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A B S T R A C T

The Shergol ophiolitic peridotites along ISZ, Ladakh Himalaya are serpentinized to various degrees and are
harzburgite in composition. Electron microprobe analyses of spinels from Shergol Serpentinized Peridotites
(SSPs) were carried out in order to evaluate their compositional variation with alteration. Chemical dis-
continuity was observed from core to rim in analyzed spinel grains with Cr-rich cores rimmed by Cr-poor
compositions. From unaltered cores to rims it was observed that Cr3+# and Fe3+# increases while Mg2+#
decreases due to Mg2+ − Fe2+ and Al3+ (Cr3+) − Fe3+ exchange with surrounding silicates during alteration.
These peridotites contain Al-rich spinels forming subhedral to anhedral grains with lobate and corroded grain
boundaries; altered to ferritchromite or magnetite along cracks and boundaries by later metamorphism episode.
The unaltered Cr-spinel cores are identified as Al-rich and are characterized by lower values of Cr3+#
(0.34–0.40), high Al3+# (0.58–0.68) and Mg2+# (0.52–0.70). Mineral chemistry of these Al-rich Cr-spinels
suggest that host peridotites have an affinity to abyssal and alpine-type peridotites. High TiO2 concentration of
magmatic Cr-spinel cores are in agreement with MORB melt-residual peridotite interaction. Presence of un-
altered magmatic Cr-spinel cores suggest that they do not have re-equilibrated completely with metamorphic
spinel rims and surrounding silicates. Cr-spinel core compositions of SSPs suggest an ophiolitic origin derivation
by low degrees of melting of a less-moderate depleted peridotite in a mid-ocean ridge tectonic setting. Based on
textural and chemical observations the alteration conditions of studied spinel-group minerals match those of
transitional greenschist-amphibolite facies metamorphism consistent with estimated metamorphic equilibration
temperature of ∼ 500–600 °C.

1. Introduction

The mineral chemistry of chromite or chromian spinel (Cr-spinel) is
important in reflecting parent magma chemistry, degrees of partial
melting, melting behavior of the mantle and variation in fO2 (Dick and
Bullen, 1984; Arai, 1994; Zhou et al., 1996; Barnes, 2000; Hellebrand
et al., 2002; Farahat, 2008; Aswad et al., 2011). It also plays an im-
portant role in classifying mantle derived peridotites in terms of geo-
tectonic setting (Arai, 1992, 2011; Zhou et al., 1997; Arai et al., 2006)
and is recognized as a sensitive mineral for deducing the physico-che-
mical parameters such as temperature, pressure, fO2 etc. during magma
crystallization (Roeder and Reynold, 1991; Zhou and Kerrich, 1992).
Primary mineral compositions, particularly that of spinels of upper
mantle peridotites, are a key to constrain the extent of partial melting,

fluid phase enrichment, and mantle-melt interaction processes sub-
sequent to melt extraction (Bonatti and Michael, 1989; Zhou et al.,
1996, 2005; Hellebrand et al., 2001; Farahat, 2008; Choi et al., 2008;
Aswad et al., 2011). In peridotites the primary Cr-spinel is resistant
against alteration and metamorphism and partly preserved to give
primary petrological characteristics (Matsumoto et al., 1997; Farahat,
2008).

The primary composition of spinel-group minerals, particularly of
Cr-spinel, is susceptible to chemical modifications related to sub-solidus
equilibration during metamorphism and hydrothermal processes
(Kimball, 1990; Barnes, 2000; Farahat, 2008). Hydrothermal fluids
ingress along cracks and around grain boundaries of primary Cr-spinel
grains and produce Fe-enriched spinel (ferritchromite) and magnetite
rims surrounding unaltered Cr-spinel core compositions (Barnes, 2000;
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Karipi et al., 2007; Farahat, 2008). Fluid-rock interaction causes ex-
change of cations between Cr-spinel and surrounding silicates and is
temperature dependent. Exchange of divalent ions (Fe2+, Mg2+)
readily occurs through greenschist to lower amphibolite facies whereas
trivalent ions (Cr3+, Al3+, Fe3+) remain unaltered up to lower am-
phibolite conditions (Farahat, 2008).

This paper presents new mineral chemistry data of spinel-group
minerals from Shergol ophiolitic peridotites along Indus Suture Zone
(ISZ), Ladakh Himalaya and aims to investigate the tectonomagmatic
history of host peridotites.

