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Abstract :

Extremely light and highly variable 860Ni values have been observed in komatiite-associated magmatic
sulfides in recent studies. In this study, we examine the mechanisms of Ni isotope fractionation between
silicate and sulfide liquids in the Hart komatiite-associated Fe-Ni-Cu-sulfide system. We assess the
petrogenetic significance of these mechanisms using Ni isotope and concentration data. The
concentration of Ni in bulk rock varies from 774 to 2690 ppm in komatiite samples with no sulfide minerals
to 8380-39,300 ppm in samples almost entirely consisting of sulfide minerals. The 860Ni values vary from
+0.14%o in komatiite samples with no sulfide minerals to —1.06%o0 in samples dominantly consisting of
sulfide minerals. A theoretical model of fractionation between the komatiitic lava and sulfide xenomelt with
nickel isotope exchange followed by fractional crystallization during crystallization of the sulfide melt can
produce a range of 860Ni values from +0.17%o to —1.02%. in sulfide-rich rocks depending on the extent of
fractional crystallization and the amount of trapped melt between the sulfide mineral grains, which
corresponds well with the range of values observed in these rocks. This proposed model requires
fractionation of Ni isotopes between sulfide liquid and the earliest formed sulfide crystals during
crystallization. Effects of later crystallization during peritectic reactions and subsolidus exsolution could
be tested by in situ measurements of Ni isotopes in different textural varieties of pentlandite that formed
over a large range of temperatures during cooling.

Highlights
» Large Ni isotopic fractionation with unknown cause has been observed in komatiites. » Fractionation

occurs in two stages. » Fractionation during isotopic exchange between komatiite and sulfide liquids. »
Rayleigh fractionation during crystallization of sulfide liquid.
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1 Introduction

It is generally accepted that during the formation of magma ic ni :kel sulfide deposits associated
with komatiitic flows and intrusions, nickel derived fror ti. > mantle with ultramafic magmas
and sulfur, typically being derived from an externz: .ource, forming an initial sulfide xenomelt
(e.g. Huppert et al., 1984; Lesher et al. 1984, . 2s,.=r and Groves, 1986; Lesher 1989; Lesher and
Campbell, 1993; Lesher and Burnham, 2001; hpley and Li 2013; Lesher 2017). This melt then
undergoes elemental and isotopic ex:tar ge to equilibrate with the silicate magma during
which nickel, along with copper. pla*inum-group elements, and other chalcophile elements, are
preferentially partitioned into th 2 sulfide melt from the silicate magma (e.g. Duke and Naldrett,
1978; Duke, 1979; Leshc~ aiid Campbell 1993; Lesher and Burnham 2001; Mansur et al. 2021).
During this partitioning, there is the potential for fractionation of isotopes of these metals
between silicate magma and sulfide melt, although, based on thermodynamic considerations,
the isotopic fractionation during this partitioning is typically considered to be insignificant due
to the high temperatures involved and the small relative mass difference between isotopes of
these transition metals (e.g., Urey 1947). Although the impact on Ni isotopes is not well

constrained, the possible effect of partial melting and sulfide segregation on the isotopic



composition of Cu in komatiites has been investigated by Savage et al. (2015). The results

demonstrated that there is limited Cu isotope fractionation during mantle melting, with silicate
magma and sulfide melt differing by up to few tenths of per mil. Small Zn isotope fractionation
(< 0.1%0) may also result from crystallization of isotopically light olivines and Fe-Ti-oxides at the

very end of the differentiation sequence (Chen et al., 2013).

The case for Ni isotopes is more complex, and fractionations have heen previously thought to
be small and restricted to continental weathering (Cameron anc Var ce 2014; Ratié et al. 2015)
or biological processes such as methanogenesis (Cameror 2t ..!. 2009). While no significant Ni
isotope fractionation has been reported due to fractiono! ¢ ystallization or partial melting
(Saunders et al., 2020), unusual and relatively larg e Ni isotopic fractionations up to 0.90%. have
been found between silicates and sulfides i k ymatiitic systems (Gueguen et al. 2013; Hofmann
et al. 2014) and sulfides hosted in mafic -vstems such as Norilsk, Russia (662/60Ni from -1.33 %o
to +0.63 %o; Sergeev et al. 2019) a~.2' Su~oury (6%°Ni from -1.69 %o to +0.41 %o; Christoffersen
2017). Sulfide metasomatism ha. also been proposed to explain lighter Ni isotopic compositions
in some peridotite xenoli*ns ‘Kiaver et al., 2020). In addition, Ni isotopic composition of mineral
separates from mantle pe ‘idotite xenoliths revealed variations up to 2.87%., albeit most of the
variations are generally within a range of 0.4%o (Gall et al. 2017). The cause of fractionation
between silicate and sulfide melts remains uncertain, but theoretical calculations have shown
that Ni isotope fractionation among sulfides have an approximately linear dependence on the

Ni-S bond length, temperature, and Fe/Ni ratio of sulfide minerals (Liu et al. 2018).

