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There is an on-going debate as towhether the Lac des Iles Pd deposits (Ontario, Canada) are ofmagmatic or hydro-
thermal origin. An aspect of the deposits that has not yet been documented is the presence of sulfide-rich pods
which occur throughout the host intrusion (the Mine Block Intrusion). The ore mineralogy of the sulfide-rich
pods consists of pyrrhotite, pentlandite, chalcopyrite, ±pyrite, magnetite and ilmenite. We present the trace ele-
ment concentrations of pyrrhotite, pentlandite, chalcopyrite, magnetite, and ilmenite from the pods and compare
these results with results from other Ni–Cu–platinum-group element (PGE) deposits. The low concentrations of Si
andCa andhigh concentrations of V,Ni, andCr inmagnetite are consistentwith amagmatic origin of themagnetite.
Variations in theV andCr concentrations indicate thatmagnetite crystallized fromamagmatic sulfide liquid during
crystal fractionation of the sulfide liquid. The enrichments in Ni, Co, Os, Ir, Ru, and Rh and depletions in Cu, Ag, Cd,
and Zn in pentlandite and pyrrhotite relative to chalcopyrite are also consistent with the formation of the pods by
crystallization of a magmatic sulfide liquid. Comparison of pyrrhotite and pentlandite compositions from Lac des
Iles with those from other Ni–Cu–PGE deposits shows that pyrrhotite and pentlandite derived from evolved
magmas have distinct compositions relative to those derived frommore primitive magmas. In addition, this com-
parison shows that pentlandites from PGE-dominated deposits are richer in Pd and Rh than pentlandites from Ni–
Cu sulfide deposits. A plot of Pd vs Rh appears to be effective at distinguishing pentlandites of PGE-dominated de-
posits from those of Ni–Cu sulfide deposits and could possibly be used to adapt exploration strategies.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The world-class Pd deposits of the Lac des Iles Complex, Western
Ontario, Canada (referred to as the Roby, Offset, Twilight and High-
grade zones) are hosted in varitextured meta-gabbronorites and
chlorite-actinolite schists (Lavigne and Michaud, 2001; Barnes and
Gomwe, 2011) and formwide zones (50–400m) in which themineral-
ization occurs as disseminated base-metal sulfide (BMS) minerals and
platinum-group minerals (PGM). These deposits are atypical in that
they do not form thin stratiform layers (PGE-reef types) or massive to
semi-massive sulfides at the margins of the intrusion and the ore has
very high Pd/Ir and Pd/Pt ratios. Furthermore, the Lac des Iles Pd de-
posits have undergone alteration that could have affected the initial
composition of the ore (Hinchey and Hattori, 2005; Somarin et al.,
2009; Barnes and Gomwe, 2011; Hanley and Gladney, 2011; Djon and
.

Barnes, 2012; Boudreau et al., 2014), particularly in the High-grade
Zone, which consists of chlorite–actinolite schists. This has led to a de-
bate as to whether the sulfideminerals crystallized frommagmatic sul-
fide liquids andwere subsequently altered (Hinchey et al., 2005; Barnes
and Gomwe, 2011; Djon and Barnes, 2012) or whether they crystallized
directly from aqueous magmatic fluids that percolated through the
magma pile (Boudreau et al., 2014; Schisa et al., 2015).

In addition to the disseminated mineralization, sulfide-rich pods
have been identified throughout the intrusion (Duran et al., 2016).
Duran et al. (2016) interpret the sulfide-rich pods as cumulates of
monosulfide solid solution (MSS) and the disseminated sulfides as the
product of in situ crystallization of a sulfide liquid. A similar relationship
between disseminated and sulfide-rich mineralization has also been
proposed for some Ni–Cu sulfide deposits such as Aguablanca in Spain
(Piña et al., 2008) and Jinchuan in China (Chen et al., 2014).

Since the advent of laser ablation inductively coupled plasma mass
spectrometry (LA–ICP-MS), the chalcophile and platinum-group ele-
ment (PGE) geochemistry of BMS has been investigated in a variety of
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PGE reefs andNi–Cu sulfide deposits (e.g., Huminicki et al., 2005; Barnes
et al., 2006, 2008; Holwell and McDonald, 2007; Godel et al., 2007,
2012; Godel and Barnes, 2008; Hutchinson and McDonald, 2008; Dare
et al., 2010, 2011, 2014a; Piña et al., 2012; Osbahr et al., 2013, 2014;
Smith et al., 2014; Chen et al., 2014), including the disseminated
mineralization of Lac des Iles (Djon and Barnes, 2012). The approach
in these studies was to assess the influence of crystal fractionation of
sulfide liquids on the distribution of the elements among the BMS.
Owing to the presence of secondary accessory minerals (e.g., pyrite
and millerite) in some deposits this approach has also been useful for
highlighting the redistribution of some elements during post-
magmatic processes (Djon and Barnes, 2012; Piña et al., 2013; Smith
et al., 2014). In addition, the geochemistry of magnetite has been used
as an indicator of provenance and petrogenesis (Dare et al., 2012,
2014b;Nadoll et al., 2014; Boutroy et al., 2014) as themagnetite records
the composition of the magmatic liquid/hydrothermal fluid fromwhich
it crystallizes.

Sulfide-rich pods from Lac des Iles exhibit the typicalmineral assem-
blage observed in magmatic Ni–Cu–PGE deposits (i.e., pyrrhotite, pent-
landite chalcopyrite andminormagnetite). In addition, pyrite is present
in many pods. This pyrite has been attributed to post-cumulus alter-
ation of the pods by Duran et al. (2015) and is not the topic of the
current study. Here we present the trace element concentrations of
pyrrhotite, pentlandite, chalcopyrite, and Fe–Ti oxides (magnetite and
ilmenite) using LA–ICP-MS and compare them with studies from
other Ni–Cu–PGE deposits. The first objective of this study was to ad-
dress whether the primary ore-mineral assemblage originated from
magmatic sulfide liquid. The secondobjectivewas to consider the impli-
cations of the growing data base of trace elements for theseminerals for
petrogenesis and mineral exploration.

2. Analytical method

Details of sample selection are presented in Duran et al. (2016). Pyr-
rhotite, pentlandite, chalcopyrite, magnetite and ilmenite were identi-
fied and described using an OLYMPUS DP71 optical microscope at
Université du Québec à Chicoutimi (UQAC). Petrographic investigation
was carried out on 74 polished thin sections and 12 polished blocks
made from 43 sulfide-rich samples. A total of 15 representative
sulfide-rich samples were selected and used to determine in situ
composition of BMS, Fe–Ti oxides, or both.

LA–ICP-MS analysis was performed at LabMaTer (UQAC) using an
Excimer 193 nm Resonetics Resolution M-50 laser ablation system
coupled with an Agilent 7700× mass spectrometer. A range of beam
sizes from 43 to 75 μm, a range of stage movement speeds from 2.5 to
5 μm/s, a range of laser frequencies from 10 to 15 Hz and a range of
power from 4 to 5 mJ/pulse were used to analyze the minerals. For
large grains a traverse across the grain was made, and for small grains
spot analyses were performed. The gas blank was measured for 30 s
before switching on the laser for at least 60 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 350 mL/min for He. Data reduction was carried
out using the Iolite package for Igor Pro software (Paton et al., 2011). In-
ternal standardization was based on 57Fe using the stoichiometric iron
values of each mineral species.

