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The Jijal Complex, one of the largest Neo-Tethyan ophiolites (ca. 150 km?) in Pakistan, occupies a deep-level sec-
tion of the Cretaceous Kohistan Arc that was obducted along the Main Mantle Thrust or Indus Suture Zone. Peri-
dotites of the Jijal Complex consist mainly of harzburgite and dunite with numerous podiform chromitites. In this
paper, we present new mineral compositions, whole-rock major elements, trace elements, rare earth elements
(REEs) and platinum group elements (PGEs) to evaluate the melt evolution and petrogenesis of these rocks.
Chromian spinel in the chromitites is fairly uniform in composition with Cr#s ranging from 75 to 81, Mg#s
from 59 to 63 and TiO, < 0.2 wt%, which suggest crystallization from boninitic magmas. Chromian spinel
in the peridotites has relatively lower Cr#s of 71-74, Mg#s of 38-48 and very low TiO, contents (averaging
0.09 wt%). The Fe>"#s of chromian spinels both in the chromitites and peridotites are very low (maximum
0.02), reflecting crystallization under low oxygen fugacity (fO,). The harzburgites and dunites have low average
Ca0, Al,05 and REE values and contain Al-poor clinopyroxene and high-Cr spinels. Mantle-normalized trace ele-
ment patterns of the harzburgite, dunites and chromitites reflect high-degrees of partial melting (25%-30%). The
high-Cr chromitites all show similar chondrite-normalized platinum group element patterns characterized by
enrichment in Os, Ir, Ru and Rh relative to Pt and Pd. The mineral chemistry, whole-rock compositions and
PGE geochemistry indicate that the chromitites in the Jijal Complex were generated from a boninitic parental
magma generated under low to high fO, in a supra-subduction zone environment. The calculated compositions
of the parental melts of the Jijal chromitites are consistent with differentiation of arc-related magmas.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

contains at least some chromite deposits in their upper mantle units.
The morphology, compositions, chemistry and isotopic characteristics

Ophiolitic peridotites are the result of partial melting and melt-rock
reaction, processes that are strongly controlled by fluctuations in tem-
perature, pressure, melt flux and oxygen fugacity (fO,) in the upper
mantle (Dilek and Furnes, 2014; Lian et al., 2019; Parkinson and
Pearce, 1998; Wu et al., 2017; Zhang et al., 2016). The modal mineral-
ogy, mineral compositions and whole-rocks chemistry of these rocks
are therefore important indicators of the physical circumstances and
tectonic settings under which the ophiolites formed. Most ophiolite
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of these chromitites and various mineral inclusions therein provide sig-
nificant information about the melt-rock interaction, mantle melting
and fluid fluxing in the mantle, and also about composition in the
deeper earth (Dilek and Yang, 2018; Gonzalez-Jiménez et al., 2011).
Chrome spinels both from chromitites and residual mantle perido-
tites have been used as significant indicators for the tectonic setting of
ophiolite formation, (Arai et al., 2006; Dick and Bullen, 1984;
Kamenetsky et al.,, 2001). In many ophiolite, high-Cr and high-Al
chromitites commonly coexist and are presumed to have formed by re-
active interactions between peridotite with different degrees of deple-
tion and melts with different compositions (Dilek and Furnes, 2011;
Gonzalez-Jiménez et al., 2011; Llanes et al., 2015; Uysal et al., 2009).
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The chromitites of high-Cr are considered to be products of boninitic
melts produced in forearc environments, whereas high-Al chromitites
are considered to be the product of mid-ocean ridge basalt (MORB)-
type melts, formed in back-arc setting or mid-ocean ridge at shallow
mantle depths (<30 km) (Arai and Miura, 2016). Studies on high-Al
and high-Cr chromitites have revealed that most ophiolite contains tex-
turally and compositionally heterogeneous mantle peridotites and ex-
trusive rocks, with various combinations of MORB, island-arc tholeiite
and boninite compositions (Dilek et al., 2008; Dilek and Thy, 1998;
Dilek and Yang, 2018; Saccani et al., 2017). Proposed models for such
complex ophiolites suggest that all these observed compositions and
isotopic heterogeneities are likely to develop in a single, evolving
supra-subduction zone (SSZ) environment by a combination of
magmatism and melt-rock reaction (Derbyshire et al., 2019; Gonzalez-
Jiménez et al., 2011; Kakar et al., 2012, 2014; Lian et al., 2019; Zhou
etal., 2014). These features argue strongly for petrogenesis of ophiolites
in supra-subduction environments rather than requiring a range of tec-
tonic settings to explain the origin of different mantle melts and the
development of different chromitites compositions. Systematic, field-
based studies of ophiolites are required to explain the various geochem-
ical characteristics, mineral compositions and isotope geochemistry of
podiform chromitites in the mantle peridotites (Dilek and Robinson,
2008).

In this paper we present new data on the mineralogy, mineral com-
position, whole-rock geochemistry and platinum group element (PGE)
chemistry from the upper mantle peridotites and chromitites of the Cre-
taceous Jijal Complex along the Main Mantle Thrust (MMT or Indus Su-
ture Zone) in North Pakistan (Fig. 1) and discuss their petrogenesis in a
Neo-Tethyan geodynamic framework. The Jijal Complex is situated
along the southern margin of the Cretaceous Kohistan Island Arc,
where it is separated from Indian plate by the Main Mantle Thrust or
Indus Suture Zone (Fig. 1; Arif and Jan, 2006). We selected this body
for detailed study because its peridotites provide textural, mineralogical
and geochemical evidence for formation in a supra-subduction zone
(SSZ) setting. The geochemistry of the Jijal peridotites and chromitites
has been studied previously by Arif and Jan (2006) and Jan and Howie
(1981), but their data were limited to mineral chemistry and they did
not focus on the origin of the parental magmas. Using our new observa-
tions and data, we discuss the evolving melt compositions of the Jijal
Complex and their role in chromitite genesis in a SSZ tectonic setting.

2. Regional geology and structural architecture of the Jijal Complex
ophiolite

Tethyan ophiolites (i.e. Kizildag-Turkey, Semail-Oman, Troodos-
Cyprus and Waziristan-Northwest Pakistan, Muslim Bagh-West
Pakistan, Dongbo-Western Tibet China etc.) are remnants of lithosphere
and oceanic crust, along with some supra-subduction zone assemblages
that were originated during closure of the Tethyan Ocean and collision
of the Eurasia and Gondwana continents (Mahmood et al., 1995; Dilek
et al., 2007; Kakar et al., 2012, 2014; Xiong et al., 2015; Dilek and
Furnes, 2019). In northern Pakistan, Kohistan Arc Complex (KAC;
Fig. 1a) is the exhumed sandwich section between the Karakoram
(Asian) plate to the north and Indian plate to the south, and is separated
from these plates by major faults, the Main Mantle Thrust (MMT or
Indus Suture Zone) and Main Karakoram Thrust (MKT) (Fig. 1a). The
northwestern tectonic contact Indian plate is with southeastern part
of Afghan block. Both the Indus Suture Zone and western collisional
zone with Afghan block contains numerous mafic-ultramafic
(ophiolitic) complexs that originally formed within the Neo-Tethyan
Ocean (Khan et al., 2007, Mahmood et al., 1995).

