 20 to 150 pm grains containing
microfractures infilled with pyrrhotite and chalcopyrite.

Tellurobismuthite and tsumoite grains usually occur as anhedral grains are found in
pyrrhotite (25%), chalcopyrite (21%), CGSS (25%) and pentlandite (4%), with the
remaining 25% occurring along the grain boundaries between base metal sulphides and
wall rock fragments or sulfarsenides and arsenides (Figure 2.8b, c, e, f; Table 2.9, 2.10,
Appendix A). They also occur as composite grains attached to tellurides, sphalerite and
PGM, as well as inclusions in CGSS-GGSS (Figure 2.8b, c, e, f; Table 2.9, Appendix A).
Nickel-Pb-tellurides and hessite are also present and have similar textural occurrences as
tellurobismuthite, commonly occurring as composite grains with sphalerite and other
trace phases (Figure 2.8b-d, f; Table 2.9, Appendix A). The inclusions are typically very
small (avg. 15 um) but are larger than texturally associated micrograins of PGM. Their
presence can be inferred from the LA-ICPMS signals based on overlapping high intensity
count rate, short lived peaks for Pb, Te, Ag and Bi. The most common of these tellurides
is hessite which is hosted in nickeline (35%), pyrrhotite (10%), chalcopyrite (10%), and
pentlandite (5%) as well as along grain boundaries between pyrrhotite and pentlandite
(10%), with the remaining 30% occurring along the grain boundaries between base metal
sulphides and wall rock fragments or sulfarsenides and arsenides (Table 2.9, Appendix
A). Other trace phases include galena, occurring as small (~10 pm) laths or grains hosted

primarily in wall rocks, but also occurring in sulphides, and very rare scheelite, and Pb-
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selenide (Figure 2.8g). Stringers of galena, sphalerite, quartz and calcite are found within

the Garson ores and contribute to bulk rock Pb (galena) and Zn (sphalerite).

2.4 Discussion
2.4.1 The association between PGE and As in magmatic sulphide deposits

Recent detailed mineralogical studies of magmatic Ni-Cu-PGE deposits have shown
that PGE are hosted within BMS or within trace abundances of PGM (Ballhaus and
Sylvester, 2000; Barnes et al., 2006; Holwell and McDonald, 2007; Godel et al., 2007;
Barnes et al., 2008; Godel and Barnes, 2008).

Studies performed at Sudbury show that PGM such as froodite (PdBi,), insizwaite
[Pt(Bi,Sb)], irarsite-hollingworthite, kotulskite [Pd(Te,Bi)], merenskyite
[(Pd,Pt)(Te,Bi),], mertieite II [Pds(Sb,As);], michenerite [(Pd,Pt)BiTe], moncheite
[(Pt,Pd)(Te,Bi),], niggliite (PtSn), sperrylite, and sudburyite [(Pd,Ni)Sb], and to a lesser
extent PGE-bearing sulfarsenides (cobaltite-gersdorffite) and arsenides [nickeline,
maucherite (Ni;;Asg)] dominate PGE mineralization, with <10% of the bulk Pt, Pd, Ir,
Rh, and <30% of the bulk Ru being hosted in solid-solution (dissolved) within BMS
(Cabri, 1981, 1988; Cabri and Laflamme, 1984; Li et al, 1993; Huminicki et al., 2005;
Dare et al., 2010a). The PGM and sulfarsenides listed above are found in trace
abundances in many typical, unmodified deposit styles along the South Range (Hawley
and Stanton, 1962; Cabri and Laflamme, 1976; Cabri, 1981; Farrow and Watkinson,
1999; Stewart et al, 1999; Carter, 2001; Magyarosi et al., 2002; Szentpéteri et al., 2002;
Ames et al., 2003, Ames and Farrow, 2007). These phases are interpreted to be either

hydrothermal in origin (Carter, 2001; Magyarosi et at., 2002; Szentpéteri et al., 2002;
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Ames et al, 2003, Ames and Farrow, 2007) or early magmatic in origin (Szentpéteri et al.,
2002; Dare et al., 2010a). Dare et al. (2010a) first proposed an early magmatic origin for
PGE sulfarsenides (irarsite-hollingworthite, and PGE-bearing cobaltite) that crystallized
at high temperatures (1000-1200°C) as phenocrysts from a sulphide liquid and were later
enclosed in MSS cumulates (Dare et al., 2010a).

In other magmatic ore deposit styles, As-phases have also played an important role in
controlling the distribution of the PGE. For example, very thin, lens-like accumulations of
gersdorffite and nickeline have been found at the base of magmatic sulphide horizons in
komatiite flows at Dundonald Beach, Ontario (Hanley, 2007). These sulfarsenide-
arsenide layers are considerably more enriched in PGE than the associated base metal
sulphide horizons (Hanley, 2007). The PGE-rich lenses are thought to be the result of
accumulation of now-crystallized immiscible sulfarsenide melt droplets or sulfarsenide
phenocrysts that became saturated in the silicate or sulphide liquid (Hanley, 2007). Some
layered intrusions or areas within layered intrusions (e.g., chromitite horizons at
Marikana, western Bushveld Complex; the Vammala Ni-Cu-PGE deposit, Finland;
Merkle, 1992; Gervilla et al., 1996, 1998) also show bulk arsenic concentrations that

correlate closely with precious metal concentrations.

2.4.2 Review of As-free and As-bearing sulphide systems

In As-free magmatic sulphide systems, the metal content and composition of the
sulphide melt in a magmatic system will be determined partly by the composition of the
silicate magma from which it separated (Naldrett et al., 1999). Natural sulphide liquids

generally coexist with silicate melts at very high temperatures, ranging from ~850 to
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~1600°C and typically at an oxygen fugacity close to the fayalite-magnetite-quartz buffer
(Mungall, 2007). The crystallization of monosulphide solid solution (MSS) from a
sulphide melt initiates control on the variation in composition and mineralogy of
magmatic sulphide deposits (Hawley, 1965; Craig and Kullerud, 1969; Naldrett, 1969; Li
et al, 1992; Naldrett et al, 1994a; Zientek et al., 1994; Mungall et al., 2004). At a
temperature of ~1200°C, a sulphide liquid will separate from a silicate melt, and will then
start to crystallize MSS at ~1000°C with Ni partitioning into the MSS at lower
temperatures (~900°C; Mungall et al.,, 2005). This process leaves a Cu-rich residual
sulphide liquid which starts to crystallize intermediate solid solution (ISS) at slightly
lower temperatures (900°C; Holwell and McDonald, 2010). Upon further cooling, the
MSS recrystallizes to pyrrhotite and exsolves pentlandite, whereas the ISS recrystallizes
to chalcopyrite and cubanite (Holwell and McDonald, 2010). Mungall (2007) proposed
that the contact-style Sudbury sulphide ores represent accumulations of ISS and MSS
cumulates that formed via equilibrium crystallization rather than MSS-only fractional
crystallization, as is commonly accepted for the genesis for Sudbury footwall style ores.
Experimental studies have shown that Ir, Ru and Rh are compatible in MSS at high
values of fS,, while Cu, Pt, Pd and Au are incompatible in MSS at all conditions (Naldrett
et al., 1999; Mungall et al., 2005). The crystallization of MSS typically leads to the
formation of Fe-Ni-rich, Pt-Pd-poor pyrrhotite-dominant assemblage and a Cu-Pt-Pd-Au-
(Ni)-rich residual liquid, which can migrate distances through solidified cumulate rocks
and country rocks to form chalcopyrite-rich stockworks (Mungall, 2002; Mungall et al.,
2005). Ebel and Naldrett (1996), Li and Naldrett (1993), Li et al. (1992) and Naldrett et

al. (1994b) showed that footwall style deposits at Sudbury formed by separation of Cu-
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rich liquid from MSS, followed by fractional crystallization of the ISS into the footwall,
leading to extreme Cu, PGE and Au enrichments. Although the Garson ores most
commonly contain an assemblage of pyrrhotite, chalcopyrite, and pentlandite suggesting
that ISS and MSS crystallized together, the Cu-rich Ramp zone at Garson could be a
possible footwall-style equivalent of those deposits on the North Range (i.e., the main
ores at the Garson deposit formed by equilibrium crystallized and the Ramp formed due
to the fractionation of a Cu-rich liquid). Based on bulk rock assays alone, As appears to
have not partitioned preferentially between ISS and MSS along the South Range since the
As concentrations Cu-rich Ramp ores and Ni-rich pyrrhotite-dominated are comparable
(Table 2.11, 2.12, Appendix A).

In As-bearing magmatic sulphide systems, the timing of sulfarsenide-arsenide
formation is important as this will impact PGE distribution. It has been shown, based on
experimental work and in field studies other than at Sudbury, that As or other semimetal-
rich melts behave immiscibly with sulphide liquid, and scavenge the PGE to eventually
crystallize PGE-rich sulfarsenides or arsenides (Skinner et al., 1976, Makovicky et al.,
1990, 1992; Fleet et al., 1993; Gervilla et al.,, 1996; Wood, 2003; Hanley, 2007).
Palladium and Pt are preferentially incorporated into As-rich (sulfarsenide) melts relative
to sulphide liquids with a partition coefficient of approximately 30 (Wood, 2003; Hanley,
2007). Natural sulfarsenides and arsenides containing Fe, Co and Ni commonly contain
concentrations of Pd and Pt dissolved in their structure, and PGM are also commonly
spatially and texturally associated with sulfarsenides and arsenides (Chen et al., 1993;

Gervilla et al., 2004; Hem and Makovicky, 2004a, b; Hanley, 2007; Dare et al., 2010a).
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Two additional observations from experimental studies provide insight into the
composition and formation of the Garson ores. First, Makovicky et al. (1990) showed that
in the Pt-Fe-As-S system at high temperatures (850°C), platarsite (PtAsS) will be the
dominant PGM at high /S, rather than sperrylite (PtAs;). Second, at low temperatures
(470°C), an As-S melt can still exist and is the only remaining liquid in the system. The
temperature at which As-S melts are stable could also be lowered by the presence of
additional low-melting-point chalcophile elements (e.g., Sb, Bi, Te, Sn, Cd, Au, Ag;
Tomkins et al,, 2006). Other authors have argued that rather than Pd and Pt being
preferentially incorporated into the ISS or Cu-rich residual liquid, they could be

concentrated in this very late-stage semimetal-rich melt (Holwell and McDonald, 2010).

2.4.3 Formation of arsenides/sulfarsenides by magmatic accumulation

We propose that the SIC magma became contaminated with As from the surrounding
country rocks along the South Range during melt sheet formation. The reasoning for this
process rather than local contamination during shearing is described below. Sulphide
saturation occurred and the resulting sulphide melt, rich in As, became saturated in
sulfarsenides (CGSS-GGSS) and arsenide (nickeline) at high temperatures (>1000°C),
similar to the proposed genesis of these phases at the Creighton deposit (Dare et al.,
2010a; Figure 2.11). Experimental data shows that cobaltite-gersdorffite solid solution is
a stable phase at temperatures between 700°C and 1000°C (Yund, 1962; Maurel and
Picot, 1974). The CGSS-GGSS and nickeline phenocrysts scavenged the PGE, Sb, Au,
Ag, Te, Se and Bi from the sulphide melt, with Pd being more compatible in CGSS-

GGSS and nickeline than Pt, and Pd and Pt being more compatible in CGSS-GGSS than
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in nickeline. Some PGM (irarsite-hollingworthite, telluropalladinite, michenerite) occur
as inclusions near the cores of small grains of CGSS, GGSS or nickeline (Figure 2.10a-d,
g, h). These PGM may have exsolved upon cooling or were saturated phases in the
sulphide melt even before the sulfarsenides and arsenides formed, consistent with the
observed timing of growth of these phases in synthetic basalt-FeS-FeAs experimental
systems (Wood, 2003). Possible evidence for the sulfarsenides and arsenides being
primary magmatic phenocrysts includes: (i) CGSS-GGSS grains that have well-defined
euhedral shapes and exsolved PGM at their cores (Figure 2.8a, Box 2; Figure 2.7; Figure
2.6¢; Figure 2.10a-d, g); (11) nickeline grains that show primary growth zones rich in
silicate, pyrrhotite and CGSS inclusions (Figure 2.6e); (iii) very similar compositional
ranges for unmixed CGSS-GGSS, implicating a common parental liquid from which they
crystallized (Figure 2.7); (iv) the dominant occurrence of these sulfarsenides and
arsenides along one wall rock contact in each shear zone implying gravitational settling
onto the former footwall at the base of the original sulphide accumulation at Garson
before shearing and overturning; and (v) strong and widespread depletion of the BMS in
As and PGE reflecting extraction of these elements by the crystallization of CGSS-GGSS
and nickeline from the original sulphide melt (Table 2.1-2.3, Appendix A).

As the sulphide melt passed into constricted regions of the shear zones, sulfarsenide
and arsenide phenocrysts would remain suspended in a partially crystallized sulphide
melt. In less restricted portions of the shear zones, phenocrysts would begin to settle in
response to decreased sulphide velocity. This would explain why the much smaller GGSS
phenocrysts are found dispersed throughout the ore bodies, as they would take a longer

time to settle at the base of a sulphide melt. The presence of abundant wall rock

62



fragments in the shear zones may have also promoted the removal of the sulfarsenide and
arsenide phenocrysts from suspension by impeding flow of the sulphide melt. The
introduction of relatively cooler wall rock fragments (~450°C) would also enhance
cooling of the sulphide melt, which would cause the melt to crystallize more rapidly and
would not allow phenocrysts to completely accumulate along the base of the shears. This
would explain cases where some high As samples occur away from the metabasalt and
metasedimentary contacts (Figure 2.3b). The sulphide ore bodies would have to have
crystallized completely before overturning of the system for the phenocrysts to remain
mainly along the original footwall contact. These mechanisms are analogous to the early
stage accumulation of sulphide droplets during the flow/emplacement of mafic-ultramafic
silicate melt (Mungall and Naldrett, 2008). Euhedral grains of CGSS-GGSS with
resorbed or “spongy” cores hosted in major base metal sulphides were first described by
Hawley et al. (1968). The resorbed cores are suggestive of magmatic phenocrysts that
experienced a later disequilibrium event associated with the formation of major base
metal sulphides. Upon recrystallization of pyrrhotite and pentlandite from the MSS, Ni
may have been scavenged from pyrrhotite surrounding the CGSS-GGSS grains, leading
to this resorption or corrosion (Figure 2.6¢c; Figure 2.10a). Within the corroded cores of
some of these grains are remnants of primary PGM (Figure 2.10a).

Compositional zoning within CGSS observed by SEM-BSE, EMP and in reflected
light microscopy is due to varying Ni/Co ratios. The range in composition of CGSS-
GGSS shown in Figure 2.7 could be the result of down-temperature unmixing of the

original grains of CGSS-GGSS and/or reequilibration of CGSS-GGSS during the
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Figure 2.11 (previous page): Schematic depicting a proposed genetic model for the
Garson deposit involving preservation of magmatic accumulation of
sulfarsenides/arsenides. See text for detailed explanation. a) Contamination of SIC
magma by As-rich footwall rocks leading to As saturation; b) Sulphide liquid
accumulating along host rock contact with sublayer norite; ¢) As temperature decreases
and As saturation is reached, CGSS-GGSS grains start accumulating along the footwall
contact of the deposit, settling as cumulate grains through the sulphide liquid. Nickeline
starts to form in areas where water is introduced via reactions with hydrous silicates in the
wall rocks or where conditions were locally more reducing; d and e) Intense shearing of
the host rocks occurs while the sulphides are still in partly liquid state allowing for
mobilization of the sulphides along shear planes and the separation and redistribution of
CGSS-GGSS grain accumulations and sulphide mush into individual shear zones; f) As
temperature continues to decrease, the exsolution of the earliest PGM (irarsite-
hollingworthite) from GGSS occurs. Unmixing of CGSS-GGSS grains produces the
Co/Ni rich zoning. Unmixing of CGSS produces some CGSS-nickeline intergrowths
locally. Exsolution (from CGSS) or remobilization of PGE and accessory metals leads to
the formation of PGE-Bi-Ni-Ag tellurides that fill vugs in partially solidified MSS. g)
Current orientation of the Garson deposit. Overturning of the ore bodies occurred after
base metal sulphides had crystallized sufficiently to prevent movement of the
sulfarsenide/arsenide accumulations away from former footwall contacts.
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recrystallization of surrounding MSS to pyrrhotite and pentlandite. As pentlandite
exsolves from pyrrhotite Ni could be scavenged from the CGSS-GGSS grains leading to
ranges in compositions (as well as resorbed textures as stated earlier). However, unmixing
is most likely the cause of the zoning due to the compositional span across limbs of a two
phase field being similar for all zones/shears. This indicates that regardless of location,
the earliest CGSS-GGSS compositions that crystallized from the original sulphide melt
all had the same initial composition and cooled to the same conditions. CGSS also
contains substantial amounts of Sb and Bi, which substitute for As (Yund, 1962; Hem and
Makovicky, 2004a, b; Hanley, 2007).

The formation of nickeline as a primary phenocryst rather than CGSS-GGSS is likely
due to localized variations in fH,S, fO; and fH,O (Fanlo et al., 2006). According to Fanlo
et al. (2006), the reaction governing the formation of nickeline over gersdorffite is as
follows:

NiAspey + H2S + 1/20; — NiAsSgan + H20

At Sudbury, the formation of nickeline may have been promoted when water, which
may be derived from the local host rocks during contact metamorphism, reacted with
some sulphides along the contact horizons pushing the reaction above to the left.
Nickeline may have also formed in more reducing areas along this contact (i.e., where
sediments of the Stobie and McKim formations are locally graphitic). Nickeline and
CGSS also show evidence of coeval formation. Small, euhedral inclusions of CGSS are
found in growth zones in nickeline indicating a period of synchronous existence/growth

(Figure 2.6e).
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Similar to other deposits along the South Range (Creighton; Dare et al, 2010a), the
Garson deposit experienced metamorphic overprinting and deformation, both
synchronous to and post-dating the cooling of the SIC and sulphide ore formation (e.g.,
Klimczak et al., 2007; Mukwakwami et al, 2011a; 2011b). The ore is currently overturned
and hosted in shear zones that developed during lower amphibolite grade metamorphism,
during the Penokean and Mazatzal-Labradorian orogeny (c.f Cowan and Schwerdtner,
1994; Klimczak et al., 2007; Mukwakwami et al, 2011a; 2011b). The main shearing event
that separated the contact sulphides into “sheets” (single shear-hosted ore zones) must
have occurred after the norite was completely solidified, as suggested by the presence of
angular fragments of norite hosted in sulphides. Overturning of the ore zones must have
occurred after the sulphides had partly or completely crystallized. We infer this from the
observation that arsenides and sulfarsenides originally gravitationally accumulated along
the metabasalt and metasedimentary footwall contact (currently the hanging wall contact;
Figure 2.2; Figure 2.3a, b). If overturning occurred while the sulphides were liquid or if
pre-existing shears (in their current orientation) were infilled by a sulphide liquid rather
than a partly crystallized sulphide mush, the denser CGSS-GGSS grains would have
resettled along the contact with the norite (currently the footwall; Figure 2; Figure 2.3a-b,
Figure 2.11f, g).

Amphibolite grade metamorphism is characterized by temperatures in the range of
~500 to 700°C, which is approximately the temperature range of the final equilibration of
BMS ores based on the compositions of CGSS-GGSS determined by EMP (Figure 2.7).
The lack of pentlandite flames, the presence of pentlandite ‘eyes’ overprinting

metamorphic amphiboles (Mukwakwami et al, 2011a; 2011b), the recrystallization of
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pentlandite along pyrrhotite grain boundaries, and the resorbed cores of CGSS infilled by
BMS are consistent with the sulphide ores having partly recrystallized after reverting
back to MSS at metamorphic conditions. However, in almost all samples, thé sulphides
do not show extensive metamorphic fabrics or textures, except for rare contorted schist
ores where the sulphides are disseminated in sheared and foliated host rocks and locally at
some contacts, sulphides also show a foliation (Figure 2.4a). The shearing events were
also responsible for the introduction of quartz fragments (from brecciation of early quartz
veins) and host rock fragments (from wall rocks) that characterize the INMS, DISS and to
a lesser extent MASU ores (Figure 2.4; Figure 2.11d-f). Rounded wall rock and quartz
vein fragments are observed in greatest abundance in INMS samples, formed by the
brecciation and milling of pre-existing quartz veins prior to sulphide introduction into the
shears (Figure 2.4d).

It is possible that a late-stage semimetal melt (rich in Ag, PGE, Bi and Te) could have
deposited some Pd that now occurs in composite inclusions (Figure 2.8a-f; Figure 2.10e-
g). Semimetal-rich liquids are known to persist to very low temperatures (Tomkins et al.,
2004). These grains do not appear to have exsolved from, or were trapped in, CGSS-
GGSS and nickeline or BMS during their crystallization. Rather, they have the
appearance of crystallized former segregations of liquid that filled cavities in
sulfarsenides, arsenides and sulphides near the end of their crystallization history (Figure
2.8b-d, f, g; Figure 2.10e, f). They cannot represent exclusively exsolved phases since the
vugs cut across grain boundaries in adjacent host phases (Figure 2.8c; Figure 2.10e). This

could explain the observation that, while a significant % of Pd is often hosted in CGSS-
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GGSS (as PGM inclusions or in solid solution), Pd and As bulk rock values do not always
correlate with one another.

An 1SS-forming liquid that may have formed the Garson ramp zone ore body must
have remained in contact with As-rich MSS. The chalcopyrite-rich ore in the ramp is also
enriched in As indicating that As does not preferentially partition between MSS crystals
and the ISS-forming liquid. The chalcopyrite-rich ore from the ramp suggests that
fractionation of a Cu-rich liquid resulted from the crystallization of MSS and separated
from the ore body. Within the main shear zones, however, ISS seems to have remained in
contact with the MSS as the ores are still rich in chalcopyrite. The intergrowth textures
between chalcopyrite and nickeline (Figure 2.6g, h) had been reported in Sudbury ores
previously as a hydrothermal replacement of gersdorffite (Lausen, 1930; Hawley et al,,
1968). However, the symplectic texture, reminiscent of two phases that co-crystallize at a
minimum, and the absence of any residual CGSS in this intergrowth indicate that this

texture is not a replacement of CGSS but rather a late magmatic feature (Figure 2.6g, h).

2.4.4 Formation of arsenides/sulfarsenides by partial melting or solid state diffusion
during metamorphism

It is uncertain what effects the Penokean Orogeny had on sulphide ores during
crystallization and cooling of the SIC and whether this deformational event was
responsible for the deformation and modification of the ore zones seen at Garson.
Microstructural and paleomagnetic constraints place the timing of the Penokean Orogeny
at ~1.89 to 1.83 Ga (Shanks and Schwerdtner, 1991a, b; Milkereit et al., 1992; Cowan

and Schwerdtner, 1994; Boemer and Milkereit, 1999; Cowan et al., 1999; Szabd and
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Halls, 2006; Klimczak et al., 2007; Riller et al., 2010) and attribute major deformation of
the structure’s southern limb to this process, synchronous to the cooling of the hot but
already crystallized SIC. Other authors point out that the SIC and its ores would have
cooled completely within ~70-100 Ka of the Sudbury event (Prevec and Cawthorn, 2002),
and therefore, any deformation resulting from the early stages of the Penokean Orogeny
within that short time span would note have generated the amount of deformation
observed in the ore zones at Garson. Rather, it has been suggested that post-SIC orogenic
events, such as the Mazatzal-Labradorian (~1.7-1.6 Ga) and Chieflakian orogenic events
(~1.5-1.45 Ga) may have been responsible for major deformation along the South Range
(Mukwakwami et al., 2011b). Alternately, if the Penokean had been responsible for the
deformation, it must have occurred long after the SIC had cooled and its ores had
crystallized when peak metamorphic conditions associated with the Penokean had been
reached.

If shearing and overturning of the deposit occurred after the SIC and its ores had
cooled completely (late Penokean) or during these other orogenic periods, the sulphides
ores at Garson would have been emplaced in the solid state into the shears zones and
arguments put forward here concemning a partially molten state for the sulphides would be
invalid. The presence of deformed wall rock fragments included in the sulphide ore
bodies at Garson suggests deformation and emplacement of the sulphides in a solid rather
than liquid or semi-liquid state. In such a case, emplacement of solid sulphide ore into
shear zones would have been facilitated by the ductile manner in which massive sulphides
behave during metamorphism (e.g., Cook et al, 1993 and others therein). During

emplacement, anatexis of the sulphides along wall-rock contacts could have produced a
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small amount of partial melt from either pre-existing As-rich sulphides (with either As
contained within primary magmatic phenocryts or dissolved in base metal sulphides) or
assimilation of As through interactions with As-rich country rocks. Experiments have
shown that As-rich melts may exist at a temperature as low as ~470°C (e.g., Yund, 1962),
which falls within the range of temperatures characteristic of upper greenschist to lower
amphibole grade regional metamorphism (Yardley, 1969; Makovicky et al., 1992). Small
aliquots of a partial melt could scavenge and transport some PGE and other metals from
the base metal sulphides and, upon migration into discrete, structurally-controlled zones,
could recrystallize to form the As-rich (and PGE, Bi, Te-rich) assemblages along wall

rock-sulphide contacts.

2.4.5 Limitations/problems with a magmatic or metamorphic origin of
sulfarsenides/arsenides

The origin and timing of sulfarsenide/arsenide mineralization in magmatic sulphide
systems has been discussed by a number of authors (e.g., Gervilla et al., 1996; Hanley et
al., 2007; Dare et al., 2010) and sulfarsenide and PGM phenocrysts of magmatic origin
have been suggested at other deposits along the South Range of the SIC (the Creighton
deposit; Dare et al., 2010). However, there are several problems with a magmatic origin
for these mineral phases as phenocrysts.

First, although experimental studies show that CGSS is stable at magmatic
temperatures (Maurel and Picot, 1974; Yund, 1964), an Fe-S melt would have to contain
several wt% As to saturate an Fe-As phase based on limited experimental studies (Wood,

2003). It is unlikely that these concentrations of As were reached given the average As
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content of the Garson ores (both high As and low As; based on ~13,500 assays;
Christopher Davis, personal communication) is only on the order of ~1000 ppm.
Sufficiently elevated concentrations of As to saturate the system in sulfarsenide/arsenide
crystals could have been reached in sulphides occurring near the footwall contact where
local contamination by As from country rocks was enhanced, or during the latest stages of
sulphide crystallization if As behaves incompatibly (Tomkins, 2010). However, the lack
of any enrichment in As in the “Ramp” ore zone at Garson (interpreted to represent a
fractionated sulphide liquid) compared to the pyrrhotite-pentlandite rich ores of the #1
and #4 shear zones suggests that removal of MSS did not result in enrichment in As in
residual sulphide liquid.

