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Abstract

The Marathon PGM-Cu deposit is hosted by the Coldwell alkaline complex, which
consists predominantly of gabbro and syenite and was emplaced at 1108 Ma as part of the
Mid-Continent Rift System. Mineralization at the Marathon PGM-Cu deposit is hosted
by the Two Duck Lake Gabbro (TDLG), a fresh olivine-bearing gabbro. The Marathon
deposit contains several zones of mineralization including the Basal Zone, the Main Zone
and the W-Horizon. The W-Horizon is a high-grade PGE zone characterized by low S, low
Cu/Pd and high Cu/Ni. The sulphide mineral assemblage is predominantly chalcopyrite and
bornite. This contrasts with the Main Zone where the dominant sulphide mineral assemblage
is chalcopyrite and pyrrhotite. The Main Zone contains higher S, higher Cu/Pd and shows a
decrease in Cu/Pd and pyrrhotite/chalcopyrite from base to top.

Four drill holes were selected for detailed analysis to characterize the W-Horizon style
of mineralization. Detailed petrographic study of the pristine and largely unaltered TDLG
shows that wide spread hydrothermal alteration is not responsible for the mineralization.
Detailed outcrop mapping shows that the TDLG intruded as a series of multiple intrusions
in a dynamic magmatic system. Geochemical studies through the W-Horizon show that
the mineralization is not the result of crystallization in a layered intrusion. The results of
geochemical assays and electron microprobe analysis of olivine grains show that the chemistry
through the TDLG hosting the W-Horizon is erratic. This data supports the TDLG intruding
as a series of sills in a dynamic conduit environment.

The calculated sulphide metal tenors for the W-Horizon are higher than can be explained
by closed system R Factor models. Multistage dissolution upgrading in an open system is
examined as the process forming the W-Horizon. This model is able to produce the sulphide
metal tenors observed in the W-Horizon. Sulphur loss also affects grades and tenors and
was examined through geochemical and petrological data. The change in sulphide mineral
assemblage from a pyrrhotite and chalcopyrite (S-rich) to chalcopyrite and bornite (S-poor)
supports S-loss. Whole rock S and Se contents are also analyzed to investigate S loss, a lower
S/Se indicates that sulphur has been removed from the system. Average S/Se values are
∼800 for the W-Horizon, ∼1980 for the Main Zone and ∼1700 in unmineralized samples.
The very low S/Se observed within the W-Horizon supports S-loss.

Sulphur loss in a dynamic magmatic conduit system is proposed for the formation of the
W-Horizon mineralization. In this model sulphur undersaturated basaltic magma interacted
with an immiscible sulphide liquid in a magma conduit, resulting in the dissolution of sulphide
into the basaltic melt and PGE enrichment.
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Chapter 1

Introduction

1.1 General Introduction

The platinum group elements are a valuable and scarce resource important in modern society.
The average platinum and palladium prices in July 2012 were 1,427.00 USD/oz and 579.14
USD/oz respectively (Johnson Matthey website July 2012). Global platinum supply in
2011 was 6,480,000 ounces and palladium supply was 7,360,000 ounces (Butler, 2012). The
primary uses for platinum in 2011 were automobile catalytic converters (50%), jewelry (26%),
industrial (19%) and investment (2%) (Butler, 2012). Primary palladium uses in 2011 were
nearly identical with automobile catalytic converters (52%), industrial (30%) jewellery (11%)
and investment (3%) (Butler, 2012). Globally the production of platinum and palladium are
predominantly from magmatic sulphide deposits which are located within a limited number
of regions (Naldrett, 2011). Platinum production occurs predominantly out of South Africa
(75%) followed by Russia (13%), North America (5%) and Zimbabwe (5%) (Butler, 2012).
Palladium production is led by Russia (47%) followed by South Africa (35%), North America
(12%) and Zimbabwe (4%) (Butler, 2012).

The Marathon PGM-Cu deposit is a magmatic sulphide deposit hosted by the Coldwell
Complex, the largest alkaline igneous intrusion in North America. Exploration in the Coldwell
Complex has been ongoing since the 1920s. A detailed exploratory drilling program was
conducted at the Marathon PGM-Cu property by Anaconda in 1963 and led to the delineation
of a large copper deposit. Since then the property has changed hands several times and is
currently owned by Stillwater Canada Inc. The latest resource estimate for the deposit is
94.3 million tonnes measured with an average of 0.846 g/t Pd, 0.243 g/t Pt, 0.088 g/t Au
and 0.262% Cu and an additional 20.5 million tonnes indicated with an average of 0.451
g/t Pd, 0.160 g/t Pt, 0.062 g/t Au and 0.140% Cu. The total contained metal (measured +
indicated resource) is 2,950,000 oz Pd, 869,000 oz Pt, 316,000 oz Au and 618 million lb Cu.
Approximately 62% of the value of the deposit comes from the precious metals (Pd+Pt+Au)
compared to 38% from Cu (using July 2012 average prices, Pd (580 USD/oz) and Pt (1427
USD/oz) from Johnson Matthey website, Au (1592.8 USD/oz) from the London Bullion
Market Assocation website and Cu (7591.9 USD/mt) from the London Metal Exchange
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website).

Magmatic sulphide deposits are broadly divided into two main types, those which the
primary value comes from Cu and Ni and those which it comes from PGE. The Cu and
Ni rich deposits tend to be sulphide-rich containing 20 to 90 percent sulphide whereas the
PGE rich deposits tend to be sulphide-poor containing between 0.5 to 5 percent sulphide
(Naldrett, 2011). The Marathon PGM-Cu deposit is a PGE-rich sulphide-poor deposit. This
class of deposits has been further divided by Naldrett (2004, 2011) into 6 groupings based on
the magma type associated with the deposit. The Marathon PGM-Cu deposit is classified
as PGE-3 tholeiite related using Naldrett’s classification scheme. The Marathon PGM-Cu
deposit has also been classified as a strata-bound type deposit (Barrie et al., 2002).

The major mineralization zones at the Marathon PGM-Cu deposit have been divided into
three distinct zones: the Footwall Zone, the Main Zone and the W-Horizon. The Footwall
Zone occurs at the contact between the TDLG and the footwall occurs as net-textured
to semi-massive sulphides which are characterized by low Cu/S ratios. The Main Zone,
occurring above the Footwall Zone in the TDLG is the thickest and most continuous zone of
mineralization. It is characterized by disseminated interstitial sulphide minerals (ranging
from trace up to 5 modal %). The W-Horizon is a lens of high PGE low S mineralization
occurring above the Main Zone. It was first noted by Marathon-PGM during diamond drilling
programs conducted from 2004 to 2006. The W-Horizon is the focus of this study.

Numerous studies have been conducted on the Marathon PGM-Cu deposit over the years
detailing the petrography, sulphide mineralogy, geochemistry, platinum group minerals and
potential models for the formation of the deposit. Both a magmatic and hydrothermal origin
for the mineralization have been proposed and it is a controversial subject in the published
literature. This is the first study that focuses on the W-Horizon.

Hydrothermal models for the Marathon PGM-Cu deposit are detailed in Ohnenstetter
et al. (1991), Watkinson and Ohnenstetter (1992), Watkinson and Jones (1996), Dahl et al.
(2001), Barrie et al. (2002) and Samson et al. (2008). Common to these models is initial
formation of the mineralization through magmatic processes. Subsequent interaction with
Cl-rich fluids (saline and oxidized fluids have also been proposed) remobilizes Cu and PGE
from the lower parts of the deposit to higher levels where they are deposited. Another related
model for the mineralization is zone refining (Dahl et al., 2001; Barrie et al., 2002). In this
model source areas of crystalline or nearly crystalline rocks are fluxed by a volatile rich fluid
which depletes the incompatible elements (including Cu and PGE) and transports them from
the source. The volatile rich fluxing fluid becomes further enriched in incompatible elements
as it passes through and scavenges incompatibles from more rocks. When sulphur saturation
occurs within the fluxing fluid both sulphur and the incompatible elements are deposited. Key
evidence for these models includes an observed increase in alteration minerals associated with
mineralization (Ohnenstetter et al., 1991; Watkinson and Ohnenstetter, 1992; Watkinson
and Jones, 1996; Dahl et al., 2001; Barrie et al., 2002; Samson et al., 2008), an observed
association of mineralization and pegmatitic gabbro (Dahl et al., 2001; Barrie et al., 2002),
complexly zoned crystals of atokite-zvyagintsevite and hollingworhite which were interpreted
to have a hydrothermal origin (Watkinson and Ohnenstetter, 1992) and the distribution of
metals (high Cu and high Pd) which is unusual for a magmatic deposit (Barrie et al., 2002).
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A magmatic origin for the Marathon PGM-Cu deposit is detailed in Wilkinson (1983),
Good and Crocket (1989), Good and Crocket (1990), Good (1992), Good and Crocket (1994),
Good (2010) and Good (2012 in press). In these models the Two Duck Lake Gabbro intrudes
into the felsic country rock leading to assimilation. This causes S-saturation either through
the addition of S from the country rock or contamination triggering S-immiscibility. Although
hydrous minerals are observed in association with mineralization, the hydrous minerals are
not pervasive and typically occur in cm-scale zones, consistent with post-mineralization
formation from deuteric fluids (Good and Crocket, 1994). Results of whole rock geochemistry
and major element mineral chemistry showed that the coarse grained Two Duck Lake Gabbro
and the pegmatitic Two Duck Lake Gabbro had the same composition (Good and Crocket,
1994). Cu and Pd rich mineralization with low amounts of Ni can be modeled by early
crystallization of olivine prior to sulphur saturation. The metal abundances can further be
explained by sulphide dissolution upgrading in a magmatic conduit system which would
enrich the sulphides in Pd and to a lesser extent Cu (Good, 2010).

1.1.1 Deposits Sharing Similar Characteristics

The Skaergaard intrusion is interpreted to represent fractional crystallization of a closed
igneous system (McBirney, 1996). It contains the Platinova Reef, which is similar in some
regards to the W-Horizon as it contains low amounts of S and cannot be readily identified by
texture or mineral assemblages in the field (McBirney, 1996; Andersen et al., 1998; Nielsen
et al., 2005). Ten PGE-rich zones (>0.5 ppm Pd) within a stratigraphic sequence of 60 m
with a lateral continuity over 23 km2 have been successfully identified using geochemical
assays for metals. Electron microprobe of plagioclase grains across the intrusion have shown
that anorthite content in plagioclase decreases smoothly up through the intrusion with no
erratic jumps associated with mineralization (Toplis et al., 2008).

The Sonju Lake Intrusion located in the Duluth complex is another example of closed
system fractional crystallization associated with a PGE-horizon. Fractional crystallization
is shown by smooth cryptic variations in the composition of olivine and augite crystals
determined from electron microprobe (Miller, 1999). Saturation of sulphide in the closed
system is interpreted to have resulted from fractional crystallization and settling of the
sulphide liquid left strong depletion signatures above the mineralization.

Layering at the Stillwater Complex was identified using major element geochemistry and
major element mineral chemistry(Todd et al., 1982). Using these methods over 17 cyclic
units ranging from 50-150 m were reported in the Stillwater Complex. Major element mineral
chemistry of plagioclase and olivine was used through a transect of the J-M Reef to asses for
cyclic mineral variation. Plagioclase showed a gradual upward trend of decreasing anorthite
content through the J-M Reef. Olivine showed an abrupt change from Fo81-Fo88 to Fo60-Fo74
just below the J-M Reef (Todd et al., 1982). Another study by Keays et al. (2012) showed
an increase of MgO (from whole rock geochemistry) at the reef contact that was interpreted
to indicate a fresh pulse of magma.

Multiple pulses of magma through a conduit system have been proposed for many
magmatic Ni-Cu-(PGE) deposits including Norilsk (Naldrett, 1992; Arndt et al., 2003; Arndt,
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2011), Voisey’s Bay (Li and Naldrett, 1999; Naldrett and Ripley, 2009; Ripley and Li, 2011),
Jinchaun (Li and Ripley, 2011; Song et al., 2011), the Thunder Bay North deposit (Chaffee
et al., 2012), the Eagle Deposit (Ripley and Li, 2011; Ding et al., 2012) and the Partridge
River Intrusion (Taib, 2001; Thériault et al., 2000; Ripley et al., 2007). A magmatic conduit
system has also been proposed for the Marathon PGM-Cu deposit based on modeling of
trends in metal ratios (Good, 2010). Common themes for magmatic conduit deposits include
evidence for large volumes of extrusive magma, cyclic or erratic trends in major element and
mineral chemistry resulting from recharge events, the transport of sulphide liquid through
conduits and physical traps which allow for the sulphides to settle out and collect. These
key criteria will be used to evaluate the data gathered from the W-Horizon for evidence of a
magmatic conduit system.

Sulphur dissolution upgrading (Kerr, 2005) is a process which occurs in magmatic conduits.
After the formation of sulphide liquid, new pulses of sulphur-undersaturated magma pass
through the system. The sulphur undersaturated magma interacts with the sulphur liquid and
dissolves some of the sulphide while at the same time upgrading the tenor of the remaining
sulphide. This model has been proposed to explain the very high PGE tenors observed at
Bushveld (Kerr, 2005), Norilsk (Kerr 2005 and Arndt 2011), Stillwater (Keays et al., 2012)
and the Marathon PGM-Cu deposit (Good, 2010). The PGE tenors in the W-Horizon will
be modeled to determine if they could have formed from sulphur dissolution upgrading.

1.2 Research Objectives

The major goals of this project are to: characterize the W-Horizon mineralization and
compare it to the other mineralization zones at the Marathon deposit; determine the physical
conditions of emplacement of the W-Horizon; and determine if the W-Horizon mineralization
was formed through magmatic and/or hydrothermal processes. For this project four, diamond
drill holes intersecting the W-Horizon were studied and sampled in detail. Complete sample
suites intersecting the W-Horizon and the surrounding unmineralized rock were logged in
detail and sampled for geochemical assay and the production of polished thin sections.

Characterization of the W-Horizon will be done using drill core logging, silicate and sul-
phide mineral petrography, whole rock geochemistry and mineral chemistry. The petrography
and sulphide mineral assemblage of the Two Duck Lake Gabbro hosting the W-Horizon
mineralization will be described in detail and compared to the other mineralized zones.
Whole rock geochemistry will be used to compare the W-Horizon mineralization to the
previously studied zones, and assess for chemical evidence of hydrothermal alteration. Both
major and trace element mineral chemistry will be determined by electron microprobe and
LA-ICP-MS to examine for changes between the various mineralized zones and unmineralized
TDLG. Trace element mineral chemistry was analyzed using LA-ICP-MS. Trace element
mineral chemistry is not affected by crystal re-equilibration and is useful for interpreting
crystallization histories.

The physical conditions of emplacement will be assessed using whole rock geochemistry
and mineral chemistry. Evidence for fractional crystallization, cryptic layering or cyclic
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injections within the TDLG will be assessed using major element geochemistry and examining
for systematic changes. Olivine grains were analyzed for major element composition using an
electron microprobe as these compositions remain unaffected by changes in modal mineral
abundances.
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Chapter 2

Geology

2.1 Introduction

The Marathon deposit is located on the north shore of Lake Superior on the eastern edge
of the Coldwell Alkaline Intrusive Complex (Fig. 2.1). The Coldwell Complex formed at
approximately 1108 Ma as part of the mid-continent rift system of North America (Heaman
and Machado, 1992).

2.2 The Mid-Continent Rift System of North America

The mid-continent rift system (MCR) of North America is an aborted Proterozoic rift, and
is one of the largest known continental rifts in the world (Heaman and Machado, 1992).
The MCR is over 2300 km in length and extends from Lake Superior south-west to central
Kansas (Green, 1983) (2.1 inset map). The majority of the MCR rocks are covered by
Paleozoic sedimentary strata but are exposed in the Lake Superior area. The MCR intruded
rocks of the Archean Superior Province of the Canadian Shield (2.7 Ga) and the Early
Proterozoic Southern Province (1.9 Ga) (Van Schmus and Bickford, 1981). Keweenawan
volcanism associated with the rift took place between 1108 and 1087 Ma (Palmer and Davis,
1987). During this time voluminous amounts of magma were erupted, estimated between
300,000 km3 (Green, 1983) and 850,000 km3 (Hutchinson et al., 1990), making it the most
voluminous major Precambrian mafic magmatic event in North America (Heaman and
Machado, 1992). The rates of eruption are estimated to have been between 0.2-0.6 km3/year
producing Phanerozoic flood basalt provinces (Davis and Paces, 1990). Similar tectonic
settings and types of igneous activity are located in the Gregory-Kavirondo Rifts of East
Africa and the Kangerdlugssuaq area of East Greenland (Mitchell and Platt, 1978).

Major tholeiitic intrusions associated with the MCR include the Duluth Complex (Min-
nesota), the Mellon Complex (Wisconsin), the Logan Sills (Ontario) and the Coldwell Complex
(Ontario) (Heaman and Machado, 1992). Plutons located off-axis of the northern flank of
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Figure 2.1: Generalized geologic map of the of the Lake Superior region showing the Coldwell
Complex with the mid-continent rift gravity anomaly highlighted in the inset map. Modified
from Swanson-Hysell et al. (2009).

the MCR include the Coldwell, Prairie Lake, Killala Lake and Chipman Lake intrusions
(Heaman and Machado, 1992).

2.3 The Coldwell Complex

The Coldwell Complex, the largest alkaline intrusion in North America, is approximately
28 km in diameter and has a surface area of 580 km2 (Mitchell and Platt 1977, Shaw 1997,
Heaman and Machado 1992). It was emplaced at 1108 ± 1 Ma during the early stages of the
mid-continent rift system of North America (Heaman and Machado, 1992). The Coldwell
Complex is unusual in that it contains oversaturated, saturated and undersaturated rocks.
Rocks of the Schreiber-White Lake Archean metavolcanic-metasediment are truncated by
the Coldwell Complex (Mitchell and Platt, 1978). On the eastern edge of the complex the
contact with the Archean rocks has a regular arcuate shape, whereas on the west the contact
is irregular and faulted. The rocks within 50 m of the contact are metamorphosed to pyroxene
hornfels grade. The configuration of the Coldwell Complex shows that it was emplaced as
sheet like bodies during cauldron subsidence (Walker et al., 1993). Early work by Lilley (1964)
interpreted the Coldwell Complex as a funnel shaped body of gabbro, which crystallized
by fractional crystallization, and was later intruded by nepheline syenites. Later work by
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Puskas (1967) reinterpreted the complex as a large lopolith. Detailed field studies conducted
by Puskas (1970), Mitchell and Platt (1977), Mitchell and Platt (1982), and Mitchell et al.
(1993) have shown that the Coldwell Complex actually consists of three overlapping ring
intrusions which they termed Centres (Fig. 2.2). The rocks to the western portion of the
complex are characterized by multiple breccias and show extensive metasomatism. The rocks
on the eastern portion of the complex contain low amounts of xenoliths and metasomatism,
and were interpreted to represent a deeper level of the complex by Mitchell and Platt (1978).
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Figure 2.2: Geology of the Coldwell Complex, northwestern Ontario, showing the three
overlapping intrusive centres (I, II and III). The Two Duck Lake Gabbro intrusion is shown
along the eastern margin of the Coldwell Complex. Modified from Mulja and Mitchell (1991)

Centre I is the oldest unit, consists of saturated alkaline rocks with peralkaline over-
saturated residua and is located in the eastern portion of the Coldwell Complex (Mitchell
and Platt, 1977). The oldest unit within this Centre is the Eastern Gabbro, which rims
Centre I along the eastern and northern boundaries. The Marathon deposit is hosted within
Centre I. The gabbros were intruded by the ferroaugite syenites that make up the bulk of
Centre I. The gabbros and syenites commonly show igneous layering and rarely contain
breccias. Mineralogical studies have shown iron enrichment in the form of the minerals
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fayalite, ferroaugite, ferrodenite-hastingsite and ferrorichterite (Mitchell and Platt, 1977).

Centre II is composed of undersaturated alkaline rocks. Biotite gabbro has been intruded
by several phases of nepheline and natrolite syenites (Mitchell and Platt, 1982). Texturally
these rocks display variable textures, and in outcrop breccia zones, layering and evidence
of recrystallization are apparent. The dominant mafic phase amphibole which ranged from
magnesian hastingsitic hornblende to hastingsite to hastingsitic hornblende to ferroedenitic
hornblende. Pyroxenes were observed to occur as corroded diopside cores surrounded by
amphibole and less commonly as acmitic hedenbergite overgrowth rims on iron-rich amphiboles
(Mitchell and Platt, 1982). The nepheline syenites are silica over saturated and contained
feldspars which lacked microcline twinning and perthites and also exhibited extensive high
sub-soludius ion exchange with Na-rich fluids (Mitchell and Platt, 1982). Extensive dike
swarms of lamprophyres and analcite tinguaties are also associated with this intrusion.

Centre III rocks are alkaline with oversaturated residua. The order of intrusion in this
centre was magnesiohornblende syenite, contaminated ferro-edenite syenite, ferro-edenite
syenite and quartz syenite (Mitchell et al., 1993). This centre is characterized by a wide
variety of amphibole compositions ranging from magnesiohornblende through ferro-edenite
and ferrorichterite. Magnesiohornblende syenites are composed of alkali feldspar, amphibole,
minor biotite, quartz and accessory minerals. The ferroedenite syenites are composed of
alkali feldspar, quartz, minor biotite, magnetite-ilmenite and accessory minerals (McLaughlin
and Mitchell, 1989). The contaminated ferro-edenite syenite is composed of alkali feldspar,
amphibole, biotite, accessory minerals and contains abundant xenoliths. Quartz syenites are
composed of alkali feldspar, amphibole, minor quartz and accessory minerals (McLaughlin
and Mitchell, 1989). This centre shows evidence of multiple intrusions, contamination and
brecciation of preexisting plutons (Mitchell et al., 1993). Rocks of this centre were observed
to have intruded into most other phases in the complex (Mitchell and Platt, 1978).

2.4 Summary of Previous Work

Exploration around the Marathon property has been ongoing since the 1920’s. In 1963
Anaconda acquired the Marathon property and a systematic exploratory diamond drilling
program led to its development as a copper resource. Since then numerous studies on the
property have been published. A key controversy in the literature has been whether the
mineralization has a magmatic or hydrothermal origin. No detailed studies of the W-Horizon
mineralization have been published. Below is a detailed summary of the major works
published on the Marathon PGM-Cu property.

Wilkinson (1983) conducted a detailed study of the Two Duck Lake Gabbro within the
Bamoos Lake area of the Marathon PGM-Cu deposit. Initial work included detailed mapping
and sample collection. Samples were assayed for major and base precious metals by atomic
absorption and optic emission. Using polished thin sections Wilkinson compiled a detailed
description of the petrography of the gabbro, the sulphide minerals and the platinum group
minerals. His work concluded that the mineralization at the Marathon PGM-Cu deposit was
of magmatic in origin. He proposed that after intruding, the TDLG assimilated some of the
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wall rock material leading to the addition of H2O and CO2 volatiles. The increase in f O2

caused precipitation of the massive layers of magnetite. The f S2
increased in response to the

formation of magnetite and led to the precipitation of sulphide minerals within the TDLG.
These late stage volatiles were attributed as the cause for the localized, patchy alteration
minerals associated with some of the sulphide minerals.

Good and Crocket (1989) conducted sulphur isotopic analysis on samples of TDLG
from the Marathon PGE-Cu deposit, and gabbro from the MacRae occurrence (a near-by
mineralized gabbro located within the Coldwell Complex). The results of the analysis showed
that both the Marathon PGE-Cu deposit and the MacRae occurrence had δ34S near 0, and
were indistinguishable from magmatic values. The footwall which the TDLG intruded was
not analyzed for comparison to the samples of TDLG. However since both deposits had values
near 0 it was concluded that similar ranges of δ34S inherited from the Archean basement was
unlikely and interpreted to support a magmatic origin for both deposits.

Good and Crocket (1990) conducted detailed mapping, sample collection and whole rock
geochemistry to investigate the origin for the mineralization. Their detailed petrographic
work showed that the sulphides in the TDLG occurred interstitial to fresh silicates and as
disseminated grains associated with hydrous minerals (biotite, chlorite, amphibole and altered
plagioclase and calcite). Calculations of the PGE tenor to 100% sulphides showed that there
were no fractionation trends that separated the most altered samples from the fresh samples,
and it was concluded that the origin of the mineralization was magmatic.

Ohnenstetter et al. (1991) conducted a study of zoned hollingworthite (RhAsS) crystals
in samples of TDLG. The samples were collected from coarse grained to pegmatitic TDLG
and were analyzed by electron microprobe and scanning electron microscope. Hollingworthite
crystals were observed in close association with chalcopyrite. They observed three stages of
zoning within the hollingworthite crystals: 1) initial growth of an Ir and As-rich hollingwor-
thite; 2) partial resorption of this phase and precipitation of near end-member hollingworhite;
3) resorption of hollingworthite along the edges of grains and cracks, outer rims enriched in
Pd, Os or Ru, and depletion of Pd and Ni. The observed zoning was interpreted to be too
complex to have formed from the exsolution of a magmatic sulphide and to have resulted
from variations in the compositions of fluids. The proposed model was the dissolution of
pyrrhotite by a saline fluid leading to its enrichment in S. Precipitation of this fluid resulted
in the alteration of original silicates and oxides, the modification of sulfides through the
replacement of Fe minerals by chalcopyrite and the precipitation of Pt-group minerals.

Watkinson and Ohnenstetter (1992) conducted a petrographic study of the TDLG and
an electron microprobe study to determine the composition of PGM in the TDLG. The
PGM in the TDLG were observed as: 1) inclusions in or adjacent to postcumulus sulphides
(chalcopyrite and cubanite), 2) in chalcopyrite or pentlandite along sulphide-oxide grain
boundaries, 3) in the rim of plagioclase grains with chalcopyrite, in veinlets along the contacts
of chalcopyrite with other minerals, or 5) in veins cutting magnetite that is partly altered.
The majority of PGM were located as isolated grains within chalcopyrite. They also observed
that the highest PGE grades were in coarse grained to pegmatitic rocks, however the coarsest
grains rocks did not contain the highest grades. A close relationship of PGM with mica and
apatite, and PGM with the alteration assemblage chlorite + actinolite + epidote + sericite +
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calcite was noted. The electron microprobe revealed that most of the PGM had homogeneous
compositions, whereas atokite-zvyagintsevite and hollingworhite were intricately zoned. They
concluded that the mineralization at the Marathon PGE-Cu deposit was hydrothermal in
origin based on: 1) unusual Cu-rich sulphide mineral assemblage dominated by chalcopyrite
which is uncommon for a magmatic sulphide assemblage, 2) replacement of pyrrhotite by
chalcopyrite 3) association of PGM with alteration minerals. The proposed model was an
early precipitation of magmatic sulphides followed by alteration by a fluid (derived from
magmatic sources and the breakdown of felsic metavolcanic xenoliths from the footwall).
The fluid transported PGE and Cu, possibly as chloride complexes, to refine the original
sulphide minerals.

Good (1992) conducted a detailed study on the Marathon PGE-Cu deposit. The study
involved detailed mapping and sampling, whole rock geochemical assays for major and
trace elements, precious metals assays and major element mineral chemistry using electron
microprobe. He concluded that a magmatic origin for the sulphides at the Marathon PGE-
Cu deposit was consistent with the geochemical and petrographic evidence. The observed
enrichment in Cu and depletion in Ni and Ir was explained by his model. In the model the
TDLG was emplaced as a crystal mush containing plagioclase, olivine and sulphide liquid.
Sulphide saturation was attained in a lower magma chamber through the assimilation of S-
bearing Archean country rock. The sulphide liquid equilibrated with fractionated silicate melt
which was depleted in Ni and Ir. During the intrusive event the sulphide liquid crystallized
into a monosulphide solution which resulted in an enrichment in Cu, resulting in the Main
Zone. The Basal Zone, which contains more S and less Cu, was deemed to be a later phase
which gathered metals from a PGE and Cu depleted source.

The work of Good and Crocket (1994) continued on the work of Good (1992) and the
results supported a magmatic origin for the Marathon PGE-Cu deposit. This study involved
detailed petrography, major element mineral chemistry by electron microprobe and whole
rock geochemistry. The TDLG samples studied contained predominantly primary unaltered
minerals, and there was an absence of extensive alteration minerals. Hydrous minerals,
where observed, were in small centimeter scale zones consistent with local migration of
chalcophile elements over very short distances in a deuteric fluid. The sulphide minerals
were observed to be primarily in contact with anhydrous silicate minerals and magnetite.
Whole rock geochemistry and mineral chemistry showed that there were no significant
differences between coarse grained TDLG and the more hydrous pegmatitic TDLG. Whole
rock geochemistry also showed that there was a significant positive correlation between
chalcophile elements and sulphur, which is consistent with a magmatic origin. If the ore
was formed from hydrothermal processes a loss in element proportions typical of magmatic
control would be expected.

Shaw (1994 and 1997) focused on the Eastern Gabbro, examining field relationships, whole
rock chemical composition and major element mineral compositions by electron microprobe.
Modal layering was observed within the Eastern Gabbro, the layers dip between 20 and 60
degrees towards the center of the complex. The predominant layering of the Eastern Gabbro
in the Bamoos Lake area were meter-scale planar layers that laterally discontinuous over
distances of 5 to 10 m. Folded and slumped layers of varying thickness were also observed.
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Major element mineral chemistry revealed trends of both normal and reversed fractional
crystallization in the gabbro. The intrusion of the gabbro was interpreted to have occurred
as a large ring dyke system into an active ring fault system through multiple injections of
magma. Using mineral-melt equilibria Shaw concluded that the parental magma for the
Eastern Gabbro had a subalkaline parentage with a Mg# of 0.42-0.49.

