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ABSTRACT

The East Sulawesi Ophiolite, one of the three largest ophiolites in the world, contains important
podiform chromitites. However, the origin of these chromite deposits is not well constrained. Here,
we present the detailed mineralogy and in situ chemistry of chromite and solid inclusions within
chromite for podiform chromitites from the Kabaena Island, Southeast Sulawesi. Chromite grains
have low TiO, (0.17-0.27 wt%) and Al,0O5 (13.4-15.1 wt%) contents and high Cr# [Cr/(Cr+Al), molar]
of 0.70-0.74 and Mg# [Mg/(Mg+Fe?*), molar] of 0.69-0.75, which resemble those of other high-Cr
podiform chromitites worldwide. The MORB-normalized patterns for some selected major-trace
elements of chromite show slightly positive slopes from Al,O3; to Mn. Chromite-hosted silicate
inclusions include olivine, clinopyroxene, orthopyroxene and amphibole and are characterized by
higher Mg/Fe ratios than those of host peridotites. The geothermobarometry of chromite-hosted
clinopyroxene-orthopyroxene pairs indicates that the estimated T-P conditions of the parental
magma of the Kabaena chromitites are 950-1010°C and 7.0-8.4 Kbar. The extreme-Mg-rich olivine
inclusions (Fo >96) with extremely high Ni (5300-8200 ppm) and Cr (1500-6700 ppm) contents are
interpreted to have crystallized from high-Mg and Cr boninitic melts, and the Fo contents were
then elevated by subsolidus re-equilibration (Fe-Mg and Fe-Ni exchange) with chromite. Sulfide
inclusions contain base metal minerals containing millerite with rare pentlandite and chalcopyrite,
and platinum-group minerals that include the laurite-erlichmanite series, Ir-Ni monosulfide, irarsite
and cuproiridsite. This sulfide assemblage reveals that their parental magmas experienced the
evolution of high T and low f(S;) to low T and high f(S;) from the early to late stage. Finally,
combined with the palaeogeographic reconstruction in Sulawesi, we propose that the high-Cr
chromitites in this region were formed by the reaction of depleted mantle and boninitic magma
beneath a juvenile island arc, implying the initiation of a new subduction in the Miocene.
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1. Introduction

Podiform chromitites, usually with discontinuous,
pod-like shapes, are hosted in ophiolitic peridotites
and are widely considered to have formed by melt-
rock interaction (e.g. Arai and Yurimoto 1994; Zhou
et al. 1994). These chromitites are usually smaller ore
bodies than those from layered intrusions, but they
supply more than half of the world’s chromite ore
production due to the high Cr/Fe or Al/Fe ratios
(Stowe 1987). According to the Cr# [Cr/(Cr+Al),
molar] of chromite, podiform chromitites can be
divided into two types: high-Cr (Cr# >0.6; high Cr/
Fe) and high-Al (Cr# <0.6; high Al/Fe) chromitites. The
former are thought to be related to boninitic melts
and depleted mantle (e.g. harzburgite) that

experienced a high degree of partial melting in fore-
arc-related settings (e.g. Pagé and Barnes 2009; Nayak
et al. 2021; Sideridis et al. 2021). The latter are possi-
bly related to MORB-like or arc tholeiite magmas and
fertile mantle (e.g. lherzolite) that experienced a low
degree of partial melting in a MORB or back-arc set-
ting (e.g. Zhou et al. 1998, 2001; Uysal et al. 2009;
Gonzélez-Jiménez et al. 2011). The podiform chromi-
tites formed in different tectonic environments could
preserve different compositional features in terms of
mineralogy and geochemistry. Therefore, the study of
the genesis of podiform chromite deposits has impor-
tant significance in not only exploring new chromium
resources but also understanding the tectonic
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evolution of host ophiolites (e.g. Pagé and Barnes
2009; Akmaz et al. 2014; Pujol-Sola et al. 2021;
Sepidbar et al. 2021).

Chromite can be an early crystalline phase from
mafic-ultramafic magma (e.g. Yao et al. 2018) or
a residual phase of mantle peridotites after melt extrac-
tion (e.g. Arai 1980; Bao 2009). It is more resistant to
alteration and weathering than silicate minerals (e.g.
olivine and pyroxene). Chromite usually hosts various
individual and/or multiphase mineral inclusions in it
(Melcher et al. 1997; Zhou et al. 2014), such as silicate
minerals, base metal sulfides (BMS) and platinum-group
minerals (PGM). Hence, chromite grains can effectively
preserve information about the chemical composition
and formation conditions of the parental magma in
equilibrium with them. The structure and chemical com-
position of chromite as well as chromite-hosted mineral
inclusions have been widely used to infer the nature of
parental melts, the thermochemical conditions of gen-
esis and the tectonic setting of podiform chromitites and
igneous rocks in different environments (e.g. Irvine 1965,
1967; Barnes and Roeder 2001; Kamenetsky et al. 2001;
Rollinson 2008; Gonzalez-Jiménez et al. 2011; Yao et al.
2018, 2019, 2021a; Hu et al. 2022).

