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Abstract

The Moran komatiite-hosted Ni sulfide deposit at Kambalda (Australia) is one of the better preserved orebodies at Kam-
balda. Its geochemical signature is used to investigate the evolution of the sulfide mineralization. The orebody has several
parts, including a flanking segment where massive sulfides formed relatively early and a central portion in a 40-m-deep
erosional embayment representing a later generation of massive and net-textured sulfides. Basal massive sulfides within
the deep embayment vary systematically in their chalcophile element contents (Ni, PGE, Au, Te, As, Bi). Elements com-
patible in monosulfide solid solution (MSS) exhibit the highest concentration at the edge of the orebody (up to 4.3 ppm
Ir+ Os + Ru+Rh), whereas incompatible elements are most concentrated in the centre (up to 11.2 ppm Pt+Pd + Au). This
difference in element distributions is explained by fractional crystallization of sulfide melt from the edge towards the centre.
To explain the vertical movement of the residual fractionated melt, a new model of sulfide crystallization is proposed. A
low-viscosity boundary layer containing incompatible elements is formed between MSS and sulfide melt. This melt propa-
gates with the crystallization front towards the centre of the sulfide melt pool. Trace element variations in pentlandite (e.g.
Co) and composite Co- and Bi-bearing arsenide-telluride grains suggest that during the final stages of crystallization, an
immiscible Co-As-Te-Bi melt is formed.
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Introduction

Archaean komatiite-hosted Ni-Cu-Co sulfide deposits are
an important source for sulfide Ni (Gole and Barnes 2020).
The East Yilgarn komatiite Ni province is the third largest Ni
producer in the world after Sudbury and Noril’sk (Hronsky
and Schodde 2006; Naldrett 2010). The Yilgarn deposits are
always metamorphically and tectonically overprinted to vari-
ous degrees, and igneous textures in sulfides are commonly
modified or destroyed (Barnes et al. 1988a, b; Barnes 2006a,
b). This is contrary to many mafic intrusion-hosted sulfide
deposits where igneous textures in sulfides tend to be better
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preserved (e.g. pentlandite loops around pyrrhotite; see
below) (Barnes et al. 2020).

The crystallization of magmatic sulfides starts with the
formation of Fe-rich Ni-bearing monosulfide solid solu-
tion (MSS) at high temperatures (1150 °C) (Naldrett 2004),
whereas Cu remains in the melt. The behaviour of Ni is
dependent on the sulfide melt composition and the tempera-
ture. At temperatures around 1100 °C, Ni is mildly incom-
patible in MSS, whereas at 900 °C, it is mildly compatible
(Barnes et al. 1997). Below 870 °C, high-form pentlandite
becomes stable, and due to the peritectic reaction of MSS
with the remaining Ni-bearing melt (Kitakaze et al. 2016;
Mansur et al. 2019), pentlandite loops form around MSS
(now pyrrhotite), referred to as loop texture (Barnes
et al. 2020). The Cu-rich portion of the melt forms inter-
mediate solid solution (ISS; now chalcopyrite). Therefore,
pentlandite can be regarded as a magmatic phase, and trace
elements in pentlandite can be used for deciphering petro-
genetic processes during crystallization of magmatic sulfide
melts. Platinum-group elements (PGEs) together with other
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trace elements can serve as recorders of fractional crystal-
lization processes (e.g. Barnes and Ripley 2016, and ref-
erences therein). Osmium, Ru, Ir and Rh are compatible
into MSS, whereas Pt, Pd, Au, Te, Sb, Bi and As remain
in the melt (Mungall et al. 2005; Helmy et al. 2010; Dare
et al. 2014; Liu and Brenan 2015; Barnes and Ripley 2016;
Duran et al. 2017).

There are many systematic studies of the entire orebod-
ies in Cu-bearing mafic systems showing fractional crys-
tallization trends over various size scales, where Cu-rich
sulfide bodies form during advanced crystallization (e.g.
Naldrett et al. 1996; Duran et al. 2017; Lightfoot 2017; Mao
et al. 2019; Mansur et al. 2020; Tolstykh et al. 2020; Jaréka
et al. 2021). Fewer deposit-scale studies are available on the
Cu-poor komatiite-hosted massive sulfide deposits. This is
most likely due to the lack and limited accessibility of intact
orebodies in the komatiite systems. Perring (2015) pro-
vided drill hole data of the komatiite-hosted Cliffs deposit
in Western Australia (WA) showing systematic variation
in Ni across the orebody. This was interpreted to represent
variation in R factor (silicate melt:sulfide melt mass ratio)
during channelled flow with variable degrees of melting
and entrainment of underlying older sulfides. No other geo-
chemical data were provided, and thus, few constraints exist
with regard to sulfide liquid crystallization or fractionation.

Barnes (2004) documented extensive fractionation of
the PGEs in the Silver Swan orebody at Black Swan (WA).
Keays et al. (1981) found systematic variations in PGE ten-
ors (tenor is the metal content in 100% sulfides) in Kam-
balda ores but interpreted them to be due to hydrothermal
remobilization. Tenor variations of Ni were observed in the
Wannaway deposit (WA) (Seat et al. 2004) and the Edwards
Lode (Kambalda, WA) (Heath et al. 2001) and were attrib-
uted to structural and metamorphic processes. The variabil-
ity of PGEs attributable to sulfide liquid fractionation has
also been recognized at Alexo in the Abitibi belt (Canada)
(Barnes and Naldrett 1986), Perseverance-Agnew (Barnes
et al. 1988b) and Emily Ann (Barnes and Liu 2012) in the
Eastern Goldfields (WA). Lightfoot et al. (2017) documented
wide variability in sulfide tenor in the intrusive komatiite-
hosted Thompson deposit (Manitoba, Canada); this deposit
has been extensively tectonized under granulite facies condi-
tions, and Lightfoot et al. (2017) interpreted the variability
to be due to differential migration of solid sulfide during
deformation.

The Moran komatiite-hosted sulfide deposit in Kam-
balda (WA) is favourable for the study of systematic varia-
tions in sulfide composition as the deposit is not deformed
or dismembered by younger tectonic activity. Many igne-
ous textures are preserved in the sulfides and surround-
ing lithologies despite the metamorphic overprint (Staude
et al. 2016, 2017a, 2020, 2021; Barnes et al. 2018). Staude
et al. (2017a) showed that the onset of sulfide ore formation
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caused enhanced thermal erosion of the underlying older
rocks as a result of the high density and very low viscos-
ity of the sulfide melt as well as the hydrated nature of the
substrate. In most cases, erosion resulted in elliptical embay-
ments at the bottom of the lava channel. The margins of the
channel are marked by undercut features called pinchouts,
completely surrounding the embayment. In these pinchouts,
massive sulfides are bound by older rocks both underneath
and above, suggesting that the sulfide melt thermally erodes
sideways (Staude et al. 2016). These data suggest that the
orebodies have formed from a homogeneous sulfide melt
pool overlain by a network of sulfide melt between olivine
crystals. Due to the relatively minor nature of the metamor-
phic overprint, the geochemistry of the orebody potentially
preserves signals of its magmatic origin and evolution,
including sulfide liquid fractional crystallization trends.

In this study, we investigate geochemical variations over
the Moran orebody and consider how this variation resulted
from the crystallization of Cu-poor sulfide melt pools. Geo-
chemical differences between massive sulfides and net-tex-
tured sulfides are also discussed with implications for the
formation of net-textured sulfides.

