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A B S T R A C T

Bedrock in arctic and subarctic regions is covered by glacial deposits making the discovery of new mineral
deposits difficult. Indicator mineral methods using glacial sediment have thus been developed for mineral ex-
ploration in such drift-covered areas. However, sulfide indicator minerals have been under utilized because it
was thought that they would not survive glacial transport and post-depositional oxidation during soil formation.
In this contribution we show that the 0.25–1mm non-ferromagnetic heavy mineral concentrates of Quaternary
till and esker samples from the Churchill province in northern Quebec, Canada, contain thousands of pyrite and
chalcopyrite grains and a few sulfarsenide grains. Accordingly, sulfide minerals do survive glacial and glacio-
fluvial transport, even in the relatively oxidizing environment of the eskers, and their presence indicates the
potential presence of mineralized bedrock up ice. The study area is therefore ideal to test the use of sulfide
mineral chemistry for mineral assessment and vectoring. The composition of the pyrite and chalcopyrite grains
recovered from the glacial deposits have been determined by LA-ICP-MS and compared with known values for
sulfides in magmatic and hydrothermal deposits. Although some elements (e.g. Ag, Cu, Zn, Pb, W, Ba, La, and
Yb) are enriched in narrow rims on some sulfide grains, indicating their limited mobility during oxidation, most
elements have not been mobilized and reflect initial sulfide compositions in bedrock sources. The binary diagram
Co/Sb versus Se/As shows that most of the pyrite grains in surficial sediments are of magmatic origin although
some are from hydrothermal sources. The hydrothermal pyrites are enriched in hydrothermal pathfinders (Au,
Hg, Ag, Tl, Pb, Zn, Cu, and Mo). The ternary diagram Se-Cd-Ni shows that chalcopyrites from both magmatic and
hydrothermal deposits are present in glacial sediments. The high Cd/Zn ratios of the hydrothermal chalcopyrites
are indicative of a high crystallization temperature, typical of metamorphosed VMS or SEDEX deposits.
Integrated maps combining bedrock geology, glacial transport directions, sample locations, and sulfide grain
compositions and populations can be used to delineate target sectors for mineral exploration. Here sulfides have
been transported over ~100 km roughly towards north, from sources in the Rachel-Laporte Zone and the
Labrador Trough, where metasedimentary/metavolcanic rocks and mafic/ultramafic intrusive rocks are favor-
able hosts for hydrothermal and magmatic mineralization, respectively.

1. Introduction

With discoveries of outcropping and subcropping (shallow) mineral
deposits on the wane, developing new exploration methods for tar-
geting mineral deposits buried by glacial sediments has become es-
sential. Regions that have been widely affected by glaciations (e.g.

Canada, Greenland, Fennoscandia, Great Britain, and western Siberia)
represent vast territories where thick glacial deposits commonly mask
the bedrock and thus limit the usefulness of conventional mineral-tar-
geting methods (e.g. detailed bedrock mapping, geophysics). To over-
come this problem, exploration methods based on till matrix geo-
chemical analyses and indicator minerals have been developed to
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explore in glaciated terrains (McClenaghan, 2005; McClenaghan et al.,
2014; McClenaghan and Paulen, 2018). These methods have proven to
be effective in the exploration for a wide range of mineral deposit types
(Averill, 2001, 2011; McClenaghan and Paulen, 2018; Manéglia et al.,
2018). More recently, the chemistry of some very common and abun-
dant indicator minerals, such as magnetite (Makvandi et al., 2016;
Pisiak et al., 2017) and apatite (Belousova et al., 2002; Rukhlov et al.,
2016), has been used to increase the chances of detecting mineralized
bedrock signatures that might otherwise be diluted in the glacial cover.
Although indicator mineral methods have included sulfide minerals as
indicator minerals, the methods have not included systematic mineral
chemistry of specific sulfide minerals such as pyrite and chalcopyrite.

Sulfides are important indicator minerals for two reasons: 1) they
are abundant in most metallic mineral deposits and rare in most barren
rocks; and 2) they form under wide variety of conditions (e.g. Naldrett
et al., 1967; Berner, 1970) leading to distinctive signatures in their
trace element chemistry (e.g. Barnes et al., 2008; Large et al., 2009;
Duran et al., 2015, 2016a; Cook et al., 2016; George et al., 2017).
Therefore, they would seem to be ideal indicator minerals. However,
when exposed to the atmosphere or in contact with surface or
groundwater, sulfide minerals begin to oxidize (e.g. Rosso and
Vaughan, 2006). Thus, preservation of sulfide minerals in surface and
near-surface rocks and in unconsolidated sediments is uncommon,
particularly in tropical supergene environments where rare relict sul-
fides can only be found several meters below the surface (e.g. Oberthür
and Melcher, 2005). This lack of preservation has led to the mis-
conception that in all climates sulfide minerals are not preserved in
surface sediments and the potential of sulfides as indicator minerals has
been neglected. However, burial rates are fast in glaciated terrains and
till matrix can be relatively impermeable, which results in very limited
chemical weathering. Accordingly, several studies have documented
abundant and/or pristine sulfide minerals in till samples (e.g.
Peuraniemi, 1982, 1984; Nikkarinen et al., 1984; Sarala and
Peuraniemi, 2007; McClenaghan et al., 2011, 2018; Peuraniemi and
Eskola, 2013). Therefore, the application of the trace element chemistry
of sulfide indicator minerals could be a powerful complement to till
geochemistry and other indicator mineral methods.

This contribution demonstrates the potential use of sulfide trace
element chemistry for mineral exploration targeting, through the study
thousands of pyrite and chalcopyrite grains and few sulfarsenide (ar-
senopyrite and löllingite) grains recovered from till and esker samples
collected in northern Quebec, Canada, during a large surficial mapping
program conducted by the Ministère de l'Énergie et des Ressources
Naturelles (MERN) of Quebec. By compiling geochemical data for
pyrite and chalcopyrite from known mineral deposits around the world,
we have developed discriminant diagrams for hydrothermal and mag-
matic derived sulfides. The sulfides recovered from the glacial sedi-
ments have been classified using these diagrams and the results in-
tegrated with bedrock geology and glacial history to indicate which
areas have high potential to host magmatic or hydrothermal miner-
alization. The main implication rising from this study is that the trace
element chemistry of sulfide minerals recovered from glacial sediments
can be used to define the metallogenic potential of the source rocks.

2. Geological background

2.1. Bedrock geology

In Quebec, the Churchill Province is bounded by the Archean
Superior and Nain provinces to the west and east, respectively, and by
the Proterozoic Grenville Province to the south (Fig. 1). The bedrock of
the Churchill Province mainly consists of Archean to Mesoproterozoic
rocks, which are divided in three main zones: the Labrador Trough, the
Core Zone, and the Torngat Orogen (Fig. 1b).

The Labrador Trough is a basin, characterized by a thrust-fold belt
with a NNW-SSE orientation, extending over 850 km from the Ungava

Bay in the north to the Grenville Province in the south. The Labrador
Trough is mainly composed of volcanic and metasedimentary rocks of
Archean to Paleoproterozoic ages (Hoffman, 1988; Wardle et al., 2002;
Clark and Wares, 2004, 2005). These rocks, which consist of alternating
igneous lithologies associated with rift and platform sediments (e.g.
dolomite, chert, sandstone, tholeiitic basalt, rhyolite, gabbro, perido-
tite, iron formation), have been highly deformed during the New
Quebec Orogen (i.e. collision of the Superior Province with the Core
Zone) from 2.4 to 1.79 Ga (Clark and Wares, 2004, 2005). The New
Quebec Orogen is commonly subdivided from west to east into four
lithotectonic domains: (1) the Kaniapiskau Supergroup (autochtonous
low-grade metavolcanics and metasediments); (2) a central meta-
volcanics-metasedimentary belt with voluminous gabbro sills and
pillow basalts; (3) the Rachel-Laporte Zone (allochtonous medium to
high-grade supracrustal rocks and gneissic-migmatitic complexes); (4)
the Kuujjuaq Domain (amphibolite facies schists and gneisses) (Clark
and Wares, 2004, 2005). Based on stratigraphy and zircon provenance
and geochronology (Henrique-Pinto et al., 2017 and references
therein), the Kaniapiskau Supergroup is interpreted to have deposited
over several sedimentation cycles in an intracratonic rift transitioning
to passive margin platform. The Rachel-Laporte rocks are interpreted to
represent the accretionary wedge formed during overthrusting of the
Superior Province by the Core Zone. The high metamorphic grades are
consistent with crustal thickening associated with the transition from
arc-continent collision to pro-foreland basin.