In this study, we analyzed the Ni isotopic composition of samples from the Hart komatiite-

associated Ni-sulfide deposit to evaluate the processes responsible for the large observed Ni



isotopic fractionations in komatiitic systems and the potential petrological significance of these
processes. This contribution is part of a larger project focussed on the Hart deposit that
included examination of the sources of sulfur for this Ni-Cu-(PGE) deposit through the
characterization of multiple sulfur and iron isotopes of the sulfides, associated komatiites and
adjacent footwall lithologies (Hiebert et al. 2016), and the evaluation of the environmental
conditions of deposition based on the chemical composition and multiple sulfur and iron
isotopic characteristics of sedimentary rocks that acted as sulfu” sc 'rces for the formation of
the Hart deposit (Hiebert et al. 2018). Despite the slightly hi;‘her netamorphic grade at the Hart
deposit in comparison to other deposits in the Abitibi 7-eer stone belt, such as Alexo (e.g.,
Barnes and Naldrett, 1987; Houlé et al., 2012), wkicr. experienced lower to subgreenschist
facies metamorphism, versus mid to upper i« en_<hist facies at Hart (Thompson, 2005), the
selection of the Hart deposit as a study, area ai.owed us to create a more detailed isotopic
characterization at the scale of a sing.€ deposit in the Abitibi. At the time of this study,
exploration activity at the Hart - epc-it was active with the excavation of trenched exposures
and abundant drill core that \-er2 available to assess the vertical and lateral variability around
the deposit whereas the ~oectacular stripped exposure at Alexo studied by Houlé et al. (2012)
were destroyed during the mining operation and drill cores were no longer available to study
the vertical and lateral variation. Additionally, the presence of the exhalite and graphitic
argillite that directly underlie the host komatiite unit at Hart, but are completely eroded within
the ore-localizing embayment, provide a clear link between potential source rocks and a typical
ore profile with massive sulfides at the base, overlain by net-textured and disseminated sulfides

(Houlé et al., 2010b; Hiebert et al. 2016). These classic relationships between the host komatiite



and potential sulfur source(s) were not documented at Alexo, making such study more difficult

to undertake.

2 Background geology

Numerous komatiite successions in the Late Archean Abitibi greenstone belt are well exposed
and preserved (Barnes and Naldrett 1987; Houlé and Lesher 2011; Hiebert et al., 2016),
including well-studied examples at Pyke Hill (Pyke et al. 1973; Hoile ~t al. 2009), Dundonald
Beach (Houlé et al. 2008), and at classic komatiite-associater: N\ Cu-(PGE) deposit localities such
as Alexo (Houlé et al. 2012) and Hart (Hiebert et al., 201, 2¢1.8). The Abitibi greenstone belt
has been tectonostratigraphically subdivided into seven vo.zanic and sedimentary assemblages
(e.g. Thurston et al. 2008), four of which contai.” the majority of the komatiites (Houlé and

Lesher 2011).

In the Shaw Dome, which hosts the ha t neposit, the volcano-sedimentary stratigraphy is
composed of, from oldest to yc''nge -t (Fig. 1): 1) massive and pillowed intermediate volcanic
rocks with lesser volumes ot i racsive and volcaniclastic felsic volcanic rocks and thin, but
laterally extensive, iron y >rmations of the 2734—-2724 Ma Deloro volcanic episode; 2) felsic to
intermediate volcaniclastic rocks intruded by komatiitic dikes and sills, and intercalated with
komatiitic lavas and less extensive iron formations of the lower part of the 2710 — 2704 Ma
Tisdale volcanic episode; 3) komatiitic and tholeiitic mafic volcanic rocks of the middle part of
the Tisdale volcanic episode; and 4) calc-alkaline felsic to intermediate volcanic rocks in the

upper part of the Tisdale volcanic episode (Houlé et al. 2010a, b; Houlé and Lesher 2011).



The Hart deposit consists of two mineralized zones. The main zone is located at the base of the
lowermost komatiite flow of the middle Tisdale volcanic assemblage, within a large embayment
where several stacked komatiite flows overlie and crosscut the felsic to intermediate volcanic

succession of the lower Tisdale assemblage and associated sedimentary rocks (Fig. 2).

Several komatiite flows were examined and sampled in drill core with boundaries between
flows being identified by flow-top breccias, or, where the flow-to," breccias have been removed
via erosion by subsequent flows, zones of spinifex-textured rocl (Fig. 3). It is, however, possible
that some flow boundaries were not recognized where the sp.zirex zones were eroded away by
overlying flows. We use barren komatiite for samples c.nt=ining trace to no visible sulfide and
classify sulfide-bearing komatiites based on their ‘v fiile mineral abundance into <10%, 10-30%,
30-70%, and >70% groups. The Hart depor.t cr nsists of massive sulfides overlain by semi-
massive (locally net-textured) to dissem..~ated sulfides in komatiite (Fig. 4; Houlé et al. 20103,
b; Houlé and Lesher 2011; Hiebert _* a.. Z016). The eastern extension zone of the Hart deposit
is hosted 12—25 m above the has ~ of the second komatiite flow in this succession, and consists
of predominantly semi-mass’ve sulfides with lesser amounts of massive and disseminated
sulfides (Hiebert et al. 201 5). A third komatiite flow was sampled (H07-33-128.3) to represent
komatiite that is least affected by contamination from the footwall lithologies based on trace
element ratios, such as La/Nb and Zr/Ti, and S- and Fe-isotopic indicators of contamination
(Hiebert et al. 2016). Sulfide mineralization in this area is predominantly pyrrhotite and

pentlandite, with minor chalcopyrite (Fig. 4; Hiebert et al. 2016).