The East Sulawesi Ophiolite (ESO), Indonesia, which is
one of the three largest ophiolites in the world along
with the Oman Ophiolite and the Papua New Guinea
Ophiolite (Kadarusman et al. 2004), contains small podi-
form chromite deposits (Zaccarini et al. 2016; Septiana
et al. 2021). Previous studies have chiefly focused on the
petrogenesis of the ESO. A consensus was initially
reached on the ability to trace the ESO back to the
proximity of the presently active region of the SW
Pacific Superplume based on its geochemical features
and palaeogeographic reconstruction (Monnier et al.
1995; Parkinson 1998; Kadarusman et al. 2004). A few
of mineralogical study have been carried out on chromi-
tites hosted in the ESO of Sulawesi, Indonesia (Zaccarini
et al. 2016; Hasria et al. 2021; Septiana et al. 2021). The
composition of these chromitites showed a variation
from high-Al to high-Cr contents. However, to our
knowledge, no comprehensive studies on the trace ele-
ment compositions of chromite and the mineral phases
of chromite-hosted solid inclusions in the ESO have been
conducted to date. In this study, we present the first
trace element data of chromite as well as detailed obser-
vations of mineral phases within chromite for podiform
chromitites from Kabaena Island, Southeast Sulawesi,
Indonesia. These datasets are used to reveal the nature
of the parental magma and the formation conditions
and tectonic setting for the Kabaena chromitites.
Combined with previously reported data of other chro-
mite deposits in the ESO and the reconstructed
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Figure 1. (a) Schematic map showing the tectonic units of
Sulawesi Island (modified from Kadarusman et al. 2004). (b)
Geological map of Kabaena Island, showing the sampling loca-
tions (modified from Simandjuntak et al. 1993).

palaeogeography of the ESO, we propose a genetic
model for the Sulawesi chromitites and provide new
constraints on the tectonic evolution in this region.

2. Geological background and sample
description

The K-shaped island of Sulawesi (Figure 1a), located in the
triple junctions between the Eurasian, Indo-Australian and
Pacific mega-plates, is a complex tectonic zone with large-
scale tectonic dislocations and thrust faults (e.g. Katili 1978;
Parkinson 1996; Hall and Wilson 2000). It is mainly com-
posed of four geological provinces: (1) the West and North
Sulawesi volcano-plutonic arc with Cenozoic volcanic and
plutonic rocks; (2) the Central Sulawesi metamorphic belt
with  high-pressure  metamorphic rocks, such as
Pompangeo schists and an ophiolite mélange; (3) the East
Sulawesi Ophiolite; and (4) two Australian microcontinental
fragments, Banggai Sula and Tukang Besi. The East Sulawesi



Ophiolite, with an outcrop area of 15,000 km?, is widely
distributed from Gorontalo Bay through the East Arm and
central Sulawesi towards the Southeast Arm and the islands
of Buton and Kabaena (Silver et al. 1983; Kadarusman et al.
2004). The ages of the basalt and gabbro from the ESO
range from the Cretaceous (79-137 Ma) to the Neogene
(16-23 Ma) (Simandjuntak 1992; Mubroto et al. 1994;
Monnier et al. 1995; Bergman et al. 1996; Parkinson 1998).
The ESO contains the full suite of ophiolite lithologies,
including residual mantle peridotites, mafic—ultramafic
cumulates, layered to isotropic gabbros, sheeted dolerites
and basaltic volcanic rocks from bottom to top, and has
experienced various degrees of serpentinization in different
localities (Parkinson 1998). Numerous chromitites have
been found in the Alekale, Bette, Jempulu, Kalamasse,
Kamara and Palakka areas from the South Arm, the Latao
and Soroako areas from the Southeast Arm, and the Utara
and Tedubara areas from Kabaena Island (Zaccarini et al.
2016; Hasria et al. 2021; Septiana et al. 2021; Idrus et al.
2022). These deposits are small and irregular pods or
nodules hosted in serpentinized peridotites.

Kabaena Island is in the southernmost part of the
Southeast Sulawesi Arm. The age of Kabaena Island and
the surrounding area varies from the Cretaceous to the
Middle Miocene (Hall and Sevastjanova 2012). Due to the
division of the South Banda Sea, this island was pushed
closer to the Southeast Sulawesi Arm during the
Pleistocene (Kadarusman et al. 2004; Hall and
Sevastjanova 2012). The Pompangeo schist complex con-
sists of Cretaceous and Tertiary low- to moderate-grade
metamorphic rocks of phyllite, mica schist, amphibole
schist, and chlorite schist (Parkinson 1998). The Matano
Formation contains Cretaceous limestone with local meta-
morphism(Simandjuntak et al. 1987; Fadhlurrohman et al.
2017). The peridotite unit of the ESO is mainly distributed
in the northern and southern portions of the island and
primarily consists of lherzolite (Simandjuntak et al. 1993).
A few harzburgites and dunites can be observed in the
northern portion. These ultramafic rock samples from
Kabaena Island exhibit some MORB-like geochemical fea-
tures, such as the MORB-like REE pattern of clinopyroxene
(Kadarusman et al. 2004). Two large thrust faults with
west-east directions across Kabaena Island shifted the
ultramafic complex over the Pompangeo schist complex,
and the Kabaena metasediments in the Mesozoic
(Nursahan 2005). Tertiary and Quaternary sediments
cover the ultramafic complex (Figure 1b).

The chromitite samples investigated in this study were
collected from field outcrops and local mines in the north-
ern part of the island, where there is relatively dense
vegetation and a high hilly morphology (Figure 2a-d).
The latitude and longitude of the sampling locations are
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listed in Supplementary Table S1. Chromitite orebodies
with lens or nodule shapes are hosted in harzburgites and
have thicknesses ranging from tens of centimetres to
a few metres. The host harzburgites have a typical gran-
ular texture and have experienced various degrees of
weathering and alteration. The chromite aggregates
occur interstitially to grains of olivine and orthopyroxene
(Figure 2e-f). As the chromite content increases, the type
of mineralization is defined as disseminated, net-textured,
and massive. Most of the chromite grains are reddish-
brown unlatered crystals that are variable in size (0.5-
2 cm) and embedded in an altered silicate matrix. Along
the rims and cracks, chromite is replaced by magnetite/
ferrian chromite. Olivine in the matrix is generally
replaced by serpentine, with a small amount of unaltered
residual fragments (Figure 2e-f). Many silicate and sulfide
inclusions are detected in unaltered chromite grains from
the Kabaena chromitites (Figure S1).

