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ABSTRACT

The Canadian Ni-Cu-PGE-Cr ore systems project, under the fourth phase of the Targeted Geoscience
Initiative (TGI-4), spanned a breadth of ore deposit types, tectonic environments (crustal boundaries, supra-
subduction zones, astrobleme, intracratonic rift), and processes of formation (magmatic to hydrothermal).
This report summarizes key project activities for six mineral districts completed by a collaborative group of
more than fifty contributors from the GSC, four provincial geological surveys, academia, and industry to
develop and refine genetic models and exploration techniques to determine fertility and pathfinders.

Sixty-six new age determinations provide important geochronological constraints to build and refine
models for many Cr-(PGE), Ni-Cu-PGE, Cu-PGE, and Fe-Ti-V-(P) prospective and fertile regions. These
include Ni-Cu-PGE in convergent-margin settings, Cr in the Bird River and McFaulds Lake (“Ring of Fire”)
greenstone belts, Cr in La Grande Riviére-Eastmain domains, Cu-PGE in Midcontinent Rift, and Ni-Cu-
PGE in the enormous Sudbury mining district.

New exploration techniques to detect fertility using advanced mineral chemical microanalytical tech-
niques and discriminant diagrams were developed for oxide phases (chromite, magnetite) in barren and fer-
tile intrusions through examination of Canada’s districts (Sudbury Igneous Complex, Ontario; Voisey’s Bay,
Labrador and Newfoundland) and Archean komatiite (Alexo, Abitibi). The first in situ determination of
actual ore-metal concentrations from an early trapped melt hosting a major mining district was completed.
Various new indicator minerals and assemblages, such as apatite, biotite, and epidote-amphibole-titanite
assemblages, were identified with distinctive chemistry to aid in vectoring towards buried Ni-Cu-PGE and

Cu-PGE mineralization.

INTRODUCTION

This Geological Survey of Canada (GSC) Open File
publication highlights collaborative research com-
pleted over five years (2010-2015) under the fourth
phase of the Targeted Geoscience Initiative (TGI-4).
The goal of this federal geoscience program was the
development of new geoscientific knowledge and tech-
niques to promote more effective exploration for
buried ore deposits. Several key objectives were estab-
lished to meet the main goals of the TGI-4 program: (a)
characterize and model mineral systems, (b) develop
targeting criteria — specifically fertility indicators
(which indicate the presence of a mineral system) and
vectors (which allow navigation within a system), (c)
develop methods/protocols to apply these criteria, and
(d) train and mentor students. The concept of “ore sys-
tem” research was used to formulate TGI-4 projects
and differs from ore deposits (e.g. mineral systems and

mineral deposits; Hronsky and Groves, 2008; McCuaig
et al., 2010). Economic mineral concentrations (ore
deposits) are the culmination of a complex process
chain, operating at a vast range of scales, and accurate
predictive models for the distribution of ore deposits in
space and time need to be based on a deep understand-
ing of the entire “ore system”, not just the deposits or
orebodies themselves.

The TGI-4 nickel-copper-platinum element group-
chromium (Ni-Cu-PGE-Cr) ore systems project
focussed on orthomagmatic mineral systems and the
exploration challenge of detecting new Ni-Cu-PGE-Cr
mineral deposits by tackling knowledge gaps assessed
for the ore system type and choosing the best sites to
solve them across the country (Fig. 1). This project was
designed to improve our knowledge of the magmatic
ore systems and hydrothermal-magmatic processes to
improve exploration criteria and better target the highly
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Revised Models, (ed.) D.E. Ames and M.G. Houlé; Geological Survey of Canada, Open File 7856, p. 1-15.
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Figure 1. Location map for the TGI-4 Ni-Cu-PGE-Cr ore systems project study sites in Canada (modified from Wheeler et al.,
1996). 1-2: Convergent margin Ni-Cu-PGE (Nixon et al., 2015). 3-4: Bird River greenstone belt Ni-Cu-PGE (Bécu et al., 2015).
5-6: McFaulds Lake region Cr-Ni-Cu-PGE-V (Carson et al., 2015; Kuzmich et al., 2015; Metsaranta et al., 2015; Sappin et al.,
2015; Spath et al., 2015). 7-8: Abitibi komatiite (Hiebert et al., 2015; Pagé et al., 2015). 9-14: Eeyou Istchee Baie James region
Cr-Ni-PGE (Houlé et al., 2015). 15-16: Midcontinent Rift Cu-PGE (Brzozowski et al., 2015; Shahabi Far et al., 2015; Trevisan
et al., 2015). 17: Sudbury mining district Ni-Cu-PGE (Adibpour et al., 2015; Ames and Tuba, 2015; Bleeker et. al., 2015; Dare

et al., 2015; Hanley et al., 2015; Kontak et al., 2015). 18: Voiseys Bay and Newark Island (Dare et al., 2015).

profitable Ni-Cu-PGE-Cr deposit types in hidden envi-
ronments within established or emerging camps. It also
provided an opportunity to acquire knowledge on less
understood and mostly underexplored Ni-Cu-PGE-Cr
deposit types. Collaborative and complementary work
was crucial to the successful delivery of the project
(and this volume) and involved more than fifty partici-
pants from the GSC, the geological surveys of British
Columbia (BCGS), Manitoba (MGS), Ontario (OGS),
and Quebec (MERN), nine universities, and industry.

The Canadian Ni-Cu-PGE-Cr project embraces a
vast breadth of mineral deposit styles in the Cr- Ni-Cu-
PGE-Fe-Ti-V-(P) realm (e.g. Ni-Cu-PGE, Cu-PGE,
PGE only, Cr-Ni-Cu-PGE and/or Fe-Ti-V-(P)) that

occur in different time periods (i.e. Archean,
Proterozoic, and Mesozoic) through a diversity of ore-
forming processes (orthomagmatic, magmatic-
hydrothermal, hydrothermal) and formed in diverse
tectonic and contrasting geological environments (e.g.
rift-related, convergent-margin/supra-subduction zone,
impact crater, terrane boundaries, and intracratonic
sutures).

The project has generated sixty-five new high-preci-
sion Isotope Dilution — Thermal Ionization Mass
Spectrometry (ID-TIMs) ages including nine from con-
vergent-margin Ni deposits, six from the chrome-bear-
ing Bird River greenstone belt, twenty-four from the
McFaulds Lake area with Cr-(PGE), Ni-Cu-PGE, and
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Fe-Ti-V-(P) mineralization, three from the Eeyou
Istchee Baie James Cr-bearing region, one in the Mid-
continent rift, and twenty-two from the Ni-Cu-PGE
Sudbury mining district. An additional ten ages were
determined by Laser Ablation Inductively Coupled
Mass Spectrometry (LA-ICP-MS) at University of
British Columbia (UBC) and Laurentian University,
and five 40Ar/39Ar analyses were carried out at UBC
and GSC-Ottawa.

This volume contains twenty-one papers highlight-
ing the main results from two major themes: (1) new
and revised genetic models for Ni-Cu-PGE, Cr-(PGE),
Fe-Ti-V-(P), and Cu-PGE mineral systems, and (2)
advances in the detection of Ni-Cu-PGE-Cr systems
through innovative techniques developed for fertility
and pathfinder indicators.

NEW AND REVISED GENETIC MODELS
FOR Cr-Ni-Cu-PGE DEPOSITS:
REGIONAL-, DISTRICT-, AND
BELT-SCALE METALLOGENY

Geological advances were made in six Canadian Ni-
Cu-PGE-Cr mineral districts and/or tectonic environ-
ments: (1) supra-subduction zone/convergent-margins
(BC), (2) the Bird River greenstone belt (MB), (3) the
McFaulds Lake area (also known as Ring of Fire: ON),
(4) La Grande Riviére and Eastmain domains in the
Eeyou Istchee Baie James region (QC), (5) the
Midcontinent Rift (ON), and (6) the Sudbury astrob-
leme (ON) (Fig. 1).

Ni-Cu-PGE Ore Systems in
Convergent Margin Tectonic Settings

Although magmatic Ni-Cu-PGE deposits hosted by
mafic-ultramafic intrusions in convergent-margin set-
tings have become increasingly important in recent
years (e.g. Aquablanca, Spain), they remain poorly
understood and little explored. Relevant mineral
deposit models have just begun to emerge (e.g. Ural-
Alaskan NC-7: Naldrett, 2010). The paper by Nixon
and co-workers (2015) includes a global compilation of
convergent-margin deposit traits and presents a new
classification scheme built on the petrology of large-
tonnage (> 200 Mt), low-grade Ni deposits in Alaskan-
type intrusions (i.e. Turnagain), which are characteris-
tically composed of clinopyroxene-bearing rocks, and
Giant Mascot-type intrusions (Manor, 2014; Manor et
al., 2014a,b, 2015a,b), which are characteristically
orthopyroxene-bearing rocks. The Ni-Cu-PGE deposit
in the Giant Mascot intrusion, which was studied under
this TGI-4 program, has similarities to the Xiarihamu
deposit that was recently discovered in China, which at
100 Mt at 0.8% Ni and 0.1% Cu is among the 20 largest
magmatic Ni-Cu deposits in the world (Nixon et al.,
2015).

A joint BCGS-GSC geological map of the Giant
Mascot Ni mine (1958-1974) area was published in
2014, which also documented the previously unknown
PGE content of the ores (Manor et al., 2014). This pub-
lication has now been augmented with new
geochronology, a longitudinal section of orebodies,
mine plans, and exploration history (Manor et al.,
2015a).

Superior Province Cr-PGE-Ni-Cu Ore Systems

Recent discoveries of major chromite deposits (e.g.
Black Thor, Big Daddy), Ni-Cu-(PGE) deposits (e.g.
Eagle’s Nest: Mungall et al., 2010), and significant Fe-
Ti-V occurrences (e.g. Thunderbird) in the McFaulds
Lake greenstone belt (MLGB) in northern Ontario (see
Metsaranta et al., 2015) highlight the mineral potential
not only of this region but also of possible correlative
areas across the Superior Province, such as the La
Grande Riviére and Eastmain domains within the
Eeyou Istchee Baie James region in northern Quebec,
and the Bird River greenstone belt (BRGB) in
Manitoba (Houlé et al., 2015a,b). This TGI-4 project
included collaborative regional bedrock mapping in the
MLGB and the BRGB as well as extensive geochronol-
ogy (n=35), and regional and detailed mineral deposit
studies across the Superior Province (Laarman et al.,
2012; Farhangi et al.,, 2013; Fecteau, 2013;
Mehrmanesh et al., 2013; Carson et al., 2015; Kuzmich
et al., 2015; Spath et al., 2015; and other student work
reported in Houlé et al., 2015a).

A potential correlation of domains enriched in mafic
to ultramafic intrusions hosting Cr-PGE-Ni-Cu across
the Superior Province is proposed through an updated
(Stott et al., 2010) understanding of the spatial and
temporal distribution of Archean chromite deposits and
occurrences across Ontario, Quebec, and Manitoba
(Fig. 1, sites 3—6, 9—14). These observations combined
with TGI-4 results from regional mapping, and
geochronological and petrogenetic profiling of fertile
and barren mafic-ultramafic intrusions led to the pro-
posal of a new Cr-PGE metallogenic province through
the Superior Province (Houlé et al., 2013; 2015b). This
metallogenic province coincides with the proposed cor-
relation between the Oxford-Stull/Uchi/ La Grande
Riviere/Eastmain domains by Stott et al. (2010) across
the Superior Province and identifies a possible link
with the Bird River greenstone belt south of the North
Caribou terrane. Cratonic-scale boundaries may be cru-
cial to the genesis of these Cr-(PGE) orthomagmatic
deposits and spatially associated Ni-Cu-(PGE) and Fe-
Ti-(V) mineralization.

Bird River Greenstone Belt

The Bird River greenstone belt (BRGB) in southeast-
ern Manitoba contains numerous Neoarchean mafic-
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ultramafic intrusions that host significant Ni-Cu-(PGE)
deposits and Cr-(PGE) deposits and occurrences, and
has been the focus of regional bedrock mapping by the
Manitoba Geological Survey (Gilbert et al., 2008; Yang
et al., 2012, 2013). At least nine main intrusions occur
over a strike length of 75 km and width of 20 km, with
the older Maskwa Lake Batholith in the centre. The
intrusion stratigraphy forms two distinct groups: (1) the
very well layered Bird River Sill, which contains a
lower ultramafic zone overlain by an upper mafic zone,
and (2) the poorly stratified Mayville intrusion in
which a lower heterolithic intrusive breccia zone with
sporadic mafic to ultramafic zones along the basal con-
tact is overlain by a mafic zone. Despite these differ-
ences, Bécu et al. (2015) shows that the mafic compo-
nents (e.g. Coppermine Bay, Euclid Lake, and
Mayville intrusions, Bird River Sill) have similar tex-
tural, compositional, and geochemical characteristics
and thus are potentially petrogenetically linked. New
geochronology of the mafic-ultramafic intrusions
within the Bird River greenstone belt supports the pet-
rogenetic connection between the intrusions and pro-
vides evidence for the existence of a widespread
Neoarchean mafic-ultramafic magmatic event between
2744 to 2742 Ma (Table 1 in Houlé¢ et al., 2015b). This
unequivocal correlation across the belt also provides a
new metallogenic context for the distribution of signif-
icant basal (e.g. Maskwa deposit, Bird River Sill) or
near basal (e.g. M2 deposit, Mayville intrusion) Ni-Cu-
(PGE) mineralization, and for the Cr mineralization
(e.g. Chrome deposit, Bird River intrusion) higher in
the stratigraphy, near the contact between the ultra-
mafic and mafic zones of the intrusions throughout the
Bird River greenstone belt. All of these intrusions were
generated from a single fertile, volumetrically signifi-
cant magmatic event at ca. 2744-27423 Ma, which was
the source for base metal, PGE, and chromium.

McFaulds Lake Region — McFaulds Lake and
Miminiska-Fort Hope Greenstone Belts

The unusual endowment of mafic to ultramafic intru-
sive rocks is the most prominent feature of the
McFaulds Lake region, particularly as these rocks host
significant chromite deposits, a major Ni-Cu-(PGE)
magmatic sulphide deposit, and numerous significant
Fe-Ti-(V) occurrences. The work conducted in this
TGI-4 Ni-Cu-PGE-Cr project presents the characteris-
tics of one of Canada’s most important Cr-Ni-Cu-PGE
discoveries in the last decade: the McFaulds Lake
greenstone belt (Ring of Fire) in the Oxford-Stull
domain of the Superior Province. No chromium
deposits associated with mafic-ultramafic rocks were
potentially mineable under likely price scenarios in the
Western hemisphere (USGS, 2015) until the discovery
of chromite under cover in the McFaulds Lake green-

stone belt, which has a chromite resource estimate of
285.8 Mt at 31.5 % CrO3 in 5 deposits (Table 1 in
Metsaranta et al., 2015).

As part of the Ni-Cu-PGE-Cr project, the Ontario
Geological Survey, as in-kind contribution, has con-
ducted regional bedrock mapping, compilation, re-log-
ging of more than 1,500 diamond-drilled cores, and
extensive new U-Pb geochronology (Metsaranta et al.,
2015). This has been integrated with regional studies of
the mafic-ultramafic intrusions in the McFaulds Lake
region and within the eastern part of the Uchi domain
of the Superior Province (Sappin et al., 2015). New
1:100,000 and 1:20,000 scale geological maps are
being generated (see section Forthcoming Releases
below) that portray the most recent advances in our
understanding of the geological framework of the Ring
of Fire region and the stratigraphy of the MLGB.

Mafic and ultramafic intrusions in the Ring of Fire
region occur in at least two main age intervals, at ca.
2810 Ma and ca. 2735 Ma. The Mesoarchean,
Highbank Lake intrusive complex (HBIC), located
south of the MLGB, is a mafic-dominated intrusion
with marginal Fe-Ti-V mineralization hosted within a
magnetite-rich horizon. The Neoarchean intrusions,
however, have two main magmatic suites (1) an ultra-
mafic-dominated suite that contains the chromite
deposits (Black Thor-Black Label, Big Daddy,
Blackbird, Black Creek, Black Horse) and a major Ni-
Cu-PGE deposit (Eagle’s Nest) and (2) a regionally
widespread, mafic-dominated “ferrogabbro” suite that
hosts many significant occurrences of Fe-Ti-V-(P).
Several detailed studies of these mineralized intrusions
were undertaken by graduate students (Houlé et al.,
2012; Carson et al., 2015; Kuzmick et al., 2015; Spath
et al., 2015). The ultramafic to mafic Black Thor intru-
sive complex (BTIC), is a layered sill containing a con-
duit-hosted chromite deposit for which a new genetic
model was proposed: the partial assimilation of local
oxide-silicate facies iron formation by a Cr-rich
magma (Carson et al., 2015). Other aspects of the
BTIC that are addressed by other graduate studies
include the emplacement of a co-genetic pyroxenitic
magma into the BTIC and its implications for ore gen-
esis (Spath et al., 2015), the internal stratigraphy and
the textural facies distribution of the Black Label
deposit (Mehrmanesh et al., 2013), and the distribution
and the petrogenesis of Ni-Cu-(PGE) mineralization in
the BTIC (Farhangi et al., 2013). Investigations of the
petrogenesis and Fe-Ti-(V) mineralization of a mafic-
dominated “ferrogabbro” suite were undertaken in the
Thunderbird and the Butler (West and East) intrusions
(Kuzmick et al., 2015) and at the Big Mac intrusion
(Sappin et al., 2015).

Industry’s Cr, and Ni-Cu discoveries in the Ring of
Fire region, which are under the extensive Phanerozoic
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and glacial cover of the James Bay lowlands, led
Canada’s geoscience community not only to investi-
gate individual chromite-endowed regions within each
province (Quebec, Ontario, Manitoba) but also to
refine a metallogenic framework using high-resolution
geochronology to define a new Cr-(PGE) metallogenic
province across the Canadian Shield, the so-called
Bird River—Uchi—Oxford-Stull-La Grande—Eastmain
domains (BUOGE “domains”: Houlé et al., 2012,
2013, 2015b). These geoscience studies highlight the
likelihood of discovering major deposits within the
frontier areas of Canada.

La Grande Riviere-Eastmain Domains

The spatial and temporal distribution of the ultramafic
and mafic intrusions is still poorly constrained across
the Eeyou Istchee James Bay region despite our TGI-4
investigations in collaboration with the ministére de
1’Energie et des Ressources naturelles (MERN) at sev-
eral localities predominantly within the La Grande
Riviére and Eastmain domains as well as within the
subjacent Opinaca basin domains (Houlé et al., 2015a).
The ultramafic-mafic magmatism occurred over more
than 200 Ma, between ca. 2.88 Ga (David et al., 2009),
and 2.63 Ga (Houl¢ et al., 2015a), and generated dif-
ferent types of ultramafic to mafic intrusions and lavas,
including komatiitic ultramafic intrusions /lavas, ultra-
mafic-dominated intrusions, mafic-dominated intru-
sions, alkaline ultramafic to mafic intrusions, and ultra-
mafic lamprophyre.

Several of these ultramafic- to mafic-intrusion types
contain Cr-(PGE), Ni-Cu-(PGE), or Fe-Ti-(V) occur-
rences but no deposits have been discovered. The most
important examples examined in the course of the Ni-
Cu-PGE-Cr project include the Menarik Complex
(Cr-PGE), the Lac des Montagnes intrusions (Cr-PGE),
the Lac Gayot intrusions (Ni-Cu-PGE), the Nisk intru-
sion (Ni-Cu-PGE), and the baie Chapus Pyroxenite
(Fe-Ti-V) (Houlé et al., 2015a). Initial mineralogical
data for chromite and magnetite in many of these intru-
sions have similar compositions to those analyzed from
chromite deposits and the vanadiferous intrusions in
the MLGB, indicating that the intrusions in the Eeyou
Istchee James Bay region are prospective for signifi-
cant mineralization (Houlé et al., 2015a). The most
prospective units are associated with ultramafic bodies
that exhibit a komatiitic affinity and are enriched in
olivine.

Midcontinent Rift Cu-PGE Ore Systems

Numerous Cu-PGE occurrences associated with cross-
cutting gabbroic to ultramafic intrusions occur in the
early-rift phase of the Midcontinent Rift at 1.1 Ga (e.g.
Marathon Series gabbros, Thunder, Sunday, Current
Lake) along with the high-grade Ni-Cu-PGE Eagle

deposit discovered in 2002 in Michigan (Ding et al.,
2010; Trevisan et al., 2015). A series of mafic to ultra-
mafic intrusions and their associated mineralization
were investigated in the Ni-Cu-PGE-Cr project at the
Coldwell Alkaline Complex near Marathon (Good et
al., 2015b) and also at the Thunder intrusion, a small
buried body on the outskirts of Thunder Bay. The min-
eralized ca. 1108 Ma Thunder intrusion is the only
known occurrence of Midcontinent Rift magma
emplaced within an Archean greenstone belt (i.e.
Shebandowan greenstone belt). This was interpreted as
an evolved mantle-derived magma that ascended along
a reactivated Archean Wawa and Quetico subprovince
boundary fault that may also control the Current Lake
(Cu-PGE) and Sunday Lake (Cu-PGE) intrusions
(Trevisan et al., 2015). In the Coldwell Alkaline
Complex, petrogenesis, geochemistry, and ore mineral
chemistry of five distinct zones of Cu-Pd mineraliza-
tion within three co-genetic intrusions (Main zone and
W horizon in the Two Duck Lake gabbro, upper and
lower zones in the Area 41 intrusion, and main zone in
the Geordie Lake intrusion) revealed three distinctive
platinum group mineral assemblages for the orebodies.
A proposed PGM mineral index suggests that the Area
41 occurrence is similar to the high-PGE, low-Cu W
horizon orebody of the Two Duck Lake gabbro (Good
et al., 2015a), making Area 41 intrusion a viable explo-
ration target. Furthermore, geochemical evidence for
the Coubran basalt and the co-genetic Two Duck Lake
gabbro suggests that they were derived from partial
melting of a LILE- and LREE-enriched mantle source
generated at intermediate depth (Good et al., 2015¢).

Results from a detailed study at the Geordie Lake
intrusion show that mineralization is characterized by a
sulphide assemblage of bornite and chalcopyrite and is
associated with intense albite and actinolite alteration
within a crosscutting heterogeneous augite-bearing
troctolite unit, which is characterized by the presence
of skeletal olivine and relatively low trace element
abundances (Meghji et al., 2013). These results suggest
that two augite-bearing troctolite intrusions located
east and north of the Geordie Lake intrusion represent
potential host rocks and therefore prospective explo-
ration targets. Other graduate students investigated the
role of volatile components during crystallization of
the Two Duck Lake gabbro and the potential for Cl-rich
fluids to mobilize metals (Shahabi Far et al., 2015) and
the trace element geochemistry of late-stage alteration
(Brzozowski et al., 2015). These studies are high-
lighted in section Pathfinders below.

Impact-Related Ni-Cu-PGE Ore Systems

New geochronology results (~ 22 samples) acquired
during the Ni-Cu-PGE-Cr project significantly
improves our understanding of the geological frame-
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work of the Sudbury Igneous Complex (SIC) and its
enormous Ni-Cu-PGE resource (Bleeker et al., 2015;
Kontak et al., 2015). The basement country rocks have
been increasingly recognized as important host rocks
for high-value, precious metal-rich orebodies (Pt, Pd
Ag, Au) and enhanced U-Pb geochronological tech-
niques (e.g. improved mineral separation, micro-sam-
pling of complex and shocked zircons, “chemical abra-
sion” pre-treatment, and evaporative pre-treatment)
finally allow ages to be determined at sufficient accu-
racy and precision to resolve key geological relation-
ships for the SIC and its footwall. These high-precision
U-Pb ages are starting to resolve different events
within the ~1 million year time frame of the SIC and its
mineralization. An integration of these new ages within
the existing geological framework of the 250-300 km
Sudbury structure will help constrain a regional geo-
logical cross-section (Bleeker et al., 2013, 2014a) that
will accompany a revised version of the GIS digital
map (Ames et al., 2006, 2008a,b).

Several mafic dyke swarms have been identified
both pre- and post-dating the SIC, including the first
documentation of a ca. 2507 Ma dyke swarm in this
part of the Superior craton. A number of recently iden-
tified dykes that potentially are part of the offset dyke
system of the SIC were also analyzed. A precise age for
the Pele offset dyke (1848.5 £0.8 Ma) is statistically
different from the age of the Main Mass Mg-rich norite
unit of the SIC (1849.7 £0.2 Ma) and may represent the
youngest injection of magma into the footwall of the
SIC (Bleeker et al., 2015). This young SIC magma
injection (Pele offset) significantly also contains melt
inclusions that are metal depleted (Hanley et al., 2015).

Determining the Archean age of the gabbroic host
rock to much of the Podolsky Cu-PGE sharp-walled
vein deposit (so-called “Grey gabbro™) solved the con-
troversy of its origin, i.e., whether it is (1) a fragment
of the Archean footwall rocks or (2) an 1850 Ma SIC-
related melt (Kontak et al., 2015). The age is similar to
the Joe Lake gabbro situated ~5 km to the west in the
immediate footwall to the SIC on the North Range
(Bleeker et al., 2015), suggesting that Archean mafic
intrusions were a much larger component of the North
Range target rocks. Remarkably, this large Archean
fragment in the Podolsky deposit, approximately 250 x
250 m, is situated in the “neck” of the radial Whistle
Offset structure below the Sublayer, perhaps causing a
local impediment to sulphide melt/flow/fluid/gas into
these structures in the footwall.

Field observations and better age constraints of the
Creighton Granite and overlying Copper Cliff Rhyolite
on the South Range demonstrate a single felsic mag-
matic system at 2455-2460 Ma that developed imme-
diately following the main pulse of mafic Matachewan
magmatism at 2460 Ma (Bleeker et al., 2015).

Mineral District Databases

The Sudbury district Ni-Cu-PGE ore geochemical
database and accompanying high-reolution ore sample
photographs linked to each analysed sample was
recently released (Ames et al., 2014a) providing the
foundation for the geochemical attributes for the vari-
ous ore types from forty-four Ni-Cu-PGE deposits in
the contact, footwall, offset, and breccia belt environ-
ments of the Sudbury mining district (Ames et al.,
2010). A companion ore mineralogy and mineral chem-
istry database from thirty-nine Sudbury mines follows
the first release of geochemistry (Kjarsgaard and
Ames, 2010; Ames et al., 2015). Four other manu-
scripts using the SIC and Ni-Cu-PGE orebodies as test
sites for fertility (Dare et al., 2015; Hanley et al., 2015)
and pathfinder indicators (Adibpour et al., 2015;
Hanley et al., 2015; Kontak et al., 2015) are discussed
below and the supporting TGI-4 databases have been
released (Dare et al., 2013; Maclnnis et al., 2014; Watts
et al., 2015).

FERTILITY AND PATHFINDERS:
ADVANCES IN THE DETECTION OF
Ni-Cu-PGE-Cr MINERALIZATION

Standard geochemical and geophysical techniques
have been used for decades in mineral exploration to
detect Ni-Cu precious metal minerals (Pt, Pd, Au). In
this volume, we identify new indicator minerals
(chromite, apatite, magnetite, epidote, sulphides) that
define new discriminants for global use in exploration,
use advanced microanalytical techniques to apply melt
chemistry to ore systems research to delineate “metal-
depleted” and “metal-enriched” parts of large igneous
intrusions, and describe a numerical method that sig-
nificantly improves interpretation of geophysical
responses from gravity-gradiometer surveys.

Gravity-gradiometer surveys are generating large
datasets for vast areas in search of buried mineral
deposits (i.e. James Bay lowlands, Strange lake area)
generating considerable multivariate data for manipula-
tion and interpretation. Use of the geophysical data is
dependent on the quality of the data and an understand-
ing of what information the data contain. A practical
method to suppress the noise in the data was developed
that increases the effectiveness of data presentation and
the knowledge gained by selecting individual and com-
binations of tensor components (Pilkington et al.,
2015). Exploration for orthomagmatic mineralization
in buried terrains using gravity-gradiometer data
should use the high-resolution gravity signal that, when
combined with co-located magnetic data, may identify
mafic-ultramafic units prospective for Ni-Cu-PGE, Cr-
(PGE), and Fe-Ti-V deposits. This new numerical
method significantly improves interpretation of geo-
physical response and is of global use for industry.
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Fertility

Conventional geochemical techniques that have been
used for decades in Ni-Cu-PGE exploration typically
include calculating chalcophile depletion ratios (e.g.
Ni/Ni*, Cu/Zr, Cu/Pd) ratios in whole rock and/or Ni
content of olivine (low-Ni preferred)), to distinguish
Ni-Cu-PGE mineral deposit-endowed regions from
potentially barren regions (e.g. Duke and Naldrett,
1978; Naldrett et al., 1984; Li et al., 2000; Barnes and
Lightfoot, 2005). These techniques can been used
effectively when studying a number of mafic-ultra-
mafic intrusions in a region (e.g. McFaulds Lake area:
Sappin et al., 2015; Eeyou Istchee James Bay region:
Houlé et al., 2015a).

To update our understanding of “fertility” requires
the development of new techniques that allow determi-
nation of trace elements at the mineral scale and new
isotopic systems allow this to be undertaken better now
than at any time in the past. Two of Canada’s largest
Ni-deposits were used as test sites to develop new
methods: the 1.85 Ga Sudbury Igneous Complex
(Ontario) and 1.34 Ga Voisey’s Bay (Newfoundland
and Labrador). The primary fertility of the magma is
critically important and therefore the use of newer ana-
lytical techniques, such as laser ablation ICP-MS to
determine oxide trace-element chemistry in silicate
host intrusions (Dare et al., 2015) and/or melt-inclusion
chemistry of apatite (Watts, 2014; Hanley et al., 2015;
Watts et al., 2015), were tested to discriminate barren
from fertile Ni-Cu-PGE regions and/or intrusions.

The Archean Alexo and Hart komatiite-associated
Ni-Cu-(PGE) occurrences in the Abitibi greenstone belt
were studied to develop new geochemical techniques
with chromite chemistry to distinguish between barren
and mineralized komatiitic units (Pagé et al., 2015) and
multiple S and Fe isotopes to identify crustal contami-
nation processes that are critical to the formation of
magmatic Ni-Cu ore deposits (Hiebert et al., 2015).

The timing of mineral crystallization in the magma
is critical for recording metal depletion upon sulphide
crystallization (i.e. early chromite-PGE; late Fe-oxide-
Ni-Cu; early apatite-bulk metal resource) and may iden-
tify processes of intrusion formation (i.e. immiscibility,
fractional crystallization of one liquid). Distinct trace
element signatures of two mineral phases (chromite
and magnetite) were used to distinguish mineralized
and unmineralized environments and to identify which
elements maybe useful as post-magmatic discriminants
for chromite. Melt inclusions in early crystallized
apatite indicate the ore metal concentrations at that
point in the evolution of the magmatic system.

Fe-Oxide Geochemistry
The Fe-oxide geochemistry of mafic layered complexes

and ostensibly barren anorthosite suites (e.g. Newark
Island, Newfoundland and Labrador; Bushveld, South
Africa; Sept-lles, Quebec; Anorthosite suite of
Saguenay-Lac St-Jean, Quebec) were also studied to
place constraints on the discriminators of intrusions in
barren versus fertile environments. The elements Ni,
Cu, and Cr in Fe-oxide minerals provide critical
knowledge on the sulphide saturation and segregation
histories of the intrusions. Barren intrusions lie on a
single Ni-Cr trend, whereas fertile intrusions record
sulphide saturation with a parallel Ni-Cr trend but at
lower Ni concentrations. Similarly, Cu depletion of
oxides in fertile intrusions is also an indicator of fertil-

1ty.

Melt Inclusions in Apatite

Major breakthroughs using innovative methods were
made in an apatite melt inclusion study of the SIC
(Watts, 2014) by developing parameters that would
enhance exploration success in mafic-ultramafic ore
systems where post-magmatic processes have severely
limited the application of bulk rock geochemistry. Melt
inclusions are tiny droplets of melt trapped in host
crystal phases (e.g. apatite) that provide a snapshot in
time of the physiochemical characteristics of the melt
at that stage in magmatic evolution. The geochemistry
of melt inclusions hosted in apatite that formed early in
the crystallization history of the intrusion therefore,
provide a means of constraining compositions of
parental magmatic liquids and reveal trends of liquid
evolution (Veksler, 2006).

The first in situ determination of actual ore-metal
concentrations from an early trapped melt of the SIC
and the partitioning behaviour of ore metals and other
trace elements between immiscible Fe-rich and Si-rich
liquids is presented (Watts, 2014; Hanley et al., 2015;
Watts et al., 2015). In the SIC and its offset dykes,
melt-inclusion data revealed immiscible melts in the
SIC main mass and young Pele offset dykes that were
metal depleted compared to melt inclusions in the min-
eralized quartz diorite of the Whistle offset dyke and
thus, identified spatial differences in the fertility of the
intrusion hosting one of Canada’s major Ni-Cu-PGE
mining districts (Watts, 2014; Hanley et al., 2015).

Pathfinders to Mineralization

New techniques and unconventional methods for Ni-
Cu-PGE-Cr exploration were tested in barren and min-
eralized sites and discriminants were identified to
define pathfinders as vectors towards ore using
bedrock indicator mineral chemistry. Minerals not pre-
viously considered as pathfinders and their identified
distinctive chemistry may aid explorationists in their
search for buried mineralization (i.e. apatite: Shahabi
Far et al., 2015; biotite: Hanley et al., 2015; Warren et.

9
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al., 2015; chlorite: Brzozowski et al., 2015; epidote-
actinolite: Ames and Tuba, 2015) and aim to distin-
guish important mineralizing processes (sulphide:
Adibpour et al., 2015). In addition, analytical tech-
niques were optimized (Doherty et al., 2014).

A series of papers examine alteration associated
with Ni-Cu, Cu-PGE, and PGE deposits. Hydrothermal
and/or  post-magmatic  processes  involving
fluid/volatile interaction was examined to define a sig-
nature that may be used in targeting Ni-Cu-PGE ore
deposits. Controversies regarding the role of fluids in
PGE mineralization at the Marathon Cu-PGE deposit
(Coldwell Alkaline Complex, Midcontinent Rift) and
the Cu-PGE and PGE footwall ores in the Sudbury
mining district underline the need for targeted and
focussed research on this controversial topic. If fluids
are integral to ore formation, indicators resulting from
fluid mobility constitute a footprint of the deposits (e.g.
Kerr et al., 2015). At the Marathon Cu-Pd deposit,
changes in plagioclase compositions in growth and
resorption zones, some of which contain base metals,
reflect new influxes of magma and an overall model of
zone refining with various stages of magma infiltration
(Shahabi Far et al., 2015).

Exciting new exploration targets exist for the mature
Sudbury mining district, from which over 19 million
ounces of PGEs have been produced since 1990
(Wallbridge Mining Company Ltd., www.walbridgem-
ining.com, April 2015). The trend to mine at increasing
depths (e.g. Sudbury 2.5 km below surface) has been
alleviated somewhat by the recognition of near and on-
surface economic concentrations of Cu-, Pt-, Pd-, Ag-
and Au-rich deposits (e.g. Broken Hammer open pit,
Capre at < 200 m depth, Denison 109 zone) compared
with the traditionally much deeper Ni-Cu-Co-PGE
contact- and offset-type deposits. The discovery, in the
last decade, of mineable low-sulphide PGE orebodies
(Farrow et al., 2005) caused a shift in exploration focus
to the detection of these precious metal-rich resources.

Examination of alteration proximal to footwall-style
sharp-walled chalcopyrite-PGE veins provides a time
frame for sulphide injection relative to cooling of the
igneous complex (i.e. 0.5 to <1 Ma: Ames et al., 1998;
Bleeker et al., 2015) and is the result of interaction with
high-temperature magmatic-derived fluids (Kontak et
al., 2015). In contrast, a spectacular of “no sulphide”
PGE-rich mineralization composed of quartz-epidote
and 2 cm sperrylite (PtAsp) crystals at the Broken
Hammer open pit (Ames et al, 2013, 2014b) is
unequivocally hydrothermal in origin. Current models
in the literature for the genesis of the high-sulphide
sharp-wall chalcopyrite-PGE veins are related to mag-
matic/magmatic-hydrothermal processes and/or remo-
bilization by high-temperature volatiles (e.g. Li et al.,
1992; Naldrett et al., 1999; Péntek et al., 2008; Hanley

et al., 2011 and references therein). In contrast, low-
sulphide PGE-rich ores have been attributed to circu-
lating metal-rich hydrothermal fluids (e.g. Péntek et al.
2008; Nelles et al. 2010; Tuba et al., 2010, 2014,
White, 2012). In the McCreedy West PM (precious
metal) zone, Farrow and coworkers (2005) used mine
assay data to geochemically distinguish the low-sul-
phide type of ore (Farrow et al., 2005) and defined the
first classification of this new style of Sudbury “foot-
wall” ore deposit. This led MacMillan and coworkers
(MacMillan, 2014; Hanley et al., 2015) to systemati-
cally classify the mineralogical (sulphide ore and alter-
ation), fluid inclusion, and bulk rock geochemical dif-
ferences between footwall-style low-sulphide PGE
mineralization and high-sulphide sharp-walled vein
mineralization.

Due to the absence of chalcopyrite or sulphide min-
erals, detecting low-sulphide deposits in the field using
traditional geophysical methods for magmatic deposits
was a challenge that required development of uncon-
ventional exploration techniques. To address this,
Ames and Tuba (2015) delve into the regional geo-
chemical and mineralogical indicators for low-sulphide
PGE-rich mineralization along the North Range foot-
wall environment to the SIC. Trace element signatures
were defined for alteration minerals epidote, amphi-
bole, allanite, and titanite in paragenetically different
hydrothermal assemblages produced during the diverse
post-impact magmatic-hydrothermal history of the
footwall and hanging-wall units of the Sudbury struc-
ture. Typical element associations and behaviours were
established and a unique signature for alteration related
to the high-tenor PGE mineralization was recognized.

A few authors emphasize how understanding the
entire coeval silicate mineral assemblage (i.e. epidote-
amphibole) is critical to the development of robust
exploration vectors to target buried PGE-(Cu) mineral-
ization and caution against the use of single minerals
(Ames and Tuba, 2015; Brzozowski et al., 2015).
Similarly, the trace element signatures of a sulphide
assemblage (pyrrhotite-pentlandite-chalcopyrite-
pyrite), which was traced through a series of deposit
styles with depth from the contact-style Ni-Co-Cu
Levack deposit to high-sulphide Cu-PGE vein and low-
sulphide PGE ores in the Morrison deposit, demon-
strates the importance of mineral-pair partitioning of
the trace elements to create discrimination plots
(Adibpour et al., 2015).

