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The metasomatised continental mantle may play a key role in the generation of some ore deposits, in partic-
ular mineral systems enriched in platinum-group elements (PGE) and Au. The cratonic lithosphere is the
longest-lived potential source for these elements, but the processes that facilitate their pre-concentration
in the mantle and their later remobilisation to the crust are not yet well-established. Here, we report new
results on the petrography, major-element, and siderophile- and chalcophile-element composition of native
Ni, base metal sulphides (BMS), and spinels in a suite of well-characterised, highly metasomatised and
weakly serpentinised peridotite xenoliths from the Bultfontein kimberlite in the Kaapvaal Craton, and inte-
grate these data with published analyses. Pentlandite in polymict breccias (failed kimberlite intrusions at
mantle depth) has lower trace-element contents (e.g., median total PGE 0.72 ppm) than pentlandite in
phlogopite peridotites and Mica-Amphibole-Rutile-Ilmenite-Diopside (MARID) rocks (median 1.6 ppm). Spi-
nel is an insignificant host for all elements except Zn, and BMS and native Ni account for typically <25% of
the bulk-rock PGE and Au. High bulk-rock Te/S suggest a role for PGE-bearing tellurides, which, along with
other compounds of metasomatic origin, may host the missing As, Ag, Cd, Sb, Te and, in part, Bi that are un-
accounted for by the main assemblage.
The close spatial relationship between BMS and metasomatic minerals (e.g., phlogopite, ilmenite) indicates
that the lithospheric mantle beneath Bultfontein was resulphidised by metasomatism after initial melt de-
pletion during stabilisation of the cratonic lithosphere. Newly-formed BMS are markedly PGE-poor, as total
PGE contents are <4.2 ppm in pentlandite from seven samples, compared to >26 ppm in BMS in other
peridotite xenoliths from the Kaapvaal craton. This represents a strong dilution of the original PGE abun-
dances at the mineral scale, perhaps starting from precursor PGE alloy and small volumes of residual
BMS. The latter may have been the precursor to native Ni, which occurs in an unusual Ni-enriched zone
in a harzburgite and displays strongly variable, but overall high PGE abundances (up to 81 ppm). In
strongly metasomatised peridotites, Au is enriched relative to Pd, and was probably added along with S.
A combination of net introduction of S, Au +/− PGE from the asthenosphere and intra-lithospheric redis-
tribution, in part sourced from subducted materials, during metasomatic events may have led to sulphide
precipitation at ~80–120 km beneath Bultfontein. This process locally enhanced the metallogenic fertility
of this lithospheric reservoir. Further mobilisation of the metal budget stored in these S-rich domains
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and upwards transport into the crust may require interaction with sulphide-undersaturated melts that can
dissolve sulphides along with the metals they store.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
Fig. 1.Map of southern Africa (after Pearson et al., 1998; Shirey et al., 2002) with out-
line of the Kaapvaal craton, Zimbabwe craton and intervening Limpopo Belt, showing
the approximate locations of the Kimberley kimberlites (K) including Bultfontein, and
some other kimberlite and lamproite localities (DS Doornkloof-Sover, G Gibeon, J
Jagersfontein, JW Jwaneng, L Lace, Ka Kaalvallei, Ko Koffiefontein, M Murowa, O
Orapa, P Premier, RR River Ranch, RV Roberts Victor, S Star, V Venetia). The outline
of the area with an imprint of the ca 2 Ga Bushveld large igneous event on the subcon-
tinental lithospheric mantle and some Proterozoic mobile belts are shown along with
political boundaries (thin stippled lines).
1. Introduction

Due to its longevity, ancient (cratonic) continental lithosphere is not
only the sole archive of Earth’s early compositional and dynamic evolu-
tion, but it is also host to economically important diamond, PGE and Au
ore deposits (e.g., De Wit and Thiart, 2005; Groves et al., 1987;
Hawkesworth et al., 2017). The metasomatised lithospheric mantle, in
particular that affected by subduction processes, has been implicated
in the generation of some of these, by yielding or contributing to
magmas that ascended and mineralised shallower levels of the litho-
sphere (e.g., Griffin et al., 2013; Rielli et al., 2018a, 2018b; Holwell
et al., 2019; Wang et al., 2020). On the other hand, a role for the conti-
nental mantle as a source of precious and base metals has been
questioned by some authors (e.g., Arndt, 2013; Maier et al., 2017),
warranting further work on themain processes responsible for the con-
centration of siderophile elements in, and their remobilisation from, the
lithospheric mantle.

In the absence of a metal phase, PGE may be sequestered into sul-
phides (e.g., Lorand et al., 2008, 2010; Lorand and Alard, 2010; Luguet
et al., 2004; Pattou et al., 1996). Combined with evidence for the
depth of metal saturation in the Earth’s mantle at ~250 km (Ballhaus,
1995; Rohrbach et al., 2007), which roughly corresponds to the
lithosphere-asthenosphere boundary beneath intact cratons, the highly
chalcophile and siderophile character of PGE suggests that they should
largely reside in sulphide or platinum-group minerals (PGM;
e.g., Luguet et al., 2007; Lorand and Luguet, 2016) in the lithospheric
mantle.

Magmas and related fluids episodically ascending through the man-
tle lithosphere are the main agents of its metasomatic modification
(e.g., Menzies and Hawkesworth, 1987; O'Reilly and Griffin, 2013;
Pearson and Wittig, 2014). Such changes include the stabilisation
or destabilisation of metal alloys and sulphides, depending on the min-
eral saturation or undersaturation state in any given metasomatising
melt as a function of pressure, temperature, composition, and fO2
(e.g., Chowdhury and Dasgupta, 2020; Mavrogenes and O'Neill, 1999;
Mungall and Brenan, 2014; Woodland et al., 2019; Wykes et al., 2015).
As a consequence, metasomatism and associated changes in ƒO2 also
have a strong effect on the metal endowment of the lithosphere,
where both subduction-related and asthenospheric fluids and melts
are important (e.g., Tassara et al., 2017, 2020; Holwell et al., 2019;
Lawley et al., 2020a;Wang et al., 2020; Choi et al., 2020). An association
of sulphides with metasomatism in the lithospheric mantle of the
Kaapvaal Craton is well established (Aulbach et al., 2009a, 2009b;
Burness et al., 2020; Giuliani et al., 2013a, 2013b, 2016a; Lorand and
Grégoire, 2006), but the siderophile and chalcophile element composi-
tion of sulphides remains poorly known. Moreover, recent work has
highlighted that, despite the known link of serpentinised ophiolite com-
plexes with economic placer PGM deposits, details of precious metal
remobilisation during hydrothermal alteration remain only partially
understood (Savelyev et al., 2018, and references therein; Lawley
et al., 2020b). Since kimberlite-hosted mantle xenoliths commonly
show features of partial desulphurisation owing to serpentinisation
(e.g., Giuliani et al., 2016a; Lorand and Grégoire, 2006), their study
may provide important natural analogues for the behaviour of
siderophile elements during the onset of serpentinisation.

Here, we targeted one unusual Ni-mineralised and eight highly
metasomatised peridotite xenoliths from the ~88 Ma Bultfontein kim-
berlite in theKimberleyareaof thewesternKaapvaal Craton.All samples
are well-characterised and are only mildly serpentinised (Fitzpayne
2

et al., 2019a, 2020; Giuliani et al., 2013a, 2013b, 2014a, 2014b, 2016a,
2016b; Lawless et al., 1979; Zhang et al., 2000, 2001, 2003). We under-
took a detailed major- and trace-element study of their sulphide, native
Ni and spinel minerals in order to i) constrain the extent to which the
budget of the PGE and other metals is controlled by these phases, and
ii) understand the formation and stability of theseminerals and themo-
bility of metals and metalloids (e.g., As, Sb) during metasomatic pro-
cesses in the mantle and alteration processes after kimberlite
emplacement. Ultimately, this study bears on the mechanisms of metal
pre-concentration in the continental lithosphere, which may be one
first-order control on the localisation and genesis of economically im-
portant ore deposits.

2. Geology, samples and prior work

The Kaapvaal Craton consists of twomajor Archaean terranes: i) the
3.55 to 3.05 GaWitwatersrand Block in the east; ii) the younger, 3.15 to
2.90Ga Kimberley Block in thewest (deWit et al., 1992; Fig. 1). The 2.93
to 2.88 Ga Colesberg lineament is interpreted as the surface expression
of their collision (Schmitz et al., 2004). The craton was affected bymul-
tiple collisional events at its margins, such as the ~2.0 to 1.7 Ga Kheis-
Magondi orogeny to the west (Cornell et al., 1998; Griffin et al., 2003),
and the 1.10 to 1.05 Ga Kibaran orogeny to the south leading to forma-
tion of the Namaqua-Natal fold belt (Jacobs et al., 2008). Major post-
Archaean magmatic events include emplacement of the ca. 2.06 Ga
giant Bushveld Complex (Buick et al., 2001), and the 185 to 174Ma Kar-
roo large igneous province (Duncan et al., 1997), followed by >110 Ma
lamproite (formerly orangeite, aka Group II kimberlite) and ≤100 Ma
kimberlite magmatism (Griffin et al., 2014a; Giuliani et al., 2015, and
references therein).

Several different effects of thesemultiple processes on the deep lith-
osphere have been recognised. Craton amalgamation with closure of an

http://creativecommons.org/licenses/by/4.0/
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intervening ocean basin at ca. 2.9 Ga led to volatile enrichment (Bell
et al., 2005; Peslier et al., 2012), including introduction of recycled
subducted components (Eldridge et al., 1991; Thomassot et al., 2009),
and emplacement of subducted oceanic crust, now sampled as eclogite
xenoliths and eclogitic diamonds (e.g., Jagoutz et al., 1984; Richardson
et al., 2001). Proterozoic subduction processes at the craton margins
are reflected in renewed diamond growth events (Richardson et al.,
1990), accompanied by addition of volatiles, which may have been
sourced from deeply subducted crustal lithologies (e.g., Fitzpayne
et al., 2019a; Giuliani et al., 2016a). The imprints of large igneous events
are reflected in low seismic velocities and diamond growth in a large
area around the Bushveld Complex (Shirey et al., 2002; Shirey et al.,
2008), and in strongly metasomatised rocks with lindsleyite–
mathiasite (LIMA) titanate minerals dated to the age of Karoo
magmatism (Giuliani et al., 2014b; Griffin et al., 2014b). Finally, heating,
refertilisation, and metasomatism, presumably in relation to plume im-
pingement (Le Roex, 1986), occurred between Jurassic-Cretaceous
lamproite and Cretaceous kimberlite magmatism (Bell et al., 2005;
Kobussen et al., 2009).

The samples selected for this study were collected from the Boshof
Road dumps in Kimberley (South Africa), which host historical waste
material from the Bultfontein kimberlite. The Bultfontein pipe is part
of the Kimberley cluster of archetypal kimberlites, which also includes
the De Beers, Dutoitspan, Wesselton and Kimberley kimberlites, along
Table 1
Petrographic and geochemical features and age constraints for studied mantle xenoliths from

Sample
name

Lithology Texture Main
minerals
(≥ 5 vol.%)

Minor
minerals
(<5 vol.%)

Sulphide
minerals1

Sulphid
δ34S (‰

DU-1 polymict
breccia

porphyroblastic (Ol, Opx,
Phl, Ilm,
Rt)a

Sulf Pn, Cp, Po −1.0 t
−5.4

BD2666 polymict
breccia

porphyroblastic (Ol, Opx,
Phl, Ilm,
Rt)a

Sulf Pn, Cp, Po

JJG1414 polymict
breccia

porphyroblastic (Ol, Phl,
Ilm, Rt)a

Sulf Pn, Cp, Po

JJG513 polymict
breccia

porphyroblastic (Ol, Opx,
Phl, Ilm,
Rt)a

Sulf Pn, Cp, Po

XM1/142 Phl-rich Spl
harzburgite
(PKP)

coarse-granular Ol, Opx,
Phl

Cpx, Kric,
Spl, Sulf

Pn −2.1 t
−5.3

XM1/341 Phl-rich Spl
lherzolite
(PKP)

granular Ol, Opx,
Cpx, Phl

LIMA, Spl,
Sulf

Pn −5.4

XM1/345 Phl-rich Spl
harzburgite
(PKP)

granular Ol, Opx,
Phl

Cpx, LIMA,
Spl, Ilm,
Sulf

Pn −2.6 t
−5.9

XM1/422 Spl
harzburgite

coarse-granular Ol, Opx Spl, Cpx,
Sulf, native
Ni

Hz*, Djerf

BLFX-3 MARID foliated Phl, Kric Cpx, Ilm,
Sulf

Pn

A: Giuliani et al., 2012; B: Giuliani et al., 2013b; C: Giuliani et al., 2014a; D: Giuliani et al., 2016a
2001; I: Zhang et al., 2003; J; Konzett et al., 2000; K: Fitzpayne et al., 2019a; L: Fitzpayne et al., 20
2018; P: Giuliani et al., 2013a.
Ol: olivine, Opx, orthopyroxene, Cpx: clinopyroxene; Phl: phlogopite; Kric: K-richterite; Spl: spin
ite; Cp: chalcopyrite; Po: pyrrhotite; Hz: heazlewoodite; Djerf: djerfisherite.

1 Alteration phases include heazlewoodite after pentlandite, digenite after chalcopyrite; * la
gersdorffite (NiAsS).

2 Temperature calculated using thermometers based on the following equilibria: orthopyro
1990), Fe-Mg exchange between olivine and spinel (Ballhaus et al., 1991).

3 Pressure calculated using T values and assuming equilibrium along a 40 mW/m2 geotherm
a Magmatic groundmass; the sample hosts abundant porphyroclasts of olivine, garnet, ortho
b Metasomatism coeval with kimberlite magmatism in the Kimberley area (Giuliani et al., 2
c Zircon U/Pb age (Lawless et al., 1979).
d Zircon U/Pb age (Konzett et al., 2000).
e LIMA U/Pb age (Giuliani et al., 2014b).
f Metasomatism coeval with kimberlite magmatism in the Kimberley area (Giuliani et al., 20

3

with a number of smaller pipes. It is located in the southwestern
Kaapvaal Craton (Field et al., 2008; Giuliani et al., 2017; Le Roex et al.,
2003). The Bultfontein kimberlite was emplaced at 88.3 ± 0.2 Ma
based on phlogopite Rb-Sr dating (Fitzpayne et al., 2020), which is in
the ~84–92 Ma age range of other Kimberley kimberlites (Griffin et al.,
2014a and references therein). The Kimberley kimberlites are well
known for hosting a variety of mantle xenoliths showing distinct meta-
somatic styles, e.g., MARID, PIC (phlogopite-ilmenite-clinopyroxene),
polymict breccias, websterites, wehrlites, etc. (Dawson and Smith,
1977; Erlank et al., 1987; Fitzpayne et al., 2018, 2019a, 2019b; Giuliani
et al., 2013a, 2014a, 2014b; Grégoire et al., 2002, 2003; Lawless et al.,
1979; Rehfeldt et al., 2008; Simon et al., 2007). Salient characteristics
of the samples are provided in Table 1, and additional details on their
petrogenesis in Appendix 1. For comparative purposes,we also analysed
the major- and trace-element compositions of spinel in five spinel
lherzolites from Pliocene-Pleistocene alkali basalt volcanoes in south-
eastern Australia (MSHX-2 and MSHX-3 from Mt Shadwell; BLMX-2,
BLMX-4 and BLMX-7 from Bullenmerri).