Komatiites in the study area have been metamorphosed and typically have a metamorphic

silicate mineral assemblage of antigorite, tremolite, and chlorite (Fig. 5; Table 1). Typical



samples contain well preserved pseudomorphs of original olivine cumulate and spinifex
textures (Fig 5a; Hiebert et al. 2016), although the preservation of primary textures degrades
with increasing intensity of alteration or proximity to later intrusions (Fig 5b). Pyroxenitic
komatiite containing pyroxene spinifex, was also observed in parts of drill holes H07-33 and
H11-05 (Fig. 3), but no samples were included in this study. Typical barren komatiite samples
are dominated by antigorite, chlorite, tremolite and chlorite (Figs. 5c and 5d). Locally, growth of
metamorphic and alteration minerals obscure primary igneous *ex. ires, and the mineral
assemblage contains a greater proportion of tremolite and r 're, rery small (<0.1 mm)
metamorphic olivine formed at the expense of antigori ‘e a."d other minerals. The metamorphic
olivine could have formed by the breakdown of bruc te and antigorite under mid- to upper-
greenschist facies conditions, as has been ir.e: titi>d elsewhere in the Abitibi greenstone belt
(Jolly 1982; Arndt et al., 2008), possibl, indicauing locally developed higher temperature

conditions related to later igneous accivit .

In the southern and eastern area: of the study area (drill holes H07-33, H11-11 and H11-13C),
carbonate alteration is al.o \ vesent as small (<0.05 mm) stringers in slightly altered komatiitic
samples that maintain we !-preserved primary textures. In samples of stronger carbonatization,
carbonate grains occur as discrete rhombohedrally shaped carbonate crystals (likely magnesite;
0.1-0.5 mm; Figs. 4a, 5b, 5g and 5h). Veinlets of carbonate are thin (<0.1 mm) and rare. In drill
hole H11-13C, carbonate altered samples are in close proximity to later granitic porphyry

intrusions and might be related to these intrusions, although this has yet to be established.



3 Analytical methods

Samples for this study were selected from several diamond drill cores located along three local
grid sections (Figs. 2 and 3; Table 2). Samples were selected to be representative of different
sulfide abundances and non-mineralized komatiite. The Ni isotope analyses were completed at
the POle Spectrométre Océan (PSO) located at IFREMER (Brest, France) following the method
described in Gueguen et al. (2013) and summarized here. Sample ~iaterials were dissolved in
double-distilled nitric and hydrochloric acids or hydrofluoric aci.' ard a double spike of ®*Ni and
®2Ni was prepared with a ®'Ni/®*Ni ratio of approximately * Buiii Ni isotope composition and
concentrations were determined using a Neptune multi ~oliector inductively coupled plasma-
mass spectrometer (MC-ICP-MS) with NIST stand. v1 S }M-986 used as a reference material.
Depending on the concentration of Ni in t'-e s.mple, 50 to 250 mg of sample powder was
repeatedly digested in a mixture of HNO, and HCIl or HF to dissolve sulfides and silicates,
respectively, and evaporated to dry..=”s. (0 ensure complete digestion as described in Gueguen
et al. (2013). The remaining re<ia.e was then dissolved in 10 mL of 6 mol/L HCl and one drop of
H,0, to ensure complete oxi'ation of Fe. Following the complete digestion of sulfide and
silicate minerals and oxidz tion of Fe, Ni was purified using a two-stage process (Gueguen et al.,
2013). First metals, including Fe, Zn, and most Co and Cu were trapped on an anionic resin
(AG1-X8). The eluate, containing Ni and other matrix elements, was subsequentially evaporated
and loaded onto a Ni-specific resin commercially available from Eichrom (Ni-Spec). The Ni was

eluted quantitatively from the resin in HNO3 and prepared for analysis.