The Jijal Complex lies on the hanging wall of the Main Mantle Thrust,
and represents mafic-ultramafic roots of the KAC that formed during the
arc building stage (ca. 110-90 Ma) (Schaltegger et al., 2002). This com-
plex consists of a lower ultramafic unit and an upper mafic unit (Burg
et al,, 1998; Ringuette et al., 1999). The ultramafic unit is further divided

into a peridotite zone, a pyroxenite zone and a garnet-bearing
hornblendite and pyroxenite zone (Fig. 1b). The peridotite zone consists
mainly of harzburgite with lenses or bands of dunite, chromite-bearing
dunite (Fig. 2a) and chromitite (Fig. 2b). Websterites with stringers of
dunite are widespread and become more abundant in upper section
where wehrlites are interlayered with the websterite. The transition be-
tween the peridotite zone and the pyroxenite zone is marked by an in-
crease in the pyroxene/olivine ratio, while the enrichment of Cr-rich
websterite and wehrlite progressively replaced the dunite proportion.
The upper part of the ultramafic unit (Fig. 1b) consists of a thin unit
(~700 m) of coarse-grained, garnet-bearing rocks, garnet-poor to
garnet-rich (+hornblende) pyroxenite and (garnet 4+ clinopyroxene)
hornblendite to (hornblende + clinopyroxene) garnetite. Overlying
the pyroxenites and hornblendites is a garnet-bearing meta-gabbro
(garnet granulite) that constitutes the crustal section of the ophiolite,
the base of which is considered to be the petrological-MOHO of the
Kohistan Arc (Fig. 1b; Burg et al., 1998). Based on field, textural evi-
dences and geochemical arguments, these garnets in gabbros have
been interpreted as cumulates of a magmatic assemblage that can crys-
tallise from relatively hydrous mafic magmas at pressure relevant to
the lower crust of arcs (Alonso-Perez et al., 2009). The upper mafic sec-
tion consists of garnet-bearing, meta-gabbros that underwent high-
pressure granulite-facies metamorphism (P > 1 Gpa, T = 700 ~ > 950
°C) (Arif and Jan, 2006; Ringuette et al., 1999; Yamamoto and
Nakamura, 2000; Yamamoto and Yoshino, 1998). Lenses of
hornblendite, 10-100 m thick, which are roughly subparallel to paleo-
moho, are surrounded in the garnets granulite (Fig. 1b). These
hornblendite become more plentiful upward, and show more or less
progressive variation between pyroxene to garnet-rich (+hornblende,
plagioclase), hornblendite to garnet (4clinopyroxene, plagioclase)
and granitite to hornblendite (4-clinopyroxenes), with majority of the
pyroxenite near the base of the section (Yamamoto and Yoshino,
1998). The Kamila sequence (210 km thick) is the southern part of the
Kohistan Arc represent the upper crustal level, comprises different
sorts of fine-graind and layered amphibolite (i.e. orthO-amphibolites,
meta-plutonic and carbonates). It is intensively intruded by the
amphibolitized rocks of gabbroic to granitic composition which com-
prise a varied sequence of basalts some with MORB-type tholeiitic affin-
ities and some with island-arc tholeiitic affinities. These amphibolites
may be remnants of an upper mafic sequence (Schaltegger et al. (2002).

3. Mineralogy of the Jijal Complex peridotites and chromitites

In the Jijal Complex, the upper mantle peridotites are mainly com-
posed of coarse-grained harzburgite, dunite and chromitites (Fig. 2a, b).
The harzburgite comprises olivine (75-82 vol%) (Fogg_91) and
orthopyroxene (11-18 vol%) (Eng;_gg, Fs7_s, W05_4), with minor
amounts of clinopyroxene (Engg_so, FS3, W045_47) (up to 4 vol%) and
chromian spinel (up to 3 vol%) (Fig. 3). It has a protogranular texture
expressed by intergrowth of olivine and orthopyroxene (Fig. 4a).
Some of the olivine grains exhibit resorbed textures, particularly when
they are enclosed by large orthopyroxenes grain. In some samples,
porphyroclasts of orthopyroxene are present. The orthopyroxene com-
monly hosts clinopyroxene lamellae (Fig. 4a, b) and may show deforma-
tional structures such as elongation and development of kink bands. By
using the experimental data of Taylor (1998) and Nimis and Taylor
(2000), these structures were formed at temperatures of 849 °C to
1007 °C and the estimated pressure condition over this temperature
ranges from 17.31 to 22.64 kbar given in electronic supplement
(Table S1). Chromian spinel (0.1-1 mm in diameter) is brown to red-
dish brown, euhedral to subhedral and, in some cases, rimmed by Cr-
rich chlorite (kaemmererite). Some unique features typical of high T-P
conditions, such as elongation of orthopyroxene and spinels, mechani-
cal twinning of olivine, exsolution lamellae in the orthopyroxene and
other plastic deformation structures in harzburgite, confirm that these
rocks originated in mantle (~70 km depth; see Xiong et al., 2019).
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Fig. 1. (a) Simplified geological map of the Kohistan Island Arc Complex (KAC, Northern Pakistan), showing the location of the Jijal Complex (modified after Burg et al. (1998), the small m-
set map showing location and topography (light-green is low elevated area and light-white is high elevated area) of Kohistan Arc Complex in north Pakistan (b) Cross-section (A-B) of the
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Fig. 2. Field photographs of the Jijal Complex peridotites and chromitites. (a) Dunite occurring as lenses or patches in fresh harzburgite. (b) Chromitite bands in cumulate dunite. (c) Lenses
or patches of disseminated chromitite with dunite layers. (d) A dunite band in massive chromitite.
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Fig. 3. Modal mineralogy of the Jijal ultramafic rocks. Classification diagram of ultramafic rocks is after Le Maitre et al. (2002). Ol-olivine, Opx-orthopyroxene, Cpx-clinopyroxene.

Dunitic rocks in the study area is dominated by olivine (94-97 vol%)
(Fog1.7-92.6), with minor orthopyroxene (1-2 vol%), clinopyroxene (1-3
vol%) and chromian spinel (Fig. 3). They are relatively fresh with little
serpentinization. These rocks have a granoblastic texture in which oliv-
ines grain has curved boundaries, indicating “crystals” recrystallization
(Fig. 4b, e). Large olivine grains display deformational kink-band along
slip planes, mini-kinking as mechanical twinning, mosaic texture and ir-
regular extinctions band configuration (Fig. 4e). Fine-grained, free-

strain, polygonal olivines crystal probably record static recrystallization
in the dunites. The grains of olivine mostly range in size from 0.5 to a
few millimetres. Chromian spinels occur as fine (0.1-0.3 mm),
subhedral-euhedral, and dark brown grains that commonly host inclu-
sions of olivine (Fig. 4d).

Podiform chromitites occur as massive, semi-massive and dissem-
inated bodies in the Jijal peridotites (Fig. 2c, d). Massive varieties are
typically composed of 85-95 vol% chromian spinel, mostly 0.2-0.5
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Fig. 4. Photomicrographs of harzburgite, dunite and chromitite from the ultramafic section of the Jijal Complex. (a) Harzburgite with coarse-grained orthopyroxene showing
clinopyroxene lamellae and serpentine (cross-polarized light); (b, c) Harzburgite with granular texture showing internal deformation and kink banding in partly serpentinized olivine
(cross-polarized light); (d) Fine-grained olivine along the contact with fine-grained clinopyroxene and chromite (cross-polarized light) (e) Grain boundary migration in partly
serpentinized olivine of dunite (cross-polarized light); (f) Silicate inclusions in chromitite. Ol-olivine, Cpx-clinopyroxene, Opx-orthopyroxene, Srp-serpentine, Chr-chromite.

mm across, with sparse relicts of olivine between the spinel grains.
Massive chromitites are typically surrounded by dunites, but their
shapes and boundaries are usually fractured by numerous faults.
They consist of euhedral to subhedral chromian spinels and
serpentinized, interstitial relict of olivine crystals. Many grains in
these chromitites have abundant silicate inclusions (Fig. 4f). The
chromian spinel crystals are commonly fractured with no alteration,
and semi-massive chromitites have more relict olivine grains than
massive ones.

Disseminated chromitites consist of small (0.2 to 1 mm), euhedral to
subhedral grains of chromian spinel with variable proportions of oliv-
ine. In some samples the chromian spinels host small, round to elongate
grains of olivine (Fig. 4f), orthopyroxene and clinopyroxene, all of which
are mostly altered to serpentine, chlorite or clay minerals giving the
rocks dark red and/or black colors.

4. Methods and analytical procedures

A total of 50 samples from the mantle units of the Jijal Complex were
selected for various analyses, including 10 each of harzburgite, dunite,
massive chromitite, semi-massive chromitite and disseminated
chromitite (Fig. 2). The sample locations are shown in Fig. 1. The
chromian spinel and the associated silicate minerals were analyzed for
major elements on polished thin sections by JEOL JXA-8100 electron
probe micro analyzer (EPMA) in the State Key Laboratory of Geological
Process and Mineral Resources, China University of Geosciences
(Wuhan). The analytical parameters of EPMA consisted of accelerating
voltage of 15 kV, beam current 20 nA, and counting times of 10-20s.
On-line ZAF program was used for the correction of raw data.

