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Abstract

The Archean Legris Lake mafic—ultramafic complex (LLC) is spatially (~ 12 km east) and temporally (2690.59 +0.77 Ma) associ-
ated with the world-class Lac des Iles (LDI) palladium deposit. Modeling of whole-rock major-element compositions suggests
that this complex, previously interpreted as gabbroic, is gabbronoritic in composition, adding to the likely association between
LDI and the LLC. Mantle normalized trace-element profiles and modeled parental melt compositions from the cumulate litholo-
gies indicate initial melt extraction from a metasomatized mantle source in an arc setting and subsequent crystallization of olivine,
orthopyroxene, and plagioclase at depth following assimilation of SiO, and S from tonalitic country rock. External S assimilation
contributed to sulfide saturation at depth prior to or during emplacement, but sulfide melt entrainment in intruding magmas and
its retention at the site of emplacement was variable. These interpretations are supported by (1) variations in Cu/Pd ratios between
PGE-rich and PGE-poor lithologies, (2) the strongly negative Eu/Eu* of paragenetically early lithologies, (3) the overlap between
whole-rock eéNd,r, values of LLC lithologies and Wabigoon tonalite, and (4) the positive 84S and uniformly non-zero A*S values
of magmatic sulfides. During emplacement the intruding melts also assimilated metasedimentary country rock. This effect likely
became more pervasive during later stages and resulted in additional melt fractionation and inheritance of the trace-element sig-
nature of the metasedimentary country rock by the intruding magmas. This assimilation does not, however, seem to have been an
important driver of sulfide saturation in this system.

Keywords Ore deposit—Layered mafic intrusions—Ni-Cu-PGE - Archean - Sm-Nd isotopes—Multiple sulfur isotopes

Introduction

A key part of meeting future demand for platinum-group ele-
ments (PGE) is exploration and development of layered mafic
intrusions, and the development of petrologic models that can
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contextualize the source (Maier et al. 2003; Barnes and Pic-
ard 1993), tectonic setting (Naldrett 2004, 2011; Barnes et al.
2016), and magmatic evolution of these systems (Fiorentini
et al. 2010; Naldrett 2011; Mungall 2014). The Legris Lake
mafic—ultramafic complex (LLC) is one such layered intrusive
system located in northwestern Ontario, Canada, ~81 km north-
northwest of Thunder Bay and ~ 12 km southeast of the world-
class Lac des Iles (LDI) PGE deposit (Fig. 1). This system com-
prises the easternmost extent of an ~30-km-wide, ring-shaped
array of variably hornblende-rich, mafic—ultramafic intrusions
located in the Archean Superior Province. These include the
Tib Lake, Demars Lake, Wakinoo Lake, Tomle Lake, Buck
Lake, Taman Lake, and Dog River intrusions (Sutcliffe 1986;
Stone et al. 2003; hereafter referred to as the Lac des Iles Intru-
sive Suite). These intrusive systems are spatially related to the
LDI system (Djon et al. 2018; Gupta and Sutcliffe 1990), and
show textural, petrologic, and geochemical similarities that sug-
gest a cogenetic relationship (Stone et al. 2003) and similar
potential for hosting LDI-style PGE mineralization.
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Fig.1 a Regional geologic map showing locations of Thunder Bay,
the Lac des Iles (LDI) mine (in red), and the Lac des Iles intrusive
suite (in blue). b Geologic map of Legris Lake Intrusive Complex
(after Pettigrew and Hattori 2002). Geologic domains are outlined
with gray dotted lines and include the Northeastern Border Zone

Preliminary mapping, sampling, and exploration drill-
ing in and around the LLC between 1999 and 2010 (Pet-
tigrew and Hattori 2001, 2002; North American Palladium
Ltd.) showed that this complex is associated with deep
regional structures (i.e., tectonic sutures), contains large
breccia-hosted zones of sulfide mineralization, and con-
tains 0.5—-1m-thick zones at depth with Pd grades as high as
4.5 ppm and Pd/Pt up to 23.6 (median of 2; Impala Canada
Ltd.; Pettigrew and Hattori 2002). These features are con-
sistent with the criteria recommended by Djon et al. (2018)
for PGE exploration in and around the LDI system and,
together, are indicative of a high degree of PGE prospectiv-
ity for the LLC relative to the other intrusions in the LDI
intrusive suite.

Pettigrew and Hattori (2001, 2002) present a model for
the LLC involving crystallization of olivine and orthopy-
roxene at depth, and subsequent emplacement of an
evolved silicate magma that underwent sulfide saturation
via external S assimilation from metasedimentary country
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(NEBZ), Southeastern Border Zone (SEBZ), Central Zone (CZ),
Southwestern Border Zone (SWBZ), and Northwestern Border Zone
(NWBZ). Location of study area is denoted with a yellow star on the
gray inset image (lower right)

rock. Here we further evaluate this model using new petro-
graphic, geochemical, isotopic (Sm—Nd and multiple sul-
fur isotopes), and geochronologic (U-Pb) data sets, and
present a detailed analysis of the source, setting, and role
of crustal contaminants in driving the magmatic evolution
of the LLC.

Geology of the Legris Lake mafic-ultramafic
complex

Previous descriptions of the geology of the LLC have been
provided by Pettigrew and Hattori (2001, 2002), and are
briefly described here. The LLC has a surface exposure
of ~19.5 km? and is situated near the Eastern margin of
the Archean Wabigoon Subprovince (Superior Province)
along its tectonic suture with the Quetico Subprovince
(Fig. 1a). The igneous rocks of the Wabigoon Subprovince
are subdivided into tonalites (~ 3 Ga), granitoid complexes
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(2732-2708 Ma), and post-tectonic granitoid stocks
(2709-2685 Ma; Blackburn et al. 1991). The latter group
includes several ~2.69-Ga mafic—ultramafic complexes that
intrude earlier granitic—tonalitic lithologies of the Wabi-
goon Subprovince (Blackburn et al. 1991; Sutcliffe et al.
1989). The mafic—ultramafic intrusive complexes of the
LDI Intrusive Suite are likely part of this group (Pettigrew
and Hattori 2001).

Along its northern, southern, and eastern margins,
the LLC is bordered by greenschist-facies metasedimen-
tary and metavolcanic rocks of the Quetico Subprovince
(Fig. 1b). The Quetico metavolcanic rocks are basaltic in
composition and only contact the LLC along its north-
ern boundary. The metasedimentary rocks are primarily
greywackes, siltstones, conglomerates, and minor oxide-
facies iron formations (Pettigrew and Hattori 2002) that
are commonly interbedded with or crosscut by mafic
metavolcanic rocks. Together these lithologies comprise
part of an accretionary complex (Percival and Williams
1989) that formed during collision of the Wawa—Abitibi
and Wabigoon terranes at~2.696 Ga following docking
of the Wabigoon and Winnipeg River terranes at ~2.7 Ga.
The country rocks around the LLC contain well-devel-
oped NE-trending space cleavage that is associated with
this accretionary episode (Williams 1990) and is over-
printed by N-trending Midcontinent Rift-related fracture
sets (~ 1100 Ma; Paces and Miller 1993). The intrusive
rocks of the LLC are crosscut by the N-trending fracture
sets but lack NE-trending space cleavage. This relation-
ship roughly brackets the formation of the LLC between
the accretion of the Wabigoon and Quetico Subprovinces
and formation of the Midcontinent Rift (Pettigrew and
Hattori 2001, 2002).

The LLC is composed primarily of gabbroic cumulate
lithologies and scattered ultramafic occurrences (Fig. 1b).
Most of the central and western portions of the LLC are
covered by a biotite-rich variety of leucogabbro (plagio-
clase > pyroxene) that cross cuts a central mass of more
mafic gabbro (plagioclase = pyroxene). Along the north-
ern and western boundaries of the complex, biotite-poor
leucogabbro and gabbro dominate, and are the main host
for sulfide mineralization. In the eastern and southern
half of the complex, gabbro surrounds isolated pods of
melanogabbro (plagioclase < pyroxene) and clinopyrox-
enite, which contain small zones of ultramafic dunite and
wehrlite that comprise the only olivine-bearing rocks in
the complex (encountered during exploration drilling; Pet-
tigrew and Hattori 2001, 2002). To the south, biotite-bear-
ing leucogabbro is in sharp contact with an isolated mass
of melanogabbro—clinopyroxenite and a large roof pendant
of Quetico metasedimentary rock (Fig. 1b). Based on the
distribution of these lithologies, Pettigrew and Hattori
(2001, 2002) divided the LLC into five domains — the

Central Zone (CZ), Southwestern Border Zone (SWBZ),
Southeastern Border Zone (SEBZ), Northeastern Border
Zone (NEBZ), and Northwestern Border Zone (NWBZ;
Fig. 1b). These geologic domains are described in detail
in Supplementary Material ESM1.

Sulfide-associated PGE mineralization in the LLC is
concentrated in the fault-bounded Northwestern Border
Zone (Fig. 1b). This area is primarily composed of bio-
tite-poor leucogabbro and country rock-bearing hetero-
lithic breccia, but exhibits significant variability in the
texture, composition, degree of alteration, and sulfide
content over areas of <5 m. For example, a 70-m
transect through this area might encounter partially
melted metaconglomerate (Fig. 2a), partially assimi-
lated xenoliths of amphibolite-grade metasedimentary
rock (Fig. 2b, c), altered leucogabbro with primary
magmatic layering (Fig. 2d), deformed clinopyrox-
enite breccia fragments in a leucogabbro matrix with
well-developed flow textures (Fig. 2e), pods of sulfide
mineralization (Fig. 2f), and cross-cutting zones of
variably mineralized intrusive rocks showing textures
indicative of high-temperature deformation (Fig. 2g,
h). This complexity is also present at depth, with struc-
tures, textures, and rock types observed in drill core
displaying little continuity with those observed at the
surface (Pettigrew and Hattori 2002; North American
Palladium Ltd.). The large compositional and textural
diversity of this area is indicative of a dynamic igne-
ous environment involving repeated episodes of silicate
melt injection, host rock brecciation and deformation,
and extensive interaction with country rocks (Pettigrew
and Hattori 2002). This latter point is illustrated by the
presence of abundant metasedimentary xenoliths in the
LLC that exhibit textural features indicative of partial
melting and assimilation (Pettigrew and Hattori 2002)
such that xenoliths commonly grade into the intrusive
rocks (Fig. 2a, b).