Isotope analyses were performed using MC-ICP-MS allowing simultaneous measurement of

>8Ni, ®°Ni, ®*Ni, ®Ni, and >’Fe (to account for isobaric interference). Analysis was completed at



medium-resolution mode to resolve argide and oxide interferences on Ni and Fe isotopes. The
main potential interferences are from *8Fe on *®Ni and “°Ar*0 on *®Ni. Correction for potential
*8Fe-interference was applied (Gueguen et al. 2013), but it was always less than 0.1%o. Ni

isotope values with respect to SRM-986 are presented as:

60Ni/58Ni

ONi /38 Ni

§6ONi = ( sample _ 1) X 1000 and expressed in %o (1)

SRM—-986

Typical instrumental precision achieved on Ni isotope ratios is k 2tte - than 0.02 %o (calculated as
two standard deviations of 26 replicate measurements of HI_T S'{M 986 during the same
analytical session). Precision for delta measurements . v ea :h sample reported in Table 1 is
calculated as two-standard deviation of replicate nr.asurements of at least 5 delta values and
ranged from less than 0.02 to 0.07 %o.. Ni icoto ye 1.ieasurements of United States Geological
Survey (USGS) Mn-nodule geostandara. Nod-A-1 and Nod-P-1 were performed as unknown
samples and we obtained §°°Ni=1 09 - (.06 %o and 0.41 + 0.06 %o, respectively, similar within
uncertainty to previously publis: ed values (e.g. Gueguen et al. 2016). We also measured
internal Ni standard solutiZ~s (Zpex solution) after complete Ni separation through the columns
and we obtained §°°Ni =L 94 + 0.04 %o, identical within uncertainty to unprocessed standard
solution. Procedural blanks were measured for each sample batch, and we obtained
natural/spike ratio of less than 0.002, corresponding to less than 0.8 ng (compared to >400 ng

of typical Ni samples), and therefore negligible.



4 Results

Major and trace element geochemical results for these samples were already presented in
Hiebert et al. (2016), and some of the relevant data from that study is also included here (Table
1). New data is comprised of Ni concentrations and Ni isotopic values.

4.1 Ni concentrations and isotopic values

Barren komatiite samples contain between 774 and 2,690 ppm Ni. and have §%°Ni values that
range from -0.49 to +0.14%o.. Samples with <10% sulfide minera.: ccntain between 1,470 and
8,510 ppm Ni, and have 6®Ni values that range from -0.57 to +u.11%o. Samples with 10-30%
sulfide minerals contain between 7,910 and 35,100 ppm ', and have §°Ni values that range
from -0.54 to -0.42%.. Samples with 30-70% sulfic.- m.nerals contain between 3,030 and 9,850
ppm Ni, and have 8°°Ni values that range . or. -1.06 to -0.27%.. Samples with >70% sulfide
minerals contain between 8,380 and 39,520 ppm Ni, and have §°Ni values that range from -
1.01 to -0.08%o (Table 1; Fig. 6). Thies~ uata are comparable in the range of values to those of
other studies (Fig. 7; Saunders =t .!. 2020). The 6°°Ni values do not seem to be directly related

to Ni concentration or Ni S (+'g. 6b).

5 Discussion

Several mechanisms for fractionation of Ni isotopes have been suggested in the literature and
might be applicable to komatiite-associated Fe-Ni-Cu-sulfide mineralization. High-temperature
isotope fractionation between sulfide xenomelt and silicate melt does not explain the range of
Ni isotope values of about 0.9%o0 observed in komatiites at the Hart deposit and elsewhere

(Agnew-Wiluna — Western Australia/Abitibi greenstone belt - Canada: Gueguen et al., 2013;



Zimbawe: Hofmann et al., 2014). Recent theoretical calculations of the reduced partition
function ratios of ®°°Ni/*®Ni have however revealed that the expectedrange of 8°°Ni values
among Ni-bearing magmatic sulfides at 1156°C is about 0.23%eo (Liu et al., 2018), near the
temperature of initial monosulfide solid-solution (MSS) crystallization (Kitakaze et al. 2016;
Mansur et al. 2021). In this study, we propose a two-step model that is capable of producing
both the anomalously negative §°°Ni values in komatiite-associated sulfides and the observed
wide range of values for these sulfides through isotopic exchans e L ~tween komatiitic magma
and sulfide xenomelt during magma emplacement followed 9y fi actional crystallization of the
sulfide melt. This process was followed locally by carbnnate alteration that could be responsible
for sulfur-loss and samples with Ni/S greater than cn .t of pentlandite, as these samples contain
extremely low concentrations of sulfur. The sa mp!2s with the highest Ni/S ratio, which could
have undergone S-loss, have 6§°°Ni valt.»s from -0.08 to +0.14%o, which is within the range of
other komatiite samples with low-sulri 1e contents (Fig 6b). Additionally, other samples that
have undergone carbonitizatior alte -ation, but have higher S concentrations, do not stand as
outliers in the Ni, §°°Ni or Ni;Z dita. Furthermore, a previous study noted that the Ni-Fe-S
ratios remained in the ig."eous field and have not been significantly altered at Hart (Barnes and
Naldrett 1987), suggesting that S mobility was limited, and Ni concentrations and isotopic ratios

were not significantly affected by the carbonate alteration.