2. Geological setting

The ISZ is the India-Asia convergence zone (Gansser, 1964, 1980;
Frank et al., 1977; Thakur, 1981; Searle, 1983; Searle et al., 1987;
Honegger et al., 1989; Cannat and Mascle, 1990) and is characterized
by the ophiolitic relics of the Neo-Tethys, paleo-accretionary prism and
mélange zone rocks of Cretaceous to Tertiary time (Brookfield and
Reynolds, 1981; Raz and Honegger, 1989; Corfield et al., 1999;
Robertson, 2000). In north-western Ladakh Himalaya, the ISZ is char-
acterized by two groups of ophiolites and their associated paleo-ac-
cretionary prisms (Fig. 1a). The southern group is called the South
Ladakh ophiolites viz. Nidar and Spontang ophiolites and their asso-
ciated south Ladakh ophiolitic mélange; while the northern group is
Dras ophiolite and its associated Sapi-Shergol mélange or southern
mélange zone of Robertson (2000) (Maheo et al., 2006). These two
mélange zones originated as two distinct Neo-Tethyan oceanic domains
closed along two distinct north dipping subduction zones as evidenced
by differences in their stratigraphy (Corfield et al., 1999; Robertson,
2000; Mahéo et al., 2004; Maheo et al., 2006); geochemical character
and formation ages of two ophiolite groups (Reuber, 1986; Reuber
et al., 1990; Ahmad et al., 1996, 2008; de Sigoyer et al., 2000; Corfield
et al., 2001; Pedersen et al., 2001; Mahéo et al., 2004; Maheo et al.,
2006).

In Ladakh region, the Sapi-Shergol mélange zone preserves the
slices of ophiolites in the paleo-accretionary prism (Gansser, 1964;
Frank et al., 1977; Honegger et al., 1982; Sinha and Mishra, 1992;
Maheo et al., 2006). The Shergol paleo-accretionary prism consists of
relics of sedimentary units and basic rocks of blueschist grade meta-
morphism (Frank et al., 1977; Virdi et al., 1977; Thakur, 1981; Searle,
1983; Honegger et al., 1989; Sinha and Mishra, 1992; Robertson, 2000;
Maheo et al., 2006). The sedimentary unit is dominated by Upper
Cretaceous turbidites intercalated with blocks of limestones, radi-
olarites, ultrabasic and basic rocks of greenschist grade metamorphism
(Shah and Sharma, 1977; Honegger et al., 1989; Cannat and Mascle,
1990; Clift et al., 2000). The blueschists occur in a single and con-
tinuous SW-NE trending unit and show protolith geochemical signature
of ocean island basalt (OIB) and enriched mid ocean ridge basalt (E-
MORB) (Honegger et al., 1989; Sinha and Mishra, 1992, 1994;
Robertson, 2000), whereas OIB represent relics of Late Cretaceous
seamounts within the Neo-Tethys ocean which were eroded and in-
corporated into the accretionary prism during Late Cretaceous intra-
oceanic subduction (Honegger et al., 1982, 1989; Sinha and Mishra,
1992). This blueschist unit is overlain by Shergol continental con-
glomerate of Oligo-Miocene age (Honegger et al., 1989; Cannat and
Mascle, 1990; Robertson, 2000; Maheo et al., 2006).

The Shergol serpentinized peridotites (SSPs) are situated along ISZ,
NW Ladakh Himalaya. At Shergol village (30 km south-east of Kargil
district along Srinagar-Leh National highway), the blocks of massive
and unsheared serpentinized peridotites float in a matrix of highly
sheared serpentinite forming the classic block-in-matrix texture
(Fig. 1b). Despite partial to extensive serpentinization, these peridotite
blocks differ from the sheared serpentine matrix in preserving their
primary mantle textures and mineral compositions. Based on the relic
mineralogy, these massive blocks represent protolith of harzburgite
composition. The geochemical study suggest that SSPs represent

melting residues remaining after low to moderate degrees of partial
melting (< 15%) of moderately fertile lherzolite at mid ocean ridge
tectonic setting in the context of ancient Mesozoic Neo-Tethyan oceanic
mantle which was subsequently trapped in the accretionary complex of
Ladakh magmatic arc (Bhat et al., 2017). To unravel the magmatic
history of these peridotite tectonic blocks (knockers), we use major
element composition of relic spinel group mineral phases. For partially
or highly serpentinized peridotites, mineral composition of spinel is
especially useful as it is typically unaffected by the serpentinization
process, except forming magnetite or ferritchromite rims along grain
boundaries and fractures.