Second, complete massive sulphide recrystallization during slow cooling of primary
sulphide ores and/or metamorphic reheating occurs rapidly and pervasively at very low
temperatures (i.e., within weeks at ~230°C; Jim Mungall, personal communication). The
occurrence of silicate inclusions within pentlandite and large (mm-size) pentlandite eyes
(rather than primary exsolution lamellae) confirm that sulphides at Garson have
undergone extensive recrystallization. Therefore, it is difficult to interpret any
textures/crystals as primary at Garson given that primary magmatic textures should have
been obliterated, unless sulfarsenides and arsenides recrystallize much more slowly than
sulphide minerals. Likewise, owing to extensive deformation associated with structural
modification of the Garson ores, the apparent spatial preservation of primary
accumulations of sulfarsenide/arsenide phenocrysts along the former base of a sulphide

pile would be very unlikely.
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There are also several problems with a metamorphic origin for the sulfarsenides and
arsenides at Garson. Semimetal melts (c.f metamorphic sulfosalt melts; Tomkins, 2010)
formed at even peak metamorphic conditions expected for the South Range should be
restricted in composition to As-S liquids (not As-sulphide, and not Ni-Fe bearing) in
equilibrium with Ni-Fe-sulphide minerals, based on the observed compositions of such
liquids in experimental systems (Yund, 1962; Barton, 1969). Within increasing
temperature and pressure (above metamorphic conditions for the South Range of the
SIC), or with the appropriate parental assemblages present (e.g., stibnite, arsenopyrite;
Tomkins et al., 2004; Tomkins et al., 2007), partial melting may generate more complex
liquids containing many metals (e.g., Pt, Pd, Bi, Te, Au, As, Sb) and upon
recrystallization, these liquids should crystallize polymetallic mineral assemblages
(Tomkins et al., 2004; Hanley, 2007; Tomkins, 2010). These findings are in complete
disagreement with the observed As phases at Garson. First, the As mineral assemblages
are not polymineralic, being comprised of only CGSS or nickeline with trace amounts of
Pt-Pd-Bi-Te-As phases as inclusions. Crystallization of a partial melt would not form
stoichiometric sulfarsenide or arsenide phases.

Second, at upper greenschist to lower amphibolite conditions, the partial melt would
not contain base metals (Co, Ni, Fe) but should contain As and S. The only polymineralic
grains that could be interpreted as partial melt products could be the Te-rich inclusions in
base metal sulphides but these are completely devoid of As and S so this seems very
unlikely. They could, on the other hand, be late crystallization products in the original

magmatic, having solidified at much higher temperatures (Tomkins, 2010).
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Third, in magmatic sulphide systems, partial melting is severely limited by the absence
of pyrite required to buffer sulphur fugacity to the levels required to destabilize pre-
existing sulfarsenides (Tomkins et al., 2007). Pyrrhotite destabilization can occur to
promote melting but an appropriate precursor assemblage is still required to generate any
reasonable amount of partial melt (Tomkins et al., 2007). Without pre-existing magmatic
sulfarsenides, partial melting of As-rich base metal sulphides would likely not have been
able to generate the significant amount of As-rich melt required to later accumulate As
mineral phases along wall-rock contacts.

Fourth, arsenic bulk rock assay grades and field observations show that the majority of
sulfarsenides and arsenides occur only along the current hanging walls of the shear-hosted
ore zones. Partial melting would not explain this phenomenon since both the upper and
lower contacts of the ore zones represent lithotectonic contacts that underwent shearing.
The sulphide ores should have experienced anatexis along the contacts with metabasalts
and metasediments as well as along the contact with the adjacent sublayer norite.

Finally, the pervasive depletion of As and PGE within base metal sulphides is also
inconsistent with a partial melting or diffusion-reconcentration model for As. Not all
areas of the sulphide ore bodies would have experienced partial melting, especially those

away from lithotectonic contacts.

2.4.6 Source and process of arsenic contamination
The amount of As in typical magmatic systems is lower than that required to saturate
the system in As-bearing phases, especially systems with natural basaltic and komatiitic

compositions (Wood, 2003). Even when systems have crystallized 95% of their mass (as
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silicates), the amount of arsenic is still far below saturation (Wood, 2003). Silicate melts
will be saturated in As at 1200°C and 1 GPa at a dissolved As concentration of ~3300
ppm (Wood, 2003). When As is introduced and becomes saturated in a sulphide melt,
PGE, for example, will be potentially scavenged by any As phase that separates or
crystallizes, leading to the formation of PGE-rich sulfarsenides as discussed above.
Scavenging of some semimetals (As and Sb) from assimilated sedimentary country rocks
and xenoliths by a silicate melt is suggested in cases where PGE mineralization tends to
be dominated by As- or Sb-bearing PGM, and not associated with large quantities of
BMS (e.g., in the Platreef at Turfspruit, Bushveld Complex; Hutchinson and McDonald,
2008; Holwell and McDonald, 2010). The As concentrations in sulphide-silicate magmas
have been clearly increased by the magmatic assimilation of As-bearing metasedimentary
and sedimentary rocks in other magmatic ore styles as well (Hanley, 2007), but
contamination can also occur by the melting of pre-existing As-bearing minerals (e.g.,
arsenopyrite, tennantite, orpiment, realgar) during metamorphism (Tomkins et al., 2006).
Sulphide melts are highly mobile during metamorphism and may be integral to
remobilizing and concentrating precious metals by this remelting process (Tomkins et al.,
2004; Tomkins et al, 2006).

The probable source of the As in the Garson shear-hosted ore zones is the
metasedimentary rocks of the Stobie and McKim formation. These rocks (e.g.,
graywackes and quartzites) comprise part of southern contact of the Garson deposit, along
with metabasaltic rocks of the same formations. Bulk rock assays from the study area
indicate significant concentrations of As in the adjacent metasedimentary rocks at

considerable distances from the shear-hosted ore zones (up to 140 ppm). These host rocks
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contain sulphide minerals that are likely As-bearing although the timing of their
formation relative to the shear-hosted ores at Garson is unclear (Figure 2.8h; Table 2.11,
Appendix A). However, there are several observations that suggest that the primary
contamination did not occur locally when a partially crystallized sulphide melt was
introduced into the shear zones, or by late interaction of the sulphides with
metasedimentary wall rocks.

First, As and lithophile elements (e.g., Sr) show no correlation in bulk rock assays
(Table 2.11, Appendix A) and the proportion of wall rock clasts within the sulphides does
not show any relationship to As content in the samples. Moreover, the physical
introduction of wall rock fragments into the sulphide melt was not synchronous to As
contamination. Samples of massive sulphide from shear-hosted ore zones that are poor in
wall-rock fragments can be As-rich (>700 ppm), and although very high As contents are
associated with INMS and DISS ores from the hanging wall contact, it is clear that
similarly wall-rock rich ore styles from the current footwall contact are not as rich in As
(Figure 2.3). Several stopes, especially along the footwall contact, have average As
grades > 0.1 wt% (> 1000 ppm; Figure 2.3b, c), whereas average As grades observed in
metasediments are only ~40 ppm (up to 140 ppm; Table 2.11, Appendix A),
approximately 25 times lower than As in the high As stopes. Enrichment of the sulphide
in As by an order of magnitude or more compared to the wall rocks seems unlikely unless
the wall rocks had melted, which there is little evidence for. Contact between
metasedimentary wall rock fragments and sulphide liquid would not likely have been
efficient enough to extract the large amounts of As to account for As contents in the ores

at Garson (Figure 2.3b, c; Table 2.11, Appendix A).
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Second, the compositional ranges of CGSS-GGSS and nickeline are very similar in
each shear, whereas localized contamination would have produced highly variable
compositional ranges due to the range in wall rock composition (norite, gabbro,
metasediment; variable As content) and temperature with proximity to the SIC,
suggesting CGSS-GGSS originated from a parental sulphide liquid or primary
phenocrysts and became physically separated into different shears after their
accumulation (Figure 2.7; Figure 2.11; Table 2.8, Appendix A).

Third, as stated previously, CGSS-GGSS and nickeline are concentrated mainly along
one side of each shear zone and, in most cases, the shears are hosted entirely within norite
or volcanics and not in metasediments (Figure 2, 3b, ¢). This is consistent with other
deposits along the South Range (Totten, Creighton) that contain locally high As regions
but are not hosted in metasedimentary rocks at all. Rather, they are hosted by inclusion-
rich quartz diorite and granite, respectively, suggesting that the As was not locally
derived during sulphide emplacement.

Based on the points raised above, the main shearing event did not contribute
significantly to the overall bulk As content of the ores; rather, shearing segregated pre-
existing accumulations of CGSS-GGSS-nickeline crystals in a sulphide mush into
individual ore zones. The As enrichment at Garson was part of a South Range-wide
process of As-contamination of the original SIC magma. Melt inclusion studies of
magmatic systems from a number of environments (intrusion-related gold systems,
Hanley, 2007; barren granites, Audetat and Pettke, 2003; alkali basalts and alkalic

porphyry systems; Hanley et al., 2012, submitted) show that sulphide melts are expected
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to be enriched by 1-2 orders of magnitude in As compared to the coexisting silicate

magma.

2.4.7 Reliability of bulk As, Pd, Pt estimation based on modal analysis of minerals in thin
section

In many cases, predicted As bulk rock concentrations determined from modal point
counting, image analysis, EMP analysis and LA-ICPMS analysis of minerals in 74 thin
sections correspond to actual bulk rock As values (Figure 2.12; Supplementary Table 2.1;
Table 2.7, Appendix A). This is especially true in samples with high As concentrations.
When As is high, As-bearing phases are abundant and the probability of observing them
in thin section is likely. Therefore, estimation of bulk assays based on thin sections alone
will be robust. Such samples will be problematic for production. For samples with lower
As (< 500 ppm; Figure 2.12), predicted As concentrations are commonly lower than bulk
assays. This is likely due to fact that the As carriers hav a smaller grain size, are rare and
are distributed more heterogeneously.

While the “spotty-grade” phenomenon is clearly observed on the scale of a single level
and shear zone, variation can also occur on a much smaller scale (cm). Therefore, the
representativeness of routine chip sampling from high-grade ore and underground drill
core sampling is questionable. A small volume of ore with high CGSS-GGSS abundance
can contaminate an entire stope, or conversely a stope that is relatively As-poor may be
stored on surface or avoided altogether due to a single, misrepresentative assay yielding
high As. It may be beneficial to avoid ore that is close to wall rock-sulphide contacts due

to the spatial association of As minerals with the former footwall (current hanging wall)
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Figure 2.12: Logarithmic plot of bulk rock assay As concentrations versus predicted
As concentrations. Figure shows that predicted values for high As samples are
representative of bulk assays, while low As predicted samples are underestimate bulk
rock values. Line indicates a one-to-one relationship (perfect correlation). Circled data
points are for several assays from a single chip sample.
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contact where CGSS-GGSS and nickeline grains are concentrated (Figure 2.3). The same
effect is responsible for the “spotty” variation of Pd and Pt values also observed in the
ores. The predicted Pd and Pt values determined from modal point counting, image
analysis, EMP analysis and LA-ICPMS analysis of minerals in thin section show thtt
predicted values based on mineralogy tend to underestimate actual bulk concentrations
(Figure 2.13). This may be due to failure in accurately quantifiying Pd or Pt-bearing
minerals in the samples for which thin sections are, again, misrepresentative. The method
of characterizing several slides from a single hand sample (~30 cm) seems to yield
sufficient information to be texturally and compositionally representative of the slab
(Figure 2.12; Figure 2.13). But the textural characteristics and abundances of major base
metal sulphides, CGSS-GGSS, and nickeline grains based on slab analysis sample scale
cannot be extrapolated to the stope scale. In general, predicting As concentrations by
modal analysis through examination of core samples, chip samples and thin sections may
prove difficult. While many predicted As values correspond to actual assayed values of
As this is not always the case (Supplementary Table 2.1, Appendix A). Thin sections or
hand samples are not necessarily representative of larger sample volumes, nor are assay
results obtained from only a few drill core intersections through a mineable volume (i.e.,

a stope).

2.4.8 Major controls on arsenic distribution and abundance
It is evident that the abundance of As-bearing minerals is the ultimate control of the
amount of arsenic found in each sample (Supplementary Table 2.1; Table 2.7, Appendix

A). The major minerals controlling As abundance in Garson ores are CGSS and nickeline

80



100 +
= 10 -
Q.
Q.
o’ 1 o
jo
o
D 0.1 4
°
©
© 0014
Q- o o
0.001 4
0.0001 4 v Y T 1
0.01 0.1 1 10 100

Bulk Pd (ppm)

Figure 2.13: Logarithmic plot of bulk rock assay Pd concentrations versus predicted
Pd concentrations. Figure shows that predicted values for Pd samples frequently
underestimate bulk rock Pd values. Line indicates a one-to-one relationship (perfect
correlation). Circled data points are for several assays from a single chip sample.

81



(Figure 2.6; Figure 2.11). Areas with “spotty” As grades are routinely found in the
Garson ore bodies and this heterogeneous distribution can greatly influence the bulk As
values in mined material. When low and high As samples from the inclusion-rich massive
sulphide ores are compared they show considerable variation in the As host phases
(Figure 2.14).

In As-rich samples found in DISS and INMS As abundance is controlled almost
entirely by the abundance of CGSS, nickeline, and nickeline-CGSS intergrowths (Figure
2.14). In samples with low As in MASU and WR, CGSS and/or GGSS is the major
contributor to As in the bulk rock, with pyrrhotite, pentlandite and sperrylite accounting
for only minor quantities of As (Figure 2.14). Combined modal percentages for
sulfarsenides and arsenides can range from <0.01 to 5 vol % and reach up to ~42 vol % in
one case (Sample A62, stope 1321, 1 west shear 5100L; Table 2.7, Appendix A). The
presence of CGSS and/or nickeline in relatively low abundance can result in bulk As
concentrations above the acceptable smelter limits (Table 2.7, Appendix A). When
sulfarsenides and arsenides are present in quantities even as low as ~0.05 vol %, bulk As
concentration will be ~400-500 ppm. Pyrrhotite, chalcopyrite and pentlandite will only
contribute to bulk As when arsenides and sulfarsenides are absent or present in very small
(trace) quantities (Table 2.7, Appendix A). Arsenic-poor samples tend to contain GGSS
grains which are smaller (avg. ~10-20 pm) than most CGSS grains. GGSS will account
for bulk As concentrations in very As-poor samples [i.e., below detection limits for As
(2.5 ppm)] when present in modal abundances above ~107* vol%. Sperrylite may also

account for significant As concentrations in several As-poor samples from the 4800 and
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Figure 2.14 (previous page): Pie graphs showing mineralogical controls on As in
observed minerals within low and high bulk rock As samples in different ore types
at Garson. a) Variation within inclusion-rich massive sulphide ores (INMS); b) Variation
within disseminated ores (DISS); ¢) Variation within massive sulphide ores. Note that
most MASU samples are low in As with the exception of one high As sample; d)
Variation within wall rock samples at the sulphide contact. Glaucodot-gersdorffite solid
solution is incorporated into CGSS, because contribution to bulk As were minor. Mineral
abbreviations: CGSS= cobaltite-gersdorffite solid solution; Cpy= chalcopyrite; Ir-Hw= Ir-
Rh-bearing minerals; Ncl= nickeline; Ncl-CGSS= nickeline-CGSS intergrowths; Pn=
pentlandite; Spy= sperrylite.
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and sulfarsenides. Where no As minerals are present, the bulk As concentrations will be
low and will be accounted for by the BMS in which very low abundances of dissolved As

occur (Table 2.7, Appendix A).

2.4.9 Major controls on PGE distribution and abundance

The main controls on PGE abundance in the ores at the Garson Mine are PGM
(telluropalladinite, michenerite, sperrylite, and rarely an unnamed Sn-Ni-Pd-selenide) and
PGE-bearing sulfarsenides/arsenides (Figure 2.15; Figure 2.16). The PGM commonly
occur as inclusions/infillings in arsenides and sulfarsenides, and therefore, these As-
carriers ultimately control a large percentage of PGE in the ores.

Pt/Pd ratios in bulk rock samples range greatly from 0.06 to 30. Pt/Pd ratios for As-
rich samples have values < 1. The highest bulk Pd (>1 ppm) correlates with high As
values (r=0.65), and in some cases of low As, low Pd are also observed (Figure 2.15;
Table 2.11, Appendix A). LA-ICPMS results show that CGSS phenocrysts contain more
dissolved Pd, than nickeline, averaging ~138 ppm and ~44 ppm, respectively (Table 2.4,
2.5, Appendix A). Although nickeline contains some Pd it does not contribute to the
overall bulk Pd of most samples, with the exception of those that are unusually rich in
nickeline (Figure 2.15; Table 2.5, Appendix A). Concentrations of Pd and Pt are lower in
nickeline compared to CGSS, with Pd values less than 130 ppm (avg. 44 ppm) and many
analyses of Pt measuring below detection limits (Table 2.4, 2.5, Appendix A). This
suggests that increasing amounts of CGSS and nickeline may raise the Pd/Pt ratio of the

ores. Samples rich in PGE-rich, As-bearing minerals and Pd-tellurides will yield the
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Figure 2.15: Pie graphs showing mineralogical controls on Pd in observed minerals
within low and high bulk rock Pd samples in different ore types at Garson. a)
distribution among samples from disseminated ore types with high bulk rock Pd; b)
distribution among samples from disseminated ore types with low bulk rock Pd; c)
distribution among samples from inclusion-rich massive sulphide (INMS) ore types with
high bulk rock Pd; d) distribution among samples from inclusion-rich massive sulphide
ore types with low bulk rock Pd; ) distribution among samples from massive sulphide
(MASU) ore types with low bulk rock Pd. Glaucodot-gersdorffite solid solution is
incorporated into CGSS, because contribution to bulk As were minor. Mineral
abbreviations: Cpy= chalcopyrite; CGSS= cobaltite-gersdorftite solid solution; Mich=
michenerite; (Sn, Ni)PdSe= tin-nickel-bearing palladium selenide; Ncl= nickeline; Pn=
pentlandite; Tp= telluropalladinite; Spy= sperrylite.
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Figure 2.16: Pie graphs showing mineralogical controls on Pt in observed minerals
within low and high bulk rock Pt samples in different ore types at Garson. a)
distribution among samples from disseminated ore types with high bulk rock Pt; b)
distribution among samples from disseminated ore types with low bulk rock Pt; c)
distribution among samples from inclusion-rich massive sulphide (INMS) ore types with
low bulk rock Pt; d) distribution among samples from massive sulphide (MASU) ore
types with low bulk rock Pt. Mineral abbreviations:

Cpy= chalcopyrite; CGSS= cobaltite-gersdorffite solid solution; Ir-Rh= Ir-Rh-bearing
minerals; Mich= michenerite; (Ni)PdSe= Ni-bearing Pd selenide; Ncl= nickeline; Pn=
pentlandite; Tp= telluropalladinite; Spy= sperrylite.
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5100 levels (Figure 2.17). Sperrylite is never present as the only As-bearing phase; it
always occurs in samples with the main arsenides highest bulk rock concentrations for Pd.
The dominant control on Pt is sperrylite which is the most common Pt-bearing mineral in
the South Range (Cabri and Laflamme, 1976; Figure 2.16a, c). Platinum is found in
sulfarsenides at concentrations lower than Pd (Table 2.4, Appendix A). With CGSS the
highest Pt concentrations correlate with the highest Ag, Bi, Te concentrations and shows
weak correlation to high As. Where sperrylite is not observed, sulfarsenides, Ir-Rh
bearing minerals and major phases play a larger role in Pt distribution in low Pt samples
(Figure 2.16b-d). Generally, high concentrations of Pd tend to be associated with high As
concentrations (Figure 2.18), which reflects the overall importance of CGSS and
nickeline (PGE in solid solution and PGE in inclusions) to Pd distribution. Removal of
CGSS and nickeline will negatively impact palladium recovery when desired As
concentrations in mill feeds are to be less than 700 ppm (Christopher Davis, personal
communication; Figure 2.18). High Pt concentrations can be found in low As samples
(Figure 2.18). Only the presence of sperrylite can account for this observation. If
sperrylite is the main Pt-bearing phase and is not associated with other major As phases,
then corresponding bulk As concentration would not be problematic during mineral
processing (i.e., even though sperrylite contains As, As levels would be relatively low)
and Pt recovery will not be affected by the removal of CGSS and nickeline. Samples
containing abundant CGSS-GGSS and/or nickeline and associated Pd-bearing telluride
inclusions will have the highest overall concentrations of Pd, whereas, in Pd-rich, As-

poor samples, Pd may be accounted for by just Pd-bearing tellurides (telluropalladinite,
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Figure 2.17 (previous page): Pie graphs showing mineralogical controls on As on
different levels and shears at Garson. a) As distribution in #4 west shear on 4470 level;
b) As distribution in #1 west shear on 4600 level; c) As distribution in #4 east shear, #4
west shear and #1 east shear on 4800 level d) As distribution in #1 east shear, #4 east
shear and #4 west shear on 4900 level; €) As distribution in #1 west shear and #4 west
shear on 5000 level; f) As distribution in #1 west shear and #4 west shear on 5100 level;
two pie graphs are shown for the #1 west shear, the first including an extremely nickeline-
rich outlier which increases average bulk As and nickeline control on As and the second
excluding this outlier to show a more representative result for both bulk As distribution
and As abundance control. In all distribution graphs, GGSS is included with CGSS
because its contribution to bulk As is negligible. Mineral abbreviations: Cpy=
chalcopyrite; CGSS= Cobaltite-gersdorffite solid solution; Ir-Hw= Ir-Rh-bearing; Ncl=
nickeline; Ncl-CGSS= nickeline-CGSS intergrowths; Pn= pentlandite; Po= pyrrhotite;
Spy= sperrylite.
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Figure 2.18: Graph showing the distribution of Pt and Pd with respect to As
concentration. Data plotted from Vale’s Garson database, representing ~ 13,500 assays
from all ore types. High Pd values tend to correspond to high concentrations of As.
Highest Pt values do not correspond to high concentrations of As. Pt and Pd do not show
significant correlation. Note threshold value of 700 ppm corresponds desired limit in mill
feed (Christopher Davis, personal communication). Values occurring along axes or in
linear arrays represent values that were below detection limit of Pd or Pt.
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michenerite). In cases where both As and Pd are low, the presence of rare Pd-bearing
PGM as well as the BMS control bulk rock Pd distribution.

In samples with high nickeline abundance (i.e., high As-samples in which bulk As is
controlled by nickeline abundance), the excess Pd which would otherwise be scavenged
by CGSS was incorporated into MSS. Pentlandite contains significant amount of Pd (up
to 20 ppm) in one area (stope 1291, #1 shear west S000L), and is a main control on Pd
abundance in samples with low bulk Pd where Pd-bearing minerals are scarce or not
present (Figure 2.15b, d, e). Abundant chalcopyrite and nickeline are observed in samples
where high Pd contents were noted in pentlandite, suggesting that either the presence of
these minerals (rather than CGSS) or the process controlling nickeline formation
(reactions with H>O from wall rocks, unusually low fO,) caused MSS and eventually
pentlandite to host higher than typical Pd. The abundance of chalcopyrite in sulphide ores
has been proposed as being associated with the incorporation of Pd into pentlandite in
very similar environments at Sudbury (Dare et al., 2010b). High concentrations of Pd are
found in pentlandite spatially associated with chalcopyrite at the Creighton mine (Dare et
al., 2010b).

Palladium tends to partition into Cu-rich (ISS) liquid, rather than the related MSS, and
the Pd that partitioned into this nearby Cu-rich liquid is thought to have diffused into the
pentlandite during cooling because it is incompatible in chalcopyrite, leading to
concentrations of up to ~2 ppm Pd in adjacent pentlandite (Dare et al., 2010b). This
process may have affected the Garson ores, although samples which contain pentlandite

with high Pd do not always contain high abundance of chalcopyrite from which Pd could
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have been sourced, indicating that nickeline formation must have also played a role in Pd

partitioning into pentlandite (Table 2.2, 2.7, Appendix A).

2.4.10 The effects of PGE and accessory mineral micrograins

The presence of microscopic PGM inclusions in Garson ores was observed through
SEM and LA-ICPMS. These grains can bias LA-ICPMS results by contaminating signals
and producing anomalously high concentrations of elements in the quantified results that
are not truly dissolved trace phases. Micron-sized grains of sphalerite, CGSS-GGSS,
nickeline, PGM, and Ag, Pd, Bi, and Ni-bearing tellurides can be observed in BSE
images at high magnification. The presence of micrograins is suspected when LA-ICPMS
signals show high intensity, short-lived peaks or “spikes” for As, Sb, Pb, Bi, Cu, Te, Pd,
and Pt within a background of lower intensity counts suggests contamination of
homogeneous mineral hosts by micrograins. For example, in pentlandite that is barren of
dissolved Pd but contains Pd-bearing micrograins, LA-ICPMS analyses integrated over a
large signal duration will show high concentrations of Pd that are not representative of
dissolved Pd. In these cases Pd is accounted for by the Pd-bearing micrograins, not by Pd
hosted by pentlandite. In CGSS, for example, high concentrations of Pd are dissolved
within the mineral itself (Figure 2.9), as well as occurring in Pd-telluride micrograin
inclusions (Table 2.4, Appendix A). On the other hand, it is not clear whether micrograins
in fact represent (in all cases) exsolved phases. If so, then integration of signals over
micrograin-rich intervals will yield more representative estimates of (originally) dissolved
metals. We show that both exsolved and non-exsolved phases (secondary re-precipitation)

of these metals are present (Figure 2.8a-f; Figure 2.10).
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The presence of micrograins tends to be more prevalent in samples with abundant
arsenide/sulfarsenides. This is especially true with the samples A86-91, (stope 1291, #1
west shear S000L; Figure 2) and A62 (stope 1321, #1 west shear 5100L; Figure 2) that
come from high As, nickeline-rich areas. The most problematic deleterious micrograins
for mining/processing of ore would be As-bearing minerals (i.e., nickeline, CGSS-GGSS)
as well as Pb and Bi-bearing tellurides. These grains are too small to remove
economically because milling to such very small grain sizes is rarely cost efficient. PGE
and accessory mineral micrograins are present in major base metal sulphides but they are

volumetrically insignificant and do not impact overall bulk composition.

2.5 Conclusions

The Garson deposit, a modified contact-footwall style deposit which lies along the
South Range of the Sudbury Igneous Complex, is characterized predominantly by
pyrrhotite with subordinate pentlandite, chalcopyrite and abundant quartz and variable
abundances of host rock inclusions of norite, metabasalt, metasediment and brecciated
quartz veins. LA-ICPMS studies show that all major BMS are depleted in PPGE and
IPGE, with the exception of Pd in pentlandite in samples with high abundances of
chalcopyrite and nickeline. The deposit is locally enriched in As where grains of
sulfarsenides (CGSS) and arsenides (nickeline) are the main control on As abundance.
The sulfarsenides contain significant amounts of Pd (~198 ppm) and Pt (~88 ppm), and
lesser IPGE. Two types of PGE mineralization are observed; (1) high As, high Pd ore
dominated by telluropalladinite (main control on Pd) and PGE-bearing sulfarsenides

(minor control on Pd, major control on As), and (2) low As, high Pd dominated by Pd-
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tellurides dominated by telluropalladinite. In samples with low bulk As and Pd,
michenerite, (Sn, Ni)PdSe and the major phases (especially pentlandite) account for Pd,
while trace amounts of sulfarsenides account for the As. Platinum mineralization is
dominated by sperrylite, which appears to occur heterogeneously. Minor amounts of
irarsite-hollingworthite control a very small portion of Pt in some samples.