Watkinson and Jones (1996) investigated PGM grains and fluid inclusions located in
chalcopyrite and cubanite grains in the TDLG of the Marathon deposit. He observed that
the PGM were commonly located on broken irregular surfaces of Cu-Fe-S minerals. Halite
daughter minerals and quenched brine were also observed in and around fluid inclusions. PGM
grains in fractures cutting altered titanomagnetite that had undergone oxyexsolution were
interpreted to indicate a highly oxidized environment. In highly oxidizing conditions brines
of deuteric or mixed origins could interact with previously crystallized magmatic sulphides
and remobilize the PGE from the lower parts of the intrusion to a higher level where they
reacted with a strong temperature gradient. He concluded that the PGE enrichment was
due to this zone refining process and occurred at subsolidus temperatures.

Dahl et al. (2001) presents data collected from a detailed 1:200 mapping program of the
TDLG centered around Two Duck Lake. In his mapping Dahl separates the TDLG into
three distinct zones, the lower sub-unit, the middle sub-unit and the upper sub-unit. The
lower zone is described as a fine to medium grained hornblende gabbro to monzonite, hydrous
silicates are pervasive and it contains disseminated sulfides (2-3%). The middle sub-unit is
described as a coarse grained to pegmatitic olivine gabbro with numerous pods of pegmatitic
gabbro and granophyre, hydrous silicates occurred only locally, and trace amounts of sulfides
were observed. The upper sub-unit is described as mainly coarse to very coarse grained
olivine gabbro to diorite with hypidiomorphic to poikilitic textures, hydrous silicates occurred
in a greater abundance than the middle zone and it contained disseminated sulphides (up to
5 vol%). The lower and upper sub-units were similar in that they both contained a greater
abundance of hydrous silicates, sulfide minerals and xenoliths. The observed increase of
hydrous silicates, pegmatitic zones, granophyre and xenoliths were interpreted to support
the segregation and local remobilization of hybrid magmas enriched in silica, alkalies and
volatiles. These magmas along with a base and precious metal enriched fluid phase migrated
from the bottom to the top of the intrusion. This process was accompanied by hydrothermal
alteration and remobilization along the intrusion boundaries during cooling of the TDLG
and concentrated sulphide and PGE mineralization in the foot wall (Footwall Zone) and the
hanging wall (Main Zone).

Barrie et al. (2002) published the results of a detailed relogging and assaying study from
diamond drill core of the Marathon PGM-Cu deposit. They observed that primary magmatic
textures were common in all of the mineralized zones and were best developed in medium and
coarse grained gabbro where sulphides were interstitial to cumulus silicate phases with low
amounts of alteration minerals. The ubiquitous, undisturbed, net-textured sulphides observed
in the rocks indicated that the initial metal enrichment was due to accumulation of immiscible
sulphide in a magmatic system. Very coarse to pegmatitic gabbro were observed to contain
interstitial primary magmatic sulphides which commonly contained partial replacement
textures with cumulus and intercumulus silicate minerals. The pegmatitic textures and
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increase in alteration minerals were interpreted to be consistent with crystallization in a fluid
rich melt. The highest Cu and Pd values were observed to be displaced from the highest S
values in the upper zones of the ore stratigraphy. The combination of pegmatitic textures
associated with mineralization, alteration minerals in some of the mineralized zones and
displacement of Cu and Pd from S led the authors to propose a zone refining model for the
Marathon deposit. In this model the intrusion of the gabbro caused the release of volatile
rich fluids from the felsic volcanic footwall unit, this fluid was then fluxed up through the
gabbro. As the fluid rose it became enriched in incompatible elements, sulphur and metals
and caused the depletion of incompatible elements in the residual gabbro. As the fluxing
fluid rose it eventually reached S saturation and precipitated sulphide, chalcophile elements
and caused the coarse grained to pegmatitic textures.

Good (2010) presented a 3D deposit model for the Marathon PGE-Cu deposit generated
using logs and assays from diamond drill holes. Using base metal to PGE ratios he proposed
that the multistage dissolution upgrading model of Kerr and Leitch (2005) can explain the
observed trends. Magma conduits feeding the deposit are the source of sulphur undersaturated
magma required for the dissolution upgrading model. After initial sulphide saturation the
sulphide liquid became trapped in troughs in the magma conduit. New pulses of sulphur
undersaturated magma intruded through the conduit system and upgraded the previously
formed sulphide liquid. Dissolution upgrading reproduces the metal ratios observed in the
deposit: a maximum Cu in sulphide tenor near 35 wt% Cu and extreme enrichment in Pd
(tenor values up to 3.5 wt% Pd observed) and to a lesser extent Pt.

Good et al. (submitted) presents results of a geochemical and petrographical study of the
Two Duck Lake Gabbro and the Eastern Gabbro spanning the eastern and northern rims of
the Coldwell Complex. The Eastern Gabbro is shown to be chemically similar across the 20
km strength length in both major element chemistry and REE concentrations and chondrite
normalized patterns. The REE patterns of the TDLG are distinct from those of the Eastern
Gabbro. The detailed petrographic study showed that the Layered Gabbro and massive
Eastern Gabbro are texturally distinct from the coarse grained to pegmatitic, heterogeneous
TDLG.

2.5 Geology of the Marathon Deposit

The Marathon deposit is located within Centre I on the eastern rim of the Coldwell Complex,
within the Eastern Gabbro (Fig. 2.3). The major geologic units in this area strike north-south
and consists of a Rheomorphic Intrusive Breccia (RIB) at the contact with the Archean
footwall host, the Eastern Gabbro and the Two Duck Lake Gabbro the intrudes the Eastern
Gabbro at or near the RIB.

A generalized geologic cross section outlining the geometry of Marathon deposit is shown
in Figure 2.4. The Two Duck Lake Gabbro intruded above the RIB and follows troughs and
basins within it. Xenoliths of the Eastern Gabbro commonly occur within the Two Duck
Lake Gabbro. The Eastern Gabbro lies above the Two Duck Lake Gabbro. The Main Zone
mineralization is located at the base of the Two Duck Lake Gabbro, and the thickness of the
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mineralization typically increases in troughs in the footwall. The W-Horizon mineralization
is also located within the Two Duck Lake Gabbro above the Main Zone mineralization. The
separation between the two mineralized zones is variable and can range from less than a
metre to decimetres.

2.5.1 Rheomorphic Intrusive Breccia

The Rheomorphic Intrusive Breccia (RIB) occurs at the base of the Eastern Gabbro contact
and strikes north-south and dips to the west at 20 to 60◦ (Good, 1992; Shaw, 1994). The
unit can be matrix or clast supported, with clasts ranging in size from 1 cm to greater than 1
m across (Fig. 2.5 D). Clasts in the area of the Two Duck Lake Gabbro are predominantly
composed of fine grained gabbro and intermediate volcanic rocks of Archean age. Elsewhere
in the Coldwell Complex the clasts are more variable including massive quartz, magnetite-rich
iron formation and mafic volcanics. The shape of clasts ranges from sub-rounded to angular
and granitic rinds are present on clast margins, clasts are stretched and boudinaged and
the matrix displays flow fabrics (Shaw, 1994). These features are interpreted as evidence of
thermal remobilization.

2.5.2 Eastern Gabbro

The Eastern Gabbro is a ring dike that forms an arc shaped unit and strikes for 33 km with
a width up to 2.5 km. To the northwest the Eastern Gabbro is truncated by late quartz
syenites. The Eastern gabbro is comprised of several units: Gabbronorite, Layered Gabbro
and Layered Magnetite Olivine Cumulate.

2.5.2.1 Gabbronorite

The oldest subunit in the Eastern Gabbro is Gabbronorite. It is located between Bamoos
Lake and Two Duck Lake where it occurs as dykes within the Archean footwall, as xenoliths
in younger gabbro, and as clasts within the rheomorphic intrusive breccia. The dykes that
intruded Archean volcanic rocks are vertical with a north strike traceable up to 100 m and
can be up to 6 m thick (Shaw, 1994).

The composition and texture of the Gabbronorite is variable including olivine-plagioclase
gabbronorite, fine to medium grained olivine gabbronorite, olivine gabbro, poikilitic gabbro
and gabbronorite (Fig. 2.5 A and 2.7 A). Contacts between the subunits are gradational over
5-10 cm intervals. Weakly developed layering is common in the gabbronorite xenoliths and is
defined by pyroxene, olivine and magnetite oikiocrysts in the fine grained (< 1 mm) gabbro
and Gabbronorite. The layering is also defined by feldspar phenocrysts in the gabbronorite
(Shaw, 1994).
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Figure 2.4: Generalized cross-section looking north showing the major units and mineralization
zones of the Marathon deposit. The contact between the Two Duck Lake Gabbro and the
Rheomorphic Intrusive Breccia dips between 20-60◦ to the west. The Footwall Zone occurs
at the interface of the footwall and the TDLG and the mineralization can be hosted within
either unit. The Main Zone mineralization is above the contact between the Two Duck Lake
Gabbro and the footwall. The thickness of the Main Zone mineralization increases at troughs
in the footwall. The W-Horizon mineralization occurs above the Main Zone mineralization
within the Two Duck Lake Gabbro. Horizontal scale is exaggerated to show relationships
between mineralized zones.
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2.5.2.2 Layered Gabbro

The Layered Gabbro forms the majority of the Eastern Gabbro and consists of olivine,
clinopyroxene, magnetite and plagioclase (Shaw, 1994). Olivine, clinopyroxene and magnetite
crystallized first as cumulate minerals, with later anhedral plagioclase grains that fill the
interstices. Contacts with the Archean country rock are vertical to steeply dipping to the
west and are shallow dipping with the younger iron-rich augite syenite. The unit ranges from
massive to layered, and there are several layering styles. Layers are laterally discontinuous
over a few to tens of meters, they are rhythmic with layers between a few centimeters and
meters in thickness, contacts are sharp to gradational, and structures such as cross beddings,
slump features, and folds are present in localized zones (Fig. 2.5 B). The layers are defined
by variations in modal percent plagioclase between leucocratic layers (60-80% plagioclase) to
mesocratic and melanocratic layers (20-35% plagioclase). The layers strike parallel to the
eastern contact of the unit and the dip ranges from 20◦ to 60◦ towards the centre of the
Coldwell Complex (Shaw, 1994). Within the area of Bamoos Lake pyroxene and magnetite
oikiocrystic anorthosite and anorthositic blocks which range in size from a few cm to more
than a 1 m are common.

2.5.2.3 Layered Magnetite Olivine Cumulate

The Layered Magnetite Olivine Cumulate (LMOC) was observed to the west of and strati-
graphically above the Two Duck Lake Gabbro by Shaw (1994). The LMOC occurs predomi-
nantly within the Layered Gabbro and consists of alternating gradational layers of medium
to coarse grained magnetite and olivine cumulates with interstitial plagioclase. The massive
magnetite cumulate layers contain 25-95% magnetite. Thickness of the unit ranges from a
few cm up to 10’s of m.

2.5.3 Two Duck Lake Gabbro

The Two Duck Lake Gabbro (TDLG) intruded the layered gabbro in the area south of
Bamoos Lake. Based on textural and geochemical evidence the TDLG is considered a separate
intrusion from the Eastern Gabbro. The intrusion strikes north-south, can be traced for over
6 km, and ranges in thickness between 50 and 250 m. The Two Duck Lake intrusion forms
an anastomosing or bifurcating series of dikes or sills that cut the preexisting gabbros (Fig.
2.5 F); see also (Good, 2008). Local bands of mafic minerals observed in outcrop have been
interpreted to represent accumulations of minerals from crystal settling processes occurring
during the intrusion of a crystal mush, as described by Marsh (2004), Marsh (2006) and
Marsh (2007). Examples of these zones of crystal sorting are shown in Figure 2.6. Figure 2.6
A and B show a 2 x 2 m outcrop of TDLG, overall the composition is that of a gabbro but on
a localized scale different units can be picked out. This texture is unlikely to result from the
intrusion of three different magmatic phases (clinopyroxenite, gabbro, and pegmatitic gabbro),
but rather are interpreted to represent zones where crystals (gabbro) have accumulated and
interstitial melt has accumulated or forced into open space (clinopyroxenite). Figure 2.6 C
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A B

C D
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Figure 2.5: Photographs of rock textures seen in outcrop. Scale card is approximately 8 cm
wide, hammer is approximately 30 cm long. A) Fine grained Eastern Gabbro with cumulate
texture. B) Coarse grained equigranular Eastern Gabbro exhibiting layering (running right
to left in photo). C) Layer of magnetite-olivine cumulate within fine grained Eastern Gabbro.
D) Rheomorphic intrusive breccia exhibiting rounded and angular clasts.E) Vari-textured of
coarse grained and pegmatitic Two Duck Lake Gabbro. F) Chaotic anastomosing stringers
of TDLG indicating a dynamic intrusive environment.
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Figure 2.6: Photographs of rock textures exhibiting crystal sorting in outcrop. Scale card is
approximately 8 cm wide, hammer is approximately 60 cm long. A) Outcrop of Two Duck
Lake Gabbro showing complex relationships and zoning. B) Same photo as A highlighting
the different rock compositions on a localized scale. Overall the entire area is classified
as Two Duck Lake Gabbro, but within the 2x2 m area several sub units can be observed
including clinopyroxenite, gabbro and pegmatitic gabbro. C) Close up of Two Duck Lake
Gabbro showing the contact between four phases. D) Same photo as D highlighting the
different compositions on a localized scale. The top section is composed of clinopyroxene
(Cpx), plagioclase (Plag) and Olivine (Olv) and is the typical TDLG composition. Below
this is a zone of predominantly Plag + Olv. The bottom right of the photo is a zone of Olv
+ Cpx. The bottom left of the photo is a zone of Cpx + Olv.

20



and D show a zoom in of a typical contact in a zone where crystal sorting is interpreted.
Here over a 15 x 15 cm area the overall composition is a gabbro but there are four distinct
phases. Again these are interpreted to represent zones of physical sorting and the different
compositions are merely the results of accumulations of different mineral phases.

Also observed within outcrop the local bands of mafic minerals within the TDLG are
cross-cut by younger generations of TDLG. The chaotic intrusive nature of the TDLG is
important in the interpretation of whole rock and mineral chemistry data. The TDLG
intrudes into the Layered Gabbro Series, the LMOC and the RIB. The TDLG is the host of
the mineralization at the Marathon deposit.

Based on the observations of this study, and those of Wilkinson (1983), Good and Crocket
(1990), Good (1992) and Dahl et al. (2001) the Two Duck Lake Gabbro predominantly has
an ophitic texture (Fig. 2.5 D and 2.7 C). This texture is extremely important as it allows
the TDLG to be easily distinguished from coarse grained Eastern Gabbro rocks which are
otherwise similar in appearance. The order of crystallization for major minerals is plagioclase,
olivine and clinopyroxene. Plagioclase grains are tabular, and typically have well defined
euhedral to subhedral crystal shapes. Olivine grains are typically subhedral to anhedral.
Both of these minerals are encased by large irregular anhedral oikocrysts of pyroxene. Modal
composition of the major minerals is consistent on the mesoscopic scale with modal mineral
abundances of plagioclase ≥ clinopyroxene > olivine. On the microscopic scale the modal
mineral abundances can be highly variable. Minor minerals include iron oxides (magnetite
and ilmenite), biotite and apatite.

In his 2002 publication Tucker Barrie recommended that the use of the name Two Duck
Lake Gabbro be abandoned. This was because of a lack of chemical, isotopic and mineralogical
distinctions between the two units. At the time the major distinction between the two units
was based on textural evidence, with the important ophitic texture of the TDLG separating
it from the cumulate texture of the Eastern Gabbro. Trenching and mapping since then
has revealed abundant textural evidence that the TDLG is a separate intrusive phase. In
addition a recent lithogeochemistry study by Good et al. (submitted) have shown that there
is a clear distinction between the units and ended this controversy.

The TDLG is typically medium to coarse grained, however there is a continuous range in
crystal size from the groundmass to phenocrysts. Although there is a heterogeneous grain
size distribution, clinopyroxene grains are generally the largest followed by plagioclase then
olivine. Within the TDLG there are pegmatitic zones which form irregular pods ranging
from a few centimeters to a few meters in size. Grain sizes within the pegmatitic pods can be
up to 10 cm in size (Fig. 2.7 D). Minor cumulate zones of feldspathic clinopyroxenite with
associated apatite were also observed within the TDLG (this study).

2.5.3.1 Feldspathic Clinopyroxenite

Feldspathic clinopyroxenite occurs locally within the TDLG and only comprises a minor
proportion of the TDLG. This unit is typically thin (decimeter scale), exhibits gradational
boundaries and is commonly intermixed with the TDLG. In hand sample these (Fig. 2.7
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E) zones have a mottled texture, and the plagioclase are milky white in colour with visible
quartz/K-feldspar intergrowths and range in size from 1 to 3 cm. Apatite rich zones are
commonly green and have a sugary appearance. Typically these feldspathic clinopyroxenite
zones are coarse grained with a modal abundance in decreasing order of clinopyroxene,
plagioclase, K-feldspar, quartz, apatite, olivine and magnetite. Clinopyroxene is anhedral
and subangular and is a cumulate phase.

2.5.4 Malpas Lake Gabbro

The Malpas lake Intrusion is centered near Malpas Lake, in the south central portion of the
Eastern Gabbro. Limited exposure of cross-cutting relationships indicates that the Malpas
Lake Intrusion is younger than the Layered gabbro. This unit is dominantly a blocky feldspar
porphyritic, fine to medium grained massive gabbro. Sub-trachytic zones occur and a weak
layering is present locally within this unit.

2.5.5 Syenite Dikes

Late quartz syenite and augite syenite dikes cut all of the gabbro units, but overall form only
a minor component at the Marathon deposit.

2.6 Mineralization at the Marathon Deposit

The Cu-PGE mineralization at the Marathon deposit is hosted by the Two Duck Lake
Gabbro as shallow dipping sub parallel lenses that follow the contact with the footwall RIB.
Mineralization occurs three major zones of disseminated sulphides: the Footwall Zone, the
Main Zone and the W-Horizon (Wilkinson 1983, Good 1992, Good and Crocket 1994, Dahl
et al. 2001, Barrie et al. 2002 and Good 2010). The most recent published definitive resource
study by Marathon-PGM (Murahwi et al., 2010) estimated the total tonnage of the deposit
at 114.8 million tonnes (measured and indicated). The measured resource has an average
grade of 0.26% Cu, 0.85 g/t Pd, 0.24 g/t Pt, and 0.088 g/t Au.

The location of the mineralized zones in relation to the rock units is shown in Figure
2.4. The Footwall Zone is located in both the Footwall RIB and the TDLG at the contact
between the two units. The Main Zone mineralization occurs on the bottom of the TDLG
and the thickness of the zone has been shown to increase in troughs within the footwall
(Good, 2010). The W-Horizon is located above the Main Zone mineralization and is also
hosted within the TDLG. A 3D block diagram cross section looking east is shown in Figure
2.8. This figure highlights the diamond drill holes (DDH) used in this study. Of note is the
absence of a large continuous sheet of Main Zone mineralization below drill holes DDH-306,
DDH-369 and DDH-441. Two 3D block diagrams looking at the deposit from above and
below are shown in Figure 2.9 which also highlight the drill holes selected in this study. The
view from the bottom looking up in Figure 2.9 B clearly shows the discontinuity of the Main
Zone below three of the study drill holes.
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Figure 2.7: Photographs of rock textures seen in drill core. A) Fine grained Eastern Gabbro.
B) Layered magnetite-olivine cumulate, banding is visible. C) Representative texture of coarse
grained Two Duck Lake Gabbro, plagioclase (white), clinopyroxene (grey) and olivine (green)
are visible, ophitic texture is defined by clinopyroxene. D) Two Duck Lake Gabbro exhibiting
pegmatitic grain size, plagioclase (white) and clinopyroxene (grey) are visible. E) Photograph
of a feldspathic clinopyroxenite in drill core. The dark grey colour is clinopyroxene and the
opaque white colour is predominantly K-feldspar with graphic quartz intergrowths.
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Figure 2.8: 3D block diagram of the Marathon deposit looking east showing the Main Zone,
W-Horizon and the drill holes selected for use in this study. Three of the drill holes (DDH-368,
DDH-369 and DDH-441) are located within the gap where there is little to no Main Zone
mineralization beneath them. Produced using Marathon-PGM internal data set.

2.6.1 The Footwall Zone

The Footwall Zone is located at the contact between the Two Duck Lake Gabbro and the
Rheomorphic Intrusive Breccia, the mineralization can be hosted by either unit. The sulphide
minerals are pyrrhotite > chalcopyrite >> pyrite > pentlandite (Good (1992). The sulphides
are commonly disseminated but can occur net-textured and as semi-massive blebs (up to 10
cm). The sulphide grains are interstitial and anhedral.

2.6.2 The Main Zone

The Main Zone is the thickest and most continuous zone of mineralization at the Marathon
deposit. The mineralization has an average thickness of 35 m, and ranges between 4 and 183
m (Marathon-PGM internal data). The Two Duck Lake Gabbro is host to the Main Zone
mineralization. Sulphides are disseminated within the host rock and are interstitial to silicate
grains. The abundance of sulphide minerals is between trace and 5 modal% and can be as
high as 7 modal% (Wilkinson, 1983), (Good, 1992), (Good and Crocket, 1994) and (Dahl
et al., 2001). The dominant sulphide minerals are chalcopyrite and pyrrhotite, with minor
amounts of bornite, pentlandite and pyrite. The ratio of chalcopyrite to pyrrhotite changes
from ccp > po at the top to po > ccp at the bottom. Corresponding with the change in
chalcopyrite:pyrrhotite, the ratio of PGE/Cu increases from base to top. The PGM within the
Main Zone have been observed in association with hydrous minerals particularly chlorite and
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Figure 2.9: 3D block diagram of the Marathon deposit from top and bottom view points
showing the Main Zone, W-Horizon and the drill holes selected for use in this study. Three of
the drill holes (DDH-368, DDH-369 and DDH-441) are located within the gap where there is
little to no Main Zone mineralization beneath them. Produced using Marathon-PGM internal
data set.

actinolite within the Main Zone (Ohnenstetter et al., 1991), (Watkinson and Ohnenstetter,
1992). (Watkinson and Jones, 1996), (Dahl et al., 2001) and (Barrie et al., 2002). (Good,
1992) and (Good and Crocket, 1994) have shown the the hydrous minearls only occur at
the local scale and are the formation is likely explained by post magmatic deuteric fluids.
The ratio of Pd/Ir ratio from base to top is constant (Good, 1992). It is expected that Ir is
much less soluble than Pd and Cu in a hydrous fluid (Wood, 1987) and Mountain and Wood
(1988). The constant Pd/Ir ratio indicates that if it occurred hydrothermal remobilization
was only at the hand specimen scale.

2.6.3 The W-Horizon

The W-Horizon, which is the focus of this study, forms a nearly continuous sheet of mineral-
ization striking north-south for over 1 km between 5,403,450 mN and 5,404,500 mN (UTM
Grid, Zone 16, NAD27). It dips easterly and extends for over 300 m down dip. The thickness
of the W-Horizon is highly variable and ranges from 1 m (this study) to up to 30 m (Good
(2008) and unpublished Marathon PGM internal data). The majority of the W-horizon
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overlies the Main Zone mineralization, however to the south there is a ‘‘gap’’ where there is
no underlying mineralization (as shown in Figures 2.8 and 2.9).

The W-Horizon is characterized by low sulphur contents, high Cu/Pt, high Cu/Pd
and low S/Se ratios (Good (2010) and this study). The dominant sulphide mineralogy is
chalcopyrite and bornite ± minor pyrrhotite and pentlandite. The W-Horizon can only be
recognized by geochemical assay. The TDLG host is a heterogeneous unit and no particular
texture, composition or modal mineral assemblage/abundances was associated with the
mineralization. The only notable difference from Main Zone mineralization is the change in
sulphide mineral assemblage to chalcopyrite and bornite. It is difficult to identify the sulphide
mineral assemblage within W-Horizon hand samples because they occur in trace amounts.
The average grade in the W-Horizon exceeds 1 g/t (Pt + Pd) and has a characteristic Cu/Pd
weight ratio of less than 3,500 (Murahwi et al., 2010). Within this study (including DDH-306,
DDH-368 and DDH-369) the high grade W-Horizon intersections have an average Cu/Pd
< 215. The highest grade intersection reported in the W-Horizon is from DDH M-07-239
with 107 g/t Pt+Pd+Au, 1.05 g/t Rh and 0.02% Cu over 2 m (Puritch et al., 2009). The
thickest intersection in this study was from DDH-306 and was 8 m with an average grade of
10.8 ppm Pt, 19.4 ppm Pd, and 0.33 wt% Cu (this study). Modeling of drill hole data has
shown that in general the mineralized zones thicken in basins and thin or pinch over crests
of the footwall (Good, 2010).
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Chapter 3

Methodology

3.1 Study Diamond Drill Hole Selection Criteria

Study of the W-Horizon mineralization was conducted using samples from four diamond drill
holes: DDH-306, DDH-368, DDH-369 and DDH-441. A map of the surface geology and collar
locations is shown in Figure 3.1. Diamond drill holes DDH-368, DDH-369 and DDH-441 are
located within the gap (as described in Section 2.6.3 Figure 2.9) and are not underlain by
Main Zone mineralization. There is a small pocket of Main Zone style mineralization beneath
the W-Horizon in DDH-368, but this zone is not continuous between neighbouring drill holes
(Fig. 3.2). Diamond drill holes within the gap were chosen for study to minimize interferences,
such as upward remobilization, that could be caused by close proximity to the Main Zone,
where the mineralization style is distinct and different from the W-Horizon. Diamond drill
hole DDH-306 is located north of the gap and has contiguous Main Zone mineralization below
the W-Horizon and was selected to test the hypothesis that the W-Horizon is unrelated to
Main Zone mineralization (Fig. 3.3). Since the focus of this project was the W-Horizon and
only limited Main Zone samples were taken they are not considered to represent the Main
Zone as a whole.

The drill holes selected for study capture a variety of W-Horizon mineralization styles
based on the amount Pt + Pd, sulphide mineralogy (presence or absence of bornite and
pyrrhotite), total amount of sulphur, element ratios, and horizon thickness. Table 3.1
summarizes the styles, i.e., different prominent sulphide minerals, different Cu/Pd and
different S content, that were sampled.

3.1.1 Diamond Drill Hole 306

A simplified stratigraphy of DDH-306 is shown in Figure 3.5, outlining mineralized zones
and sample locations. This drill hole intersects very high grade W-Horizon mineralization
(> 10 ppm Pt + Pd) with high sulphur contents (> 0.25 wt% S is considered high S in the
W-Horizon). This drill hole was collared in Eastern Gabbro for 130 m, and then intersected
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Figure 3.2: Cross section looking east containing DDH-368 and neighbouring diamond drill
holes. The Main Zone and W-Horizon mineralized zones are highlighted. This cross section
highlights the small zone of Main Zone-style mineralization at the bottom of DDH-368 and
shows that it is not continuous between neighbouring drill holes.
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Figure 3.3: Cross section looking east containing DDH-306 and neighbouring diamond drill
holes. The Main Zone and W-Horizon mineralized zones are highlighted.
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100 m of coarse grained Two Duck Lake Gabbro. The W-Horizon is located 20 m below the
upper contact in the TDLG package, and the Main Zone is located 30 m above the lower
contact. The bottom of the hole intersects a syenite dike, fine grained Eastern Gabbro and
ends in Footwall RIB. This drill hole intersects very high grade W-Horizon mineralization
with an average of 30 ppm Pt+Pd over an eight meter intersection. Locally Pt+Pd is >
50 ppm. Copper values within this intersection average 0.33 wt% which is typical for the
deposit but high for the W-Horizon. The average value of Cu/Pd for this intersection is
215. Throughout this intersection the average modal abundance of sulphide minerals is 2-3%,
and the average S over the interval is 0.24 wt%, which is also high compared to the other
W-Horizon intersections. The sulphide minerals in this intersection are chalcopyrite, bornite
± trace pentlandite and pyrrhotite (Fig. 3.4 A).

There is a 10 m thick lens of Main Zone mineralization below the W-Horizon mineralization
in DDH-306. It has much lower Pt + Pd (1.4 ppm average) and slightly higher average
Cu (0.37 wt%) than the W-Horizon intersection in this drill hole. The values of Cu/Pd
(4360) and S (0.49 wt%) are also higher in the Main Zone lens compared to the W-Horizon.
The sulphide minerals in this zone are chalcopyrite and pyrrhotite with trace amounts of
pentlandite (Fig. 3.4 B).

3.1.2 Diamond Drill Hole 368

A simplified stratigraphy of DDH-368 is shown in Figure 3.6, outlining mineralized zones
and sample locations. This drill hole intersects moderate-grade W-Horizon mineralization
with moderate sulphur. The top 50 m of this drill hole intersects Eastern Gabbro containing
stringers and dikelets of Two Duck Lake Gabbro (20%). Two Duck Lake Gabbro is then
intersected for 125 m and within this zone of Two Duck Lake Gabbro there are two large
xenoliths of anorthositic gabbro with poikilitic magnetite and a fine grained gabbro with
poikilitic clinopyroxene. The W-Horizon mineralization is intersected within this unit at
130 m and a small lens of Main Zone mineralization (at 142 m) is below the W-Horizon,
separated by 10 m of barren TDLG.

The lens of W-Horizon Mineralization is one meter thick. Over this interval the average
amount of Pt + Pd is 9 ppm, Cu is low at 0.084 wt% and Cu/Pd is 164. The typical modal
abundance of sulphide minerals over this intersection is 0.5%, and the average S is 0.08 wt%.
The sulphide minerals in this intersection are chalcopyrite and bornite (Fig. 3.4 C).