Geology
Overview of the Kambalda geology

Magmatic rocks of the Kambalda Dome (Fig. 1) are part
of the 2.7 Ga old Kalgoorlie Terrane of the Yilgarn Cra-
ton (WA) (Gresham and Loftus-Hills 1981; Goscombe
et al. 2009). The succession starts with the tholeiitic
Lunnon Basalt, which is overlain by up to 10 m of mafic
to siliceous sediments (Bavinton 1981; Gresham and
Loftus-Hills 1981; Beresford and Cas 2001) that con-
tain sulfides (mostly pyrrhotite, minor chalcopyrite and
sphalerite). The sediments are overlain by lava flows of
the Silver Lake Member of the Kambalda Komatiite.
The sediments and part of the uppermost Lunnon Basalt
are eroded by the Silver Lake Komatiite notably where
the basal lava flow is channelized (Gresham and Loftus-
Hills 1981; Lesher 1989; Staude et al. 2017a). The result-
ing embayments host the Ni sulfide deposits of Kambalda
typically at the base of a thick olivine cumulate pile. In
non-channelized areas, the contact sediments are pre-
served and overlain by several thin komatiite flows of
the sheet-flow facies (Gresham and Loftus-Hills 1981;
Barnes 2006b; Gole and Barnes 2020). The Silver Lake
Komatiite Member is overlain by lava flows of the Tripod
Hill Komatiite, which generally lack sulfides (Gresham
and Loftus-Hills 1981; Thomson 1989). Several more vol-
canic and sedimentary units (i.e. Devon Consols Basalt,
Kapai Slate, Paringa Basalt, Black Flag Group) (Said
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Fig. 1 a Simplified geological
map of the Kambalda Dome
showing the location of Moran
on the eastern limb of the dome.
Other deposits mentioned in
the text are Long (1), Durkin
North (2), Juan (3), Lunnon (4)
and Moran South (5). The dark
grey lava channels of Long and
Victor represent the approxi-
mate area of the sediment-free
window between the basalt
and komatiite. Outline of the
Yilgarn Craton in the inset from
Goscombe et al. (2009). b Map
of the main Moran orebody
(pinchout and open contact
both within the embayment)
and its eastern flank sulfides,
the location of the pinchout
and younger magmatic dykes,
as well as the sample locations
(dot, massive sulfide samples;
star, massive sulfide and net-
textured ore samples). ¢ Profile
A-A’ of b showing the Moran
embayment with flanking
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and Kerrich 2010) were deposited on top of the komati-
ites. Subsequently, the whole stratigraphy was intruded
by mafic to felsic dykes, sills and intrusive bodies and
metamorphosed to upper greenschist to lower amphibo-
lite facies (Gresham and Loftus-Hills 1981). Despite the
metamorphism, igneous textures are locally preserved
(Gresham and Loftus-Hills 1981; Groves et al. 1986;
Thomson 1989; Staude et al. 2016, 2017a, 2020, 2021;
Staude and Markl 2019; Barnes et al. 2018). Accordingly,
the prefix “meta” is omitted.

Geology of the Moran deposit

The Moran orebody is situated on the eastern limb of the
Kambalda Dome in the same channel that hosts the Dur-
kin North and Long orebodies to the north and the Moran
South mineralization to the south (Barnes et al. 2013; Staude

et al. 2017b). The orebody is one of the better preserved
in the Kambalda Dome area, with no large faults and only
thin younger magmatic dykes cutting it (Fig. 1b). The thick-
ness of the first komatiite flow overlying the Moran orebody
is ~90 m in the centre of the embayment but a mere ~ 10 m
along the flanks of the lava channel (Fig. 1c).

The elliptical Moran embayment is about 660 m long and
varies between 50 and 120 m in width (Fig. 1b—d). It is up
to 40 m deep as a result of thermomechanical erosion by the
sulfide melt (Staude et al. 2017a). The erosion also operates
sideways during embayment formation, creating a pinchout
of sulfides that intruded the basalt (Staude et al. 2016). The
pinchout completely surrounds the orebody and extends
between 5 and 25 m into the basalt (Fig. 1b—d). Massive
sulfides (>90% sulfide content) measure up to 4 m in thick-
ness in the pinchout, whereas they amount to a mere 20 cm in
the centre of the orebody. The contact of the massive sulfides

@ Springer



892

Mineralium Deposita (2022) 57:889-909

to the older basalt is an outstanding example of a sulfide-
silicate melting-infiltration front (Barnes et al. 2018), charac-
terized by an assemblage of remarkably well-preserved igne-
ous textures: (1) undulating basal contacts with sulfide-filled
micro-fractures and ferrichromite layers, (2) basalt-sulfide
breccia-emulsions and basalt plumes on basal contacts, (3)
basalt-sulfide emulsions on basal and upper pinchout con-
tacts and (4) cm-scale silicate-sulfide layering and a floating
vesicular basalt “scum layer” on the upper pinchout con-
tacts. These originate from the thermomechanical erosion
of the basalt by the sulfide liquid (Groves et al. 1986; Staude
et al. 2016, 2017a).

In the main central part of the embayment, away from
the marginal pinchouts, a thin layer of massive sulfides is
overlain by net-textured sulfides (also called matrix sulfides)
(Barnes et al. 2017), where sulfides form a network around
the former (now serpentinized) olivine cumulate framework.
In contrast to other deposits at Kambalda and elsewhere (i.e.
O’Toole, Brazil; Brenner et al. 1990; Alexo and Raglan,
Canada; Lesher 2007; Houlé et al. 2012), two layers of net-
textured sulfides exist in the Moran deposit (Fig. 2). The
basal layer (net-textured sulfide layer I) is in direct contact
with underlying massive sulfides and reaches a thickness of
3 m in central areas, diminishing towards the pinchout. The
second layer of net-textured sulfides (net-textured sulfide
layer II) is separated from the first layer by a 30-50-cm-
thick planar layer of barren komatiite (Fig. 2). Net-textured
sulfide layer II is also thickest (up to 5 m) in the central area
and thins towards the pinchout; however, some interlayering
with barren komatiite is observed (Fig. 1d). Layer II also
shows an internal layering on the cm-scale due to variable
proportions of sulfides, whereas net-textured sulfide layer I
is mostly homogeneous, except in the upper 6-8 cm.

barren
komatiite , “

Fig.2 Underground photo of Moran sulfides highlighting the two lay-
ers of net-textured sulfides on top of massive sulfides
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A thin massive sulfide body measuring about 200 m in
length along the channel and 80 m across is preserved on
the flank of the Moran embayment (Fig. 1b, c). Close
to the centre of the embayment, the sulfides are situated
directly on top of the Lunnon Basalt, whereas farther away,
they overly the sediments. Igneous textures are preserved
along the base of the sulfide body as molten sediment-sulfide
melt emulsions (Staude et al. 2017a). Most of the flanking
sulfides do not have net-textured sulfides above them, except
within 10-20 m to the embayment, where up to 30 cm of
net-textured ore is present.

Sampling and sample description

Samples have been collected from drill core and under-
ground development (Fig. 1b). Samples of massive sulfides
were collected every 10 m along a profile from the margin to
the centre of the Moran orebody, with two to seven samples
across the thickness of the sulfide body at each position.
Additional samples were taken from other areas to cover
the whole orebody systematically, including flank sulfides.
Samples from the basalt-sulfide contact usually show the
igneous textures described above, whereas other massive
sulfide samples exhibit a foliation of pentlandite and pyrrho-
tite caused by metamorphism. Rarely, loop textures are pre-
served (pentlandite surrounding pyrrhotite grains) (Barnes
et al. 2020; Fig. 3a). Locally developed metamorphic por-
phyroblasts, composed of pyrite-chalcopyrite symplectite
up to 20 cm in size, were avoided in sampling, although on
a microscopic-scale, minor amounts of the symplectite are
found in all samples.