Regional assimilation of As into the original SIC magma rather than local assimilation
of As from metasedimentary host rocks was the probable source of As seen in the Garson
ores. Metasedimentary rocks along the South Range show anomalously high
concentration of As. Sperrylite, sulfarsenide and arsenide grains began to form early in
the deposit history, beginning to form at 1000-1200°C, after the crystallization of the
norite and before MSS crystallization based on textural evidence. Earliest sulfarsenide
grains would have scavenged PGE, which exsolve down temperature into discrete PGE
sulfarsenide grains (irarsite-hollingworthite). Nickeline formation resulted from the local
introduction of H,O from reactions with hydrous silicates in the footwall host rocks.
Nickeline commonly occurs as complex intergrowths with CGSS grains. The
sulfarsenides and arsenides accumulated along the footwall contact (metabasalt-
metasedimentary rocks) due to gravitational settling, while the sulphides were still liquid.

Some PGE mineralization dominated by telluropalladinite and other various Pd-
bearing minerals [michenerite, paolovite, (Sn, Ni)PdSe] formed possibly due to the
formation of a late-stage semimetal melt or hydrothermal phase. These minerals
commonly exhibit open space filling texture, occur as inclusions in arsenides and

sulfarsenides and occur along grain boundaries of sulphides and amphibole crystals. A
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late-stage semimetal-rich melt (As, Bi, Te) would explain these textures and mineral
associations.

Overturning of the deposit occurred in later stages of the deposit history and led to the
reversal of footwall and hanging wall rocks. The ores would have been completely solid
by the time of overturning since sulfarsenides and arsenides are concentrated along the
current hanging wall contact to the south.

There are major limitations with a magmatic model for the As-rich mineralization at
Garson, and given that the deposit experienced several periods of deformation, leading to
the segregation of sulphide into individual shears, a metamorphic model for the
mineralization must also be considered. In this scenario, partial melting of pre-existing
As-rich sulfides or mineral assemblages may have resulted in the formation of As-rich
liquids that sequestered Pd, Pt, Te, Bi and other metals. These As-rich melts may have
accumulated along lithotectonic contacts and recrystallized. Limitations with a

metamorphic origin for the As-rich mineralization also exist.
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Table 2 2 Cont'd. As erawes and ranpes of clemental concentrations (ppm m pentlandiie (LA ICPMS datay

Sample Chip sample  Stupe Sheat level = of analyaes Sn Sh fo Re Us Ir [ Au Ph B
AT DTL 9 2424 e3W417h H BOW thdl-in7Y) 02100670273 163 (1.009:226) NA Q012 (hdi-0.037) bl | O0IS(hdi-D024)) 761 (443-11273F 0590073027
AT DTL1942) 2424 =3 W 4479 3 GOKXRT (ROT4D U083 1) 300 [YR11. 396) ERRIEE Y025 NA G081 ¢hdl-0.031) 09072 (hdl-0 0215y hdl HO2S ihdl-peh)  3RAT (IS 64-359d)  242(0.151-5.65)
0.1 7%
Mios DL Ty 2274 AW 4470 1 0004 (00640 1491 BOT3 B 0AT.0 0Y) NA ...w ‘_.ﬂ._v_.v* bdt G006 (bl gy bl 001 (bdiN 032y SOS(D926.13.25) 121 (bdl-3.37)
3
7 =
MIOT DLTO) 22 e WdaT0 3 1790 TES0247) 0063 (0.026:0.101) NA ..A__ w..”x_‘u. 00013 110 16 .:._.vxmm._ m_é hdl 00035 (JLOOINE)  L6T(O2TA1IR 0N ISS0S])
N - . . . N . . 10044 ¢ixdl- . . - s oy
A7 DL 2374 £4 W d600 3 007 (047009 D2RIN056.061%)  28S(2 K6.K27.94) NA .01 (hdi-N.05%) hdl BO1h 0012 4bdi-0.0247) 239322 71-25.08) 12.RA(1.171.38.309
A 4]
L2 2221 #4 W Aoy 3 O ORON3S-0 133} 0036 ¢hdl-0.12) $83 (2 RY.N ATy NA 1) OONS (hedl-0).0256) hd} xl H.01d (hdi-n.03y IS 1311837 5) 1 516 IRR-2 77
DTL 26 2474 =24 W4R(NG ki 0.08 {f)-0.135) 6033 (hdl-0 0997) 84038674y NA 0,006 (hdi-D.0Y) (L0 7 (hdl-L 008 1) bl H.018 (0.005-0.013) 14099228 1 79(0.621-3.84)
.27 2474 =3 W 4K} Al 0.02 ¢hdl-0.1130) 0.3 (0.206-0.363) ARK thdl-11) NA (1022 ¢hdi-0.039) (.08 (hdl-0 083 bl hdl 3155 (14 845588y 217(0494 4y
L2000 374 s WdR0n K VAT (hd]-BO2085 0035 (0.0242-00416) T4 (.20-16% NA 00N ¢hdl-0.0234) lt bl hdl 202048289y D430 IK7.0.570y
00087 (i
ARY DVL 252 3174 23 W AR 3 0.02 (bJ1-0.0386)  0.06 (HGIR2.0.0772) 1] RI(R.6R-1387 NA bt hdi o 3.:.... GO0 hIEO.0MY 0320 0161-0.658) 0 DSK (bdi-0 097)
AX4 DVL 2% ¢3) 374 #3W ARG 3 bl 0012 thdt-0 03663 019 (bdl-0 57 NA (00K {Ixdi-0.024) Wt hdt G093 ¢hdl0 0281 1 22{(0002.3 44 0.06310.0194.-0.13%
0.0032 {ti-
A0 DL Ty 2524 w3 WAKOG 3 0.2540.143-0 4690 103¢0.71.28 0 S (hdl-117) NA bl bdi .M‘:nﬁ: OIRO.172-0.198) S7277(4M.79-726 31 113 () 87470
A6S DYL IS¢y 2761 #1 L4oiK) 3 OMIOM0L003I77 BOUT (hdl-0.01d)  R6362-14.15) NA 01} (hdl-b 035) hd} byt hdt 166 (DU2N4-1 84} G 09(B0IV1-0 241
At DTL ISy 2781 311 4000 3 Q059 (0030 074 0.006 (bdl0.01K2) 4542017 NA bl bl bdl bdl 228413301 LS (1 .01-3.01)
A6 DILI6 2781 #1E 4400 K] Q013 (-0 037} 006 (0.025R-0,089) 333 {1.86.377) NA £.008 (bdl-0.0253) bt bdl bd! 011 (1 0263-0.196) 0 26(0.0269-0.77)
AbR DLy 2621 A1 E4N0 2 D046 chdl-A 101 O0dn (O U360.0348) 2395 ¢1.36-45.02) NA 06 (.05R-0.072) i bt DN (bdi-.0276) 106 11.207.2.2) D99 (LOKT.2.77)
MI9 DLI2(YH 2774 23 14900 3 0.8 0730138y bl A ._MH.”%J._. S04 (hdi-0.0121) i hdt i (192 (hdi-2.08) 034 (Wll-0.7y
ARO DL 29aBy 1291 #1 W.S000 3 0.5 (hdi-1 61) DI410047-0.312) 152201302743 NA G011 (bdl-D033 Q0015 chli-1.0046) bdl D3 {008 6030941418 1.3340.102-1.79)
ANT DTL 292y $291 w1 W.S000 3 011 (hd]-0.274 B33 (b0 06Ty 1273 (1 9%21.3%) NA 0.01 ¢hdl- 034y bd! bt DO AN 0388 223(0232-485) 0 55(h0167-1 1K)
ARY DTL 293 1291 #1 Wosao 2 44 (0AR1-822Y  OAR(OUISY0121)  6.42¢3.76.7.0%) NA GO (hd]-0.0187y hdi [ hdi 299 ¢35 9%-534.15) OR1(0.152-1.40)
.00 .
AN DL 20 @Ay 1291 2l WSO 3 Q2723507611 G 1IS (D40R0.316) 34¢0.49-514 NA il hdl ....V:K_.a.vmn_ Q000 ((007-0.011) .08 (0. 465111 64 LO310.16-2.68)
A0l DTL 20y 1291 =1 W Sigo 3 0,35 (0.(02.8 70) 111 {0.059-0.194) S.33199.7.87y NA et hedt hdl B.0)1R (ME-0.0853 26721354y D96 0.678-1.49)
A2 DT 30 1291 #1 W.3000 3 024 (00K2-0.330 0,03 (hdl-0.091 3 127247.16-158.73) NA bl bt [ 2540dl-7.5% 394(1.65-637) KR (1.29-22 9)
D078 (0065 HIRRS (hel-
Mds DL3h 1291 & WSu0 2 LO4(0.249-1 840 0069 (0027011 NA bl bl o 2.3: > A___,_.“. ! bl L1Y037K-201) 0085 (bdl-a 171
ASQ P2 2321 AL WSin 2 0045 {0.035-0 0580} AO33(0.026]-064) 5.6%({536.534 NA bl (] bt bdt G956 (4.39-14 73 16X (1.16%-2.19)
ASL DTE3 2421 #1 W SH00 2 QAT OD2LA072) DR bdO0197) 016 (bd-0.XY) hdl hadt :A_.,___w“.vﬂ__, GOPHO008T-0 020y 89(5.76-1203) 4.25¢1.3-7.29)
26
o3 .
AS2 DT 4 232 2 WSSO0 3 DO (0470 14) 1013 {bd1-00317) 501 (2.99.7.74) NA 0117 (hfi-0 D82 bl u. .:_..x”.”: 003 (Wt00214) .72 (11.32-90.69) 2ROTTO011y
ASt O DILS 1 W.S100 3 OU43 O N26R-0.088) 02201270323 2863 (15.32-42.06) 0006 thdi-0.01) bt bt OO0R(OO061-0.011) 521 (3.59-5385) 6440.353-0 404y
3.5 -
ASd DiTLe 1322 #1 W-S100 3 G U O3S-QIKRY OIS UMPT0619) 2.53(1.23-3.25) Q.01 (di-0.02y (V] .,.” .w_.u,,”: DOOST 0017 726 (2241388 097 (0.455-1 60
; | . < X w ; V027 thdi N - .
ASY DELUTAC 1322 #) WSOk 4 D09 (bdi-0.344) 0025 (hdi-0 0351) 314{00.797 NA hdl bdl 00107 badi 12900 827.2.26) N2 (10091
MRS DES2( 138 2l W S0 D32 dL0406) 0036 (hdl-0 0X9) NA o M“_.m._,ﬁ: 00076 (D 0151 80003 (hal-n o2y .“,_u,_:_r__. Q0067 (WLOOMT)  507(0 109-1795) 217 (0.366-8 14)
200 3]
Myo DL 34(h 173 #1 W Sta0 3 NOL(O.01SR-DUSXG) O.DIR (0.074-0.125) NA ..M,x.ﬁ..”._. 602X (bl UORS :“.x%h%?,: bt 0004 (0.002-0006) 103 (@40 81 0301674305
Xy L0087
3 - D hS
AMRYE DI 35 1214 =1 W30 3 G2 (hd1-0.083) 0087 (B NI2-LLOKG) NA :ﬁm..ﬁ: .:::.:_“.ﬁ..“:? (0012 (bdi-) tH)37) i 00067 (hdt-0.0162)  2.23(0.736-4.40) 1 4(01x5-3 69)
050y 54
nost s1. 7 -
M9l DL SX (1) 2624 3 W Sjon 3 D037 (OO2S7-D06S16 021 (0. D108-0. 03153 NA .,:x:.. PO TR #4002 {(bdi-n 00583y 00017 it Q0002 (b0 0006) D32 (02051 1) hdl
UXLGEN 0.002) 6.0031)

* ineticates values that hay e been allected by micrograins

bl indrentes vatues below detection Tt
NA indicates no revorded s ahse
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Table 2.3 Averages and tanges of demental concentrations (ppm) m chalcopyrite (LA-TCPMS datay

Element  Chip sampie

Stape

Shear level

(o

Ny

Zn

As

S¢

Ru

Pd

Ag

Cd

ATO
ATl
Mio6

M7

DTLIO(D
DTL19¢2)

DL 701y

DL

2424
2424

2274

54 W 4470
24 Wi 70

#3W 4470

#4 W H

152 0083610
0.25(0.20.027)

015{013-0.16)

0.2%(0.03-0.14)

1229439231
IS 1209-3%

IRT9{36-32)

60 B (2512

376 (3554004
4281374475y

423384483y

425 (399-439y

0.X3 (hdl-2.54)
bdl

bdl

046 (hdl-0.192y

R3.7 (RO.3.87 N}
R8.6H (R3-9).9)

427 (41 841 4y

40 (35.6-43)

IO 10.29%
0.11 (0. 103-0.117)

(.07 (0,048-0, 1015

(035 (bdl-0.056)

0.197 (6.048-0.48)
0.038 (0.024-0.046)

1.36(127-1.5
8K (2.72-4.61)

GRT1068-1.13)

(84 (0.58-1.24

4.93 (415544
3.43(2.5.5.24)

3417 (30.53-36.63)

1X.01(1894-20.200

AT?
ATX

DTL 238
DTL24

#4 W46t
#4 W I600

37.32(0.09-110y
0.3 (1.047-0.75)

1689 (29-4905)*
36} {34-49)

330 (381-776)
414 {(306-42K)

405 (hdl-0.159)
bd!

62.5 (60.9-63.%
§4 (813447

.07 (0.06-0.079)
.06 (.04 1-0.078)

0,78 (6.06-0.09)
0.16 (0.15-0.17)

92 (54212241
3.51(1.376-5)

6.5 ($.08-8.65})
1447 (131.36-1507)

ARG
AR
AX2
AR}
AR4

DTL 26
DTL27
DIL2E(D
DTLIS )
DTL R

24 WAROM
#4 Wi
#4 WAR00
#3 W 4R060
#4 W AR

0,46 (0.19-0.86)
217 (hdl-3.8 1)
0.15¢0.1-0.21)
0.21 (0.09-0.35)
4 8710.15-4427)

634 (41-105)
309 (263-370)
331 (31315
43.934-56)
724 (36-2007)*

1163 (384-2710)
339¢324-36%)
416 (376451
S96(272-1121

1285 (440-283 1)

bdi
0.2 (hdl-0.61)
bt
0.08 (bdi-0.24)
.08 (hdl-0.28

1M 2951109
99.8 (94.7-103)
98,6 (KR.9-103)
100.9 (96- 104
&%.% (X1-91)

007840 05-0.105)
0.12(0.116-0.125)
0.1 (0.0X9-0.112)
013 (0.§14-0.143%)
0.0%6 (11 076-00.108)

0.2 (0417-045)
0.03 (0.03-0.03%)
016 (013017

0.16 (0.06-0.3)

0428 (0.14-0.3)

4.71 {3.48-53.46)
1,49 (0.305-0.814)
1.23 (0.794-1 .84}
2.58(2.25-2.86)
1,38 {0.592-2 26)

18.96 (3.94-41.87)
1.96 (4 75.2.22)
1536412 8-1K.27)
14.26 (6.02-26.63)
28.37(13.95.44.51)

AG3
A6hH
A67
AO6S
Miy

DTLIS(D
DTLI1S(2)
DTLI6
DTL?
DL 12¢1)

#1 E-4900
41 4900
#1 E4900
#1 14900
4 L4900

V31 (020-037)
012
0.39(0.29-6.47)
0.21(0.14-0.29)
3.73 (1.89-5.36)

3753342y
36.4
429 (36,7404
31.3(27.8-36)
2744 (248-301)

360 (343.5-375)
330,10

263 1339-375)

380 (354-417)

442 (364-519)

bl
0226
0.58 (hti-1.66)
0036 (bdi-0.107)
bdl

10353 (99.5-H02)
9%.39
8O.R (K5.6-94.%
TLS{669-75)
10 ¢i05-118,7}

011 {0301-0.12%8
0133

009 (0.057-0.412)

011 {(0.074-0.149)
badl

0.1 {0.09-0.3)
013

0.1 (0.09-0.11)

0.1 (01.09-0.12)

115¢0,736-1.45)
0.793
P39 (1.23-1.65)
205¢1.63-2.62)
$.9429-891)

13.61¢7.57-22.3%)
&2
T53{693-L.00)
646 (88721
1825 (11.17-23.34)

ARG
ART
ARY
ARG
AY0
A9
AY2

Mdo

DTL2S ()
DTL 292y
DTL293A)
DTL 2928y
DTL2Y (47
DTL 29 4B
DTL 30

DL 0y

#1 W00
#1 WoSH00
#1 W/ Somg
#1 W00
#1 W SH0
#1 WSO
#1 W 3000

i} W.SO00

0.007 (bdl-0.0215)
0,005 (hdi-0.0143)
069 (0 029.0.21)
6.05 10.0240025)
0.035(0.027-0.047)
0.008 (bdl-0.016)
0,32 (0,14:0.6)

0,018 (hdi-(1.036)

56.4 (40.7.92.7)
3741 (43771
61,6 (49 74-80.89)
61.8(37-123)
4734050
ARE 223478
3544l

S1.2¢393711m

475 (339-643)
45X (424-511)
349 (420-7584)
401 1399-458)
0371525y
188 (340-754)
$42 (508-606)

553 (3%6-815)

1.82 (hdl-7.12y
0.7 thdl-1.81)
0.04 (hdi-1.91)
40,46 (hdi-161.25)
0.11 (hdl-0.344)
0.8 {0.37-183)
bl

0.87 (bdl-2.6)

16R.3 (138177 9)
153 (147-162)
1344 (126-139
N9 (1179123
f40.6(132.2-451)
1434 (13R3-1527)
161.5(152.9-169.7)

6311156 8-72)

007 (0.055-0085)
.06 (0.043-0.071)
0.12(0.092.0.147)
LIRRELIN PERR TN
009K (0.0R6-0.107)
0.11 (1,089,142
009 (1L083-0.097)

0.03 (bdl-0.093)

0.6 (0.5-0.7)
0.60 (0.62-0%)
132(07.2.4)
0,62 (11.53.0.78)
0.6 (0.48-0.6%)
0.5 (0.43-0.74)
0.52 (0143-0.6%)

S97(1.8-9.06)
6.52(3.49-9.4%)
273201-3.%
32R13.00-3.76)
S.63(2.69-1093)
2.65(2.14-2.07)
4.%9(3.55-0.06)

496 (1-12.4%

50.2 (34.64-66.61)
SKSY 5225671y
62.39(5346-76.44)
473 (4444591
4285 (IR-51.SD)y
43,16 (33 K-5725)
2199 ¢29.47-3392)

47.2%(38.22-70.74)

Ad0
A3
ASI
AS2
A%
ASS
A6l
A6}
M8

ME4

MRe

MSR
My9

DTL
DTL2
DTLR
DTLS
DTLS
DTL6
DTLIA
DYL B ()
DL St

DL 5242y
DL sS4 ¢

DL3S ()
DL S6 (1)

227
1322
132
1133

1138

1214
1213

#1 WeS10G
1 WoSIoa
#LWA3100
#1 WS100
£1 WSO
#1 W 3100
“p WoSton
#1 W SHn
#1 W SOl

21 WSHg
#1 W S0

#1 WS100
2 W S

0.3 (016047
1O9¢0.067-212)
0.150.12-0.175)
1,09 (0.03.0.15)
0.55(021-106)
0069 (hdl-0013)
0.015 (0.006-0.023)
0.024 10.614-0.042)
0.24(0.13.0.35)

0.45(0.22-0.6)
0.16 (0.10-0.26)

U3 0.25-0.37)

1158 {0.44-07)

27X (17.338.3)
136 (48-224)
47,5 (14.8-60.2)
49.2 (3%-60.4)
69X (2R 120
35831641 )
542475618
96 147.3-225.1)
36.5¢33-38.3)

444344616
3740373y

YR (36.5-41.6)

194 ¢13.2-30.7)

S07 (442-572)
3TRI62-394)
S314347-714)
401 (396400
400 (359-452)
324 (280-363)
484 (473-502)
366 (417-32%)
436 (395-45%)

522 (416-595)
379 (268-185)

262 1338306y
609 (469-845)

bl
011 (hdl-0.227)
021 (xH-0.424
hdi
bdl
hdi
0.75 (bd}-1.92)
201035270
bl

0.89 (Indl-2.67)
0.06 (bl 18 1)

0.05 (bl 147)
bt

16d.6 (161.2-16%)
1931 (186.7-199.5)
157.3 (156.6-15%8)
192 (190-194)
148.7 ¢12-173
1122 100-11%
162.6(151.6-182.6)
154 (145.6-10ahy
41.9 (354-49.1)

72.4(61.1-85.2)
48.2(47-49)

412 (M-8 8)

57 1 (88.0-38.7)

0.1 (0. 102-0.104)
0.085 ¢0.093-0.077)
0.083 (0.059-H.107)
0,09 (1LU85-0.096)
011 (0.092-6.142)

0.04% (bdl-0), 145)

0.1 (L0K7-0.13R)

0.1 (11.083-0.124)

0047 (hdl-0.0%6)

0.06 10.05-0.0%)
(1046 (hed-0.097)

0.066 {0.054.0.08)
0.4 7 (0.04-0 06)

0.39 8.38-0.41)
0.23
0.2110.2-022)
0.34
©.39 {0.36-0.47)
0.43(0.3%-0.5)
0.7 (0.64-0.7%)
(.4 (0.3%-00.44)

RIS (7.53-8.7%)
153 arein-2 43
187 ¢1.4.2.35)
1491 (4.69-25.1))
416{1.18-9.39)
784 (6.72-89%)
72214.99-8.54)
2.7158(2.28-3.26)
209 (1.33-3.7Y)

10.121342-16.16)
0.7 {0.46-0.924)

1.85(1.01-2.55)
1043 (R 34-13.06)

2R.87¢25.23-31.9)
234921 96-25.01)
1553 ¢12.51-18.35)
27 (26.77-22.23)
2X.1 (26.19-29.93)
2254 (1997.25.21)
6291 (3897-6R.83)
3637 (32.08-39.57)
T07{591-7.69)

6.64¢6.1-7.41)
408 (2.84-498%)

61(5.77-60.4)

10.93 (9.08-12.77)

" numbers not in parentheses indicate averages

numbers in parentheses indicate as erages

* indicates values contaminated by micrograins or trace phase inclusions

bdi indicates values below detection fHimit

NA mdicates no recorded value

- 1% . . . . it
Pd values are for Pd™ . due to imerternce of Cu-argide with Pd
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Table 2.5 Averages and ranges of elemental concentrations (ppm) in nickeline (LA-1ICPMS data)

Sample  Mineral Chip sample  Stope Sheariesel S Ye Co Cu /n Se_ Ru Rh Pd Ag Cd  Sn Sh  Te Re Ox Ir Pt Ay He Tl Pb  Bi
ARG Nickeline  DTL29(IB) 1291 #1 W.3000 1944 10460 195 K8 bdl 73 bdi hdi 25 543 LE4 027 1438 764 NA bdl bdl bdt 3.3 bdl bdl 404 183
ARG Nickeline  DTL29(IBY 1291 21 W:5000 7004 9918 457 bdl bdl 79 bdl bdt 25 439 bdl bdl 1404 705 NA bdl 0085 bdt 28 bdl  bhdl 032 159
ARG Nickeline  DTL29(I1B) 1291 #1 W/S000 1047 144 235 bdl  bdl 74 011 bdi 27 010 bdl 005 1566 %36 NA  bdl bdl bdl 68 028 0024 bdl I35
A&7 Nickeline  DTL29(2) 1201 ) W/S000 1241 783 231 bdl bdl 62 007 bdi 29 07 BAISS bdl 1757 RS2 NA bdi 014 bdl 57 bdl bdl 008 33
AR7 Nickeline  DTL29(2) 1291 #1 W/S000 8BRS 60 181 bdl  bdl S8 hdl hdt 27 048 bdl bdl 1231 649 NA  bdl  bdl bdt 38 bdl  bdl  bdl  SK
AR?7 Nicheline  DTL 29(2) 1291 #1W/5000 2280 124 235 bdl bhdl 39 bdl 00K 31 022 bhdl bdl 1488 R28 NA 011 0125 bdl 49 hdl  bdl  bdl 42
AKS Nickeline  DTL29(3A) 1291 #1 W/S000 2003 1662 182 14 bdl 43 bdl badt K2 444 bdl 020 1318 765 NA bdl bdl bdi 43  bdl  bdl  bdl 42
AR Nickeline  DTL29(3A) 1291 #1 W:S000 1651 148 210 41 bdl 7% bdl 003 104 081 bdl bdl 1559 835 NA  bdl 0.079  bdi 2 bdl bhdl 016 38
ARK Nickeline  DTE29(3A) 1291 #1 W/S000 1587 708 540 bdl  hdl 60 O1R  0.16 8 100 bdl 020 1246 615 NA hdl 0088 bdi 4% bhdl bdl 038 70
AKS Nickeline  DTL29(3A) 1291 41 W:3000 2296 25 191 9 bdl 94 bdi bl 96 7.19 bdl  bdl 1857 1331 NA 074 bdl bdi 52 bdl  bdl 034 120
A% Nickeline  DTL29A) 1291 #1 W/S000 3359 1426 156 bdl  bhdl R4 bdl bdt 22 030 bdl  bdl 2507 1207 NA bdl 021 bdl 48  bdl  bdl  bdl 17
A% Nickeline DTL29(4A) 12901 41 W/S000 2911 2582 287 bdl bdl 67 bdl bdi 24 042 bdl  bdl 2164 1016 NA  bdl  bdi bdi 47 091 bdl 035 RS
A0 Nickeline  DTL29(4A) 1291 &1 W:S000 1666 1231 244 bdl bdl 69 bdl bat 22 045 bdl 013 2420 KIS NA bdl 0086 bdi 46 bdl  bdi 017 35
A% Nickeline  DTL29(4A) 1291 #1 WiSO0U 2635 169 216 bdl  bdi 137  hdl bl 19 095 hdl  bedl 3365 1683 NA  bdl  bdl bdl 39 123 bdl 028 16R
ASY Nickeline  DTLITA(]) 1322 A1 W/S100 2517 2208 203 013 02112 46 0036 0004 105 0.04 0.099 0.04 1797 1204 NA 0.037 0.0082 0.0289 9.1 (1121 0.0074 009 1.2
ASY Nickeline DTLITA (D 1322 81 W:S100 1620 601 145 017 0226 44 0039 0.005 91 004 0.093 006 1R04 1047 NA 0055 0.0200 0.0313 8.4 OIX2 00118 009 07
A5Q Nickeline DTL A} 1322 #1W/SH00 1932 1092 181 0.13 0204 48 0.026 0005 132 0.06 0.075 0.08 1874 1227 NA 0.032 0.0066 0.0266 99 0103 0.0074 010 09
AtD Nickeline  DTLITA(2) 1322 A1W/S100 1269 89 218 bdl bdl 72 bdl bdi 7031 hdl 0.08 2110 1064 NA bdl 00368 bdi 73 bdl bdl bdl 43
A6O Nickeline  DTLITA(2) 1322 #1 W/ST00 1828 112 210 0.52  bdl 67 0066  bdl 0 004 bdl 011 2052 1061 NA bdl 00368 bdl 6.6 0336 bdt  bdl 1.2
A6O Nickeline  DTL A 1322 #UW/STO0 2420 603 219 bdl  bdl R hdl 0015 4 645 0399 bdl 2279 1105 NA  bdl bdi hdl 79 bdl bl hdl 71
Aol Nickeline  DTL B () 1321 #LW/SH00 1417 386 283 00X 346 78 0063 0005 23 0.25 0.099 0.04 2397 1956 NA .03 6151 0020 7.9 0121 0.0078 002 L7
A6l Nickeline  DTL1IB(h 1321 #1 W/AH00 1324 92 26K 004 352 90 0056 0.605 20 007 0.113 0.04 2535 1062 NA 0032 0165 0015 67 0130 00084 0.02 3.1
A6l Nickeline  DTL HIB (1) 1321 #1W/AST00 1572 426 203 2.2 345 RO 0.067 0004 24 0.60 0.104 0.03 2480 1045 NA 0.044 0908 0020 69 0.127 0.0061 0.07 23
A6l Nickeline DTLHB (1) 1321 20 W/SH00 2943 3187 314 0.2 368 82 0063 0.007 28 023 0080 0.04 2516 1169 NA 0036 0073 0017 9.1 0120 0.0087 005 2.6
M46 Nickeltne DL 30(D) 1291 #1 WiS000 8e66 998 759 hdl  bdl 28 NA ONA NA 248 bdl 0.0 5401 NA 01 NA  NA  NA 160 NA  NA  bdl 4s
M6 Nickeline DL 30 (1) 1291 #1 WiS000 7659 170 773 .1 023 3D NA NA  NA 052 bdl (14 6207 NA 0.08 NA  NA  NA 158 NA NA  hdl 50

bd! indicates valucs below detection limit
NA indicates no recorded value
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Table 2.6: Averages and ranges of elemental concentrations (ppin) in Sphalerite (LA-ICPMS data)