Below the W-Horizon mineralization in DDH-368 there is a lens of Main Zone style
mineralization. This Main Zone mineralization was not intersected by neighbouring diamond
drill holes. The Main Zone style mineralization is not continuous over its 22 m intersection.
It contains low amounts of Pt + Pd (0.86 ppm average) and Cu (0.092 wt% average). The
Cu/Pd ratio is very high in this intersection and averages 6070. Sulphide mineral abundance
in this zone were typically from trace to 1 modal % and the average amount of S is 0.13 wt%.
In addition within this intersection there are abundant amounts of mafic-rich cumulates,
dominantly composed of pyroxene, olivine, hornblende and apatite. The sulphide minerals in
this zone include chalcopyrite and pyrrhotite ± very trace amounts of bornite and pentlandite
(Fig. 3.4 D).
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3.1.3 Diamond Drill Hole 369

A simplified stratigraphy of DDH-369 is shown in Figure 3.7, outlining mineralized zones
and sample locations. This drill hole intersects two zones of W-Horizon mineralization, both
of which are moderate- to high-grade mineralization with no visible to trace amounts of
sulphide minerals. The top 8 m of this hole intersects Eastern Gabbro, followed by a zone of
olivine-magnetite cumulate for 8 m and then a mixed zone of fine grained Eastern Gabbro
with stringers and dikelets of Two Duck Lake Gabbro. The next unit is 90 m of coarse
grained Two Duck Lake Gabbro. The W-Horizon intersections are within this unit of TDLG
at depths of 85 and 122 m. From 50-70 m the unit has been strongly faulted and strongly
chlorizited and sericitized gabbro with abundant hematite is pervasive through the interval.
The fault is post-magmatic without any visible offset and did not affect the mineralization
relative to the lower W-Horizon intersection. Below the faulted zone the Two Duck Lake
Gabbro is pristine and unaltered. The upper W-Horizon intersection is 2 m thick and has an
average of 8.1 ppm Pt + Pd. This intersection has nil to trace visible sulphides, an average
of 0.05 wt% S, 0.03 wt% Cu and a Cu/Pd ratio of 84, the lowest in the study. The sulphide
minerals present are chalcopyrite and trace bornite. The lower W-Horizon intersection is 4
m thick and has an average of 10.3 ppm Pt + Pd. There is 0.06 wt% Cu in this interval and
the average Cu/Pd is 202. This intersection has trace visible sulphides and an average of
0.09 wt% S. The sulphide minerals present are chalcopyrite and trace bornite (Fig. 3.4 E).

3.1.4 Diamond Drill Hole 441

A simplified stratigraphy of DDH-368 is shown in Figure 3.8, outlining mineralized zones and
sample locations. The average value of Cu/Pd in DDH-441 is 3620 and can be as high as
7000. Values this high are above the cutoff typically used for the W-Horizon (Cu/Pd < 3500).
The high values of Cu/Pd also coincides with the lowest Pt + Pd values for W-Horizon
samples in this study. The samples from this drill hole are considered representative of low
grade W-Horizon material. This drill hole is collared in fine-grained Eastern Gabbro for 30
m. This is followed by 130 m of coarse grained ophitic Two Duck Lake Gabbro with a small
zone of coarse-grained Eastern Gabbro and fine-grained Eastern Gabbro before the hole ends
in Footwall RIB. The W-Horizon intersection is at 140 m depth and 10 m thick. It has low
grade Pt + Pd (1.0 average) and moderate Cu (0.29 wt%). The modal sulphide mineral
abundance is 1-2% the average S is 0.3 wt%. The sulphide minerals also differ from the other
W-Horizon intersections in this study. Chalcopyrite and pyrrhotite are the major minerals,
with trace amounts bornite and pentlandite (Fig. 3.4 F).

3.2 Sample Collection

The samples used in this project were collected from diamond drill core produced during
exploration projects conducted by Marathon-PGM from 2007 to 2008. The drill tubes used
in the exploration projects were NQ size with a 75.8 mm diameter and produce drill core
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Figure 3.4: Photographs of mineralization from drill core. A) W-Horizon mineralization from
DDH-306 showing 3-5% fine to medium grained chalcopyrite (brassy-yellow) and bornite
(purple) within ophitic Two Duck Lake Gabbro. B) Lower Zone mineralization from DDH-306
showing 3-5% fine to medium grained chalcopyrite and pyrrhotite (silver) within ophitic
Two Duck Lake Gabbro. C) W-Horizon mineralization from DDH-368 showing trace fine
to medium grained chalcopyrite (ccp) within Two Duck Lake Gabbro. D) Lower Zone
mineralization from DDH-368 showing 2-3% fine to medium grained chalcopyrite within Two
Duck Lake Gabbro. E) W-Horizon mineralization from DDH-369 with very-trace chalcopyrite
(not visible in photograph) within Two Duck Lake Gabbro. F) W-Horizon mineralization
from DDH-441 showing 3-5% chalcopyrite and pyrrhotite within Two Duck Lake Gabbro.
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Table 3.1: Summary of metals and sulphide mineralogy in mineralized samples

W-Horizon Mineralization

Hole ID Length (m) Cu (%) Pt (ppm) Pd (ppm) S (wt%) Cu/Pd Sulphide Minerals

DDH-306 8.0 0.33 10.8 19.4 0.24 215 ccp, bn ± pn
DDH-368 0.6 0.084 3.5 5.5 0.08 164 ccp, bn
DDH-369 2.0 0.031 2.3 5.8 0.05 84 ccp ± trace bn
DDH-369 4.0 0.066 2.6 7.7 0.09 202 ccp ± trace bn
DDH-441 10.0 0.285 0.22 0.83 0.3 3620 ccp, po, ± bn, pn

Lower Zone Mineralization

Hole ID Length (m) Cu (%) Pt (ppm) Pd (ppm) S (wt%) Cu/Pd Sulphide Minerals

DDH-306 10 0.37 0.28 1.1 0.49 4360 ccp, po ± pn
DDH-368 22 0.092 0.25 0.61 0.13 6070 ccp, po, ± trace bn, pn

Values are averages for the mineralized zone

with a 47.6 mm diameter. At the time of drilling Marathon-PGM split (using a diamond
saw blade) the core longitudinally and sent 2 m long samples for analysis by chemical assay.
After selecting samples from the half core it was sawed again longitudinally producing a
quarter of the original core for use in this study. From each sample at least one 20x40x10
mm block was sawed and used to produce a polished thin section with the remainder used
for chemical assay analysis.

The same sampling procedure was used for all of the drill holes in this study. The
location of W-Horizon mineralization was identified from the assays conducted by Marathon-
PGM. Continuous samples between 30-50 cm long were taken through the W-Horizon
mineralization. The exact size and the position of each sample were chosen in an attempt
to analyze homogeneous samples based on silicate mineralogy, texture, sulphide mineralogy
and abundance. In addition, 50 cm bracket samples were taken at 5-10 m intervals in the
unmineralized Two Duck Lake Gabbro above and below the W-Horizon. The purpose of
these samples was to establish a lithogeochemical baseline of the non-mineralized unit.

The sample size was chosen in order to accurately identify the thickness of the W-Horizon
and to test for subtle layering within the W-Horizon. This allowed for the identification of
the W-Horizon as a continuous unit or several small lenses of high grade material. The high
resolution correlation of Pt+Pd with silicate and sulphide minerals as well as textures is also
possible with the small sample size.

3.2.1 Whole Rock Geochemistry

The samples taken from the drill core were used for analysis whole rock geochemistry
by chemical assay at either Geosciences Laboratories (Sudbury, Ontario) or Activation
Laboratories (Ancaster, Ontario). The details of this work are presented in Chapter 5:
Geochemistry.
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3.2.2 Thin Section Analysis

The polished thin sections were used to study silicate mineralogy, textures and alteration by
transmitted light microscopy. Reflected light microscopy was also used to study the sulphide
mineralogy, textures and relationships between the sulphide, silicate, and platinum group
mineral grains. The details of this work are presented in Chapter 4: Petrography.

Electron microprobe was used to analyze the major elements in the major silicate minerals
in the Two Duck Lake Gabbro. Laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) was also used to analyze the olivine and pyroxene grains in the TDLG for trace
element chemistry. The details of this work are presented in Chapter 6: Mineral Chemistry.
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Figure 3.6: Diamond Drill Hole 368, showing geology, mineralized zones and sample locations.
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Figure 3.7: Diamond Drill Hole 369, showing geology, mineralized zones and sample locations.
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Figure 3.8: Diamond Drill Hole 441, showing geology, mineralized zones and sample locations.
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Chapter 4

Petrography

4.1 Introduction

The Main Zone and W-Horizon mineralization are hosted within the Two Duck Lake Gabbro
(TDLG). This section summarizes the observations of the TDLG made during this study
and details differences pertaining to the mineralized zones. The primary silicate mineralogy
and textures between unmineralized, Main Zone and W-Horizon samples were very similar.
The petrography of the sulphide and platinum group minerals are distinct between the Main
Zone and W-Horizon. Observations in this study showed that the sulphide minerals in the
W-Horizon were predominantly interstitial and associated with anhydrous silicate minerals,
similar to the observations published in Puritch et al. (2009). The samples of the Main Zone
in DDH-306 and the Main Zone style mineralization in DDH-368 were similar to previous
studies with sulphide minerals associated with both pristine gabbro as well as the hydrous
mineral assemblage of chlorite, actinolite, sericite, calcite and hornblende (Good and Crocket,
1990, Good, 1992; Watkinson and Ohnenstetter, 1992; Watkinson and Ohnenstetter, 1992;
Watkinson and Jones, 1996; Dahl et al., 2001; Barrie et al., 2002).

4.2 Petrography of the Two Duck Lake Gabbro

The Two Duck Lake Gabbro (TDLG) is an orthocumulate and the samples studied exhibit
a characteristic subophitic to ophitic texture, which is consistent with previous studies of
the Marathon deposit (Good, 1992, Good and Crocket, 1994 and Shaw, 1997). The order of
crystallization is plagioclase, olivine and clinopyroxene respectively. Early formed plagioclase
and olivine oikocrysts are partially or completely enclosed in larger clinopyroxene crystals,
demonstrating the subophitic to ophitic texture of the TDLG (Fig. 4.1 A-B). This texture is
distinct from the adcumuluate texture seen in the Eastern Gabbro.

The abundance, occurrence and distribution of the major minerals of the TDLG were
observed to be consistent among unmineralized, Main Zone and W-Horizon samples. Samples
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from the Main Zone have a slight increase in the amount of hydrous minerals, particularly in
association with the feldspathic clinopyroxenite.

Modal mineral abundance is consistent at outcrop scale and includes in decreasing order
plagioclase, clinopyroxene and olivine. On the thin section scale the modal mineral abundance
can be highly variable. The grain size of the TDLG is typically coarse grained (0.6-6.0 cm),
but ranges from fine-grained to pegmatitic. The order of mineral size from largest to smallest
is typically clinopyroxene, plagioclase and olivine. Zones of very coarse grained to pegmatitic
(> 6 cm, up to 12 cm) with crystals of clinopyroxene up to 12 cm, plagioclase up to 10 cm
and olivine up to 5 cm were observed. These zones are typically gradational to the medium
to coarse grained TDLG and range in width from centimeters to meters. Previous studies
(Watkinson and Ohnenstetter, 1992, Watkinson and Jones, 1996, Dahl et al., 2001 and
Barrie et al., 2002) proposed that the pegmatitic gabbro was predominantly associated with
mineralization, however analysis of the Marathon-PGM data set has had contradictory results.
The presence of pegmatitic TDLG was observed in drill core intersecting the W-Horizon,
however pegmatitic gabbro accounted for < ∼5% of the W-Horizon samples in this study.
Overall the abundance of pegmatitic gabbro was not correlatable to mineralization in the
samples analyzed for this study.

Plagioclase grains are typically tabular and have a euhedral to subhedral grain shape. The
subhedral grains are commonly scalloped and have irregular rounded boundaries (Fig. 4.1
B-C). Plagioclase grains commonly display optical zonation seen in extinction patterns under
cross polarized light. Secondary plagioclase is present locally along the grain boundaries in
contact with sulphides, or along fine grained sulphides that penetrate the plagioclase along
cleavage. Microprobe analyses of the secondary plagioclase have shown that these secondary
plagioclase grains can have a higher anorthite (An) content than the host plagioclase grain
(See Section 6.1.1.2).

Olivine grains are subhedral, subrounded-subangular, and optically homogeneous. Olivine
grains in contact with plagioclase exhibit both straight boundaries along tabular plagioclase
grains parallel to plagioclase cleavage (4.1 B) and rounded boundaries (4.1 C). Poikilitic
olivine grains up to a few centimeters across encasing plagioclase crystals were also observed
within the TDLG. Olivine crystals are commonly rimmed by a thin mm-thick veneer of
clinopyroxene.

Clinopyroxene crystals are interstitial to plagioclase and olivine, anhedral and optically
homogeneous. The subophitic to ophitic nature of the clinopyroxene grains is demonstrated
by optical continuity between separate grains when viewed under cross polarized light.

Magmatic accessory minerals that are common and ubiquitous throughout the TDLG are
magnetite-ilmenite aggregates, biotite and apatite. Interstitial magnetite-ilmenite is common
throughout the TDLG. Primary, magmatic magnetite-ilmenite is common as an interstitial
mineral (Fig. 4.1 C), and rarely as poikilitic magnetite. The primary magnetite-ilmenite
forms complex intergrowths of magnetite and ilmenite exsolution bands. The bands have two
typical occurrences, as thick exsolution bands within magnetite and as fine scale needle-like
exsolution lamellae within magnetite bands. Microprobe work shows appreciable TiO2 in
both magnetite (average 11.4 wt% TiO2) and ilmenite (average 49.5 wt% TiO2) (see Section
6.1.6).
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Biotite is common throughout the TDLG and occurs interstitially between the major
silicate phases, rimming magnetite grains and rimming sulphide grains.

4.2.0.1 Feldspathic Clinopyroxenite

Feldspathic clinopyroxenite occurs locally within the TDLG and exhibits gradational bound-
aries. This unit is typically thin (decimeter scale) and is commonly intermixed with the
TDLG. The feldspathic clinopyroxenite occurred within unmineralized and Main Zone sam-
ples and was not associated with W-Horizon mineralization. The increase in abundance of
hydrous minerals within the Main Zone predominantly occurred in association with samples
of feldspathic clinopyroxenite. Typically these feldspathic clinopyroxenite zones are coarse
grained with a modal abundance in decreasing order of clinopyroxene, plagioclase, K-feldspar,
quartz, apatite, olivine and magnetite. Clinopyroxene is anhedral and subangular and is a
cumulate phase. It commonly contains orthopyroxene lamellae. The quartz and K-feldspar
are usually intergrown with a graphic texture and occur within plagioclase differentiates
or as single crystals within the mafic cumulates. This texture was also reported in Good
(1992) within what was described as late stage felsic differentiates. Apatite in the feldspathic
clinopyroxenite occurs within clinopyroxene and plagioclase, and is euhedral, angular, and
fine to medium grained. Apatite interstitial to magnetite grains was also observed (Fig. 4.2
A).

Hydrous and secondary minerals are most common within the feldspathic clinopyroxenite.
Common hydrous minerals include hornblende, calcite, tremolite, chlorite and actinolite. The
hydrous minerals typically occur in clusters and are described in the next section.

4.2.1 Alteration

Overall the TDLG samples examined in this study are unaltered and do not contain large scale
zones of low temperature hydrothermal alteration. However, local development of secondary
minerals on the thin section scale does occur. Hydrous mineral abundances are highest
within the feldspathic clinopyroxenite. These minerals include sericite, chlorite, tremolite,
serpentine, actinolite and calcite. Sericite has typically replaced plagioclase. Tremolite and
chlorite commonly occur together with calcite as replacements of clinopyroxene. Actinolite
formed as a replacement of clinopyroxene. Small degrees of serpentinization of olivine along
grain boundaries and fractures are common in olivine, and less commonly olivine grains are
completely serpentinized.

No spatial relationships relating alteration minerals with the W-Horizon samples were
observed. Main Zone samples in this study showed an increase in alteration minerals associated
with sulphide minerals relative to the W-Horizon, although the alteration minerals were not
ubiquitous throughout the Main Zone and primary magmatic sulphide minerals were also
observed. This finding is similar to those reported in (Good and Crocket, 1990), (Good, 1992),
(Watkinson and Ohnenstetter, 1992), (Watkinson and Ohnenstetter, 1992), (Watkinson and
Jones, 1996), (Dahl et al., 2001) and (Barrie et al., 2002). Main Zone samples of this study
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had similar abundances of localized alteration minerals as observed in unmineralized samples
of TDLG.
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TDLG

Pl Pl
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Pl
Mag

bt
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Figure 4.1: Photomicrographs of silicate minerals in thin section taken under cross polarized
light. A. Representative ophitic texture of the TDLG. The black clinopyroxene (Cpx)
grain exhibits continuous extinction and encases olivine (Ol) and plagioclase (Pl) grains. B.
Representative texture of the TDLG showing the scalloped irregular Pl grain boundaries.
The Ol grain is wrapped around earlier formed Pl. A fine veneer of Cpx rims the Ol. C.
Representative TDLG showing interstitial magnetite (Mag) and biotite (Bt). D. Contact
(highlighted with yellow dashed line) between a fine grained gabbro xenolith (lower left
corner) and TDLG (upper right corner).

4.2.2 Xenoliths

The occurrence of xenoliths were rare in this study and they formed < 5% of the samples.
The xenoliths are fine-grained gabbro comprising plagioclase, clinopyroxene, olivine and
magnetite. The contacts between xenoliths are typically sharp, although some do appear
partially assimilated or resorbed (Fig. 4.1 D). In thin section, the contacts do not show rims
of any sort. An example of the contact between a xenolith and the host TDLG is shown in
Figure 4.1 D.

44



Ap

Ap

Cpx
Mag

Plag

A

Figure 4.2: Photomicrograph of the feldspathic clinopyroxenite. A) Photomicrograph under
plain polarized light of a polished thin section of feldspathic clinopyroxenite. Euhedral to
subhedral apatite cluster occurring within clinopyroxene, feldspar and magnetite grains.

4.3 Petrography of the Mineralization

The principle sulphide minerals at the Marathon deposit are chalcopyrite and pyrrhotite.
Trace amounts of bornite, pentlandite, marcasite and pyrite occur irregularly. The major
sulphide mineral assemblage in the W-Horizon is chalcopyrite and bornite, which is distinct
from chalcopyrite and pyrrhotite which dominate in the Main Zone. This section characterizes
the sulphide mineral assemblages and silicate associations within the two zones.

4.3.1 W-Horizon Sulphides

The sulphide minerals in the W-Horizon are chalcopyrite > bornite > ± pentlandite > ±
pyrrhotite. The sulphide minerals of the W-Horizon are predominantly interstitial to silicate
minerals and a minor component is within silicate grains as inclusions. The interstitial
sulphide grains were observed to be in contact with plagioclase > olivine > clinopyroxene
> hydrous minerals > accessory minerals which is consistent with results reported in Good
(1992) for the Main Zone. When interstitial to silicate phases the grain shapes of the sulphide
minerals are controlled by the silicate minerals. The chalcopyrite grains have a wide range of
sizes ranging from very fine grained to coarse grained (up to 10 mm). Sulphide inclusions in
silicate minerals (predominantly chalcopyrite blebs) are hosted in plagioclase > olivine ≥
clinopyroxene > hydrous silicates > accessory minerals. No correlation between the ratio of
chalcopyrite and bornite to PGE grades was noted.

4.3.1.1 W-Horizon Chalcopyrite

Chalcopyrite is the dominant sulphide mineral in the W-Horizon and predominantly occurs
as an interstitial mineral to silicate grains. The grain boundaries of the silicate minerals
control the shape of the chalcopyrite (Fig. 4.3 A-C). The other sulphide minerals which occur
within the W-Horizon almost exclusively occur as part of larger chalcopyrite grains.
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Figure 4.3: Photomicrographs of sulphide minerals in the W-Horizon from polished thin
sections. Unless otherwise noted images are taken using reflected light. (A) Chalcopyrite
(Ccp) grain with bornite (Bn) exsolution under reflected light. The shape of the large grain is
controlled by the two bounding plagioclase (Pl) grains. Smaller grains of ccp have penetrated
along Pl cleavage. (B) Cross polarized image of A, showing Pl crystal and cleavage control
on the shape of the small penetrating sulphide grains. (C) A large Ccp grain bounded by Cpx
and Pl demonstrating the control of silicate minerals on sulphide grain shape. (D) Several
chains of disseminated chalcopyrite blebs within clinopyroxene (Cpx) (E) Ccp in a localized
zone of hydrous silicates (hornblende (Hbl) and chlorite (Chl)). The Hbl is euhedral and
appears to truncate Bn exsolution within the Ccp. (F) Cross polarized image of E, showing
euhedral grains of Hbl and Chl.
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Figure 4.4: Photomicrographs of magnetite (Mag) in the W-Horizon from polished thin
sections. Images were taken using reflected light. (A) Typical primary Mag within the
TDLG showing a thick ilmenite (Ilm) exsolution band within the Mag, in addition there are
fine Ilm bands (light grey) throughout the Mag grain. (B) A typical Mag grain from the
TDLG showing a coarse Ilm band on the left. (C) A Mag rim on a chalcopyrite (Ccp) grain
from the W-Horizon, the Mag rim does not contain any Ilm exsolution bands. (D) A Ccp
grain containing granular bornite (Bn) and pentlandite (Pn) from the W-Horizon. Along the
rim of the Ccp grain there is a band of Mag which does not contain any Ilm.

The chalcopyrite that is present as inclusions in plagioclase occurs along cleavage planes
and its shape is controlled by the plagioclase mineral structure (Fig. 4.3 A-B). The inclusions
are typically small (< 250 µm) and commonly emanate from nearby larger (>4 mm) chal-
copyrite grains. Secondary plagioclase is typically associated with the sulphides and electron
microprobe work, discussed below, has shown that the secondary plagioclase can be more
calcic than the primary plagioclase.

The shapes of chalcopyrite grain inclusions within clinopyroxene and olivine are anhedral
and are not controlled by structure of the host mineral (Fig. 4.3 D). It occurs in these
minerals as very fine disseminated grains (< 10 µm) throughout the silicate grain. The
disseminated grains often form continuous chains or lines through the silicate mineral. Larger
(∼ 100 µm) chalcopyrite grains within clinopyroxene and olivine are less common, and are
usually associated with grain boundaries between other silicates. In addition to the inclusions
thin (< 10 µm) sulphide filled fractures were also observed within clinopyroxene and olivine.
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Chalcopyrite grains within hydrous silicates (chlorite, tremolite, hornblende, and calcite)
are uncommon in the W-Horizon. The timing relationship between hydrous minerals and
sulphide minerals is ambiguous. Figures 4.3 E-F shows a photomicrograph of euhedral chlorite
and tremolite grains intergrown with a chalcopyrite grain exhibiting bornite exsolution.

Chalcopyrite is commonly rimmed by secondary magnetite within the W-Horizon. Figure
4.4 A and B shows typical magnetite from the TDLG not associated with sulphide minerals.
This magnetite contains large bands of ilmenite exsolution as well as very fine disseminated
bands of ilmenite. The magnetite which is observed to rim chalcopyrite within the W-Horizon
does not contain any ilmenite (Fig. 4.4 C-D). Electron microprobe analyses, discussed below,
has confirmed this observation and shown that this magnetite is chemically distinct from the
primary magmatic magnetite and contains very low amounts of Ti.

4.3.1.2 W-Horizon Bornite

Bornite within the W-Horizon occurs almost exclusively within chalcopyrite grains as either
fine exsolution lamella or as granular masses. Exsolution lamellae are the predominant form
of bornite, and occur as elongate bands less than 50 µm in width. The location, orientation
and abundance of the bands are random and irregular within the chalcopyrite grains (Fig.
4.5 A and B). The granular masses of bornite coexist with chalcopyrite grains which may or
may not contain bornite exsolution (Fig. 4.5). Bornite has been rarely observed as individual
crystals up to 300 µm across without chalcopyrite as shown in Figure 4.5. Independent
crystals of bornite (crystals only in contact with silicate minerals) have the same occurrence
and habit as chalcopyrite, and exhibit grain shape controlled by silicate minerals. It is
likely that the independent crystals of bornite connect to chalcopyrite in another plane
(not observed on the thin section plane). Correlation between the presence of bornite and
magnetite rims on sulphides were not observed.

4.3.1.3 W-Horizon Pyrrhotite

Pyrrhotite is absent in high grade W-Horizon samples (> 10 ppm Pt + Pd) and was not
observed in samples from DDH-306, DDH-368 and DDH-369. Only samples from the low
grade W-Horizon in DDH-441 contained pyrrhotite. The pyrrhotite occurs as granular masses
within larger chalcopyrite grains and is commonly located in the core of the chalcopyrite (Fig.
4.6). In chalcopyrite grains containing pyrrhotite, bornite was absent.

4.3.1.4 W-Horizon Pentlandite

Pentlandite is present in essentially all W-Horizon samples studied for this project either
as subrounded granular masses in chalcopyrite (Fig. 4.7) or as exsolution lamellae within
pyrrhotite. Pentlandite grains up to 2 mm in width were observed within chalcopyrite.
Boundaries with the host chalcopyrite are typically irregular and slightly rounded. Grains
of pentlandite were either solid grains (Fig. 4.7 C, D and F) or contained fine exsolution
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Figure 4.5: Photomicrographs of bornite in the W-Horizon from polished thin sections.
Images were taken using reflected light. (A) Exsolution lamellae of bornite (Bn) within a
chalcopyrite (Ccp) grain. There is no preferred orientation to the Bn lamellae and the right
side of the photo contains less Bn than the left. (B) Exsolution lamellae of Bn within a Ccp
grain showing the random orientation and distribution of Bn. The centre of the grain has
a zone with low Bn abundance, and there is no concentration of Bn along the edge of the
grain. (C) A large grain of Ccp-Bn. The right side of the grain is composed of granular
Bn and contains very little Ccp. The left side of the grain has a large section of Ccp which
contains very fine exsolution lamellae of Bn. (D) Granular Bn occurring with very little Ccp
interstitial to silicate grains.

bands of chalcopyrite (Fig. 4.7 A, B and E). Chalcopyrite grains containing pentlandite also
commonly contained bornite as fine exsolution lamellae in either the chalcopyrite or in the
pentlandite (Fig. 4.7 F). The semi-quantitative composition of the pentlandite from electron
dispersive X-ray spectroscopy (EDX) is approximately 44 At% S, 22 At% Fe, 2 At% Co, and
32At% Ni. In the low grade W-Horizon samples which do contain pyrrhotite, pentlandite is
also present as exsolution bands or ‘‘pentlandite eyes” in the pyrrhotite.

4.3.2 Main Zone Sulphides

This section describes the Main Zone samples from DDH-306 and the Main Zone-like samples
from DDH-368, and is a small sample set. The typical sulphide mineral assemblage in the
Main Zone samples of this study are chalcopyrite > pyrrhotite > bornite ≥ pentlandite >
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Figure 4.6: Photomicrographs of pyrrhotite in the W-Horizon from polished thin sections.
Images were taken using reflected light. (A) Grain of Ccp with three Po cores taken from
the low grade W-Horizon in DDH-441. (B) A core of Po within a larger Ccp grain taken
from the low grade W-Horizon in DDH-441.

pyrite. Trace amounts of bornite are present in some of the thin sections from the Main Zone
samples in this study. The sulphides have variable grain size ranging from very fine grained
to coarse grained. Chalcopyrite is generally coarser in the Main Zone than W-Horizon, and
can be up to 2 cm. The chalcopyrite/pyrrhotite is variable, with chalcopyrite >> pyrrhotite.
This places it in the upper end of chalcopyrite/pyrrhotite range of 0.8 to 2.8 reported for
the Main Zone by Good and Crocket (1994). Chalcopyrite grains also occur surrounded by
localized patches of hydrous silicates (a combination of amphibole, biotite, chlorite, epidote,
and carbonate (Fig. 4.8 C-D). The hydrous silicates typically have a subhedral to euhedral
shape and penetrate the sulphide minerals giving them a ragged appearance. Secondary
magnetite rimming chalcopyrite was observed in the Main Zone as in the W-Horizon, although
with less abundance. Pyrrhotite typically forms the core of chalcopyrite grains (Fig. 4.8
A-B). Pentlandite occurs in association with chalcopyrite, as in the W-Horizon, and samples
containing pyrrhotite can contain pentlandite exsolution lamellae.

The silicate association of sulphide minerals changes slightly between the Main Zone and
the W-Horizon. In Main Zone samples the sulphide minerals are predominantly interstitial to
silicate mineral grains, in order of abundance, plagioclase, clinopyroxene, olivine, actinolite,
chlorite, biotite, sericite, magmatic magnetite and magmatic biotite. Sulphide minerals
occurring with alteration minerals (actinolite, chlorite, biotite and sericite) are more commonly
intergrown rather than interstitial. A minor amount of sulphide grains are also located within
the silicate minerals. Sulphide grains associated with plagioclase exhibit shapes controlled by
plagioclase grain boundaries commonly penetrated along cleavage (4.8 A-B). Chalcopyrite
within clinopyroxene and olivine are similar in appearance to the W-Horizon, occuring as
subrounded grains disseminated throughout the silicate grains.
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Figure 4.7: Photomicrographs of pentlandite in the W-Horizon from polished thin sections.
(A) Backscatter image of pentlandite (Pn) in a chalcopyrite (Ccp) grain. The Pn has angular
to rounded contacts with the Ccp. The Pn grain has a regular fracture pattern which is filled
by Ccp. (B) Reflected light image of A showing the Pn grain within Ccp. (C) Backscatter
image of granular Pn in a Ccp grain. The Pn grains are subrounded within the Ccp. (D)
Reflected light image of C showing granular Pn within Ccp. (E) High magnification image of
Pn within a larger Ccp grain. The Pn contains abundant fine fractures of Ccp. (F) Reflected
light image of Pn in Ccp. The Pn occurs as a large granular mass within a larger Ccp grain.
Bornite exsolution lamellae are abundant within the Ccp and granular Bn occurs along the
boundaries and within the Pn grain.
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Figure 4.8: Photomicrographs of the Main Zone Sulphides from polished thin sections. (A)
A sulphide grain with a pyrrhotite (Po) core rimmed by chalcopyrite (Ccp) under reflected
light. The sulphide grain is interstitial to the silicate minerals. There are finer extensions of
the Ccp grain penetrating along plagioclase (Pl) cleavage in surrounding grains. (B) Cross
polarized light image of A showing Ccp and Po interstitial to silicate grains. (C) Chalcopyrite
with a pentlandite (Pn) core within a localized zone of hydrous minerals. (D) Cross polarized
light image of C showing chlorite, biotite and actinolite.

