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ABSTRACT

The Eagle’s Nest Ni-Cu-(PGE) deposit occurs within the 2.73 Ga Esker intrusive complex of the Ring of
Fire intrusive suite, in the McFaulds Lake greenstone belt of northern Ontario. Sulphide mineralization
occurs along the northwestern margin of a subvertical ~500 m wide (north-south) x <85 m thick (east-west)
x >1500 m deep komatiitic ultramafic body composed of harzburgitetlherzolitetwehrlite that is interpreted
to represent a structurally rotated, originally subhorizontal blade-shaped dyke. Disseminated (<15 wt% sul-
phide), net (15-35 wt% sulphide), and lesser semi-massive (50-80 wt% sulphide) and massive (>80 wt%
sulphide) -textured sulphides have been characterized using microbeam scanning energy-dispersive X-ray
fluorescence spectrometry (WXRF). The images produced by this process have identified the abundances
and locations of Fe, Ni, Cu, Ca, Si, and Cr within different minerals in 11 samples with representative sul-
phide textures: disseminated, leopard net-textured (containing bimodal coarse- and fine-grained olivine),
pinto net-textured (containing bimodal coarse orthopyroxene and fine olivine), inclusion net-textured (con-
taining coarse inclusions of peridotite), disrupted net-textured (containing pyroxenite invading leopard and
pinto net-textured sulphides), semi-massive (containing inclusions of peridotite, pyroxenite, gabbro, and
net-textured sulphides), and massive. All sulphide textures typically contain magmatic assemblages of
pyrrhotite-pentlandite-chalcopyrite-magnetitetchromite. Notable differences include small ellipsoidal
chromite inclusions only in facies with disseminated textures, little to no clinopyroxene in leopard net-tex-
tures, abundant clinopyroxene in invasive pyroxenite in disrupted net-textures, high-Cr orthopyroxene
oikocrysts in pinto net-textures, and variable degrees of segregation of Cu-rich residual sulphide liquid from
fractionally crystallizing Fe-Ni-rich monosulphide solid solution, more in disrupted and inclusion net-tex-
tures than in disseminated textures or leopard or pinto net-textures. The wide variety of net textures, the
abundance of inclusions, and the invasive pyroxenite indicate a complex history for the magmatic plumbing
system. Inclusions and late-stage pyroxenitic melt may have physically facilitated migration of residual sul-
phide liquid from monosulphide solid solution, and the emplacement of the late pyroxenite may have slowed
cooling and/or reheated the mineralization. Many of these details are less evident visually in slabbed cores
or polished thin sections, highlighting the usefulness of uXRF in interpreting the genesis and beneficiation

of texturally complex magmatic Ni-Cu-PGE ores.

INTRODUCTION

Most magmatic Ni-Cu-PGE ores form by the accumu-
lation of an immiscible sulphide liquid that has scav-
enged chalcophile elements from a coexisting silicate
liquid phase (see review by Naldrett, 2004). Most
deposits contain multiple textural facies that reflect the
mode(s) of emplacement of the sulphides (see review
by Barnes et al., 2017). The Eagle’s Nest Ni-Cu-(PGE)
deposit in northern Ontario, contains a wide range of
textures, some of which have previously not been

described, making it a particularly good site to evaluate
the importance of ore textures in constraining ore gen-
esis and beneficiation.

The Eagle’s Nest deposit occurs within the 2.73 Ga
Esker intrusive complex of the Ring of Fire intrusive
suite within the McFaulds Lake greenstone belt of the
north-central Superior Province in northern Ontario
(Fig. 1, inset). The McFaulds Lake greenstone belt
records episodic volcanism, sedimentation, ultramafic
to felsic intrusive activity, and tectonism spanning
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Variations in the textural facies of sulphide minerals in the Eagle’s Nest deposit: Insights from pXRF
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Figure 2. Schematic of a northwest-southeast section (NAD
83, Zone 16, UTM 547219 mE) through the Eagle’s Nest
dyke showing the sulphide facies and subfacies distributions.
Note that the Eagle’s Nest deposit occurs along the north-
western contact with the country rocks. The location of the
section is shown in Figure 1.

from at least 2.83 to 2.66 Ga (Metsaranta et al., 2015;
Metsaranta and Houlé, 2020). This Archean basement
is overlain by flat-lying Paleozoic carbonate-domi-
nated strata and unconsolidated Quaternary deposits,
making exploration challenging.

The Esker intrusive complex, which comprises the
komatiitic Black Thor intrusion, Double Eagle intru-
sion, Eagle’s Nest dyke, and many other intrusive bod-
ies (Fig. 1), represents an ultramafic-dominated intru-
sive complex that experienced high magma flux
through and crystallization/ accumulation within origi-
nally smaller, dynamic, komatiitic intrusions/conduits
that are interpreted to have coalesced laterally over
time through magma inflation to form the present 16
km long Cr- and Ni-Cu-(PGE) mineralized complex

(Houlé et al., 2019, 2020). The Eagle’s Nest intrusion
is a subvertical ~500 m wide (north-south) x ~85 m
thick (east-west) x >1500 m deep body composed of
harzburgitetlherzolitet+ wehrlite within tonalitic coun-
try rocks, with the deposit occurring along the north-
western margin of the dyke (Fig. 2). It is interpreted to
have been emplaced as a subhorizontal blade-shaped
dyke (Barnes and Mungall, 2018; Zuccarelli et al.,
2018a) and to have been structurally rotated (along
with the rest of the Esker intrusive complex) into its
current subvertical orienta-tion (Mungall et al., 2010;
Zuccarelli et al., 2018a,b; Laudadio, 2019). All of the
rocks have been metamorphosed to greenschist facies
and are locally deformed, but the stress was partitioned
into discrete shear zones (e.g. Frank Shear Zone:
Laudadio, 2019) so most of the ores and host rocks are
not penetratively deformed and exhibit well preserved
igneous textures.