Mineral-pair partition coefficients are thoroughly
documented by Ames and Tuba (2015) for epidote-
amphibole, titanite-amphibole, and titanite-epidote and
provide insights into the use of “green minerals” for
exploration. Significantly, Adibpour and coworkers
(2015), using sulphide mineral chemistry, show that
more than just magmatic fractionation of a sulphide
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liquid is required to explain the differences in partition
coefficients of Se in chalcopyrite-pentlandite from (1)
contact-style Ni-Co ores linked to (2) Cu-PGE high-
sulphide vein ores in the immediate footwall rocks
below.

Typical radial, quartz diorite offset dykes along the
South Range of the Sudbury structure include the Ni-
Cu-PGE ore-bearing Copper Cliff and Worthington
offset structures. At the Totten Ni-Cu (PGE) offset
deposit, situated ~ 7 km from the basal contact of the
SIC with the Paleoproterozoic Southern province
metasedimentary rocks, basalt, and gabbro, the back-
ground metal content in biotite content established for
each lithology and the mineral chemical variations with
proximity to ore systematically were tested (Hanley et
al., 2015; Warren et al., 2015). In Sudbury’s offset dyke
environment, the Ni, Cr, and Cu content of biotite, ana-
lyzed by LA-ICP-MS, was measured systematically in
the surrounding country rocks to the offset dyke along
a distal to proximal transect towards a Ni-Cu-PGE ore
zone. The highly elevated Ni content and Ni/Cr ratios
in biotite associated with mineralization are shown to
be pathfinders to explore for buried Ni-Cu mineraliza-
tion using drill core and/or soils and tills.

FORTHCOMING RELEASES

Many key geological, geophysical, geochemical, and
mineral chemical datasets used in the TGI-4 Ni-Cu-
PGE-Cr studies have been released as open file reports
and will continue to be released in scientific papers as
reported in individual manuscripts in this volume in the
near future. Some of the forthcoming publications
include the bedrock geological maps of the McFaulds
Lake greenstone belt, which are to be published jointly
by the Geological Survey of Canada and Ontario
Geological Survey:

1. Precambrian geology of the McFaulds Lake

greenstone belt (Ring of Fire area); South sheet.

1:100 000;
2. Precambrian geology of the McFaulds Lake

geenstone belt (Ring of Fire area); Central sheet.

1:100 000;
3. Precambrian geology of the McFaulds Lake

greenstone belt (Ring of Fire area); North sheet.

1:100 000;

4. Precambrian geology of the McFaulds Lake area:
1:20 000;

5. Precambrian geology of the Butler Lake area:
1:20 000.
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ABSTRACT

Magmatic Ni-Cu-PGE sulphide deposits hosted by ultramafic-mafic intrusions in convergent-margin tec-
tonic settings are an increasingly important resource worldwide, yet remain poorly understood and under-
explored. A compilation of global mineralized intrusions in subduction-related settings underscores their
economic potential and reveals mineralogical differences that may reflect parental magma composition and
ore-forming processes. Our geochemical and isotopic investigations of two mineralized ultramafic intru-
sions in the Cordillera, the orthopyroxene-absent Turnagain Alaskan-type intrusion and the orthopyroxene-
rich Giant Mascot intrusion, emphasize (1) the importance of wall-rock assimilation in promoting sulphide
saturation and formation of an immiscible sulphide liquid; and (2) the ability of narrow conduit systems to
channel influxes of new metal-laden magma and serve as traps for the collection of upgraded Ni-Cu-PGE
sulphides. Processes fundamental to the production of economic Ni-sulphide deposits in the oxidized and
hydrous primitive magmas generated at subduction zones are similar to those that have produced world-

class magmatic nickel deposits in other tectonic settings.

INTRODUCTION

Investigations of orthomagmatic nickel-copper-plat-
inum group element (Ni-Cu-PGE) mineralization in
convergent-margin or supra-subduction-zone plate tec-
tonic settings were carried out as part of the magmatic-
hydrothermal nickel-copper-PGE ore system and con-
vergent-margin Ni subprojects under the Targeted
Geoscience Initiative 4 (TGI-4; Ames and Houlé, 2011;
Ames et al., 2012). Our convergent-margin Ni-Cu-PGE
study has a number of objectives: (1) examine the
potential for economic Ni-sulphide deposits in an
unconventional convergent-margin tectonic setting; (2)
determine the principal factors that influence the gene-
sis of magmatic Ni-Cu-PGE sulphide mineralization in
the subduction-zone environment; and (3) evaluate
exploration criteria for the discovery of economic min-
eralization in Canada and orogenic belts globally. To
meet these objectives, we have (1) conducted a compi-
lation of select global ultramafic-mafic intrusions that
host Ni-sulphide deposits and prospects in convergent-
margin settings; (2) investigated the ore-forming char-
acteristics and mode of occurrence of Ni-Cu-PGE min-
eralization in two ultramafic intrusions in the Canadian
Cordillera that have contrasting petrogenetic affilia-
tions, including the Turnagain Alaskan-type intrusion,

which characteristically lacks orthopyroxene, and the
orthopyroxene-rich Giant Mascot intrusion; and (3)
made a preliminary evaluation of factors that may
influence the prospectivity of ultramafic-mafic intru-
sions at convergent margins for significant Ni-Cu-PGE
mineralization. From our studies, which are summa-
rized below, we contend that (1) the nature of ultra-
mafic-mafic intrusions that host Ni-Cu-PGE mineral-
ization at convergent margins is more diverse than gen-
erally realized; (2) the principal factors that promote
magmatic sulphide mineralization in the relatively oxi-
dizing environment of subduction zones are akin to
those involved in the generation of major Ni-sulphide
deposits in other tectonic environments; and (3) the
potential for the discovery of economic deposits at con-
vergent margins is currently underestimated.

CONVERGENT-MARGIN
Ni-Cu-PGE DEPOSITS

Most of the world’s major magmatic Ni-Cu-PGE
deposits are hosted by ultramafic-mafic intrusions and
volcanic rocks in various rift-related settings (summa-
rized by Naldrett, 2010). Magmatic Ni-Cu-PGE sul-
phide deposits at convergent margins are becoming an
increasingly important resource worldwide, yet are still

Nixon, G.T., Manor, M.J., Jackson-Brown, S., Scoates, J.S., and Ames, D.E., 2015. Magmatic Ni-Cu-PGE sulphide deposits at convergent
margins, /n: Targeted Geoscience Initiative 4: Canadian Nickel-Copper-Platinum Group Elements-Chromium Ore Systems — Fertility,
Pathfinders, New and Revised Models, (ed.) D.E. Ames and M.G. Houlé; Geological Survey of Canada, Open File 7856, p. 17-34.
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Figure 1. Global occurrences of selected orthomagmatic Ni-Cu+PGE deposits and prospects hosted by orthopyroxene-absent
(Alaskan-type) and various orthopyroxene-rich ultramafic-mafic intrusions (Giant Mascot-type, gabbroic and orthopyroxene-pla-
gioclase (Opx-Pl)-type) in convergent-margin plate tectonic settings, and world-class Ni-sulphide deposits/mining camps in
other tectonic environments. Deposits listed in bold represent TGI-4 study locations. Numbered deposits/prospects correspond
to those in Table 1 (generalized orogenic belts taken from Guillot et al., 2009; Mercator projection).

poorly understood and underexplored. Traditionally,
subduction-zone settings have been regarded as
unfavourable environments for nickel exploration due
to the relative paucity of economically exploitable
deposits. Consequently, mineral deposit models for
magmatic Ni-sulphide mineralization at convergent
margins have emerged only recently (e.g. Ural-Alaskan
NC-7: Naldrett, 2010).

A compilation of selected global Ni-CuxPGE
deposits and prospects at convergent margins, which
included factors such as age, host-rock characteristics,
and other pertinent features, indicates that the occur-
rence of these deposits is more common and the num-
ber of similarities among them is greater than previ-
ously considered (Fig. 1, Table 1). All of the ultra-
mafic-mafic intrusions that host Ni-sulphide mineral-
ization that were compiled are in deformed and meta-
morphosed, arc-related accretionary terranes, and their
ages range from Late Cretaceous (Giant Mascot, ca. 93
Ma) to Neoarchean (Gordon Lake and the Quetico
intrusions, ca. 2.7 Ga; Table 1). All of these intrusions

are reported to contain magmatic “hornblende” (typi-
cally tschermakite, pargasite, magnesiohornblende,
magnesiohastingsite, and edenite), especially those
with ultramafic suites. To aid in distinguishing differ-
ent intrusion types, we have adopted a simple miner-
alogical classification (discussed below).

The intrusions are generally small (<4 km2) and
form composite or simple dykes, plugs, and sill-like
bodies. They exhibit a well developed (rare) to crudely
concentric, bilateral, or unilateral arrangement of rock
units separated by sharp to gradational contacts, and
have centimetre-scale (rare) to hectometre-scale (com-
mon) layering, or no discernible internal structure.

Intrusions considered to have been emplaced in
supra-subduction regimes include Alaskan-type bodies
in southeastern Alaska (Himmelberg and Loney, 1995),
British Columbia (Nixon et al., 1997), and the
Portneuf-Mauricie Domain intrusions in Quebec
(Sappin et al., 2009, 2011). Although some intrusions
bear the geochemical fingerprint of subduction-modi-
fied mantle source regions, such as the Permian intru-
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Figure 2. Ni grade in weight percent (wt%) versus ore tonnage in million metric tonnes (Mt) for the convergent-margin Ni-
CuzPGE deposits/prospects listed in Table 1 compared to world-class Ni-sulphide deposits (modified from Naldrett, 2010).
Labels for major deposits denote tonnage (Mt) and wt% Ni grade (in brackets); numbered deposits and symbols correspond to
those in Table 1 and Figure 1, respectively; diagonal lines represent contained Ni metal (note logarithmic scale).

sions in the Central Asian Orogenic Belt, they are
regarded by some authors as “post-orogenic” (i.e. syn-
or post-collisional) and are thought to be related to
decompression melting of upwelling mantle asthenos-
phere that has been contaminated by a subduction com-
ponent (Li et al., 2012; Sun et al., 2013a; Xia et al.,
2013). Others consider these intrusions the result of a
short-lived extensional event within the orogen gener-
ated by mantle plume activity (Zhang et al., 2010; Su et
al., 2013). In the case of the Early Carboniferous (ca.
341 Ma) Aguablanca Ni-Cu-PGE deposit, which is
Europe’s only nickel mine, and the nearby Tejadillas
prospect (ca. 336 Ma) in Spain, geochronological and
geochemical data support the concept of an Andean-
style convergent margin with a transpressional mag-
matic arc, whereas geophysical evidence has been used
to invoke a mantle plume origin for the mineralized
intrusions (Casquet et al., 2001; Tornos et al., 2001;
Pifa et al., 2006, 2010, 2012).

A plot of grade versus tonnage (Fig. 2) shows that
significant Ni metal resources are contained in deposits
formed in convergent-margin settings. Low-grade Ni-
sulphide mineralization in the Turnagain Alaskan-type
intrusion ranks among the top ten largest deposits in

the world in terms of contained Ni metal, constituting
a total resource of ~1842 Mt of ore with an average
grade of 0.21 wt% Ni and 0.013 wt% Co (Mudd and
Jowitt, 2014). Some of the largest Ni-Cu+PGE deposits
being mined in China today are found in the accreted
island arc terranes of the Central Asian Orogenic Belt,
examples of which include the Kalatongke mine with
ores grading ~0.6—0.9 wt% Ni and 1.1-1.4 wt% Cu; the
135 Mt Huangshandong deposit with a grade of 0.30
wt% Ni and 0.16 wt% Cu; and neighbouring
Huangshanxi ores at 80 Mt with an average grade of
0.54 wt% Ni and 0.30 wt% Cu (Table 1). The total Ni
metal resource for magmatic Ni-Cu sulphide deposits
in the Huangshandong-Huangshanxi district alone
approximates one million metric tonnes (Mao et al.,
2008).

CLASSIFICATION:
BACK TO THE FUTURE

Alaskan-type (Ural-Alaskan or concentrically zoned)
intrusions in convergent-margin settings are well docu-
mented (e.g. Himmelberg and Loney, 1995; Nixon et
al., 1997; Johan, 2002). The classic petrological studies
of Taylor and Noble (1960), Noble and Taylor (1960),
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Taylor (1967), and Irvine (1974) were influenced by a
concentric zonation of rock types in the larger bodies.
They defined Alaskan-type intrusions as a distinctive
suite of ultramafic(+gabbroic) rocks characterized by
peridotite (dunite-wehrlite) in the core, passing out-
ward into olivine clinopyroxenite, clinopyroxenite and
hornblendite + gabbro at the margin. The principal
minerals forming the ultramafic rocks are olivine
(+minor chromite) and clinopyroxene with magnetite
and hornblende occurring in clinopyroxenite and horn-
blendite; orthopyroxene is typically absent and plagio-
clase is extremely rare. Cumulus textures are common
and provide ample evidence for differentiation by crys-
tal fractionation and mineral concentration processes.
In general, Alaskan-type intrusions are considered to
occur in sulphide-poor magmatic environments and are
known primarily for their dunite-hosted, chromitite-
PGE mineralization that provides most of the world’s
important platinum placer deposits (e.g. Tulameen,
British Columbia, Nixon et al.,, 1990; Johan, 2002;
Weiser, 2002).

Modern “petrotectonic” classification schemes for
Ni-sulphide deposits tend to focus on the nature of
parental magmas associated with rocks that host the
deposits and their plate tectonic setting (e.g. Naldrett,
2011). Since cumulus and postcumulus minerals pro-
vide information regarding the nature of parental mag-
mas and liquid line of descent, we propose a miner-
alogical framework to distinguish different types of
ultramafic-mafic intrusions in convergent-margin set-
tings.

Modal analyses for ultramafic rocks from two well
known Alaskan-type intrusions, Duke Island and
Tulameen, and the Giant Mascot intrusion are distinct
on the International Union of Geological Sciences
(IUGS) classification scheme (Fig. 3). Alaskan-type
intrusions lack orthopyroxene and fall exclusively
along the olivine-clinopyroxene (Ol-Cpx) join in the
hornblende-free plot; hornblende-bearing rocks are pre-
dominantly olivine-hornblende clinopyroxenite, horn-
blende clinopyroxenite, clinopyroxene hornblendite
and hornblendite, and minor hornblende wehrlite (Fig.
3b). In contrast, the majority of ultramafic rocks at
Giant Mascot, including those hosting Ni-sulphide
ores, are hornblende harzburgite, hornblende web-
sterite, two-pyroxene hornblendite, and hornblendite
(including plagioclase-bearing pyroxenite), and minor
hornblende dunite, olivine-hornblende pyroxenite, and
hornblende orthopyroxenite (Fig. 3c). We have used
these mineralogical traits to identify orthopyroxene-
free Alaskan-type (sensu stricto) and orthopyroxene-
rich Giant Mascot(GM)-type intrusions that host mag-
matic Ni-Cu£PGE sulphide mineralization (Table 1).
These affiliations rely strongly on petrographic descrip-
tions of the ultramafic rocks. Mineralized gabbroic

intrusions in convergent-margin settings that appear to
lack an ultramafic component (e.g. Kalatongke, Table
1) or carry unmineralized ultramafic inclusions (e.g.
Aguablanca, Table 1) are designated as “gabbroic”. In
addition, certain ultramafic-mafic suites in the
Portneuf-Mauricie Domain, a Proterozoic island arc
terrane (Sappin et al., 2009, 2012), that co-crystallized
plagioclase and amphibole after orthopyroxene, are
provisionally distinguished as a separate orthopyrox-
ene-plagioclase group (Opx-Pl, Table 1).

IMPLICATIONS OF THE
MINERALOGICAL CLASSIFICATION

A number of mineralized ultramafic-mafic intrusions
that have been documented as Alaskan-type in the lit-
erature have a clear GM-type affiliation. These include
Gabbro Akarem and Genina Gharbia in Egypt (Helmy
and Mogessie, 2001; Helmy and El Mahallawi, 2003;
Helmy, 2004) and many intrusions in the Central Asian
Orogenic Belt (Xiao et al., 2004, 2010; Table 1). Our
reclassification has no impact on paleotectonic inter-
pretations, but may have an important bearing on the
interpretation of the petrogenetic history of a given
intrusion, and thus critical factors that lead to the for-
mation of an economic magmatic sulphide deposit.

The mineralogical affiliations distinguished above
are taken to reflect important petrogenetic variables
such as the composition of parental magma, and/or
pressure and water fugacity (fH>O) conditions of crys-
tallization. Previous studies of magmatic Ni-Cu£PGE
deposits have shown that parental magma composi-
tions believed to be consistent with the nature and
order of crystallization of cumulus phases include (1)
moderately magnesian basalt (e.g. ~6—8.5 wt% MgO at
Kalatongke: Li et al., 2012); (2) high-MgO basalt (e.g.
~9-13 wt% MgO at Huangshandong: Mao et al.,
2014a; Huangshanxi: Mao et al., 2014b; Honggqiling
No. 7: Wei et al., 2013; and Erhongwa: Sun et al.,
2013b); and (3) for those intrusions particularly
enriched in orthopyroxene, a “boninitic” parent has
been proposed (e.g. Erbutu: Peng et al., 2013; and the
recently documented Xiarihamu intrusion: Li et al.,
2015). Due to the presence of hornblende+phlogopite,
all authors conclude that parent magmas feeding the
intrusions are hydrous, which reduces the stability of
plagioclase relative to olivine and pyroxene in the
melts. High modal proportions of orthopyroxene may
indicate crustal contamination, which potentially has
links to early sulphide saturation and ore-forming
processes, as explored in the case studies summarized
below.

GIANT MASCOT

Studies of the Giant Mascot Ni-Cu-PGE deposit, which
is the only significant nickel deposit ever mined in
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Figure 3. Modal analyses of selected ultramafic-mafic intrusive suites plotted in the IUGS classification scheme: a) International
Union of Geological Sciences (IUGS) classification of ultramafic rocks (vol%); b) Duke Island (Irvine, 1959, Table 7; 1974, Table
18B) and Tulameen (Findlay, 1963, Appendices | and Ill) Alaskan-type intrusions with characteristic orthopyroxene-absent min-
eral assemblages; c¢) Giant Mascot ultramafic suite characterized by orthopyroxene-rich, feldspar-free and feldspar(Fs)-bear-
ing (Fs <10%) ultramafic rocks and magmatic Ni-Cu sulphide ores (Muir, 1971, Appendix 1) . Mineral abbreviations: Cpx =
clinopyroxene; Hb = hornblende; Ol = olivine; Opx = orthopyroxene; Px = pyroxene.
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Figure 4. Location of sulphide-rich ultramafic-mafic intrusions in British Columbia and southeastern Alaska (inset) and geology
of the Harrison Lake region showing the location of the Giant Mascot ultramafic intrusion and associated Ni-Cu-PGE deposit
(after Manor et al., 2015a). Inset shows location of Alaskan-type intrusions referenced in the text and Table 1, and tectonic ele-
ments of the northern Cordillera: INS = Insular terranes (Alexander-Wrangellia); arc terranes of Quesnellia (QN) and Stikinia
(ST); and Cache-Creek-Bridge River (CC) oceanic terranes; CPC = Coast Plutonic Complex; NAc = North America craton and

cover; Nap = North America platform.

British Columbia (1958-1974; Table 1), build upon the
pioneering work of Aho (1954, 1956). The deposit is
hosted by the Giant Mascot ultramafic intrusion situ-
ated at the southeastern margin of the Coast Plutonic
Complex (Fig. 4). The ultramafic body forms a small

elliptical plug (3 x 1.3 km) intruding amphibolite-facies
metasedimentary rocks of the Upper Triassic Settler
schist and Late Cretaceous Spuzzum pluton (Fig. 5). A
crude zonation of ultramafic lithologies has been
mapped ranging from an olivine-rich core (dunite-peri-
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Figure 5. Geology of the Late Cretaceous (ca. 93 Ma) Giant Mascot ultramafic intrusion and surrounding rocks of the Late
Cretaceous (ca. 95 Ma) Spuzzum pluton and Upper Triassic Settler schist (after Manor et al., 2015a). Orebodies and mine tun-
nels shown projected to surface and important orebodies are labeled (projection is NAD83 UTM Zone 10).

dotite) through pyroxenite to a thin, discontinuous rim
of hornblendite and hornblende gabbro (Figs. 3, 5;
Manor et al., 2014, 2015a). Chemical abrasion-isotope
dilution-thermal ionization mass spectrometry (CA-
ID-TIMS) U-Pb and 40A1/39Ar geochro-nology on zir-
con and hornblende/biotite, respectively, has estab-
lished the Giant Mascot ultramafic suite as Late
Cretaceous (ca. 93 Ma) and the Spuzzum diorite as
slightly older, but statistically distinct (ca. 95 Ma:
Manor, 2014).

Structure of Sulphide Orebodies

The main locus of mineralization at Giant Mascot is
oriented at N70°E, passing through Zofka Ridge
(Brunswick to Climax orebodies, Fig. 5). The Ni-sul-
phide ore shoots form steeply plunging, pipe-like and
lensoid structures, and atypical, steeply dipping tabular

bodies that are ~5-75 m long, ~5-30 m wide and
extend ~15-350 m in depth (Manor et al., 2015a).
Orebodies are classified as zoned or unzoned, based
primarily on textures of the ores (Aho, 1954, 1956).
Zoned orebodies are concentrically zoned with dissem-
inated to net-textured sulphides surrounding massive
ore, where mineralization is confined to olivine-rich
host rocks (dunite and peridotite). Unzoned orebodies
are predominantly lensoid to tabular structures contain-
ing semimassive to massive mineralization. All ore-
bodies are associated with olivine-bearing ultramafic
rocks. We follow the original descriptions of Aho
(1954, 1956) and interpret the Giant Mascot orebodies
to represent subvertical crustal conduits through which
multiple magma pulses ascended. This is evidenced by
sharp lithological contacts, reversely zoned ore shoots
cored by barren peridotite, and arcuate ore lenses pos-
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sibly formed by collapse of partially solidified wall-
rock cumulates (Manor et al., 2015a).

Ni-Cu-PGE Sulphide Mineralization

Sulphides at Giant Mascot exhibit orthomagmatic tex-
tures involving disseminated, net-textured, semimas-
sive, and massive ores, and local Cu-rich veins. The
principal base-metal sulphide minerals are pyrrhotite
(both monoclinic and hexagonal varieties), pentlandite,
chalcopyrite, minor pyrite, and trace amounts of troilite
(exsolution flames in pyrrhotite), violarite and poly-
dymite. Sulpharsenide minerals (e.g. gersdorffite,
cobaltite, nickeline) are commonly associated with
platinum group telluride or bismuthotelluride minerals
(e.g. merenskyite, moncheite, palladian melonite), rare
arsenide (sperrylite, hollingworthite) and precious
metal minerals (hessite, altaite: Manor et al., 2014).
The mineralogical and textural relationships between
platinum group minerals and sulphide in Giant Mascot
ores suggest that PGE were initially collected by an
immiscible sulphide liquid and subsequently fraction-
ated and crystallized from a semimetal-rich melt
(Manor et al., 2014).

Platinum group elements in the ores are character-
ized by variable concentrations that define two geo-
graphic groupings: iridium-group PGE (IPGE: Ir, Ru)
are depleted in the western part of the mineralized zone
(WMZ: Pride of Emory and Brunswick cluster; Fig. 5),
whereas IPGE are enriched in the central and eastern
orebodies (EMZ: all orebodies east of and including
4600; Fig. 5). These differences broadly correlate with
the texture and base-metal tenor of sulphide ores (i.e.
concentration in 100 wt% sulphide equivalent) such
that higher tenor sulphides are more common in dis-
seminated ores of the EMZ, whereas moderate tenor
sulphides are more typical of net-textured and massive
ores in the WMZ (Manor et al., 2015a). The differences
in IPGE concentrations and mantle-normalized enrich-
ment patterns indicate the presence of two distinct
parental magmas (Manor et al., in press). Modeling
results detailed by Manor et al. (in press) indicate that
disseminated ores represent sulphide melt with
upgraded metal contents due to extensive interaction
and scavenging of metals from silicate melt, whereas
net-textured sulphides with low-PGE but high-Cu con-
centrations, originated from a more fractionated mono-
sulphide solid solution.

Parental Magma and Ore-Forming
Mechanisms

Olivine compositions in barren and mineralized ultra-
mafic rocks of the Giant Mascot intrusion range from
Fogg to Fogg, with the greatest variation in nickel con-
tents (386—3859 ppm Ni) occuring in mineralized peri-
dotite and pyroxenite (Manor, 2014). Petrographic evi-

dence and modeling results indicate that anomalously
high-Ni content in olivine appears to reflect subsolidus
equilibration with Ni-rich sulphide liquid, which
appeared early in the crystallization history (<20%
crystallized) of a moderately magnesian (~9 wt%
MgO) parental magma (Manor et al., in press). From
the partitioning of Ni and Fe between olivine and sul-
phide liquid, we determined that the oxygen fugacity of
the system at the time of formation of the Giant Mascot
ores was relatively reduced (~1 log unit above the
quartz-fayalite-magnetite buffer; AQFM+1), similar to
sulphide deposits formed worldwide in less oxidizing
tectonic environments (e.g. rift-related settings). The
mechanism for reduction of these parental arc magmas
is considered to be assimilation of graphite from the
Settler schist. Sulphur isotopic compositions of miner-
alized samples occupy a narrow range of 834S values
(-3.4 to -1.3%o) that overlap with those determined for
pyrite in graphitic Settler schist (834S = -5.4 to -1.2%o),
and are permissive of assimilation of crustal sulphur as
a principal mechanism for sulphide saturation (Manor
et al., in press). Independent evidence for addition of
silica to the parental magma, which also serves to pro-
mote sulphide saturation (e.g. Irvine, 1975), is found as
abundant xenoliths of diorite and Settler schist, and zir-
con xenocrysts in Giant Mascot pyroxenite derived
from the Spuzzum pluton (Manor et al., 2015a).

TURNAGAIN

The Turnagain Alaskan-type ultramafic-mafic intru-
sion is hosted in Late Paleozoic metasedimentary and
metavolcanic rocks of the Yukon-Tanana terrane in
northern British Columbia (Figs. 4, 6). Our study has
focused primarily on the youngest hornblende-bearing
ultramafic intrusive phase with an anomalous Cu-PGE
signature, the DJ/DB zone, and augments previous
investigations of the geology and significant Ni-Cu-Co
sulphide resource of the Horsetrail zone (Figs. 4, 6;
Clark, 1975, 1980; Nixon et al., 1989; Nixon, 1998;
Scheel, 2007; Scheel et al., 2009). Below we summa-
rize some aspects of the earlier work in order to place
our current studies in context.

Recent fieldwork has confirmed that the elongate
(8.5 x 3 km) Turnagain ultramafic body is a composite
intrusion with at least four distinct intrusive phases,
comprising dunite and wehrlite(+phlogopite), clinopy-
roxenite(+olivinexhornblende+phlogopite/biotitex
magnetite), and minor hornblendite with a dioritic
intrusion in the core (Fig. 6). U-Pb Thermal lonization
Mass Spectrometry (TIMS) and 40Ar/39Ar geochronol-
ogy on zircon/titanite and hornblende/phlogopite,
respectively, have yielded an Early Jurassic age (ca.
190 Ma) for the intrusion as a whole (Scheel, 2007).

The DJ/DB prospect is hosted by a poorly exposed,
younger ultramafic intrusion centred 2.5 km northwest
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of the Horsetrail zone (Fig. 6). The main lithologies are
hornblende(+biotite) clinopyroxenite, magnetite-rich
(<20 vol%) clinopyroxenite, olivine clinopyroxenite,
and hornblendite with minor wehrlite, locally cut by
veins of homnblende- or biotite-rich pegmatite, and
dioritic dykes of the younger Phase 4 pluton (Fig. 6).
The rocks are fine to very coarse grained, interlayered
with sharp to gradational (>10 m) contacts, and thick-

nesses of the different rock types in drill core range
from 15 to 155 m (Jackson-Brown et al., 2014).

Ni-Cu-PGE Sulphide Mineralization

The large tonnage, low-grade Ni-sulphide resource
defined by Hard Creek Nickel Corporation (Table 1) is
hosted by olivine-clinopyroxene cumulates (dunite-
wehrlite with minor olivine clinopyroxenite) in the
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Horsetrail zone (Fig. 6). Sulphide concentrations
(~2-20 vol%) are commonly disseminated with local-
ized net-textures and thin (<20 cm), laterally discontin-
uous semimassive zones. The principal sulphide miner-
als are pyrrhotite (~90 vol%), pentlandite with minor
chalcopyrite and pyrite, accompanied by trace amounts
of violarite, bornite, millerite, molybdenite, valleriite,
and mackinawite (Clark, 1975). PGE concentrations in
mineralized samples reach ~4 g/t Pt+Pd but are typi-
cally much less (<100 ppb) and sulphide-rich samples
overall have an average Pt/Pd ratio of ~0.9 and a
median ratio of approximately 1 (Hard Creek Nickel
Corporation, unpub. data; Scheel, 2007).

The abundance of sulphides in the DJ/DB zone
varies greatly (0—55 vol%) and textures range from dis-
seminated and net-textured to locally semimassive.
PGE abundances in mineralized samples reach up to
4.9 g/t Pd+Pt with average Pd/Pt ~1 (Jackson-Brown et
al., 2014, 2015, in prep). Mineralogical studies of min-
eralized samples from drill core have been conducted
by Jackson-Brown et al. (2014). The principal base-
metal sulphides are pyrrhotite and chalcopyrite with
minor pyrite and pentlandite, and accessory millerite,
sphalerite, bornite, siegenite, marcasite, galena, and
molybdenite. Sulpharsenide, sulphantimonide, and
arsenide minerals (<1 vol%; <100 um) include cobal-
tite, gersdorffite-ullmannite, tucekite, hauchecornite,
and nickeline. A variety of platinum group minerals
(<40 um) have been identified (all are platinum and/or
palladium species), including sperrylite, sudburyite,
palladian melonite, ungavaite, hongshiite, genkinite,
and testibiopalladite.

Parental Magma and Ore-Forming
Mechanisms

Investigations of the composition of parental magmas
and ore-forming processes at Turnagain are currently
underway (Jackson-Brown, in prep.). However, some
observations from previous work are pertinent here.

The petrology of rocks from the Turnagain Alaskan-
type intrusion indicates that it was formed by the suc-
cessive emplacement and crystallization of primitive,
Mg-rich hydrous magma in a subduction setting
(Clark, 1975, 1980; Scheel, 2007). Evidence for the
primitive nature of the parental magma is found in the
most magnesian olivine (Fog) 5) in dunite that has not
re-equilibrated with chromite. The hydrous nature of
the parental magma is supported by (1) primary inter-
stitial phlogopite in olivine-clinopyroxene cumulates;
(2) late interstitial to cumulus hornblende in the
younger part of the composite intrusion; and (3) late
appearance of plagioclase as an interstitial or cumulus
phase relative to clinopyroxene and hornblende.

The unusual occurrence of abundant magmatic sul-
phide in the Turnagain Alaskan-type intrusion is related

to the graphitic and sulphidic nature of its wall rocks.
Sulphide minerals from the Turnagain intrusion have
534S wvalues from +1%o (i.e. mantle-like) to -9.7%o,
shifted towards the composition of pyrite (-17.9%o)
from the enclosing graphitic phyllite (Scheel, 2007).
These results indicate that crustal sulphur was added to
the Turnagain parental magma and presumably aided in
achieving sulphide saturation. Inclusions of partially
digested, carbonaceous phyllite are abundant in drill
core from the Horsetrail zone, and graphite is com-
monly observed in ultramafic rocks in the mineralized
zones. The presence of graphite indicates that, at least
locally, the Turnagain parental magma may have had
fO9 near the carbon-carbon monoxide buffer (AFMQ =
-1) at upper crustal pressures and hydrous conditions.
Therefore, the phyllite inclusions acted as both a sul-
phur source and a reducing agent, allowing the
Turnagain intrusion to reach early sulphide saturation
in an otherwise oxidizing subduction zone environ-
ment.

IMPLICATIONS FOR EXPLORATION

The economic potential of magmatic Ni-Cu-PGE min-
eralization hosted by a diverse suite of ultramafic-
mafic intrusions in convergent-margin tectonic settings
is presently underestimated. The prime example of this
deposit type in the Canadian Cordillera is the large ton-
nage, low-grade Ni sulphide endowment of the
Turnagain Alaskan-type intrusion, which is cur-
rently subeconomic. Other prospects are hosted by
Giant Mascot-type intrusions in the southern Coast
Plutonic Complex and include the Sable (BC MIN-
FILE 092HNWO077), KATT (092GNE044), Jason
(092HNWO076), and AL (092HNWO040), as well as oth-
ers in the vicinity of the former Giant Mascot mine
(and see Pinsent, 2002). Exploration potential in other
subduction-related settings is underscored by the
recently discovered Xiarihamu Ni-sulphide deposit in
the East Kunlun orogenic belt at the northern margin of
the Tibetan Plateau, western China. Despite its current
subeconomic status, this magmatic Ni-Cu sulphide
deposit contains 100 Mt of ore at an average grade of
0.8 wt% Ni and 0.1 wt% Cu, which makes it one of the
20 largest magmatic Ni deposits in the world (Li et al.,
2015). Like most of the other deposits in convergent-
margin settings in China, ultramafic host rocks have
Giant Mascot-type affinity (Table 1).

Factors that appear fundamental to the genesis of
potentially economic magmatic Ni-Cu£PGE deposits
in subduction-related settings are similar to those that
determine world-class Ni deposits in other tectonic
environments. These include (1) primitive MgO- and
Ni-rich parental magmas; (2) favourable wall rocks
that can contribute crustal sulphur and/or reductants to
relatively oxidized and hydrous arc magmas, thereby
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promoting early sulphide saturation and formation of
an immiscible sulphide melt; and (3) restrictive conduit
systems capable of channelling new influxes of metal-
laden parent magma and serving as suitable traps for
the collection of upgraded Ni-Cu-PGE-enriched sul-
phides.
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ABSTRACT

Chromium and Fe-Ti-(V) mineralization in ultramafic-mafic intrusions is known to occur in several areas
of the Superior Province, but was considered to be of marginal significance until the discovery of world-
class Cr deposits and potentially significant Fe-Ti-(V) mineralization in the McFaulds Lake greenstone belt
(“Ring of Fire”) of northern Ontario. Cr-(PGE), Ni-Cu-(PGE), and Fe-Ti-(V) deposits/occurrences in the
northern part of the Superior Province occur predominantly within Meso to Neoarchean supracrustal suc-
cessions along the margins and within the interiors of the Bird River—Uchi—Oxford-Stull-La Grande
Riviére—Eastmain domains (i.e. BUOGE domains). These domains define a new metallogenic province
within the Superior Province characterized by the presence of major Cr-(PGE) with Ni-Cu-(PGE) and Fe-
Ti-(V) metal associations that appear to be fundamentally different from other parts of the Craton, such as
the Abitibi greenstone belt or the apparently relatively unmineralized North Caribou core, Island Lake, and
Goudalie domains. Despite the fact that only the Cr-(PGE) deposits and Ni-Cu-(PGE) deposits (Eagle’s
Nest) in the McFaulds Lake greenstone belt appear to be potentially economic, the presence of a significant
amount of Cr-(PGE) mineralization across the BUOGE domains highlights the prospectivity of these

regions of the Superior Province.

INTRODUCTION

The Superior Province is a well-endowed metallogenic
province that contains a variety of mineral deposits,
including VMS, lode Au, magmatic Fe-Ni-Cu-(PGE)
sulphide, Cr-(PGE), and Fe-Ti-V deposits, and rare-
metal deposits. The metallogenic history of the
Superior Province has generated interest from the sci-
entific community and exploration for decades. The
first attempts to systematically subdivide the Superior
Province into metallogenic domains were done in the
early 1960s (Lang, 1961). Card and Poulsen (1998a,b)
produced an extensive review of the mineral deposits
occurring in the Superior Province and proposed sev-
enteen mineral belts across the Superior Province to
explain the distribution of these deposits. More
recently, an overview of the spatial and the temporal

distribution of the mineral deposits in the Superior
Province has been conducted by Percival (2007).

The discoveries of world-class Cr-(PGE) deposits, a
major Ni-Cu-(PGE) deposit, and numerous significant
Fe-Ti-(V) occurrences in the McFaulds Lake green-
stone belt (MLGB; also known as “Ring of Fire”) of
northern Ontario have greatly renewed interest in
orthomagmatic mineralization associated with mafic-
ultramafic intrusions in the Superior Province. Mafic-
ultramafic intrusions and ultramafic volcanic rocks are
widespread throughout the Superior Province, but their
association with significant Cr-(PGE), Ni-Cu-(PGE),
and Fe-Ti-(V) mineralization is not evenly distributed
across the craton.

In this study we have focussed primarily on the dis-
tribution of the orthomagmatic Cr-(PGE), Ni-Cu-

Houlé, M.G,, Lesher, C.M., McNicoll, V.J., Metsaranta, R.T., Sappin, A.-A., Goutier, J., Bécu, V., Gilbert, H.P., and Yang, X.M., 2015.
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Stull-La Grande Riviére—Eastmain domains: a new metallogenic province within the Superior Craton, /n: Targeted Geoscience
Initiative 4: Canadian Nickel-Copper-Platinum Group Elements-Chromium Ore Systems — Fertility, Pathfinders, New and Revised
Models, (ed.) D.E. Ames and M.G. Houlé; Geological Survey of Canada, Open File 7856, p. 35-48.
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(PGE), and Fe-Ti-(V) deposits and to a lesser extent,
the significant occurrences. The aim of this contribu-
tion is to propose a new Cr-(PGE) metallogenic
province (defined as an area characterized by a partic-
ular assemblage of mineral deposits, or by one or more
characteristic types of mineralization). A metallogenic
province may have had more than one episode of min-
eralization: Jackson, 1997) that also contains Ni-Cu-
(PGE) and Fe-Ti-(V) metal associations within the
Superior Province based on currently available infor-
mation and interpretations of the various terrane and
domain boundaries within the Superior Province. This
study is a part of the High-Magnesium Ultramafic to
Mafic Systems subproject under the Targeted
Geoscience Initiative 4 of the Geological Survey of
Canada (GSC) conducted in collaboration with the
Ontario Geological Survey (OGS), the Manitoba
Geological Survey (MGS), the ministére de I’Energie
et des Ressources naturelles (MERN: Quebec), several
universities across the country, and the mineral indus-

try.