Besides pyrrhotite, pentlandite and chalcopyrite, magnet-
ite is common in massive sulfides from the main orebody
forming large crystals up to 100 pm diameter or large anhe-
dral aggregates up to 1 mm. In contrast, magnetite is rare
in sulfides from the flanks. Skeletal chromite is found on
the contact of massive sulfides with basalt and net-textured
sulfides, respectively (Ewers and Hudson 1972; Staude
et al. 2017a). Pentlandite occurs mostly as mm-sized irregu-
lar aggregates and bands and rarely as pm-sized exsolution
aggregates (flames) in pyrrhotite. Anhedral aggregates of
mm-sized sphalerite have been observed in samples from the
flanks only. Arsenides and tellurides are commonly observed
but only in very small quantities. Arsenides comprise euhe-
dral sperrylite (<20 um), which is typically overgrown by a
euhedral sulfarsenide (Fe-bearing gersdorffite-cobaltite solid
solution, similar to the magmatic sulfarsenides described
by Le Vaillant et al. (2018)) of up to 100 pum size (Fig. 3b).
The most abundant telluride is anhedral spherical Pd-bearing
melonite usually overgrowing the arsenides and less com-
monly altaite in addition to undetermined Ag-Te and Bi-Te
phases. These composite arsenide-telluride aggregates
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Fig.3 a Photo of polished hand specimen with typical contact
between basalt and massive sulfides. In proximity to the base of the
sulfide layer, relic loop textures are preserved, whereas the remaining
sulfides are foliated. The inset shows a pyrrhotite (po) grain which
is completely surrounded by a<mm-sized pentlandite (pn) loop. A
chemical map of this sample showing the loop texture is presented
in Barnes et al. (2020). b BSE image of composite grain of euhedral
arsenides (sperrylite, cobaltite) overgrown by anhedral tellurides
(melonite, altaite) from a massive sulfide sample. Black spot in sper-
rylite is a void. ¢ Photo of polished hand specimen of the massive
sulfide contact to the overlying net-textured ore I. The contact zone

(Fig. 3b) are rare in samples from the pinchout (not in every
thin section), whereas in the centre of the Moran deposit, up
to 20 grains were observed in one thin section.
Net-textured sulfides were sampled in 5 profiles along
the orebody (stars in Fig. 1b). The contact of massive to
net-textured sulfides is sharp but undulating (Fig. 3c). The
primary texture of all net-textured sulfides (layers I and
II) is destroyed by randomly oriented serpentine blades
cutting through the sulfides, although in rare cases, round

contains a high chromite content. Also note the chalcopyrite vein-
let in net-textured ore. d Photomicrograph in reflected light in air of
net-textured sulfides showing relic cumulate texture of former olivine
(now serpentine). e Hand specimen of typical net-textured sulfides
with patches where the light reflects on parallel cleavage surface of
the sulfides (oriented serpentinite-sulfide intergrowth). This is inter-
preted to reflect former monosulfide solid solution crystals. f Polished
hand specimen and accompanying sketch of the contact between the
barren komatiite layer and the net-textured ore II above. Note the cau-
liflower-like texture of the contact

sulfide-free areas resemble former olivine grains (Fig. 3d).
Many samples show an oriented intergrowth of serpentine
and sulfides, which is visible when light is reflected homo-
geneously in up to 3 cm large areas (Fig. 3e). Net-textured
sulfide layer I is terminated by an increasing amount of
patchy silicate over a distance of 6—8 cm. Layer II starts
with a sharp downward-facing cauliflower-like texture
(Fig. 3f), whereas its upward termination is similar to
layer I.
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All net-textured samples contain pyrrhotite, pentlandite
and chalcopyrite and large amounts (about 10 vol.% based
on digital image processing) of magnetite. Arsenides or tel-
lurides have been observed only in rare cases in net-textured
samples. Chromite, overgrown and partially replaced by
magnetite, is common in samples from layer I and in the
barren layer, although rare in layer II.

Methods
Whole-rock major and trace elements

The samples analysed in the present study comprise mas-
sive sulfides (mostly 50-100 g) and net-textured sulfides
(mostly 200-300 g) (Fig. 1b). Major and trace elements
including PGE and Au were determined at Bureau Veritas
(Perth, WA). Samples were digested using 4-acid diges-
tion or peroxide fusion, respectively. Parts of the samples
were decomposed using a Leco furnace for S analysis by
infrared spectroscopy, and 40 g were used for fire assay
to determine the PGE and Au content using Ni sulfide
to collect the precious metals. Analysis was carried out
using ICP-AES or ICP-MS, respectively (see electronic

supplementary material (ESM) 1 for digestion and ana-
lytical methods used). Multiple standards and blanks were
dispatched in addition to the laboratory repeats, standards
and blanks to check for precision and accuracy (ESM 2).
Representative results are listed in Table 1. Selected ele-
ments and element ratios are plotted in ESM 3. All whole-
rock analyses were recalculated to 100% sulfides using
the method of Barnes and Ripley (2016) to allow internal
comparison.

Major element composition of sulfides determined
by electron microprobe analysis (EMPA)

The sulfide major element chemistry was determined using a
JEOL 8900 electron microprobe at the University of Tiibin-
gen (Germany). Analyses were carried out in wavelength-
dispersive (WD) mode using an acceleration voltage of
25 kV, a probe current of 20 nA with a focused beam and
PRZ correction. Counting times on the peak position (all
Ka) were 15 s for main elements (Cu, Ni, Fe, S) and 30 s for
trace elements (Se, Bi, As, Co). Representative results are
presented in Table 1, and all results in wt% and atoms per
formula unit are provided in ESM 1.

Table 1 Representative samples of whole-rock massive sulfides and electron microprobe and LA-ICP-MS analyses of the selected sulfides in
massive sulfides from various locations of the orebody. All data is found in ESM 1

Flank sulfides on  Pinchout sulfides Transitional sulfides Central sulfides
sediments
Sample 32B 23A 19A 11A
Whole rock (tenor in ppm) Ni 62800 145700 176700 203600
Co 1700 1920 2110 562
Ir+Os+Ru+Rh 1.42 1.04 2.13 900
Pt+Pd+Au 0.11 0.77 13 5170
Te+As+Bi+Sb 2.2 34 25 71
Pyrrhotite EMPA (wt%) Fe 59.0 59.3 59.4 59.3
Ni 0.50 0.51 0.51 0.51
S 39.8 39.6 40.0 39.8
Co 0.07 0.07 0.06 0.07
Chalcopyrite EMPA (wt%) Fe 30.1 30.1 30.3 n.a.
Cu 349 35.0 349 n.a.
S 35.7 35.8 35.1 n.a.
Co 0.04 0.04 0.02 n.a.
Pentlandite EMPA (wt%) Fe 29.4 29.9 29.5 304
Ni 36.1 35.8 36.1 36.0
S 33.5 33.1 32.8 334
Co 1.10 0.43 0.51 0.14
Pentlandite LA-ICP-MS (ppm) Co 9660 4010 4250 880
Te 2.30 7.30 15.7 18.3
Pd 0.17 1.49 0.25 2.49

n.a. not analysed
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Trace element analyses of sulfides by LA-ICP-MS

