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Abstract

The Labrador Trough in northern Québec is currently the focus of ongoing exploration for
magmatic Ni-Cu-PGE sulphide ores. This geological belt hosts voluminous basaltic sills and
lavas of the Montagnais Sill Complex, which are locally emplaced amongst sulphidic
metasedimentary country rocks. The recently discovered Idefix PGE-Cu prospect represents a
stack of gabbroic sills that host stratiform patchy net-textured sulphides (0.2 to 0.4 g/t PGE +
Au) over a thickness of ~ 20 m, for up to 7 km. In addition, globular sulphides occur at the
base of the sill, adjacent to the metasedimentary floor rocks. Whole-rock and PGE
geochemistry indicates that the sills share a common source and that the extracted magma
underwent significant fractionation before emplacement in the upper crust. To develop the
PGE-enriched ores, sulphide melt saturation was attained before final emplacement, peaking
at R factors of ~ 10,000. Globular sulphides entrained along the base of the sill ingested

crustally-derived arsenic and were ultimately preserved in the advancing chilled margin.

Keywords: Labrador Trough, PGE, magmatic sulphide, mineral exploration
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1. Introduction

The Montagnais Sill Complex (MSC) in the Labrador Trough of northern Québec is currently
the focus of ongoing exploration for magmatic Ni-Cu-platinum group element (PGE)
sulphide deposits. The MSC is considered prospective because it hosts voluminous basaltic
rocks (> 10,000 km?), in proximity to a rifted craton margin (e.g., Begg et al. 2010), locally
emplaced amongst sulphidic metasedimentary rocks (e.g., Ripley and Li 2013). Despite the
apparent prospectivity of the province, exploration remains in its infancy, hindered by a lack
in understanding of the ore-forming processes operating in the region. Recent exploration
conducted by Northern Shield Resources has identified numerous prospective showings

across the Labrador Trough, including the Idefix PGE-Cu prospect.

The Idefix PGE-Cu prospect is located approximately 75 km west of Kuujjuaq (Fig.
1) and encompasses 41 claims over 18.5 km?. The prospect comprises a sequence of
differentiated gabbroic sills, bound by intercalated metapelites of the Baby Formation. To
date, 1501 m of diamond drilling across fourteen boreholes has revealed stratiform patchy
net-textured sulphide ore, with an average 2PGE (Pt + Pd) grade of 0.2 to 0.4 g/t over a
thickness of 16 to 34 m, traceable for approximately 7 km along strike. In this paper, we
examine the architecture of the Idefix prospect and investigate the processes that led to its

formation.

2. Regional Setting

The Labrador Trough represents a foreland fold-and-thrust belt, extending for ~ 800 km from
the Grenville Front to Ungava Bay (Hoffman 1988; Skulski et al. 1993). The trough formed
during the oblique collision between the Southern Rae Craton and the Superior Craton at 1.84

to 1.82 Ga (Wares and Goutier 1990; Wardle and Van Kranendonk 1996). This collision
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instigated pervasive, westward out-of-sequence imbricate thrusting of thick-skinned passive
margin sediments, where thrust zones are interpreted to propagate to the base of the crust
(Wares and Goutier 1990). Metamorphism increases from west to east, peaking at greenschist

facies in the northwest (Perreault and Hynes 1990)

Previous work characterised the stratigraphy of the Labrador Trough using a cyclic
system, where cycles 1 and 2 represent episodes of passive margin sedimentation, topped by
a third cycle of flysch deposits (Clark and Wares 2005 and references therein). Basalts and
subordinate rhyolites were emplaced during cycle 1 at 2169 =4 Ma and 2142 + 4 Ma,
respectively, marking the onset of rift-related magmatism (Skulski ez al. 1993 and references
therein). The MSC intruded into sedimentary rocks of cycles 1 and 2 at 1884 + 1.6 Ma
(Findley et al. 1995). Co-magmatic basalts of the Willbob and Hellancourt Formations (in the
south and north, respectively) were emplaced contemporaneously with the MSC (Rohon et al.
1993). Several hypotheses for the tectonomagmatic setting of the MSC have been proposed,
including: (1) dextral oblique extension above an east-dipping subduction zone (Hoffman
1990b), (2) dextral transtension along the eastern margin of the Superior Craton, resulting in
the formation of pull-apart rift basins (Skulski ez al. 1993), (3) extension in an ensialic back-
arc setting (Corrigan et al. 2009), and (4) derivation from a deep-seated mantle plume

(Ciborowski et al. 2017).

The MSC comprises three major sill types, including (i) aphyric (equigranular)
mesogabbros with stratiform gabbroic pegmatites, (i1) glomeroporphyritic and porphyritic
gabbros, and (iii) differentiated gabbro sills, sometimes with a basal peridotite cumulate
layer. Each of these sill types has been described as hosting magmatic sulphide mineralisation
(Clark and Wares 2005). Mineralised sills are concentrated in the upper part of the cycle 2

sedimentary package, which comprises sulphide-bearing sediments of the Baby (in the north)
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69  and Menihek Formations (in the south), suggesting a link between crustal contamination and

70  sulphide melt saturation in the magmas (Clark and Wares 2005).

71

72 3. Methods

73 Grab and channel samples were collected across the Idefix property during field

74  reconnaissance in 2012 and 2013. Additional drill core was acquired from the headquarters of
75  Northern Shield Resources, generated during their 2013 drilling program. Thick and thin

76  sections were petrographically analysed and photomicrographed using a Leica MZ12s

77  microscope with camera attachment at Cardiff University.

78 In total, sixty whole-rock samples were analysed for lithophile major and trace

79  elements, whereas 706 whole-rock samples were assayed for major lithophile elements, V,
80 Cr, Co, Ni, Cu, Zn, Sr, Pt, Pd, and Au. Twenty-eight whole-rock samples from Idefix

81  property and the surrounding gabbroic rocks were analysed for a full suite of platinum group
82  elements (PGE). All geochemical analyses were performed by ALS Minerals (Vancouver).
83  Sample preparation was completed at ALS Minerals (Timmins) using the PREP-31 package.
84  Lithophile major and trace elements were determined through ICP-AES and ICP-MS

85  respectively, following four-acid digestion of fused beads (ALS codes ME-ICP06, ME-

86  MSS81, ME-MS42*, ME-4ACD81, and ME-ICP61a). Loss on ignition (LOI) was determined
87  using the OA-GRAOS5 package. Sulphur and carbon concentrations were determined using a
88  Leco sulphur analyser, whereby 0.1 g of homogenised sample is combusted at ~ 1350°C and
89  total S and C are measured using a non-dispersive infrared sensor (ALS code ME-IR08S).