5.1 Stage 1: Isotopic fractionation and exchange between komatiitic lava and sulfide melt
During the eruption of komatiitic lavas at Hart, the lavas thermomechanically eroded their
substrate producing a large channel that led to the formation of a sulfide xenomelt derived

from sedimentary sulfides within the footwall rocks (Hiebert et al. 2016). This sulfide xenomelt



then scavenged Ni, Cu, and PGE from the komatiitic lava (Lesher and Campbell 1993; Lesher and
Burnham 2001), leading to isotope exchange and fractionation of all relevant elements (e.g. S,
Fe, Cu, and Ni; Fig. 8a; Ripley and Li 2003). To estimate the degree of Ni isotope fractionation
between the komatiitic lava and sulfide xenomelt requires some knowledge of the magnitude
of Ni-isotope fractionation between the silicate and sulfide liquids, however, many questions
remain as to the magnitude and mechanism for this fractionation (e.g. Gueguen et al. 2013;
Hofmann et al. 2014). Previous studies have shown that Ni isotr,pe fractionation between
silicates and Ni metal alloys can produce fractionation of +0. 106" 5% between silicate and metal
at 1,200°C (Lazar et al. 2012). Here, we assume that a = mii. r magnitude of equilibrium
fractionation applies to silicate and sulfide liquids in ‘omatiitic systems such that the sulfide
melt would have 6°°Ni values 0.106%o lowe. . ar +he silicate melt once thermodynamic
equilibrium is reached, which would p: ~duce & sulfide melt with 8%°Ni = -0.056%o following
isotope exchange with the mass of siiicat: melt being 50x the mass of sulfide melt as suggested
by Hiebert et al. (2016) based c'' thc modelling results (see Table 3 for model parameters). This
also assumes that any fractio, at'on between the silicate lava and crystallizing olivine is
negligible. If crystallizatic 1 ot olivine corresponds to a significant fractionation, the §®°Ni of the
lava would likely be lower due to the preferential removal of heavier isotopes of Ni with the
olivine crystals relative to the liquid melt resulting in an overall shift to more negative values in
our model. Samples with high Ni/S ratios may have formed at higher silicate/sulfide mass ratios
(up to 250x; Hiebert et al. 2016), which would shift the model to lower overall 5%°Ni values. We
assumed that at the temperature of 1,200°C the komatiite lava is sufficiently crystallized to

become isolated from the sulfide liquid, thus preventing subsequent isotopic exchange.



Further, in the case of net-textured sulfides, this temperature might be lower and the
fractionation factor might be larger. In addition, the magnitude of fractionation between
silicate and sulfide melts might not be the same as that between metal and silicate. However,
our calculations are only meant to demonstrate the plausibility of the inferred mechanism for
fractionation and are not based on exact (currently poorly constrained) values of fractionation

factors.

5.2 Stage 2: Fractional crystallization of sulfide melt

Due to the lower crystallization temperature of sulfides t.-\n u..at of olivine-rich komatiite, with
olivine crystallization giving way to pyroxene crystallizat, ~~ at ~1180°C and crystallization of
MSS beginning at ~1150°C (Fleet 2006; Arndt et a. 201)8), the sulfide melt would begin to
crystallize after the silicate melt had partic ly *o completely solidified, probably sufficiently to
create a barrier of olivine crystals betwecn the residual silicate and sulfide liquids, limiting
further isotopic exchange (Fig. 8b). ~.'tticugh there may be minor exchange with trapped
interstitial silicate liquids in th~ 0.™vine cumulate rocks, the pyroxenitic komatiite at Hart does
not contain sulfide minerals, ~uggesting that if sulfides were in contact with silicate melt below
~1180°C, it was in a very s nall volume. As a result, isotopic equilibrium with silicate melt would
not be maintained during cooling and crystallization of sulfide melt. During crystallization of
sulfide, shorter Ni-Ni and Ni-S bonds in the sulfide crystals, relative to the liquid, induce
fractionation of the heavier isotopes of Ni into the crystal phase, and, based on theoretical
considerations, a 8°°Ni fractionation of 0.23%. between sulfide crystals and a gas phase could
occur at 1156°C (Liu et al. 2018), the temperature of crystallization of MSS from sulfide liquid

(Kitakaze et al. 2016; Mansur et al. 2021). The calculations based on sulfide crystals exchanging



with a gas phase may not be directly analogous to crystallization from a liquid and the
magnitude of fractionation is likely to be smaller between a liquid and sulfide crystals compared
with that between a gas and sulfide crystals. However, the magnitude of this difference is not
known. Additionally, the addition of Fe to the sulfide system was shown to increase the amount
of fractionation between sulfide crystals and gas in theoretical calculations (Liu et al. 2018).
However, the calculations did not extrapolate to high enough Fe:Ni ratios to mimic sulfide
mineralization relevant to that hosted by komatiites, and so the ac. 1a\ magnitude of this effect
is also unknown. As such, we are simply attempting to demcnstr ite the plausibility of the
mechanism, without the exactly known fractionation f=cto. s involved, and we assume that the
effects of the difference between gas and liquid a"iu higher concentrations of Fe in a natural
system will at least partially offset each oth zi. W thus used a fractionation factor of Anmelt-min = -
0.23%o0 at 1156°C (Liu et al. 2018) that “hat eni.ches the residual sulfide melt in the lighter Ni

isotopes during crystallization of the st (fiue liquid.