SUPERIOR PROVINCE

The Superior Province is the largest coherent Archean
craton in the world, with exceptional mineral endow-
ment reflected in the presence of numerous world-class
Au and volcanogenic massive sulphide (VMS)
deposits, and significant Ni-Cu-(PGE) deposits (e.g.
Poulsen et al., 1992; Card and Poulsen, 1998a,b).

Early investigations of the Superior Province recog-
nized a limited number of subprovinces based on gen-
eral lithological characteristics and regional structural
styles (e.g. Douglas, 1973; Card and Ciesielski, 1986).
Subsequently, more detailed lithological and
geochronological data were used in an attempt to sub-
divide the former Sachigo subprovince into terranes
(e.g. Thurston et al., 1991) and the western Superior
Province was further subdivided into superterranes and
terranes by Stott (1997). The eastern Superior Province
was subdivided into lithotectonic elements with dis-
tinct compositional, mineralogical, and geochronologi-
cal attributes and aeromagnetic character by Percival et
al. (1992). Since then, considerable efforts by the
MGS, OGS, MERN, and GSC have been devoted to
identifying stratigraphically and tectonically distinct
terranes and domains across the Superior Province
using high-resolution geochronological, structural,
stratigraphic, geochemical, geophysical, and tectonic
data that progressively led to a revised tectonic map of
terrane and domain boundaries of the Superior
Province, which were proposed by Stott et al. (2010)
and subsequently revised by Percival et al. (2012).

There is no attempt to describe the overall geology
of the Superior Province in this contribution; only a
summary of specific relevant aspects are included. The

reader is referred to Percival et al. (2012) for a more
thorough review of the geology and tectonic evolution
of the Superior Province.

The North Caribou Terrane (NCT) is the largest
reworked Mesoarchean to Neoarchean crustal block of
the western Superior Province. The NCT consists of a
central core (North Caribou core) composed of grani-
toid rocks from the Berens River plutonic complex
(2.75 to 2.71 Ga) with remnants of Mesoarchean
tonalitic and supracrustal rocks (3.0-2.8 Ga). The
North Caribou Terrane is flanked by the Island Lake
(ILD) and the Oxford-Stull domains (OSD) to the north
and by the Uchi domain (UD) to the south (Fig. 1; Stott
et al., 2010; Percival et al., 2012). The ILD consists of
older Mesoarchean (2.9-2.85 Ga) with subordinate
Neoarchean (2.74 Ga) supracrustal assemblages that
appear to have incorporated variable components of
older ca. 3.0 Ga crustal sources (e.g. Parks et al., 2014).
The OSD, which includes the MLGB, consists largely
of Neoarchean volcano-plutonic rocks (2.88-2.73 Ga)
with a more juvenile character and it is distinguished
from the Island Lake and the Uchi domains by the lack
of pre-3.0 Ga supracrustal rocks (e.g. Percival et al.,
2012). The UD records more than 300 Ma of tectonos-
tratigraphic evolution and contains several greenstone
belts and plutonic complexes that record multiple
episodes of rifting, arc-magmatism, deformation, and
associated sedimentation from ca. 3.0 to 2.7 Ga
(Percival et al., 2006, 2012). Re-examination of the
aecromagnetic data of the western Superior Province in
Ontario within the OSD and UD led Stott (2008a,b,
2009) to propose that these domains merge under the
James Bay Lowland Paleozoic cover on either side of
the North Caribou core. Furthermore, it has also been
proposed that the OSD and the UD probably extend
eastward, along strike with the La Grande Riviére and
the Eastmain domains, and could have formed a single
domain across the James Bay area (Stott et al., 2010).

Within the Superior Province, another region of
interest is the Bird River area located between the
English River basin (ERB) and the Winnipeg River ter-
rane (WRT) in southeast Manitoba (Fig. 1). The Bird
River greenstone belt and its eastern equivalent, the
Separation greenstone belt in Ontario, extend for 150
km from Lac du Bonnet (Manitoba) in the west to
Separation Lake (Ontario) in the east and consist of a
series of metavolcanic and metasedimentary rocks
(Blackburn and Young, 2000; Gilbert et al., 2008).
Assignment of the Bird River-Separation Lake green-
stone belt to a lithotectonic entity is still under debate
and it may be included as part of the Winnipeg River
terrane, English River basin, or Uchi domain. Initially,
based on its distinct character compared with the sur-
rounding WRT and ERB, Card and Ciesielski (1986)
elevated the Bird River-Separation greenstone belt to a
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subprovince, referred to as the Bird River subprovince
(BRS). More recently, Stott et al. (2010) and Percival et
al. (2012) have incorporated the BRS into the
Winnipeg River terrane. However, recent geological
mapping by the MGS in the Bird River greenstone belt
and the Rice lake greenstone belt (Uchi domain),
located just across the English River basin, has
revealed some similarities between these two belts on
either side of the English River basin (Anderson, 2005;
Gilbert et al., 2008). Early supracrustal assemblages in
the Uchi domain have no counterpart in the BRS; how-
ever, a possible correlation may be made amongst the
younger supracrustal assemblages (Gilbert et al., 2008;
Anderson, 2014; Gilbert and Kremer, 2014).
Subsequent orogenic sediments in the two belts are
interpreted to be correlative (Gilbert et al., 2008;
Gilbert and Kremer, 2014) and also stratigraphically
equivalent to the epiclastic rocks and metamorphic
derivatives of the English River basin, which lies
between the Uchi domain and the Bird River sub-
province (e.g. Hrabi and Cruden, 2006).

The Uchi—Oxford-Stull-La Grande Riviere—Eastmain
domains exhibit similar geochronological, strati-
graphic, structural, and tectonic characteristics suggest-
ing that they may represent a similar regional tectonic
environment along the margins of the NCT (Stott et al.,
2010). These approximately east-west-trending
domains appear to have been a favourable region for
the emplacement of mafic-ultramafic magmas with sig-
nificant orthomagmatic mineralization. However, a
remaining question is how the Bird River subprovince
fits into this picture and further investigation is needed
to resolve this issue. In the light of recent geological
mapping, many similarities appear to exist between the
Bird River and the Rice Lake greenstone belts; there-
fore it could be postulated that the Bird River sub-
province may have a tectonostratigraphic history more
similar to the Uchi domain rather than to the Winnipeg
River terrane. If this is correct, the Bird River sub-
province could be a domain that belongs to the south-
ern margin of the NCT and part of the Uchi—Oxford-
Stull-La Grande Riviére—Eastmain domains. These
domains have previously been referred to as the
BUOGE “superdomain” (Houl¢ et al., 2013a,b), how-
ever, because of uncertainty regarding the Bird River
domain, it should be referred to instead as the BUOGE
domains (i.e. B: Bird River, U: Uchi, O: Oxford-Stull,
G: La Grande Riviére, E: Eastmain) that comprise a
broad grouping of domains that appear to share a simi-
lar evolution and tectonic history a rather than a strict
lithotectonic entity (Fig. 1).

RESULTS

Mafic to ultramafic intrusions occur throughout the
BUOGE domains and span a wide range of ages from

2.88 to 2.70 Ga (Table 1; see Houlé¢ et al., 2015a). The
vast majority of known Archean Cr-(PGE) deposits and
occurrences across the Superior Province have been
discovered within Meso- to Neoarchean supracrustal
successions along the margins and within the cores of
these domains (Fig. 1). Known Archean Ni-Cu-(PGE)
deposits occur predominantly within the Wawa-Abitibi
terrane, however, the BUOGE domains contain numer-
ous deposits of this type and in some cases the deposits
are spatially associated with and/or occur within the
same intrusions that hosts Cr-(PGE) deposits (Fig. 1).
It is difficult to make generalizations regarding the dis-
tribution of the Fe-Ti-(V) deposits, as almost all of
them occur within different terranes/domains (e.g.
Pipestone deposit in the Island Lake domain — NCT;
Bad Vermillion deposit in the western Wabigoon ter-
rane; Riviére Bell and Lac Doré deposits in the Wawa-
Abitibi terrane) (Fig. 1). However, numerous Fe-Ti-(V)
occurrences, especially in the MLGB, were recently
discovered in the vicinity of Cr-(PGE) deposits
(Metsaranta et al., 2015). In the course of this study,
three main regions across the BUOGE domains,
including 1) Bird River greenstone belt (Manitoba), 2)
McFaulds Lake greenstone belt (Ontario), and 3) the
La Grande Riviére and Eastmain domains, were inves-
tigated and are briefly described below.

Bird River Greenstone Belt, Bird River Domain

The Bird River greenstone belt (BRGB) in southeast-
ern Manitoba contains numerous Neoarchean mafic-
ultramafic intrusions that host significant Ni-Cu-(PGE)
and Cr-(PGE) deposits and occurrences. Nine main
intrusions (Table 1) occur over a strike length of 75 km
laterally and 20 km across on each side of the Maskwa
Lake Batholith.

The internal stratigraphic variations of these intru-
sions can be characterized by two end members: 1)
well layered differentiated mafic-ultramafic intrusions
containing variable ultramafic components but prepon-
derant mafic parts (e.g. National-Ledin, Chrome, Page,
Maskwa, Bird Lake, Euclid Lake), and 2) poorly lay-
ered mafic-dominated intrusions without distinct ultra-
mafic components (e.g. Coppermine, New Manitoba,
and Mayville intrusions). The very well layered
Chrome mafic-ultramafic intrusion in the Bird River
Sill is the type example of the former. It contains a thin
lower ultramafic zone composed of dunite and peri-
dotite with lesser chromitite layers overlain by a
thicker upper mafic zone composed of gabbro, leuco-
gabbro, and anorthositic gabbro with lesser trond-
hjemite layers. The less-stratified Mayville intrusion is
the type example of the latter. It contains a lower het-
erolithic intrusive breccia zone with sporadic mafic to
ultramafic horizons along the basal contact, overlain by
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Table 1. Cr-(PGE), Ni-Cu-(PGE), and Fe-Ti-(V) deposits and main mineral occurrences in the Superior Province with compiled
and preliminary age constraints from this study.

Terrane Greenstone Intrusive Intrusions/Volcanics Age (Ma) Cr-PGE Ni-Cu-PGE Fe-Ti-V Examples
Belt Suite

North Caribou terrane
Island Lake domain

CLGB Pipestone A 2760 ! CA X  Pipestone
Oxford-Stull domain
BTSGB Big Trout Lake - ND X X Big Trout Lake
MLGB Ring of Fire intrusive suite
2733-2734 Ma Ultramafic-dominated subsuite
Black Thor intrusive complex A 2734 CA X X Black Thor, Big Daddy,
Black Label, Black Creek
Double Eagle intrusive complex - ND X X Eagle's Nest; Blackbird,
Black Horse
Mafic-dominated "ferrogabroic" subsuite
Butler West - Nz X Butler West
Butler East - ND X Butler East
Thunderbird A 2734 CA X Thunderbird
Big Mac A 2734 CA X
Croal Lake A 2733 CA X
Highbank-Fishtrap intrusive complex
Highbank A 2810 X Highbank Fe-Ti-(V)
Fishtrap A 2810 CA
Uchi domain
RLGB Garner Lake intrusive complex B 2871 2 CA
PLGB Thierry - ND X Thierry
July Falls A 2749 3 CA
MFHGB Norton Lake - ND X Norton Lake
Oxtoby Lake A 2717 CA
Wabassi intrusive complex
Max A X
Wabassi Main A 2727 CA X Wabassi Fe-Ti-(V)
La Grande Riviére domain
YGB Menarik A 2750 CA X X Menarik; 4930N-1,; 3700N-1;
Lac Ultra ND Menarik
Baie Chapus A 2802 1A X Baie Chapus
LGKGB Lac Guyer komatiite B 2820 4 CA
VMGB Gayot Lake komatiite B 5 CA X
Eastmain domain
BEGB Lac Fed B 2739 6 CA X Sledgehammer, Dominic
Komo formation komatiite B 2703 ¢ CA
NGB Lac des Montagnes A 2802 CA X Lac des Montagnes
Levack - ND X X Nisk-1
Winnipeg River terrane
Bird River domain
BRGB Synvolcanic gabbro A 2745 CA
(Northern MORB fm)
Bird River intrusive suite
2742-2744 Ma National-Ledin - ND X
Chrome A2743 7 CA X Chrome
Page - ND X X Page; Page
Maskwa - ND X X Maskwa; Dumbarton
Bird Lake A 2743 CA X Bird Lake
Euclid Lake A 2744 CA X X Euclid Lake
Coppermine A 2742 CA X
New Manitoba A 2743 CA X New Manitoba
Eileen - Nz
Mayville A 2743 CA X X M2

ICorkery et al., 1992; 2Davis, 1994 and Anderson, 2013; 3Young et al., 2006; “Goutier et al., 2002; SDavid et al., 2009; ®Moukhsil et al., 2007;
7Scoates and Scoates, 2013

A = direct age constraint, B = indirect age contraint obtained via a dated crosscutting dykes or subjacent host volcanic rocks; CA = crystallization age;
IA = inheritance age; ND = not dated; NZ = not zircon found

Greenstone belt (GB): BRGB = Bird River; BTSLGB = Big Trou Lake—Swan Lake; CLGB = Cross Lake; LGB = Eastmain; LGKGB = Lac Guyer-Keyano;
MFHGB = Miminiska—Fort Hope; MLGB = McFaulds Lake; NGB = Nemaska; PLGB = Pickle Lake; VMGB = Venus-Moyer; YGB = Yasinski

Deposits: Black = Chromite deposits; Red = Ni-Cu-PGE deposits; Blue = Fe-Ti-V = Deposits; italic are significant occurrences
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a thick mafic zone composed of leucogabbro and
megacrystic anorthosite.

Despite their compositional and internal strati-
graphic variations, BRGB intrusions are interpreted to
have been generated during a single large mafic-ultra-
mafic magmatic event (Houlé et al., 2013¢), referred to
as the Bird River intrusive suite, emplaced between
2744 and 2742 Ma (Table 1). The footwall of these
intrusions, at least within the main part of the BRGB,
has been dated during the course of this study and
yielded a U-Pb crystallization age of 2745 Ma for a
synvolcanic gabbro that occurred within the Northern
MORB formation near the Maskwa mine (Table 1).
These intrusions also generated significant basal (e.g.
Maskwa: Chrome), contact-style Ni-Cu-(PGE) miner-
alization (e.g. M2: Mayville intrusion), as well as Cr
mineralization (e.g. Chrome, Page, Euclid) higher up in
the stratigraphy, near the contact between the ultra-
mafic and mafic zones.

McFaulds Lake Greenstone Belt, Oxford-Stull
Domain

The McFaulds Lake greenstone belt is an extensive
(>200 km long), arcuate-shaped, Meso- to Neoarchean
greenstone belt occurring in the central part of the
Oxford-Stull domain (Ontario), which is characterized
by an unusual endowment of mafic to ultramafic intru-
sive rocks hosting world-class chromite deposits (e.g.
Black Thor, Black Label, Big Daddy, Black Horse,
Blackbird), a major Ni-Cu-(PGE) deposit (Eagle’s
Nest), and several Ni-Cu-(PGE) occurrences (e.g. AT-
12, SE-Central-NE Breccia Zones), and significant Fe-
Ti-(V) mineralization (e.g. Thunderbird, Butler West,
Butler East, Big Mac) (Metsaranta et al., 2015).

At least two generations of mafic-ultramafic intru-
sions (ca. 2810 and 2734-2733 Ma) appear to host
these types of mineralization, although the bulk of sig-
nificant mineralization appears to be associated with
Neoarchean intrusions (see Metsaranta et al., 2015).
The Neoarchean intrusions, referred to as the Ring of
Fire intrusive suite (RoFIS), can be further subdivided
into two main magmatic subsuites: an ultramafic-dom-
inated subsuite (e.g. Black Thor: see Carson et al.,
2015) and a mafic-dominated “ferrogabbroic” subsuite
(e.g. Thunderbird, Butler and Big Mac: see Kuzmich et
al., 2015; Sappin et al., 2015). The RoFIS occurs across
the entire MLGB and exhibits incredibly consistent U-
Pb crystallization ages at 2.73 Ga, suggesting the pres-
ence of a large magmatic mafic-ultramafic event in the
MLGB (Table 1).

Thus far, Cr-(PGE) and Ni-Cu-(PGE) mineralization
appears to occur essentially within the Neoarchean
ultramafic-dominated intrusions of the RoFIS, whereas
Fe-Ti-(V) mineralization occurs in both Neoarchean
and Mesoarchean mafic-dominated intrusions.

However, further investigation currently in progress
along the southern margin of the Oxford-Stull domain
could reveal that some of the mafic to ultramafic intru-
sions along this domain boundary may also have the
potential to host Cr-(PGE) and Ni-Cu-(PGE) mineral-
ization.

La Grande Riviére and Eastmain Domains

The Yasinski and Nemaska greenstone belts within the
La Grande Riviére and Eastmain domains (Quebec),
respectively, also contain numerous and widespread
Mesoarchean and Neoarchean mafic to ultramafic
intrusions, many of which host orthomagmatic Cr-
(PGE), Ni-Cu-(PGE), and Fe-Ti-(V) mineralization
(Houlé et al., 2015b; Table 1).

Chrome mineralization appears to be one of the
most abundant and significant styles of the mineraliza-
tion in these regions and many chromitite occurrences
have been identified over the years. The most signifi-
cant are associated with the Neoarchean Menarik
Complex (MC) and the Mesoarchean Lac des
Montagnes intrusion (LMI). Preliminary geochrono-
logical data has yielded U-Pb ages of 2750 Ma and
2802 Ma for the Menarik Complex and the Lac des
Montagnes intrusion, respectively (Table 1). The LMI
intrusion is part of a series of east-northeast-trending
ultramafic intrusions, referred to as the Lac des
Montagnes intrusive suite, occurring in the Nemaska
volcano-sedimentary belt at the margin between the
Opinaca basin and the Eastmain domain of the North
Caribou terrane. Both intrusions have lower ultramafic
zones and upper mafic zones, and contain several later-
ally continuous chromitite seams, ranging from a few
centimetres to 3 metres, within their ultramafic zones.
Thus, these chromite deposits in the Eeyou Istchee
Baie James region are Meso- and Neoarchean, which
differs from those of the RoF area where only
Neoarchean chromite deposits have been identified so
far. Other intrusions (e.g. Nisk, Gayot) have Ni-Cu-
(PGE) mineralization near their bases (Houlé¢ et al.,
2015b). Although not as significant as the other miner-
alization styles, Fe-Ti-(V) mineralization also occurs
within some ultramafic to mafic intrusions (e.g. baie
Chapus Pyroxenite). This mineralization is character-
ized by an accumulation of magnetite containing abun-
dant ilmenite exsolutions within a massive to semi-
massive magnetite horizon near the upper part of the
intrusion.

DISCUSSION
Cr-(PGE) Metallogenic Province

Almost all Cr-(PGE) deposits and significant occur-
rences in the Superior Province occur within the
BUOGE domains and range from Neoarchean to
Mesoarchean, with the best examples occurring in the
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Figure 2. Typical Cr-(PGE) mineralization associated with mafic and ultramafic intrusions in the Bird River—Uchi—Oxford-
Stull-La Grande Riviere—Eastmain (BUOGE) domains. a) Chromitite layers in the Bird River Sill, southeast Manitoba (after
Williamson, 1990). Hammer is 30 cm long. b) Chromitite layers at the Black Thor deposit in the Ring of Fire Intrusive Complex,
northern Ontario. Diameter of the core is 4.5 cm. ¢) Chromitite layers at the Blackbird deposit in the Ring of Fire Intrusive
Complex, northern Ontario. Coin is 1.8 cm in diameter. d) Chromitite layers in the Menarik Complex, James Bay area, Quebec.
Hammer is 38 cm long.

Bird River (e.g. Chrome - Bird River Sill; Fig. 2a),
Oxford-Stull (e.g. Black Thor and Blackbird - Ring of
Fire Intrusive Complex; Fig. 2b and 2c¢, respectively),
and La Grande Riviere (e.g. Menarik; Fig. 2d) domains
(Table 1). Chromium-(PGE) mineralization is virtually
absent in the remainder of the Superior Province except
for domains that belong to the North Caribou terrane
and for the Bird River domain.

Nickel-Cu-(PGE) deposits are abundant in the
Wawa-Abitibi terrane (Houlé and Lesher, 2011) and
Bird River domain, but are less abundant in the Uchi,
La Grande Riviére, and Eastmain domains, and essen-
tially absent in the remainder of the Superior Province.
Nickel-Cu-(PGE) deposits occur across the BUOGE
domains and range from Neoarchean to Mesoarchean,
with the best examples occurring within the Bird River
(e.g. Maskwa — Bird River Sill; Fig. 3a), Uchi (e.g.
Norton Lake), Oxford-Stull (e.g. Eagle’s Nest - Ring of
Fire intrusive suite; Fig. 3b and 3c), Eastmain (e.g.
Nisk-1), and La Grande Riviére (e.g. Gayot; Fig. 3d)
domains (Table 1).

Iron-Ti-(V) deposits are less abundant and most
occur within the southern part of the Superior Province
in the Wawa-Abitibi (e.g. Riviere Bell and Lac Doré
complexes) and in the western Wabigoon terranes (e.g.
Bad Vermillion complex). Another major Fe-Ti-(V)
deposit, the Pipestone deposit, is located near the
northern margin of the Island Lake domain and the
Oxford-Stull domain. Quite significant Fe-Ti-(V)
prospects have been discovered recently in the MLGB;
but resource estimates have not yet been conducted
(Kuzmich et al., 2015; Sappin et al., 2015). A small Fe-
Ti-(V) occurrence is also hosted within the baie Chapus
Pyroxenite in the La Grande Riviére domain in Quebec
(Houl¢ et al., 2015b).

The overall distribution of the chromite deposits,
(essentially restricted to the BUOGE domains) appears
to define a craton-scale Cr-PGE metallogenic province
within the Superior Province that contains at least two
episode of Cr-(PGE) mineralization. The older episode
is Mesoarchean age (ca. 2802 Ma; Table 1) that
appears, so far, to be restricted to the southern part of

43
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massive to
semi-massive
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Figure 3. Typical Ni-Cu-(PGE) mineralization associated with mafic and ultramafic intrusions in the Bird River—Uchi—Oxford-

Stull-La Grande Riviere—Eastmain (BUOGE) domains. a) Gradational contact between semi-massive sulphide and net-tex-
tured sulphide at the Maskwa deposit, Bird River Sill, Manitoba (after Stansell, 2006). b) Net-textured sulphide at Eagle’s Nest
in the Ring of Fire Intrusive Complex, Ontario. Coin is 1.8 cm in diameter. ¢) Massive sulphide at Eagle’s Nest in the Ring of
Fire Intrusive Complex, Ontario. Coin is 1.8 cm in diameter. d) Peridotite with disseminated sulphides containing centimetre-
scale blebs of massive sulphides from the L occurrence in the Gayot area (courtesy of Mines Virginia). Magnetic pen is 12.3 cm.

the Eastmain domain whereas the second episode is the
most significant one, spatially widespread throughout
the BUOGE domains (e.g. Bird River, McFaulds Lake,
Menarik) and Neoarchean age (ca. 2750-2734 Ma). In
contrast to Cr-(PGE) mineralization, Ni-Cu-(PGE) and
Fe-Ti-(V) deposits do not show the same spatial restric-
tion with the BUOGE domains. However, within the
BUOGE domains, Ni-Cu-(PGE) mineralization is
associated with the same ultramafic-dominated intru-
sive bodies as Cr-(PGE) mineralization and Fe-Ti-(V)
occurrences are contained within mafic-dominated
intrusions in close vicinity to Cr-bearing intrusions,
indicating a strong association of all these metals/min-
eralization styles. The connection between Cr-(PGE)
and Ni-Cu-(PGE) deposits is that both styles of miner-
alization are formed in dynamic magma conduits.

Potential Remnant of Large Igneous Provinces

The defining features of Large Igneous Provinces
(LIPs) include (Bryan and Ernst, 2008; Ernst and
Jowitt, 2014) a minimum extrusive/intrusive volume

exceeding 0.1 Mkm3, a minimum areal extent of 0.1
Mkm2, a short duration of magmatism of less than 50
Ma (but typically less than 10-15 Ma and in many
cases a few Ma or less), multiple pulses of magmatism
(LIPs with more than 20 Ma age spans typically con-
tain multiple shorter pulses ranging from 1 to 5 Ma),
and finally that the magmatism occurred in an
intraplate tectonic setting.

Ultramafic to mafic magmatism of various types
(e.g. komatiitic, tholeiitic, alkalic) extended over a
period of more than 180 Ma within the BUOGE
domains, from ca. 2.88 to 2.70 Ga (Table 1). However,
four main intervals are recognized to have generated
most of the ultramafic to mafic magmatism across
these domains: 1) 2.88 to 2.87 Ga, 2) 2.82 to 2.80 Ga,
3) 2.75 t0 2.73 Ga, and 4) 2.72 to 2.70 Ga (Fig. 1). In
many cases, these age intervals are poorly constrained
and might evolve as more precise U-Pb ages are
obtained from ultramafic and mafic intrusive rocks.
During the course of this study, the focus was placed on
the third interval (2.75-2.72 Ga), which includes the
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intrusive suites of the Bird River in Manitoba (ca.
2744-42 Ma), the Ring of Fire in Ontario (ca. 2734-33
Ma), and several but more localized ultramafic intru-
sions within the La Grande domain in Quebec (ca.
2750 Ma). Although limited in size (none of these
appear to qualify for the areal extent and volume for a
LIP), emplacement of large amounts of ultramafic to
mafic magmas over a short period of time, especially in
the MLGB and the BRGB, locally combined with
komatiite-tholeiite successions, suggest that these
intrusions might represent remnants of Archean LIPs.
It has been suggested by Mungall et al. (2010) and
Ernst and Jowitt (2014) that the mafic-ultramafic intru-
sions in the BRGB and the MLGB could be part of a
single plume-related large igneous province. This
hypothesis is plausible, despite the fact that the mafic-
ultramafic intrusions in the BRGB, MLGB, and the
YGB span over 20 Ma. Scoates and Scoates (2013)
have proposed a different scenario in which these intru-
sions are not related. The mafic-ultramafic intrusions,
which were formed by at least three magmatic pulses
over 20 Ma (2.75-2.73 Ga), are associated with the
emplacement of Cr-(PGE) and Ni-Cu-(PGE) deposits
and significant Fe-Ti-(V) occurrences across the
BUOGE domains. Furthermore, large amounts of sub-
volcanic-volcanic ultramafic-mafic rocks and inferred
large magma fluxes occur at least in some of these
areas (see discussion by Carson et al., 2015) favouring
for a plume origin. More detailed investigation is war-
ranted but we suggest that these intrusions may repre-
sent remnants of an Archean LIPs and rather than being
associated with one single plume-related LIP event,
they may be the result of multiple and separate large
magmatic events that occurred locally within BUOGE
domains and were not physically connected but shared
similar geological settings that made these regions
highly prospective for Cr-(PGE), Ni-Cu-(PGE), and
Fe-Ti-(V) mineralization. At this stage, we cannot rule
out completely the single-plume hypothesis, but we
suggest that our hypothesis better explains the distribu-
tion of the Cr-(PGE) mineralization across the BUOGE
domains where it may represent a significant metallo-
genic province within the Superior Craton.

IMPLICATIONS FOR EXPLORATION

Numerous mafic and ultramafic intrusions in the
BUOGE domains appear to define an important Cr-
(PGE) metallogenic province, which also contains
characteristic Ni-Cu-(PGE) and Fe-Ti-(V) associations
across the Superior Craton. These domains also appear
to be fundamentally different from adjacent terrains,
including the Ni-Cu-(PGE) dominated systems in the
Abitibi greenstone belt or the apparently relatively
unmineralized North Caribou core, Island Lake domain
and Goudalie domain with respect to metal endowment

(Cr-(PGE) > other areas with orthomagmatic mineral-
ization), magma composition (low-Mg komatiite/high-
Mg tholeiite versus high-Mg komatiite/tholeiite), and
volcanic-subvolcanic setting (ultramafic intrusions >
lava flows versus ultramafic intrusions < lava flows)
(Fig. 1).

It is still unclear which factors might be responsible
for this distinctive metal endowment, but some critical
features appear to be important and may represent effi-
cient metallotects for Cr-(PGE) mineralization (see
also Carson et al., 2015), including the presence of 1) a
large magmatic event of primitive mantle-derived mag-
mas emplaced over a short duration, 2) significant
nearby crustal discontinuities that could have focussed
the passage of magma through the crust, and 3)
favourable crustal architecture containing potential sul-
phur (e.g. sulphide-facies iron formation) and oxide
reservoirs (e.g. oxide-facies iron formation) for gener-
ating the sulphides and chromitites within these ultra-
mafic to mafic magmatic systems.

Thus far, only the Cr-(PGE) deposits (Black Thor,
Black Label, Big Daddy, Black Creek, Black Horse,
and Blackbird) and Ni-Cu-(PGE) deposits (Eagle’s
Nest) in the McFaulds Lake greenstone belt appear to
be potentially economic. However, significant Cr-
(PGE) mineralization occurs within other ultramafic-
mafic intrusions across the BUOGE domains (Table 1)
and highlights the prospectivity of these regions of the
Superior Province. Ongoing and future work aims to
establish geological settings and the main defining
characteristics of orthomagmatic deposits in many of
these areas. This could help to provide better con-
straints for the genesis of these orthomagmatic deposits
and to evaluate the likelihood of discovering additional
mineral resources in the BUOGE domains and also in
other parts of the Superior Province or throughout the
Canadian Shield.

AVAILABLE PRODUCTS

The preliminary results and interpretations of the
BUOGE domains, previously referred to as a “super-
domain”, have been presented at national and interna-
tional scientific meetings in Winnipeg (Canada: Houlé
et al., 2013a) and in Upsala (Sweden: Houlé et al.,
2013b), and at the joint assembly of the AGU-GAC-
MAC-CGU to be held in Montréal in May 2015.
Further forthcoming contributions from this project are
planned within each study area (see Bécu et al., 2015;
Houlé et al., 2015b; Metsaranta et al., 2015; and Sappin
et al., 2015) also in addition to the BUOGE-scale.
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ABSTRACT

This study presents new field, petrographic, and geochemical observations for the Coppermine Bay and
Euclid Lake intrusions of the Bird River greenstone belt, allowing for comparison with the Mayville and
other Bird River sill intrusions in southeast Manitoba. The mafic-dominated Coppermine Bay intrusion,
located in the westernmost part of the southern arm of the Bird River greenstone belt, is texturally and pet-
rographically similar to the mafic part of the mafic-ultramafic Euclid Lake intrusion, located 34 km to the
northeast, at the northeast margin of the belt’s northern arm. The mafic components of the Coppermine Bay
and Euclid Lake intrusions possess textural, compositional, and geochemical similarities with the Mayville
and with mafic parts of other Bird River sill intrusions. Combined with geochemical and geochronological
investigations, a petrogenetic linkage of these mafic-ultramafic intrusions is proposed through a wide-
spread Neaoarchean Bird River magmatic event at ca. 2743 Ma, referred to as the Bird River intrusive suite.
TiO, and Zr contents, as well as rare earth elements profiles and plagioclase chemistry, may be useful geo-
chemical tools to successfully discriminate and identify potentially fertile intrusions beyond traditionally

explored sectors in the Bird River greenstone belt.

INTRODUCTION

In 2011, the Geological Survey of Canada (GSC),
through the Targeted Geoscience Initiative 4 (TGI-4)
program, in collaboration with the Manitoba
Geological Survey (MGS), initiated a multi-year proj-
ect to characterize mafic and ultramafic intrusions and
associated Ni-Cu-(PGE) and Cr-(PGE) orthomagmatic
mineralization within the Neoarchean Bird River
greenstone belt (BRGB) of southeast Manitoba.

Building on detailed work done in the mid- to late
1980s on the well exposed Chrome property located
within the central part of the southern arm of the
BRGB (e.g. Scoates, 1983; Scoates et al., 1986, 1989;
Williamson, 1990), the current investigation focuses on
mafic-ultramafic intrusions located in both the northern
and southern arms of the BRGB (Fig. 1) with special
emphasis on characterizing the mafic component of
intrusive bodies and providing a geological framework
for ongoing geochronological work carried out across
the belt. More specifically, textural, petrographic, and
geochemical results from the less studied Coppermine
Bay and the Euclid Lake intrusions, within the south-
ern and northern arms of the BRGB, respectively, are
presented and compared with the Mayville intrusion,

which is economically the most significant intrusion of
the belt’s northern arm.

PREVIOUS AND CURRENT WORK

For more than a century the BRGB has been the sub-
ject of extensive geological investigations, including
regional mapping initiatives and targeted economic
mineral studies. Most recently, the MGS carried out
regional bedrock mapping initiatives that mainly
focussed on the southern (Gilbert et al., 2008) and
northern portions (Yang et al., 2012, 2013) of the belt.
Readers are referred to Gilbert et al. (2013) for an
introduction to the geology and an overview of previ-
ous and current work carried out in the belt.

Numerous mafic to ultramafic intrusions containing
significant Cr-(PGE) and Ni-Cu-(PGE) mineralization
in both arms of the BRGB were recognized early.
However, it was not until the discovery of Ni-Cu
occurrences east of the Maskwa River in 1917
(Bateman, 1943) that more sustained mineral explo-
ration led to significant discoveries of Ni-Cu and
chromite deposits and occurrences hosted in mafic-
ultramafic intrusive rocks of the Bird River area (Bird
River Sill-BRS), in the southern arm of the BRGB.

Bécu, V., Houlé, M.G., McNicoll, V.J., Yang, X.M., and Gilbert, H.P., 2015. Mafic intrusive rocks from the Bird River intrusive suite, Bird
River greenstone belt, southeast Manitoba, /n: Targeted Geoscience Initiative 4: Canadian Nickel-Copper-Platinum Group Elements-
Chromium Ore Systems — Fertility, Pathfinders, New and Revised Models, (ed.) D.E. Ames and M.G. Houl¢; Geological Survey of

Canada, Open File 7856, p. 49—60.
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Figure 1. Simplified geology of the northern and southern arms of the Bird River greenstone belt (BRGB) showing the main
mafic and ultramafic igneous bodies and associated Ni-Cu-(PGE) and Cr-(PGE) deposits/occurrences, as well as the TANCO
Cs-Ta-Nb-Li-REE deposit (modified from Gilbert et al., 2013).
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Table 1. Compilation of historical production and resource calculations for nine Ni-Cu-(PGE) and Cr-PGE) deposits/occur-

rences of the Bird River greenstone belt, southeast Manitoba.

Deposit / Intrusion District Ore Ni Cu Pt+tPd Cr;O3 Data Source

Mt (%) (%)  (g) (%)
M2 - Mayville Northern arm 31.80 0.18 0.45 0.19 Mustang Minerals Corp., 2013
New Manitoba* Northern arm 0.60 0.24 0.58 Manitoba Inventory File No. 217
Maskwa Southern arm — BRS  8.27 0.61 0.13  0.42 Coats et al., 1979; Mustang Minerals Corp., 2013
Dumbarton* Southern arm — BRS  1.54 0.81 0.30 Coats et al., 1979
Page & Ore Fault Southern arm—BRS  0.55 0.94 0.56 0.35 Marathon PGM Corp., 2008
Euclid Lake* Northern arm 4.69 6.44 I1LAM Associates, 1988
Bird Lake* Southern arm — BRS  1.12 7.53 ILAM Associates, 1988
Chrome* Southern arm — BRS  1.34 9.65 ILAM Associates, 1988
Page* Southern arm — BRS  1.71 7.40 ILAM Associates, 1988

*Not NI 43-101 compliant

Since the initial discoveries, sporadic exploration over
the years has led to Ni-Cu and Cr mineral resource esti-
mates (Table 1). Of specific relevance to this contribu-
tion, brief overviews of exploration work carried out on
the Coppermine Bay, Euclid Lake, and Mayville intru-
sions are presented herein.

Coppermine Bay Intrusion

Gabbroic rocks of the Coppermine Bay intrusion
(Wards claim), in the western extremity of the BRGB’s
southern arm, were interpreted by Bannatyne and
Trueman (1982) and more recently by Gilbert et al.
(2008) as a distinct intrusive unit that does not correlate
with other BRS intrusions, despite the presence of Cu-
Ni-(PGE) and Cr mineralization. The first report of
chromite within the Coppermine Bay gabbro dates
back to 1929 (Watson, 1982); however, the chromite
lenses were interpreted as too small and scattered to be
of economic interest (e.g. Bateman, 1943). Since then,
Cu-Ni and PGE intersections reported from a single
drillhole in 1973 (0.42% Cu, 0.24% Ni, and 2.2 g/t
Pt+Pd over 12.2 m; Canex Placer Ltd., 1973) revital-
ized interest in the economic potential of the intrusion
and led Marathon PGM Corporation and Gossan
Resources Limited to pursue sporadic exploration in
the area between 2004 and 2010. The best results were
obtained from a grab sample that graded up to 0.44%
Cu%, 0.21% Ni, and 2.6 g/t Pt+Pd (Gossan Resources
Ltd., 2007 — reporting Marathon PGM Corporation’s
initial results).

Euclid Lake Intrusion

The Euclid Lake intrusion, located in the eastern
extremity of the BRGB’s northern arm, has been inter-
preted to be an extension of the BRS (e.g. Bateman,
1942; Trueman, 1980). Chromite mineralization was
first discovered on the property in 1942 and several
chromite resource estimates were subsequently made
in the 1980s, mainly based on compilation of historical
diamond-drill records (Table 1). Since then, some

prospecting activities were carried by Exploratus
Elementis Diversis Ltd. in the 1990s and more recently,
Mustang Minerals Corporation (“Mustang”) carried
out geophysical and geological surveys in 2005 and
drilled three diamond drillholes in 2011.

Mayyville Intrusion

The Mayville intrusion was initially delineated during
regional bedrock mapping carried out in the northern
arm of the BRGB by the MGS in the late 1940s
(Springer 1949, 1950), but it was not until the mid-
1980s that the first geological map was published for
the western part of the intrusion (Macek, 1985). Ni-Cu
sulphide mineralization and chromite occurrences (e.g.
Theyer, 1985) led several exploration companies
(Exploratus Ltd., Falconbridge Ltd., and TANCO) to
conduct detailed geological mapping; other thematic
studies were subsequently carried out by the MGS
(Peck and Theyer, 1998; Peck et al., 1999, 2002). More
recently, Mustang completed detailed geological map-
ping of the intrusion and updated mineral resource esti-
mates for the M2 Ni-Cu-(PGE) deposit (Table 1). In
2012, the MGS remapped the Mayville intrusion and
surrounding area at 1: 12 500 scale, which was updated
to 1:10 000 scale in 2014 (Yang, 2014).