The purpose of this contribution is to report the
results of microbeam scanning energy-dispersive X-ray
fluorescence spectrometry (WXRF) mapping of the rep-
resentative textural sulphide facies at the Eagle’s Nest
Ni-Cu-(PGE) deposit to not only supplement the petro-
graphic work undertaken by Zuccarelli (M.Sc. in prep)
but also to provide insights on the mechanisms
involved in the formation of textural sulphide facies
within magmatic Ni-Cu-(PGE) deposits.

METHODS

During this M.Sc. project, the surfaces of two hundred
representative samples of half NQ (47.6 mm diameter)
core were ground on a diamond-bonded lap and exam-
ined mesoscopically using a stereomicroscope. Thin
sections were prepared of representative parts of the
cores and examined microscopically in reflected and
transmitted light using a compound polarizing micro-
scope. The mineralogical and textural information col-
lected about these samples was used to guide textural
classification and the selection of a subset of 11 sam-
ples (1 patchy/blebby disseminated, 3 leopard net-tex-
tured, 2 pinto net-textured, 1 inclusion net-textured,
2 disrupted net-textured, 1 semi-massive, and 1 mas-
sive sulphide) for chemical/mineralogical characteriza-
tion using a Bruker Tornado™ high-resolution desktop
uXRF at the Commonwealth Scientific and Industrial
Research Organisation (CSIRO) in Perth (Western
Australia). Analyses utilized a ~40 micron diameter
collimated X-ray beam generated from an Rh target
tube operating at 50 kV and 500 nA without filters and
an XFlash VR silicon drift detector. The sample was
rastered under the beam with dwell times typically 5 to
10 ms per pixel, at a spatial resolution of 40 microns.
Each map is presented as a composite red-green-blue
(RGB) image showing the distributions of combina-
tions of three elements (Cr-Fe-Ca, Ni-Cu-S, and S-Fe-
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Table 1. Principal characteristics of sulphide textural facies and subfacies in magmatic Ni-Cu-PGE deposits at

the Eagle’s Nest Ni-Cu-(PGE) deposit.

Sulphide Nominal Nominal Eagle’s Nest Deposit
Textural Sulphide Sulphur
Facies Content Content Sulphide Content  Proportion  Thickness  Strike Length?
(Wt%) (Wt%) (Wt%) (%) (m) (m)
Disseminated* <15 <5.9 <15 5
Lightly** <5 <2.0 0.5-5 14
Medlll,lm 5-10 2.0-3.9 5-10 42 up to 20 up to 125
Heavily** 10-15 4.0-5.9 10-15 21
Patchy** <15 <5.9 8-10 9
Blebby** <15 <5.9 2-5 14
Net-Textured* 15-60 5.9-23.4 15-35 80
Leopard** 15-35 52
Patchy** 15-25 14
to 40 to 130
Inclusion** 15-30 5 upto upto
Pinto** 15-30 1
Disrupted** 18-25 28
Semi-Massive* 50-80 19.5-31.2 50-80
. 15 up to 20 up to 40
Massive* >80 >31.2 >80

*Based on Noront Resources Ltd. assay data set that contains more than 10,000 assays and assuming 39 wt% S in
100% sulphide; **based on 200 representative samples examined in this study. Sulphide textural facies and sub-
facies are generally gradational with some overlap of sulphide or sulphur contents, particularly in samples containing
50-60% sulphide. Thickness and strike length have been estimated based on a detailed geological map from Noront
Resources Ltd. 1Corresponds to the ore surface projection of each textural suphide facies.

Ca) at various scales. Minerals containing none of the
elements appear black, minerals containing one of the
three elements appear in the corresponding colour, min-
erals containing equal amounts of two or three of the
elements appear in composite colours (e.g. 1 green + 1
blue = cyan, 1 red + 1 green = yellow, 1 red + 1 blue =
magenta, 1 red + 1 green + 1 blue = white), and miner-
als containing unequal amounts of two or three of the
elements appear in intermediate colours (e.g. 2 red + 1
green = orange). Each channel is normalized to the min-
imum and maximum count rate per pixel over the entire
map; hence, where concentrations of a particular ele-
ment are low, this normalization process will exagger-
ate backgrounds and can produce artifacts. Diffraction
artefacts can also occur at low element concentrations,
arising from geometry, whereby a particular crystal is
aligned with a lattice plane making a Bragg angle with
the input beam and the detector, although these are usu-
ally only evident in unaltered well crystalline rocks.

SULPHIDE TEXTURAL FACIES

The Eagle’s Nest Ni-Cu-(PGE) deposit contains a wide
range of sulphide textural facies: 1) disseminated,
2) net-textured, 3) semi-massive, and 4) massive sul-
phides (Table 1). The ore assemblage in all facies is a
typical magmatic assemblage of pyrrhotite >> pent-
landite > chalcopyrite >> magnetitetchromite. There is
a general upward trend of the ore profile from discon-
tinuous massive sulphide through more continuous net-

textured to disseminated sulphide (Fig. 2). The contacts
between the zones are generally relatively sharp; how-
ever, the contacts between the various net-textured
facies vary from sharp to gradational. Most net-tex-
tured subfacies vary non-systematically on scales of 10
to 20 m, whereas disrupted net-textured sulphides vary
on a scale of 2 to 10 cm.