Details of the analytical method for the sulfideminerals are given in
Duran et al. (2015). For sulfide signals containing silicate, oxide, or PGM
inclusions, the sulfide-only intervals were selected for data reduction in
order to have pure sulfide compositions. For oxides, counts of the fol-
lowing isotopes were monitored: 25Mg, 27Al, 29Si, 34S, 44Ca, 45Sc, 47Ti,
49Ti, 51V, 52Cr, 53Cr, 55Mn, 57Fe, 59Co, 60Ni, 63Cu, 65Cu, 66Zn, 69Ga, 71Ga,
74Ge 75As, 89Y, 90Zr, 92Zr, 93Nb, 95Mo, 107Ag, 111Cd, 118Sn, 121Sb, 178Hf,
181Ta, 182W, and 208Pb. Silicon and sulfur were monitored to ensure
that themeasured signal represented pure oxide. For signals containing
Si or S, the oxide-only intervals were selected for data reduction. Three
certified reference materials were used for external calibration of the
LA–ICP-MS data: GSE-1g, which is a synthetic glass supplied by the
United States Geological Survey (USGS), was used to calibrate for all el-
ements; GSD-1g, which is also a synthetic glass supplied by the USGS,
and BC28, which is a natural magnetite from the Main Magnet Seam
of the Bushveld Complex, were both used as in-house reference mate-
rials to monitor the calibration of GSE-1g. According to Dare et al.
(2012), interferences of 90Zr with 50Ti40Ar, 50V40Ar and 50Cr40Ar; 92Zr
with 52Cr40Ar; and 93Nb with 53Cr40Ar are negligible, thus corrections
were not required. The results of the monitors for both sulfides and ox-
ides were generally within 10% analytical error of the working values
and relative standard deviation (RSD)was typically at b10%. The results
of the monitors for both sulfides and oxides are presented in the elec-
tronic supplementary material.
3. Geological background

An overall description of the geology of the Lac des Iles Complex, in-
cluding the Pd mine and deposits, has been presented in Hinchey et al.
(2005) and Barnes and Gomwe (2011) and only a brief overview is pre-
sented here. The complex is located in Western Ontario, approximately
80 km north of Thunder Bay, near the boundary between theWabigoon
and Quetico subprovinces of the Superior province. The Lac des Iles
Complex (2689 ± 1 Ma: Stone et al., 2003) forms a suite of mafic to ul-
tramafic intrusions emplaced in granitoids. The Pd mine and deposits
occur within the central intrusion of the complex, theMine Block Intru-
sion (Fig. 1).

At the surface, the Mine Block Intrusion appears to be oval in plan
view and funnel-shaped in profile (Fig. 1). The intrusion is elongated
along a SW–NE trend similar to regional faults (Gupta and Sutcliffe,
1990), and is affected by many syn- and post-magmatic shear zones
and faults. These structures have been related to a continual deforma-
tion history while the Mine Block Intrusion was emplaced (Rankin,
2013).

The different lithological units of the Mine Block Intrusion display a
radial stratigraphy,which suggests that the intrusion crystallized inwards
(Schisa et al., 2015). The rocks mainly consist of noritic to gabbronoritic
adcumulates with extremely variable textures (e.g., magmatic breccias,
varitextured and pegmatitic rocks). Most of the rocks are altered to
greenschist and lower amphibolite facies (Boudreau et al., 2014).
Adcumulate textureswere considerably altered to form a secondarymin-
eral assemblage. Plagioclase was variably altered to form sericite,
epidote-group minerals, chlorite, and carbonates. Orthopyroxene was
more significantly altered to form actinolite and chlorite, being locally
completely replaced (Barnes and Gomwe, 2011; Boudreau et al., 2014).

Based on the orthopyroxene and plagioclase trace element contents
of fresh rocks from the ore zones, Barnes and Gomwe (2010) estimated
the composition of the initial silicate liquid at the time of the formation
of the ore. The composition of this calculated liquid appears to be similar
to arc andesites. This interpretation is consistent with the model of
Brügmann et al. (1997), inwhich it is suggested that the tectonic setting
for the emplacement of the Lac des Iles Complex was the root of a con-
tinental arc. In contrast, Hinchey et al. (2005) suggested that themagma
that formed the ores was similar to enriched mid oceanic ridge basalts
(E-MORB), which would require an ocean island or seamount setting.

Themain zone ofmineralization (i.e., Roby Zone) occurs in thewest-
ern part of the Mine Block Intrusion (Fig. 1). The surface exposure
consisted of varitextured metagabbronorites interpreted as magmatic
breccias, which contain approximately 1 modal percent of BMS
(e.g., Lavigne and Michaud, 2001; Hinchey et al., 2005; Barnes and
Gomwe, 2011). On the eastern edge of the Roby Zone there is a 15–
30 m wide sheared unit composed of chlorite–actinolite schists and
known as the High-grade Zone. The Roby Zone extends to the depth
at which it is cut by the Offset Fault. Below the Offset Fault, themineral-
ization is displaced approximately 250 m to the west of the overlying
Roby Zone and is known as the Offset Zone (Fig. 1). Other areas of



Fig. 1. Simplified geological map and idealized cross section of theMine Block Intrusion of the Lac des Iles Complex with projected locations of sulfide-rich samples (modified from North
American Palladium). Note that sulfide-rich samples follow a SW–NE orientation. Sulfides-rich pods sampled from the open pit and from the Baker Zone are not plotted on the cross-sec-
tion. The ore zones are outlined in white, except the High-grade Zone that corresponds to the sheared unit.
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mineralization are present within the Mine Block Intrusion (e.g., Baker
Zone: Fig. 1) but are not currently mined.

In addition to the disseminatedmineralization, sulfide-rich pods are
present throughout the intrusion. These sulfide-rich pods occur
throughout the stratigraphy, in all rock types and along syn-magmatic
shear zones (Fig. 1). Although their host rocks have been altered to
greenschist and lower amphibolite facies, as have been most of the
rocks in the intrusion, no alteration halos have been observed proximal
to the pods. These pods contain net-textured to massive sulfides, in
which enclosed silicate minerals are randomly oriented. No evidence
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of ductile deformation and/or recrystallization has been identified in the
sulfide minerals but silicate minerals surrounding the pods show evi-
dence of high-temperature deformation (Duran et al., 2016). On this
basis Duran et al. (2016) suggested that, due to high-temperature defor-
mation, gashes opened in the cumulus magma pile while it was not
completely consolidated and magmatic sulfide liquids migrated into
these dilation zones to form the sulfide-rich pods.

4. Petrography of sulfide-rich pods

The sulfide-mineral assemblage of the sulfide-rich pods from Lac des
Iles consists of pyrrhotite, pentlandite, pyrite, and chalcopyrite. The
amount of pyrite within the pods is extremely variable, with pyrite
ranging frombeing nearly absent to being the predominant sulfidemin-
eral. Duran et al. (2015) showed that pyrite formed by a process of post-
cumulus re-equilibration of the ore and petrographic details on pyrite
are presented in this study. Pyrrhotite forms large anhedral grains and
is associated with pentlandite (Fig. 2a, b). Pentlandite occurs in three
forms: as coarse polycrystalline aggregates, chain-like veinlets around
pyrrhotite, and oriented exsolution flames within pyrrhotite (Fig. 2a-
c). This textural relationship is commonly observed in magmatic Ni–
Cu–PGE deposits (e.g., Dare et al., 2010) and experiments demonstrated
Fig. 2. Photomicrographs in reflected light of the primary base-metal sulfides and Fe–Ti oxid
flames; (b) pyrrhotite with coarse pentlandite; (c) pyrrhotite, pentlandite and chalcopyri
pentlandite assemblage with small rounded anhedral magnetite; (e) magnetite and ilmen
ilmenite; (f) large patch of magnetite with pyrrhotite.
that it results from the exsolution of pyrrhotite and pentlandite from
MSS (e.g., Kelly and Vaughan, 1983). Typically, the pyrrhotite–pentland-
ite assemblage is associated with minor anhedral grains of chalcopyrite
that are randomly dispersed between pyrrhotite and pentlandite grains
(Fig. 2c). At the margins of a few pods, chalcopyrite is the predominant
sulfide mineral. Description of this occasional chalcopyrite-rich assem-
blage and its relation to the pyrrhotite–pentlandite-rich assemblage are
presented in Duran et al. (2016).

In addition to sulfideminerals, Fe–Ti oxides (i.e.,magnetite and ilmen-
ite) are present in the sulfide-rich pods. In most samples, the magnetite
and ilmenite form small anhedral grains scattered within pyrrhotite
grains or at sulfide–silicate grain interfaces (Fig. 2d, e). Ilmenite occasion-
ally contains micron-sized hematite exsolutions (Fig. 2e). In some cases,
the magnetite has been observed to form large anhedral patches
(Fig. 2f) that are associated with large anhedral grains of pyrrhotite and
silicate minerals.