3. Analytical methods

The compositions of solid inclusion mineral and chro-
mite from the Kabaena chromitites and host rocks
(harzburgites) were determined using wavelength dis-
persive analysis with a JEOL JXA-8530 F Plus electron
microprobe (EPMA) at the State Key Laboratory of
Ore Deposit Geochemistry, Institute of Geochemistry,
Chinese Academy of Sciences in Guiyang. The analy-
tical conditions included an accelerating voltage of
25 kV, a beam current of 10 nA, and a peak counting
time of 10-20 s. The analytical beam diameter was
1 um for solid inclusion mineral and 10 um for chro-
mite, respectively. Synthetic oxides and natural
minerals were utilized as standards. The Fe?* and
Fe3* contents in the chromite and clinopyroxene
were calculated based on their ideal stoichiometries.
The analytical results of the major elements for repre-
sentative minerals are given in Supplementary Table
S2. The compositional mappings of the solid inclu-
sions were separately determined by energy disper-
sive X-ray spectroscopy using an accelerating voltage
of 15 kV and a beam current of 10 nA.

Trace element analyses of chromite were con-
ducted by LA-ICP-MS at the State Key Laboratory of
Ore Deposit Geochemistry, Institute of Geochemistry
Chinese Academy of Sciences. Laser sampling was
performed using an ASI RESOLution-LR-S155 laser
microprobe equipped with a Coherent Compex-Pro
193 nm ArF excimer laser. An Agilent 7700x ICP-MS
instrument was used to acquire ion-signal intensities.
Helium was applied as a carrier gas and mixed with
argon via a T-connector before entering the ICP-MS.
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Figure 2. Representative photographs of field outcrops and mineral assemblages for the Kabaena chromitites and host peridotites. (a—
d) Field photographs, and backscattered electron photographs of host peridotite (e) and disseminated chromitite (f). Chr = chromite,

Ol = olivine, Opx = orthopyroxene.

The laser beam diameter was 40 um for chromite.
Each analysis incorporated a background acquisition
of approximately 30s (gas blank) followed by 50s of
data acquisition from the sample. Element contents
were calibrated against multiple reference materials
(GSE-1 G, BCR-2 G, BIR-1 G and BHVO-2 G) combined
with internal standardization. The preferred values of
element concentrations for the USGS reference
glasses were obtained from the GeoReM database
(http://georem.mpch-mainz.gwdg.de). Offline selec-
tion and integration of background and analyte sig-
nals, time-drift correction and quantitative calibration
were performed using ICPMSDataCal (Liu et al. 2008).

The analytical results of the trace elements for chro-
mite are given in Supplementary Table S2.

4. Mineral chemistry
4.1 Host peridotite

The Kabaena chromitites are mainly hosted in man-
tle harzburgite and lherzolite, but our chromitite
samples were collected in harzburgite, which com-
prises olivine and orthopyroxene, with subordinate
clinopyroxene and Cr-spinel (Figure 2e). The chemi-
cal compositions of these olivine crystals include
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Figure 3. Forsterite (Fo) contents versus (a) Ni, (b) Mn, (c) Ca and (d) Cr contents of olivine from the Kabaena chromitites and host
rocks. Olivine data for the other chromitites, the oxidized environment and the metamorphosed serpentinite are from the compiled
database of Yao et al. (2021b). Olivine data for mantle xenoliths and komatiites are from Sobolev et al. (2007)

average values of ~90 Fo [100 Mg/(Mg + Fe), molar],

~3000 ppm Ni, <100 ppm Ca, and

~980 ppm Mn

(Figure 3). Orthopyroxene is mainly composed of
enstatite and pigeonite, with high Mg# [Mg/(Mg +

Fe?™), molar] values of ~0.91, 0.4-4.1 wt% CaO, and
4.8-6.2 wt% Al,03. Clinopyroxene has a diopsidic
composition, with an average value of ~0.95 Mg#,
~6.5 wt% Al,O; and ~0.3 wt% Cr,0; (Figure 4).
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Figure 4. (a) The ternary diagram of Wo-En-Fs for primary pyroxene in chromitite and host harzburgite. (b) Mg# versus Si (a.p.f.u) for

amphibole included in chromite.
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chromitites in (a) are after Arai et al. (2004), and the fields in (b) are after Kamenetsky et al. (2001). The data for the high-Cr and high-Al
chromitites in Sulawesi are from Zaccarini et al. (2016), Septiana et al. (2021) and Hasria et al. (2021). MORB: mid-ocean ridge basalt;
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These mineral compositions are consistent with
those of mantle harzburgites (Arai 1980; Khedr and
Arai 2017; Pan et al. 2022).

4.2 Mineral chemistry of chromite

More than 60 microprobe analyses were obtained on the
primary chromite core from the Kabaena chromitites.
The compositions of the chromite grains vary only
slightly, with 53.7-56.9 wt% Cr,05, 13.4-15.1 wt% Al,
03, 9.7-11.7 wt% FeO, 2.8-4.3 wt% Fe,03, 14.5-16.0 wt%
MgO, and 0.17-0.27 wt% TiO,. Based on the high Cr#
values from 0.70 to 0.74 and high Mg# values from 0.69
to 0.75, the chromitites from disseminated, net-texture,
and massive ores are categorized as high-Cr chromitites.
In the diagram of Cr,05-Al,03 in chromite (Bonavia et al.
1993), the Kabaena chromitites and other chromitites
hosted in the ESO plot within the ophiolitic podiform-
type chromitite field (Figure 5a). The low TiO, and mod-
erate Al,O5 contents of these chromitites are different
from those of large igneous provinces (LIP), oceanic
island basalts (OIB), mid-ocean ridge basalts (MORB)
and MORB peridotites but resemble those from arc
basalts (Kamenetsky et al. 2001). These results indicate
that their parental melts are more likely to be well con-
nected with arc-related rocks (Figure 5b).