Using the method of Qi et al. (2000), trace elements were deter-
mined by a jana plasma quant inductively coupled plasma mass
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spectrometry (ICP-MS) hosted in Institute of Geochemistry, Chinese
Academy of Sciences. Approximately 0.05 g of sample powders were
placed in a PTFE, and HF about 0.6 ml and HNO5 about 3 ml were
added and were heated to 185 °C for about 24 h in an electric oven.
After cooling, the bombs on a hot plate were heated for the dryness.
Five hundred ng of Rh was then added as an internal standard, followed
by 4 ml of water and 3 ml of HNOs. The bomb was sealed again and
placed for 5 h in an electrics oven to 135 °C to dissolve the residues.
The final dilution factor was about 3000 for the ICP-MS measurements
after cooling.

For the major elements, the samples preparation method was the
same as for the trace elements and with dilution factor of 1000, the
elements were measured by ICP-OES (Agilent 720). The traditional
gravimetric methods were used for SiO, measurement. For LOI de-
termination, about 1 g of sample was heated at 900 °C for about 1 h
in a muffle furnace, using the differences in weight before and after
heating. The accuracies for the analysis are estimated to be 5% (rel-
ative) for the concentrations of minor oxides between 0.1 wt% and
0.5% and £2% (relative) for concentrations of major oxides greater
than 0.5%. Analytical results and the uncertainties of references ma-
terial, OU-6 (Slate) and AMH-1 (Andesite) agree well with published
values (Potts and Kane, 2007; Thompson et al., 2000). For most ele-
ments, the ICP-MS analytical accuracies are estimated to be better
than +£5-10% (relative). Detailed analysis processes for PGEs were
as described by Xiong et al. (2015).

The peridotite clinopyroxenes trace elements were investigated
in-situ on polished thick sections (>80 mm) by LA-ICP-MS at the
Sample Solution Laboratory Wuhan, China, with 100 mJ pulse en-
ergy and 5 Hz rate of pulse repetition. The ablated materials were
flushed in a continuous argon flow into the torch of an ELAN
6100 DRC ICP-MS using an external standard (NIST SRM610) to
correct for linear drift.

5. Minerals chemistry
5.1. Olivine

Results of EPMA of olivine from harzburgites, dunites and
chromitites are summarized in electronic supplement (Table S2).
There are significant differences among the olivine grains from various
host rocks and all of the olivine is high in magnesian contents (Fo
90.01-96.87).

In both peridotites and chromitites, olivine occurs as relatively small
inclusions in both orthopyroxenes and magnesiochromites. The granu-
lar olivine in the harzburgite has Fo values of 90.01-90.85, with NiO
contents of 0.26-0.39 wt% and MnO contents of 0.13-0.15 wt%. Both
Fo number and NiO contents of the olivine increase toward the dunite
lenses and podiform chromitites. Compared to the harzburgite, olivine
in the dunite has slightly higher Fo value (91.52-92.06) and NiO con-
tents (0.35-0.44 wt%), but the MnO contents (0.11-0.16 wt%) are
similar.

Olivine from the massive, semi-massive and disseminated
chromitite bodies of Jijal Complex shows limited compositional
variations. Olivine from the massive and semi-massive chromitites,
has similar Fo values (94.74-96.87 vs. 94.79-96.86) and NiO con-
tents (0.53-0.69 wt% vs. 0.53-0.68 wt%) Olivine from the dissemi-
nated chromitites has Fo of 94.31-96.43 and NiO contents of
0.56-0.67 wt%.

Generally, the magnesian contents of olivines from harzburgite
through dunite, disseminated chromitite to semi-massive chro-
mitite and massive chromitite become progressively higher, even
though there is considerable overlap between the lithologies
(Fig. 5a). Nickel values show a rather steady increase with increasing
Fo contents, whereas the MnO contents show a slight decrease
among the all lithologies (Fig. 5b).

5.2. Orthopyroxene

Results of EPMA of orthopyroxene from various lithologies are given
in electronic supplement (Table S3). Most orthopyroxene in the
harzburgites is fresh, but in some highly altered samples it is replaced
by bastite and serpentine. It typically forms subhedral porphyroblasts
up to 5 mm long but small, anhedral grains are also present in the ma-
trix. In some samples, large orthopyroxene grains display thin exsolu-
tion lamellae of clinopyroxene (Fig. 3a—c). Compositional variations of
the orthopyroxene depend on the modal mineralogy of peridotites.
The enstatite contents of orthopyroxene range from 87.0 to 89.2 in de-
pleted harzburgite, from 89.9 to 91.3 in the dunites, and from 88.4 to
90.4 in the massive chromitites (Table S3). The Al,O3; contents of
orthopyroxene are also somewhat variable, which are 1.74-2.12 wt%
in depleted harzburgites, 0.63-0.89 wt% in dunites, and 0.52-0.71 wt%
in the massive chromitites. Chrome contents of the orthopyroxene in
all the peridotites are low (0.51-0.72 wt% Cr,03) in harzburgite,
0.11-0.49 wt% in dunite and 0.18-0.45 wt% in massive chromitite
(Fig. 5c) The CaO contents of orthopyroxene are 1.39-2.49 wt% in
harzburgite, 0.43-1.19 wt% in dunite and 1.74-2.88 wt% in massive
chromite (Table S3).

5.3. Clinopyroxene

Harzburgites, dunites, and chromitites contain variable amount of
clinopyroxene, which are diopside in composition given in electronic
supplement (Table S4). Clinopyroxenes in the harzburgite have the
lowest Mg#s (93.1-93.6), which increase to 94.0-95.2 in the dunite
with the increasing degree of depletion (Fig. 5e, f). The Al,O5 contents
of clinopyroxene range from 2.61-2.99 wt% in the depleted harzburgites
and 0.62-1.09 wt¥% in the dunites. These values indicate a negative cor-
relation with the Mg#s (Fig. 5e). Chrome contents (Cr,03) of the
clinopyroxene in the peridotites range from 0.69-1.02 wt% in
harzburgite and 0.24-0.68 wt% in dunite. Clinopyroxene in different
types of chromitite has a range of composition similar to that in the du-
nites, but has a larger compositional range than that in the harzburgite.
The TiO, contents of the clinopyroxene correlate negatively with Mg#s;
they are usually higher in the harzburgites (0.059-0.096 wt%) than in
the dunites (0.01-0.046 wt%). The Na,O contents of clinopyroxene cor-
relate positively with the Mg#s; the concentration is typically higher in
the dunites (0.021-0.075 wt%) than in the depleted harzburgites
(0.013-0.052 wt%). Clinopyroxene in the chromitites has the highest
concentration of Na,O.

Clinopyroxenes in the massive chromitites have Mg#s of 95.9-98.2,
Al;,03 contents of 0.42-0.87 wt% and Cr,03 contents of 0.95-1.83 wt%,
whereas those in the semi-massive chromitites have Mg#s of
95.5-96.7 with 0.52-0.98 wt% Al,05 and 1.19-1.74 wt% Cr,0s. In dis-
seminated chromitites, the clinopyroxenes have Mg#s of 95.8-96.2
and contains 0.84-0.92 wt% Al,03 and 1.04-1.61 wt% Cr,03 (Table S4;
Fig. 5e, f). Detailed microtextural observations of the clinopyroxene
grains in the peridotites along with their composition support a resid-
ual, rather than metasomatic, origin. In summary, the clinopyroxene
closely matches those of typical mantle-derived clinopyroxene from
suboceanic peridotites, which show a relative depletion in Na (Fu
et al,, 2019; Kakar et al,, 2012, 2014; Khan et al,, 2007).

5.4. Magnesiochromite

Magnesiochromites in the peridotites are residual grains, whereas in
chromitites they are primary grains. In serpentinized peridotites the
rims of magnesiochromite grains are commonly oxidized to form
ferritchromite. Thus, we analyzed only the fresh cores of the grains,
and the compositions are given in electronic supplement (Table S5).