5. Results and discussion

The first phase to crystallize from a magmatic sulfide liquid is MSS
(Naldrett et al., 1967). Iron oxide starts to crystallize next (Naldrett,
1969), and intermediate solid solution (ISS) crystallizes last (Cabri,
es observed in the sulfide-rich pods; (a) pyrrhotite with oriented pentlandite exsolution
te. Pentlandite forms a polycrystalline veinlet around the pyrrhotite; (d) pyrrhotite–
ite at the sulfide/silicate interface. Note that hematite exsolutions are present within
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1973). As the temperature decreases, all three phases undergo exsolu-
tion. Monosulfide solid solution exsolves to form pyrrhotite and
pentlandite ± minor pyrite (Kelly and Vaughan, 1983). Iron oxide
exsolves to form magnetite ± ilmenite (Buddington and Lindsley,
1964) and ISS exsolves to form chalcopyrite ± pentlandite (Dutrizac,
1976). To assess whether sulfide and oxide minerals from the Lac des
Iles sulfide-rich pods followed this crystallization sequence, we in-
vestigated their composition and trace element distribution. Then
we compared our results with those of well-characterized Ni–Cu–
PGE deposits to consider the influence of various processes such as
the degree of fractionation of the parental magma fromwhich sulfide
liquids segregated, timing of oxide crystallization, exsolution of MSS,
and deformation. Finally, we discuss the implications for mineral
exploration.

5.1. Sulfide compositions

The median composition of each BMS is presented in Table 1, along
with the minimum and maximum values. The full data set is presented
in the electronic supplementary material. Within the BMS, most ele-
ments are homogeneously distributed as indicated by the time–signal
diagrams (Fig. 3). Thus, median compositions are considered to be rep-
resentative for most elements. Silver, Bi, and Pb are exceptions to this in
most pentlandite and in some pyrrhotite and they show irregular distri-
butions (Fig. 3b, d). Additionally, Re–Mo bearing inclusions have been
intersected in some pyrrhotite grains.

The compositions of BMS are traditionally plotted on primitiveman-
tle normalized patterns of PGE and a limited number of other metals to
investigate the processes that control the PGE distribution (e.g., Barnes
et al., 2006; Chen et al., 2014). Because of advancements in the capabil-
ities of LA–ICP-MS, a wider range of elements may now be considered.
To incorporate these elements, we propose a new multi-element dia-
gram for sulfides. This diagram is designed to emphasize the
partitioning behavior of trace elements during crystal fractionation of
sulfides. Therefore, we plot the elements from left to right in decreasing
order of compatibility in thefirst phase crystallizing frommagmatic sul-
fide liquids, MSS. However, to preserve the shape of the PGE patterns,
the PGE have been kept together, in order of increasing melting point
(and are therefore not positioned in order of compatibility in MSS).
Table 1
Compositions of base-metal sulfides from Lac des Iles sulfide-rich pods as determined by LA–IC

Element Isotope Pyrrhotite Pen

n = 37 n =

Median Min Max Me

Co (ppm) 59Co 156 21.7 353 672
Ni (ppm) 61Ni 7099 3048 10,671 246
Cu (ppm) 65Cu 0.262 0.061 636 1.4
As (ppm) 75As 0.773 ≤0.455 2.05 0.7
Se (ppm) 82Se 125 65.4 341 79.
Mo (ppm) 95Mo 0.181 0.108 0.297 0.0
Ru (ppm) 101Ru* 0.026 ≤0.017 0.303 0.0
Rh (ppm) 103Rh* 0.014 ≤0.003 0.095 0.0
Pd (ppm) 108Pd* 0.025 ≤0.010 0.307 18.
Ag (ppm) 109Ag 0.335 0.139 1.16 2.6
Cd (ppm) 111Cd ≤0.054 ≤0.054 0.374 ≤0.
Sn (ppm) 118Sn 0.126 0.069 56.1 0.0
Sb (ppm) 121Sb 0.025 ≤0.012 0.056 0.0
Te (ppm) 128Te 0.299 ≤0.194 0.841 0.2
Re (ppm) 185Re 0.016 ≤0.006 0.324 0.0
Os (ppm) 189Os 0.023 ≤0.016 0.175 ≤0.
Ir (ppm) 193Ir 0.016 ≤0.004 0.070 0.0
Pt (ppm) 195Pt ≤0.014 ≤0.014 0.056 0.0
Au (ppm) 197Au 0.011 ≤0.008 0.050 0.0
Pb (ppm) 208Pb 0.430 0.075 6.79 2.6
Bi (ppm) 209Bi 0.050 0.004 1.47 0.0

n = number of analysis; min = minimum value; max = maximum value; * = values correc
63Cu40Ar made it impossible to accurately determine the Rh concentrations).
Each BMS mineral has its own distinctive normalized trace element
pattern, as can be seen from Fig. 4. To test whether the variation in the
geochemistry is controlled by MSS crystal fractionation, we may assess
the distribution of the elements among the BMS with respect to their
compatibility in MSS, proceeding from the left hand side of the diagram
to the right. For instance, the partition coefficient for Se into MSS is
slightly less than 1, and slightly more than 1 into ISS (Helmy et al.,
2010; Liu and Brenan, 2015). Thus, Se is expected to concentrate in sim-
ilar proportions in pyrrhotite, pentlandite, and chalcopyrite. All three
BMS have Se concentrations of approximately 100 ppm, and plot on
the same level on the diagram (Fig. 4).

Rhenium and Mo concentrations are slightly higher in pyrrhotite
(from ≤0.006 to 0.324 and from 0.108 to 0.297 ppm, respectively) and
pentlandite (from ≤0.006 to 25.7 and from 0.039 to 2.96 ppm, respec-
tively) than in chalcopyrite (from ≤0.006 to 0.286 and from 0.052 to
0.660 ppm, respectively). These elements have similar levels on the
BMS patterns (Fig. 4). However, Re and Mo are not compatible in ISS
and are expected to concentrate in MSS (Brenan, 2008; calculated
from Li and Audétat, 2012; Liu and Brenan, 2015). The low abundance
of these elements in pyrrhotite and pentlandite and the lack of correla-
tions with other compatible elements may reflect the presence of Re–
Mo bearing minerals (Fig 3e). The presence of Re and Mo in solid solu-
tion within pyrrhotite and pentlandite and as inclusions within pyrrho-
tite grains, suggests to us that Re and Mo were initially concentrated
into MSS prior to their exsolution as distinct minerals. A similar inter-
pretation has been proposed by Godel and Barnes (2008) and Dare
et al. (2010) for the Stillwater Complex and Sudbury, respectively.

Cobalt and Ni display different behavior on the three BMS patterns
(Fig. 4). Pentlandite has Co and Ni concentrations that are approximate-
ly 100 times those of the primitive mantle. Pyrrhotite has intermediate
values that are 2 to 4 times those of the primitive mantle. Chalcopyrite
has a Co concentration that is approximately 0.005 times that of the
primitive mantle. At high temperature, Co and Ni are slightly incompat-
ible in MSS, but upon cooling, they become compatible and partition
intoMSS (Li et al., 1996;Mungall et al., 2005). The higher concentrations
of these elements in pentlandite and pyrrhotite relative to chalcopyrite
(Fig. 4) reflect their partitioning into MSS during crystal fractionation.
This type of correlation can be readily noticed on a plot of Co versus Ni
(Fig. 5), inwhich pyrrhotite and pentlandite exhibit a positive correlation,
P-MS analysis.

tlandite Chalcopyrite

55 n = 20

dian Min Max Median Min Max

0 137 16,736 5.52 0.279 5538
,805 192,104 280,342 2042 420 22,823
2 0.326 4689 345,381 253,482 351,162
62 ≤0.455 7.91 0.771 ≤0.455 8.12
1 37.6 1931 153 42.7 239
86 0.039 2.96 0.099 0.052 0.660
80 ≤0.017 0.679 0.125 0.018 0.260
58 0.013 1.41 n.a. n.a. n.a.
3 0.401 785 1.26 0.033 141
0 0.208 70.3 33.6 1.126 83.3
054 ≤0.054 2.21 0.843 0.067 7.36
80 ≤0.032 22.5 0.152 ≤0.032 1.64
16 ≤0.012 0.326 0.017 ≤0.012 0.049
87 ≤0.194 5.14 0.262 ≤0.194 4.84
12 ≤0.006 25.7 0.009 ≤0.006 0.286
016 ≤0.016 0.414 ≤0.016 ≤0.016 0.049
09 ≤0.004 0.029 ≤0.004 ≤0.004 0.027
15 ≤0.014 0.485 ≤0.014 ≤0.014 0.520
12 ≤0.008 0.133 0.012 ≤0.008 0.075
2 0.083 234 3.38 1.50 42.0
88 ≤0.003 2.784 0.117 0.010 4.72

ted for interference; n.a. = not available (for chalcopyrite the interference of 103Rh with



Fig. 3. Examples of time–signal diagrams for base-metal sulfides; (a–b) pyrrhotite; (c–d) pentlandite; (e) pyrrhotie + pentlandite with Re–Mo bearing inclusion; (f) chalcopyrite.