Laser ablation analysis was carried out using the Analyte
Excite 193 nm excimer laser (Teledyne Photon Machines,
Bozeman, MT, USA), coupled to the quadrupole-ICP-MS
iCAP from Thermo Scientific at the GFZ (Potsdam, Ger-
many). The LA system is equipped with a HelEx II 2-volume
ablation cell. Helium was used as a carrier gas for aerosol
transport from the sample surface to the ICP and was mixed
downstream with Ar as a make-up gas before entering the
plasma. Operational parameters of the ICP-MS instrument
and LA unit were tuned for maximum sensitivity, low oxide
formation based on the 2*>Th!'0/***Th ratio and low laser-
induced elemental fractionation based on the >*2U/*?Th
ratio using NIST SRM 610. Quantitative analyses of sam-
ples were performed by ablating 40-pm spots with a laser
repetition rate of 10 Hz with a beam energy at the sam-
ple of ~2-3 J/cm?. A total of 24 elements were analysed at
each spot. The analysis time for each sample was 50 s, with
20 s for measurement of the baseline with gas background
(laser off) and 30 s of signal analysis with laser on. The fol-
lowing isotopes were measured *S, 3'Fe, 3°Co, ®Ni, *Cu,
6671, As, 7’Se, 19Ru, ORh, 193pd, 17Ag, 1, 18Sn,
121G 125 182 yy 185Re 189)g 193], 195p 1974, 208py,
and 2%Bi. The measurements were performed by using a
multi-standard approach where the samples were bracketed
by two different external calibrators. We measured PGE-FeS
(Wohlgemuth-Ueberwasser et al. 2007) for Ru, Rh, Pd, Re,
Os, Ir and Pt. All other elements have been calibrated using
MASS-1 (USGS; Wilson et al. 2002).

We also analysed as standard the doped artificial sulfide
UQAC-FeSB (see provisional values in ESM 1). Standards
were inserted after every 10 analyses of unknowns. Iron was
used as internal standard, its content being based on inde-
pendent EMPA determinations from the same areas of inter-
est. Time intervals for data reduction were selected by visual
inspection of each spectrum using Iolite™ a package for Igor
Pro™ (Paton et al. 2011). We do not apply interference cor-
rection for Ni on '°'Ru or Cu correction on '*Rh because we
obtain the correct reported values for the known—unknown
material which contains 2.5 wt% Ni and 2.3 wt% Cu. Based
on these measurements, we do not report ''Ru values for
samples with a Ni content higher than 2.5 wt% nor '®>Rh
values for samples with Cu content higher than 2.3 wt%. The
reported '%Pd values are corrected for the '°*Cd interference
using the approach reported in Sylvester (2001). Uncertainty
estimates for the elements measured are based on repeated
measurement of the reference material UQAC-FeSB. Repre-
sentative results are presented in Table 1 with the complete
set of the results given in ESM 1 and selected elements plot-
ted in ESM 3.

Two-dimensional X-ray imaging

Qualitative element distribution maps were acquired at
CSIRO, Melbourne (Australia), using the Maia Mapper, a
high definition pXRF element mapping system developed
for the analysis of large samples (Ryan et al. 2018). The
Maia Mapper comprises (i) a Maia 384-element X-ray detec-
tor (Kirkham et al. 2010), (ii) a high brightness Metallet D2
liquid metal micro-focus X-ray source from Excillum AB
[3], (iii) an efficient polycapillary X-ray lens producing a
focus on target of ~30 um and (iv) a high-precision, high-
speed sample positioning mechanical system that presents
samples up to 500 x 150 mm? in size and 10 kg in weight
to the beam focus in a “fly scan” continuous raster. Data is
acquired continuously as individual photon events tagged
with sensor number and X, Y position. Image “pixels” are
reconstructed from the X, Y with an effective dwell time
in each pixel set by the motion velocity. Data reduction is
performed using the GeoPIXETM software, which uses a
standardless fundamental parameter method. The data is
analysed event by event using the dynamic analysis (DA)
method for real-time spectral deconvolution to accumulate
element concentration maps with spectral overlap, pileup
and background removed (Ryan et al. 2014). X-ray fluores-
cence microscopy images are presented as combinations of
normalized element maps (scale stretched between minimum
and maximum pixels) with a different element in each of the
red, green and blue channels scaled to the maximum con-
centration and combined into a single 24-bit colour image.
Images were collected with a spot size of 25 microns, pixel
size 25 microns and a dwell time of 10 ms per pixel.

Results
Proportion of net-textured to massive ore

The Moran drill hole database of IGO Limited (now owned
by Mincor Resources LN) was used to estimate the relative
proportion of massive and net-textured sulfides. The amount
of sulfides in basal sulfide-matrix breccia ore was added
to massive sulfides as the breccia sulfides represent part of
the massive sulfide pool (Barnes et al. 2018). The sulfur
content of sulfide-matrix breccia and net-textured ore was
used to calculate the amount of sulfides within the specific
drill interval. The overall distribution of net-textured sulfides
I and II, based on this drill hole information, is shown in
Fig. 4. Layer I is thickest in the southern portion of the
central area (coinciding with the thinnest part of massive
sulfides). Layer II is thickest in the northern portion of the
central area.
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Fig.4 Distribution of net-
textured sulfides, based on drill
hole information, shown as the
ratio of thickness of net-textured
sulfides I and II to the thick-
ness of immediately underly-
ing massive ore. a Fraction of
net-textured sulfide I. Note the
lower amount of net-textured

100 m

sulfides in the upper central part gap of gap of
of the orebody. b Fraction of net-textured net-textured
net-textured sulfide II. Note the sulfides | sulfides |

higher fraction of net-textured
sulfides in the same area where
layer I is thinner
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Whole-rock major and trace element chemistry:
massive sulfides

Whole-rock major and trace element contents vary sys-
tematically across the orebody. The Ni tenor increases in
flank sulfides from 6 wt% farthest away from the Moran
embayment to 12 wt% closest to the embayment. The Ni
tenor in the main orebody varies from 8 to 20 wt% in the
pinchout to up to 28 wt% in the centre. Additionally, only
in the centre, the Ni tenor shows a large variation from 10
to 28 wt%. Such large variations are not observed for any
trace elements. Trace elements are grouped based on their
partitioning behaviour into MSS: IPGE and Rh are com-
patible with regard to MSS, whereas Pt, Pd, Au and Cu are
incompatible. The IPGE + Rh show the highest concentra-
tion in the pinchout with a combined tenor up to 4.3 ppm,
whereas Pt, Pd and Au have their highest concentration in
the centre with a combined tenor up to 11.2 ppm (Fig. 5a,
b). A variation similar to Pt, Pd and Au is observed for
Te (Fig. 5¢), Bi, As, Zn and Mo (Fig. 5; ESM 1). No sys-
tematic variation of IPGE + Rh content is observed on the
flanks. In contrast, combined Pt, Pd and Au contents show
an increase towards the embayment reaching up to 4 ppm.
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Whole-rock major and trace element chemistry:
net-textured sulfides

Major and trace element tenors of net-textured sulfides dif-
fer from the tenors of the massive sulfides. A variation in
metal content is also visible between net-textured ore lay-
ers I and II and also within a single layer at different loca-
tions of the orebody (ESM 4). The Ni tenor in the basal
net-textured layer I is typically slightly higher compared to
massive sulfides underneath. There is little variation within
layer I where it is thin, but where it reaches several metre
thicknesses (MRDDHO086), compositional variation is evi-
dent. The Ni tenor decreases from around 20 wt% where
the net-textured sulfides overlie massive sulfides to around
15 wt% at the contact with the barren layer above (ESM 4).
The Ni tenor of the net-textured ore II shows no systematic
lateral variation within the layer. However, within individual
vertical profiles, a variation is visible. Whereas Ni in net-
textured ore I is decreasing upwards, it is increasing upwards
in net-textured ore I (ESM 4).