52



4.4 Platinum Group Minerals

A detailed study of the platinum group minerals (PGM) was beyond the scope of this study.
The reader is referred to Puritch et al. (2009) which summarizes a detailed petrographic
and SEM-EDS study conducted by Marathon-PGM. In the study 2,304 PGM grains were
analyzed from 55 thin sections of Main Zone and W-Horizon mineralization. Summary tables
showing the size distribution of PGM, PGM host mineral, and the dominant PGM Phases of
the Main Zone and W-Horizon are reproduced in Tables 4.1 4.2 and 4.3.

The dominant hosts of platinum group minerals in W-Horizon samples from this study
were sulphide minerals > other platinum group minerals > within plagioclase boundaries.
The PGM hosts in the Main Zone samples from this study were sulphide minerals ≥ secondary
alteration minerals (predominantly actinolite and chlorite) > within plagioclase boundaries,
similar to Puritch et al. (2009). The PGM host phases in the W-Horizon reported in Puritch
et al. (2009) were sulphides (53.7%) > plagioclase boundaries (25%) > other PGMs (16.5%)
> secondary hydrous silicates (predominantly chlorite and serpentine)(4.3%). The PGM host
phases in the Main Zone samples reported in Puritch et al. (2009) were secondary alteration
minerals (predominantly actinolite and chlorite) (38%), > sulphides (34.9%) > plagioclase
boundaries (22.4%) > other PGMs (4.36%).

The grain size of PGM within the Main Zone and W-Horizon is similar with approximately
60% of PGM grains < 60 um (Puritch et al., 2009). The suite of PGM between the W-
Horizon and Main Zone were also shown to contrast greatly. The W-Horizon is dominated
by zvyagintsevite, palladinite and telargpalite where as the Main Zone is dominated by
kotulskite-sobolevskitess, mertierite-II, sobolevskite, kotulskite and sperrylite. The results of
the PGM phase study are summarized in Table 4.3.

Although detailed identification of PGM was beyond the scope of this project a minor
amount of work was conducted to identify the location of PGM grains within the W-Horizon
samples. The findings agree with those reported in (Puritch et al., 2009), the majority of
PGM are associated with sulphide minerals either within the sulphide grains (Fig. 4.9 A) or
on the edges of grains (Fig. 4.9 B). The PGM either occur as individual grains or complex
grain aggregates (Fig. 4.9 C). It is rare to find PGM grains associated only with silicate
phases and in these cases it is possible that if viewed in 3D these PGM would be on the edge
of a sulphide grain. In addition it is rare to find PGM associated with secondary alteration
minerals (predominantly actinolite and chlorite). Lastly, it was observed in this study that
the amount of PGM grains drastically increases when bornite exsolution lamellae occur within
chalcopyrite.
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Table 4.1: Dominant PGM Phases in the Main Zone Compared to the W-Horizon

Zone No. of grains < 5 microns 5-10 microns 10-20 microns > 20 microns
(%) (%) (%) (%)

Main 573 64.9 16.9 12.5 5.7
W-Horizon 1731 58.3 27.1 9.6 5

Reproduced from Puritch et al. (2009)

Table 4.2: Dominant PGM Phases in the Main Zone Compared to the W-Horizon

Zone No. of grains Plagioclase boundaries Sulphides Other PGM’s Hydrous silicates
(%) (%) (%) (%)

Main 573 22.4 34.9 4.36 38
W-Horizon 1731 25 53.7 16.5 4.3

Reproduced from Puritch et al. (2009)

Table 4.3: Dominant PGM Phases in the Main Zone Compared to the W-Horizon

Mineral Formula W-Horizon Main Zone

Zvyagintsevite (Pd,Pt,Au)3Pb 41.8 % -
Palladinite (Pd,Cu,Au)O 15.5 % -
Telargpalite (Pd,Ag)3Te 5.5 % -
Skaergaardite PdCu 3.9 % -

Kotulskite, Pb-rich Pd(Te,Bi,Pb) 3.8 % -
Isoferroplatinum (Pt,Pd)3(Fe,Cu) 3.7 % -

Keithconnite, Pb-rich Pd3-x(Te,Pb,Sb) 3.5 % -
Tetraferroplatinum PtFe 3.4 % -
Plumbopalladinite Pd3Pb2 1.2 % -

Vysotskite PdS 1.2 % -
Laflammeite Pd3Pb2S2 1.1 % -

Atokite, Pb-rich (Pd,Pt)3(Sn,Pb) 0.9 % -
Au, Ag and alloys 7 % 3.3 %

Stilwaterite Pd8As3 0.4 % 0.9 %
Arsenopalladinite Pd8(As,Sb,Pb)3 0.3 % 1.7 %
Cotunnite, Ru-rich (Pb,Ru)Cl2 - 2.1 %

Hessite Ag2Te - 3.7 %
Hollingworthite (Rh,Pt,Pd)AsS 0.2 % 5.6 %

Sperrylite PtAs2 1.1 % 6.3 %
Kotulskite Pd(Te,Bi) - 9.9 %
Sobolevskite PdBi 0.1 % 10.1 %
Mertierite-II Pd8(Sb,As,Pb)3 0.3 % 16.1 %

Kotulskite-Sobolevskitess Pd2Te(Bi,Pb) 0.2 % 34.9 %

Reproduced from Puritch et al. (2009)
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Figure 4.9: SEM backscatter images of platinum group minerals in the W-Horizon.
(A) Chalcopyrite grain (grey) with bornite exoslution bands (lighter grey) and a cluster of
PGM minerals (white) within the bornite. The highlighted area is shown in panel C. (B)
Two chalcopyrite grains with small amounts of bornite exsolution lamellae. The top grain
of chalcopyrite has a PGM grain (Pt-Pd-Fe-Cu) on the edge. (C) Magnified image of the
PGM grain in panel A that shows the complex intergrowth of multiple PGM minerals. (D)
Grain of chalcopyrite with granular bornite. A band of PGM (Pd-Cu-As-S-Fe) cross-cuts the
bornite.
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Chapter 5

Geochemistry

In this study the geochemistry of unmineralized, Main Zone, and W-Horizon samples were
examined for trends related to mineralization processes. Major elements, trace elements, gold,
platinum and palladium were analyzed. The analyses were carried out at two commercial labs,
Geosciences Laboratories (Geo Labs), Sudbury and Activation Laboratories Ltd. (Actlabs),
Ancaster, Ontario. The samples from DDH-368 were analyzed at Geo Labs where as DDH-
306, DDH-369 and DDH-441 were analyzed at Actlabs. The raw data from all geochemical
analyses are given in Appendix IV.

5.1 Analytical Techniques

All drill core samples used in geochemical analysis were first ground into a powder. Geo Labs
samples were ground using high chrome steel mills and the powder passed through a minus
100 mesh (149 microns). This method of preparation is expected to contaminate samples with
approximately 150 ppm Cr and 0.1% Fe. Actlabs samples were ground using a mild steel
mill. Samples were crushed to a nominal minus 10 mesh (1.7 mm), mechanically split (riffle)
and then pulversized to at least 95% minus 150 mesh (105 microns). Iron contamination of
up to 0.2% is expectect, the use of a steel mill does not add any Cr or Ni contamination.

Major elements at Geo Labs were analyzed by X-ray fluorescence spectrometry (XRF).
Samples were prepared by first conducting a loss on ignition at 100 ◦C under nitrogen
atmosphere, followed by 1000◦C under an oxygen atmosphere until a constant weight%
was determined. The sample was then fused with a lithium borate flux to produce a glass
bead for analysis. Major elements at Actlabs were analyzed by Inductively Coupled Plasma
Mass Spectrometry (ICP-MS). To prepare samples they mixed them with a flux of lithium
metaborate and lithium tetraborate and fused in an induction furnace. The glass bead was
then dissolved into a solution of 5% nitric acid.

Trace elements at Geo Labs were analyzed by dissolution in a multi acid digest (hydroflu-
oric, hydrochloric, nitric and perchloric acid) in a closed vessel to promote total dissolution,
then analyzed by ICP-MS. Trace elements at Actlabs were also analyzed by ICP-MS using
the glass bead prepared for major element chemistry.
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Samples for S analysis at Geo Labs conducted by combustion of the sample in an oxygen
rich environment and then measuring S was by infrared absorption. The samples for Se and
Te were prepared by digestion in concentrated acids (hydrofluoric, hydrochloric, nitric and
perchloric), and then analyzed by ICP-MS. The samples used to analyze for S, Se and Te at
Actlabs were prepared by digestion in aqua regia at 90◦C in a digestion block for 2 hours.
The solution was then analyzed by ICP-MS.

Gold, platinum and palladium were analyzed by lead fire assay with a ICP-MS finish at
both labs.

No samples were analyzed at both labs. Results for major element chemistry and trace
element chemistry were similar between two labs. A comparison between major and trace
element analytical results between the two labs is shown in Fig. 5.1. This figure compares
major elements, rare earth elements and high field strength elements. The results two labs
overlap the same range indicating that the data sets can be compared.

5.2 Major and Trace Element Lithogeochemistry

A summary of the major element chemistry for unmineralized and mineralized zones of
each drill hole is shown in Table 5.1. A box and whisker plot summarizing the major
element chemistry for unmineralized, Main Zone, W-Horizon and samples from Good (1992)
is shown in Figure 5.2. The results of major element lithogeochemistry from this study
show similar ranges to those reported in Good (1992). The major element lithogeochemistry
are also consistent between unmineralized, Main Zone and W-Horizon samples. Main Zone
samples have slightly elevated Al2O3, MnO and CaO whereas the W-Horizon samples reveal
a decrease in P2O5. The dominant control on major element chemistry is modal mineral
abundance, which can be highly variable because of the small sample size. Clinopyroxene
is the major control on CaO and Mg#, and plagioclase controls Na2O and Al2O3. Due to
its low abundance, olivine does not exhibit a strong control on major element chemistry.
Magnetite and ilmenite are the major controls on TiO2.

Harker differentiation diagrams are shown in Figure 5.3. It is expected that an evolving
igneous system with an SiO2 range of 42-52 wt%, will show the following trends with increasing
SiO2; increasing Al2O3, Na2O, K2O and decreasing MgO, FeO, CaO and TiO2 (Winter, 2001).
Linear correlations in these diagrams are weak. In this sample suite the Harker diagrams
show the following relationships with increasing SiO2; increasing Al2O3, Na2O, and CaO and
decreasing FeO. MgO differentiation diagrams are shown in Figure 5.4. This set of diagrams
demonstrates the following relationships with decreasing MgO; increasing SiO2, Na2O and
Al2O3 and decreasing FeO. Al2O3, Na2O and Fe2O3 all show linear trends on the Harker and
MgO differentiation diagrams, and are therefore considered to be indicators of fractionation
trends.

Major and trace element down hole plots are shown in Figures 5.5-5.8 with the mineralized
zones highlighted. Within mineralized zones the results look more erratic compared to the
unmineralized zones. This is actually caused by the increased number of samples analyzed
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Figure 5.1: Major and trace element comparison between the two analytical laboratories
used displaying overlapping ranges. (A) Comparison of major elements (SiO2 and Al2O3).
(B) Comparison of light rare earth elements to heavy rare earth elements (La and Yb).
(C) Comparison of high field strength elements (Zr and P). (D) Comparison of rare earth
elements vs. high field strength elements (Eu and Nb).

within the mineralized zones relative to the unmineralized zones, and the small amount of
material used in each analysis. Both TiO2 and P2O5 show a wide range of values. This is
caused by variable modal abundances of apatite and magnetite, predominantly within the
feldspathic peridotite. Each drill hole will be examined in the following section.

Overall the trace element chemistry trends follow shifts in the major element chemistry.
The most obvious of these trends are caused by magnetite, plagioclase and clinopyroxene.
The abundance of magnetite is shown by positive correlations of TiO2, V and these values
generally have opposite trends to SiO2. Plagioclase control on trace elements is observed
in a strong positive correlation between Al2O3, Na2O and Sr. Incompatible elements Zr,
Nb and Y show a strong positive correlation and generally correlate with increases in P2O5.
Shaw (1994) demonstrated that clinopyroxene represents trapped interstitial liquid and is
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the major control on CaO. The abundance of CaO generally shows a positive correlation
with the incompatible trace elements.

Table 5.1: Major Element Composition by Zone

Unmineralized 306 W-Horizon 368 W-Horizon 369 W-Horizon 1
N = 100 N = 19 N = 5 N = 5

Min Max Avg Min Max Avg Min Max Avg Min Max Avg

SiO2 43.11 55.49 47.83 44.68 49.57 47.54 44.51 48.72 47.75 44.6 47.64 46.42
TiO2 0.27 1.82 0.78 0.17 1.65 0.54 0.59 1.37 0.77 0.4 0.71 0.57
Al2O3 8.27 19.18 15.97 10.31 23.42 17.61 14.47 16.23 15.63 13.82 20.02 16.22
Fe2O3 6.90 23.15 11.85 6.74 18.54 10.96 10.95 16.29 12.4 9.47 13.56 11.71
MnO 0.12 0.36 0.19 0.09 0.29 0.17 0.18 0.22 0.19 0.14 0.21 0.18
MgO 2.21 13.94 7.31 3.42 14.22 7.20 7.92 8.88 8.36 4.92 9.28 7.27
CaO 5.70 14.32 12.17 8.47 14.93 11.83 12.07 14.35 12.62 9.44 12.92 11.1
Na2O 1.49 5.41 2.44 1.29 3.42 2.49 1.97 2.22 2.10 1.56 2.82 2.14
K2O 0.28 2.36 0.53 0.24 0.76 0.49 0.35 0.4 0.38 0.35 0.54 0.41
P2O5 0.06 2.17 0.29 0.07 0.77 0.17 0.21 0.53 0.29 0.10 0.20 0.15
LOI -1.75 6.45 0.81 -0.52 2.8 0.21 -0.32 0.22 0.02 2.45 5.11 3.38

369 W-Horizon 2 441 W-Horizon 306 Main Zone 368 Main Zone
N = 9 N = 18 N = 13 N = 15

Min Max Avg Min Max Avg Min Max Avg Min Max Avg

SiO2 47.3 50.35 48.47 45.71 53.44 48 43.88 50.11 46.52 45.42 51.55 47.93
TiO2 0.51 0.94 0.7 0.34 1.38 0.73 0.51 1.69 1.09 0.51 1.82 0.96
Al2O3 12.33 17.67 15.16 12.52 23.93 17.09 13.84 20.76 16.27 5.37 18.99 12.44
Fe2O3 8.12 12.35 9.97 4.14 14.37 10.70 9.61 16.75 12.72 10.07 17.68 13.38
MnO 0.14 0.21 0.17 0.06 0.21 0.16 0.12 0.27 0.18 0.16 0.32 0.22
MgO 4.74 8.76 6.91 2.23 8.85 6.50 3.45 6.80 5.47 6.26 9.41 8.14
CaO 11.64 15.21 13.42 8.64 14.21 12.43 9.76 13.55 11.91 10.18 16.76 13.55
Na2O 1.7 3.43 2.36 1.9 3.77 2.51 2.00 3.09 2.54 1.21 2.74 1.90
K2O 0.31 0.73 0.48 0.26 2.11 0.52 0.29 0.44 0.35 0.30 0.96 0.51
P2O5 0.10 0.23 0.13 0.07 1.10 0.19 0.07 0.63 0.19 0.06 2.92 0.74
LOI 0.64 2.09 1.34 0.02 1.23 0.6 0.46 7.04 1.61 -0.06 1.30 0.63
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5.3 Down Hole Lithogeochemistry

5.3.1 DDH-306

The major and trace element lithogeochemistry is shown in Figure 5.5 and the log is in
Figure 3.5. Three distinct packages can be defined based on the Mg#, and the major and
trace elements elements show similar behaviour in these intervals. From the base of the drill
hole to the top of the Main Zone is the first package (the apparent erratic results within
the mineralized zone are a result of the increased samples as described above). From the
top of the Main Zone through unmineralized zone 2 the assays are consistent with a Mg#
increasing smoothly to higher values. From the base of the W-Horizon to the top of the drill
hole there is no clear trend. The overall patterns of the trace elements mirror the major
elements. Magnetite control is evident by the positive correlation of TiO2 and V. Plagioclase
control is shown through positive correlation of Al2O3 and Sr. Incompatible elements Zr,
Nb, and Y show a strong positive correlation with each other and also parallel the overall
trends exhibited by CaO which correlates with the amount of trapped liquid. A spike in
P2O5 (corresponding with a sample of feldspathic clinopyroxenite) at 158 m is reflected by
increases in Ti, V, Nb and Y.

5.3.2 DDH-368

The major and trace element lithogeochemistry is shown in Figure 5.6 and the log is in Figure
3.6. Three distinct packages can be defined based on the Mg#, and the other elements show
similar behaviour in these intervals. From the base of the intrusion to the base of the Main
Zone the Mg# increases smoothly. Within the Main Zone there is no clear trend. Above
the Main Zone there is a second package of smoothly increasing Mg# to the base of the
W-Horizon. Within the W-Horizon there is no clear trends and above the Mg# decreases
up-section.

Overall the trace element patterns mirror those observed within the major elements.
Magnetite control is evident by the positive correlation of TiO2 and V. Trace elements
compatible with magnetite show negative correlation with SiO2. Plagioclase control is shown
through a positive correlation of Al2O3 and Sr. Incompatible elements Zr, Nb, and Y show a
strong positive correlation with each other and also parallel the overall trends exhibited by
CaO which correlates with the amount of trapped liquid. The incompatible trace elements are
highest at the bottom of this drill hole and decrease towards the top. The largest increases
in trace element abundance, particularly Zr, Nb and Y, occur in conjunction with increases
in the amount of apatite. This trend is observed within unmineralized zone 3, and the Main
Zone. Above the W-Horizon to the top of the samples the values remain relatively constant.

5.3.3 DDH-369

The major and trace element lithogeochemistry is shown in Figure 5.7 and the log is in Figure
3.7. The results from this drill hole do not show strong trends overall.
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Incompatible trace element (Ba, Nb, Zr and Y) abundances smoothly increase from the
top of W-Horizon 2 to the base of W-Horizon 1.

Magnetite control is evident by the positive correlation of TiO2 and V. Trace elements
compatible with magnetite show negative correlation with SiO2. Plagioclase control is shown
through the positive correlation of Al2O3 and Sr. Incompatible elements Zr, Nb, and Y
show a strong positive correlation with each other but not with CaO as was observed in the
previous drill holes. Samples containing elevated P2O5 and trace elements correspond to
feldspathic clinopyroxenite. The normal fractionation trend observed through unmineralized
zone 2 is also observed in the trace elements with TiO2, V, K2O, Rb, Sr, and Ba increasing
whereas Zr and Y both decrease.

5.3.4 DDH-441

The major and trace element lithogeochemistry is shown in Figure 5.8 and the log is in Figure
3.8. Overall the results from this drill hole are near-constant and do not vary greatly up
section. As observed in the previous drill holes the results are the most erratic within the
W-Horizon. As was observed in the previous drill holes magnetite control is evident by the
positive correlation of TiO2 and V. Trace elements compatible with magnetite show negative
correlation with SiO2. Plagioclase control is shown through the positive correlation of Al2O3

and Sr. Incompatible elements Zr, Nb, and Y do not show a strong positive correlation
with each other or CaO which was also observed in DDH-369. Generally samples containing
apatitic feldspathic clinopyroxenite or syenite dikes correlate with increases in trace elements.

5.3.5 Down Hole Summary

The major element chemistry is variable between adjacent drill holes of the study and is not
correlatable. Trends indicating fractional crystallization in a closed system include increasing
SiO2 and decreasing Mg# with depth. These trends which represent fractionation in a closed
magmatic system are not observed over large intervals but rather as small zones separated
by breaks. All of the drill holes displayed an increase in variation of adjacent samples within
the mineralized zones. This irregularity is due to the increased sampling density within the
mineralized zones. Drill holes DDH-306, DDH-368 and DDH-369 each showed several distinct
packages based predominantly on Mg# whereas the composition in DDH-441 remained
constant. The scale of the trends is variable from small several meter sections to entire
drill holes. The appearance of apatitic feldspathic peridotite also does not correlate to any
changes in composition either above or below these zones. The apatitic feldspathic peridotite
correlates with the largest major shifts in trace element chemistry, compatible elements
decrease and incompatible elements increase in abundance.
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Figure 5.3: Harker diagrams plotting SiO2 vs. major oxides (in weight %) for all samples.
Linear correlations with major elements and SiO2 are weak. The best correlation for linear
trends indicating an evolving magmatic system are shown for Fe2O3, CaO and Na2O3. The
remaining diagrams do not exhibit strong linear correlations with SiO2.
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Figure 5.4: MgO differentiation diagrams for major elements. MgO is used as a differentiation
index, samples having a lower MgO are expected to be move evolved. Overall correlations
with major elements and MgO are weak. Weak linear correlations indicating an evolving
magmatic system are shown for Fe2O3, Al2O3 and Na2O. A wide spread is shown for TiO2

and P2O5 due to zones of cumulate magnetite and apatite.
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5.4 Rare Earth Elements

Analysis of the rare earth elements (REE) were conducted for all samples as described in the
methodology section. The europium anomaly (Eu*) was also calculated using the method
of Weill and Drake (1973). Eu* was calculated as Eu(CN)-[[Sm(CN)+Gd(CN)]/2] using
chondrite normalized values from Sun and McDonough (1989)). Plagioclase preferentially
incorporates Eu into its structure as a substitute for Ca resulting in a higher value of Eu
relative to Sm and Gd in the normalized REE diagram. Where Eu* is positive it indicates
the presence of plagioclase, where it is negative it indicates that plagioclase has been removed
from the system. The partitioning of REE elements into apatite can also cause a negative
value for Eu* due to the partition coefficients (crystal/liquid) of Sm, Eu and Gd which are
14.6, 9.6 and 15.8 respectively (Paster et al., 1974).

The values of La, La/Yb and Eu* are summarized by drill hole and zone as a box and
whisker plot in Figure 5.9. Overall the REE results are consistent between the mineralized
zones. Three samples of feldspathic pyroxenite with high amounts of apatite produce the
apparent increase in La and Eu* within DDH-368 Main Zone. The values of La, La/Yb
and Eu* are presented in Figure 5.10 to summarize the major trends in rare earth elements
(REE). There are no consistent trends for the REE above or below mineralized zones or
within mineralized zones. Increases in La and negative values of Eu* generally correlate with
P2O5, an indicator of samples of feldspathic peridotite. The value of La/Yb remains relatively
unchanged in the high P2O5 samples in DDH-368, DDH-368 and DDH-441, indicating a
control by apatite (partition coefficients of 8.6 and 8.1 respectively Paster et al. (1974)).
Within DDH-306 this ratio increases slightly with the increase in Eu*.

A chondrite normalized REE plot is shown in Figure 5.11 summarizing different zones
of the study. The range of unmineralized Two Duck Lake Gabbro samples shows a typical
REE pattern and shows a positive europium anomaly due to cumulate plagioclase. At low
REE abundances the europium anomaly is positive and with increasing REE abundances it
diminishes and then becomes negative.

The average of the Main Zone (green circles) and W-Horizon samples fall directly within
the zone defined by unmineralized Two Duck Lake Samples. The unmineralized samples of
the feldspathic peridotite overlay the Two Duck Lake Gabbro samples directly at a higher
REE values. The mineralized Main Zone samples of feldspathic peridotite plot within the
range of the unmineralized samples.
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Figure 5.9: Box and whisker plot summarizing the rare earth element chemistry major element
chemistry of the TDLG grouped by unmineralized, W-Horizon and Main Zone samples. The
box is divided into the 25 and 75 percentile range, also shown are the mean, 1% and 99%
percentile values and the minimum/maximum. The higher values of samples from DDH-368
are due to different lab analysis techniques. This figure demostrates the considerable overlap
of major element chemistry within the TDLG and highlights a lack of sysematic REE changes
in respect to mineralizaiton.
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Figure 5.10: Rare earth element variation with depth for DDH-306, DDH-368, DDH-369,
DDH-441.
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Figure 5.11: Chondrite normalized REE plot using values from (Sun and McDonough, 1989).
Fields for the unmineralized samples of Two Duck Lake Gabbro and feldspathic peridotite are
shown in light grey and dark grey. The average values for W-Horizon (red) and Main Zone
(green) fall within the field defined by the unmineralized average. The average value of Main
Zone samples within feldspathic peridotite (purple) fall within the range for unmineralized
samples of feldspathic peridotite.
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5.5 Metals

The variation of whole rock metal content Ni, Cu, Pt, Pd, Au and S are summarized in Table
5.2 and down hole plots are shown in Figures 5.12 and 5.13. The unmineralized samples
contain low levels of Ni, Cu, Pt, Pd, Au and S. The mineralized zones are defined by increases
of Cu, Pt, Pd, Au and S relative to the unmineralized samples. The mineralized horizons
show consistently higher grades across the entire width of mineralization (i.e., there are no
repetitive cycles or gradations within zones) although there is some variation in the total
amount of metals in each sample.

In unmineralized samples the average amount of Ni is 110 ppm, and is a reflection of
Ni in the olivine present within the gabbro. Within the mineralized zones, Ni is slightly
elevated (average 200-250 ppm, locally up to 500 ppm) with the highest values occurring in
samples that contain visible pentlandite (DDH-306 Main Zone and W-Horizon, DDH-441
W-Horizon). Analyses of Cu in DDH-306 had a detection limit of 1.4 ppm and DDH-306,
DDH-369 and DDH-441 had a detection limit of 0.01 ppm. Copper in the unmineralized
samples average 0.015 wt%, in the low S W-Horizon samples (DDH-368 and DDH-369) it
ranges from 0.04-0.08 wt% and is around 0.30 wt% in both DDH-306 and DDH-441 (high
S W-Horizon and high S low grade W-Horizon). The average amount of Cu in Main Zone
samples from this study is 0.38 wt% and 0.15 wt% in DDH-306 and DDH-368 respectively,
which is significantly lower than the average Main Zone value of 0.83 wt% reported in Good
(1992).

The Main Zone samples of DDH-306 and DDH-368 average approximately 0.25 ppm Pt
and 0.80 ppm Pd, which is again lower than the average Main Zone values of 0.55 ppm Pt
and 1.72 ppm Pd reported in Good (1992). The W-Horizon in DDH-306 has the highest Pt
and Pd grades, averaging 8.5 ppm Pt and 9.8 ppm Pd, with samples up to 29 ppm Pt and 23
ppm Pd. Drill holes DDH-368 and DDH-369 have similar W-Horizon Pt and Pd grades, in
the range of 2-4 ppm Pt and 3-7 ppm Pd and can locally exceed 11 ppm Pt and 24 ppm Pd.
The lowest Pt and Pd grades from W-Horizon samples came from DDH-441, where averages
of 0.22 ppm Pt and 0.83 ppm Pd and local maximums of 1.0 ppm Pt and 3.2 ppm Pd occur.
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Figure 5.14 shows the relationship between mineralization, Mg# and geochemical indica-
tors of the feldspathic pyroxenite. Plots A and B show Mg# vs. Cu and Pt + Pd. In the Cu
plot there is overlap between both mineralization zones and no clear relationship between Cu
and Mg#. The plot of Mg# vs. Pt + Pd also shows no unique trend for either zone, with
the W-Horizon samples clustering at the higher end of the Mg# range. These plots show
no correlation between evolved samples (using Mg# as a proxy for evolution) and base or
precious metals.

Figure 5.14 C and D show Eu* vs. Cu and Pt + Pd, with negative values of Eu* indicating
samples of feldspathic pyroxenite. Samples with negative Eu* values only contain low Cu
values and have negligible values of Pt + Pd. Figure 5.14 E and F compare P2O5 with
Cu and Pt + Pd, with high P2O5 values shown to correlate with samples of feldspathic
pyroxenite. Samples with high P2O5 values correlate with low values of Cu, Pt and Pd.
These two sets of graphs show that the feldspathic pyroxenite samples, which contained the
highest amount of secondary hydrous minerals, do not correlate with mineralization and
contain insignificant amounts of PGE.

Plots of Cu vs. Pd and Pt are shown in Figure 5.15. There are two distinct groupings
of the ratios: Main Zone and DDH-441 W-Horizon (Main Zone group) and the W-Horizon
samples from DDH-306, DDH-368 and DDH-369 (W-Horizon group). The Main Zone group
has high Cu/Pd and Cu/Pt values, generally > 1000:1 whereas the W-Horizon group has low
Cu/Pd and Cu/Pt ratios, and are < 500:1 overall. The ratio of Pd/Pt is shown in Figure
5.16. All of the samples have Pd/Pt ratios > 1:1 and in the high grade W-Horizon samples
Pd/Pt ratios > 3:1 are common. Figure 5.17 is a plot of Cu/Pd vs. Pd/Au. This figure
again shows the grouping of the Main Zone group samples, which cluster at high Cu/Pd
and low Pd/Au values. The W-Horizon group clusters at low Cu/Pd and high Pd/Au. It is
also shown that there is a trend between the two styles of mineralization, with low grade
W-Horizon (DDH-441) mineralization bridging the gap between the Main Zone and higher
grade W-Horizon.
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Figure 5.14: Base and precious metals vs. Mg#, Eu* and P2O5 (A) Plot of Cu. Vs. Mg#,
using Mg# as an indicator for primitive magma. (B) Plot of Pt+Pd vs. Mg# showing
overlap between the W-Horizon and Main Zone Samples. (C) Plot of Cu vs. Eu*. Positive
values of Eu* correlate with typical Two Duck Lake Gabbro samples and negative values
correlate with samples of apatitic feldspathic clinopyroxenite. (D) Plot of Pt+Pd vs. Eu*,
showing overlap between the W-Horizon and the Main Zone samples. (E) Plot of Cu vs.
P2O5. High values of P2O5 correlate with samples of feldspathic pyroxenite. (F) Plot of
Pt+Pd vs. P2O5. High values of P2O5 correlate with Pt and Pd barren samples.
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5.6 Sulphur and Selenium

5.6.1 Introduction

Selenium and sulphur are highly siderophile elements. They are volatile and behave similar
to other siderophile elements (such as Pt, Pd and Cu) in a magmatic system (Yi et al.,
2000). Selenium is a trace element with an average crustal abundance of 0.050 ppm. The low
abundance is attributed to removal from the upper mantle and crust during core segregation
(Taylor and McLennan, 1985). Average S/Se values have been determined for various
reservoirs and are shown in Table 5.3.