Sample Mineral Chip sample Stope  Shear/level Co Ni Cu Se Ag Cd Sn Sb Te Au  Hg Pb Bi

M32 Sphalerite DL 22 (1) 2471 #1 W/5000 253 1.6 37 161 1.6 23837 bdl  bdi bdl bdi 88 1.2 008
M32 Sphalerite DL 22 (I} 2471 #1 W/5000 226 122 62.5 177 2.1 23787 033  bdl bdl  bdl 61 149 2

M32 Sphalerite DL 22 (1) 2471 #1 W/5000 251 1.9 2579 168 1.7 22846 092 bdl  bdl bdl 56 48 086
M32 Sphalerite DL 22 (1) 2471 #1 W/5000 233 1.1 255 157 1.5 25265 029 bdl bdl  bdl 69 42 048
M32 Sphalerite DL 22 (1) 2471 #1 W/5000 259 1.6 745 170 1.3 24215 L 007 bdl  bdl 51 174 064
M32 Sphalerite DL 22 (1) 2471 #1 W/5000 242 9.1 259 170 64 24489 bdl  bdl  bdl bdl 7.7 19 0.9
M32 Sphalerite DL 22 (1) 2471 #1 W/5000 254 4.2 3920 177 1.4 23475 104 bdl  bdl bdl 6 4.6 093
A49 Sphalerite  DTL ] 2421 #]1 W/5100 267 1.1 4887 151 5 15316 22 bdl 06 bdl 63 13 43
A49 Sphalerite  DTL | 2421 #1 W/5100 303 279 1023 212 16.5 16044  0.75 bdl 374 002 54 384 50
A49 Sphalerite DTL | 2421 #1 W/5100 228 676 84.4 189 14 16134 29 bdl 78 005 45 368 115

Note: all arsenic values registered below detection limit

bdl indicates values below detection limit
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Fable 27 Swnniey disttibution of aujoer, minor amd As-beanng phases with ssunnated and acioad btk yock asaay A vidues
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Samph Chup samphe Sope Lol ppm) pmm) Pa ' vol s ol Cpy Se CONS ol CGSS S S trace .
mtergron ths phases
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Al DLl MEEER ) 28t 0.9 &3 .87 ol Y B34 & - - - - - Loak-01
A2 DL4 2ETE W e 24 [LREY N& 3 hRtE i 9 - - - - - 6 67EA2
Al DL 1T W dee s ui ki g HRCY i) 10 - - T ong-a2
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Al DLYis 3004 d b axaw Sudy [E31H b¥ §23 203 27RE ) SaLam - - -
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Ali6 [ REEENN] M RN N 141 233 i 1 1 s 2 IRELY - - - Y070
Afd DL MR d W0 19 [ 842 T 0o K2 - - - -
A6S DIL1Sety 27K 1 H 49 10 a1s 28 T2 i NN . - . - -
Ats DILS 2y 276 1L 008 17 0.N3 K21 b Ko R Y - - - - - .
AbK D s 28 E A 7 “08 743 49 Lewl .6 X0 - - . -
Mis oty 479 2 E4000 X 06 L) N 1 fpf-0l 15 . £ 08 - 2 36HE 06
i DUy 2774 95 49068 HEY 3148 bl 2 t 206 RREI UL - - AN ant-on
M DL 2TTL 4 E 4y el - kk) 2 1 20 S0k . - B AIETE] - YL
M2 PLiseh W I E 4Ry T IESS 7 X 1) [ 2uEA2 - - 623 AN - L27E-08
M6 DLIT2) 3303 Jf dua 26 i3 42 3 0.3 &8 - - - 21404 -
20 SEABZ2 (1 2471 WS i 44 Bt L 4 424 714503 - - . -
Al SEAHIID 247H W Sika 103 73 a8 s 43 £ bl - . -
Al SLAH 2240 247 1 W fipn ™ Kty 35 12 tt g B 1AL - - - . 102
ALY SLAB 2 ¢ 2471 1\ Sin 82 a8 48 8 10 T - - - - 330k
AW SLAB NS 2471 1 W S0 £ 108 12 4 0 4 - 10070}
AlS SLAR22(6p 2371 1 W S 42 ks K1 6d 9 2 - - 3.33E02
A7 DL 332y 2624 4 W Sk oo 1223 s P 3AREa 23 2
A% DL plr 2424 3W 3000 2860 R43 3 LRV 1 W 1.98.a1 - . - .
AR DTIL2E) 1299 W S Hoete Ty 43 x4 i LA doiktat 104 | B} 197E04
AX? DIL 2 1291 E W S T [ 30 & 31 & 44001 130l 4850 - - EXST R
ARK DT 20 0A 1290 W SRt 1iKKHY EINTS) i 1420410 0 h - 4 N . . A48 03
AR DTL29 ¢y 129 1 W S - 180 | [T Rt T8 iR - 4 [ - - 139004
A DH 29EA) 1290 1 W Sk TOeHn 10618 %0 202 40 17 1OSE02 L00k-08 2 . - 174003
Au] DTL iy 129§ W Som - PRASE] 45 i5 9n 9 ToREA2 12 143 4 13k-03
A2 DL 3o 1295 1 WoSohm hN H.0006 as 1648 o L - - - . - 636105
A1AN DLy 2470 1w S0 MERY 1033 M it 0 40 1 7%E-01 . . - Pl B
N6 DL 1291 W 5000 100 2499k s H N 10 TSEGL Reltem s 123k
Mo DL 43t 2624 3 Wtk 1tHEX) 3382 b A 942 3 217t . . .
Ade B M2 WAoo 284 e 2 & 3.2 K? 16 - - - - .
AL DL 220 W Sl A §8 Lt i ? (3.4 SR s TR . . . -
ASH [FITAE) 2421 P WAL 206 (5] 0 <5 40 0 1002 - - -
AS2 DL 4 2421 LW R 4 BN Rl 14 28 KX EXis k] - . N
AsR BT s 232 WS IR a0 049 0 4 A M . . .
AN DTL6 22T LW oS 281 [1X5) 135 H 4 RG - . - -
ASS DI e 2221 Tw s I3 @85 ®1 4 3 o [ RN - - -
A6 DT HH2 1320 1 W Sion VHRO 3288 N 292k-03% 2 HY o9 207 40 - . .
Ms1 DLSEely 135 LW 3o 23 02y i3 2 is U B B - A5 4 7T
MK DLAD HIS W50 s P s NS 2 H 1 - . - BRI IRl 0d
AR DL 1 W R 1% 26 ™ N 3 15 - - . A EAS 6 20}.-0%
RS i3 DLS2 HIR P WSme 2% we? N s N EN] L 240-00 83905 - SA9E-04 T Nbl--04
NS oS3 on Y PRS0 2k [{RE] 45 3 45 ] B B . B - 5 top .08
&6 DLS 1Y WS 25 132 7% i L fu . - - 462E-08 90208 202004
My Dt fSeh) 1214 TW Sto H 067 13 3 2 R - - . LI ] - § 24108
My BL3e(hr 1213 pw s b3 024 H i 30 0 . . K13k (4
Mo DUSTely 120 TW S o 055 35 s ) 2 - . . ANTEAIR T2 06 R0E-n
Al DUAN (T} 2624 4 W Shky 1 (4% N§ 5 < 2 - . - P60 08 1 osEut  §TEAR

" mdiates the lower detecton Tinut R arsenic in the assazad sample
*mdicates the upper detectnm bt for anseaic 1 the assisved sanple. the real vatse could be bigher
" trace phases inchade PUL -bearmg maerabs as wellas B Ag. Ph, NeteRunides, galena. snd magnetie

Lt of abbren ations. CGSS=cohattne-gendottite sobd solution, Upy - chalvopstie: GGSS - glhwoddol gendorie sabad solusion | Nel-ackeline: Prepeatiandite, Porpysrhotsie, Spy

~apereylite
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Tablc 2.8: Averages and ranges (wt %) for major elements in As-bearing minerals (electron microprobe data)

Sample

Shear

Mineral

As

Ni

Co

Fe

S

MI05
M106
MI107
M19
M20
M32
M46
M66
M84
MSE8

4 W/4470
4 W/4470
4 W/4470
4 E/4900
4 E/4900
1 W/5000
1 W/5000
4 W/5000
1 W/5100
1 W/5100

CGSS
CGSS
CGSS
CGSS
CGSS
CGSS
CGSS
CGSS
CGSS
CGSS

45.83 (44.25-47.85)
46.5 (44.79-52.97)
46.03 (44.98-54.36)
46.46 (45.42-47.42)
46.05 (44.85-47.51)
45.91 (44.03-49.08)
45.91 (41.56-48.41)
46.19 (45.96-46.60)
45.68 (44.87-47.69)
43.3 (37.06-46.9)

11.69 (5.01-23.46)
14 (8.52-24.89)
11.78 (6.55-26.28)
14.25 (7.33-18.76)
14.35 (6.49-19.27)
16.34 (9.26-22.75)
23.36 (16.61-30.09)
19.71 (19.32-20.27)
15.23 (10.97-21.76)
14.96 (7.11-21.00)

16.98 (2.44-25.29)
15.15 (4.75-21.42)
17.84 (3.59-24.38)
14.24 (8.82-23.15)
14.05 (8.22-24.14)
12.44 (5.63-20.13)
4.16 (0.30-9.64)
7.29 (6.85-7.61)
13.49 (6.46-18.97)
12.43 (8.29-17.16)

5.93 (4.05-8.83)
5.95 (4.42-9.29)
5.94 (4.38-7.68)
7.11 (5.02-8.42)
6.92 (4.62-8.15)
5.71 (3.52-7.6)
8.72 (5.85-11.20)
7.86 (7.79-7.92)
6.15 (4.98-7.36)
9.61(5.87-15.94)

19.35 (18.66-19.89)
18.39 (14.04-19.45)
18.09 (12.71-18.98)
19.19(18.63-19.78)
18.92 (18.34-19.52)
19.17 (17.31-19.90)
18.3(12.74-19.58)
18.04 (17.93-18.10)
18.82 (17.61-19.25)
19.49 (17.16-22.93)

MI110
Mgl!
MS82
Mg3

4 Wid470
1 W/5100
1 W/5100
1 W/5100

GGSS
GGSS
GGSS
GGSS

45.96 (44.95-46.99)
46.06 (45.36-46.63)
44.4 (40.14-46.72)
44.68 (43.22-45.67)

13.02 (5.58-20.13)
15.42 (14.23-17.34)
13.5 (5.80-17.69)
14.2 (7.30-17.93)

16.4 (8.70-25.07)
12.04 (10.66-13.63)
12.6 (9.53-20.45)
13.41 (9.59-20.93)

6.22 (3.96-7.93)
6.82 (6.31-7.73)
8.11 (6.83-11.15)
7.9 (6.17-10.42)

18.34 (17.82-18.88)
19.35 (18.76-19.77)
16.49 (18.04-21.36)
19.59(19.17-19.95)

MI105
M106
M46
Mg4

4 W/4470
4 W/4470
I W/5000
I W/S100

Ncl
Ncl*
Ncl
Ncl

55.62 (55.21-55.54)
54.27

55.88 (53.49-56.50)

47.99 (47.88-48.10)

44 (43.58-44.14)
25.47

44.62 (40.34-46.62)

51.47 (51.08-51.86)

0.15(0.11-0.16)
4.07
0.08 (0-0.34)
0.52 (0.391-0.65)

0.89 (0.64-0.76)
4.34

0.36 (0.01-1.94)

0.42 (0.40-0.43)

0.24 (0.206-0.213)
13.1
0.41(0.11-4.17)
0.11 (0.07-0.14)

Note: Totals were corrected to only account for major components

Nel* indicates nickeline with Co, Ni and S contamination

List of abbreviations; CGSS = cobaltite-gersdorffite solid solution; GGSS = glaucodot-gersdorffite solid solution; Ncl = nickeline
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Table 2.9; Point counting of PGE and trace accessory phases

Sperrylite Irarsite- Michenerte PdTe  Paolovite  (N1.Sm)PdSe Re-sulfide BiTe NiTe Hessite Alaite  Molvbdenite Au-  Electrum
(PlAs;) hollingworthite (PdBiTe) (PJ.Sb) {Ag,Te) (PbTe) bearing  (AuAg)

Huost

Po 13 1 ] i 1 36,3 (Ag) 4 12 ! 1

Po-Cpy' 6 |

Po-Pn TN ! 15 1 !

Po-CGSS I 2 3

Po-GGSS ! 1 1

Po-Ncl 19 4 3(Pd)y 10

Po-Nel-CGSS 4

Po-Cpy-Sg !

Pu-Nel-Sg 2

Po-Sg i 4 s 1 Lo Pd) 2 1

Pu 1 2.1 (Sh 7 7

Pn-Nel

Cpy I I 3 24, WA | 14

Cpy-Pn 7

Cpy-CGSS 2

Cpy-Ncl 3 4 1(Te) H{Sm)

Cpy-Nel-CGSS ! 2

Cpy-Po-CGSS 4

Cpy-Sg I k! 3

Cpy-Sph 1 s 4

GGSS 1% 9 I

GGSS-Sg 1

CGSS 3 9 19, 1 (Ag) 3

CGSS-Nl Inter 1

Nel 10 4 39 1

Nel-(GSS i i

Nel-Sg 2 HCdY

Sph ]

Sph-Sg I 1 2

Sg¢ { [ 2

BiTe | }

Totals { 33 42 40 O 2 1 160 12 150 1 3 1 [

§ . . . . . . . .
indicates multiple mineral hosts (along mineral boundaries) for PGE and trace phases

~ Metals in parentheses are major compontent of trace phases

list of abbroiviations: BiTe — bismuth-telluride; CGSS = cobaltite-gersdorffie solid solution: CGSS-Nel inter = cobahtite-gersdoriTite solid solution-nickeline intergrowths: Cpy — chalcopyrite:
GGSS ~ glavcodut-gersdorffite solid solution; Nel = nickeline: Po = pyrrhotite: Po - pentiundite; Sg - sihicate ganguce: Sph ~ sphalerite



Table 2.10: Represemative SEM-EDS analyses of Pd tellurides and trace phases

Mineral S Fe N1 Cu Co  As  Rh Pd Ag Cd Sn Sh Te Re Ir ™ Au Bi Totwl
Tswnorte 8453 4347 100
Taumnoitwe 48,65 SE3S oo
Tsumoite 41,69 5831 100
Tsumaoite 44.61 S539 100
Tsumoie 3g42 6158 100
Tsumone 3647 6353 10
Tsumonte 31R2 [ I O]
Tsumpite (Ag) 6.61 RK® M9 100
Teumoite (Ag) 12.63 3583 5154 1w
Electrum 282 6718 100
Flectrum 3487 6513 10
Electrum 34.2% 6872 o
Electrum 3458 6548 1o
Hessite 64.51 AR D) 100
Hessie 57.47 42.53 100
Hessiwe 60.32 968 160
Hessite H5.07 kEX X} 100
Hessite 60.96 39,04 100
Hessite 62.02 27.98 100
Hessie S58.62 41.38 100
Hessite 6025 3975 100
Hessne 6174 3K.26 100
Hessite 60.90 39.1 100
Hessite 6135 IR63 1060
Hossite 6n1.76 IRDY 100
Hessite 62.6 374 100
Hessite 61.46 RN 100
Aichenerite 29.77 .42 301t 100
Michenente 287 1145 4284 100
Michenerite 25.89 29.3 4481 160
Michenerite 26,73 2848 4482 100
Michenerite 26.57 30.34 4209 100
Michenerite 30.27 47.07 22467 1000
Michenente 2316 30604 422 100
Michenerite nmn 3455 AT Y
Michenente 27 44 20.39 217 100
Michenenite 26 14 3447 3039 100
Michenerite 2588 1143 4272 00
Michencrite 2633 2924 4443 100
Michenerite 257 332y 095 100
Michenente 2687 3132 4181 100
Michenenite 2327 2081 4102 100
Michenerite 28.09 3028 4103 100
Michenente 25.68 29.94 4.3 100
Nife 12,10 33.7] 3018 4.01 100)
Nite R33 650 13.00 352 66,44 100,01
Paoloviie 64,62 3538 100
Paolovite 64R2 3547 100
Paolovite 64.78 3522 160
Paolovite (Sb} 62.59 291 &S 160
PhTc (Shy 4792 2472 27.37 100,01
Pdte (Cd) 7.99 2772 6429 100
PdBiTe (Sb) 43.01 2097 2047 1854 9y9
PdTe 2159 66.41 100
PdTe 15.05 84,95 100
Pdle LRI 9104 100
Pd e 41.76 5824 100
Pdte 42.03 100
PdTe 46,18 100
Pdte 44.76 100
PdTe 1102 100
Ir-Rh-bearing’ 4550 1820 240 %00 22,10 150 160
Ir-Rh-bearmg  1RO68 537 575 647 41.77 1278 075 246 160
Re-bearing’ 3147 3.3 129 6072 100.01
Sperryiue 66,80 33.20 100

" analysis shows possible contamination from host mineral gersdorfiie (Co. Ni. As)

*analysis shows possible contamination from host mineral chalcopynite (Cu. Fe)
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Table 2 11 Assa eesubs of hup srnd and slab samples

Samphe Sample type  This section Sope Leved Shear Ore hpr Mono:Hex  Cu (wt%) Nitnt%l Co(ppm) Fe(nt%e)  As (ppm)} Ph{ppm) Zn (ppm)
Maoxh Chigs At e 3% #1owust sheat A nS:3% (B L 404 1360 45 et RXT bl
DLey) Clap Mo IRE B #1 west shear NMS 0§00 .58 4% 1390 477 bdl 6l 461
DLedc ) Chip Mux T TR #l west shear INMS o:100 033 TRE M2 = n s¢
DLOMD Clup Ml 2028 447 =1 swust shews wWR N4 06 0.2 ] it 14 97
DLeS Clup - S I ] 21 wost shigay WR A nos LS 3 [ &4 241
DIEssihy Chap Miw) 27 4N Fwesishear INMS IR 2T i 7 242 R
DLon ) Chip Mia? 7T s) westshear DIsS 2y Y HY 9wl 354
DUETH Chip Mioz MIE M 21 westshenr INMS S04 2 N *3 IS
DEorit) Chip Mioa PO R 1 west shear INMS wiln 461 wy 172 2 37
DLesy Chip Mins 2 M0 s west sicar kiU 4.24 1070 K7 H 150
DL Y% Chap Mios 23N M B3 west shear it LR 22w [RiS(] iR 125
DI R Chip AMIGT 23M3 AT sd west sheat M N 2460 2410 2754 (LX)
DLIun ¢ hip [SHES 22T Al west shear CGual-Nph stringer NA anl? 13 ] et I6 st
DLTHY Chap Moy M43 4470 8 woest shear Lal- Sph stemger NA Quxs 1 v Mgty 14.7 4%
T2ty Chip Mils 28 T s west shear Qte-rich DISS uss 49 1360 @ i 32
DTLI Grud At MM 4T sdeestshear INMS w0 122% [N g 10
DLW Coragf AT 2424 MM sd west shear DISS LRt A 1o 2 163
(L FERIRY] Gnd AT 2424 44T A8 wost shiear DISS X020 [N A4 X 42
DLy Ornd AT 2424 W 64 west shear DISS R 2% K I M
DILIKRSy tinid ATS 423 3T B westshear DISS [ an fnd i s 1
HYLM Chyp - 2824 4470 s went shear DISS NA §02 i 19 R0 2
DH 2t Chp A?S 223 44 Bd west shew PIss Wi g [HE hadl s 14 2¢ HES
DTLYY { i ATt 2474 4470 i west sheat INMS 9610 47 1210 Su 1 it
DLt xh < ap Mi T 4+ ) westshenr DISS 90 () 427 30 it 283
DL 2D Chip MI 1971 Jotn #1 went vheat DISS o100 (W 3y hdi 13 [RES
[E R Chip M2 T e 3 west abvar PSS wion [ 43% hadt T 103
it adh Chip M 1971 dedNd wost shoar DISS (R X RN ] i2 28
DLAD Clup MS 39T Ny w1 v shear INMS ¢lon 26 M ] i lowd
Luh Chip A6 1] SN s west shesr INMS 0:300 Ny e 3s ' 0l
DLy Chip M 2471 i =1 wos shear MASE 0100 164 Xk i i hN
Didin Chip AR 2TE O den *F wost shear MASE [CS1E]) BN 1150 O i AR}
[T 4 hip My T dail)y 4wt shies WR NA (iR 3 T it kL] P23
DLYT Chp Mio 27 dedw 2{ west shear WR NA [ER1 2 »ad 32 i4 I
(LX) Niab At 2TE dei sf aesthear AMANU-INMS oo 144 LI S b 0 =
DEa Siab A2 2T A 1 west shear MANUINMS 2080 482 122 4.3 24 v Y
DEh Y Nub Al PR T 1w sheas MASULINMY AR A 418 Tty 99 hdl % ns
DLty Nah Al 2671 det b wost sheat MASULINMS 33 94 44y 0 x * Ea
[ S Stab 463 #1 west shear MASUCINAS aton 4% 12%x¢ L0 s x4
Di 46y Niah LI 1 west sheas MASEINMS §5R% iSh Hon St bt 44
DL Clup 660 =4 wnt shvat DINS S50 § i 973 483 1< : L
DBYL2S Chap EL L F1west shear INMS 2088 [UKY 4 09 L ARX LAN 36
DiL2e Chp oMy 51 owest shear INMS [(RICI) |54 N qo4 27 13 201
Ol Uiip I west shear INMS G e S08 RN i3 5 o
3oy {inp 450 a3 westshear INAIS K& 8 014 Aol 456 4 4 kK
DLY Chap AREH) &4 wost shear Otz -nich PSS Foddtt 022 072 14 BN 2xn 167
Diml Chep ANONY &1 cast shear ATASU-INMS 6§ 33 (IR ERT 450 w4 ] o
D&Y Chap ERLT 21 gast shwar MANE U 034 48 342 AN N &l
Diwty Chp Rt ) a4 gantahear INMN HEof wAZ i Wy i + S
DLty Stab 4800 w4 cast ahear INMS 1888 ndd 324 e “Ho i2 35
DLy Siah 480t a3 st shear INMES A Ty 020 4.04 w2 27 ¥ !
DLy Mab 4800 44 cat shear INMS 03 Ded 126 W 308 k] N
13 4y Shaby AROO 54 cavt shear INMS 287 [URE Iod 3hY i) o 43
[LIEA8] Nhah L2H) ok vant shear INALS HE U 070 34 279 M pSEL ] 2
DEv ey Shaby E Ralt ) &3 cast shear INAIS X020 uls 177 2830 a3 Tl e 45
DL L Clup Mie 2RTE 4R =4 gnst shewr WR AR 024 gy (2 e 141 X 154
[ 133) Clap ARG 2471 d4R00 B4 west shear INMS 6333 458 HEE] 204 227 2 HIRO 41y
D Clp AKX} M7 ANEE seb wast aheas INMS Hiofl 028 42N thin 4% 4 el i i
DYEINT Chip EhCLE =4 cas) shear Onz-tich DISS EA "yl 37 R4 48 23 i x
DTL2R Chap AR00 a4 gast shear INMS oy HY P 179 Y% 27 2100 N
1371, I3 4 fan 4N 4 casd shear INMS 10 90 AL 4K 1 a% 3 14 [}
DI ikl Clup 2900 43 west shoay WR-INMS NA ot Bias ki i i 1
[ RITA Chaps 49y ad west shear INMS ] 033 43 tolu 4%} X k1
(R RN Clup 40K} &4 cast shear INMS 50 % ERTY 2ol 1498 3N HE ILg
DLIXN2Y Clup el aof cast shoar INAES RN 048 N7 1570 KEIN Y 16
DIk Chp Rt wast sheat INMS X020 3 414 Yo XY 16 t 15
DL p 4HN} &4 cast shear INAES 36,50 04 Axd LA J03 12 [ 6
DL Chip Lt 4 vast sheat z-nch INMS T 0 [(RE} 241 [ 269 Xty 5 267
(S RILAT] ¢ hup 40 &4 cast shear INMS (taD M Qg B ISR ELIN 26 2 1
17 Chip 4900 £4 cast shear Qtr-rich INMS KU nos kY a4 41 I { 21
IR Chap AR aod pant shear Ozoneh INMS (SN [tive Bl LA} 0T e N ®
DE R Chp dualy adcat shear W12-rch DISS 034 w1x .06 13 149 il t M
DUt Siuh L LH =] vast shear INAY Nt 2¢ [LE 37 135 494 e 26 i
DLW Slah ELLE 1 vast shear INMS Ll VI w3 184z Lo [N 23 o8
DLW Siab 4KKP @1 cast shoar INMS TRA% el (5 2l A2k i «l
DI e Nib 4900 1 gast shwar INMS BT 214 4414 1200 ERR) Pr f0x
DLI%S Siah %00y 1 vast shear INMS B 1K3 1T {260 EER 2 He 113
0 1900 Stah s 4900 1 east shear INMS R& |8 iRin 206 0k ER L] 28 HIN
DL Chip M2X 98T 4900 =} cast shear Quz-nich DISS Lt S ixd [T 147 9 “ kX 424
DI 2 & lup MU JURY 34D =1 cant sheat Qrr-rich DISS NA B2y {15 M 24 bt 41 47

Eactof ghbrevstions USIN contoriad sehist;

INAIS Quartz-neh mciusonstich tassave sulpdirde. Sphesphadente, W IR walfrovk

b indicites values bedow detection Tost (2.5 ppm fur As)

USS “dnernmated, Gat - gabems, MASE Masasy suiphude: INMN aochusion-rwch sasan e sulphide, Qtz ek DISS guarts ich dissoannaited. Qreenets
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Table 211 Cont'd Asaay resalts of clup. erid and slab samplos