The Core Zone, which is mainly composed of granitoid, gneiss,
paragneiss, migmatite, and amphibolite of Archean to Proterozoic ages,
is considered as a ruban-like microcontinent (Wardle et al., 2002;
Corrigan et al., 2009; Lafrance et al., 2014). The rocks of the Core Zone
form a 280 km wide corridor with a NNW-SSE orientation and have
undergone amphibolite to granulite metamorphism. A voluminous
Proterozoic intrusion: the De Pas Batholith, extends over several hun-
dreds of km within the Core Zone and consist of granitic to charnockitic
rocks. This batholith likely resulted from arc magmatism related to the
subduction of the Superior Province beneath the Core Zone (Van der
Leeden et al., 1990). In the east, the Core Zone collided with the Nain
Province to form the Torngat Orogen. The Torngat Orogen consists of
lithotectonic domains of intrusive rocks forming high-grade meta-
morphic complexes, separated by ductile deformation corridors of Pa-
leoproterozoic ages (Houle and Perreault, 2007).

2.2. Metallogeny

From an economic perspective, the Churchill Province is well
known for the iron ore of the Labrador Trough (e.g. Neal, 2000).
However, the mineral potential of the Churchill Province in northern
Quebec for base and precious metals is poorly known due to the thick
cover of Quaternary sediments. However, numerous showings have
been identified (Fig. 1b) and suggest a complex metallogenic setting.
The transitional geodynamic regime from a rift to a pro-foreland basin
could be favorable to several types of ore deposits (Groves and Bierlein,
2007). Rifting in the Labrador Trough could be associated with Ni-Cu-
PGE mineralization at craton margins (e.g. Barnes and Lightfoot, 2005;
Begg et al., 2010). This environment is ideal for fast magma ascent
through prominent crustal sutures and interaction with S-rich sedi-
ments. Two major Canadian Ni-Cu-PGE mining camps associated with
komatiitic rocks are located in this environment around the Circum-
Superior belt: the Thompson Nickel and Cape Smith belts. Given the
large amount of mafic/ultramafic rocks in the Labrador Trough, the
potential for Ni-Cu-PGE deposits is high (Houlé et al., 2015). Several
prospects are being explored across the Labrador Trough (i.e. www.
northern-shield.com) and several showings have been reported in the
study area (Lafrance et al., 2014; Charette et al., 2016). The Labrador
Trough may also have strong potential to host volcanogenic massive
sulfides (VMS) and sedimentary exhalative (SEDEX) deposits that de-
veloped in the passive margin or arc-continent collision settings
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(Franklin et al., 2005; Hannington et al., 2005; Leach et al., 2005). For
instance, sulfide-rich boulders and lake-bottom organic sediments en-
riched in Pb, Zn, Hg, Bi, Sn, and Sb, suggestive of SEDEX mineraliza-
tion, have been identified in the northwestern part of the Labrador
Trough (www.northern-shield.com). In addition, Cu-Zn-Mo-Pb-Ag-Au
showings of VMS and/or SEDEX have been identified during bedrock

mapping surveys (Lafrance et al., 2014; Charette et al., 2016) in the
southwestern part of our study area (Rachel-Laporte Zone). Given the
predominance of granitoid rocks in the Core Zone, granite-related de-
posits could also be found. The Strange Lake peralkaline granite-hosted
rare-earth element (REE) deposit is approximately 100 km to the east of
our study area (Salvi and Williams-Jones, 1995; McClenaghan et al.,

Fig. 1. Location of the study area: a) digital elevation model with location of all the collected till and esker samples (n > 600) and glacial features (eskers, glacial
lineations, and drumlins); in map sheet 24B glacial features are mainly trending towards the northwest and in map sheet 24G glacial features are mainly trending
towards the north; and b) bedrock geological map with mineral showings and till and esker samples containing sulfide and/or sulfarsenide minerals (n= 301). Note
that sulfide counts per sample are not normalized to sample weight.
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2017b). Finally, a considerable number of gold grains in till has been
found in the Core Zone to the southeast of our study area, between the
contact with the Labrador Trough and the De Pas Batholith
(McClenaghan et al., 2017a), suggesting possible potential for orogenic
gold mineralization in the local mafic volcanic rocks.

2.3. Surficial geology

The Labrador Sector of the Laurentide ice sheet was highly dynamic
during the last glacial cycle, with significant migrations of its ice divide
system and marked changes in its thermal regime associated, among
others, with fast flowing ice corridors (ice streams) (Veillette et al.,
1999; Clark et al., 2000; Roy et al., 2009; Margold et al., 2015) and
extensive glaciofluvial landforms (Storrar et al., 2013). The main
landscape of the study area consists of glacially-fluted terrain that was
formed by a massive ice stream converging northward towards Ungava
Bay (Figs. 1a and 2a) (Clark et al., 2000; Jansson et al., 2003; Margold
et al., 2015). This landscape is dominated by a swarm of mega-scale

glacial lineations alternating with crag and tails landforms (Fig. 2b),
which are broken in places by areas of partially-fluted ribbed (Rogen)
moraines (Fig. 2c) (Dubé-Loubert et al., 2014a).

The head of this 150 km long ice stream system originated from the
contact between the Labrador Trough and the Rachel-Laporte Zone
(Fig. 1b). The Ungava ice streams were marine terminating and were
active late into deglaciation, until the ice lost its contact with the
postglacial Iberville Sea (Veillette et al., 1999; Margold et al., 2018).
Erosion and sediment transport associated with this ice flow is the last
glacial event that affected the study area. It completely obliterated
earlier erosional events and no erosional marks (striations and/or
grooves) or glacial landforms associated with previous ice movements
have been preserved (Dubé-Loubert et al., 2014a). We thus assume a
unidirectional dispersal train in the area affected by this paleo-ice
stream system.

One of the most difficult parameters to quantify in drift prospecting
is the distance the detrital material has been glacially transported. Ice
streams represent an important and efficient mechanism by which the

Fig. 2. a) Satellite (Rapideye) image showing the distribution of landform systems in the Ungava Bay lowlands; b) example of crag and tails and mega-scale lineations
forming the main glacial landsystem and converging towards the Ungava Bay in the north part of the study area; c) field of fluted ribbed moraines mapped in the
study area. Ice flow roughly from right to left; d) example of esker aligned roughly N-S sampled during this study.
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glacial processes can displace significant amounts of sediments over
relatively long distances (Stokes and Clark, 2001; Livingstone et al.,
2012; Paulen et al., 2017). Primmer et al. (2015) have shown that
within around 10 km down-ice from a Rb source, initial Rb con-
centration in till decreased by> 50%. After 75 km, the initial Rb con-
centration has been reduced by approximately 75% (Primmer et al.,
2015). Paulen et al. (2017) have also demonstrated that the Strange
Lake REE dispersal train in northern Quebec and Labrador has a re-
markably long dispersal train of> 40 km down-ice of a REE source
formed by an ice stream trending northeastward.