To examine the trace-element composition of sulphides (plus native
Ni, spinels and Ti-oxides) in metasomatised mantle xenoliths from the
Kimberley area (Fig. 1), we selected the following samples (Table 1):
i) three phlogopite-rich spinel peridotites, which are akin to the PKP
(phlogopite–K-richterite peridotites) of Erlank et al. (1987); ii) a
phlogopite-free spinel harzburgite containing native Ni and sulphides
the Bultfontein kimberlite.

e
)

Olivine
Mg#
(±1σ)

Phlogopite
TiO2 (wt.%,
±1σ)

Equilibrium
T (°C)2

Equilibrium
P (GPa)3

Age of
metasomatism
(Ma)

References

o 88.4
± 0.4

3.61
± 0.28

850–900 3.4–3.7 ~80–90b A, B, C, D

~83c E, F, G, H, I

~80–90b E, F, G, H, I

~80–90b E, F, G, H, I

o 92.3
± 0.2

0.64
± 0.02

750–860 3.0–3.5 82 ± 3d D, J, K, L, M

89.7
± 0.2

0.76
± 0.03

830–910 3.4–3.8 177 ± 12e D, K, L, M,
N, O

o 89.2
± 0.1

0.78
± 0.04

750–850 3.0–3.4 178 ± 29e D, K, M, N,
O

92.6
± 0.1

670–720 2.6–2.8 ~80–90f P

0.27
± 0.01

no constraints

; E: Lawless et al., 1979; F: Wyatt and Lawless, 1984; G: Zhang et al., 2000; H: Zhang et al.,
19b, submitted to Lithos;M:Giuliani et al., 2016b; N:Giuliani et al., 2014b; O:Giuliani et al.,

el; Ilm: ilmenite; Rt: rutile; LIMA: lindleyite-mathiasite group; Sulf: sulfides; Pn: pentland-

rge hz grains contain 5 micron inclusions of native Cu, Cu-sulphide and Sb-bearing

xene-clinopyroxene solvus (Taylor, 1998; Wells, 1977), Ca in orthopyroxene (Brey et al.,

, which is appropriate for the lithospheric mantle beneath Kimberley (Bell et al., 2004).
pyroxene, clinopyroxene and phlogopite.
014a; Lawless et al., 1979; Zhang et al., 2000).

13a).



S. Aulbach, A. Giuliani, M.L. Fiorentini et al. Lithos 380–381 (2021) 105880
(Giuliani et al., 2013a); iii) aMARID rock; iv) fourmantle polymict brec-
cias, which represent mixtures of mantle-derived grains cemented by
metasomatic phases. Polymict breccias are commonly interpreted as
aborted kimberlite intrusions at mantle depths (e.g., Giuliani et al.,
2014a; Lawless et al., 1979), which provide information on lithospheric
enrichment processes in relation to kimberlite magmatism. Sample se-
lection was based on two criteria: samples exhibiting different metaso-
matic styles; and availability, size and alteration conditions of sulphide
minerals and native Ni.

3. Native Ni, sulphide and oxide petrography

3.1. Nickel-rich spinel harzburgite (Ni-harzburgite)

Sample XM1/422 is a coarse-grained, granular spinel harzburgite
that contains symplectites of spinel + clinopyroxene+ orthopyroxene,
which are locally overprinted byNi-rich phases (Fig. 2A,D;Giuliani et al.,
2013a). These include aNi-dominated alloy (i.e. nativeNi)with variable
Fe contents (up to ~13 wt%), heazlewoodite [Ni3S2], Ni-Fe-rich olivine,
Ni-Fe-rich clinopyroxene, Ni-Fe-rich spinel and Ni-rich phlogopite, as-
sociated with minor apatite, aegirine, djerfisherite [K6Na(Fe,Cu,Ni)
Fig. 2. Scanning-electronmicroscope (SEM) back-scattered electron (BSE) images of sulphides a
(Ni), heazlewoodite (Hz), abundant spinel (Spl) and clinopyroxene (Cpx); in b) the bright ve
native Ni and heazlewoodite; note the brighter tinge of olivine in contact with the Ni-rich pha
+ orthopyroxene (Opx) + clinopyroxene overprinted by the Ni-rich assemblage, including
native Ni is associated with abundant neoblastic Ni-rich olivine (NiOl). (F) Example of the
heazlewoodite on native Ni; note the bright halo surrounding the Ni-rich phases due to Ni and
veinlets associated with serpentine. (H-I) Heazlewoodite inclusion in olivine nearby a serpe
images in panels (D) and (G) have been modified from Giuliani et al. (2013a).

4

25S26Cl], as well as carbonates and halides (Fig. 2). Spinel occurs as dis-
crete grains with equant or vermicular shape (Fig. 2A,F; Fig. 3C) and in
symplectites (see Giuliani et al., 2013a for representative images). The
heazlewoodite in this xenolith is not an alteration phase, but rather rep-
resents the low-T polymorph of αNi3±xS2, which is stable up to 862 °C
(Karup-Møller and Makovicky, 1995). One heazlewoodite inclusion in
olivine hosts a sub-micrometric Pt-Au alloy inclusion (Fig. 2H,I). Similar
native Ni-heazlewoodite associations were reported from other mantle
xenoliths from Bultfontein and nearby Jagersfontein (Lorand and
Grégoire, 2006).

3.2. Phlogopite-rich spinel peridotites (phl-peridotites)

This group comprises a coarse-grained, granular phlogopite-rich spi-
nel harzburgite with minor clinopyroxene and K-richterite (sample
XM1/142), a moderately coarse-grained, LIMA-bearing, phlogopite-
rich spinel lherzolite (XM1/341), and a coarse-grained spinel
harzburgite (XM1/345) with phlogopite-rich bands containing
clinopyroxene, ilmenite and LIMA (Giuliani et al., 2014b, 2016a,
2016b, 2018). In sample XM1/142, pentlandite is closely associated
with other metasomatic phases, i.e. clinopyroxene and phlogopite, and
ndnativeNi inNi-enrichedharzburgite sampleXM1/422. (A-B)Ni-rich zonewith nativeNi
inlets and small grains encircling clinopyroxene are heazlewoodite. (C) Ni-rich zone with
ses due to diffusive enrichment of Ni and Fe into olivine (NiOl). (D) Symplectite of spinel
native Ni and heazlewoodite. (E) Another example of a Ni-enriched assemblage where
common association between native Ni and spinel in this sample. (G) Overgrowth of
Fe diffusion into adjacent olivine, and the occurrence of late-stage bright heazlewoodite
ntine (Srp)-filled fracture, which hosts a sub-micrometric inclusion of Pt-Au alloy. The



Fig. 3. SEMBSE images of typical petrographic occurrences of spinel in the examined samples: (A) Spinel associatedwithmetasomatic phases– phlogopite (Phl) and orthopyroxene (Opx),
phl-peridotite sample XM1/142. (B) Spinel included in olivine in sample XM1/142. (C) Vermicular spinel in Ni-enriched peridotite XM1/422.
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also occurs included in orthopyroxene (Giuliani et al., 2016b). Pentland-
ite grains (up to ~500 μm across) show compositional variations be-
tween Ni-rich and Fe-rich domains (Fig. 4G–I) and are typically
Fig. 4. Optical micro-photographs (A–C) and SEM BSE images (D–I) of sulphide minerals in
aggregate (pentlandite and secondary heazlewoodite) largely replaced by magnetite (Mgt)
polymict breccias; note the typical association of sulphides with ilmenite (Ilm) in these sam
associated with phlogopite (Phl) and orthopyroxene (Opx) in phl-peridotite sample XM1/3
(Pn), chalcopyrite (Cp), less common pyrrhotite (Po) and their alteration products – e.g., digeni
netite with interstitial serpentine (Srp). (G–I) Fresh pentlandite grains in phl-peridotite sampl
clinopyroxene (Cpx) and spinel (Spl, panel (H), or included in clinopyroxene (I). Ol: olivine; S

5

fractured,with serpentine and small (up to 20–25 μm)magnetite segre-
gations filling up the interstitial spaces. Alteration to heazlewoodite ±
magnetite is sparse (<10% of observed areas). Pentlandite in this and
phlogopite-rich peridotites and mantle polymict breccias. (A) Interstitial sulphide (Sulf)
in phl-peridotite sample XM1/345. (B–C) Large interstitial segregations of sulphides in
ples. (D) Sulphides grains altered to magnetite and heazlewoodite (Hz) and texturally
45. (E–F) Details of sulphide segregations in polymict breccias consisting of pentlandite
te (Dig), an unidentified Cu-Fe sulfide (red oval), heazlewoodite (not indicated), andmag-
e XM1/142 located along grain boundaries between olivine (G), texturally associated with
il: silicate minerals.
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the other mantle xenoliths described below is a low-T phase (<600°C)
derived from re-equilibration of monosulphide solid solution (mss) ±
αNi3±xS2 to pentlandite + pyrrhotite, where pyrrhotite was replaced
by magnetite during serpentinisation (Giuliani et al., 2016b). Typical
spinel grains show equant shapes (Fig. 3A,B). Compared to sample
XM1/142, pentlandite grains in XM1/341 are fresh (i.e. minor replace-
ment by heazlewoodite ± magnetite) only where included in
clinopyroxene and, occasionally, phlogopite. The inclusions are smaller
(20–60 μm) than the entirely altered interstitial grains (up to 300
μm). In sample XM1/345, sulphides are located in the phlogopite-rich
bands and form large (up to ~1 mm) interstitial segregations, which
are almost completely altered to magnetite and heazlewoodite with
only minor fresh pentlandite (Giuliani et al., 2016b; Fig. 4A,D). Abun-
dant (former) pentlandite inclusions occur in partially serpentinised
orthopyroxene, but were largely replaced by heazlewoodite and
magnetite.

3.3. MARID

Sample BLFX-3 has a foliated texture and consists of alternating
bands enriched in either phlogopite or K-richterite. Ilmenite is common
in both phlogopite-rich and amphibole-rich layers, whereas
clinopyroxene and rutile are absent. Rare pentlandite (<60 μm) occurs
included in K-richterite. Alteration of pentlandite to heazlewoodite
and magnetite is common. Other minor base-metal sulphides (BMS)
(<10–20 μm) occur in secondary calcite-rich veins with diopside and
minor barite and pectolite.

3.4. Polymict breccias

Mantle polymict breccias (or peridotites) consist of mixtures of
mantle-derived clasts (mainly olivine, garnet, clinopyroxene and
orthopyroxene) of variable composition and origin (e.g., garnets of peri-
dotitic, eclogitic, pyroxenitic, websteritic and megacrystic paragenesis;
Zhang et al., 2003). These phases are set in a relatively fine-grainedma-
trix of olivine, phlogopite, ilmenite and rutile, with variable and locally
abundant orthopyroxene and minor sulphides (Giuliani et al., 2014a;
Lawless et al., 1979). The other prominent feature of these xenoliths is
the presence of large lenses and veins of ilmenite + rutile (Giuliani
et al., 2012, 2013b; Wyatt and Lawless, 1984; Zhang et al., 2001),
which locally are associated with large (up to 2.0×0.5 cm) segregations
of BMS (Giuliani et al., 2013b, 2016b). The fresh parts of these segrega-
tions are composed of intergrown pentlandite, chalcopyrite, and rare
pyrrhotite with secondary Cu- and Ni-sulphides (i.e. digenite, chalcocite
and heazlewoodite; Fig. 4B,C,E,F). Sulphide segregations are usually re-
placed by magnetite (±hematite as a supergene alteration product)
with lesser Cu sulphides, Ni sulphides and native Cu, presumably in re-
lation to low-T serpentinisation, as also observed by Lorand and
Grégoire (2006) on a separate xenolith suite from Bultfontein and
nearby kimberlites.

4. Sample preparation and analytical techniques

The petrography of sulphidemineralswasundertaken at theUniver-
sity of Melbourne, using a petrographic microscope and a Philips (FEI)
XL30 Environmental Scanning Electron Microscope (ESEM), equipped
with an Oxford INCA Energy-Dispersive X-ray Spectrometer (EDS). A
Cameca SX50 Electron Microprobe was used for quantitative analysis
of major- and minor-element compositions (Giuliani et al., 2016a). De-
tails on the methods and results are given in Appendices 1 and 2, re-
spectively. Trace-element concentrations in sulphides were acquired
in situ by laser ablation microprobe inductively-coupled mass spec-
trometry (LAM-ICPMS) at CODES, University of Tasmania, where a RES-
Olution 193 nm excimer laser microprobe coupled to an Agilent 7700
quadrupole mass-spectrometer was employed (Gilbert et al., 2013),
and at Macquarie University, using an Agilent 7700 ICP-MS coupled to
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a PhotonMachines 193 nmAnalyte Excite laser ablation system follow-
ing protocols outlined at http://gemoc.mq.edu.au/AnMethods/
AnlyticalMeth.html#3.2. Details of the data reduction are given in Ap-
pendix 1, and results with typical limits of detection (LOD) are reported
in Appendix 3. The analysis by LAM-ICPMS of mantle sulphides, which
are affected by the presence of inclusions, low-temperature re-
equilibration and serpentinisation, presents specific challenges that
are reviewed in Appendix 1, along with information on how these
were dealt with in this study.

Spinel was analysed for major elements using a JEOL 8530F field-
emission gun electron probe micro-analyser at the Centre for Micros-
copy, Characterisation and Analysis of the University of Western
Australia (CMCA-UWA). Additional data were collected at the Univer-
sity of Melbourne using equipment and protocols described by
Giuliani et al. (2013a; Appendix 4). Quantitative X-ray maps were ac-
quired using the calibration setup described in Appendix 1. Trace-
element concentrations were determined in situ by LAM-ICPMS at
Université du Québec à Chicoutimi (LabMaTer) following methods
outlined by Pagé et al. (2012) andArguin et al. (2016), employing a RES-
Olution S-155 Excimer laser ablation microprobe (193 nm, Applied
Spectra) coupled with an Agilent 7900 Series. Further details are given
in Appendix 1, and results in Appendix 5.