PETROGRAPHY AND GEOCHEMISTRY

For simplicity, the prefix “meta” is not used in the fol-
lowing section with the understanding that all rocks
have undergone greenschist- to amphibolite-facies
metamorphism. Primary minerals have been mostly
replaced, but original textures and crystal forms are
usually preserved, thus pseudomorphs (e.g. pyroxene)
were often used to determine the primary mineralogy.

Coppermine Bay Intrusion

The Coppermine Bay intrusion consists of a series of
relatively poorly exposed outcrops distributed along a
2 km long by 400 m wide, northeast-trending corridor
in which a Cu-Ni-(PGE) mineralized zone with an 800
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Figure 2. Anorthite (An) versus albite (Ab) components of
plagioclase from leuco- to anorthositic gabbro, gabbro,
melagabbro, microgabbro, and mafic volcanic units from the
Coppermine Bay and Euclid Lake intrusions. Refer to the leg-
end in Figure 4.

m strike length was delineated by Gossan Resources
Ltd. (2007). Exposed lithologies include gabbro, leuco-
gabbro, anorthositic gabbro, and rare pyroxenite inter-
calated with volcanic rocks from the Northern-MORB
formation (Gilbert et al., 2008). The Coppermine Bay
rocks are medium- to coarse-grained and are composed
of calcic plagioclase (Fig. 2) and magnesiohornblende
with minor biotite, chlorite, carbonate, and local skele-
tal ilmenite. Although volumetrically less significant
than other lithologies, melagabbroic rocks, which were
mainly intersected in drill core, consist of magnesio-
hornblende and calcic plagioclase (Fig. 2), with vari-
able amounts of biotite, chlorite, and epidote. These
units are usually fine- to medium-grained and grain
size coarsens generally with increasing plagioclase
abundance. The melagabbroic rocks are quite signifi-
cant as they are the main host-lithology for the Cu-Ni-
(PGE) disseminated sulphide mineralization and for
the chromite mineralization that grades up to 10.7%
CryO3 locally. Gabbroic, leucogabbroic, and anortho-
sitic rocks of the Coppermine Bay intrusion (Fig. 3a)
are texturally similar to other gabbroic rocks of the
BRS (Fig. 3b,c,d).

The Coppermine Bay gabbroic rocks display similar
contents of MgO, SiO», FeOr, TiO», and Zr to those in
gabbro and anorthositic gabbro samples obtained by
Mealin (2008) from the Chrome property of the BRS
(Fig. 4). Rare earth elements (REE) ratios are constant
to slightly depleted from La to Nd and REE profiles are

relatively flat or show slightly positive slope from Gd
to Lu (Fig. 5a). Well defined Eu anomalies are notice-
able for most samples and REE profiles exhibit some
similarities with the ones obtained at the Chrome prop-
erty (Fig. 5a).

Mafic volcanic rocks are characteristically dark
grey, fine-grained and consist of an amphibole-plagio-
clase-chlorite assemblage with minor apatite. Altough
the MgO and SiO; contents are comparable, the FeOr,
TiO», and Zr contents are slightly higher than those of
the anorthositic to melagabbroic units of the
Coppermine Bay intrusion.

Distinct REE profiles, with overall enrichment, pos-
itive slope from La to Nd, and minor negative Eu
anomalies characterize the volcanic rocks from the
intrusion-related gabbroic units (Fig. 5a).

Microgabbro observed in drill core at Coppermine
Bay, has sharp to diffuse contacts with bounding gab-
broic to leucogabbroic and mafic volcanic units (Fig.
3g). They predominantly consist of fine-grained to
aphanitic rocks composed mainly of calcic plagioclase
(Fig. 2) and amphibole with minor chlorite. Whereas
they possess comparable MgO, SiO,, FeOT concentra-
tions to those from coarser gabbroic rock units, two
samples exhibit distinctively higher TiO; and Zr con-
tents. The higher TiO, and Zr contents are comparable
to abundances encountered within mafic volcanic units
as well as in Northern and Southern MORB-type for-
mations of Gilbert et al. (2008) (Fig. 4). This suggests
a volcanic affinity for these rocks, which is also
reflected by their REE profiles (Fig. 5a).

Euclid Lake Intrusion

The Euclid Lake intrusion is a poorly exposed mafic to
ultramafic intrusion in which Bateman (1943),
Springer (1950), and Trueman (1997) reported a few
surface exposures of peridotite that contained thin lay-
ers of disseminated and dense chromite over a distance
of 15 m. Examination of the 2011 drillholes, led Bécu
et al. (2013) to propose that the Euclid Lake intrusion
consists of an ultramafic zone intercalated between two
mafic zones. This differs from the ultramafic sequence
overlain by a mafic sequence that is typically observed
elsewhere in BRS intrusions.

Medium- to coarse-grained gabbro, leucogabbro,
and anorthositic gabbro (Fig. 3e) are the main rock
units encountered in a recent cross-section investiga-
tion (Bécu et al., 2013). These rocks are texturally sim-

Figure 3 (opposite page). Outcrop and drill-core photographs showing textural similarities between gabbroic units from mafic-
ultramafic intrusions in the Bird River greenstone belt. a) Medium-grained leucogabbro of the Coppermine Bay intrusion.
b) Medium-grained leucogabbro of the Chrome intrusion (from Williamson, 1990). ¢) Medium-grained leucogabbroic to anortho-
sitic unit of the Maskwa-Dumbarton intrusion. d) Medium- to coarse-grained leucogabbro to anorthosite of the Bird Lake intru-
sion. e) Medium-grained anorthositic to leucogabroic unit of the Euclid Lake intrusion. f) Medium- to coarse-grained leucogab-
bro to anorthosite of the Mayville intrusion. g) Fine-grained microgabbro unit of the Coppermine Bay intrusion. h) Fine- to

medium-grained synvolcanic gabbro of the Euclid Lake intrusion.
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Figure 4. Whole-rock SiO2, FeOr, TiO», and Zr versus MgO contents for the main rock units from the Coppermine Bay and
Euclid Lake intrusions. Chrome property data are from Mealin (2008) and the mean values of the Northern and Southern
MORB-type units are from Gilbert et al. (2008).

ilar to gabbroic equivalents in the Coppermine Bay, plagioclase (Fig. 2) contrasts with darker magnesio-
BRS, and Mayville intrusions (Fig. 3a,d,f, respec- hornblende (Fig. 3h) with traces of apatite and
tively). The units consist mainly of calcic plagioclase  ilmenite. This mineral assemblage is identical to that
(Fig. 2) and magnesiohornblende assemblage with  observed in the mafic volcanic rocks except for grain
traces of chlorite and ilmenite. The MgO, SiO;, FeOT,  size and texture. Both the mafic volcanic rocks and
TiOj, and Zr contents of these gabbroic phases are  synvolcanic gabbro have very similar MgO, SiOj,
quite similar and comparable to those obtained for  FeOr, TiO,, and Zr contents (Fig. 4) as well as REE
equivalent rock units from the Coppermine Bay intru-  profiles. Their composition is also very similar to the
sion and the Chrome property (Fig. 4). The REE pro-  composition of the Northern and Southern MORB-type
files have a shallow negative slope from La to Nd and  formations within the BRGB as defined in Gilbert et al.
are relatively flat from Gd to Lu. Positive Eu anomalies  (2008).

are conspicuous for most samples (Fig. 5b).

Mafic volcanic rocks and subordinate synvolcanic Mayville Intrusion
gabbro were recognized at the basal (footwall) contact ~ The Mayville intrusion is an east-trending, mafic-ultra-
of the Euclid Lake intrusion (Bécu et al, 2013). The  mafic body, approximately 10.5 km long and up to 1.5
mafic volcanic rocks are typically dark grey and  km wide that hosts significant Cu-Ni resources and
aphanitic to fine-grained, whereas the synvolcanic gab- ~ PGE-Cr occurrences. It is a mafic-dominated body that
bro unit is fine- to medium-grained, and exhibits a salt-  has been subdivided into a lower heterolithic breccia
and-pepper texture in drill core in which light-coloured ~ zone (melagabbro and pyroxenite with anorthosite and
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leucogabbro fragments) and an upper leucogabbro to
anorthosite zone mainly consisting of leucogabbro,
anorthositic gabbro, and anorthosite (e.g. Peck et al.,
1999, 2002; Yang et al., 2012). The leucogabbroic to
anorthositic rocks are medium-grained and typically
contain plagioclase megacrysts (3—5 cm in diameter).
These rocks, which are referred to as “golf-ball” leuco-
gabbro/anorthosite, are texturally comparable to leuco-
gabbroic to anorthositic rocks in other BRGB mafic-
ultramafic intrusions (Fig. 3f). As observed in the
Coppermine Bay and Euclid Lake intrusions, these
gabbroic units are composed essentially of a plagio-
clase and hornblende assemblage with minor chlorite,
epidote, and traces of biotite and ilmenite.
Representative samples of the Mayville intrusion
exhibit similar contents of MgQO, SiO;, FeOr, TiOs,
and Zr and display similar REE profiles to those of the
Chrome property gabbro as well as some of the
Coppermine Bay and Euclid Lake intrusions (Figs. 4,
5). They results are also comparable to those obtained
by Makie (2003) for gabbroic to anorthositic units from
the heterolithic breccia zone.

GEOCHRONOLOGY

Geochronological investigations in this study include
dating a leucogabbro xenolith sampled from the het-
erolithic breccia zone in the Mayville intrusion, which
yielded a U-Pb isotope dilution thermal ionization
mass spectrometry (ID-TIMS) zircon age of 2742.8
+0.8 Ma, which is interpreted as the crystallization age
for the intrusion (Houlé et al., 2013). This result is
identical within error to the 2743.0 £0.5 Ma age for a
BRS leucogabbro from the Chrome property (Scoates
and Scoates, 2013). Preliminary U-Pb ID-TIMS zircon
ages from Coppermine Bay and Euclid Lake leucogab-
broic rocks also suggest crystallization ages of 2743
Ma (McNicoll, unpubl. data).

DISCUSSION

Mafic rocks from mafic-ultramafic intrusions across
the BRGB possess similar textural, petrological, and
geochemical characteristics. This similarity is espe-
cially noticeable in outcrop textures of gabbroic to
anorthositic rocks from the Coppermine Bay, Chrome,
Maskwa-Dumbarton, Bird Lake, Euclid Lake, and
Mayville intrusions (Fig. 3a—f). These units all consist
of a calcic plagioclase and magnesiohornblende assem-
blage with minor chlorite-biotite-ilmenite. Their MgO,
Si0,, FeOr, TiOy, and Zr contents, as well as their
REE profiles, are similar and suggest a probable mag-
matic affinity among these intrusions. These observa-
tions are in agreement with recently obtained U-Pb
geochronological data and support a proposed linkage
between mafic-ultramafic intrusions found in both
arms of the BRGB. These intrusions are interpreted to
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Figure 5. Chondrite-normalized rare earth element diagrams
for representative gabbroic and volcanic rock units from (a)
Coppermine Bay and (b) Euclid Lake intrusions. Data pre-
sented in (c) for the Chrome property (Mealin, 2008) and the
Mayville intrusion (this study) are shown for comparison.
Normalizing values are from Sun and McDonough (1989).

have formed as a result of an extensive single
Neoarchean magmatic event at ca. 2743 Ma, identified
as the Bird River intrusive suite (Houlé et al., 2013,
2015). This also supports previous conclusions of a
potential connection between both arms of the BRGB,
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and that mineral endowment of mafic-ultramafic intru-
sions might be linked. For example, a massive
chromite sample hosted by gabbro from the Mayville
intrusion (Bateman, 1945), as well as massive chromi-
tite and semi-massive chromite aggregates from a
chromite-bearing pyroxenite, exhibit mineral composi-
tions similar to BRS-hosted chromite (Fig. 6). These
observations support a common magmatic source for
the Mayville and BRS intrusions located in the north-
ern and southern arms of the belt, respectively.

The recognition of mafic volcanic rocks in the foot-
wall of the Euclid Lake intrusion and their geochemi-
cal similarities with the Northern and Southern
MORB-type formations in the southern arm of the
BRGB infer an analogous geological setting to BRS.
The presence of gabbroic rocks stratigraphically below
the pyroxenite unit raises questions as to whether struc-
tural and/or complex magmatic process produced the
magmatic sequence observed within the Euclid Lake
intrusion (Bécu et al., 2013).

Geochemical investigations highlight that TiO, and
Zr contents for intrusive anorthositic to gabbroic units
are noticeably lower than those of mafic volcanic
rocks. Similarly REE profiles for intrusive anorthositic
to gabbroic units are much less REE enriched than
those of mafic volcanic rocks. Although discrimination
between these units is usually fairly straightforward in
the field, textural criteria are not always adequate for

defining microgabbroic units. Geochemistry can thus
be used as a tool to help distinguish gabbro potentially
related to the Bird River magmatic event from synvol-
canic gabbro (Figs. 4, 5). A difference was also noted
in the An content of plagioclase for a Coppermine Bay
microgabbro (Fig. 3). The sample was interpreted to be
of “Bird River magmatic affinity” based on low TiO»
and Zr contents and a REE profile similar to anor-
thositic to gabbroic units, as well as distinctive anor-
thite indexes compared to those of plagioclase from a
mafic volcanic unit of the Euclid Lake area. Ongoing
investigations indicate that amphibole chemistry could
also assist in the distinction between Bird River intru-
sive and volcanic-related rocks. Despite the relatively
small dataset, these observed geochemical distinctions
could prove to be useful in discriminating Bird River
magmatic event-related mafic units from volcanic-
related gabbro.

IMPLICATIONS FOR EXPLORATION

Results from this study suggest that the Coppermine
Bay intrusion exhibits textural, petrographic, and geo-
chemical characteristics that are similar to the Euclid
Lake intrusion, and furthermore that both intrusions are
comparable to the Mayville intrusion, supporting their
proposed petrogenetic linkage. These observations,
combined with recently obtained U-Pb ages, support
the existence of a widespread Bird River magmatic
event throughout the BRGB, as proposed by Houlé et
al. (2013). Similar mineralization styles among the
Coppermine Bay, Mayville, Euclid Lake, and other
mafic-ultramafic intrusions, also strongly suggests that
the potential for Ni-Cu-PGE-Cr mineralization extends
well beyond the traditionally explored areas within the
BRS and the Mayville intrusions.

Geochemical signatures, as well as mineral chem-
istry (plagioclase and amphibole), could be useful dis-
crimination tools between Bird River magmatic event-
related units and volcanic units. This could provide
exploration tools to vector towards more prospective
and fertile intrusions in the BRGB, especially in vol-
canic-dominated areas such as the Cat Creek area south
of the Mayville intrusion.
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ABSTRACT

The McFaulds Lake greenstone belt (MLGB) is an extensive (>200 km long), arcuate-shaped, Meso- to
Neoarchean, greenstone belt located in the central part of the Oxford-Stull domain of northern Ontario. The
MLGB records a history of episodic volcanism, sedimentation, ultramafic-felsic intrusive activity and tec-
tonism spanning from at least 2.83 to 2.66 Ga. Supracrustal rocks are tentatively subdivided into 7 tectono-
stratigraphic assemblages based on mapping, U-Pb geochronology, and geophysical interpretation. Mafic
and ultramafic intrusive rocks comprise at least two distinct suites: a mafic-dominated, large layered intru-
sive suite represented by the Highbank-Fishtrap intrusive complex that was emplaced at ca. 2810 Ma, and
an ultramafic to mafic intrusive suite termed the Ring of Fire intrusive suite. The latter comprises an ultra-
mafic-dominated subsuite with significant Cr-Ni-Cu-PGE mineralization, and a mafic-dominated subsuite
that contains significant Fe-Ti-V-(P) mineralization that was emplaced at ca. 2734 Ma.

INTRODUCTION

Regional bedrock mapping and diamond-drill core re-
logging has been carried out in the “Ring of Fire”
(RoF) region by the Ontario Geological Survey and the
Geological Survey of Canada since 2010 through a
cooperative research program (Targeted Geoscience
Initiative, TGI-4). A primary focus of this work was to
improve our understanding of the geology of the
McFaulds Lake greenstone belt (MLGB) and to inves-
tigate the mafic-ultramafic intrusions that host the Cr-
Ni-Cu-PGE-Fe-Ti-V-P orthomagmatic mineralization
in the region. Mapping in the RoF region is hampered
by extensive overburden, as well as flat-lying
Paleozoic cover in its eastern portions. However, the
discovery of numerous mineral deposits and occur-
rences in the RoF region has generated a significant
new source of geoscience information through the dia-
mond drilling conducted over the past several years.
This contribution highlights the most recent advances
in our understanding of the geology and the stratigra-
phy of the McFaulds Lake greenstone belt (MLGB)
based on compilation of data from more than 1500
cored diamond drillholes, relogging of core, outcrop
mapping, and new results of U-Pb geochronology.

TECTONOSTRATIGRAPHIC
FRAMEWORK FOR THE
McFAULDS LAKE GREENSTONE BELT

The MLGB has been tentatively subdivided into 7 dis-
tinct tectonostratigraphic assemblages based on their
main lithological characteristics, new U-Pb zircon age
constraints (new high-precision magmatic ages were
generally determined by ID-TIMS; detrital zircon from
metasedimentary rocks were determined by LA-ICP-
MS) and geophysical interpretation (Figs. 1, 2). The
geology of these assemblages is briefly reviewed, from
oldest to youngest in the following section. Examples
of typical rock types are shown in Figure 3.

Butler Assemblage (ca. 2828 Ma)

The supracrustal successions in the Butler assemblage
(BA) can be divided into a western and an eastern part,
which are separated by a large tonalitic intrusion. The
western part comprises a succession dominated by fel-
sic to intermediate metavolcanic rocks characterized by
intense hydrothermal alteration. Metamorphosed min-
eral assemblages commonly contain garnet, muscovite,
orthoamphibole, staurolite, and cordierite. Volcanogenic
massive sulphide (VMS) occurrences are a conspicu-

Metsaranta, R.T., Houlé, M.G., McNicoll, V.J., and Kamo, S.L., 2015. Revised geological framework for the McFaulds Lake greenstone
belt, Ontario, In: Targeted Geoscience Initiative 4: Canadian Nickel-Copper-Platinum Group Elements-Chromium Ore Systems —
Fertility, Pathfinders, New and Revised Models, (ed.) D.E. Ames and M.G. Houl¢; Geological Survey of Canada, Open File 7856,

p. 61-73.
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of Fire” region.

64



Revised geological framework for the McFaulds Lake greenstone belt, Ontario

5900000

5880000

5820000 5840000

5800000

5860000

500000

520000

540000 560000

580000

600000

ca. 2757 Ma ;

-
.l

——————— y 4
;{;’ca. 2735 Ma
L
I/ .
Ve
-~
)(«"5’, “’,—ff
S ca. 2797 Ma
'(":/‘
Al ca. 2782 Ma
e
?
a,
~ D) ca. 2781 Ma
{
1
1
1
1
/' f””"
Lo -
~,
\\\\
N,
\\\
\\\
N,
\\
N
\\
N,
<ca. 2725 Ma "
\\
\\\
\\\\
\\\
e 0 10 20
\~\ Kﬁometres

Tappan assemblage
<ca. 2702 Ma

Kitchie assemblage
<ca. 2725 Ma

Muketei assemblage
ca. 2735 Ma

Winiskisis assemblage
ca. 2757 Ma, < ca. 2714 Ma

Victory assemblage
2797-2781 Ma

Attawapiskat assemblage
2820-2811 Ma

Figure 2. Simplified tectonostratigraphic framework of the McFaulds Lake greenstone belt.

Butler assemblage
ca. 2828 Ma

fault

Geochronology sample
location used to define
assemblage

65



R.T. Metsaranta, M.G. Houlé, V.J. McNicoll, and S.L. Kamo




Revised geological framework for the McFaulds Lake greenstone belt, Ontario

ous component of this part of the BA. The eastern part
of the BA comprises mafic metavolcanic rocks with
lesser magnetite-chert iron formation and minor felsic
metavolcanic rocks with an age of ca. 2828 Ma, based
on new data from this study. Mafic-ultramafic intru-
sions are also abundant in this area. This unit may cor-
relate with similar rocks present in the footwall of Cr-
Ni-Cu-PGE mineralized intrusions in the central part of
the RoF. The BA is folded and strongly deformed by
the Webequie fault zone, but in general, appears to face
to the east-southeast.

Attawapiskat Assemblage (2820-2811 Ma)

The Attawapiskat assemblage (AA) forms a broadly
northwest-striking unit in the eastern part of the MLGB
and was previously subdivided by Metsaranta and
Houlé (2012, 2013) into three parts: a felsic to mafic
metavolcanic succession to the west, a clastic metased-
imentary succession in the central part, and a mafic
metavolcanic succession to the east. However, this
interpretation is revised based on new U-Pb ages
obtained from a felsic metavolcanic horizon in the east-
ern part of the AA that yielded an age of ca. 2820 Ma
for the eastern metavolcanic succession. The central
metasedimentary unit has been renamed the Tappan
assemblage (described below), which contains zircon
grains as young as 2702 Ma and is now considered a
separate assemblage that may unconformably overlie
or be tectonically interleaved with the AA. Rare pri-
mary flow features in mafic metavolcanic rocks sug-
gest that the overall stratigraphy faces broadly to the
northeast but only a few reliable younging indicators
have been observed. In addition, some oxide-facies
iron formation, sulphidic-graphitic argillite, chloritized
clastic metasedimentary intervals, and feldspar-phyric
intermediate intrusions have been reported by Polk
(2009) in the northern part of the AA, which suggests a
far more complex geological history. Anomalous Cu
and Zn concentrations associated with graphitic
argillite units were also reported in this area (Polk,
2009).

Victory Assemblage (2797-2780 Ma)

The Victory assemblage (VA) comprises a bimodal
sequence of mafic and felsic metavolcanic rocks with

minor metasedimentary rocks, including rare oxide-
facies iron formation. Subconcordant gabbroic to
pyroxenitic sills also occur within this assemblage. The
spatial extent of the VA is inferred from geophysical
and geochronological signatures. In the central part of
the RoF it is bounded on the north side by a regionally
extensive shear zone that structurally juxtaposes
younger rocks of the Muketei assemblage (described
below). East of McFaulds Lake, supracrustal rocks of
the VA and AA appear to form a north-south-trending
synform, however, the nature of the boundary between
these assemblages remains unclear.

Winiskisis Assemblage (ca. 2757 Ma,
younger sedimentary component <2714 Ma)

The east-striking Winiskisis assemblage (WA) forms
the northern part of the MLGB but its characteristics
are poorly constrained, as exposures are limited to a
few outcrops and drill-core intersections. A felsic
metavolcanic rock from the western part of this assem-
blage has an age of ca. 2757 Ma, but the assemblage
also contains younger <2714 Ma (maximum age based
on detrital zircon analyses) sheared, metasedimentary,
or metavolcanic rocks based on sampling and
geochronology reported by Buse et al. (2009).
Relogging a series of diamond-drill cores in the west-
ern part of the assemblage revealed the presence of
schistose to gneissic, felsic to intermediate rocks
(quartz-plagioclase-biotite-garnet schist and gneiss)
interpreted as tuffaceous metasedimentary or metavol-
canic rocks, and fine- to medium-grained amphibolite
interpreted as mafic metavolcanic rocks. In less
deformed and metamorphosed areas, supracrustal
rocks including interbedded grey wacke and black silt-
stone/shale, massive and locally normally graded felsic
tuffaceous sandstone, aphyric and quartz-phyric felsic
metavolcanic rocks, and less commonly mafic flows.
Sporadic, thin, silicified zones with pyrite-pyrrhotite
mineralization and chert-magnetite iron formation are
also present within this succession. The eastern part of
the WA is also poorly exposed but appears to be domi-
nated by variably deformed, pillowed mafic metavol-
canic rocks with rare local northeast younging indica-
tors. Geophysical data for this unit typically shows a
low magnetic signature coupled with an anomalous

Figure 3 (opposite page). Typical rock types from the McFaulds Lake greenstone belt and related mafic-ultramafic intrusions.
a) Layered hornblende-gabbro and anorthosite of the Highbank-Fishtrap complex. Hammer is 40 cm long. b) Magmatic brec-
cia displaying clasts of massive and layered chromitite in a serpentinized peridotite. Pencil is 15 cm long. ¢) Weakly deformed,
pillowed mafic metavolcanic rocks from the eastern part of the Winiskisis assemblage exposed near the Ekwan River. Pencil
is 15 cm long. d) Deformed, pillowed mafic metavolcanic rocks exposed along strike from the Attawapiskat assemblage, a few
kilometres to the east of the Ring of Fire map area. Hammer is 40 cm long. e) Folded chert-magnetite iron formation interlay-
ered with mafic metavolcanic rocks from the eastern Butler assemblage. f) Strong orthoamphibole-garnet alteration of metavol-
canic rocks near the Bulter 3 VMS occurrence. Hammer is 40 cm long. g) Interbedded sandstone and grey siltstone typical of
the Tappan assemblage. Sandstone beds commonly display normal graded bedding. The core in the photo is 3.7 cm in diam-
eter. h) Felsic tuff breccia near the 5.01 VMS occurrence, Muketei assemblage. The core diameter is 4.8 cm.
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high gravity signature similar to the mafic metavol-
canic succession of the AA. Thus, with existing age
constraints, it cannot be ruled out that the eastern part
of the WA and the AA are correlative based on similar
rock types and geophysical signatures.

Muketei Assemblage (ca. 2735 Ma)

The Muketei assemblage (MA) comprises a domi-
nantly felsic to intermediate metavolcanic succession
in the central and northern parts of the MLGB.
Volcanic rocks in this area were reported to be ca. 2737
Ma (Rayner and Stott, 2005). However, geochronology
from this study provides a more precise age constraint
age of ca. 2735 Ma. The assemblage contains a number
of small VMS occurrences including the McFaulds #1
and #3 deposits. VMS occurrences in the area display
strong talc-chlorite-magnetite alteration zones proxi-
mal to mineralization and broader distal sericite alter-
ation halos. In the vicinity of VMS occurrences, the
assemblage comprises dominantly felsic to intermedi-
ate flows and tuffs with minor mafic metavolcanic
rocks and oxide-facies iron formation.
Stratigraphically above ultramafic to mafic intrusions
in the central RoF, a bimodal succession of normal to
high-Mg mafic metavolcanic rocks with minor felsic
tuffaceous horizons is present (based on scarce
drilling). The northern extension of the MA is domi-
nated by felsic to intermediate metavolcanic rocks,
based on a series of diamond-drill cores (e.g. Kilbourne
2009, 2010). These units are typically moderately to
strongly deformed quartz-biotite + garnet + amphibole
schist, likely derived from felsic to intermediate tuff,
lapilli tuff, quartz-phyric flows and coarse tuff breccia.
Subordinate fine-grained amphibolite, which probably
represents mafic metavolcanic rocks, are interlayered
with these units. Sulphide-mineralized zones, up to
several metres thick, were encountered in drill core
(e.g. the 5.01 occurrence). Reliable regional younging
indicators for this assemblage were not recognized.

Kitchie Assemblage (in part <2725 Ma)

The Kitchie assemblage (KA) is a poorly exposed
sequence of supracrustal rocks observed in the vicinity
of the Highbank-Fishtrap Lake intrusive complex
(HFIC) in the southern part of the RoF area. In outcrop
it consists of deformed amphibolitized mafic metavol-
canic rocks and metasandstone cut by foliated mafic

dykes. A metasedimentary outcrop in this area contains
detrital zircon grains as young as ca. 2725 Ma.
Reconnaissance logging revealed that the KA is com-
posed primarily of fine- to medium-grained amphibole-
plagioclase-biotite + garnet schist interpreted as mafic
metavolcanic rocks, and grey, quartz-plagioclase-
biotite + garnet + muscovite schist interpreted as felsic
to intermediate metavolcanic rocks. Pillow selvages
are present locally within mafic metavolcanic rocks.
Rare fine-grained, bedded quartz-biotite-plagioclase-
garnet schist is also present and is interpreted as
metasedimentary rocks. Rare, foliated metagabbroic to
metapyroxenitic intrusions crosscut supracrustal rocks
of the KA.

Tappan Assemblage (<2702 Ma)

The Tappan assemblage (TA) is a poorly exposed west-
northwest striking metasedimentary unit located in the
eastern part of the MLGB. Unconformable or fault con-
tacts between the TA and enclosing metavolcanic suc-
cessions of the AA are inferred as supported by age dif-
ferences shown by these supracrustal packages. The
TA consists primarily of grey, fine- to coarse-grained
sandstone interbedded with grey siltstone and black
sulphidic mudstone. The overall fine-grain size and
occurrences of sedimentary structures (e.g. graded bed-
ding, load features, and rare cross-lamination) are con-
sistent with deposition in a deep-water environment.
Detrital zircon geochronology by LA-ICP-MS from a
sample of interbedded sandstone and siltstone yielded
individual zircon ages as young as 2702 Ma, which
provides a maximum age for this assemblage. It is the
youngest supracrustal unit to have been identified in
the MLGB.

MAFIC AND ULTRAMAFIC INTRUSIONS

Mafic and ultramafic intrusions in the RoF region
occur in at least two main age intervals, at ca. 2810 Ma
and ca. 2734 Ma. Thus far, the best known
Mesoarchean intrusion is the Highbank-Fishtrap Lake
intrusive complex (HFIC), which consists of gabbro,
anorthositic gabbro, magnetite-bearing gabbro, and
rare pyroxenite units (Sappin et al., 2015). It is unclear
what it was emplaced into, as existing geochronology
for the adjacent KA suggests that it postdates the HFIC
and no geochronology exists for surrounding granitoid
rocks, although it is crosscut by a ca. 2728 Ma inter-

Figure 4 (opposite page). Examples of different mineralization styles and host rocks in the McFaulds Lake greenstone belt.
a) Massive sulphide, Eagle’s Nest deposit. Coin is 1.8 cm. b) Net-textured sulphide mineralization, Eagle’s Nest deposit. Coin
is 1.8 cm. c¢) Massive chromite, Big Daddy deposit. Core is 4.8 cm in diameter. d) Massive and peridotite-clast-rich chromite
mineralization, Black Horse deposit. Lense cap is 5.5 cm in diameter. e) Massive magnetite mineralization, Thunderbird
prospect. Coin is 1.8 cm.f) Plagioclase with interstitial magnetite, typical of lower grade Fe-Ti-V mineralized gabbroic intrusions.
Pencil is 15 cm long. g) Massive pyrite with interbedded, altered, and sulphide-mineralized, black mudstone clast breccia,
Bulter 3 VMS occurrence. Pencil is 15 cm long. h) Sheared ultramafic and rocks with silicification and quartz-carbonate vein-
ing along a Au-barren section of the Triple J shear zone. Pencil is 15 cm long.
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Table 1. Summary of mineral deposits in the “Ring of Fire” region.

Deposit Mineral Resources/ Tonnage Grade of Mineralization
Reserves (Mt)
Chromite Deposits Mineral Resources Cry03 (%) Cr/Fe
Black Thor1 Inferred 121.9 27.8
Total 121.9 27.8
Big Daddy? Measured 23.3 321
Indicated 5.8 30.1
Inferred 3.4 28.1
Total 325 31.3
Black Horse3 Inferred 77.2 35.1
Total 77.2 35.1
Black Creek4 Measured 5.3 37.0 1.80
Indicated 3.4 38.0 1.80
Inferred 1.6 37.8 1.70
Total 10.3 375
Blackbird® Measured 9.3 374 2.00
Indicated 11.2 344 1.95
Inferred 23.5 33.1 1.97
Total 43.9 344
Total Mineral Resources in the MLGB 285.8 31.5

Magmatic Ni-Cu-PGE Deposits
Eagle's Nest6 Mineral Reserves
Proven
Probable
Total
Mineral Resources
Inferred

Total Resources & Reserves

Volcanogenic Massive Sulphide Deposits
Mineral Resources
McFaulds #17 Inferred

Total

McFaulds #37 Inferred

Total
Total Mineral Resources in the MLGB

Ni (%) Cu (%) Pt(g/t) Pd (g/t) Au(g/t)

53 20 104 101 345 0.9

59 14 072 078 276 0.18

11 1.7 09 09 3.1 0.2

90 11 114 116 349 03

201 14 10 10 33 0.2
Cu (%) Zn (%)

08 38 110

08 38 110

03 21 058

03 21 058

11 34 10

Sources: TAubut (2010); 2Aubut (2014a); 3Aubut (2014b); 4Murahwi et al. (2011); SMurahwi et al. (2012);

6Burgess et al. (2012); 7Lahti (2008)

mediate dyke. In contrast, the Neoarchean mafic-ultra-
mafic intrusions, defined as the Ring of Fire intrusive
suite (RoFIS), are subdivided into two main magmatic
subsuites, an ultramafic-dominated subsuite (see
Carson et al., 2015) and a mafic-dominated “ferrogab-
bro” subsuite (Kuzmich et al. 2015; Sappin et al., 2015)
that is more regionally widespread. The ultramafic-
dominated subsuite comprises variably serpentinized
and/or talc carbonate-altered, dunite, peridotite,
chromitite, pyroxenite, and gabbro, whereas the mafic-
dominated subsuite comprises variably magnetite-
bearing, layered gabbro, anorthosite, anorthositic gab-
bro, and rare pyroxenite.

Ultramafic-dominated intrusions are also present in
other parts of the MLGB. The Wi intrusion occurs in
the western part of the WA, crosscuts deformed supra-
crustal rocks that are interpreted to be ca. 2757 Ma
based on new geochronology, and therefore could be
similar in age to the RoFIS. It consists principally of
undifferentiated, serpentinized, foliated, poorly lay-

ered, dunite and peridotite with a variable amount of
disseminated chromite. An outcrop of gabbro to pyrox-
enite on the Winiskisis Channel could be a more
evolved part of the intrusion. The Ley Lake intrusion,
in the far southwest part of the area, consists primarily
of green, foliated, serpentinized dunite and peridotite,
in places with disseminated chromite. An outcrop of
foliated gabbro is also present nearby. Varieties of
mafic and ultramafic rocks are also present in the east-
ern Butler Lake area and may be correlative with the
RoFIS.

MINERALIZATION STYLES

The MLGB and RoF region contain a wide variety of
mineralization styles (Fig. 4), which are summarized in
Tables 1 and 2. The most economically prospective
deposit types are orthomagmatic Cr-(PGE) deposits
(e.g. Black Thor) and Ni-Cu-PGE sulphide deposits
(e.g. Eagle’s Nest). Defined mineral resources and
reserves in the area and significant occurrences, such as
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Table 2. Select mineral occurrences and example drill core intersections in the “Ring of Fire” region.

Occurrence

Name Commodity

Primary Example of Intersections from Drill Core

Fe-Ti-V Occurrences

Thunderbird? V 164.9 m of 0.36% V205, including 45.9 m 0.51% V205
241.4 m of 0.37% V,0s, including 59.8 m averaging 0.54% V,05
Butler2 \ 36 m of 0.54% V,0s, 0.46% TiO, and 23.78% Fe
4.2 m of 1.17% V205, 7.97% TiO5, and 40.73% Fe
Highbank3 0.75% V05 over 5.2 m, including a higher grade interval of 0.98% V,05 over 2.2 m

Lode Gold Occurrences
Triple J4 Au

1.1 m averaging 12.65 grams per tonne gold

10.0 m of 1.72 grams per tonne gold, including 4.4 m of 3.43 g/t gold

VMS Occurrences
Butler VMS5 Cu-Zn

41.5 m of 0.4 Cu, 3.26% Zn and 6 g/t Ag

14.0 m of 0.56% Cu, 1.83% Zn and 11.31 g/t Ag

167 m of 0.39% Cu and 1.13% Zn
17 m of 1.0% Cu and 0.12 g/T Au
26.7 m of 0.6% Cu and 0.35% Zn

8 m of 4.68% Zn, 0.46% Cu and 7.7 g/t Ag

5.01 occurrenceé Cu-Zn
and 2 g/t Ag

102 m of 6.5% Zn, 0.44% Cu, 0.19% Pb, and 3 g/t Ag, including 26 m 13.8% Zn, 0.50% Cu, 0.05%Pb,

1Noront resources press release dated July 29, 2009 - http:/norontresources.com/?p=802 (assessed Dec 31 2014)

2MacDonald Mines Exploration Ltd., news release, May 11, 2011 - http://www.macdonaldmines.com/news/2011/79-macdonald-mines-announces-
vanadium-assays-from-butler-lake-project-in-the-ring-of-fire (accessed Jan 2, 2015)

3Northern Shield Resources Inc., Highbank Lake property, www.northern-shield.com/properties/highbank [accessed September 27, 2012]

4Noront Resources Ltd. News release dated Oct 27 2009 - http://norontresources.com/?p=785 (accessed Dec 31, 2014)

5MacDonald Mines Ltd. News release dated May 11, 2011 www.macdonaldmines.com/news/2011/79-macdonald-mines-announces-vanadium-assays-

from-butler-lake-project-in-the-ring-of-fire assessed January 2, 2015

6Metalex Ventures Ltd., www.metalexventures.com/html/james_bay.html accessed January 2, 2015

AT-12 (Ni-Cu-PGE), are restricted to the ultramafic-
dominated RoFIS intrusions (Table 1). Fe-Ti-V-(P)
mineralization is more widespread within mafic-domi-
nated intrusions (e.g. HFIC, Butler, and Thunderbird
intrusions) that belong to both the ca. 2810 Ma and ca.
2734 Ma suites. Fe-Ti-V-(P) mineralization (Table 2)
occurs generally as thin layers of semi-massive to mas-
sive oxides and/or thicker zones of heavily dissemi-
nated oxide-rich gabbroic rocks.

VMS occurrences are quite common in the MLGB,
although only two deposits have been defined (Table
1). These occurrences are present in most of the identi-
fied tectonostratigraphic assemblages in the area, and
their distribution is broadly comparable to other large
greenstone belts (e.g. Abitibi) where VMS-style base
metal mineralization is widespread spatially and tem-
porally.

The MLGB is not well known for its potential for
lode gold mineralization. However, a number of gold
occurrences are localized along the Triple J fault zone
in the central part of the RoF. The Triple J fault, a
southwest-striking structure that appears to dip ~55°
towards the northwest, separates ultramafic-dominated
intrusions from tonalitic basement between the
Blackbird and the Black Horse chromite deposits. This
deformation zone is generally characterized by vari-

ably thick, highly altered ultramafic rocks (i.e. talc-car-
bonate schist) with abundant quartz-carbonate veining.

A number of kimberlitic intrusions occur beneath
Paleozoic cover, mainly in the eastern part of the area,
which indicates the potential to host economic concen-
trations of diamond. These kimberlite intrusions are
Mesoproterozoic (1.1 Ga) based on geochronology
reported in Heaman et al. (2004).