Sanple Sanple ype  Thin section Stope Leved Sheur Ore fype PUPd S (wie) Sbppm) Au (ppm) PLppm)  Pd (ppmd Ag (ppny)  Ri (ppm)
DieXh Chap Mot 1971 4470 S westshear Jo? o MY DY i34 nin 54 a8
DLOXD) Chup At97 IR RS Y6 2 west shear 0.7 EAN M| 814 G.2%9 G403 24 6
DLsd DY Chap Moux 971 4470 =) west show 563 Lk X 0022 €@42N G07% 44 tult
DLejH Chip M1oa 221 44T &1 wos sheat SO0 026 () [IRLLIN [EXUTRS 00003 w258 [N}
DLeM Y Chip . M2 W s f west shear GR3 067 L] 0.804 G024 [IXUIR} (LS 3
Disagiy Chp Miot 2T TG sEwesthear 38 e 12 0n (Bt (NI 9 27
DLy Chup MG 23T Te £1 wont sheur 182 B bl uuIR g3t (I} 182 bdl
[HEHE Chip Mrod 2421 8470 =1 westshear 090 ME 12 0.6l 472 05 &5 bl
DLeR Y Chap Miod M6l 4 a1 west shear 1.02 M7 14 0863 I3 13600 To 4
L6y Chup Mios 2174 300 #d wost shear 261 243 1] 0Bt [iX:34 ] .23 22 bl
D H ) Chap Mitn RAEZ I £ k() 4 west shear Lol 7 114 O f6s iy I (R3S 9
DLYKD Clup MY M M0 ed west shear INMS o4 23 12 (L8 pod 0953 [ax 6% A0
DL7 by Clap MR 2424 3 w3 westsheat Gat-Sph siringer 016 i (AR .00 00028 ap1o Y& 4 2
[ BT Chap MW 2424 4470 sdeestshewr GalSph singer 0.7 16,75 404 [EAHTR] (Xt [LES2H 763 bl
PLI Chip M0 2804 T 4 Wit shear Qunich DISS NER 132 il 0.0 (i1 [TR1iX] iy hl
DIl Gnd ATO 2424 H0 &dwestabean INMS DT L] it 034 @423 0918 2e it
DELIWD Gnd AT 2424 4470 b wiestshear 214 82 indf 0177 0307 [(RAH 43 13
DILINY Gimd AT 224 M0 sdwestshew 236 25k it BX Y 042 17y e &
DI tind A3 2424 HTO O B wostvhear 17 i U] G017 U447 w28 24 9
DILYwS tind AT4 2324 4470 #4 west shear A} 263 it QR [T 0186 2R £
D120 Clap . 3324 44700 mdwostahew .14 e M a.nll 0.0025 (LN ERNY it
DI Cheyp AS 4 #4T0 Hd westshear R 1245 14t 0120 G193 [LTATHY 138 2
D122 Chup ATw 2474 43T =4 west shear i 30 ¢ it [Xil] A} Hid (EA] [ 14
DL 2D Chap M1 10T Gl =21 west \eat 173 (LB Hy 2 08 (BN i
DL Chp M2 197E A 81 e shem Gy 347 bl 0.092 R 741 bl
DL 2y Chap M3 1971 dooi Y west shear (L2 e ® 4.241 (BN a7 i
DL 24y Chypy M 1970 400 w] west shear 464 23 i 0.1 124 i
DL Chip e 197 et #1 west shear 012 244 [ 5 iGw et
DLMD Chip Mo 1971 4600 #) west shear os2 ik bt ot e 4
DLy Chip M? 270 A 1 west shear L] LR ] 14 012 1.3 Y
(S TR Chap MK PRI ) =1 we shear 627 LER) 14 013 0s 14
DL Chap AlY J0TE 0 4e0n B} west sheat 1 4 hadi Q68 023 el
LS Chip M0 07T A B aest shear 1nes el hdt valy [IRERE] a8 [
DLHD Sab Al 2171 4l #1 wast shear MASUINMS JEURR] LR bt BRUS G612 7 it
DLAYy Shab A2 N7 deby =} west shear MASUANMS 1347 LX) hdt (IR0 472 32 T
UE XS Slub A DM deKt a1 oaea shewr MASUNMS A R [} RIS 012y Ix 4
.44y Sab Ad N7 00 a1 westbear AASU-INMS 2334 34 6 0187 (I 042 24 3
DLy Slabk AS 2T e £1 west shear MASHINMS 14,59 RRR bdi (LA (1301 G084 43 it
U RN Sab Ae A AT 21 1) #1 west shear MASU-INMS R 12 41 it 503 { asa a1 RE3 H
DL Chap AT 2378 de0G =4 westshear DISS 260 it 4 it (i 021 QTR 2% b
DIz Chup ATS 4840 s we shear INMS 048 295 bl st 1 NS 208 X3 H
[ ] Chap A A0 2] west shear INMS 1 224 il 0.4 4.301 ) 200 33 hdt
Dy Chip A AXKE ad west shear INMS 20 Hb 0 FUri ] 0409 AR ix N
DLMY Chp Mi2 8L ed wed shear INMS 432 e M XU L] Gous IR 4
DLy Chap AT JRO0 =3 went shear Drarch DISS [CR1] TN bl 1ed (X 0204 do X
K Chip Miz AN &1 cant shesr MASELINMS 0t 3z 1% 0.4 0328 (R ITY 028 ]
DL Chap M4 ARG £t cast shear MasU 384 LN M G007 019t G084 1o (B
DLych Chup Mis AR f east shear INMS 3Ry Mo N Ho2 0203 LREL) s “
Diwt Slab AX AR 4 cast shear INMS 2% 2% s 0147 Quae & (X N
DL Slab AY Lty =4 gust she NS 0.8 2T i Q018 LN {618 42 N
DL Slab A3 ANM nd cant shear INMS 134 2 bdt N Rt 024 ih bdi
Dy Sk Al AR =f et shear INMS 01K M7 hd) HAR2 034 2H 23 hdt
DY Slah Atl 4800 rad cst shear INMS s 19.45 bl QARK 0627 243 i3 i
Mo Skab Al 4360 ad cant shear INMS [(N 4 1825 bl 01159 CRid 284 1y 4
DLIm Clap Mle 4RO =4 cast shear Wi 152 049 bl ke 0047 031 0x hdi
DL Chp ARG ANiM 2 west shear INMS s82 1h28 bdl 02 1434 %28 4y 2
Dres” Clap Ax] 4RO £ wost shear INMS 1216 2R il N3 QUKX 60K te H
DL 2K Chyp ARZ %00 = cant sheat Or-nch DISY [LR2 e N hadt s §012 a0 23 13
DILINGY Chaps AR Lt #4 cast shear INMS (X 49 hdl 075 {549 GNN 4.3 1
D2 Clap AN 4R00 #4 cast shoas INMS (XL 47 hdl 9013 0012 (RN 24 3
DU Chp M 4900 st shear WR-INMS 160) 0 et 0004 xar a0} 25 K
DLy Chup Mix 451 wost shiear INMS T2 RRY) bl [IXELY 0 6K2 0.097 3t 2
DLI2D Clap M9 4900 4 gast shcar INMS (] 2 it 058 HLNTR (L5 2 5
DI Clap 20 27T 40 s cast sheir INALY 07l 13 H 0054 RIS I ins 2% “
Dhun Chap M2y dY0i s cast sher INMS 4.7} 89 1 04} [T o0] H0 [1RS 4
DL 14t Clup M22 4906 54 vast shew INMS 6 A 83 il LR ({341 [ 028 4
DLIMH Chap M2 ER L w4 cast hear Qr-nich INMS 020 HekO) hdi Q7R aait .60 24 6
Dl d) Chap M4 4000 =4 cast shear INMS .01 6 hdl Ny {) 448 o7y 28 12
DL Chip M2s 4900 s gust shear Qteench INMS 4K 266 12 a0~ [INEAS 4 050 gx v
DL Chup M2e 49 ad castshear Quarich INMS 320 2K 8 hdl BELIES 0227 0074 azs hdi
DLINE) Clap M 4000 cast shew Qur-nch DISS HaT 0o ndt H03% 00023 G037 11 K
DL Slab Al4 AU *| cast shear INMSK 122 LEN hett Qa1 G87x 11475 24 -
DLI%D) Slab AlS 4000 21 cast ahvat ENMS (RG] 297 Lt 042 482 ¢332 5K 2
DLIR3) Sab Ale 49N = cast shear INMS 443 oK it 034 1015 22 28 il
[QRLEN Slab ALY ERLY =1 vast shesr INAES 1 i bt 0uR2 UR2 e 6y N
DLiws) Shab AR MK 21 east shear INMS AT pOX befl 0814 Pdnx G342 b el
DL et Slah Alv VKL W “1 pant shear INMS 406 294 hedl gms3 G Sky (RN 47 2

Lt of abbresiations O8NS contorted sebast: DISS dissemimted, Ga) - patens MASE

s vich ENNMS- quarte-tich iclussion ek tassive safphadz: Sph- sphalertte. WR - waliroch

Massive walphude, INMS . sclavon-peh massive sulphnde, Quetwh DISS . quanznich dissemanated
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Tahie 111G onid Assay resulis of chip. prad and Jab samples

Ssmple Sample ipe  Thin vection  Mope  Leved Shear Ore tpe Monn:Her Cuiwt®) Nitwi®) Cotppmy Friwt®s) Asippan) Pbppan Zn ippm)
DLIRY Chap M3 JUKY e & cust sheat DISs MW G $22 16y RLE ndl i 30
DL Ciup MY MY 4uint 4% opat shear DISS R 423 PR X7 A2 20 2 a7
DYLI%E-D Cinp AbR6t IRE A0 ) st abew mss TR0 18 A2 R7R 6 11 2 [CY
Dikle Chap AGT ITRE dam #1 cast shoar HEeo LD <45 1780 o - il 4
BT Clap At D821 dw 71 enst shea 65:3% PR3 b e U 483 i” t hE
DTN Chip AGY N RN 71 et shvar Wt 0.7¢ .40 30 384 * 4 ot
DL Chup nMA2 T A s west dicar S50 2Moun 083 873 Ve isa h 1850
a1 Chap M 2370 Sobe =5 west shoas 16 9% H8s 383 Lt 0 22 120 *ad
[P IR Linp M4 24T Skt 71 went sheat Su 56 46 ui4 o0 X 6% e h 187
DLI Shib Al 24 sKkm #1 west shear MASEANMS 15.kE 10.8%0 ER2] S46 Mt A X7 441
DI Nhab A TSm0 ] weest sheat MASEU-INMS [CRY] 70 RS K 62 JLEX KN K
DE22Y Sah AL 2470 SR Y west dwar MASEINMS PRxA LM + 1% iy LT Htr tews axs
224 Siab S 23T Sy 1 wast shear MASTINMS 1588 1588 3N 614 TS L2 Hil Hon
DLIXS Skab AN 2470 S0t rlowestrheay MASENMS $8.48 2000 wue” N2 e b6 e PR
.22t Slah 2477 e ] wostshear MASNE -INAN JUR legs a2 476 AL 42 e 12w
DL2X A Chap M3S 2421 SO &§ west shea MANE .t (B3 177 e LR it pa 14
DL} Chap Min 2420 S B eest shoar MaSy H% 38 pe 6.63 (R a6 2 28 L]
DI g Chap M3T JRTE s &1 wes diear MASE 30 2560 188 hely 43 iy ol 1Tow
D 24eh Chp N 23T A &8 went sheas R {490 (TR} 140 oS St E R
DL Cinp Mdo 3 foon 7 west shoat NA (6 oyT ix syl dt 20 12
D2 Chap A 202 S o1 west sheat INMS 1t (IR H 32 e 47 H ] M
(LSRR Chip M4 12 SXM Bt westshear mss 33y 4.0% b e LEEN 14 i ()
DL Chip NA (292 Sy west diesr DISS NA 160 ERY kL 493 il [N 200
DLW Chip A3t [BURE < 1) west vhear DSy Pt ) 177 ERN w3 iTa il [ |l
12028 Chup A4 o2 SN ST want sigar DISs NA K o ¥ K 16 © p) (X2
[EII BT $hp M 1292 SR i weend sheat INMS M0 0ol T4 6i3 w7 o s 107
[RIICHTY Chap Mde P29 s000 1 weat shegt DINS Bt 20 fR1% 3% 1748 EOR] 10000 [ LN
DL Chap - M Swm 21 westshear Diss NA (AR el e 254 106K 26 W
DLMh hap M7 NA S ST wesiabowr INMS NS b 188 L 1ty ix M

DE 320y Chip SRR A Soon host eacks WK NA XM oox x RS 42 43

DL Chip May [IREIEE {4 Brost pocha WR NA (X 02 40 49 103 X

D ap M FEAS SDeM 8 st shear 1SS 5 134 ERIY ot 4.2 ie 4 2
3RS 1941 Cinp MY PERE S0 2 west sheas 3 L7 feus 1% i56 23 K 5 hie
DL3sh Chap M2 Y5 Sk 1 wost shear DISS 38 i 1,34 487 74 7 o 230
[H R Chap M3t 78 Spoi B wed die INMS 30 12v 242 28 Tx i 1 T4
DLy Chap Mt TS Sixw 2§ wast shesr ;SS NA (181 nio 3 i) 10 T [}
[ RITRN Clap MR RIEIR U 7§ wenst shoat sy NA 653 024 HI 17 &S ki T e
DL Clap MSe A4 SN 1 vast shear Otk PISS NA 4.5% LN 1 23 22 e =]z
DL Chap MET RIE T T4 =1 ean Aear Mast .70 [ER) RAY 148 H K i3 fu 1
[3: 8 TS | Clup MK AP S0 #1 cant shwar Mast pURY] 497 MUE] S5y pell 40 < ?
bi b Clap M4 ot w3 east shiesr Diss L H (T4 KREY xxi 28y bt 2% v
ety Clap Moo Wat S i) cast sheat Diss .0 <33 LR taus A X 2 UM
LTt Chup Mot 1474 S 51 east shear INMS ol d 1.0 LM L31] 4t " £} 2us
DL Chap Mol T3 SR sd west shvat ek DISS RS 242 t7 AKZ M7 43 | 12
[ R Chip M6t 1974 MR Qtzonch DING s [LRX] I8 it 307 NE 3 1Y
DE3Xh Clap Alnd J1M So DI i un e 128 EA & 4 H
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(220N Clap At 26X A0 sd weatshoar Quz-nick PINS LSRN LA TRi ixn RS [IEEC 23 i
Dl Ltap Ay T IR SO0 83 wost shoar INMS [N 1 141 ARa L i w oy
[GEL ] R A6 ORI U west shear INM LU wq? 128 ke Ju s 1008 ot 173
DLINY Rbude A2T 2624 soon 4 wost sheur INMS S:s (I s 4139 264 (It 2 25
BLA3 Nk AN 2023 SN0 ad west shear INMy 3dn 663 130 P94 1615 4356 M Tu
i Sak A% 2624 3000 dd woest v INMS NA 635 [UEt] 1134 1% 2xedy 2 EN
[ TE Stab AR 3624 S0t #3west shoar INMS [ 08 AR 21 (AN NE¥ ¥ A
DLAdim Sib Al 3624 S0 ad westshew M Mo 0ir 1u7 201 11us ant 10 o1
DLt Chp S fiont ek WR NA v LHXEN s L) % g 91
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DIEIN Girnd AR S S st shear INMS LARA [RRN FeT K ] T i X3
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DLE™D Clap MT4 INTE Sr00 24 west shear INMY v G N IN o IR 3 kN 254
1 4N 1y Clap M P24 SiRE v west shear ATASE w $03 & {193 S 1 Xl &3
Dlamds Chup AMTh 24 5100 md west sheat MASU NA 657 BwIs 7 DR bl o bl
Ity Chp LS had 207 S worl sheae Mast LAY 0.3 40 1Y p M v 24
DLaw Y Chip MR 2078 Spon west shear MASU 7Y 3 0 - un 130 v N [N R
I Sl Uhip NG 282 S st shear INMS RO AN EREN el 44 K 3 140
[ RICN Chap Afsay M2 SHm sd west shear INMS 1090 0.3 <K v 6.7 3 i4 4
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(ARSI Chup AN 1135 St &8 westshear INMS . fuy i 37 027 461 bdl i3 iTe
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Table 2 H Cont'd Assay tesutts of clap, prid and slab Ginples

Sampic Saniple type  Thin section Stope Level Shear Orc thpe Monn:Hex  Cu(wt®a) Nitwt%e) Cotppm} Fe (w%) As (ippnsy P'h ippmy Zn (ppas)
DLS2D Chap MA I35 40 &1 wostshear DISS 1LY 017 00K 3K 1405 i 4 166
DLI3 Chip M&S T3 S100 21 wost shear 8IS 4160 1330 1438 464 my bdl 21 1300
(LRSI} Chap MR TS S0 #lwest shew DIss 61 39 128 g X2 38 hett pE 134
DL Chyp Mxx 1314 5100 21 west shear PSS WH 4y 182 469 o) ¥ n 120
DL 3y Chap MRy 1213 810 &1 west shear Otz-erch DISS NA T 012 &% 126 bt 5 R
DLShy Chp M) 12H S0 BT westshear (YA MES¢ [T} K gt 2R g 17 X}
DY Ssin Chapr Myt 2004 S B3 west shear INMS X020 AT e 1250 se it 4 Q2
DESely Clip Mo UL e BT eant shear DISS ESR L 1050 154 Sdo M bl 24 KnEs
Do Clup ESEN el S106 #Ecast shear INMS X518 197 476 [ERTH 3482 ¢ o 123
BLAD Chip Mod A2 S0 e cas shear DIss R{UR KR 47 1566 L hdt 22 usy
DLo2ihy € hip Mus INTEOSIG x gast shear INMS R (NN 404 1340 Sn bt 123 K9
(R EU| Clap Ads 2321 S 61 wes shear INMS NA 28 K0 N3b 4 2 20 kN 1450
b Chp Asn 2420 500 &1 west show DINS oy 412 21X (XS s & 191 29
DTLm Chip AR 242 S0 1 west shear MASLU 458 164 2K} Ko 4494 206 s 238
DYLO4 Chap A2 2421 foe #1 west shear INMS 2o R 449 a2z 3% ] 4R 751
DL Chip ASd 2321 S1 51 owestshear 165 LX) 405 483 k] 12 44 EXIN
[ARRREY Chip Ast 227 K #£1 wost shear INS 1 345 KR ELY w3 NS K Tehy
DH.G? Clip ASS 2221 83100 S wost shear MAST O3 EAX) 483 KE 33K iy h 4
1IN Chip Al SHI #]wed shear MASL ERNS s ERL R0 £o07 2% N 15%
DTLW Ulup AST RSl H =1 west shew INMS 106 038 $7 451 s i a3 H2s
1Lt Clap ASR S0 51 west shoar INSS o 441 240 887 KA k2 1% X
DLk Chip A2 Uy &1 west ahear MASU 935 1945 2 TRT T4 GOl > 457
DL Ha Clup ASS SHE 3] west shear INMS e L3 3% sty 422 [ILLEH 4 2
DLl Uhip Aed S host 1acke WR To € 4% 437 o4 is 2 4 456

Last ot abbrevimens, CSIS - contorted schist, DISS “diosennnated, Gl galena, MASL - Massne saipiade. INMS - pehessonsnch masave sulpinde. Qra-neh DINS ~quarnz-nch disseminated. (tz-nch
INMN guarts-atch mddussonstich masave sulpbnde, Sphe sphalenie, WR-watinek
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Table 2 11 Cont'd Assay resulls af chig,

urid prd sjub samphes

Sample Mumplc ype  Thin seclion  Ntope  Level Shear Ors type PUPE  S(wite) Sb(ppm) Au{ppm) Ptppm) Pd (ppm) Ag (ppm) Bi (ppm)
DLAHD Clup NG 2424 Suw s west shear INMS Tl e 1w [ X1 33} 0.046 28 bt
DLEH Chp MK} HIS oo 81 west shear INMS 142 212 it @15 8 SK6 0412 1ve 44
DLSID Chap AN2 HIs Xpn %1 west shear INMS RET) m? H au G406 uil 69 43
DL Clup MS82 1135 St B west showr DIss f 0% s 13 0.067 @87 033r 34 2
DL Chap MM TS 2ien 1 west sheat [LIAS P | H34 Tl 0062 6087 .02 (iR 0
DLSULy Cing AXS HTE spny #1 west <hear S8 L3 pAN 0315 @407y O oxy 491 22
DLSdity Chap Aro [ RS (1] «1 west shoar DIsS 197 172 Hl [EXi15d 0143 0323 44 n
DLAS Chp MRX 1214 S0 #] westshear Diss 0on IER N Q04 0042 (Y 78 18
DL Ty Chyp AfR9 1210 S0 *} wedt sheay Ore-tich DISS ta KN T 0348 (U b] LR 59 o
DLS% Clup M 121 St 41 west shear SIS 14 8% PR S 2 [0 QR8T 4088 N 3
DLAs Chep MYt 26003 SEK R wo shear INMS e 9 RN 0634 1168 03 1.2 bt
L3y Chap A2 RYEIIE ST ] i} cast shear DisS (X tad I TS [N [{RE3 749 A
e Clup M3 061 3w w1 cast shear INMS g0l 0.l ¥ 0024 u516 0.4%6 z 34
Doty Chip Mol w2 A0 <} vast shear DISS RS a2 24 nes 6002 @178 RIS R34
DL Chup Aus KT KK ] gast shear INMS 00 302 il G008 1637 0H.09] ax i
DILM Chap Ady 2421 She $1 wost shear INMS 0 ns 2t Wit 06 L] [Ud] 142 57
e Chap Ao 2421 510 21 west shoar N fL6d 73 bt 1068 834 303 23 ol
DTN Chyp ASL 2320 S0 ¢) went ~hear € Xt | it .45} 4.96 39 (3 1
DL Chip AR 2421 SO w1 west shear rdy 7y i 472 MR i w Ha
(RN Chap AR 23121 Shw #1 west sheat 1.3% a4 bl (RN LA (X ] u1 21
DTLo6 Chip ASd W s &1 west shear 148 262 bt (UL 742 20 341 9
niLe Clup AsS 2331 RH o1 west shear G pa) L BTt 117 URES) AR it
DITaw Chap ASh 22 sHw 3 wast shear 0 e bdl @342 6086 [UNKEY RIUN] 41
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Table 2.12: Bulk rock avsay of Cu-rich Ramp at Garson Mine

Sample Sample type Ore body  Drift  Mine Area Level PUPd Cu (wt%) Ni (wt%) Co (ppm) Fe (wt%) As (ppm) Pb (ppm) Zn (ppm) S (wt%) Sb (ppm)Au (ppm) Pt (ppm) Pd (ppm) Ag (ppm) Bi (ppm)
RIA(D chip 60N 687 Ramp 720 044 17.65 171 388 27 222 283 448 KLXL 28 0.20 5.54 12.5 98 IS
RIB (D chip 600 687 Ramp 720 002 906 9.32 660 13.4 HELLY 15 556 1540 146 216 ¥.35 IR0 9% 47
RIB (2) chip 600 687 Ramp 720 0.03 1635 5.06 2140 24.1 10000 64 1230 26.10 R4 $.23 5.50 207 105 119
R2A (1) chip 600 658 Ramp 820 1350 7 0.2% 28 220 48 15 1050 19.28 bdi 0.44 16.15 117 46.6 bdl
R2A (D) <hip 600 653 Ramp K20 024 163 0.66 14 19.0 1060 26 397 1795 14 1.20 4.39 18.50 70.2 bd!
R2A(3) chip 600 635 Ramp 820 0.09 39 0.46 9% 13.2 168 15 282 340 5 l .50 5.87 i8.2 16
R2B (1) chip a0f) 658 Ramp 82 046 688 0.40 S6 15.4 24 20 494 R.08 bdl 564 K04 17.48 22.1 54
R2B(2) chip 600 635 Ramp g20 042 782 0,22 R 14.4 267 19 275 7.9% bdl 1.69 233 5.49 KN Kh
R2IB (3) chip 600 655 Ratnp R20 001 977 1835 10000 134 10000 21 S038 1895 S26 1.76 341 530 sS4 30
R3A (1) chip 600 658 Ramp R0 61 1035 8.04 1100 6.4 35 29 374 27.90 hdt 0.25 3.68 6.08 14 bdi
R3A () chip oot} 653 Ramp ¥200 0.35 188§ 2.06 43 34.0 2 24 643 3240 bdi 042 381 1 y7.3 bl
R3A(2)SLAB  skib 600 635 Ramp 820 032 794 220 30t 227 45 21 260 1350 bdl 0.13 1.33 4.20 35.5 13
RIA(3SLAB  slab 600 655 Ramp 820 045 1645 4.20 596 342 122 33 541 3120 bdt L09 3.77 8.34 i 12
R3IA(4)SLAB  slab 6U0 6535 Ramp 820 016 194 1.41 I8 36.2 1530 44 629 RRX bl 0.13 KL 21.80 96.1 41
R3A(5)SLAB sk 600 635 Ranp 820 642 977 2.60 363 266 H 25 328 2050 bl 181 242 SR 59.5 hdt
RIA(GYSLAB  shb 600 658 Ramp 820 036 17.65 4.27 s 307 237 48 532 20930 bdl 1.30 3.96 1Y R2.8 15
RIB (1) chip 600 655 Ranip 820 030 206 282 442 333 66 23 399 34.00 bdl 0.2% 3.57 719 102 17

bdl indicates values below detectinn Timit (Sb 2.5 ppm: Bi | ppm)
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Abstract

The Garson deposit (Sudbury, Ontario, Canada) is a structurally and hydrothermally
modified contact-style Ni-Cu-PGE sulphide deposit hosted along the contact of the
Sudbury Igneous Complex (SIC) and underlying Huronian-age metasedimentary and
metavolcanic rocks. The ores are hosted mainly in shear zones related to syn- to post-
sulphide deformation (Mazatzal-Labradorian orogeny) and are mainly composed of
pyrrhotite, pentlandite and chalcopyrite with minor pyrite. The ores are locally highly
enriched in As (avg. ~1030 ppm, range bdl to 36 wt%; n=13727) and platinum-group
elements (PGE), which are ultimately controlled by the abundance of arsenides,
sulfarsenides, and platinum-group element minerals (michenerite, telluropalladinite).

Massive sulphide emplacement into the shear zones overprinted early metamorphic
quartz veins that were brecciated during shearing, forming sulphide-quartz breccia veins
and stockworks. Hot cathodoluminescence imaging indicates that the brecciated quartz
veins are metamorphic in origin having crystallized at upper greenschist to lower

amphibolite conditions. Fluid inclusions in the quartz were classified by the number of
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phases present and their liquid:vapor ratios. Fluid inclusions in the quartz are
predominantly 2 phase (type IIA) aqueous liquid-vapor and 3 phase (type IIIA) aqueous
liquid-vapor-halite inclusions. Fluid inclusions were classified as secondary for those
occurring in healed fractures. Inclusions hosted by featureless quartz grains (i.e., showing
no evidence of association with growth zones) were called unclassified.
Microthermometric studies performed on the fluid inclusions yield wide ranges in
temperature of homogenization by vapor disappearance [Ty,""“~"; type IIA inclusions (98
to >470°C)], and halite dissolution [Tg; type IIIA inclusions (148 to >470 °C)] and salinity
[type IIA inclusions (1.2 to 22.1 wt% NaCleqiv.), type IIIA inclusions (29.9 to >55.8 wt%
NaClequiv)]. Type IIA inclusions with ice melting temperatures (Ty ") less than -21.1°C
have a range in salinity from 25.1 to 31.2 wt% CaClyequiv.. These wide ranges are not
representative of individual inclusion assemblages that show Ty-salinity ranges that are
much more restricted. Variations in salinity with time may represent the mixing of high
and low salinity fluids. No significant cooling trend is observed in association with this
mixing trend. Petrographic evidence for necking down (tapering and variable liquid:vapor
ratios) is seen within some single assemblages, as are variations in Ty, and/or salinity.
These post-entrapment modifications have significantly compromised some fluid
inclusion assemblages.