3. Petrography of shergol serpentinized peridotites

The SSPs are porphyroclastic in texture and display solid-state de-
formation structures of undulose extinction, kink bands, shearing and
recrystallization characteristic features of alpine type or ophiolite upper
mantle peridotites. The SSPs are serpentinized to various degrees,
which resulted in the pseudomorphic textures of mesh and hourglass
after olivine and bastites after pyroxene (Bhat et al., 2017). They con-
tain< 2 mm long red brown colored holly leaf-shaped or type 1 spinels
(Fig. 2a) that are associated with orthopyroxene and also isolated
subhedral or type 2 spinels (Fig. 2b and c) and euhedral or type 3
spinels (Fig. 2d). At places, spinels show corroded texture with highly
irregular shape. In order to distinguish various zones of spinels, back-
scattered electron (BSE) images were employed by using the contrast
function. Due to hydrothermal alteration, the spinel-group of minerals
gradually transform to ferritchromite and then to magnetite which is
considered to be the final end product (Paraskevopoulos and
Economou, 1980). The effect of alteration/metamorphism on studied
spinel grains is evident in BSE images with various concentric shades;
darker at the core and brighter at the rim of spinel grains. The Cr-spinel
core composition preserves the primary characteristics and is mantled
by ferritchromite and magnetite zones of irregular shapes (Fig. 2c and
d). Some primary spinel grains are completely replaced by ferritchro-
mite and mantled by magnetite rims (Fig. 2e) whereas commonly en-
countered primary spinel grains are mantled with rim of magnetite, this
could be the result of variation in grade of metamorphism (Kapsiotis
et al., 2007). At higher metamorphic temperatures, primary Cr-spinel
alters to ferritchromite while at lower temperature it alters to magnetite
(Lee, 1999; Ahmed et al., 2001). The secondary silicate assemblage in
SSPs mainly includes serpentine (60–70%) and variable percentage of
chlorite and magnetite. Accessory pentlandite (an Fe-Ni sulfide) occurs
too (Fig. 2f) which typically develops during serpentinization as Fe
content decreases and Ni increases in sulphides during such process
(Shiga, 1987).

4. Analytical methods

Twenty thin sections of harzburgite samples from Shergol ophiolitic
slice, Ladakh Himalaya were examined using a polarizing, transmitted
light microscope equipped with a digital camera. Out of these, twelve
samples were analyzed for spinel mineral chemistry using Electron
Probe Micro Analyzer (EPMA) CAMECA SX-Five instrument at the
Banaras Hindu University, Varanasi, India. Selected spinel grains in thin
sections were analyzed along profile lines in order to determine the
compositional variation. For spinel group minerals, CAMECA SX-Five
instrument was operated by SX-Five Software at an accelerating voltage
of 15 kV and a probe current of 10–20 nA. Quality control was main-
tained by analyzing well calibrated natural materials/minerals as
standards (chromite for Cr, hematite for Fe and NiO for Ni) during each
electron microprobe session. The proportion of ferrous and ferric iron in
spinels was calculated by assuming spinel stoichiometry. Routine X-ray
spectral analysis (calibration, acquisition, quantification) and data
processing was carried out using SxSAB version 6.1 and SX-Results
software’s of CAMECA and replicate analyses of individual points show
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analytical error of< 2%.

5. Compositional variability in spinel group minerals from SSPs

Representative mineral chemistry of the spinel group minerals from
SSPs is given in Tables 1 and 2, but in the following plots, we have also
used Cr-spinel data from Bhat et al. (2017). Variability in spinel group
mineral compositions from SSPs is illustrated in Al3+ − Cr3+ − Fe3+

triangular diagram (Fig. 3). Cr-spinel, ferritchromite and magnetite are
the common spinel group minerals found in SSPs.

In Al3+ − Cr3+ − Fe3+ triangular plot three compositional
variability zones distinctively characterize spinel group minerals of
SSPs. The ferritchromite and magnetite rims mantling the primary Cr-
spinel cores are of metamorphic origin. From the microprobe analysis,
it was observed that the ferritchromite and magnetite are highly

depleted in Al3+ and Mg2+ as compared to Cr-spinel core. Cr3+ shows
slight depletion in ferritchromite relative to core but is highly depleted
in magnetite. Fe2+ and Fe3+ are the only elements which are sig-
nificantly enriched at the rim compared to the unaltered core. Mn and
Si show relative enrichment in ferritchromite compared to Cr-spinel
core and magnetite rim. Based on these compositional variabilities it is
suggested that Fe and to a lesser extent Mn and Si are introduced into
the Cr-spinel however, Al, Mg and Cr diffuse out of the Cr-spinel during
alteration and metamorphism. This chemical variability further con-
firms the presence of two compositional miscibility gaps, one between
Cr-spinel core and ferritchromite and other between ferritchromite
zone and magnetite rim as was observed in Fig. 3. In peridotites, due to
extensive Mg2+ − Fe2+ exchange between coexisting spinel and sili-
cate phases, Mg# [cationic ratio of Mg2+/(Mg2+ + Fe2+)] rapidly
decreases from Cr-spinel core through ferritchromite to magnetite rim

Fig. 1. (a) Geological map of the Ladakh Himalaya (after Mahéo et al., 2004), showing location of the study area, (b) Geological map of the Sapi-Shergol ophiolitic slice along Indus suture
zone, Ladakh Himalaya showing sampling locations (after Honegger et al., 1989).
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(Fig. 4a). However, Fe3+# [(cationic ratio of Fe3+/
(Fe3+ + Cr3+ + Al3+)] increases with decreasing Mg# from Cr-spinel
core to the magnetite rim (Fig. 4b) because of Al3+ loss and Fe3+ en-
richment during alteration and metamorphism.