Eskers in the study area are aligned roughly N-S (Fig. 2a) and reflect
the overall pattern of retreat of the ice margin towards the south (Dubé-
Loubert et al., 2014a). They are composed of rounded pluri-decimetric
boulders supported by a gravely and sandy matrix. Their spatial dis-
tribution extends from the south-west to the northern part of the study
area where the landscape was affected by the incursion of the post-
glacial Iberville Sea. Most of the northern eskers terminate into the
Iberville Sea and were likely formed late during the deglaciation. They
are usually small in size, with a height and width average of 5 to 6m
and 20 to 25m, respectively (Fig. 2d). Eskers are mostly discontinuous,
alternating between small ridges of ice-contact sediments and sandy
outwash sequences (Dubé-Loubert et al., 2014a). The effective distance

of transport by glacial meltwater is, as in the case of glacial sediment,
difficult to quantify. Dispersal trains in eskers may originate from the
erosion of pre-existing terrains in glacial sediments or from the erosion
of the underlying bedrock (Brushett and Amor, 2013). Consequently,
esker samples show either an indirect or close relationship with the
underlying bedrock depending on the type of material eroded (till or
rock), as well as on the areal extent of the subglacial meltwater
catchment (Brushett and Amor, 2013). Relative to till, esker sampling is
considered to give a reconnaissance overview of the mineral potential
of a region as compared to a more local bedrock signature provided by
till (McClenaghan and Kjarsgaard, 2007). In the study area, the eskers,
from their size and the lithology of the clasts, suggest erosion/transport
of local material. As a result, the results obtained from esker samples
are interpreted as reflecting a slightly displaced signature of the un-
derlying bedrock.

3. Methods

3.1. Sampling

The Churchill Province in northern Quebec consists of Archean to
Proterozoic basement rocks, which have undergone a complex

Fig. 3. Microphotographs in reflected light of typical sulfide and sulfarsenide grains recovered from glacial sediments in this study: a) euhedral pyrite grain with
cubic shape; b) subhedral pyrite grain with chalcopyrite inclusions; c) anhedral pyrite grain with angular faces surrounded by a thin oxidation rim; d) anhedral pyrite
grain displaying porosity; e) anhedral pyrite grain with angular faces and fragmental aspect; f) anhedral, rounded pyrite grain with a thin oxidation rim; g) subhedral
chalcopyrite grain; h) anhedral chalcopyrite grain with cubanite or pentlandite exsolution; i) anhedral chalcopyrite grain with rounded shape and fragmental aspect;
j) anhedral chalcopyrite grain with a thin oxidation rim; k) anhedral chalcopyrite grain with fragmental aspect; l) anhedral löllingite grain.
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geodynamic and metamorphic history (Henrique-Pinto et al., 2017).
The study area covers ca. 31,250 km2 south to the Ungava Bay in
northern Quebec (Fig. 1), in which a variety of mineral deposits has
been documented (Lafrance et al., 2013; Charette et al., 2016). The vast
majority of these rocks are covered by thick Quaternary sediments
consisting of glacial diamicton (till) and narrow corridors of glacio-
fluvial sediments (eskers) (Dubé-Loubert et al., 2014a and 2014b;
Dubé-Loubert et al., 2016). Heavy mineral concentrates prepared from
till and esker samples collected across this area revealed the presence of
numerous pyrite and chalcopyrite grains and a few sulfarsenide grains
(löllingite and arsenopyrite), indicative of the occurrence of prospective
sulfide-rich rocks in the region. Consequently, this area is ideal to test
sulfide indicator mineral chemistry for mineral assessment and vec-
toring.

More than 600 till and esker samples were collected across two
1:250,000 scale NTS map sheets (24G and 24B of the National
Topographic System of Canada) by the MERN during a surficial map-
ping program carried out between 2012 and 2015. For each sample site,
10 kg was collected for till and 15 kg was collected for esker, following
the procedures described in McClenaghan et al. (2013). The samples
were processed by IOS Services Géoscientifiques Inc. to produce
250–1000 μm non-ferromagnetic heavy mineral concentrates, following
the procedures described in Plouffe et al. (2013). Sulfide and sulfarse-
nide indicator minerals were picked from the diamagnetic fraction
(apparent magnetic susceptibility> 0.4 Amp) of the 250–1000 μm
heavy mineral concentrates, after removal of the magnetic fraction.
Sulfide and sulfarsenide grains were found in a total of 301 till and
esker samples. Between 1 and 61 grains of sulfide/sulfarsenide per
sample were picked. On average, the samples contained around 10
grains, in which cases all the grains were selected. However, some
samples contained hundreds of grains, which required random sub-
sampling from an analytical perspective (time versus cost). Only the
grains selected for analysis are reported in this study and the sulfide
abundance is used as a relative assessment. A total of 1831 sulfide and
sulfarsenide grains were removed from the sediment samples and
mounted in epoxy sections and polished (Appendix A). The entire sec-
tions were scanned using a Zeiss EVO-MA15 HD 2013 scanning electron
microscope at IOS Services Géoscientifique Inc. to determine sulfide
and sulfarsenide species (based on their major element compositions)
before characterizing their trace element compositions by laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS).

3.2. LA-ICP-MS analysis

Analyses by LA-ICP-MS of individual sulfide/sulfarsenide grain were
performed at LabMaTer (UQAC) using an Excimer 193 nm RESOlution
M-50 laser ablation system (Australian Scientific Instrument) equipped
with a double volume cell S-155 (Laurin Technic) and coupled with an
Agilent 7900 mass spectrometer. A beam size of 55 μm, a stage move-
ment speed of 10 μm/s, a laser frequency of 15 Hz and a fluence of 3 J/
cm2 were used to analyze the sulfide and sulfarsenide grains. For large
grains, line scans were made, and for small grains, spot analyses were
favored. The gas blank was measured for 30 s before switching on the
laser for at least 30 s. The ablated material was carried into the ICP-MS
by an argon–helium gas mix at a rate of 0.8–1 L/min for Ar and 350mL/
min for He, and 2mL/min of nitrogen was also added to the mixture.
Data reduction was carried out using the Iolite package for Igor Pro
software (Paton et al., 2011) and data plotting was completed in the
ggplot2 package for R (Wickham, 2009).

Maps of the element distribution were made on one or several grains
using the same frequency and fluence, but various beam sizes and stage
movement speeds, to optimize spatial resolution and analysis time of
the areas being mapped. The maps were generated using the Iolite
package based on the time-resolved composition of each element. The
maps indicate the relative concentration of the elements and are semi-
quantitative.

The following isotopes were quantified: 29Si, 49Ti, 51V, 53Cr, 55Mn,
59Co, 61Ni, 65Cu, 66Zn, 75As, 82Se, 88Sr, 95Mo, 101Ru, 103Rh, 108Pd, 109Ag,
111Cd, 115In, 118Sn, 121Sb, 130Te, 137Ba, 139La, 172Yb, 182W, 185Re, 189Os,
193Ir, 195Pt, 197Au, 202Hg, 205Tl, 208Pb, and 209Bi. Because the analyzed
sulfide and sulfarsenide minerals contain very little Ni, the correction of
polyatomic interference of 61Ni40Ar on 101Ru was not necessary.
Similarly, the polyatomic interference of 63Cu40Ar on 103Rh was not
corrected as pyrite and sulfarsenide minerals contain very little Cu, and
this interference in chalcopyrite is too important to be corrected. Direct
interference of 108Cd on 108Pd and 115Sn on 115In were corrected
manually by monitoring 111Cd and 118Sn, respectively.