Many crosscutting relationships and inclusions
occur between and within the sulphide facies at Eagle’s
Nest (Mungall et al., 2010; Zuccarelli et al., 2017;
Zuccarelli, in prep). Although the majority of massive
sulphides are localized in shallow footwall embay-
ments, massive sulphides veins (1-100 cm thick) con-
taining inclusions of leopard and disrupted net-textured
facies and barren gabbroic rocks crosscut disseminated
and net-textured facies. Disrupted net-textured facies
contain inclusions of net-textured olivine-sulphide
cumulates, inclusion net-textured sulphides contain
inclusions of barren peridotite, and disseminated sul-
phide facies contain inclusions of massive chromitite.

Disseminated Sulphide Facies

Disseminated sulphide facies generally contains <15
wt% sulphide and <6 wt% S. Mineralization is distrib-
uted heterogeneously across the deposit, most com-
monly between underlying net-textured sulphides and
overlying barren host rocks. Disseminated sulphides
occur as lightly, medium, heavily, patchy, and blebby
disseminated subfacies. Lightly disseminated sulphide
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Figure 3. Disseminated sulphide facies at the Eagle’s Nest deposit (drill core NOT-09-053W3 at 828.17 m, NQ core size). a) A
scanned slab showing the typical disseminated sulphide texture within olivine pyroxenite. Black phases are chromite, dark grey
phases are olivine, grey phases are pyroxene, and yellowish phases are sulphide. b) uXRF map, normalized relative concen-
trations of Ca (blue), Fe (green), and S (red). ¢) uXRF map, normalized relative concentrations of Cr (red), Fe (green), and Ca
(blue). Chromite-magnetite aggregates in orange. Abbreviations: Chrt = chromitite, Cpx = clinopyroxene, Ol = olivine, Pxt =

pyroxenite, Sul = sulphides.

occurs as 0.5-5 wt% sulphide distributed in very fine
(0.2-0.5 mm) grains. Medium disseminated sulphide
occurs as 5—-10% sulphide in small to medium (0.5-10
mm) irregular wisps. Heavily disseminated sulphide
occurs as 10-15 wt% sulphide in 10-30 mm irregular
wisps. Patchy disseminated sulphide (8—10 wt% sul-
phide) occurs as very small to small (<0.5-40 mm),
isolated, unevenly to uniformly dispersed, irregular
patches. Blebby disseminated sulphide (2—5 wt% sul-
phide) occurs as small to medium (20—40 mm),
rounded to subrounded blebs in the interstitial spaces
between olivine and pyroxene in peridotite and pyrox-
enite. The sulphides within coarser blebs are occasion-
ally fractionated with chalcopyrite-rich upperparts and
pyrrhotite-pentlandite-rich lower parts, whereas finer
blebs are rarely systematically fractionated.

A typical example of 8 wt% patchy disseminated
sulphides within an olivine pyroxenite is shown in
Figure 3 (optical scan in Fig. 3a and uXRF maps in Fig.
3b,c). The optical scan shows that sulphide is concen-
trated in domains containing abundant dark serpen-
tinized olivine crystals and that several ellipsoidal
chromitite inclusions are also present. However, these
observations are much clearer in the pXRF maps. In
the S-Fe-Ca map (Fig. 3b), it is obvious that sulphide
phases (yellow and orange colours) are more abundant
in olivine-rich domains (dark green), that there are few
sulphides in clinopyroxene- (blue) and orthopyroxene-
(green) rich domains, and that clinopyroxene-rich
domains contain ellipsoidal peridotite (dark and
medium green) and chromitite (bright green) inclu-
sions. Some of the latter are embayed. In the Cr-Fe-Ca
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map (Fig. 3c), it is possible to identify two types of
chromitite inclusions: 1) net-textured chromitite, where
chromite occurs as clusters of single crystals (red to
yellow) within olivine-rich domains (dark to dark
green) and 2) ellipsoidal massive chromitite inclusions
exhibiting varying degrees of alteration to fer-
richromite (i.e. red = Cr-rich core, yellow = Cr-poor
rim). These textures are more complex than the more
uniformly disseminated sulphides in most Ni-Cu-PGE
deposits (see Barnes et al., 2017).

Net-Textured Sulphide Facies

Net-textured sulphide facies typically contains ~15-35
wt% sulphide and ~6—14 wt% S and occurs along the
entire length of the deposit. It consists of ~65-85%
mesocumulus olivine with ~15-35 wt% sulphides that
form thin films between the olivine. However, these
facies exhibit wide textural variations in the Eagle’s
Nest deposit, which can be subdivided into five subfa-
cies that differ in their distribution of sulphide and sil-
icate minerals.

Leopard net-textured sulphide subfacies

Leopard net-textured sulphide subfacies is the most
common net-textured subfacies at Eagle’s Nest. It con-
sists of ~65-85% cumulus olivine and lesser intercum-
ulus pyroxene with ~15-35 wt% interstitial sulphide
that forms thin films between the olivine and triangu-
lar-shaped patches between olivinetpyroxene. Olivine
and pyroxene are bimodal, ranging in size from 1-3
mm and 5-15 mm. The coarser crystals and lesser crys-
tal aggregates define this as “leopard net-textured”
because the large pseudomorphs of serpentine-mag-
netite after olivine appear as black spots among the net-
work of yellowish sulphides giving the appearance of a
leopard’s coat. The sulphide assemblage is composed
of pyrrhotite > pentlandite > chalcopyrite.