The central portion of the Northwestern Border Zone
contains the greatest abundance of PGE-bearing sulfide
mineralization in the LLC (Pettigrew and Hattori 2002;
Impala Canada Ltd.), with previous exploration drilling
intersecting multiple mineralized intervals (1 m or more)
containing > 1 ppm Pd (up to 4.5 ppm Pd in hole LLO1-
14, median Pd/Pt of 1.2; Pettigrew and Hattori 2002).
Additional drilling focused on the southern portion of the
Northwestern Border Zone by North American Palladium
Ltd. produced several holes with up to 2.25 ppm Pd (aver-
age 0.1) and average Pd/Pt of 2.73 (up to 27). This is less
than the mineralized zones in the Mine Block Intrusion at
LDI (average Pd concentration of 0.5-3.0 ppm and aver-
age Pd/Pt of 7-14; North American Palladium Ltd.), but
comparable to ultramafic rocks in the northern extent of
the LDI system (Djon et al. 2018).
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Fig.2 Outcrop photos of the
Northwestern Border Zone of
the Legris Lake Complex. a
Partially melted metaconglom-
erate, with matrix material
completely consumed by silicate
melt. b Partially assimilated
Quetico metasedimentary
xenolith in leucogabbro. Note
the reaction rim around the
xenolith. ¢ Contact between
metasedimentary rock (left) and
leucogabbro (right). Contact
denoted by a red dotted line.

d Leucogabbro with primary
magmatic layers of pyroxene-
rich melanogabbro (outlined in
red). e Clinopyroxenite breccia
with leucogabbro matrix. f
Oxidized, sulfide-bearing zone
in leucogabbro. g Mineralized
leucogabbro crosscut by later,
unmineralized leucogabbro
(denoted by yellow dotted line).
Note the fragments of mineral-
ized leucogabbro (red arrows) in
the cross-cutting leucogabbro. h
Partially deformed melanogab-
bro crosscut by later leucogab-
bro. Note the tapered ends of
the melanogabbro masses that
indicate partial solidification
and subsequent deformation by
the intruding leucogabbro
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Methods
Sampling and preparation

A total of 100 samples were collected from surface locali-
ties throughout the LLC that were mapped and excavated
as part of previous exploration and drilling campaigns in
the early 2000s. A representative sample set of the major
lithologies present in the LLC was collected from outcrops
in each of the five major geologic domains of the LLC. It
should be noted, however, that some rock types that were
identified during previous exploration activities, but which
represent volumetrically minor components of the intru-
sive suite within the LLC system (e.g., anorthosite, dunite,
gabbrodiorite, and websterite), were not observed in out-
crop and, thus, not sampled as part of this study. In addi-
tion, 60 samples of drill core that crosscut an~527-m-long
segment of sulfide- and PGE-bearing mafic cumulates
(i.e., drill hole LL10-005, 47-527 m; Fig. 1) in the North-
western Border Zone were also collected as part of this
study. Relative to the highly variable suite of lithologies
present in the Northwestern Border Zone, drill hole LL.10-
005 contains intervals of up to 60 m in which the rock
types are continuous, well preserved, and ideal for petro-
graphic and isotopic characterization. Following sample
collection, a representative set of polished thin sections
was prepared using the in-house rock preparation facility
at Lakehead University.

Analytical methods

Analytical methods include petrography, whole-rock geo-
chemistry, U-Pb geochronology, whole-rock Sm—Nd iso-
tope analysis, in situ multiple S isotope analysis of sulfides
via secondary ion mass spectrometry, and scanning elec-
tron microscope—mineral liberation analysis (SEM-MLA).
Detailed descriptions of these methods are presented in the
Supplementary Material ESM1.

Results

Petrography of the major rock types in the LLC
system

The LLC contains a wide variety of rock types ranging
from mafic—ultramafic cumulate rocks to amphibolite-
facies volcanic and siliciclastic metasedimentary rocks.
Table 1 summarizes the modal mineralogy of each lithol-
ogy and accompanies a more detailed description of each

lithology in ESM1 and previous work by Pettigrew and
Hattori (2001, 2002).

The cumulate lithologies of the LLC are primar-
ily plagioclase- and clinopyroxene-rich orthocumulate
to adcumulate gabbros (Fig. 3a—c; ESM1, Fig. la-g),
clinopyroxenite (Fig. 3d; ESM1, Fig. 1f, h), and minor
volumes of other ultramafic lithologies (not observed).
Here we differentiate the gabbroic rocks of the LLC based
on the relative abundance of plagioclase and pyroxene
into leucogabbro (Fig. 3a, b), gabbro, and melanogabbro
(Fig. 3c) subvariants. The eastern half of the complex is
primarily mesocumulate gabbro (Fig. 1b) that surrounds
isolated masses of melanogabbro and clinopyroxenite.
The western half of the complex is dominantly unaltered,
adcumulate to mesocumulate leucogabbro, with abundant
primary biotite and minor intergranular orthopyroxene
(hereafter referred to as biotite-leucogabbro; Fig. 3b).
This biotite-leucogabbro variant cross-cuts all other
igneous lithologies and is paragenetically the youngest
intrusive unit.

Platinum-group element-rich sulfide mineralization in
the LLC is localized to the Northwestern Border Zone
and is primarily hosted in a biotite-poor leucogabbro
(Table 1), referred to hereafter as leucogabbro. This
unit occurs in outcrop as finely layered masses with
1-10-cm-wide bands of melanogabrro and clinopyrox-
enite (Fig. 2b) and as matrix in heterolithic breccias.
Sulfide mineralization occurs primarily as net-textured
(Fig. 3e, f) and disseminated pyrite and chalcopyrite,
with minor pyrrhotite and pentlandite (ESM1, Fig. 2a—f)
and commonly comprises up to 5 vol% or more of the
modal mineral abundance. Mineralized zones are typi-
cally surrounded by green alteration halos and orange
sulfide weathering in outcrop (Fig. 2f, g), and are invari-
ably associated with ilmenite, magnetite (Fig. 3f), and
intercumulus biotite and quartz in thin section (ESM1,
Fig. 2a). Though not observed in this study, platinum-
group minerals (PGM; Pd-Bi and Pt—Pd-Bi tellurides)
are associated with Cu-Ni sulfides (Pettigrew and Hat-
tori 2002). Outside of the Northwestern Border Zone,
PGE-bearing sulfide mineralization is mostly absent or
limited to small, isolated showings.

Much of the LLC is overprinted by hydrous altera-
tion that is expressed as uralitization of primary pyrox-
ene to hornblende-actinolite—chlorite—epidote—talc and
sericitization of primary plagioclase. This alteration is
most pervasive in the Northwestern Border Zone where
primary pyroxene and plagioclase are commonly only
discernable as hornblende and sericite pseudomorphs
(ESM1, Fig. 1h). In contrast, the paragenetically late bio-
tite-leucogabbro is relatively unaltered (Fig. 2b; ESM1,
Fig. 1c—e).
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Table 1 Summary of major lithologies in the LLC describing modal mineralogy of cumulate and intercumulate mineral phases

Lithology

Description of observed composition*'

Comments

Leucogabbro (LGAB)

Biotite-leucogabbro (LGAB-Bio)

Gabbro (GAB)

Melanogabbro (MGAB)

Clinopyroxenite (CPXTY)

Quetico metasedimentary rocks (MTSD)

Cumulus plagioclase (~60-75%) and cpx
(~15-40%) with intergranular quartz (~ 1-5%)
and biotite (~ 1-5%; up to~ 10% locally). Up
to~5% sulfides, when observed. Includes
course-grained varitextured varieties

Cumulus plagioclase (~60-65%), ophitic cpx
(~15-18%), euhedral opx (~ 10-12%), apatite-
and zircon-bearing biotite (~5-15%), and
quartz (~<5%)

Cumulus plagioclase (~40-50%) and cpx
(~40-50%) with variable intergranular quartz
and apatite- and zircon-bearing biotite (up
to~ 15% total). Sulfide/oxides are com-
monly < 1% but can be up to 5% in the North-
western Boarder Zone

Cumulus cpx (~50-70%) and plagioclase
(30-40%) with minor intergranular quartz and
magnetite (~ < 15%, total). Sulfide mineraliza-
tion is <2% when observed

Cumulus cpx (~90-95%) and plagioclase (<5%)
with intergranular biotite (< 5%). Sulfide min-
eralization is < 1% when observed

Arkose sandstone, siltstone, graywacke, coarse
pebble conglomerate, banded volcaniclastic

Main host for sulfide mineralization

Least altered and paragenetically latest intrusive
phase

Comprises most of the LLC

Occurs as segregated bands in layered lithologies
or as isolated masses

Occurs as segregated bands in layered lithologies
or as isolated masses

Altered to amphibolite facies along the LLC’s
periphery

rock, and iron formations. Commonly occurs
as a component of heterolithic breccias or as

xenoliths and roof pendants

Alteration

Hydrous alteration involving the uralitiza-
tion of primary cpx/opx and sericitization of

Pyroxene throughout the complex are significantly
more altered than plagioclase

primary plagioclase. Pyroxene pseudomorph
of hornblende—actinolite—chlorite—epidote—talc
and sericite pseudomorph of plagioclase are
common in heavily altered lithologies

*Estimated modal abundances observed in transmitted light represent the observed abundance of primary phases plus alteration products (i.e.,
amphibole, sericite, talc, chlorite, epidote) that occur either within partly altered primary mineral phases or as pseudomorphs. It should be noted
that orthopyroxene (opx) was only directly observed in biotite-leucogabbor, but is likely to comprise up to 40% of the total pyroxene abundance

that occur along with clinopyroxene (cpx). See discussion for details

T All modal abundances reported in vol%

Petrography and chemostratigraphy
of layered intrusive rocks in the LLC

Drill hole LL10-005 samples a continuous interval of
sulfide-bearing cumulate rock. The dominant rock type
here is orthocumulate leucogabbro, with well-preserved,
horizontally (Fig. 2d) oriented magmatic layering. The
layering occurs in discrete packages (units) that include
zones of heterolithic breccia with abundant fragments of
Quetico metasedimentary rock (visible in hand sample
and outcrop). Boundaries between individual units are
visible in thin section and are characterized by an abrupt
change in phenocryst grain size and the modal abundance
of primary plagioclase and clinopyroxene at the tops and
bottoms of each layer.