The concentrations of the IPGE + Rh are slightly lower
in the basal net-textured ore I, with a combined average
grade of 800 ppb, compared to massive sulfides underneath



Mineralium Deposita (2022) 57:889-909

[Moran orebody sulfides:
m pinchout
o open contact
o eastern flank

=

100 m

massive sulfides

Ni tenor (%)

z—>

IMoran orebody sulfides:
@ pinchout
o open contact
o eastern flank

100 m

z—>

massive sulfides

Moran orebody sulfides:
@ pinchout
o open contact
o eastern flank

100 m

massive sulfides

P Ir+Os+Ru+Rh
P tenor (ppb)
e 10 e o0
. Pt+Pd+Au ® 500 Te tenor (ppm)
125
tenor (ppb) ® 1000 P
e 15
® 0 ® 150 e
® 175 western ® 2000 western western ° 15 western
° flank o 1000 flank © 2000 flank o 2 flank
® 225 sample Y sample p| @ 2500 sample Y sample Y
° 2 ][ @ 6000 3| o 3000 &l @ 3s ]
® 275 %| @ so0 5 ® 3500 7| @ 45 "
' ® 10000 ® 4000 ® 55
[121.69°€ |121.69°€ |121.69° |121.69°

Moran orebody sulfides:
@ pinchout
T o open contact
o _eastern flank
N 100m

massive sulfides

Fig.5 Maps of Moran showing the tenor (metal content in 100%
sulfides for whole-rock data) of selected chalcophile elements. a Ni
tenor for massive sulfide samples. b Combined tenor of Pt, Pd and Au

with 1300 to 1900 ppm (MRDDHO86). In contrast, Pt, Pd
and Au are higher in net-textured ore I with an average of
2960 ppb compared to the underlying massive ore with 1960
to 2000 ppb. Both IPGE + Rh and combined Pt, Pd and Au
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contents vary between individual drill holes of the same ore
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their composition approaches that of the average massive
sulfides (half of the Moran profile C—C’ to cover a section
from the pinchout to the centre).

Chromium shows an interesting behaviour that reflects
the chromite content of the sample. From net-textured layer
I towards the barren layer, it increases to up to 2500 ppm
and drops sharply down to 500 ppm on the contact to net-
textured layer II (ESM 5). Within the net-textured layer II,
the chromite content increases again to up to 2000 ppm with
stratigraphic height over the barren layer. Other major and
trace elements show no systematic variation in net-textured
sulfides.

Sulfide mineral chemistry of massive sulfides

Whereas pyrrhotite and chalcopyrite show no systematic
spatial variation of major or trace elements (Table 1, ESM
1), pentlandite shows some significant variations in mas-
sive sulfides. The molar Fe/Ni ratio increases from 0.84 in
the pinchout to 0.92 in the centre, although the overall Ni
tenor of the whole rock increases towards the centre. The
Pd content of pentlandite is relatively low at the margin
(0.1-2 ppm) but up to 11 ppm in the centre. The only other
trace element in pentlandite showing systematic variations

is Co. The highest Co content (up to 1 wt%) was found in
pentlandite from the flank situated on footwall sediments.
Pentlandite from flank sulfides overlying basalt and most
pentlandite from the main orebody contain between 4000
and 5500 ppm Co without any systematic variation. In the
central part of the Moran orebody, however, the Co con-
centration in pentlandite drops within a very short lateral
distance (metres to a few tens of metres) down to 200 ppm
(Fig. 7a, b). These are the same samples that show the high-
est Pt, Pd, Au and Te concentrations (Fig. 7c), although there
is no systematic variation of Te in pentlandite. No systematic
variation in major or trace elements of pentlandite has been
observed in net-textured samples.

Two-dimensional X-ray imaging

Chemical variations of sulfides within net-textured sulfides
I and II, and between both types, cannot be shown using
X-ray imaging due to the small grain size of the sulfides
and silicates. However, the technique is ideal to highlight
certain textural observations. Net-textured layer I is homo-
geneous with an even distribution of Cu, Fe and Ni. Only
the upper 68 cm of the layer shows a patchy distribution of
sulfides with a sharp contact between the homogeneous and

Fig.7 a Map of Moran show- ﬂ -31.20°S
ing the distribution of the Co pentlandite in
content in pentlandite. b Co 100m massive sulfides
content of pentlandite along ——
profile C-C’ profile. ¢ Com-
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Fig.8 False-colour chemi-

cal maps of Cu, Fe and Ni of
polished slabs of net-textured ore
I (a) and II (b). Note the sharp
contact between homogenous
and patchy net-textured sulfides
in the upper part of the net-
textured layer I and the horizontal
layering in net-textured sulfide II
(highlighted with arrows) which
is missing in net-textured sulfide
1. Contacts between textures are
highlighted in white

barren layer

net-textured |
(patchy)

net-textured |
(homogeneous)

the patchy part (Fig. 8). The contact to the overlying barren
layer is sharp. Net-textured layer II shows a patchy distribu-
tion of sulfide containing sulfide-poor areas that are inter-
layered with sulfide-rich areas (Fig. 8). The distribution of
Cu (mainly in fractures) and Ni is more irregular compared
to the upper layer of net-textured sulfide I.

Discussion
Effect of metamorphism and alteration

The presence of pentlandite-pyrrhotite foliation in mas-
sive sulfides (Fig. 3a) and symplectitic chalcopyrite-
pyrite intergrowths reflects an overprint of deformation
and metamorphism. Nevertheless, the observed chemical
and mineralogical variations in the Moran orebody are

net-textured Il

interpreted to reflect predominantly magmatic processes
during their formation, for the following reasons. (1)
Delicate basalt plumes represent frozen igneous textures
on the basal sulfide contact (Staude et al. 2016, 2017a).
(2) The whole-rock chemistry of basalt plume samples
(recalculated to 100% sulfides) is identical to foliated
samples from the same sampling site. These data sug-
gest that metamorphism did not cause significant chemi-
cal modification of the sulfides and that pentlandite was
remobilized by ductile flow in solid state rather than by
dissolution and redeposition. (3) The observed composite
arsenide-telluride grains are similar in texture to those
found at other (unmetamorphosed) magmatic deposits
(Piispanen and Tarkian 1984; Garuti and Rinaldi 1986;
Dare et al. 2014). (4) In addition, simulations of fraction-
ation of Moran sulfides largely reproduce the observed
whole-rock trends.
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Sulfide evolution in the Moran embayment

The origin of the embayments and pinchouts at the base of
the Kambalda lava flows have been intensely discussed in
the literature. These structures have been interpreted to be
features resulting from thermomechanical erosion (Huppert
and Sparks 1985), structurally formed by folding or thrusting
(Stone and Archibald 2004; Stone et al. 2005), synvolcanic
graben faulting (Brown et al. 1999) or pre-volcanic topog-
raphy (Gresham and Loftus-Hills 1981; Squire et al. 1998)
potentially modified by thermomechanical erosion (Lesher
et al. 1984; Williams et al. 1998). Tenor variations of Ni
within a single orebody have also been attributed to struc-
tural or metamorphic processes (Heath et al. 2001; Seat
et al. 2004). Textural evidence from the contacts between
older Lunnon Basalt and younger sulfides of the Moran
deposit, including basalt melt plumes and emulsions, suggest
that the embayment and the pinchout of Moran were formed
by thermomechanical erosion (Staude et al. 2016, 2017a).
The erosion created an early wide and concave embayment
and later on a narrower evolved steep-sided and deep embay-
ment surrounded by a late pinchout (Fig. 1c, d) overprinting
the early concave embayment.