The concentrations of Ni, Zn, V, Co, Sc and Ga in the
Kabaena chromitites range from 760 to 1280 ppm, 441
to 616 ppm, 580 to 740 ppm, 160 to 210 ppm, 4.5 to 6.0
ppm, and 20.0 to 5.0 ppm, respectively. Bivariate dia-
grams of various trace element concentrations against
Cr# of chromite minerals compare the Kabaena chromi-
tites with ophiolitic high-Al chromitites, other ophiolitic
high-Cr chromitites, layered intrusions and komatiites

(Gonzalez-Jiménez et al. 2017 and references therein).
The results are consistent with the signatures of high-Cr
ophiolitic chromitites (Figure 6). In particular, the low Ga
content in high-Cr ophiolitic chromitites is a remarkable
geochemical feature that differentiates these chromi-
tites from those with other origins (Figure 6f).

4.3 Solid inclusions hosted in the chromite

Silicate inclusions contain mainly olivine, pyroxene, and
amphibole (Figure S1a—f). They are several tens of micro-
metres in size and are characterized by higher Mg/Fe
ratios than the host rocks. Olivine inclusions exhibit
extremely high Ni (5300 to 8200 ppm) and Cr (1500 to
6700 ppm) contents and low Ca (<200 ppm) and Mn
(190 to 400 ppm) contents (Figure 3), as well as higher Fo
(96.7 to 97.7 mol%) than those reported by Idrus et al.
(2022). The Ni contents in the olivine inclusions are
positively correlated with the Fo values.

Both orthopyroxene and clinopyroxene inclusions
occur either as single crystals or paragenetic aggregates,
which are composed of enstatite and diopside (Figure 4a).
The average Mg#, Al,O3 and TiO, values of enstatite are
~96, 2.12 wt% and 0.08 wt%, respectively. The Mg# values
of the diopside inclusions (0.96-0.99) are higher than
those of enstatite, with average contents of 0.88 wt%
Al,Os. Ellipsoidal chromites are found in silicate inclu-
sions, indicating that they are primitive minerals of mag-
matic origin (Figure S1f). The amphibole inclusions are
composed of 2.6 to 6.2 wt% Al,Os, 12.6 to 12.9 wt% CaO,
0.6 to 1.5 wt% Na,0, 1.3 to 3.0 wt% Cr,0s, and 0.92 to
0.97 Mg#, which are edenites in composition (Figure 4b).

Sulfide inclusions hosted in chromite, generally smal-
ler than 10 um in size, are found in the Kabaena chromi-
tites. These sulfide inclusions contain base metal and
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platinum-group sulfhides, occurring either as singular
crystals or aggregates associated with silicates and/or
other sulfides (Figure S1g-I). Millerite with euhedral-
subhedral shapes is the most abundant BMS inclusion,
with subordinate pentlandite and chalcopyrite. The Ni
and Fe contents of millerites range from 57.1 to 62.8 wt
% and 0.8 to 2.7 wt%, respectively. Pentlandite grains
contain 44.3-47.1 wt% Ni and 16.2-20.6 wt% Fe. The PGE
contents of the base metal sulfides are below the detec-
tion limits of EPMA.

Chromite-hosted platinum-group minerals (PGMs)
are generally sulfide inclusions enriched in iridium sub-
group PGEs (IPGE: Os, Ir, Ru). No PGE alloys or sulfide
inclusions enriched in palladium subgroup PGEs (PPGE:
Rh, Pt, Pd) were found. Five types of PGMs were distin-
guished in the thin sections. PGE sulfides of the laurite-

erlichmanite series are the most abundant phases.
The second most common phase is Ir-Ni monosulfide,
followed by a few irarsite and cuproiridsite phases.
These PGM grains range from a few to several tens of
micrometres in size and show euhedral, subhedral to
anhedral shapes (Figure S1). They are usually found in
aggregates but also rarely as single grains within chro-
mite grains (Figure S2). Furthermore, the exsolution of
various small PGM grains also occurs in some larger
PGMs (Figure S1j-k). Laurites contain 31.5-16.8 wt%
Ru and 10.3-22.2 wt% Os. Erlichmanites contain 11.3-
21.5 wt% Ru and 36.2-44.5 wt% Os (Figure 7). Ir-Ni
monosulfide grains contain 14.1-17.3 wt% Ni and
34.1-40.4 wt% Ir. The Ir and Cu contents of cuproiridsite
are ~67.8 wt% and ~10.4 wt%, respectively. Irarsite (Irt)
has ~41.6 wt% Ir, ~24.9 wt% Os and ~15.7 wt% As.
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Figure 7. Ternary diagram of Ru-Os-Ir showing the composition
of laurite-erlichmanite series minerals hosted in the chromite
from the Kabaena chromitites.

Similarly, Uysal et al. (2009) also reported these solid
inclusions of PGMs in the ophiolitic chromitites from
the Mugla, SW Turkey.

5. Discussion

5.1 Nature of the parental magma of the Kabaena
chromitites

In the chromite Cr# versus Mg# plot (Figure 8a), the
Kabaena chromitites plot within the fields defined by Cr-
spinel in boninites. The elevated Cr# and TiO, values in
chromite also plot along the reaction trend of

harzburgite with boninitic melts (Figure 8b). These evi-
dences imply a boninitic affinity for the Kabaena chro-
mitites. Based on experiments and field studies,
empirical equations of the Al,O3 and TiO, contents and
FeO/MgO ratios have been established for chromite and
the associated parental melts (Maurel 1984; Kamenetsky
et al. 2001; Rollinson 2008; Zaccarini et al. 2011). The
spinel-melt compositional relationship is independent
of temperature variations. Zaccarini et al. (2011) used the
data of Kamenetsky et al. (2001) to calibrate the relation-
ship between the Al,O5; and TiO, contents of chromite
and the parental melts. Massive and net-texture chromi-
tites display a minimum subsolidus re-equilibration
effect or post-cumulus reaction between the interstitial
silicate and the chromite due to the higher proportion of
chromite. We used the empirical equation of Zaccarini
et al. (2011) and the chemical composition of the chro-
mite core portion from the Kabaena massive and net-
texture chromitites to estimate the Al,O5; and TiO, con-
tents of the parental melts. The equations for the
(TiO2) merr @and (Al;03)mere in an arc setting are as follows:

(A|203) =5.2253 x |n(A|203) —1.1232

melt spinel

(TiOy)

melt

= 1.0897 % (Ti03 ) 4yjpe +0.0892

where Al,O5; and TiO, are in wt%. The calculated Al,O3
and TiO, contents of the parental melts for the Kabaena
chromitites are 12.5-13.1 wt% and 0.25-0.39 wt%,
respectively, which plot within the field of boninites
(Figure 9a-c) and are far from the field of MORB. For
comparison, the calculated parental melts of the high-Cr
podiform chromitites in some typical ophiolites are
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Kamenetsky et al. (2001) and Tamura and Arai (2006). The Fertile MORB Mantle (FMM) is after Arai (1994). The data sources for the
high-Cr and high-Al chromitites in Sulawesi are the same as in Figure 5.
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summarized in Table S3. These data show that the Al,03
and TiO, values of the parental melts of the Kabaena
chromitites are in the range of the high-Cr chromitites
from ophiolites [such as the ophiolites in Oman
(Rollinson 2008), Elekdag, Turkey (Dénmez et al. 2014)
and Sagua de Tanamo, Cuba (Gonzélez-Jiménez et al.
2011)] and typical boninites (Al,O3: 5.8-18.0 wt% and
TiO,: 0.07-0.6 wt%; Figure 9d). Additionally, the FeO/
MgO ratios of the melts from which chromite crystallized
were estimated using the empirical expression proposed
by Maurel (1984):

In(FeO/MgO)spinel = 0.47-1.07 x Al#;piner + 0.64
X Fe#spinel + IN(FEO/MQO) meit

where FeO and MgO are in wt%, Al# = Al/(Cr + Al +
Fe*") and Fe# = Fe**/(Cr + Al + Fe*'). The FeO/MgO
ratios of the parental melts of the Kabaena chromitites
vary from 0.66 to 0.82, and these values are comparable
to those of the high-Cr ophiolitic chromitites in forearc
and supra-subduction zone settings, such as the Santa
Elena ophiolite (Zaccarini et al. 2011), the Nidar Ophiolite
Complex, India (Nayak et al. 2021), the Elekdag ophiolite,
Turkey (D6nmez et al. 2014), and boninites (FeO/MgO:
0.3-2.9; Figure 9d).

Moreover, some selected major, minor, and trace
elements of the chromites from the Kabaena chromi-
tites were normalized to the composition of the
MORB chromite and plotted following the order of
elements suggested by Pagé and Barnes (2009). The
results are compared with the values for chromite in
boninitic lavas from the Thetford Mines Ophiolite
(TMO) in Canada (Pagé and Barnes 2009), and chro-
mite database for high-Cr chromitites and high-Al
chromitites from Zhou et al. (2014). The MORB-
normalized patterns of chromite grains from the
Kabaena chromitites show slightly positive slopes
from Al,O5 to Mn, with positive Ti and Mn anomalies
and variable Sc contents, which are similar to those
of boninitic lavas or ophiolitic high-Cr chromitites
but different from those of high-Al chromitites
(Figure 10). In addition, the existence of amphibole
inclusions in the chromite suggests that the parental
melts are rich in H,O. This evidence suggests that the
Kabaena high-Cr chromitites crystallized from boni-
nitic melts in a subduction environment as opposed
to MORB-like melts.
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5.2 Chromite-hosted solid inclusion constraints on
physicochemical conditions

Solid inclusions hosted in chromite are enclosed during
the growth of chromite crystals, which prevents further
physicochemical exchange between these minerals and
ambient melts. The compositions of these inclusions,
therefore, can preserve several primitive pieces of infor-
mation about the composition and physicochemical
conditions of the parental melts from which they crystal-
lized (Nayak et al. 2021; Sepidbar et al. 2021; Sideridis
et al. 2021).

5.2.1 Silicate inclusion constraints on the
temperature-pressure (T-P) conditions

Early studies proposed that ophiolitic chromitites could
be formed under low-P conditions by the mixing of
melts with different SiO, contents or the melt-rock reac-
tion between mantle peridotite and melts (Arai 1994,
1997; Zhou et al. 1994). However, recent studies have
shown that some ultrahigh-pressure (UHP) and highly
reduced (HR) phase inclusions (e.g. CaFe,04-phase, ring-
woodite pseudomorph, diamond, Fe-silicides, carbide,
native Fe and Si) are present in chromitites from Tibet,
Urals, Myanmar and Oman (Robinson et al. 2004;
Dobrzhinetskaya et al. 2009; Yamamoto et al. 2009;
Yang et al. 2015; Pujol-Sola et al. 2020). Some researchers
have suggested that the presence of UHP and HR miner-
als can be regarded as important evidence for the deep
mantle origin of these chromitites (e.g. Dobrzhinetskaya

et al. 2009; Yang et al. 2015; Guo et al. 2021). However,
other researchers have found that some HR/UHP miner-
als observed in ophiolitic chromitites can also be pro-
duced by the ocean-floor metamorphic processes of
ultramafic/mafic rocks under low T-P conditions instead
of those of deep mantle origin (Pujol-Sola et al. 2018,
2020, 2021; Farré-de-Pablo et al. 2019). Therefore, in
order to determine if the chromitites formed at low- or
high-pressure environments, or if they were recycled at
high pressures, detailed mineralogical studies and
T-P estimates are needed to determine the crystalliza-
tion T-P environment for chromitites.