Mungall (2007) modelled the ~ry_tallization of sulfide liquids at the Sudbury Igneous Complex,
and found that the sulfidr. n.'neralization is not a product of a quenched liquid, but instead
represents sulfide minera, cumulates, with the most fractionated material removed. Based on a
cumulate model (e.g., McBirney and Noyes 1979), the crystallization of sulfide liquids would
begin at a stagnant boundary layer in contact with the colder footwall rocks at the base of the
sulfide liquid and the crystallization front would migrate upwards as cooling progressed (Fig.
8c). This would allow the denser sulfide crystals, with some trapped liquid, to accumulate and
become isolated from the remaining sulfide melt by a stagnant boundary layer promoting

Rayleigh fractionation of Ni isotopes between the melt and crystals as crystallization



progressed. As the melt is enriched in lighter isotopes of Ni relative to the sulfide crystals
formed, increasing amount of trapped liquid will progressively create more negative 8°°Ni
values in sulfides. In our modelling with up to 30% of trapped liquid, this process could create a
range of §°°Ni values from +0.15%o at 1% crystallized with no trapped liquid to -1.02%o at 99%
crystallized with 30% of trapped liquid that encompasses nearly all the data for samples that
are described as having >30% sulfide minerals (referred to as high-sulfide samples) in this and
other studies (-1.06 to -0.08%o; Fig. 9; Tanimizu and Hirata 200€, uw. eguen et al. 2013; Hofmann
et al. 2014; see Table 3 for model parameters). A model for quii brium (batch) crystallization of
the sulfide melt, in which crystals separate from the m«It ater varying degrees of
crystallization, can only produce significant negative values with very low degrees of
crystallization, but cannot produce the enti- < .an.< of values from the previously mentioned

data (Fig. 9).

The only sample of sulfide that dor.. nc* all within the range corresponding to any degree of
fractionation in this model is # sample of millerite from Thompson, Manitoba, Canada

(Tanimizu and Hirata 200%), vin a value of +0.7%o.. The Thompson deposit is well known to be
strongly structurally and t ydrothermally modified and metamorphosed to a significantly higher
grade than the other deposits so far studied (e.g. Layton-Matthews et al. 2010). As such, this
sample may have been subject to additional fractionation processes during hydrothermal
alteration, remobilization, and metamorphism, although the effects of these processes are not
well understood and constrained. Thus far, mantle metasomatism of samples lacking sulfide has
been examined, a significantly different process from the hydrothermal alteration observed at

the Thompson deposit, showing only marginal fractionation (Klaver et al. 2020). However, the



study did note that the metasomatized samples appear to be in disequilibrium, hence the 6°°Ni
values of the Thompson sample may have been affected by some process during regional
metamorphic metasomatism, such as the introduction of Ni with a different isotopic

composition by the fluid, changes in mineralogy of the Ni-sulfides, or disequilibrium.

The proposed model for the fractionation of Ni isotopes to produce the wide range of §°°Ni
values predicts that earlier crystallized sulfides will have higher 67’Mi values, whereas later
crystallizing sulfides will have lower Ni isotope values. Past stud es h ave shown that pentlandite
forms over a range of temperatures, through peritectic re=ctic= and subsolidus exsolution
(Kelly and Vaughan 1983; Kitakaze et al. 2016; Mansur * al. 2019), and further fractionation
between pentlandite and MSS or the evolving sul.ide | quid could occur during these processes.
This could be further tested with in situ m -ast rements of 6°°Ni values of sulfide minerals in
significant accumulations of sulfides to 1. adel the crystallization path of sulfides, which should
crystallize sulfides with progressivr.  n.~.e lighter Ni isotope values along the crystallization
path from early to late crystal'izi, @ mineral phases (Ebel and Naldrett 1997; Fleet 2006), and
could resolve whether fre cuonation of Ni isotopes occurs during the peritectic reactions and/or
exsolution of pentlandite luring cooling. A stepwise shift from this pattern would indicate an
interruption in the crystallization process related to rapid flushing out of liquid and resupply of
new magma batch. With our data we are able to make a preliminary assessment of this based
on profiles from three drill cores (Fig. 10), although significantly higher sampling resolution is
needed to thoroughly investigate this. In a simple profile of decreasing sulfide proportion
upward from the base of the komatiite, as in drill-core H08-96 (Fig. 10a), the expected pattern

of increasing 8°Ni values is observed. However, in profiles with a more complex pattern of



changes in the proportion of sulfide, as in drill-holes H11-05 and H08-80, the pattern of §°Ni
values is also more complex and could indicate interruptions in the crystallization process (Figs.

10b and 10c).

The model could also have an exploration relevance, with higher than BSE §°°Ni values in
komatiite indicating that it has equilibrated with significant sulfide mineralization upstream.
Furthermore, sulfides with anomalously low (<-2.0%o) or high (>+ *.9%o) 6°°Ni values in small
sulfide accumulations could be an indication of post-mineralizaiion : lteration of the sulfide
body, as is inferred for the millerite sample from Thompsn1 i, ~ianitoba, Canada (Tanimizu and

Hirata 2006).