A typical example of the leopard net-textured sul-
phide subfacies rock is shown in Figure 4 (optical scan
in Fig. 4a and pXRF maps in Fig. 4b,c). In the optical
image (Fig. 4a), the sulphides are evenly distributed
except within serpentinized olivine mesocrysts (dark
black) and fine-grained aggregates (dark-greyish black
phases). In the Ni-Cu-S map (Fig. 4b), abundant chal-
copyrite (green) forms an anastomosing network
around very fine and very coarse olivine (black), most
of the pentlandite (magenta) occurs more sporadically,
and most of the pyrrhotite (blue) defines a foliation ori-
ented at ~60° to the core axis and ~60° to a weak
igneous lamination defined by the olivine aggregates.
This particular hole was drilled subparallel to the basal
contact of the intrusion and the orientation of the sawn
surface was not necessarily perpendicular to the folia-
tion and as a result, the sulphide foliation may be a bit
more perpendicular but the igneous lamination cannot

be any less oblique. In the Cr-Fe-Ca map (Fig. 4c),
coarse serpentinized olivine (black) is oikocrystic, con-
taining fine chromite (red) and ferrichromite (yellow)
chadacrysts, or is xenolithic comprising inclusions of
chromite-bearing dunite. The matrix consists of fine
disseminated clinopyroxene (blue) and Fe-bearing sul-
phides (green).

Pinto net-textured sulphide subfacies

Pinto net-textured sulphide subfacies, which is charac-
terized by white (talc-altered orthopyroxene) rather
than grey (clinopyroxene) or black (serpentinized
olivine) “spots”, is uncommon at Eagle’s Nest. It com-
prises ~15-30 wt% sulphides and ~6—12 wt% S and
most commonly occurs as 1-2 m zones within areas of
disrupted net-textured sulphides and where domains of
leopard net-textured sulphide facies rocks border
pyroxene-rich domains. It is texturally similar to leop-
ard net-textured subfacies rock and consists of small
serpentinized olivine surrounded by interstitial sul-
phides with large (0.3—10 mm) subhedral-euhedral
oikocrysts of talc-carbonate-altered orthopyroxene
(appearing whitish-grey in the core). The oikocrysts
contain both fresh and serpentinized olivine.

A typical example of pinto net-textured sulphide
subfacies rock is shown in Figure 5 (optical scan in Fig.
Sa, uXRF maps in Fig. 5b,c). In the optical image (Fig.
5a) the amount of sulphide is relatively small (~20-
25%) and occurs almost exclusively in close associa-
tion with small serpentinized olivine crystals (black)
that are interstitial to coarse sulphide-free orthopyrox-
ene oikocrysts (grey). In the Ni-Cu-S map (Fig. 5b),
pyrrhotite (blue), pentlandite (magenta), and chalcopy-
rite (green) are more-or-less evenly disseminated
throughout the sample except within the large weakly
aligned pyroxene domains (black). Nevertheless, chal-
copyrite is more common on the peripheries of the
pyroxene oikocrysts. In the Cr-Fe-Ca map (Fig. 5¢), the
matrix is dominated by sulphides (green) and fine-
grained olivine (greenish-black), and the pyroxene-rich
domains include parts comprising mainly orthopyrox-
ene (reddish-brown), chromite (red), and ferrichromite
(orange and yellow) as well as parts comprising mainly
clinopyroxene (blue).

Inclusion net-textured sulphide subfacies

Inclusion net-texture sulphide subfacies, which is
another uncommon variety of net-textured sulphide at
Eagle’s Nest, contains ~15-30 wt% sulphide and ~6—
12 wt% S. It is similar to the leopard net-textured sul-
phide subfacies except that it contains a greater abun-
dance of clinopyroxene (~10—15% silicates) and is
characterized by 4-300 mm silicate inclusions. The
inclusions are typically dunite to peridotite, vary in
shape from angular to rounded, and the contacts
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Figure 4. Leopard net-textured sulphide subfacies at Eagle’s N

3

est deposit (drill core NOT-07-017 at 138.01 m, NQ core size).

a) A scanned slab of a typical leopard net-textured sulphide. The black minerals are serpentinized olivine and the yellowish min-
erals are sulphide minerals including pyrrhotite, pentlandite, and chalcopyrite. However, these sulphide minerals are difficult to
distinguish. b) uXRF map with normalized relative concentrations of Ni (red), Cu (green), and S (blue) resulting in olivine
appearing as black, chalcopyrite as green, pyrrhotite as blue, and pentlandite as magenta. ¢) uXRF map with normalized rel-
ative concentrations of Cr (red), Fe (green), and Ca (blue) resulting in olivine appearing as black, chromite as red, ferrichromite
as yellow, clinopyroxene as blue and Fe-bearing sulphides as green. The black arrow indicates the direction of a weak igneous
lamination defined by the alignment of the olivine aggregates; the magenta arrow indicates the direction of the weak foliation
defined by pentlanditetpyrrhotite veinlets. Abbreviations: cg = coarse-grained, fg = fine-grained, vfg = very fine-grained; Ccp =
chalcopyrite, Chr = chromite, Fe-Chr = ferrichromite, Ol = olivine, Pn = pentlandite, Po = pyrrhotite.

between olivine and pyroxene along the margins are
diffuse and infiltrated by sulphide (typically chalcopy-
rite). One particularly large (30 cm) inclusion is excep-
tionally angular but also exhibits irregular and diffuse
margins (Zuccarelli, in prep).