Fig. 4. Primitivemantle normalizedmulti-element diagram of pyrrhotite, pentlandite, and chalcopyrite from Lac des Iles sulfide-rich pods. The normalization values are from Lyubetskaya
and Korenaga (2007).
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Fig. 5. Binary diagram of Co versus Ni. Note the high degree of correlation for pyrrhotite
and pentlandite.

Fig. 6. Binary diagrams: (a) Os versus Ir; and (b) Rh versus Ru. Note the relatively high
degree of correlation for sulfides, which follow the 1:1 line on both diagrams.
Chalcopyrite analyses are not plotted in panel b because of excessive interference
between 63Cu and 103Rh.
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whereas chalcopyrite does not. Furthermore, Co and Ni are preferentially
concentrated in pentlandite with values of up to 16,736 ppm for Co. This
result reflects the preference of these elements for pentlandite over pyr-
rhotite during exsolution of MSS.

As in the case of Ni and Co, IPGE (Os, Ir, and Ru) and Rh are compat-
ible in MSS. Pyrrhotite displays a relatively flat pattern from Os to Ru,
with a slight increase toward Rh, and pentlandite displays a strong in-
crease from Ir to Rh (Fig. 4). In contrast, chalcopyrite exhibits a strong
negative Ir anomaly. On a plot of Os versus Ir (Fig. 6a), pyrrhotite and
pentlandite exhibit a positive correlation and fall close to the1:1 line, in-
dicating that these elements are equally distributed, albeit Os is slightly
enriched relative to Ir. Pyrrhotite has the highest concentrations of Os
and Ir followed by pentlandite. Chalcopyrite has Os and Ir concentra-
tions close to or below the limit of detection. On a plot of Rh versus Ru
(Fig. 6b), pyrrhotite and pentlandite exhibit also a positive correlation
and fall close to the 1:1 line, which indicates that these elements are
also equally distributed. Pentlandite has the highest concentrations of
Ru and Rh. The preference of IPGE and Rh for pyrrhotite and pentlandite
is reflecting their compatibility during MSS crystallization. During MSS
exsolution it appears that Os and Ir prefer pyrrhotite over pentlandite
and Ru and Rh prefer pentlandite over pyrrhotite.

Although Pd is not compatible inMSS and ISS during crystal fraction-
ation of sulfide liquids (Barnes and Lightfoot, 2005 and references there-
in; Mungall et al., 2005; Brenan, 2008; calculated from Li and Audétat,
2012), its partition coefficient is not 0 and some Pd is present in pent-
landite. This has been ascribed to the subsolidus diffusion of Pd from
MSS and fractionated liquids into pentlandite (Barnes et al., 2006;
Dare et al., 2010). As observed elsewhere (e.g., Medvezky Creek Mine,
Noril'sk, Barnes et al., 2006; Merensky Reef, Bushveld Complex, Godel
et al., 2007; Platreef, Bushveld Complex, Holwell and McDonald, 2007;
J–M Reef, Stillwater Complex, Godel and Barnes, 2008; McCreedy East
deposit, Sudbury, Dare et al., 2011; Rosie Nickel Prospect, Yilgarn Cra-
ton, Godel et al., 2012; Aguablanca, Piña et al., 2012; Grasvally Norite–
Pyroxenite–Anorthosite (GNPA) member, Bushveld Complex, Smith
et al., 2014; Jinchuan, Chen et al., 2014), the pentlandite pattern displays
a high positive Pd peak (Fig. 4). On plots of Pd versus Rh and Pd versus
Ru (Fig. 7a, b), pentlandite exhibits strong correlations, and Pd is
enriched by 3 orders ofmagnitude relative to Rh andRu. This correlation
reflects the diffusion of Pd into pentlandite during its exsolution from
MSS. In contrast, pyrrhotite and chalcopyrite do not exhibit any correla-
tion for these elements.
Unlike Pd, Pt and Au are not commonly found in BMS. They are ex-
pected to remain in the late fractionated liquids with the semi-metals
(Te, Sb, Bi and As: Barnes and Lightfoot, 2005 and references therein;
Mungall et al., 2005; Brenan, 2008; Helmy et al., 2010; calculated from
Li and Audétat, 2012; Liu and Brenan, 2015). For all the BMS of the Lac
des Iles sulfide-rich pods, Pt and Au are close to or below detection
limits and do not correlate with any elements or with each other. This
suggests that Pt and Au did not partition into MSS and ISS and should
be present in another phase. Given the low Pt and Au concentrations
in BMS relative to the whole rock and the presence of Pt-bearing PGM
(Duran et al., 2016), we anticipate that Pt and Au are mainly present
as distinct discrete minerals such as PGM or electrum. Such phases
have also been observed in the disseminated ore (Watkinson and
Dunning, 1979; Talkington and Watkinson, 1984; Sutcliffe et al., 1989;
Djon and Barnes, 2012).

WhenMSS crystallizes, Cu, Ag, Cd, and Zn partition into the fraction-
ated liquid because they are not compatible in MSS (e.g., Barnes et al.,



Fig. 7. Binary diagrams: (a) Pd versus Rh; and (b) Pd versus Ru. Note the relatively high degree of correlation for pentlandite on both diagrams. As in panel b of Fig. 6, chalcopyrite analyses
are not plotted in panel a because of interference between 63Cu and 103Rh.
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1997). Upon cooling, these elements partition into ISS, and they are usu-
ally found in chalcopyrite (Barnes et al., 2006, 2008). Chalcopyrite ex-
hibits a strong enrichment in Cu and Ag, at around 10,000 times their
concentration in the primitive mantle (Lyubetskaya and Korenaga,
2007). In contrast, pyrrhotite and pentlandite exhibit a negative Cu
anomaly and have lower Ag values. On plots of Ag versus Cd and Zn
(Fig. 8a, b), the BMS do not show a clear correlation, but in general Ag,
Cd, and Zn are concentrated in chalcopyrite. Silver concentrations in
pentlandite are high (up to 70.3 ppm) and variable, which may be
explained by the heterogeneous distribution of Ag.

As in the case of Pt and Au, semi-metals (i.e., Te, Sb, Bi, As) are not
compatible in MSS and ISS (Helmy et al., 2010; Liu and Brenan, 2015).
The three BMS contain low concentrations of semi-metals and these
elements do not correlate with each other or with other elements.
Pyrrhotite displays a smoothly increasing pattern from Sn to As
(Fig. 4). Pentlandite is characterized by small positive Pb and Bi peaks.
The chalcopyrite pattern resembles the pentlandite pattern except for
Cd which is highly enriched in chalcopyrite as mentioned previously.
Fig. 8. Binary diagrams: (a) Ag versus Cd; and (b) Zn versus Cd. Note that chalcopyrite is
generally enriched in these elements relative to pyrrhotite and pentlandite.
5.2. Fe–Ti oxide compositions

The median composition of each Fe–Ti oxide is presented in Table 2,
along with the minimum and maximum values. The full data set is
presented in the electronic supplementarymaterial. Typical time–signal
diagrams for the Fe–Ti oxides are presented in Fig. 9 and they indicate
that the lithophile and chalcophile elements are present in solid solu-
tion. In ilmenite, the elements are homogeneously distributed (Fig. 9a,
b). Hematite exsolutions in ilmenite (Fig. 2e) are not apparent on the
time–signal diagrams owing to their size, which is smaller than the
size of the laser beam. In magnetite, most of the elements are homoge-
neously distributed (Fig. 9c) except for Mg and Al (Fig. 9d), which are
preferentially concentrated in spinel lamellae (b50 μm) not visible in
thin section.

Magnetite may form in a variety of environments, ranging from
high-temperature magmatic to low-temperature hydrothermal envi-
ronments. As mentioned above, the composition of magnetite depends
on the composition of the magmatic liquid (silicate or sulfide) or aque-
ous fluid from which it crystallizes and the partition coefficient of the
elements in magnetite. In addition, its composition depends on the
competition between co-crystallizing phases, such as ilmenite and
sulfides, for the elements. On this basis, Dare et al. (2014b) developed
a multi-element diagram to identify the signatures of magnetite from
various environments, with elements plotted from left to right in
order of compatibility in magnetite. In the subsequent treatment of



Table 2
Compositions of Fe–Ti oxides from Lac des Iles sulfide-rich pods as determined by LA–ICP-MS analysis.