Internal standardization was based on 57Fe using stoichiometric iron
values (w/w%) of each mineral specie, i.e. 46.55% Fe for pyrite,
30.43% Fe for chalcopyrite, 34.30% Fe for arsenopyrite and 27.15% Fe
for löllingite (e.g. Vaughan and Craig, 1978). Three reference materials
(RM) were used for external calibration: i) Laflamme Po727, a synthetic
FeS doped with ~40 ppm platinum-group elements (PGE) and Au and
supplied by Memorial University of Newfoundland, was used to cali-
brate for PGE and Au; ii) MASS-1 (Wilson et al., 2002), a ZnCuFeS
pressed powder pellet doped with 50–70 ppm of most chalcophile ele-
ments and supplied by the United States Geological Survey (USGS), was
used to calibrate for Cu, Zn, Se, Te, Hg, and Tl; iii) GSE-1g, a natural
basaltic glass fused and doped with most elements at 300–500 ppm, was
supplied by the USGS and was used to calibrate for Si, Ti, V, Cr, Mn, Co,
Ni, As, Sr, Mo, Ag, Cd, In, Sn, Sb, Ba, La, Yb, W, Re, Pb, and Bi using
preferred values from the GeoReM database (Jochum et al., 2005). Two
more RM were used for quality control: i) JB-MSS5, which is a synthetic
FeS sulfide containing 50–70 ppm of most chalcophile elements sup-
plied by James Brenan (Dalhousie University, Canada); and ii) UQAC-
FeS-1, which is a synthetic sulfide recently developed at UQAC. MASS-1
and GSE-1g were also used for some elements as quality control re-
ference materials (QCRM) for validation. The results for the QCRM
were generally in good agreement with the working values (Appendix
A). Differences between the concentrations measured in this study and
the published QCRM working values can be of multiple source, no-
ticeably the low level of confidence (provisional/informational) of re-
ported working values for several elements in the QCRM, heterogeneity
and non-matrix-matched materials (physical and chemical) i.e. silicate
glass (GSE-1G), pressed pellets (MASS-1 and UQAC-FeS-1), hydrous
content (MASS-1), tiny fused sulfide (JB-MSS5). However, the diagram
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Fig. 6. Typical example of a time-signal diagram showing profile with flat
pattern reflecting homogeneous trace element distribution in löllingite.
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presented in Appendix A shows an acceptable trend of positive corre-
lation between our values and the working values.

During data reduction, the entirety of the signal was integrated,
despite the presence of inclusions, for two reasons. First, the presence of
some inclusions (e.g. pentlandite and sphalerite) may be indicative of
specific context. Moreover, these inclusions may have formed by ex-
solution at low temperature, reflecting the presence of some elements
(e.g. Ni and Zn) in solid solution within a high-temperature precursor.
Thus, integrating all the signal allows to maximize the information.

Second, integration of the entire signal does not require detailed as-
sessment of each signal, which allows faster data reduction. Fast data
reduction is essential for developing an effective method that could be
used on large number of grains or databases in an exploration program.
Other types of inclusions might have been encountered, such as silicate
and oxides minerals, but as these minerals do not contain significant
amounts of chalcophile elements their presence (and thus their in-
tegration) remains trivial for the purpose of this study.

Fig. 7. Typical example of a LA-ICP-MS multielement map of a single pyrite grain (from esker sample 93720115 located in map sheet 24G). Note the concentric
zoning displayed by Co, Ni, As, and Se, and the sector zoning displayed by Bi. More importantly, the presence of Re and Pt in the pyrite suggests a magmatic origin.
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Fig. 8. Typical example of a LA-ICP-MS multielement map of a single pyrite grain (from till sample 93724168 located in map sheet 24B). Note the presence of a Bi-Te-
Pb-rich inclusion.
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4. Mineral grain shapes

Typical examples of sulfide (pyrite and chalcopyrite) and sulfarse-
nide (löllingite and arsenopyrite) grains recovered from till and esker
samples are shown in Fig. 3. Pyrite grains display variable morpholo-
gies, ranging from euhedral grains exhibiting cubic shapes to anhedral
grains exhibiting rounded or angular shapes with a fragmental aspect.
Thin rims are common on the outsides of some grains. These rims are
assumed to be oxidation coronas that developed on the pyrite surface
due to high reactivity with air or water (Rosso and Vaughan, 2006)
before, during, or after glacial transport. Some grains appear to be
porous, regardless of their morphology. Some grains also have

inclusions readily visible on their cut and polished surface. Chalcopyrite
grains display less variable morphologies, ranging from subhedral
grains to anhedral grains exhibiting angular shapes with a fragmental
aspect. As in the case of pyrite, some chalcopyrite grains also have in-
clusions and oxidation coronas, but they appear to be less developed
than in the case of pyrite. In a few cases, exsolutions (probably cubanite
or pentlandite) have been observed in chalcopyrite. Sulfarsenide grains
display subhedral to anhedral morphologies and do not seem to have
oxidation coronas. The shapes of sulfide and sulfarsenide grains do not
appear to be related to variations in trace element distribution and
composition presented in the next section.

Fig. 9. Typical example of a LA-ICP-MS multielement multi-grain map of chalcopyrite. The chalcopyrite grains show obvious compositional inter-grain variations in
Co, Ni, Zn, Se, Ag, Cd, In, Sn, Te, Pb, and Bi. The chalcopyrite grains come from the same esker sample (sample 93724123 located in map sheet 24B).
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5. Trace element chemistry

5.1. Distribution

Time-signal diagrams (Figs. 4–6) and multielement maps
(Figs. 7–10) were used to examine the spatial distribution of elements
within minerals and to detect the presence of inclusions. For example,
the peaks in Co and Ni in a chalcopyrite grain (Fig. 4c) indicate the
presence of pentlandite inclusions, whereas the peaks in Pb in another
chalcopyrite grain (Fig. 4d) indicate galena inclusions. Multielement
maps show zonation pattern that indicate complex crystallization

histories, such as in the case of pyrite (Fig. 7). Multi-grain multielement
maps (Figs. 9 and 10) show which elements display strong variations
and hence which elements have the greatest potential to provide dis-
crimination information. The combination of certain types of inclu-
sions, element associations, and zonations may be indicative of ore
processes. From an indicator mineral perspective, this is the first step to
identify possible bedrock sources.

Within most chalcopyrite grains, trace elements are homogeneously
distributed (Fig. 9). However, the multi-grain multielement maps show
that chalcopyrite grains have wide range of compositions for Co, Ni, Zn,
Se, Ag, Cd, In, Sn, Te, Pb, and Bi (Fig. 9) and therefore these elements

Fig. 10. Typical example of a LA-ICP-MS multielement multi-grain map of löllingite. The löllingite grains show obvious compositional inter-grain variations in Co,
Ni, Sb, Te, Au, and Bi. The löllingite grains come from the same esker sample (sample 93720062 located in map sheet 24G).
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could be useful in discriminating chalcopyrite from different metallo-
genic environments. Although not presented on the maps, the time-
signal diagrams show that some grains host inclusions and/or exsolu-
tions of pentlandite, sphalerite, galena, and scheelite (Fig. 4). The

chalcopyrite-pentlandite association is typical of magmatic ore deposits
(e.g. Duran et al., 2016b; Duran et al., 2017) whereas the association of
chalcopyrite with sphalerite, galena, or scheelite is more common in
hydrothermal ore deposits (e.g. Sillitoe and Thompson, 1998).

10−1

100

101

102

103

104

M
n 

(p
pm

)

100

101

102

103

104

S
e 

(p
pm

)

10−1

100

101

102

103

104

T
i (

pp
m

)

10−2

10−1

100

101

102

V
 (

pp
m

)

10−1

100

101

102

C
r 

(p
pm

)

10−3

10−2

10−1

100

101

102

S
r 

(p
pm

)

10−2

100

102

104

106

A
s 

(p
pm

)

Chalcopyrite n = 639

Pyrite n = 1112

Arsenopyrite n = 9

Löllingite n = 71

Median

Lower quartile

Upper quartile

Upper whisker

Lower whiseker

Outliers

10−2

100

102

104

C
o 

(p
pm

)

10−1

100

101

102

103

104

105

N
i (

pp
m

)

10−2

100

102

104

106

C
u 

(p
pm

)

100

102

104

Z
n 

(p
pm

)

Cpy Py Apy Lo Cpy Py Apy Lo Cpy Py Apy Lo

Cpy Py Apy Lo Cpy Py Apy Lo Cpy Py Apy Lo

Cpy Py Apy Lo Cpy Py Apy Lo Cpy Py Apy Lo

Cpy Py Apy Lo Cpy Py Apy Lo
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Pyrite grains show both homogeneous trace element distribution
and zonation. Trace elements showing the more obvious zonation are
Co, Ni, Se, and As (Fig. 7). Time-signal diagrams show the presence or
absence of some elements (Fig. 5). Some grains are enriched in Pt, Pd,
Te, and Re (a few ppm), which is common of pyrite from magmatic
environments (e.g. Djon and Barnes, 2012; Piña et al., 2016), whereas
other grains are enriched in Au, Bi, Sb, Tl, and Hg, which is typical of
pyrite from hydrothermal environments (e.g. Large et al., 2009; Genna
and Gaboury, 2015; Patten et al., 2016). Several grains host inclusions

of chalcopyrite, sphalerite, molybdenite, and/or oxides. Although
chalcopyrite and oxide inclusions are not diagnostic of a given me-
tallogenic context, the sphalerite- or molybdenite-pyrite association is
more common in hydrothermal ore deposits (e.g. Genna and Gaboury,
2015; Lawley et al., 2013).