Also present are aqueous inclusions (type 1IC; 15-30 vol% vapor bubble) that contain
a CO; phase that homogenizes upon heating between -4.9 and 29.0°C. Excluding those
inclusions that have suffered post-entrapment modification (anomalously low CO;
homogenization temperatures), the majority of CO,-bearing inclusions homogenize above

10°C indicating a relatively low pressure of entrapment. Minimum estimates of pressure
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of entrapment for type IIIA inclusions range from ~1.9 to 2.6 kbar. Hydrohalite and
clathrates were observed in some of the unclassified inclusions. Hydrohalite
destabilization, clathrate melting temperatures and CO, homogenization temperatures
yielded salinities between 4 to 14.4 wt percent NaCl equivalent. Some inclusions in
which hydrohalite crystals were not observed yielded wide range salinities (from ice
melting T) between 1 to 21 wt percent NaCl equivalent.

LA-ICPMS analysis of the unclassified (two-phase) type IIA and IIC aqueous
inclusions show elevated and similar concentrations of As, Pb, Zn and Sb, but very low
concentrations of Fe, Cu and S, suggesting that these fluids did not react with/originate
from magmatic sulphides or sulphide liquids, and were trapped prior to sulphide
mineralization at Garson. Arsenic and other trace elements (Sr, Sb, Ba, Pb, and Bi)
correlate with salinity suggesting C1 complexation at the conditions of fluid entrapment.

The circulation of saline fluids through metasedimentary wall rocks occurred before
the sulphide emplacement at Garson but after the impact event. Pressure-temperature
data derived from representative fluid inclusions overlap with greenschist to lower
amphibolite-grade metamorphic conditions that impacted the South Range footwall rocks
synchronous to and after the Sudbury event. However, the fluids at Garson have very
similar trace element enrichments (Ca, Sr, Ba, Pb, Zn) to pre-ore fluids on the North
Range of the SIC, an area relatively unaffected by syn to post SIC regional
metamorphism. This indicates that a regional fluid of common parentage (possibly
exotic, and not metamorphic in origin) circulated through the footwall prior to ore
formation, and was trapped coincidentally in metamorphic quartz veins in the South

Range. Post-entrapment modification at Sudbury significantly impacted some fluid
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inclusion assemblages and should be taken into consideration when interpreting the P-T

evolution of fluids in this environment.

3.0 Introduction

In magmatic Ni-Cu-platinum group element (PGE) sulphide deposits, associated with
the Sudbury Igneous Complex, secondary hydrothermal fluids play a role in the
remobilizing base and precious metals (Cabri and Laflamme, 1976; L1 and Naldrett, 1993;
Li et al., 1993; Farrow et al., 1994; Farrow and Watkinson, 1997; Molnar et al., 1997,
1999, 2001; Hanley et al., 2005; Dare et al., 2010; Hanley et al., 2011). Fluid inclusion
studies at Sudbury show significant temporal and regional variations in fluid composition,
ranging from carbonic-dominated (H,O-CO;-brine and CHj-brine) to salt-dominated
(CaCl;-NaCl-H;0), and bulk salinity (low salinity, two phase, L+V to high salinity, three
phase, L+H+V; Farrow and Watkinson, 1992; Farrow et al, 1994; Molnér et al., 1997,
1999; Hanley et al., 2005). The significant variations are a result of a variety of processes,
including mixing of Ca-rich formational waters (from the Archean metamorphic rocks)
along the North Range with magmatic, SIC-derived fluids, and the formation of CO,-
bearing fluids along the South Range. These CO;-bearing fluids formed during uplift
associated with regional metamorphism related to the Penokean and Mazatzal-
Labradorian Orogenic events. Some fluid types are not observed in the North Range
which has experienced much less deformation (e.g., metamorphic fluids; Frape and Fritz,
1982; Fueten and Redmond, 1997; Marshall et al., 1999). Some fluid types (i.e., CH4 and

other hydrocarbon-bearing fluids and associated immiscible brines) found in footwall-
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style Cu-PGE deposits at Sudbury evolved directly in association with the ores and are
shown to have been important volatile components for deposition (Hanley et al., 2005).

In this study, early (pre-sulphide), quartz veins spatially associated with a Ni-Cu-PGE
deposit in Sudbury, Ontario, Canada, were studied by fluid inclusion, petrographic and
geochemical techniques in order to characterize their physical and chemical evolution,
and to elucidate their relationship to the magmatic-hydrothermal deposit, and to provide
an assessment of the usefulness of inclusion studies on the South Range of the SIC. The

study provides the first quantitative analyses of trace elements in South Range fluids.

3.1 Regional Geology
3.1.1 The Sudbury Structure and its ores

The Sudbury Structure is the second largest known impact structure on Earth that
resulted from a bolide impact that occurred at 1850 Ma (Dietz, 1964; Naldrett and
Hewins, 1984; Figure 3.1). Massive amounts of brecciation and shock- and heat-induced
melting of the country rocks and lower crust occurred after the impact of bolide (Naldrett
and Hewins, 1984; Mungall et al., 2004; Lightfoot and Zotov, 2005). The ~60 x 27 km
elliptical Sudbury Structure lies in the Canadian Shield at the intersection of the Superior,
Southern and Grenville provinces (Dressler, 1984; Therriault et al., 2002). Subsequent
regional-scale deformation that was associated with the Mazatzal-Labradorian and
Penokean orogenic events modified the original circular impact crater and melt sheet to
become a northeast-southwest trending oval shaped structure (Rousell, 1984; Shanks and
Schwerdtner, 1991a, b; Figure 3.1). Localized structural modification of the units of the

SIC and its contact with its host rocks, hydrothermal activity and low-intermediate-grade
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Figure 3.1: Geological map of the Sudbury Igneous Complex. The distribution of the
offset dikes, sublayer, norite, transition zone gabbro, and granophyre, the location of Ni-
Cu-PGE (including the Garson Mine, the area of study), and associated country rocks are
shown. Inset shows the location of Sudbury in central Ontario.
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metamorphism (most notably along the South Range) occurred during these periods of
deformation (Rousell, 1984; Magyarosi et al., 2002). Sudbury Structure rock lithologies
include (i) the Whitewater Group (crater fill), consisting of fallback breccia and
sedimentary rocks of the Onaping, Onwatin and Chelmsford Formations, (ii) the Sudbury
Igneous Complex (‘SIC’), and (iii) brecciated, contact metamorphosed, and partially
melted Archean and Paleoproterozoic country rocks situated in the footwall of the SIC
(Therriault et al., 2002). The composition of the SIC is much more intermediate (i.e.,
richer in SiO;) than conventional layered mafic-ultramafic intrusions due to the crustal
component incorporated into the melt sheet (Naldrett and Hewins, 1984; Therrault et al.,
2002; Mungall et al., 2004). The distinct layering, great thinkness and exceptional degree
of preservation the SIC is not typical of melt sheets associated with other terrestrial
impacts (Therriault et al., 2002). The SIC has been described as a differentiated impact
melt sheet (e.g., Naldrett, 1999; Therriault et al., 2002). Sulphide saturation occurred as
the impact melt differentiated into the observable lithological units (Naldrett, 1999). The
SIC rock types include noritic and gabbroic mesocumulates occurring beneath
granophyric residue (granophyre), and early diorite that emplaced and crystallized into
radial and concentric offset dykes in the country rocks (Naldrett, 1999). The South Range
country rocks include Huronian-age metavolcanics (basalts and rhyolites), associated
granitic plutons, and metasedimentary rocks (e.g., greywackes, wackes and quartzites;
Figure 3.1) of the Southern Province. The North Range country rocks include Archean-
age granitoids and tonalitic gneisses of the Levack gneiss complex and Cartier granite of

the Superior Province (Figure 3.1).
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Types of Ni-Cu-PGE mineralization that are observed at Sudbury include (1) Cu-Ni-
PGE-rich ores hosted in concentric or radially extensive dioritic offset dykes (e.g., Totten
deposits and Kelly Lake), (ii) Ni-rich, PGE-poor contact style ores hosted within the basal
units of the SIC (norite, sublayer) or in heterolithic footwall breccia-rich depressions
(“embayments”) that are associated with partially melted country rocks at the base of the
SIC (e.g., Whistle and Craig deposits, Garson is a structurally modified version of a
contact deposit type), and (iii) Cu-PGE-rich footwall-style ores which comprise sharp-
walled massive sulphide veins (“high-sulphide™) or blebby-disseminated sulphide ores
(“low sulphide”) within psuedotachylite (e.g., McCreedy PM zone, Podolsky; Naldrett et
al., 1984a, 1984b; Farrow and Lightfoot, 2002; Farrow et al., 2005; Ames and Farrow,
2007).

Previous studies of the Garson deposit are few and include Hawley et al. (1968) and
Aniol and Brown (1979). A current Ph. D. project on the structural aspects of the Garson

deposit is in progress (Mukwakwami et al., 2011a, 201 1b).

3.1.2 Geology of the Garson deposit

The Garson deposit is hosted along the contact between norite of the SIC sublayer and
the metasedimentary-metabasaltic rocks of the Huronian-age Stobie and McKim
formations (Southern Province). The Garson desposit is a contact style deposit that was
strongly influenced by regional metamorphism. A key compositional characteristic of the
Garson ores are that they are locally enriched in As is which are hosted in east-west
trending shear zones (named the #1, #2, #3, and #4 shears). Several phases of deformation

have fragmented, separated and overturned of the ore zones and led to the current
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orientation which dips steeply to the south (Figure 3.2; Mukwakwami et al, 2011a;
2011b). Main Garson Mine lithologies include: (i) metabasalts and metasediments (e.g.,
greywackes, quartzites) of the Stobie and McKim formations, (ii) the SIC sublayer norite:
a noritic, inclusion-rich unit, located at the base of the SIC, (iii) Sudbury breccia,
comprised of impact melted and brecciated footwall material; and (iv) an olivine diabase
dyke which crosscuts the ore bodies. Above the 4000 ft level, the majority of the #1 shear
lies along contact of footwall sublayer norite and the metasedimentary and metabasalts of
the hanging wall (Figure 2.2). Below the 4000 level, the #1shear is hosted entirely within
metabasalts and dips steeply to the south (Figure 2.2). The #2 and #3 shear ore bodies are
not currently being mined and have not been included in this study. The #4 shear, a
volumetrically significant ore body, strikes east-west and dips steeply to the south. It is
bound by metavolcanics in its hanging wall and norite along its footwall, a reversal of the
#1 shear hanging wall and footwall units.

Several ore types are observed at the Garson deposit and contain varying amounts of
major pyrrhotite, chalcopyrite and pentlandite with minor pyrite, and local sphalerite and
galena hosted in veins. The main ore types observed in this study are inclusion-rich
massive sulphide (INMS), disseminated sulphide ore (DISS) and massive sulphide

(MASU).

3.2 Sampling and analytical methods
Samples from quartz-sulphide breccia veins, were selected from various shear-hosted
ore zones at different levels in the Garson mine (Figure 3.2b). The samples were prepared

into double-polished thin sections. Quartz was visually examined using a petrographic
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Figure 3.2 (previous page): Plan view and cross section of the Garson deposit. a) Plan
view of the #1 and #4 shear-hosted ore bodies on the 5000 level. On this level sulphide
ore bodies are exclusively hosted in metabasalt. Line and arrow indicate current dip
direction; b) Cross section of the Garson ore bodies facing east, intersecting 2640 easting.
Line labeled A-B indicates corresponding sections in each panel. The current orientation
is the result of overturning of the ore bodies, which was originally shallowly north-
dipping. The #1 and #4 shear zones are hosted at the contact of sublayer norite and
metabasalts/metasediments. Below the 4370 level, the #4 shear is hosted entirely in
metabasalt. Modified from Aniol and Brown (1979). Stars indicate sampled levels within
#1 and #4 shear.
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microscope to identify fluid inclusions which could then be studied by LA-ICPMS and
microthermometric analysis. Areas of quartz with abundant or ideal (i.e., large, well
preserved) fluid inclusions were then cut into very small chips (~25 mm?) to facilitate

mincrothermometric analysis.

3.2.1 Microthermometric analyses

A Linkam FTIR 600 heating-freezing stage mounted on an Olympus BXS5I
microscope (Saint Mary’s University, Halifax, Nova Scotia) was used to perform
microthermometric measurements. Synthetic fluid inclusion standards containing pure
CO, (melting at -56.6°C) and pure, critical density H,O (melting at 0°C and
homogenizing at 374.1°C) were used for the stage calibration. The total range of
uncertainties associated with the microthermometric measurements vary from +2-3'C for
temperatures recorded near the limit of working minimum and maximum temperatures
for the heating-freezing stage (-190°C and 560°C), to better than +0.3°C for temperatures
recorded near 0°C, based on reproducibility of measurements conducted on the standards
and the precision of the instrumentation. Final ice melting temperatures (Tmice) based on
the salinity-freezing point depression relationship of Bodnar (1994) were used to
determine the NaCl weight percent equivalency values (i.e., bulk salinity) for the
inclusions. For inclusions which registered final T, lower than -21.2°C (i.e., the
eutectic temperature for the NaCl-H,O system), the salinities were calculated using a

salinity-freezing point depression relationship in the CaCl,-H,O system (Zhang and

Frantz, 1987). Ice melting temperatures lower than -21.2°C indicate that divalent cations
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(Ca™, Mg™), in addition to Na® are present as major fluid constituents (Shepherd et al.,
1985).

For fluid inclusions containing clathrates that dissolved from 0 to 10°C in the H,O-
NaCl-CaCl, system, criteria from Darling (1991) and Diamond (1992) were applied to

determine NaCl weight percent equivalency values.

3.2.2 Mineral identification and analysis by SEM-EDS

Scanning electron microscopy (SEM-EDS) was used to image, and to analyze the
chemical composition of major and trace mineral phases observed in the Garson ores.
Samples were studied using a Leo 1450 VL SEM (Saint Mary’s University, Nova Scotia)

at an accelerating voltage of 20kV and a beam current ranging from 5-20 nA.

3.2.3 LA-ICPMS analyses

Trace elements in fluid inclusions that are hosted in fragments of quartz veins were
quantified by laser ablation ICP-MS at ETH Zurich, Switzerland. Ablation was performed
with a fluence of 15 Jem™ using a prototype system similar to the available from
GEOLAS (now Coherent Inc.) with a homogenized 193 nm ArF Excimer laser (Giinther
and Heinrich, 1999). Aerosols were generated using a pulsed beam at 10 Hz and 80-90
mJ output energy generated aerosols. Ablation pit diameters were set slightly larger than
the maximum dimension of each inclusion in order to analyze the entire content of the
inclusion. An Ar-He gas mixture (He 1.15 L/min; Ar 0.8 L/min) carried sample aerosols
into an ELAN 6100 quadrupole ICPMS using similar conditions as Pettke et al. (2004). A

representative signal is shown in Figure 3.3 displaying the typical intensities for elements.
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Oxide production rates were maintained below 0.3 percent. Mass spectrometer dwell time
was set to 10 ms for all masses measured and quantified (Li, B, Na, S, Mg, K, Ca, Mn,
Fe, Cu, Zn, As, Rb, Sr, Ag, Sn, Sb, Cs, Ba, Ce, Pb, Bi). Gold and PGE values were
consistently below a detection limit of ~1 ppm, while S values were consistently below
~200 ppm. Quantification of trace element concentrations was performed using the
software SILLS (Guillong et al., 2008). This was performed by deconvoluting the mixed
fluid inclusion plus the host from the host-only signals after calculation of background-
corrected count rates for each isotope, and quantification of inclusion composition. The
standard reference glass 610 from NIST (National Institute of Standards and Technology)
was used in the calibration of analyte sensitivities. Internal standards used were the
weight percent NaCl equiv. content of the fluid inclusions, determined by
microthermometric measurement of freezing point depression.

Hot cathodoluminescence (CL) was performed on quartz grains in order to identify the
different generations of quartz and therefore, infer fluid inclusion origin. Studies of quartz
grains were performed on a Lumic HC4-LM hot-cathode cathodoluminescence
microscope used in tandem with a Varian turbomolecular vacuum pump, Olympus
BXFM focusing unit and a Kappa DX40C peltier cooled camera equipped with the Kappa
camera control: DX40C-285FW software package. Quartz grains mounted on thin
sections were placed in a vacuum and photographed in plane-polarized while being
exposed to the CL beam. The hot CL was operated at an acceleration voltage between
12.35-13.06 kV, a beam current of 0.34-0.35 mA, a filament current of 2.2-2.3 A, a

deflection of 9.5-10 V and a focus of 5.1-5.5 V.

141



a inclusion open

laser on
1E+07
1E+06
laser off
(gas blank)

1E+05 yo Bl

1E+04 208

1E+03

Signal (cps)

1E+02

1E+01

Time (sec)

inclusion open

laser on
1E+07 \

1E+06 [ |
laser off f
(gas blank) |
1E+05 fr i M A e
é 1E+04 88Rb
2 1E+03 i AN .
73] ; |
1E+02 ‘ i ‘:f“ | M ”¢ ' - fe |0 ]la “i;"y“, n i
0 “sh il i‘ HI ]f H} Wil HH i hl 1 ”l 1”“

Time (sec)

Figure 3.3: Representative signals of elements from an ablated incluision hosted in
quartz by LA-ICPMS. a) Representative signal of an ablated inclusion hosted in quartz
by LA-ICPMS. The figure shows overlapping peaks for Pb, K, and Na in the fluid. The
host quartz is represented by the orange plateau for *Si counts; b) Representative signal
from the same inclusion as in (a) show overlapping peaks for As, Rb, and Zn in the fluid.
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3.3 Results

3.3.1 Vein petrography, classification and timing

The quartz veins found in the Garson ore zones pre-date the sulphide ores.
Unambiguous textural relationships show that pre-existing barren quartz veins were
brecciated and milled along with host rocks during shearing events and filled in by
sulphide melt later on (Figure 3.4). In some cases, the INMS ore type may be considered
the equivalent of the quartz-sulphide breccia veins examined here. The breccia veins
typically occur along the edges of ore bodies, along ore-host rock contacts and appear to
have resulted from the deformation and brecciation of pre-existing quartz veins.

Sulphide crystallization/precipitation in the breccia veins clearly postdates the quartz
but may have been synchronous to or postdated the actual quartz fragmentation. Angular
to rounded quartz fragments (clasts) are surrounded by sulphides that exhibit open space-
filling textures and fracture infilling (Figure 3.4a, b). The infilling sulphides primarily
consist of base metal sulphides (pyrrhotite, chalcopyrite and pentlandite; Figure 3.4a-c).
In some samples small grains of cobaltite-gersdorffite solid solution (CGSS) and other
trace phases such as galena, tellurobismuthite and hessite are observed hosted in or in
contact with the quartz fragments (Figure 3.4d, ¢). Gangue minerals such as amphiboles,
biotite and apatite occur within the quartz-sulphide veins and wall rock fragments, milled
with the original quartz vein material during shearing also occur, partly imbedded in
sulphides (Figure 3.4e). Pre-deformation timing of the veins (i.e., classification of
different vein generations) cannot be determined because of destruction of original

crosscutting relationships during shearing and brecciation. However, it is evident that the
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Figure 3.4: Petrographic characteristics of a sulphide-quartz breccias vein
handsample, containing a fragment of wall rock. Petrographic characteristics of a
sulphide-quartz breccias vein handsample, containing a fragment of wall rock. a)
Fragmented quartz vein sample displaying infilling sulphides and their relationship to
quartz and wall rock fragments; b) Photomicrograph of Po and Cpy displaying infilling
texture with quartz grains; ¢) SEM-BSE image of Po infilling fractures in quartz and wall
rocks fragments; d) A composite grain consisting of Ag and Bi- tellurides showing space
filling texture.

List of abbreviations: amph= amphibole; AgTe= silver telluride; BiTe= bismuth telluride;
cpy= chalcopyrite; pn= pentlandite; po=pyrrhotite; qtz= quartz; wr= wall rock
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original quartz veins were filling tension gashes, and larger, bedding subparallel
structures in the metasediments. Original vein-wall rock contacts are often also preserved.

The quartz veins appear to have a metamorphic origin. This is indicated by hot
cathodoluminescence imaging of the quartz fragments that shows a characteristic reddish-
purple emission colour which is unique to metamorphic quartz, and not characteristic of
hydrothermal or volcanic/plutonic quartz (Boggs, Jr., et al., 2002; Figure 3.5). Reddish
emissions are more typical of quartz crystallized under greenschist-grade conditions,
whereas purple emission is more typical of quartz in amphibolite-grade rocks (Figure 3.5;
Sprunt et al., 1978; Marshall, 1988; Gotze, 2000; Pagel et al., 2000; Boggs, Jr. et al.,

2002; Gorobets and Rogojine, 2002).

3.3.2 Fluid inclusion petrography and microthermometry

Classification of fluid inclusion origin and designation of inclusion types was based
on petrographic observations at room temperature and utilized formalized criteria from
Wilkinson (2001) and Goldstein (2003). Where possible, inclusions were grouped into
fluid inclusion assemblages (“FIA”) based on consistency of microthermometric
behavior, phase ratios and the occurrence of inclusions in groups along single, temporally
and texturally constrained growth features (growth zones, healed fractures). Assemblage
designation helps to differentiate inclusions that have experienced necking down or other

post-entrapment modifications from unaffected inclusions.
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Figure 3.5: Photomicrograph and hot cathodoluminescence (CL) image of a single
quartz grain. Photomicrograph and hot CL image of a single quartz grain. a)
Photomicrograph of a quartz grain with abundant fractures; b) Hot cathodoluminescence
image of the same quartz grain. Note the homogeneous reddish-purple CL emissions and
lack of any discernable growth zones. Lighter pink-orange areas healed fractures and
bright yellow spots are carbonate inclusions.
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Fluid inclusions observed in this study have very similar characteristics to fluid inclusions
hosted in Cu-Ni-PGE veins in granitic and metavolcanic rocks at the Little Stobie deposit
(South Range; Molnér et al., 1999). A fluid inclusion classification scheme similar to
Molnar et al. (1999) was used for this study (Figure 3.6).

Most fluid inclusions were small, with > 90 per cent ranging from 3 to 20 pm. Many
inclusions were found in assemblages (small groups of genetically related inclusions;
Figure 3.7g). Type I inclusions are characterized by the absence of a vapor phase (Figure
3.6). Type IA are single phase liquid, while type IB are two phase liquid-halite and type
IC are three (or four) phase liquid-halitetsylvite?+unknown (Figure 3.6; Figure 3.7f).
Type 1A and IB inclusions are very rare, are poorly preserved, and contribute little to the
data set (Table 3.1, Appendix B). Type IIA and B are two phase liquid-vapor inclusions
with varying L-V ratios (approximately 80:20 and 50:50, respectively; Figure 3.7b, c).
Type IIA inclusions are well preserved and are much more abundant than type IIB
inclusions. Both commonly show a negative crystal shapes (Figure 3.7b, c). Type IIC
inclusions are three phase (aqueous liquid-CO; liquid-CO; vapor).

The CO; vapor phase appears only upon cooling to room temperature, surrounded by
the CO; liquid bubble and homogenizes upon heating at low temperatures (Table 3.1,
Appendix B).

Type I inclusions are characterized by the presence of various solid phases as well as
a vapor phase (Figure 3.6). Type IIIA inclusions are three phase halite-liquid-vapor

(Figure 3.7d, e).
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Figure 3.6: Types of fluid inclusions observed in sulphide, quartz breccias veins in
the Garson deposit. Types of fluid inclusions observed in sulphide, quartz breccias veins
in the Garson deposit. Type IIA and Type IIIA are the most abundant fluid inclusions
observed. Modified after classification scheme of Molnar et al. (2001) at the Stobie Mine,
a contact-style Ni-Cu-PGE deposit.
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Figure 3.7: Fluid inclusion map and photomicrographs of fluid inclusion
assemblages of the dominant type IIA. Fluid inclusion map and photomicrographs of
fluid inclusion assemblages of the dominant type IIA. a) A representative quartz chip,
mapped from thin section, showing unclassified (UN) and secondary (S) fluid inclusions.
Secondary inclusions occur in healed fractures while unclassified inclusions occur in
regions of the quartz grains free from fractures. Black areas are sulphide or silicate
gangue. Dark grey areas are fractures that contain no fluid inclusions; b-¢) Type 1A and
IIB inclusions containing liquid (S) and vapor (V) with corresponding vapor:liquid ratios.
Arrow pointing to tapered end of inclusion suggestive of necking down; d-e) Typical type
[IIA inclusions with vapor bubble and halite crystal (H); f) A type IIIB inclusion with
abundant solid phases of halite, sylvite? and unknown phases (Unk); g) An assemblage of
fluid inclusions hosted along annealed fractures in quartz.
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Type I1IB and C contain sylvite (usually an anhedral, low refractive index, clear solid)
and/or an unknown daughter phase (Figure 3.7f). Type IV inclusions are CO;-bearing
with no visible vapor phase and only occur in a few samples, as secondary assemblages
hosted in healed fractures in quartz (Figure 3.7a, f). Of the ten types of inclusions
observed, type 1A, IIC and type IIIA are by far the most abundant and comprise the bulk
of the microthermometric data (Table 3.1, Appendix B).

The fluid inclusions are all hosted in quartz. No growth growth zones were observed
in the quartz, based on petrographic and hot cathodoluminescence observations.
Therefore, no inclusions could be designated primary in origin (Figure 3.5). Unclassified
inclusions are not secondary as they do not occur in any secondary features of the quartz
(i.e., along healed fractures in areas of bright orange cathodoluminescence emission;
Figure 3.5). However, the unclassified inclusions are crosscut by and, therefore, pre-date
secondary inclusions (Figure 3.7a).

All type IIA-C inclusions homogenized to a liquid phase by contraction and
disappearance of the vapor bubble (L+V—L). The CO, liquid phase in type IIC, which
appears during cooling, homogenizes with the CO; vapor bubble from -5 to 29°C
(LagtLcoz +Veor—LagtVeo2).

The range in overall T, is quite significant when all data is observed (Table 3.1,
Appendix B), ranging from -0.5 to -19.6°C and -22.1 to -28.2°C which corresponds to
salinities varying from 0.88 to 22.1 weight percent NaCl, equivalent, and 25.1 to 31.2
weight percent CaCl, equivalent, respectively (Figure 3.8a). Inclusions with Ty, lower
than —21.2°C (the NaCl-H;O eutectic), which were observed primarily in type IIA

inclusions, must contain additional major cations, and, therefore, their bulk salinities
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cannot be calculated using NaCl weight percent equivalency and use weight percent
CaCl; equivalency calculated from Darling (1991) and Diamond (1992). Some fluid
inclusions exhibited metastable behavior. The choice of NaCl or CaCl, equivalency is
arbitrary at this point, being required only to accommodate those inclusions with low
eutectic melting points and Ty less than -21.2°C and inclusions without these
characteristics on single data summary diagrams. A single type IA (single phase liquid)
was measured and found to have a T, of -38.9°C, corresponding to 42 weight percent
CaCl; equivalent. The Tmice for this inclusion is, however, difficult to obtain due to the
lack of a vapor bubble and therefore unreliable. Salinities for inclusions that contain a
halite crystal were determined using the temperature of halite dissolution (Tg). Like Tp'*.
Tq show a wide range involves varying from 139 to > 470°C, corresponding to salinities
29.2 to >55.8 weight percent NaCl equivalent.