5. Results

5.1. Sulphide major elements

Themajor-element compositions of native Ni and sulphide phases in
most of the samples in this study were characterised previously
(Giuliani et al., 2013a, 2013b, 2016b; see also Table 1 formineral assem-
blages in each sample). Newanalyses are reported for sulphideminerals
in the mantle polymict breccias (except sample DU-1), which include
pentlandite, chalcopyrite, pyrrhotite, as well as their alteration prod-
ucts. Whereas analysed pentlandite in three of these samples has uni-
form average (Fe+Co+Ni+Cu)/S (metal/S atomic) of 1.15 to 1.16,
their Ni, Fe and Co contents vary from 29.5 to 36.8 wt%, 29.2 to 35.9
wt%, and 0.75 to 0.93 wt%, respectively (Appendix 2). Chalcopyrite in
two samples shows significant variation with respect to Ni (0.69 and
6.6 wt%) and Cu (27.0 and 33.4 wt%), which may relate to co-ablation
of pentlandite inclusions beneath the surface. A single analysis of pyr-
rhotite shows detectable Ni contents (1.06 wt%). The only analysed
heazlewoodite grain contains 0.92 wt% Fe, 0.24 wt% Co and 0.44 wt%
Cu (Appendix 2). Detected O contents in all minerals are <0.6 wt%, ex-
cept 0.82 wt% in chalcopyrite from BD2666.

5.2. Sulphide trace elements

The trace elements in native Ni and sulphide phases described in this
section are free of detectable inclusions and grain-boundary contamina-
tion, although we cannot exclude the presence of micro- or nano-
nuggets too small to be resolved by LAM-ICPMS (Appendix 1). Because
altered mixed sulphides (containing fine intergrowths of magnetite or
heazlewoodite related to serpentinisation) and analyses of sulphides
with >40,000 ppm Si were filtered out, no analyses are described for
sample XM1/341. Some samples show strong trace-element variations
in their sulphides (Fig. 5), with large standard deviations for multiple
spots per grain (Table 2). Median abundances were calculated to miti-
gate the effects of outliers. Note that Zn, Ga, Mo, Sb and Re are semi-
quantitative values because the calculated medians include analyses
that were calibrated against silicate glass, which can generate consider-
able errors (Appendix 1).

Native Ni in peridotite sample XM1/422 contains up to several ppm
of the IPGE (Ir-group PGE: Os, Ir, Ru), commonly <0.5 ppm of the PPGE
(Pt-group PGE: Rh, Pt, Pd), and <0.05 ppm Re and Au, although concen-
trations vary widely (Table 2). It further contains 3100 ppm Co,
3300 ppm Cu and 19.3 ppm Zn. Abundances of As, Mo and Pb are



Fig. 5. Trace element-abundances (ppm) in native Ni and sulphides in Ni-enriched harzburgite (Ni-hrz, Ni-harzb), phlogopite-rich peridotites (Phl-perid), MARID and polymict breccia
(Polymicts) xenoliths from Bultfontein. Heazlewoodite (Heazlewood.), djerfisherite, digenite and chalcopyrite are shown in separate panels next to native Ni, pentlandite and
pyrrhotite for clarity. All individual analyses are shown to illustrate trace-element variability.
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<10 ppm, varying by several orders of magnitude for Mo and Pb. Con-
centrations of Ag, Cd and Sb are <1 ppm and of Bi <0.1 ppm (mostly
<LOD), whereas Se and Te are generally <LOD. The co-existing
djerfisherite has PGE abundances <0.2 ppm, with similar Re
(0.037 ppm) and undetectable Au. It further has somewhat higher me-
dian Co, Cu and Zn abundances (median 6100, 5700 and 32 ppm, re-
spectively), as well as markedly higher abundances of chalcophile
elements (43 ppm Se, 38 ppm Mo, 12 ppm Ag, 0.3 ppm Cd, 28 ppm
Te, 152 ppm Pb, 11.8 ppm Bi; n = 4) (Table 2). All but one analysis of
the primary heazlewoodite display Re and Au <LOD, and median PGE
abundances <0.3 ppm, except for Os with 2.7 and Ir with 1.46 ppm, al-
though large variations are observed (Table 2). It shows highly variable
compositions with respect to the remaining elements: Co
440–9400 ppm, Cu 112–2800 ppm, Zn 8–185 ppm, As 5.3–330 ppm,
Se up to 136 ppm (3 out of 5 analyses <LOD), Mo 0.25–7.0 ppm, Ag
0.10–2.5 ppm, Cd 0.18–8.7 ppm, Sb 0.80–30.5 ppm, Te 0.11–30 ppm,
Pb 11.2–126 ppm, and Bi 0.11–75 ppm (n = 5).

Pentlandite analyses are available for seven of the samples. Highly
siderophile element (HSE)-abundances are variable, and, with the ex-
ception of pentlandite in polymict breccia JJG513, tend to be higher in
the phl-peridotites than in the polymict breccias (Table 2). Pentlandite
has median Co, Cu and Zn contents of 2500–18100 ppm,
1830–18900 ppm and 5.8–103 ppm, respectively (Fig. 5; Table 2).
Abundances of Se (median 18.9 ppm), Mo (10.2 ppm), Cd (0.28 ppm)
and Te (7.0 ppm) vary by less than a factor of 10 between samples,
yet larger ranges are observed for As (0.40–48 ppm), Ag
(1.4–30 ppm), Sb (0.031–66 ppm), Pb (2.3–118 ppm) and Bi
(0.12–6.3 ppm). Large standard deviations for the latter elements in
some samples reflect within-sample heterogeneity (Table 2). Higher
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abundances of Pb, Zn, Ag, Cd and Te are observed in phl-peridotites
and MARID than in polymict breccias, with As, Sb, Ag and Pb
being higher in the MARID pentlandite (Fig. 5). Pyrrhotite in one of
the polymict breccias (JJG513; n = 2) has low contents of the PPGE
(0.056 ppm Rh, Pt <LOD, 0.015 ppm Pd), but higher IPGE (0.23 ppm
Os, 0.25 ppm Ir, 0.32 ppm Ru) and Re contents (0.11 ppm) (Table 2;
Fig. 5). Abundances of Zn (6 ppm) and Pb (0.38 ppm) are also low.

The concentrations of Re (0.020–0.033 ppm), Ir (0.015–0.028 ppm
and Ru (0.110–0.115 ppm) in chalcopyrite in three polymict breccias
are similar (Fig. 5), with Os in only one sample >LOD (0.028 ppm)
and Ru always <LOD. In contrast, Pt and Pd are more variable
(0.044–0.31 ppm and 0.025–0.135 ppm, respectively; Appendix 3).
With the exception of Co, Sb, Bi and Pb, the trace element concentra-
tions of other trace elements also vary little (Fig. 5). Compared to
heazlewoodite in the Ni-harzburgite, alteration-related heazlewoodite
in polymict breccias has consistently higher Cu (7x), Ag (18x), Te
(2x), Re (1.6x), Pd (4x) and Au abundances (9x), but lower Cd (5x),
Se (4x) and much lower As (>100x), Os (>100x) and Ir (>60x)
(Fig. 5; Table 2). Finally, a single analysis of digenite formed after chal-
copyrite in polymict breccia DU-1 shows 0.008–0.083 ppm of the PGE
except for Os, which is <LOD, with 3.4–7.5 ppm of Zn, Se, Mo, Ag, and
sub-ppm concentrations of As, Sb, Pb and Bi.

5.3. Spinel major elements

In the Ni-harzburgite XM1-422, spinel occurs in various settings in-
cluding Ni-poor symplectites with orthopyroxene and clinopyroxene,
and Ni-enriched relict grains in Ni-mineralised symplectites (Fig. 2;
Giuliani et al., 2013a). The symplectitic variety is Al-chromite with low



Table 2
Trace-element (ppm) concentrations in native Ni and sulphides in peridotite xenoliths from Bultfontein.

Mineral Mn Ga Co Cu Zn As Se Mo Ag Cd Sb Te Pb Bi

Ni-mineralised harzburgite XM1/422
Native Ni (10) <LOD 10.7 3121 3346 19.3 3.6 <LOD 2.9 0.20 0.59 0.57 <LOD 3.0 0.040
rsd 40 42 39 252 41 440 76 86 71 706 60
min 3.4 2185 2961 4.0 1.97 0.100 0.077 0.39 0.124 0.141 0.016
max 14.9 5289 6097 128 5.3 29 0.46 1.48 0.93 53 0.066
Hz (5) 112 53 1974 708 18.7 101 76 3.6 0.23 0.892 7.3 3.4 82 37
rsd 766 140 205 171 411 140 113 132 435 453 167 485 54 115
min 75 0.58 440 112 8.2 5.3 15.4 0.25 0.101 0.178 0.82 0.108 11.2 0.107
max 1585 105 9409 2794 185 334 136 7.0 2.5 8.7 30 30 126 75
Dj (4) 209 0.88 6147 5661 32 1.56 43 38 12.8 0.300 ((0.57)) 28 152 11.8
rsd 55 1 10 69 46 3 8 79 17 66 21 60 29
min 127 0.87 5697 2916 21 1.53 39 16.8 11.3 0.161 23 81 6.8
max 290 0.89 6597 12057 42 1.59 47 60 15.9 0.440 35 290 14.5

Phl-rich peridotite XM1/142
Pn (14) 201 0.064 2548 4700 103 2.1 16.3 11.0 8.7 0.88 0.092 11.4 45 1.36
rsd 54 197 12 81 177 32 22 77 68 225 48 10 117 25
min 88 0.029 2272 2421 25 1.12 10.1 3.5 5.7 0.35 0.046 9.4 17.2 0.68
max 472 0.48 3474 17196 704 3.2 22 32 25 7.7 0.20 13.6 207 1.95

Phl-rich peridotite XM1/345
Pn (3) 60 ((0.100)) 7939 18891 30 4.3 112 10.2 4.4 0.33 0.49 19 27 1.20
rsd 177 23 35 58 42 3 49 37 123 7 20 66 30
min 54 5195 18883 8 2.3 106 6.0 3.5 0.307 0.44 18.8 16.6 0.83
max 241 8636 30449 42 5.9 113 15.8 6.7 1.020 0.51 26 51 1.55

MARID BLFX-3
Pn (4) 36 125 18083 1830 89 48 48 10.685 30 0.800 66 17.0 118 0.530
rsd 124 89 10 66 85 71 46 93 20 116 71 30 48 52
min 10 15 15850 574 74 36 16.3 3.7 23 0.240 31 12.3 45 0.127
max 105 261 19802 2807 234 111 68 26 36 2.4 132 24 166 0.75

Polymict peridotite DU-1
Pn (6) 45 0.118 3164 12398 6.24 0.41 17.0 5.6 3.5 0.236 0.177 5.9 3.9 0.39
rsd 38 224 16 53 342 45 36 43 55 41 349 16 222 142
min 27 0.009 2619 2196 1.52 0.27 12.6 3.6 1.49 0.084 0.053 5.3 0.69 0.196
max 76 0.68 3909 19644 49 0.69 29 10.0 6.4 0.30 1.36 7.9 23 1.69
Hz (2) 61 1.61 1327 4366 51 0.74 17.0 8.2 4.3 0.186 1.98 6.4 43 1.76
rsd 80 80 30 3 9 29 10 14 12 22 62 9 13 21
min 26 0.69 1043 4262 48 0.59 15.8 7.4 3.9 0.156 1.12 6.0 39 1.50
max 96 2.5 1611 4470 55 0.89 18.2 9.1 4.6 0.22 2.8 6.8 46 2.0
Cp (4) 40 0.35 84 242020 35 0.57 15.5 7.3 3.8 0.31 0.060 6.5 1.28 0.24
rsd 12 130 94 15 133 24 32 144 31 11 127 12 28 46
min 36 0.028 23 192284 6.6 0.42 8.8 6.0 1.82 0.31 0.055 5.2 0.67 0.079
max 48 0.68 210 282644 103 0.69 18.5 28 4.6 0.37 0.189 6.9 1.51 0.33
Dg (1) 44 0.04 75 307313 5.5 0.2 3.4 7.5 4.5 0.106 0.06 3.8 0.7 0.180

Polymict peridotite BD2666
Pn (6) 66 0.179 3972 4598 5.8 0.79 11.9 3.8 1.40 0.103 ((0.031)) 6.5 2.6 6.3
rsd 71 140 22 492 297 219 110 49 98 86 26 100 32
min 7.5 0.099 2807 671 2 0.30 6.0 2.9 0.53 0.034 4.7 2.1 4.0
max 111 0.76 5276 59126 46 3.5 42 7.9 3.8 0.21 9.8 8.8 8.7
Cp (4) 66 0.085 537 193876 108 1.14 29 7.0 5.3 0.75 0.067 11.6 4.2 2.2
rsd 33 743 27 5.7 61 12.4 42 28 15 42 8.4 50 81 57
min 41 0.044 408 184264 13.6 1.04 15.6 5.3 4.0 0.21 0.063 6.5 1.76 0.92
max 89 1.33 745 210997 174 1.24 40 9.5 5.8 0.92 0.071 19.7 9.7 3.7
Hz (2) 10.8 0.90 6151 6083 5.3 0.90 21 2.3 4.1 0.153 0.62 7.9 5.2 7.9
rsd 103 132 27 8.6 64 49 1.53 16.7 11.7 13.4 1.47 18.3 11.5 18
min 2.9 0.061 4998 5714 2.9 0.58 21 2.0 3.8 0.138 0.62 6.9 4.8 6.9
max 19 1.73 7304 6452 7.7 1.21 22 2.6 4.5 0.167 0.63 8.9 5.7 8.9

Polymict peridotite JJG1414
Pn (9) 23 0.135 4159 4532 6.5 0.69 18.9 10.9 2.1 0.175 0.22 7.0 2.3 0.32
rsd 222 96 17.1 124 205 462 30 100 125 66 152 38 424 329
min 6.7 0.044 2781 167 1.7 0.31 10.8 5.5 1.027 0.104 0.037 6.4 0.94 0.182
max 167 0.45 5316 15429 37 8.2 29 39 7.6 0.33 0.825 13.0 31 3.4
Cp (2) 105 1.01 784 198308 181 <LOD 22 21 2.2 0.31 ((0.41)) 8.7 2.4 0.191
rsd 57 113 135 28 129 56 53 93 78 7.6 108 114
min 63 0.20 37 158920 16 13.3 12.9 0.76 0.140 8.2 0.56 0.037
max 147 1.8 1532 237696 346 31 28 3.71 0.48 9.2 4.2 0.35

Polymict peridotite JJG1513
Po (2) 168 0.064 1363 1942 6.0 ((0.39)) 37 5.3 0.23 ((0.116)) ((0.080)) 4.0 0.38 0.016
rsd 64 109 60 115 57 12 52 64 22 51 78
min 92 0.0147 783 368 3.6 34 3.3 0.129 3.4 0.24 0.007
max 244 0.114 1943 3515 8.4 40 7.2 0.34 4.6 0.52 0.025
Pn (1) 228 0.34 4242 10622 72 0.8 44 4.2 1.42 3.2 4.4 0.12

Mineral Re Os Ir Ru Rh Pt Pd Au

Ni-mineralised harzburgite XM1/422
Native Ni (10) 0.035 3.0 1.28 2.1 0.21 0.24 0.125 0.020
rsd 34 165 322 497 1766 260 731 39
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Table 2 (continued)