Element Isotope Magnetite Ilmenite

n = 55 n = 25

Median Min Max Median Min Max

Mg (ppm) 25Mg 182 46.3 2930 284 68.2 1731
Al (ppm) 27Al 1196 518 6768 101 18.6 1046
Si (ppm) 29Si 1094 ≤648 8856 1957 766 4505
Ca (ppm) 44Ca 18.0 ≤12.3 744 125 15.9 2130
Sc (ppm) 45Sc 1.18 0.403 3.67 288 44.7 332
Ti (ppm) 47Ti 506 96.4 3305 273,921 230,140 294,189
V (ppm) 51V 5200 27.8 21,800 2467 566.1 6238
Cr (ppm) 52Cr 596 5.04 13,530 298 4.51 1852
Mn (ppm) 55Mn 2583 222 2987 8189 5177 17,043
Co (ppm) 59Co 22.3 7.34 166 11.0 1.22 182
Ni (ppm) 60Ni 596 237 1145 41.0 11.7 1322
Cu (ppm) 63Cu 1.10 0.083 1901 2.66 1.68 1689
Zn (ppm) 66Zn 28.9 9.28 1305 37.2 19.0 169
Ga (ppm) 71Ga 48.9 18.2 125 0.825 0.454 3.79
Ge (ppm) 74Ge 0.799 0.443 1.29 ≤0.125 ≤0.125 0.445
Y (ppm) 89Y ≤0.013 ≤0.013 0.288 0.221 0.068 1.36
Zr (ppm) 90Zr 0.028 ≤0.015 0.375 6.57 0.610 176
Nb (ppm) 93Nb ≤0.018 ≤0.018 1.41 29.2 9.93 125
Mo (ppm) 95Mo ≤0.143 ≤0.143 0.471 0.899 0.318 2.12
Sn (ppm) 118Sn 0.454 0.080 11.6 1.71 0.211 32.56
Hf (ppm) 178Hf ≤0.015 ≤0.015 0.028 0.562 0.041 6.28
Ta (ppm) 181Ta ≤0.006 ≤0.006 0.174 1.56 0.185 8.06
W (ppm) 182W ≤0.015 ≤0.015 1.07 2.39 0.180 25.7
Pb (ppm) 208Pb 0.116 0.020 5.76 0.192 ≤0.011 0.913

n = number of analysis; min = minimum value; max = maximum value.
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the data we present the elements in increasing order of compatibility in
magnetite (Fig. 10).

Considering the multi-element patterns from incompatible to com-
patible elements in magnetite, we note an increasing slope for both ox-
ides (Fig. 10). Typically, magmatic magnetite is relatively depleted in
Fig. 9. Examples of time–signal diagrams for Fe–Ti oxides: (a–b) ilmenite; (c–
the least compatible elements, such as Si and Ca, which are present
when magnetite forms from hydrothermal fluids (Dare et al., 2014b;
Nadoll et al., 2014). In magnetite from the Lac des Iles sulfide-rich
pods, the Si and Ca concentrations are close to or below the detection
limit. Similarly, Si concentrations in ilmenite are close to the detection
d) magnetite. Note that spinel lamellae are present in some magnetites.



Fig. 10.Bulk continental crust normalizedmulti-element diagramofmagnetite and ilmenite fromLac des Iles sulfide-rich pods. The normalization values are fromRudnick andGao (2003).

Fig. 11. Binary diagram of V versus Cr. Note that the data set follows the trend of sulfide
fractionation defined by Dare et al. (2012).
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limit, but Ca concentrations are in the range of 15.9 to 2130 ppm with
most values b1000 ppm. Both observations suggest that the magnetite
and ilmenite associated with Lac des Iles sulfide-rich pods did not
form from an aqueous fluid.

In contrast,magmaticmagnetite is relatively enriched in Al,Mn, high
field strength elements (HFSE; Zr, Hf, Ta, and Nb), Sc, W, and Ti (Dare
et al., 2014b). These elements are considered relatively immobile in
aqueous fluids and are depleted in hydrothermal magnetite (Nadoll
et al., 2014). In magnetite from the Lac des Iles sulfide-rich pods, the
Al and Mn concentrations are quite high, in the range of 222 to
6768 ppm, but the concentrations of Ti are low, b1wt.%. The concentra-
tions of HFSE, Sc, andWare also low (b1 ppm). The low Ti, HFSE, Sc, and
W values are especially apparent on the magnetite multi-element pat-
tern (Fig. 10), which shows Hf, W, and Nb negative anomalies. These
low values contradict the interpretation, based on Si, Ca, Al, and Mn,
that the magnetite is igneous. This contradiction may be resolved by
considering the presence of ilmenite. In the Sept.-Iles layered intrusion
and in the Lac Saint-Jean anorthosite it has been demonstrated that,
during co-crystallization of both Fe–Ti oxides, ilmenite preferentially in-
cludes HFSE, Sc, and W, whereas magnetite preferentially accommo-
dates Al, Ga, Mg, Ni, and Cr (Méric, 2011; Néron, 2012). The Fe–Ti
oxides from the Lac des Iles sulfide-rich pods exhibit a similar behavior,
with magnetite being depleted in HFSE, Sc, andWwhereas ilmenite ex-
hibits an enrichment in these elements (Fig. 10).

Magmaticmagnetitemay also be fairly enriched in some chalcophile
elements, such as Pb, Cu, Mo, Sn, Zn, and Co (Dare et al., 2012, 2014b).
However, just as co-crystallization of ilmenite impoverishes magnetite
in Ti, HFSE, Sc, and W, sulfide segregation prior to crystallization of ox-
ides affects the chalcophile element composition of the oxides. The con-
centrations of Pb, Cu, Mo, Sn, Zn, and Co are relatively low in both
magnetite and ilmenite (Fig. 10). Cobalt and Zn are the only elements
for which the concentrations may exceed hundreds of ppm. The other
elements have concentrations of b33 ppm. The low overall abundance
of these chalcophile elements in oxides may reflect their partitioning
into sulfides in preference to oxides. However, Sn concentrations in sul-
fides are not much higher than in oxides. This has also been noticed at
Sudbury (Dare et al., 2012) and suggests that Sn partitions similarly
into both sulfides and oxides.

Vanadium, Ni, and Cr are usually the most enriched elements in
magmatic magnetite whereas they are depleted in hydrothermal mag-
netite (Dare et al., 2014b; Nadoll et al., 2014). In magnetite from the
Lac des Iles sulfide-rich pods, the Cr and V concentrations are extremely
variable ranging from 5.04 ppm to 2.18 wt.%. Nickel concentrations are
less variable, ranging from 237 to 1145 ppm for magnetite and 11.7 to
1322 ppm for ilmenite. On the multi-element diagram of magnetite,
the median values of V, Ni, and Cr are greater than 10 times the value
of the bulk continental crust, which indicates strong enrichment of
these elements (Fig. 10). The ilmenite pattern for V, Ni, and Cr is similar-
ly shaped but lower, which indicates the partitioning of these elements
betweenmagnetite and ilmenite. On a plot of Cr versusV (Fig. 11), a cor-
relation between these elements for bothmagnetite and ilmenite can be
observed. This trend has been observed at other localities (e.g., Sudbury,
Voisey's Bay, and Noril'sk) and has been interpreted to result from sul-
fide liquid fractionation (Dare et al., 2012; Boutroy et al., 2014). Vanadi-
um and Cr are compatible elements in magnetite and do not partition
into sulfides. Therefore, the minor amounts of these elements that are
present in sulfide liquids are concentrated in magnetite that crystallizes
early, thus depleting the fractionated liquids. Consequently, late-
crystallizing magnetite is impoverished in these elements relative to
early-crystallizing magnetite. In contrast, Ni is slightly incompatible in
MSS at high temperature (Li et al., 1996; Mungall et al., 2005), and
some Ni partitions into early-crystallizing magnetite (Dare et al.,
2012). Upon cooling, Ni becomes incompatible in the fractionated liquid
(Li et al., 1996; Mungall et al., 2005), such that some Ni partitions into
late-crystallizing magnetite (Dare et al., 2012). Thus, the Ni concentra-
tion remains fairly constant in sulfide liquids during crystal fraction-
ation. The variable Cr and V concentrations and the constant Ni
concentration suggest to us that Fe–Ti oxide compositions changed
with the crystal fractionation of sulfide liquids.
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Magnetites with low concentrations of V and Cr could be interpreted
as having a hydrothermal signature rather than being the product of
crystallization from evolved sulfide liquids. The plot of Ni + Cr versus
Si +Mg developed by Dupuis and Beaudoin (2011)may be used to dis-
criminate magnetites from magmatic Ni–Cu–PGE deposits and hydro-
thermal deposits (Dare et al., 2012; Boutroy et al., 2014). This plot
shows that, although magnetites within Lac des Iles sulfide-rich pods
show variable degrees of fractionation and depletion in some compati-
ble elements,most of themdonot plot outside of the field of Ni–Cu–PGE
deposits, thus confirming the magmatic origin of the magnetite
(Fig. 12).