@ Springer

Individual layers commonly have more mafic lithologies
(melanogabbro with intervals of clinopyroxenite) at their
stratigraphic tops that grade downward into bands of min-
eralized gabbro and leucogabbro at their stratigraphic bot-
toms. This pattern is visible in downhole plots as systematic
trends in MgO, CaO, Fe,0;, S, Cu, Ni, Pd, and Pt enrich-
ment or depletion that are truncated or reversed at the strati-
graphic tops and bottoms of each unit in a cyclic manner
(Fig. 4). Five geochemical segments (referred to hereafter
as cyclic units; CU) are identified in Fig. 4 between 0- and
500-m depth in drill hole LL10-005: CU1 (0-67 m), CU2
(68-136 m), CU3 (137-277 m), CU4 (278-397 m), and CUS5
(398-497 m). Within a single cyclic unit, MgO, CaO, and
Fe,0; concentrations decrease systematically from top to
bottom and track a modal increase in plagioclase abundance.
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Fig.3 Photomicrographs of
cumulate lithologies from the
LLC in cross-polarized light.

a Leucogabbro showing pla-
gioclase (pl) phenocrysts with
minor sericite (ser) alteration
and intergranular clinopyrox-
ene (cpx; replaced by amphi-
bole: amp) and pyrite (Py). b
Biotite-leucogabbro with tightly
interlocking plagioclase and
ophitic clinopyroxene (cpx).
Note the opaque magnetite
(mag) surrounding plagioclase
in the lower left-hand corner.

¢ Melanogabbro with tightly
interlocking plagioclase, with
clinopyroxene partially replaced
by amphibole. d Least altered
clinopyroxenite showing tightly
interlocking clinopyroxene
altered to amphibole. Note that
these images are of adcumulate
varieties of major lithologies.

e Cross-polarized photomicro-
graph (XPL) of plagioclase and
pyroxene phenocrysts (altered
to amphibole) surrounded by
opaque net-textured sulfides
(sul). f Area shown in panel
“a” in reflected light showing
intergrown pyrite (py), chal-
copyrite (ccp), and magnetite
(mag). Scale bar in inset image
is 50 pm

This pattern matches the paragenesis of mineral phases in
gabbroic lithologies in hand sample where plagioclase is the
paragenetically earliest cuamulus phase and pyroxene either
surrounds plagioclase or is an intergranular phase.

Pyrite mineralization occurs throughout LL.10-005 and
is reflected in the high S concentrations along the length of
most cyclic units (Fig. 4). However, chalcopyrite, pentlan-
dite, and PGE mineralization is most abundant in CU1 and
CUS and is concentrated near the stratigraphic bottoms of
each unit where the highest S, Cu Ni, Pd, and Pt concentra-
tions are observed (Fig. 4). In contrast CU2-CU4 have very
low concentrations of base metal sulfides and essentially
no PGE mineralization. In addition, the abundance of chal-
copyrite in hand sample is negatively correlated with the
occurrence of metasedimentary rock xenoliths. This is the
case in CU2-CU4, which commonly contained abundant
metasedimentary rock fragments and have the lowest PGE,
Ni, and Cu concentrations.

Geochronology of the mineralized
leucogabbro

A single sample of coarse-grained leucogabbro from the
Northwestern Border Zone was selected for zircon U-Pb
ID-TIMS geochronology. Analytical results and transmitted-
light photomicrographs of representative zircons chosen for
analysis are provided in Supplementary Table 1 in ESM2.
The analyzed sample yielded an abundant population of
non-magnetic, skeletal, inclusion-free zircon crystals. Most
grains were subhedral and elongate in form, without any
well-developed facets, suggestive of relatively late, but rapid
crystallization conditions.

Four of the analyzed single grain fractions con-
tain ~ 170-600 ppm, moderate Th/U ratios (0.47-0.64),
and a narrow range in *°’Pb/**®Pb ages, with an age of
2690.6 +0.8 Ma (2 SD, n=4). Geochronological results
for all four zircon fractions overlap and fall within the 2c
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CU3). This is related to a modal
increase in plagioclase with
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indicative of base-metal sulfide
and sulfide-associated PGE
mineralization and a general
lack of olivine in the layered
units. The area highlighted in
yellow contains an interval of
metasedimentary rock-bearing
heterolithic breccia; note the
more complicated and less
systematic variation in major-
element compositions in this
section
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uncertainty limits of the Concordia band (0.0-0.2% discord-
ant). Considering the four zircon fractions together yield a
weighted average age of 2690.59 +0.77 Ma (MSWD =0.1,
probability of fit=96%).

Whole-rock geochemistry
Whole-rock major and trace element geochemical data
gathered form surface exposures and drill hole LL10-005

in the Northwestern Border Zone (this study and Impala
Canada Ltd., geochemical data bases) are summarized in
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Table 2 and Supplementary Table 3 in ESM2. See Sup-
plementary Tables 2 and 4 in ESM2 for full data set.
Generally, the major-element compositions of intrusive
lithologies from the LLC fall into two distinct groups. The
first group accounts for the majority of samples collected in
the LLC and is visualized in CaO vs. MgO space primarily
as a linear trace of data points between 5.0-15.0 wt% CaO
and 4.0-16.0 wt.% MgO that intersects, and is subparallel
to, the clinopyroxene—albite control line (Fig. 4a). A subset
of data points systematically skews away from the trend
towards a cluster of data points near the origin that closely
overlaps the composition of the Quetico metasedimentary
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Table 2 Summary of whole-rock geochemistry of major lithologies in the Legris Lake Complex

CPXYT (n=5) MGAB (n=4) GAB (n=121)* LGAB (n=5) LGAB-Bio MTSD Ton
(n=1) (n=1) (n=1)
Min Max Med Min Max Med Min Max Med Min Max Med
SiO, 402 559 469 494 51.8 509 48.3 642 50.2 565 68.8 66.9
Al Oy 4.0 158 9.6 13.6 152 148 1.1 20.6 3.7 126 207 199 149 13.2 15.4
Fe, 04 124 23.0 193 109 134 132 5.1 35.7 8.4 3.0 18.1 10.5 9.1 7.3 54
CaO 39 126 8.4 8.9 10.3 9.7 03 12.6 7.6 4.5 10.2 9.4 6.5 2.2 4.6
MgO 52 18.0 118 6.3 9.2 7.7 05 13.1 6.1 1.7 11.7 4.1 4.9 3.5 1.9
Na,O 0.6 3.0 0.9 2.4 2.9 2.7 0.0 4.6 2.8 1.4 5.7 34 3.7 2.6 4.1
K20 0.1 2.7 0.3 0.3 0.7 04 0.0 4.4 1.1 0.6 1.0 0.9 2.9 1.4 1.4
Cr,04 0.0 0.1 0.1 0.0 0.1 0.1 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0
TiO, 0.8 2.8 1.3 0.8 1.1 0.8 0.0 2.5 0.7 0.3 0.7 0.6 0.8 0.7 0.5
MnO 0.1 0.3 0.2 0.2 0.3 02 0.0 0.2 0.1 0.0 0.2 0.1 0.1 0.1 0.1
P,0; 0.0 0.3 0.1 0.1 0.4 0.2 0.0 0.8 0.3 0.0 0.3 0.1 0.5 0.1 0.1
SrO 0.0 0.1 0.1 0.0 0.1 0.1 0.0 0.1 0.0 0.0 0.1 0.1 0.1 0.0 0.0
BaO 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.1 0.0 0.1 0.1 0.0
LOI 0.4 1.9 0.7 0.3 1.7 1.3 0.6 34 1.8 0.1 2.7 0.9
Cs 0.1 2.5 0.3 0.2 1.2 0.6 1.0 2.5 1.9 2.1 1.9 1.5
Rb 1.8 737 2.7 2.8 23.3 8.0 18.9 32,6 20.8 628 35.2 57.9
Ba 579 870.6 839 136.7 3833 2943 0.5 1000.0 307.0 204.1 464.6 255.1 8544 4252 326.0
Th 0.2 4.1 0.7 0.1 2.1 0.3 0.1 13 0.4 6.5 44 6.6
U - 0.5 0.2 - 0.6 0.1 0.1 0.4 0.2 1.5 1.1 0.9
Ta 0.1 0.8 0.2 0.1 0.4 0.2 0.1 0.2 0.1 0.5 0.4 1.3
Nb 1.1 13.1 3.6 1.0 6.4 2.4 0.6 2.9 2.2 8.9 4.8 10.2
La 6.5 209 10.1 7.6 244 175 1.6 39.8 9.7 5.0 10.7 6.8 56.0 15.7 18.0
Ce 219 456 373 162 58.6  40.1 11.0 245 142 125.1 31.7 39.1
Pb 2.0 1.0 20.0 4.0 5.0 11.0 11.3 9.0
Pr 3.9 6.7 4.7 2.3 8.7 5.4 1.6 3.2 19 164 3.9 4.5
Sr 929 565.1 4659 188.6 9739 591.0 7.0 1160.0 475.0 1409 874.0 514.3 8444 173.2 240.0
Nd 18.6  34.0 227 9.7 40.1 232 5.8 14.1 7.2 659 14.5 16.8
Zr 30.1 1843 446 295 89.3 349 05 313.0 39.0 10.1 704 332 165.1 125.2 143.0
Hf 1.1 5.2 1.7 1.1 2.6 1.1 0.4 1.9 0.9 4.5 3.1 3.8
Sm 35 8.9 6.0 2.2 9.0 52 1.1 3.1 1.7 12.6 2.8 4.0
Eu 1.1 2.5 1.5 0.9 2.8 1.7 0.5 1.1 0.9 3.0 0.8 0.9
Gd 33 7.6 53 24 7.5 4.9 1.2 2.8 1.8 9.3 2.6 3.9
Tb 0.5 1.1 0.7 0.4 0.9 0.7 0.2 0.4 0.3 1.1 0.4 0.7
Dy 2.7 6.0 35 2.6 4.2 3.8 0.8 2.2 1.6 4.9 2.7 4.3
Y 128 274 159 146 220 174 05 38.0 16.0 4.5 11.3 84 225 13.2 28.7
Ho 0.6 1.1 0.7 0.6 0.8 0.7 0.2 0.5 0.3 0.9 0.5 0.9
Er 1.5 2.9 1.6 1.6 24 1.7 0.4 1.3 0.9 2.1 1.6 2.6
Tm 0.2 0.4 0.3 0.2 0.4 0.2 0.1 0.2 0.1 0.3 0.2 0.4
Yb 1.1 2.2 1.4 1.4 24 1.5 0.4 1.1 1.0 1.8 1.5 2.9
Lu 0.2 0.3 0.2 0.2 0.3 0.2 0.1 0.2 0.1 0.3 0.2 0.4
v 268.1 966.0 424.1 213.5 341.0 289.8 16.0 2540.0 168.0 493 2993 2232 178.1 173.3 89.0
Sc 242 70.0 29.1 285 373 313 05 51.0 21.0 4.0 233 174 170 21.1 9.0
La/Sm 1.1 6.0 1.2 2.7 35 33 3.0 54 3.7 4.4 5.6 4.6
Gb/Yb 2.3 4.6 4.1 1.5 5.2 2.8 1.3 3.0 2.1 53 1.7 1.3
La/Yb 5.1 147 6.8 4.7 169 10.7 4.5 16.6 7.8 320 10.4 6.2
Ta/Yb 0.1 0.4 0.2 0.1 0.2 0.1 0.1 0.5 0.1 0.3 0.2 0.5
Th/Yb 0.1 2.9 0.4 0.1 0.9 0.2 0.1 1.3 0.4 3.7 2.9 23
Nb/Yb 1.0 5.9 2.8 0.7 2.7 1.6 0.5 7.1 23 5.1 32 35
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Table 2 (continued)