Mineral Re Os Ir Ru Rh Pt Pd Au

min 0.028 0.126 0.026 0.475 0.108 0.099 0.050 0.015
max 0.051 15.7 13.7 35 11.8 1.836 2.6 0.026
Hz (5) ((0.017)) 2.7 1.46 0.28 0.23 0.141 0.100 ((0.0076))
rsd 127 54 700 85 252 189
min 0.118 0.130 0.136 0.044 0.107 0.074
max 7.0 1.53 4.7 0.40 0.74 0.47
Dj (4) ((0.037)) 0.068 0.118 0.240 0.070 ((0.069)) 0.121 <LOD
rsd 42 29 48 70 77
min 0.048 0.099 0.112 0.032 0.062
max 0.089 0.174 0.38 0.130 0.25

Phl-rich peridotite XM1/142
Pn (14) 0.092 0.375 0.130 0.22 0.058 1.13 0.41 0.022
rsd 30 489 692 628 615 410 720 57
min 0.046 0.014 0.018 0.000 0.040 0.310 0.22 0.005
max 0.154 4.3 2.9 4.8 0.77 17.5 10.4 0.041

Phl-rich peridotite XM1/345
Pn (3) 0.38 0.130 0.062 0.55 <LOD 0.071 0.41 0.159
rsd 23 46 49 19 46 46 97
min 0.37 0.045 0.026 0.43 0.067 0.39 0.153
max 0.53 0.159 0.085 0.64 0.125 0.72 0.42

MARID BLFX-3
Pn (4) 0.038 0.162 0.115 1.167 0.027 0.060 0.054 0.021
rsd 26 98 35 12 43 118 159 2
min 0.036 0.050 0.058 1.121 0.013 0.018 0.046 0.020
max 0.057 0.27 0.142 1.43 0.037 0.157 0.197 0.021

Polymict peridotite DU-1
Pn (6) 0.023 0.060 0.016 0.176 ((0.0181)) 0.198 0.055 0.032
rsd 29 20 121 23 81 57 44
min 0.010 0.051 0.009 0.131 0.014 0.033 0.019
max 0.026 0.069 0.052 0.242 0.41 0.077 0.049
Hz (2) 0.009 ((0.0170)) 0.021 0.088 <LOD 0.23 0.570 0.050
rsd 94 71 67 85 114 39
min 0.0029 0.0103 0.046 0.090 0.112 0.037
max 0.014 0.031 0.129 0.36 1.03 0.064
Cp (4) 0.033 <LOD 0.022 0.110 <LOD 0.052 ((0.025)) na
rsd 12.0 22 40 63
min 0.032 0.0186 0.079 0.029
max 0.039 0.026 0.141 0.075

0.0
Dg (1) 0.0140 0.0082 0.083 0.018 0.066 na

Polymict peridotite BD2666
Pn (6) 0.020 0.057 0.034 0.31 0.026 0.092 0.134 0.020
rsd 74 159 71 42 13 65 200 52
min 0.010 0.049 0.0162 0.117 0.023 0.048 0.023 0.0121
max 0.031 0.21 0.082 0.43 0.030 0.20 0.75 0.039
Cp (4) 0.028 ((0.028)) ((0.028)) 0.115 <LOD 0.044 0.127 0.029
rsd 122 35 17 38 913
min 0.0043 0.061 0.039 0.053 0.0188
max 0.096 0.139 0.050 0.159 0.550
Hz (2) 0.027 0.023 0.024 0.31 <LOD 0.074 0.23 0.085
rsd 21 12 53 7 7 14 49
min 0.023 0.021 0.0150 0.30 0.070 0.21 0.055
max 0.031 0.026 0.033 0.33 0.077 0.25 0.115

Polymict peridotite JJG1414
Pn (9) 0.047 0.053 0.023 0.29 0.0188 0.30 0.117 0.024
rsd 75 31 46 17 20 242 307 271
min 0.006 0.027 0.012 0.21 0.0144 0.018 0.026 0.0048
max 0.099 0.069 0.044 0.33 0.022 1.73 1.07 0.182
Cp (2) <LOD 0.015 <LOD <LOD 0.31 ((0.135)) ((0.027))
rsd 13 112
min 0.014 0.065
max 0.017 0.558

Polymict peridotite JJG1513
Po (2) 0.107 0.23 0.25 0.32 0.056 <LOD ((0.0146)) 0.026
rsd 28 17 5 49 64 49
min 0.085 0.20 0.24 0.212 0.031 0.017
max 0.128 0.26 0.26 0.43 0.082 0.035
Pn (1) 0.053 0.38 0.42 0.47 0.174 2.7 0.031

Median values from analyses of pure minerals (no inclusions or mixed sulphide analyses) with Si < 40000 ppm; Re corrected for co-ablation of serpentine (see Appendix 1).
Cp chalcopyrite, Dg digenite, Dj djerfisherite, Hz heazlewoodite, Pn pentlandite, Po pyrrhotite.
rsd relative standard deviation of n analyses given in parenthesis after mineral abbreviation, LOD limit of detection, double parentheses indicate that only a single value was >LOD, na not
available (see Appendix 3); number in italics are semi-quantitative or include analyses that are semi-quantitative (see Appendix 1).
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Fig. 6.Major-element (wt%) and trace-element (ppm) abundances as well as Fe3+/ΣFe (calculated from stoichiometry), Mg# (100Mg/(Mg+Fetotal) and Cr# (100Cr/(Cr+Al)) in spinels
and Ti-oxides (ilmenite ilm and LIMA) inNi-enrichedharzburgite (Ni-harz) and phlogopite-rich peridotite xenoliths (phl-perid) fromBultfontein aswell as spinel-lherzolites fromeastern
Australia (Oz spl-lherz). All individual analyses are shown to illustrate major- and trace-element variability.
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Table 3
Major- (wt%) and trace-element (ppm) concentrations in spinels and Ti-oxides in peridotite xenoliths from Bultfontein and eastern Australia.

Sample Mineral Comment TiO2 Al2O3 Cr2O3 V2O3 MgO FeO MnO NiO ZnO Total Fe3+/ΣFe Mg# Cr#

Spinel lherzolites, Oz
BLMX2 Al chromite Al-chromite 0.42 41.78 23.95 0.09 18.16 12.15 0.11 0.27 0.07 96.99 0.18 0.727 0.28
BLMX4 spinel avg (18) spinel 0.31 52.13 12.12 0.06 19.82 11.75 0.09 0.37 0.08 96.74 0.26 0.750 0.13
BLMX7 Al chromite avg (5) Al-chromite variable Al, Cr 0.02 23.89 44.75 0.14 14.64 14.29 0.16 0.12 0.11 98.11 0.12 0.646 0.56
MSHX2-1 Al-chromite avg (15) Al-chromite variable Al, Cr, Fe 0.04 29.54 38.74 0.12 15.97 12.41 0.18 0.15 0.12 97.26 0.11 0.696 0.47

MSHX2-2 Al-chromite avg (6)
MSHX3 chromite avg (5) chromite 0.31 5.72 61.89 0.11 11.56 17.80 0.36 0.07 0.15 97.98 0.19 0.536 0.88
min 0.02 5.72 12.12 0.06 11.56 11.75 0.09 0.07 0.07 0.11 0.54 0.13
max 0.42 52.13 61.89 0.14 19.82 17.80 0.36 0.37 0.15 0.26 0.75 0.88

Ni-mineralised harzburgite
XM1-422 chromite avg (2) chromite~sympl 0.01 24.20 45.76 0.16 13.75 14.76 0.16 0.07 1.22 100.10 0.07 0.624 0.56

Phlogopite-rich peridotites
XM1-341 chromite avg (6) chromite 2.64 0.68 50.80 0.38 7.73 34.03 0.30 0.16 0.44 97.16 0.36 0.288 0.98
XM1-345 chromite avg (7) chromite 2.66 0.59 51.95 0.37 7.12 34.84 0.30 0.18 0.15 98.16 0.33 0.267 0.98
XM1-142 chromite avg (3) chromite 1.74 2.55 61.20 0.29 10.01 23.92 0.19 0.16 nd 100.04 0.22 0.427 0.94
min 1.74 0.59 50.80 0.29 7.12 23.92 0.19 0.16 0.15 0.22 0.27 0.94
max 2.66 2.55 61.20 0.38 10.01 34.84 0.30 0.18 0.44 0.36 0.43 0.98

Ti-oxides
XM1-345 Ilm/LIMA avg (3) ilmenite/LIMA 50.20 0.01 5.76 0.12 12.17 29.89 0.31 0.27 0.05 98.78 0.00 0.420 1.00
XM1-142 ilmenite avg (9) na na na na na na na na na na na na

Sample S Co Ni Cu Zn Se Ru Rh Pd Ag Cd Te Os Ir Pt Au Pb Bi

BLMX4 6102 270 3872 4.7 982 0.83 all <LOD all <LOD all <LOD 0.013 0.048 all <LOD 0.0004 0.0012 na 0.069 0.002
BLMX7 1450 367 1288 4.2 1331 all <LOD all <LOD all <LOD all <LOD 0.059 0.052 all <LOD 0.0011 0.0013 na 0.326 0.006
MSHX2-1 2546 313 1586 1.7 1722 0.60 all <LOD all <LOD all <LOD 0.013 0.050 all <LOD 0.0003 all <LOD na 0.151 0.002
MSHX2-2 2469 303 1542 1.7 1492 all <LOD all <LOD all <LOD all <LOD 0.015 0.026 all <LOD all <LOD all <LOD na 0.187 0.002
MSHX3 1479 317 814 1.7 3032 all <LOD all <LOD all <LOD all <LOD 0.081 <LOD all <LOD all <LOD all <LOD na 0.480 0.001
min 1450 270 814 1.7 982 0.60 0.013 0.026 0.0003 0.0012 0.069 0.001
max 6102 367 3872 4.7 3032 0.83 0.081 0.052 0.0011 0.0013 0.480 0.006
XM1–422 1434 551 419 0.77 2735 na all <LOD all <LOD all <LOD 0.002 0.025 na all <LOD 0.002 0.042 0.008 0.183 na
XM1–341 2032 368 1724 7.2 1885 na all <LOD all <LOD all <LOD na 0.022 0.036 all <LOD 0.005 0.001 na 0.142 0.002
XM1–345 1325 429 1981 7.4 1936 na all <LOD all <LOD all <LOD na 0.014 all <LOD all <LOD 0.0002 all <LOD na 0.414 0.002
XM1–142 680 318 1449 11.4 1785 na 0.0007 0.0007 0.004 0.20 0.015 na 0.0005 all <LOD 0.038 0.005 0.161 na
min 680 318 1449 7.2 1785 0.014 0.036 0.0002 0.0012 0.142 0.002
max 2032 429 1981 11.4 1936 0.022 0.036 0.005 0.038 0.414 0.002
XM1–345 1600 267 2997 5.7 175 na all <LOD all <LOD all <LOD na 0.031 all <LOD all <LOD 0.004 0.002 na 0.148 0.005
XM1–142 639 213 2031 8 150 na 0.001 0.003 0.008 0.028 0.029 na 0.002 0.003 0.036 0.018 0.131 na

Numbers in parentheses refer to number of trace-element analyses, median values are given, values in italics are semiquantitative except S which is qualitative, LOD is limit of detection,
Mg# is Mg/(Mg+Fetotal) molar, Cr# is Cr/(Cr+Al) molar, na is not analysed number in italics are semi-quantitative or include analyses that are semi-quantitative (see text).
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average TiO2 contents (<LOD), V2O3 of 0.16 wt% and NiO of 0.05 wt%
(Fig. 6; Table 3), whereas Ni-enriched spinel contains up to 5.7 wt%
NiO (Giuliani et al., 2013a). By comparison, spinel in the three phl-
peridotites is chromite, with TiO2 ranging from 1.74 to 2.7 wt%, V2O3

from 0.29 to 0.38 wt%, and ZnO from 0.15 to 0.44 wt% (Fig. 6; Table 3).
In two of these samples (XM1-341 and XM1-345), spinel coexists
with ilmenite and LIMA, and sample XM1-341 hosts two generations
of spinel, one of which has smaller grain size. The smaller-sized spinel,
which potentially is of late origin, has higher TiO2, Al2O3, Cr2O3 and
MgO, but lower FeO content at similar V2O3 and ZnO compared to the
larger spinel generation (Appendix 4).

For comparison, spinels and chromites in the eastern Australian spi-
nel lherzolites (Oz-lherzolites hereafter) have generally lower TiO2

(0.02–0.42 wt%), V2O3 (0.11–0.14 wt%) and ZnO contents (0.25–0.26
wt%), and are similar to Al-chromite in the Ni-harzburgite (Fig. 6;
Table 3). One sample fromMt. Shadwell (MSHX-3) shows considerable
heterogeneity with respect to major- and minor-element composition,
although they all classify as chromites (Appendix 4). Fe3+/ΣFe calcu-
lated from stoichiometry is low in spinel from the Ni-harzburgite
(0.07) compared to those in phl-peridotites (0.22–0.36), while spinels
in Oz-lherzolites have intermediate values (0.11–0.19). These values
are broadly inversely correlated with Mg# (Mg/(Mg+Fetotal)), and the
Ni-harzburgite spinel is again more similar to the Oz-lherzolites spinels
than to phl-peridotite spinels fromBultfontein (Fig. 6A; Table 3). Similar
relationships apply to V2O3 concentrations in spinel, which are lowest in
Oz-lherzolites (0.11–0.14 wt%) and the Ni-harzburgite (0.16 wt%), and
highest in the phl-peridotites (0.29–0.38 wt%; Fig. 6C).
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5.4. Spinel and Ti-oxide trace elements

Some individual grains and/or spot analyses in spinels from Oz-
lherzolites MSHX2-1 and BLMX-7 are Cu-rich and are interpreted to
contain contributions from minute sulphide inclusions. These analyses
also have elevated Zn, Cd, Te, Pb and Bi, and quantifiable though low
Os, Ir and Pt abundances, with Se mostly below detection limit (note
that the concentrations of some of these elements are semi-
quantitative, being calibrated against a Zn-Cu sulphide standard). The
amount of included sulphide contributing to the volume sampled by
the laser is minute. Extrapolating from measured Cu contents to 33 wt
% Cu (in an assumed chalcopyrite inclusion) results in 7 ppm Os and
130 ppmeach of Ir and Pt in the sulphide. The PGE concentrations calcu-
lated for the included sulphide therefore vastly exceed those deter-
mined (Table 2), but are well within the range of those determined
for sulphide in other peridotite xenoliths from eastern Australia (Alard
et al., 2000). The sulphide proportion is small, amounting to just 0.15
to 0.60 wt% sulphide for 500 to 2000 ppm Cu. Excluding these
sulphide-contaminated analyses, average Co, Ni, Cu and Zn abundances
in spinel are similar in Oz-lherzolites and Bultfontein phl-peridotites
(310 vs. 370 ppm, 1820 vs. 1720 ppm, 2.8 vs. 8.7 ppm, 1710 vs.
1870 ppm), whereas the low-Ni spinel variety in the Ni-harzburgite
shows higher Co (550 ppm) and Zn (2700 ppm), but lower Ni
(420 ppm) and Cu (0.8 ppm; semi-quantitative values; Fig. 6; Table 3).