A typical example of inclusion net-textured sulphide

subfacies rock containing ~25 wt% sulphides is shown
in Figure 6. In the optical image (Fig. 6a), sulphide is
not evenly distributed and is controlled mainly by the
distribution of inclusions and, to a lesser extent, olivine.
The three main domains can be defined: 1) chalcopy-
rite-pentlandite-(pyrrhotite), 2) pentlandite-pyrrhotite-
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Figure 5. Pinto net-textured sulphide subfacies at the Eagle’s Nest deposit (sample NOT-10-076-W1/557.1 m, NQ core size).
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a) A scanned slab of typical pinto net-textured sulphide. The black minerals are olivine, grey minerals are pyroxene, and yel-
lowish minerals are sulphide. b) uXRF map with normalized relative concentrations of Ni (red), Cu (green), and S (blue) with
pyrrhotite appearing as blue, pentlandite as magenta, and chalcopyrite as green. ¢) uXRF map with normalized relative con-
centrations of Cr (red), Fe (green), and Ca (blue) resulting in the sulphides appearing as green, olivine as greenish-black,
orthopyroxene-rich domains as reddish-brown, chromite as red, ferrichromite as yellow and orange, and clinopyroxene as blue.
The black arrow indicates the direction of the weak lamination defined by orthopyroxene oikocrysts. Abbreviations: Ccp = chal-
copyrite, Cpx = clinopyroxene, Chr = chromite, Fe-Chr = ferrichromite, Ol = olivine, Opx = orthopyroxene, Pn = pentlandite, Po

= pyrrhotite, Sul = sulphides.

(chalcopyrite), and 3) chalcopyrite-pyrrhotite-pent-
landite. In the Ni-Cu-S map (Fig. 6b), pentlandite
(magenta), pyrrhotite (blue), and lesser chalcopyrite
(cyan or green) occur both in large domains with sili-
cates (reddish-black in this image) and in fine
pyrrhotite-pentlandite-rich veinlets oriented at ~90° to
the core axis (subparallel to the dyke contact).
Chalcopyrite, silicates, and lesser pyrrhotite-pentlandite
dominate the other domains. In the Cr-Fe-Ca map (Fig.
6¢), it is clear that the silicate phases include coarse-
grained olivine (black) containing small inclusions of
chromite (red), orthopyroxene (opalescent), medium-
grained clinopyroxene (blue), and fine-grained olivine

(black) within sulphide (green). The 1 cm dunite auto-
lith in this sample is a serpentinized peridotite com-
posed of serpentine (black) with magnetite (green) vein-
lets and fine chromite inclusions (red).

Disrupted net-textured sulphide subfacies

Disrupted net-textured sulphide subfacies is a localized
but common form of net texture in Eagle’s Nest, con-
taining ~18-25 wt% sulphide and ~7-10 wt% S. It is
characterized by highly irregular domains of grey talc-
magnesite-altered pyroxenite that transgresses leopard
net-texture and consists of coarse (up to 4 mm) serpen-
tinized olivine in a matrix of fine serpentinized olivine
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Figure 6. Inclusion net-textured sulphide subfacies at the Eagle’s Nest deposit (drill core NOT-07-028 at 208.97 m, NQ core
size). a) A scanned slab of a typical inclusion net-textured sulphide facies rock from the Eagle’s Nest deposit. The black min-
erals are olivine and the yellowish minerals are sulphide. b) uXRF map with normalized relative concentrations of Ni (red), Cu
(green), and S (blue). ¢) uXRF map with normalized relative concentrations of Cr (red), Fe (green), and Ca (blue). Red-dashed
lines show the approximate limit between pentlandite-pyrrhotite-rich and chalcopyrite-rich domains; the magenta arrow in (b)
indications the orientation of the fine veinlets of pentlandite and pyrrhotite. Abbreviations: Ccp = chalcopyrite, Chr = chromite,
Cpx = clinopyroxene, Ol = olivine, Opx = orthopyroxene, Pn = pentlandite, Po = pyrrhotite.

and sulphides, often leaving isolated coarse unserpen- 0.5 mm) and chalcopyrite (0.1-3 mm). Magnetite occurs
tinized olivine but not any fine-grained olivine or sul-  in both barren and mineralized areas, forming grains of
phides. The contacts between the pyroxenite domains  up to 0.5 mm in apparent diameter that range from
and net-textured sulphides are very irregular. The most ~ anhedral to euhedral. Minor chromite is also present.

abundant sulphide mineral in this subfacies is pyrrhotite, A typical example of disrupted net-textured sulphide
with varying amounts of fine-grained pentlandite (0.1-  subfacies rock, containing ~25 wt% sulphides, is shown
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Figure 7. Disrupted net-textured sulphide subfacies from the Eagle’s Nest deposit (drill core NOT-09-053 at 857.26 m, NQ core
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size). a) A scanned slab of typical disrupted net-textured sulphide. The black minerals are olivine and the yellowish minerals
are sulphide. b) uXRF map with normalized relative concentrations of Ni (red), Cu (green), and S (blue) showing three main
sulphide domains (see text for discussion). ¢) uXRF map with normalized relative concentrations of Cr (red), Fe (green), and
Ca (blue). White dotted lines indicate the gradational contact between the pyroxenite and the net-textured sulphide facies into
the disrupted net-textured sulphide subfacies rock. Abbreviations: Ccp = chalcopyrite, Ol = olivine, Pn = pentlandite, Po =

pyrrhotite, Px = pyroxene, Pxt = pyroxenite.