Accessory magnesiochromite is very common in the Jijal mantle pe-
ridotites, but rarely exceeds 5 modal %. Most of the grains are relatively
Cr rich, but some of the harzburgites also contains highly aluminous
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varieties. The Cr#s (100 x Cr/(Cr + Al)) typically correlate with degree
of partial melting in the host peridotites and thus provide strong evi-
dence for melt depletion (Dick and Bullen, 1984). Magnesium numbers
(Mg#s) also vary with increasing or decreasing the degree of partial
melting in mantle peridotites; however, both indices can also be af-
fected by melt-rock reactions. The residual magnesiochromite show a
wide-ranging composition, crystal morphology and grain size. Most re-
sidual chromite grains are present as large, irregular and commonly
amoeboid form. Magnesiochromites in the harzburgites are high-Cr
with Cr#s between 71.1 and 71.6 and Mg#s in range of 38.4-42.5;
those in the dunites have much higher Cr#s (73.5-74.3) and Mg#s
(43.6-47.9). Magnesiochromites included in olivines from dunites are
usually euhedral and small-sized crystals, whereas those in the
podiform chromitites are mostly large, euhedral-subhedral grains.
Magnesiochromites in the massive chromitites have Cr#s of 79.4-80.9,
Mg#s of 59.3-62.9, Al,03 contents of 9.12-9.96 wt%, and TiO, contents
0f 0.073-0.169 wt%. In semi-massive chromitites, Cr#s are between 76.1
and 77.2, Mg#s range from 59.1-61.8, Al,03 contents range from
11.17-11.87 wt%, and TiO, contents are between 0.088 and 0.175 wt%. In
disseminated chromitites, Cr#s are between 75.0 and 76.3, Mg#s range
from 58.7-60.5, Al,03 contents are between 11.56 and 12.35 wt%, and
TiO, contents range from 0.091-0.178 wt% (Table S5; Fig. 5g, h).

6. Whole-rock geochemistry
6.1. Major elements

Geochemical data of whole-rock samples are given in electronic sup-
plement (Table S6). All the analyzed harzburgite and dunite samples are
variably altered, as evidenced by the loss-on-ignition values
(4.11-11.26 wt%). However, most of the samples preserve their primary
mineralogical and textural characteristics, allowing us to examine their
petrogenesis and geochemical history. In general, the dunites are less al-
tered than the harzburgites (Table S6), and most appear to have under-
gone variable degrees of late-stage refertilization (see below). The low
contents of CaO (0.06-0.67 wt%) are consistent with the paucity of
clinopyroxenes in all the peridotites. The samples are Mg-rich
(45.91-50.21 wt%), Al-poor (0.22-0.55), and extremely Na poor
(Na,0 <0.05 wt%).

In the diagrams of MgO/SiO, versus Al,03/SiO, (Fig. 6), peridotites
bulk compositions show a depletion trend slightly below, but parallel
to, the terrestrial mantle array (Hart and Zindler, 1986; Wu et al.,
2017). In serpentinized peridotites, this depletion may reflect addition
of SiO,, or loss of magnesium. There is a significant decrease in Al,03/
SiO, ratios, but a slight increase in MgO/SiO, ratios in orthopyroxene
and clinopyroxene during partial melting. As the melting proceeded, it
led to consumption of pyroxene, especially clinopyroxene, causing an
increase in the modal contents of olivine and in the Mg0O/SiO, ratios.
As the degrees of partial melting increased, the bulk MgO/SiO, ratios
also increased. However, partial melting may not be the only reason
for that all the analyzed harzburgites have slightly lower Mg0/SiO,
values than the terrestrial mantle array (Fig. 6), suggesting some Mg
loss due to alteration (Niu, 2004; Snow and Dick, 1995). Alteration
may also have been responsible for the low concentrations of major
and trace elements expected for a given degree of melting. However,
the dunite samples have relatively high MgO contents. The forearc and
abyssal peridotite fields are shown in Fig. 6 for comparison with our
samples. All our analyzed harzburgites and dunites plot in the forearc
peridotite field (Fig. 6) characterized by high MgO/SiO, values, suggest-
ing high-MgO parental magmas and/or late-stage melt-rock reaction.

The dunites and harzburgites show considerable overlap in their
major oxide compositions, ranging from 40.3 to 45.0 wt% in SiO-. Both
show relatively linear decreases in Ca0O, Al,O3 and SiO, with increasing
MgO contents (Fig. 7a-c). Total iron as FeO* shows no systematic
changes with MgO contents (Fig. 7d), but some samples plot slightly
below the forearc field. Both the harzburgite and dunite samples are
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Fig. 6. Whole-rock (WR) MgO and Al,05; contents of the Jijal Complex harzburgites and
dunites normalized to SiO,. Peridotite depletion trend is from Snow and Dick (1995).
Primitive mantle (PM) values are from McDonough and Sun (1995). The data for
abyssal peridotites (ABP) are from Niu et al. (1997), and for forearc peridotites (FAP)
from Parkinson and Pearce (1998) and Lian et al. (2016). All analyzed harzburgite and
dunite samples plot within the forearc peridotite field.

comparable to suprasubduction zone (SSZ) or forearc-type peridotites,
but are more depleted than abyssal or Mid Ocean Ridge (MOR-type
mantle).

6.2. Trace elements

The total REE inventory of the Jijal peridotites is low, ranging from
0.13 and 0.62 ppm given in electronic supplement (Table S6). The REE
concentrations in the harzburgites are higher than in the dunites
(0.29-0.62 ppm versus 0.13-0.22 ppm). All the other elements correlate
well with MgO contents, except for Ce, La, Nb and Ta (Niu et al., 1997;
Parkinson and Pearce, 1998). Co correlates positively with MgO con-
tents because of its compatible nature during partial melting, whereas
the other elements are incompatible for olivines. All of the rare earth el-
ements (except for Ce and La) correlate negatively with MgO values
(Fig. 8). The chalcophile elements Cu and S have similar behaviour to
Al and Ca during partial melting (Luguet et al., 2003); thus, the concen-
trations of Cu of the samples decrease with increasing degrees of melt-
ing (Table S6). In Fig. 8, the Jijal peridotites are compared with those of
suprasubduction zone and abyssal environments, which shows that
both the major and trace element characteristics of the dunite and
harzburgite are comparable to forearc or SSZ varieties. The mantle peri-
dotites in Jijal complex have SREE contents well below primitive mantle
values (Fig. 9a, b), showing significant depletion, higher degrees of par-
tial melting (Miller et al., 2003; Xu et al., 2011). All the analyzed samples
display similar depleted chondrite-normalized patterns (Fig. 9a). The
harzburgites display relative enrichment in both light REEs and heavy
REEs and depletion in the middle REEs (Fig. 9a). These configurations
suggest weak LREE enrichment of previously depleted peridotites, and
are consistent with the patterns displayed by most forearc peridotites.
The dunite samples show stronger depletion than the harzburgites but
still plot in the field of forearc peridotites (Fig. 9a; Parkinson and
Pearce, 1998; Pearce et al., 2000).

6.3. Platinum group elements

The platinum group element concentrations of the chromitite, du-
nite and harzburgite samples are shown in electronic supplement
(Table S7). The PGE abundances are low in all analyzed samples, averag-
ing in chromitite 136 ppb, in harzburgite 38.5 ppb and in dunite 29.3
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ppb. In the podiform chromitites the total PGE concentrations are
within the range of values mainly reported for the chromitite of
ophiolites (<300 ppb; El Ghorfi et al., 2008). The values of Pd/Ir, Ru/Pt
and IPGE/PPGE (IPGE = Iridium Group (Os, Ir, Ru), PPGE = Palladium
Group (Rh, Pt, Pd)) are 0.033, 46.5, and 11.5 for Cr-rich chromitites,
2.02, 0.81, and 0.89 for harzburgite, and 1.17, 0.89 and 1.17 for the du-
nite. The Jijal Complex harzburgite samples are PGE enriched compared
to the primitive mantle (Fig. 10; McDonough and Sun, 1995), and de-
pleted relative to their abundances in the chromitites. In the dunite
samples the PGE concentrations are slightly higher than those of prim-
itive mantle (Fig. 10; McDonough and Sun, 1995). The analyzed
chromitite samples are typically ~5 times enriched in PGE with respect
to their host peridotites, and enriched in IPGE relative to PPGE (Fig. 10).