CPXYT (n=5) MGAB (n=4) GAB (n=121)* LGAB (n=5) LGAB-Bio MTSD Ton
(n=1) (n=1) (n=1)

Min Max Med Min Max Med Min Max Med Min Max Med

Ba/Th 782 439.5 189.7 115.7 34273 9229 162.8 1775.0 9222 1314 95.8 49.6
Th/Nb 0.1 0.7 0.2 0.1 0.3 0.1 0.1 0.7 0.2 0.7 0.9 0.7
Th/La 0.0 0.2 0.1 0.0 0.2 0.0 0.0 0.2 0.0 0.1 0.3 0.4
Zr/Nb 103 273 141 131 29.0 15.6 13.3 24.1 183 185 26.2 14.1
Zr/Y 20 106 23 1.6 4.1 23 2.4 1.1 15.6 4.0 73 9.5 5.0
Zr/Hf 247 383 273 264 345 312 25.0 440 356 36.7 39.9 372
Eu/Eu” 0.6 1.1 0.8 1.0 1.3 1.1 1.1 1.6 1.4 0.9 0.9 1.1
Nb/Nb”* 0.2 1.1 0.5 0.2 0.7 0.3 0.2 0.5 0.4 0.2 0.2 0.1
Sr/sr* 0.2 1.6 1.2 0.8 1.6 1.5 1.2 6.3 3.0 0.7 0.6 0.9
Zr/Zr" 0.2 1.2 0.2 0.1 0.9 0.4 0.2 1.5 0.5 0.4 1.4 4.2
Ti/Ti" 0.6 1.3 1.0 0.4 1.0 0.7 0.8 1.5 1.0 0.4 0.8 0.9
Y/Ho" 0.8 0.9 0.8 0.9 0.9 0.9 0.8 1.0 0.9 0.9 0.9 0.9

Data shown here is compiled for the Impala Canada Ltd., geochemical database. All oxide concentrations are shown in wt%. All trace elements
are shown in ppm

*Calculated using trace element data normalized with values of Sun and McDonough (1989)
tFrom Impala Canada Ltd., database

Fig.5 Bivariate plots showing
whole-rock major-element data
from surface samples (a and

¢) and drill hole LL10-005 (b
and d). Bimodal mixing lines
for pure albite (ab)—orthopy-
roxene (opx), anorthite (an)—
orthopyroxene (opx), anor-
thite—clinopyroxene (cpx), and
albite—clinopyroxene are shown
as dotted lines (see legend for
details). The composition of
Quetico metasedimentary rock
is outlined with a black dotted

CaO wt%

line. Note that the misalignment

between data from this study

(symbols outlined in black °

in d and b) and data from the s

Impala Canada Ltd., geochemi- ™

cal database (semi-transparent 8 S

symbols in d and b) in Al,O; < YN

vs. MgO space (outlined with 10 L \wﬁ AN .

gray dotted line in “d”) is the R % < N

result of incomplete dissolution Eg' ) S & OD%
. . Metasedimentary rock D

of aluminous mineral phases 0 .

during the analysis obtained by 0 5 10 15 20 25

Impala Canada Ltd MgO wt% MgO wt%

LGAB = GAB +MGAB e CPXTY e CU1 CUl msCuU2 cu2
——= === === ———  eCU3 'CU3 aCU4 CU4
ab-opx  an-opx an-cpx ab-cpx oCU5 CUS5
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rocks that envelope the complex along its eastern edge.
These data clusters within the primary group are observed
in all major-element data (e.g., Na,O, TiO,, Fe,0;, Cr vs.
MgO) from intrusive lithologies in the LLC.

The second group represents data from mineralized
cyclic units and metasedimentary rock-bearing lithologies
observed in drill hole LL10-005. These data points plot
mostly between the orthopyroxene—albite and orthopyrox-
ene—anorthite control lines, and can be visualized in Al,O4
and CaO vs. MgO space (Fig. 5b, d) as upward arcing arrays
(between~1.0 and 23.0 wt% Al,05,~2.0 and 12.0 wt% CaO,
and~ 1.0 and 16.0 wt% MgO), with an inflection point at~5
wt% MgO. The low MgO segment of this array consists of
samples from the bottoms of cyclic units (described below)
and, in all cases, overlaps with the upper compositional
range of the local Quetico metasedimentary rock. The higher
MgO (~5.0-22.0 wt% MgO) segment of this array is repre-
sentative of the middle and tops of the cyclic units identified
in LL.10-005, and occurs between the orthopyroxene—albite
and orthopyroxene—anorthite control lines in CaO vs. MgO
space and roughly parallel to, or slightly overlapping the
orthopyroxene—albite control line in Al,O5 vs. MgO space.

Primitive-mantle normalized trace-element profiles of all
lithologies (e.g. leucogabbro and clinopyroxenite; Fig. 6a,
b) are nearly identical: they have strongly fractionated light
REE (LREE; median primitive-mantle normalized La/Sm of
1.35-2.87) and heavy REE (HREE; median primitive-mantle
normalized Gd/Yb of 1.67—4.37) patterns, are enriched in the
fluid-mobile large-ion lithophile elements (LILE; Cs, Rb, Ba,
and K) and Pb, have generally high Ba/Th ratios (median values
of absolute concentrations: clinopyroxenite =190, melanogab-
bro =923, leucogabbro=922), have Hf/Zr and Y/Ho ratios
that are uniformly near unity, and have negative Nb (range of
median Nb/Nb* of 0.16-0.45; Nb/Nb* =Nb /(Th, eLa,)*)
and Zr anomalies (range of median Zr/Zr* of 0.22-0.45; Zr/
Zr¥=Z7r,/(Nd,eSm,)*?). In addition, Th/Nb, Z1/Nb, and Zr/Y
ratios are consistently near primitive mantle values (PM: 0.12,
15.96, and 2.44, respectively), varying within 1 order of mag-
nitude or less (Table 2). However, Eu concentrations do show
some variability between rock types and are positively cor-
related with estimated modal plagioclase abundances, with
Euw/Eu* (Ew/Eu* =Eu,/(Sm, eGd, )*%) being slightly negative
(median=0.84) in clinopyroxenite, and moderately to strongly
positive in melanogabbro (median=1.07) and leucogabbro
(median=1.36). Likewise, Sr concentrations are variable across
all rock types, but are typically strongly enriched in melanogab-
bro and leucogabbro (median Sr/Sr*=1.94 and 2.97, respec-
tively; Sr/Sr*=Sr, /(Ce oNd,)*>), and mostly flat in clinopyrox-
enite (median Sr/Sr*=1.17). Titanium is also highly variable,
with Ti/Ti* ranging from positive to strongly negative (median
Ti/Ti* of 0.37-1.10; Ti/Ti* =Ti /(Gd,eDy,)"?).

The trace-element compositions of the sulfide-bearing
cyclic units in the Northwestern Border Zone (Fig. 6¢c, d)
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Hbl-Tonalite

a: Leucogabbro

Biotite-Leucogabbro

100 r
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100
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More primitive
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100
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Average across
all LLC lithologies
01 L e e e e

BREEPCS¥S8REAINTISAFZRE” 2UEL 3R>
....... N-MORB ceessss ESMORB
------- olB Cont. Arc (Sierra Nevada)

Oceanic Arc (Tonga) Oceanic Arc (Mariana)

Fig.6 Primitive mantle-normalized trace-element profiles for leu-
cogabbro (a), clinopyroxene (b), and cyclic units from drill hole
LL10-005 (c: CUI and d: CUS). The average trace-element profile
for LLC lithologies in each panel is shown as a purple dotted line in
each panel. Profiles for Quetico metasedimentary rock (pink line) and
Wabigoon hornblende-tonalite (yellow) are shown in “a” and “d.”
The trace-element profile for biotite-leucogabbro is shown in blue in
“a.” Note the contrast in the magnitude and polarity of Zr-Hf anoma-
lies in Quetico metasedimentary rock, tonalite, and LLC lithologies.
e Primitive mantle-normalized trace-element profiles for N-MORB,
E-MORB, and OIB (Sun and McDonough 1989), continental arc gab-
bro (Sierra Nevada: McCarthy et al. 2016), and oceanic arc basalt
(Tonga arc: Ewart and Hawkesworth 1987; Mariana arc: Yanhong
et al. 2021) overlain on the average range of trace-element composi-
tions of all lithologies in the LLC (gray field). Normalization values
from Sun and McDonough (1989)
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are similar to the unmineralized leucogabbbro elsewhere
in the complex. These similarities include enrichment in
the fluid-mobile lithophile elements (Cs, Rb, Ba, K; high
absolute Ba/Th ratios, with median values of 144-615)
and Pb, negative Nb and Zr anomalies (median Nb/
Nb*=0.15-0.33; median Zr/Zr* =0.25-0.87), Hf/Zr and
Y/Ho ratios that are uniformly near unity, flat to nega-
tive Ti/Ti* anomalies (median Ti/Ti* =0.67-0.99), flat to
strongly positive Eu/Eu* and Sr/Sr* anomalies (median
Eu/Eu* and Sr/Sr* between 0.96—1.28 and 0.84-2.97), and
Th/Nb, Zr/Nb, and Zr/Y ratios near that of the primitive
mantle. However, the mineralized lithologies tend to have
more fractionated LREE (median La/Sm,,, =2.22-3.54)
and HREE (median Gd/Yb,,,=1.57-2.09) compositions.