in Figure 7. The optical image (Fig. 7a) indicates that
sulphide is much more abundant in leopard net-tex-
tured domains containing abundant fine-grained ser-
pentinized olivine (black) and much less abundant in
areas where pyroxene (grey) occurs as pyroxenite. The
Ni-Cu-S map (Fig. 7b), highlights three main sulphide
domains that border the areas of pyroxenite, progress-
ing outward from (1) pyrrhotite (blue) = pentlandite
(magenta) >> chalcopyrite (green) through (2) chal-
copyrite >> pyrrhotite = pentlandite to (3) pyrrhotite ~
pentlandite > chalcopyrite. In the Cr-Fe-Ca map (Fig.
7c), the distinction between the pyroxenitic material
(blue), which contain patches of residual olivine
(black), ferrichromite (yellow), and chromite (red), and

the surrounding net-textured sulphides (green; all sul-
phide species), is more distinct.

Massive to Semi-massive Sulphide Facies

Massive sulphide facies at Eagle’s Nest contains >80
wt% sulphides and >31 wt% S and is localized mainly
in two embayments along the (original) basal contact
(Fig. 2). Gangue phases include inclusions of peridotite
and calcite. Semi-massive sulphide, which is very
uncommon in the Eagle’s Nest deposit, contains 50-80
wt% sulphides and ~20-31 wt% S depending on the
proportion of inclusions present. It occurs in the lower
parts of the deposit in contact with country rocks (more
common) and the upper parts of the deposit in contact
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with barren ultramafic rocks (less common). The non-
sulphide component is normally composed of gabbro
or granodiorite xenoliths derived from the country
rocks, and pyroxenite and peridotite anteliths or
autoliths (“cognate xenoliths™) derived from this or
other phases of the intrusive system. Although much
less common, sulphide-bearing inclusions also occur
within this facies and are normally composed of leop-
ard net-textured sulphides. Semi-massive sulphides
contain no olivine and pyroxene crystals, except within
ultramafic inclusions. The sulphides are similar to
those found in the massive sulphide facies.

A contact between semi-massive and massive sul-
phide facies is shown in Figure 8 (optical scan in Fig.
8a, uXRF maps in Fig. 8b,c). The amount of sulphide
varies from ~60% in semi-massive sulphides (left side
of image) to ~95% in massive sulphides (right side of
image). The semi-massive sulphide domain contains
abundant inclusions of altered, recrystallized, and par-
tially melted gabbro. In the Ni-Cu-S map (Fig. 8b), it
is clear that the semi-massive sulphides are composed
of pyrrhotite (blue) >> pentlandite (magenta) chal-
copyrite (cyan) and that the massive sulphides are com-
posed of pyrrhotite > pentlandite chalcopyrite.
Pentlandite and chalcopyrite are finer grained and more
dispersed (occurring as patches and along pyrrhotite
grain boundaries) in semi-massive sulphides, and
coarser grained and more segregated in massive sul-
phides. In the Cr-Fe-Ca map (Fig. 8c), pyrrhotite is
bright green, and pentlandite and chalcopyrite are both
dark green. The sulphide minerals display a combina-
tion of coarse granular pentlandite (at contacts with
chalcopyrite) and thin (sub-mm) “loops” of exsolved
pentlandite (commonly in semi-massive sulphide
around pyrrhotite grain boundaries, Fig. 8c). The inclu-
sions contain a Ca-rich phase (dark blue), likely altered
clinopyroxene based on the mineral habit, and a Cr-Fe-
Ca-poor phase (black), likely altered (albitic) plagio-
clase. Ferrichromite (orange-yellow) occurs as isolated
crystals and as rims on inclusions.

DISCUSSION

Maps obtained by uXRF provide greatly enhanced tex-
tural, mineralogical, and geochemical characterizations
compared that obtained from macroscopic core logging
and microscopic petrographic examination. In particu-
lar, they provide detailed geochemical information that
is not available by either of the other methods and at a
scale larger than permitted by SEM-based ED-XRES,
EPMA-based WD-XRES, or LA-ICP-MS methods!.

Below we further discuss some of the textures in
Eagle’s Nest ores and their implications for the genesis
of the mineralization.

Mineralogical Insights

Clinopyroxene and orthopyroxene in pinto and
disrupted net-textured sulphide subfacies

Superimposed talc-carbonate alteration commonly
hampers identifications of primary mineralogy, but
uXRF maps make it possible to readily distinguish
between serpentine-magnetite pseudomorphs after
olivine in leopard net-textured sulphide, talctantho-
phyllite pseudomorphs after orthopyroxene and Ca-rich
amphibole pseudomorphs after clinopyroxene in pinto
net-textured sulphide, and Ca-pyroxene pseudomorphs
after clinopyroxene in disrupted net-textured sulphide.