6 Conclusions

A large range of predominantly negati.= 6°°Ni values is observed in the Hart komatiite-
associated sulfide mineralization in th€ A aitibi greenstone belt. The observed large range with
negative values of 8°°Ni in kom~tiite associated sulfide mineralization can be attributed to a
two-stage process of fractinn. tir,n during isotopic exchange between komatiitic lava and sulfide
melt followed by fractio: .2l crystallization of cumulus sulfide minerals from the sulfide melt.
Such a model produces variability of §°°Ni values from -1.02 to +0.15%., consistent with the
observed range of values for non-remobilized and undeformed sulfides of low metamorphic

grade from this and other studies of -1.06 to -0.08%o.
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Figure and table captions

Figure 1: Simplified geological map showing the main komatiite-associated Ni-Cu-(PGE) mineralization, including the Hart
deposit, within the Shaw Dome area in the Abitibi greenstone belt (modified from Houlé et al. 2010a, b).

Figure 2: Simplified geologic map of the Hart deposit area (modified from Houlé et al. 2010b). Approximate collar locations of
sampled drill holes. Coordinates in UTM NAD83 Zone 17.

Figure 3: Cross-section diagrams along local grid (a) 2400E, (b) 2425/2450E and (c) 2900E showing the simplified geology of
each diamond drill core examined in this study and sample positions (indicated by sample number and black star).

Figure 4: Reflected light photomicrographs showing the textures of sulfides from the Hart deposit: (a) disseminated sulfide (H11-
13C-282.8), (b) net-textured, semi-massive sulfide (H11-05-57.1); (c) semi-massive and massive sulfide (H11-05-62.6). Po —
pyrrhotite, Mt — magnetite, Sil — silicate minerals, Cb — carbonate minerals.

Figure 5: Photomicrographs showing the mineralogy and textures of samples from the t. ~ t deposit. (a) typical relict olivine
cumulate texture in sample H11-08-10.45 (not analyzed in this study), and (b) poorly preser. ~d olivine cumulate texture due to
carbonatization alteration (H11-13C-282.8). Sample H11-05-61.1 shows relict olivine :umu 1te textures and is typical of samples
from the Hart deposit (PPL in ¢, XPL in d). Sample H11-05-62.6 contains higher thar no. ~~. and larger tremolite crystals (PPL in
e, XPL in f). Carbonate alteration in sample H11-13C-265.85 with rhombohedrall. shay >d carbonate crystals (PPL in g, XPL in h).
Act — actinolite; Atg — antigorite, Cb — carbonate, Ol — metamorphic olivine, Ot — ¢, ~-,ue phases, Tr — tremolite.

Figure 6: Plots of (a) 5°°Ni vs. 1/Ni, (b) 5°°Ni vs. Ni/S, and (c) Nivs. S. Also oot 1 in (b) and (c) is the stoichiometric relationship
between Ni and S for the observed sulfide minerals, pyrrhotite (po) and per. '~ dite (pn). Weakly serpentinetcarbonatized
(serptcbz) altered samples are indicated by quarter-black symbols, and - .rongc - serpentine-carbonatization (serp-cbz)
alteration by half-black symbols.

Figure 7: Compilation of published 5°°Ni data for terrestrial <am, 'es and estimates of bulk silicate earth (BSE) modified from
Saunders et al. (2020) with the data from this study addr 1. Sy 1bols for the data from this study are as in Fig. 4. Tanimizu and
Hirata (2006); Cameron et al. (2009); >Gall (2011); *Stee. <. al. (2011); *Gueguen et al. (2013); °Gall et al. (2013); "Cameron
and Vance (2014); 8porter et al. (2014); 9Hofmann ftal (201-); Ratié et al. (2015); MEstrade et al. (2015); 2ventura et al.
(2015); Ratié et al. (2016); “*Vance et al. (2016); ©°Gu ~auen et al. (2016); *°Gall et al. (2017); *Elliott and Steele (2017);
18$pivak—Birndorf etal. (2018); Bciscato et al. (20" s, R ié et al. (2019); 2 Wang et al. (2019); 2pgsava et al. (2019); BKlaver
et al. (2020); *Archer et al. (2020); 25Christoﬁersen 2017).

Figure 8: Schematic model for the fractionctic.~ of Ni isotopes during (a) formation of sulfide xenomelt and isotopic exchange
with komatiitic magma, (b) cooling of sulj..'» liqu.d after komatiite is partially to fully crystalline, and (c) fractional crystallization
of sulfide liquid.

Figure 9: Model for producing a lc ge “anye of &%Ni values in sulfides at the Hart deposit with melt (green) and sulfide solid
isotopic composition controll~1 b, fract onal crystallization of sulfide melt with varying proportions of trapped liquid. Also show

is a model for equilibrium (batcn, ~rystallization of the sulfide melt, in which crystals separate from the melt after varying
degrees of crystallization.

Figure 10: Profiles of 5%Ni across sulfide zones in individual drill cores from the Hart deposit.