90 Palladium, Pt, and Au concentrations were determined by ICP-MS, following lead oxide fire
91  assay to produce a precious metal bead (ALS codes FA-FUSPG4 and PGM-MS23). To

92  determine the full suite of six PGE and Au, a precious metal bead was produced via nickel
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sulphide fire assay and measured through ICP-MS (ALS codes FA-FUSNSO1 and PGM-
MS25NS). More information regarding analytical procedures can be found on the ALS

Minerals website (www.alsgobal.com). Results for representative samples are presented in

Tables 1 and 2. The full dataset, as well as standards and blanks, is reported in

Supplementary Material 1.

A Zeiss Sigma HB Field Emission Gun Analytical Scanning Electron Microscope,
equipped with two Oxford Instruments 150 mm? energy dispersive spectrometers (EDS) was
used to generate element maps of the sulphide-bearing rocks. The maps were produced at a
working distance of 8.9 mm, an accelerating voltage of 20 kV, and a pixel dwell time of 2000

ms.

4. The Idefix PGE-Cu Prospect

4.1.  Historical exploration

Airborne reconnaissance surveys conducted in the 1940s identified numerous gossanous
outcrops in the broader area hosting Idefix, which were later identified to be magmatic
sulphide showings. In the 1950s, several companies conducted field reconnaissance and
geophysical surveys in the vicinity of the Idefix prospect and identified several Ni-Cu
showings (Sogemines Development Company 1962; Schilling 1963; De Freneuse 1965).
Cities Service Minerals Corporation reported the first PGE values approximately ~ 5 km west
of Idefix, in gabbroic rocks grading 10.3 g/t Pd, 3.4 g/t Pt, 11.2% Cu, and < 0.1% Ni (Loring

1975).

La Fosse Platinum Group conducted extensive Ni-Cu-PGE exploration along the
eastern half of the Labrador Trough during the 1980s and were the first to identify

mineralisation at what is now Idefix (then named Ukunngaalik). Samples of aphyric



Page 7 of 48

117
118
119

120

121
122
123
124
125

126

127

128

129
130
131
132

133

134
135
136
137
138

139

mesogabbro returned grades of 5.8 g/t Pd, 2.7 g/t Pt, and 0.8 g/t Au (Avison 1986; La Fosse
Platinum Group 1988). The area was not explored further until 2002 when Virginia Mines

Incorporated identified additional stratiform sulphide mineralisation with grades of up to 18.1

g/t 2PGE + Au (Savard 2003).

Northern Shield Resources conducted seasonal field surveys across the eastern half of
the Labrador Trough from 2011 to 2013. Out of 1,614 samples collected from the region, 934
assayed > 0.1 g/t PGE. The Idefix prospect was staked in 2011 and encompasses 41 claims
covering 18.5 km?. Fourteen diamond-drill holes totalling 1,501 m were drilled along the
Idefix ridge (Fig. 1), in which grades of 0.2 to 0.4 g/t 2PGE (Pt and Pd) over 16 to 34 m can

be traced intermittently for approximately 7 km.

4.2.  Local Geology

The Idefix prospect is located within the Gerido lithotectonic zone defined by Clark and
Wares (2005; Fig. 1b). The Gerido zone is characterised by intercalated metasediments,
banded iron formations, and volcanic extrusives, intruded by mesogabbroic and ultramafic
sills of the MSC. Fine- to medium-grained equigranular mesogabbroic rocks strike NW-SE,

with dips varying from 85° to 40° to the east (Fig. 1c¢).

Borehole 13ID-13 (Fig. 2a) intersects the entire stratigraphy of the Idefix property and
has been used to characterise the stratigraphy of the prospect. The country rock consists of
stratified metapelites, locally containing subhedral pyrite (Fig. 2b). The contact between the
country rock and the composition Idefix sill is sharp and irregular, sometimes characterised
by a < 5 cm thermal aureole. The Idefix sill is ~ 100 m thick and has been sub-divided into

I1, 12, and 13, based on the presence of sulphide mineralisation, as outlined in detail below.
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The Idefix sill is overlain by a further ~ 400-m-thick mesogabbroic hanging wall sill named

the Primitive Unit (PU). The PU contains only sparsely disseminated sulphide mineralisation.

Relatively thin stratiform gabbroic pegmatite horizons (< 0.5 m) intermittently occur
along the I1-12 and I3-PU contacts (Fig. 2c-d). The former is typically less defined than the
latter, but where present, both contain finely disseminated sulphide mineralisation and bluish,

interstitial quartz.

4.3.  Petrology of the Idefix and Primitive aphyric gabbro sills
Gabbroic rocks of the Idefix prospect are fine- to medium-grained and composed of partially
uralitized anhedral clinopyroxene and partially to completely saussurised subhedral
plagioclase (Fig. 3). There is no evidence for serpentinization of olivine in any samples and
no discernible deformation. The PU is characterised by a higher relative proportion of
clinopyroxene (~ 53 vol.%) at the expense of plagioclase (~ 45 vol.%; Fig. 3a). The Idefix
sills generally comprise a higher proportion of modal plagioclase (~ 48 vol.%) than
clinopyroxene (~ 46 vol.%; Fig. 3b). Accessory phases (< 2 vol.%) include hornblende,
acicular actinolite and tremolite, biotite, anhedral apatite, titanite, and Fe-Ti oxides. Anhedral
apatite and clusters of titanite, biotite, Fe-Ti oxide, and rutile are most prevalent in sulphide-
bearing samples. The 11 sill differs from the other Idefix sills in that it can locally host up to ~
3 vol.% interstitial quartz. CIPW normative mineralogy of the gabbroic pegmatites indicates
that there is little difference relative to that of the aphyric gabbroic sills. The I3-PU gabbroic
pegmatite comprises up to ~ 8 vol.% interstitial quartz, with traces of apatite, biotite,
ilmenite, and titanite. The [1-12 pegmatite is characterised by up to ~ 17 vol.% interstitial

quartz (Fig. 3c¢).
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4.4.  Nature of mineralisation

Two horizons of mineralisation have been intersected at Idefix: (i) patchy net-textured
sulphides (< 5 vol.%; Fig 4a) in the contact zone between 13 and PU, and (ii) globular
sulphides (0.5 to 2 cm in diameter) in the basal chilled margin of the Idefix sill (I1; Fig. 4b).
Finely disseminated sulphide (< 1 vol.%) is observed throughout the remainder of the Idefix

sill (e.g., Giles 2015).