5.3. Degree of fractionation of the parental magma

In mafic–ultramafic igneous systems, the PGE and chalcophile
elements are commonly assumed to be scavenged from silicate
magmas by sulfide liquids, which are formed when the silicate
magma reaches sulfur saturation (e.g., Naldrett, 2004). The amount
of PGE and chalcophile elements collected by sulfide liquids are
controlled by two parameters: (1) the concentrations of the PGE
and chalcophile elements in the silicate magma; and (2) the silicate
to sulfide ratio (i.e., R-factor: Campbell and Naldrett, 1979).

The amount of PGE and chalcophile elements that are available at
the time of sulfide segregation are directly related to the degree of
fractionation of the magma (Barnes et al., 1985). Sulfides derived from
magmas with similar degrees of fractionation should have similar
patterns on primitivemantle normalizedmetal diagrams. However, sul-
fides derived from similar magmas but with different R-factors will not
have the same composition, especially for PGE. Barnes and Lightfoot
(2005) demonstrated that massive sulfides at many localities have
lower PGE concentrations than disseminated sulfides, possibly because
of a lower R-factor. This difference arises because PGE have the highest
partition coefficients for sulfides. Nonetheless, because they have simi-
lar partition coefficients (Barnes and Lightfoot, 2005 and references
therein; Mungall et al., 2005; Brenan, 2008; calculated from Li and
Audétat, 2012) the degree of fractionation of all the PGE will be similar
regardless of the R-factor. For example, when comparing the pyrrhotite
and pentlandite from the Lac des Iles sulfide-rich pods with the pyrrho-
tite and pentlandite from the Lac des Iles disseminated mineralization
(Djon and Barnes, 2012), similar patterns are found (Fig. 13). However,
theminerals from the disseminatedmineralization are slightly richer in
Fig. 12. Binary diagramofNi+Cr versus Si+Mg inmagnetite. Note that the data set plots
within the field of Ni–Cu–PGE deposits defined by Dupuis and Beaudoin (2011).
all the elements than the minerals from the sulfide-rich pods. This dif-
ference could be the result of a higher R-factor for the disseminated
mineralization as proposed by Duran et al. (2016), and demonstrates
that sulfides from sulfide-rich pods and those from disseminated sul-
fides are derived from a similar parental magma.

According to Barnes and Gomwe (2010) the parental magmas of the
Lac des Iles deposits were andesites (i.e., evolved magmas) emplaced
into a convergent plate margin setting (Brügmann et al., 1997). To test
this hypothesis, we plotted the pyrrhotite and pentlandite trace ele-
ment composition from Lac des Iles in comparisonwith those emplaced
in stable cratons or rifted intraplate margins and derived from more
primitive magmas, and those emplaced in convergent setting and/or
derived from more evolved magmas.

The trace element signatures of pyrrhotite and pentlandite from the
Lac des Iles sulfide-rich pods appear to bedifferent from those of Ni–Cu–
PGE deposits emplaced in stable cratons or rifted intraplate areas and
derived from primitive magmas. For instance, the pyrrhotites and pent-
landites from layered intrusions such as the Bushveld Complex, the Still-
water Complex and the Great Dyke (Godel et al., 2007; Holwell and
McDonald, 2007; Barnes et al., 2008; Godel and Barnes, 2008; Smith
et al., 2014), from komatiites such as the Rosie Nickel Prospect (Godel
et al., 2012), from ultramafic intrusions such as Jinchuan (Chen et al.,
2014) and from flood basalts such as Noril'sk (Barnes et al., 2006) are
much richer in most of the elements, particularly in the IPGE, relative
to the pyrrhotite and pentlandite from Lac des Iles (Fig. 14a-d). Further-
more, the pentlandite from Lac des Iles has a higher Pd/Ir value, which
supports the idea that the MSS formed from a fractionated magma be-
cause fractionated magmas have high Pd/Ir values, whereas primitive
ones do not (Barnes et al., 1985). These observations suggest that the
trace element signature of the sulfidesmay be influenced by the degree
of fractionation of the magma from which they formed.

The trace element signatures of pyrrhotite and pentlandite from Lac
des Iles appear to be similar to those of Ni–Cu–PGEdeposits emplaced in
convergent settings and/or derived from evolvedmagmas. For instance,
Aguablancamagmas formed in an arc setting, whichmight be similar to
the setting of Lac des Iles (Brügmann et al., 1997), and Sudburymagmas
have an average andesitic composition (Rudnick and Gao, 2003) as a
meteorite impact flash-melted the bulk continental crust (Golightly,
1994). Both of these deposits originated from evolved magmas, and
the concentrations of PGE and chalcophile elements in pyrrhotite and
pentlandite from Lac des Iles are close to those of pyrrhotite and pent-
landite from Aguablanca (Piña et al., 2012; Fig. 14e-f) and Sudbury
(Dare et al., 2011; Fig. 14e-f). These observations are consistent with
the parental magmas of Lac des Iles having been of andesitic affinity.
This approach could then be applied to less well understood examples
to infer the degree of fractionation of the magmas from which sulfides
formed (and thus infer the tectonic environment in which the magmas
were likely emplaced).

Magnetite and ilmenite from the Lac des Iles sulfide-rich pods also
show similar patterns to magnetite and ilmenite from Sudbury on a
bulk continental crust normalized multi-element diagram (Fig. 15).
Themagnetite from the Lac des Iles sulfide-rich pods is particularly sim-
ilar to magnetite derived from the more evolved part of Sudbury
(i.e., McCreedy East) except in terms of HFSE because the magnetite
fromMcCreedy East did not co-crystallize with ilmenite. This similarity
may suggest a similar origin for both oxides from Lac des Iles sulfide-
rich pods and McCreedy East (i.e., derived from evolved magmas).

5.4. Timing of crystallization of Fe–Ti oxides

The recording of crystal fractionation in the composition of magne-
tite (Cr and V variations, Fig. 11) suggests that magnetite crystallized
after the sulfide liquids formed. This interpretation is supported by nor-
malizing the composition of magnetite from the Lac des Iles sulfide-rich
pods to the composition of magnetite crystallized from andesitic
magmas that did not reach S saturation (Dare et al., 2014b). The



Fig. 13. Primitive mantle normalized multi-element diagrams of (a) pyrrhotite and (b) pentlandite from Lac des Iles sulfide-rich pods compared with Lac des Iles disseminated sulfides
(dashed lines). The data for disseminated sulfides are from Djon and Barnes (2012). The normalization values are from Lyubetskaya and Korenaga (2007).
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magnetite associatedwith Lac des Iles sulfide-rich pods is depleted in all
of the chalcophile elements relative to the magnetite from andesites
that contain no sulfides (Fig. 16), thereby suggesting that magnetite as-
sociated with sulfide-rich pods crystallized after the magmas reached S
saturation.

In contrast to magnetite associated with Lac des Iles sulfide-rich
pods, magnetite from andesites analyzed by Dare et al. (2014b) did
not co-crystallizewith ilmenite. Our results demonstrate thatmagnetite
from the Lac des Iles sulfide-rich pods is depleted in Ti andHFSE relative
to magnetite from andesites owing to the co-crystallization of ilmenite
(Fig. 16).

Experimental studies (Naldrett, 1969; Kress et al., 2008) indicate
that up to 15%magnetite can crystallize from sulfide liquids andmagne-
tite and ilmenite are often present in minor amounts in magmatic sul-
fides (e.g., Lesher and Keays, 2002; Tomkins et al., 2012; Dare et al.,
2012). However, direct crystallization of ilmenite from sulfide liquids
is difficult to address given the paucity of experimental data on the
partitioning of Ti into sulfide liquids. Alternatively, magnetite and il-
menite could have formed as O diffused out of sulfide liquids and
reacted with surrounding silicate liquids (Fonseca et al., 2008). In both
cases, Fe–Ti-oxides formed from sulfide liquids while sulfide minerals
were crystallizing.