The cores of altered spinels in SSPs are primary in origin with Cr-
spinel composition and are characterized by low Cr2O3

(28.47–32.66 wt.%), high Al2O3 (32.49–39.18 wt%) and MgO
(10.43–15.88 wt%). TiO2 content varies from 0.02 to 0.30 wt.% and is
comparable to that of alpine and abyssal peridotites (Arai, 1992;
Farahat, 2008; Aswad et al., 2011). This Cr-spinel data when plotted in
a ternary triangular plot of Al3+ − (Fe3+ + 2Ti4+) − Cr3+ shows
affinity towards alpine peridotites (Fig. 5). The magma composition of
ultramafic rocks from which spinel-group minerals crystallize defines
their chemistry, hence the mineral has the potential to reflect the
chemical character of the parent magma (Irvine, 1967; Dick and Bullen,
1984; Allen et al., 1988; Roeder and Reynold, 1991; Arai, 1992; Zhou
et al., 1994). The analyzed Cr-spinels have Cr3+# [cationic ratio of
Cr3+/(Cr3+ + Al3+)] = 0.34–0.40, which is comparable to mid-ocean
ridge tholeiitic parent magma of 0.20–0. 54 (Allen et al., 1988) and are
lower than those of layered igneous intrusions of Bushveld and Still-
water which have Cr# = 0.70–0.85 (Irvine, 1967) and those of boni-
nite magmas of 0.80–0.90 (Roeder and Reynold, 1991). The Cr-spinel

data of SSPs plotted in Al2O3 vs. TiO2 binary plot in comparison to
modern day tectonic settings shows affinity towards abyssal peridotites
as compared to supra-subduction zone peridotites (Fig. 6).

6. Discussion

6.1. Metamorphic alteration effects on spinel-group mineral compositions

The extent of alteration of the primary spinels is a function of me-
tamorphic grade and fluid-rock ratio, hence the post magmatic altera-
tion processes (hydrothermal alteration) of the host peridotites may
result in some of the chemical variability in spinel-group mineral
compositions (Barnes, 2000; Farahat, 2008; Aswad et al., 2011). De-
pending on the extent of alteration, ferritchromite and/or Cr-magnetite
as secondary phases will start to form and are usually attributed to the
effects of low- to medium-grade metamorphism up to lower amphibo-
lite facies (Thalhammer et al., 1990; Kapsiotis et al., 2007; Farahat
2008). The microprobe analyses of Cr-spinels from SSPs reflect Cr-rich
core and development of ferritchromite and magnetite rims as common
alteration products. Magnetite forms films and fracture fillings in spi-
nels (Fig. 2c), which is the consequence of exchange of Mg2+ and Fe2+

cations between spinel-group minerals and coexisting silicates,

Fig. 2. Photomicrographs and back scatter electron (BSE) images of spinel grains from SSPs (a) irregular spinel grains under crossed polarized light, (b) highly corroded and fractured
spinel grain showing development of magnetite (mgt) along fractures, (c) SEM photograph of a zoned spinel grain with Cr-spinel (Cr-Sp) core followed by ferrochromite (Fe-chr) and a
thin film of magnetite (mgt) at the rim, (d) SEM photograph of a highly fractured spinel surrounded by a serpentine groundmass, (e) SEM photograph of a subhedral ferrochromite (Fe-
Chr) grain showing thin film of magnetite (mgt) and (f) SEM photograph of a subhedral grain of pentlandite (pt) in a serpentine (spn) groundmass.
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particularly olivine (Barnes, 2000; Karipi et al., 2007; Farahat, 2008).
The common preservation of magmatic Cr-spinel cores in SSPs implies
low fluid-rock ratio/interaction during hydrothermal alteration. With
continuous fluid-rock interaction, some Cr-spinel cores equilibrate with
surrounding silicate minerals and alter to ferritchromite, despite the
presence of magnetite rims. These ferritchromite cores surrounded by
magnetite rims (Fig. 2e) were grown by diffusive replacement of Mg2+

by Fe2+ in the spinel structure. Via this process, the altered spinels
(ferritchromite and magnetite) in SSPs display lower Mg# but higher
Cr# and Fe3+# than unaltered Cr-spinel cores (Fig. 4). This chemical

variation is due to preferential retention of Cr in unaltered Cr-spinels
while its breakdown/alteration provides Al for secondary chlorite
(Kimball, 1990; Karipi et al., 2007). Barnes (2000) suggested that the
metamorphic grade of hydrothermal alteration effectively controls the
Mg2+/(Mg2+ + Fe2+) ratios in altered compositions of spinel-group
minerals. Rocks altered under greenschist facies of metamorphism have
spinels with Mg# ranging from 0.4 to 0.7, while amphibolite facies
rocks have Mg# < 0.35 (Barnes, 2000; Farahat, 2008). The Mg2+/
(Mg2++ Fe2+) ratio in the studied spinels ranges from 0.5 − 0.7, re-
flecting green schist grade of metamorphism.