Within ore bodies it has been shown that essentially all of the Se is contained within
sulphides (Hawley and Nichol (1959), Bethke and Barton (1971) and Cox et al. (2007). It
is by this relation of Se and S that magmatic sulphide ore deposits have increased levels
of Se relative to the primitive mantle. High concentrations of Se have also been reported
in high temperature volcanic magmatic or hydrothermal ore deposits Bethke and Barton
(1971). High S/Se values in Ni-sulphide ores have been used as evidence of the contribution
of S from country rocks (Ripley et al. 2002 and Theriault and Barnes 1999). Where S/Se
is subchondritic, it has been interpreted as evidence that the rocks have experienced S loss
(Barnes et al., 2009).

Table 5.3: Average S/Se Values

Reservoir S/Se Reference

Primitive undifferentiated mantle 3333 (McDonough, 1995)
Chondrites 2500 (Dreibus et al., 1995)
Peridotites 3000 (Lorand and Alard, 2010)
MORB Basalts 4900-7300 (Auclair et al., 1987)

During crystallization of a silicate melt S and Se behave incompatibly along with lithophile
elements such as La and Sm. Since they are both incompatible, the S/Se ratio in the liquid
will remain constant with fractionation. If the silicate melt reaches S saturation and a
sulphide liquid forms the siderophile elements (i.e., Se and Cu) will partition into the sulphide
liquid whereas incompatible lithophile elements will remain in the silicate melt. Due to the
high partition coefficients of S and Se into a sulphide liquid, S/Se will not change (Barnes
et al., 2009). If the sulphide liquid segregates from the silicate melt it will change Se/La from
that of the parental magma.

Since S and Se behave similarly in a silicate or sulphide liquid, specific conditions are
required to change S/Se. Assimilation of an external S source (i.e., S-bearing country rock)
that has a different S/Se than the parental magma can change the ratio. The degree of
change will depend on the ratio of magma to assimilated S source and the S/Se in the magma
compared to the new source. The loss of S has also been shown by several authors to lower
S/Se . Dreibus et al. (1995) studied weathered meteorites and was able to show that the S/Se
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ratio decreased in strongly weathered rocks. Auclair et al. (1987) examined the distribution
of S and Se in hydrothermal sulphide deposits and showed that S/Se ratios were lower in
rocks which experience S loss. The affinity for O decreases from S to Se, and SO2 and SO3

are gasses that will volatilize or transport easily whereas SeO2 is a solid that is relatively
immobile.

5.6.2 Sulphur and Selenium Results

Figure 5.18 shows that there is a positive correlation between S and Se. The general trends
show that S/Se is lower in the W-Horizon samples (∼ 600-1000) than it is in the Main Zone
Samples (∼ 1000-1700) (Table 5.4), although there is some overlap between the two zones.
In the low grade W-Horizon (DDH-441) S/Se is closer to the Main Zone samples and S/Se
for DDH-368 Main Zone is closer to the W-Horizon values.
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Figure 5.18: Plot of S vs. Se for all samples

5.6.3 Siderophile Elements trends and S, Se and S/Se

This section examines the trends of the siderophile elements and S, Se and S/Se. Each
subsection shows plots of each of the siderophile elements. For each parameter the covariance
was also calculated, the results are in Table 5.5. The covariance was calculated using the
commercial software Origin.

Covariance is s measure used to show the correlation between two random variables.
Covariance ranges between between -1 and +1. A value close to +1 means that the two
parameters are positively correlated and a value close to -1 indicates a negative correlation.
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Table 5.4: Element Ratios by Zone

Zone

Unmin 306 W 368 W 369
W1

369
W2

441 W 306 M 368 M

S/Se (avg) 1130 ±
82

630 ±
36

1018 ±
76

680 ±
63

926 ±
70

1381 ±
45

1737 ±
385

977 ±
152

Cu/S (avg) 0.44 ±
.03

1.67 ±
.09

1.02 ±
.05

1.28 ±
.06

1.00 ±
.02

1.01 ±
.03

0.48 ±
0.1

0.86 ±
.09

Cu/Se (avg) 438.1
± 64.2

1060 ±
57.75

1047 ±
56.64

845.6
±
48.76

929.6
±
74.39

1406 ±
40.26

866.6
±
275.9

1053 ±
126.8

Table 5.5: Covariance for S, Se, S/Se vs. Ni, Cu, Pt, Pd, Au Plots

306 W 368 W 369 W-1 369 W-2 441 W 306 Main 368 Main

Ni vs. S 0.39 -0.29 0.042 0.27 0.86 0.53 0.78
Cu vs. S 0.92 0.99 0.99 0.99 0.98 0.63 0.91
Pt vs. S -0.052 0.82 -0.18 0.53 0.51 0.033 0.47
Pd vs. S 0.61 0.21 -0.32 0.32 0.62 0.12 0.16
Au vs. S 0.20 0.13 -0.064 0.68 0.75 0.12 0.30

Ni vs. Se 0.51 -0.36 -0.13 0.58 0.86 0.13 -0.24
Cu vs. Se 0.91 0.99 0.99 0.96 0.99 0.45 0.93
Pt vs. Se -0.076 0.93 0.66 0.38 0.88 0.011 -0.0030
Pd vs. Se 0.50 0.30 0.78 0.13 0.68 -0.089 -0.13
Au vs. Se 0.094 0.84 -0.42 0.56 0.71 -0.067 0.17

Ni vs. S/Se 0.02 -0.25 0.31 -0.036 0.27 0.22 -0.11
Cu vs. S/Se 0.15 0.62 0.65 0.39 0.33 0.02 0.63
Pt vs. S/Se -0.044 0.72 0.27 -0.017 0.23 0.03 0.41
Pd vs. S/Se 0.15 0.41 0.95 -0.17 0.21 0.31 0.29
Au vs. S/Se 0.18 0.89 -0.26 0.11 0.09 0.22 0.64
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5.6.3.1 The Highly Siderophile Elements (Au, Pt, Pd, Cu, Ni) and S

Plots comparing S vs. metal content are shown in Figure 5.19. Nickel correlates with S at S
≥ 2000 ppm, below this amount of sulphur the abundance of Ni is dominantly controlled by
olivine rather than sulphide minerals. The highest Ni values were in the W-Horizon samples
from DDH-306 and DDH-441 and the Main Zone samples from DDH-306 and DDH-368.
Copper shows a strong positive correlation with S for all sample suites. The Cu/S value is
variable depending on the mineralization style (Table 5.4). The average Cu/S is 0.44 ± 0.3
in unmineralized samples, the W-Horizon samples average ∼ 1, with the highest value in
DDH-306 (167 ± 0.09), which corresponds to the highest amount of bornite in any of the
samples. Barnes (2004) interpreted that Cu/S values close to 1 and low S/Se ratios represent
samples that have undergone sulphur loss (Fig. 5.21). In the samples from DDH-306 Main
Zone and DDH-368 Main Zone the Cu/S ratio is lower (0.50-0.80), which is explained by the
presence of pyrrhotite. The precious metals show two distinct trends. Although the Main
Zone and W-Horizon can have similar total Cu, the ratio of Cu/S is lower in the Main Zone.

The precious metals show two distinct trends for the W-Horizon and Main Zone samples.
The Main Zone samples and DDH-441 W-Horizon have low Pt/S and Pd/S ratios and
correlate directly with the amount of S. The W-Horizon samples from DDH-306, DDH-368
and DDH-369 have much higher Pt/S and Pd/S ratios and have been decoupled from S.
These samples show a wide spread of Pt and Pd values over 100-4000 ppm S.

5.6.3.2 The Highly Siderophile Elements (Au, Pt, Pd, Cu, Ni) and Se

The general trends from S vs. Metals plots are mirrored in plots of Se vs. Metals (Fig. 5.20).
Ni correlates positively with Se above 1 ppm Se, although there is a wide spread in the data.
Again 306 and 441 W-Horizon and 306 Main Zone correlate the most with Ni. Copper shows
a strong correlation between Se for all mineralized zones. Compared to S, Se vs. Cu does
not show as much variation between the different mineralized zones, (Table 5.4) and Main
Zone samples have lower Cu/Se than W-Horizon samples. The W-Horizon in 441 has the
highest Cu/Se value, and 306 Main Zone has the lowest, the remainder of the mineralized
zones Cu/Se is around 1000.

Plots of Pt and Pd vs. Se show that the two mineralized zones occur in distinct regions.
The W-Horizon samples generally have higher precious metal/Se than the Main Zone samples.
The samples from 441 W-Horizon tend to group with the Main Zone samples. W-Horizon
samples from DDH-368, DDH-369 (1) and DDH-441 have higher correlation coefficients for
Pt and Pd vs. Se compared to S.

5.6.3.3 The Highly Siderophile Elements (Au, Pt, Pd, Cu, Ni) and S/Se

Plots of the highly siderophile elements (Au, Pt, Pd, Cu and Ni) vs. S/Se are shown in
Figure 5.21. For Ni there is no distinct trend with variations in S/Se. Copper shows a general
increase with decreasing S/Se. Increasing amounts of Pt and Pd with decreasing S/Se are
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also observed in the W-Horizon samples. There is no discernible trend for Pt and Pd with
S/Se within the Main Zone or W-Horizon samples from DDH 441. Again in all of the plots
there are distinct differences in the trends between W-Horizon and Main Zone for precious
metals vs. S/Se.

5.6.3.4 The Highly Siderophile Elements (Au, Pt, Pd, Cu, Ni) and Cu/S

Plots of the highly siderophile elements (Au, Pt, Pd, Cu and Ni) vs. Cu/S are shown in
Figure 5.22. These plots were chosen to examine the relationship between the W-Horizon
mineralization and the sulphide mineral assemblage. As described in the petrography section,
the sulphide mineral assemblage changes from chalcopyrite and pyrrhotite dominant in the
Main Zone to chalcopyrite and bornite in the W-Horizon. The ratio Cu/S is used as a proxy
to increasing amounts of bornite in the sulphide mineral assemblage (the ratio of Cu/S in
bornite is almost twice that of chalcopyrite). Main Zone and W-Horizon values of Cu/S
overlap in the range of 0-0.9, whereas only W-horizon samples have values above 0.9. There
are no trends for Ni vs. Cu/S. At very low values of Cu/S (< 0.5) Cu has a positive linear
correlation with Cu/S. At values > 0.5 Cu/S there are no trends between Cu and Cu/S. The
three highest Cu samples come from the mid-range of Cu/S (around 1.0 Cu/S) and are in
W-Horizon samples. Both Pt and Pd show similar trends against Cu/S. Looking at all of
the W-Horizon samples together there is not a single distinct trend relating high Pt and Pd
values to high Cu/S values. Trends are apparent when looking at a single W-Horizon at a
time. Within each individual W-Horizon there are clear trends showing increasing Pt and
Pd with increasing Cu/S. The plots for Au again show overlap between the Main Zone and
W-Horizon, with the exception of DDH-306 which has the highest Au values occurring at the
upper range of Cu/S values.
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Figure 5.19: Plots of S vs. Ni, Cu, Pt, Pd and Au
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Figure 5.20: Plots of Se vs. Ni, Cu, Pt, Pd and Au
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Figure 5.21: Plots of Se/Se vs. Ni, Cu, Pt, Pd and Au
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Chapter 6

Mineral Chemistry

Mineral element chemistry was analyzed to examine for fractionation trends, cryptic layering
and magma recharge events. Interpretation of whole rock geochemistry for these signatures
is masked by the heterogeneous modal mineral abundances in the TDLG at the scale used for
sampling. Analyses of major element mineral chemistry of olivine was conducted by electron
microprobe. At constant magma compositions and P-T conditions mineral compositions
such as Mg# are constant. The analysis of trace elements by LA-ICP-MS will allow for the
examination of elements which are affected by fractionation e.g., Ni in olivine will decrease
with fractionation.

6.1 Microprobe Analysis

6.1.1 Methodology

Grains of olivine, plagioclase, pyroxene and magnetite from polished thin sections of Two
Duck Lake Gabbro were analyzed by electron microprobe. The analyses were conducted
using a Cameca SX50 at the University of Toronto and a Cameca SX100 at the University
of Michigan. The analyses were conducted in order to determine mineral compositional
variations within the study drill holes and between mineralized units. Complete data sets
are in Appendix V.

6.1.1.1 Olivine

Olivine grains from polished thin sections of DDH-306, DDH-368, DDH-369 and DDH-441
were analyzed by electron microprobe and olivine stoichiometry was calculated on the basis of
four oxygens. Typically three grains per polished thin sections were analyzed. Initially both
the core and rims of grains were analyzed, and after confirming compositional homogeneity of
individual grains only cores were analyzed in subsequent analyses. The analyses of DDH-368
were conducted on a Cameca SX-50 at the University of Toronto and the analyses of DDH-306,
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DDH-369 and DDH-441 were conducted on a Cameca SX-100 at the University of Michigan.
Machine operation conditions were the same at both facilities. Compositional analyses
were acquired on an electron microprobe equipped with 3 tunable wavelength dispersive
spectrometers. Olivine grains were analyzed for Si, Mg, Fe, Mn, Ca and Ni. Operating
conditions were 40 degrees takeoff angle, and a beam energy of 15 keV. The beam current
was 30 nA, and the beam diameter was 1 microns. Counting times were: 20 seconds for Si,
Mg, Fe, 30 seconds for Mn, and 40 seconds for Ni, Ca. The off peak counting times were 20
seconds for Si, Mg, Fe, 30 seconds for Mn, and 40 seconds for Ni and Ca. Average detection
limits were below 200 ppm for Mg, Si and Ca and below 380 ppm for Mn, Fe and Ni.

6.1.1.2 Plagioclase

Plagioclase grains from polished thin sections of DDH-306, DDH-368 and DDH-441 were
analyzed by electron microprobe and plagioclase stoichiometry was calculated on the basis
of 32 oxygens. Typically three grains per polished thin section were analyzed and the
compositions of cores and rims were determined for each grain. The analyses were conducted
on a Cameca SX-50 at the University of Toronto. Compositional analyses were acquired
on an electron microprobe equipped with 3 tunable wavelength dispersive spectrometers.
Plagioclase grains were analyzed for Na, Al, Fe, Ca, Si, K and Cu. Operating conditions
were 40 degrees takeoff angle, and a beam energy of 15 keV. The beam current was 15 nA,
and the beam diameter was 1 micron. Counting times were: 10 seconds for Cu, 20 seconds
for Si, K, Ca, Na, 40 seconds for Sr, La, Al, and 60 seconds for Fe. The off peak counting
times were: 8 seconds for Na, 10 seconds for Cu, 20 seconds for K, Ca, Si, 40 seconds for Sr
la, Al, and 60 seconds for Fe. Average detection limits are less than 150 ppm for Si and Al,
less than 300 ppm for Fe, K and Ca, and less than 350 ppm for Na.

6.1.1.3 Pyroxene

Pyroxene grains from polished thin sections of DDH-368 were analyzed by electron microprobe.
Typically three grains were analyzed per polished thin section with one or two analyses
per grain. The analyses were conducted on a Cameca SX-50 at the University of Toronto.
Compositional analyses were acquired on an electron microprobe equipped with 3 tunable
wavelength dispersive spectrometers. Pyroxene grains were analyzed for Na, Si, Mg, Al,
Ca, Ti, Cr, Fe, Mn, Ni, and K. Operating conditions were 40 degrees takeoff angle, and a
beam energy of 15 keV. The beam current was 15 nA, and the beam diameter was 1 microns.
Counting times were: 10 seconds for Na, 20 seconds for Si, Mg, Al, Ca, Ti, Cr, 30 seconds
for Fe, and 40 seconds for Mn, Ni, K. Off peak counting times were: 11 seconds for Si, 12
seconds for Na, Mg, Al, 20 seconds for Ca, Ti, Cr, 24 seconds for K, 30 seconds for Fe, and
40 seconds for Mn, Ni. Average detection limits are less than 250 ppm for Si, Mg and Al,
and less than 350 for Na, Mn, Fe, and Ca.
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6.1.1.4 Oxide Minerals

Oxide mineral grains (magnetite and ilmenite) from polished thin sections of DDH-306, DDH-
368, DDH-369 and DDH-441 were analyzed by electron microprobe. Typically three grains
were analyzed per polished thin section with one to two analyses per grain. The analyses
were conducted on a Cameca SX-50 at the University of Toronto. Compositional analyses
were acquired on an electron microprobe equipped with 3 tunable wavelength dispersive
spectrometers. Oxide grains were analyzed for Mn, Fe, Ni, V, Cu, Nb, Ti, Cr, P, Mg and Al.
Operating conditions were 40 degrees takeoff angle, and a beam energy of 20 keV. The beam
current was 30 nA, and the beam diameter was 1 microns. Counting times were: 20 seconds
for Mn, Fe, and 40 seconds for Al, Ni, Ti, Cr, Nb la, Mg, V, Cu, P. Off peak counting times
were: 20 seconds for Mn, Fe, and 40 seconds for Al, Ni, Ti, Cr, Nb la, Mg, V, Cu, P. Average
detection limits are less than 400 ppm for all elements.

6.1.2 Olivine Electron Microprobe Results

Olivine grains from polished thin sections of transects through each of the drill holes in
this study were analyzed by electron microprobe. Analyses of the cores and rims of olivine
grains showed that they are chemically homogeneous within individual grains. Samples from
DDH-369 W-Horizon 1 were not analyzed due to a lack of fresh olivine grains. A summary
of the olivine microprobe results are shown in Table 6.1.

The average Mg# for the complete suite of samples is 52.2% and the range is 47-59%.
Good (1992) reported a slightly higher value of 56.9% ± 2.5% in his suite of Main Zone and
unmineralized TDLG samples. Olivine grain compositions are consistent within a polished
thin section, the difference in Mg# between grains was less than 2%. A box and whisker
plot summarizing the olivine electron microprobe data is shown in Figure 6.1. This figure
shows that the results from this study are all within the ranges reported by Good (1992)
and that for most elements analyzed the results from unmineralized, W-Horizon and Main
Zone samples overlap. Key differences between the zone include higher SiO2, MgO, NiO, and
lower FeO and CaO in the W-Horizon relative to the Main Zone.

The average Ni content of olivine is 620 ppm (1σ = 220 ppm) with a detection limit of ∼
350 ppm Ni. This is higher than the value of 540 ± 140 ppm Ni reported by Good (1992),
but the results of the two studies are within analytical error. Results for Ni in olivine grains
on an individual slide were highly variable with differences up to 50% Ni. Compared to other
sample groups the olivine in the W-Horizon has higher Ni contents and the Main Zone has
higher Ca abundance and a lower Mg#.

6.1.3 Downhole Olivine Composition

6.1.3.1 DDH-306

This drill hole shows three distinct trends in Mg#: from the base of the drill hole up through
the Main Zone, up through unmineralized zone 2, and from the base of the W-Horizon to the
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top of the drill hole. Each trend is characterized by overall increasing Mg# with increasing
elevation and are separated by distinct jumps in Mg# to lower values. The bottom two
trends show consistent NiO values, whereas the NiO increased near the base of the W-Horizon
and decreases consistently to the top. Overall there is an increase in Mg# (45 to 55) from
the base of the drill hole to the top correlating with an increase in Ni (0.04 to 0.12 %NiO).

6.1.3.2 DDH-368

This drill hole shows two distinct trends based on Mg# and Ni. From the base of this drill
hole to the top of the the Main Zone mineralization the Mg# are consistent whereas there is a
slight increase in Ni. At the base of unmineralized 2 there are three samples with anomalously
low Mg# and Ni, which correspond to samples from a fine grained gabbro xenolith. Above
the xenolith and to the top of the samples the Mg# decreases gradually while Ni increases
gradually. Overall this drill hole has near-constant Mg# values while Ni increases slightly.

6.1.3.3 DDH-369

The results of this drill hole are characterized by a high amount of variability and do not
show any distinct trends.

6.1.3.4 DDH-441

This drill hole shows two distinct trends. From the base of the drill hole to the top of the
W-Horizon there is a general increase in Mg# corresponding with an increase in Ni. Within
the W-Horizon the results become erratic, on average Mg# does not change and there is an
overall increase in the amount of Ni in olivine. Above the W-Horizon Mg# and Ni show
some slight variation but overall are constant.
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Table 6.1: Results summary of olivine microprobe analyses

Unmineralized 306 W Horizon 368 W Horizon 369 W Horizon 2
no. grains 221 67 23 30
no. analyses 307 120 42 60

Range Range Range Range
Rep. Min Max Rep. Min Max Rep. Min Max Rep. Min Max

SiO2 35.51 34.05 36.69 35.82 33.75 36.67 35.04 34.64 35.64 35.88 35.18 36.55
MgO 25.63 19 28.46 24.96 17.55 27.75 26.81 24.91 28.48 26.11 22.6 27.7
MnO 0.49 0.49 1.09 0.711 0.545 1.42 0.577 0.495 0.676 0.693 0.586 0.789
FeO 38.97 34.21 45.97 38.42 35.16 47.24 37.2 35.54 39.8 37.47 35.91 41.79
NiO 0 0 0.12 0.12 0.024 0.15 0.081 0.051 0.11 0.079 0.035 0.11
CaO 0.065 0.032 0.10 0.09 0.043 0.17 0.062 0.038 0.13 0.14 0.039 0.18
Total 100.9 98.46 101.4 100.1 99.26 101 99.77 98.94 101.1 100.4 99.87 101.2

number of ions on the basis of 4 oxygens

Si 0.591 0.987 1.01 0.596 1 1.02 0.583 0.983 1 0.597 0.998 1.01
Mg 0.636 0.831 1.18 0.619 0.778 1.15 0.665 1.05 1.18 0.648 0.96 1.15
Mn 0.009 0.01 0.03 0.01 0.01 0.04 0.008 0.01 0.02 0.01 0.01 0.02
Fe 0.54 0.8 1.1 0.53 0.82 1.2 0.52 0.83 0.94 0.52 0.83 1
Ni 0 0 0.003 0.002 0.0006 0.003 0.001 0.001 0.003 0.001 0.0008 0.002
Ca 0.0009 0.001 0.006 0.002 0.001 0.005 0.001 0.001 0.004 0.003 0.001 0.005

Fo. 0.54 0.42 0.59 0.53 0.39 0.58 0.56 0.52 0.59 0.55 0.49 0.58
Fa. 0.46 0.4 0.57 0.46 0.41 0.59 0.44 0.41 0.47 0.44 0.42 0.51
Mg# 0.54 0.42 0.6 0.54 0.4 0.58 0.56 0.53 0.59 0.55 0.49 0.58

441 W Horizon 306 Main Zone 368 Main Zone
no. grains 78 15 16
no. analyses 134 30 16

Range Range Range
Rep. Min Max Rep. Min Max Rep. Min Max

SiO2 35.8 34.8 36.87 35.44 34.18 35.93 35.00 35 35.67
MgO 25.55 20.99 28.42 23.33 20.04 24.93 26.46 24.78 27.11
MnO 0 0 0.757 0.671 0.605 0.746 0.567 0.487 0.664
FeO 38.01 34.5 43.54 40.68 38.75 45.02 38.19 36.78 39.14
NiO 0.1 0.033 0.22 0.064 0.028 0.068 0.073 0.04 0.098
CaO 0.11 0.024 0.157 0.12 0.20 0.2 0.095 0.025 0.10
Total 100.2 99.42 100.9 100.3 99.71 100.9 100.8 99.78 101.1

number of ions on the basis of 4 oxygens

Si 0.596 1 1.02 0.59 0.999 1.01 0.59 0.991 1
Mg 0.634 0.907 1.16 0.579 0.875 1.05 0.657 1.05 1.14
Mn 0 0 0.02 0.009 0.01 0.02 0.008 0.01 0.02
Fe 0.53 0.79 1.1 0.57 0.91 1.1 0.53 0.86 0.93
Ni 0.001 0.0007 0.005 0.0009 0.0006 0.002 0.001 0.0009 0.002
Ca 0.002 0.0007 0.005 0.002 0.002 0.006 0.002 0.0008 0.004
Fo. 0.54 0.46 0.59 0.5 0.44 0.53 0.55 0.53 0.56
Fa. 0.45 0.4 0.53 0.49 0.46 0.55 0.44 0.43 0.47
Mg# 0.55 0.46 0.59 0.51 0.44 0.53 0.55 0.53 0.57
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Figure 6.1: Box and whisker plot summarizing the major element chemistry of olivine grains
in the TDLG. Samples are grouped into unmineralized, W-Horizon and Main Zone, samples
from Good (1992) are included for comparison. The box is divided into the 25 and 75
percentile range, also shown are the mean (hollow square), 1% and 99% percentile values (X)
and the minimum/maximum (-). This figure demostrates the considerable overlap of olivine
grain major element chemistry within the TDLG and highlights a lack of systematic major
element changes with respect to mineralizaiton.
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6.1.4 Plagioclase

Plagioclase grains from polished thin sections of DDH-306, DDH-368 and DDH-441 were
analyzed by electron microprobe. Typically three grains were analyzed per slide with two
analyses conducted on each grain. A suite of samples showing plagioclase composition
stratigraphy were analyzed from DDH-368 as well as samples from DDH-306 Main Zone and
DDH-441 W Horizon. A summary of the results is shown in Table 6.2. The composition of
plagioclase grains is highly variable. The average composition is 59.6% An with a range of
41.1-73.7%. This range is in agreement with the range of 45.5-71.0% An calculated by Good
(1992) for the Two Duck Lake Gabbro. The highest An compositions (>70%) tend to be
from secondary plagioclase grains associated with chalcopyrite, although this is not always
the case. Plagioclase grains commonly show chemical zonation with a Ca-rich core, and Ca
decreases towards the grain boundaries. Zoned grains typically have compositional variations
on the order of 5-10% An, with a maximum difference of 20% An observed.

The down-hole major element results from DDH-368 are plotted in Figure 6.5. The wide
spread in plagioclase compositions on the sample scale is evident from the error bars. Down
hole there is very little change in the range of plagioclase compositions, and there are no
changes in the average plagioclase composition with mineralization.
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Figure 6.4: Plagioclase electron microprobe composition summary
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Figure 6.5: Plagioclase compositions from electron microprobe analyses of DDH-368 plotted
as a function of depth. Points represent the average value of all the analyses for a sample.
The lower and upper limits shown correspond the the minimum and maximum value returned
for each sample. Mineralized zones are denoted.

6.1.5 Pyroxene

Pyroxene grains from polished thin sections of DDH-368 were analyzed by electron microprobe
to produce a down hole transect. The results are summarized in Table 6.3 and Figure 6.6.
The W-Horizon samples show elevated TiO2, Al2O3 and Na2O relative to the unmineralized
and Main Zone samples collected in this study.

The down hole stratigraphy is shown in Figure 6.7. Overall the pyroxene compositions
are erratic through the drill hole transect. From the top of the Main Zone to the base of the
W-Horizon there is a slight increase in Mg#, in this interval olivine Mg# decreased. The
down hole trends for clinopyroxene composition show similar erratic behaviour as observed
in the olivine.

Pyroxene grains of Two Duck Lake Gabbro from this study all plot within the clinopy-
roxene field. It was reported by Good (1992) that orthopyroxene was observed within the
TDLG but as a minor component and typically as rims on olivine grains. The only analysis
that plotted in the orthopyroxene field from this study occurred in a sample of fine grained
equigranular gabbro cumulate as rims on olivine grains. The composition of clinopyroxene
falls within the field of diopside-augite and orthopyroxene within hypersthene (Fig. 6.8).
Pyroxene grains are unzoned, and grains within a thin section showed average compositional
difference of less than 4 mol% En.
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Table 6.3: Results summary of pyroxene microprobe analyses of samples from DDH-368

Unmineralized 368 W-Horizon 368 Main Zone 368 Orthopyroxene
no. grains 25 9 11 3
no. analyses 45 21 25 4

Range Range Range
Rep. Min Max Rep. Min Max Rep. Min Max Rep. Min Max

SiO2 51.15 49.93 52.58 50.36 50 51.98 51.19 49.04 52.66 52.2 51.86 52.2
TiO2 0.76 0.29 0.9 0.89 0.58 0.95 0.75 0.31 0.84 0.3 0.16 0.3
Al2O3 2.88 1.56 3.66 3.17 2.26 4.12 2.63 0.972 3.98 0.811 0.638 0.923
FeO 9.64 8.68 11.8 9.55 8.73 9.97 9.54 7.41 14 22.3 22.3 24
MnO 0.261 0.18 0.38 0.188 0.188 0.336 0.289 0.151 0.514 0.652 0.603 0.652
MgO 13.84 12.75 14.71 13.64 13.36 14.39 13.51 11.31 14.79 20.86 20.13 20.86
CaO 20.72 18.04 21.96 21.4 20.91 21.7 20.86 17.33 23.74 1.511 1.184 1.547
Na2O 0.326 0.204 0.43 0.346 0.201 0.442 0.297 0.157 0.407 0 0 0.0304
Total 99.57 98.25 100.2 99.54 99.13 100.5 99.08 97.69 100.4 98.62 98.42 98.99

based on 6 oxygen

Si 1.919 1.887 1.959 1.896 1.877 1.937 1.93 1.876 1.979 1.98 1.974 1.986
Ti 0.043 0.017 0.051 0.05 0.033 0.054 0.043 0.018 0.047 0.017 0.0094 0.017
Al 0.13 0.068 0.16 0.14 0.099 0.18 0.12 0.044 0.18 0.036 0.029 0.041
Fe 0.3 0.27 0.37 0.3 0.27 0.31 0.3 0.23 0.45 0.71 0.71 0.76
Mn 0.0083 0.0058 0.012 0.006 0.006 0.011 0.0092 0.0047 0.017 0.021 0.019 0.021
Mg 0.77 0.72 0.82 0.77 0.75 0.8 0.76 0.65 0.83 1.2 1.1 1.2
Ca 0.83 0.73 0.88 0.86 0.84 0.87 0.84 0.71 0.94 0.061 0.048 0.063
Na 0.024 0.015 0.031 0.025 0.015 0.032 0.022 0.011 0.03 0 0 0.0022

Fe 15.84 14.03 19.41 15.58 14.12 16.31 15.81 11.62 23.54 36.3 36.3 39.13
Ca 43.62 38.66 45.2 44.74 43.8 45.65 44.28 37.24 47.67 3.153 2.47 3.227
Mg 40.54 37.6 44.21 39.68 39.2 41.46 39.91 33.57 42.71 60.55 58.4 60.55

Rep. - a sample with values close to the average was selected as the representative sample
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6.1.6 Oxide Minerals

Oxide minerals from a selection of samples from DDH-306, DDH-368, DDH-369 and DDH-441
were analyzed by electron microprobe, the results are summarized in Table 6.4. As described
in Section 4.3.1.1 there are two petrographically distinct types of Fe-oxide minerals. Magmatic
Fe-oxide consists of magnetite with bands of ilmenite exsolution present throughout. The
second type of Fe-oxide forms rims on chalcopyrite grains in the mineralized zones. Results
from the microprobe analysis show that the petrographically distinct Fe-oxides are also
chemically distinct. The magmatic Fe-oxide contains appreciable amounts of TiO2, from
2-52%. The Fe-oxide rims on chalcopyrite were essentially pure Fe-end member, with trace
amounts of TiO2.