The PGE abundances in spinels are below detection limit or at most
<5 ppb, with the exception of chromite from one of the phl-peridotites
(XM1-142), which contains 38 ppb Pt. Of the other semi-quantitatively
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determined siderophile-chalcophile elements, Cd, Te, and Bi abun-
dances are low and similar in Oz-lherzolites and Bultfontein phl-
peridotites (<50 ppb; Te and Bi not determined in Ni-harzburgite),
whereas Pb abundances are in the 100s of ppb, again not showing dis-
cernible differences between different localities, despite significant dif-
ferences in some minor-element concentrations, such as V2O3 (cf.
previous section). The phl-peridotites contain ilmenite and LIMA,
which were analysed in sample XM1-142 and XM1-345. These Ti-rich
phases show similar Co, Zn, Cd and Pb abundances. In these samples,
chromite has consistently higher V, Co, Cu (<2x), Pb (1–3x), much
higher Zn (11–12x), but lower Ni (~0.7x) and Cd (~0.5x) abundances
(Fig. 6; Table 3; Appendix 5).

5.5. Siderophile- and chalcophile-element distribution

The distribution of trace elements between sulphide, native Ni, spi-
nel and Ti-oxide phases is summarised in Table 4 and shown in Fig. 7.
In Ni-harzburgite XM1/422, the HSE are more abundant in native Ni,
though highly variable, while heazlewoodite has similar IPGE and
slightly lower PPGE, Re and Au. The IPGE abundances in the djerfisherite
are >10x lower, but the difference is smaller for PPGE, and Au abun-
dances are similar to those in native Ni (Fig. 7A). The HSE abundances
in chromite are up to several orders of magnitude lower, with the ex-
ception of Pd and Au, which arewithin 10x of native Ni and the sulphide
phases. With respect to the chalcophile elements, djerfisherite contains
more Te, Ag, Mo and Pb, whereas heazlewoodite contains more Bi and
As, and the spinels host more Zn than the other phases (Fig. 7A).

In the phl-peridotites, the abundances ofmost trace elements are or-
ders of magnitude higher in pentlandite than in co-existing oxides
(chromite and ilmenite/LIMA), with the exception of Au in XM1/142
andZn in all phl-peridotites,which is againmore abundant in the oxides
than in pentlandite (Fig. 7B,C). Pentlandite, heazlewoodite and chalco-
pyrite in the polymict breccias show broadly similar HSE contents
(Fig. 7D–E, G), but heazlewoodite is ≥10x enriched in Pd, Bi and Pb rel-
ative to the other sulphides. Pyrrhotite in one of the polymict breccias
(JJG513) has generally lower trace-element abundances that are within
10x of those in the co-existing pentlandite, except >10 times lower Zn
and Pb and >100x lower Pd (Fig. 7F).

5.6. Sulphide and native Ni modes

Sulphidemodalabundancesareestimatedassumingthat theyhostall
S in thebulk rock.Bulk-rockcompositions,whichareavailable for thepe-
ridotites only (i.e. no polymict breccias), show S contents varying from
50 ppm in the Ni-harzburgite to 200 ppm in phl-peridotite XM1/341
Table 4
Trace-element distribution between native Ni, sulphides, spinels and Ti-oxides in peridotite xe

Mineral pair Sample Co Ni Cu Zn As Se Mo Ag Cd

pn/cp DU-1 38 17.0 0.051 0.18 0.72 1.10 0.77 0.92 0.7
pn/cp BD2666 7.4 4.0 0.024 0.054 0.69 0.41 0.54 0.27 0.1
pn/cp JJG1414 5.3 4.5 0.023 0.036 na 0.86 0.53 0.92 0.5
pn/po JJG513 3.1 3.4 5.5 11.9 2.1 1.18 0.80 6.06 na
pn/hz DU-1 2.4 0.52 2.8 0.12 0.56 1.00 0.68 0.82 1.2
pn/hz BD2666 0.65 0.55 0.76 1.09 0.88 0.56 1.64 0.34 0.6
Native Ni/hz XM1/422 1.6 1.3 4.7 1.0 0.035 na 0.78 0.87 0.6
Native Ni/dj 0.51 3.6 0.59 0.61 2.3 na 0.075 0.016 1.9
cp/dg DU-1 1.13 2.2 0.79 6.3 2.6 4.6 0.98 0.83 2.9
hz/chr XM1/422 3.6 1689 919 0.007 na na na 101 36
pn/chr XM1/345 18.5 210 2553 0.015 na na na na 24
pn/chr XM1/142 8.0 193 412 0.058 na na na 43 58
pn/ilm-LIMA XM1/345 30 138 3314 0.169 na na na na 10
pn/ilm-LIMA XM1/142 12.0 138 588 0.69 na na na 313 30

Values from Tables 2 and 3 (=medians) were used for calculation, note that Zn, Mo, Sb and Re
available (not measured or values <limit of detection).
Cp chalcopyrite, dg digenite, dj djerfisherite, hz heazlewoodite, pn pentlandite, po pyrrhotite, c
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(Holwell et al., 2019). These S contents fall within the range previously
measured in kimberlite-hosted peridotite xenoliths (Fig. 8A), and are
lower than the primitive mantle (PM) estimate of 200–250 ppm
(McDonough and Sun, 1995; Palme and O’Neill, 2005). Assuming that
all S resides in pentlandite (with 33wt% S, in the phl-peridotites) and in
heazlewoodite (with 25wt% S, in the Ni-harzburgite), sulphides make
up 0.02 to 0.06wt% of the bulk rocks. These values aremaxima if some S
was added during post-emplacement alteration (Lorand and Grégoire,
2006), although the lowbulk-rock S abundances argue against this.

The abundances of the strongly chalcophile element Te (whole-rock
abundances reported in Holwell et al., 2019) can be used in a similar
manner, and it is consistently <LOD in native Ni. The possible presence
of tellurides, which arewidespread inmantle peridotites (Delpech et al.,
2012; König et al., 2015; Lorand et al., 2008, 2010; Lorand and Alard,
2010; Luguet et al., 2004), as discussed below, implies that estimates
of sulphide modes from Te are maxima. Since high Te is associated
with high S and Cu in bulk peridotites (Fig. 8B,C), Te abundances may
be dominantly controlled by sulphide. The two approaches (i.e. using
S and Te in bulk samples and median values in sulphides) result in var-
iable sulphide modes, in part associated with high standard deviations,
of 0.17 ± 0.16 wt% for pentlandite in phl-peridotite XM1/142, 0.043 ±
0.002 wt% for pentlandite in phl-peridotite XM1/345 and 0.023 ±
0.004 wt% for heazlewoodite plus djerfisherite in Ni-harzburgite XM1/
422. A small proportion (10%, that is, 0.0023 wt%) of the estimated sul-
phide abundance in this sample is attributed to djerfisherite (Giuliani
et al., 2013a), resulting in 0.021 wt% for heazlewoodite.

The abundance of native Ni can be estimated using Os concentra-
tions, assuming that Os in harzburgite XM1/422 is solely hosted in na-
tive Ni and heazlewoodite. Bulk-rock Os abundances are not available,
but Table 2 shows that the native Ni contains 3.0 ppm (albeit with
large variability reflected in 1σ of ± 4.9 ppm). Almost as much Os re-
sides in heazlewoodite (2.7 ± 3.5 ppm) and concentrations in
djerfisherite and spinel are orders of magnitude lower or <LOD
(Tables 2, 3). Even though IPGE are compatible in olivine (Mungall
and Brenan, 2014) and spinel (Baumgartner et al., 2017; Locmelis
et al., 2011; Pagé et al., 2012; Park et al., 2017), the distribution coeffi-
cients are orders of magnitude higher for sulphides and metals (Fleet
et al., 1999; Peach et al., 1990), and partitioning into olivine or spinel
is therefore ignored for the Ni-harzburgite. Having constrained the
heazlewooditemode to 0.021wt% (previous paragraph), the abundance
of native Ni is given by 0.021wt% (heazelwooditemode) × 3.0 ppm (Os
in native Ni) / 2.7 ppm (Os in heazelwoodite) = 0.023 wt%, with a very
large propagated uncertainty of ±0.050 wt% due to the variable Os
abundances obtained for individual spot analyses in both native Ni
and heazlewoodite.
noliths from Bultfontein.

Sb Te Pb Bi Re Os Ir Ru Rh Pt Pd Au

6 2.95 0.92 3.0 1.67 0.71 na 0.72 1.60 na 3.8 2.2 na
4 0.46 0.56 0.62 2.9 1.4 2.0 1.19 2.7 na 2.1 1.06 0.70
6 0.54 0.80 0.97 1.69 na na 1.51 na na 0.95 0.87 0.90

na 0.81 11.5 7.5 0.5 1.69 1.68 1.47 na na 185 1.21
7 0.089 0.93 0.09 0.22 2.70 3.5 0.78 2.0 na 0.88 0.10 0.64
8 0.050 0.82 0.49 0.81 1.03 2.4 1.41 0.99 na 1.24 0.59 0.23
7 0.078 na 0.0 0.0 2.1 1.08 0.88 7.5 0.90 1.72 1.24 2.7
8 1.00 na 0.020 0.003 0.95 43 10.8 8.8 2.9 3.5 1.03 na

0.97 1.72 1.77 1.31 2.36 na 2.7 1.33 na 2.9 0.39 na
na na 447 na na na na na na 3.4 na 0.99
na na 65 602 na na na na na na na na
na na 279 241 na 750 na 312 83 30 104 4.1

.6 na na 183 na na na 16.0 na na 36 na na
na na 343 na na 187 43 219 19.5 32 52 1.25

are semi-quantitative in sulphide, as applies to Cu, Ag, Cd, Au, Pb and Bi in oxides; na not

hr chromite, ilm ilmenite.



Fig. 7. Primitivemantle-normalised HSE and trace element patterns showing concentrations in native Ni, sulphides, and spinels plus Ti-oxides in Ni-enriched harzburgite, phlogopite-rich
peridotites and polymict breccia xenoliths from Bultfontein. * denotes semi-quantitative determination for sulphides, ** denotes semi-quantitative determination for spinels and oxides
(see Appendix 1 for details). All individual analyses are shown for native Ni and sulphides in the unusual Ni-enriched harzburgite to illustrate the range of compositions. Medians and
average values are shown for other sulphides and oxides, respectively. Shown for comparison in A. and B. are compositions of sulphides in a harzburgite xenolith from Kerguelen
(Delpech et al., 2012) and average compositions of PGE-rich sulphide associated with symplectite and PGE-poor interstitial sulphide in a spinel lherzolite peridotite from the North
Atlantic craton in Scotland (Hughes et al., 2017), respectively. Whole-rock compositions available for some of the samples are from Holwell et al. (2019). Element order of the HSE is
from most to least compatible by convention, whereas the order of the other siderophile and chalcophile elements reflects decreasing median primitive mantle-normalised
concentrations in pentlandite derived in this study. Primitive mantle values from McDonough and Sun (1995), Becker et al. (2006) and Fischer-Gödde et al. (2011).
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6. Discussion

6.1. Spinel in continental lithospheric mantle: a sulphide attractor?

Whether PGE are spinel-compatible or not in themantle remains de-
bated. Quantifiable PGE abundances (in particular IPGE) in spinel may
relate to incorporation into the structure (e.g., Arguin et al., 2016;
Baumgartner et al., 2017; Brenan et al., 2012; Locmelis et al., 2011;
Pagé et al., 2012; Park et al., 2012, 2017; Righter et al., 2004). This is sup-
ported by the absence of PGE atomic clusters even when actively
searched for by Transmission, Analytical and Scanning-Transmission
Electron Microscopy in harzurgitic Cr-spinel containing measurable
PGE abundances (5.70 ppb Os, 6.36 ppb Ir, 10 ppb Ru, 9.11 ppb Pt,
1.02 ppb Pd; Ferraris and Lorand, 2008). The latter study further indi-
cates that the IPGE and Pt, but not Pd, preferentially partition into Cr spi-
nel relative to silicate melt. Alternatively, elevated PGE abundances
reflect co-ablation of micrometric sulphide or PGM inclusions, which
in chromite are commonly from the laurite-ehrlichmanite series
(RuS2-OsS2) or IPGE alloys (e.g., Fiorentini et al., 2004; González-
Jiménez et al., 2009; Kamenetsky et al., 2015; Kutyrev et al., 2020). Cer-
tain PGE deposits are associated with chromite, whichmay trap PGM at
the mineral melt interface due to strong oxygen fugacity gradients
caused by the formation of Fe3+-bearing spinel (Finnigan et al., 2008).

In the xenoliths under study, spinel and Ti-oxide phases appear to
lackmicrometric PGM inclusions, as trace-element abundances in anal-
yses free of sulphide are relatively constant and PGE abundances are
commonly <LOD (Table 3, Appendix 5). This does not preclude the
presence of nanometric inclusions, which will not show up in time-
resolved LAM-ICPMS analyses. Abundances are similarly low in chro-
mite in peridotite xenoliths from the North China Craton (Wu et al.,
2006), and show little overlap with HSE contents in ophiolite-
associated chromite ores (Gervilla et al., 2005), which approach HSE
concentrations similar to pentlandite in this study (Fig. 9A). Thus, spinel
in cratonic mantle assemblages is generally an insignificant structural
host of the HSE. Exceptions are the abundances of Pt and Au in chromite
from the Ni-harzburgite, which arewithin an order ofmagnitude of sul-
phide and native Ni in the same sample (Fig. 7A), and Au abundances in
ilmenite and chromite, which are nearly as high as in pentlandite in Phl-
peridotite XM1/142 (Fig. 7B). This is consistent with observations from
other dynamic settings, as Al-spinel from fertile orogenic mantle
lherzolite is PGE-poor (Os 0.009–0.227, Ir 0.095–0.261 ppb, Pt
0.29–0.63, Pd 0.22–0.46 ppb) with a single reliable Ru analysis yielding
1.33 ppb (Lorand et al., 2008).

Low PGE abundances may in part relate to the low-ƒO2 conditions
(generally below the fayalite-magnetite-quartz buffer FMQ;
e.g., Woodland and Koch, 2003; Yaxley et al., 2017) that generally pre-
dominate in the cratonic lithospheric mantle, even in metasomatised
assemblages. Low ƒO2 may inhibit PGE partitioning into spinel (Brenan
et al., 2012; Park et al., 2017), though some continental mantle samples
are more oxidised (e.g., Rielli et al., 2017, 2018a, 2018b). Also, even pe-
ridotites yielding relatively high ƒO2 of FMQ-1 contain PGE-poor Cr-
spinels (≤10 ppm), despite their highly refractory composition, with
Fig. 8. A.Whole-rock Al2O3 (wt%), a proxy of melt depletion, vs. S concentration (ppm) in
kimberlite- and lamproite- (formerly orangeite) borne peridotite xenoliths from southern
Africa (Maier et al., 2012; Pearson et al., 2004), and in metasomatised peridotites from
Bultfontein targeted in this study (data from Holwell et al., 2019). Shown for comparison
are melting contours for melt extraction from Archaean convecting mantle from Aulbach
et al. (2016), illustrating that all depicted xenoliths are expected to have lost their sulphide
complement during initial melt depletion, and that theywere subsequently resulphidised.
Arrows qualitatively show the trends for melt depletion and refertilisation via addition of
Al2O3-bearingminerals, such as spinel and clinopyroxene. B. Sulfur concentrations (ppm)
as a function of Te (ppb) in whole rocks as in A., plus Kaapvaal eclogite xenoliths from
Gréau et al. (2013). Samples in the present study are enriched in S and Te compared to
other southern African peridotite xenoliths and more similar to eclogite xenoliths. C. Cu
concentrations (ppm) in whole rocks as a function of Te (ppb).