The compositional variability of spinel-group minerals from SSPs in
relation to metamorphic temperature conditions is shown in Fig. 7. The
Cr-spinel core compositions plot outside the 600 °C stability limit of
Sack and Ghiorso (1991), reflecting primary relic magmatic nature not
affected by alteration/metamorphism. However, metamorphic spinels,
i.e., ferritchromite and magnetite equilibrated around ∼ 500 − 600 °C
lie along the Cr3+ − Fe3+ join with additional compositional/mis-
cibility gap. The primary Cr-content is retained in Cr-spinels

Table 1
Representative electron-microprobe analyses of Cr-spinel core compositions (recalculated
on 32 Oxygen basis) from Shergol serpentinized peridotites along ISZ, NW Ladakh
Himalaya.

Cr-Spinel

wt.% P-92 P-143 P-77 P-78 P-270 P-271 P-274 P-275

SiO2 0.08 0.04 0.66 0.47 0.12 0.12 0.97 0.11
TiO2 0.02 0.04 0.30 0.15 0.14 0.15 0.18 0.16
Al2O3 35.22 36.73 39.18 32.49 35.60 34.42 34.50 35.34
Cr2O3 30.91 28.47 30.26 32.52 31.43 32.66 29.47 31.29
Fe2O3 4.56 5.02 0.10 3.34 2.84 3.43 3.80 3.64
FeO 13.41 14.67 17.45 17.05 13.50 13.20 14.60 13.48
MnO 1.73 1.54 1.72 1.82 0.24 0.27 0.76 0.33
MgO 14.68 14.14 10.33 12.49 15.71 15.88 15.28 15.75
Total 100.46 100.50 99.89 100.33 99.59 100.12 99.55 100.10
Si4+ 0.02 0.01 0.15 0.11 0.03 0.03 0.22 0.03
Ti4+ 0.00 0.01 0.05 0.03 0.03 0.03 0.03 0.03
Al3+ 9.59 9.97 10.80 9.05 9.68 9.35 9.43 9.58
Cr3+ 5.65 5.19 5.60 6.08 5.73 5.95 5.40 5.69
Fe3+ 0.79 0.87 0.00 0.59 0.49 0.59 0.66 0.63
Fe2+ 2.59 2.83 3.41 3.37 2.60 2.54 2.83 2.59
Mn2+ 0.34 0.30 0.34 0.37 0.05 0.05 0.15 0.06
Mg2+ 5.05 4.86 3.64 4.40 5.40 5.46 5.28 5.40
Cr3+# 0.37 0.34 0.34 0.40 0.37 0.39 0.36 0.37
Mg2+# 0.66 0.63 0.52 0.57 0.61 0.59 0.61 0.60
Al3+# 0.60 0.62 0.66 0.58 0.67 0.68 0.65 0.68
Fe3+# 0.05 0.05 0.00 0.04 0.03 0.04 0.04 0.04
Fe2+# 0.34 0.37 0.48 0.43 0.33 0.32 0.35 0.32

Cr3+#= Cr3+/[Cr3+ + Al3+]; Al3+# = Al3+/(Cr3+ + Al3+ + Fe3+); Fe3+#= Fe3+/
(Cr3+ + Al3+ + Fe3+); Mg2+# = Mg2+/[Mg2+ + Fe2+]; Fe2+#= Fe2+/
(Fe2+ +Mg2+).

Table 2
Representative electron-microprobe analyses of Ferritchromite and magnetite (rim composition) from Shergol serpentinized peridotites along ISZ, NW Ladakh Himalaya.