A general feature of the trace-element data for all major
lithologies is that the upper range of variability matches
the composition and pattern of enrichment/depletion
observed in the local Quetico metasedimentary country
rock (e.g., Fig. 6a, d). This feature is particularly apparent
in the cyclic units in which primitive mantle trace-element
profiles occur along a continuum between more primitive
profiles (closer to PM for most elements) with strongly
negative Nb and Zr anomalies and more evolved profiles
with more fractionated REE patterns and flatter Nb and Zr
anomalies (Fig. 6d). Moreover, the paragenetically late bio-
tite-leucogabbro has much more evolved composition with
highly fractionated LREE (La/Smpm=2.87) and HREE
profiles (median Gd/Yb,,,=4.34), but displays many of
the same trends in trace-element depletion/enrichment as
the Quetico metasedimentary country rock. These include
similar Ba/Th ratios, Nb/Nb*, Sr/Sr*, and Ti/Ti*. However,
the magnitude of the Zr/Zr* in the biotite-leucogabbro
(0.40) is similar to the other lithologies in the LLC.

Sulfur, Se, PGE, and base-metal concentrations of sur-
face samples from the LLC are summarized in Supplemen-
tary Table 5 in ESM2. Sulfide mineralization in the LLC is
relatively sparse outside the Northwestern Border Zone, with
concentrations of S, Se, Pd, Pt, Cu, and Au generally quite
low across all lithologies (ESM2, Table 5), except in iso-
lated zones of pyrite- and chalcopyrite-bearing leucogabbro
and gabbro (up to 2.50 wt% S, 4.71 ppm Se, 1.40 ppm Pd,
0.53 ppm Pt, 5000 ppm Cu, and 1 ppm Au). In these zones,
S—Cu and Pd-Pt are correlated with one another, consistent
with the presence of chalcopyrite- and sulfide-associated PGE
mineralization. More mafic lithologies (i.e., clinopyroxenite
and melanogabbro) exhibit consistently lower metal concen-
trations relative to the more felsic lithologies (gabbro and leu-
cogabbro), but have similar Pd/Pt ratios (range of median Pd/
Pt across all lithologies: 1.17-1.71).

The highest concentrations of, and most clear correla-
tion between, base and precious metals and S occur in the
Northwestern Border Zone in the basal portions of cyclic
units CU1 and CUS (Fig. 4). Here the abundances of Cu,
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Pd, and S are strongly correlated with depth and the modal
abundance of chalcopyrite (Fig. 7a, c). Palladium and
Pt strongly correlate with one another in all lithologies
(Fig. 7d) but form two groups of data points relative to
the concentration of PGE-bearing mineralization: one with
median Pd/Pt of 4.21-5.03 (CU1, CU2, CUS; Fig. 7d) and
another with 0.85-1.71 (CU3, CU4; Fig. 7d). Palladium
and Cu are positively correlated and mostly within the
range of the primitive mantle (Fig. 7e) in CU1 and CUS.
In contrast, Cu and Pd show little correlation in CU2-CU4
and, with the exception of CU2, data plot below the mantle
range in Pd vs. Cu space (Fig. 7e). Cu/Pd ratios vary widely
across all cyclic units (overall range: 235-128,800), with
data from CU1 (median value of 4663) and CU5 (median
value of 4381) falling within the range of the primitive
mantle (~ 1000-10,000; Barnes et al. 1993), and CU2-CU4
forming a cluster at higher values (median values of 8029,
23,533, and 28,833, respectively; Fig. 7f). Similarly, S/Se
ratios are above the mantle range (2632-4350; Eckstrand
and Hulbert 1987) in CU2-CU4 (median values of 5735,
8220, and 8699, respectively), near the mantle range in
CUS5 (median value of 4542), and at or below the mantle
range in CU1 (median value of 1902; Fig. 7f).

The concentration of Ni throughout the LLC is gener-
ally quite low (typically < 194 ppm in all rock types) and
shows a strong positive correlation with MgO and little to
no correlation with S (Fig. 7b). Departures from this trend
are only observed in CU5 and CU1, where high Ni con-
centrations correlate with the presence of pentlandite in the
sulfide assemblage. This is consistent with the correlation
between S and Ni at S concentrations > 8000 ppm in CU1
and CUS (Fig. 7b).

Sm-Nd isotope composition
of sulfide-bearing cyclic units

Whole-rock Sm—Nd isotope data from cyclic units in drill
hole LL10-005 and Quetico metasedimentary rock (this
study) are summarized in Supplementary Table 6 in ESM2
and shown in Fig. 8. The eNd values for LLC lithologies
and Quetico metasedimentary rock were calculated using
a zircon U-Pb age of 2690.59 (+0.77) Ma (this study)
and ~2703 Ma (Davis et al. 1990), respectively. Cumulate
lithologies from the LLC have eNd values between —0.06
and + 1.34 with most samples having positive, mantle-like
values (DePaolo 1988). The total range of eNd values for
the LLC are within the overall range of the eNd values for
the LDI system (recalculated from Briigmann et al. 1997;
Fig. 8), but cluster at positive values similar to Wabigoon
tonalite (+0.76 to+ 1.43). Quetico metasedimentary rocks
bracket the lower range of LLC data at —0.28 and — 0.58.
Samples from CU1 and CUS5 (the most mineralized cyclic
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Fig.7 Metal, S, and Se 100

concentrations of whole-rock a
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units) show the least variability relative to CU2-CU4
(Fig. 8) and are nearly identical range as that of the Wabi-
goon tonalite.

Sulfur isotopes

Multiple sulfur isotope data form pyrite, pyrrhotite,
pentlandite, and chalcopyrite from the LLC are sum-
marized in Table 3 (full data set in ESM2, Table 7).
Figure 9 shows the average measured 5°*S values for
individual sulfide grains by sulfide phase in each cyclic
unit. The majority of the data points are within the
mantle range (0 + 1%o; Sakai et al. 1984; Ripley and Li

1000 10000

100000 100 1000 10000
S/Se (Whole rock)

8
8
S

S ppm

2003; Seal 2006) and skew toward more positive values
(Fig. 9a). No clear systematic difference is observed in
the measured 8>*S that might indicate significant frac-
tionation between sulfide phases. The average A3*S for
individual sulfide grains across all sulfide phases are
uniformly negative, non-zero values (Fig. 9b), and are
beyond the range of variability that could arise for mass-
dependent fractionation processes (0 = 0.1%o; Farquhar
and Wing 2003). The average range of 8°*S values for
Quetico metasedimentary rock are bracketed by the 84S
values of mineralized intrusive rocks form the LLC
(Fig. 10a). Likewise, the A*S values for Quetico meta-
sedimentary rock are also non-zero, but are less negative
than most LLC cumulate lithologies.
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Fig.8 Whole-rock eNd; values for LDI, Tib Lake (Tib), and Wabi-
goon tonalite and Shelby Lake Diorite (from Briigmann et al. 1997)
alongside that of the layered intrusive units from the LLC (yellow
symbols) and Quetico metasedimentary rock (Q Meta Sed). Mantel
value from Depaolo (1988). See legend for more details. eNdy val-
ues for tonalite varieties (Gn=gneiss, Hbl=hornblende, Bt=bio-
tite), Shelby Lake Diorite, and gabbroic rocks form the LDI systems
were recalculated using Sm-Nd data from Briigmann et al. (1997)
and average zircon U-Pb ages of~2917-2728 Ma,~2690 Ma,
and ~ 2689 Ma, respectively (Ontario Geological Survey 2019)

Discussion

LDI and the LLC: Temporally associated intrusive
complexes in a larger intrusive suite

The mafic—ultramafic systems of the LDI intrusive suite
have similar petrographic and geochemical features, cross-
cutting relationships with Archean host rocks, and NE-
trending space cleavage parallel to the suture between the
Wabigoon and Quetico Subprovinces (Stone 2010). These
features suggest contemporaneous emplacement of the LDI
intrusive suite during the subduction of the Wawa—Abitibi
slab and formation of the Quetico Subprovince (Beakhouse
and Davis 2005; Percival et al. 2012) following its accre-
tion with the Wabigoon Subprovince at approximately
2.696-2.690 Ga (Williams 1990; Pettigrew and Hattori
2002; Stone 2010; Percival et al. 2012). When compared
to the reported ages of the Mine Block Intrusion at LDI
(2693.3 +£ 1.3 Ma, and 2689.0 + 1.0 Ma; Stone 2010) and
the nearby Tib Lake Complex (2685.9 + 1.6 Ma; Stone

2010), the U-Pb zircon age of 2690.59 +0.77 Ma for the
LLC reported here is consistent with this interpretation,
and indicates that the emplacement of the LDI intrusive
suite was coeval with the formation of arc-related Alaskan-
type ultramafic intrusions in the Quetico terrane (Pettigrew
2004). This suggests that the intrusive complexes of the
LDI intrusive suite are also arc-related and part of a larger
Archean arc-like setting.

Cyclic units in the LLC

The magmatic layering visible in downhole geochemical data
from LL.10-005 (Fig. 4) strongly resembles the cyclic units
observed in many layered mafic intrusions globally (Great
Dyke: Wilson and Prendergast 1989; Jimberlana intrusions:
Campbell 1977; Duke Island Complex: Irvine 1974; Bush-
veld: Eales and Cawthorn 1996; Stillwater: McCallum 1996,
Jackson 1961; Skaergaard: Boudreau and McBirney 1997;
Sept Iles intrusion: Namur et al. 2010; North Lac De Iles:
Djon et al. 2017a, b). A characteristic feature of cyclic units
is the presence of systematic or repeating trends of element
enrichment and depletion with depth that are truncated or
reversed at the stratigraphic tops and bottoms of individual
intrusive layers (Jackson 1961). This pattern reflects the for-
mation of cyclic units by repeated injections of melt from a
source reservoir and continuous fractionation at the site of
emplacement with little external modification (Jackson 1961).
A similar interpretation is applied to the cyclic units in the
LLC (Fig. 4). However, a distinctive feature of the cyclic units
in the LLC is that they are characterized by an upward modal
increase in pyroxene rather than plagioclase. This is the oppo-
site of what is commonly observed in cyclic units elsewhere
(Campbell 1977) and likely relates to a systematic increase
in SiO, activity via the progressive assimilation of Quetico
metasedimentary rock fragments entrained in the intruding
melt during emplacement (Campbell 1985). This is discussed
in more detail in the following sections.