IMPLICATIONS FOR
REGIONAL EXPLORATION

The prospectivity of ultramafic- and mafic-dominated
intrusions of the RoFIS to host a variety of orthomag-
matic Cr-(PGE), Ni-Cu-PGE, Fe-Ti-V-(P) deposit
types has been well established by recent discoveries.
However, the spatial and temporal distribution of these
intrusions is not fully understood and further character-
ization should be undertaken. For example, additional
ultramafic intrusions, such as the Wi intrusion, Ley
Lake intrusion, and a few intrusions in the Butler Lake
area, are poorly exposed and not well characterized.
These intrusions, which appear to have crystallized
from Cr-rich magmas based on the presence of dissem-
inated visible chromite, may be correlative with the
ultramafic-dominated intrusion of the RoFIS and there-
fore are prospective to host Ni-Cu-PGE and Cr miner-
alization. Furthermore, the presences of numerous Ni-
Cu-(PGE) occurrences (e.g. AT-12 occurrence) within
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the ultramafic-dominated intrusions of the RoFIS high-
light the potential for this type of mineralization, espe-
cially in the central area. Large areas of gabbroic intru-
sions prospective for Fe-Ti-V-(P) mineralization have
been identified based on limited drilling and geophysi-
cal interpretation and remain attractive for additional
Fe-Ti-V-(P) discoveries.

Prospectivity for VMS-style mineralization is high
in many areas of the MLGB, as suggested by the pres-
ence of significant alteration systems, synvolcanic
intrusions, and the number of occurrences occurs
across the belt. Further investigation in the Butler Lake
area and in the vicinity of the McFaulds #1 and #3
deposits is needed to characterize the detailed stratigra-
phy and alteration systems associated with these vol-
canic successions, as well as their structural setting,
and to better target future exploration programs for this
style of mineralization. Much more exploration and
drilling are required to fully assess and effectively tar-
get additional VMS-style discoveries in these areas,
particularly at depth, as the lack of exposure makes tar-
geting more challenging.

Only limited gold exploration has been conducted in
the RoF region. Further investigation is warranted to
better understand the distribution and controlling fac-
tors on gold distribution in the Triple J shear zone. In
addition, a number of large-scale regional faults (e.g.
Webequie fault zone, and the extension of the South
Kenyon Fault zone in the northern part of MLGB) have
yet not been significantly explored for gold.

FORTHCOMING WORK

This contribution is offered as an interim summary of
our current geological knowledge in the RoF region.
Several regional-scale geological maps (1:100 000
scale) for the entire RoF region complemented with
more detailed geological maps in the vicinity of known
deposits and in the Butler area are also forthcoming. In
conjunction with maps, compilations of field and drill-
core data, whole rock geochemistry, and a summary of
U-Pb geochronological data will be also released. New
geological knowledge acquired by the OGS and the
GSC in the RoF area highlights knowledge gaps in our
understanding of the architecture and evolution of the
MLGB, therefore further investigations are still war-
ranted.
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ABSTRACT

The mafic-dominated Big Mac, Fishtrap Lake, Highbank Lake, and Oxtoby Lake, the ultramafic-dominated
Max, and the mafic-ultramafic Wabassi Main intrusions in the Oxford-Stull and Uchi domains of the
Superior Province show significant potential for Fe-Ti-V-(P), Ni-Cu-(PGE), and/or Cr-(PGE) mineraliza-
tion. The broadly layered Big Mac intrusion appears to have crystallized from an evolved high Fe-Ti basaltic
parental magma that was injected from a feeder conduit below the northern part of the intrusion. The
Fishtrap Lake and Highbank Lake intrusions represent parts of a large layered mafic-dominated igneous
complex that formed from the injection of several pulses of basaltic magma. The genetically associated Max
and Wabassi Main intrusions have crystallized from more primitive, basaltic parental magmas that were
injected from a feeder conduit below the northwestern part of the Wabassi Main layered intrusion. In this
magmatic system, the Max intrusion represents a magmatic conduit. The Oxtoby Lake intrusion appears to
have crystallized from a differentiated basaltic parental magma and may represent an isolated intrusion.

INTRODUCTION

The eastern part of the Oxford-Stull and Uchi domains
(Superior Province) hosts numerous mafic and ultra-
mafic intrusions with great potential to host orthomag-
matic mineralization, as attested by the occurrence of
world-class Cr deposits (e.g. Black Thor), significant
Ni-Cu-(platinum-group element (PGE)) deposits (e.g.
Eagle’s Nest), and Fe-Ti-V-(P) occurrences (e.g.
Thunderbird).

This study is part of the high-magnesium ultramafic
to mafic systems subproject under the Targeted
Geoscience Initiative 4 (TGI-4; Houlé et al., 2012;
Houlé and Metsaranta, 2013) of the Geological Survey
of Canada (GSC). The main purpose of this research is
to characterize mafic and ultramafic intrusions within
the McFaulds Lake and Miminiska-Fort Hope green-
stone belts (Fig. 1) in order to assess their economic
potential and identify the most prospective intrusions.
In this contribution, we present the main petrological,
geochemical, mineralogical, and geochronological
characteristics of some of these intrusions and discuss
their internal structure, the nature of their parental mag-
mas, the sulphide and oxide saturation history, their
emplacement processes, and the implications for
exploration.

RESULTS
Methodology

The studied intrusions are mostly covered by surficial
deposits and are exposed only in scarce outcrops. For
each intrusion, several representative samples were
selected from diamond-drilled cores and rare outcrops
for detailed petrographic, geochemical, and mineralog-
ical studies (Table 1). The main characteristics for each
intrusion are presented in Table 2.

All samples from the Big Mac intrusion and a few
samples from the Fishtrap Lake, Oxtoby Lake (for-
merly Wabassi North), and Wabassi Main intrusions
were analyzed for whole-rock geochemistry at the
Ontario Geoscience Laboratories (Sudbury, Canada);
the bulk of the samples from Fishtrap Lake, Highbank
Lake, Max, Oxtoby Lake, and Wabassi Main intrusions
were analyzed at ALS Minerals (Vancouver, Canada).
Major elements have been recalculated to a 100%
volatile-free basis and full analytical details are pro-
vided in Sappin et al. (in prep.).

Major element contents of silicates and Fe-Ti
oxides, and minor and trace element contents of Fe-Ti
oxides were determined using a CAMECA SX-100
five-spectrometer electron microprobe at Université
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Laval (Québec, Canada). Analytical conditions are pro-
vided in Sappin et al. (in prep.).

Petrography

All mafic and ultramafic rocks have been metamor-
phosed to greenschist-amphibolite facies (Metsaranta
and Houlé, 2012), but igneous textures are often pre-
served and igneous minerals are sometimes preserved,

so the prefix “meta” has been omitted for simplicity.

Big Mac Intrusion

The 120 km2 Big Mac intrusion is composed of gab-
broic rocks (Fig. 2a), minor anorthosite, and rare
pyroxenite. It also contains a few decimetre- to metre-
thick semi-massive to massive magnetite-ilmenite lay-
ers (Fig. 2b). The pyroxenite and the oxide layers are
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Table 1. Type and number of samples from each intrusion
that were characterized through this study.

Big Mac Fishtrap Highbank Max Oxtoby Wabassi

Lake Lake Lake Main

Petrographic study

Core 40 - 113 29 6 75

(5 ddhs) (14 ddhs) (7 ddhs) (1 ddh) (15 ddhs)

Surface - 9 3 - - 29
Geochemistry
Whole rock Core 57 - 83 23 6 50

Surface - 6 1 - - 22
Mineral Core 20 - 40 8 3 13

Surface - 6 1 - - 6

Note:40 (5 ddhs) = 40 samples from 5 diamond drillholes

restricted to the northern part of the intrusion. The gab-
broic rocks, anorthosite, and pyroxenite mostly contain
plagioclase and amphibole, with rare preserved
clinopyroxene and up to 35% Fe-Ti oxides. They dis-
play relict cumulate textures with cumulus plagioclase.
Semi-massive oxides (40-80% Fe-Ti oxides) and mas-
sive oxides (>80% Fe-Ti oxides) mostly contain large
magnetite crystals with ilmenite exsolutions, rare sili-
cate phases, and up to 20% disseminated to net-tex-
tured Fe-Ni-Cu sulphides.

Fishtrap Lake and Highbank Lake Intrusions

The 270 km2 Fishtrap Lake intrusion is composed of
layers of gabbroic rocks interbedded with layers of
anorthosite (Fig. 2c). They mostly contain plagioclase
and amphibole. The gabbroic rocks and anorthosite are
likely former plagioclase cumulates.

The 420 km2 Highbank Lake intrusion is composed
of layers of gabbroic rocks interlayered with layers of
anorthosite and pyroxenite (Fig. 2d) and a few decime-
tre-thick semi-massive magnetite-ilmenite layers
restricted to the north-central part of the intrusion. The
gabbroic rocks, anorthosite, and pyroxenite commonly
contain plagioclase and amphibole, with up to 40% Fe-
Ti oxides and up to 40% disseminated to net-textured
Fe-Cu-Ni sulphides. The gabbroic rocks and pyroxen-
ite are likely former pyroxene-plagioclase cumulates.
The anorthosite is likely former plagioclase cumulates.
Semi-massive oxides (60-75% Fe-Ti oxides) mostly
contain large magnetite crystals with ilmenite exsolu-
tions and rare silicate phases.

Max, Oxtoby Lake, and Wabassi Main Intrusions

The 4 km2 Max intrusion is composed of peridotite
(Fig. 2e), minor olivine pyroxenite, pyroxenite, plagio-
clase-bearing pyroxenite, and rare gabbroic rocks. The
peridotite and olivine pyroxenite mostly contain
olivine and pyroxene, with up to 15% disseminated to
net-textured Fe-Ni-Cu sulphides. They display cumu-
late textures with cumulus olivine-plagioclase+
chromite and poikilitic pyroxene. The pyroxenite, pla-
gioclase-bearing pyroxenite, and gabbroic rocks prima-
rily contain amphibole and plagioclase.

The 12 km?2 Oxtoby Lake intrusion is composed of
gabbroic rocks (Fig. 2f). They mostly contain plagio-
clase and amphibole.

The 42 km2 Wabassi Main intrusion is composed of
gabbroic rocks, olivine gabbroic rocks, local
anorthosite, minor feldspathic peridotite (Fig. 2g) and
Fe-Ti oxide-rich ferrogabbroic rocks, and subordinate
hornblende-bearing gabbroic rocks (Fig. 2h). The
olivine gabbroic rocks and the peridotite are mainly
restricted to the western and northern parts of the intru-
sion, the ferrogabbroic rocks to the southeastern part,
and the hornblende-bearing gabbroic rocks near the
western margin and in the central and the southeastern
parts. The gabbroic rocks, olivine gabbroic rocks,
anorthosite, and peridotite mostly comprise pyroxene,
plagioclase, olivine, and a few centimetre- to decime-
tre-thick intervals with up to 75% pyrrhotite-dominated
disseminated, net-textured, and semi-massive Fe-Cu-
Ni sulphides. The gabbroic rocks, olivine gabbroic
rocks, and anorthosite display cumulate textures with
cumulus pyroxene-plagioclasetolivine+Fe-Ti oxides
and, locally, poikilitic pyroxene; the peridotite displays
cumulate textures with with cumulus olivine-plagio-
clase+chromite and poikilitic pyroxene. The horn-
blende-bearing gabbroic rocks mainly contain amphi-
bole, plagioclase, and quartz.

Whole-Rock Chemistry
Big Mac Intrusion

Big Mac mafic and ultramafic rocks commonly have
low to intermediate SiO, contents, low MgO contents,
and locally high FeO¢ contents (Fig. 3, Table 2).

Big Mac mafic rocks are enriched in highly incom-
patible lithophile elements (HILE) relative to moder-
ately incompatible lithophile elements (MILE) but
enriched to depleted in Nb-Ta relative to HILE of sim-
ilar compatibility, enriched to depleted in Hf-Zr rela-
tive to MILE of similar compatibility, and enriched in
Ti relative to MILE of similar compatibility (Table 2).
Big Mac pyroxenite is depleted in HILE relative to
MILE but their profiles show weak negative anomalies
in Zr and Hf and pronounced positive anomalies in Ti
compared with the rare earth elements (Table 2).

Fishtrap Lake and Highbank Lake Intrusions

Fishtrap Lake mafic rocks have intermediate SiO, con-
tents and low MgO and FeO, contents (Fig. 3, Table 2).
Highbank Lake mafic and ultramafic rocks have gener-
ally low to intermediate SiO; contents, low to high
MgO contents, and locally high FeOy; contents (Fig. 3,
Table 2). Overall, the composition of the mafic rocks
from the Fishtrap Lake intrusion follows the same
compositional trends defined by the mafic and ultra-
mafic rocks of the Highbank Lake intrusion (Fig. 3).
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Figure 2. Photographs of outcrop and drill core. a) Gabbroic rocks from the Big Mac intrusion (BM09-04, 43.28 m). b) Massive
Fe-Ti oxides from the Big Mac intrusion (BM09-04, 23.70 m). ¢ and d) Modal magmatic layering in the Fishtrap Lake and
Highbank Lake intrusions. The hammer is ~38 cm long. e) Peridotite from the Max intrusion (08MX-02, 282.84 m).
f) Hornblende-bearing gabbroic rocks from the Oxtoby Lake intrusion (08WA-02, 82.30 m). g) Peridotite from the Wabassi Main
intrusion (10WA-05, 240.48 m). h) Hornblende-bearing gabbroic rocks from the Wabassi Main intrusion (11WA-18, 30.71 m).
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Figure 3. Binary plots showing (a) SiO, versus MgO, (b) FeOy versus MgO, (c) Ti versus MgO, and (d) Cr versus MgO.

Abbreviations: Chr = chromite, Ol = olivine.

Fishtrap Lake and Highbank Lake mafic and ultra-
mafic rocks are slightly depleted to enriched in HILE
relative to MILE but less enriched in Nb relative to
HILE of similar compatibility, and depleted in Hf-Zr
relative to MILE of similar compatibility (Table 2).
Highbank Lake mafic and ultramafic rocks may also be
enriched to depleted in Ta relative to Nb and in Hf-Zr-
Ti relative to MILE of similar compatibility (Table 2).

Max, Oxtoby Lake, and Wabassi Main Intrusions

Max mafic and ultramafic rocks have intermediate
SiO; contents, low to high MgO contents, and low to
intermediate FeO; contents (Fig. 3, Table 2). Oxtoby
Lake mafic rocks have intermediate SiO, and FeOq
contents and low MgO contents (Fig. 3, Table 2).
Wabassi Main mafic and ultramafic rocks have inter-
mediate SiO; contents, low to high MgO contents, and
low to intermediate FeOy contents (Fig. 3, Table 2). The
composition of the intrusive rocks of the three intru-
sions shows well correlated trends (Fig. 3).

Max mafic and ultramafic rocks are enriched in
HILE relative to MILE but less enriched in Nb and,
locally, Ta relative to HILE of similar compatibility
(Table 2). Oxtoby Lake mafic rocks are enriched in

HILE relative to MILE but less enriched in Nb-Ta rel-
ative to HILE of similar compatibility and less
enriched in Zr-Hf relative to MILE of similar compati-
bility (Table 2). Wabassi Main mafic and ultramafic
rocks are unenriched to enriched in HILE relative to
MILE but less enriched in Nb relative to HILE of sim-
ilar compatibility and enriched to depleted in Ta rela-
tive to Nb and, locally, in Hf-Zr-Ti relative to MILE of
similar compatibility (Table 2).

Mineral Chemistry
Big Mac Intrusion

Big Mac intrusive rocks contain plagioclase (Angg_»g,
where An=100xCa/(Na+K+Ca)) and rare clinopyrox-
ene (Mg#gs.60, Wwhere Mg#=100xMg/(Mg+Fe2+)) with
mostly evolved compositions (Table 2). Big Mac intru-
sive rocks contain magnetite and ilmenite with wide
compositional variations (Table 2).

Composition of the Big Mac intrusive rocks varies
with location. To the north, plagioclase has the most
primitive composition (up to Anggq) and magnetite and
ilmenite are richest in compatible elements in mafic
magmas such Al-Mg-V-Ni-Cr. To the south, plagio-
clase has the most evolved composition (up to Angg)



Regional characterization of mafic-ultramafic intrusions in the Oxford-Stull and Uchi domains, Superior Province

and magnetite and ilmenite are poor in Al-Mg-V-Ni-Cr
and locally rich in Ti-Mn-Zn.

Fishtrap Lake and Highbank Lake Intrusions

Fishtrap Lake intrusive rocks contain plagioclase
(An71_31) and rare relicts of orthopyroxene (Mgys3)
with relatively evolved compositions (Table 2).
Highbank Lake intrusive rocks contain plagioclase
(Angg_p4) with wide compositional variations (Table
2). Fishtrap Lake and Highbank Lake intrusive rocks
contain magnetite and ilmenite with wide composi-
tional variations (Table 2).

Max, Oxtoby Lake, and Wabassi Main Intrusions

Max ultramafic cumulates contain olivine (Mg#go_¢7)
and orthopyroxene (Mgtg4 go) with intermediate com-
positions (Table 2). Oxtoby Lake hornblende-bearing
gabbroic rocks contain plagioclase (Angg 47) with
evolved compositions (Table 2). Wabassi Main ultra-
mafic cumulates contain olivine (Mg#7g_73), orthopy-
roxene (Mg#gq 77), clinopyroxene (Mg#os 1), and
plagioclase (Anjgp_g1) Wwith intermediate composi-
tions. Wabassi Main gabbroic rocks (£ olivine) and
anorthosite contain olivine (Mg#7g_19), orthopyroxene
(Mg#g4_44), clinopyroxene (Mg#gg s6), and plagio-
clase (Angg_37) with evolved to intermediate composi-
tions. Wabassi Main hornblende-bearing gabbroic
rocks contain plagioclase (Angg_31) with evolved com-
positions.

Composition of the Wabassi Main intrusive rocks
varies with location. Near the western contact, olivine
(up to Mg#7g), orthopyroxene (up to Mg#gy), clinopy-
roxene (up to Mg#ys), and plagioclase (up to Anjgg)
have the most primitive composition. In the southeast-
ern area, olivine is absent and orthopyroxene (up to
Mgf#s7), clinopyroxene (up to Mg#73), and plagioclase
(up to An7) have more evolved composition.

Geochronology

The Highbank Lake intrusion has a U-Pb zircon age of
ca. 2808 Ma (Stott, 2008). Preliminary U-Pb isotope
dilution thermal ionization mass spectrometry (ID-
TIMS) zircon data from hornblende-plagioclase-bear-
ing gabbroic rock suggest crystallization ages of 2810
Ma, 2717 Ma, and 2727 Ma (McNicoll, unpublished
data) for the Fishtrap Lake, Oxtoby Lake, and Wabassi
Main intrusions, respectively.

DISCUSSION
Internal Structure

The internal structure of the broadly layered Big Mac
intrusion is not well constrained. Based on the presence
of more primitive whole-rock and mineral chemical
signatures in the northern part and more evolved signa-

tures in the southern part, and assuming that it frac-
tionated upwards, the intrusion appears to young to the
south.

The Fishtrap Lake and Highbank Lake intrusions are
layered, but their internal structure is thus far poorly
constrained. Preliminary mineral chemical data suggest
that these intrusions are not systematically fractionated
and therefore formed from multiple magma replenish-
ments.

The Max and Oxtoby Lake intrusions do not exhibit
any internal structural variations. The Max intrusion is
composed primarily of cumulate rocks, which suggests
that it represents a magmatic conduit in which cumulus
olivine + pyroxenes accumulated. The Oxtoby Lake
intrusion is composed primarily of gabbroic rocks and
likely represents an undifferentiated intrusion.

The Wabassi Main intrusion is layered with an inter-
preted stratigraphic top to the southeast based on geo-
chemistry and mineral chemistry.

Parental Magmas

The whole-rock major element, whole-rock trace ele-
ment, and mineral chemical characteristics of the stud-
ied intrusions (Table 2) suggest that they are mantle-
derived rather than crustally derived magmas. The
Mgttgg and Mg#7g maximum Mg numbers of olivine
and Mg#g4 maximum Mg numbers of orthopyroxene in
the Max and Wabassi Main intrusions suggest that they
crystallized from basaltic rather than picritic or komati-
itic parental magmas. The Big Mac, Fishtrap Lake,
Highbank Lake, and Oxtoby Lake intrusions do not
contain any relict igneous olivine but the composition
of the whole rocks, orthopyroxene, clinopyroxene, and
plagioclase suggests they are more evolved. This sug-
gests that they are part of a larger magmatic system, the
lower parts in which crystal fractionation occurred.

Sulphide and Oxide Saturation History

Platinum group element data are needed to better con-
strain the sulphide saturation history of the intrusions,
but the higher Ni contents of olivine in peridotite of the
Wabassi Main intrusion suggest that the parental
magma did not segregate significant amounts of sul-
phide and was therefore fertile; the lower Ni contents
of olivine in other lithologies of the Wabassi Main
intrusion and in the Max intrusion suggest that those
rocks formed from magmas that had segregated sul-
phides. The variations from undepleted to depleted
suggest that this occurred at higher levels (perhaps
locally) rather than at lower levels (which would have
left all of the rocks depleted).

All of cumulate rocks in the Max and Wabassi Main
intrusions are enriched in Cr relative to the non-cumu-
late rocks, suggesting that all of the magmas were sat-
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urated in chromite (Fig. 3d). This is consistent with the
relatively evolved inferred compositions of the parental
magmas.

Form and Emplacement

The Big Mac intrusion appears to have the form of a
subconcordant sill. The rocks in the northern part of the
intrusion are more primitive and may represent a more
vent-proximal facies, whereas the rocks in the southern
part are more evolved and may represent a more distal
facies.

The Fishtrap Lake and Highbank Lake intrusions are
interpreted to be genetically related because of their
geographic proximity and their petrographic, miner-
alogical, geochemical, and geochronological similari-
ties. They represent the largest known mafic intrusive
complex in the McFaulds Lake area, which we have
called the Highbank-Fishtrap intrusive complex (HFIC).

The Max and Wabassi Main intrusions appear to be
genetically related based on similarities in ultramafic
cumulate textures, geochemical signatures, and silicate
mineral compositions. However, the smaller Max
intrusion contains primarily olivine-rich cumulate
rocks and cumulate rocks have higher olivine contents,
suggesting that it represents a magmatic conduit in
which more olivine accumulated and less fractionation
occurred. In contrast, the larger Wabassi Main intrusion
contains a wider range of cumulate and non-cumulate
rocks and the cumulate rocks contain less olivine, sug-
gesting that it represents a magma chamber in which
less olivine accumulated and more fractionation
occurred.

Despite its proximity to the Max and Wabassi Main
intrusions, the Oxtoby Lake intrusion is different in
terms of petrography, whole-rock chemistry, mineral
chemistry, and geochronology. Its homogeneous non-
cumulate composition is consistent with a magmatic
conduit that did not experience any olivine accumula-
tion or fractional crystallization.

IMPLICATIONS FOR EXPLORATION

The intrusions studied in the eastern part of the Oxford-
Stull and Uchi domains, with the exception perhaps of
the Oxtoby Lake intrusion, exhibit some prospectivity
to host Fe-Ti-V-(P), Cr-(PGE), and/or Ni-Cu-(PGE)
mineralization.

The presence of semi-massive to massive oxide lay-
ers with high Fe-Ti-V-P contents within the Big Mac
intrusion and the HFIC clearly demonstrates their
potential to host those styles of mineralization, but it is
not yet clear if these represent closed-system fractional
crystallization products or whether the systems were
open enough for long enough to contain large amounts
of mineralization.

The potential for Cr-(PGE) mineralization in these
intrusions is less clear. However, as noted above, the
magmas that formed the Max and Wabassi Main intru-
sions were saturated in chromite, and the occurrence of
chromite-rich boulders in the vicinity of the HFIC
highlights the potential for this type of mineralization
within their ultramafic parts.

The potential for Ni-Cu-(PGE) mineralization is
uncertain. The Max intrusion contains some Ni-Cu-
(PGE) mineralization and most likely represents an
open and dynamic magmatic system that has interacted
with the surrounding rocks (Sappin et al., 2013).
However, the Oxtoby Lake intrusion appears to have
been a closed system and the Wabassi Main intrusion
also appears to have been relatively closed, so are
much less prospective.

Work in progress will further evaluate the economic
potential of these intrusions.

FORTHCOMING PRODUCTS

The preliminary results and interpretations presented in
this contribution will be used in three upcoming
referred journal publications. Each paper will focus on
understanding the formation of one of these three mag-
matic systems — such as the Big Mac intrusion, the
HFIC, and the Max, Oxtoby Lake, and Wabassi Main
intrusions — and also to evaluate their potential for
orthomagmatic mineralization.

ACKNOWLEDGEMENTS

We would like to thank Northern Shield Resources Inc.
(C. Vaillancourt, I. Bliss, R.-L. Simard, and G.
Budulan), MacDonald Mines Exploration Ltd. (Q.
Yarie), and INV metals (R.C. Bell) for their assistance,
permission to access diamond-drill cores, samples, drill
logs, drill-core pictures, thin sections, and geoscience
data sets. Thanks are also extended to Bronwyn Azar
from the Ontario Geological Survey and to Hearst Air
Service (A. Lemieux, M. Veilleux) for the support and
the help during the field investigation in 2013. The
authors thank M. Choquette (Université Laval) for pro-
viding essential support during our work with the elec-
tron microprobe. We are also grateful to V. Bécu (GSC)
for reviews that helped us improve the final version of
this contribution. This study is supported by the Ni-Cu-
PGE-Cr Project under the Targeted Geoscience
Initiative 4 (TGI-4) of the GSC. A.-A. Sappin acknowl-
edged the support of the Visiting Fellowships in
Canadian Government Laboratories Program from the
Natural Sciences and Engineering Research Council of
Canada (NSERC) and the GSC.

REFERENCES

Houlé, M.G. and Metsaranta, R.T., 2013. An update of the high-
magnesium ultramafic to mafic systems subproject under the



Regional characterization of mafic-ultramafic intrusions in the Oxford-Stull and Uchi domains, Superior Province

Targeted Geoscience Initiative 4; Ontario Geological Survey,
Open File Report 6290, p. 49.1-49.7.

Houlé, M.G,, Lesher, C.M., and Metsaranta, R.T., 2012. Overview
of the high-magnesium ultramafic to mafic systems subproject
under the Targeted Geoscience Initiative 4: an Ontario per-
spective; Ontario Geological Survey, Open File Report 6280,
p- 42.1-42.9.

Metsaranta, R.T. and Houlé, M.G., 2012. Progress on the McFaulds
Lake (“Ring of Fire”) region data compilation and bedrock
geology mapping project; Ontario Geological Survey, Open
File Report 6280, p. 43.1-43.12.

Sappin, A.-A., Houlé, M.G,, Lesher, C.M., and McNicoll, V.J.,
2013. Overview of the mafic and ultramafic intrusions in the
eastern Uchi domain of the Superior Province, Northern
Ontario; Ontario Geological Survey, Open File Report 6290,
p- 51.1-51.16.

Stott, G.M., 2008. Superior Province: terranes, domains and
autochthons; Northwestern Ontario Mines and Minerals
Symposium, Sudbury, Canada, 2008.

Stott, GM. and Josey, S.D., 2009. Regional geology and mineral
deposits of northern Ontario, north of latitude 49°30’; Ontario
Geological Survey, Miscellaneous Release — Data 265.

Stott, GM., Corkery, M.T., Percival, J.A., Simard, M., and Goutier,
J., 2010. A revised terrane subdivision of the Superior Province;
Ontario Geological Survey, Open File Report 6260, p. 20.1—
20.10.

Vaillancourt, C. and Bliss, 1., 2010. Technical report - Exploration
of the Wabassi, Wabassi North and Max mafic-ultramafic intru-
sions, Oxtoby Lake, Venton Lake, Sherlock Lake, Wowchuk
Lake and Saarimaki Lake townships, Northern Ontario,
Canada; Northern Shield Resources Ltd., 55 p.

Vaillancourt, C., Bliss, 1., and Budulan, G., 2011. Technical report -
Wabassi property, Northern Ontario, Canada. Drill programs
2010 & 2011, Discovery Harbour Option, 77 p.

85



86



P\NAD

1842
/ \\

ﬁ%ﬁ

s” com\h‘%

'\‘d 0\901059
€0L0qi1aVE

G

GEOLOGICAL SURVEY OF CANADA
OPEN FILE 7856

Targeted Geoscience Initiative 4: Canadian Nickel-Copper-
Platinum Group Elements-Chromium Ore Systems — Fertility,
Pathfinders, New and Revised Models

Geochemistry and petrogenesis of the Black Thor intrusive complex and associated
chromite mineralization, McFaulds Lake greenstone belt, Ontario

Heather J.E. Carsonl, C. Michael Lesherl, and Michel G. Houlé2

ILaurentian University, Sudbury, Ontario
2Geological Survey of Canada, Québec, Quebec

2015

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources Canada, 2015

This publication is available for free download through GEOSCAN (http://geoscan.nrcan.gc.ca/)

Recommended citation

Carson, H.J.E., Lesher, C.M., and Houlé, M.G., 2015. Geochemistry and petrogenesis of the Black Thor intrusive complex and associated
chromite mineralization, McFaulds Lake greenstone belt, Ontario, /n: Targeted Geoscience Initiative 4: Canadian Nickel-Copper-
Platinum Group Elements-Chromium Ore Systems — Fertility, Pathfinders, New and Revised Models, (ed.) D.E. Ames and M.G. Houlé;
Geological Survey of Canada, Open File 7856, p. 87-102.

Publications in this series have not been edited; they are released as submitted by the author.

Contribution to the Geological Survey of Canada’s Targeted Geoscience Initiative 4 (TGI-4) Program (2010-2015)



88

TABLE OF CONTENTS
7 N 1 ] 2 1t A

D 01T g0 X0 LT 3 ) 1
Methodology .. ..oviiiiniiiii ittt ittt tiieteeeeeaeensosensescnssssnsennnnns

2 11
Geology of the Black Thor Intrusive Complex . ....... ... .. . i,
Cr and Ni-Cu-(PGE) Mineralization . ............ ... i,
Whole-Rock Geochemistry . ...... ... ... i i e e e e e e
Chemostratigraphy . . .. ...t
Trace Element GeoChemistry . ... ...t e e e e et et e e e
Chromite Petrography and Chemistry . ......... ... i e

Genetic Model . ..ottt ittt ittt iiitetenenenenenesesesesesesenenananans
Implications for Exploration ...........ccoiiuiiiiiiieiiiiirerinntorsntsccersssossnsenns
Acknowledgements .. .........iitiuiiiiiiiiiiiii it i ittt ittt 1
References . ...oovuiuiiiiiiiiiiiiiiiiiiiiiiititeteeeeeeenesesescncsenencncncncnnns 1

Figures

Figure 1. Geological map of the Black Thor intrusive complex showing locations of
diamond drillholes logged and sampled inthisstudy . ........ ... ... ... ... ... ....

Figure 2. Schematic cross-section through the Black Thor intrusive complex ................

Figure 3. Photographs of drill cores showing typical rock types of the ultramafic and
mafic series of the Black Thor intrusive complex .............. .. .. .. .. ... oo,

Figure 4. Photographs showing the chromite textures of the Black Label and the
Black Thor chromitite horizons . . . ... i e

Figure 5. Bivariate plots of major oxide versus MgO for samples from drillhole
BT-11-100 .o

Figure 6. Mg versus Crdiagram . .......... ... . ittt

Figure 7. Whole-rock analytical results plotted against depth in drillhole BT-11-196
and correlated with the stratigraphiclog .. ......... ... . ... . . . .

Figure 8. Rare earth element and trace element geochemistry from drillhole
BT-11-196 and from reference data .......... ... ... ..o i

Figure 9. Magnetite diffusion and mass balance models .................................

Figure 10. Nb-Th proxy diagram highlighting the contamination evolution of the
Black Thor intrusion complex 10cks . . ... ...

Figure 11. Schematic model of the partial-assimilation and magnetite-upgrading
process proposed in this Study .. ...t
Tables

Table 1. Primary and altered mineralogy of the main rock type of the Black Thor
INEIUSIVE COMPIEX . oo e e e e e e



Geochemistry and petrogenesis of the Black Thor intrusive
complex and associated chromite mineralization,
McFaulds Lake greenstone belt, Ontario

Heather J.E. Carsonl®, C. Michael Lesher!, and Michel G. Houlé2

IMineral Exploration Research Centre, Department of Earth Sciences, Goodman School of Mines, Laurentian University,

935 Ramsey Lake Road, Sudbury, Ontario P3E 2C6

2Geological Survey of Canada, 490 rue de la Couronne, Québec, Quebec G1K 9A9

*Corresponding author’s e-mail: hcarson@laurentian.ca

ABSTRACT

The Black Thor intrusive complex (BTIC) contains a conduit-hosted, stratiform Cr-Ni-Cu-(PGE) deposit
with a very large amount of chromite for an intrusion of its size. Most conduit-hosted stratiform deposits are
Archean, formed from komatiitic magmas containing approximately 3000 ppm Cr,O3, and are typically sat-
urated in chromite. The fundamental problem in understanding the genesis of the BTIC deposit and other
deposits of this type is explaining how such large quantities of chromite crystalized from a magma that nor-
mally crystallizes only small amounts chromite and normally have a chromite:olivine abundance ratio of
~1:60. Current genetic models, such as in situ crystallization (by oxidation, pressure increase, magma mix-
ing, and/or wholesale assimilation of felsic rocks or iron formation) or physical transportation of chromite
slurries do not provide a wholly satisfactory explanation for the high abundance of chromite in this type of
deposit. We are testing an alternative model: partial assimilation (as opposed to wholesale assimilation) of
local oxide-silicate-facies iron formation by a Cr-rich magma. As low-Mg komatiite is saturated in chromite,
the magma may dissolve the silicate component (quartz/chert and Fe-silicate minerals) of the iron forma-
tion, but would be unable to dissolve the oxide component (magnetite). Through interaction with the high-
temperature (1400°C) Cr-rich magma, the fine-grained magnetite could be upgraded via diffusion to
chromite during transportation within the conduit. This upgrading is similar to the upgrading of barren sul-

phide xenomelts that has been proposed for Ni-Cu-(PGE) deposits.

INTRODUCTION

The Black Thor intrusive complex (BTIC) is part of the
Neoarchean “Ring of Fire” Intrusive Suite (RoFIS)
located within the 2.7-2.8 Ga McFaulds Lake green-
stone belt (MLGB) in the James Bay Lowlands of
northern Ontario. The Black Thor chromite deposit,
discovered in 2006, is one of the largest and best-pre-
served chromite deposits in the world. It contains
~102 Mt of chromite-mineralized material in a zone
measuring up to 3 km in strike length and likely
extends ~15 km to the Big Daddy, Black Creek, Black
Horse, and Blackbird deposits. The bulk ore of the
Black Thor deposit has an aggregate thickness of up to
100 m and an average grade of 31% Cr;O3 (Weston
and Shinkle, 2013).

Previous work in the area includes a M.Sc. thesis on
the nearby Blackbird chromite deposit (Azar, 2010), a
paper on the Eagle’s Nest Ni-Cu-(PGE) deposit
(Mungall et al., 2010), and a Ph.D. thesis on the chem-
istry of chromite from the Black Thor, Black Label,
and Big Daddy chromite deposits in the MLGB Black

Thor chromitite layers (Laarman, 2014). However, the
BTIC as a whole has not been studied in detail and is
characterized only by airborne and ground geophysics
and exploration-scale core logs (Tuchscherer et al.,
2010). The main objective of this research is to estab-
lish the stratigraphy, geochemistry, and petrogenesis of
the BTIC and associated chromium and nickel-copper-
platinum group element (PGE) mineralization.

METHODOLOGY

Core logging and sampling were completed in May-
June 2012 and June-July 2013 (Fig. 1). One hundred
and twenty-three finely ground slabs from drillhole
BT-11-196 were studied using a binocular microscope;
178 polished thin sections were studied in transmitted
and reflected light using a compound petrographic
microscope. Three hundred and twenty-four whole-
rock samples were analyzed for major, minor, and trace
elements by a combination of wavelength-dispersive
X-ray fluorescence spectrometry, inductively coupled
plasma (ICP) atomic emission spectrometry, and ICP

Carson, H.J.E., Lesher, C.M., and Houlé, M.G., 2015. Geochemistry and petrogenesis of the Black Thor intrusive complex and associated
chromite mineralization, McFaulds Lake greenstone belt, Ontario /n: Targeted Geoscience Initiative 4: Canadian Nickel-Copper-
Platinum Group Elements-Chromium Ore Systems — Fertility, Pathfinders, New and Revised Models, (ed.) D.E. Ames and M.G. Houlé;

Geological Survey of Canada, Open File 7856, p. 87-102.
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Figure 1. Geological map of the Black Thor intrusive complex showing the locations of diamond drillholes (DDH) that were
logged and sampled in the course of this study (modified from Weston and Shinkle, 2013). Diamond drillhole identifications are
given for those mentioned in the text. The first parts of the DDH identifications have been omitted for simplicity, DDH identifi-
cations: BT-08-06, 09; BT-09-67, 68, 69, 70, 76, 80; BT-10-115, 116, 117, 118, 119, 127, 135, 137, 138, 167; BT-11-182, 183,
184, 198, 196; and BT-12-234. MLGB: McFaulds Lake greenstone belt.

mass spectrometry. Chromite and associated melt =~ XRES using an electron probe microanalyzer, and
inclusions and silicate minerals from 13 samples have  laser-ablation ICP-MS. Three-dimensional X-ray
been analyzed thus far by a combination of energy-dis-  tomographic studies, O, S, Cr-Ni-Fe, Nd, Hf, and Os
persive X-ray emission spectrometry (XRES) using a  isotope analyses, and computer models of the miner-
scanning electron microscope, wavelength-dispersive
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Figure 2. Schematic cross-section through the Black Thor
intrusive complex (modified from Carson et al., 2013).
Abbreviations: Anorth = anorthosite, Bt Gb = biotite gabbro,
Chrt = chromitite, Dnt = dunite, Lherz = lherzolite, LWI = late
websterite intrusion, Mela-Leuco Gb = mela- to leucogabbro,
Ol Webs = olivine websterite, Webs = websterite.

alogical and geochemical data will be done later in
2015.