Within most sulfarsenide grains, trace elements are homogeneously
distributed as indicated by the time-signal diagrams (Fig. 6) and the
multi-grain multielement maps (Fig. 10). The maps also show that the
grains contain variable concentrations of Co, Ni, Sb, Te, Au, and Bi. No
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inclusion was identified in the time-signal diagrams, but the maps re-
veal the presence of one Bi-rich inclusion in one löllingite grain. It is
unclear whether the lack of inclusions in sulfarsenide grains is typical or
only true for the limited number of grains (n= 80) examined in this
study.

Multielement maps of pyrite, chalcopyrite, and löllingite also show
enrichment in Ti, V, Mn, Cu, Zn, Ag, Sn, Ba, La, Yb, Hg, Tl, and Pb in a
thin oxidation rim around sulfide and sulfarsenide grains. Enrichment

in these elements illustrates their mobility, either before or during the
alteration of glacial sediments. Given that minerals undergo abrasion
during glacial transport that would expose fresh crystal faces, the oxi-
dation rim would most likely develop after deposition. Öhlander et al.
(1996) have shown that the mobility of REE in till samples was the
result of silicate, apatite, or other REE-bearing mineral leaching in the
till A horizon prior to adsorption onto secondary oxi-hydroxides, clay
minerals, and organic matter in the B horizon. The same interpretation
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could be extended to all the elements enriched in the oxidation rim.
Given the very thin rim around the outside of sulfide and sulfarsenide
grains, alteration was interpreted as being very limited and having no
effect on the original compositions within the grains, even for the sul-
fide grains coming from oxidizing environments like eskers.

5.2. Composition

A total of 639 chalcopyrite grains, 1112 pyrite grains, 9 arseno-
pyrite grains, and 71 löllingite grains were analyzed. The complete
dataset is available in Appendix A. Fig. 11 displays box and whisker
plots for the concentrations of each element (in isotopic mass order) in
each mineral species. Overall, chalcopyrite, pyrite, arsenopyrite, and
löllingite exhibit wide ranges of composition, spanning several orders of
magnitude.

In chalcopyrite, Co, Ni, Zn, As, Se, Ru, Pd, Ag, Cd, In, Sn, Sb, Te, W,
Au, Hg, Tl, Pb, and Bi values are mainly above the limits of detection
and display important variations. The variations in ppm are as follows:
0.003 < Co < 1059; 0.199 < Ni < 74,250; 0.052 < Zn < 4138;
0.020 < As < 357; 0.488 < Se < 6929; 0.021 < Ru < 0.551;
0.002 < Pd < 107; 0.005 < Ag < 663; 0.007 < Cd < 72.7;
0.001 < In < 66.9; 0.011 < Sn < 213; 0.007 < Sb < 9.04;
0.076 < Te < 146; 0.002 < W < 8277; 0.005 < Au < 20.6;
0.060 < Hg < 82.5; 0.001 < Tl < 13.7; 0.010 < Pb < 35,600;
and 0.001 < Bi < 200. High Co, As, Se, Ru, Pd, Ag, Cd, In, Sn, Sb, Te,
Au, Hg, Tl, and Bi values are not related to inclusions and reflect
chalcopyrite compositions. Although many chalcopyrite grains have
high Ni, Zn, W, or Pb concentrations, the extreme values in these ele-
ments (i.e. thousands of ppm) are related to pentlandite, sphalerite,
scheelite, or galena inclusions, respectively. Vanadium, Cr, Mn, Sr, Mo,
Ba, La, Yb, Re, Os, Ir, and Pt values are in general equal or below the
limits of detection. Extreme V, Cr, Mn (up to 21.6, 36.5, and 426 ppm,
respectively), Sr, Ba, La, Yb (up to 103, 6086, 43.5, and 9.43 ppm, re-
spectively), Re and Mo (up to 66.9 and 3.01 ppm respectively) con-
centrations in chalcopyrite are likely due to oxide, silicate, and mo-
lybdenite inclusions. The highest Os, Ir, and Pt values do not exceed
0.4 ppm and likely represent elevated concentrations in chalcopyrite
because chalcopyrite usually does not contain these elements. Although
Ti values are above the limit of detection, most values are close to the
median value (3 ppm) and the few extreme values (up to 5903 ppm) are
likely due to oxide inclusions.

In pyrite, Co, Ni, Cu, Zn, As, Se, Sr, Pd, Ag, W, Re, Au, Hg, Pb, and Bi
values are mainly above the limits of detection and display important
variations. The variations in ppm are as follows: 0.051 < Co < 102,876;
0.115 < Ni < 11,824; 0.017 < Cu < 16,432; 0.037 < Zn < 3398;
0.019 < As < 6936; 0.349 < Se < 912; 0.001 < Sr < 95.9;
0.001 < Pd < 220; 0.001 < Ag < 21.4; 0.001 < W < 7681;
0.001 < Au < 1.9; 0.022 < Hg < 6.52; 0.001 < Pb < 694; and
0.001 < Bi < 91.2. Two analyses (45-XIV-15 and 45-XI-3) have mixed
values related to Zn and Cu sulfides showing false-extreme concentrations
of 44% Zn (associated with thousands ppm of Cd and tens ppm of In and
Hg) and 72% Cu (associated with hundreds ppm of Ag and Sn and
thousands ppm of Bi), respectively. The exposed surface of these grains
was composed of pyrite whereas few microns below the surface, another
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mineral was present (i.e. sphalerite and a Cu sulfide, respectively). These
mixed analytical results are presented in the figures and tables along with
the other pyrites results to demonstrate that a few outlier results do not
affect the interpretation while data processing remains fast. High Co, Ni,
As, Se, Sr, Pd, Au, and Hg values are not related to inclusions and reflect
pyrite compositions. Although some pyrite grains have high Cu, Ag, Pb, Bi,
Zn, or W concentrations, the extreme values in these elements are likely
related to chalcopyrite (or other Cu sulfides), galena, sphalerite, or
scheelite inclusions. Chromium, Mn, Mo, Ru, Rh, Cd, In, Sn, Sb, Te, Ba, La,
Yb, Os, Ir, Pt, and Tl values are, in general, equal or below the limits of
detection. Extreme Cr, Mn (up to 289 and 10,194 ppm respectively), Ba,
La, Yb (up to 1909, 2840, and 12.3 ppm, respectively), and Mo (up to
4190 ppm) concentrations are likely related to oxide, silicate, and mo-
lybdenite inclusions. The highest Ru, Rh, Cd, Sn, In, Sb, Te, Os, Ir, and Tl
values do not exceed a few ppm and thus represent elevated concentra-
tions in pyrite because these elements are not commonly enriched in
pyrite. Although Ti and V values are above the limits of detection, most of
them are close to the median value (14 and 0.04 ppm, respectively) and
the few extreme values (up to 36,774 and 121 ppm, respectively) are
likely related to oxide inclusions.