The patchy net-textured ores in the I3-PU contact zone are dominated by pyrrhotite [Fe;.
xS; Po; ~ 60 vol.%], chalcopyrite (CuFeS,; Cep; ~ 32 vol.%), with subordinate pentlandite
[(Fe,Ni)oSg; Pn; ~ 8 vol.%]. Sparsely disseminated sulphide throughout the remainder of 12
and 13 is generally dominated by Ccp over Po, with little-to-no Pn. Base metal sulphides are

spatially associated with apatite (~ 0.2 vol.%) and titanite (~ 0.3 vol.%).

Sulphide globules in I1 are often elliptical and comprise a Po core (~ 62 vol.%), enclosing
granular and flame Pn (~ 3 vol.%). Chalcopyrite (~ 33 vol.%) occurs around the exterior of
the globules and is disseminated throughout the unit. Chalcopyrite is often spatially
associated with sulpharsenides belonging to the cobaltite-gersdorffite series (~ 1 vol.%),

sphalerite (< 0.1 vol.%), titanite (< 1 vol.%) and apatite.

5. Results

5.1.  Lithophile elements

All gabbroic rocks at Idefix plot within a narrow range of MgO (~ 8 to 14 wt.%; Table 1), in
that the PU is generally more primitive (10.4 to 13.9 wt.%) than the Idefix gabbros (8.4 to
12.7 wt.%). Throughout all samples, CaO and Cr/V decrease with decreasing MgO content
and FeOt, TiO, and Sr increase with decreasing MgO content (Fig. 5a-d). The incompatible

element composition of the PU and I3 are generally similar (e.g., TiO,, K,O, Sr, and REE),
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whereas 12 and I1 show greater enrichment in these elements (Fig. Se). The greatest spread of
data is observed in Cr/V values (Fig. 5d), notably for the PU (Ct/V ~ 2 to 6.5). The average
Cr/V content of the Idefix sub-units decreases from I3 (Cr/V 1.9 to 6.3) to I1 (Cr/V 0.8 to
2.9). The majority of samples show a Ni concentration of 200 to 250 ppm. A few samples,
notably from I3, show higher Ni (> 300 ppm), despite no variation in MgO content. The high

Ni contents correspond to an increase in sulphide content.

Primitive mantle normalised multi-element plots (Fig. 6) show broadly similar
profiles for gabbroic rocks. The patterns of the PU and I3 are relatively flat (1 to 2x primitive
mantle), with variably negative P anomalies. Sub-units I1 and 12 show slightly enriched
patterns (2 to 4x primitive mantle), with less pronounced negative P anomalies and strong
positive K anomalies. Local metapelitic rocks of the Baby Formation show strong enrichment
in LILEs and LREEs, but a similar HREE level relative to that of the gabbroic units. All
gabbroic units are characterised by similar Th/Yby (0.4 to 1.1), La/Smy (0.8 to 1.2), and
Gd/Yby (0.8 to 1.2) ratios, whereas metasedimentary units have Th/Yby values > 50 and
La/Smy values > 4.8. Total REE concentration increases with decreasing MgO. All gabbroic
units show sub-parallel REE patterns, with weakly positive or negative Eu anomalies

(Euw/Eu* ~ 0.8 to 1.2; Table 1).

5.2.  Chalcophile elements

In all gabbroic samples, chalcophile metal concentrations increase with increasing sulphur
(Table 2; Fig. 7a-c). The patchy net-textured ores (I3) are generally more enriched in PGE
relative to globular ores (I1; Fig. 7¢). This trend may correspond to a difference in the
platinum group mineral assemblage of the two ore-bearing horizons. Platinum and Pd show a

good positive correlation across both ore-bearing horizons (R? = 0.89), with an average Pd/Pt

Page 10 of 48
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ratio of ~ 2.8 (Fig. 7d). The base metals Cu and Ni show good positive correlations with

PGE, with the patchy net-textured ores being relatively more enriched in PGE (Fig. 7e-f).

Nickel, the IPGE (Ir and Ru), and Rh show good positive correlations across all ore-
bearing gabbroic rocks (Fig. 8a-c). Regional gabbro (RG) samples represent mineralised
mesogabbroic rocks at or near to the Idefix property. All samples have Pd/Ir values between
200 and 500 (Fig. 8d), within the range of basaltic rocks elsewhere (e.g., Maier et al. 2008b).
Platinum and Au contents broadly increase with increasing Ir (Fig. 8e-f). All ore-bearing
rocks at Idefix possess Ni/Iry and Cu/Pdy values < 1 (Fig. 9). All samples (> 0.5 wt.% S)
plotted in Figure 9 have been recalculated to 100% sulphide using the method of Barnes and
Lightfoot (2005). Both ore types exhibit similar patterns, in that IPGE levels are ~ 100x that
of the primitive mantle, whereas PPGE (Rh, Pt, and Pd) levels are 1,000 to 10,000x that of
the primitive mantle. Globular ores are more enriched in Au and Cu, relative to patchy net-
textured ores. The Idefix profiles are similar to that of the Paladin deposit in the Labrador
Trough (see Clark and Wares 2005), which represents PGE-enriched sulphide mineralisation
in an aphyric gabbro with stratiform gabbroic pegmatite (deposit type 10d in Clark and
Wares, 2005). They also show some similarity to the pattern of the J-M Reef, in that the rocks

ores are low in IPGE, high in PPGE, with negative Au anomalies.

