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Abstract

The Ladakh Himalayan ophiolites preserve remnants of the eastern part of the Neo-Tethyan
Ocean, in the form of Dras, Suru Valley, Shergol, Spongtang and Nidar ophiolitic sequences.
In Kohistan region of Pakistan, Muslim Bagh, Zhob and Bela ophiolites are considered to be
equivalents of Ladakh ophiolites. In western Ladakh, the Suru-Thasgam ophiolitic slice is
highly dismembered and consists of peridotites, pyroxenites and gabbros, emplaced as imbri-
cate blocks thrust over the Mesozoic Dras arc complex along the Indus Suture Zone.
The Thasgam peridotites are partially serpentinized with relict olivine, orthopyroxene and
minor clinopyroxene, as well as serpentine and iron oxide as secondary mineral assemblage.
The pyroxenites are dominated by clinopyroxene followed by orthopyroxene with subordinate
olivine and spinel. Gabbros are composed of plagioclase and pyroxene (mostly replaced by
amphiboles), describing an ophitic to sub-ophitic textural relationship. Geochemically, the
studied rock types show sub-alkaline tholeiitic characteristics. The peridotites display nearly
flat chondrite-normalized rare earth element (REE) patterns ((La/Yb)y = 0.6-1.5), while frac-
tionated patterns were observed for pyroxenites and gabbros. Multi-element spidergrams for
peridotites, pyroxenites and gabbros display subduction-related geochemical characteristics
such as enriched large-ion lithophile element (LILE) and depleted high-field-strength element
(HFSE) concentrations. In peridotites and pyroxenites, highly magnesian olivine (Fogs 5 g9 3 and
Fog; 589,09, respectively) and clinopyroxene (Mg no. of 93-98 and 90-97, respectively) indicate
supra-subduction zone (SSZ) tectonic affinity. Our study suggests that the peridotites epitomize
the refractory nature of their protoliths and were later evolved in a subduction environment.
Pyroxenites and gabbros appear to be related to the base of the modern intra-oceanic island-arc
tholeiitic sequence.

1. Introduction

The palaeo-oceanic lithosphere is emplaced along the convergent plate boundaries in the
form of ophiolite complexes, which originated either at mid-ocean ridges (MOR) or supra-
subduction zones (SSZ) including fore-arc/back-arc regions (Dilek & Newcomb, 2003;
Dilek & Furnes, 2009, 2014; Pearce, 2014). Ophiolites are reported from different parts of
the globe along the orogenic belts ranging in age from Archean to Cenozoic with MOR and
SSZ geochemical characteristics (Dilek & Robinson, 2003). The ophiolites of Proterozoic age
(870—-627 Ma) occur in the Arabian Shield and in the Atlas Mountains in NW Africa, while
the Mesozoic—Cenozoic ophiolites are distributed along the Alpine—Himalayan Orogenic
Belt and in the Philippines (Furnes et al. 2020). The geodynamic scenario of most of the global
ophiolite sequences remains contentious with two competing tectonic settings: a MOR setting
(Coleman, 1977) and an SSZ setting (Pearce, 2014; Hodel et al. 2020). However, both the MORB
and SSZ geochemical affinities often co-exist within the same ophiolite, for example, Mirdita
ophiolite, Albania (Dilek et al. 2008) and other Tethyan ophiolites (Dilek & Furnes, 2019).
Well-studied Mesozoic Neo-Tethyan ophiolitic sequences are exposed along the northern
Indian plate margin, that is, Indus Yarlung Tsangbo Suture (IYTS; Hebert et al. 2012; Liu
et al. 2016; Bhat et al. 2017a, 20194, b; Kingson et al. 2017; Xiong et al. 2017; Buckman
et al. 2018; Jadoon et al 2020). However, due to extreme high altitude (average height
3000 m) and poor accessibility to the Ladakh terrain, especially Kargil region of western
Ladakh, limited research work has been carried out on the western Ladakh ophiolites,
particularly on Suru—-Thasgam dismembered ophiolitic slice, thrust over the Dras arc complex.
Here we report for the first time the petrological and geochemical characteristics of mafic—
ultramafic rocks of the Suru—Thasgam ophiolitic slice. Our study is an attempt to understand
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Fig. 1. (Colour online) (a) Geological map of the Ladakh
Himalaya (modified after Maheo et al. 2004) showing the location
of the study area (rectangle) and with an inset map of the
Himalayan-Tibetan Orogen (modified after Dilek & Furnes,
2009). (b) Detailed geological map of the Kargil District of
Ladakh Himalaya (modified after Reuber, 1989) showing the
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the petrogenesis and to correlate and compare this with other
Neo-Tethyan ophiolites, based on integrated mineralogical and
geochemical datasets.