In arsenopyrite and löllingite, Ti, Co, Ni, Cu, Zn, Se, Mo, Ru, Rh, Pd,
Cd, Sb, Te, Re, Pt, Au, Hg, Pb, and Bi values are mainly above the limits
of detection and display important variations. The variations in ppm are
as follows: 0.133 < Ti < 153; 25.5 < Co < 94,400; 6.4 <

Ni < 153,500; 0.055 < Cu < 8700; 0.079 < Zn < 50; 1.44 < Se
< 37.8; 0.008 < Mo < 0.41; 0.007 < Ru < 0.93; 0.001 < Rh <
0.45; 0.003 < Pd < 13.8; 0.013 < Cd < 1; 0.043 < Sb < 670;
0.85 < Te < 78.2; 0.004 < Re < 5.46; 0.004 < Pt < 4.07;
0.003 < Au < 72.2; 0.88 < Hg < 207; 0.004 < Pb < 1670;
0.02 < Bi < 18.1. Some arsenopyrite and löllingite grains are parti-
cularly enriched in Co, Ni, Sb, Te, Au, Hg, Pb, and Bi, relative to
chalcopyrite and pyrite, and these high concentrations are not related
to inclusions. Vanadium, Cr, Mn, Sr, Ag, In, Sn, Ba, La, Yb, W, Os, Ir,
and Tl values are in general equal or below the limits of detection and
the highest values do not exceed a few ppm, reflecting thus low con-
centrations in these elements and the absence of any inclusion.

6. Application to mineralization discrimination

Pyrite and chalcopyrite are the most widespread sulfide minerals in
the Earth's crust (Vaughan, 2006). These sulfide minerals are commonly
found in magmatic and hydrothermal deposits. In magmatic systems,
pyrite and chalcopyrite exsolve from high-temperature phases that
crystallized from sulfide liquids segregated from mafic/ultramafic
magmas after S saturation was reached (e.g. Fleet, 2006). In this con-
text, pyrite may also replace primary pyrrhotite and pentlandite, thus
inheriting a magmatic signature (Piña et al., 2013, 2016; Duran et al.,
2015). In hydrothermal systems, pyrite and chalcopyrite precipitate
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from fluids, in which S and metals are transported as ionic complexes,
when pressure, temperature, and/or oxido-reduction conditions change
(e.g. Reed and Palandri, 2006).

Depending on the system in which pyrite and chalcopyrite form,
their trace element compositions vary and have been documented (e.g.
Barnes et al., 2008; Large et al., 2009; Duran et al., 2015, 2016a; Cook
et al., 2016, George et al., 2017). Duran et al. (2015) have developed a
binary diagram Co/Sb versus Se/As for pyrites (Fig. 12a), which allows
for the discrimination of those of magmatic affinity from those of hy-
drothermal affinity. Pyrites that form in magmatic systems are usually
rich in Co and Se, but poor in Sb and As (Dare et al., 2011; Djon and
Barnes, 2012; Piña et al., 2013, 2016; Duran et al., 2015), whereas
those that form in hydrothermal systems are usually poor in Co and Se,
but richer in Sb and As (e.g. Large et al., 2009; Maslennikov et al., 2009;
Thomas et al., 2011; Reich et al., 2013; Revan et al., 2014; Patten et al.,
2016). In this study, we have developed a new ternary diagram Se-Ni-
Cd for chalcopyrite (Fig. 12b), which allows for the discrimination of
those of magmatic affinity from those of hydrothermal affinity. Chal-
copyrites that form in magmatic system tend to be rich in Ni and poor in
Cd (Barnes et al., 2006; Barnes et al., 2008; Godel et al., 2007; Godel
and Barnes, 2008; Dare et al., 2010, 2011, 2014; Djon and Barnes,
2012; Piña et al., 2012; Chen et al., 2014; Duran et al., 2016a), whereas
those that form in hydrothermal systems tend to be poor in Ni and rich
in Cd (George et al., 2017). Thus, when compositional data are plotted,
a magmatic trend towards the Ni apex and a hydrothermal trend to-
wards the Cd apex are evident.

The binary diagram Co/Sb versus Se/As for pyrite (Fig. 13) shows
that the vast majority of the pyrite grains in glacial sediments in this
study have relatively high ratios, suggesting a magmatic source for
most grains. However, a small population with low ratios, i.e. Co- and
Se-poor and Sb- and As-rich, was also identified; the composition of
these grains suggests a hydrothermal origin (Fig. 13). Based on this
discrimination, the pyrite grains were classified as magmatic, hydro-
thermal, or undetermined (when the composition plotted near the
boundary separating magmatic and hydrothermal fields). Some pyrite
grains from the magmatic population have significant concentrations in
Pt, Pd, and Re (up to 8, 220, and 1.2 ppm, respectively) accommodated
in the pyrite structure (e.g. see Pt in Fig. 7). This observation is con-
sistent with a magmatic origin, in particular a PGE-dominated deposit.
However, most of the grains classified as magmatic have very low PGE
and Re concentrations, suggesting that the magmatic source had in-
itially low contents of these elements. This low content of PGE and Re
could reflect the fact that these grains are from Ni-Cu sulfide miner-
alization rather than PGE-dominated sulfide mineralization (Duran
et al., 2016a). The pyrite grains classified as hydrothermal on the basis
of the Co/Sb vs Se/As are richer in Zn, Pb, Cu, Mo, Ag (> 1 ppm), Tl,
Hg (> 0.1 ppm), and Au (> 0.01 ppm) (Fig. 14). This pattern is con-
sistent with the observation that these are all mobile elements, and thus
they might be expected to be enriched in hydrothermal systems.

The ternary diagram Se-Ni-Cd for chalcopyrite (Fig. 15) shows that
most chalcopyrite grains plot near the Se apex, and thus their source
cannot be identified. However, two trends in the data can be observed
in the figure: one towards the Ni apex and the other towards the Cd
apex, suggesting magmatic and hydrothermal sources, respectively.
Based on this discrimination diagram, the chalcopyrite grains were
classified as magmatic, hydrothermal, or undetermined (towards the Se
apex). In contrast to pyrite grains, chalcopyrite grains do not show
systematic compositional variations in relation to their bedrock source
because chalcopyrite composition is partly controlled by the co-crys-
tallizing phases (George et al., 2017) and not only the system in which
it formed. The enrichment of some chalcopyrite grains in In, Sn, Te, Bi,
As, Au, and Pt (a few ppm to tens of ppm), would thus be a consequence
of the local environment rather than the nature of the source. None-
theless, the Cd/Zn ratio for hydrothermal chalcopyrite in general,
seems to be controlled by the crystallization temperature (George et al.,
2017). At relatively low temperatures (< 400 °C), such as those

associated with the formation of exhalative or epithermal deposits,
chalcopyrite is known to be enriched in Zn relative to Cd (George et al.,
2017). At higher temperatures (> 400 °C), such as in skarn or meta-
morphosed exhalative deposits, chalcopyrite tends to be enriched in Cd
relative to Zn (George et al., 2017). Hydrothermal chalcopyrite grains
identified in this study have relatively high Cd/Zn (Fig. 16), similar to
those from metamorphosed exhalative deposits, suggesting high tem-
perature of (re)-crystallization.