Massive sulfides are found on the flanks and at the base
of the embayment and are interpreted to have different his-
tories. Flank sulfides are formed at an early stage in a wide
concave embayment with the sulfides farthest away from
Moran being the oldest (Staude et al. 2017a), whereas the
main sulfide melt pool is formed subsequently within the
main lava channel whose floor was being simultaneously
deepened by erosion (Fig. 9a, b). Therefore, once the steep-
sided embayment is formed, the flank sulfides were not in
contact anymore with the sulfide melt pool on the base of
that embayment and were not susceptible of subsequent
upgrading by ongoing komatiite lava flow. In contrast, the
sulfide pool within the embayment continued to interact
with flowing komatiite lava. Thus, the geochemistry of the
massive sulfides on the flanks and the main orebody reflect
two principally different formation mechanisms. The flank
sulfides preserved their original composition, varying later-
ally with distance from the embayment. This can be seen
in the Ni and trace element data, which gradually increase
towards the embayment (Fig. 5, ESM 3). This reflects
increasing degrees of equilibration between the sediment-
derived sulfide and komatiite lava and hence increasing
silicate melt:sulfide melt mass ratio R (R factor). There are
several publications dealing with the variations in trace ele-
ments between flank and channel environment and the grad-
ual upgrading by ongoing replenished lava flows (e.g. Lesher
and Campbell 1993; Lesher and Burnham 2001; Lesher
et al. 2001; Barnes et al. 2013). They show that the chalco-
phile metal content of the sulfide melt increases with longer
flow durations and higher flow rates, which is reflected in
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the geochemical data from the flanks. The main orebody,
on the other hand, represents an initially well-equilibrated,
homogeneous sulfide melt pool that was shielded from fur-
ther interaction with the lava once the net-textured sulfide
zone had developed above it. This sulfide pool then evolved
as a nearly closed system during solidification as further
explained in the following sections.

Once the lava flow ceased, olivine settled to form the net-
textured sulfides on top of the massive sulfides. The absence
of any significant net-textured sulfide I in the northern part
of Moran (Fig. 4) is interpreted to reflect the specific magma
flow dynamics: assuming a southward flow direction (Staude
et al. 2017b), the laminar flowing lava could have formed
eddies at the margin of the embayment (Barnes and Rob-
ertson; Fig. 9c). The turbulent convection in the eddy kept
any olivine phenocrysts in suspension, whereas in the centre
of the embayment where magma flow was less turbulent,
the entrained olivine crystals precipitated. The settled oli-
vine then partially sank into the top of the sulfide melt pool
(driven by the balance of positive buoyancy of olivine in
sulfide and negative buoyancy in the komatiite melt) form-
ing net-textured sulfides (Naldrett 1973). The pile of olivine
and resulting net-textured sulfides is thicker in less dynamic
portions of the lava channel, explaining the distribution of
net-textured sulfides I (Figs. 4 and 9d).

Continued cooling and settling of olivine were accom-
panied by (at least partial) solidification of interstitial sili-
cate melt limiting the amount of olivine submerging into
the sulfide melt, leaving a layer of barren olivine cumulate
above net-textured layer I. This presence of a barren silicate
layer between net-textured layers I and II shows that net-
textured layer I cannot have formed by sulfide infiltration
from above (Barnes et al. 2017). This observation instead
favours the “billiard ball model” where olivine submerges
into the sulfide melt (Naldrett 1973).

In contrast, the net-textured layer II is suggested to have
formed by downward sulfide percolation as suggested by the
downward-facing cauliflower-like morphology of its basal
contact (Figs. 3f and 8b) and the patchiness of the sulfide
distribution and presence of cm-scale sulfide free domains
(Fig. 8b), a hallmark of channelized percolation (Barnes
et al. 2017). The thickest accumulation of net-textured
sulfides II is located where the first layer is thinnest because
further sulfide and olivine bearing komatiite mush filled the
topographic lows of the underlying cumulate pile. This sub-
sequent magma pulse could have formed by re-entrainment of
previously deposited sulfide possibly from the Long deposit
upstream (Barnes and Robertson 2019).

The spatial variation of chromite in net-textured sulfides
provides additional information on the cooling history.
Prior to any silicate crystallization, skeletal chromite is
formed underneath the basal sulfide melt by reaction of
the sulfide melt with re-melted basalt (Fig. 10) (Staude



Mineralium Deposita (2022) 57:889-909

901

Fig.9 Cartoon illustrating
the formation of massive and a
net-textured ores I and II of the
Moran orebody and explain-
ing their spatial distribution. a
Profile across the lava chan- water

nel during the initial stages of X
embayment formation creat- : Y
ing a concave embayment. b
Flank sulfides and komatiite are
cut-off from the lava flow and
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et al. 2016, 2017a). This chromite is buoyant due to the
trapped silicate inclusions in its skeletal parts and concen-
trates at the contact between the sulfide melt and komati-
ite melt (Staude et al. 2017a). This horizon is ultimately
transformed to the net-textured sulfide I. Chromite at the
contact of massive to net-textured ore (Fig. 3c) has also
been observed in other komatiite-hosted sulfide deposits
in WA (several occurrences are summarized in Groves
et al. 1977) and elsewhere (e.g. Abitibi, Canada, Houlé
et al. 2012). Olivine crystals sinking through the komati-
ite and into the top of the massive sulfide incorporate the
rising chromite crystals. As long as the footwall basalt is

above its melting temperature, chromite continues to form
and ascend and can be trapped underneath the net-textured
sulfides (Fig. 10), forming a chromite layer also observed in
other komatiite-hosted deposits. In the initial net-textured
layer II, no chromite occurs as chromite grains are unable
to migrate into this layer due to the sealing barren layer and
because the overlying komatiite flow is not cool enough yet
to crystallize chromite. During the formation of the second
layer of net-textured ore, cooling continues and reaches the
crystallization temperature of chromite, which explains the
increasing chromite content from the barren layer towards
the top of net-textured layer IT (ESM 5).
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basalt

re-molten basalt melt

Fig. 10 Sketch of chromite occurrences in Moran sulfides. Melting of
the footwall basalt results in crystallization of skeletal chromite (1).
Once the melt film becomes too thick, it forms a plume and detaches,
floating with the chromite through the sulfide melt (2). Chromite is
concentrated along the contact between massive sulfide and net-tex-
tured sulfide (3). Basalt melt rising through the cumulate pile can also
deposit chromite within the net-textured sulfides (4)

Effect of sulfide crystallization and fractionation
on geochemistry

Modelling fractional crystallization of sulfide melt

In order to model the crystallization of the sulfide melt, the
initial composition of the sulfide melt needs to be known.
The average Ni tenor calculated through half of the Moran
profile C—C’ covering a section from the pinchout to the
centre is 16 wt%. The partition coefficient for Ni between
sulfide melt and silicate melt is dependent on the melt com-
position and temperature. We used the komatiite Ni and FeO
data presented by Barnes et al. (2013) from channel spinifex
samples, representing background values. At temperatures
between 1500 and 1600 °C, the Ni partition coefficient var-
ies from 400 to 500 (Kiseeva and Wood 2015). Thus, we
used an average value of 450 for further calculations. An R
factor of 200 results in an initial Ni content of the sulfide
melt of 14 wt%, which is close to the observed Ni tenor. An
R factor of 200 was thus used to calculate the trace element
content of the initial sulfide composition; additional calcula-
tions with R factors of 400 and 600 were performed for Pd
and Ir to study the influence of variable R factors.