Table 1: Summary of mineralogy and alteration for samples with geochemical and isotopic data for the Hart deposit.
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d) -05- | -0.32 oé 2130 |, 22.3 | 30-70%
61.1 sulfides
Semi-
massiv Tr, Chl,
suI?ide H1l 0 (r)abtlt;t; t(r::crze
-05- | -0.27 " | 9850 | 22.0 Po-Pn Amp -
(locally 06 cumul metam
62.6 .
net- ate orphic
texture Ol
d)
HO8
-80- | -0.46 0. | 1360 32.3
. 03 0
Massiv | 136 Chr,
>70% Po-
© HO8 sulfides | Pn=Cp ) ) ) Mt,
sulfide | -80- 0. - Atg, Chl
114, -0.08 06 8380 | 35.0
25




HO8
-96- 0. | 3930
o | 071 | | T | 410
8° Po-Pn-
HO8 Py+Cp
-96- 0. | 1530
Jaa | 0L | o | o | 493
86
sgsncciin Nod | 159 [0 | . - - - - -
A1l 7 |os
d
stL::\Snfin Nod | g1 | 0| . ; ; ; ; ;
e T fos :

"Two standard deviation of replicate measurements of at least 5 de'*a . ~'ues
*From Hiebert et al. (2016)
*Amp - amphibolitization; Cbz - carbonitization; Serp - serpentii. Zation

4Atg - antigorite; Cb - carbonate; Chl - chlorite; Chr - chromitz; L x - clinopyroxene; Mt - magnetite; Ol -

olivine; Tr - tremolite

>H11-13C-301.6 listed twice due to the presence of botr ~arb alteration and an+ increase in abundance

of amphiboles and the absence of Atg in samples

®Samples H08-96-277.8 and H08-96-283.8 contain 1."-20% pyrite as well as pyrrhotite and pentlandite

Table 2: Table of local grid and UTM coordinate of sampled . -l hole collars.

Local Grid UTM NADS83 Zone 17 )
DDH - i - Dip
East North | Azimuth = o5t North | Azimuth
HO07-33 | 2425.6 | 3881 000 : 493998 | 5349954 330 -45
H08-80 | 2450 4000 oco | 493959.6 | 5350069 330 -47
H08-96 | 2400 | 3917.7 200 493957.5 | 5349973 330 -45
H11-05 | 2400 4075 00) 493878.8 | 5350109 330 -57
H11-11 | 2900 3846 L—OOO 494426.3 | 5350161 330 -77
H11-13C | 2900 38sc | 000 494405.3 | 5350197 330 -74

Two standard deviation cf

’From Hiebert et al. (2016)
*Amp - amphibolitization; Cbz - carbonitization; Serp - serpentinization

4Atg - antigorite; Cb - carbonate; Chl - chlorite; Chr - chromite; Cpx - clinopyroxene; Mt - magnetite; Ol -

olivine; Tr - tremolite

H11-13C-301.6 listed twice due to the presence of both carb alteration and an+ increase in abundance

of amphiboles and the absence of Atg in samples

®Samples H08-96-277.8 and H08-96-283.8 contain 15-20% pyrite as well as pyrrhotite and pentlandite

Table 3: Equations and values used to model the variability of 5% Ni values in sulfides.

-eplicate measurements of at least 5 delta values

Stage 1: Equilibrium Ni fractionation between komatiite lava and sulfide xenomelt




cO O ppSul/sil
Partitioning of Ni into sulfide™: Cg; = %
C4°=1077 ppm® | cu’=200 ppm® | D=100" R=50 ? C..=36600 ppm"’
. R*(8°ONig;+A . C2
Isotope Exchange™”:  §°°Nig,, = R (890N igy+A) R* ==LR
14R* o,
§%Nig;°=+0.05%q" | R*=270" | A=-0.106%" 6% Nigyi=-0.056%o

|Stage 2a: Fractional crystallization

§Nimerr = (8Nl + 1000)f*~1 — 1200
(5)

8 Nicrystars = a(8Nil;, + 1000)£% 1 — 1000
(5)

f=fraction of melt

60p - 0= 60y (- — 0,
8°Nirei’= 6°Ni,=-0.056%o femaining g |

0=1.0023 (Ameft-crystar=-0.23%o0)'®

Stage 2h: Effect of trapped liquid (using isotope exchange forn 'Ia_am_ove)

R* is dependant of volume of trapped liquid (0.11 for 10%, 0.25 for . 9% and 0.43 for 30%)

Stage 2c: Equilibrium, batch crystallization (using isotn se «. z\1ange formula above) R =

S
1-f

lEquation and some of the parameters are from Les:, -~ and Burnham 2001

?Initial concentrations of Ni in silicate and sulfi.'» melts, and R values from Hiebert et al. (2016)

*This study

4Modified from Ripley and Li 2003
>From Faure 1998

®From Liu et al. 2018

Highlights

e large Niisotop’. fra -tio iation with unknown cause has been observed in komatiites

e Fractionation occur: in two stages

e Fractionation during isotopic exchange between komatiite and sulfide liquids

e Rayleigh fractionation during crystallization of sulfide liquid
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