5.5. Exsolution of MSS

In magmatic Ni–Cu–PGE deposits pyrrhotite and pentlandite repre-
sent exsolution products of MSS that form during cooling (Naldrett,
1969; Craig, 1973). Numerous studies have demonstrated that pyrrho-
tite and pentlandite usually accommodate significant amounts of the
whole-rock IPGE composition (i.e., Aguablanca, Piña et al., 2012;
McCreedy East deposit, Sudbury, Dare et al., 2011; Main Sulfide Zone,
Great Dyke, Barnes et al., 2008; J–M Reef, Stillwater Complex, Godel
and Barnes, 2008; Merensky Reef, Platreef, and GNPA member, all of
which are part of the Bushveld Complex, Godel et al., 2007; Holwell
andMcDonald, 2007; Smith et al., 2014, respectively; Rosie Nickel Pros-
pect, Yilgarn Craton, Godel et al., 2012; Medvezky Creek Mine, Noril'sk,
Barnes et al., 2006; Jinchuan, Chen et al., 2014). The distributions of IPGE
between pyrrhotite and pentlandite from the Lac des Iles sulfide-rich
pods are similar, which supports the hypothesis that pyrrhotite and
pentlandite were exsolved from MSS.

To test whether exsolution of pyrrhotite and pentlandite from MSS
would redistribute the IPGE in the same manner in various environ-
ments, we have plotted the composition of each IPGE in pyrrhotite ver-
sus the composition in pentlandite for different Ni–Cu–PGE deposits
(Fig. 17). On a plot of Ir in pyrrhotite versus Ir in pentlandite we notice
that Lac des Iles sulfide-rich pods lie close to the 1:1 line, as do most of
the other Ni–Cu–PGE deposits. Osmium and Ru exhibit trends that are
similar to that of Ir (Fig. 17a-c). This result indicates that, during the de-
velopment of pyrrhotite and pentlandite, the IPGE are equally distribut-
ed between pyrrhotite and pentlandite. However, the J–M Reef of the
Stillwater Complex does not follow this trend, instead pentlandite is
enriched in IPGE relative to pyrrhotite by a factor of 10. In contrast
with IPGE, Rh shows variable distributions between pyrrhotite and
pentlandite, depending on the deposits (Fig. 17d). Most deposits plot
close to the 1:1 line, but the Platreef andMerensky Reef of the Bushveld
Complex show a 30:1 enrichment of Rh in pentlandite and the J–MReef
of the Stillwater Complex shows a 250:1 enrichment.

AlthoughAg is incompatible inMSS,we also note that in the pentland-
ite from Lac des Iles and in those from other deposits (i.e., Aguablanca,
Piña et al., 2012; McCreedy East deposit, Sudbury, Dare et al., 2011;
Main Sulfide Zone, Great Dyke, Barnes et al., 2008; J–M Reef, Stillwater
Complex, Godel and Barnes, 2008; Merensky Reef, Bushveld Complex,



Fig. 14. Primitivemantle normalizedmulti-element diagrams of pyrrhotite and pentlandite from Lac des Iles sulfide-rich pods comparedwith pyrrhotite and pentlandite from (a–b) Great
Dyke, Main Sulfide Zone, (Barnes et al., 2008); Stillwater Complex, J–M Reef (Godel and Barnes, 2008); Merensky Reef (Godel et al., 2007), Platreef (Holwell and McDonald, 2007) and
GNPA member (Smith et al., 2014) from the Bushveld Complex, (c–d) Rosie Nickel Prospect (Godel et al., 2012); Noril'sk, Medvezky Creek Mine (Barnes et al., 2008); Jinchuan,
massive ore (Chen et al., 2014), (e–f) Aguablanca, semi-massive ore (Piña et al., 2012); Sudbury, McCreedy East (Dare et al., 2011). The normalization values are from Lyubetskaya and
Korenaga (2007).
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Godel et al., 2007; RosieNickel Prospect, YilgarnCraton, Godel et al., 2012;
Jinchuan, Chen et al., 2014), Ag is present in significant concentrations.
Furthermore, in most deposits Ag is enriched in pentlandite relative to
pyrrhotite by factors of 5 to 10 (Fig. 18). This could be a consequence of
Ag diffusion during exsolution of pentlandite fromMSS in the sameman-
ner as Ni, Co, and Pd.

5.6. Deformation

Only a few studies have paid attention to the role of deformation in
redistributing certain elements at the grain scale. These include studies
ofmetamorphosed sulfides fromPenikat in Finland (Barnes et al., 2008),
Raglan in Canada (Misson et al., 2013), some komatiites from the
Yilgarn Craton in Australia (Vukmanovic et al., 2014), and the Limoeiro
magma conduit in Brazil (Mota-e-Silva et al., 2015).

Metamorphism is believed to promote diffusion of some elements
when the sulfides recrystallize.Whereas IPGE are homogeneously distrib-
uted within pyrrhotite and pentlandite from unmetamorphosed Ni–Cu–
PGE deposits, Barnes et al. (2008) noticed that the IPGE distributionwith-
in pyrrhotite and pentlandite from the PV Reef of the Penikat Intrusion,
which has undergone greenschist facies metamorphism, was not homo-
geneous. Moreover, they observed that inclusions of PGM composed of
IPGE were more abundant than in unmetamorphosed deposits. We did
not observe such PGM in the BMS from the Lac des Iles sulfide-rich
pods. Instead, the IPGE are homogeneously distributedwithin the pyrrho-
tite and pentlandite. Therefore, metamorphism is unlikely to have affect-
ed the IPGE distribution in the sulfide-rich pods.

Similarly, Pd and Rh are systematically homogeneously distributed
in pentlandite, as indicated by the time–signal diagrams in Fig. 3.
Given this consideration, we may argue that deformation did not con-
tribute to redistributing the Pd and Rh at Lac des Iles.

However, Vukmanovic et al. (2014) demonstrated that the concen-
trations of some elements such as Ag, Bi, and Pb, increase along certain
grain boundaries, low-angle boundaries, and twin boundaries within
pyrrhotite grains. This observation was limited to the elements with
large ionic radii, which might have been redistributed more easily.
Vukmanovic et al. (2014) suggested that deformation-controlled diffu-
sion could occur at temperatures as low as 350 °C, which is consistent
with greenschist facies conditions. Similarly, we observed heteroge-
neous distribution of these elements within some pyrrhotite and in
most pentlandite (Fig. 3). This is especially apparent on the chemical
maps (Fig. 19), where Ag and Pb are more concentrated along cracks
and grain boundaries. Furthermore, a heterogeneous distribution of
these elements is observed within coarse pentlandite, which is likely



Fig. 15. Bulk continental crust normalizedmulti-element diagrams of (a)magnetite and (b) ilmenite from Lac des Iles sulfide-rich pods and Sudbury. The data from Sudbury are fromDare
et al. (2012). The normalization values are from Rudnick and Gao (2003).
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to have formed at approximately 600 °C (Naldrett, 1969). Given these
considerations, the initial distribution of Ag, Bi, and Pb in pentlandite
may have been modified during deformation under greenschist
conditions.

Alternatively, these metals could have been introduced by fluids as
Ag and Pb can form stable complexes with HS− and Cl− in magmatic-
hydrothermal systems (e.g., Pokrovski et al., 2013). Circulation of fluids
along the deformation planes in the sulfides could have allowed incor-
poration of these metals along cracks and grain boundaries.
Fig. 16.Multi-element diagram ofmagnetite from Lac des Iles sulfide-rich pods normalized tom
Iles sulfide-rich pods is depleted in chalcophile elements (light-red field) and HFSE (gray field
5.7. Application to exploration and future directions

We suggest that the composition of pentlandite from PGE-dominated
deposits (Bushveld Complex: Holwell and McDonald (2007), Godel et al.
(2007), and Smith et al. (2014); Stillwater Complex: Godel and Barnes
(2008); Great Dyke: Barnes et al. (2008) and Oberthür et al. (1997);
Noril'sk: Barnes et al. (2006); and Lac des Iles: Djon and Barnes (2012)
and this study) can be distinguished from pentlandite fromNi–Cu sulfide
deposits (Sudbury: Dare et al. (2011); Aguablanca: Piña et al. (2012);
agnetite from andesites (values fromDare et al., 2014b). Note that magnetite from Lac des
) relative to magnetite from andesites.