Unaltered clinopyroxene and orthopyroxene, as
mineral pairs, often coexist and are included in the
chromite from the Kabaena chromitites, indicating that
they are primary inclusions in equilibrium with primitive
magma. Putirka (2008) summarized and calibrated the
geothermobarometry of the clinopyroxene-
orthopyroxene Fe-Mg exchange, which has been widely
used to estimate the T-P conditions of parental magma
and mantle rocks (e.g. Perkins and Anthony 2011; Guo
et al. 2021). Based on this geothermobarometry, the
calculated T-P conditions of the parental magma of the
Kabaena chromitites range from 950 to 1010°C and from
7.0 to 8.4 Kbar, respectively (Table S4), which are in line
with the T-P conditions in the uppermost mantle. In
addition, no diopside lamellae-bearing chromite (UHP
minerals), diamond or native elements (HR minerals)
were found in the Kabaena chromitites. Experiments
(Liu and O'neill 2004; Zhang et al. 2017) have shown



that the Si and Ca contents in chromite are affected by
ambient temperatures and pressures, which can cause
variations of a few thousand ppm. The lower Si contents
(500-950 ppm) of the Kabaena chromitites relative to
those from Luobusa ophiolites (500-10,000 ppm; Su
et al. 2019) are consistent with an origin at a shallow
depth. Therefore, our data indicate that the Kabaena
chromitites were formed at shallow mantle depths (e.g.
the Moho Transition Zone and the upper-most mantle).

5.2.2 Sulfide inclusion constraints on sulphur
fugacity conditions

In the high-Cr chromitites from Kabaena Island,
Southeast Sulawesi, some euhedral-subhedral sulfide
inclusions are enclosed in unaltered chromite grains
away from cracks and fractures. This observation indi-
cates that the sulfide grains formed at or before chro-
mite crystallization and were not affected by post-
magmatic hydrothermal alteration after their entrap-
ment in chromite. In agreement with other high-Cr
ophiolitic chromitites (e.g. Bou Azzer chromitites, Pujol-
Sola et al. 2021; southeastern Turkey chromitites, Akmaz
et al. 2014; Eastern Cuba chromitites, Gervilla et al. 2005),
the results of this study and recent research by Idrus
et al. (2022) show that PGMs in the Kabaena chromitites
are characterized by IPGE-bearing (Os-Ru-Ir) sulfides,
such as laurite, erlichmanite, and irarsite, whereas no
PPGE-bearing (Pd-Pt-Rh) minerals have been found.
The presence of exclusive IPGE-bearing PGMs implies
that the parental magmas are enriched in IPGE but
depleted in PPGE. During the process of the partial
melting of mantle peridotites, refractory IPGE are often
trapped in residual sulfides or PGM in the mantle, while
the more mobile PPGE are transferred to silicate melt
(Bockrath et al. 2004). In other words, the parental mag-
mas with IPGE enrichment and PPGE depletion in the
Kabaena chromitites were derived from a depleted man-
tle that experienced melting events. The melts produced
at the early stage extracted the PPGE in the mantle,
resulting in the formation of depleted mantle mainly
containing IPGE. Additionally, in the Kabaena chromi-
tites, four other pieces of evidence support the depleted
features of the mantle: (1) mantle harzburgite is the host
rock; (2) the Cr# values of the chromite grains are higher
than those of abyssal peridotite (Figure 8a); (3) in the
chromite TiO, vs. Cr# plot, the chromites plot on the
trend line of the reaction between harzburgite and boni-
nitic melts (Figure 8b); and (4) all the silicate inclusions in
the chromites have higher Mg# or Fo values than the
host harzburgites (Figures 3-4). Therefore, we propose
that the Kabaena chromitites have a close genetic rela-
tionship with depleted mantle (such as harzburgite).
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Furthermore, Brenan and Andrews (2001) and
Andrews and Brenan (2002) used experimental results
to evaluate the effects of temperature (T) and f(S,) on
phase relations in the Ru-Os—Ir-Ni-S system and estab-
lished the corresponding relationship between them. At
high temperatures and low f(S,) values (1200-1300°C
and log f(S,) from 2 to 1.3), Os-Ir alloys and the end
member composition of RuS, (very low contents of Os
and Ir) prefer to crystallize. As the f(S,) value increases
and the temperature decreases, laurite can progressively
accommodate more Os because the partition coefficient
of Os significantly increases between laurite and silicate
melt (Brenan and Andrews 2001; Andrews and Brenan
2002). Considering that Ir-Os alloys are associated with
awaruites in the serpentine gangue of the Kabaena
chromitites, Idrus et al. (2022) suggested that they
were secondary exsolution products at ~400°C.
Similarly, no Os-Ir alloy inclusions were found in this
study. The investigated laurite inclusions in the
Kabaena chromitites feature Os enrichment (10-22 wt
%). Several euhedral erlichmanite grains were also found
in the chromite, instead of Os-Ir alloys. These assem-
blages indicate that the Kabaena chromitites started to
form at lower temperatures but slightly higher f(S,)
values than those defined by Brenan and Andrews
(2001) for the stability of laurite (1100-1200°C). With
the constant increase in the f(S,) value and the decrease
in temperature, erlichmanite continued to crystallize.
Irarsite is attached to the outer envelope of laurite-
erlichmanite, showing that arsenic activity increases
after the crystallization of laurite. Subsequently, the
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Figure 11. Metal-sulfide equilibrium lines for Ru, Pt, Ir, Os and Ni
as a function of sulphur fugacity [log f(S,)] and temperature (T)
(modified from Melcher et al. 1997). The blue arrow shows the
crystallization trend of f(S,)-T for the Kabaena chromitites.
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PGMs of cuproiridsite and Ir-Ni monosulfide may crystal-
lize. The presence of millerite (NiS) inclusions in the
chromite further indicates that the crystallization condi-
tions of the Kabaena chromitite are beyond the heazle-
woodite (NisS,)-millerite (NiS) buffer and include lower
temperatures (down to 864°C) and higher f(S,) condi-
tions (Figure 11; Melcher et al. 1997). Base metal sulfide
inclusions of rare pentlandite and chalcopyrite in chro-
mite correspond to late crystallized phases after the
formation of PGM assemblages when the temperature
dropped and the f(S,) value increased further. Therefore,
the BMS and PGM assemblages reveal that the parental
magmas for the Kabaena chromitites experienced an
evolutionary process from high T and low f(S;) condi-
tions at the early stage to low T and high f(S,) conditions
at the late stage.