Fig. 9. Primitive-mantle normalised HSE and trace element patterns showing minerals in Ni-enriched harzburgite, phlogopite-rich peridotites (Phl-perid), MARID and polymict breccia
(Po-mi) xenoliths from Bultfontein. A. Spinels and Ti-oxides. Shown for comparison are range of HSE concentrations in chromite in peridotite xenoliths from the North China craton
(Wu et al., 2006) and in chromite ore associated with ophiolite (Gervilla et al., 2005), as well as chromite in komatiite and in ophiolite (Arguin et al., 2016; Pagé and Barnes, 2016),
andmagnetite and ilmenite in sulphide ores (Dare et al., 2012). B. Median concentrations in native Ni, heazlewoodite, djerfisherite and pentlandite (range is shown for polymict breccias
for clarity). Shown for comparison are the range of mss compositions in eclogite xenoliths (Burness et al., 2020) and mss in peridotite xenoliths (Alard et al., 2000) from the Kaapvaal
craton, bulk compositions for Bultfontein xenoliths investigated in this study (Holwell et al., 2019) and range of bulk compositions for MARID and for other Bultfontein xenoliths inves-
tigated in an earlier study (Maier et al., 2012). Primitive mantle values from McDonough and Sun (1995), Becker et al. (2006) and Fischer-Gödde et al. (2011).
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≤1.22 wt% Al2O3 (Luguet et al., 2007). Of the trace elements analysed in
both sulphide and spinel phases, only Zn, Cd and Pb are consistently
>LOD, and these elements are 10x to 100xmore abundant in pentland-
ite or heazlewoodite than in chromite or ilmenite/LIMA. Thus, oxides
are, unsurprisingly, insignificant hosts also of the chalcophile elements
in cratonic peridotite xenoliths.

In contrast, spinel with suspected sulphide inclusions (Oz-
lherzolites MSHX2-1 and BLMX-7), based on elevated Cu contents,
also displays quantifiably higher Os, Ir and Pt abundances (Fig. 10A,B),
testifying to the chalcophile nature of these elements and their pre-
ferred partitioning into sulphide relative to oxide phases. Conversely,
Ru, Rh and Pd remain entirely below the LOD, also in the analyses of
sulphide-contaminated spinel. In the lithospheric mantle, spinel, sul-
phide and clinopyroxene are commonly interpreted to precipitate to-
gether during silicate melt metasomatism (e.g., Lorand et al., 2013;
Wittig et al., 2010). This may have also occurred in the metasomatised
peridotites from Bultfontein investigated in this study, as spinel, sul-
phide and clinopyroxene are texturally associated with phlogopite
(Table 1). Micro-scale composition-ƒO2 gradients at ≥FMQ+0.5 in the
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melt (Jugo et al., 2010) and/or FeO gradients ensuing from spinel pre-
cipitationmay have favoured localised sulphide saturation, as the S con-
tent in melt at sulphide saturation is strongly FeO-dependent (Wykes
et al., 2015).

6.2. Main siderophile- and chalcophile-element hosts in metasomatised
peridotites

Bulk-rock HSE and trace-element compositions are available for
three samples in this study (Ni-harzburgite XM1/422 and phl-
peridotites XM1/142 and XM1/345; data in Holwell et al., 2019). Com-
bined with sulphide mode estimates (Section 5.6) and determination
of trace elements in native Ni and in Ti-oxide, spinel and sulphide
phases, bulk-rock data permit to determine how siderophile and
chalcophile elements are distributed between the minerals (Table 4),
including whether or not additional hosts are required (Table 5). Prim-
itive UpperMantle-normalised (hereafter denotedwith subscript PUM)
trace-element abundances for minerals and whole rocks in individual
samples are displayed in Figs. 7 and 9.



Fig. 10. Trace-element abundances (ppm) of spinels in lherzolite xenoliths from eastern Australia as a function of Cu, illustrating the effect of suspected chalcopyrite inclusions (gauged by
elevated Cu content) on the abundances of chalcophile elements.
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6.2.1. Highly siderophile elements
Table 5 illustrates that, except for Pd (20–50%) and Pt in one phl-

peridotite (30%), only a small proportion of the PGE (<25%; Os abun-
dances in whole rocks are not reported) is accommodated in sulphide
16
and native Ni in the Ni-harzburgite or in pentlandite in the phl-
peridotites, and <10% of Au can be accounted for. As discussed in the
previous section, spinels and Ti-oxides in xenoliths are insignificant
hosts of HSE. Thus, additional carriers are required even if maximum



Table 5
Proportions of siderophile and chalcophile elements in the whole rock hosted by sulphides and native Ni.

Sample Mode
wt%

Co Ni Cub Zna As Moa Ag Cdb Sba Teb Pbb Bib Ir Ru Rh Pt Pd Au

XM1/422 WR (ppm) 80 1721 3.3 40 0.17 5.3 0.004 0.01 0.034 0.003 0.23 0.005 0.0039 0.0047 0.0006 0.0007 0.0002 0.0005
% in hz 0.021 0.51 8.57 4.47 0.010 12.28 0.01 1.32 3.1 4.52 24 7.54 161 7.86 1.24 7.9 4.5 12.3 0.35
1σ 0.004 0.11 1.84 0.96 0.002 2.64 0.00 0.28 0.7 0.97 5 1.62 35 1.69 0.27 1.7 1.0 2.6 0.07
% in dj 0.0023 0.18 0.34 3.97 0.002 0.02 0.02 8.14 0.1 0.04 22 1.55 6 0.07 0.12 0.3 0.2 1.6 na
1σ 0.0005 0.04 0.07 0.85 0.000 0.00 0.00 1.75 0.0 0.01 5 0.33 1 0.02 0.03 0.1 0.1 0.4
% in native Ni 0.02 0.90 11.93 23.49 0.011 0.48 0.01 1.27 2.3 0.39 na 0.31 0 7.69 10.37 8.0 8.5 17.0 1.03
1σ 0.05 1.96 25.90 51.00 0.024 1.05 0.03 2.76 5.0 0.85 0.66 0 16.70 22.51 17.3 18.5 36.9 2.24
Sum in native Ni+sulphides 1.59 21 32 0.023 12.8 0.04 10.7 5.6 5.0 45 9.4 167 15.6 11.7 16.2 13.2 31 1.37
XM1/142-B WR (ppm) 62 1123 28 41 1.75 1.73 0.07 0.02 0.05 0.032 0.82 0.01 0.0036 0.0118 0.0017 0.0058 0.0012 0.0020
% in pn 0.17 6.97 42.18 28.96 0.423 0.20 1.07 19.91 7.2 0.31 60 9.33 29 6.13 3.14 5.7 33.1 58.0 1.85
1σ 0.16 6.49 39.27 26.96 0.394 0.19 1.00 18.54 6.7 0.28 56 8.68 27 5.71 2.92 5.4 30.8 54.0 1.73
XM1/345 WR (ppm) 114 1885 5.5 77 0.71 7.0 0.00 0.01 0.03 0.008 0.81 0.00 0.0031 0.0066 0.0005 0.0006 0.0007 0.0008
% in pn 0.043 3.00 9.46 147.61 0.017 0.26 0.06 41.75 1.0 0.63 103 1.43 11 0.87 3.57 na 5.2 26.9 8.85
1σ 0.002 0.12 0.39 6.15 0.001 0.01 0.00 1.74 0.0 0.03 4 0.06 0 0.04 0.15 0.2 1.1 0.37

WR whole rock, hz heazlewoodite, dj djerfisherite, pn pentlandite; whole-rock abundances from Holwell et al. (2019).
Sulphide and native Ni modes as well as uncertainties were derived as described in the text.

a Semi-quantitative determination for sulphides.
b Semi-quantitative determination for oxides (see Appendix 1 for details).
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proportions of sulphides and native Ni within the uncertainty are as-
sumed. Studies of postcratonic mantle peridotites have repeatedly
shown that Au does not necessarily reside in BMS (e.g. Delpech et al.,
2012; Lorand et al., 1999, 2008, 2010). Indeed, micrometric inclusions
of novodneprite (AuPb3) and anyuiite, Au(Pb,Sb)2, together with
nanometric clusters ofmetallic Auwere detected in olivine in lherzolites
from Lherz using Transmission ElectronMicroscopy (TEM) and Electron
Energy Loss Spectroscopy (EELS) (Ferraris and Lorand, 2015).

Being typically minute and easy to overlook (e.g., Kamenetsky et al.,
2015; Kamenetsky and Zelenski, 2020; Lorand et al., 2010; Luguet et al.,
2007), PGM inclusions in sulphides are nonetheless commonly
recognised in time-resolved element spectra from LAM-ICPMS analyses
(e.g., Griffin et al., 2002; Savelyev et al., 2018). In the present study, in-
direct observation of PGE- or semimetal-rich “nuggets” in the sulphides
is also based on the presence of signal spikes ormore sustained elevated
signals in the time-resolved spectra of sulphide minerals (listed as “in-
clusions” in Appendix 3, example spectra in Appendix 6). Sub-micron
Pt-Fe alloy grains with enrichment also in Re have previously been ob-
served as inclusions in sulphide in a harzburgite xenolith from
Bultfontein where they were ascribed to exsolution during subsolidus
re-equilibration (Wainwright et al., 2016). Conversely, native Ni ap-
pears to be free from such inclusions, at least at themicron-scale resolu-
tion permitted by optical methods, SEM or the duration of one element
sweep during LAM-ICPMS analysis. A Pt-Au inclusion is observed by
electron microscopy in heazlewoodite, itself included in the margin of
an olivine grain, in Ni-harzburgite XM1-422 (Fig. 2H–I).

These observations support the conclusion that significant portions
of the PGE and Au are hosted inmicro- and nano-phases, whichmay in-
clude combinations with Te, As, Sb and Bi (collectively referred to as
TABS; Mansur et al., 2019) in addition to PGE alloys (Helmy and
Botcharnikov, 2020). The involvement of TABS during both
refertilisation and cryptic metasomatism, leading to formation of dis-
crete Pt-Pd-Te-Bi microphases, has long been recognised in post-
cratonic mantle (Delpech et al., 2012; König et al., 2015; Lorand et al.,
2008, 2010; Lorand and Alard, 2010; Luguet et al., 2004). This has
been complemented by experimental studies investigating the phase
relations of theseminerals, and PGE behaviour under varying conditions
(Helmy et al., 2007, 2010, 2013; Helmy and Botcharnikov, 2020; Helmy
and Bragagni, 2017). There is some evidence that such phases occur as
microinclusions in heazlewoodite from the Ni-harzburgite, and they
may additionally occur interstitially where they cannot be sampled by
LAM-ICPMS. Such grains either crystallise from an incompatible
element-enriched residual sulphide liquid or exsolve from base-metal
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sulphides, especially after S-loss (Mansur et al., 2019; Mansur and
Barnes, 2020). Exsolution can explain the observation of co-ablated
Pd-Pt-Au-rich inclusions, whereas discrete micro-nuggets (we re-
emphasise that parts of the spectra showing evidence for such
micronuggets were excluded for trace-element quantification in the
sulphides reported in Table 2) can help explain the deficits in measured
grains (Table 5).

6.2.2. Moderately and slightly siderophile elements (V, Cr, Mn, Co, Ni, Cu,
Zn, Mo)

Some 25 to 100% of Cu can be accounted for by sulphide, suggesting
that Cu is onlyweakly lithophile (Table 5). In contrast, theabundances of
other moderately and slightly siderophile elements (V, Cr, Mn, Co, Ni,
Mo), with the notable exception of Zn, are not elevated or depleted in
spot analyses of spinel with assumed co-ablation of sulphide. These ele-
ments thus do not strongly prefer a sulphide over an oxidemineral host,
in accord with their partially lithophile nature, which allows them to
bond with both sulphur and oxygen (Wood and Kiseeva, 2015). More-
over, Mo, Ni and Co in the bulk rocks are unaccounted for by either na-
tive Ni or sulphide phases, despite being enriched in these minerals
compared to primitive mantle or bulk rocks (Fig. 7). Consequently, a
proportion of these elements probably is hosted in the modally domi-
nant silicates (e.g., 10s of ppm Co, 100s of ppm V in clinopyroxene,
100s of ppmCo and Zn, and 1000s of ppmNi in olivine from cratonic pe-
ridotite xenoliths; Griffin et al., 1989; Aulbach et al., 2017), making sul-
phides, spinels or Ti-oxides insignificant hosts of these elements in view
of their typically lowmodal abundances in mantle xenoliths.

6.2.3. Chalcophile elements and chalcogens (As, Se, Cd, Sb, Te, Pb, Bi)
The abundances of Cd, Te, Pb and Bi are elevated in the

sulphide-contaminated spot analyses in spinel (some shown in
Fig. 10E,F). These are among the group of elements identified as be-
coming more chalcophile under low oxygen fugacities (Ag, Cd, Hg,
In, Pb, S, Se, Te, and Zn; Barnes, 2016). Table 5 shows that Te,
alongwithAs,Ag,Cd, Sband inpartBi, requireadditionalhosts. This rein-
forces thesuggestionthattellurides,andpossiblybismuthinides,antimo-
nides andothermicro- ornano-phasesare required to account for part of
the chalcophile element budget alongwith someHSE (see above).

Indeed, micro-inclusions of minerals with high concentrations of
chalcophile elements have been identified in time-resolved spectra,
such as Cd-rich inclusions in two different pentlandite grains in phl-
peridotite XM1/341, and As-Te-Sb inclusions and an Ag inclusion in
heazlewoodite grains in Ni-harzburgite XM1/422 (some example
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spectra in Appendix 6). Inclusions of gersdorffite (NiAsS), native Cu and
Cu sulphides occur in heazlewoodite in this sample (Giuliani et al.,
2013a). Lorand and Grégoire (2006) describe micron-sized Ni sulfide
particles dispersed throughout the serpentinised matrix of mantle xe-
noliths from Bultfontein and nearby localities. Therefore, there likely is
an additional role for a grain-boundary sulphide component, too fine-
grained to be sampled by LAM-ICPMS, in balancing some of the
chalcophile element budget, as suggested for cratonic mantle xenoliths
elsewhere (e.g., Aulbach et al., 2019; Hughes et al., 2017).
6.3. Effects of low-temperature processes on siderophile and chalcophile el-
ement mobility

6.3.1. Trace-element redistribution during subsolidus re-equilibration
Subsolidus exsolution of pyrrhotite, pentlandite and chalcopyrite

from a high-temperature monosulphide has affected all sulphides in
kimberlite-borne mantle xenoliths from the Kaapvaal Craton, as
reviewed in Lorand and Grégoire (2006). This assemblage is recognised
in the polymict breccias (Table 1), where pyrrhotite in only one sample
could be analysed (JJG513). The pyrrhotite has generally low trace-
element abundances, within 10x of those in the co-existing pentlandite,
except for >10 times lower Zn, Pb and even lower Pd (0.015 ppm com-
pared to 2.7 ppm in pentlandite; Tables 2, 4), consistentwith the affinity
of pentlandite for Pd (Lorand et al., 2013). Conversely, chalcopyrite is
consistently enriched (1.3 to 1.9x) in Te, Ag, Mo, As and Au, and >10x
in Zn and depleted in Bi (2x), whereas the PGE are either slightly de-
pleted or similar to those in pentlandite it coexists with (Fig. 7). Consid-
ering these systematics, and assuming low-temperature equilibration is
an isochemical process, the abundances of PGE will be higher in pent-
landite than in the corresponding bulk sulphide.