Table 6.4: Results summary of Fe-oxide microprobe analyses

Magnetite Ilmenite FeO rims on chalcopyrite
analys. 24 16 21

Avg Min Max Avg Min Max Avg Min Max
FeO 78.33 66.47 89.78 46.43 44.74 49.47 93.25 84.64 100.4
TiO2 11.44 2.318 18.21 49.53 35.67 51.51 0.1478 0.01503 0.9613
Al2O3 2.96 0.207 10.3 0.686 0 9.67 0.212 0.00325 1.24
MgO 0.81 0 4.7 0.66 0.039 3.2 0.36 0 2.3
MnO 0.59 0.07 1.9 2.4 0.58 4 0.063 0 0.22
V2O3 1.02 0.35 2.3 0.078 0 0.21 0.052 0 0.9
Cr2O3 0.5 0.033 1.5 0.068 0 0.28 0.034 0 0.65
P2O5 0.0058 0 0.023 0.0039 0 0.016 0.0068 0 0.029
Total 95.7 89.1 99.6 99.9 99.1 101 94.2 88.3 101
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Figure 6.6: Clinopyroxene electron microprobe summary of samples from DDH-368
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6.2 Laser Ablation Inductively Coupled Plasma Mass

Spectrometry

6.2.1 Methodology

Trace element mineral chemistry of olivine and clinopyroxene grains in polished thin sections
were analyzed by Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-
MS) at the University of Windsor. Samples were selected from DDH-306, DDH-368, DDH-441
and three grains per polished thin section were analyzed. A complete stratigraphy transecting
the mineralized zones in DDH-368 was analyzed. Only two and three polished thin sections
were analyzed in DDH-306 and DDH-441, respectively. The samples were ablated using a
Quantronix Integra-C Fs laser system at the fundamental wavelength of 785 nm. It is a
regenerative and multi-pass Titanium-doped sapphire (Ti:sapphire) laser ablation system
based on the Chirped Pulse Amplification (CPA) technique. The LA system operating
conditions for sample analyses are summarized in Table 6.5. The ablation material was
transported from the ablation cell to the ICP-MS using argon as the carrier gas and analyzed
using a Thermo Electron X series II quadrupole ICP-MS. The data acquisition protocol was
time-resolved analysis, the scanning mode was peak-jumping mode, dwell times were 10 ms
for 7Li 25Mg 27Al 29Si, 31P, 43Ca, 44Ca, 45Sc, 47Ti, 51V, 53Cr, 55Mn, 59Co, 60Ni, 62Ni, 65Cu,
66Zn, 75As, 103Rh, 106Pd, 195Pt, and 197Au. The ICP-MS analyses were calibrated using a
NIST610 glass standard from the National Institute of Standards and Technology. The
average value of Si from electron microprobe analyses was used as an internal standard. Data
was processed off-line using commercial software and an in-house written program based on
Longerich et al. (1996). Complete data sets are in Appendix VI.

Detection limits were generally below 1 ppm for 45Sc, 51V, 55Mn, 59Co, 65Cu, 66Zn, 103Rh,
106Pd, 195Pt, 197Au, below 5 ppm for 7Li, 27Al, 45Sc, 47Ti, 53Cr, 60Ni, below 25 ppm for 25Mg,
31P, 61Ni, 75As, and below 200 ppm for 29Si and 43Ca. The results for 53Cr in olivine were at
or below detection limits for the majority of the analyses. Rh, Pd, Pt and Au contents were
analyzed in olivine and clinopyroxene but the concentration of these elements were never
above the detection limit.

6.2.2 Olivine Results

Olivine grains from samples forming a complete transect through the mineralized zones of
DDH-368 were analyzed by LA-ICP-MS. The results are plotted in Figure 6.9. Compatible
(Ni, Co, Zn) and incompatible elements (V, Sc, P) show opposite trends. The compatible
elements show trends which parallel Mg# trends observed from the electron microprobe
study of olivine grains. Lower Mg# samples have higher amounts of Ni, Co and Zn. A
sample with anomalously low compatible trace elements occurs immediately above the Main
Zone. The compatible trace elements then decrease to the base of the W-Horizon. Within
the W-Horizon the trace element chemistry is again highly variable as was observed within
the major element data set.
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Table 6.5: LA-ICP-MS Machine Operating Conditions

DDH-368 DDH-306 DDH-441
Rep. Rate (Hz) 100 100 100
Pin Hole Diameter [NIST] (mm) 2.5 2.5 2.5
Pin Hole Diameter [Sample] (mm) 1.5 2.5 2.5
Energy [NIST] (mJ) 0.03 0.025 0.025
Energy [Sample] (mJ) 0.012 0.025 0.025
Beam Width [NIST] (um) 22 20 20
Beam Width [Standard] (um) 17 20 20
Objective [NIST] 10x 10x 10x
Objective [Sample] 10x 25x 25x
High resolution on: 29Si, 44Ca 44Ca 44Ca
Monitor As As As

Within the W-Horizon the Cu content in olivine were up to four times higher than the
olivine in the Main Zone and unmineralized zones. The Cu increase occurs independent of
the grains contact with chalcopyrite or silicate grains. The average value of Ni in olivine,
500 ppm, is slightly lower than was determined from electron microprobe.

The results of the down hole olivine trace element data are similar to the olivine major
element data from microprobe analyses and show localized Mg# trends which do not correlate
with mineralized horizons. A localized fractionation trend from the LA-ICP-MS data is shown
between 130 and 140 m where compatible elements (Li, V, and Co) increase with depth. A
second plot zoomed in to this interval and comparing the LA-ICP-MS analyses to select data
from electron microprobe and whole rock geochemistry is shown in Figure 6.10. The whole
rock data (Mg#) does not follow the trends in the LA-ICP-MS or electron microprobe data,
and has two intervals of increasing Mg# over the same range. The electron microprobe data
for olivine and clinopyroxene closely follow the LA-ICP-MS data. There is a divergence at
around 140 m due to a xenolith of fine grained gabbro where the major element chemistry of
the olivine and clinopyroxene diverge from the fractionation trend.
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Figure 6.10: Whole rock geochemistry, microprobe and laser ablation results comparison for
olivine

6.2.3 Clinopyroxene Results

Plots showing the results from the clinopyroxene LA-ICP-MS are shown in Figure 6.9. The
results have similar patterns as those observed in olivine. Localized fractional crystallization
trends are shown by Li, V, and Co, although the signal is not as strong in clinopyroxene as
olivine. The increase of Cu clinopyroxene is lower than in olivine grains.

Clinopyroxene Cu values are the same, approximately ∼5 ppm, between the Main Zone
and W-Horizon, with two samples in the W Horizon containing up to ∼10 ppm. The amount
of Ni in clinopyroxene shows a high degree of variation with a range of over ∼110 ppm, the
average value does not change appreciably with depth.

6.2.4 Copper in Olivine and Clinopyroxene

The LA-ICP-MS analyses conducted on DDH-368 only included 65Cu. This led to ambiguity
in the data set due to the possibility of interference with other elements. In order to confirm
that the results were not influenced by interference a second run of analyses was conducted
this time analyzing for both 63Cu and 65Cu. These results, shown in Figure 6.11, show a
near 1:1 correlation indicating that the results were not caused by interference. An example
spectrum from the ablation in Figure 6.12. The consistent level spectrum indicates that the
Cu is present in the mineral structure and is not caused by micro-nuggets of Cu trapped
within the mineral.
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Figure 6.11: Plot showing 65Cu vs. 63Cu showing a near perfect correlation for the two
elements in both olivine and clinopyroxene. Dashed line indicates a slope of 1:1.

6.2.5 Comparison between drill holes and mineralized zones

In addition to the suite of thin sections analyzed throughout DDH-368, an additional three
thin sections from DDH-306 and three thin sections from DDH-441 were analyzed. A plot of
Cu vs. Ni from the LA-ICP-MS analysis is shown in Figure 6.13 A.

These results show that for the sample set analyzed unmineralized and Main Zone samples
have the lowest Ni in olivine. There is a large overlap between Main Zone and W-Horizon
samples over the range of 500-650 ppm Ni in olivine. The highest results for Ni in olivine
were all from W-Horizon samples. Trends for Cu in olivine are less distinct between the zones.
Overall the sample set had less than 6 ppm Cu in olivine, a small amount of Main Zone and
W-Horizon samples had elevated Cu in olivine, with samples from DDH-368 W-Horizon being
the only samples with greater than 10 ppm Cu. There is no correlation shown between Cu
and Ni in olivine for the data set analyzed. If the amount of Cu and Ni in olivine grains is the
result of re-equilibration with sulphide minerals present within the sample there should be
consistent trends relating Ni and Cu in olivine to Ni and Cu values from whole rock analysis.
Figure 6.13 B plots Cu vs. Ni from whole rock geochemistry showing that the trends from
LA-ICP-MS olivine data do not follow the mineralization and eliminating the possibility of
re-equilibration with sulphide minerals.
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Chapter 7

Sulphide Tenor and R-Factor
Modeling

7.1 Sulphide Tenor

Comparing sulphide mineralization between magmatic sulphide deposits is complicated
because styles of mineralization can differ (disseminated, semi-massive or massive) and there
are a wide array of potential sulphide minerals. Calculating the sulphide tenor of mineralized
samples is a commonly used method to normalize mineralization and aid comparison. This
method has been described in great detail by Naldrett et al. (2000), Li (2001), Kerr (2001),
and Kerr (2003). The sulphide tenor recalculates the grade of a sample as though it consists
of 100 percent sulphides. This allows for the comparison of grades between different samples
by removing the affects caused by variable amounts of sulphur.

The calculation of sulphide tenor requires that the proportion of S in the sulphide mineral
assemblage is known, or can be estimated. If the modal abundance of all the sulphide minerals
in a sample is known the proportion of S in the sulphide minerals can be calculated using
each minerals stoichiometry. A detailed study by Kerr (2003) showed that it is reasonable to
estimate the proportion of S in the sulphide mineral assemblage without greatly affecting
results. In a typical magmatic sulphide assemblage of chalcopyrite-pyrrhotite-pentlandite the
wt% S in the sulphide minerals can be approximated by the average value of 35.7 wt% S.

Within the W-Horizon the sulphide mineral assemblage is chalcopyrite and bornite whereas
in the Main Zone it is chalcopyrite, pyrrhotite and bornite. The wt% S in chalcopyrite,
bornite and pyrrhotite is 34.94, 25.25 and 36.5 respectively. Due to the lower wt% S in bornite
using an average value of 35.7 wt% S in sulphide minerals is an over estimate, however due
to the variable modal abundance of bornite in each sample it is not possible to calculate a
precise wt% S for each sample analyzed. In a sample containing chalcopyrite:bornite in the
ratio of 2:1 the actual wt% S is 31.88, a 10% difference. The values determined for sulphide
tenor in this study are therefore the lower limit of the actual values.

The mass fraction of sulphur Msulf is calculated by:
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Msulf =
measured S wt% in sample

assumed S wt% in sulphide minerals
(7.1)

The sulphide tenor (Xsulf) represents a grade projection for a material consisting of 100
percent S. (Xsulf) is calculated by:

Xsulf =
XWR

Msulf

(7.2)

where XWR is the corrected wt% of metal X from the whole rock analysis, and Msulf is the
mass fraction of sulphide. The value of XWR is calculated by subtracting the metals contained
within silicate minerals from the total metals resulting from the assay. The average metal
value from unmineralized low sulphur samples was calculated and represents the amount of
metals contained within silicate minerals. This correction is particularly important when
calculating Ni tenors in olivine bearing samples. The corrected wt% of metal X is calculated
by subtracting the average value of that metal in unmineralzied rocks with low S values.

The sulphide tenor can also be calculated using a linear regression assuming that the
analyses come from closely related samples, and that sulphide tenors are fairly constant. The
sulphide tenor is then given by:

Xsulf =

(
Me

S

)
R

∗ Y (7.3)

where (Me/S)R is the slope of the regression line for the metal being examined vs. sulphur,
and Y is the sulphur content used for the calculation.

The potential errors involved in this calculation are discussed in great detail by Kerr
(2003). The main sources of error are from the assumed value of wt% S in 100% sulphides,
and the accuracy of the analysis for S, base metals and PGE. The errors are highest for
samples which contain low sulphur, very low base metals and PGE, and base metal and
PGE values higher than the standards used for instrument calibration. The samples from
the W-Horizon and to a lesser extent the Main Zone fall under the categories of high error.
Based on the work of Kerr (2003) it is estimated error on sulphide tenor calculations for the
W-Horizon and Main Zone are 30-50%.

The sulphide tenor was calculated using two methods: 1) corrected whole rock data,
calculated by subtracting the average metal value from unmineralized, low sulphur samples
and 2) a graphical solution using a linear regression of metal vs. S data. For all of the
calculations a value of 34.94 was used for the assumed wt% S in the sulphide mineral
assemblage (Equation 7.1). As discussed above this led an over estimate of Xsulf in samples
containing bornite. The results of the calculations are shown in Table 7.1 along with sulphide
tenors calculated with data from Good (1992). A graphical comparison of the results is shown
in Figure 7.1. The linear regressions used in the graphical method are shown in Figure 7.2.
As described in Section 5.5 the ore grades observed in DDH-441 W-Horizon follow the trends

114



of Main Zone samples. In order to calculate the linear regression samples from DDH-306,
DDH-369 and DDH-368 W-Horizon are grouped as W-Horizon, and samples from DDH-306
and DDH-368 Main Zone and DDH-441 W-Horizon are grouped as Main Zone.
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Figure 7.1: Box and whisker plot comparing the sulphide metal tenor between mineralization
zones. The box is divided into the 25 and 75 percentile range. The red star marks the results
from the graphical calculation.

The results of the sulphide tenor calculation shows a wide range of values for each
mineralized zone. This range could be caused by several factors. The process which led to
the enrichment of the sulphide liquid in PGE may have occurred to varying degrees within
different parts of the deposit, resulting in different levels of enrichment. The micro nugget
affect could cause values to be anomalously high if the PGE were concentrated within a
sulphide grain analyzed in the assay (heterogeneous PGE distribution). The PGE may be
concentrated in a phase other than sulphide. The range of tenor for the Main Zone calculated
from this study broadly overlaps with those calculated from the Main Zone by Good (1992).
The value of tenor between mineralized zones is W-Horizon > > Main Zone > Basal Zone.
The tenor within the W-Horizon is generally higher than in the Main Zone at lower total S
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Main Zone and DDH-441 W-Horizon were grouped as Main Zone.

values.
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Figure 7.3: Closed system R Factor model results using various initial melt compositions

7.2 Modeling of Sulphide deposits using the R Factor

7.2.1 Closed System R Factor Model

The importance of the formation of an immiscible sulphide liquid in magmatic Cu-Ni ± PGE
deposits has been well documented. Many research papers have been published modeling the
extraction of base metals and PGE from silicate magma by immiscible sulphide liquids. A
classic paper by Campbell and Naldrett (1979) introduced the concept of the R factor for
modeling magmatic ore deposits. The R factor is the ratio of silicate magma to sulphide
liquid within a magmatic system (Eqn. 7.4).

R =
mass of silicate magma

mass of sulphide liquid
(7.4)

By increasing the ratio of silicate melt to sulphide liquid, the sulphide liquid is able to
interact with more silicate melt (Fig. 7.4 closed system). As the sulphide liquid interacts
with more silicate melt it is able to scavenge more metals (Ni, Cu, Pt, Pd, and Au) out
of the melt and the sulphide metal tenor is upgraded (increased). The partition coefficient
(DMe) controls the amount of metal that can be partitioned into the sulphide liquid from the
silicate melt and is defined as:

DX =
weight % X in sulphide liquid

weight % X in silicate melt
(7.5)

where X is the metal being examined. Metals that have high partition coefficients (i.e., Pt
and Pd) are more efficiently scavenged from the silicate liquid than metals with low partition
coefficients (i.e., Cu and Ni). The R factor is defined as:

Campbell and Naldrett (1979) derived the following equation to calculate sulphide tenor
(Xsulf) in a closed system:
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Xsulf

X0

=
D(R + 1)

R +D
(7.6)

where X0 is the concentration of metal in the parent magma, Xsulf is the concentration of
metal in the sulphide liquid, R is the R Factor, and D is the sulphide/silicate partition
coefficient. A second equation to calculate the wt% of metal X remaining in the silicate
magma is given by:

Xmag

X0

=
(R + 1)

R +D
(7.7)

where Xmag is the concentration of metal X in the silicate magma. As the R Factor increases
the concentration of metal in the sulphide increases, up to the theoretical maximum which is
given by D ×X0. The limiting value is reached when R � D. As the R factor is increased
and the maximum tenor of the sulphide liquid is achieved, the depletion of metals from the
silicate magma decreases. In order to achieve the maximum enrichment of the sulphide liquid
for metals with high partition coefficients very high R factors are required.
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Figure 7.4: Sulphide metal tenors for closed and simple multistage upgrading models. Plots
are shown for Cu (low partition coefficient) and Pd (high partition coefficient).

7.2.2 Simple Multistage Upgrading in an Open System

To achieve high sulphide tenor with lower R factors Naldrett and Lightfoot (1999) introduced
the concept of simple multistage upgrading in an open system. In this open system model, the
sulphide liquid comes into contact with multiple batches of silicate magma. After interacting
with the sulphide liquid, the silicate magma then leaves the system. This process is then
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repeated with multiple batches of silicate magma. Through this process the R factor is
increased stepwise. In this model, multiple small batches of silicate magma interact with
the sulphide liquid instead of a single large batch. Smaller individual batches of magma
interacting with the sulphide liquid are more realistic because the dense sulphide liquid is
expected to settle within a magma chamber or conduit. Gravitational settling of the sulphide
liquid will limit the amount of silicate magma that the sulphide liquid can interact with.
This is exemplified by a large batch of magma entering a magma chamber containing settled
sulphide liquid, the sulphide liquid will not interact with all of the incoming silicate magma.

In this model the incremental R factor (Rinc) is defined as the mass of each individual
incoming batch of magma divided by the mass of sulphide liquid. The cumulative R factor
(Rcum) is the accumulated mass of all magma batches divided by the mass of the sulphide
liquid. Smaller values of Rinc represent conduit-like conditions whereas large values represent
a magma chamber. Figure 7.4 shows the effect of different values of (Rinc), smaller values
of (Rinc) lead to higher sulphide tenors at lower R. The equations assume that Rinc and X0

remain constant over N batches of magma to simplify calculations.

Rcum = NRinc (7.8)

Detailed derivations of this model can be found in Kerr (2005). The equation they derived
is:

XsulfN

X0

= D

[
1 −

(
D

Rinc +D

)N
]

(7.9)

It can be seen that (7.9) reverts to (7.6) when N = 1 such that there is only one batch of
magma and R = Rinc.

In the simple multistage upgrading model the amount of sulphide liquid remains constant
and does not change as it interacts with the silicate melt. For this to occur the incoming
magma must be sulphur saturated. If the incoming magma was sulphur over saturated, and
contained sulphide liquid, this would add to the sulphide liquid already present and the
total amount would increase. If the incoming magma were sulphur undersaturated it would
dissolve some of the sulphide liquid as it interacts.

7.2.3 Multistage Dissolution Upgrading in an Open System

The open system model was modified to include sulphur dissolution as a means of upgrading
the sulphide tenor by Kerr (2005) Incoming silicate magma with a metal content high enough
to form an ore deposit can not have previously undergone sulphide liquid formation and
segregation. The formation and segregation of a sulphide liquid will deplete metals from the
silicate magma, leaving it unable to upgrade the sulphide liquid. If the incoming silicate
magma is not carrying an entrained sulphide liquid it will be sulphide undersaturated (Kerr,
2005). In a mafic magma, S solubility increases with temperature and FeO content of the
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silicate melt, and decreases with pressure (Li, 2001). The controls on S solubility make it so
that a rising metal-bearing mafic magma is unlikely to have previously saturated a sulphide
liquid. The interaction of a sulphur-undersaturated silicate magma with sulphide liquid will
dissolve some of the sulphide liquid into the infiltrating silicate magma.

The dissolution upgrading process is envisaged as a three-step process (Kerr, 2005), a
simplified cartoon depicting the process is shown in Figure 7.5. As a new batch of silicate
magma enters the system the metals are partitioned from the silicate magma to the sulphide
liquid and a portion of the sulphide liquid is then dissolved back into the silicate magma.
The dissolution of the sulphide serves to enrich, or load, the metals into the silicate magma.
Partitioning between the metal-enriched magma and the sulphide liquid takes place again.
For this second partitioning, both the amount of metals in the magma (X0) and the R factor
have been increased. This allows the remaining sulphide liquid to be upgraded, or become
more enriched in metals than possible before dissolution. Although the process has been
broken into three phases, it is actually an equilibrium process and exchange occurs between
the sulphide liquid and silicate melt simultaneously. The removal of PGE from the sulphide
liquid as it dissolves could be limited by a low carrying capacity of the silicate liquid. Work
by Blaine et al. (2005) shows that at fO2 on the FMQ buffer and 1300 ◦C a mafic magma
can dissolve < 10 ppb of Pt.
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Figure 7.5: Cartoon illustration of the multistage dissolution upgrading process of Kerr
(2005). A) Sulphide liquid (yellow) has formed within the silicate magma (grey). B) A new
batch of metal bearing sulphur undersaturated magma (brown circles) enters the system.
Metals are partitioned from the new magma into the sulphide liquid, enriching the sulphide
metal tenor. C) The two magmas have mixed (grey) to form sulphur undersaturated magma,
some of the S and metals from the sulphide liquid are dissolved back into the silicate magma.
D) Due to dissolution of the sulphide liquid, the R factor has increased and metals are again
partitioned into the sulphide liquid from the silicate magma. The total mass of sulphide has
decreased and it has a higher sulphide metal tenor than originally.

The multistage-dissolution upgrading model introduces a new parameter, L, the incremen-
tal dissolution rate, or ‘‘loss factor’’. The loss factor is the proportion of the sulphide liquid
that is dissolved by each discrete batch of magma entering the system and ranges between
0 (no loss), and 1 (all the sulphides are lost). Figure 7.6 shows the affects of loss factor on
sulphide tenor. In the closed system model none of the sulphide liquid is dissolved. As the
loss factor increases the amount of metal in the sulphide liquid is increased. As the loss factor
becomes very large the increase in sulphide tenor decreases. Since the amount of sulphide
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is decreased by each successive batch of magma the R factor also increases. The R factor
is now divided into two parts, the incoming incremental R factor (R′inc) and the outgoing
cumulative R factor (Rcum). The outgoing cumulative R factor is the total mass of silicate
magma that has passed through the system divided by the amount of sulphide remaining.
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Figure 7.6: Loss factor dissolution plot. In the closed system model none of the sulphide
liquid is dissolved. As the loss factor increases the amount of metal in the sulphide liquid is
increased. As the loss factor becomes larger the increase in sulphide tenor decreases.

Dissolution of sulphide liquid into sulphur undersaturated silicate magma will increase
the iron and sulphur content of the magma. It is expected that the increase in iron will be
trivial where as the increase in sulphur could be significant. Ideally, if left in equilibrium, the
unsaturated magma would dissolve sulphide liquid until it becomes saturated, but due to
kinetic limitations the dissolution may not be complete. Using the mass fraction of sulphur
in the sulphide liquid (FeS) as 0.365, the increase of sulphur in the silicate magma (∆S) can
be calculated using L and Rinc.

∆S = 0.365 × (L/R′inc) × 106ppm (7.10)

The level of sulphur undersaturation in the magma is indicated by the ratio of L/Rinc.
Using a range of sulphur solubility in mafic and ultramafic magmas from 800 to 2,000 ppm
(Li, 2001) the value of L/Rinc could range from 0 (sulphur saturated magma) to 0.005 (e.g.,
L = 0.5 and R′inc = 100. Values this low are unlikely, magma derived from partial melting of
the mantle will contain some amount of sulphur.

The quantitative equations are derived in detail in Kerr (2005). The equation to calculate
the amount of metal in the sulphide liquid after N batches of incoming magma is:

XsulfN

X0

∼=
(
R′incD

R′inc−LD

)[
1 −

(
D

D +R′inc − LD

)N
]

(7.11)
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This equation has been simplified under the assumptions that D � 1 and L� R′inc. It can
be seen that equation (7.11) reverts to equation (7.9) when L = 0, indicating no sulphur
dissolution. The calculation of the cumulative R factor after N batches of magma is given
by:

Rcum =
R′inc
L

[(
1

1 − L

)N

− 1

]
(7.12)

Systems modeled using open-system behaviour can achieve higher sulphide tenors than
those modeled using closed-system behaviour. The higher sulphur metal contents come at
the cost of lower total mass of sulphides. While the ore will be of higher grade, it will be a
smaller ore body. Even with a small amount of dissolution upgrading the total mass of metals
in the ore body decreases as a consequence of the higher grade. A potential consequence of
dissolution upgrading is that if all of the sulphide liquid is dissolved back into the magma,
the sulphide phase concentrating the metals no longer exists. This results in the metals being
dispersed back into the magma.

7.3 Application to the Marathon Deposit

In this section the models introduced in Section 7.2 will be applied to the data from the
Marathon deposit in an attempt to model the sulphide metal tenors calculated in Section
7.1 (Table 7.1). The Basal Zone (high sulphur low grade), Main Zone (moderate sulphur,
moderate grade) and W-Horizon (low sulphur, high grade PGE) will be discussed. Research
by Good (1992) showed the parental magma for the Two Duck Lake Gabbro has an olivine
tholeiite composition.

Partition coefficients for the metals between sulphide liquid and silicate melt are shown
in Table 7.2. There is a wide range of potential partition coefficients, particularly for Pt and
Pd, which can range from 103 to 109. Due to the very large variation in partition coefficients,
two groups will be examined separately. Low partition coefficients for Pt and Pd will include
those up to 88,000 and high partition coefficients for Pt and Pd (by extension of its similar
behaviour to Pt) will be those > 107.

Metal concentrations in the parental magma are unknown, and so the starting compositions
used in the model are estimates. Average values of Ni and Cu in mafic magmas are generally
< 200 ppm (Mungall, 2005). The concentrations of Pt and Pd within a mafic magma are
also expected to be < 20 ppb (Crocket, 2002).

7.3.1 R Factor Model using low D values

Using the partition coefficients and initial magma composition described above, there was no
single R value which could model all the the sulphide metal tenors in a mineralized zone.
This section discusses the variations in R factor which were able to reproduce the sulphide
metal tenor observed.
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Table 7.2: Values of Partition Coefficients for Magmas near 1200◦C and Oxygen Fugacity
near the QFM

Cu Ni Os Ir Ru Rh Pt Pd Au Reference

Cpx/silicate
liquid

1.5 Gaetani and Grove
(1997)

Olivine/silicate
liquid

2 Brenan et al. (2005)

2.2 1.9 < 0.01 Brenan et al. (2003)
Spinel/silicate
liquid

Righter et al. (2004)

Sulphide/
silicate
liquid

1383 800 14000 23000 15000 Peach et al. (1990)

30000 26000 6400 10000 17000 1200 Fleet et al. (1999)
35000 43000 Peach et al. (1994)
450000 33000 Peach et al. (1994)

9100 88000 Stone et al. (1990)
> 109 Pruseth and Palme

(2004)
> 107 Fonseca et al. (2009)

Mss/sulphide
liquid

0.2 0.6-1.5 5 10 4 0.05 0.1 0.005 Fleet et al. (1999)

Table modified from Mungall (2005)

7.3.1.1 Closed System Model

The results for the closed system model are shown in Table 7.3 A. The Ni sulphide tenor
values calculated are higher than those observed in the Basal Zone, Main Zone and W-Horizon
at R ∼ 200. To produce the Ni sulphide tenor values observed a Ni-depleted source is used.
A Ni-depleted magma is formed by the early crystallization of olivine prior to saturation of
sulphide liquid. With the Ni depleted source, the Basal Zone Ni sulphide tenor is modeled
with R < 100 and at higher R values (R > 15,000) it reaches the maximum Ni sulphide tenor
(1% Ni in sulphide) which is observed in the Main Zone and W-Horizon. The Cu sulphide
tenor in the Basal Zone is reached at R ∼1,000. For both the Main Zone and W-Horizon the
low range of Cu sulphide tenor (5-13% Cu in sulphide) is reached at low R values of 15,000.
The maximum values for Cu sulphide tenor (26-32% Cu in sulphide) are above the maximum
value calculated in the closed system model. Pt and Pd sulphide tenors in the Basal Zone
are modeled at R ∼200. The Pt and Pd sulphide tenors in the Main Zone require a range of
R from 1,000-15,000. Only the lower range of the W-Horizon Pt and Pd sulphide tenors can
be modelled in a closed system at very high R > 1,000,000.