7. In-situ trace elements of Clinopyroxene

Selected REE and trace element compositions of clinopyroxene from
the Jijal peridotites are given in electronic supplement (Table S8).
Clinopyroxenes from the harzburgites have convex, arc-like,
chondrite-normalized patterns showing marked depletion in light REE
elements (Fig. 9¢), which are similar to those in abyssal peridotites
(Johnson et al., 1990). In contrast, clinopyroxenes in the dunites show
notable enrichment in fluid-mobile elements (e.g., U, Pb) with Y and
have concave U-shaped or ‘spoon-shaped’ patterns typical of samples
that have undergone melt or fluid impregnation (Fig. 9d). The
clinopyroxene grains in the harzburgites and dunites have extremely
low concentrations of highly incompatible lithophile elements as

shown in the primitive-mantle normalized trace element spider dia-
gram (Fig. 9d).

8. Discussion
8.1. Partial melting of the Jijal complex Peridotites

Modal mineralogy, mineral compositions, and whole-rock geochem-
ical characteristics can be used to assess the degree of partial melting of
upper mantle peridotites in ophiolites. The clinopyroxene contents of
ophiolitic peridotites reveal only the degree of depletion. Clinopyroxene
under the pressure of 2-15 kbr becomes exhausted after 20-26% of an-
hydrous melting of pyrolitic mantle material (Gaetani and Grove, 1998).
Because of H,0 contribution, the equilibrium between olivine and melt
remains unchanged (Glenn and Timothy, 1998); the olivine Fo compo-
sition is a good indicator of the total partial melting temperature. Based
on these characteristics, we conclude that the different peridotite types
in the Jijal Complex, which comprise variable amounts of
clinopyroxenes and olivines with high Fo values (90.02-96.87),
underwent different degrees of partial melting.

Many workers have concluded that Al-contents of spinel and pyrox-
ene are sensitive to degrees of partial melting in mantle rocks and that
both decrease with increasing depletion of the residue (Wu et al,,
2017; Zhou et al., 2005). The Al,Os3 of clinopyroxene in the Jijal perido-
tites correlates negatively with the Cr# values of spinel in which they
occur. In the harzburgite, clinopyroxene with low Al,O3 contents are
in equilibrium with spinel grains with high Cr# values (Fig. 11a). The
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compositions of olivine vary significantly, whereas the Cr# values of the
chromite remain comparatively constant (Fig. 11a). The coarse-grained
nature (Fig. 4), extensive high-temperature deformation, and extremely
magnesian character of the Jijal peridotites preclude an origin as magma
chamber cumulates. It is conceivable that the inferred high melt flux in
the Jijal Complex peridotites was sufficient to broadly homogenize the
composition of the several generations of Cr spinels (see following ex-
planation). The Al,O3 versus TiO, contents of clinopyroxene in all the
peridotite and chromitite samples (harzburgites, dunites, chromitites)
show variation consistent with an increase in the degree of partial melt-
ing of their host rocks (Fig. 11b). However, the Cr# and Mg# values of
the spinels correlate negatively, signifying that their host peridotites
were formed by different degrees of partial melting. The spinel Cr#s
and olivine Mg#s correlation to each other in the Jijal Complex perido-
tites indicate that the our analyzed samples are consistent with the
olivine-spinel mantle array of Arai and Miura (2016). Jijal Complex pe-
ridotites are the residues of almost similar degrees of melt extraction
because of this trend confirmation (Fig. 11c). The harzburgites of the
Jijal Complex are residues of high degrees of partial melting (about
35-40%), whereas the dunites reflect about 40-43% partial melting.
The massive, semi-massive and disseminated chromitites are not within
the olivine-spinel mantle array.

Using the Cr#s content of magnesiochromite, the extent of fractional
melting extent F (%) can be solved quantitatively using the following
equation of Hellebrand et al. (2001).

F=10x In(Cr#)+24

Where Cr# is the combination of Cr/(Cr + Al) of magnesiochromite.
The Cr#s range from 0.71 to 0.72 in the magnesiochromite grains of Jijal
Complex harzburgites, indicating that the lowest degree of melting
(Fmin) is 20.5% for these rocks, whereas Cr#s in magnesiochromite of
the dunites are 0.73-0.74, indicating that their F;, is 20.9%. We con-
clude, therefore, that both the dunites and harzburgites of the Jijal

Complex are residues of high-degree partial melting. Other residues
may have formed by higher degrees of partial melting or melt-rock
reaction.

In order to better understand the partial melting of the Jijal Complex
peridotites, we have modelled the REE compositions of whole-rock
samples and clinopyroxene from the peridotites with a non-modal frac-
tional melting model of Johnson et al. (1990) (Fig. 9a, ¢). This model
comprises an assemblage consisting of olivine, orthopyroxene,
clinopyroxene, spinel, which are used as the starting minerals as sug-
gested in Niu et al. (1997). The partition coefficients used in this model-
ling may be affected by pressure, temperature and whole-rock
composition. However, we assume that the partition coefficients are
constant due to the complex relationships between the partition coeffi-
cients and the system environment.

The mineralogical and geochemical compositions of the depleted
Jijal peridotites are taken to indicate that they are residues of mantle
produced by multiple episodes and different degrees of partial melting.
Mineralogical and petrological observations supporting this inference
include: (1) Progressive depletion of the magmaphile major oxides of
the studied peridotites (e.g., Al,O3, CaO; Table S6; Fig. 7), and of the in-
compatible trace elements (e.g., Co, Yb, V, Sc, Y, Lu; Table S6; Fig. 8);
(2) the olivine grains are forsterite (Fig. 5a-b); (3) the observed de-
crease of Al,Os3 in both orthopyroxene and clinopyroxene from
harzburgite to dunite (Fig. 5c-e); and (4) the large range of Cr# in the
chromian spinel (Fig. 5g). The REE patterns of Jijal peridotites are com-
pared with those predicted from petrological modelling in Fig. 9. The
mantle metasomatism did not affect the concentrations of trace ele-
ment such as Sc, Ti, V, Y and HREEs which are generally considered be
the subduction conservative elements or fluid immobile elements
(Bizimis et al., 2000; Niu, 2004; Parkinson and Pearce, 1998). Therefore,
the HREE concentration can be used to estimate the degree of partial
melting of the Jijal Complex peridotites. In wide-ranging, the HREE con-
centration of our samples is consistent with the results of REE model-
ling. The Jijal harzburgites have low HREE contents, indicating
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10%-15% partial melting (Fig. 93, c). In contrast, the dunites appear to
have undergone 20%-25% melting and the harzburgite again went up
to 20% partial melting to join the dunite field. These partial melting de-
grees broadly agree with those deduced from the magnesiochromites
Cr# contents and olivine Mg# values (Fig. 11c). Although the HREE con-
tents of the Jijal peridotites can be modelled effectively, their LREE con-
tents are much higher than the values that can be explained by such a
model; therefore we conclude that these harzburgites and dunites are
not simply residues after different partial melting degrees.

8.2. Oxygen fugacity (f02) of the chromitites and peridotites

The mantle wedges above subduction zones are generally more ox-
idized than other tectonic setting of the mantle (Ballhaus et al., 1990;
Parkinson and Pearce, 1998). During subduction of oceanic lithosphere,
water derived from the subducted slab plays a major role in conversion
of ferrous iron to ferric iron in melt (Wu et al., 2017) and in the forma-
tion of subduction-related melts.

The fO, of podiform chromitites and their associated peridotites
magma systems can be readily assessed by using the thermometers of
coexisting chromian spinel (Mg—Fe exchange), olivine and
orthopyroxene (opx) in peridotites (Ballhaus et al., 1990; Wu et al.,
2017). The paucity of orthopyroxene in chromitites and dunites, and

the intense serpentinization of most tectonized harzburgites, makes it
difficult to estimate fO, in the mantle. Here we estimated the oxidation
state of the Jijal chromitites and the associated dunites and harzburgites
using the coexisting olivines and chromian spinel grains.