2. Regional geology

Ophiolites of Mesozoic age are exposed along the IYTS (Fig. 1a)
and represent remnants of the eastern portion of the Neo-Tethyan
Ocean (Maheo et al. 2004; Ahmad et al. 2008; Dilek & Furnes,
2009, 2011, 2019; Aitchison et al. 2011; Bhat et al. 2017a, 20194,
b; Buckman et al. 2018). In Ladakh Himalaya (Fig. 1a), the ophio-
litic slices from NW to SE are: Dras ophiolitic slice (Radhakrishna
et al. 1984, 1987); Suru Valley ophiolitic slice (Robertson, 2000;
Bhat et al. 2019b); Shergol ophiolitic slice (Bhat et al. 2017a, b,
2019c¢); Spongtang ophiolite complex (Maheo et al. 2004); and
Nidar ophiolitic complex (Ahmad et al. 1996, 2008). These ophio-
lites are highly dismembered, similar to other Tethyan ophiolites
(Moores et al. 2000), and are emplaced as imbricate blocks thrust
over the Mesozoic Dras arc complex comprising Dras volcanics
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and Nindam/Naktul Formations (Honegger et al. 1982;
Radhakrishna et al. 1984; Reuber, 1989; Robertson, 2000; Maheo
et al. 2006; Bhat et al. 2017a, 20194, b). Earlier workers suggested
that these rootless sub-horizontal bodies of ophiolites from
Ladakh Himalaya represent substratum of the Dras arc complex
(e.g. Reuber, 1989; Robertson, 2000). Many others argued for their
origin at palaeco-MOR in the context of the Neo-Tethys Ocean,
emplaced during Late Cretaceous time along the Indus Suture
Zone (ISZ) (e.g. Brookfield & Reynolds, 1981; Radhakrishna
et al. 1984; Reuber et al. 1990). However, recent work based on
the detailed whole-rock, mineral and isotope data proposed that
these ophiolitic slices were evolved in a SSZ tectonic setting in
the context of the Neo-Tethys Ocean (Maheo et al. 2004;
Ahmad et al. 2008; Bhat et al. 2017a, 20194, b, 2021; Buckman
et al. 2018; Jonnalagadda et al. 2019).

The Dras arc complex, a dominant tectonic unit in the study
area (Fig. 1b), represents part of the intra-oceanic arc formed
within the Neo-Tethyan Ocean during the Cretaceous Period
above an inferred N-dipping subduction zone. It dominantly
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comprises mafic to intermediate volcanics with subordinate
shallow- to deep-marine volcano-sedimentary assemblage of
fore-arc apron known as the Nindam Formation (Robertson &
Degnan, 1994; Robertson, 2000). This arc complex is overlain by
dismembered Late Jurassic Neo-Tethyan oceanic lithosphere
(Reuber, 1989; Robertson, 2000). According to Reuber (1989), part
of this oceanic lithosphere, comprising serpentinized peridotites
(Suru Valley Peridotites of Bhat et al. 2019b) with minor gabbros,
best exposed in the Suru Valley, represents tectonically disrupted
oceanic substratum of the Cretaceous Dras arc complex. Based on
mineral and whole-rock geochemistry, Bhat et al. (2019b) recently
suggested that these peridotites evolved in an intra-oceanic sub-
duction environment corresponding to Dras arc complex.