The observed Pd/Pt ratio is also shown in Table 7.3. The ratio of Pd/Pt between the
mineralized zones has an overall range of 2.1-3.5. The ratio of Pd/Pt calculated in the R
factor model is dependent on the value of R and the ratio of metals in the source. At low
values of R Pd/Pt is close to that of the parental magma. As R factor is increased the ratio
shifts towards the element with the higher partition coefficient. Using the tholeiitic parental
magma composition requires very high R factors to reproduce the Pd/Pt observed in all of
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the mineralized zones.

7.3.1.2 Simple Multistage Upgrading Model

The results from the simple multistage upgrading model are very similar to the closed system
model. The results for the model were calculated using a R′inc = 100, simulating a conduit-like
environment with a high degree of sulphide liquid and silicate melt interaction. The results
are shown in Table 7.3 B.

To calculate Ni sulphide tenors in the range observed for all mineralized zones, a Ni
depleted source is needed. With the Ni depleted source, the Basal Zone Ni sulphide tenor
is modeled with R ∼ 200 and at higher R values (R > 4,000) it reaches the maximum Ni
sulphide tenor (1% Ni in sulphide) which is observed in the Main Zone and W-Horizon. The
Cu sulphide tenor in the Basal Zone is reproduced at R < 1,000 which is lower than the R
from the closed system model. The Cu sulphide tenor produces the lower range observed in
both the Main Zone and W-Horizon at R from 1,000-10,000 however the maximum value
from the model is still lower than the maximum observed value. The Pt and Pd sulphide
tenors observed in the Basal Zone are produced at R values of 100-200. Main Zone Pt and
Pd sulphide tenors are calculated at R of 1,000-15,000. In the W-Horizon only the lower
range of Pt and Pd are modeled at moderate R values (10,000-100,000) and the upper ranges
are not produced by this model even at very high R of 1,000,000.

7.3.1.3 Multistage-dissolution Upgrading Model

The multistage-dissolution upgrading model is shown in Table 7.3 C using L = 0.02 and
R′inc = 100. Figure 7.7 A depicts the results graphically. As in the previous models the Ni
sulphide tenor for the Basal Zone, Main Zone and W-Horizon require a Ni depleted source to
model the observed values at low R values. The Cu sulphide tenor for the Basal Zone is again
calculated at low Rcum (Rcum < 100). The Cu sulphide tenor observed in the Main Zone and
W-Horizon reach the mid-upper range observed in samples. The maximum Cu sulphide tenor
is 19% Cu in sulphide and occurs at R = 25,000, which is much lower than the previous
model. The Pt and Pd sulphide tenors in the Basal Zone are calculated at R ∼ 100. In the
Main Zone, Pt and Pd sulphide tenor is calculated at values of Rcum ∼1,000-7,500 (lower
than the simple multistage model). The low range of the W-Horizon is achieved starting
at Rcum ∼7,500 and the mid-range of the Pt and Pd tenor is achieved at Rcum >250,000.
However at Rcum values this high, most of the original sulphide has been removed, and the
fraction of sulphide liquid remaining is only 2%. The ratio of Pd/Pt calculated is lower than
observed in all mineralized zones. The ratio of Pd/Pt increases at higher R values, and at R
> 250,000 the ratio is 1.8, which is approaching the observed value.

The multistage dissolution model using a higher loss factor (L = 0.03) is shown in Table
7.3 D and Figure 7.7 B. The results for Ni sulphide tenor are the same as in the previous
model. The Cu sulphide tenor for the Basal Zone is again reached at Rcum < 100. The
maximum value for Cu sulphide tenor is 24% Cu in sulphide at R = 250,000 which is close to
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the maximum value observed in both the Main Zone and W-Horizon. The Pt and Pd sulphide
tenors in the Basal Zone are reached at Rcum < 100. The Main Zone upper limit is reached
by relatively low R values of 10,000. The lower range of W-Horizon Pt and Pd tenors are
reached at R = 10,000 and the mid-range at R > 250, 000. The high end of the W-Horizon
values are still much higher than can be modelled by sulphur dissolution upgrading.
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Figure 7.7: Multistage dissolution upgrading in an open system model using low partition
coefficients. The colours of the curves correspond to the colour of axis.
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Table 7.3: R Factor Modeling of Mineralization using low D values
Observed compositions (at 100% sulphide, Ni corrected for silicates)

Ni (%) Cu (%) Pt (ppm) Pd (ppm) Pd/Pt

Basal Zone 0.1-0.3 6-8 1-3 1-3 2.1 ± 2.7
Main Zone 0-1 10-26 2-70 2-107 3.5 ± 1.5
W-Horizon 0-1 5-32 60-2600 133-3285 2.9 ± 1.7

Parental Magma Compositions

Ni (ppm) Cu (ppm) Pt (ppb) Pd (ppb) Pd/Pt
Tholeiitic1 146 100 14 9 0.64
Tholeiitic2 20 100 14 9 0.64

Model results (metal concentrations in sulphides))

A. Closed System model using Tholeiitic1 parental magma)

R Factor Ni (D = 500) Nia (D =
500)

Cu (D = 1400) Pt (D =
10000)

Pd (D =
40000)

Pd/Pt

(%) (%) (%) (ppm) (ppm)

100 1.2 0.17 0.94 1.4 0.91 0.65
1000 4.9 0.67 5.8 12.7 8.8 0.69
15000 7.1 0.97 13 84 98.2 1.2
100000 7.3 1 14 127.3 257.1 2.02
1000000 7.3 1 14 138.6 346.2 2.5

B. Simple multistage upgrading model using Tholeiitic1 parental magma (R’inc = 100))

Rcum Ni (D = 500) Nia (D =
500)

Cu (D = 1400) Pt (D =
10000)

Pd (D =
40000)

Pd/Pt

(%) (%) (%) (ppm) (ppm)

100 1.2 0.17 0.93 1.4 0.9 0.65
1000 6.1 0.84 7 13.3 8.88 0.67
10000 7.3 1 14 88.2 79.5 0.9
100000 7.3 1 14 140 330.4 2.4
1000000 7.3 1 14 140 360 2.6

C. Multistage-dissolution upgrading model, Tholeiitic1 parental magma (R’inc = 100 L = 0.02)

Rcum fsulf Nia (D =
500)

Cu (D = 1400) Pt (D =
6000)

Pt (D =
10000)

Pd (D =
40000)

Pd/Pt

(%) (%) (ppm) (ppm) (ppm)

100 0.98 0.17 0.93 1.38 1.39 0.898 0.65
1000 0.833 0.86 7.1 12.85 13.29 8.883 0.67
7500 0.4 1.1 17 68.67 80.85 63.11 0.78
10000 0.333 1.1 18 83.62 101.8 82.9 0.81
25000 0.167 1.1 19 144.7 201.4 194.7 0.97
250000 0.0196 1.1 19 384.4 849.9 1546 1.8

D. Multistage-dissolution upgrading model, Tholeiitic1 parental magma (R’inc = 100 L = 0.03)

Rcum fsulf Nia (D =
500)

Cu (D = 1400) Pt (D =
6000)

Pt (D =
10000)

Pd (D =
40000)

Pd/Pt

(%) (%) (ppm) (ppm) (ppm)

100 0.97 0.17 0.93 1.38 1.39 0.898 0.65
1000 0.77 0.87 7.1 12.87 13.31 8.885 0.67
7500 0.31 1.2 19 71.51 82.97 63.55 0.77
10000 0.25 1.2 20 88.42 105.6 83.71 0.79
25000 0.12 1.2 23 164.6 219.4 199.4 0.91
250000 0.013 1.2 24 603 1168 1692 1.4

a Calculated with the Ni depleted Tholeiitic parental magma
1 Using values from Kerr (2005) for the Tholeiitic parent of the Merensky Reef of the Bushveld Intrusion, South Africa
2 Reduced amount of Ni in parental magma to model the Ni depleted sulphides

128



7.3.2 R Factor Model using high D values

The R factor models were computed using the high partition coefficients for Pt and Pd (D
= 107). A prominent effect of using high partition coefficients is that the ratio of Pd/Pt
becomes independent of the R factor. Unlike the previous modeling where Pd/Pt changes
based on the R factor and the partition coefficients, partition coefficients this high always
reproduce the Pd/Pt ratio of the source. Due to the independence of Pd/Pt on R factor,
the parental magma composition was changed to reflect the average ratio observed in all of
the mineralized zones. Since only the partition coefficients for Pt and Pd were changed the
results for Ni and Cu are the same as in the previous section.

7.3.2.1 Closed System Model

In the closed system model (Table 7.4 A) the Pt and Pd sulphide tenors in the Basal Zone
are reproduced using low R factors (< 100). The Main Zone is reproduced at R ≤ 15, 000.
The lower range of the W-Horizon is modeled with R = 15, 000 and the upper range with
R = 300, 000.

7.3.2.2 Simple Open System Model

The simple open system model (Table 7.4 B) reproduces the Basal Zone at R ≤ 100. The
Main Zone is reproduced at R ≤ 14, 000. The low end of the W-Horizon is calculated using
R = 95, 500 and the upper range at R = 262, 000. As with the low partition coefficient model
lower R values are required to model the mineralization.

7.3.2.3 Multistage-dissolution Upgrading Model

The multistage-dissolution upgrading model (L = 0.02 and R′inc = 100) is shown in Table 7.4
C and Figure 7.8 A. The Main Zone is reproduced using R = 13, 900. The low end of the
W-Horizon is reproduced using R = 90, 600 and the upper range using R = 235, 000. The
multistage-dissolution upgrading model (L = 0.03 and R′inc = 100) is shown in Table 7.4 D
7.8 B. The Main Zone is reproduced using R = 13, 900. The low end of the W-Horizon is
reproduced using R = 90, 300 and the upper range using R = 234, 000.

Overall the main effect of changing to very high partition coefficients is that all of the
models (closed system, simple multistage upgrading and multistage dissolution upgrading)
produce much higher sulphide metal tenors. At the high range of R values (∼ 250,000), the
closed system values for Pd sulphide tenor are only 200 ppm lower than in the dissolution
upgrading model. Using high partition coefficients multi-stage dissolution upgrading still
produces the highest sulphide metal tenors for a given R value, however the difference
between multi-stage dissolution upgrading and simple multistage upgrading is lower.
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Table 7.4: R Factor Modeling of Mineralization using high D values
Observed compositions (at 100% sulphide, Ni corrected for silicates)

Ni (%) Cu (%) Pt (ppm) Pd (ppm) Pd/Pt

Basal Zone 0.1-0.3 6-8 1-3 1-3 2.1 ± 2.7
Main Zone 0-1 10-26 2-70 2-107 3.5 ± 1.5
W-Horizon 0-1 5-32 60-2600 133-3285 2.9 ± 1.7

Parental Magma Compositions

Ni (ppm) Cu (ppm) Pt (ppb) Pd (ppb) Pd/Pt
Tholeiitic1 146 100 5 14 2.8
Tholeiitic2 20 100 5 14 2.8

Model results (metal concentrations in sulphides))

A. Closed System model using Tholeiitic1 parental magma)

R Factor Ni (D = 500) Nia (D = 500) Cu (D = 1400) Pt (D = 107) Pd (D = 107) Pd/Pt
(%) (%) (%) (ppm) (ppm)

100 1.2 0.17 0.94 0.5 1.4 2.8
1000 4.9 0.67 5.8 5 14 2.8
10000 7 0.95 12 49.5 139 2.8
100000 7.3 1 14 454.6 1273 2.8
300000 7.3 1 14 1154 3231 2.8

B. Simple multistage upgrading model using Tholeiitic1 parental magma (R’inc = 100))

Rcum Ni (D = 500) Nia (D = 500) Cu (D = 1400) Pt (D = 107) Pd (D = 107) Pd/Pt
(%) (%) (%) (ppm) (ppm)

100 1.2 0.17 0.93 0.5 1.4 2.8
1000 6.1 0.84 7 5 14 2.8
14000 7.3 1 14 69.5 195 2.8
95500 7.3 1 14 455.4 1275 2.8
262000 7.3 1 14 1152 3227 2.8

C. Multistage-dissolution upgrading model, Tholeiitic1 parental magma (R’inc = 100 L = 0.02)

Rcum fsulf Nia (D = 500) Cu (D = 1400) Pt (D = 107) Pd (D = 107) Pd/Pt
(%) (%) (ppm) (ppm)

100 0.98 0.17 0.93 0.5 1.4 2.8
1000 0.83 0.86 7.1 5.0 14 2.8
13900 0.26 1.1 19 69.2 194 2.8
90600 0.052 1.1 19 448 1250 2.8
235000 0.021 1.1 19 1158 3241 2.8
250000 0.02 1.1 19 1231 3447 2.8

D. Multistage-dissolution upgrading model, Tholeiitic1 parental magma (R’inc = 100 L = 0.03)

Rcum fsulf Nia (D = 500) Cu (D = 1400) Pt (D = 107) Pd (D = 107) Pd/Pt
(%) (%) (ppm) (ppm)

100 0.97 0.17 0.93 0.5 1.4 2.8
1000 0.77 0.87 7.1 5.0 14 2.8
13900 0.19 1.2 21 69.3 194 2.8
90300 0.036 1.2 24 448 1250 2.8
234000 0.014 1.2 24 1157 3239 2.8
250000 0.013 1.2 24 1236 3460 2.8

a Calculated with the Ni depleted Tholeiitic parental magma
1 Using values from Kerr (2005) for the Tholeiitic parent of the Merensky Reef of the Bushveld Intrusion, South Africa
2 Reduced amount of Ni in parental magma to model the Ni depleted sulphides
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Figure 7.8: Multistage dissolution upgrading in an open system model using high partition
coefficients. The colours of the curves correspond to the colour of axis.

7.3.3 Discussion of R Factor Modeling

The R factor model is commonly drawn upon to model sulphide tenors in magmatic sulphide
deposits. It is clear from the results presented that the original closed system model gives
values for the Basal Zone and Main Zone sulphides at reasonable R factors. In order to
model the values of Pt and Pd in the W-Horizon, very high R factors are required, and these
only calculate the minimum range of values of sulphide tenor observed. The simple open
system multistage upgrading model produces higher results for sulphide tenor at the same R
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factor as the closed system model.

The modeled values of Ni in sulphide are only close to the observed value at very low R
factor values. Once R is greater than 200 the amount of Ni expected in the sulphide liquid is
higher than observed. In order to account for this discrepancy the incoming magma could
have been depleted in Ni prior to interacting with the sulphide liquid. A possible mechanism
for this would be the crystallization of olivine in the magma chamber prior to entry in the
conduit. Modeling the Ni sulphide tenor using a depleted Ni source reproduced observed
values in all models, including multistage dissolution upgrading.

In the low partition coefficient calculations the observed high values of Pt and Pd sulphide
tenors can only be produced using the multi stage dissolution upgrading model. As is shown
in Table 7.3 section C and D at Rcum ∼2,500-250,000 the model matches the mid range of
the observed sulphide tenors. However at these high Rcum values only ∼2% of the initial
amount of sulphide liquid in the system remains.

The ratio of Pd:Pt is variable in the low partition coefficient models and depends on the
R factor used in the calculation. If the parental magma had Pd:Pt of 1:2, then at higher R
factors the modeled ratio reproduces the observed ratio of 3:1. By using the high partition
coefficient models the dependence of the Pd:Pt ratio is removed and it is only based on the
Pd:Pt in the parental magma. In order to model these results Pd:Pt in the parental magma
needs to be changed to reflect the observed value.

The difference in R factor is lower between the dissolution upgrading and simple open
system models using high Pd and Pt partition coefficients compared to low partition coeffi-
cients. The Cu sulphide tenor is not reproduced using the simple open system model. The
Cu sulphide tenor only approaches observed values using the dissolution model. The use of
the dissolution model is in agreement with the low modal abundance of sulphide minerals
observed in the W-Horizon samples.
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Chapter 8

Discussion and Conclusion

8.1 Marathon PGM-Cu Deposit Overview

The Marathon PGM-Cu deposit is located on the north shore of Lake Superior on the eastern
margin of the Coldwell Igneous Complex. It was emplaced during the early stages of the mid-
continent rift of North America as a ring dike structure. The formation of the mid-continent
rift was a period of voluminous magmatic activity. Doming caused by thermal expansion and
subsequent cauldron subsidence is attributed as a key process in the intrusion of the Eastern
Gabbro (Shaw 1992). Repeated cycles of expansion created space for subsequent generations
of gabbroic intrusions. The Two Duck Lake Gabbro (TDLG) intrusion occurred in the
later stages of cauldron subsidence. This is supported by field evidence such as abundant
Eastern Gabbro xenoliths within the TDLG and the chaotic geometry of the TDLG within
the Eastern Gabbro. The TDLG is shown to swell and pinch in troughs and ridges within
the footwall. Dikelets of TDLG emanate from the main body and stope into the Eastern
Gabbro. Outcrops showing multiple generations of cross cutting TDLG are also observed.

The TDLG hosts the majority of the mineralization at the Marathon deposit. Overall the
mineralogy of the TDLG is very consistent; the average composition is 60% plagioclase, 25%
pyroxene, 6% olivine, 5% magnetite/ilmenite and accessory biotite and apatite. The TDLG
has a characteristic ophitic texture, with subhedral to euhedral plagioclase and subhedral
to anhedral olivine partially or fully enclosed within clinopyroxene grains. Grain size is
predominantly medium (1 to 5 mm) to coarse (5 to 12 mm) and minor pegmatitic (1.2 to
8 cm) zones also occur. Pegmatitic zones comprise approximately 5-10% of the samples
in this study. Transitions from medium grained to coarse grained material are both sharp
and gradational. The TDLG samples are remarkably fresh, and the majority of secondary
alteration and hydrous minerals observed are only present locally and within confined zones.
The primary secondary alteration mineral assemblage is chlorite, epidote, sericite, amphibole
and serpentine

The W-Horizon forms a continuous sheet that extends north-south for over 1 km and
extends up to 300 m down dip to the east. Thickness of the zone is variable, between 1-30
m. Within diamond drill holes separate zones of W-Horizon mineralization are observed
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separated by unmineralized gabbro. The W Horizon is characterized by high Pt + Pd, low
S, low Cu/Pd, high Cu/Ni and low S/Se. The Main Zone has higher S, higher Cu/Pd and
higher S/Se. The separation between the W-Horizon and Main Zone is variable, and can
range from 5 to 50 m.

8.2 Petrographic Observations

The detailed petrography of the W-Horizon shows that the W-Horizon and Main Zone
have similar silicate mineral assemblages and abundances. The two zones have different
silicate-sulphide relationships, sulphide mineral assemblages and platinum group mineral
assemblages. The differences between the two zones supports the hypothesis that they formed
through fundamentally different processes.

8.2.1 Silicate-Sulphide Relationships

The silicate-sulphide relationships between the W-Horizon and Main Zone samples differ.
Within the W-Horizon sulphide minerals are predominantly interstitial (in decreasing order)
to: plagioclase, clinopyroxene, olivine, oxide minerals and biotite. Main Zone sulphide
minerals in this study are predominantly interstitial (in decreasing order) to: plagioclase,
clinopyroxene, olivine, secondary alteration minerals, oxides and biotite. Previous studies
Watkinson and Ohnenstetter (1992), Watkinson and Jones (1996), Dahl et al. (2001) and
Barrie et al. (2002) observed the sulphide minerals in association with secondary alteration
minerals and with pristine unaltered silicate minerals in the Main Zone.

8.2.2 Sulphide Mineral Assemblages

The sulphide mineral assemblage and the abundance of sulphide minerals contrast between
the Main Zone and W-Horizon. The Main Zone contains more abundant sulphide minerals
whereas the W-Horizon has higher PGE grades.

Within the Main Zone the sulphide mineral assemblage is chalcopyrite, pyrrhotite, pent-
landite, bornite and pyrite. The ratio of chalcopyrite to pyrrhotite is higher at the top of
the Main Zone with chalcopyrite>pyrrhotite and decreases down hole. Towards the bottom
of the Main Zone, the ratio changes to pyrrhotite>chalcopyrite. Pentlandite, bornite and
pyrite occur as a very minor component of the sulphide mineral assemblage. The grain
size of sulphide minerals in the Main Zone is variable, ranging from fine grained (less than
1 mm) to coarse grained. Pyrrhotite and chalcopyrite typically occur in association with
chalcopyrite replacing pyrrhotite along rims. Pentlandite is observed in both pyrrhotite, and
chalcopyrite. Within pyrrhotite, pentlandite occurs as exsolution lamellae. In chalcopyrite,
pentlandite occurs as granular masses with chalcopyrite filled fractures. Chalcopyrite grains
with pentlandite are not observed to contain pyrrhotite. Bornite is rare within Main Zone
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samples, and most commonly occurred as exsolution lamellae within chalcopyrite grains.
Pyrite is rare and occurs in association with heavily serpentinized olivine grains.

The W-Horizon sulphide mineral assemblage is chalcopyrite >= bornite > pentlandite >
pyrrhotite. No correlation is observed between chalcopyrite:bornite with depth, or to total
PGE grades. It should be noted that due to the trace amount of sulphide minerals typically
present in the W-Horizon, a detailed petrographic study relating bornite abundance to PGE
grades is not possible. Sulphide minerals in the W-Horizon are predominantly very fine to
medium grained. Interstitial grains are larger than sulphide inclusions in silicate minerals.
Bornite almost always occurs in association with chalcopyrite, either as intergrowths, or as fine
exsolution lamellae (1 µm to 50 µm in width). Bornite is rarely observed as independent grains
without associated chalcopyrite. Pentlandite occurs as granular masses within chalcopyrite,
and contains chalcopyrite-filled fractures. Pyrrhotite is only observed in the low grade W-
Horizon samples of DDH-441. The pyrrhotite in DDH-441 has chalcopyrite rims as observed
in the Main Zone.

8.2.3 Platinum Group Minerals

A detailed study of the platinum group minerals within the W-Horizon is beyond the scope
of this project. PGM identified from a limited amount of SEM work in this study are all
associated with sulphide minerals. A detailed study of PGM shows that they are markedly
different between the Main Zone and W-Horizon (Puritch et al., 2009). Within the Main
Zone the PGM hosts are sulphide minerals >= hydrous silicate minerals > within plagioclase
boundaries. The PGM assemblage is mainly dominated by Kotulskite-Sobolevskitess (34.9%),
Mertierite-II (16.1%), Sobolevskite (10.1%) Kotulskite (9.9%), Sperrylite (6.3%), Holling-
worthite (5.6%). Within the W-Horizon the dominant PGM hosts are sulphides (53.7%) >
plagioclase boundaries (25%) > other PGMs (16.5%) > hydrous silicates(4.3%). The PGM
assemblage is dominated by Zvyagintsevite (41.8%), Palladinite (15.5%), Au,Ag and Alloys
(7%) and Telargpalite (5.5%). The grain size of PGM are similar between the two zones,
with 60% of PGM grains < 60 µm in size.

8.3 Magmatic or Hydrothermal Origin for theW-Horizon

In the literature published on the Marathon PGM-Cu deposit both magmatic and hydrother-
mal origins have been proposed by previous studies which focused on the Main Zone and
Footwall Zone mineralization. Key evidence for a hydrothermal model includes an observed
increase in alteration minerals associated with mineralization (Ohnenstetter et al. 1991,
Watkinson and Ohnenstetter 1992, Watkinson and Jones 1996, Dahl et al. 2001, Barrie et al.
2002 and Samson et al. 2008), an observed association of mineralization and pegmatitic gabbro
(Dahl et al. 2001 and Barrie et al. 2002), complexly zoned crystals of atokite-zvyagintsevite
and hollingworhite interpreted to have a hydrothermal origin (Watkinson and Ohnenstetter,
1992) and the distribution of metals (high Cu and high Pd) which is unusual for a magmatic
deposit (Barrie et al., 2002). Although hydrous minerals are observed in association with
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mineralization in the Main Zone the hydrous minerals are not pervasive and are consistent
with a post-mineralization formation from fluids (Good and Crocket, 1994). Results of whole
rock geochemistry and major element mineral chemistry show that the coarse grained Two
Duck Lake Gabbro and the pegmatitic Two Duck Lake Gabbro had the same composition
(Good and Crocket, 1994). All mineralization at the Marathon deposit is Ni-poor and this is
modeled by removal of Ni from the system by early crystallization of olivine.

Observations of the Main Zone in this study agree with those of Good (1992), Good and
Crocket (1994) and Puritch et al. (2009). Although an increase in the amount of secondary
alteration minerals within the Main Zone mineralization is observed, they are not pervasive
and occur with primary magmatic sulphides. The W-Horizon sulphide minerals samples
display primary magmatic textures and occur in predominantly pristine unaltered TDLG,
supporting a magmatic origin.

Zone refining is proposed by Barrie et al. (2002) to model the Main Zone mineralization.
In this model source areas of crystalline or nearly crystalline rocks are fluxed by a volatile rich
fluid which depletes the incompatible elements (including Cu and PGE) and transports them
from the source. The volatile rich fluxing fluid becomes further enriched in incompatible
elements as it passes through and scavenges the incompatible from more rocks. When sulphur
saturation occurs within the fluxing fluid both sulphur and the incompatible elements are
deposited.

Zone refining is not suggested by this research because there is no evidence of the PGE
being scavenged from the rocks below the W-Horizon, values of 10-20 ppb Pt and 10-50 ppb
Pd are commonly observed in the TDLG below the mineralization. The two intersections of
W-Horizon mineralization observed in DDH-369 are also not consistent with the zone refining
model. These two zones are separated by unmineralized TDLG which does not show any
signs of PGE-scavenging. If the lower W-Horizon was formed first the second zone refining
fluid would have either deposited its metals into this zone or it would have dissolved all of
the sulphide minerals and PGE into the fluid. In both cases the result would have been the
formation of a single W-Horizon intersection. If the top W-Horizon was the first to form from
zone refining all of the rocks below it would have been depleted in PGE and there would
not have been a source for a second zone refining fluid to form the lower W-Horizon. Two
separate zone refining events are unlikely as the source material for PGE would be depleted
and a second zone refining event would not become enriched in metals.

8.4 Deposition as a PGM Reef

The W-Horizon is located within the centre of a thick package (up to 300 m thick) of gabbro,
and is not associated with any distinct change in mineral assemblage or any notable change
in whole rock geochemistry. The formation of the W-Horizon as reef-style mineralization is
unlikely as there are no chemical changes observed to suggest changing conditions that may
explain the trigger of sulphide saturation. The transition from ultra-mafic to mafic rocks is
an example of conditions that could trigger sulphide saturation as described by Maier and
Groves (2011)
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Reef deposits such the Sonju Lake Intrusion (Miller, 1999) and the Skaergaard Intrusion
Andersen et al. (1998) display PGE depletion above the reef. When sulphide liquid crystallizes
it settles through the magma chamber, sequestering chalcophile elements as it descends. This
creates a zone with PGE depletion above the reef. There is no depletion signature above
the W-Horizon where values for Pt are commonly 10-20 ppb and Pd are 20-50 ppb. The
ratio of Cu/Pd is an indicator of PGE scavenging from a melt and will increase as PGE are
removed (Barnes et al., 1993). The value of Cu/Pd is only slightly elevated ∼10 m above
the W-Horizon in DDH-306, DDH-368, DDH-369 (W-Horizon 1 and 2), and 30 m above the
W-Horizon in DDH-441. This shows that the magma above the W-Horizon is not extensively
scavenged of PGE. A very high amount of scavenging is required to produce the high PGE
values within the W-Horizon.

High grade zones with no vertical depletion signatures are explained by intrusion in a
conduit-like or sill system with flow in a primarily horizontal direction. Upgrading in the
horizontal direction will not leave traces of depletion above or below the mineralization.

8.5 Physical Emplacement Conditions

The textural and geochemical characteristics of the TDLG are best explained by a model
in which the gabbros intrude as multiple stacked intrusions (or sills) in a dynamic conduit
system during a period of prolonged magmatic activity. In outcrops of TDLG dynamic
layering, bands defined by abrupt changes in modal composition and grain size, are visible.
Similar bands are described at the Skaergaard Intrusion (McBirney and Nicolas, 1997) and
the Partridge River Intrusion (Miller, 1999). These bands are also cut by younger generations
of TDLG. Individual TDLG intrusive events were thin, typically on the meter-scale. Similar
thin sills are also common in other intrusions such as the Partirdge River Intrusion in the
Duluth Complex (Ripley et al., 2007).

The dynamic layering in the TDLG results in changes of modal mineral assemblage over
small distances (centimeter to meter scale). The intrusion of a crystal slurry in a conduit
system results in physical sorting of mineral phases. This explains the features observed in
the TDLG such as changes in rock composition (such as pyroxenite, dunite and gabbro) over
decimeter thick intervals and gabbroic rocks containing greater than 10 modal% apatite.

Multiple intrusions in a dynamic conduit system is also supported by the lithogeochemical
results of the drill holes in this study. Results between adjacent drill holes were highly variable
and major trends were not correlatable. None of the drill holes shows single continuous
trends. Each drill hole has micro-trends, shown by smoothly varying parameters (such as
Mg#) followed by breaks and a large change. These breaks mark the transition between new
intrusive events. Increases in incompatible elements show a direct correlation to increased
apatite, a process which can be explained by the accumulation of apatite (a phase which
sequesters incompatible elements).