Mixing between compositionally distinct magmas prior
to emplacement is a common process driving melt evolution
in layered mafic systems (Maier 2005; Naldrett 2010, 2011,
Mungall 2014), including LDI (Djon et al. 2017a, b). How-
ever, magma mixing does not appear to have occured during
the formation of the LLC. This is illustrated by the consistent

Table 3 Summary of multiple sulfur isotope data from sulfides in drill hole LL10-005

LL10-005 Quetico metasedimentary rock

LL10-005 8348 %o A33S (%0) S/Se (WR) LL10-005 834S %o A33S (%o)
Min -2.18 -0.41 2708.13 Min -0.70 -0.17
Max 2.34 0.02 11,777.98 Max 1.16 0.02
Median 0.27 -0.15 4709.74 Median 0.07 —-0.06
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Fig.9 a The %S values for pentlandite (pn), pyrrhotite (po), chalco-
pyrite (ccp), and pyrite (py) from drill hole LL10-005 versus whole-
rock S/Se data from the corresponding sulfide-bearing whole-rock
samples (this study). Solid data points represent the average &°*S
value for individual sulfide grains. Mantle range of 8>S and S/Se
from Eckstrand and Hulbert (1987) and Farquhar and Wing (2003).
The compositional range of sulfide pods and disseminated sulfides
from LDI are outlined with a red dotted line (after Duran et al. 2015).
&°*S from LDI-tonalite from Jonsson (2023). Note that the S/Se (WR)
of Quetico metasedimentary rock is 9109.47. b Range of A*’S %o
for sulfides from drill hole LL10-005. Solid data points represent the
average A¥S %o value for individual sulfide grains

sequence of crystallization relative to depth in individual
cyclic units where the abundance of plagioclase increases
with depth. This is consistent with the systematic decrease
in MgO and CaO with depth (Fig. 4), and the low variability
in incompatible trace-element compositions of LLC litholo-
gies, which are sensitive tracers of magma source and evolu-
tion (Miller and Ripley 1996; Arndt et al. 2005; Maier 2005;
Eckstrand and Hulbert 2007; Lightfoot 2007; Naldrett 2010,
2011; Mungall 2014; Charlier et al. 2015). For instance, mag-
mas from contrasting source reservoirs are predicted to have
contrasting Zr/Y ratios owing to the slightly differing incom-
patibilities of these elements (Pearce and Norry 1979). The
range of Zr/Y ratios for LLC lithologies tightly overlap with
less than an order of magnitude variability (Table 2; ESM2,

Table 3). Together, this suggests that the formation of cyclic
units in the LLC was indeed associated with nearly identi-
cal pulses of magma from a single parental source reservoir.
Moreover, the parental melt appears to have had high SiO,
and H,0 activity as suggested by the early crystallization of
plagioclase and the presence of hydrous primary minerals
such as biotite (Campbell 1985).

Mantle metasomatism prior to melt extraction

The strong enrichment of fluid-mobile incompatible trace
elements (e.g., Cs, Rb, Ba; LILEs) in cumulate lithologies
throughout the LLC could reflect a variety of processes,
including hydrothermal alteration, crustal assimilation during
emplacement, and mantle metasomatism. The possibility of
LILE enrichment via hydrothermal alteration is supported by
the presence of pervasive alteration in the Northwestern Bor-
der Zone, the general overprint of low temperature, chlorite-
rich alteration throughout the LLC, and the observed vari-
ability in the relative abundances of LILEs and HFSE (e.g.,
K/Hf and Ba/Hf; ESM1, Fig. 3). However, this variability is
highly localized to certain areas of the Northwestern Border
Zone and is not representative of the LLC as a whole. For
instance, the K/Hf and Ba/Hf ratios are strongly correlated in
CU2-CU4 (R*=0.9). In contrast, Ba is anomalously enriched
in CUI as is evident in its higher Ba/Hf ratios. LILE enrich-
ment is ubiquitous throughout LLC lithologies, so the more
common consistency of K/Hf and Ba/Hf ratios in most cyclic
units suggests that LILE enrichment was a preexisting fea-
ture of LLC parental melts, and was variably overprinted
by metasomatic LILE enrichment. Enrichment in LILE via
crustal assimilation is supported by the clear textural and
geochemical evidence of country rock assimilation in this
system (e.g., Fig. 2a, b). However, variability in Ba/Th and
Th/Nb ratios of the LLC lithologies, which can be modified
by addition of LILE from metasomatic and crustal sources
(Pirnia et al. 2020; Rahmani et al. 2020), indicates that this
process likely overprinted existing LILE enrichment in LLC
parental magmas prior to emplacement. In Ba/Th vs. Th/
Nb space (ESM1, Fig. 4), crustal assimilation (i.e., Th addi-
tion) results in a range of Th/Nb ratios with little variation
in Ba/Th, whereas addition of components by subduction-
related fluids (e.g., Ba addition) produces the opposite pat-
tern (Pirnia et al. 2020; Rahmani et al. 2020). Data points
from the LLC show both patterns, with arrays parallel to the
horizontal and vertical axes in Fig. 11 that converge near the
origin. This pattern is hard to explain without the influence
of both processes. In addition, Ba/Lapm and the magnitude of
Sr anomalies are strongly correlated in lithologies throughout
the LLC, whereas the magnitude of Eu anomalies and Al,0O;
concentrations are less so (ESM1, Fig. 5). This pattern might
reflect the presence of primary LILE-bearing hydrous min-
erals (i.e., amphibole and phlogopite) in the mantle source
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Fig. 11 Range of calculated parental melt compositions for major
rock types in the LLC (solid lines). Example profiles of a modern
continental arc gabbro (Sierra Nevada: McCarthy et al. 2016) and
oceanic arc basalt (Tonga arc: Ewart and Hawkesworth 1987; Mari-
ana arc: Yanhong et al. 2021) are shown as dotted lines. Note the
similar pattern in enrichment but more evolved compositions of the
calculated parental melts relative to the example profiles. Normaliza-
tion values from Sun and McDonough (1989)

region formed via the addition of water prior to melt extrac-
tion (Good and Lightfoot 2019). This process is common
in arc settings and is consistent with structural models of
the southern Superior Province that suggest contemporane-
ous buckling of the Wawa—Abitibi slab and influx of mantle
material during the formation of Alaskan-type ultramafic
intrusions (which includes the LLC; Pettigrew 2004) in the
Quetico Subprovince (Beakhouse and Davis 2005; Percival
etal. 2012).
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Crustal contamination

Mafic intrusions in the Superior Province commonly exhibit
geochemical evidence of extensive crustal assimilation
(Rudnick and Fountain 1995; Tomlinson et al. 1999; Holl-
ings et al. 1999, 2007; Pearce 2008). In layered mafic sys-
tems, crustal assimilation is often a key driver of sulfide
saturation and sulfide liquid immiscibility via the addition
of external S or SiO, (Fiorentini et al. 2010; Naldrett 2011;
Mungall 2014). A previous petrogenetic model for the
LLC by Pettigrew and Hattori (2002) invoked the addition
of external S and SiO, from assimilated metasedimentary
rocks as the drivers of sulfide saturation and PGE minerali-
zation. In contrast, sulfide melt immiscibility and extreme
Pd enrichment in the LDI system is thought to be related to
interactions between magmas and cumulate rocks with con-
trasting degrees of crustal contamination and S saturation at
depth (Barnes and Gomwe 2011; Djon et al 2018). Thus, the
nature of crustal contamination in the LLC and LDI systems
likely influenced their relative PGE prospectivities.

The two most likely sources of crustal contamination in
the LLC are Quetico metasedimentary rocks and Wabigoon
tonalite. The LLC contains abundant evidence for exten-
sive assimilation of Quetico metasedimentary rock. This is
apparent in outcrop (Fig. 2a, b) and in the systematic varia-
tion of primitive mantle-normalized trace-element profiles
from a more primitive, mantle-like profile to a more evolved
profile that overlaps that of Quetico metasedimentary rock
(Fig. 6¢c, d). In contrast, the hornblende-bearing tonalite
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exhibits a distinctive trace-element profile relative to LLC
lithologies characterized by a flat LILE pattern, a low Ba/
Th,,, ratio, a strongly negative Nb/Nb* anomaly, fraction-
ated LREE, and a strongly positive Zt/Zr* anomaly (relative
to the LLC; Fig. 6a, d). Thus, the trace-element composi-
tions of the cumulate lithologies suggest equilibration of
the LLC magmas with Quetico metasedimentary rock rather
than tonalite, with this process having played a key role in
controlling the trace-element composition of the system.
However, the systematic variability in trace-element data
suggests that assimilation of, and equilibration with, Quetico
metasedimentary rock was itself variable and likely occurred
during emplacement at shallow levels. Had it occurred a
depth where higher temperature conditions persisted and
where melt was more actively mixed, the inheritance of its
geochemical signature would have been more uniform across
the LLC.

A key implication of the mixing patterns described above
is that the more primitive profiles in Fig. 6a and d repre-
sent samples that partially preserve the initial geochemi-
cal and isotopic compositions of the primary melts in the
LLC prior to emplacement. These samples have eNd values
(Fig. 8;—0.06 to+ 1.34) that are close to that of Quetico
metasedimentary rock (—0.58 to—0.20) at their negative
extent, but cluster at a tight range of positive values (+0.82
to+ 1.34) that are bracketed by that of the tonalitic country
rock north and west of the LLC (Fig. 8;+0.76 to+ 1.43;
Briigmann et al. 1997). This is particularly true in CUI,
which does not exhibit textural or geochemical evidence of
equilibration with Quetico metasedimentary rock (Fig. 5c),
and has eNd; values between+1.18 and + 1.34. Based on
this, we argue that the parental melts in the LLC initially had
a mantle-like eNdy (4 2.44 at~2.69 Ga; DePaolo 1988) and
inherited the eNdy signature of the tonalitic country rock at
depth. During subsequent emplacement at shallow levels,
variable assimilation of Quetico metasedimentary rock pro-
duced the more variable spread to negative eNd values in
the LLC lithologies. This interpretation is supported by the
fact that cyclic units with unambiguous geochemical and
textural evidence for Quetico metasedimentary rock assimi-
lation have the most variable and most negative eNd values
(i.e., CU2-CU4), whereas those that lack this evidence con-
sistently cluster at more positive values. It is possible that the
spread in eNd values could arise solely from the mixing of
mantle melts with Quetico metasedimentary rock; however,
the observed clustering of data at positive values that are
nearly identical to tonalitic country rock would be difficult
to produce if this were the case. Moreover, the LLC occurs
along the tectonic suture between the Quetico and Wabigoon
Subprovinces, which would have served as a preferred path-
way for the upward movement of silicate melts during the
formation of the LLC and would have allowed for extensive
interaction between all three components. Therefore, both

crustal components likely contributed to the eNd signature
of the LLC.