3. Field relationships

The Suru—Thasgam dismembered ophiolitic slice is composed of
serpentinized peridotites, pyroxenites and gabbros thrust over
the Dras arc complex as isolated blocks (Fig. 1b). Robertson &
Degnan (1994) classified the Dras arc complex into three structural
units from west to east: the Suru Formation (arc interior domi-
nated by Dras volcanics), the Naktul Formation (a shallow-water
fore-arc apron comprising thickly bedded turbidites and
carbonates) and the Nindam Formation (a deep-water fore-arc
apron comprising volcaniclastic turbidites and pelagic carbonates).
This NW-SE-striking ophiolitic slice extends between Thasgam
and Trespone villages towards SW of Kargil town, measuring
¢. 20 km in length and 10-12 km in width (Fig. 1b). Its southeastern
exposure is marked by the Suru River where the gabbros and peri-
dotites are exposed on the river bank. The Dras River flows through
this ophiolitic slice at Trespone village, and the ophiolitic rocks
such as gabbros and pyroxenites crop out along the Dras—Kargil
National Highway on both banks of the river. The contact between
the ophiolitic slice and underlying Dras volcanics is faulted as
evident in the field and also described by earlier workers
(e.g. Radhakrishna et al. 1984, 1987; Robertson, 2000; Bhat et al.
2019b). The sampled outcrops of the Suru-Thasgam ophiolitic
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Pyroxenite
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Fig. 2. (Colour online) Field photographs of
(a) isolated massive gabbro block at Trespone
Village of Suru Valley; (b) outcrop of fresh gabbro near
Thasgam Village; (c) peridotite block at Trespone
Village; and (d) well-exposed pyroxenite at Thasgam
Village of Dras.

slice are depicted in Figure 2 and their geographic coordinates
are provided in Tables 1 and 2.

The medium- to coarse-grained dark-green-coloured massive
gabbros are exposed as isolated blocks (1-4 m across) at the
Trespone Village in Suru Valley (Fig. 2a), and also along the
opposite banks of the Dras River near Thasgam Village
(Fig. 2b). Gabbro samples SM2-6 were collected from Trespone
Village and SM10-15 were collected from the Thasgam Village
(respective coordinates provided in Table 2). These dark-green-
coloured gabbros comprise the dominant component of the dis-
membered ophiolite suite of the study area. The isolated peridotite
block, up to 100 m across, is exposed at Trespone Village towards
the left bank of the downstream Suru River, overlying the Dras
volcanics (Fig. 2¢). Here black- to dark-green-coloured peridotite
samples DP3—5 (coordinates provided in Table 1) were collected.
In addition, undeformed cumulate textured pyroxenite blocks
(Fig. 2d) are exposed at Thasgam Village along the left bank of
downstream Dras River adjacent to gabbros. Olive-green-coloured
pyroxenite samples TG10-15 (coordinates provided in Table 1)
were collected from an isolated block on the road side.

4. Petrography

We conducted out petrographic study on 36 mafic—ultramafic
rock samples from the Suru—Thasgam ophiolitic slice, described
in detail in the following sections.

4.a. Peridotites

The peridotites are dominantly composed of variable sizes
(0.2-0.5 mm across) of olivine (50-60 modal %), < 1 mm across
orthopyroxene (20-30 modal %) with < 0.5 mm across clinopyr-
oxene (5-10 modal %) and < 0.4 mm across spinel grains (< 5
modal %). Oxides and serpentine (< 10 modal %) are present as
secondary mineral assemblages, whereby olivine has occasionally
transformed into serpentine (Fig. 3a) reflecting the low degree
of serpentinization (< 10%). Clinopyroxene was absent from
sample DP3. The samples are therefore compositionally similar
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Table 1. Major (wt%) and trace (ppm) element peridotite and pyroxenite data from the Suru-Thasgam ophiolitic slice, western Ladakh