Fig. 17. Binary diagrams of PGE in pentlandite versus PGE in pyrrhotite. (a) Os in pentlandite versus Os in pyrrhotite; (b) Ir in pentlandite versus Ir in pyrrhotite; (c) Ru in pentlandite
versus Ru in pyrrhotite; (d) Rh in pentlandite versus Rh in pyrrhotite. The data sources for other Ni–Cu–PGE deposits are: Holwell and McDonald (2007), Godel and Barnes (2008),
Barnes et al. (2008), Dare et al. (2010), Djon and Barnes (2012), Piña et al. (2012), Godel et al. (2012), Smith et al. (2014), and Chen et al. (2014).

Fig. 18. Binary diagram of Ag in pentlandite versus Ag in pyrrhotite. The data sources for
other Ni–Cu–PGE deposits are: Godel and Barnes (2008), Barnes et al. (2008), Dare et al.
(2010), Djon and Barnes (2012), Piña et al. (2012), Godel et al. (2012), Chen et al. (2014).
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Jinchuan: Chen et al. (2014); and Rosie Nickel Prospect: Godel et al.
(2012)). Most pentlandite from PGE-dominated deposits has Pd concen-
trations of N10 ppm (up to 20,000 ppm for the JM Reef of the Stilwater
Complex) whereas pentlandite from Ni–Cu sulfide deposits has Pd
concentrations of b10 ppm. Moreover, pentlandite from PGE-dominated
deposits has Rh concentrations of N1 ppm, whereas pentlandite from
Ni–Cu sulfide deposits has Rh concentrations of b1 ppm. An exception
to this is the pentlandite fromLacdes Iles that has Rh concentrations com-
prised between 0.01 and 1 ppm. However, pentlandite from Lac des Iles is
still distinguishable from pentlandite of Ni–Cu sulfide deposits based on
its higher Pd concentrations. A plot of Pd in pentlandite versus Rh in pent-
landite (Fig. 20) may be used to discriminate between PGE-dominated
and Ni–Cu sulfide deposits.

As the discovery of near-surface ore deposits is decreasing, targeting
deeply buried ore deposits has become critical in modern mineral
exploration. Thus, there is a significant need to develop methods that
could be added to the exploration geologist toolbox. For example, indi-
cator minerals from glaciated terrains can be used as pathfinders for
underlying mineral deposits (McClenaghan, 2005; McClenaghan et al.,
2014), and this method has proven very effective in exploration for a
wide range of mineral deposits (Averill, 2001), including Ni–Cu–PGE
deposits. The presence of olivine, pyroxene, oxide, sulfide, and PGM
in tills has been regarded as an indicator for mafic–ultramafic sys-
tems and potential Ni–Cu–PGE mineralization (Averill, 2001, 2011;
McClenaghan and Cabri, 2011; McClenaghan et al., 2011). Because
magnetite is the most widespread and resistive of these indicator
minerals, it has been the most closely investigated so far, and the
trace element composition of magnetite has been used to established



Fig. 19. LA–ICP-MS elemental maps showing the distribution of Ag and Pb in coarse grained pentlandite. (a) Ag and Pb are concentrated along the grain boundaries; (b–c) Ag and Pb are
concentrated along cracks and grain boundaries. Note that grain boundaries and cracks are outlined in white.
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discriminants as guides for Ni–Cu–PGE exploration (Dupuis and
Beaudoin, 2011; Dare et al., 2012, 2014b; Boutroy et al., 2014). Although
sulfide minerals are less resistive to mechanical abrasion and chemical
weathering than oxide minerals, they can survive in glaciated terrains
where chemical weathering is limited and burial is fast due to effective
erosion by ice sheets. For instance, McClenaghan et al. (2011) recovered
up to 50,000 pentlandite grains from 10 kg of till samples from the
Thompson Nickel Belt in central Canada. This approach has a strong
potential for exploration across Canada, Greenland, Scandinavia, and
Siberia where glaciated terrains represent large areas.

In the last decade, advances in LA–ICP-MS have made such sophisti-
cated tool more readily available. Although LA–ICP-MS is not yet de-
signed for routine exploration, selected samples could be analyzed
with a specific purpose. For instance, if pentlandite grains could be
recovered from the heavy mineral fraction of till samples, they could
bemounted in epoxy, whichwould allow fast analysis of a large number
of grains at relatively low cost. The discrimination diagram thatwe have
developed based on the Pd and Rh compositions of pentlandite found in
PGE-dominated and Ni–Cu sulfide deposits need to be tested on
pentlandite grains from till surrounding the deposits. Ultimately, this
approach could be used in Greenfield programs to provide further
insights and identify targets. This is important in the selection of appro-
priate exploration technics because Ni–Cu sulfide deposits may be
detected by geophysical methods whereas PGE-dominated deposits
may not be.

6. Concluding remarks

We used LA–ICP-MS to highlight the distribution of trace elements
among primary BMS and the associated Fe–Ti oxides of the Lac des



Fig. 20. Binary diagram of Pd in pentlandite versus Rh in pentlandite. Note that
pentlandites from PGE-dominated deposits can be discriminated from pentlandites from
Ni–Cu sulfide deposits on the basis of their Pd and Rh concentrations. The data sources
are: Holwell and McDonald (2007), Godel et al. (2007), and Smith et al. (2014) for the
Bushveld Complex (Merensky Reef, Platreef and GNPA member), Barnes et al. (2008)
and Oberthür et al. (1997) for the Great Dyke, Godel and Barnes (2008) for the J–M Reef
of the Stillwater Complex, Barnes et al. (2006) for Noril'sk, Djon and Barnes (2012) and
this study for Lac des Iles (open diamonds = disseminated ore; closed diamonds =
sulfide-rich pods), Dare et al. (2011) for Sudbury, Piña et al. (2012) for Aguablanca
(open green diamonds = disseminated ore; closed green diamonds = semi-massive
ore), Godel et al. (2012) for Rosie Nickel Prospect (blue diamonds), and Chen et al.
(2014) for Jinchuan (open purple diamonds = disseminated ore; closed purple
diamonds = massive and semi-massive ore).
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Iles sulfide-rich pods and infer processes that influence this distribution.
Our findings are summarized as follows:

1. The sulfidemineral compositions of the Lac des Iles sulfide-rich pods
exhibit similarities to sulfideminerals derived from evolvedmagmas
(e.g., Sudbury and Aguablanca) and do not resemble sulfideminerals
derived fromprimitivemagmas. For example, Lac des Iles sulfides are
IPGE-poor. Hence we suggest that Lac des Iles parental magmas, at
the timeof ore formation,were evolved,most likely of andesitic com-
position. Thus, the trace element signature of sulfides could be used
as a petrogenetic indicator in poorly understood settings.

2. The distribution of PGE and chalcophile elements among the primary
BMS at Lac des Ileswas initially governed by their partitioning behav-
ior during the crystal fractionation of MSS. The similar trace element
signature of sulfide minerals from the massive pods and the dissem-
inated mineralization suggests a common origin for both types of
mineralization.

3. Magnetite crystallized after the sulfides and recorded the signature
of crystal fractionation of sulfide liquids. Magnetite co-crystallized
with ilmenite, and Fe–Ti oxideswere formed either directly from sul-
fide liquids or by reaction of oxygenwith silicate liquids as it diffused
out of the sulfide liquids.

4. Pyrrhotite and pentlandite contain significant amounts of Co and
IPGE. The pentlandite also hosts significant amounts of Rh and Pd.
These observations suggest that elements that were initially concen-
trated in MSS have been redistributed by exsolution of pyrrhotite
and pentlandite. Rhenium and Mo that are compatible elements in
MSS are present as discrete phases. These phases may have exsolved
from MSS, coeval with pyrrhotite and pentlandite.

5. Chalcopyrite is enriched in Ag, Cd, and Zn relative to pyrrhotite and
pentlandite, but is not enriched in Pd, Pt, Au, and semi-metals (Te,
Sb, Bi and As), which suggests that chalcopyrite has exsolved from
ISS. Platinum, Au, and semi-metals are not significantly present in
BMS and are suspected to be mainly present as discrete PGM and
electrum formed by crystallization of late fractionated liquids.

6. The heterogeneous distributions of Ag, Bi, and Pb within the pent-
landite and some of the pyrrhotite suggest that the sulfide-rich
pods have undergone some deformation-induced metal redistribu-
tion. However, the distribution of the PGE has not been influenced
by this process.

7. The Pd and Rh concentrations of pentlandites from PGE-dominated
deposits strongly differ from those of pentlandites fromNi–Cu sulfide
deposits. Therefore, the use of the plot Pd versus Rh in pentlandite
has a strong potential in exploration to discriminate between the
possible sources of pentlandite in glaciated terrains.
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