In order to calculate the values of fO, on the basis of microprobe
analyses of the minerals, we used the formula of Ballhaus et al.
(1990), which is based on the following reaction;

6Fe,Si04 (olivine) + O, (fluid) = 3Fe,Si,0g (0px) + 2Fe304 (spinel)

The fO, values have been calculated on the average mineral compo-
sitions basis which are given in electronic supplement (Table S9), as de-
viations (AlogfO, FMQ) from the FMQ (fayalite-magnetite-quartz)
buffer (Fig. 11d). The calculated fO, values of all the studied samples
are over the FMQ buffer; the massive chromitites show the most oxi-
dized values with log units ranging from +1.79 to +3.16, followed by
the semi-massive chromites with values of +1.64 to +2.74, and dis-
seminated chromitites with values of 4+1.49 to +2.57. The harzburgites
and dunites have values of —0.09 to 4-0.55 and + 0.88 to +1.15, re-
spectively (Table S9). In summary, nearly all of the examined
harzburgite, dunite and chromitites are from low to highly oxidized in
Jijal Complex (Fig. 11d), with oxidation states low to high comparable
with those of oceanic arc peridotites, which are roughly equivalent to
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those of SSZ mantle wedges (Parkinson and Pearce, 1998; Pearce
et al., 2000). It is noteworthy that the dunites and podiform
chromitites in Jijal Complex have higher Cr# and fO, values than
the associated harzburgites. The increase both in fO, and Cr#s of
chromian spinel from harzburgites — dunites — disseminated
chromitites — semi-massive chromitites — massive chromitites
have been explained by interaction between the residual mantle
harzburgite (that have back arc basin or MOR characteristics) and
SSZ melts (that have higher fO, and Cr# contents) to generate
chromitites and dunites due to the hydrous nature of the SSZ melts
(that possess higher fO, and Cr# contents) (Parkinson and Pearce,
1998; Pearce et al., 2000; Uysal et al., 2009).

8.3. Melt-peridotite interaction, mantle metasomatism, and light rare earth
element (LREE) enrichment

Magnesiochromites of the Jijal harzburgites have Cr#s of 71.2 to 71.6
and low TiO, contents of 0.052 to 0.122 wt%. In contrast,
magnesiochromites in the chromitites, which are magmatic grains crys-
tallized from high-Cr melts, have high Cr#s of 75.0-81.0 and high TiO,
contents of 0.073-0.178 wt% (Fig. 5h). The high-Cr chromitites (Cr#
>60) are typically surrounded by dunite envelopes in the field. In gen-
eral, the abundance of clinopyroxene in the associated peridotites de-
creases adjacent the high-Cr chromitites, which we attribute to
incongruent melting of clinopyroxene due to interaction between the
upper mantle peridotites and a boninitic melt, as suggested by previous
studies (Dilek and Morishita, 2009; Morishita et al., 2011; Pearce et al.,
2000; Wu et al., 2017). In this model, the high-Cr chromitites are indica-
tors of a high degree of partial melting, producing olivine and SiO,-rich
boninitic melts. Dunitic peridotites are usually associated with irregular
melt channels.

In the Jijal Complex TiO, contents of the magnesiochromites are very
low because of the high MgO contents of the parental magmas (Fig. 5h).
In contrast, the Cr# of the magnesiochromite increases from
harzburgites to dunites and then to chromitites. In this situation,
boninitic melt changed the composition of Al-rich spinels in the perido-
tites, leading to the crystallization of high-Cr chromitites. The Cr/Al ratio
of spinels increased toward the chromitite body during the progress of
this melt-peridotite interaction (Gonzalez-Jiménez et al., 2011; Uysal
et al., 2009). The highest Cr#s of spinels are recorded in boninites, a
clear indication of their source from a highly refractory peridotite
(Dilek and Morishita, 2009; Gonzélez-Jiménez et al., 2011; Parkinson
and Pearce, 1998). Thus, the clinopyroxene-rich samples in the perido-
tites are depleted to varying degrees due to interaction with boninitic
melts and fluids. Based on the depleted harzburgite and dunite samples,
it is concluded that this interpretation is also supported by a positive
correlation between Cr# contents and fO, of the spinels (Fig. 11d), indi-
cating that the spinel composition was affected by a melt-rock interac-
tion (Pearce et al., 2000).

The Jijal harzburgites and clinopyroxenes from these harzburgites
have spoon shaped, chondrite-normalized trace element patterns,
showing notable LREE enrichment (Fig. 9a, c). This type of enrich-
ment has commonly been interpreted as a major effect produced
by interaction with subduction-derived fluids. However, these pat-
terns are inconsistent with the modelled REE patterns, and but are
well-matched with LREE enrichment (Fig. 9a-d) caused by interac-
tions with water-rich SSZ magmas. This interaction is thought to
occur in the cold thermal boundary layer, through which an earlier
melt residue is affected by the ascending melts (Niu, 2004), resulting
in enrichments both in LREE and high field strength elements
(HFSE). The prominent LREE enrichment displayed by the Jijal peri-
dotites was a result of their reaction with hydrous SSZ melts (Dilek
and Furnes, 2014, 2011; Parkinson and Pearce, 1998) clearly indicat-
ing that these rocks are not simply melting residues (Saka et al.,
2014; Zhou et al., 2005).

8.4. PGE constraints on melt-rock reaction

In mantle peridotites, the PGEs (Os, Ir, Ry, Rh, Pt and Pd) fractionate
in a different way because of their different physical-chemical charac-
teristics and melting temperatures during mantle melting and melt-
rock interactions (Barnes et al., 2016; Lian et al., 2016, 2019; Luguet
et al., 2007; Marchesi et al., 2013). Ir-group PGEs (IPGE: Os, Ir and Ru
with melting temperature > 2000 °C) mostly occur in discrete minerals
or sulfides, generally enclosed by chromite or silicate grains, whereas
Pd-group PGEs (PPGE: Rh, Pt and Pd having melting temperature
<2000 °C) are normally hosted by interstitial sulfides in chromitites
(Alard et al., 2000; Lian et al., 2019; Luguet et al., 2007; Woodland
et al., 2002). The PPGEs are more easily accessed during partial melting
(Woodland et al., 2002). The PPGE-rich interstitial sulfides are con-
sumed firstly during partial melting of the mantle peridotites, resulting
in IPGE enrichment in the residual peridotites comparative to PPGE
which is depleted (Barnes et al., 2016; Lian et al., 2019; Luguet et al.,
2007). From the modal mineralogy in mantle peridotites, the calculation
of whole-rock PGEs concentrations are normally lower than measured
concentrations, representing that 60-80% of the PGEs occur in sulfide-
rich components (Alard et al., 2000; Luguet et al., 2007). Therefore,
PGEs in the mantle peridotites are mainly hosted by sulfides and its
compositions are the effective indicator of the degree of partial melting
in mantle peridotites.

The Jijal Complex peridotites show depletions in Ir comparative to
Os and Ru, and depletion in Pt comparative to Rh and Pd (Fig. 10). Ac-
cording to Alard et al. (2000), the depletion of Pt is consistent compar-
ative to Rh and Pd with the PGEs affinity for interstitial sulfides.
Because IPGEs remain in the mantle residues during initial partial melt-
ing, the high IPGE concentrations suggest that these rocks are refractory
mantle peridotites. In the Ir-Ir/(Pt + Pd) diagram (Fig. 12a), all of the
analyzed peridotite samples plot in the anhydrous mantle peridotite
field, suggesting that they are partial melting residues rather than ultra-
mafic cumulates (Barnes et al., 2016; Luguet et al., 2007; Marchesi et al.,
2013). Because the melting of interstitial sulfides rich in Pd are easy to
happen, the Pd/Ir ratios of the melt residue reveal the degree of
partial melting (Woodland et al., 2002). The Jijal Complex peridotites
Pdy/Osy and Pdy/Iry ratios are much lower than the primitive mantle
values because they have undergone variable degrees of partial melting
(Fig. 12b). In the Pdn/Osy and Pdy/Iry diagram, a Pd enrichment trend is
apparent between the Jijal harzburgites and dunites, which was likely a
result of melt-rock reaction (Alard et al., 2000). The lower Pdy/Iry ratios
of dunites compared to the harzburgites indicate that the dunites
underwent higher degrees of partial melting than the harzburgites
(Fig. 12b; Woodland et al., 2002).