Peridotites Pyroxenites
Sample no. DP3 DP4 DP5 TG11l TG12 TG13 TG14 TG15 TG10
Latitude (N) 34° 23' 19" 34° 23' 33" 34°24' 06" 34° 29' 20" 34° 29' 18" 34°29' 13" 34°29' 10" 34° 29' 06" 34° 28' 58"
Longitude (E) 75° 58' 05" 75° 58' 25" 75° 58' 18" 75° 56' 25" 75° 56' 22" 75° 56' 18" 75° 55' 04" 75° 55' 10" 75° 55' 25"
Major oxides (wt%)
SiO, 41.5 40.4 40.1 42.9 48.5 474 50.2 50.9 45.9
TiO, 0.10 0.12 0.14 0.94 0.05 0.06 0.04 0.07 0.14
Al,O3 2.16 2.20 2.81 5.80 2.27 2.36 2.26 2.46 4.07
Fe,0st 10.03 9.70 11.20 10.78 8.99 8.68 8.07 9.15 13.80
MnO 0.14 0.14 0.12 0.14 0.07 0.07 0.09 0.07 0.08
MgO 41.25 42.43 40.87 21.23 18.87 22.24 20.30 17.71 20.53
Cao 1153 1.38 1.33 17.38 21.19 19.11 18.93 19.46 12.79
Na,0 0.22 0.22 0.50 0.54 0.06 0.06 0.03 0.05 0.38
K,0 0.03 0.04 0.06 0.20 0.01 0.01 0.01 0.01 0.04
P,0s5 0.04 0.04 0.05 0.08 0.02 0.02 0.02 0.02 0.03
Lol 3.40 4.20 3.70 0.02 0.03 0.01 0.02 0.01 0.20
Sum 100.4 100.8 100.7 100.02 100.03 100.01 100.02 100.01 100.01
Mg no. 90 90 89 81 82 84 84 80 76
Trace elements (ppm)
Sc 22 22 92 131 45 71 40 75 11
Vv 109 120 193 371 111 177 182 84 51
Cr 3367 4025 2564 1512 3368 4385 2599 4408 7374
Co 164 147 73 62 48 58 92 66 151
Ni 3230 2901 2565 220 294 348 543 345 299
Cu 29 47 22 266 110 136 119 125 142
Zn 72 106 35 176 78 85 117 57 130
Ga 4.2 4.8 33 15.7 13.8 311 39.1 4.5 6.1
Cs 0.21 0.19 0.18 0.52 1.77 819 4.34 0.61 0.58
Rb 1.67 1.78 1.22 10.9 9.79 12.6 11.4 10.9 10.5
Ba 34 16 9 52 71 154 177 27 26
Sr 11 12 11 101 50 70 80 34 15
Y 3.9 819 4.3 30 10 18 25 3.6 2.3

(Continued)
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Table 1. (Continued)

Zr 11 9 ) 73 27 96 45 82 51
Hf 0.29 0.25 0.23 2.35 16.18 28.97 40.80 2.49 3.10
Nb 0.12 0.08 0.06 131 2.40 3.85 5.29 0.51 1.41
Ta 0.06 0.08 0.44 0.32 0.54 0.92 1.00 0.09 0.55
Pb 23 12 4 14 14 24 24 9 10
Th 0.25 0.16 0.38 0.68 1.79 3.59 4.36 0.40 0.50
u 0.09 0.06 0.09 0.19 1.16 2.16 2.84 0.20 0.24
Rare earth elements (ppm)

La 0.52 0.38 0.89 4.14 6.87 14.04 16.90 1.67 1.92
Ce 0.87 0.71 1.31 11.24 12.57 26.13 32.38 3.16 3.55
Pr 0.19 0.15 0.28 1.88 1.36 2.75 3.21 0.37 0.38
Nd 0.87 0.78 1.29 11.62 5.47 11.00 12.59 1.76 1.50
Sm 0.29 0.26 0.38 3.67 131 2.61 2.89 0.53 0.34
Eu 0.11 0.11 0.14 1.36 0.28 0.52 0.59 0.14 0.09
Gd 0.44 0.42 0.60 4.79 1.23 231 2.75 0.51 0.30
Tb 0.08 0.09 0.12 0.80 0.22 0.39 0.48 0.09 0.05
Dy 0.57 0.58 0.76 4.87 1.38 2.40 3.04 0.54 0.29
Ho 0.14 0.14 0.16 0.95 0.30 0.53 0.67 0.11 0.07
Er 0.44 0.45 0.47 2.25 0.85 1.48 1.93 0.28 0.18
Tm 0.08 0.08 0.08 0.27 0.13 0.22 0.29 0.04 0.03
Yb 0.47 0.49 0.43 1.51 0.87 1.55 2.10 0.23 0.19
Lu 0.07 0.07 0.06 0.18 0.13 0.23 0.31 0.03 0.03

au0z ainng snpuj “a24s dnjoiydo wobsoy-ning
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Table 2. Major (wt%) and trace (ppm) element gabbro data from the Suru-Thasgam ophiolitic slice, western Ladakh. ND - not defined.