Ferritchromite Magnetite

wt.% P-57 P-38 P-34 P-75 P-82 P-71 P-24 P-7 P-11 P-148 P-152 P-144

SiO2 6.82 7.37 7.88 6.24 2.85 3.52 0.06 0.15 0.02 0.39 0.80 0.14
TiO2 0.23 0.36 0.12 0.28 0.55 0.38 0.14 0.12 0.05 0.00 0.06 0.07
Al2O3 2.13 1.70 4.15 2.74 0.76 1.14 0.20 0.34 0.10 0.00 0.10 0.12
Cr2O3 22.52 25.44 26.16 25.10 27.87 24.88 0.16 0.15 0.10 0.12 0.09 0.11
Fe2O3 31.51 27.34 23.71 28.98 34.01 36.92 66.50 67.82 67.90 68.37 67.30 67.98
FeO 21.65 23.18 21.52 22.84 21.88 20.81 30.30 31.00 30.12 30.27 30.08 30.72
MnO 7.28 7.07 7.57 6.75 8.57 5.90 0.15 0.19 0.26 0.39 0.16 0.18
MgO 7.86 7.55 8.89 7.07 3.51 6.45 0.10 0.12 0.23 0.30 0.91 0.16
Total 100.00 100.00 100.00 100.00 100.00 100.00 97.35 99.89 98.76 99.84 99.50 99.47
Si4+ 1.88 2.03 2.13 1.73 0.83 1.00 0.02 0.01 0.01 0.02 0.03 0.04
Ti4+ 0.05 0.07 0.02 0.06 0.12 0.08 0.04 0.04 0.01 0.01 0.02 0.02
Al3+ 0.69 0.55 1.32 0.89 0.26 0.38 0.01 0.02 0.01 0.02 0.01 0.04
Cr3+ 4.91 5.55 5.57 5.49 6.40 5.58 0.01 0.01 0.03 0.04 0.03 0.03
Fe3+ 6.54 5.68 4.81 6.04 7.44 7.88 1.97 1.96 1.99 1.97 1.93 15.81
Fe2+ 4.99 5.35 4.85 5.29 5.32 4.93 1.00 1.00 0.98 0.99 0.98 7.94
Mn2+ 1.70 1.65 1.73 1.58 2.11 1.42 0.01 0.01 0.01 0.01 0.05 0.05
Mg2+ 3.23 3.11 3.57 2.92 1.52 2.73 0.01 0.01 0.01 0.02 0.05 0.07
Cr3+# 0.88 0.91 0.81 0.86 0.96 0.94 0.35 0.24 0.39 0.16 0.37 0.37
Mg2+# 0.39 0.37 0.42 0.36 0.30 0.36 0.01 0.01 0.01 0.02 0.05 0.01
Al3+# 0.06 0.05 0.11 0.07 0.02 0.03 0.00 0.01 0.00 0.01 0.00 0.00
Fe3+# 0.54 0.48 0.41 0.49 0.53 0.57 0.99 0.99 1.00 0.99 1.00 1.00
Fe2+# 0.61 0.63 0.58 0.64 0.78 0.64 0.99 0.99 0.99 0.98 0.95 0.99

Fig. 3. Trivalent cation classification triangular diagram showing the compositional
variation of spinel-group minerals from SSPs.
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equilibrated below∼ 500 − 550 °C stability limit but their Mg# is
substantially lowered by Fe2+ − Mg2+ exchange with surrounding
silicates (Farahat, 2008). The magnetite rims are almost pure with
limited Cr solubility, implying magnetite growth well below 500 °C. The
present ferritchromite preserves high Cr2O3 (23 − 28 wt.%) close to
those of unaltered Cr-spinel cores but has lower Mg#. Metamorphism of

550–600 °C grade substantially modifies the primary spinel composition
through infiltrating metamorphic fluids (Wylie et al., 1987; Barnes,
2000). The high Mn-content of ferritchromite is owing to the ability of
the Cr-spinel to act as a favorable Mn-receptor during serpentinization
process as the secondary silicates (serpentine, chlorite) accommodate
less Mn than their igneous precursors (Deer et al., 1992).

Due to greenschist grade of metamorphism in peridotites, magnetite
alteration zones develop around margins with a sharp boundary and
along fractures of Cr-spinel grains. These metamorphic/secondary rims
become much wider with curved and lobate boundary and are con-
centrically zoned from Cr-poor (magnetite) to Cr-rich margins, Al-poor
compositions (ferritchromite) at inner contact with Cr-spinel core at
around transitional greenschist-amphibolite to lower amphibolite facies
(Kapsiotis et al., 2007). Cr-spinel grains are almost completely replaced
by magnetite and rare ferritchromite cores at mid-amphibolite grade of
metamorphism (Farahat, 2008). In SSP spinels, the presence of mag-
netite or ferritchromite rims mantling Cr-spinel cores and complete
replacement of Cr-spinel cores with ferritchromite mantled with mag-
netite provides textural evidence for greenschist to lower amphibolite
facies alteration conditions and absence of complete replacement of Cr-
spinel by magnetite precludes any higher metamorphic alteration
grades such as mid-amphibolite or granulite facies metamorphism.

Fig. 4. Spinel-group mineral compositions from SSPs plotted in (a) Cr3+/(Cr3+ + Fe3+) against Mg2+/(Mg2+ + Fe2+) and (b) Fe3+/(Fe3+ + Al3+ + Cr3+) against Mg2+/
(Mg2+ + Fe2+).

Fig. 5. Triangular trivalent cation plot of Al3+ − (Fe3++ 2Ti4+) − Cr3+ (after Jan and
Windley, 1990) for Cr-spinels from SSPs.

Fig. 6. Al2O3 vs. TiO2 binary plot (after Kamenetsky et al., 2001) of Cr-spinels in com-
parison to modern-day tectonic settings.

Fig. 7. Compositional variability in spinel-group minerals from SSPs in a triangular Cr3+

− Fe3+ − Al3+ plot. Spinel stability limits for Cr-spinel, ferrochromite and magnetite
(calculated for equilibrium with olivine of composition Fo90) are after Stack and Ghiorso
(1991).
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Thus, based on textural and chemical observations the alteration con-
ditions of studied spinel-group minerals from SSPs match those of
transitional greenschist-amphibolite facies metamorphism consistent
with above estimated metamorphic equilibration temperature
of ∼ 500–600 °C.