6.3.2. Serpentinisation and desulphurisation
Serpentinisation leads to a decrease in S/metals at high Ni/Fe in sul-

phide, which contrasts with the effects of supergene alteration de-
scribed from eclogite xenoliths from the Kaapvaal Craton, which
caused an increase in both S/metals and Ni/Fe in sulphide (Gréau
et al., 2013). In the present study, evidence for late-stage
desulphurisation includes the presence of texturally unequilibrated sec-
ondary sulphide minerals, such as heazlewoodite after pentlandite
(Fig. 4D) or digenite after chalcopyrite, and of finely intergrownmagne-
tite and serpentine in the remnant “primary” sulphide mineral grains
(e.g., Fig. 4A,D,G) as well as the presence of native Cu (Section 3 and
Giuliani et al., 2013b). Veinlets, apophyses and trails of Ni-sulphides
are interpreted as further manifestations of this process (Fig. 2A–C, G,
Fig. 4D). In xenoliths from kimberlites on Somerset Island, submicron-
sized PGM appear associated with serpentinisation (Bragagni et al.,
2017). However, the single Pt “nugget” detected visually in sample
XM1/422 occurs in heazlewoodite included in the margin of an olivine
grain adjacent to a serpentine-filled fracture (Fig. 2I).

Recent work on partially serpentinised peridotites associated with
ophiolite indicates that Ag, Au and PPGE migrate from pentlandite to
newly formed Cu and Fe metal, with little mobilisation at the hand
specimen scale (Lawley et al., 2020a). Except in the Ni harzburgite,
such metals are not observed in samples in this study. Similarly,
Westner et al. (2019) find that surficial weathering and associated sul-
phide breakdown in peridotite xenoliths has little effect on their PGE
systematics. However, heazlewoodite replacing primary pentlandite
in two polymict breccias (DU-1 and BD2666) has consistently higher
As, Ag, Sb, Te, Bi, Pb and Au and lower Os. The distribution is variable
for the remaining elements (Co, Cu, Zn, Se, Mo, Cd, Re, Ir, Ru and Pt;
Table 4). The higher siderophile and chalcophile element contents in
heazlewoodite could imply that serpentinisation is a non-isochemical
process, reflecting efficient transport in the serpentinising fluid after
scavenging of these elements elsewhere in the system during partial
desulphurisation.
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6.4. New insights into the origin of Ni-rich zones in mantle peridotite

6.4.1. Formation conditions
The processes leading to formation of Ni-rich assemblages at mantle

depths remain unclear (Giuliani et al., 2013a; Lorand and Grégoire,
2006). The spatial association of native Ni with minor apatite, aegirine
and djerfisherite, as well as carbonates and halides, together with the
pyroxene-poor nature of the Ni-enriched zones and the presence of
carbonate-rich fluid inclusions, suggests the involvement of an alkali-
and volatile-rich, carbonated small-volume melt or fluid (Giuliani
et al., 2013a). This melt is required to be HS--poor because phase rela-
tionships at T > 625 °C would otherwise favour the formation of a Ni-
sulphide melt (Lorand and Grégoire, 2006). Although the equilibration
temperatures derived for the Ni-harzburgite (670 to 720 °C) are not
much above this threshold, the low abundance of djerfisherite relative
tometal in themetasomatised zone argues in favour of an S-limited en-
vironment, with low ƒS2. Ni-rich zones with diffusive halos (Fig. 2A,C,E)
indicate that not enough time was available for chemical re-
equilibration, thus suggesting a temporal link with host kimberlite
magmatism. Moreover, they suggest that Ni-enrichment occurred
at sufficiently high temperatures for volume diffusion, consistent
with a mantle origin rather than a near-surface origin related to
serpentinisation (Giuliani et al., 2013a). Nickel-enriched minerals are
spatially associated with symplectites of Cr-spinel ± clinopyroxene ±
enstatite related to garnet breakdown, which may have provided me-
chanically weak zones for fluid ingress (Giuliani et al., 2013a). In the
Scottish part of the North Atlantic Craton, a PGE-rich sulphide with
much higher Pt and Pd contents than native Ni or sulphide phases in
the Ni-harzburgite (Fig. 7A,B) is also associated with symplectites, and
has been linked to an event involving immiscible carbonate-sulphide-
phosphate fluids or melts (Hughes et al., 2017).

Brines have been shown to efficiently mobilise Pt and Au (Hanley
et al., 2005). Since Cl was certainly abundant in the melt, judging by
the presence of chlorides and Cl-bearing apatite, phlogopite and
djerfisherite (Giuliani et al., 2013a), the question arises whether the
siderophile elements were mobilised by the metasomatic agent. How-
ever, the concentrations of Pt and Au are low or undetectable in native
Ni and djerfisherite (Table 2). Moreover, at least at low pressures, the
transport of Pt (andPd) as chloride complexes requires extremely acidic
and oxidising conditions (Barnes and Liu, 2012), which appear to be
precluded by the presence of calcite and alkali carbonates in the Ni-
rich assemblage. Conversely, Cl enrichment may have facilitated
transport of Ni. Spinel in the Ni-harzburgite has the lowest V2O3 con-
tents of the cratonic samples (Fig. 6B,C), and V becomes markedly
less compatible at fO2 > FMQ-1, and incompatible at fO2 = FMQ
(the fayalite-magnetite-quartz buffer) in both spinel and chromite
(Mallmann and O'Neill, 2009). This is consistent with ƒO2 ~ NNO
(the Ni-Ni oxide buffer; ~ FMQ+1) indicated by equilibrium between
native Ni and Ni-rich olivine (Giuliani et al., 2013a). High ƒO2 would
also explain the higher Fe3+/ΣFe in Ni-rich spinel compared to spinel
in symplectites not associated with Ni-rich minerals within the Ni-
harzburgite (Giuliani et al., 2013a). In summary, the formation condi-
tions in the mantle were probably near-neutral with respect to pH,
with relatively high ƒO2 but low ƒS2.

6.4.2. Constraints from siderophile and chalcophile elements
Native Ni is generally IPGE-Rh-rich and Pt-Pd-poor, mimicking the

PGE patterns of Bultfontein peridotites and, with the exception of Pd,
sulphides in southern African peridotite xenoliths (Fig. 9B). Such pat-
terns reflect those expected for depleted mantle xenoliths in general
(e.g., Pearson et al., 2004) and the harzburgitic host in particular. This
sample has the lowest bulk S concentration of those investigated, and
one of the lowest measured in southern African peridotite xenoliths
(Fig. 8A). It seems unlikely that a Ni-rich, S-poor metasomatic agent re-
sulted from prior fractionation of mss from a sulphide melt deeper in
the lithospheric column because IPGE and Rh would be removed with
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this sulphide (e.g., Ballhaus et al., 2001; Liu and Brenan, 2015). The en-
richment of Rh together with the observed high IPGE/Pt signature
(Fig. 9B), also preclude a process involving physical entrainment, assim-
ilation or overprinting of IPGE alloys (Lorand et al., 2013). In contrast,
during partial melting, Rh concentrates in residual mss along with the
IPGE, whereas Pt and Pd are highly incompatible (e.g., Ballhaus et al.,
2001; Liu and Brenan, 2015). The desulphurisation of this residual mss
by the metasomatic agent could then lead to alloy formation (Fonseca
et al., 2012).

Djerfisherite in mantle xenoliths is thought to be related to K-Cl-
bearing melts or fluids (Abersteiner et al., 2019). The small amount of
djerfisherite precipitated in the Ni-enriched zone has some of the
highest Pb, Ag, Se, Te and Bi abundances of all sulphides in this study
(Fig. 9B), indicating efficientmobilisation of these elements in themeta-
somatic melt, with limited partitioning into native Ni, which has Se and
Te <LOD.

6.4.3. Local replacement of sulphide residual from melt extraction
The following observations suggest that the Ni-enriched zone re-

flects a localised process involving desulphurisation of residual BMS
phases, element redistribution and transport of Ni and Fe in the small-
volume melt.

(1) Strong diffusive enrichment of Ni and Fe in silicates and spinels
indicates that appreciable amounts of Ni ± Fe must have been
transported in the volatile-rich melt at least at the cm to dm
scale, giving rise to a Ni-enriched zone. Similarly, formation of
native Ni and sulphide phases with very low PGE contents
(<1 ppm total PGE abundance; Appendix 3), typical of metaso-
matic sulphides in this study, suggests limited transport of HSE
in the metasomatic agent. In the crust, there is evidence that
only Cu and Au are mobilised at km scales during greenschist-
faces hydration and carbonation, whereas Ni and PGE are only
mobile over a fewmm(Le Vaillant et al., 2015a). Although highly
salinemetamorphic fluids are rich in ligands that are able tomo-
bilise a range of ore-forming metals (Morrissey and Tomkins,
2020), it is unclear whether processes occurring during crustal
metamorphism are relevant to native Ni formation in themantle.
Even when Ni-PGE geochemical halos are observed around sul-
phide ore deposits, As-rich hydrothermal fluids appear to be
the main agent (Le Vaillant et al., 2015b), but As abundances in
native Ni or djerfisherite are low (Fig. 7A,B), and their enrich-
ment in heazlewoodite, which formed after native Ni, is here as-
cribed to addition during later sulphidation.

(2) Absolute HSE abundances and PM-normalised patterns in both
native Ni and heazlewoodite, which partially replaced native Ni
(based on textural observations; Fig. 2G), vary by several orders
of magnitude (Fig. 7A,B). Such variations in the PGE content of
sulphides in residual mantle peridotites may result from pre-
concentration into a decreasing sulphide pool during partial
melt extraction, and partial preservation if subsequently
entrapped by another mineral (cf. IPGE-Rh enriched patterns of
included sulphides in Alard et al., 2000).

(3) The Ni-enriched harzburgite has bulk-rock Ni abundances
(1720 ppm) similar to those in the other samples in this study,
which do not feature Ni-enriched zones (1120 to 1890 ppm;
values from Holwell et al., 2019).

(4) Ni-enriched zones are very rarely reported in cratonicmantle xe-
noliths (Lorand andGrégoire, 2006), despite a plethora of studies
with evidence for multiple metasomatic overprints by a variety
of agents; this suggests a limited role for large-scale Ni mobility.

In light of these observations, the most plausible explanation ap-
pears to be formation of native Ni from pre-existing BMS under ex-
tremely low ƒS2 imposed by the metasomatic agent in the mantle. The
PGE pattern of native Ni is strikingly similar tometal-richmss in a spinel
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harzburgite from Kerguelen (Fig. 7A), which experienced partial
desulfidation driven by partitioning of S as well as volatile siderophile
and chalcophile elements into volatile-richfluids exsolved from carbon-
ated silicate melt (Delpech et al., 2012). A similar process may have
acted upon the Ni-mineralised sample. Silicate and oxide minerals in
the Ni-enriched zones have higher FeO contents than in the unenriched
parts of the harzburgite xenolith (Giuliani et al., 2013a). Thus, BMS
breakdown is envisaged as a process involving replacement of S with
Ni ± Fe to form native Ni (with 1.25 to 13.8 wt% Fe; Giuliani et al.,
2013a), and repartitioning of excess Fe into spinel and the silicates,
with small-scale transport of Fe in the metasomatic agent. As discussed
by Campbell and Roeder (1968), desulphurisation entails redistribution
of Ni among silicate, oxide and metal, whereby Ni uptake in olivine and
pyroxene may occur via the reactions 2Ni + SiO2 + O2 = Ni2SiO4 and
Ni + SiO2 + ½ O2 = NiSiO3, respectively. Loss of orthopyroxene (via
conversion to clinopyroxene) from the Ni-enriched assemblage would
have provided a source of SiO2. These reactions accord with the sug-
gested increase in ƒO2 during Ni enrichment and the observation
that orthopyroxene is absent from the Ni-enriched part.

6.5. Resulphidation of the lithosphere beneath Bultfontein and elsewhere in
the Kaapvaal craton

6.5.1. Evidence for resulphidation
Massive resulphidation of the lithospheric mantle beneath several

localities in the Kaapvaal Craton after its stabilisation in the Archaean
is predicated on the following observations:

(1) Although an origin from kimberlite contamination cannot be
discounted (Griffin et al., 2014a; Lorand et al., 2013; Lorand
andGrégoire, 2006),most peridotite xenoliths from theKaapvaal
Craton have S concentrations that are higher than expected for
the degree of depletion estimated from their Al2O3 contents, in-
cluding in the studied samples (Fig. 8A). This is particularly
true given evidence for ~50%melt extraction in a harzburgite xe-
nolith from Bultfontein, suggesting that all sulphide is ofmetaso-
matic origin (Wainwright et al., 2016).

(2) Re-Os model ages of sulphide grains in peridotite xenoliths clus-
ter around 2.7 Ga, 2.2 to 1.8 Ga and 1.0 Ga, which suggests sul-
phide precipitation from asthenosphere-derived silicate melts
that are introduced episodically (Griffin et al., 2003).

(3) Polymict breccias, which represent failed kimberlite intrusions
(Giuliani et al., 2014a; Lawless et al., 1979; Pokhilenko, 2009),
contain large (up to 2.0×0.5 cm) segregations of Fe-Ni-Cu sul-
phides as part of large lenses and veins of ilmenite and rutile
(Giuliani et al., 2013b, 2016b). Thus, these proto-kimberlites
have reached sulphide saturation at 3.0 to 3.8 GPa, where
polymict breccias last equilibrated.

(4) Pentlandite in phl-peridotites is closely associated with other
metasomatic phases (clinopyroxene and phlogopite), suggesting
co-precipitation from a metasomatic agent.

(5) Sulphidation in the Ni-enriched harzburgite XM1/422 is evi-
denced by heazlewoodite overgrowths on native Ni (Fig. 2G
andGiuliani et al., 2013a). The S-bearing agent also had high con-
centrations of As, Sb, Bi, causing the strong observed enrichment
in (inclusion-free) heazlewoodite, from which gersdorffite later
exsolved.