Figure 10 shows that the majority of sulphide-bearing gabbroic rocks have Cu/Pd
ratios below the range of the primitive mantle. This suggests that the host magma did not lose
significant sulphide melt before its final emplacement, which would have resulted in a
marked depletion in PGE relative to base metals. Overlain on this plot are R factor
estimations assuming a parent magma composition similar to high-MgO basalts from the
Cape Smith Belt (Barnes et al. 1992). Most samples plot between an estimated R factor range
of 1,000 to 10,000 at < 1 vol.% sulphide, consistent with sulphide volumes observed in rock

samples.
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5.3.  Borehole 13ID-13

The borehole samples the hanging wall PU (15 to 115 m), the Idefix sill (115 to 205 m), and
metasedimentary footwall lithologies (205 to 206 m). The latter are marked by a pronounced
decrease in MgO, Mg#, and Ni (Fig. 11). The composition of I1 becomes less evolved with
height, as reflected by an upward increase in MgO, Mg#, and Cr/V, and a decrease in TiO,
and Sr. In the contact zone between I1 and 12 is a quartz-bearing intermittent gabbroic
pegmatitic horizon, which shows little change in composition with the bounding sub-units.
Upward through 12, MgO and Cr/V gradually decrease, whereas S and chalcophile metals (Ni
< Cu) increase. From the contact between 12 and 13 upwards, MgO and Cr/V increase toward
the PU, whilst TiO, and Sr gradually decrease. Similarly, S decreases with height, while
chalcophile metals increase, peaking at the contact between 13 and the PU. Mafic and
incompatible elements smoothly increase and decrease respectively, into the PU. Chalcophile
metal concentrations in the PU are mostly at or close to the detection limit. There is little-to-
no variation in Cu/Pd and Pd/Pt values upward through I1 and 12. I3 is characterised by lower
Cu/Pd values (< 2,000) and upward decreasing Pd/Pt values. The PU comprises generally
higher Cu/Pd values and upward decreasing Pd/Pt values (Fig. 11). These vertical patterns are

observed in other drilled boreholes in the property (Supplementary Figure 1).

6. Discussion

6.1.  Interpreting the stratigraphic orientation

The orientation of the mafic rocks is of major importance in designing effective ore targeting
models. However, trends in whole-rock geochemistry at Idefix are inconclusive. Most

differentiation indices (Mg#, Cr/V, Ti, Pd/Ir, and Cu/Pd) show a broad trend towards
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relatively unevolved compositions with height across the Idefix sill. While this could suggest
that the Idefix sill has been tectonically overturned, it is also known that many mafic
intrusions show basal reversals on the scale of meters to hundreds of meters in relation to a
progressively decreasing trapped liquid component with height in the sill (e.g., Wingellina

Hills; Maier et al. 2015).

The Idefix PGE-Cu property belongs to deposit type 10d described by Clark and
Wares (2005). Several similarities exist between the Idefix prospect and previously
discovered occurrences, including the Paladin, Lac Lafortune, and Lac Larochelle prospects.
All of these occurrences reside in the Gerido lithotectonic zone in the northern half of the
Labrador Trough and are enriched in PGE relative to base metals. Furthermore, sulphide
mineralisation (< 5 vol.%) at these occurrences is confined to stratiform gabbroic pegmatites
and the underlying gabbro (Clark and Wares 2005 and references therein). Clark and Wares
(2005) state that basal sulphides are not observed in these deposit types and that the
stratiform gabbroic pegmatitic horizons represent the roof of the sill. However, globular
sulphide is present at the base of the Idefix gabbro (with seemingly no compromise to the
Cu/Pd values of the overlying net-textured sulphide) and there is evidence for two stratiform
gabbroic pegmatites (i.e., [1-12 and [3-PU). This could either mean that stratiform gabbroic
pegmatites may not be exclusive to the upper portions of the sills or that the Idefix sub-units

are all distinct sub-sills.

Most PGE-Cu reefs (e.g., Bushveld Complex, Maier et al. 2008 and Penikat, Iljina et
al. 2015) display a sharp basal peak in PGE concentrations, which is overlain by
exponentially decreasing PGE over distances varying from a few decimetres to metres. This
is typically interpreted to reflect Rayleigh-type fractionation of PGE in an S-saturated magma
(Naldrett et al. 2009). However, in few PGE-Cu reefs, PGE contents decrease downward into

the footwall rocks (e.g., Merensky Reef, Barnes and Maier 2002; Stillwater Complex, Godel
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2007). In the Merensky Reef, this has been ascribed to downward percolation of sulphide
liquid into semi-consolidated floor rocks (Barnes and Maier 2002). No obvious systematic
change in Cu/Pd and Ni/Cu values preclude the percolation of progressively fractionating
sulphide liquid and instead suggests that gravity-driven percolation is responsible for the

downward decreasing tails of chalcophile metals observed at Idefix (Mungall and Su 2005).

Sulphide liquid cannot travel for significant distances without dispersing into sub-
millimetre disseminations induced by Rayleigh-Taylor instabilities or by dissolving in a
depressurising magma (Mavrogenes and O’Neill 1999; Robertson et al. 2015). Due to the
high density of sulphide melt, it tends to be concentrated along the base of magma bodies.
However, globular sulphide documented at Noril’sk-Talnakh are an exception (Arndt et al.
2003). These globules are thought to have been transported upward in the host sill by gas
bubbles, evidenced by the presence of silicate caps atop sulphide globules (see Barnes ef al.
2019). Sulphide globules at Idefix do not possess silica caps, nor do they possess a Po-Pn
lower margin and a Ccp upper margin, which has been used as geopetal structures for host
rocks elsewhere (Prichard ef al. 2004). However, granular pentlandite between chalcopyrite
and pyrrhotite supports in situ fractionation for the sulphide globules (e.g., Mansur et al.
2019). The occurrence of globules in I1 favours an up-right stratigraphy if this sub-unit

represents the base of the Idefix or Primitive sills.

6.2. Sulphide melt saturation

Primitive magmas are typically undersaturated in sulphide melt as they ascend through the
crust, due to the inverse relationship between sulphide melt solubility and pressure (e.g.,
Mavrogenes and O’Neill 1999). As the magma undergoes differentiation, the sulphur content

of the melt increases as a result of its incompatibility within silicate minerals. For basaltic
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magmas, sulphide melt saturation can be attained either through extensive low-pressure
fractional crystallisation (typically 40 to 60%) and/or through assimilation of exogenous
sulphur (Mavrogenes and O’Neill 1999; Ripley and Li 2013). In many world-class Ni-Cu-
PGE sulphide deposits, the assimilation of sulphur-rich country rock is considered a key
process in triggering sulphide segregation (Kabanga, Maier et al. 2010; Noril’sk-Talnakh,
Ripley et al. 2003; Voisey’s Bay, Li and Naldrett 1999). However, this process is not
necessarily required in the formation of PGE-Cu deposits. Instead, it is argued that in these
deposit types, fractional crystallisation drives the magma to sulphide melt saturation,
resulting in low volumes of sulphide (~ 1%) and higher R factors (> 10,000; Campbell and
Naldrett 1979). A third possibility is that the Idefix magmas assimilated and/or entrained

proto-ore from antecedent pulses of magma (i.e., PU; Maier 2005; Maier and Groves 2011).