Sample no. SM2 SM3 SM4 SM5 SMé6 SM10 SM11 SM12 SM13 SM14 SM15
Latitude (N) 34° 25' 36" 34° 25' 21" 34° 25' 05" 34° 24' 25" 34°24' 10" 34° 28' 57" 34° 28' 34" 34° 28' 16" 34° 27' 56" 34°27' 29" 34° 26' 12"
Longitude (E) 76° 04' 48" 76° 02' 03" 76° 00' 45" 75° 59' 36" 76° 58' 43" 75° 56' 58" 75° 56' 14" 75° 55' 49" 75° 55' 40" 75° 55' 12" 75° 55' 02"
SiO, 48.6 51.1 49.8 50.5 52.0 51.6 50.3 47.9 51.1 46.9 50.5
TiO, 1.63 1.39 0.89 0.13 111 0.76 0.87 0.43 0.76 0.67 1.04
Al,O3 135 14.8 15.2 13.5 14.7 12.6 15.1 15.9 15.5 15.2 14.8
Fe,0st 12.8 12.1 9.3 115 13.3 10.9 10.3 10.3 10.6 12.6 11.2
MnO 0.14 0.14 0.12 0.16 0.13 0.19 0.16 0.11 0.16 0.15 0.14
MgO 8.15 7.80 8.82 10.81 7.90 10.75 9.99 10.68 8.61 9.15 9.02
Cao 11.13 9.22 12.98 12.74 6.98 10.07 9.99 12.66 10.19 13.63 8.32
Na,0 2.44 2.58 1.51 0.35 3.16 2.14 1.55 0.72 2.39 1.27 2.36
K0 0.20 0.27 0.20 0.05 0.11 0.31 0.41 0.06 0.31 0.44 0.55
P,05 0.18 0.14 0.09 0.03 0.09 0.15 0.08 0.04 0.07 0.09 0.14
LOI 1.33 1.39 1.19 0.30 2.01 1.03 1.99 1.63 0.94 0.74 2.73
Sum 100.2 100.9 100 100.1 101.5 100 100.7 100.4 100.7 100.9 100.7
Mg no. 57 58 67 66 56 68 67 69 63 61 63
Ca0/Al,05 0.8 0.6 0.8 11 0.5 1.05 0.6 0.95 0.7 0.9 0.6
Trace elements (ppm)
Sc 66 52 35 ND 57 47 42 62 56 72 56
Vv 370 331 216 = 358 328 272 200 292 381 314
Cr 300 286 190 - 69 441 582 263 496 511 369
Co 45 31 30 = 33 48 41 35 36 49 42
Ni 165 155 78 - 67 205 189 163 152 166 159
Cu 164 163 134 = 142 12 110 139 133 211 150
Zn 114 112 71 - 111 51 110 132 116 208 107
Ga 27 23 12 - 21 15 13 20 16 26 26
Cs 0.7 11 0.3 = 0.5 0.5 0.7 0.9 0.8 1.6 13
Rb 11.1 9.5 7.3 - 9.9 6.4 9.9 9.4 9.9 12.2 14.7
Ba 117 109 44 = 48 28 61 44 64 153 275
Sr 332 213 155 = 171 127 125 166 165 233 255
Y 41 29 16 = 27 16 20 12 19 20 32
Zr 150 188 52 - 76 18 132 175 94 387 255
(Continued)
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Table 2. (Continued)

Hf 4.52 5.74 1.67 242 0.51 4.13 525 2.98 11.52 7.30
Nb 5.28 2.79 0.85 1.27 0.22 1.71 0.78 0.85 2.06 3.26
Ta 0.34 0.28 0.15 0.14 0.11 0.50 0.17 0.17 0.31 0.34
Pb 9.8 121 7.1 8.2 6.4 9.4 15.1 10.1 24.6 12.3
Th 1.01 1.35 0.56 0.82 0.36 0.97 0.93 0.68 1.89 1.58
U 0.33 0.43 0.14 0.19 0.10 0.30 0.40 0.23 0.92 0.53
Rare earth elements (ppm)