Sulfur saturation in the Legris Lake Complex

The concentration of sulfide mineralization at the bottoms
of cyclic units and the high Cu/Pd ratios of unmineralized
cyclic units (Fig. 6) are indicative of sulfide saturation prior
to emplacement and loss of early formed sulfide liquid. This
was driven by the addition of external sulfur as indicated by
the high S/Se ratios (greater than that of the mantle range of
Eckstrand and Hulbert 1987; 2632-4350), and correspond-
ing positive °*S and non-zero A*S values of the miner-
alized cyclic units (Fig. 9), which together provide robust
constraints on the source of sulfur (Ripley and Li 2003;
Penniston-Dorland et al. 2008; Sharman et al. 2013; Smith
et al. 2016; Magalhaes et al. 2019). The reliability of these
constraints are due to the lower mobility of Se relative to S
(Queffurus and Barnes 2015a, b), the distinctive isotopic
signature of surface-derived material in the Archean (Far-
quhar and Wing 2003; Johnston 2011), and robustness of
non-zero A*S signatures during magmatic and metamorphic
processes (Sharman et al. 2013). Most magmatic sulfides
from the LLC have mantle-like §°*S signature (Fig. 9a;
5%*S =0+ 1%o; Sakai et al. 1984; Ripley and Li 2003; Seal
2006), but skew towards more positive values. The corre-
sponding S/Se ratios for each sample fall within or above
the mantle range (Eckstrand and Hulbert 1987; Queffurus
and Barnes 2015a, b). This is suggestive of crustal S addi-
tion (Smith et al. 2016) and is consistent with the uniformly
non-zero A¥S values (between 0 and ~ —0.3) of the sulfide
mineralization. A non-zero A33S signature is related to mass-
independent fractionation of sulfur isotopes in the Archean
atmosphere and are a well-defined tracer for Archean crustal
inputs (Farquhar and Wing 2003; Seal 2006; Johnston 2011).

A comparison between the S/Se ratios and multiple sul-
fur isotope signature of LLC sulfide mineralization and
the Quetico metasedimentary rock suggests that the lat-
ter is likely not the main source of external sulfur in the
LLC. The average 5*S signature of sedimentary pyrite in
Quetico metasedimentary rock is within the range of the
mantle and within the overall compositional range of mag-
matic sulfides in the mineralized cyclic units (Fig. 9a). A
similar statement is true for the A*S values of magmatic
sulfides from the LLC, which are uniformly more negative
than pyrite in Quetico metasedimentary rock (Fig. 9b). In
both cases, the maximum range of error in the calculated
sulfur isotope signature of the metasedimentary pyrite
does not account for the range of variability in the aver-
age values or full range of error of the magmatic sulfides
from the LLC. Moreover, the S/Se ratios of the metasedi-
mentary pyrite are lower than the maximum S/Se ratio of
the mineralized cyclic units (Fig. 9a). Together with the
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observation that the abundance of sulfide mineralization
is inversely correlated with Quetico metasedimentary rock
assimilation in individual cyclic units, the metasedimen-
tary material is likely not a key source of sulfur in this
system. Rather, the tonalitic country rock is likely a more
dominant source of external sulfur given its average 84S
(+2.12; Jonsson 2023) that essentially overlaps the maxi-
mum 8>S signature of the LLC (+2.15). This interpreta-
tion is also in good agreement with (i) the eNd signature
of the LLC that is suggestive of tonalite assimilation at
depth, (ii) the concentration of sulfide mineralization at
the bottoms of cyclic units suggesting sulfur saturation
prior to melt emplacement, and (iii) the S/Se and §*S
signature of the LDI system that tightly overlaps the LLC
data and in which tonalite is likely a dominant crustal
contaminant (Duran et al. 2015; Fig. 10a).

Petrogenesis and mineralogy of the Legris system

Mixing with Quetico metasedimentary rock clearly influ-
enced the major-element compositions of the intruding
melts of the LLC. This effect must be accounted for when
modeling the mineralogy of the LLC, and is illustrated
in Fig. 10 using mixing lines between pure and contami-
nated mineral end-member assemblages. Melt emplaced
at early stages in the LLC initially crystallized along a
single trend (T1) that is modeled using an andesine and
oligoclase end member (in 1:1 proportions) and a pyrox-
ene end member (clinopyroxene and orthopyroxene in 3:2
proportions). This mixing line is representative of the least
contaminated leucogabbro, gabbro, and clinopyroxenite.
During each episode of melt injection at shallow levels,
the fraction of assimilated Quetico metasedimentary rock
was highly variable, producing compositional variation
in the LLC lithologies that commonly overlaps with the
composition of the Quetico metasedimentary rock. Sam-
ples of this type are represented by the data cluster near
the origin in Fig. 10, and are modeled by a mixing line
between pure Quetico metasedimentary rock and pyrox-
enite (clinopyroxene and orthopyroxene in 3:2 propor-
tions; T2). The T1 and T2 mixing lines account for the
end-member compositional variability observed in most
of the unmineralized lithologies outside of the Northwest-
ern Border Zone. Moreover, the area between T1 and T2
represents the variability in abundance and composition
of plagioclase (between andesine and albite), and the rela-
tive abundance of metasedimentary material either as an
assimilated component, xenolithic fragments, or a compo-
nent of the heterolithic breccias.

Data points from the stratigraphic bottoms of cyclic
units containing the mineralized leucogabbro and gabbro
of the Northwestern Border Zone are closely bracketed
by the low MgO ends of mixing lines T1 and T2. In

@ Springer

contrast, data points from the stratigraphic middles and
tops of mineralized cyclic units are closely bracketed
in Fig. 10b and d by mixing lines representing com-
binations of pure labradorite and orthopyroxene (T3),
and labradorite, orthopyroxene, and a constant 40 wt%
contribution of Quetico metasedimentary rock (T4). The
40 wt% fraction of Quetico metasedimentary rock rep-
resents a maximum contribution of assimilated material
in the mineralized cyclic units. It must be noted that
data points between T3 and T4 in Fig. 10b and d are
derived from samples in which Quetico metasedimentary
rock assimilation is evident in hand sample and no dis-
cernible orthopyroxene is evident in thin section. A key
point here is that the major-element chemistry of these
samples is difficult to explain without a significantly
larger input of assimilated metasedimentary material and
a larger localized volume of orthopyroxene (up to~ 19
wt%). A similar statement can be made about the LLC in
general, with the caveat that the input of Quetico meta-
sedimentary rock and the corresponding orthopyroxene
abundance are lower outside of the Northwestern Border
Zone. Moreover, the clear association between assimi-
lated metasedimentary rock, and the occurrence of abun-
dant orthopyroxene, and intergranular biotite and quartz
in the middle parts and tops of the cyclic units suggests
that assimilation of this material caused an increase in
Si0, activity. This resulted in a localized shift toward a
more orthopyroxene-dominated mineral assemblage as
entrained metasedimentary material was progressively
assimilated by fractionating silicate melt at the site of
emplacement during the formation of the cyclic units
(Campbell 1985). This localized effect accounts for the
trend toward a more pyroxene-dominated (clinopyrox-
ene—orthopyroxene) composition with decreasing depth
in individual cyclic units in the LLC that is the oppo-
site of the more typical trend toward higher modal pla-
gioclase abundance with decreasing depth observed in
cyclic units elsewhere.

The fact that orthopyroxene was not directly observed
in any lithology other than the biotite-leucogabbro is likely
due to the alteration of primary orthopyroxene to horn-
blende—actinolite—chlorite—epidote—talc. However, its occur-
rence implies that the LLC is dominantly gabbronoritic in
composition rather than gabbroic as previously thought
(Pettigrew and Hattori 2002). Similarly, olivine was not
observed in any of the sampled lithologies. As with orthopy-
roxene, this does not preclude its occurrence. However, mod-
eling of the whole-rock data provides clear evidence for an
almost complete lack of olivine across all LLC lithologies,
except for volumetrically minor zones of dunite encountered
during drilling. This is consistent with the generally Ni-poor
nature of all lithologies in the LLC and suggests that signifi-
cant olivine crystallization occurred prior to emplacement.
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Parental magma trace-element composition,
tectonic setting, and magmatic evolution

The trace-element composition of cumulate rocks is not
entirely representative of the composition of their parental
melts (Barnes 1986; Godel et al. 2011). To account for this,
we have applied the equilibrium distribution method (EDM;
Bédard 1994, 2001, 2006) to model the composition of the
parental melt of LLC cumulate rocks. Specific considera-
tions used are described in detail in Tables 8 and 9 in ESM2.
Whole-rock geochemical data used to model the parental
melt compositions are from the least contaminated samples
of leucogabbro, gabbro, and biotite-leucogabbro (LL10-
005-47, LL10-005-117, LL-21-80, and LL-21-84a), with
Hf/Zr and Y/Ho ratios near 1 (ESM1, Fig. 3), and minimal
evidence of hydrothermal alteration. The contribution of
trace elements from the trapped melt faction (TMF), which
comprised the initial modal abundance of intergranular
phases (2.8-13 vol.%; ESM2, Table 8) and variable pro-
portions of mineral overgrowths on the primary cumulus
phases, was subtracted using a non-modal melting approach
(“backstripping”’; Bédard 1994, 2001). A maximum final
TMF of 20% was determined for mineralized leucogabbro
based on the average abundance of intergranular minerals
in samples from each lithology and the variability of model
trace-element profiles produced with this value (Fig. 11). A
maximum final TMF of 13% was determined for the biotite-
leucogabbro and gabbro.

The calculated trace-element composition of parental
melts for leucogabbro (CU1), gabbro (CU2 and surface
sample), and biotite-leucogabbro (surface) are provided in
Table 10 of ESM2 and illustrated in Fig. 11. The modeled
parental melts for leucogabbro and gabbro closely overlap
one another, and are characterized by fractionated LREE
and HREE (La/Sm,,,=1.71-2.17; Gd/Yb,,,=1.41-2.86),
uniform LILE enrichment, and negative Zr/Zr* (0.2-0.32),
Eu/Eu* (0.39-0.51), Sr/Sr* (0.57-0.82), and Nb/Nb*
(0.40-0.48) anomalies (Fig. 11). In contrast, the modeled
parental magma for the biotite-leucogabbro is significantly
more evolved, and features more negative Eu/Eu* (0.27),
Sr/Sr* (0.14), Nb/Nb* (0.23), and Zr/Zr* (0.48) anoma-
lies, and a greater degree of LREE (La/Sm,,, =2.72) and
HREE fractionation (Gd/prm=4.77; Fig. 11). The mod-
eled primitive mantle-normalized trace-element profiles of
the mineralized leucogabbro and gabbro strongly resemble
those of igneous rocks formed in modern arc settings, such
as the Sierran continental arc (Fig. 11; Irvine and Bara-
gar 1971; Pearce 1983; Barnes et al. 1993; Saccani et al.
2008). These similarities seem to support a model for the
initial formation of the LLC involving discrete injections
of a single parental magma formed via partial melting of
metasomatized, LILE-enriched mantle in an arc setting in
all but the very last stage of formation of the LLC. This

interpretation is also in good agreement with data from the
coeval LDI complex (Briigmann et al. 1997; Barnes and
Gomwe 2011) and is suggestive of an arc setting for the LDI
intrusive suite more broadly.