Al,0s is relatively compatible during alteration process, but tends to
be incompatible in the process of mantle melting, and thus it can be
used as an effective indicator of the mantle peridotites partial melting.
PGEs are highly compatible in sulfides and its concentrations are af-
fected by the abundance of sulfide phases during different stages of
mantle melting (Barnes et al., 2016). The separation of sulfides from,
or input into, the upper mantle may be a significant factor to determine
the PGE contents of both mantle residues and melts (Barnes et al., 2016;
Marchesi et al., 2013; Zhou et al., 2005). Marchesi et al. (2013),
modelled the PGE and Cu behaviours against Al,O3 during the partial
melting of primitive upper mantle using concentrations of
McDonough and Sun (1995). Fig. 12c-h shows that the Jijal Complex
harzburgite and dunite samples plot at the end of melting curve, consis-
tent with the depleted modal mineralogy and chemical composition
after high degree of partial melting. Although, the lack of correlation be-
tween Al,03, Cu and PGEs, and the presence of a Pt, Pd, Cu clear enrich-
ment trend between the harzburgites and dunites suggest that the PPGE
enriched sulfides must have crystallized between Jijal Complex perido-
tites and percolating melts due to reactions (Marchesi et al., 2013; Zhou
etal., 2005). The PPGE enrichment patterns of the dunites are consistent
with a melt-rock reaction origin. Thus, we postulate that the dunites
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Fig. 13. (FeO/MgO)melr versus (Al,O3)merr (Wt%) diagram calculated on the basis of the whole-rock chemical compositions for rocks of the Jijal Complex. Tectonic discrimination fields are
from Wu et al. (2017) and Ophiolite are the Tethyan Ophiolite field from Dilek et al. (2007) and Kakar et al. (2012, 2014). MORB-mid-oceanic ridge basalt. See text for discussion.

were formed by late-stage partial melting of harzburgites in a supra-
subduction zone setting that produced boninitic magmas. In this late
stage, incompatible PGEs (Rh, Pt and Pd especially) would be enriched
in the boninitic melt due to additions from the subducted slab. So, the
upper mantle would be enriched in these elements by the interaction
with the boninitic melt (Fig. 12c-h).

Such boninitic melts may also be enriched in compatible PGEs, such
as Os, Ir and Ru, by melting of pelagic sediments derived from the
subducting slab, which commonly contain high concentrations of
siderophile elements (e.g., Cu, Mo, and PGEs; (Alard et al., 2000;
Marchesi et al., 2013; Woodland et al., 2002). Therefore, these PGE com-
positions cannot be ascribed solely to melt extraction. Rather a slightly
positive trend from Os to Pd (Fig. 10), which is not typical of the residual
mantle material, suggests some degree of melt/rock reaction enrich-
ment as discussed above. In the Jijal peridotites strong enrichment of
Cu (Fig. 12h) suggests that these rocks underwent quite strong mantle
metasomatism that caused precipitation of Cu—Ni sulfides in them
(Alard et al., 2000; Lian et al.,, 2019; Marchesi et al., 2013).

8.5. Genesis of the Jijal chromitites

The chromitites in the Jijal Complex mainly occur in the upper man-
tle peridotites. These chromitites and spatially associated dunites are
also common in many supra-subduction zone ophiolite, such as the
Kop (Zhang et al., 2016), Luobusa (Zhou et al., 2005), Mirdita (Wu
et al., 2017; Xiong et al., 2017), Muslim Bagh north-western Pakistan
(Kakar et al., 2012, 2014), Oman (Rollinson and Adetunji, 2013) and
Troodos (Greenbaum, 1977) ophiolites. The significant information
based on geochemical signature of the chromite parental magmas and

tectonic environment of their genesis can be acquired by studying the
composition of chromian spinels. Chromian spinels in cumulate rocks
occur as either cumulus or intercumulus phases and are generally pro-
duced by crystallization of parental melts. Therefore, the chemical com-
positions of chromian spinel have been used by many researchers as a
sensitive petrogenetic indicator to determine the parental melt compo-
sition (Arai and Miura, 2016; Dick and Bullen, 1984; Dilek and Furnes,
2014; Kamenetsky et al., 2001; Rollinson and Adetunji, 2013). Experi-
mental research has revealed that Al,05 and TiO, contents, as well as
FeO/MgO ratios in chromian spinel, are directly related to the parental
melt compositions (Kamenetsky et al., 2001; Maurel and Maurel,
1982). The Al,05 content of chromian spinel is mainly controlled by
the Al,03 content of parental melt, which can be calculated by using
the formula of Maurel and Maurel (1982):

Al,05 (Wt%) in chromian spinel = 0.035(Al,03)%4? (wt%) in parental
melt.

So, the melt values of FeO/MgO can be calculated from the chromian
spinel FeO/MgO values. By using empirical formula proposed by Maurel
and Maurel (1982), the FeO/MgO ratios of the melt can be calculated for
almost all types of chromitites with silicate matrix (i.e., massive, semi
massive and disseminated chromitites), while Fe and Mg are balanced
between chromian spinel and silicate minerals:

Ln(FeO/MgO) gpinety = 0.47-1.07A1# (e + 0.64F€> # e
+ Ln (FeO/MgO) el

with FeO and MgO in wt%, Al# = Al/(Cr + Al + Fe**) and Fe>™# =
Fe3T/(Cr + Al + Fe3™).

Fig. 12. (a) Plot of whole-rock Ir/(Pt 4+ Pd) vs Ir for Jijal peridotites. PM-primitive mantle; (b) Chondrite-normalized Pdy/Iry versus Pdy/Osy for rocks oif the Jijal Complex; fields of
anhydrous mantle peridotites and ultramafic cumulates are from Deschamps et al. (2013). Sulfide inclusions and interstitial sulfides for platinum group element (PGE) contents and
trends are from Alard et al. (2000). Chondrite values are from Sun and McDonough (1989). Primitive mantle values from McDonough and Sun (1995); (c) Plot of Ir versus Al,O3 for
the Jijal Complex peridotites. KFZ-Kane Fracture Zone, Atlantic Ocean; PUM-primitive upper mantle; D-Nernst partition coefficient; (d) Ru versus Al,O3 for Jijal peridotites and dunites;
(e) Rh versus Al,O3 for Jijal peridotites and dunites; (f) Pt versus Al,Os for Jijal peridotites and dunites; (g) Pd versus Al,05 for Jijal peridotites and dunites; (h) Cu versus Al,Os for Jijal
peridotites and dunites. Fields of KFZ, abyssal peridotites, and primitive mantle values and melting curves are from Marchesi et al. (2013), See text for discussion.
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The calculated results for the Jijal chromitites show that the FeOQ/
MgO ratios of the parental magmas from which the massive,
semi-massive, disseminated chromitites, harzburgites, and dunites
crystallized are 0.82-0.95, 0.91-1.01, 0.96-1.03, 2.07-2.46, 1.63-1, re-
spectively. The corresponding Al,O; contents are 939.96-10.3,
10.3-11.1, 10.9-11.3, 11.8-11.9 and 11.3-11.5 wt%, respectively. The
FeO/MgO ratios are similar to those observed in boninitic rocks
(Table S5; Fig. 13) (Wilson, 1989). The composition of calculated paren-
tal magma shows a good fit in boninitic field melts with comparison to
that of primitive magmas from various tectonic settings (Fig. 13). Ac-
cording to Mondal et al. (2006), the high Cr#s and high water contents
of boninitic magmas allow the early crystallization of spinel relative to
Cr-rich pyroxene and subsequently the crystallization of large amount
of Cr-rich spinels. The parental melt compositions of the chromian spi-
nel of the Jijal chromitites closely resemble those of boninites of Bonin
Island, Japan (Hickey and Frey, 1982). Similar melts with boninitic
affinities are considered to have been responsible for the high-Cr
chromitites formation from many localities such as Bay of Bengal Rut-
land Island (Ghosh et al., 2009), Eastern Cuba Mayari Cristal ophiolite
(Gonzalez -Jiménez et al, 2011), Iran Sorkhband ultramafics
(Najafzadeh et al., 2008), Kazakhstan Kempirsai ophiolite (Melcher
et al., 1997), Turkish-Mugla and Aladag ophiolites (Lian et al., 2019;
Uysal et al., 2009).