Currently, no discrimination diagrams have been developed for ar-
senopyrite or löllingite. Despite their presence in various mineral de-
posit types and their variable trace element compositions, arsenopyrite
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has been analyzed but with a focus on gold and löllingite has been too
rarely analyzed, thus limiting their potential use for discrimination of
magmatic versus hydrothermal sources. Although sulfarsenides are
common in magmatic deposits, the occurrence of arsenopyrite and
löllingite in magmatic deposits has only been documented in a few
examples (e.g. Gervilla and Leblanc, 1990; Piña et al., 2015). The oc-
currence of these minerals appears to be more common in hydrothermal
systems (Tomkins et al., 2006; Tomkins and Grundy, 2009). The ar-
senopyrite and löllingite grains from surficial sediment samples in this
study are rich in Co and Ni (up to 9 and 15%, respectively) similar to
those reported by Piña et al. (2015) and show a strong positive corre-
lation in these elements (Fig. 17). In contrast, PGE concentrations in
arsenopyrite and löllingite grains are negligible. Concentrations in Sb,
Te, Au, and Bi are significant (tens to hundreds ppm) but do not show
any obvious correlations (Fig. 17). Although high Co and Ni con-
centrations might suggest a magmatic origin, the lack of data in the
literature does not allow for a definitive interpretation of either mag-
matic or hydrothermal origin. However, the low PGE and high Sb, Te,
Au, and Bi concentrations would be consistent with the hydrothermal
hypothesis.

7. Application to mineral targeting

Previous studies have shown the link between the occurrence of
sulfide minerals in till samples and the proximity of underlying

mineralization (e.g. Averill, 2011; McClenaghan et al., 2011, 2018).
The sulfide minerals recovered from the glacial deposits of the study
area is therefore suggestive of the presence of mineralization. Con-
straining the metallogenic context of the sulfide sources appears as an
interesting result in itself, especially in areas where glacial sediments
are thick, and knowledge of the underlying bedrock is limited. In our
study, the trace element chemistry of sulfide minerals from glacial se-
diments has allowed us to identify the presence of at least two distinct
mineralization types: one of magmatic affinity, and the other of hy-
drothermal affinity. By combining trace element chemistry with bed-
rock geology and glacial geology, it is possible to delineate regional
vectors related to each mineralization type. To do so, we plotted the
location of till and esker samples containing pyrite and chalcopyrite
from both magmatic and hydrothermal origins according to our dis-
criminant analysis (Fig. 18). In addition, we plotted the average com-
positions of discriminant elements for chalcopyrite, i.e. Ni and Cd
(Fig. 19), and pyrite, i.e. Co, Sb, and As (Fig. 20).

Chalcopyrite grains of both magmatic and hydrothermal origins are
present in most of the map sheet 24B and in the western part of the map
sheet 24G, in which the samples define a S-N trend roughly parallel to
ice flow directions (Fig. 18). The main differences are observed in the
eastern part of the map sheet 24B where hydrothermal chalcopyrite is
more widespread, and the northwestern part of the map sheet 24B
where the samples contain only magmatic chalcopyrite (Fig. 18).
Overall, the presence of chalcopyrite grains of different origins in the
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Fig. 18. Distribution of till and esker samples containing a) magmatic chalcopyrite (n=69), b) hydrothermal chalcopyrite (n=57), c) magmatic pyrite (n= 268),
and d) hydrothermal pyrite (n= 11) across the study area (see Fig. 1 for bedrock geology legend).
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same samples across most of the study area is indicative of mixing of
chalcopyrite from magmatic and hydrothermal mineralization during
glacial dispersal and suggests that the different bedrock sources might
be close to one another.

Pyrite grains of magmatic origin are found in all the samples con-
taining pyrite, except for 5 samples in the map sheet 24B (Fig. 18). The
abundance of these pyrite grains reflects the regional potential for
magmatic mineralization. However, the widespread nature of magmatic
pyrite does not allow to delineate a clear sector for the bedrock source.
In contrast, pyrite grains of hydrothermal origin are found in only 8
samples, among which 7 define a S-N trend parallel to ice flow direc-
tions across the map sheets 24G and 24B (Fig. 18). These samples also
contain magmatic pyrite, and as for chalcopyrite, this suggests mixing
of different sources during glacial dispersal.

Despite the identification of many grains of magmatic chalcopyrite
in many samples, only 2 samples have high average Ni values for
chalcopyrite, i.e.> 100 ppm (Fig. 19). These samples occur in the
northwestern part of the map sheet 24B, close to the contact between
the Labrador Trough and the Core Zone, and where ice flow directions
shift slightly from NW to N. In this area, no hydrothermal chalcopyrite
has been found, which if present, would lower the average Ni values.
Till and esker samples with elevated Cd values for chalcopyrite
(i.e.> 10 ppm), indicating high proportions of hydrothermal chalco-
pyrite, are more widely distributed (Fig. 19). In the map sheet 24B,
about 10 till and esker samples are located from either side of the
contact between the Labrador Trough and the Core Zone, defining a
trend parallel to ice flow directions. In the map sheet 24G, 3 till and
esker samples define a S-N trend propagating from the Labrador Trough
into the Core Zone.

The surficial sediment samples with high average Co values for
pyrite (i.e.> 9500 ppm), indicating a high proportion of magmatic
pyrite, are mostly located in the map sheet 24B (Fig. 20). Although no
clear transport vector can be defined, the wide distribution of magmatic
pyrite highlights the strong potential for magmatic mineralization. In
contrast, the surficial sediment samples with high average values of As
and Sb for pyrite (i.e.> 100 and 0.1 ppm, respectively), indicating a
high proportion of hydrothermal pyrite, are located in the western part
of the map sheets 24G and 24B and define a NW to N trend parallel to
ice flow directions from the Labrador Trough northward towards the
Core Zone (Fig. 20). In the western part of the map sheet 24G, the
spatial distribution of As- and Sb-rich pyrite is not correlated with the
high Co values in pyrite. Samples containing sulfarsenide minerals are
located along this same trend (Fig. 20), which suggests that the sul-
farsenide minerals may be derived from the same bedrock source(s) as
the hydrothermal pyrite.

Overall, the integration of sulfide trace element data with sample
distribution suggests a regional potential for magmatic mineralization
along the Labrador Trough as indicated by the wide dispersal of chal-
copyrite and pyrite grains of magmatic origin. In addition, we have
identified a NW to N trending pattern in the western part of the study
area that is defined by the alignment of samples containing chalcopyrite
and pyrite of hydrothermal origin and sulfarsenide minerals. This
vector strongly suggests the presence of local hydrothermal miner-
alization in the western part of the map sheet 24B or the southwestern
part of the map sheet 24G. Moreover, this vector suggests a remarkably
long glacial dispersal of about 100 km from a source in the Rachel-
Laporte Zone and highlights the long-distance transport that is char-
acteristic of an ice stream (Fig. 18b and d).

Fig. 19. Average concentrations of a) Cd, and b) Ni in chalcopyrite per sample. Areas of elevated average Cd or Ni values (> 10 and>100 ppm, respectively) are
outlined with dashed yellow lines (see Fig. 1 for bedrock geology legend). (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 20. Average concentrations of a) As, b) Sb, c) Co in pyrite per sample; areas of elevated average As, Sb, or Co values (> 100,> 0.1, and>9500 ppm,
respectively) are outlined with dashed yellow lines; and average concentration of d) Au in sulfarsenide per sample (see Fig. 1 for bedrock geology legend). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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8. Mineral potential assessment

The study of the trace element chemistry of sulfide minerals present
in glacial sediments of the Churchill Province has shown the potential
of this approach to constrain the metallogenic context of a region with
widespread glacial cover. Our results indicate the strong likelihood of
the presence of magmatic Ni-Cu and metamorphosed exhalative mi-
neralization in the underlying rocks. Integration of the sulfide trace
element chemistry with the bedrock geology and ice flow history is
relatively difficult considering the long-distance glacial transport ty-
pical of an ice stream. However, results suggest sulfide sources located
in the Rachel-Laporte Zone of the Labrador Trough (Fig. 21), a sector
already known for its magmatic Ni-Cu and metamorphosed exhalative
mineralization (Lafrance et al., 2014; Charette et al., 2016), and a
dispersal over the Core Zone with a roughly northward direction. The
Labrador Trough, consisting of mafic/ultramafic rocks and volcanic and
metasedimentary rocks appears therefore to be an ideal source for the
various types of mineralization.