Unclassified fluid inclusions (i.e., not secondary; not occurring along healed fractures

V+L—-L

in quartz) tend to have lower Ty, and lower salinities (wt% NaCleguiv.). The dominant

inclusions with these characteristics are type IIA inclusions (Figure 3.8b). With

V=L or T and salinities, secondary, type IIIA become the dominant

increasing Ty
inclusions (Figure 3.8b). While T,," """ or T and salinities range significantly throughout
the data set, single FIA show much narrower ranges (Figure 3.9).

A few type IIA-C inclusions develop clathrates upon freezing and subsequent heating.
The clathrate melting temperatures ranged from 1 to 7.8°C yielding corresponding bulk
salinities ranging from 4.3 to 14.5 weight percent NaCl equivalent (Table 3.1). Also

observed in one sample was the presence of relatively large (20-30 pm) inclusions that

did not freeze upon cooling to -190°C (lowest temperature limit of the stage) suggesting
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significant major cation abundance (Molnar et al, 1999). The inability to freeze the
inclusions at the temperature limit of the stage is typical of fluids with abundant divalent
cation content. The inclusions are type IIA (L+V), are secondary and have very low Ty,
ranging from 98.3 to 101.3°C. Bulk salinities reported in wt% NaCl or CaCl, equivalent
do not account for concentrations of other major cations (e.g., Ca, Mg if using wt%
NaClequiv.) and, therefore, do not represent the true fluid compositions. Direct
measurement of inclusion compositions by LA-ICPMS can be compared to inclusions
with measured wt% NaCl equivalencies obtained by ice metling temperatures to

determine more accurate major cation compositions (see below).

3.3.3 Metastable phases

In many cases, fluid inclusions containing hydrohalite crystals or clathrates were
observed. Hydrohalite crystals melted at temperatures above -10°C, while clathrates
melted at temperatures between ~0 and 10°C (Table 3.1, Appendix B). The melting
temperatures for hydrohalite (Tm™) range from 12.3 to 19.7°C (Table 3.1, Appendix B).
Ideally, the highest temperature that hydrohalite can represent at equilibrium is ~0.1°C,
which corresponds to a peritectic point. However, hydrohalite crystals often show slow
melting kinetics and can persist to higher temperatures then expected (Matthew Steele-
Maclnnis personal communication). Although most fluid inclusions which contain
hydrohalite inclusions do not contain a halite crystal, they are of high bulk salinity and
also contain significant amounts of CaCl, (15.7 to 16.1 wt% NaClequiv.; 11.1 to 11.4 wt%

CaClZequiv.)~
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Figure 3.8: Salinity versus temperature of vapor homogenization relationships for
microthermometric data. Salinity versus temperature of vapor homogenization
relationships for microthermometric data sorted by a) fluid inclusion type (appearance at
room temperature) and b) fluid inclusion origin. Data points circled in dotted lines
represent single inclusion assemblages shown in Figure 3.9.
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In three rare cases involving two phase inclusions (type IIA), inclusions were cooled
until observation of freezing was made. Upon heating, Ty, values were recorded where
the disappearance of the ice crystal was observed. Upon further heating, a crystal
(hydrohalite) persisted to high temperatures (26.8 to 27.9°C) until it rapidly underwent a

phase change from hydrohalite to halite (Tynpa). For these inclusions, Ty, T,V T

and T4 were recorded and ranged from -25.6 to -28.2°C, 304.5 to 374.6°C and, 138.8 to
299.1°C, respectively. The composition of these metastable inclusions can be determined
from T and Ty using the method of Steele-Maclnnis et al. (2011), but depending on

ice

which parameter is used (i.e., T, Ta, Tm™), calculated results will vary significantly.
3.4 Laser ablation ICP-MS analyses of fluid inclusions
3.4.1 Aqueous inclusions

Analyses of trace element concentration in fluid inclusions from type IIA (n=17), IIC
(n=7) and type IV (n=7) in four samples were performed by LA-ICPMS (Table 3.2,
Appendix B).

Significant variations in major and trace element concentrations were observed in type
ITIA and IIC inclusions (Table 3.2, Appendix B). A representative signal (split into two
views for clarity) from an ablated unclassified type IIA inclusion is shown in Figure 3.3.
The fluids are highly enriched in As (up to 616 ppm; avg. 105 ppm), Zn (up to 1343 ppm;
avg. 570 ppm), Sb (up to 110 ppm; avg. 17 ppm), Ba (up to 2795 ppm; avg. 728 ppm)
and Pb (up to 4260 ppm; 1228 ppm), but are poor in Cu (range bdl-28 ppm; one analysis
141 ppm; Table 3.2, Appendix B), Fe (range bdl-1200 ppm not including outliers related

to Fe and Mn contamination; Table 3.2, Appendix B) and S (<200 ppm; Jung Hun Seo
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personal communication; Figure 3.3). A strong correlation between bulk salinity and As,

Sb, Ba, Bi, and Pb concentrations is seen (Figure 3.10; Table 3.2, Appendix B).

3.4.2 Type IV CO; inclusions

The densities of type IV CO; inclusions are considerably less than aqueous inclusions
and, therefore, signals show much lower intensity for as many trace elements as possible
(i.e., lower count rates; Table 3.3, Appendix B). The largest CO, inclusions were studied
in order to obtain reliable analyses. The intensities are listed in Table 3.3 (Appendix B).
All analyses show peaks of Na, while many inclusions show peaks of Mn, Zn, Rb, Sr, Ba
and Pb (Table 3.3, Appendix B), similar to type type IIA and IIC inclusions. Also present
in some analyses are peaks of Li, Mg, Al, Fe, Cu, Cs, Sb, and Pt (Table 3.3, Appendix B).
The presence of salts (e.g., Na, Mn, Ba) in these inclusions infers the presence of H,0O,
which can occur as a thin film along the edges of an inclusion and is optically invisible.

The salts would not be dissolved in CO; as it is a non-polar solvent.

3.5 Discussion
3.5.1 Comparison to other studies

While the majority of ore deposits found at Sudbury are primary magmatic in origin,
footwall-style deposits are thought have a significant hydrothermal component, having
their metal contents modified by fluids (Cabri and Laflamme, 1976; Ballhaus and
Stumpfl, 1986; Li and Naldrett, 1993; Li et al., 1993; Farrow et al., 1994; Farrow and
Watkinson, 1997, Molnér et al., 1997, 1999, 2001; Hanley et al., 2005; Péntek et al.,

2008; Dare et al., 2010; Hanley et al., 2011). Many authors have performed detailed
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studies on ore-related fluid inclusions in the Sudbury area (Farrow and Watkinson, 1992;
Farrow et al., 1994; Molnaér et al, 1997, 2001; Marshall et al., 1999; Hanley et al., 2005;
Péntek et al., 2008).

Authors have suggested that at least three types of fluid circulated through or
interacted with the host rocks of the Sudbury Igneous Complex (Farrow and Watkinson,
1992; Molnér et al., 1997; Marshall et al., 1999; Molnar et al., 2001; Hanley et al., 2005;
Péntek et al., 2008; Hanley et al., 2011). The unusually high divalent cation content of
some fluid inclusions may indicate the involvement of a Ca-rich groundwater that is
found deep within the Archean rocks along the North Range (Frape and Fritz, 1982).
During cooling and crystallization of the Sudbury Igneous Complex, it has also been
recognized that an early-stage high-temperature, Cl-rich fluid was exsolved. Some
combination of these two fluids went on to interact with magmatic sulphides, possibly
leading to remobilization and precipitation of some quantity of metals in veins and
disseminations in the footwall; it is still unclear the extent and importance of this process
(Molnér et al., 1997, 2001; Marshall et al., 1999; Hanley et al., 2005; Péntek et al., 2008),
although recent work suggests that remobilization occurred only in the locally in the
footwall and did not involve metal transport from the contact to the footwall (Hanley et
al.,, 2011). A third generation of fluid is thought to have been associated with regional
tectonic events and not with Ni-Cu-PGE mineralization. These fluids may have formed
during the Penokean or Mazatzal-Labradorian Orogenic events (Molnar et al., 1997,
2001; Marshall et al., 1999; Mukwakwami et al., 2011b). During migration of these
metamorphic fluids along pre-existing north-south and northwest-southeast trending

fractures, the fluids boiled through the transition from lithostatic to hydrostatic pressure
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caused by regional uplift. Boiling is thought to have produced two immiscible fluids with
variable salinity and a carbonic component (Molnar et al., 2001).

Elemental concentrations in type II fluids obtained in this study were compared to
other fluids from Sudbury and in other magmatic-hydrothermal settings (Figure 3.11). In
general, the major and trace element composition of the South Range fluids from the
Garson deposit show similarities in bulk element concentraitons to those in other felsic-
and mafic-associated ore deposits including porphyry-epithermal systems [Figure 3.11b,
¢, d, f; Pudack et al. (2009) at Nevados de Famatima, Argentina; Kouzmanov et al., 2010
at Rosia-Poieni, Romania] and PGE-bearing, mafic-ultramafic layered intrusions [Figure
3.11g; Hanley (2006) at the Stillwater Complex, Montana, USA]. With the exception of
ore metals, magmatic-hydrothermal fluids have similar major and trace element
composition regardless of which type of deposit or parental rock they are associated with
(Figure 3.11).

Fluids at Garson also predate ore formation. There are two pieces of evidence for this:
First, the quartz in which the inclusions are hosted texturally pre-dates sulphides at Garson.
Second, inclusions contain very low Cu, Fe and S concentrations (Figure 3.3a; Table 3.2,
Appendix B), inconsistent with what would be expected for a moderately oxidizing, saline
fluid phase that equilibrated with or precipitated chalcopyrite-rich sulphides (Figure 3.11;
Pudack et al., 2009; Kouzmanov et al., 2010). A few inclusions have anomalously high Cu
and Fe contents but these are not representative and may indicate the presence of some
contaminating (accidentally trapped) phases in the inclusions unrelated to true fluid
composition. Comparison of this pre-ore fluid at Garson can be made to two other fluids at

Sudbury. First, the Garson fluids show similar metal enrichments to pre-ore fluids found
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along the North Range of the Sudbury Igneous Complex (Figure 3.11a; Hanley et al., 2005).
Both South Range and North Range pre-ore fluids are distinctly enriched in Pb, Zn, Ba, and
Sr, and depleted in Cu and S, with comparable Pb/Zn (~1-3) and St/Rb (~20-40) ratios
(Hanley et al., 2005; Figure 3.11a; Table 3.2, Appendix B). Concentrations of Ca in both
fluids are also very similar (Figure 3.11; Table 3.2). Frape and Fritz (1982) describe this Ca-
enrichment (and associated Sr-enrichment; Hanley et al., 2005) as typical of most of the
North Range groundwaters (Figure 3.11e) and is the result of equilibration of those fluids
with plagioclase-rich Archean-age gneisses. However, it appears that South Range fluids also
show these characteristics. With the exception of As and Sb that may have been leached from
surrounding metasedimentary rocks on the South Range, the similar patterns of major and
trace element abundance, notably a marked enrichment in Ca, Pb, Zn, Ba and Sr, in North
and South Range pre-ore fluids shows that (i) these fluids are genetically-related, despite the
large (regional) spatial extent over which these fluids were sampled, and (ii) that groundwater
alone does not explain their composition, since the groundwaters at Garson are rich in Sr but

poor in metals like Pb and Zn (Figure 3.11e).

3.5.2 Post-entrapment modifications

The fluids in the sulphide-quartz breccia veins display a wide range of salinities and
temperatures of homogenization that may be related in part to real variations in fluid
temperature and salinity with time (see below) but may also be related to necking down
and other post-entrapment changes. Necking down, which occurs synchronous to
inclusion maturation, was commonly observed and indicated in thin section by the

characteristic tapered ends of adjacent inclusions (Figure 3.7¢, g) and by varying
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Figure 3.11: Comparison of element concentrations in quartz hosted fluids from
type IIA and IIC, occurring along the South Range (this study) to fluid inclusion
compositions in other magmatic-hydrothermal systems and formational waters. a)
North Range footwall pre-ore fluids, Sudbury (Hanley et al., 2005); b) Pyrite-hosted
fluids in an epithermal Au system; c) enargite-hosted fluids in an epithermal Au system;
d) silicate-hosted brines in a Cu-Au porphyry deposit (Rosia Poieni, Romania;
Kouzmanov et al., 2010); e) Modern saline groundwaters at five different mines, Sudbury
(Frape and Fritz, 1982); f) Fluids in a Cu-Mo-Au epithermal-porphyry deposit (Nevados
de Fatima; Pudack et al., 2009); g) Fluids from pegmatites in the Stillwater layered
mafic-ultramafic intrusion (Hanley, 2006). A few inclusions are excluded from the
diagrams that had anomalously high Cu, Fe and Mn contents (due to entrapment of
accidental phases unrelated to fluid composition; Table 3.2, Appendix B).
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liquid:vapor ratios observed in inclusions within a a single fluid inclusion assemblage
(Figure 3.7b, c, g).

Other types of post-entrapment modification include (i) water loss by leakage or
diffusion, a process that can influence both bulk salinity (for inclusions that saturate a
halite daughter crystal) and vapor:liquid ratio (i.e., vapor-out temperature), (ii) stretching,
which modifies the inclusion volume and its associated homogenization behavior and,
(iii) oxidation, which artificially increases bulk salinity due to the breakdown of water
inside the inclusions and outward diffusion of H, (Mavrogenes and Bodnar, 1994; Hanley
et al., 2008).

While ranges in data for individual assemblages may show little variation,
temperature-salinity data from single inclusions (not classified by assemblage) and even
some single assemblages are not appropriate for interpretation (Figure 3.8; Figure 3.9;
Table 3.1, Appendix B). Figure 3.12 summarizes the quality of the fluid inclusion data
from single assemblages. All of the changes described above may have occurred at
Garson. For example, two phase inclusions (type I1A) that experienced necking down or
stretching show a wide range of vapor disappearance temperatures within a single
inclusion assemblage (Figure 3.12a, assemblage a, d). Even though the approximate
range of measurements for these modified inclusions overlaps with assemblages that have
experienced little modification (e.g., Figure 3.12a, assemblages h and 1), it is impossible
for inclusions trapped simultaneously to show such a range in temperature, salinity and

density.
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Figure 3.12: Box and whisker plots of microthermometric characteristics of
individual inclusion assemblages. Plots show range in a) temperature of vapor bubble
disappearance, and b) bulk salinity. Letters in frame a) correspond to assemblages listed
in Table 3.1 (Appendix B) and are the same for both diagrams a) and b). Assemblages
displaying largest ranges in temperature of vapor bubble disappearance temperature and
bulk salinity (a and d) suggest that necking down and other post-entrapment changes have
taken place, when compared to other assemblages of the same inclusion type.
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Assemblages containing three phase inclusions (type IIIA) that necked down or
experienced post-entrapment water loss after a halite crystal began to crystallize are also
observed and show a wider than acceptable range in inclusion salinity (Figure 3.12b,
assemblage a). Two phase inclusion assemblages that show both a wide range in
inclusion salinity and homogenization temperature (Figure 3.12a and b, assemblage a, d)
must have also experienced oxidation in addition to necking down or stretching.

This treatment of data shows that fluid inclusions at Sudbury have experienced
changes in composition and volume that will negatively impact interpretation if
inclusions are not grouped into assemblages. Similar evidence for post-entrapment
modification has been shown for inclusions on the North Range of Sudbury, even in areas
that are free of regional metamorphic overprinting (e.g., Hanley et al., 2011). The
majority of fluid inclusion studies at Sudbury, however, have not recognized this problem
and obtained inclusion data for single inclusions of a given type from different areas
within a sample or deposit (e.g., Molnér et al., 1997, 2001; Hanley et al., 2005; Péntek et
al., 2008). The consequence of this treatment of data is that subtle but real variations in
fluid salinity and temperature are not adequately recognized.

Despite the effect of necking down and other post-entrapment changes we can still
observe general trends in the data set, and several assemblages appear to be largely
unmodified. These assemblages show very limited range in temperature of vapor
disappearance and salinity, and comparison of these assemblages to one another is
worthwhile (e.g., Figure 3.12a and b, assemblages c,g,h,i,k,1). For example, the general
transition from type IIA to type IIIA inclusions is marked by a significant increase in

fluid salinity but with relatively little change in temperature of vapor disappearance.
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Some assemblages that show anomalously high or low salinity or temperature of vapor
disappearance cannot be explained by post-entrapment changes (e.g., Figure 3.12a,
assemblages 1 and k; Figure 3.12b, assemblage i). These real variations in T and salinity

are discussed below.

3.5.3 Evolution of the fluids along the South Range of the SIC

Some authors have suggested that the association of lower density CO;-bearing
inclusions and high temperature, more saline inclusions indicates the mixing of magmatic
and metamorphic fluids components (Marshall et al., 1999). Metamorphic fluids are
ubiquitous in any system where rocks are experiencing deformation and where they are
augmented by the migration of fluids through available pore spaces involving the
infiltration of a fluid released from devolatilization reactions (e.g., Hewitt, 1973;
Greenwood, 1975; Crawford et al., 1979; Thompson, 1983; Lamb and Valley, 1984;
Sisson and Hollister, 1990). Influxes of H,O-rich and/or CO,-rich fluids may be related to
emplacement of a pluton or retrograde reactions that occur after peak metamorphic
conditions (Sisson and Hollister, 1990), suggesting that the initial source of any regional
fluid would be obscured by many subsequent processes.

In addition to potential magmatic fluid (SIC-related) and groundwater components, a
regional and/or contact metamorphic origin for the fluids trapped within the quartz-
sulphide breccia veins at the Garson mine is possible since the wall rocks of the SIC in
this region were not only undergoing at least some deformation related to the onset of the

Penokean Orogeny (1.89 to 1.83 Ga; pre- to syn-ore formation; Shanks and Schwerdtner,
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1991a, b; Klimczak et al., 2007), but were also being heated and dehydrated by the
adjacent SIC (Coats and Snajdr, 1984).

The origin of the quartz fragments which are contained within the quartz-sulphide
breccia veins is difficult to constrain due to the destruction of primary features and
original spatial relationships. The original quartz veins must have formed after Sudbury
event (1.85 Ga) since any fluid inclusions related to quartz vein formation that are
observed today would not have survived the shock metamorphic conditions associated
with the impact. The quartz and wallrock fragments occur as inclusions in the sulphide
within the breccia veins. Therefore, the quartz veins must have already been present
before ore formation at Garson, and were deformed prior or synchronous to sulphide
emplacement. The veins may have formed as the result of thermal metamorphism which
often involves dehydration reactions associated with consumption and reprecipatation of
quartz in host metapelites. This metamorphism could have been related to contact
metamorphism or regional metamorphism associated with the Penokean or late orogenic
events. The problem with this interpretation is that Hanley et al. (2005) suggested that
fluids along the North Range of the SIC, with compositions and thermometric
characteristics similar to fluids at Garson, had exsolved from crystallizing magmatic
sulphides. They could not have been metamorphic fluids owing to the lack of regional
metamorphism associated with the Penokean or later orogenic events. Additionally we
have shown that the interpretation of Hanley et al. (2005) does not seem plausible due to
the lack of Cu and S in the inclusions in that study and at Garson (Table 3.2).

Using fluid inclusion microthermometric and compositional data, the hypothesis that

the fluids at the Garson deposit are metamorphic in origin was tested. Minimum
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conditions of entrapment for three-phase fluid inclusions (type IIIA) which homogenize
by halite dissolution were constrained by the temperature of halite dissolution (providing
a minimum T) and a barometer developed by Becker et al. (2008). Trapping P could only
be estimated using this barometer for a few type IIIA inclusion. In part, this is due to the
problem of post-entrapment stretching, whereby inclusions that experienced stretching
will yield anomalously low (and incorrect) entrapment pressures. These inclusions show
anomalously high and variable vapor bubble disappearance temperatures relative to halite
dissolution. Inclusions with the lowest vapor-out temperatures relative to halite
dissolution temperatures (i.e., the least modified) were used to determine pressure of
entrapment. Only three inclusions met the criteria set by Becker et al. (2008) for use of
the barometer (T, H>1H < T, . TV 5 900°C; Ty> 300°C). Figure 3.13 shows
the graphical P determination. The three inclusions plotted on this diagram fall between
~1870 and ~2600 bars, corresponding to minimum entrapment depth at a minimum
entrapment temperature between ~350 and 450°C (Table 3.1, Appendix B). These
entrapment pressures were used to calculate the corresponding depths of entrapment
using an average density for overlying rocks of 2800 kg/m3 (i.e., metamorphosed basalts
and sedimentary rocks). A range in minimum entrapment depth between 6.5 and 9.1 km
is estimated.

The results of this determination are plotted, along with fluid inclusion isochores and
other relevant P-T fields, in Figure 3.14. The minimum pressure and temperature of
entrapment of type IIIA inclusions that homogenize by halite dissolution (plotted as black
boxes in Figure 3.14) fall entirely within the isochore field for type IIA and IIIA (green

field in Figure 3.14). Fluid inclusion isochores for type IIA, IIC and IIIA were calculated
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using standard equations of state from Zhang and Frantz (1992) and Bowers and
Helgeson (1983) and are plotted as a series of coloured fields in Figure 3.14 (fields
defined by minimum and maximum isochores in each fluid inclusion assemblage). Only
isochore fields for inclusion assemblages that showed narrow ranges in temperature of
vapor bubble disappearance and salinity (i.e., unmodified) were modeled. Isochores for
type IIA and IIIA inclusions lie within the estimated P-T field for peak metamorphic
conditions associated with the Penokean Orogeny for the South Range of the SIC (based
on mineral thermobarometry and phase equilibria; Magyarosi, 1998), suggesting that they
may represent regional metamorphic fluids trapped at upper greenschist to lower
amphibolite conditions, consistent with the reddish-purple CL emission colours observed
in their host quartz (Figure 3.5), and the temperature range for final equilibration of
sulfarsenides in the ores at Garson that ranges from 300-600°C, with the majority (90%)
of sulfarsenide compositions falling between the 500 and 600°C isotherms (see Chapter
2; Lefort et al., 2012, submitted). Alternately, given that fluids of similar fluids are
observed on the North Range (i.e., lacking syn-post SIC regional metamorphism) they
may represent contact metamorphic fluids or fluids of an exotic origin that were trapped
at conditions coincident to those of regional metamorphism.

Type IIC and IIA inclusions have similar P-T characteristics; type IIC inclusion
isochores pass just to the left of the field determined by Magyarosi (1998) for South
Range peak metamorphic conditions. Aside from the presence of a CO, liquid phase at
room temperature in type IIC fluids, type IIA and IIC fluids are compositionally very
similar in terms of trace and major element patterns (Figure 3.11a) and for these reasons,

are interpreted here to be genetically related. Anomalousty high temperature fluids (e.g.,
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Figure 3.13: Schematic representation showing the relationship between
temperature of vapor disappearance and temperature of halite dissolution (after
Becker et al., 2008). In the case of post-entrapment stretching, inclusion 1 represents the
original inclusion before stretching, and inclusions 2-5 show increasing amounts of
stretching. All of these inclusions will show similar temperatures of halite dissolution, but
will display a wide range in temperature of vapor bubble disappearance. The inclusion
with the lowest temperature of vapor disappareance (inclusion 1; solid black dot)
preserves density properties closest the original trapping fluid. Black squares represent
inclusions (in this study) that show the least amount of post entrapment modification
(highest Td relative to temperature of vapor disappearance) and provide estimate of
minimum trapping pressure. Inclusions that experience over-pressuring after entrapment
cannot be used in this figure and would show decrepitation halos. This diagram only
applies to inclusions with ThL+V+H—L < Td (i.e., inclusions that homogenize by halite
dissolution).
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Figure 3.14: Constraints on pressure-temperature (P-T) evolution of dominant fluid
types observed at the Garson Mine. P-T diagram shows the position of fluid inclusion
isochores for assemblages in which homogenization occurred by vapor bubble
disappearance and that showed narrow ranges in homogenization behavior and bulk
salinity (little post-entrapment modification). Most isochoric fields pass through the field
of conditions estimated from metamorphic mineral assemblages along the South Range
(upper greenschist-lower amphibolite; Magyarosi, 1998). Minimum trapping P-T for
three type IIIA inclusions that homogenized by halite dissolution are also shown.
Assuming constant confining pressure, variations in trapping temperature may be related
to isobaric cooling of a single fluid (type I1A) or fluid mixing, whereas variations in bulk
salinity (from type IIIA to type IIA inclusions) must be related to mixing. The exception
is a single assemblage of type IIIA inclusions that shows anomalously high temperature
that may be representative of a magmatic fluid component. Fields for P-T conditions of
greenschist and amphibolite facies are adapted from Yardley (1989).
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trapped in type IIIA assemblage K; Figure 3.12) may represent a magmatic end-member
fluid. Anomalously cooler fluids (e.g., trapped in type IIA assemblage 1; Figure 3.12)
may be the result of mixing of the metamorphic or exotic fluid with cooler groundwaters,
but may also be the result of isobaric cooling of type IIA fluids prior to inclusion
entrapment.

With decreasing salinity (transition from type IIA to type IIC fluids), the
concentrations of As, Sb, Bi, Pb, and other lithophile trace elements decrease (Figure
3.10), indicating that the solubility of these elements in the Garson environment was a
function of fluid salinity, and that they were transported as chloride complexes at the
conditions of predicted entrapment. Given that type IIA texturally pre-date type IIIA
inclusions (Figure 3.7a), the general trend of increasing salinity from unclassified type
ITA to secondary IIIA without a corresponding significant change in temperature may
have resulted from mixing of a lower salinity metamorphic fluid with a higher salinity
fluid phase (e.g., groundwater or magmatic-derived fluid; Figure 3.8, Figure 3.9, Figure
3.12). Mixing of high and low salinity fluids is observed in many ore deposits and can act
as a mechanism for precipitation of ore metals that are remobilized during
metamorphism, provided that the metals are introduced by the high salinity end-member
(e.g., Force et al., 1986; Sun and Eadington, 1987; Hayashi and Ohmoto, 1991; Haynes et
al.,, 1995; Matthdi et al.,, 1995; Hayba, 1997; Lefort et al.,, 2011). However, whereas
higher concentrations are observed in higher salinity fluids inclusions at Garson, lower
salinity inclusions are not devoid of these elements. Therefore, the transition from type
ITA to type IIIA fluids, or type IIA to type IIC, although representative of real

compositional changes in bulk salinity did not involve introduction of fluid end-members
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uniquely enriched in As, Sb, Bi, Pb, Sr, and Ba. In this case, these elements were present
in all fluid variants and must have been commonly sourced via fluid rock interaction or
some reservoir that also influenced the composition of North Range fluids
simultaneously, in agreement with the previous suggestion of an exotic origin for these

fluids despite them being trapped at regional or contact metamorphic conditions.

3.6 Conclusions

Microthermometric studies of pre-mineralization fluid inclusions found in sulphide-
quartz breccia veins in the shear-hosted ore zones at the Garson Ni-Cu-PGE deposit
indicate the mixing of an early low salinity fluid with a high salinity, slightly higher
temperature fluid. Although homogenization temperatures and salinities vary
significantly within the whole data set, many single inclusion assemblages show very
restricted temperatures of homogenization and salinities. The dominant fluid types at
Garson show similar trapping conditions and trace element compositions suggesting that
the fluids are genetically related. The range of possible pressures and temperatures for
fluid entrapment (T= ~350-550°C; P= ~2-4.5 kbar) coincide to upper greenschist-lower
amphibolite conditions, and consistent with final equilibration conditions for
sulfarsenides in the Garson ores.