(6) Metasomatic introduction of S has been recognised in eclogite
xenoliths (Burness et al., 2020; Gréau et al., 2013) that occur in-
terspersed as pods and lenses in the regional cratonic litho-
spheric mantle.

Sulfidation, coupled with the observed desulfidation leading to na-
tive Ni formation discussed above, appears to be characteristic of meta-
somatism by volatile-rich, strongly alkaline melts, such as beneath
Kerguelen (Lorand et al., 2004, Delpech et al., 2012) and the Massif
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Central (Alard et al., 2011), which are also implicated in the late meta-
somatic enrichment in the present study.

6.5.2. Effects on siderophile and chalcophile elements
After partial melt extraction during lithosphere stabilisation, the re-

sidual mantle is expected to be IPGE-rich, and Pd- and Re-poor, with
complementary depletions and enrichments in the melt (e.g., Pearson
et al., 2004). The behaviour of Rh and Pt depends on the preservation
of residual sulphide and stabilisation of Pt alloys, respectively
(e.g., Luguet et al., 2007; Mungall and Brenan, 2014). The abundances
of Re and, in particular, Pt and Os in sulphides from the strongly
metasomatised peridotite xenoliths studied herein are orders of magni-
tude lower than those of the vast majority of BMS grains in variably de-
pleted to mildly metasomatised peridotites from the Kaapvaal Craton
(Fig. 11A,B). In fact, Pt and Os abundances extend to lower values than
those of eclogitic sulphides. This is ascribed to massive dilution of the
HSE content by influx of an S-rich but IPGE- and Pt-poor agent. Despite
near primitive Pd/Ir-ratios in pentlandite in six of the seven samples in-
vestigated in this study (Fig. 11C), the bulk rocks in the three
phlogopite-peridotites where data are available retain depleted HSE
systematics with high IPGE/Pd (Fig. 7C,D). The dilution hypothesis is
consistent with markedly lower bulk-rock IPGE abundances in MARID
xenoliths, which can be considered more strongly metasomatised than
the phl-peridotites in this study or other Bultfontein xenoliths
(Fig. 9B). In contrast, the Ni-enriched harzburgite has experienced the
least S addition, judging by its low bulk S abundances: ~50 ppm com-
pared to 85 to 200 ppm in the other xenoliths (Holwell et al., 2019)
and to 62–220 ppm in other peridotites from Bultfontein and nearby lo-
calities (Lorand and Grégoire, 2006).

Abundances of Zn, Ag, Cd, Te and Pb are higher in phl-peridotites and
MARID than in polymict breccias, with As, Sb, Ag, Te and Pb conspicu-
ously higher in the MARID pentlandite (Fig. 5). Therefore, from a
chalcophile-element perspective, the Ti-rich silicate melts that
metasomatised the phl-peridotites coeval with Karoo magmatism
(Giuliani et al., 2014b; Appendix 1) appear to be related to the metaso-
matic agent responsible for MARID formation. These melts caused
stronger HSE dilution but greater addition of the chalcogens and some
chalcophile elements. A similar genetic relationship between MARID
and phlogopite-rich peridotites has been proposed based on Sr isotope
and trace-element ratios in clinopyroxene (Fitzpayne et al., 2020). In
contrast, sulphides in the polymict breccias are generally poorer in
chalcophile elements, suggesting that the proto-kimberlite melts
engulfing the mixtures of mantle-derived porphyroclasts that make
up the polymict breccias (Giuliani et al., 2014a; Lawless et al., 1979;
Pokhilenko, 2009) had higher ratios of S to chalcophile elements than
the silicate melts (Figs. 5 and 7).

It is striking that pentlandite in five of the seven samples discussed
here hasmarkedly supra-PUMRu/Ir. This is also true for coexisting chal-
copyrite in two of the samples (Fig. 7E–F) and therefore is not an arte-
fact of an unrecognised NiAr interference. Although bulk-rock data are
not available for MARID sample BLFX-3, one of the two MARID rocks
from Bultfontein analysed by Maier et al. (2012) has similarly high Ru/
Ir; this signature is shared by the majority of metasomatic BMS in
eclogite xenoliths (Burness et al., 2020; Fig. 11C). Elevated Ru/Ir may
be a hallmark of sulphides in strongly metasomatised peridotites from
the Kaapvaal Craton, whereas this signature is barely expressed at the
bulk-rock scale. It is also recognised in peridotites from the Western
Gneiss Region in Norway (Fig. 11C), which were metasomatised by hy-
drousmelts and fluids generated in subduction zones, and is a signature
of Cu ± Au deposits (Rielli et al., 2018a), although these samples range
to much higher Pd/Ir. In addition, the strongly metasomatised perido-
tites targeted in this study have high Te abundances (from Holwell
et al., 2019) at a given S content compared to literature values. These
concentrations are more similar to those of eclogite xenoliths than to
other peridotite xenoliths from the Kaapvaal Craton (Fig. 8B,C), consis-
tent with metasomatic modification and formation of Pt-Pd-Te phases,
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which have also been identified in other mantle rocks (e.g., König
et al., 2014).

6.5.3. A role for subducted components
Depletion of the compatible IPGE and enrichment in incompatible

Pd would be characteristic of any melt, but is tentatively ascribed here
to sourcing of the metasomatic agents in mantle domains containing
subducted components, given i) evidence for non-mantle S, N andO iso-
tope compositions (Giuliani et al., 2016a; Fitzpayne et al., 2019a); ii) the
Ni-poor character of sulphides in Kaapvaal peridotite xenoliths, incon-
sistent with equilibrium with peridotitic mantle (Lorand and Grégoire,
2006); and iii) young ages and radiogenic initial Os isotopic composi-
tions in peridotitic sulphide inclusions in diamond, which have been ex-
plained by remobilisation of older eclogitic components (Aulbach et al.,
2009a, 2009b). Two sulphidation mechanisms were identified in prior
works: (i) immiscibility of Cu-Ni rich sulfide melt droplets, which
unmix from the carbonate melt fraction, with precipitation of IPGE-
rich, PPGE poormss andPt-bismuthotellurides; (ii) sulfidation reactions
fromanS-H-CO2-rich supercriticalfluid that introduced S, Pd, Os, As and
some Au (Lorand et al., 2004; Alard et al., 2000; Delpech et al., 2012). In
view of the above-described siderophile and chalcophile element sys-
tematics, strongly metasomatised Bultfontein peridotites and MARID
rocks are suggested to have interacted with a volatile-rich fluid at
least partly sourced from subducted components.

6.6. Implications of resulphidation for the formation of PGE deposits

This study shows that the resulphidation of the Kaapvaal litho-
sphericmantle after its initial depletion led to a dilution of PGE, perhaps
formerly hosted in PGM or rare sulphide inclusions, into larger volumes
of sulphide. The bulk-rock IPGE abundances remain largely similar to
PM (Fig. 9B), suggesting that the low HSE contents in the sulphides
are offset by their increased modal abundances. Based on the analysis
of PGE contents in kimberlites, which represent the sum of kimberlite
melt contribution plus entrained and digested mantle xenoliths, Maier
et al. (2017) suggested that the SCLM does not significantly contribute
to the PGE enrichment associated with large igneous provinces. How-
ever, in the whole-rock peridotites and the BMS studied here, AuPUM is
high relative to the less incompatible (during mantle melting) PdPUM
compared to BMS in other Kaapvaal peridotite xenoliths (Fig. 9B). In-
deed, the average bulk-sample Au abundance in non-MARID
metasomatised peridotites from Bultfontein is 1.9 ± 1.9 ppb (n = 12),
while that in MARID is similarly high but less variable (1.9 ± 0.8 ppb,
n = 6); for comparison, only 1.0 ± 1.0 ppb (n= 52) Au has been mea-
sured in the remaining southern African localities (data in Maier et al.,
2012; Holwell et al., 2019). This suggests that strong metasomatism,
such as that recorded beneath Bultfontein can replenish at least some
of the Au in parts of the lithospheric mantle.

Remobilisation of HSE from the shallow cratonicmantle lithosphere,
where temperatures are below those leading to incongruent melting of
mss (Ballhaus et al., 2006) probably requires oxidation to sulphate, at
ƒO2 > FMQ (Jugo, 2009), or dissolution of sulphides. Although
sulphate-bearing veins occur in MARID rocks from Bultfontein
(Giuliani et al., 2014b), consistent with the presence of localised and
perhaps transient oxidised domains in the mantle lithosphere, ƒO2

largely remains<FMQeven in shallowmetasomatisedmantle xenoliths
from the Kaapvaal Craton (Woodland and Koch, 2003). Thus, S must be
remobilised in sulphide-undersaturated melts, such as ascending sili-
cate melts, in which S concentrations at sulphide saturation (SCSS) in-
crease with decreasing pressure and increasing ƒO2 (e.g., Mavrogenes
and O'Neill, 1999) also depending on melt SiO2 (Chowdhury and
Dasgupta, 2020) and FeO (Wykes et al., 2015).

We envisage that the resulphidation of initially refractory cratonic
lithospheric mantle occurred over aeons, as constrained from sulphide
Re-Os dating (e.g. at 2.2 to 1.8 Ga; Griffin et al., 2004), and was accom-
panied by re-introduction of PGE. These early metasomatic sulphides
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may have been in part dissolved into the large-volume melt that led to
formation of the massive ca. 2.05 Ga Bushveld layered intrusion, which
contains the largest PGE reserves on theplanet. Indeed, a role of the con-
tinental lithospheric mantle in the genesis of the Bushveld magmas has
been proposed (e.g. Richardson and Shirey, 2008). Small-volume car-
bonated melts percolated the lithosphere at least from the
Palaeoproterozoic onwards, as exemplified by the ca. 1.8 to 1.6 Ga
Kuruman kimberlite province (Donnelly et al., 2012), the ca.
1.15–1.13 Ga Premier (Cullinan) kimberlite (Tappe et al., 2018), and
the Jurassic and Cretaceous lamproite/orangeite and kimberlite
magmatism, respectively (e.g., Griffin et al., 2014a).

The repeated percolation of Ti-enriched silicate melts (phl-perido-
tites, MARID) and small-volume carbonated melts (polymict breccias)
caused both net addition and intra-lithospheric redistribution of S pre-
viously stored deeper in the lithosphere, including in subducted mate-
rials. A similar remobilisation model of earlier-emplaced subducted
components has been proposed for the generation of Cu-Au deposits,
which have elevated Ru/Ir, similar to the Bultfontein samples (Rielli
et al., 2018a). Gold and some chalcophile elements would follow S and
partition into the newly-formed sulphide. This may represent a first
step in the focussing and pre-concentration of precious metals into sul-
phides at increasingly shallower depth.

7. Summary and conclusions

We have investigated the petrography and chemical composition of
native Ni, sulphide, spinel and Ti-oxide phases in a suite of well-
characterised, highly metasomatised peridotites from the Bultfontein
kimberlite (Kaapvaal Craton) in order to (1) constrain to which extent
these macroscopic minerals control the chalcophile and siderophile
budget in the cratonic lithospheric mantle, (2) assess the effects of
low-temperature processes on late-stage remobilisation and redistribu-
tion of these elements, (3) decipher the nature and effects of metaso-
matic processes acting on the mineralogical hosts of siderophile and
chalcophile elements at mantle depth, and (4) discuss implications for
first-order controls for enhanced lithospheric mantle fertility. Our
main conclusions are as follows:

• Spinels host an insignificant proportion of the siderophile and
chalcophile elements, except Zn. Despite orders of magnitude higher
abundances of most chalcophile and siderophile elements in the in-
vestigated macroscopic BMS and native Ni, these phases account for
only a small proportion of the bulk-rock PGE or Au budget (typically
<25%), and additional hosts are required. One Pt-Au micro-nugget
was directly observed, whereas micro-nuggets with or without semi-
metals are indirectly observed in time-resolved LAM-ICPMS spectra.
High bulk-rock Te/S ratios suggest a role for tellurides, which along
with bismuthinides, antimonides and similar compounds may also
host missing As, Ag, Cd, Sb, Te and in part Bi. Combined with low Se/
Te, this indicates the introduction of chalcophile and chalcogen ele-
ments via metasomatism.

• Low-temperature re-equilibration of monosulfide solid solution to
pentlandite+pyrrhotite+ chalcopyrite entails limited redistribution
of chalcophile and siderophile elements, with slightly higher PGE
abundances in pentlandite, which therefore yields maximum concen-
trations relative to the bulk sulphide. Serpentinisation may not have
Fig. 11. Trace-element abundances (ppm) and primitive mantle-normalised ratios in native
polymict breccia xenoliths from Bultfontein. Primitive mantle values from Becker et al. (200
3.9 ± 0.5 ppb, Ir = 3.5 ± 0.4 ppb, Ru = 7.0 ± 0.9 ppb, Pt = 7.6 ± 1.3 ppb, Pd = 7.1 ± 1.3
Africa, including mss in peridotite (Alard et al., 2000) and in eclogite xenoliths (Burness et al.,
ardson et al., 2001; Richardson et al., 2004; Aulbach et al., 2009b), whole-rock peridotite xenoli
work (Maier et al., 2012) aswell other kimberlite- and lamproite-hosted peridotite xenoliths (P
peridotite from theWestern Gneiss Region in Norway representing an exhumedmantle wedge
centrations in sulphide inclusions in eclogitic diamond from the central Slave craton, inte
unmetasomatised (Aulbach et al., 2012).
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been isochemical with respect to chalcophile and siderophile ele-
ments, as heazlewoodite replacing “primary” pentlandite has consis-
tently higher As, Ag, Sb, Te, Bi, Pb and Au, perhaps pointing to the
efficient transport of chalcophile elements and Au in the
serpentinising agent. Conversely, the mobility of PGE at the mineral
scale appears to be negligible during serpentinisation.

• Multiple pieces of evidence in this and prior work indicate that after
its formation and strong melt depletion, the Kaapvaal Craton has ex-
perienced repeated sulphide addition due to multiple metasomatic
events. At Bultfontein, this causedmassive dilution ofHSE abundances
in pre-existing PGM and residual sulphides, with formation of mark-
edly PGE-poor BMS (<4.2 ppm total PGE contents in pentlandite
from seven samples), compared to>26 ppm in BMS in other Kaapvaal
peridotite xenoliths. In the metasomatised bulk peridotites, Au is
enriched relative to the less incompatible Pd and was probably
added alongwith S, possibly partly sourced from subductedmaterials.
Conversely, native Ni, which occurs in unusual Ni-enriched zones in a
harzburgite, probably formed from precursor BMS due to strong
desulphurisation.

• Episodic sulphide formation in strongly metasomatised peridotite at
mid-lithospheric depths possibly involved a combination of net intro-
duction of S and HSE during interaction with asthenosphere-derived
silicate melts, and intra-lithospheric redistribution during metasoma-
tism by small-volume carbonated melts. Such upward redistribution
may represent an important step in the pre-concentration of precious
metals in the lithospheric mantle. Further mobilisation may be pro-
moted where these metal-enriched sulphide-bearing domains in the
mantle interact with ascending sulphide-undersaturated melts.
These processes would ultimately represent the first-order controls
on the prospectivity of any given overlying crustal block.
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