RESULTS
Geology of the Black Thor Intrusive Complex

The BTIC is a semi-conformable, funnel-shaped intru-
sion that has been structurally rotated into a subvertical
orientation (Fig. 1). It is subdivided into four series
(from stratigraphic base to top; Fig. 2): 1) a lower ultra-
mafic series of interlayered dunite and lherzolite and
minor olivine websterite (Fig. 3a—¢); 2) a middle ultra-
mafic series of interlayered dunite, lherzolite, and web-
sterite with a thin lower chromitite zone (Black Label
horizon; Fig. 4a—d) and a thick upper chromitite zone
(Black Thor horizon; Fig. 4e—1); 3) an upper ultramafic

Table 1. Primary and hydrated mineralogy of the main rock
type of the Black Thor intrusive complex.

Lithology Igneous Hydrated Mineralogy
Mineralogy
Dunite Ol-(Chr) Atg/Lz-Mag-(Chl)-(Iow)-Tc
Lherzolite Ol-Opx-(Chr)  Atg/Lz-Mag-Tr-Chl-Act-Tc
Chromitite Chr-Ol Atg/Lz-Mag-(Chl) -(Kam)-Tc
Ol Websterite Opx-O1-Chr Act-MgHb-Kém+NiClc-Chl
Websterite Opx-Cpx Act-Chl-Tc
Melagabbro Cpx-Plag Act-Chl-(Czo)
Mesogabbro Plag-Cpx Ab-Chl-Czo-Act
Leucogabbro Plag-Cpx-Ilm Ab-Chl-Czo-Act-Ms-Ttn

Abbreviations: Ab = albite; Act = actinolite; Atg/Lz = antigorite/lizardite;
Chl = chlorite; Chr = chromite; Cpx = clinopyroxene; Czo = clinozoisite;
Ilm = ilmenite; Iow = iowite; Kdm = kimmererite; Mag = magnetite;
MgHb = magnesiohornblende; Ms = Muscovite; NiClc = Ni-clinochlore;
Ol = olivine; Opx = orthopyroxene; Plag = plagioclase; Tc = Talc;

Tr = tremolite; Ttn = titanite.

series composed of lherzolite, websterite, feldspathic
websterite, and olivine websterite (Fig. 3f~h); and 4) a
mafic series consisting of mela-, meso-, and leucogab-
bro with lesser anorthosite (Fig. 3i—1). It was originally
not clear whether the upper mafic series was part of the
BTIC, but gradational contacts with the underlying
ultramafic rocks indicate that it is part of the intrusion.
In places these rocks interfinger with (and are inter-
preted to intrude) overlying mafic volcanic rocks of the
MLGB.

After accumulation and partial solidification of the
BTIC, a late websterite intrusion (LWI) was emplaced
into the lower and middle ultramafic series rocks and
locally brecciated the Black Label chromitite horizon.
The BTIC was later metamorphosed to lower-green-
schist facies, but most of the rocks contain well pre-
served igneous textures, and relict igneous chromite,
pyroxene, and olivine are variably preserved (Table 1).
The term “meta” will be omitted for simplicity in this
contribution.

Cr and Ni-Cu-(PGE) Mineralization

Chromite mineralization displays a range of textures
that are distinguished based on chromite content: mas-
sive (>90%), semi-massive (90-75%), matrix (75—
50%), net-textured (50-30%), heavily disseminated
(30-10%), and lightly disseminated (<10%). Chromite
is uniformly fine grained (0.1-0.2 mm) and forms net-
works between coarse-grained (<2 cm) altered pyrox-
ene oikocrysts and between fine-grained (~5 mm) ser-
pentinized olivine grains (Fig. 4). The Black Thor
chromitite horizon (this study) and the undisrupted
parts of the Black Label chromitite horizon
(Mehrmanesh et al., 2013) contain thinly laminated to
thickly bedded massive chromitite layers that alternate
with partially continuous layers of serpentinized
dunite. Brecciated parts of Black Label (Spath et al.,
2015) contain angular to amoeboid clasts of chromitite,
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Figure 3. Photographs of drill cores showing typical rock types of the lower ultramafic series (a to e), the upper ultramafic series
(f to h), and the mafic series (i to |) of the Black Thor intrusive complex. a) Basal peridotite (harzburgite); BT-09-70/37.70 m.
b) Late pyroxenite; BT-11-198/42.00 m. c) Olivine spinifex-textured olivine, BT-09-97/136.09 m. d) Heavily serpentinized dunite;
BT-09-70/98.11 m. e) Serpentinized peridotite, BT-11-196/180.10 m. f) Olivine pyroxenite; BT-10-115/83.85 m. g) Pyroxenite;
BT-12-234/38.05 m. h) Feldspathic pyroxenite; BT-11-194/165.92 m. i) Melagabbro; BT-09-70/244.05 m. j) Mesogabbro; BT-
12-234/211.33 m. k) Leucogabbro; BT-09-80/245.65 m. /) Anorthosite; BT-12-234/198.20 m. Younging direction in all photos is
to the right. For the core shown in (d), (f), (i), (j), (k), and (I), the height (top to bottom) of the photo represents a core width of
4.7 cm; for all other photos, the height (top to bottom) of the photo represents a core width of 2.35 cm.

chromite-harzburgite, dunite, chromite, and olivine  zons extend over a strike length of more than 3 km and
within a websterite matrix, forming a range of 1.5 km, respectively. However, individual chromitite
hybridized lithologies. layers, particularly in Black Thor and the central parts

The Black Thor and Black Label chromitite hori-  ©of Black Label, are very difficult to follow along strike;
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Figure 4. Photographs showing chromite textures of the Black Label chromitite horizon (a to d) and the Black Thor chromitite
horizon (e to I) of the middle ultramafic series of the Black Thor intrusive complex. a) Massive chromitite layer with wavy, undu-
lating upper contact against the matrix chromitite layer in serpentinized dunite, grading upwards into a massive chromitite layer;
drill core BT-11-198/198.40 m. b) Blebby, co-mingling chromitite “clasts” hosted within late pyroxenite matrix; dril Icore BT-08-
06/291.50 m. c¢) Semi-massive chromitite layer; drill core BT-11-198/195.07 m. d) Brecciated, matrix chromitite layer; drill core
BT-11-198/199.00 m. e) Patchy net-textured chromitite, drill core BT-11-198/260.20 m. f) Matrix chromitite; drill core BT-11-
196/548.74 m. g) Semi-massive chromitite; drill core BT-08-09/143.95 m. h) Massive chromitite; drill core BT-10-117/99.40 m.
i) Mottled, semi-massive chromitite with “floating or suspended” serpentinized and/or pseudomorphed olivine grains; drill core BT-
09-70/177.47 m. j) Massive chromitite layer with sharp upper contact against talc-tremolite-chlorite rock and serpentinized,
pseudomorphed olivine, grading into semi-massive chromitite with a sharp upper contact against matrix chromitite layer; drill core
BT-11-196/538.30 m. k) Matrix chromitite layer containing talc-tremolite-chlorite silicate minerals and serpentinized pseudomor-
phed olivine, with a sutured upper contact against a massive chromitite layer, in turn with a wavy, undulating upper contact against
a matrix chromitite layer; drill core BT-11-196/559.30 m. 1) Semi-massive chromitite layers alternating with continuous and semi-
continuous serpentinized pseudomorphed olivine grain layers; drill core BT-10-113/172.17 m. Younging direction in all photo-
graphs is to the right. For the core shown in photographs (b), (d), (i), and (I), the height (top to bottom) of the photo represents a
core width of 4.7 cm; for all other photographs, the height (top to bottom) of the photo represents a core width of 2.35 cm.
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they are thicker and lenticular in the central part of the
intrusion near and above the feeder zone and thinner
and sheet-like away from the feeder zone. Pyroxene
oikocrysts are more abundant in the central part of
Black Thor horizon, where massive and semi-massive
chromitite is common. Layers exhibiting normal modal
grading (chromite-rich base and silicate-rich top) are
more abundant in the lateral parts where matrix, net-
textured, and disseminated chromitite is common.
Layers containing intrafolial folds are only rarely
observed.

Ni-Cu-(PGE) mineralization occurs dominantly in
the lower ultramafic series of the BTIC. It includes
multiple types and generations of mineralization
(Farhangi et al., 2013): 1) early-magmatic mineraliza-
tion along the basal contact of the intrusion; 2) inter-
mediate-magmatic, sulphide-poor, PGE-rich, reef-style
mineralization in the chromitite horizons; 3) intermedi-
ate-late-magmatic, sulphide-rich, PGE-poor, reef-style
mineralization in fractionated gabbroic rocks of the
mafic series; 4) late-magmatic, sulphide-rich mineral-
ization associated with brecciation of the BTIC by the
late websterite intrusion; and 5) tectonically/hydrother-
mally mobilized sulphide-rich mineralization within
shear zones in the transition zone between the upper
ultramafic and mafic series.

Whole-rock Geochemistry

The major element geochemical results reported here
were obtained from drill core BT-11-196, which cuts
through a part of the intrusion undisturbed by the LWI,
and additional drill cores from the feeder zone (BT-09-
67, BT-09-68, BT-09-69, BT-09-76, BT-10-115, BT-
10-116, BT-10-117, BT-10-118, BT-10-119, BT-10-
127, BT-10-135, BT-10-137, BT-10-138, BT-10-167,
BT-1-182, BT-11-183, BT-11-184); these results are
compared with the Cliffs XRF assay results of the
entire deposit (Fig. 5). Three major trends are evident
in MgO variation diagrams:

1. Mixing trends between olivine (~40% SiO, 45%
MgO, and 8% FeOy, with minor to negligible abun-
dances of other elements — based on mineral ana-
lyzes and stoichiometry) and chromite (10-45%
Cr03, 8% Al»O3, ~15% FeOy, and 20-30% MgO,
with minor to negligible abundances of other ele-
ments).

2. Mixing trends between olivine and orthopyroxene
(~52% Si0», 3% Al,03, ~10% FeOy, ~30% MgO,
and <5% CaO, with minor to negligible abun-
dances of other elements).

3. Fractionation trends from the inferred parental
magma (~46% SiO3, ~9% Al;03%, ~11% FeOy,
~22% MgO, and ~8% CaO, with minor to negligi-
ble abundances of other elements — based on
observed mineral assemblages and consistent with

that proposed for Blackbird by Mungall et al.,
2010) toward the leuco-, meso-, and melanogabbro
in the upper part of the BTIC.

The majority of low-Cr samples on the loss-on-igni-
tion (LOI) versus MgO diagram plot between hydrated
websterite (30-35% MgO and 5-20% LOI) and ser-
pentinized lherzolite/dunite + chromitite (up to 25%
LOI). The majority of high-Cr samples plot at lower
MgO and/or higher LOI, reflecting higher degrees of
carbonatization of the silicate components in chromi-
tite. The cluster at low MgO and LOI represents least-
altered mafic rocks of the upper series, whereas the
cluster at 25-30% MgO and low LOI represents late
websterite samples, which are the least altered rocks
within the BTIC.

Low-Cr late websterite samples have low Ca and Al
contents, indicating that they are composed primarily
of orthopyroxene with only minor clinopyroxene or
plagioclase (see Spath et al., 2015). High-Cr late web-
sterite samples contain xenolithic and xenocrystic
chromite incorporated from Black Label during
emplacement.

The increase in Cr with decreasing Mg (Fig. 5)
reflects accumulation of chromite with a chromite:
olivine ratio well above the cotectic proportion of
~1:60 (e.g. Lesher and Stone, 1996; Barnes and Roeder,
2001); only a few samples lie on the cotectic (Fig. 6).
This means that superimposed on the very small back-
ground abundance defined by the cotectic, chromite
has been added through either (1) supersaturation (i.e.
consistently precipitating extra chromite beyond the
amount defined by the cotectic), (2) modifying the
location of the cotectic (i.e. consistently precipitating
more chromite with olivine than under normal condi-
tions), or (3) mechanical accumulation of chromite in
addition to that crystallized with olivine.

Chemostratigraphy

Lithogeochemistry has been plotted against depth and
correlated with digitized stratigraphic logs to give an
indication of the geochemical changes through the
complex (Fig. 7). The overall trend within the ultra-
mafic portion of the BTIC is one of decreasing Si-Fe-
Mg and increasing Cr-Al-Ti-V. However, superim-
posed on this overall trend are (1) at the base of the
complex, a reversal from Mg-poor olivine websterite to
Mg-rich dunite that is interpreted to reflect more rapid
cooling along the lower contact, which resulted in
lower rates of accumulation of olivine at the base of the
body; (2) many small reversals in the overall trend
associated with chromite horizons and interlayering of
dunite, lherzolite, and websterite; and (3) an abrupt
decrease in Cr-Fe-Al-(Ti)-V and increase in Si-(Na-K)
above the Black Thor chromite horizon, reflecting the
upper mafic portion of the BTIC. Based on petro-
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Figure 5. Major oxide versus MgO variation diagrams for samples from drillhole BT-11-196 (solid symbols). Also shown are
compositions from a suite of samples from Cliffs Natural Resources database (pale grey crosses) and mineral compositions
from Arndt et al. (2008; compiled from various sources, crossed symbols). In the MgO-SiO, and FeO-SiO, diagrams, 86 and
92 are mole percent forsterite contents in olivine, shown for reference. Abbreviations: FeO = total iron, LOI = loss on ignition.

graphic observations, this is interpreted to reflect a
decreasing abundance of olivine and an increasing
abundance of chromite with increasing stratigraphic
height.

Trace Element Geochemistry

Most rock types exhibit negative Nb-Ta and variable Sr
anomalies relative to Th, La, and LREEs, which is

interpreted to represent addition of an upper continen-
tal crust component. U is enriched in some dunite and
websterite samples, which is interpreted to reflect U
mobility in metamorphic fluids. Positive Sr anomalies
in chromite- and plagioclase-rich samples presumably
reflect mobility of Sr and accumulation of plagioclase,
respectively. Positive Ti anomalies in Cr-rich samples
reflect enrichment in Ti in the minor ulvospinel com-
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Figure 6. Mg-Cr diagram (note scale at 1% Cr2O3) highlight-
ing samples that lie on the olivine:chromite cotectic (cotectic
cumulates) and those that do not (non-cotectic cumulates),
suggesting chromite has been added through supersatura-
tion, modification of the cotectic, or mechanical accumulation
(see text). Dashed line is the proportion of olivine:chromite
from 100% olivine (green), 99:1 olivine:chromite (red square)
along a mixing line to 100% chromite (not shown). No sam-
ples fall within the field for adcumulate at 100% olivine, indi-
cating the liquid was already saturated in chromite during
crystallization. Abbreviations: Ac = adcumulate, Chr =
chromite; Mc = mesocumulate, Oc = orthocumulate textures;
Ol = olivine.

ponent of chromite. Variable MREE/HREE ratios are
interpreted to represent variable degrees of accumula-
tion of olivine and orthopyroxene (Fig. 8).

Websterite (Fig. 8) also exhibits negative Nb-Ta
anomalies relative to Th, La, and LREEs, but has neg-
ative Sr anomalies in Cr-poor samples and positive Sr
and Ti anomalies in Cr-rich samples. Late websterite

has systematically lower REE abundances and displays
flatter MREE-HREE patterns, whereas BTIC web-
sterite has systematically higher REE abundances, is
more enriched in HILE-LREE relative to MILE, and
displays steeper MREE-HREE patterns.

Gabbroic rocks exhibit the same negative Nb-Ta
anomalies relative to Th, La, and LREEs, but exhibit
large positive Sr and (for 2 of 3 samples) Eu anomalies,
reflecting accumulation of plagioclase. The similarities
of the trace element patterns of the mafic rocks with the
ultramafic rocks provide further evidence to support
the interpretation that they are co-magmatic.

Chromite Petrography and Chemistry

The BTIC chromite can be homogenous, or contain
large (0.5—2 mm) spherical inclusions or abundant fine
inclusions. Preliminary ED-XRES analyses of the
coarse and fine inclusions indicate that they are com-
posed of a serpentine-amphibole-chlorite-carbonate
assemblage that, based on their similarity to the miner-
alogy of the interstitial liquid, likely represent melt
inclusions that have been altered during serpentiniza-
tion.

LA-ICP-MS maps (not shown) indicate that (1)
homogenous chromite displays little or no chemical
variation, however some grains show outward
increases in Ti-V and decreases in Al-Cr, which 1is
interpreted to represent re-equilibration with trapped
silicate melt; (2) zoned chromite displays outer rims
enriched in Mn-Fe-Co-Ni-Zn, which are interpreted to
be associated with metamorphic overgrowth and mag-
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Figure 9. Magnetite diffusion and mass balance models. a)
At 1400°C it would take approximately 50 years for Cr to dif-
fuse through a 0.1 mm magnetite grain and transform it to
chromite (diffusion constants from Dieckmann and
Schmalzried, 1977; Dieckmann et al., 1978; Aggarwal and
Dieckmann, 2002). b) Mass balance calculations estimate a
komatiitic magma at ~3000 ppm Cr with chromite/magma
partition coefficients of 100-200 for Cr, indicate a minimum
magma:chromite ratio (R Factor) of 200 will upgrade mag-
netite to chromite.

netite alteration; and (3) inclusions in chromite layers
are composed of serpentine + chlorite £ amphibole +
calcite, which are interpreted to be serpentinized melt
inclusions.

GENETIC MODEL

The fundamental problem in the understanding of the
genesis of the BTIC is in inability to explain how such
large quantities of chromite could accumulate from a
magma that would normally crystallize chromite in
only accessory abundances.

Most stratiform chromite deposits are hosted by
large layered complexes that are interpreted to repre-
sent periodically replenished magma chambers (e.g.
Bushveld Complex, South Africa; Stillwater Complex,
USA). Genetic models for these deposits include (1) in
situ crystallization associated with oxidation (Ulmer,
1969) or pressure increase (Lipin, 1993); (2) contami-

nation and wholesale assimilation of felsic rocks or
iron formation (Irvine, 1975; Rollinson, 1997); (3)
magma mixing (e.g. Irvine, 1977; Campbell and
Murck, 1993); and (4) physical transportation of fine-
grained chromite in magmatic slurries (e.g. Eales,
2000; Mondal and Mathez, 2007; Maier et al., 2013).
However, the Black Thor and Black Label chromitite
deposits as well as several others (e.g. Kemi, Finland;
Inyala and Railway Block, Zimbabwe; Ipueira-
Medrado, Brazil; Sukinda, India; Nkomati, South
Africa) are hosted by smaller intrusions that are inter-
preted to represents flow-through feeder sills and
magma conduits that are stratiform in structure but
lenticular in shape.

The much higher abundances of chromite in the lat-
ter deposits are not easily explained by the above
processes, which has stimulated the development of a
new model that involves partial melting of oxide-sili-
cate-facies iron formation (OXIF) of the type observed
in the footwall rocks (Fig. 1). Complete melting of
OXIF is excluded due to the absence of Fe enrichment
in the host rocks (Azar, 2010; Mungall et al., 2010). In
the new model, silicate components (chert/quartz and
Fe-silicate minerals) are melted and incorporated into
the magma, accounting for the anomalous abundance
of orthopyroxene in systems that should crystallize
only very small amounts of orthopyroxene. However,
magnetite cannot melt, because low-Mg komatiitic
magmas, like the one in the BTIC, are saturated in
chromite and therefore cannot incorporate any addi-
tional oxide. Very fine-grained disaggregated xeno-
crystic magnetite could be upgraded to chromite during
transport, in the same way that barren sulphide
xenomelts are interpreted to have been upgraded to
form Ni-Cu-(PGE) deposits via interaction with
komatiitic magma (see Lesher and Campbell, 1993).

Cr is one of the slower elements to diffuse in mag-
netite (Fig. 9a). Preliminary calculations indicate that
at 1400°C (assuming komatiitic basalt magma compo-
sition) it would take approximately only 50 years to
homogenize a 0.1 mm diameter magnetite grain and
transform it into chromite. Considering that this is a
dynamic flow-through system and that large mafic
magmatic systems are typically active for 1-5 million
years (e.g. continental flood basalt provinces and other
large igneous provinces), this is more than enough time
to completely re-equilibrate xenocrystic magnetite,
especially if it started out as very fine grains. Mass bal-
ance calculations, using 2500-3500 ppm Cr in the
magma and chromite/magma partition coefficients for
Cr of 100-200, indicate that a magma:chromite ratio (R
factor) as low as 200 is enough to transform magnetite
into chromite (Fig. 9b). This range of R is well within
the range estimated for many komatiite-associated Ni-
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tion of Black Thor intrusion complex rocks, from an N-MORB
source (KAX-1 Alexo komatiite and OKUM komatiite refer-
ence material from the GeolLabs, Sudbury, Ontario) towards
an inferred contaminant (star, indicated by red line) based on
mixing average upper continental crust (Taylor and
McLennan, 1985) and granodiorite from the Black Thor intru-
sive complex (1330501, drill core BT-11-196/22.50 m) with
oxide-facies iron formation (Musselwhite banded iron forma-
tion (BIF); Gourcerol et al., 2015), resulting in a higher Th/Yb
ratio. Accumulation of olivine and chromite is highlighted by
a large spread in the Nb/Yb ratio (indicated by the blue line).
Abbreviations: Chr = chromite; Ol = olivine.

Cu-(PGE) systems (e.g. Kambalda, Perseverance,
Raglan: Lesher and Keays, 2002).

The trace element geochemical data exhibit consid-
erable scatter because of the very low abundances (near
the detection limits) of such elements in olivine +
chromite + pyroxene cumulates, but they suggest con-
tamination by rocks of the upper continental crust. Iron
formations contain low abundances of trace elements
(Figs. 7. 9), indicating that although considerable
amounts of iron formation could be present as a con-
taminant, it cannot be the source of the pronounced
HILE enrichment relative to MILE and HREE. Rocks
of the upper continental crust, such as the footwall
tonalite-granodiorite, are sufficiently enriched in HILE
(relative to MILE-HREE) to be the source of the pro-
nounced enrichment in BTIC rocks, but they are too
enriched in Th relative to Yb and too enriched in Nb
relative to Yb to produce the geochemical signatures of
the olivine — chromite-poor samples. So, a combination
of contaminants is required. The presence of these sig-
natures in all of the rocks suggests contamination at
depth, not in the BTIC itself.

Partial assimilation of OXIF and the upgrading of
magnetite to chromite, in conjunction with contamina-

(3) Deposition in flow-through OLOREChS atirated|Mari=

feeder sill / magma conduit

(2) Physical transport of fine
dispersed magnetite crystals,
upgraded to chromite via
interaction with Cr-rich magma

(1) Assimilation of silicate component,
disaggregation and entrainment
of oxide component

Magpnetite-Silicate Facies Iron Formation

OI-Chr Saturated Magma

Figure 11. Preliminary schematic model of the partial-assim-
ilation and magnetite-upgrading process proposed in this
study. (1) Magma saturated in olivine and chromite is
intruded into magnetite-bearing oxide-silicate-facies iron for-
mation, partially assimilating it by dissolving the silicate com-
ponent (chert, quartz, and Fe-silicate minerals) but not the
oxide component; (2) fine-grained magnetite grains are dis-
aggregated and transported within the magma conduit,
where they interact with the Cr-rich magma and, via diffusion,
are enriched in Cr and upgraded to chromite; (3) lastly, the
chromite is deposited in the feeder sill / magma conduit.
Abbreviations: Chr = chromite; Ol = olivine; Opx = orthopy-
roxene.

tion by rocks of the upper continental crust, could be
key to the formation of the BTIC mineralization (and
other conduit-hosted stratiform deposits). In order for
this mechanism to be feasible (Fig. 10), the following
are required: (1) a Cr-rich komatitiic magma, (2) the
presence of sufficient oxide-facies iron formation near
or below the stratigraphic level of the intrusion, and (3)
a flow-through magmatic system with sufficient flux to
transport fine magnetite grains and allow them to inter-
act with the Cr-rich magma. Additional work is
planned to further evaluate this process.

IMPLICATIONS FOR EXPLORATION

The new genetic model proposed in this study has
many important implications that could help target
mineral exploration for this type of chromite deposit.

» Exploration should focus on areas where high-Cr,
low-Mg komatitiic magma is present. Higher Mg
komatiitic magma may be less prospective, as they
are not saturated in chromite. Some prospective
magma is Archean but many are early Proterozoic.

* Exploration should focus on areas where oxide-
facies (rather than sulphide-facies) iron formation
is present.

*  Exploration should focus on areas where olivine +
orthopyroxene cumulates are present (rather than
olivine-only cumulates).

This study highlights the proposition that small,

Archean, ultramafic-dominated intrusions like the
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BTIC can not only host large chromite deposits but
also contain significant Ni-Cu-(PGE) mineralization.
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ABSTRACT

The ca. 2.7 Ga Black Thor intrusive complex (BTIC) is an ultramafic to mafic, layered intrusion composed
primarily of dunite, peridotite, pyroxenite, and chromitite overlain by lesser gabbroic rocks and rare
anorthosite. After emplacement but before complete crystallization, a late websterite intrusion (LWI) reac-
tivated the feeder conduit and transected the basal part of the BTIC, including the Black Label chromitite
zone (BLCZ). All rocks have been metamorphosed to lower greenschist facies, but igneous minerals are pre-
served in some parts (particularly in the LWI) and relict igneous textures are well preserved in most parts.
Logging of selected parts of 39 drill cores shows that semi-concordant intrusion of LWI magma and incor-
poration of inclusions produced a 1 to 10 m thick marginal zone of heterogeneous, interfingering breccia-
tion defined as the Black Label hybrid zone (BLHZ). The BLHZ contains variably sized (1-50 cm)
dunite/lherzolite/ chromitite inclusions with subangular to amoeboidal geometries, sharp to diffuse contacts,
and locally significant amounts of patchy disseminated to patchy net-textured Fe-Ni-Cu-(PGE) sulphide
mineralization. The core of the LWI is typically an inclusion-free, medium-grained, orthopyroxene-rich
adcumulate with accessory chromite or olivine; however, inclusion-rich intervals of the LWI contain more
olivine and chromite produced by disaggregation and partial assimilation of BTIC ultramafic rocks. There
are two types of hybrid groundmass: one containing xenocrystic olivine and one containing xenocrystic
chromite and olivine in varying proportions. Geochemical signatures of the hybrid rocks reflect the partial
assimilation and brecciation of chromitite/lherzolite/dunite sequences. Similar Th-U-Nb-Ta-light rare earth
element LREE patterns suggest that the LWI is related to the BTIC, presumably representing a more frac-
tionated magma from deeper in the system. Further characterization of the hybrid rocks and inclusion vari-
ability is in progress and will help to establish the range and variability of processes within the BTIC, and
their influence on the genesis of associated Fe-Ni-Cu-PGE sulphide mineralization in the BLHZ.

INTRODUCTION

The ca. 2.7 Ga Black Thor intrusive complex (BTIC) is
a funnel-shaped, semi-conformable, layered intrusion
composed primarily of dunite, lherzolite, olivine web-
sterite, websterite, and chromitite overlain by lesser
melagabbro to leucogabbro, and rare anorthosite. It is
part of the “Ring of Fire” intrusive suite (RoFIS)
located within the McFaulds Lake greenstone belt
(MLGB) in the Oxford-Stull domain, James Bay
Lowlands of northern Ontario. After emplacement and
before complete crystallization of the BTIC, a late
websterite intrusion (LWI) transgressed the semi-con-
solidated lower and middle ultramafic parts of the com-
plex, including the Black Label chromitite zone
(BLCZ), producing a variety of breccia and hybrid rock
types, referred to as the Black Label hybrid zone

(BLHZ). The BLHZ contains variably sized (1-50 cm)
dunite/lherzolite/chromitite inclusions with subangular
to amoeboidal geometries and sharp to diffuse contacts.
The BLHZ is localized in marginal zones and in dis-
crete pods within the LWI, and is locally associated
with synmagmatic patchy disseminated to patchy net-
textured Fe-Ni-Cu-(PGE) sulphide mineralization.

The objectives of this project are to (1) characterize
all rock types and lithofacies associated with the
BLHZ, including the ultramafic precursors of the BTIC
and the LWI; (2) establish the textural variability of the
inclusions (e.g. heterolithic versus homolithic compo-
sitions, rounded versus subangular forms, sharp versus
diffuse contacts); and (3) constrain the mechanism(s)
of emplacement and hybridization. The purpose of this
contribution is to present the main objectives, research

Spath, C.S. III, Lesher, C.M., and Houlé, M.G., 2015. Hybridized ultramafic rocks in the Black Label hybrid zone of the Black Thor intru-
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Figure 1. Simplified geological map at 100 m depth showing the locations of diamond drillholes that were logged and sampled
in the course of this study (modified from Weston and Shinkle, 2013). Abbreviation: MLGB = McFaulds Lake greenstone belt.

methods, preliminary results, and some exploration
implications of an M.Sc. project undertaken by the sen-
ior author at Laurentian University under the supervi-
sion of Drs. Lesher and Houlé.

METHODOLOGY

Fieldwork for this project was completed in June and
July 2013 at the Cliffs Natural Resources “Esker

Camp” in the James Bay Lowland. Detailed core log-
ging was conducted to record rock types and textural
variations within each rock unit (LWI, BLHZ, BTIC,
BLCZ) and to collect homogeneous representative
samples for petrographic study, mineral analyses, and
whole-rock geochemical analyses. Selected parts of 39
drill cores (Fig. 1) were re-logged, from which 314 rep-
resentative samples were taken including 123 samples
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of the LWI websterite, 19 samples of LWI feldspathic
websterite and gabbro, 139 samples of the BLHZ
rocks, 10 samples of BTIC dunite and peridotite, and
23 samples of the BLCZ. Thus far, 150 representative
NQ core samples (48 mm in diameter) have been
halved, ground to remove saw marks, scanned, and
examined using binocular microscopy to establish rel-
evant mesoscopic textures. One hundred and twenty-
four of these samples were examined in thin section
(81 standard polished, 17 standard, 21 large, and 5
extra-large thin sections) using transmitted and
reflected light to establish mineralogy and microscopic
textures relevant to the petrogenesis of the BLHZ, and
also to select representative least altered samples for
whole-rock geochemistry. Thirty-three samples have
been analyzed thus far for major, minor, and trace ele-
ments by a combination of wavelength dispersive X-
ray fluorescence spectrometry (WDS-XRFS) and
inductively coupled plasma mass spectrometry (ICP-
MS) at the Ontario Geoscience Laboratories in
Sudbury. Results for another 55 samples are pending.
The data received have been interpreted in combination
with data collected by Carson et al. (2015). Five pol-
ished thin sections have been studied/analyzed using a
scanning electron microscope (SEM) and energy dis-
persive-X-ray emission spectrometry (ED-XRES)
methods to establish the nature of zoning of silicate and
oxide minerals associated with the BLHZ. Twelve pol-
ished thin sections (399 total spots) have been analyzed
using an electron probe micro-analyzer (EPMA) and
wavelength dispersive XRES methods to determine the
compositions of relict pyroxene, olivine, plagioclase,
and chromite.

RESULTS

Geology and Petrography of the Late
Websterite Intrusion

The late websterite intrusion (LWI) is defined as a dis-
tinct intrusion comprising websterite, feldspathic web-
sterite, and gabbro that transgresses the basal portions
of the BTIC, which is spatially, texturally, mineralogi-
cally, and genetically different from websterite present
in the upper parts of the BTIC. It is distinguished from
BTIC pyroxenite by (1) a much greyer colour; (2) a low
degree of alteration; (3) the presence of much more
orthopyroxene, which is characterized by an adcumu-
late texture; (4) abundant inclusions in the parts border-
ing the earlier phases of the BTIC; and (5) restriction to
the lower 2/3 of the BTIC. The LWI is ~1.8 km long
and ~1 km thick and has been intersected in drill core in
the feeder, basal, and central parts of the BTIC (Fig. 1).

Websterite

The dominant rock type in the LWI, which composes
~85% of the intrusion, is an orthopyroxene-rich, pink-

ish grey, generally medium-grained, meso- to adcumu-
late websterite with varying proportions of pyroxene
(95:5 to 80:20 orthopyroxene:clinopyroxene) with
lesser plagioclase (up to 10 modal%; Anz7), accessory
chromite and olivine (Figs. 2a and 3a). Orthopyroxene
is always a cumulus phase, clinopyroxene is most com-
monly an intercumulus phase, and feldspar is almost
always an intercumulus phase. The late websterite is
crosscut by gabbroic dykes and sulphide/magnetite/
talc-serpentine veinlets, but remains relatively unal-
tered. However, both pyroxene and olivine contained
within the inclusion-rich phases of the LWI are more
commonly serpentinized or amphibolitized.

Feldspathic Websterite and Gabbro

Feldspathic websterite and gabbro that compose 15%
of the LWI occur most commonly in the central portion
of the LWI and contain no inclusions. These rocks
appear to represent the residual liquid of the crystalliz-
ing LWI cumulates. The LWI feldspathic websterite
and LWI gabbro are enriched in Al-Ca-P-K-Ti-Sr-Zr-
REE and other incompatible lithophile elements, are
depleted in Mg-Fe, and have higher abundances of pla-
gioclase (up to 60 modal%; ~Angs) and clinopyroxene
relative to LWI websterite (Fig. 3b). Late websterite
intrusion feldspathic websterite and LWI gabbro com-
prise three varieties, all of which are blue-grey and
coarse-grained to pegmatitic: 1) orthocumulate felds-
pathic websterite, which occurs in small (5-50 cm)
stringers within websterite (Fig. 2b); 2) melagabbro;
and 3) rare meso-leucogabbro, which occurs in both
large (0.5-5 m) discrete pods, and crosscutting peg-
matitic dykes (5-30 cm), respectively. Fe-Ni-Cu-
(PGE) sulphide (5-10%) mineralization is present as
small blebs along the margins of small pods and dykes
of meso-leucogabbro that transgress BTIC lithologies
and LWI websterite.

Geology and Petrography of the
Black Label Hybrid Zone

The LWI is transgressive to layering in the lower parts
of the BTIC, but semi-concordant along the lateral
margins, especially in the BLCZ, where fine, distinct
olivine- and chromite-rich bedding exists. The amoe-
boidal shapes of some of the chromite inclusions sug-
gest that the Black Label hybrid zone (BLHZ) formed
by injection of the late websterite melt into semi-con-
solidated dunite-lherzolite-chromitite horizons of the
BTIC. Within inclusion-rich intervals, interclastic
groundmass has been locally hybridized through the
disaggregation of partially consolidated ultramafic
intervals (i.e. incorporation of xenocrystic olivine and
chromite; Fig. 2c¢,d). Black Label hybrid zone intervals
are localized in marginal zones (1-10s m thick) and in
discrete pods (1-15 m) and within the LWI. Websterite
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Dnt incl

Dnt incl

Hyb Harz

Figure 2. Representative scans of NQ (48 mm diameter) and HQ (64 mm diameter) drill core (younging direction to the right).
a) Dunite inclusion (Dnt incl) contained within the late websterite intrusion (LWI Web); note vein of alteration (serpentinization
and amphibolization), sample BT-11-199A/34.2 m, HQ core. b) Pegmatitic LWI feldspathic websterite (LWI Fsp Web) with more
evolved LWI gabbro (LWI Gb) at right, sample BT-09-98/211.4 m, NQ core. ¢) Dunite inclusion (Dnt inc) within hybrid harzburgite
(Hyb Harz); note the bimodal xenocrystic olivine, sample BT-09-46/212 m, NQ core. d) Concordant injection of late websterite
(now hybrid chromite harzburgite: Hyb Chrt Harz) between chromitite (Chrt) and dunite (Dnt) beds, focusing disaggregation;
note the presence of smaller (<1 cm) inclusions and xenocrysts, sample GT-13-13/251.3 m, HQ core. e) BTIC Iherzolite (Lherz)
discordantly injected by late websterite (LWI Web), note crosscutting serpentinite veinlets, sample GT-13-13/43.5 m, HQ core.
f) Bedded chromitite (Chrt) with alternating massive chromite-harzburgite (Harz) intervals, sample GT-13-13/247.5 m, HQ core.
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Figure 3. Photomicrographs of representative polished thin sections in cross-polarized light. a) Adcumulate late websterite intru-
sion (LWI) with a hypidiomorphic texture; note clinopyroxene (Cpx) oikocryst (oik) and atypical elongate crystals of orthopyrox-
ene (Opx), sample BT-09-98 @ 249 m. b) Heteradcumulate LWI feldspathic websterite with oikocrystic plagioclase (Pl) and both
euhedral clinopyroxene and orthopyroxene, sample BT-09-34 @ 120.5 m. c¢) Poikilitic hybrid harzburgite adjacent to dunite inclu-
sion (lower right); note blebby olivine (Ol) with corroded margins and altered orthopyroxene (Alt Opx), sample BT-09-98 @ 361
m. d) Heteradcumulate hybrid chromite harzburgite; note blebby, irregular serpentinized olivine (Srp) enclosed with orthopyrox-
ene that is devoid of chromite (Chr), sample BT-09-29 @ 313.7 m. e) Adcumulate dunite with inequigranular and panidiomor-
phic texture, sample BT-09-32 @ 129 m. f) Net-textured chromitite, with oikocrystic clinopyroxene (Cpx oik) enveloping fine-
grained chromite between oikocrysts chromite, is locally more abundant giving a patchy texture, sample BT-08-08 @ 217 m.
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that contains inclusions, but not hybrid groundmass, is
considered part of the LWI; whereas websterite that has
a locally hybridized matrix and/or inclusions is consid-
ered part of the BLHZ. The greater abundance of
xenocrystic olivine and inclusions in the BLHZ results
in a more pervasive alteration signature than in the
LWL

Hybrid Harzburgite

The most abundant hybrid rock type is localized in
dunite-lherzolite inclusion-rich intervals and comprises
varying proportions of orthopyroxene (40-70%), oli-
vine (5-50%), and clinopyroxene (5-20%). Accessory
chromite, plagioclase, and sulphide are present, with
some intervals containing up to 10% disseminated to
patchy net-textured Fe-Ni-Cu-(PGE) sulphides.
Olivine is a cumulus phase and ranges from 2 to 9 mm
in diameter (Fig. 3c). It is localized along inclusion
margins and appears to have been produced by disag-
gregation of lherzolite and dunite inclusions. The abun-
dance of olivine varies, forming olivine websterite or
harzburgite. Orthopyroxene is euhedral and a cumulus
phase, but when present with olivine exhibits an
oikocrystic texture. Olivine xenocrysts are corroded
along the margins and blebby and irregular in shape
within orthopyroxene oikocrysts (derived from LWI
melt) (Fig. 3¢). Clinopyroxene is an anhedral intercu-
mulus phase. Distinguishing between rock types at a
map-scale is difficult, as they vary on the decimetre to
metre scale within the BLHZ, thus for simplicity this
component is termed the “hybrid harzburgite”.