The area located in the northwestern part of the map sheet 24B
appears to be favorable for metamorphosed VMS and/or SEDEX
(Fig. 21) since it encompasses the rocks of the Rachel-Laporte Zone,
which consists of metavolcanics and metasedimentary units that have
undergone upper amphibolite metamorphism (Henrique-Pinto et al.,
2017). The sulfide minerals found down ice (up to 100 km) have hy-
drothermal signatures and the Cd/Zn of chalcopyrite indicate elevated
temperatures of crystallization (George et al., 2017), consistent with the
local metamorphic grade. Moreover, the rare sulfarsenide grains were
found near this area and their association with hydrothermal sulfide
minerals, as well as their high concentrations in Au, Sb, Bi, and Te is
suggestive of a similar mineralized source. The prevalence of löllingite
over arsenopyrite in surficial sediment samples also supports the con-
clusion about elevated temperatures of formation (Tomkins et al., 2006;
Tomkins and Grundy, 2009). Other metamorphosed VMS and/or
SEDEX mineralization could be found in the southeastern portion of the
Labrador Trough since hydrothermal sulfide minerals with similar sig-
natures have been found in the glacial deposits covering the Core Zone,
to the north of the Rachel-Laporte Zone.

Magmatic Ni-Cu mineralization could be found associated with the
mafic/ultramafic intrusions located to the south of the study area (and
in the southeastern prolongation of the Labrador Trough) since mag-
matic sulfide minerals are abundant and widely distributed down ice
(Fig. 21). Moreover, the mafic/ultramafic intrusions that could poten-
tially host this type of mineralization are in contact with the metase-
dimentary units, which could have contributed to the S contamination
of mafic/ultramafic magmas and triggered sulfide segregation upon

emplacement (e.g. Lesher and Stone, 1996; Ripley and Li, 2003;
Robertson et al., 2015; Samalens et al., 2017). Given the abundance of
magmatic sulfide minerals and their wide geographic distribution, it is
not possible to delineate a specific source area.

Overall, the trace element chemistry of sulfide grains recovered
from glacial sediments allows to characterize the source of the sulfides
and thus defines the metallogenic potential of the region. The wide-
spread distribution of our samples at the regional scale and the limited
number of grains selected for analysis do not allow to assess transport
distances. Determining the proximity of various sulfide sources could be
achieved in target areas using a denser sampling grid and quantifying
absolute sulfide abundances in each sample.

9. Benefit, limitation, and future directions

Our study demonstrates that sulfide minerals can be glacially
transported over several tens of kilometers and can survive some degree
of post depositional oxidation. Thus, sulfide minerals in combination
with other indicator minerals can be used for mineral targeting at a
regional scale. Given the rarity of sulfide minerals in most barren rocks
and their abundance in many mineral deposits, the presence of sulfide
minerals in glacial sediments is a strong indicator of underlying me-
tallic mineralization. Compositional differences of sulfide minerals
allow the discrimination of various sources, which may help in defining
target areas for follow up exploration. Using various sulfide species in
combination provides confidence in our interpretations. The ability to
characterize the metallogenic setting of sulfide minerals that are re-
covered from glacial sediments is in itself a significant outcome that can
be of major importance in exploration programs using indicator mineral
methods.

The limitation of this approach is related to sampling bias, which
results from sulfide grain separation and selection. Although sulfide
minerals are visually distinct from other minerals, a thin oxidation rim
can mask their visual appearance, and thus limit their visual identifi-
cation in heavy mineral concentrates. However, this oxidation rim can
be removed from heavy mineral grains using oxalic acid prior to visual
examination of heavy mineral concentrates. In addition, some bias may
be encountered during the selection of sulfide minerals for analysis in
samples that contain hundreds of sulfide grains. Analysis by LA-ICP-MS
of hundreds of sulfide grains recovered from one single sediment
sample would be too time-consuming and expensive given the amount
of information that would be generated (versus the analysis of hundreds
of sulfide grains from several sediment samples).

Future studies are recommended to refine our approach. In our
project, a follow up study of additional, denser till sampling in areas
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with strong potential would help to delineate targets and transport
distances with more accuracy. When possible, analysis of pyrite, chal-
copyrite, and sulfarsenide minerals should be combined with analysis of
other sulfide minerals such as sphalerite, galena, and/or pentlandite,
and other oxide (e.g. chromite) and silicate (e.g. pyroxene) minerals. In
well studied areas, blind tests could be used to assess the effectiveness
of this approach before it is routinely applied to exploration programs.
In general, we recommend using a unified element suite when per-
forming LA-ICP-MS analyses of magmatic and hydrothermal sulfide
minerals, so that the data can be compiled and compared to develop
new discrimination diagrams. We also recommend analysing more
sulfarsenide minerals as their trace element chemistry is variable and
might be discriminative.

10. Concluding remarks

This study highlights the potential of the trace element chemistry of
sulfide indicator minerals for defining the metallogenic context of rocks
covered by glacial sediments. It is the first study to integrate the trace
element chemistry of sulfide and sulfarsenide minerals in glacial sedi-
ments with knowledge of surficial geology (glacial transport trends and
distance) and bedrock geology. On this basis, we established two me-
tallogenic contexts for the mineralized sources and delineated target
sectors for mineral exploration south to the Ungava Bay in the Churchill
Province. The main outcomes are summarized as follows:

(1) This study highlights sulfide mineral preservation in glacial sedi-
ments. The results showed that sulfide minerals can survive the
rigours of glacial transport (over 100 km) and subsequent moderate
post depositional oxidation (even in eskers).

(2) Sulfide grains contain various inclusions (pentlandite, chalcopyrite,
sphalerite, galena, scheelite, molybdenite, oxides) that can be in-
dicators of specific ore forming settings.

(3) The development of oxidation coronas around sulfide and sulfar-
senide grains is associated with an enrichment in some elements
(Ag, Cu, Zn, W, La, Yb, Ba), demonstrating their mobility before or
during alteration of glacial sediments. However, these coronas are
usually very thin, indicating that alteration was limited and that the
initial composition of sulfide and sulfarsenide grains was not
modified.

(4) Sulfide and sulfarsenide grains have extremely variable composi-
tions, suggesting distinct formation environments, and demon-
strating the powerful applications of sulfide indicator minerals.

(5) The application of the binary diagram Co/Sb versus Se/As devel-
oped by Duran et al. (2015) allows discrimination of two types of
pyrite in the glacial sediments: a majority of magmatic pyrite and a
small population of hydrothermal pyrite. The population of hy-
drothermal pyrite identified in this study is enriched in Pb, Zn, Mo,
Cu, Tl, Ag, Au, and Hg, which are pathfinder elements for hydro-
thermal mineralization.

(6) The Se-Ni-Cd ternary diagram designed in this study for chalco-
pyrite shows that the origin of many chalcopyrite grains cannot be
distinguished. However, it allows the discrimination of two types of
chalcopyrite: magmatic and hydrothermal. Hydrothermal chalco-
pyrite is characterized by high Cd/Zn ratios, suggesting a higher
crystallization temperature typical of metamorphosed VMS or
SEDEX deposits.

(7) Despite high Co and Ni concentrations in sulfarsenide minerals (up
to 9.4 and 15%, respectively), these minerals are poor in PGE but
rich in Au, Sb, Te, and Bi. These compositions suggest a hydro-
thermal origin. The stability field of löllingite (the prevalent sul-
farsenide) at higher temperature is consistent with the meta-
morphism of VMS and SEDEX mineralization.

(8) The established vectors track the source of both types of miner-
alization towards the Labrador Trough, which in the study area
consists of mafic/ultramafic intrusions and metavolcanics and

metasedimentary rocks. Near the contact with the Labrador Trough
and the Rachel-Laporte Zone the metavolcanics and metasedimen-
tary rocks have undergone upper amphibolite metamorphism and
could host VMS and SEDEX mineralization. When in contact with
mafic/ultramafic intrusions, these units could have provided the
necessary S to trigger sulfide saturation in the mafic/ultramafic
intrusions and thus form magmatic Ni-Cu deposits.
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