Firstly, there is no evidence that the host magmas at Idefix underwent crustal
assimilation (Fig. 12). Binary mixing diagrams between a parent magma with the
composition of the co-magmatic Hellancourt basalt (Ciborowski et al. 2017) and the local
Baby Formation metasediments show that all gabbroic rocks (including the ore-bearing
horizons) have assimilated < 5% of the country rock (Fig. 12a-b). This conclusion is
consistent with those made for sulphide occurrences in the south of the Labrador Trough
(e.g., Chauval ef al. 1987; Rohon et al. 1993). It is also consistent with S/Se ratios that are
widely used to constrain the presence of crustal sulphur in magmatic sulphides (Queffurus
and Barnes 2015). This is because crustal sulphides typically possess much higher S/Se
values than magmatic sulphide. At Idefix, all gabbroic rocks plot either at or below the
estimated S/Se mantle range of 2850 to 4300 (Eckstrand and Hulbert 1987). However,
country rocks are characterised by low S/Se values (< 2,000). Low S/Se values in the
gabbroic rocks are consistent with an interaction between sulphide and S-undersaturated

fluids (Queffurus and Barnes 2015). Little-to-no change in La/Smy relative to S/Se values
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argues against wholesale assimilation of country rock, but can be reconciled with
devolatilisation of the pyrite-bearing country rock (e.g., Ripley 1981). Addition of exogenous
sulphur and arsenic via country rock devolatilisation to I1 may explain the lower PGE tenors
and increased relative proportion of sulpharsenides of the globular ores (e.g., Pina ef al. 2013;
Le Vaillant et al. 2018) , yet this cannot explain low S/Se values in 13 due to the proximity of

this unit to the floor rocks.

For the estimation of the R factor, we assume that the parent magma to the Idefix
gabbro underwent closed-system fractional crystallisation (Campbell and Naldrett 1979). The
Cu concentration is within the Cu range of the co-magmatic Hellancourt basalts of
Ciborowski et al. (2017; 116 + 34 ppm). From this, all gabbroic rocks at Idefix plot at
approximate R factors of 5,000 to 10,000, at a maximum of ~ 1 vol.% sulphide, which is

consistent with sulphide proportions observed in drill-core and petrographically.

With no indication of crustal contamination influencing sulphide segregation, one
must conclude that the Idefix magma was driven to sulphide melt saturation through
differentiation. Clark and Wares (2005) argue that the relationship between disseminated
sulphide and gabbroic pegmatites favours a hydrothermal origin. However, Pd/Ir ratios at
Idefix are < 500 and there is no prominent negative Pt anomaly (e.g., Barnes and Liu 2012).
The Cu/Pd values suggest that no PGE has been lost before the final emplacement of the
Idefix magma, yet if sulphide segregated in situ after ~ 40 to 60% fractional crystallisation
(i.e., Ripley and Li 2013) there would be insufficient PGE-undepleted magma for immiscible
sulphide to interact with. It must then be concluded that the Idefix magma became saturated
in sulphide melt before its final emplacement (i.e., magma conduit), perhaps aided by the
cannibalisation of proto-ore left by antecedent pulses of magma (e.g., Maier, 2005; Maier and

Groves 2011).
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6.3.  Assessing pre-emplacement fractionation of the Idefix magma

The enrichment in strongly chalcophile metals at Idefix suggests that the parent magma was
undepleted in chalcophile metals and was derived from a large degree mantle melt. The flat
REE profiles (La/Gdy = 0.8 to 1.2) of the gabbroic rocks at Idefix are analogous to REE
profiles of co-magmatic Hellancourt basalts (Skulski ez al. 1993; Rohon et al. 1993), which,
in turn, resemble modern transitional MORB. Olivine (Fo ~ 0.84) is typically the liquidus
phase in the Hellancourt basalts (Ciborowski et al. 2017). As olivine is not present in the
Idefix gabbroic rocks, it is possible that the magmas underwent pre-emplacement fractional
crystallisation. Pre-emplacement olivine fractionation would deplete the remaining melt of
Ni. However, the gabbroic rocks at Idefix retain Ni values consistent with local basaltic rocks
(~ 133 ppm). This is contradicted by the absence of positive Eu anomalies, which is to be
expected if the magma had fractionation plagioclase prior to its final emplacement.
Moreover, the negative Ru anomalies may be best explained by pre-emplacement
fractionation of spinel (Righter et al. 2004; Pagé and Barnes 2012). It is therefore, possible
that the magma parental to the Idefix sills and associated basaltic rocks underwent pre-

emplacement fractionation in the lower crust (e.g., Skulski et al. 1993; Heinonen et al. 2019).

6.4. Emplacement and orientation of the gabbroic rocks at Idefix

From the current data, it remains unclear if the strata at Idefix has been tectonically
overturned or not (see Fig. 13). The presence of two distinct sulphide-bearing horizons
suggests at least two episodes of sill emplacement has occurred at Idefix, yet the sequence of

emplacement is difficult to discern:

Scenario 1: Sequentially emplaced and overturned:
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In this scenario, the PU was first emplaced, followed by I3 + 12, and then I1. To constrain the
way-up of the PU, the eastern contact of this unit must be characterised. From the current
data, there is no evidence that the PU overlying the Idefix sill is the upper part of a
differentiating sill (MgO > 10 wt.%, TiO, < 0.5 wt.%). Although, it remains possible that this
could represent a reversal if emplaced against the country rock. The Idefix sill was emplaced,
whilst entraining immiscible sulphide, which underwent gravity-driven percolation to begin
to accumulate on the 13-PU contact (Mungall and Su 2005). Lastly, I1 was emplaced
entraining immiscible sulphide globules. However, if emplaced last, antecedent pulses of
magma would have already devolatilised the country rock, precluding the formation of
sulpharsenides by ingestion of crustally derived As. In this model, the gabbroic pegmatites
form via static recrystallisation as described by Barnes and Maier (2002). The sequence was
then tectonically overturned during the waning stages of the New Québec Orogeny. However,
current mapping data support a regionally NE-facing sequence (M. Houl¢, written

communication, 2019),

Scenario 2: Non-sequentially emplaced and overturned:

In this scenario, PU and I1 were emplaced before 12 + I3, whereby 11 represents the upper
chilled margin of the PU. This is consistent with the generally chalcophile-depleted character
of the PU (Cu/Pd > 10,000, PGE < 0.1 ppm). The density of sulphide melt typically precludes
their occurrence in the upper parts of host sills, yet this has been documented elsewhere (i.e.,
Noril’sk-Talnakh) due to volatile-rich bubbles (Barnes et al. 2019). However, the absence of
silica caps around the globules, together with the high settling velocities of sulphide liquid
(Chung and Mungall 2009) makes this unlikely at Idefix. The Idefix magmas were then

emplaced below the advancing chilled margin, where entrained sulphide percolated to the
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base of the sill. The I3-PU gabbroic pegmatite would have formed via static recrystallisation,
yet the formation of the I1-12 pegmatite may have been influenced by magmatic fluids

exsolved from the Idefix magma. However, the current data cannot support this hypothesis.

Scenario 3: Sequentially emplaced.:

In this scenario, each sill represents an individual pulse of magma. Firstly, I1 was emplaced
entrained immiscible sulphide globules that ingested crustally derived S and As. Secondly, 12
was emplaced, forming a discontinuous gabbroic pegmatite via static recrystallisation.
Thirdly, 13 was emplaced, whilst entraining PGE-rich immiscible sulphide. A gabbroic
pegmatite has not been identified between 12 and 13, meaning that these units could represent
one pulse of magma. Lastly, the PU was emplaced above the Idefix sill. The I3-PU gabbroic
pegmatite is better preserved than the one present at the I1-12 contact since the PU is thicker

and less evolved than the Idefix sill.

Scenario 4: Non-sequentially emplaced:

In this scenario, PU and I1 were emplaced before the Idefix sills, similar to that described in
Scenario 2. This model can be reconciled with the (i) low PGE concentrations of the
overlying PU and (ii) the assimilation of exogenous S and As from the country rock floor.
The Idefix sill was progressively emplaced above the advancing chilled margin of the PU
(i.e., I1). The 12 and I3 units may have been emplaced as two separate pulses, in that the 13
unit entrained a higher volume of immiscible sulphide as evidenced in the drill-core

geochemistry (Fig. 11; Supplementary Figure 1).
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6.5. Potential for PGE-Cu deposits in the Labrador Trough

In the Labrador Trough, PGE-Cu deposits are exclusive to aphyric gabbro sills in the Gerido
lithotectonic zone (e.g., Paladin, Lac Lafortune, and Lac Larochelle; Clark and Wares 2005).
Their enrichment in PGE (Cu/Pd < 10,000) indicates that the parental magmas were
undersaturated in sulphide melt during their emplacement. This suggests that they could have
produced economic contact-style mineralisation. This deposit type is not necessarily
dependent on the assimilation of crustal sulphur. Country rock in proximity to the Idefix sill
is only locally sulphide-bearing and the Idefix sill (< 100 m) would not possess the heat
required to effectively assimilate the country rocks. Although sulphidic country rock is not
necessarily required for this deposit type, it remains a prospective characteristic if the
intrusive sill is able to effectively extract crustal sulphide. The presence of stratiform
pegmatitic gabbro with disseminated sulphide can be considered a good indicator of
proximity to PGE-rich sulphide mineralisation in aphyric gabbro sills of the Montagnais Sill
Complex. It is favourable that sills with stratiform gabbroic pegmatite are thick (> 100 m)
and bound by other mafic-ultramafic sills, so that slower cooling rates may allow for pronged

interaction between silicate melt and sulphide liquid.

7. Conclusions

The Idefix PGE-Cu prospect in the Labrador Trough, northern Québec represents a stack of
differentiated gabbroic sills (~ 8 to 14 wt.% MgO, ~ 1 to 8 Cr/V), which are host to stratiform
patchy net-textured and globular sulphide horizons, associated with stratiform gabbroic
pegmatites. Primary minerals of the gabbroic hosts have undergone moderate to extensive
alteration, whereby pyroxene is partially to completely replaced by amphibole, and

plagioclase is almost completely saussurised. The patchy net-textured ores are more enriched
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in chalcophile metals relative to the globular ores. Chalcophile metals in each horizon
generally show good positive inter-element correlations (Ni/Cu = 0. 85; Cu/Pd = 0.68, Pd/Pt
=0.92, and IPGE/Ru = 0.96). Low Ni and IPGE tenors are ascribed to pre-emplacement
fractionation of olivine and spinel. There is no evidence for the assimilation of crustal rock
(La/Smy < 1 and Th/Yby < 1) or addition of exogenous sulphur (S/Se < 4,00). Furthermore,
in situ segregation of sulphide melt is precluded by insufficient volumes of PGE-undepleted
magma to generate the observed PGE-Cu mineralisation. Henceforth, immiscible sulphide
melt segregated before its final emplacement and was entrained upward. The patchy net-
textured ores formed at R factors of up to 10,000, which was assisted by prolonged cooling
rates due to thermal priming by antecedent pulses of magma. However, sills must be
sufficiently thick (> 100 m) and bound by hot mafic-ultramafic rocks to slow the cooling rate
of the host sill. This allows for sulphide to interact with a greater volume of silicate magma

and gives time to settle into narrow, PGE-rich reef-style horizons.
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Figure Captions

Figure 1. a. Location of the study area in the lithotectonic divisions of Clark and Wares
(2005). b. Geological map of the Idefix PGE-Cu prospect, showing the outline of the property
and location of the boreholes addressed in this study. c. Cross-section across the centre of the

property, showing the intersections of the labelled boreholes.

Figure 2. a. Schematic stratigraphy of the Idefix PGE-Cu prospect, showing the divisions of
the Idefix sill. b. Textures and characteristics of the Baby Formation metasediments. c.
Nature of the gabbroic pegmatite at the [1-I12 contact. d. Nature of the gabbroic pegmatite at
the I3-PU contact. rill core is ~ 4 cm in diameter. BF = Baby Formation, py = pyrite, qtz =

quartz.