Hybrid Chromite Harzburgite

This rock type is less abundant and occurs in brecciated
BLCZ intervals; it comprises varying proportions of
orthopyroxene (20-70%), olivine (5-40%), chromite
(10-40%), and clinopyroxene (5-20%). Accessory pla-
gioclase and sulphide are present, with some intervals
containing up to 10% disseminated to patchy net-textured
Fe-Ni-Cu-(PGE) sulphides. Olivine, orthopyroxene, and
clinopyroxene exhibit the same textures as in hybrid
harzburgite, but are fine- to very fine-grained; euhedral
chromite chadacrysts exhibit no corrosive features and
were apparently refractory during hybridization.

Textural relationships in heavily disseminated to
net-textured chromite harzburgite (10-50% chromite)
indicate selective replacement of olivine by orthopy-
roxene, where the margins of originally larger olivine
grains have been replaced by orthopyroxene, leaving
smaller corroded olivine surrounded by chromite-free
halos (Fig. 3c). Olivine and chromite xenocrysts are
localized around inclusion margins and therefore are
interpreted to represent disaggregation of banded
chromitite-dunite and heavily disseminated to semi-
massive chromitite. The abundance of olivine varies,

forming chromite websterite, chromite olivine-web-
sterite, or chromite harzburgite. Similar to the hybrid
harzburgite, distinguishing between rock types on a
map-scale is difficult, so for simplicity this component
is termed the “hybrid chromite harzburgite”.

Ni-Cu-(PGE) Mineralization

Significant sulphide mineralization is present in the
SW breccia, Central breccia, and NE breccia zones of
the BLHZ (Farhangi et al., 2013) and always occurs
interstitially to the silicate and oxide constituents of the
BLHZ, indicating that it formed during the hybridiza-
tion process. It forms low interfacial angles (15-70°)
with olivine and chromite, indicating that it “wetted”
olivine, but high interfacial angles (65-105°) with
pyroxene, indicating that it did not wet pyroxene,
resulting in patchy disseminated to patchy net textures.

Inclusion Variability

Inclusions are ubiquitous in the BLHZ and in the adja-
cent LWI (within ~5 m), and range from homo- to het-
erolithic (Table 1). The Black Label hybrid zone typi-
cally contains 10 to 50% inclusions, whereas the adja-
cent LWI websterite contains 5 to 10% inclusions.
Only the core of the LWI contains extensive (>100 m)
inclusion-free intervals. Inclusions vary in geometry
(subangular to amoeboidal), contact style (sharp to dif-
fuse), and size (1-50 cm, rarely >1 m). The lithological
variability of the inclusions depends on the scale of
layering in adjacent BTIC intervals: heterolithic inclu-
sions occur adjacent to thinly layered chromitite-dunite
intervals, whereas homolithic inclusions are more
abundant adjacent to more thickly layered chromite-
dunite intervals. Inclusion geometries vary systemati-
cally in the LWI. Subangular to subrounded inclusions
are dominant along the basal contact, and rounded to
amoeboidal inclusions are dominant in the core and
upper margin of the LWI. The size of inclusions and the
sharpness of their contacts vary, but show no regular
distribution.

Mineral Chemistry

Major and selected minor-element compositions of the
olivine, pyroxene, plagioclase, and chromite minerals
in the LWI, adjacent BTIC, and BTIC inclusions are
presented in Table 2.

Olivine compositions determined from the LWI,
BLHZ, and BTIC are Fo75.79, Fogi-76, and Fogs_7g,
respectively. It is apparent from trends in MgO varia-
tion plots of dunite-lherzolite that the most magnesian
olivine in the BTIC is not represented in the suite of
samples analysed so far, which is expected given that
the analyzed samples were in the central, more evolved
part of the BTIC and not in the lower, most primitive
part (Fig. 4a).
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Table 1. Petrographic features of the main types of inclusions in the Black Thor intrusive complex.

Lithology Colour Chromite Texture Grain Mineralogy Description
(modal %) Size
Dunite dark grey, 0-10% Oac fg-cg Ol (90-98%)- Cumulus Ol+Chr with intercumulus Opx; fg-mg Ol but rarely cg (up
green Opx-Chr  to 9 mm), fg-mg Opx, and vfg-fg Chr (Fig. 2a,c, 3e); most common

inclusion in BLHZ and typically exhibits less angular shapes than
chromite inclusions

Lherzolite dark grey- 0-10% Omcto fg-cg OI(75-90%) Cumulus Ol and Chr with intercumulus Opx/Cpx; fg-mg Ol, mg-cg

green Ooc Opx (10-20%) Opx; locally oikocrystic Iherzolite with >30% cg lensoidal Opx
-Cpx-Chr  (Fig. 2e)

Heavily dark grey- 10-50% OChac bi 1) Chr-Ol/Opx Ol, Chr, Opx cumulus with Cpx intercumulus; fg Chr, mg Ol and

disseminated green to OCoc Opx, and cg-vcg Cpx; refractory chromitite inclusions typically

to net-textured 2) Chr-Cpxt  exhibits more angular shapes. Chr occurs either:

chromitite Ol/Opx 1) locally within interstices of cumulus Ol and/or Opx (i.e. chain-

texture);

2) patchy disseminated within oikocrystic Cpx with minor cumulus
Ol/Opx (Fig. 3f)

Matrix & dark grey  50-90% OChac bi 1) Chr-Ol/Opx Same description as heavy disseminated to net-textured Chr; most
semimassive to OCoc 2) Chr-Cpx+ common chromitite inclusion in BLHZ

chromitite Ol/Opx

Massive black 90-98% OChac vfg-fg Chr£(0Ol/ Cumulus Chr, with minor cumulus Ol, Opx, and intercumulus Cpx;
chromitite Opx/Cpx) fg Chr, mg Ol and Opx, and cg-vcg Cpx;

Massive chromitite occurs with either:

a) round aggregates of Ol/Opx;

b) mono- to polymineralic layering (<1 cm thickness) of OI/Opx
(Fig. 2f);

c) negligible intercumulus Cpx phase

Minerals: Chr = chromite; Cpx = clinopyroxene; Ol = olivine; Opx = orthopyroxene; Pl = plagioclase. Cumulate phase: O, C = olivine, chromite,
respectively

Cumulate texture: ac = adcumulate; hac = heteradcumulate; mc = mesocumulate; oc = orthocumulate. Grain size: vfg, fg, mg, cg, vcg =
very fine- fine-, medium-, coarse-, very coarse-grained; bi = bimodal.

Table 2. Representative results of electron microanalyses of minerals from the late websterite intrusion (LWI), Black Label
hybrid zone (BLHZ), and Black Thor intrusive complex (BTIC) inclusions within the BLHZ.

LWI Websterite LWI Gabbro BLHZ BLHZ Chromite BTIC Chromitite BTIC Dunite
Harzburgite Harzburgite Inclusion Inclusion

Ol Opx Cpx PI Opx Cpx PI O Opx Cpx Chr Ol Opx Cpx Chr Ol Opx Cpx Ol  Opx

Si0, 38.8 555 520 494 556 524 471 395 559 527 0.11 40.0 54.9 522 <0.01 405 562 53.2 404 555
TiO, <0.01 0.05 0.24 0.03 0.07 0.39 0.02 <0.010.09 0.22 0.89<0.01 0.10 0.22 0.8 <0.01 0.08 0.14 <0.01 0.06
Al,03 <0.01 1.13 2.83 31.8 150 2.30 33.3 <0.011.53 269 17.6<0.01 1.64 2.69 159 0.01 159 1.99 <0.01 2.12
V.03 N/A NA NA NA NA NA NA NA NA NA 023 NA NA NA 02 NA NA NA NA NA
Cr;03<0.01 028 0.89 N/A 046 063 N/A 001 041 090 41.0<0.01 046 1.05 457 002 057 1.07 0.02 0.75
FesO3 NA' N/A N/A 024 N/A NA 006 NA NA NA 864 NA NA NA 68 NA NA NA NA NA
FeO 204 124 546 022 992 447 006 14.0 945 416 248 137 103 457 202 11.7 819 3.18 130 8.63
MnO 027 028 0.17<0.01 024 0.15 0.02 023 025 0.15 0.33 021 025 0.16 0.3 0.18 022 011 021 022
CoO 003 001 001 N/A 002 001 NA 003 001 001 0.03 0.02 <0.01<0.01 0.03 0.03 0.01 <0.01 0.02 0.01
NiO 022 0.06 0.03 N/A 007 003 NA 019 005 003 003 017 0.05 0.02 0.04 027 0.06 003 026 0.06
ZnO NA NA NA NA NA NA NA NA NA NA 009 NA NA NA 007 NA NA NA NA NA
MgO 405 29.8 159 0.01 31.3 164 0.01 446 314 164 6.96 457 30.7 16.8 943 47.7 322 175 465 31.1
CaO 003 065 220 150 0.85 224 17.0 002 1.00 225 NA 0.02 129 220 NA 003 141 223 001 198
SrO N/A NA NA 001 NA NA <001 NA NA NA NA NA NA NA NA NA NA NA NA NA
Naz0 <0.01 0.01 0.39 3.12 0.01 0.36 1.94 <0.010.03 041 N/A <0.01 0.01 03 N/A <0.01 0.03 0.31 <0.01 0.03
K20 <0.01 <0.01 0.01 0.02 <0.01<0.01 0.01 <0.01 0.01 <0.01 N/A <0.01 <0.01<0.01 N/A <0.01 <0.01 <0.01 <0.01 <0.01
Total 100.26 100.13 99.9899.54 100.1 99.53 99.52  99.3 100.1100.12 99.8299.73 99.73 99.93 99.57 100.41 100.48 99.82 100.28 100.42

Abbreviations are same as Table 1; N/A = not analyzed. Sample locations: LWI Websterite from BT-11-180/171 m; LWI Gabbro from BT-09-32/
119 m; BLHZ Harzburgite from BT-11-179/86.7 m; BLHZ Chromite Harzburgite from BT-11-177/107.6 m; BTIC Chromitite Inclusion from
BT-11-182/275.8 m; and BTIC Dunite Inclusion from BT-11-199A/46.2 m.
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sterite intrusion; Ol = olivine; Opx
orthopyroxene; PI plagio-
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MgO (%)
Orthopyroxene in the LWI (in both websterite and
gabbro) ranges from En7g to Eng4 and clinopyroxene
ranges from Wog47 Engg Fss to Woys1 Ensy Fs7 in com-
position. Orthopyroxene in BTIC inclusions (dunite
and net-textured chromitite lithologies) ranges from
Engj3 to Eng7 and clinopyroxene ranges Wog47 Engg Fss
to Wogs Ens; Fsg in composition. Orthopyroxene in
BLHZ (both hybrid lithologies) ranges from Eng, to
Engs and clinopyroxene ranges from Wog4¢ Engg Fss to
Woyg Ens; Fsg in composition. Plagioclase in the LWI
gabbro is significantly more calcic compared to plagio-
clase in LWI websterite and ranges from Ang7 to Angs
in gabbro and from Angs to An7g in websterite.

Whole-Rock Geochemistry

The majority of the rocks in the BTIC are olivine +
chromite + orthopyroxene =+ (clinopyroxene) adcumu-
late to mesocumulate rocks, that define three broad

trends on MgO variation plots (Fig. 4; see also Carson

et al., 2015):

1. A mixing trend between olivine-rich and chromite-
rich cumulate rocks;

2. A mixing trend between olivine-rich and orthopy-
roxene-rich cumulate rocks;
3. A fractionation trend between pyroxenite and gab-

bro.

The compositions of BLHZ chromite harzburgites
(purple circles in Fig. 4), trend from LWI toward
chromite, and BLHZ harzburgites (purple squares in
Fig. 4), trend from LWI toward olivine. Trace element
geochemistry (Fig. 5) of the LWI websterite shows a
relatively flat pattern with positive U and light rare
earth element anomalies and negative Th, Nb-Ta, and
Sr anomalies. The negative Nb-Ta anomalies suggest
incorporation of an upper crustal component; the nega-
tive Sr anomalies probably reflects greater mobility
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during alteration. The hybrid rocks posses Th-U-Nb-
Ta-Ti-REE signatures similar to BTIC and LWI.

DISCUSSION
Hybridization Processes

Formation of the BLHZ appears to have involved three
main processes: 1) mechanical disaggregation of BTIC
rocks by LWI magma, 2) partial melting of BTIC inclu-
sions by LWI magma, and 3) chemical re-equilibration
of the remaining material of the BTIC inclusions with
LWI magma.

Mechanical Disaggregation

The physical injection of LWI melt into the lower and
middle ultramafic parts of the BTIC mechanically
brecciated adjacent rocks, forming inclusions that were
incorporated into LWI melt. Inclusions were disaggre-
gated along their margins into smaller inclusions or
individual xenocrysts of olivine and chromite (Figs. 2,
3). Mixing of the inclusions and xenocrysts with the
LWI magma likely formed most of the hybrid litholo-
gies. The semi-consolidated nature of the inclusions,
forceful injections of the late melt, and other hybridiza-
tion processes (e.g. partial melting of interstitial
phases) may have facilitated this disaggregation.

Partial Melting

Partial melting of lower temperature phases in BTIC
inclusions locally left only rounded olivine and euhe-
dral chromite as xenocrysts, suggesting that the
remainder of the original minerals in the BTIC inclu-
sions (clinopyroxene =+ orthopyroxene =+ interstitial
melt) were melted. This process would have weakened
the olivine + chromite cumulate framework and facili-

pyroxenite; Web = websterite.

tated disaggregation. Experimental studies (see review
in Arndt et al., 2008) indicate that lower temperature
phases will disappear at temperatures above 1190°C at
1 atm, so the temperature of the LWI magma can be
inferred to have been higher than 1190°C.

Chemical Re-equilibration

Chemical re-equilibration also appears to have
occurred between the silica-rich hybrid melt and
remaining olivine xenocrysts. This re-equilibration is
supported by the presence of irregular, blebby geome-
tries and corrosive margins of olivine chadacrysts and
xenocrysts, indicating that they have reacted with LWI
melt. This process is especially apparent in net-textured
chromitite, where LWI melt invaded and chemically
reacted with olivine to form a chromite-free orthopy-
roxene halo around a residual core of olivine (Fig. 3d).
The inferred reaction is
(Mg,Fe),Si04 (o1) + SiO2 (LWI melt) —
2(Mg,Fe)SiO3 (opx)

Inclusion Variability

Megascopic and microscopic observations suggest that
the sizes, shapes, sharpness of margins, and composi-
tions of inclusions are controlled by the thickness, ini-
tial temperature, and the layered rock types present in
the source rock (BTIC), as well as the degree of ther-
mal equilibration between the wall rock and the intrud-
ing magma:

1. The LWI commonly intrudes bedding within the
BTIC, so the thickness of the bedding and the
nature of the original contacts (sharp versus irregu-
lar versus diffuse: Fig. 2) influences the rock types

113
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(homolithic versus heterolithic), sizes, and shapes
(subspherical versus tabular) of inclusions (Fig. 2).

2. Inclusions are subangular to subrounded at the
basal contact, and rounded to amoeboidal in the
core and at the top margin of LWI, indicating that
the BTIC was incompletely crystallized with a hot-
ter, semi-solid core and cooler peripheries adjacent
to the granodiorite footwall. Hotter, less consoli-
dated wall rocks are more likely to form inclusions
with irregular shapes, whereas cooler, more con-
solidated wall rocks are more likely to form angu-
lar inclusions.

3. More refractory chromitite inclusions tend to have
more angular geometries than less refractory
dunite-lherzolite inclusions. However, all inclusion
rock types exhibit a range of shapes, indicating that
the initial temperature and degree of consolidation
varied in the system. Where rounded to amoe-
boidal geometries are present, the precursor rock
was hotter and less consolidated, and where suban-
gular to subrounded geometries are present, the
precursor rock was cooler and more consolidated.

4. Inclusions that were incorporated earlier in the
process are more likely to have irregular shapes
than inclusions incorporated later in the process,
due to thermal equilibration (e.g. partial melting of
lower temperature phases).

Petrogenesis

Trends of increasing Ni-Mg and decreasing Al-Ti in
hybrid harzburgite reflect variable degrees of incorpo-
ration of olivine into LWI magma, whereas increasing
Ni-Mg-Cr and decreasing Al-Ti in hybrid chromite
harzburgite reflect variable degrees of incorporation of
olivine and chromite into LWI magma. The similar Th-
U-Nb-Ta-LREE signatures of LWI and BTIC suggest
derivation from similar sources.

IMPLICATIONS FOR EXPLORATION

The intrusion of LWI magma does not appear to have
consumed BLCZ, but it has diluted the grade of the
chromite mineralization by dispersing it within the
LWI magma. The Fe-Ni-Cu-(PGE) sulphide mineral-
ization associated with LWI hybrid rocks is texturally,
mineralogically, and geochemically slightly different
from Fe-Ni-Cu-(PGE) sulphide mineralization along
the basal contact of the BTIC. Both are clearly mag-
matic, but the mineralization associated with BLHZ
breccia clearly formed during the magma interaction

process. Further characterization of the hybrid rocks
and inclusion-variability is in progress and will help to
establish the range and variability of processes within
the BTIC, and their influence on the genesis of associ-
ated Fe-Ni-Cu-(PGE) sulphide mineralization in the
BLHZ.
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ABSTRACT

The Thunderbird and Butler intrusions of the McFaulds Lake greenstone belt (“Ring of Fire”) were studied
to determine petrogenesis and associated Fe-Ti-V-(P) mineralization. These intrusions are characterized by
variably well layered gabbro-anorthosite intrusions with abundant Fe-Ti oxides, broadly termed ferrogab-
bro. The layers are composed of partial to complete cycles that comprise basal massive oxide (magnetite-
ilmenite), which grade into semi-massive oxide units, followed by oxide-rich pyroxenite/melagabbro/gab-
bro, oxide-poor melagabbro/gabbro/leucogabbro, and topped with oxide-free leucogabbro/anorthosite. The
cycles range from centimetres to metres in thickness and define the well layered portions of the intrusions
that typically exhibit sharp upper and lower contacts with gradational internal contacts. Conversely, the
intrusions contain broad intervals of disseminated magnetite-ilmenite (2—5%) hosted in melagabbro/gab-
bro/leucogabbro/anorthosite, which range in thickness from metres to tens of metres. The layering and tex-
tures observed within the ferrogabbro units are thought to be dominantly produced by convection currents
with intermittent periods of quiescence.

The ferrogabbro intrusions are characterized by gently sloping LREE and flat HREE patterns. This geo-
chemical signature most closely corresponds to an E-MORB source that is thought to have been the result
of interaction of a mnalte plume with MORB-like mantle under the McFaulds Lake area. This plume-related
magma is thought to have undergone differentiation, resulting in the abundant Cr-Ni-Cu-PGE-bearing ultra-
mafic and evolved Fe-Ti-rich mafic suites in the McFaulds area. Additionally, the plume may have resulted
in a thinned lithosphere and produced the coeval VMS occurrences.

Also studied is the potential application of the TiO,/V,0j5 ratio for the identification of prospective vana-
dium mineralization and to aid in the determination of magmatic stratigraphy.

INTRODUCTION

The McFaulds Lake greenstone belt (MLGB), com-
monly known as the “Ring of Fire”, has been the site of
base and precious metal exploration over the past
decade. This region, located in Ontario’s far north, was
recognized as an underexplored greenstone belt with
the discovery of the McFaulds Lake VMS occurrences
in 2002 (Metsaranta and Houlé, 2011, 2012).
Exploration in the area quickly resulted in the discov-
ery of numerous chromite deposits (e.g. Black Thor,
Black Label, Big Daddy, Black Creek, Black Horse,

edge on the mafic-dominated intrusions that host this
style of mineralization. The main goal of this research
project was to investigate the petrogenesis of the Fe-Ti-
V-(P) mineralization within the Thunderbird, Butler
West, and Butler East intrusions in the McFaulds Lake
greenstone belt (Fig. 1).

RESEARCH METHODS

In the course of this project, several weeks of fieldwork
was completed on the Butler Lake and the Thunderbird
properties. Fifteen diamond drillholes were selected
and characterized to produce detailed stratigraphic logs

and Blackbirds), one Ni-Cu-PGE deposit (Eagle’s
Nest), and numerous Fe-Ti-V-(P) occurrence
(Metsaranta et al., 2015).

Although most of the emphasis has been placed on
Cr and Ni-Cu-PGE deposits, the Fe-Ti-V-(P) mineral-
ized intrusions have received little attention and this
study was initiated in response to this lack of knowl-

(10 drillholes at Butler and 5 drillholes at Thunderbird)
of the intrusions. Petrographic work was conducted on
143 samples, 68 from the Thunderbird intrusion and 75
from the Butler (East and West) intrusions, to investi-
gate their textural and lithological characteristics.
Further characterization of the silicate and oxide min-
erals was conducted using a CAMECA SX-100 elec-

Kuzmich, B., Hollings, P., and Houlé, M.G,, 2015. Petrogenesis of the ferrogabbroic intrusions and associated Fe-Ti-V-(P) mineralization
within the McFaulds greenstone belt, Superior Province, northern Ontario, /n: Targeted Geoscience Initiative 4: Canadian Nickel-
Copper-Platinum Group Elements-Chromium Ore Systems — Fertility, Pathfinders, New and Revised Models, (ed.) D.E. Ames and
M.G. Houlé; Geological Survey of Canada, Open File 7856, p. 115-123.
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Hudson
Bay

Figure 1. Total residual magnetic field showing the location of the Butler West, Butler East, and Thunderbird intrusions in the
McFaulds Lake area. Detailed magnetic data are from the Ontario Geological Survey—Geological Survey of Canada (2011) and
the regional data are from the Geoscience Data Repository for geophysical data of Natural Resources Canada, which can be

access at http://gdr.agg.nrcan.gc.ca/gdrdap/dap/search-eng.php.

tron microprobe analyzer (EMPA) at the Ontario
Geoscience Laboratories (Geo Labs). A total of 100
samples of representative drill core were selected for
whole-rock and trace element geochemistry, 46 sam-
ples from Thunderbird intrusion and 54 from the Butler
intrusions, to characterize the lithologies and determine
possible magmatic stratigraphy (Kuzmich et al., 2015).
The reader is also referred to Kuzmich et al. (2013) and
Kuzmich (2014) for more detailed aspects of this proj-
ect, including the analytical parameters and procedures
used in this study.

RESULTS
Lithofacies

The Butler and Thunderbird intrusions are part of a
mafic-dominated “ferrogabbro” subsuite of the
Neoarchean Ring of Fire Intrusive Suite (RoFIS) and
represent some of the best defined ferrogabbroic intru-
sions within the McFaulds Lake greenstone belt. The
the ferrogabbroic subsuite are described as mafic-dom-
inated intrusions that exhibit an excess of iron oxides

and/or an iron and titanium geochemical enrichment
(Metsaranta and Houlé, 2011; Metsaranta et al., 2015).
These intrusions are characterized by a suite of well
layered magnetite-ilmenite-rich rocks that are domi-
nantly composed of gabbroic to anorthositic (Fig. 2a,b)
units with lesser stratigraphically conformable units
composed of massive magnetite-ilmenite (Fig. 2c).
Rare pegmatitic units have been also observed within
these intrusions but are better exposed in the Butler
East intrusion (Fig. 2d). These pegmatitic units are
bound by gradational contacts and are composed of
mineralogy identical to the ferrogabbro units but with
plagioclase and pyroxene grains in excess of 3 cm. The
Fe-Ti oxides are variably mineralized with vanadium
but generally contain low chromium contents (mag-
netite up to 2.45 wt% V05 and 0.99 wt% Cr0O3;,
ilmenite up to 0.57 wt% V,0s). The massive and semi-
massive oxide layers range in thickness from centime-
tres to metres (Fig. 2e) and occur typically as basal
members of repeated cycles characterized by sharp
lower contacts that grade upwards into oxide-rich
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Figure 2. Representative lithofacies within the ferrograbroic subsuite in the McFaulds Lake greenstone belt. a) Medium-grained
gabbro from the Butler West intrusion (sample BP11-V08). b) Medium-grained anorthosite from the Thunderbird intrusion (sam-
ple NOT-11-2G25). c) Fine-grained massive oxide unit from the Butler West intrusion (sample BP11-V08). d) Pegmatitic gab-
bro with fractured plagioclase from Butler West intrusion (sample MN08-117). e) Thinly layered massive oxides and anorthosite
from the Butler West intrusion (sample MNO08-117). f) Semi-massive to massive oxide layers from the Butler East intrusion

(sample MNO08-70).

pyroxenite, followed by oxide-bearing leucogabbro
and/or anorthosite (Fig. 2f).

Petrography

The majority of the ferrogabbroic intrusions are vari-
ably composed of medium-grained pyroxene, amphi-
bole, plagioclase, magnetite, and ilmenite. However,

the primary silicate mineralogy of these intrusions has
largely been replaced by secondary Fe-rich and Fe-
poor chlorite, amphibole, clinozoisite, and epidote with
accessory titanite, garnet, quartz, and/or potassium
feldspar. Primary plagioclase often exhibits strong
deformation features (e.g. deformation twins, subgrain
boundaries) and as a result the anorthite content, deter-
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Figure 3. Representative photomicrographs displaying Fe-Ti-V-(P) mineralization textures. a) Granular ilmenite with minor
iimenite exsolution within magnetite (reflected light, XPL: sample MN10-117, Butler West intrusion). b) limenite exsolution within
evolved magnetite (reflected light, XPL: sample NOT-11-2G46, Thunderbird intrusion). ¢) Hematite exsolution within primary
iimenite (reflected light, XPL: sample BP11-V01, Butler West intrusion). d) Apatite-oxide mineralization within melagabbro
(transmitted light, XPL: sample NOT-11-2G46, Thunderbird intrusion). Abbreviation: Ap = apatite; Hem = hematite; lIm = ilme-
nite; Mag = magnetite; XPL = cross-polarized.

minations using the Michel-Lévy method are generally
unreliable. Pyroxene grains, when present, are typi-
cally clinopyroxene with rare orthopyroxene and are
partially to completely replaced by blue/green amphi-
bole grains, which rim the pyroxene. Magnetite grains
are typically fine- to medium-grained and display vari-
able abundances of ilmenite exsolution and textures.
Magnetite, which is interpreted to have crystallized
within the basal portion of these intrusions, generally
contains only minor (0-5%), thin (<3 pm) ilmenite
lamellae and/or very fine-grained granular ilmenite
(Fig. 3a), in stark contrast to the magnetite within the
highly evolved upper member of these intrusions,
which is characterized by the presence of thick (5-15
um), abundant (20-30%) ilmenite lamella (Fig. 3b).
Primary ilmenite (i.e. not a product of oxy-exsolution)
displays less variation than the ilmenite that has
exsolved from magnetite. Primary ilmenite generally
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occurs as subhedral to euhedral tabular fine- to
medium-grained crystals with trace amounts of very
fine-grained (<2 um) hematite exsolutions, which is
only observed within the upper portions of the intru-
sions (Fig. 3c¢). Apatite is a rare mineral and only
occurs in significant concentrations (1-4.5%) in the
most evolved portion of the Thunderbird intrusion.
Apatite occurs as fine-grained euhedral clear prismatic
grains associated with disseminated to net-textured
fine-grained anhedral magnetite-ilmenite (Fig. 3d).

Mineral Geochemistry

Magnetite and ilmenite grains lack any apparent com-
positional zoning. Magnetite grains are V;0O3-rich
(<2.46%) but poor in TiO, (<1.42%) and CrpO3
(<0.99%) and display patterns of increasing TiOj,
V705, Al,O3, and CryO3 with decreasing Fe,O3/FeO
contents. Magnetite has very low concentrations of
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Figure 4. Primitive-mantle normalized plot for the Butler West, Butler East, and Thunderbird intrusions grouped according to
weight % Fe2O3. Normalizing values are from Sun and McDonough (1989).

Si0,, Al,O3, MgO, MnO, CoO, NiO, Cu0O, and ZnO.
[lmenite grains contain significant MnO (<1.82%),
V705 (<0.57%), and MgO (<0.41%) with only minor
Si0,, Al,O3, CrpO3, NbyO3, CoO, NiO, CuO, and
Zn0O. Primary magnetite-ilmenite pairs have been used
to calculate the conditions of crystallization based on
the method proposed by Spencer and Lindsley (1981),
although large variations in data were observed, the
approximate temperature of crystallization has been
calculated as 400-500°C (Kuzmich, 2014). However,
the calculated temperatures obtained are too low to rep-
resent crystallization of a gabbroic melt, which is sug-
gested to be ~1100°C (Toplis and Carroll, 1995), and
are interpreted instead to represent the conditions of
oxy-exsolution from a primary ulvdspinel-magnetite
solid solution (Kuzmich, 2014). Magnetite and
ilmenite grains also display lower concentrations of
highly compatible elements (e.g. V, Cr) with increasing
stratigraphic height.

The study of silicate minerals was focused on the
identification of end-member minerals. Pyroxene
grains were largely composed of augite and pigeonite
with lesser ferrosilite, enstatite, and/or wollastonite.
Pyroxene grains have been partially to completely
replaced by amphibole, which is dominantly composed
of hornblende and actinolite with lesser pargasite.
Plagioclase compositions display a trend of decreasing
anorthite content with increased stratigraphic height.
Basal plagioclase generally ranges from 53 to 67% An
(labradorite) with a few analysis as high as 86% An
(bytownite), whereas more evolved units contain pla-
gioclase that is generally restricted to 37-52% An
(andesine dominate).

Whole-Rock and Trace Element Geochemistry

The ferrogabbroic rocks display a large range of major
element compositions due to the large variability in
modal mineralogy. However, the major elements dis-
play positive trends of increasing SiO, contents with
increasing Al,O3, CaO, MgO, and NayO and decreas-
ing Fe;03, MnO, V,0s, and TiO,. Additionally, higher
Fe>O3 contents (which may be used to estimate the
amount of magnetite in the sample) correlate with
increased TiO;, V,0s5, Cr, Ni, Co, and Zn contents.

Trace element diagrams display similar patterns
between the Thunderbird and Butler intrusions (Fig. 4).
The plots are characterized by slightly depleted LREE,
flat HREE patterns, and positive Ti and weak negative
Y anomalies. These patterns display a strong depend-
ence on the concentration of magnetite-ilmenite within
each sample (Fig. 4). Samples with high concentrations
of Fe-Ti oxides (e.g. massive oxides) generally exhibit
positive Nb, Zr, Hf, and Ti anomalies, whereas the
oxide-free samples (e.g. gabbro) display negative Nb,
Zr, and Hf anomalies. Additionally, oxide-rich samples
contain lower trace element contents by an order of
magnitude on average than the oxide-free samples but
contain similar high field strength element (HFSE)
contents. Apatite-bearing units display distinctly differ-
ent trace element patterns that are characterized by one
to two orders of magnitude higher concentrations of
trace elements than the average ferrogabbroic rocks.

DISCUSSION
Formation of Layering
Igneous layering within the ferrogabbroic rocks is a
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distinct feature observed throughout each intrusion.
The most pronounced form of layering within these
intrusions is composed of repeated partial to complete
sequences characterized by sharp lower and upper con-
tacts with gradational internal contacts. These cycles
are composed of basal massive oxides that grade
upwards into semi-massive oxides, followed by oxide-
rich pyroxenite/melagabbro/gabbro, oxide-poor mela-
gabbro/gabbro/leucogabbro/anorthosite, and topped
with oxide-free gabbro/leucogabbro/anorthosite. These
layers are interpreted to have formed through intermit-
tent convection currents (Kuzmich, 2014) similar to
what it has been proposed by Naslund et al. (1991) for
the Skaergaard intrusion. Each convective cycle sup-
plied the crystallizing front with dense, Fe-Ti oxides
and in periods of quiescence the magma deposited
crystals/minerals in order of decreasing density.

Layers of stratigraphically conformable pegmatitic
units composed of oxide-bearing ferrogabbro occur
within all intrusions, but are most prevalent within the
Butler West intrusion. These units display gradational
contacts and are mineralogically identical to the sur-
rounding medium-grained ferrogabbro. These layers
are thought to have formed in the presences of rela-
tively volatile-rich phases and possibly reflect intro-
duced fluids from the country rocks or from the migra-
tion of fluid dissolves in the intercumulus melt during
the cooling of the cumulate pile within the intrusion
(e.g. Nicholson and Mathez, 1991; Boudreau, 1999).

Petrogenesis of Butler and Thunderbird
Intrusions

The Butler and Thunderbird intrusions represent three
of numerous gabbroic intrusions currently recognized
within the McFaulds Lake area that are characterized
by extreme degrees of iron enrichment (Metsaranta et
al., 2015). These intrusions are proposed by Kuzmich
(2014) to have originated from a mantle plume source
that underplated the McFaulds Lake greenstone belt.
The plume-related magmas likely differentiated into a
primitive ultramafic portion and an evolved mafic por-
tion, similar to what has been proposed for the
Emeishan plume (Zhou et al.,, 2008). The evolved
mafic magma would exist as a reduced, anhydrous melt
that was variably contaminated by the depleted mantle,
as suggested by enriched mid-ocean ridge basalt (E-
MORB) trace element patterns.

The plume-sourced mafic melt underwent a two-
stage evolution, the first of which is characterized by a
system that was closed to oxygen, anhydrous, reduced,
and underwent crystallization of Fe-poor mineral
phases (e.g. olivine, plagioclase), which resulted in an
Fe-rich residual magma. The second stage is character-
ized by shallow emplacement within a system partially
open to oxygen, which allowed the magma to initiate
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Figure 5. Binary plot of TiO2/V20s ratio versus VoOs5 (bottom
axis) and versus P2Os (top axis), which is use as proxy for V-
rich magnetite and for apatite, respectively, in the Butler and
Thunderbird intrusions (Kuzmich, 2014).

the crystallization of Fe-Ti oxides. The onset of mag-
netite-ilmenite crystallization would reverse the evolu-
tion from Fe-Ti enrichment to a system that would fol-
low an anorthositic-granitic evolutionary trend.
Kuzmich (2014) suggested the same mantle plume that
generated the ferrogabbroic intrusions also produced
the voluminous Cr-Ni-PGE-mineralized ultramafic
intrusion (e.g. Eagle’s Nest, Black Thor) and resulted
in a thinned lithosphere that facilitated the coeval Cu-
Zn VMS occurrences at ca. 2735 Ma (Mungall et al.,
2010).

IMPLICATIONS FOR EXPLORATION

Through this study on the Fe-Ti-V-(P) mineralized fer-
rogabbroic intrusions in the McFaulds Lake greenstone
belt, variations in the TiO2/V,05 whole rock ratio have
demonstrated the potential to be a useful tool in the
interpretation of stratigraphy and to aid in the determi-
nation of prospective vanadium and/or possible phos-
phorous horizons (Fig. 5). The ratio is interpreted to
increase during magmatic evolution and, with large
datasets, can be used to interpret stratigraphic way-up.
The use of the TiO,/V,0s5 ratio is particularly of inter-
est due to the resistant nature of the host oxide miner-
als (magnetite and ilmenite) to metamorphism and the
minerals can be analysed at relatively low cost (e.g. X-
ray fluorescence) and are independent of the bulk sili-
cate composition.

The maximum vanadium potential for the Butler and
Thunderbird intrusions, based on a data set of >2600
samples (data provided by from MacDonald Mines
Ltd. and Noront Resources Ltd.), can be estimated
using Figure 5. Samples that have TiO,/V,05 values of
~8 to 12 display the richest vanadium-bearing mag-
netite and therefore the highest potential for economic
concentrations in massive and semi-massive oxide lay-
ers. The vanadium potential exponentially decreases as
the TiO,/V;,0j5 ratio increases; for example, a ratio of
~40 is proposed to represent one third of the potential
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as values in the ~8 to 12 range, and ratios of >500 dis-
play no potential for vanadium mineralization, even
within massive oxide units. Conversely, all apatite min-
eralization (<4 wt% P,Os) is associated with higher
TiO3/V,0s5 ratios (>100), which may represent Fe-Ti-
P-rich melts (nelsonite).
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ABSTRACT

The Eeyou Istchee Baie-James region is dominantly underlain by Archean rocks belonging to the Superior
Province, which is mainly composed of juxtaposed sequences of predominantly sedimentary, volcano-plu-
tonic and plutonic rocks. The distribution of mafic to ultramafic intrusions and ultramafic volcanism reveals
a general abundance at the regional scale, with the greatest volume in the La Grande Riviére and Eastmain
domains of the La Grande Subprovince in the central-eastern part of the Superior Province flanked by the
Opinaca Subprovince to the south, the Ashuanipi Subprovince to the east, and the Minto Subprovince to the
north.

Preliminary geochronological results in the Eeyou Istchee Baie-James region indicate that the ultra-
mafic-mafic magmatism extended over a period of more than 200 Ma, from ca. 2.88 Ga to 2.63 Ga. Various
types of ultramafic to mafic magmatism have been documented in the La Grande Riviére and Eastmain
domains and their vicinity: 1) ultramafic lavas and ultramafic intrusions of komatiitic affinity; 2) dominantly
ultramafic intrusions; 3) dominantly mafic intrusions; 4) ultramafic to mafic intrusions of alkaline affinity;
and 5) lesser volumes of ultramafic lamprophyres. Several of these ultramafic to mafic intrusion types also
contain Cr-(PGE), Ni-Cu-(PGE), and Fe-Ti-(V) mineralization. The most important examples of these types
of mineralization include the Menarik Complex (Cr-(PGE)), the Lac des Montagnes intrusions (Cr-(PGE)),
the Lac Gayot intrusions (Ni-Cu-(PGE)), the Nisk intrusion (Ni-Cu-(PGE)), and the baie Chapus Pyroxenite
(Fe-Ti-(V)).

As part of the Targeted Geoscience Initiative — Phase 4 (TGI-4), the Geological Survey of Canada and
the Ministére de I’Energie et des Ressources naturelles (MERN) have undertaken reconnaissance work to
better characterize these types of intrusions in terms of their distribution, geochemical and mineralogical
characteristics, and prospectivity for the above-mentioned mineralization types. Studies are ongoing for
intrusions in the Lac Yasinski, Lac Pelletan, Lac Gayot, Lac des Montagnes, and Lac Fed areas, in addition
to a more regional study underway in the area south of the La Grande 4 Reservoir (Lac Richardie). New
geochronological work is also in progress, which will allow us to better understand the temporal distribu-
tion of the ultramafic to mafic magmatism in this portion of the Superior Province. A better understanding
of these ultramafic and mafic intrusions will also reveal whether they demonstrate similar characteristics to
ultramafic to mafic intrusions recently discovered in the McFaulds Lake area of Ontario (a.k.a. “Ring of
Fire”), which contains major Cr-(PGE) and Ni-Cu-(PGE) deposits.