The more evolved composition of the calculated parental
melt for the paragenetically late biotite-leucogabbro (Fig. 1b;
Pettigrew and Hattori 2001) suggests that the parental melt
reservoir feeding the system became more fractionated over
time. This effect is likely due to the pervasive assimilation
of Archean crustal material given the uniform enrichment in
Th, and the resulting high Th/Yb, Th/Nb, and Th/La ratios of
the calculated parental melts for biotite-leucogabbro (3.57,
0.49, and 0.11, respectively) relative to those for the calcu-
lated parental melts for mineralized leucogabbro (0.28, 0.11,
and 0.03, respectively) and gabbro (0.11-0.63, 0.13-0.23,
and 0.03-0.08, respectively). One effect of this assimilation
would be the introduction of significant external SiO, to the
melt prior to emplacement, and early crystallization and seg-
regation of plagioclase and ferromagnesium minerals, such
as orthopyroxene and olivine (Campbell 1985; Briigmann
et al. 1997; Mungall 2014), which would have generated
the negative St/Sr* and Eu/Eu* anomalies observed in all
of the modeled parental melts, and the Ni-depleted charac-
ter of the LLC. This process likely occurred throughout the
evolution of the LLC and became more pervasive at later
stages of evolution, leading to the more evolved composition
of the biotite-leucogabbro. A key implication of this is that
the parental magmas to the LLC resided at depth for some
period of time prior to final emplacement, and crystallized
a plagioclase-, orthopyroxene-, and olivine-bearing noritic
cumulate pile either below the LLC or in the conduit sys-
tem connecting the deep and shallow expressions of this
system. This interpretation agrees with similar models for
the LDI system in which noritic magmas were derived from
a sub-plutonic reservoir (i.e., a staging chamber) where it
interacted with additional compositionally distinct melts
(Hinchey et al. 2005; Barnes and Gomwe 2011; Djon et al.
2017a, b).

Formation of the Legris Lake mafic-ultramafic
complex

The data presented here indicate that the parental magmas
to the LLC were likely initially extracted from a metasoma-
tized mantle source in an arc setting. Following extraction,
a single parental magma coalesced in a staging chamber
where it assimilated external SiO, (Fig. 12) from tonalitic
country rock, as suggested by the Sm—Nd isotope signature
of the LLC. Introduction of external SiO, drove crystalli-
zation of olivine, orthopyroxene, and plagioclase prior to
emplacement. This resulted in a bulk chemical change in the
residual melt, producing a slightly more evolved composi-
tion with strongly negative Eu/Eu* and Sr/Sr* anomalies,
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Fig. 12 Schematic diagram showing the formation of cyclic units
in the Northwestern Border Zone (shown in blue) via injections of
silicate melt that has assimilated SiO, and S from tonalitic country
rock (pink) and evolved via crystallization of orthopyroxene (green
rectangles), plagioclase (blue squares), and olivine (ol; brown trian-
gles). Sulfide saturation occurred at depth or during emplacement and
immiscible sulfide melt (yellow circles) was variably retained at the
site of emplacement due to its high density. See text for details

highly fractionated REE profiles, and generally low Ni. This
interpretation is similar to the genetic model for the LLC
previously proposed by Pettigrew and Hattori (2001, 2002).

The sulfur isotope composition of the sulfide minerali-
zation and whole-rock S/Se ratios suggest that addition of
external S was a driver of sulfide liquid immiscibility in the
LLC, likely due to the assimilation of tonalitic country rock.
The segregation of sulfide liquid at the base of mineralized
cyclic units (Fig. 4; CU1 and CUY) indicates that the intrud-
ing magmas were saturated with sulfide liquid at the time
of emplacement. This early formed liquid would have effi-
ciently stripped PGE from the coexisting silicate melt, but
would have been difficult to mobilize in the intruding melts
and retain at the site of emplacement due to its high density
(42004500 kg/m3; Dobson et al. 2000; Lesher 2019). As
a result, the entrainment of PGE-rich sulfide liquid in indi-
vidual magma pulses and its retention at the site of emplace-
ment was variable, with some cyclic units having abundant
PGE-bearing sulfide mineralization (CU1, CUS) and oth-
ers having very little (CU2-CU4). Accordingly, the silicate
melt that crystallized to form the latter group of cyclic units
would have been relatively depleted in PGEs as a result of
the loss of early formed sulfide liquid, resulting in elevated
whole-rock Cu/Pd ratios (Fig. 7e, f).

Significant assimilation of Quetico metasedimentary rock
at shallow levels drove a localized shift in melt composition,
promoting orthopyroxene crystallization. This resulted in the
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more noritic composition of the stratigraphic middles and
tops of cyclic units, and partial equilibration of the trace-
element signatures of the silicate melt and metasedimentary
rock. This also produced the observed compositional trend in
cyclic units wherein they become more mafic and pyroxene-
dominated with decreasing depth in response to the progres-
sive assimilation of SiO, from abundant Quetico metasedi-
mentary rock fragments entrained in intruding melts during
the formation of individual cyclic units. However, this inter-
action was apparently unrelated to sulfur saturation.

The lack of trace-element variability between individual
cyclic units suggests that the source and compositions of
silicate melt pluses feeding the LLC remained relatively
constant through most of its formation. However, over time
assimilation of Quetico metasedimentary rock appears to
have become more pervasive, resulting in a more Eu- and
Sr- depleted, and LREE/HREE fractionated melt, with more
evolved trace-element profiles similar to that of the meta-
sediment. This is reflected in the mantle-normalized trace-
element signature of the late-stage biotite-leucogabbro.

Comparison between the LDI Mine Block Intrusion
and the LLC

In addition to the clear spatial and temporal association
between the LLC and LDI, several other key similarities
suggest a petrogenetic relationship between these systems,
and perhaps a similar degree of PGE prospectivity.

1) The occurrence of large zones of brecciated and strati-
form mineralization, with locally pervasive hydrother-
mal alteration (Barnes and Gomwe 2011).

2) Similar degrees of LILE enrichment and the occurrence
of pegmatitic/varitextured rocks containing primary
hydrous minerals (e.g., biotite, hornblende) indicative of
melt extraction from a hydrous, metasomatized mantle
source (Djon et al. 2018).

3) Similar trends of trace-element depletion and enrichment
consistent with an arc setting (Briigmann et al. 1997,
Barnes and Gomwe 2011; Djon et al. 2017a, b, 2018).

4) Similar ranges in S/Se ratios, and 348 and eNd values
in mineralized lithologies (Briigmann et al. 1997; Duran
et al. 2015), and similar evidence of S and SiO, addition
from Wabigoon tonalite.

5) Similar noritic composition and genetic models involv-
ing melt fractionation/crystallization at depth.

However, a key difference between LDI and the LLC is the
role magma mixing played during the formation of each. In
the LDI system, there is evidence for interactions between two
compositionally distinct magmas involving the assimilation of
early formed Pd-enriched sulfide mineralization by a secondary
pulse of sulfide undersaturated melt. This likely drove sulfide
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saturation in the secondary melt and resulted in a sulfide liquid
with unusually high Pd/Pt ratios (Barnes and Gomwe 2011;
Djon et al. 2017a, b, 2018). This sulfide liquid was subsequently
emplacement and retained in the LDI Mine Block Intrusion. In
contrast, magma mixing does not appear to have occurred dur-
ing the magmatic evolution of the LLC and the early formed
sulfide melt was only variably retained at the site of emplace-
ment. This resulted in the more discrete volume of PGE-rich
sulfide mineralization observed in the LL.C relative to LDI.

Conclusion

Based on bulk-rock trace-element geochemistry and calcu-
lated parental melt compositions, the magmatic evolution of
the LLC began with the partial melting of a metasomatized
mantle source in an arc setting. Following the accumula-
tion of this melt in a staging chamber, extensive assimila-
tion of SiO, and S from tonalitic country rocks drove the
crystallization of olivine, plagioclase, and orthopyroxene,
and saturation of the melt in sulfide liquid. This, in turn,
resulted in the formation of a more evolved, sulfide-saturated
residual melt, with a tonalite-like eNd signature that was
emplaced at shallow levels and crystallized the plagioclase-
dominated cumulate lithologies of the LLC. Though not
observed directly, orthopyroxene was a major part of the
cumulate assemblage, indicating that the LLC is dominantly
gabbronoritic rather than gabbroic in composition.

Mineralization in the LLC is primarily hosted in layered
cyclic units that represent discrete pulses of a single parental
melt. During their formation, entrainment of sulfide liquid
during magma emplacement and its retention at shallow lev-
els was variable due to the high density of the sulfide liquid.
This led to variable degrees of PGE-rich sulfide mineraliza-
tion among the cyclic units.

Variable assimilation of Quetico metasedimentary rock
had a strong influence on the trace-element geochemistry of
the LLC and resulted in a variable spread in the eNd signa-
ture of the cyclic units. This process drove a highly localized
increase in the abundance of orthopyroxene, quartz, and bio-
tite where metasedimentary rock was assimilated, and was
most prevalent in the mineralized zones in the northwestern
part of the LLC. However, the lack of correlation between
metasedimentary rock assimilation and sulfide mineraliza-
tion indicates that this was not an important factor in pro-
moting sulfide saturation. Later in the evolution of the mag-
matic system, metasedimentary rock assimilation at depth
became more widespread and exerted a stronger control on
the trace-element geochemistry of this system.

The LLC and world-class LDI deposit share a clear tem-
poral and geochemical association. Together with the Tib
Lake Complex, they form a single intrusive suite that likely
includes several other nearby PGE-bearing mafic—ultramafic

complexes to the west and south (i.e., Wakinoo Lake,
Demars Lake, Buck Lake, and Tamin Lake). Based on the
model presented here, future studies should focus on the
magmatic evolution of these systems and the processes driv-
ing sulfide saturation in each. Moreover, a detailed structural
assessment to identify potential feeder conduits connecting
the shallow and deeper level portions of these systems could
provide key vectors to mineralization.
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