In pinto net-textured sulphides (Fig. 5), the uXRF
maps indicate that clinopyroxene occurs as evenly dis-
tributed, fine-grained (0.1-0.2 mm) subhedral crystals,
whereas orthopyroxene occurs both as evenly distrib-
uted, medium-grained (0.3—10 mm) rounded crystals
typically associated with clinopyroxene, and as coarse-
grained (up to 15 mm) irregular aggregates. The com-
posite orthopyroxene-clinopyroxene crystals are
evenly distributed and appear to have nucleated more-
or-less homogeneously, locally impinging on each
other to form coarser aggregates. Both pyroxenes are
devoid of sulphides, suggesting that they crystallized
from the silicate melt prior to the introduction of sul-
phide liquid.

In disrupted net-textured (Fig. 7), the pXRF maps
indicate that the clinopyroxene has replaced smaller
olivine crystals and possibly sulphide, leaving behind
coarser olivine crystals and aggregates. The nature of
this process is discussed further below.

Sulphide inclusions in olivine

The presence of pyrrhotite as uncommon blebs within
olivine and pyroxene may represent (1) mobilization of
sulphides into fractures in olivine after serpentinization
(large fracture in olivine seen in Fig. 6), or (2) sulphi-
dation of magnetite formed during serpentinization, as
observed at the Raglan mine in Quebec (Bazilevskaya,
2009).

Monosulphide Solid Solution Segregation

Small-scale monosulphide solid solution
segregation

The greater segregation of Cu and Fe-Ni in inclusion
net-textured (Fig. 6), disrupted net-textured (Fig. 7),
and massive (Fig. 8) sulphide textures is attributed to
segregation of Cu-rich residual sulphide liquid from Fe-
Ni-rich monosulphide solid solution (mss) (see review
of phase equilibria by Naldrett, 2004). In the net-tex-
tured sulphide subfacies, the inclusions may have phys-

1 ED = energy dispersive, EPMA = electron probe microanalyzer, LA-ICP-MS = laser ablation-inductively coupled plasma-mass
spectrometry, SEM = scanning electron microscope, WD = wavelength-dispersive, XRES = X-ray emission spectrometry.
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Figure 8. Massive and semi-massive sulphide facies at the Eagle’s Nest deposit (drill core NOT-10-087A at 608 m, NQ core

size). a) A scanned slab of typical semi-massive sulphides containing numerous gabbroic inclusions (dark grey on the left side)
and massive sulphide (right side). The yellowish minerals are sulphide and fine black minerals are fine ferrichromite. b) uXRF
map with normalized relative concentrations of Ni (red), Cu (green), and S (blue). ¢) uXRF map with normalized relative con-
centrations of Cr (red), Fe (green), and Ca (blue). The coarse yellow patches within the pyrrhotite crystals in this image are dif-
fraction artifacts. Abbreviations: Ccp = chalcopyrite, Cpx = clinopyroxene, Fe-Chr = ferrichromite, Pl = plagioclase, Pn = pent-

landite, Po = pyrrhotite.

ically facilitated migration of sulphide liquid from mss,
and the emplacement of the late pyroxenite may have
slowed cooling and/or reheated the mineralization.

Large-scale monosulphide solid solution-melt
segregation

Pyrrhotite+pentlandite veinlets locally crosscut the fab-
rics of net-textured ores and locally also olivine and

pyroxene grains (Fig. 4, 6). They appear to be oriented
at steep angles to the basal contact of the intrusion. The
abundance of pyrrhotite-pentlandite and paucity of
chalcopyrite in the veinlets suggests that they represent
the lower temperature equivalents of higher tempera-
ture Fe-Ni-(Co)-rich mss. Two possible origins are (1)
solid-state mobilization of mss into the veinlets during
volume expansion accompanying serpentinization of
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olivine (which we consider less likely based on the
mineralogy, textures, and orientation), and (2) crystal-
lization of mss from a sulphide liquid as it percolated
downward through the crystal network of olivine crys-
tals, from which the residual Cu-rich sulphide liquid
escaped (which we consider more likely based on the
same features). In the latter case, some of the Cu-rich
sulphide liquid may have infiltrated other areas, form-
ing complementary chalcopyrite-rich mineralization
represented by sporadic chalcopyrite-rich veins (e.g.
Fig. 2). Further study of relationships between the vein-
lets and serpentine-magnetite alteration should provide
better insights into the relative roles of each process.

Multistage Silicate-Sulphide Emplacement
Country-rock inclusions

The presence of barren gabbro inclusions only in semi-
massive sulphide (Fig. 8) indicates that only this phase
of mineralization incorporated gabbroic country rocks
prior to reaching this part of the system. The reason for
the restriction to these facies is not known but would
require a separate phase of emplacement. The thin,
semi-continuous ferrichromite rims along the margins
of the gabbro inclusions against sulphide suggest reac-
tion with sulphide liquid. These rims are similar to fer-
richromites that occur along the basal and upper mar-
gins of massive sulphides in other komatiite-associated
Ni-Cu-(PGE) deposits (e.g. Kambalda: Groves et al.,
1977; Silver Swan: Dowling et al., 2004; Alexo: Houlé
et al., 2012; see also Fonseca et al., 2008). Gabbroic
inclusions have significantly lower densities (~2.9 g
cm-3) than sulphide liquid (~4.2 g cm-3), so unless con-
nected in 3-D, all but the smallest inclusions would
rapidly rise through sulphide liquid (see Lesher, 2017).
If so, this means (1) they could not have been trans-
ported over significant distances, and (2) they must
have been incorporated shortly before the sulphide lig-
uid began to crystallize. Alternatively, the gabbroic
inclusions could also represent sulphide-silicate emul-
sion textures, which also exhibit fine chromite rims
(e.g. Frost and Groves, 1989; Staude et al., 2017). In
this case, the “inclusions” might be connected in 3-D to
the original contact (see Dowling et al., 2004).
However, thus far, no evidence of such a connection
has been observed to support this interpretation.