INTRODUCTION

Mafic and ultramafic intrusions and ultramafic vol-
canic rocks are widely distributed throughout the
Superior Province, many of which host significant Cr-
platinum-group element (PGE), Ni-Cu-(PGE) and Fe-
Ti-(V) orthomagmatic mineralization (see Fig. 1 in
Houlé et al., 2015). Recent discoveries of world-class
chromite deposits (e.g. Black Thor, Big Daddy), Ni-
Cu-(PGE) deposits (e.g. Eagle’s Nest), and Fe-Ti-(V)
occurrences (e.g. Thunderbird) in the McFaulds Lake

greenstone belt (MLGB) in northern Ontario (see
Metsaranta et al., 2015) highlight the mineral potential
of this region, in addition to possible correlative areas
eastward across the Superior Province, such as the La
Grande Riviére and Eastmain domains within the
Eeyou Istchee Baie-James region in northern Quebec
(Houlé¢ et al., 2015).

As part of the High-Mg Ultramafic to Mafic Ore
Systems subproject under the Targeted Geoscience
Initiative 4 (TGI-4), the Geological Survey of Canada

Houlé, M.G., Goutier, J., Sappin, A.-A., and McNicoll, V.J., 2015. Regional characterization of ultramafic to mafic intrusions in the La
Grande Riviére and Eastmain domains, Superior Province, Quebec, In: Targeted Geoscience Initiative 4: Canadian Nickel-Copper-
Platinum Group Elements-Chromium Ore Systems — Fertility, Pathfinders, New and Revised Models, (ed.) D.E. Ames and M.G. Houlé;

Geological Survey of Canada, Open File 7856, p. 125-137.
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and the Ministére de 1’Energie et des Ressources
naturelles (MERN) undertook a reconnaissance study
to better characterize some of the numerous ultramafic
to mafic intrusions within the La Grande Riviére and
the Eastmain domains within the La Grande
Subprovince in the Eeyou Istchee Baie-James region
(Fig. 1). The main goal of this contribution are to pres-
ent the spatial and temporal distribution of these ultra-
mafic to mafic intrusions including the main geological
findings from local-scale studies conducted across
these domains over the past couple of years in the Lac
Yasinski, Lac Pelletan, Lac Richardie, and Lac Gayot
areas within the La Grande Riviére domain and the Lac
des Montagnes and Lac Fed areas within the Eastmain
domain (Fig. 1). Some economic implications at the
regional scale will be also briefly discussed.

GEOLOGICAL SETTING

The Eeyou Istchee Baie-James region is dominantly
underlain by Archean rocks of the Superior Province,
which are mainly composed of juxtaposed sequences
of predominantly sedimentary, volcano-plutonic and
plutonic rocks. The distribution of ultramafic to mafic
intrusions and ultramafic volcanism reveals a general
abundance at the regional scale, with the greatest vol-
ume in the La Grande Riviére and Eastmain domains
(La Grande Subprovince) in the central-east part of the
Superior Province, flanked by the Opinaca
Subprovince to the south, the Ashuanipi Subprovince
to the east, and the Minto Subprovince to the north

(Fig. 2).
RESULTS

Spatial and Temporal Distribution of
Ultramafic and Mafic Intrusions

Various types of ultramafic to mafic magmatism have
been documented in the La Grande Riviére and
Eastmain domains and vicinity including (1) ultramafic
lavas and ultramafic intrusions of komatiitic affinity,
(2) ultramafic-dominated intrusions, (3) mafic-domi-
nated intrusions, (4) ultramafic to mafic intrusions of
alkaline affinity, and (5) ultramafic lamprophyres. To
date, the komatiitic rocks have been recognized essen-
tially within the La Grande Riviére domain but also
occur sporadically within the Eastmain domain. The
main occurrences of komatiitic rocks are recognized in
the Guyer Group within the Lac Guyer-Keyano green-
stone belt, in the Dalmas Formation within the Escale-
Trieste greenstone belt, and in the Gayot Complex
within the Vénus-Moyer greenstone belt but some have
been also reported in the Laforge-Aquilon and Coulon
greenstone belts (Figs. 1, 2). The presence of komati-
itic rocks in the Eastmain domain is more restricted;
they occur mostly in the Komo and Natal formations

within the Basse Eastmain greenstone belt and at the
base of the Haute Eastmain greenstone belts in the Lac
Lépante area (Figs. 1, 2). The ultramafic-dominated
and mafic-dominated intrusions are widespread across
these domains and commonly coexist. However, they
appear to be locally grouped and form ultramafic-dom-
inated areas and mafic-dominated areas, which broadly
alternate from north to south and trend east-west in the
Eeyou Istchee Baie-James area (Fig. 2). The ultramafic
to mafic alkaline intrusions are much more restricted
and occur predominantly in the Lac Pelletan and Lac
Richardie areas of the La Grande Riviére domain and
in its vicinity within the Opinaca Subprovince near the
boundary of between these two lithotectonic entities.
Ultramafic lamprophyre is relatively widespread
throughout the area but extremely marginal in abun-
dance.

Preliminary geochronological results indicate that
the ultramafic-mafic magmatism in the La Grande
Riviére and Eastmain domains may have extended over
a period of more than 200 Ma, from ca. 2.88 to 2.63
Ga. The upper age constraint is provided by a felsic
volcanic rock in the Lac Gayot area within the Vénus-
Moyer greenstone belt that yielded an U-Pb age of ca.
2880 Ma (David et al., 2009), which would constrained
the komatiite lava flows in that greenstone belt the old-
est recognized manifestation of the ultramafic magma-
tism in the La Grande Riviére domain. The lower age
constraint is defined by a maximum age of ca. 2630 Ma
(U-Pb), which was obtained in the course of this study
from an alkaline gabbroic rock in the Lac Pelletan area
within the Opinaca Subprovince at the margin of the La
Grande Riviére domain (see below).

Local-Scale Studies — La Grande Riviére
Domain

Lac Yasinski Area

Regional bedrock mapping has been conducted in the
Lac Yasinski area by the ministére de I’Energie et des
Ressources naturelles (MERN) in the late 1990s, where
a series of ultramafic to mafic intrusions (e.g. Menarik
Complex, baie Chapus Pyroxenite) was recognized and
further characterized by Cimon et al. (1997), Houlé
(2000), Houlé et al. (2002), and Houlé and Goutier
(unpub. data). However, during the course of this study,
reassessment of the baie Chapus Pyroxenite has been
undertaken by Sappin et al. (2015) and new geochrono-
logical work has been carried out on this intrusion and
also on the Menarik Complex (MC) to better under-
stand their temporal relationship.

The MC (~2 x 3 km; Fig. 1) is one of the largest lay-
ered ultramafic-mafic intrusions found in the La
Grande Riviére domain. It consist of a lower
Ultramafic Zone composed of peridotite, poikilitic
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Figure 1. Simplified geological map of the eastern part of the Superior Province showing the distribution of the main Archean
volcano-sedimentary sequences within the La Grande Riviére and Eastmain domains of the La Grande Subprovince (modified
from Thériault and Beauséjour, 2012). Yellow stars indicate the location sites: A = Lac Yasinski (A1 = Menarik Complex, A2 =
baie Chapus Pyroxenite); B = Lac Pelletan; C = Lac Richardie; D = Lac Gayot; E = Lac des Montagnes; and F = Lac Fed.
Dashed blue outlines highlight the greenstone belts.
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Figure 3. Typical lithologies associated with the ultramafic-dominated intrusion within the La Grande Riviére and Eastmain
domains. a) Typical poikilitic peridotite from the Menarik Complex. b) Typical pyroxenite from the baie Chapus Pyroxenite.
c) Phlogopite pyroxenite from an alkaline intrusion in the La Grande Riviere domain. d) Close-up of the phlogopite pyroxenite
showing in (c) with a pyroxene porphyroblast of 4 cm in diameter. ) Chromite-bearing peridotite from the Lac des Montagnes
intrusions. f) Varitextured gabbro from the Lac des Montagnes intrusions.

peridotite (Fig. 3a) with lesser pyroxenite and
chromite-rich horizons and an overlying Mafic Zone
composed of gabbroic rocks. The intrusive rocks
mostly have high CryO3 contents and flat rare earth
elements (REE) profiles but their mineral compositions
are unknown as almost all primary mineralogy has
been replaced except for chromite. The composition of
the chromite cores plot in a limited range of Cr#
(100*Cr/(Cr+Al)), from 69 to 58, but exhibit a much

wider range of Mg# (100¥*Mg2+/(Mg2++Fe2t)), from
61 to 2, that are interpreted to reflect the primary com-
position of the parental magma and the subsolidus
reequilibration with the silicates, respectively (Fig. 4a).
A pegmatitic gabbroic rock has been sampled and
yields a crystallization age of ca. 2750 Ma.

The baie Chapus Pyroxenite (~1 x 3 km; Fig. 1) isa
broadly layered intrusion, composed mainly of pyrox-
enite (Fig. 3b), plagioclase pyroxenite, and olivine
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pyroxenite, in addition to mesocratic gabbro and lesser
peridotite and dunite. Significant accumulations of
magnetite were found near the summit of the intrusion.
The intrusive rocks have locally high-FeO; content and
are enriched in light REE compared with heavy REE
and contain preserved clinopyroxene with relatively
primitive composition (Mg#gy 73). Near the top of the
intrusion, a pegmatitic phase composed of chlorite,
hornblende, plagioclase with lesser ilmenite and
apatite, yielded an age of ca. 2802 Ma, which is signif-
icantly older than the age obtained from the MC.
However, this age is interpreted to represent an inher-
ited zircon age based on the presence of numerous
tonalitic enclaves and trace element signature that
appeared to be the result of mixing between the uncon-
taminated pyroxenite of the intrusion and the adjacent
tonalitic rocks or underlying Mesoarchean basement.

Lac Pelletan Area

Regional bedrock mapping conducted by the MERN in
the Lac Pelletan area during the summer 2012 led to
the discovery of an ultramafic intrusion (Fig. 1) char-
acterized by an uncommon metamorphic mineralogical
assemblage (e.g. anthophyllite, hornblende) and tex-
ture (Chartier-Montreuil, 2013) in the Eeyou Istchee
Baie-James region.

This ultramafic-mafic intrusion (~90 x 240 m) has
been metamorphosed to upper amphibolite facies but is
relatively undeformed. It consists primarily of an
olivine pyroxenite unit that contains typically large
orthopyroxene porphyroblasts (from mm to 5 cm-scale,
but locally up to 10 cm in diameter) and a minor gab-
broic unit. The presence of phlogopite and generally
high K>O contents of these intrusive rocks suggest an
alkalic affinity for this intrusion. These rocks are also
enriched in light REE compared with heavy REE and
the ultramafic unit contains relicts of olivine of inter-
mediate composition (Mg#79_73). U-Pb geochronology
on the gabbroic unit of this intrusion yielded an age of
<2630 Ma.

Lac Richardie Area

Several ultramafic intrusions were inventoried during a
mapping program conducted in the summer 2013 by
the MERN in the Lac Richardie area (Fig. 1) within the
La Grande Riviere domain and Opinaca subprovince
and were further characterized by Grzela et al. (2014).

These ultramafic intrusions (<10 km length) were
subdivided into two main types, based on field obser-
vations, petrographic work, and geochemical analysis.
Type I intrusions are composed mainly of peridotite
with minor layers of chromite. The intrusions are gen-
erally enriched in Cr,O3 and PGE and exhibit flat REE
profiles. Type II intrusions are composed mainly of
olivine pyroxenite and pyroxenite with localized peri-

dotite and they exhibit light REE enrichment profiles.
Several subtypes have been defined for the type II
intrusions: (1) a subtype characterized by the presence
of phlogopite and enrichment in KO suggesting an
alkalic affinity (Fig. 3¢,d), (2) a subtype characterized
by the lack of phlogopite and a depletion in K,O, and
(3) a subtype characterized by an enrichment in FeO.
The mineral composition and ages of these ultramafic
intrusions have not been studied.

Lac Gayot Area

A komatiitic succession, including lava flows and
intrusions, has been discovered within the Vénus-
Moyer greenstone belt (Fig. 1) during bedrock regional
mapping by the MERN and prospecting by Virginia
Mines in 1998. This area has not been revisited by the
authors but new petrographic work and geochemical
analysis has been conducted during the course of this
study (Huot et al., 2015).

The komatiitic succession is subdivided into a lower
and upper komatiitic unit. The lower unit consists of
peridotite, with local harrisite, pyroxenite, and gabbro,
which are interpreted to be intrusive in origin based on
the lack of volcanic features and local discordant rela-
tionships with the country rocks exhibiting metamor-
phism and metasomatism contacts. The upper unit is
composed of very fine-grained ultramafic rocks that
are likely extrusive, as suggested by poorly developed
pillowed flows and volcanic breccias (Huot et al.,
2015).

Local-Scale Studies — Eastmain Domain
Lac des Montagnes

The Lac des Montagnes ultramafic-dominated intru-
sion (LMI) is part of a series of east-northeast-trending
ultramafic intrusions found in the Nemaska volcano-
sedimentary belt (Fig. 1) and referred as the Lac des
Montagnes intrusive suite (Fig. 2). A reconnaissance
study was conducted by Bédard et al. (2014, 2015) to
better characterize this intrusion.

This ultramafic-dominated intrusion (~185 x 1100
m) is mainly composed of peridotite (Fig. 3e), olivine
pyroxenite and pyroxenite with lesser chromite-rich
layers and is overlain by a mafic sequence composed of
mesocratic to melanocratic gabbroic rocks (Fig. 3f).
Geochemical analysis of this intrusion is in progress.
The core compositions of the chromite have a wider
range of Cr# than other intrusions, from 98 to 62, but
some of these extreme values might be related to a loss
of aluminum during the alteration. However, the range
exhibit a of Mg#, which range from 49 to 9, are similar
to the other intrusions in the area (Fig. 4b). The intru-
sion is interpreted to possess komatiitic affinities,
based on the occurrence of randomly-oriented olivine
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spinifex texture near the base of the intrusion, chromite
composition that is similar to typical chromite compo-
sition of komatiites, and the presence of olivine with
high Mg number (Mg#g91_g9). A pegmatitic gabbroic
rock was sampled for geochronological work and
yielded an age of ca. 2802 Ma, which is interpreted as
the crystallization age.

Lac Fed Area

The Lac Fed intrusion (Fig. 1) has been recognized by
Labbé and Grant (1998) during a bedrock geological
mapping conducted by the MERN. This site was not
visited during the course of this study; however, a suite
of samples for geochemical analysis was provided by
Azimut Exploration Inc. and characterized by Fecteau
(2013).

This ultramafic intrusion (~1 x 3 km) is composed
mainly of peridotite and chromite-bearing peridotite

that includes chromitite layers. Komatiite lava flows
containing spinifex textures have also been recognized
in the vicinity of the intrusion by Labbé and Grant
(1998) and are interpreted to be located in its strati-
graphic hanging wall. The intrusive rocks have high
CryO3 contents. The core compositions of the chromite
have a limited range of Cr#, from 80 to 64, but exhibit
a much wider range of Mg#, from 53 to 35 (Fig. 4c).
However, despite all composition reported are from the
cores of the chromite grains, not all appear to represent
a primary composition and may reflect some sub-
solidus re-equilibration with the silicates and post-
magmatic alteration, as suggested for chromite from
the LMI. The chromite composition, similar to the
composition of chromite from komatiites, coupled with
the presence of komatiite nearby suggests a komatiitic
affinity for this ultramafic intrusion. The REE contents
and age of the Lac Fed intrusion are unknown.
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Mineralization Styles

The La Grande Riviére and Eastmain domains host a
diversity of mineralization styles (e.g. lode gold, iron
ore, Li-Ta bearing pegmatite), including several ultra-
mafic to mafic intrusions that contain Cr-(PGE), Ni-
Cu-(PGE) or Fe-Ti-(V) orthomagmatic mineralization

(Fig. 2).
Cr-(PGE) Mineralization

Numerous Cr-(PGE) deposits and occurrences have
been identified within the La Grande Riviere and
Eastmain domains but the MC and LMI within the
Yasinski and the Nemaska greenstone belts, respec-
tively, are the most important (Fig. 2).

The MC contains more 30 silicate-chromitite and
chromitite seams distributed throughout the Ultramafic
Zone. These chromite-rich horizons were divided into
3 types: (1) chromitite and silicate chromitite (Fig. 5a)
are present in massive layers ranging from 30 cm to 1
m thick (>50% chromite), (2) homogeneous chromite-
rich peridotite layers range from 5 to 30 cm (<50%
chromite), and (3) olivine-rich peridotite interlayered
with chromitite seams or chromite-rich peridotites that
reach 2 m thick (Houlé, 2000). Two styles of PGE min-
eralization are also present in the MC with early PGE
mineralization associated with chromitite seams and
later PGE mineralization associated with Fe-Ni-Cu sul-
phide veins (Houlé et al., 2002).

The LMI occur has three main chromite-rich zones
that are hosted within the ultramafic sequence
(Williams, 1965; Bédard et al., 2014). The lower and
upper chromitite zones are several cm-thick layers with
up to 30% net-textured chromite, alternating with ser-
pentinized peridotite with a cumulative thickness aver-
aging ~10s m. The 10 m thick middle chromitite zone
is the most important and consists of several massive to
semi-massive chromitite (75-85% chromite) layers
ranging from about 10 cm to 3 m thick alternating with
serpentinized peridotite with well-preserved cumulate
textures (Fig. 5b).

Other significant occurrences of Cr-(PGE) mineral-
ization occur in the Lac Long intrusion (Fig. 5¢) and in
the Lac Fed intrusion (Fig. 5d) within the Guyer-
Keyano and the Basse Eastmain greenstone belts,
respectively (Fig. 1).

Ni-Cu-(PGE) Mineralization

Numerous Ni-Cu-(PGE) occurrences are present
within the La Grande Riviére and Eastmain domains,
the most of which are located within the komatiitic
sequences in the Vénus-Moyer greenstone belt and
within the Nisk intrusion in the Nemaska greenstone
belt (Figs. 1, 2).

Several of these were found in the Mesoarchean

subvolcanic to volcanic komatiitic sequences in the
Lac Gayot area (Huot et al., 2015). Ni-Cu-(PGE) min-
eralization occurs as disseminated, blebby (Fig. 5g),
net-textured, and massive sulphides hosted within
komatiitic units and locally within the country rocks.
Despite the presence of intrusive and extrusive komati-
itic rocks in this area, the mineralization has only been
recognized in only the intrusive component, which is
interpreted as a magmatic feeder and subconcordant
sills (Huot et al., 2015).

Several Ni-Cu-(PGE) mineral occurrences have
been recognized in the Nemaska area and the Nisk-1
deposit is the most significant one. It occurs within a
composite peridotitic sill at the contact between the
lower and upper peridotite zones and is interpreted to
have a komatiitic affinity (Vallée, 2012). The sulphide
mineralization exhibits several sulphide facies (e.g.
Fig. 5e). The most common are massive (Fig. 5f), net-
textured, and disseminated sulphides, typical of what it
is observed in komatiite-associated Ni-Cu-(PGE)
deposits.

Fe-Ti-(V) Mineralization

Fe-Ti-(V) mineralization is relatively uncommon in the
La Grande Riviere and the Eastmain domains. The only
known example is found within the baie Chapus
Pyroxenite where the mineralization is several metres
wide and composed of a massive to semi-massive mag-
netite (55-90 % magnetite) layer that and extends more
than 70 m (Fig. Sh). This layer of titaniferous and
vanadiferous magnetitite layer, grades up to 66%
Fey03¢, 9.2% TiO, and 0.7 % V05 and is composed
of magnetite enriched in Ti (340—49 860 ppm) and V
(1310-7440 ppm), and low in Cr (<300 ppm), Al (<140
ppm) and Ni (<620 ppm) (Fig. 6; Sappin et al., 2015).

DISCUSSION

The spatial and temporal distribution of the ultramafic
to mafic intrusions is still poorly constrained across the
Eeyou Istchee Baie-James region despite our new TGI-
4 investigations at several localities within the La
Grande Riviére and Eastmain domains.

The ultramafic-mafic magmatism that occurred
broadly between ca. 2.88 Ga and 2.63 Ga (this study)
generated various types of ultramafic to mafic intru-
sions/lavas including komatiitic ultramafic units, ultra-
mafic-dominated intrusions, mafic-dominated intru-
sions, alkaline ultramafic to mafic intrusions, and ultra-
mafic lamprophyre. These intrusions/lavas have differ-
ent levels of prospectivity to host Cr-(PGE), Ni-Cu-
(PGE), and Fe-Ti-(V) orthomagmatic mineralization.
Preliminary results suggest that the most prospective
units are associated with ultramafic bodies that are
enriched in olivine and exhibit a komatiitic affinity.
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Figure 5. Typical exam-
ples of Cr-(PGE), Ni-
Cu-(PGE), and Fe-Ti-
(V) orthomagmatic min-
eralization observed in
the La Grande Riviére
and Eastmain domains.
a) Chromitite and sili-
cate chromitite seam
from the Menarik
Complex. Knife is 9 cm
long. b) Massive and
semi-massive chromi-
tite seams from the Lac
des Montagnes intru-
sions. Hammer is 30
cm. ¢) Thin massive
chromite seam from the
Lac Long intrusion.
d) Massive chromite
seam from the Lac Fed
intrusion. Chisel is 24
cm long. e) Jack-straw-
textured ore from the
Nisk-1 deposit. Core is
4.5 cm in diameter.
f) Massive to semi-
massive sulphides from
the Nisk-1 deposit.
Core is 4.5 cm in diam-
eter. g) Peridotite with
disseminated sulphides
containing cm-scale
blebs of massive sul-
phides from the L occur-
rence in the Gayot area
(courtesy of Mines
- Virginia). Magnetic pen
is 12,5 cm long.
h) Massive magnetitite
from the Baie Chapus
Pyroxenite. Lens cap is
4 cm.
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Figure 6. Ni+Cr versus Ti+V discriminant diagram from Méric
(2011) for magnetite from Fe-Ti-V-P deposits and hydrother-
mal deposits. The data represent individual magnetite analy-
ses from the baie Chapus Pyroxenite. The main geographic
subdivisions of the baie Chapus Pyroxenite are shown on
Fig. 2b in Sappin et al. (2015). The compositional field of
magnetite are from TGI-4 study.

IMPLICATIONS FOR EXPLORATION

Numerous ultramafic to mafic intrusions and ultra-
mafic volcanic rocks occur in the La Grande Riviere
and Eastmain domains of the La Grande Subprovince,
however, none are known to host world-class or very
large Cr-(PGE), Ni-Cu-(PGE), and Fe-Ti-(V) concen-
trations of orthomagmatic mineralization. Although,
preliminary observations suggest the Cr-(PGE), Ni-Cu-
(PGE), and Fe-Ti-(V) mineralization is relatively mod-
est, the composition of the analyzed chromite (MC,
LMI, Lac Fed) (Fig. 4) and magnetite (baie Chapus)
(Fig. 6) are similar to those from the McFaulds Lake
area (Ring of Fire: Ontario). In light of these results,
we suggest that the entire area, but more specifically
the area where the ultramafic intrusions are the most
abundant (Fig. 2), has potential for these styles of min-
eralization, which should be taken into account when
planning exploration programs related to mafic and
ultramafic intrusions in the Eeyou Istchee Baie-James
region.

A Pyroxenite (+ Pl)
Semi-massive to
massive magnetite
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ABSTRACT

The 1108 Ma Thunder mafic to ultramafic intrusion is a small, 800 x 100 x 500 m, Cu-PGE mineralized
body, located on the outskirts of Thunder Bay, Ontario. It is associated with the early magmatic stages of
the Midcontinent Rift based on geochemical similarities to mafic and ultramafic rocks of the Nipigon
Embayment and a 207Pb/206Pb zircon age of 1108.0 + 1.0 Ma. The Thunder intrusion is similar to other
known mineralized early-rift Midcontinent Rift intrusions; however, it is the only known occurrence of the
Midcontinent Rift hosted in an Archean greenstone belt (Shebandowan). Major textural and geochemical
differences can be used to subdivide the intrusion into a lower mafic to ultramafic unit and an upper gab-
broic unit; the similar trace and rare earth element ratios of the two units suggest a single magmatic pulse
that has undergone subsequent fractional crystallization and related cumulate phase layering. The estimated
parental composition of the Thunder intrusion has a Mg# (MgO/(MgO+FeOt,t), mole%) of 57, which rep-
resents a more evolved magma than other early-rift mafic to ultramafic intrusions and may indicate multi-
ple staging chambers during the ascent of the parent magma.

Trace and rare earth element patterns are consistent with a mantle plume ocean island basalt-like source
but with high-Th concentrations and a negative Nb anomaly. The ENd; values of the intrusion range between
-0.7 and +1.0, with no trends indicative of progressive wall-rock contamination, whereas the 87Sr/86Sr;
ratios range from 0.70288 to 0.70611 and trend towards wall-rock values of between 0.70712 and 0.70873.
The radiogenic Sm-Nd and Rb-Sr isotope signature is similar to the contamination trends of the Nipigon
sills, which is interpreted to represent contamination by shallow-basin-filling sedimentary rocks.

Ni-Cu-PGE sulphide mineralization (20 m of 0.22 wt% Cu, 0.06 wt% Ni, 0.25 ppm Pt, and 0.29 ppm
Pd) is hosted by feldspathic peridotite in the lower mafic to ultramafic unit adjacent to the footwall rock of
the Thunder intrusion. Sulphides typically comprise 1 to 5 modal%, rarely up to 30 modal%, with textures
ranging from medium- to fine-grained, disseminated, globular, and rarely net-textured. Pyrrhotite, chal-
copyrite, and rare pentlandite, with common secondary marcasite-pyrite replacement, occur together with
trace michenerite, kotulskite, merenskyite, sperrylite, hessite, electrum, and argentian pentlandite. Whole-
rock geochemical data display fractionated Ni-Cu-PGE patterns with depletion of iridium subgroup relative
to the platinum subgroup.

Sulphide 634S values from the Thunder intrusion range from -2.0 to +3.8%o and are similar to values for
the metavolcanic host rock, which range from -3.1 to +2.3%o. Two samples of the basal mineralization zone
sulphides yield A33S values of 0.066 and 0.122%. and one sample of the metavolcanic wall rock yields
0.149%o. The 834S and A33S values for the Thunder intrusion fall within range for rocks of typical upper
mantle composition. The sulphur source is difficult to resolve. It appears to be of mantle origin as the wall-
rock S isotope values and S/Seto signature are similar to that of upper mantle; however, assimilation of
crustal sulphur is also a possibility.

INTRODUCTION

The recent discovery (2002) of the high-grade Ni-Cu-
PGE Eagle deposit in the Midcontinent Rift (MCR) in
Michigan has stimulated exploration for small mafic to
ultramafic intrusions hosting “conduit-type” mineral-
ization across the Canada-United States border. More
than six poorly exposed mineralized early-rift mafic to

ultramafic intrusion have been discovered within the
Lake Superior region, leading to considerable petro-
logical research (e.g. Heggie, 2005; Hollings et al.,
2007a,b; Ding et al., 2010; Foley, 2011; Goldner, 2011)
and re-evaluation of the current MCR tectono-mag-
matic model (Heaman et al., 2007; Hollings et al.,
2010; Miller and Nicholson, 2013). However, the small

Trevisan, B.E., Hollings, P., Ames, D.E., and Rayner, N.M., 2015. The petrology, mineralization, and regional context of the Thunder mafic
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Geological Survey of Canada, Open File 7856, p. 139—149.



B.E. Trevisan, P. Hollings, D.E. Ames, and N.M. Rayner

Bayfield Group

E Oronto Group

Sibley Group
:'—}‘,’ Volcanic rocks

5 Hypabyssal rocks

S

Sedimentary

Pluton rocks
.\1} Alkaline/Carb. rocks Ontatio

ent L
Sunday L%

Thunder

Igneous
~

,ﬁculdwell
) Compl
g omplex
\

A \
N

e

‘ik __ Dyke swarm
Ultramafic intrusion
=" Major faults

Duluth
Complex
I
Minnesota

Portage Lake
Volcanic Gp.
Beaver Bay
Complex

~

7/
~ Wisconsin  Complex

50

~
Michipicoten Is.
Volcanic Gp.

Figure 1. Present-day expo-
sure of the Midcontinent Rift
geology in the Lake
Superior region. Labelled
are the major volcanic and
intrusive units. Indicated by
the yellow stars are loca-
I tions of the known ultramafic
intrusions associated with
the early magmatic stages
of Midcontinent Rift evolu-
tion. Figure modified after

s
S
-
-

Volcanic Gp.

e -
o

-

size of these buried mineralized ultramafic intrusions
makes them hard to detect, both on the ground and
from regional magnetic survey maps.

The Thunder intrusion is a small, mineralized, mafic
to ultramafic intrusion, which is located on the out-
skirts of the City of Thunder Bay (Fig. 1) and was
explored by Rio Tinto (formerly Kennecott Canada
Exploration Inc.) in 2005 and 2007 (Bidwell and
Marino, 2007). Early investigations interpreted this
intrusive body to be an early-rift occurrence based on
geochemical similarities with the mafic to ultramafic
intrusive units of the Nipigon Embayment (e.g. Hele
intrusion and Shillabeer sill; Hollings et al., 2007a; D.
Rossell, pers. comm., 2012). The Thunder intrusion is
distinct from other mineralized early-rift intrusions in
that it is the only known occurrence hosted by the
metavolcanic and metasedimentary rocks of the
Archean Shebandowan greenstone belt (Ames et al.,
2012). Other early-rift intrusions north of the Canada-
United States border, including Current Lake and
Seagull, intrude the Archean Quetico metasedimentary
subprovince and/or Mesoproterozoic Sibley Group
sedimentary rocks (Heggie, 2005; MacTavish et al.,
2013). South of the Canada-United States border, the
Paleoproterozoic sedimentary rocks of the Animikie
and Baraga basins (Ding et al., 2010; Foley, 2011;
Goldner, 2011) host a number intrusions, such as
Eagle, Bovine Igneous Complex, and Tamarack.

This report highlights the first author’s (B.E.
Trevisan) M.Sc. study (2014), which was a collabora-
tive project between Lakehead University (LU), the
Geological Survey of Canada (GSC), and the Ontario
Geological Survey (OGS) as part of the Ni-Cu-PGE-Cr
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Miller and Nicholson (2013).

project, Targeted Geoscience Initiative-4 program
(TGI-4; Ames et al., 2012). The main objective is to
characterize the petrology, mineralization, and alter-
ation footprint of the Thunder intrusion within the con-
text of the MCR as a whole, in order to identify crite-
ria for targeting buried mineralization (Fig. 1).

METHODOLOGY

Field work included geological mapping and re-log-
ging of the seven diamond drillholes (DDH) intersect-
ing the mineralized Thunder intrusion. A suite of 104
samples of representative lithology, mineralization, and
alteration types were analysed for whole-rock geo-
chemistry (OGS, in-kind contribution; Trevisan et al.,
2015). A subset of samples was studied and analyzed
using SEM (LU and GSC), electron microprobe
(GSC), radiogenic Rb-Sr and Sm-Nd isotopes
(Carleton University), S-isotopes (Indiana University),
and geochronology (GSC). Most of the samples used
for the analytical investigations were from DDH
07THO04, as it was determined to be the most strati-
graphically complete representation of the Thunder
intrusion and its wall rocks.

A 5 kg sample of a coarse (grain size ~1 cm) gab-
broic phase of Thunder intrusion was prepared using
standard methods of crushing and grinding, followed
by density separations using a Wilfley table and heavy
liquids (methylene iodide) to concentrate heavy miner-
als. Zircon and baddeleyite grains were selected after
examination under a binocular microscope. The sample
was analyzed by the isotope dilution-thermal ionization
mass spectrometry (ID-TIMS) technique. Zircon grains
were treated with the chemical abrasion method
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(Mattinson, 2005) before being submitted for U-Pb
chemical analysis. Baddleyeite grains were not sub-
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Figure 2. Geological map of the Thunder intrusion and vicinity at 1:9000 scale. Included on the map are the locations of the
diamond drillholes, cross-section line, and geochronology samples. Geophysical interpretations are from OGS (2003).

Correlating petrographic observations, whole-rock
geochemistry, and magnetic susceptibility defines a
four-stage cumulate mineral paragenetic sequence:
clinopyroxene + olivine, clinopyroxene + olivine + Fe-
Ti oxide, plagioclase + clinopyroxene + Fe-Ti oxide,
and plagioclase + clinopyroxene + Fe-Ti oxide + apatite
(Trevisan, 2014).

Olivine analyses focused on a suite of samples col-
lected from the lower mafic to ultramafic unit of DDH
07THO04 (n = 10). The coarser and least altered olivine
crystals enclosed by plagioclase were preferred for
analysis as they should have avoided potential
exchange with adjacent sulphide minerals (Donoghue
et al., 2014). No fresh olivine was found in the upper
gabbroic unit. Both core and rim were analysed for
multiple olivine grains from each sample. The full
dataset is available in Trevisan (2014). Olivine
forsterite compositions range from 56.3 to 86.9 mol%
Fo, with an average of ~65 mol% Fo. There is little
variation between core and rim measurements (typi-
cally <0.5 mol% Fo), indicating that cumulus olivine
was not overly modified by sub-solidus re-equilibra-
tion with trapped silicate liquid (i.e. the trapped liquid
shift; Barnes, 1986). Sample RTTC-BT-089 showed a
wide range in mol% Fo values, from ~69 to 86, indi-

cating disequilibrium along the basal contact of the
lower mafic to ultramafic unit.

A sample of the lower mafic to ultramafic unit col-
lected 20 cm from the wall-rock contact (sample
RTTC-BT-089) was selected as being representative of
a “quenched” parental liquid. With 10 modal% of
olivine in sample RTTC-BT-089, it was assumed that
the parental magma also contained 10 modal% of Fogg

A Geological cross-section of the Thunder intrusion A
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200
A 05TH002
% .~ 05TH003 100
£ e
2 P 3 05THO005 000
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s R <] Legend
= i 05THO04  w Upper grabbroic unit -100
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|| Archear|1 mafic tokintermediate -200
metavolcanic rocks
— To i
pographic profile trace _
100 m - Lithological contact trace 300
"+ Diamond drillhole location

Distance (m)
Figure 3. Geological cross-section of the Thunder intrusion

looking towards 290°. For the location of the section line, see
Figure 2.
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olivine; both the Fogg olivine and whole-rock compo-
sition were used in the mass balance equation of
Roeder and Emslie (1970). The Mg# calculated using
the estimate parent magma composition yielded ~57.

Radiogenic Sm-Nd and Rb-Sr Isotopes

Rb-Sr and Sm-Nd isotope analyses focused on ten sam-
ples from the upper gabbroic unit, lower mafic to ultra-
mafic unit, and the metavolcanic wall rocks from DDH
07THO004. Values of 87Sr/86Sr; ratios and ENd; were
calculated at time t = 1100 Ma and represent the 2c
uncertainty level. The upper gabbroic unit (n = 4) is
characterized by 87Sr/86Sr; ranging from 0.7031 to
0.7061, 143Nd/144Nd ranging from 0.511992 to
0.512127, and €Nd; ranging from -0.7 to 1.0. The lower
mafic to ultramafic unit (n = 4) is characterized by
87Sr/86Sri ranging from 0.7288 to 0.7034, 143Nd/
144Nd ranging from 0.512065 to 0.512298, and €Nd;
ranging from 0.5 to 1.0. The metavolcanic wall rocks
(n = 2) are characterized by 87Sr/86Sr; ranging from
0.7071 to 0.7087, 143Nd/144Nd ranging from 0.511047
to 0.51186, and €Nd; ranging from -16.8 to -15.8.

Sulphur Isotopes and Se/S Ratios

Twenty samples from surface and DDH 07TH004 were
analysed for 834S isotopes, including the upper gab-
broic unit, the lower mafic to ultramafic unit, and the
metavolcanic wall rocks. Values of 834S for the upper
gabbroic unit (n = 10) range from -2.0 to 4.9%o; from
-1.3 to 2.9%o for the lower mafic to ultramafic unit (n =
6); and from -3.1 to 2.3%o for the metavolcanic rocks (n
= 10). In addition, three samples were analysed for
8338 to investigate the involvement of crustal sulphur
during mineralization. Values are presented in delta cap
notation (where A33S = In(833S+1)-0.515*In(834S+1);
Ono et al., 2012): a surface and a drill-core sample of
the lower mafic to ultramafic unit yielded values of
0.122 and 0.066%., respectively, and a drill-core sam-
ple of the metavolcanic wall rock yielded a value of
0.149%.

The samples used for the S-isotope analyses were
also analysed for whole-rock Se concentrations. Ratios
of Se/Stot x 106 range from 400 to 2000 for the upper
gabbroic unit (n = 5); from 180 to 3000 for the lower
mafic to ultramafic unit (n = 6); and from 40 to 1000
for the metavolcanic rocks (n = 6). Anomalously high
Se/Sot ratios were determined to be the result of some
samples having S concentrations at or near the lower
detection limit.

Sulphide and Platinum-Group Element
Mineralogy
The basal mineralization zone, which is hosted by

feldspathic peridotite of the lower mafic to ultramafic
unit, is the primary mineralization in the Thunder intru-

Table 2. Summary of platinum-group minerals, precious-
metal minerals identified in representative samples of the
various styles of mineralization observed in the Thunder
intrusion and footwall.

Intrusion-hosted Footwall-hosted

Mineral Formula Mineral Formula
Upper zone Pyrrhotite-rich massive
Kotulskite Pd(Te,Bi) sulphide veinlet
Busal zone Na}l(.irettite . Pd,Sb
Argentian pentlandite (Fe,Ni,Ag)9Sg Stibiopalladinite ~ Pd5Sby
Electrum (Au,Ag) Chalcopyrite-rich massive
Hessite AgrTe sulphide veinlets
Kotulskite Pd(Te,Bi) Electrum (Au,Ag)
Merenskyite (Pd,Pt)(Te,Bi);  Native silver Ag
Michenerite (Pd,Pt)BiTe
Sperrylite PtAs)
unknown mineral Pd3Pt3Sn

sion and is interpreted to be the accumulation of
immiscible sulphide droplets via gravitational settling.
The upper gabbroic unit exhibits weak to no mineral-
ization. Ni-Cu-PGE grades are highest in DDHs
07THO004, 005, and 05THO003, but are low in DDHs
07THO006 and 05TH002. Sulphides in the basal miner-
alization zone rarely comprise up to 30 modal% and
are typically 1 to 5 modal%. Sulphide textures range
from medium- to fine-grained disseminated, coarse-
grained globular, and rarely net-textured. The primary
sulphide mineralogy mainly consists of composite tex-
tured pyrrhotite and chalcopyrite (pyrrhotite > chal-
copyrite) intergrown with minor Fe-Ti oxide. Rare
inclusions of very fine-grained pentlandite, siegenite,
sphalerite, cobaltite, cubanite. and galena are hosted by
pyrrhotite an