This study presents the first LA-ICP-MS data of fluid inclusions from the South
Range of the SIC. The quartz-hosted, pre-ore fluids are characterized by high Ca, Ba, As,
Sb, Pb, Zn, and Sr, and low Cu, Fe, and S, and are very similar in composition to early
(pre-ore) hydrothermal fluids found in the North Range footwall deposits (with the

exception to As and Sb; Figure 3.11). This suggests that the fluids at Garson circulated at
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a regional scale and were not strongly modified by local host rocks. Trapping of the
fluids occurred at the conditions of contact or regional metamorphism but they were not
necessarily of metamorphic origin. Low concentrations of Cu and S rule out the possible
reaction of the fluids with sulphides, confirming the pre-ore timing of the fluids.The high
concentrations of As within the fluids may have been sourced from the surrounding

metasedimentary rocks of the Stobie and the McKim formations.
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Appendix B

Table X1 Microthermometrie data for snclonons (7om the Garson deposit
L
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All Chip 1 R 195 8 RIE Y H-L-A A Secondary a
Al Chip d - 2689 2023 - 3198 - HY H-L-V o UlA Seeondary 3
Al Uhpl - aad - - - HY Ly LIRY ccomdary a
All Clsp . 150 KRN i2 H-LV o HHA Seeondary 2
Al Clipt 246 125 - - Aon ”2 Q@ H-(-\" THA Viwlassified b
AL Chip i - RIS - - R 12 H-L-V IHA o nchassified
All {hp 298 | Wa3 I8 HAL-A A Secondary
AR Uhyp ) - IN9 4 - - R s HL-V A Sevondary
Al Chap § - 28 Ak 20 H-LV A Seeondary
Al Clup } KILES - - NESS au H-LV O 10A Sceansdary
ALl Chip i . 20 - - LN o . HEY Scvondan
Al Chup 1 157 s - 192t - 3 HA Secondary
Al Chpl <151 207 - - %72 - 3 HA Secondary
Al Chip 1 - M4 . - - ] HA Secondany
Al Chip 1 PRI 23K B - AR i HIEN Sevondary
All Chp b 337 26 - R Nl HIEY Secondary
All Chip 1 2283 2348 KRZ] - 10 mna Sevondary
Att Chipt 272 3277 - - - w2 10 HA Secombary
All Chap | - 2383 23R - 3143 - 1t i Sevondany
AZK Chap ) - 6.3 47y . Sy . 24 HK Sceonidary
AZK Chp ) 202 1SN - . 202 N HEN Secondary
AN Chap | 37 . - (XU - I8 HO Unclassified
Adx Chape 1 -8 REER ) - 7 S6 - 20 HR LUaclassitied
AR Uhip ) -8 2507 - - - 8 . N . Ha Laclasssticd
AN Chup ) 44 24u N . - T - s -\ HA Unclassitiod
AKX Clap b KALR 3e? - 40,38 18 HL-V o dilA Unclassified
AN Chap 470 4840 - - X317 . 20 HALY il Unelassified
AlK Chap § RRAN - - . 10 H-L-\' A Secondary
AdX Chap | - md . TR * . 15 Ly HHEY Unlasaied
AN Chip b - How 0 - - - ol HL-V A Secondany
A% Clup 1 ¥l 470 - 15 H-LV A Seeomdary
AR Chip t - 286 8 47 - 857 HS HLV O THA Scvondary
A8 Chip | - 1461 3.2 - 384 - 8 H-L-V (HA t nelassified
A Chp2  -IB7 2697 - 14.67 - 15 LV A b nclaswitied
A% Chip2  A128 2284 - 16.43 - 12 LV nA Unclasaiticd
AR Chipl -9 234 - - - 15856 . 14 Ly (RN Unclassficd
A2k Chip <125 2783 - - 1643 H [ HEY Unclasafied
Ak Chip2 -7 2442 - - [RE 8 L\ HA Vowlassified
3] Chip2 174 233y - - 2032 - Hil -y HA Laclassatied
A2K Chpl 171 4638 03 - b LV HA owlassafied
AR Chip2 484 2822 - - - 1896 - HU LV HEY LCnclassified
AlE Chip 2 -8 47 - (LR 5 (% HA Unelasaticd
AN Chipt -8 238 % - - Il 3 [5S A Unclassilied
AR Chp 2 20 197 - 20 ? Secondan
ALK Chip 2 TR - irs 3 " Secandary
AZK Chp2 - 12 122 - - - 5 k4 Secondary
AR Chapl -1y 2414 - 15%e - 12 Ly 1HA tonclasssticd
A Chp2 68 2041 - - LR - i -y 1Ha Uneclassalied
A% Chip 2 -4 2409 - - 648 i LV HA Unelasssfied
ATX Chip 2 - 028 - 6.0 - X LV A Unclassitied
A& Chp2 1K 2358 - - 74y B 18 [\ na Unchassihied
AR Chip 2 4 2062 - - - H4s - X L-V HA LUnelassitied
Al Chap t A5 1552 - - 2456 15 HL-V A Secomdary
AM_ Clupt 4ns- 405 . . 7% 20 HbV A Secondany
At Chap 2 RN 6 264.8 - - 3501 - s H-L-\ HiA Sevondary
Al Chip 2 H08+ and 4363 20 Hf A IHA nclasatied
All Chyp 3 - 428 3248 - 0l - s HL-V il Unelassificd
Al Chip3  -If6 3744 2362 278 2383 286 15 H-L.v o llA Unelaswficd
AY Clp 3 - 3023 RN K-S - - 4162 - 15 KLV A Secomdany
Al {hip 3 -6 304 X figs - 26K - 2 X H-L-% WA Unclasafied
AM Chip ? 2471 2928 3763 N H-1-V 1hA Uinclasstied
A Chip 3 2N 3893 - 620 Hi HLY 1A Unclassified
Al Chipt 282 - - 132 - - R 20 LV HA Necondary
Al Clup b . 09 450+ - - S36 . I HAL-Y HIEN Secondary
AL Chpd 68 3584 21 o a8 ki3] 299 15 HaleV A Secondun
At Chip4 - 00 2083 - - s - a8 H-L-V A Unclassilied
Al Chipd %9 - - - 42 18 L A Linclassitied
Ty e savlung SRR ration fimal vapor: 1,00 Y s temperature of homogemzation CO_vapor bubble, T, ™ wempersture of honwgenzation of

O hguid phase, T+ temperature of hatie dissolution: Clath,, - clathiiste melting

erystat

drohat

< o iy

List of abbronations H- balte: 1 bguid 8= sybie: U uakoown, V= vapor; stab- crystal
Measurements with a ¥+ indicaie the heating b Tor that sample
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Tohle 3 1 Cont Microtheomonetnc data for inclusions From the Garson deposit

Sample Chip 1.0 T gt g T, Clath, T, Tane S NaCl,,, W GHCE ., S Phae  Type Ongin Assemblaye
A Chipd . - - - - - - - - - 14 L A Hinclassied 3
Al Chip 4 - 454 - . 1674 . - . 2996 - 1% 15 RAC HEN Secondany
Al Chipd4 282 2392 - - 1817 - - . y7? M2 10 RS L S ) Secondary
Al Chip 4 . 248 - . 2412 - . - 413 - 15 HL-VS? B Secondary
All Chipd 2280 2y . - - . 1S4 - - K9 12 L\ A Einclassified
Al Chip & - st - - RELNN - - - 4145 - 1% H-L-v A Sevendary
A3 thp s . 300 b - - 2060 6 - . - 3878 - 13} H-L-V A inclusssficd I
Al Chip § - 7T . . 27 . - - 3p47 - 240 ILLAS U Unclassified k
AM Chip § - - - - %A - - - R - 18 H-L-V O HEA Unclasafied 1S
AM Chip & - 470+ . - - - - PO - 14 LY HIA Segondary
Al Chap & . MK - - LY - - 40.4% - 12 -1V HEA Secandary
AN Chipt  -143 X - . - . - . 1190 - 13 L-v A Unulassitied
AS4 Chp b 123 1828 - - - - - - 1624 - s -y HA Unclassitied
A%d Chapt e Jeld . . . - - - 183 - 18 Ly (1KY inclasaficd
ASY Chpt 33 1203 - - - - - - 16 %9 - 1% LV HA Linciasstfied
ASY Chipt <130 1573 - . - - . - 177 - 1 (Y fa Unclasstfied
AS4 Chip b 237 1362 . . . - . - 26 e 1LV HA Uinclassiticd
AS4 Chip | -198 1564 - - . - - - 2178 - 8 LY LHEY Unclassitied
Chap ? K JETRS - - . - - - - - 12 LV HA  Unclasaficd
Chip t . 143 ¥ . . . . . - - - * Hel -\ HEA Secondany
Lhp 247 130 - - - - - - - 237 L} L-v HA i lusnstied
Chyp ) 26 16214 - - - . . - - 29 8 L-v HA Unclassitied
Chp 2 - 3 - - - - - - - - - ? Secondary
ChipY 2243 1320 - - . . - - - pach ) 18 | A Linckassificd
Chp? lde 1278 . . . - . - - e ' |88 HES Uinckisufivd
AS4 Chup 2 - IEEN1 - - - 7 433 - " v [15Y Trnd aassicd
AS4 Chp 2 - oo 2 - - 00 - - - 4744 - 8 ALY HIA O Unclsaified?
A4 Chip2  2%e VTR - - - - . - 266 L] | Y HA Secondany
A3 Chp 2 . ny - - - . . B B - X [ HA Keourudary
A%Y Chip2  4xo i Ba3 - - . . . - 172 - L} 1y Ha Unclasified i
AS4 Chpl 143 1202 - - - - - - 1787 - X L-V HEY Unctassificd i
ASd Chp2 141 (L) - - - - B - 1TRT - 1 LA\ HA Unclassitied i
AS4 Chp2 428 [ERE] . - - . . . te 43 . 12 [ AN 1A Unelassified I
Asd Cp2 BT 1207 - - . . - - 107 - 10 B3N 1A Paucdisecondary
ASd Chipd <120 HX 4 - - - - - - 03 - o LV HA  Psuedosevondan
A4 Chipl  -is6 100 - - - - - - 24 - {4 [ HA  Psuedosecondany
ASd Ahyp ) -tbe 120 - - - - - - (KA - |11} -V A Psucdosecondan
ARY Chup 1 . EX . - - . - . - - 0 [ A Secondary
ARD Chip t - o - - . . . - - - 20 [R3S A Secondary
AR? Chip b - 98 - - - - - - - - 3 L-v HA Secondary
ARY Chap ¥ - W - . - - - - - - 2 -V 1A Secondan
AR Chipl -2 2488 - - - - - - - 2 5 L=\ HA Unclasaified
AS2 Ctap 2 26t RN - - . . - - - OB R AN A Unclasafied
AK2 Chip2 - 6 - . . - - - s Ly BA Secondary
AR Chipl  -249 2273 - ~ - - - - - TR L} Lev Ha Unclusathed
Chip2 2241 2386 - - - - - - 27 14 1V HA Unclassified
Chup 2 <190 2867 - - . - . - 2 - ta [ HHEY Unclasaified
Chapl 2221 M6 - - - - - - - 23 IS Ly A Secondary
Chip? 242 24 - - - ~ - - - T2 A i\ [I5Y Scvondary
NA 42 - - - - - - - 122 - 15um L-v 1KY Secondury
NA BT B - . - . - - 1953 . 2tum L-v tia Secondary
NA b2 . . . . . . - {908 - Hum -V (153 Secondary
chp | 44 - -1 5 - - - . - 616 - 2um (A ue Secondary
chip | -7 - Pl - - - - - 207 - Jom LAY e m
vhip i NE B - - - . . - 187 - um [ 39 153 m
chap 1 - . E . - 1 - . [ERL . 1Sum % e
cnp t 6.5 - R - - - . - G0 - Isum He Secondary
chup | 223 - 28 - - - - - 106 - 15um ne Sccondary n
vhip 1 Eiki - X . - - - - s - NI - e Nevindary n
chip2 24} . - . - - - - - NS Stium 1.V HEY Secandary
chyp 2 314 - - - - - - - 264 A0um L\ HA Secendary
Chipd 3R - - - . . . - K14 - 15um L-v HA Secondary
Chp i (1R 2 - - - - - - - R - 15um LV HEN Secondary
Chpd 422 - - - . - - - - - 2tum Ly HHES Scvondary
Chp ? Ny . . . - . - - 1937 . 2Sun -V HES Secondury
MRT  Chipd -E31 - - - - - - - 6.5 - 20um Ly HA Secondary
MKT Chap 3 <121 - - - - - - - (R - 2um Ly HA Sevondany
MY Chip 3 B - - - - - - - - - LT L.V HEY Secombary
MRT Chipd 92 - - . - - - - - - 13um 1.V HES Seeondary
AfI4 chip 2 - - - - - pad - - 2 . Miam 1-V i Secondary
kS ALY chip | - - 7 - - 18 - - (R - 15um L-Vay ne Secondary
M6 chp - - 26 - - i6 - - [ R - 15um LY e Secomdary
M chipl 14 . - - . - - - 323 - thagm i3] Sevondan
AMT6  chpld - - 24 . - id - - 1108 - N HU Secondun
T."" we melting emperature, T remperstuse of homogenization finad sapors T, R temperature of omogentzation €O, vapor bubble: T, ' 7+ tomperature of homogenizasion of
€O, hguad phase: T temperatore of halie dissolanon, Clath, o clathrate melting g 2 Ty hvads Dte dineol temperature: T, temporaiure of trnsitson from hydrohadie w hadite

crvstal

List nfabbrenviations B halie. 1 bqaid: 8 svhater U unknown: ' vapor; stals orysiad

Measuremients with a ™+ iuheate the heating b for tha sample
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Table 31 Con't: M rotiermometnie data for inchsions fro

m the Garson deposit

Sampic Chip LR AL SR A Te Clah, T T wt% NaCl g WL CaCl o STCIMY Phae Tipe i Assemblage
M3 chipl . - 4.2 - X . - [y - 15um vy K Necondary

M7 chipl - . 134 - 1¥ - 1248 - 1 Sum [P | Secondury

M chp -1 - - - - - .88 ~ 1 3um vy e Secondary

M6 chap ! 0.7 - 287 638 FRIT LAWY He Sevondary

M6 cp iy 196 1267 - Mhon [N (o Sevomdary

Mt chip i b2 ] - - . - 122 - 15um L-V-y ne Sceondary

M6 chap ) 12 186 - - - - 122 - 1 5um vy K alary

M6 chp 4% - 206 - - - 0.k8 15um LAY e Secondary

M dupl 08 - 178 - Ry {Sum [RS8 Secondury

MTE O chapl 33 - - - - 365 . oum Ly HEN Secondary

MR chip 2 RE 29 - I8 - Sum vy e Sxeomdary

M chp 222 - 16.) - - - 2N - {5mn vy e Sccondary

M cupl 06 - - - - - 1383 - 20mm Ly HA Secondiry

MTE chp2 N7 - - - - 1131 Sthim Ly {118 Sevomdary

MTE  chpl  -log . - - . - - 14.04 . 2um LaV HA Secondary

7w melting tonyp i of t ravion: final vaper, 1,07 7 e temperatare of homegenzanon O, vapor bubble, T2 s wemperatare of homogenization of

CO: Igquid phase, T wemperawire of halite dissolution; Clath, - clathrate melung

crvital

Lt of abbrevigions: H - halne: L
Memarements wath a

“n

e Ty

hauwd, & suivite: Ve omkaown, Ve vapor. stal- crysad
indicate the heating baut for that sampic

- todrohal

5 Thgenn® temperatre of amston trotn Indrohabire 1o hatine
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Table 3.2: LA-ICP-MS analyses of fluid inclusions from the Garson deposit

Sample  Chip 1 NaClwt%a  Type Li B Na Mg K Ca Man Fe Cu Zn As Rb  Sr Ax  Sn Sb Cs Ba Ce Pb Bi
M76 ! 1483 HA 40 240 46800  bdl  RO20 bdl 20 245 12 350 617 56 23t 10 17 12 19 849 bdl 350 20
M76 1 1543 HA 71 273 49300  bdl 8200  bdl 12 bhdl  bdl 30 35 46 173 bdl  bd 2 15 469  bdl 14 16
M76 1 14.33 HA 37 410 44700 19 7560 bdl 102 bdl  bdl 621 438 $3 237 bdl  bd 28 17 926 bdl 746 bdl
MR7 3 16.05 HA 82 291 58500 19 BI6O  bdl 154 1190 9 1140 130 19 S84 TR 2] 23 16 896  0.66 2590 32
M87 3 2101 HA 126 483 76900 820 12800 bdl 360 bdl  bdl 1340 41 35 933 37 bdl 23 30 2000 bdl 3090 bdl
M&7 3 8.95 HA 25 124 20100 bdl 1551 26100 30 bdl  bdl 320 19 10 278 bdl  bdl 10 6 457  bdl 708 1.4
M&7 3 19.99 HA 117 bdl 59600 46 18500 bdl 755  bdl  bdl 1230 205 42 836 bdl  bdl 53 14 2790 bdl 4260  bdi
MR7 3 16.99 HA 312 298 56200  bdl 4060 bdl 3520* 14500* bdl 1070 210 36 678 bhdl 103 IO IS 1330 bdl 2160 8.1
M87 1 833 HA S2 78 19600 bdl 1500 16000 29  bdl  bdl 266 18 34 229 bdl 7 2 10 509  bdl 589  bdi
MR7 1 4.8 HA 5 25 4800  bdl 399 bdl 3 30 1 99 2 3 91 0.2 bdl 1 1 189 bhdl 413 hdl
My7 3 16.0 1A 140 244 51700 bdl 9130 bdl 81 bdl M 728 117 30 538 bdi  bdl 0 12 954  bdl 1440 39
M87 3 13.47 HA 52 255 41100 bdl 4750 25200 452 895 bdl 762 77 {9 563 1.9 bdl 17 10 950 bdl 1630 1.0
MR7 3 12.54 HA 67 304 37200 20 5910 bdl 250 644  bdl 946 67 24 732 bdl  bdi 19 14 1220 bdl 1850 bl
M3y7 3 16.70 HA 67 190 54600 bdl 6280 bdl 67 88 3R 73 26 498 14 12 i 16 676  bdl 2300  bdi
MR7 3 15.53 HA 122 359 49700 20 4620  bdl 2610* 9590* 9  R17 129 19 771 1.7 bdl 25 9 533  bdl 2540 3.1
MR7 3 14.26 HA 110 219 44400 457 2890 bdl 632  hdl  bdl Y6 76 27 36 9.7 bdi 50 29 767 3183 1560  bdl
MR7 3 16.48 HA 93 242 53700 bdl 3900 bdl 127 201 5 583 71 31 545 22 hdl 8 13 643  bdl  1%00 12
M76 1 13.7 e 25 163 23900 bdl 11000 bhdl  bdl  bhdl 141* 798 91 IS5 34  bhdl  bdl 13 3 123 bdi 33 bdl
M76 ] 1.74 e P15 3970 12 334 s040 2 bdl  bdt 12 10 4 25 bdl  bdl 0 1 93 bl 4 bdl
M76 ] 0.8% He 9 41 3200 4 522 bdi 2 142 28 34 7 3 1205  bdl 1 1 44 bdl 7 0.3
M87 1 29 HC 27 66 9960  bdi 896 bdi 19 3s 1 e 12 16 119 02 bdl 1 4 187 bdi 47 0.2
M37 I 14.44 e 161 262 25970 bdl 1700 S4900 bdl  bdi 10 44 30 38 231 bdl  bdl 0 12 538 bdl 618 bdl
M387 | 3.87 ne 93 &3 15200 65 bdl 43500 3210*28500* 3 412 18 15 263 bdl  bdl 2 7 168 bdl 446 bdl
MR7 | 1.22 11C 22 73 4800  bdl 321 bdl  bdl  bdl  bdl 138 H0 7 78 bdl  hdl ! 4 70 bdi 172 bdl

* indicates analyses with Fe-Mn or Cu contamination
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Table 3.3: Count rate intensitics tor €O, inclusions obtained by LA-ICPMS

Fluid inclusion Li Na Mg Al Mun Fe Cu As Zn Rb Sr Sb Cs Ba Ce Pb
Fo4 - LOE~04 - - - - - - - - 1L.OE-Q} - - - - -
Fos - 1OE+03 - - - - - - - - 1.OE~03 - - 2.0EH)2 - -
Fo6 TOE:04  30E:04 1OE:03  1LOEt04  TLOE:04 - 1LOE 03 - LOEW03  1OE-03  2.01-04 - LOE-03  30E+03  8.0L-02  1.0E:05
Fo7 - 1.OE-03 - - - - - - S.0E+02 - - - - ROE+02
o8 - 2.0E-03 - - 2.0E+03 - - - - - 1.0£-03 - - 1.OE103 - 1.0E+03
F09 - 1.OE+0S - - 1.OC+04 - - - - LOE-03  S.0E-04 - - 5.0E+H)3 - 1.0E+03
F1i - 5.01: 08 - - 70105 S0E:03 - LOLE03 10103 S0k-02  ROL-03  SOE+02  3.0E:02  1.OE)3 - 1.0E+04




Chapter 4: Application
4.0 Mineral processing

Mineral processing of pentlandite and chalcopyrite of the Garson ores consists of four
main stages; comminution (crushing and grinding), beneficiation and flotation (separation
and concentration), smelting and refining. Base metals, such as Cu and Ni, are hosted in
minerals which cannot be separated by gravitational methods; therefore they are separated
through flotation to form “concentrates”. The concentrates commonly contain both small
quantities of precious metals (treated as “credits”) and deleterious metals (treated as
“penalties”).

Flotation (or depression) of harmful or unwanted ore minerals is a method of
mitigating contamination of concentrates. In internal studies conducted by Vale, solutions
containing sodium sulphite, triethylenetetramine (TETA) and MAA (a solution of
magnesium chloride, ammonium chloride, and ammonium hydroxide) have been used to
supress the flotation of sulfarsenides and arsenides, while allowing pentlandite and
chalcopyrite flotation. These studies were performed on pure (end-member) minerals
phases present in unrealistically high abundances (i.e., 10 vol%). The effectiveness of
these solutions at suppressing sulfarsenides and arsenides have not been tested on ore
samples containing more realistic minor to trace abundances of these minerals (i.e., less
than 0.1 vol %) nor in ore samples exhibiting the significant compositional variation (i.e.,
Co:Ni ratio) in these phases that are documented in this study.

Simple gravity separation is a commonly used method for concentrating minerals. For
gravity separation differences in specific gravity alone will not be the only factor for
separation. The size of the particles will also play an important role, as will the medium in
which the particles are suspended (air, water, brine, or heavy media). For this method to

be effective the density contrasts between minerals to be separated from one another
186



should be 1.5:1 and all particles should be milled to the same size and size fraction. At
Garson, the contrast in density between the dominant sulfarsenide mineral [i.e., CGSS
(SG=6.11) and pentlandite (SG=4.8)] is less than 1.5:1 and therefore, gravity separation
may not be effective. However, in some high As regions where As abundance is
controlled mainly by nickeline (SG=7.8), gravity separation may be used effectively.

Grinding is a process which can account for up to ~40% of the mineral processing
plant’s operating costs. The majority of CGSS and nickeline grains observed in this study
in the Garson ores are large enough that they can be completely liberated from sulphide
ores during routine crushing and grinding (i.e., 95% of grains are > 70 pm; routine
grinding size). The CGSS, GGSS and nickeline grains that are smaller (5% of grains are <
70 pm) will contribute As to the concentrates, but with effective blending of milled As-
poor and As-enriched ores containing these residual small sulfarsenide-arsenide grains,
the negative impact of these phases in downstream mill and smelting operations can
be minimized.

At Sudbury, PGE are produced as byproducts of Ni and Cu mining, milling, smelting,
and refining most of the PGE (either as inclusions or in solid solution) are hosted in
CGSS-GGSS and nickeline will not be recovered if CGSS-GGSS flotation is suppressed.
The PGM will not be liberated from these phases during routine grinding, due to the
relatively small sizes (< 20 pm). Small PGM grains that are not hosted in sulfarsenides or
arsenides will also be lost because they will not be able to be separated from their host

minerals effectively.

4.1 Sampling
Currently, the Sudbury ores are blended with Garson ore comprising 7-10% of the total

processed ore mass. However, the amount of Garson ore processed as a % of the total
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feed is expected to increase within the next few years. Systematic identification of As-
rich regions in the Garson ore zones has proved difficult due to the very heterogeneous
distribution of sulfarsenides and arsenides at all scales of characterization (thin section,
chip sample or drill core interval, stope). Consequently, volumetrically insignificant
amounts of As-rich ore currently contaminate a much larger low As volume of ore. Areas
with high As are flagged and As-rich ore is stored separately in on-surface stockpile.
However, on surface, the storage of the ore is problematic because of the detrimental
effects of sulphide oxidation to Ni recovery. The misrepresentivity of sampling methods
also means that low As ores are also sent to high As stockpiles, exacerbating Ni recovery
and overall mine productivity.

While visual identification of large grains of sulfarsenides and arsenides in hand
sample and drill core is possible, the effectiveness of this tool will only be significant for
samples containing large sulfarsenide-arsenide grains that can be spotted in dim lighting
conditions underground or by hand lens in the core shack. However, it should be an
activity that is encouraged because samples containing large grains (phenocrysts) of
CGSS and nickeline are characteristic of high- As regions along sulphide-wall rock
contacts. Focus should be placed on avoiding the hanging wall of overturned ore
bodies since these areas contain the highest endowment of As due to original settling of
CGSS-GGSS and nickeline phenocrysts on this surface.

More systematic and representative identification of As-rich and other accessory
metal/precious metal rich areas will require a significantincrease in drill core intersections
through ore zones. Possibly, a more rapid method of developing better spatial models for
PGE and As distribution would be the application of hand-held X-ray fluorescence

spectrometry in the core shack.
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4.2 Exploration

There are three main exploration implications from this study. First, the presence of
As-rich metasedimentary (or sedimentary) rocks to magmatic-hydrothermal deposits may
indicate that ores will be locally contaminated in As and that As-rich phases will be
primary hosts for the platinum-group elements. Associated base metal sulphides that are
unusually depleted in PGE may indicate that sulfarsenide/arsenide saturation occurred in
a magmatic Ni-Cu-PGE sulphide system hosted in metasediments. Second, detection of
As-rich fluids through fluid inclusion microanalyses demonstrates that As was mobile
during post-cumulus hydrothermal events. Therefore, As contamination of sulphide ores
may not restricted to primary magmatic events and can be the result of infiltration of host-
rock associated metamorphic fluids that were circulating coincident to magmatic sulphide
ore formation. Similarily, detection of anomalous As contents in otherwise As-poor host
rocks may serve as an effective pathfinder for finding magmatic sulphide deposits from
which As was leached during post-cumulus processes. Finally, routine sampling and
assaying techniques for characterizing the deleterious and precious metal content of
modified magmatic sulphide ore deposits must be much better informed through detailed
mineralogical studies since the distribution and trace element composition of mineral
phases, the relative heterogeneity or homogeneity of metals contained within the ores, and

the presence of micrograins play such a key role in metal recovery.
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