The initial concentration of an element in the sulfide melt
was used to calculate fractionation trends using the Rayleigh
fractionation equation:

C, =Cyx FP~D (1)

Cy = C; X Cyx FIP7D Q)
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In these equations, C; is the concentration of the element in
the fractionating sulfide melt, C, the initial concentration of
an element in the sulfide melt quantified above, F the frac-
tion of the melt, D the partition coefficient between the MSS
and sulfide melt and Cg the concentration in the crystallizing
MSS. The partition coefficient (Table 2) is dependent on
temperature, melt composition and other factors (Mungall
et al. 2005). Results of the calculations are shown in Table 2
and Fig. 11.

Calculations for most elements reproduce the trends
observed at Moran; hence, it is proposed that the orebody
most likely cooled and crystallized from the pinchout (early
MSS cumulates) towards the centre (remaining fractionated
melt). Palladium, for example, is calculated to be between
150 and 200 ppb in the first MSS (Table 2), which is the
range observed in the pinchout of Moran (ESM 1). The
modelling predicts that the concentration of Pd in the last
20-30% of the remaining melt should be between 5000
and 7000 ppb, which is consistent with observations from
the centre of Moran. Elements with low D (<0.1) increase
drastically in their concentration in the melt during the last
stage of crystallization. Tellurium, for example, more than
doubles in the sulfide melt between 70 and 90% crystal-
lization (Table 2), which is also observed in the centre of
Moran (Fig. 7).

Implications for the crystallization history of Moran
massive sulfides

The modelling in the previous section shows that the con-
centration of trace elements in the Moran sulfides is con-
sistent with fractional crystallization. This crystallization
proceeded from the pinchout towards the centre crystalliz-
ing first MSS and then ISS. Mantle-normalized Rh/Pt ratios
have been used in the past to identify MSS cumulates in
massive sulfides due to the preferred incorporation of Rh
into MSS (Barnes et al. 1997; Barnes 2004). Accordingly,
a map of Moran with mantle-normalized Rh/Pd (Pd instead
of Pt is used to avoid analytical nugget effects) (Barnes,
unpublished data) is shown in Fig. 12. The map highlights
that in most parts of Moran mantle-normalized Rh/Pd is
relatively high (>2), and therefore, a large proportion of
Moran can be assumed to consist of MSS cumulates. In
the centre of the deposit, the mantle-normalized Rh/Pd is
locally relatively low. Based on digital imaging, this area
represents about 15% of the surface area, and combining
it with profiles across (i.e. Fig. 2d) and along the embay-
ment (Staude et al. 2017a), the sulfide volume in this area
represents less than 1% of the initial sulfide melt pool. The
massive sulfides are only about 20 cm in thickness in this
domain (compared to 4 m in the pinchout). This area is
characterized by the highest concentrations of incompatible
elements (Figs. 5 and 12), the thinnest massive sulfides and
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Table 2 Fractional crystallization calculations of selected elements. See text for more information

Pd Te Ir Rh
Chomatiie (ppb) 8.5! 200* 1! 1.2!
Dyuifide melysiticate melt 570002 45002 480002 250002
Dyissysulfide melt 0.09° 0.03° 2 26

c. Cs™(ppb)  C " (ppb)  C™ (ppb) C"(ppb)  Cs"(ppb)  C R (ppb)  Cs*" (ppb)
Cuttide meit (PPD) 1700 40,000 200 250
F=09 1900 170 44,000 1300 180 360 225 450
F=0.8 2100 190 50,000 1500 160 320 200 400
F=07 2400 210 57,000 1700 140 280 175 350
F=0.6 2700 240 65,700 2000 120 240 150 300
F=0.5 3200 290 78,000 2400 100 200 125 250
F=04 3900 350 97,000 2900 80 160 100 200
F=03 5100 460 129,000 3900 60 120 75 150
F=02 7400 660 191,000 5700 40 80 50 100
F=0.1 13,900 1240 373,000 11,200 20 40 25 50

Cromaiiire cOncentration of element in komatiite melt, D

sulfide melt/silicate melt

partition coefficient of element between sulfide and silicate melt,

Dyissssuiide mer PATtition coefficient of element between MSS and sulfide melt; C, 5y, e, initial concentration of element in sulfide melt, F
remaining fraction of sulfide melt, C; concentration of element in melt, Cg, concentration of element in MSS

"Barnes et al. (2013)
ZBarnes and Ripley (2016)
3Mungall et al. (2005)
4Staude and Markl (2019)
3Liu and Brenan (2015)
%Barnes et al. (1997)

the thickest net-textured sulfides I. These data thus indicate
that this area represents a relatively evolved melt pool and
not an MSS cumulate.

Figure 13 highlights the compositional difference between
the sulfides in the centre of Moran and those along the flanks
and between the various types of net-textured sulfides
(Fig. 13c, d). In the profile of drill hole MRDDHO086, mas-
sive sulfides display a higher MSS content compared to net-
textured sulfides I (as expressed by relatively high Os-Rh
and relatively low Pt-Cu), whereas net-textured sulfides 11
exhibit an overall higher chalcophile element content. The
higher chalcophile element content in net-textured ore layer
IT indicates that the new sulfide melt batch interacted with
more komatiite melt, which is also evident in Fig. 11f, show-
ing that data for the net-textured II sulfides are on average
shifted more towards higher R factors compared to net-tex-
tured sulfide I.

There is no systematic vertical PGE tenor variation
through the sulfide pool at any point; all of the variation is
taking place from the edge of the sulfide pool (i.e. the pin-
chout) to the centre of the embayment, where the fraction-
ated residuum is found. This observation suggests that the
MSS cumulate accreted laterally inwards rather than from
the floor upwards as conventionally assumed (Usselman
et al. 1979) or from the top downwards as inferred for the

Silver Swan sulfide pool by Barnes (2004). The residual
fractionated melt evidently migrated laterally inwards ahead
of the crystallization front. This is a remarkable feature con-
sidering that the sulfide pool is a thin sheet-like body with a
surface of about 600 m by 100 m and a thickness of only 0.2
to 4 m, raising the question of why the residual melt would
migrate towards the centre of the pool rather than remaining
trapped in interstitial space between cumulus MSS crystals.
This process clearly could not have been driven by gravita-
tional settling of cuamulus crystals and implies that fractional
crystallization must have involved in situ nucleation and the
growth of MSS crystals from an advancing boundary layer.

This process of lateral fractionation may have an ana-
logue in granitic pegmatite systems. Hydrous melts of
granitic pegmatites have a very low viscosity (1-10 Pa s)
(Bartels et al. 2013) similar to sulfide melts (10~°~10~ Pa s)
(Rose and Brenan 2001) and, similar to lava flows, crystal-
lize quickly (within weeks) (London 2014). Based on exper-
iments, London (2014) suggested that a low-viscosity com-
positional boundary layer liquid (the rejected solute) forms
between the crystallized pegmatite and the crystallizing
melt. The boundary layer retains the incompatible elements
left behind after crystallization, and it migrates in the direc-
tion of the propagation of the crystallization front. Once
this remaining melt crystallizes, it forms a sharp boundary
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Fig. 11 Behaviour of trace elements during fractional crystallization
of a sulfide melt with trends shown for MSS formation (black line)
and remaining residual melt (red line) with numbers indicating the
fraction of MSS and melt, respectively (Table 2). a Pd versus Te in
massive sulfides and b in net-textured sulfides. ¢ Ir versus Rh in mas-

to the initial pegmatite with exotic minerals formed by the
incompatible elements. The Moran sulfide pool could have
crystallized in a similar way despite the vastly different
physical properties of the melt. Pinchout sulfides crystal-
lized inward from the contact to the colder basalt and due
to the pinchout geometry of basalt underneath and above,
forming a crystallizing wall of MSS cumulate. Inward