6.2. Nature of shergol serpentinized peridotites

For the mantle derived spinel peridotites, Cr# of spinel is a proxy
indicator for the degree of partial melting in the host rock. Cr-spinels
with Al#>Cr# represent less depleted peridotites, whereas
Cr#>Al# or high Cr# spinels reflect highly depleted peridotites (Dick
and Bullen, 1984; Arai, 1994). Generally, primitive mantle peridotites
contain spinels with Cr# of 0.8–0.10 (Cabanes and Mercier, 1988),
which increases with the evolution of partial melting (Irvine, 1967;
Bonatti and Michael, 1989; Hellebrand et al., 2001). The higher value
of Cr# (0.34 − 0.40) of Cr-spinel in the studied peridotites relative to
primitive mantle peridotites are thus consistent with imprint of a partial
melting episode. These Cr-spinels have lobate grain boundaries and
their affinity to abyssal peridotite spinels in terms of Cr#, Mg#, Al#
and TiO2 (Table 1) also suggest the involvement of a partial melting
episode in their genesis. Also, Bhat et al. (2017) have shown that the
SSPs reflect residual character after moderate degrees of melt extraction
(< 15%) from a moderately fertile mantle source at mid-ocean ridge
tectonic setting based on depletions in their whole rock incompatible
and heavy rare earth elements and existence of high-Al low-Cr spinels
comparable to abyssal peridotites.

6.3. Post melting melt-rock reaction

Post-melting melt-rock interaction due to percolating and/or im-
pregnating melts typically changes the chemical composition of the
residual mantle peridotites and associated chromites (Zhou et al., 1996;
Parkinson and Pearce, 1998; Pearce et al., 2000; Dare et al., 2009),
thereby increasing concentration of Ti in existing chromites (Edwards
and Malpas, 1995) and clinopyroxenes (Zhou et al., 2005) and/or
crystalizing high-Al and high-Cr podiform chromitites (Zhou et al.,
1994, 1996; Melcher et al., 1997). Abyssal peridotites are not simple
melting residues but mostly are reacted or refertilized to some extent
which results either from melt-rock reaction or impregnated melts
which are not able to leave the mantle source (Niu et al., 1997; Niu,
1997, 2004). Cr-spinels associated with these peridotites (including
back-arc peridotites) have generally low Cr# (< 0.6: Dick and Bullen,
1984; Arai and Miura, 2015). Interaction of mantle peridotites with
mid-ocean ridge basalt (MORB) melts results in enrichment of TiO2 but
no increase of Cr# in Cr-spinels (Pearce et al., 2000; Choi et al., 2008;
Shervais et al., 2011). Cr-spinels related to subduction zone magmas are
characterized by high Cr# (> 0.6) and low Ti because of higher degrees
of partial melting (Dick and Bullen, 1984; Arai, 1992; Arai and
Yurimoto, 1995; Arai et al., 2006). The occurrence of high-Cr and high-
Ti Cr-spinel is characteristic of highly refractory peridotites formed in a
supra-subduction setting by hydrous melt extraction (Pearce et al.,
2000; Choi et al., 2008; Shervais et al., 2011) and by melt-rock reaction
(Zhou et al., 1996, 2005, 2014; Xiong et al., 2015, 2017a). Melt-rock
reaction in supra-subduction zones was observed in Yarlung-Zangbo
Suture Zone ophiolites of Tibet such as Luobusa peridotites (Zhou et al.,
1996; Xiong et al., 2014, 2015), Xigaze peridotites (Xiong et al., 2017a)
and Dongbo peridotites (Xiong et al., 2017b) and podiform chromitites
of Guleman ophiolite, SE Turkey (Rizeli et al., 2016).

The occurrence of subhedral to euhedral Cr-spinel grains with re-
latively high Ti concentration of some Cr-spinel grains in SSPs can be
explained by a melt-rock interaction episode (Arai, 1992; Zhou et al.,
1996; Pearce et al., 2000). The plot of Cr# versus TiO2 (for spinels) is
particularly effective in distinguishing between partial melting and post
melting melt-rock interaction processes experienced by the host peri-
dotite (Pearce et al., 2000). The Cr-spinel data from SSPs, when plotted