5.3 Origin of high-Ni-Cr extreme-Mg olivine
inclusions hosted in chromite

Plechov et al. (2018) and Yao et al. (2021b) summarized
the structure and chemical compositional characteristics
of extreme-Mg olivine (Fo >96) with different origins,
including skarn xenoliths, carbonate-related alkaline vol-
canic rocks, metamorphosed serpentinites, oxidized
environments, and chromitite ores. In the Kabaena chro-
mitites, extreme-Mg olivines are present as inclusions
hosted in chromite grains. No skarn xenoliths or carbo-
nate-related components were found based on detailed
observations of thin sections. The Ni and Mn contents of
extreme-Mg olivines from metamorphosed serpentinites
are similar to those of olivines from mantle xenoliths and
komatiites (Khedr and Arai 2012), and olivines from oxi-
dized environments show exsolution lamella of iron
oxide (Plechov et al. 2018). However, the extreme-Mg
olivine from the Kabaena chromitites has very high Ni
and Cr contents, which resembles extreme-Mg olivines
from other chromitites (e.g. Luobusa, Xiong et al. 2015;
Su et al. 2019; Ray-Iz, Plechov et al. 2018). Subsolidus re-
equilibration of Fe-Mg exchange between chromite and
olivine inclusions may provide an accepted mechanism
that elevates the Fo content of olivine when they come
in contact (Yang et al. 2015; Bai et al. 2017), but the
genesis of extreme-Mg olivine inclusions for chromitite
ore has not been well constrained.

Euhedral mineral inclusions are often regarded as ear-
lier crystalline minerals from primitive magma relative to
host minerals. Extreme-Mg olivine inclusions in the
Kabaena chromitites are plentiful and euhedral-
subhedral in shape. Namely, we should first consider the
possibility of magmatic origin for these extreme-Mg oli-
vines. As shown in Figure 3, olivine with Fo >96 is difficult
to be produced by normal mantle-derived melts that are

even derived from high-degree mantle melting (e.g.
komatiites). Yao et al. (2021b) proposed that extreme-
Mg olivine can crystalize from primitive Mg-rich carbonate
melt under high oxygen fugacity (fO,) conditions. Because
high fO, can convert Fe** into Fe**, it no longer fits into
the octahedral site. Additionally, in the oxygen fugacity
(fO,) experimental data reported by Blundy et al. (2020),
extreme-Mg olivines were found in the high fO, samples
(logfO, > —2.9), indicating that high fO, conditions can be
a controlling factor for the crystallization of magmatic
extreme-Mg olivine. However, the presence of numerous
sulfide inclusions implies that the parental magma of the
Kabaena chromitites is under a relatively reduced envir-
onment and prevents the model of magmatic origin for
Kabaena extreme-Mg olivine. Compiled olivine data show
that chromite-hosted olivine has extremely high Fo con-
tents and very high Cr and Ni contents. Bai et al. (2017)
performed compositional profile analyses of chromite and
olivine and found that the FeO content in the part of the
olivine that was in contact with the rim of the chromite
was lower. Xiao et al. (2016) reported a positive correlation
between the olivine 6°°Fe values and the Fo contents in
Luobusa harzburgite-dunite-chromitite. These results
confirm the occurrence of Fe-Mg exchange between
chromite and olivine, namely, Fe from olivine to chromite
and Mg from chromite to olivine, which may have ele-
vated the Fo contents of olivine. Bai et al. (2017) sug-
gested that the mechanism of Fe-Mg exchange can
cause the decoupling of the Fo and Ni contents in olivine.
However, the Ni contents in extreme-Mg olivine from the
Kabaena chromitites are positively correlated with the Fo
contents, with R*> = 0.6 (Figure 3a). This finding indicates
that Fe-Ni exchange may also exist in olivine-chromite,
which may be an analogous mechanism to the Fe-Ni
exchange reaction of olivine-sulfide that occurs widely in
magmatic Cu-Ni sulfide deposits (e.g. Li et al. 2007; Yao
et al. 2018). Therefore, the Fe-Mg and Fe-Ni exchanges
between olivine and chromite are the key factors causing
the extremely high Ni and Fo contents in the olivine
inclusions from the Kabaena chromitites.

Additionally, the high Cr content in extreme-Mg oli-
vine associated with chromitite is another outstanding
feature, but the factor causing it is still uncertain.
Because trivalent cations do not prefer to partition into
olivine, experiments of element diffusion in olivine and
chromite (Spandler et al. 2007) showed that their diffu-
sion is generally slower than that of divalent cations in
olivine. Pagé and Barnes (2009) estimated the correla-
tions between the proportion of chromite in whole rock
and the concentrations of minor and trace elements in
chromites for podiform chromitites from Thetford Mines
Ophiolite. These correlations indicated that the Cr, Ti, Ga,
and V contents in chromite were not easily modified by



re-equilibration reactions with olivine during cooling
and could preserve the early magmatic signature. Our
preceding discussion shows that the Kabaena high-Cr
chromitites have a close genetic relationship with boni-
nitic melts. Primitive boninitic melts are known to be
richer in Cr (up to 4890 ppm; Walker and Cameron 1983;
Pearce et al. 1992;) than other mantle-derived primitive
basaltic melts (~200 to 500 ppm Cr; Roeder et al. 2006).
Therefore, we suggest that the extreme-Mg olivine inclu-
sions in the Kabaena chromitite crystallized from high-
Mg and Cr boninitic melts in the early stages.
Subsequently, subsolidus re-equilibration (Fe—-Mg and
Fe-Ni exchange) between the chromite and the olivine
further increased the Ni and Fo contents of the olivine
hosted in the chromite during cooling.