Anteliths

The presence of inclusions of barren peridotite only
within disseminated and inclusion net-textured sul-
phides (Fig. 6) indicates that only these phases of min-
eralization incorporated anteliths “upstream” in the
system or within this part of the system. The latter is
more likely because the angular margins of some of the
inclusions would likely not have survived during trans-
port-related thermochemical sulphide erosion.

Chromitite and chromite-peridotite inclusions

The presence of ellipsoidal inclusions of chromitite
(Fig. 3) and net-textured chromitite in disseminated
sulphide (Fig. 3), but not in any of the other textural
types, indicates that the disseminated sulphides formed
from a different magma or that chromite xenoliths were
completely assimilated in other textures. The chromite
inclusions were coarser and denser (1-2 cm, ~5.2 g cm-3)
than associated olivine (3—5 mm, ~3.2 g cm-3), so should
have settled much more rapidly (see Lesher, 2017).
This suggests that the magmas that formed the dissem-
inated mineralization were emplaced after the magma
that formed the underlying net-textured mineralization
and that the chromite inclusions were transported from
“upstream” of the plumbing system. The chromite
inclusions may represent chromitite that crystallized in
a staging chamber and was mechanically eroded, or the
inclusions may represent refractory magnetite layers
(e.g. massive chromitite inclusions) that were disrupted
and upgraded to chromite during transport, similar to
the process envisioned for the chromite horizons in the
overlying Esker intrusive complex (Lesher et al., 2019).

Disrupted net-textured sulphide facies

One of the main characteristics of the disrupted net-
textured sulphide facies is its very localized and hetero-
geneous distribution throughout the deposit (Zuccarelli
et al.,, 2017, 2018b). This heterogeneity is well illus-
trated at the deposit scale in Figure 2, but also at the
mesoscopic scale in Figure 7 where domains (2—5 cm)
of barren pyroxenite are surrounded by more typical
net-textured sulphide. Several scenarios have been
evaluated by Zuccarelli (in prep) to explain disrupted
net-textured sulphide: 1) early downward gravitational
percolation of molten sulphide; 2) invasion by a late
magmatic pyroxenitic melt, as proposed by Spath
(2017) for the Black Label chromite zone of the Black
Thor intrusion of the Esker intrusive complex a few
kilometres to the northeast; 3) infiltration by a late
magmatic Ca-Si-rich fluid, converting olivine to
pyroxene, as proposed for the Ntaka ultramafic com-
plex, Tanzania by Barnes et al. (2016); and/or 4) vari-
able degrees of metamorphic alteration.

A detailed discussion of each hypothesis is beyond
the scope of this contribution; however, uXRF map-
ping (Fig. 7b,c) shows that some olivine has been
transgressed by pyroxene rather than corroded by it.
This favours physical invasion by a more fractionated
magma that crystallized pyroxenite rather than the
reaction of olivine with a Ca-Si-rich fluid to produce
pyroxene, which is consistent with the occurrence of
pyroxenite also crosscutting barren peridotite else-
where within the Eagle’s Nest intrusion (Zuccarelli, in
prep) and in the nearby Black Label chromite zone
(Spath, 2017).
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The zonation of sulphides outward from pyroxenite
in Figure 7b most likely reflects the partial melting of
the Fe-Ni-Cu sulphides, mobilizing a Cu-rich sulphide
melt and leaving behind a Cu-poor mss.

Late Sulphide Mobilization

The veins of massive pentlandite-pyrrhotite-chalcopy-
rite and chalcopyrite-pyrrhotite-pentlandite that cross-
cut disseminated and net-textured facies could repre-
sent separate late injections of massive sulphide liquids
from upstream in the conduit, but more likely represent
late mobilization of a molten sulphide liquid within the
conduit. Fe-Ni-Cu sulphides crystallize at temperatures
of between 1160 and 850°C (see review of phase equi-
libria by Naldrett, 2004), which is below the 1360-
1200°C temperature over which the host rocks would
have crystallized (see review by Arndt et al., 2008).

CONCLUSIONS

The wide variety of sulphide textures within the
Eagle’s Nest orebody have been characterized using
uXRF, adding critical geochemical and mineralogical
information that has greatly expanded and improved
our understanding of the geological history and genesis
of the ores.

The pXRF scans more clearly define the textural
differences between each sulphide facies and subfacies
as well as other distinguishing features: 1) chromitite
inclusions in disseminated sulphides, 2) mesocrysts
and aggregates of serpentinized olivine in leopard net-
textured sulphides, 3) altered orthopyroxene oikocrysts
in pinto net-textured sulphides, 4) peridotite anteliths
in inclusion net-textured sulphides, 5) transgressive
pyroxenite in disrupted net-textured sulphides, 6) gab-
bro inclusions in semi-massive sulphides, and 7) small-
and large-scale segregation of mss and residual sul-
phide liquids in many of these facies. Different types of
inclusions in disseminated, inclusion net-textured, and
semi-massive sulphides, and the presence of late
pyroxenite suggest that the inclusions were emplaced
in separate “pulses”.
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