in Cr# vs. TiO2 diagram of Pearce et al. (2000), some points follow the
melting trend but others deviate right to the melting trend (Fig. 8).
Because of low diffusivity of Ti in olivine as compared to spinel, Ti
concentration in Cr-spinel is not only sensitive to melt-rock reaction
process but can fingerprint the composition of the interacting melts
(Scowen et al., 1991; Pearce et al., 2000). In abyssal peridotites, melt
extraction results in TiO2 depletion (< 0.1 wt.%) but increase in Cr#
(≤0.6) in associated Cr-spinels. When these residual peridotites later
react with MORB composition melts (Ti-rich), their spinels become
enriched in TiO2 without increasing their Cr# (Kelemen et al., 1995;
Pearce et al., 2000) whereas, reaction with boninite melts results in
high-Cr and high-Ti spinels (Zhou et al., 1996, 2005, 2014; Pearce
et al., 2000; Choi et al., 2008; Shervais et al., 2011; Xiong et al., 2015,
2017a). This is the basis for fingerprinting the melt composition that
interacted with the residual mantle in a specific tectonic setting. In
Fig. 8, the investigated Cr-spinels plot in the MORB melt reaction field
indicating that the interacting melt was of MORB composition. Some
spinels in SSPs have low Ti contents typically< 0.06 wt.% but others
have higher concentration of 0.1 − 0.3 wt.%. The lower and uniform
Cr# (∼ 0.34–0.40) but different Ti content of the studied spinels reflect
complex origin of the host peridotites. The lower Ti-spinels plot
within ± 0.05 wt.% TiO2 of melting trend in Fig. 8, however, the high
Ti-spinels are significantly displaced to the right of the melting trend
suggesting that the host peridotites are not simple melting residues but
the products of melt-rock reaction with Ti-rich melts (Pearce et al.,
2000; Choi et al., 2008; Shervais et al., 2011; Cimen et al., 2016). The
above interpretation is supported by the petrological/petrographic
evidence of type 2 or subhedral and type 3 or euhedral spinels in these
peridotites. It is thus summarized that the Cr-spinel morphology and
chemistry from SSPs reveals a multi-stage genesis with an earlier partial
melting event preserved in unreacted spinels followed by a subsequent
episode of melt-rock interaction during their mantle stay at mid ocean
ridge tectonic affinity and thus the SSPs are monogenetic peridotites.

6.4. Tectonic implications

In a spinel trivalent ternary cation plot (Fig. 9), the studied spinels

Fig. 8. Plot of TiO2 against Cr# (after Pearce et al., 2000) of Cr-spinels from SSPs. The
diagram discriminates between residual and reacted peridotites. Melting trend modeled
by Pearce et al. (2000) from fertile MORB mantle (FMM), dotted line field for abyssal
peridotite spinels, MORB reaction melt arrow reflect MORB-melt reacted abyssal peri-
dotite spinels and IAT/Boninite reaction melt arrow reflect supra-subduction zone (SSZ)
refractory peridotite spinels. (MORB: mid-ocean ridge basalt; IAT: island arc tholeiite).
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plot in a field of abyssal peridotites in comparison to Cr-spinels from
south Ladakh Himalayan serpentinites which show geochemical sig-
natures similar to that of Mariana fore arc peridotites and reflect greater
degrees of partial melting with of Cr# > 0.70 (Hattori and Guillot,
2007). On the basis of whole rock and spinel mineral chemistry, Bhat
et al. (2017) have shown that the SSPs originated from a less to mod-
erately depleted peridotite which underwent relatively moderate frac-
tions of melt extraction (< 15% melting) based on the correlation be-
tween Cr# and the degree of melting from the modeled equation of
Hellebrand et al. (2001), thus are consistent with worldwide abyssal
peridotites (Bodinier and Godard, 2003; Niu, 2004; Singh, 2009;
Delavari et al., 2009; Ningthoujam et al., 2012). Due to this variability
in magmatic Cr-spinel chemistry, the SSPs reflect different geodynamic
history than south Ladakh ophiolitic peridotites despite their occur-
rence along the Indus Suture Zone.

7. Conclusion

The spinel group minerals in SSPs are typically zoned with un-
altered cores to Cr-magnetite rims through ferritchromite transitional
zones. Compared to the cores, the rims are depleted in Al3+, Mg2+, and
Cr3+ while enriched in Fe3+. The Cr-spinel core compositions of SSPs
have generally low TiO2 (< 0.06 wt.%) content, but some spinels with
intermediate Cr# are enriched in TiO2 (up to 0.3 wt.%), indicating
reaction with MORB-like melts. Based on the Cr-spinel morphology and
chemistry, it is summarized that the SSPs reveal multi-stage genesis in
their tectonomagmatic history with an earlier pre-serpentinization
episode of partial melting event preserved in unreacted spinels followed
by subsequent episode of post melting melt-rock interaction during
their mantle stay at mid-ocean ridge tectonic environment.
Consequently, syn- or post-serpentinization alteration/metamorphism
episode of transitional greenschist-amphibolite grade effect SSPs
thereby causing alteration of primary Cr-spinels to ferritchromite and
magnetite as well as development of chlorite and serpentine from pri-
mary silicate minerals. Some of the Cr-spinel cores continued to equi-
librate/communicate with the surrounding silicate minerals by ex-
changing Mg2+ and Fe2+ and were totally modified to ferritchromite
with a rim of magnetite.
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