It has been broadly accepted that chromitites of high-Cr (Cr# > 60)
are generated from boninitic melts, whereas chromitites of high-Al
(Cr# <60) form from less refractory, MORB-like arc tholeiitic magmas
(Arai and Yurimoto, 1994; Wu et al., 2017; Xiong et al., 2017). Our re-
sults are consistent with these models and indicate that the parental
melts of the chromitites are boninites generated in a forearc tectonic
setting (Fig. 13). Experimental studies suggest that chromite precipita-
tion is triggered by melt-peridotite reaction, a process that requires
high temperatures, low pressures (0.3-1.04 Pa) and abundant water
(Glenn and Timothy, 1998; Klingenberg and Kushiro, 1996; Van der
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Laan et al., 1989). These conditions are typically found during subduc-
tion initiation in SSZ environments (Dilek and Flower, 2003;
Gonzalez-Jiménez et al., 2011; Kakar et al., 2012, 2014; Van der Laan
et al,, 1989; Garrido et al,, 2007).

8.6. Geodynamic setting of the Jijal Complex chromitites and peridotites

Island-arc and back-arc settings are the widely accepted environ-
ments for podiform chromitite formation (Rollinson and Adetunji,
2013; Uysal et al., 2009; Zhou et al., 2005). In these environments, the
lithologies of the upper mantle interact with the migrating magma pro-
duced at highly depth may forming chromitites body (Arai and
Yurimoto, 1994; Zhou et al., 2014). Spinel compositions in chromitites
and peridotites also reveal valuable information on the composition of
their parental melts and the geodynamic setting in which they crystal-
lized (Dick and Bullen, 1984).

Here we present a tectono-magmatic model for the melt evolution,
based on field observations together with the geochemical characteris-
tics of chromitites and associated peridotites of the Jijal Complex to con-
strain the tectonic setting of the Indus Suture Zone Ophiolites (Fig. 14).
Recognition of an early magmatic events of boninitic extraction
(marked by depletion of REE) in the ultramafic section of Jijal complex
lends support to a model involving subduction initiation in a SSZ envi-
ronment (Dilek and Flower, 2003; Gonzalez-Jiménez et al., 2011;
Kakar et al., 2012, 2014). In the northern Pakistan, Kohistan Arc Com-
plex (KAC) represents an early Cretaceous intra-oceanic arc exhumed
unit which is formed during Neo-Tethys Ocean subduction along the
north underneath Karakorum Plate (Burg et al., 1998; Schaltegger
et al., 2002). This complex is now sandwiched between the Indian
plate to the south and Karakoram (Asian) plate to the north, and is sep-
arated from these blocks, respectively, by the Main Mantle Thrust
(MMT, or Indus Suture) and Main Karakoram Thrust (MKT). The Jijal ul-
tramafic complex, present on the hanging wall of the MMT, showing the

Regional Tension

e ——

Kohistan
Island Arc
Volcanism

Karakoram Plate
Asian Plate)

GMA(

Sediment

Fig. 14. Tectonic model for the melt evolution of the harzburgite and dunite-chromitite occurrences in the Jijal Complex Ophiolite along the Main Mantle Thrust (MMT or Indus Suture
Zone), North Pakistan (modified after Schaltegger et al. (2002); Dilek and Furnes (2011, 2014), GMA-Gangdese Magmatic Arc, See text for discussion.
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KAC ultramafic roots that were shaped during the arc building stage (ca.
110-90 Ma, see Schaltegger et al., 2002; Faisal et al., 2014, 2016).

The Jijal complex has subsequently passed through complex epi-
sodes. After formation, it was subducted to substantial depth beneath
the island arc and was then uplifted to its present location along the
MMT (Jan and Howie, 1981) (Fig. 14). These events must have had im-
portant effects on the mineral phases, especially Cr-spinel.

The Jijal complex is composed of an ultramafic section with perido-
tite (PEZ) and pyroxenite (PYZ) zones (Burg et al., 1998; Yamamoto and
Yoshino, 1998). Our mineralogical and geochemical data show that the
Jijal peridotites are the depleted mantle residues after relatively high
degrees of partial melting (Fig. 14; 25-30%) of already depleted, upwell-
ing asthenospheric mantle. The melting was triggered by dehydration of
the sinking oceanic lithosphere and resulted in enrichment of LREE and
HFSE in the peridotites by interaction of ascending decompressional
melts with the earlier melt residues. During subduction, the slab-
derived melts/fluids were released into the mantle wedge, triggering a
higher degree (25-30%) of partial melting of the peridotites at shallow
depth. The unusually depleted nature of the forearc peridotites requires
unusual melting conditions: abnormally high temperatures, high vola-
tile flux, or both. Highly depleted dunites and chromitites in ophiolites
are cumulates and hence genetically related, and they should reflect
the same degree of partial melting as the source melts of the mantle
wedge overlying the subduction zone. This high-degree, low-
pressure-high-temperature partial melting of highly depleted
harzburgites produced olivine- and SiO,-rich boninitic melts (enriched
in incompatible PGEs and Cu—Ni sulfides) that reacted with the perido-
tites, forming the podiform chromitite deposits surrounded by dunite
envelops. Partial melting of pelagic sediments in the subduction zone
along Indus Suture Zone (Fig. 14) produced silica saturated melts that
react with hot, hydrous depleted peridotites to produce boninitic
melts/fluids (Dilek et al., 2008) with high concentrations of Cu, Mo,
and PGEs, which played an important role in the mantle metasomatism
and enrichment. The incompatible element-enriched boninitic melts
percolating through the dunites precipitated Cu—Ni sulfides in melt
channels. Progressive evolution of melts at this stage of formation of
the Jijal Complex generated the cumulates and overlying extrusive
rocks with boninite geochemical affinities (Arif and Jan, 2006).

9. Conclusions

Mineralogical modal, mineral compositions and bulk-rock geochem-
istry of the upper mantle peridotites from the Jijal Complex ophiolite in
northern Pakistan indicate high partial melting degrees and show re-
semblance to forearc peridotites formed during the subduction initia-
tion. Cr-rich podiform chromitites formed as a result of reaction
between subduction-generated fluids and melts and the previously de-
pleted peridotites of mantle wedge under high-temperature, low-
pressure conditions. These processes generally produced boninitic
magmas enriched in incompatible PGEs and Cu—Ni sulfides that pene-
trated the dunitic peridotites along irregular melt channels. LREE-
enrichment of the Jijal Complex ophiolitic mantle peridotites also
indicate that these rocks were metasomatized by LREE-enriched fluids
derived from subduction slab. The peridotites reflect a complex history
involving partial melting, depletion, enrichment, and magmatism-
metasomatism during evolution of the Early Cretaceous Tethyan oce-
anic lithosphere in a forearc spreading setting during subduction
initiation.

The mineral and whole-rock geochemistry of the chromitite and du-
nite along with their impregnation-related microtextures, are similar to
those of chromite crystallized from tholeiite to boninite melts. Most of
the massive, semi-massive and disseminated chromitites have high Cr
values (70-80 and above), but there are systematic compositional
changes in olivines and magnesiochromites from harzburgite to dunite
envelopes to massive chromitite, likely reflecting melt-rock reactions.
These chromitites are highly depleted in PPGE and enriched in IPGE,

both features being well-recognized in the worldwide ophiolitic
podiform chromitites. The PGEs abundances in the Jijal Complex perido-
tites resemble strongly depleted mantle rocks and indicates high partial
melting degrees (25-30%) in the mantle source. Taken together, our
new mineralogical and geochemical data suggest that the Jijal Complex
Ophiolite formed along Indus Suture Zone in a mantle wedge of supra-
subduction zone, in which the composition of magma gradually
changed with time.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.lithos.2020.105566.
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