@ Springer

Ir in 100% sulfide (ppb)

sive sulfides and d in net-textured sulfides. e Pd versus Ir in massive
sulfides and f in net-textured sulfides. In e and f, calculated behaviour
of trace elements is shown for variable R factors. Colours for sulfide
data are the same as in Figs. 1b and 6

propagation of the MSS-melt boundary layer caused this
layer of residual melt to migrate laterally ahead of the crys-
tallization front towards the centre of the pool (Fig. 14a—c).
This model requires that the chemical diffusion is faster than
thermal diffusion (Barnes and Robertson 2019). Manthilake
et al. (2019) proposed a value of thermal diffusivity for pyr-
rhotite around 10° Wm~! K~! which results in a thermal
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the distribution of high Rh/Pd which is interpreted to represent MSS
cumulate. Note the low Rh/Pd in the centre of the deposit which rep-
resents the solidified residual sulfide melt, the end product of the
inward fractional crystallization of the sulfide pool. The morphol-
ogy of the residual melt pool (white line) resembles the geometry of
the orebody and represents 15% of the surface area of the orebody
or< 1% of the original sulfide pool volume (see text). Primitive man-
tle composition was taken from McDonough and Sun (1995)

diffusion of 107° m%/s (Ashby 2011). Chemical diffusion in
pyrrhotite was investigated for Fe (around 700 °C) and Os
(950-1100 °C) and is in the order of 10°-107° m?/s (Condit
et al. 1974; Brenan et al. 2000; Cherniak 2010), which is
similar to the thermal diffusion. A sulfide melt would have

an even faster chemical diffusion compared to solid pyr-
rhotite (as solids usually have lower diffusion rates than
liquids) (Watson and Baxter 2007), and thus, it seems pos-
sible that the residual melt is able to migrate horizontally
in front of the crystallizing MSS. The same mechanism of
a compositional boundary layer could be responsible for
the separation of Cu-rich orebodies frequently observed in
mafic intrusion-associated deposits.

The boundary layer model can also explain the dif-
ferences in sulfide chemistry between massive and net-
textured sulfides. Net-textured sulfides in immediate con-
tact with massive sulfides have usually a higher concentra-
tion of Pt, Pd and Au (ESM 4). This observation has also
been reported in Kambalda from the Lunnon deposit by
Keays et al. (1981) and from the Juan, Lunnon and Long
deposits by Cowden et al. (1986), from Alexo (Canada)
by Barnes and Naldrett (1986) and from Agnew (WA) by
Barnes et al. (1988b). When the MSS crystallization front
reaches the areas outside the pinchout, it coincides with
the formation of net-textured sulfides (Fig. 14b), i.e. where
olivine submerges into sulfides, and hence, sulfides are
displaced upwards in the cumulate pile. The last forma-
tion of net-textured sulfides at any point in open contact
position is when MSS forms underneath the submerging
olivine. Hence, the last liquid sulfide during the formation
of the net-texture is the fractionated residual melt of the
boundary layer (Fig. 14b, c).

The sharp decrease of Co in pentlandite in the centre of
Moran could indicate that another Co-bearing phase forms
and scavenges the majority of Co from the remaining melt
— prior to the formation of high-form pentlandite. This
other Co-bearing phase could be Fe- and Ni-bearing cobal-
tite, which is much more abundant in the centre of Moran,
although the Co tenor does not change.

Euhedral cobaltite generally overgrows euhedral sper-
rylite and is overgrown by anhedral tellurides showing a
common origin (Fig. 3b). In some mafic systems, frac-
tional crystallization can lead to the formation of a late
Pt-, Pd- and Au-bearing arsenide-telluride melt, which is
immiscible with the sulfide melt (Helmy et al. 2007, 2010,
2013; Sinyakova and Kosyakov 2012; Bai et al. 2017). The
concentration of As observed in the centre of Moran is
about 100 times lower than necessary for an immiscible
arsenide melt (0.5-1.5 wt%) (Helmy et al. 2013); however,
that could be a fact of the sample size. As discussed above,
the central area represents less than 1% of the initial sulfide
melt pool. Taking a whole-rock sulfide sample, it could
include pockets of 10 to 100 times higher fractionated
melt compared to what the whole sample represents. For
maximum contents of Te or Bi in sulfide melts, no data are
available. The presence of composite grains in the centre of
Moran, however, is a strong indication that an immiscible
Pt—Pd-Co-bearing As-Te-Bi melt forms.
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Fig. 13 Mantle-normalized [2]
spidergrams of chalcophile
elements in 100% sulfides
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to massive sulfides on the
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pinchout, ¢ net-textured sulfide
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Once the sulfide liquidus is reached, MSS starts to crystallize (from
the pinchout). On the contact to MSS, melt enriched in incompat-
ible elements is concentrated forming a boundary layer. During pro-
gressive crystallization of MSS, the boundary layer migrates to the
centre of the sulfide melt pool. ¢ The boundary layer formation is the
last process which coincides with the formation of net-textured ore
as no further olivine can submerge after MSS formation. Therefore,
net-textured ore on the contact to massive sulfides display the high-
est concentration of incompatible elements, whereas massive sulfides
directly underneath display lower concentrations of incompatible ele-
ments
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Conclusions

The komatiite-hosted Moran sulfide ores preserve the igneous
textures and primary magmatic chemistry of major and trace
elements despite upper greenschist facies metamorphism.
This allows for a detailed assessment of the sulfide evolu-
tion through all stages of ore formation. Older sedimentary
sulfides were entrained in the komatiite forming early low-
Ni tenor sulfides in a concave embayment, now preserved
on the flank of Moran. A second younger type of sulfide,
with higher Ni tenor, is present in the steep-sided embayment
(up to 40 m deep at its final position). This is formed due
to thermomechanical erosion within the previous concave
embayment. The final thermal erosion occurs sideways to
form the pinchout that surrounds the entire orebody. When
the komatiite eruption ceases, the whole system cools down,
and olivine starts to settle forming net-textured sulfides in
line with the classical “billiard ball model” (Naldrett 1973).
Further cooling causes interstitial silicate melt to crystallize,
arresting the formation of net-textured ore and creating a bar-
ren komatiite layer on top of the net-textured ore. A subse-
quent mush of flowing olivine-komatiite melt contains also
sulfide melt and deposits it above the barren layer forming a
second net-textured layer.

The sulfide melt pool underneath the net-textured ore
crystallizes as a closed system. Elements compatible with
regard to MSS show that the melt crystallizes and fraction-
ates from the edge towards the centre. Thus, a new model
of sulfide melt crystallization is proposed: a boundary
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layer liquid, containing the incompatible elements, forms
between the crystallizing MSS and the remaining melt in a
similar way as it was proposed for crystallizing pegmatites
(London 2014). This layer migrates in the direction of the
propagating crystallization front. This model can potentially
be applied to other magmatic sulfide deposits to explain
the separation of Cu-rich sulfide melt from the Fe—Ni-rich
portion of the sulfides.

In the centre of the orebody, the last highly fractionated
melt crystallizes. These last sulfides represent less than 1%
of the initial sulfide pool and contain composite Co- and
Bi-bearing arsenide-telluride grains. A sharp decrease of
Co in pentlandite in the same area, with a sharp increase in
whole-rock As, Bi and Te, suggest that the composite grains
form prior to pentlandite formation, possibly as immiscible
As-Bi-Te melt.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00126-021-01060-5.
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