The results from the olivine microprobe analysis also support the intrusion of a crystal
slurry from a large source. Large trends representing fractional crystallization in a large
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magma chamber (such as decreasing Mg# with increasing height) are not observed. Rather,
within each drill hole several micro-trends (on the meter to decimeter scale) are seen in
the olivine compositions. The breaks in the trends represent new pulses of magma into the
system. Trends of increasing Ni at constant Mg# are caused by multiple intrusions of a
magma from the same source rather than a internal fractionation of a single event. The
Mg# of olivine grains is dependent on the temperature of the intrusive magma. Mg# trends
show that the individual intrusive events corresponded with frequent temperature changes in
the crystallizing magma, and the highest temperature olivine grains are not always at the
top of a sill (e.g., DDH-306 and DDH-441). Reversals in Mg# (decreasing with increasing
depth) are caused by slumping of accumulated olivine. Olivine grains collect on the edge
of the conduit system, become unstable and slump into the channel. Slumping causes the
later-formed olivine crystals from the top of the crystal pile to move to the bottom. This
results in reversals of Mg#.

8.6 R Factor and Multi-stage Dissolution Upgrading

Modeling the sulphide metal tenors of the Main Zone is possible using the closed system or
simple open system R factor models. These models are able to produce the low Ni sulphide
tenors observed using a Ni-depleted source magma. These magmas had Ni removed by the
early formation of olivine in the system. The low to medium range of Cu sulphide metal
tenors are produced using moderate R values of 10,000. The higher range of Cu sulphide
tenors are above the maximum values calculated using these models. The Pt and Pd sulphide
tenors observed are calculated with higher R values in the range of 500,000.

The Ni and Cu sulphide tenors in the W-Horizon are similar to the Main Zone and can
be modeled in the same manor. However, only the lower range of W-Horizon Pt and Pd
sulphide metal tenors can be modeled using the closed system and simple open system R
factor models. The average Pt and Pd sulphide metal tenors are much higher than can be
produced by a closed system or simple multistage upgrading.

Another process is required to produce the very high Pt and Pd sulphide metal tenors
observed in the W-Horizon. The multistage dissolution upgrading model of Kerr and Leitch
(2005) produces the values observed in the W-Horizon. The mid-range of W-Horizon Pt
and Pd tenors are modeled using accepted partition coefficients (10,000-40,000 for Pt and
Pd), incremental batches of magma with an R factor of 100 and a sulphur loss factor of
2%. The low to mid range of the W-Horizon sulphide tenors are produced at R = 25,000-
250,000, however the upper range of Pt and Pd tenors were at the upper limits of this model.
Multistage dissolution upgrading also produces a low sulphur high tenor ore, which matches
the observations of the W-Horizon.
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8.7 Evidence for Sulphur Loss

The examination of S/Se ratios reveals distinct trends between Main Zone and W-Horizon
samples. The ratio of S/Se is lower in the W-Horizon than the Main Zone, and is attributed
to S-loss in the W-Horizon. As S is removed from the system, Se will remain in the sulphide
liquid and increase S/Se ratio. A continuum is observed between Main Zone, low grade
W-Horizon and high grade W-Horizon samples. This supports varying degrees of upgrading,
depending on flow in the conduit system and the amount of upgrading undergone.

The change in mineral assemblage from S-rich, Cu-poor in the Main Zone to S-poor,
Cu-rich in the W-Horizon also indicates that S-loss has occurred. Removal of sulphur from the
system changes the sulphide mineral assemblage from chalcopyrite and pyrrhotite dominant
in the Main Zone to chalcopyrite and bornite dominant in the W-Horizon. As S is removed
while Cu increases the stable mineral assemblage changes to phases which contain more Cu
(such as bornite from chalcopyrite). Within the W-Horizon bornite occurs as exsolution
lamellae within chalcopyrite and pentlandite is observed within chalcopyrite. Both of these
features are interpreted to represent the removal of S while Cu and Ni remain in the sulphide
liquid.

Within Main Zone and W-Horizon samples chalcopyrite grains are commonly rimmed by
magnetite. Electron microprobe analyses of these magnetite rims reveals that they contain
very low levels of Ti, and are near Fe end-member. This contrasts with the magmatic
magnetite within the TDLG, where Ti is ubiquitous and magnetite always occurs with
ilmenite exsolution bands. No distinct trends of magnetite rim abundance are observed
between the Main Zone and W-Horizon. The magnetite rims on chalcopyrite are interpreted
to indicate that S-loss has occurred. As S is removed from the system, Fe is left behind and
forms the Ti-depleted magnetite rims. Sulphur removal to form the magnetite rims occurs
as a late stage event, after the crystallization of the sulphide minerals, and is not the same
process which formed the W-Horizon. The presence of magnetite rims on chalcopyrite in
both the Main Zone and W-Horizon, and a lack of correlation between magnetite rims and
increased PGE supports magnetite rims formed by late stage sulphur removal.

8.8 Sulphide Tenor and Metal Ratios

The Main Zone and W-Horizon are easily distinguishable by their Pt and Pd sulphide metal
tenors. The Ni sulphide metal tenor is similar between the two zones (up to 1% Ni in
sulphide), as is the Cu sulphide tenor (average of 12% Cu in sulphide). The Pt sulphide
tenor averages 11 ppm in the Main Zone and 600 ppm in the W-Horizon. The Pd sulphide
tenor shows similar trends with an average value of 13 ppm in the Main Zone and > 1,000
ppm in the W-Horizon. There is a high degree of variability in the sulphide metal tenors
between the four drill holes of the study.

In plots of metals vs. S and Au/Pd vs. Pd/Cu, two distinct groups are observed. The
high grade W-Horizon samples (DDH-306, DDH-368 and DDH-369) form one distinct group
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whereas DDH-306 Main Zone, DDH-368 Main Zone and DDH-441 W-Horizon form another.
Some overlap between the two groups is observed, and results show a continuous trend. The
overlap and smooth trend between the two groups of samples indicates that the upgrading
process in the W-Horizon began on sulphide liquid with a similar composition to the Main
Zone. Samples undergoing a high degree of upgrading have a stronger affinity for W-Horizon
characteristics, and those with a low amount of upgrading have an affinity for Main Zone
Characteristics (such as DDH-441 W-Horizon).

The accumulation of sulphide in the magmatic conduit system is not uniform throughout
the deposit. Depending on the physical characteristics of sulphide liquid traps and flow
dynamics the initial amount of sulphide liquid changes with location. The initial amount
of sulphide liquid will then determine the sulphide metal tenors resulting from upgrading.
This behaviour is seen in the plots of metals vs. Cu/S and Pt and Pd vs. S. There is no
single trend in either of these plots, the highest grades in the sample suite do not occur at
the highest Cu/S (a proxy for increasing bornite) or the lowest amount of S (representing
S-loss). The trends are apparent within individual W-Horizon intersections where the highest
Pt and Pd values occur at high Cu/S and low S values in that sample set. These variations
are a result of the initial conditions of the sulphide liquid before upgrading and the magma
flow history through the location.

As an example, consider two locations within the conduit containing sulphide, one with a
higher initial amount of sulphide liquid than the other. Both undergo the same amount of
sulphur dissolution upgrading so they upgrade their Pt and Pd sulphide metal tenor. The
location containing a higher initial amount of sulphide will have maximum Pt and Pd values
at higher S and lower Cu/S than the location which had a lower initial amount of S. A similar
example is two locations with the same amount of initial sulphide, but one has a greater
amount of flow through by upgrading magmas. The location with higher flow through will
have higher Pd and Pt values at lower S and higher Cu/S. This is why samples from this
study do not necessarily have the highest grades at the lowest S values, or with samples
showing the highest amount of S-removal.

8.9 A Model for the W-Horizon

The TDLG was emplaced during the mid-continent rift system of North America, a period of
voluminous magmatic activity. The first stage is the emplacement of a large magma chamber
which serves as a reservoir for the intrusion. In this chamber both plagioclase and olivine
crystallize to form a crystal mush. The early segregation of olivine removes Ni from the
system, and causes the low Ni tenor in the sulphide ores.

The TDLG then intrudes into the country rock at shallow levels. The TDLG assimilates
the S-bearing Archean felsic country rock to become contaminated. This forms a sulphide
liquid within the silicate melt. The sulphide liquid pools and gathers near the base of the
footwall. The TDLG continues to intrude as a crystal mush in a series of stacked sills in
magma conduits. The pathway through the conduits that the intrusions take are variable
and can be highly erratic. The unmineralized zones are formed when magma pulses do not
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interact with the sulphide liquid. Pulses of magma which interact with the sulphide liquid can
transport it within the conduit system. Segregation and physical traps sequester the sulphide
liquid within the conduit system forming localized zones enriched in sulphide liquid. When
the pulses interact with the sulphide liquid it undergoes multistage dissolution upgrading.
The end result is a zone containing trace sulphur and very high metal tenors. As this is a
highly dynamic process in a complex environment not all zones had the same initial amount
of sulphide and not all zones undergo the same amount of dissolution upgrading. This results
in a highly variable ore, with inconsistent geochemistry and sulphide metal tenors.

8.10 Conclusion

The Two Duck Lake Gabbro hosts the Main Zone and W-Horizon. Within the TDLG there
are no mineralogical or geochemical differences between the mineralized and unmineralized
zones. The sulphide mineral assemblage, platinum group mineral assemblage and sulphide
tenor differ between the Main Zone and W-Horizon. These differences indicate that a
different process is responsible for the formation of the W-Horizon. As there is no evidence
for large scale hydrothermal alteration in the W-Horizon, a magmatic model is proposed.
The W-Horizon was formed by multistage dissolution upgrading in a dynamic system and is
supported by the physical and chemical evidence.
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Eastern Gabbro

Archean Felsic
Volcanics

A B C

D E F

Figure 8.1: A simplified cartoon model for the formation of the W-Horizon. Dark purple
depicts the magma pulse active in each panel and arrows depict magma flow.
(A) Emplacement of a low level magma chamber where plagioclase and olivine crystallize.
This depletes the melt in Ni and forms a crystal mush. The crystal mush intrudes into
higher levels into the Archean felsic volcanics. (B) The intruding magma assimilates the
archean felsic volcanics and becomes sulphur saturated. (C) New pulses of magma intrude
without interacting with the sulphur saturated melt forming unmineralized gabbro. (D) A
pulse of magma intrudes through the sulphur saturated gabbro, picks up sulphide liquid
and carries it into the conduit system where it collects in traps. (E) New pulses of sulphur
undersaturated magma travel through the conduit containing previously deposited sulphide
liquid. Interaction of the new magma with the sulphide liquid causes dissolution upgrading.
The result is a lower total amount of sulphide liquid containing a higher PGE and Cu tenors
and the addition of S into the silicate magma. (F) Subsequent pulses of magma intrude to
higher levels and form sills of unmineralized gabbro.
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Appendix I: Summary of Analyses

This appendix contains a summary of the analyses performed during this study.

This table is also available as an excel file on a CD that can be obtained from
the Department of Earth and Environmental Science upon request, and are
located in the folder ‘Appendix 1 - Summary of Analyses’.
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Table: Summary table of samples collected and analyses performed

Olivine Pyroxene Plagioclase Oxide Olivine Pyroxene
59411 M-07-306 128.06 unmineralized X X X
59412 M-07-306 135.23 unmineralized X X X
59413 M-07-306 143.20 unmineralized X X X
59414 M-07-306 147.25 unmineralized X X X
59366 M-07-306 150.18 W-Horizon X X X
59367 M-07-306 150.53 W-Horizon X X X
59368 M-07-306 150.80 W-Horizon X X X
59369 M-07-306 151.50 W-Horizon X X X
59370 M-07-306 151.82 W-Horizon X X X
59371 M-07-306 152.06 W-Horizon X X X
59372 M-07-306 152.39 W-Horizon X X X
59373 M-07-306 152.80 W-Horizon X X X
59374 M-07-306 153.69 W-Horizon X X X
59375 M-07-306 153.97 W-Horizon X X X
59376 M-07-306 154.26 W-Horizon X X X X
59377 M-07-306 154.64 W-Horizon X X X
59378 M-07-306 155.20 W-Horizon X X X
59415 M-07-306 155.75 W-Horizon X X
59416 M-07-306 156.24 W-Horizon X X X
59417 M-07-306 156.76 W-Horizon X X X
59418 M-07-306 157.31 W-Horizon X X X
59419 M-07-306 158.25 W-Horizon X X X
59420 M-07-306 166.20 W-Horizon X X X
59422 M-07-306 176.31 unmineralized X X X
59423 M-07-306 185.65 unmineralized X X X
59424 M-07-306 195.27 Main Zone X X X
59379 M-07-306 202.15 Main Zone X X X
59380 M-07-306 202.45 Main Zone X X
59381 M-07-306 202.75 Main Zone X X
59382 M-07-306 203.05 Main Zone X X X
59383 M-07-306 203.39 Main Zone X X
59384 M-07-306 203.72 Main Zone X X X
59385 M-07-306 204.02 Main Zone X X
59386 M-07-306 204.40 Main Zone X X X
59387 M-07-306 204.81 Main Zone X X X
59388 M-07-306 205.17 Main Zone X X
59389 M-07-306 205.52 Main Zone X X X
59390 M-07-306 205.85 Main Zone X X X X
59425 M-07-306 212.30 unmineralized X X
59426 M-07-306 222.35 unmineralized X X
59427 M-07-306 231.28 unmineralized X X X
59251 M-07-368 105.45 unmineralized X X X X
59252 M-07-368 109.875 unmineralized X X X
59253 M-07-368 113.375 unmineralized X X X X X X
59254 M-07-368 117.625 unmineralized X X X
59255 M-07-368 122.2 unmineralized X X X
59256 M-07-368 126.47 unmineralized X X X
59257 M-07-368 129.185 unmineralized X X X
59258 M-07-368 129.495 W-Horizon X X X X X X
59259 M-07-368 129.775 W-Horizon X X X X X X X
59260 M-07-368 130.1 W-Horizon X X X X X X X
59261 M-07-368 130.37 W-Horizon X X X X X
59262 M-07-368 130.615 unmineralized X X X X X
59263 M-07-368 130.91 unmineralized X X X
59264 M-07-368 131.22 unmineralized X X X

Electron Microprobe LA-ICP-MSSample ID DDH Depth [mid-
point] (m)

Mineralization Polished Thin 
Section

Whole Rock 
Geochemistry
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Olivine Pyroxene Plagioclase Oxide Olivine Pyroxene
Electron Microprobe LA-ICP-MSSample ID DDH Depth [mid-

point] (m)
Mineralization Polished Thin 

Section
Whole Rock 

Geochemistry
59265 M-07-368 131.56 unmineralized X X
59266 M-07-368 131.87 unmineralized X X X
59267 M-07-368 132.2 unmineralized X X X
59268 M-07-368 132.6 unmineralized X X X X
59269 M-07-368 132.955 unmineralized X X X
59270 M-07-368 133.22 unmineralized X X X
59271 M-07-368 133.485 unmineralized X X
59272 M-07-368 133.795 unmineralized X X X
59273 M-07-368 134.11 unmineralized X X
59274 M-07-368 134.425 unmineralized X X X X
59275 M-07-368 134.735 unmineralized X X X
59276 M-07-368 135.045 unmineralized X X X X X
59277 M-07-368 135.35 unmineralized X X
59278 M-07-368 135.655 unmineralized X X
59279 M-07-368 135.96 unmineralized X X X
59280 M-07-368 136.26 unmineralized X X X
59281 M-07-368 136.57 unmineralized X X X X
59282 M-07-368 136.885 unmineralized X X
59283 M-07-368 137.19 unmineralized X X X
59284 M-07-368 137.47 unmineralized X X X X
59285 M-07-368 137.75 unmineralized X X X
59286 M-07-368 138.04 unmineralized X X
59287 M-07-368 138.335 unmineralized X X X
59288 M-07-368 138.72 unmineralized X X
59289 M-07-368 139.125 unmineralized X X X
59290 M-07-368 139.45 unmineralized X X
59291 M-07-368 139.75 unmineralized X X X X X
59292 M-07-368 140.065 unmineralized X X X
59293 M-07-368 140.35 unmineralized X X X X
59294 M-07-368 140.66 unmineralized X X X X
59295 M-07-368 140.96 unmineralized X X X
59296 M-07-368 141.22 unmineralized X X X
59297 M-07-368 141.485 unmineralized X X X
59298 M-07-368 141.72 unmineralized X X
59299 M-07-368 141.95 unmineralized X X
59300 M-07-368 142.235 unmineralized X X
59301 M-07-368 142.615 unmineralized X X X X X
59302 M-07-368 142.96 unmineralized X X X X
59303 M-07-368 143.195 unmineralized X X X
59304 M-07-368 143.525 unmineralized X X X X X
59305 M-07-368 143.89 Main Zone-like X X X X X X
59306 M-07-368 144.125 Main Zone-like X X
59307 M-07-368 144.425 Main Zone-like X X X X X X
59308 M-07-368 144.72 Main Zone-like X X
59309 M-07-368 145.02 Main Zone-like X X X
59310 M-07-368 145.38 Main Zone-like X X X X
59311 M-07-368 145.655 Main Zone-like X X X
59312 M-07-368 145.855 Main Zone-like X X X X X
59313 M-07-368 146.095 Main Zone-like X X X X X
59314 M-07-368 146.33 Main Zone-like X X
59315 M-07-368 146.53 Main Zone-like X X
59316 M-07-368 146.815 Main Zone-like X X X
59317 M-07-368 151.21 Main Zone-like X X X
59318 M-07-368 155.75 Main Zone-like X X
59319 M-07-368 161.625 Main Zone-like X X X
59320 M-07-368 165.6 unmineralized X X X X X
59321 M-07-368 170 unmineralized X X X
59322 M-07-368 174.585 unmineralized X X
59323 M-07-368 178.82 unmineralized X X
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Olivine Pyroxene Plagioclase Oxide Olivine Pyroxene
Electron Microprobe LA-ICP-MSSample ID DDH Depth [mid-

point] (m)
Mineralization Polished Thin 

Section
Whole Rock 

Geochemistry
59324 M-07-368 183.9 unmineralized X X X X
59397 M-07-369 69.20 unmineralized X X
59398 M-07-369 73.23 unmineralized X X
59399 M-07-369 78.20 unmineralized X X X
59400 M-07-369 81.20 unmineralized X X X
59325 M-07-369 84.54 unmineralized X X
59326 M-07-369 86.89 unmineralized X X
59327 M-07-369 87.21 unmineralized X X X
59329 M-07-369 87.25 unmineralized X X
59330 M-07-369 87.48 unmineralized X X
59328 M-07-369 87.49 W-Horizon 1 X X
59331 M-07-369 88.23 W-Horizon 1 X X
59332 M-07-369 88.49 W-Horizon 1 X X
59333 M-07-369 88.75 W-Horizon 1 X X X
59334 M-07-369 89.04 W-Horizon 1 X X X
59335 M-07-369 90.07 unmineralized X X
59401 M-07-369 91.20 unmineralized X X X
59402 M-07-369 95.55 unmineralized X X
59336 M-07-369 97.41 unmineralized X X X
59403 M-07-369 101.20 unmineralized X X X
59404 M-07-369 107.23 unmineralized X X
59405 M-07-369 114.25 unmineralized X X X
59406 M-07-369 120.58 unmineralized X X X
59337 M-07-369 123.10 unmineralized X X
59338 M-07-369 123.30 W-Horizon 2 X X X
59339 M-07-369 123.50 W-Horizon 2 X X X
59340 M-07-369 123.70 W-Horizon 2 X X
59341 M-07-369 123.90 W-Horizon 2 X X
59342 M-07-369 124.10 W-Horizon 2 X X X
59343 M-07-369 124.32 W-Horizon 2 X X X
59344 M-07-369 124.54 W-Horizon 2 X X X X
59345 M-07-369 124.77 W-Horizon 2 X X X X
59346 M-07-369 125.05 W-Horizon 2 X X X
59347 M-07-369 125.35 W-Horizon 2 X X X
59348 M-07-369 125.65 W-Horizon 2 X X
59349 M-07-369 126.07 W-Horizon 2 X X
59407 M-07-369 132.23 unmineralized X X
59408 M-07-369 139.20 unmineralized X X
59409 M-07-369 141.94 unmineralized X X
59428 M-08-441 50.30 unmineralized X X X
59429 M-08-441 60.21 unmineralized X X X
59430 M-08-441 70.21 unmineralized X X X
59431 M-08-441 79.53 unmineralized X X X
59432 M-08-441 91.42 unmineralized X X X
59433 M-08-441 99.80 unmineralized X X
59434 M-08-441 109.85 unmineralized X X X
59435 M-08-441 119.73 unmineralized X X X
59436 M-08-441 130.23 W-Horizon X X X
59437 M-08-441 135.25 W-Horizon X X X
59350 M-08-441 138.25 W-Horizon X X X X
59351 M-08-441 138.67 W-Horizon X X X
59352 M-08-441 138.95 W-Horizon X X X
59353 M-08-441 139.26 W-Horizon X X X X
59354 M-08-441 139.63 W-Horizon X X X
59355 M-08-441 139.98 W-Horizon X X X
59356 M-08-441 140.35 W-Horizon X X X
59357 M-08-441 140.73 W-Horizon X X X X
59358 M-08-441 141.21 W-Horizon X X X
59359 M-08-441 141.66 W-Horizon X X
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Olivine Pyroxene Plagioclase Oxide Olivine Pyroxene
Electron Microprobe LA-ICP-MSSample ID DDH Depth [mid-

point] (m)
Mineralization Polished Thin 

Section
Whole Rock 

Geochemistry
59360 M-08-441 141.99 W-Horizon X X X
59361 M-08-441 142.35 W-Horizon X X X
59362 M-08-441 142.78 W-Horizon X X X
59363 M-08-441 143.11 W-Horizon X X X
59364 M-08-441 143.44 W-Horizon X X X
59365 M-08-441 143.83 W-Horizon X X X
59438 M-08-441 146.25 W-Horizon X X X
59439 M-08-441 153.55 unmineralized X X X
59440 M-08-441 163.25 unmineralized X X X
59441 M-08-441 173.20 unmineralized X X X
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Appendix II: Drill Core Logs

This appendix contains the drill core logs from the diamond drill holes used in this project.

The drill core logs are also available as an excel file on a CD that can be obtained from the
Department of Earth and Environmental Science upon request, and are located in the folder
‘Appendix 2 - Drill Core Logs’.

The log of DDH-306 is contained in the tab ‘‘DDH-306’’

The log of DDH-368 is contained in the tab ‘‘DDH-368’’

The log of DDH-369 is contained in the tab ‘‘DDH-369’’

The log of DDH-441 is contained in the tab ‘‘DDH-441’’
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Appendix III: Thin Section
Descriptions

This appendix contains descriptions of the thin sections studied in this project.

The thin section descriptions are also available as an excel file on a CD that can be obtained
from the Department of Earth and Environmental Science upon request, and are located in
the folder ‘Appendix 3 - Thin Section Descriptions’.
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 p
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ra
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w
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rit
e+
bo

rn
ite

 
ex
so
lu
tio

n 
(v
ar
ia
bl
e 
ra
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ra
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l p
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G
M
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ra
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ith
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pl
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as
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 sh
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 p
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‐
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py
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m
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 b
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 c
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ite
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l
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m
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m
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 c
ol
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is 
a 

fr
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ng
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ra
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.
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e.
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m
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iu
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ne
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co
py
rit
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.5
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.
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io
cl
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an
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w

M
in
or
 c
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or
ite
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te
ra
tio

n 
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iza

tio
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of
 o
liv
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e.
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ac
e 
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 0
.5
%
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bo
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so
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nt
la
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ite
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M
 g
ra
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m
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m
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gr
ai
ne
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ai
ne
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ite
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Do
m
in
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e 
ch
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as
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ra
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ra
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m
m
on

, r
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f b
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so
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tit
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m
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tit
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w
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at
e.

M
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or
 

se
ric
iti
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tio
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or
 

pl
ag
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cl
as
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st
ro
ng

 lo
ca
l 
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en

tin
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liv
in
e.

1‐
1.
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 v
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‐fg

 d
iss
em

in
at
ed

 
ch
al
co
py
rit
e+
bo

rn
ite

  +
 tr
ac
e 

pe
nt
la
nd

ite
, P
G
M
 g
ra
in
s.
 

Su
lp
hi
de

s a
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in
an
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ou
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m
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as
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nt
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lle
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ra
in
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un
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rie
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ng
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va
ge
.

M
‐0
7‐

30
6

59
37

7b
1

15
4.
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en
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in
an
tly

 su
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ed
ra
l 

ro
un

de
d 
gr
ai
ns
 w
ith

in
 p
la
gi
oc
la
se
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th
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e 
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a 
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ne

 ri
ch
 in

 th
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e 
an
d 
th
en

 
th
e 
ot
he

r a
re
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pl
ag
io
cl
as
e 
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m
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m
in
an
t.)
. P
la
gi
oc
la
se
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 su
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ed

ra
l t
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su
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ou

nd
ed

, s
ca
tt
er
ed

 th
ro
ug
ou

t, 
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fe
w
 g
ra
in
s o

f h
or
nb

le
nd

e 
an
d 
bi
ot
ite

, 
so
m
e 
ro
un

de
d 
ol
iv
in
e 
gr
ai
ns
, e
nc
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ed

 
in
 c
lin
op

yr
ox
en

e,
 c
an

 b
e 
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gh
ly
i 

irr
eg
ul
ar
, s
m
al
l a
m
ou

nt
 o
f p

oi
ki
lit
ic
 

m
ag
ne

tit
e.

Lo
w

Tr
ac
e 
ve
ry
 fi
ne

 to
 fi
ne

 
gr
ai
ne

d 
ch
al
co
py
rit
e 
w
ith

 
bo

rn
ite

 e
xs
ol
ut
io
n,
 m

in
or
 

pe
nt
la
nd

ite
, P
G
M
?.
 

Su
lp
hi
de

s o
cc
ur
 w
ith

in
 

pl
ag
io
cl
as
e 
co
nt
ro
lle
d 
by

 
cl
ea
va
ge
 a
nd

 g
ra
in
 

bo
un

da
rie

s,
 w
ith

in
 

cl
in
op

yr
ox
en

e 
w
he

re
 it
 is
 

di
ss
em

in
at
ed

 th
ro
ug
ho

ut
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la
rg
er
 o
ph

iti
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gr
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an
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ed
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at
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f c
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ac
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ra
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 b
or
ni
te
 e
xs
ol
ut
io
n 
an
d 

tr
ac
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ra
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ra
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ra
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at
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ra
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ra
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ra
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ar
k 
gr
ee
n 

ho
rn
bl
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ra
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ra
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as
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e 
cr
ys
ta
ls)
, h
or
nb

le
nd

e 
an
d 
bi
ot
ite

.

M
od

er
at
e

Se
ric
ite

 
al
te
ra
tio

n 
of
 

pl
ag
io
cl
as
e.

Ch
al
co
py
rit
e 
w
ith

 m
in
or
 

am
ou

nt
s o

f b
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ra
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ra
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 p
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ra
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ra
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w
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ra
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ra
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e 

gr
ai
n.

90
%
 p
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in
op

yr
ox
en

e 
(a
lte

rin
g 
to
 in
ve
rt
ed

 
pi
ge
on

ite
) m

in
or
 m

ag
ne

tit
e 
an
d 

ch
lo
rit
e.
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ra
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d 
to
 

a 
br
ow

n 
du

st
y 

co
lo
ur
, o
liv
in
e 

gr
ai
ns
 h
av
e 
be

en
 

co
m
pl
et
el
y 

al
te
re
d 
to
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in
ve
rt
ed

 
pi
ge
on

ite
, o
liv
in
e 

is 
se
rp
en

tin
ize

d.

Fi
ne

 g
ra
in
ed

 d
iss
em

in
at
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ra
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ra
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as
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as
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ra
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e.
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as
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 b
io
tit
e,
 c
hl
or
ite

.

Lo
w
‐M

od
er
at
e.

Sm
al
l z
on

es
 o
f 

cl
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as
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ra
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w
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ra
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ra
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ra
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as
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w
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ac
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ra
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ac
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Appendix IV: Whole Rock
Geochemistry

This appendix contains contains an excel spread sheet with results of whole rock geochemistry
assays for DDH-306, DDH-368, DDH-369 and DDH-441.

The excel file is available on a CD that can be obtained from the Department of Earth and
Environmental Science upon request, and are located in the folder ‘Appendix 4 - Whole Rock
Geochemistry’.

The results of DDH-306 is contained in the tab ‘‘DDH-306’’ The results of DDH-306 is
contained in the tab ‘‘DDH-368’’ The results of DDH-306 is contained in the tab ‘‘DDH-369’’
The results of DDH-306 is contained in the tab ‘‘DDH-441’’
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Appendix V: Electron Microprobe

This appendix contains excel spreadsheets with the electron microprobe results from this
study. Each spreadsheet contains tabs for the results from each drill hole.

The excel files are available on a CD that can be obtained from the Department of Earth and
Environmental Science upon request, and are located in the folder ‘Appendix 5 - Electron
Microprobe’.

The results for olivine analyses are contained in ‘‘Appendix 5-A- Olivine Microprobe.xlsx’’

The results for pyroxene analyses are contained in ‘‘Appendix 5-B- Pyroxene Microprobe.xlsx’’

The results for plagioclase analyses are contained in ‘‘Appendix 5-C- Plagioclase Micro-
probe.xlsx’’

The results for oxide analyses are contained in ‘‘Appendix 5-D- Oxide Microprobe.xlsx’’
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Appendix VI: LA-ICP-MS

This appendix contains contains excel spreadsheets containing the LA-ICP-MS results. Each
spreadsheet contains tabs for the results from each drill hole.

The excel files are available on a CD that can be obtained from the Department of Earth and
Environmental Science upon request, and are located in the folder ‘Appendix 6 - LA-ICP-MS’.

The results for olivine analyses are contained in ‘‘Appendix 6-A- Olivine LA-ICP-MS.xlsx’’

The results for pyroxene analyses are contained in ‘‘Appendix 6-A- Pyroxene LA-ICP-MS.xlsx’’
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