Figure 3. Texture and petrography of (a) the Primitive Unit. (b) Idefix unit I3 and 12, (¢)
Idefix unit I1. d. CIPW normative mineralogy of gabbroic and gabbroic pegmatitic rocks at

Idefix. cpx = clinopyroxene, plg = plagioclase, amp = amphibole, qtz = quartz.

Figure 4. a. Texture and mineralogy of patchy net-textured sulphide. b. Texture and
mineralogy of globular sulphide. Note the elliptical shape of the sulphide globules. po =

pyrrhotite, pn = pentlandite, ccp = chalcopyrite, ars = sulpharsenides.

Figure 5. a-f. MgO against CaO, FeOt, TiO,, Cr/V, Sr, and Ni.

Figure 6. a-b. Primitive mantle normalised (Sun and McDonough 1989) lithophile multi-

element plots.

Figure 7. a-c. Sulphur against Ni, Cu, and 2PGE + Au. d. Pd against Pt, whereby net-textured
and globular ores correlate at Pt/Pd values of ~ 2.8. e. Cu against 2PGE + Au. f. Ni against

2PGE + Au. Note the different trends in net-textured and globular ores in plots c, e, and f.
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Figure 8. a-f. Ir against Ni, Ru, Rh, Pd, Pt, and Au. Note that IPGE and Pt show good positive
correlations (R? > 0.8) and that all samples plot with Pd/Ir values below 500. RG = regional

gabbro.

Figure 9. Primitive mantle normalised (Barnes and Maier 1999) chalcophile multi-element
plots for (a) patchy net-textured ores and (b) globular ores. For comparison, profiles form the
J-M Reef (Godel et al. 2002), Roby Zone of Lac des Iles (LDI; Hinchey et al. 2005),
Merensky Reef (Barnes and Maier 2002), the Platreef at Rooipoort (Maier et al. 2008a), and
the Paladin deposit in the Labrador Trough (Clark and Wares 2005). All samples with > 0.5
wt.% S have been normalised to 100% sulphide using the method of Barnes and Lightfoot

(2005).

Figure 10. Pd against Cu/Pd with marginal histograms. The underlain grey field represents
the expected Cu/Pd range of mantle rock (Barnes and Maier 1999). Grey boxes represent the
composition of sulphide at different whole-rock volumes at different R factors (see text for

discussion).

Figure 11. Downhole geochemistry of borehole 131D-13, showing the downward trend of

lithophile and chalcophile elements.

Figure 12. a-b. La/Smy against La/Yby and La/Nby against Th/Yby, overlain with binary
mixing models between Hellancourt basalt (Ciborowski et al. 2017) and Baby Formation
sediments. c. S against Se underlain with that of mantle range (2850 to 4300; Eckstrand and
Hulbert 1987). Note that all samples plot at or just below that expected for mantle rock. d.
S/Se against La/Smcy showing no changes in La/Smy values relative to S/Se. Normalised

ratios were normalised using values of Sun and McDonough (1989).
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Figure 13. Emplacement scenarios for the gabbroic rocks at Idefix if (1) sequentially
emplaced and overturned, (2) non-sequentially emplaced and overturned, (3) sequentially

emplaced, and (4) non-sequentially emplaced.
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Table 1. Representative whole-rock compositions of the rocks at Idefix. Full data reported in Supplementary data 2.

Rock Type PU PU Transitional 13 13 12 12 11 11 Sediments
Hole ID 13ID-13  13ID-13 131D-04 13ID-13  13ID-02  13ID-02 13ID-04 13ID-13  13ID-02 131D-07
Depth (m) 152 62 18.6 116.6 41 88.8 69.7 191.7 118.6 81

Major Elements (wt.%)

Si0, 49.5 493 49.6 48.5 48.5 48.4 48.2 48.6 48.5 59.8
TiO, 0.3 0.3 0.4 0.4 0.4 0.5 0.5 0.5 0.6 0.4
ALO; 11.5 13.1 13.7 13.1 13.6 14.6 14.6 13.6 14.0 14.2
Fe,O5 7.2 7.7 8.0 8.5 8.9 9.5 9.6 9.5 10.7 11.6
MnO 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
MgO 11.6 11.2 10.7 10.9 11.1 10.0 10.2 9.6 9.7 29
CaO 16.1 14.5 15.0 13.8 13.9 12.9 13.3 13.5 12.3 2.7
Na,O 0.6 0.9 1.1 1.1 1.1 1.2 1.3 1.1 1.1 2.6
K,O 0.0 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.4 3.8
P,0s 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1
LOIL 2.1 22 22 2.3 2.3 2.6 2.7 2.1 0.5 1.2
Total 99.3 99.6 100.9 98.9 100.0 100.0 100.6 98.9 98.0 99.6

Trace Elements (ppm)

S (wt.%) 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.1 0.4 0.1
Sc 52 44 45 42 42 36 36 38 32 9
v 194 195 204 181 199 214 210 229 226 53
Cr 1890 1400 1390 1120 1250 800 840 880 710 50
Co 38 42 37 46 48 47 42 47 54 11
Ni 171 159 137 261 256 179 175 171 331 22
Cu 61 58 55 484 381 195 128 207 710 5
Zn 50 43 43 56 52 58 59 62 67 111
As 1.8 0.6 0.7 0.6 1.1 8.5 1.6 19.0 41.1 0.5
Rb 0.2 1.0 0.8 1.2 1.7 3.7 1.4 1.4 11.6 162.0
Sr 54 65 74 62 66 74 73 84 83 219
Y 7.6 7.9 9.6 8.5 9.1 10.4 10.3 11.7 11.5 14.8
Zr 7 10 17 13 17 21 22 28 29 174
Nb 0.6 0.7 0.7 0.8 0.8 1.0 1.1 1.4 1.3 7.6
Sb 0.1 0.1 0.1 0.2 0.1 0.2 0.3 0.2 0.2 0.1
Cs <0.01 0.0 0.0 0.0 0.1 0.1 0.0 0.0 0.1 7.6
Ba 5 10 10 12 15 22 10 10 48 426
Th 0.1 0.1 0.2 0.1 0.1 0.2 0.2 0.2 0.2 13.5

Precious Metals (ppm)