5.4 Genesis of podiform chromitites in Sulawesi
and tectonic implications

Different models for the formation of podiform chromi-
tites have been proposed, mainly including fractional
crystallization of basaltic melts (Lago et al. 1982), mantle
residue after high-degree melting (Wang and Bao 1987),
melt-peridotite reactions (Arai and Yurimoto 1994; Zhou
et al. 1994), deep mantle recycling (Arai 2013), mantle
plume (Xiong et al. 2015; Yang et al. 2015), and melt-fluid
immiscibility (Su et al. 2020). Given that our results for the
high-Cr podiform chromitites from Kabaena Island,
Southeast Sulawesi are more consistent with the melt-
rock reaction model, we suggest that they were formed
by the interaction of boninitic melts and depleted mantle
(harzburgite) at the depth of the Moho transition zone or
the uppermost mantle in the SSZ environment. This
mechanism has also been widely used to explain the
formation of other high-Cr podiform chromitites around
the globe (e.g. Uysal et al. 2009; Gonzélez-Jiménez et al.
2011). High-Al and high-Cr chromitite deposits have been
reported in the ESO of Sulawesi, Indonesia (Zaccarini et al.
2016; Hasria et al. 2021; Septiana et al. 2021). The high-Al
chromitites are considered to have crystallized from high-
Al magmas that were produced by the fractional evolu-
tion of initial high-Cr boninitic magmas (Zaccarini et al.
2016), which is different from the more pervasive origin
related to the MORB-like or arc tholeiitic magma. The
palaeogeographic reconstruction indicated that the
ESO, long with Ontong-Java and Hess Rise, was initially
formed near the large composite mass of oceanic pla-
teaus and seamounts by the SW Pacific Superplume at
~137 Ma (e.g. Parkinson 1998; Kadarusman et al. 2004).
Subsequently, the ESO moved westward and accreted
onto the Sundaland continental margin at ~30 Ma due
to the birth of a fast-spreading mid-oceanic ridge. In the
Miocene (~20 Ma), some microcontinental fragments
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Sulawesi Ophiolite. Age data are from Kadarusman et al. (2004)

from the Indo-Australian Plate (e.g. the Banggai-Sula
and Tukang-Besi microcontinents) started to subduct
westward beneath the ESO. This new subduction zone
was recorded by the numerous arc-type Neogene volca-
niclastic basalts (NVC; 23-16 Ma) covering the ESO
(Kadarusman et al. 2004). Meanwhile, our results also
indicate that the formation of high-Cr podiform chromi-
tites in Kabaena has a close genetic relationship with
boninitic melts. Together with the presence of hydrous
silicate minerals (amphibole), boninitic melts in the
Kabaena chromitites can be used to infer the initiation
of a new subduction zone. Considering that the composi-
tions of high-Al chromites (such as intermediate Mg"* and
Cr* values, and low TiO, contents) in Sulawesi are similar
to those from SSZ peridotite (Figures 5b and 8), they
most likely formed in MORB-like magmas in a back-arc
setting. Another alternative genesis model for Sulawesi
chromitites is shown in Figure 12. In the first stage, the
high-Cr chromitites were formed by the reaction of
depleted mantle and boninitic magma beneath
a juvenile island arc; in the second stage, the high-Al
chromitites were produced by the reaction of less
depleted mantle and MORB-like magma in a transitional
geotectonic environment from the arc to back-arc set-
ting. The chromitite deposits in the Kabaena Island and
Southeast Arm of Sulawesi (Figure 1), close to the sub-
duction zone, record high-Cr compositional features
related to boninitic magma, whereas those of the South
Arm (Figure 1), away from the subduction zone, show
a transition from high-Cr to high-Al compositions in
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a back-arc setting. Thus, similar to podiform chromitites
from southeastern Turkey and eastern Cuba ophiolites
(Gervilla et al. 2005; Akmaz et al. 2014), we suggest that
the cooccurrence of high-Al as well as high-Cr chromitites
in Sulawesi may be a response to tectonic evolution from
subduction initiation to the back-arc basin since the
Miocene.

6. Conclusions

The podiform chromitites from Kabaena Island,
Southeast Sulawesi, are high in Cr# (0.70 to 0.74) and
contain massive, net-texture, and disseminated ores.
Here, we first conduct a systematic study of mineral
chemistry. These data and a compilation of previously
published data for the ESO allow us to draw the follow-
ing conclusions:

(1) The major and trace element compositions of chro-
mite and the estimated Al,O5 and TiO, contents and
FeO/MgO ratios of parental melt for the Kabaena
chromitites imply that they were formed by the
reaction of boninitic melts and depleted mantle
(harzburgite).

(2) The estimated T-P conditions of the parental
magma of the Kabaena chromitites are 950-
1010°C and 7.0-8.4 Kbar, indicating that they
were more likely formed in the uppermost
mantle.

(3) The sulfide assemblage of laurite-erlichmanite-
irarsite-millerite reveals that the parental magmas
for the Kabaena chromitites experienced an evo-
lution of high T and low f(S,) to low T and high
f(S;) from the early to late stage.

(4) Based on the composition of extreme-Mg olivine
inclusions in chromite and comparison with other
extreme-Mg olivines from different environments,
we propose that they crystallized from high-Cr
boninitic melts and then further increased Fo con-
tents by subsolidus re-equilibration (Fe-Mg and
Fe-Ni exchange) with chromite.

(5) Combined with the palaeogeographic reconstruc-
tion and reported data for podiform chromitites in
the ESO of Sulawesi, we suggest that the cooccur-
rence of high-Al and high-Cr chromitites in this
region could imply a tectonic evolution from sub-
duction initiation to a back-arc basin.
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