Pd bdl 0.02 0.01 0.25 0.21 0.06 0.05 0.06 0.17 bdl
Pt bdl 0.02 0.01 0.09 0.07 0.03 0.02 0.02 0.05 bdl
Au bdl bdl bdl 0.02 0.02 bdl bdl bdl 0.01 bdl
REEs (ppm)
La 1.3 0.9 2.4 1.0 1.2 1.5 1.5 1.7 1.7 43.9
Ce 2.0 2.3 44 2.7 3.2 3.9 3.8 4.0 4.6 79.1
Pr 0.3 0.4 0.6 0.5 0.5 0.7 0.6 0.7 0.7 8.6
Nd 1.8 2.0 3.0 2.4 2.7 3.0 3.0 3.9 3.6 30.5

Sm 0.6 0.8 0.9 0.9 0.8 1.1 1.1 1.2 1.3 4.8



Eu 0.3 0.3 0.4 0.4 0.4 0.4 0.5 0.5 0.5 1.0
Gd 1.0 1.1 1.5 1.4 1.4 1.6 1.7 1.8 1.6 39
Tb 0.2 0.2 0.2 0.2 0.2 0.2 0.3 0.3 0.3 0.5
Dy 1.5 1.4 1.6 1.5 1.6 1.7 1.8 1.9 2.0 3.0
Ho 0.3 0.3 0.3 0.4 0.3 0.4 0.4 0.5 0.4 0.6
Er 0.8 0.8 1.1 1.0 1.1 1.1 1.1 1.4 1.2 1.7
Tm 0.1 0.1 0.1 0.2 0.1 0.1 0.2 0.2 0.2 0.2
Yb 0.9 0.9 1.0 1.0 1.0 1.2 1.1 1.3 1.2 1.2
Lu 0.1 0.1 0.1 0.1 0.1 0.2 0.2 0.2 0.2 0.2
Element Ratios
Mg# 58.4 54.8 54.1 52.8 56.1 51.4 48.3 46.9 49.8 20.0
Cr/V 9.7 7.2 6.8 6.2 6.3 3.7 4.0 3.8 3.1 0.9
Eu/Eu* 1.2 0.9 0.9 1.0 1.0 0.9 1.0 0.9 1.0 0.7
Ni/Cu 2.8 2.7 2.5 0.5 0.7 0.9 1.4 0.8 0.5 4.4
Cu/Pd 15250 2900 4583 1928 1841 3095 2667 3632 4251 5000
Pd/Pt 1.0 1.0 1.0 2.7 2.9 22 23 2.9 3.1 1.3

Euw/Eu* calculated by Euy / (Smy * Gdy)®?
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Table 2. Chalcophile element concentrations of gabbroic rocks at Idefix.

Base Metal

Sample Unit (WE.%) Platinum Group Elements & Gold (ppb)* S
Ni Cu Ir Ru Rh Pt Pd Au (Wt.%)

1D11-02 11 2.1 52 55 69 642 2166 17228 173 2.0
ID11-07D 11 2.9 8.7 118 88 1086 14650 64878 1036 0.8
1D11-14 I 2.4 2.3 117 95 859 6361 18375 348 2.3
1D11-04 13 32 14.0 372 211 3119 20354 68939 3578 2.8
1D11-06 I3 32 11.3 328 221 2968 22333 74725 2486 0.8
ID11-12 I3 0.4 26.7 331 178 2887 20619 67258 12670 32
ID11-13 I3 3.1 19.0 827 477 6794 43641 156154 3205 1.3
1D11-24 I3 0.7 14.1 725 415 6080 2372 76511 1732 1.6
1D11-01 Barren 2.1 8.2 330 194 2969 30544 100081 2008 0.5

*Normalised to 100% sulphide using the method of Barnes & Lightfoot (2005).



a. Location of the study area in the lithotectonic divisions of Clark and Wares (2005). b. Geological map of
the Idefix PGE-Cu prospect, showing the outline of the property and location of the boreholes addressed in
this study. c. Cross-section across the centre of the property, showing the intersections of the labelled

boreholes.
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A B. Baby Fotmation metasediments
. PU

12

n

e L
D. Gabbro pegmatite dividing PU and 13

Disseminated
sulphide

Disseminated
sulphide

a. Schematic stratigraphy of the Idefix PGE-Cu prospect, showing the divisions of the Idefix sill. b. Textures

and characteristics of the Baby Formation metasediments. c. Nature of the gabbroic pegmatite at the I1-12

contact. d. Nature of the gabbroic pegmatite at the I3-PU contact. rill core is ~ 4 cm in diameter. BF = Baby
Formation, py = pyrite, gtz = quartz.
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A. Primitive Unit

¢ Primitive Unit

¢ 13

° 12

I

< 13-PU gabbroic pegmatite
% [1-12 gabbroic pegmatite
<> Country rock

Texture and petrography of (a) the Primitive Unit. (b) Idefix unit I3 and 12, (c) Idefix unit I1. d. CIPW
normative mineralogy of gabbroic and gabbroic pegmatitic rocks at Idefix. cpx = clinopyroxene, plg =
plagioclase, amp = amphibole, qtz = quartz.
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A. Patchy net-textured sulphide in I3

Sy W

500 pm

a. Texture and mineralogy of patchy net-textured sulphide. b. Texture and mineralogy of globular sulphide.
Note the elliptical shape of the sulphide globules. po = pyrrhotite, pn = pentlandite, ccp = chalcopyrite, ars
= sulpharsenides.
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a-b. La/SmN against La/YbN and La/NbN against Th/YbN, overlain with binary mixing models between
Hellancourt basalt (Ciborowski et al. 2017) and Baby Formation sediments. c. S against Se underlain with
that of mantle range (2850 to 4300; Eckstrand and Hulbert 1987). Note that all samples plot at or just
below that expected for mantle rock. d. S/Se against La/SmCN showing no changes in La/SmN values
relative to S/Se. Normalised ratios were normalised using values of Sun and McDonough (1989).
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Scenario 1: Sequentially emplaced and ! Scenario 2: Non-sequentially emplaced and overturned
IA] [A]

crustal S & As

globular ore

entrained sulphide

hydrous pegmatite
crystallisation(?)

Scenario 3: Sequentially emplaced Scenario 4: Non-sequentially emplaced
A]

Emplacement scenarios for the gabbroic rocks at Idefix if (1) sequentially emplaced and overturned, (2)
non-sequentially emplaced and overturned, (3) sequentially emplaced, and (4) non-sequentially emplaced.