La 10.5 8.8 34 55 1.8 5.7 3.9 3.8 10.2 9.2
€@ 25.7 19.7 7.9 135 3.6 125 75 8.8 22.1 20.8
Pr 3.52 251 1.03 1.81 0.87 1.60 0.91 1.18 2.39 2.6
Nd 175 12.3 53 9.7 4.5 7.8 4.4 6.2 10.5 12.8
Sm 5.54 3.86 1.75 331 1.40 2.44 1.39 211 2.90 4.00
Eu 1.99 LS5 0.68 1.19 0.61 0.78 0.58 0.78 0.81 1.32
Gd 6.24 4.20 2.06 3.76 1.95 2.74 1.59 2.57 2.85 4.36
Tb 1.04 0.72 0.36 0.65 0.37 0.47 0.28 0.45 0.48 0.75
Dy 6.30 4.50 2.35 4.14 251 3.01 1.76 2.94 2.90 4.73
Ho 1.26 0.91 0.49 0.85 0.55 0.63 0.38 0.61 0.61 0.98
Er 2.97 2.22 1.18 2.06 1.73 1.55 0.95 1.49 1.56 2.38
Tm 0.36 0.28 0.15 0.26 0.27 0.20 0.12 0.19 0.21 0.30
Yb 2.05 1.66 0.85 1.50 1.76 118 0.73 111 1.30 1.80
Lu 0.24 0.22 0.11 0.21 0.24 0.15 0.10 0.15 0.19 0.23
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Fig. 3. (Colour online) Photomicrographs under crossed-
polarized light: (a) peridotite with variable sizes of mineral
grains; (b) peridotite showing proto-granular texture; (c)
pyroxenite with cumulate texture; (d) pyroxenite with inter-
cumulus space occupied by olivine grains; (e) gabbro with
zoned plagioclase (Pl) in amphibole (Amp) after clinopyrox-
ene; and (f) gabbro with ophitic to sub-ophitic textural rela-
tionship of mineral grains.

to clinopyroxene-absent and clinopyroxene-bearing spinel
harzburgites. They also exhibit deformational features such as
undulatory extinction and kink bands, reflecting their tectonite
nature. These rock types have smoothly curved olivine crystals
with proto-granular texture (Fig. 3b), and serpentine veins
cut across the olivine and orthopyroxene crystals in places.
Dark-brown vermicular spinel grains (< 0.4 mm across),
commonly altered to iron oxides, also occur along margins and
fractures between the silicate minerals.

4.b. Pyroxenites

Petrographically, this rock type has a cumulate nature with
composition ranging from olivine websterite to clinopyroxenite.
The studied pyroxenites are distinguished from the peridotites
based on their colour, textural features and mineralogical compo-
sition. The primary mineral assemblage constitutes clinopyroxene
(Cpx; 60—70 modal %), orthopyroxene (Opx; 10-20 modal %),
olivine (Ol; 5-10 modal %) and spinel (< 5 modal %); minor
serpentine (Ser; <3 modal %) and iron oxides constitute the
secondary mineral assemblage. At places, the inter-cumulus spaces
are occupied by small- to medium-grained olivine in the majority
of the cases, and sometimes (rarely) by reddish-brown spinel
grains. This rock type displays no evidence of deformation and
therefore preserves the primary textures of a cumulate rock type
(Fig. 3¢). Both the pyroxene types occur in the form of subhedral
grains (0.5—1.5 mm across) with a dominance of clinopyroxene in
most samples. Small euhedral-subhedral olivine grains occur as

https://doi.org/10.1017/50016756821000042 Published online by Cambridge University Press

IM Bhat et al.

inclusions in pyroxene grains and, at places, exhibit triple junctions
along with orthopyroxene and clinopyroxene grains at inter-
cumulus spaces (Fig. 3d). Secondary serpentine and iron oxide
(< 0.5 mm across) are observed within the cracks and along grain
boundaries of olivine and pyroxene. Small euhedral-subhedral
grains of reddish-brown spinel (< 0.5 mm across) are present
and are partially or totally included in the associated silicate
minerals, indicating their early crystallization.

4.c. Gabbros

Gabbros are essentially composed of medium-grained plagioclase
(65 modal %) and amphibole grains (20 modal %) with < 15 modal
% of clinopyroxene, chlorite and iron oxide. At places, plagioclase
feldspars show zoning and partial alteration to saussurite.
Clinopyroxenes are replaced by amphiboles (Fig. 3e), while iron
oxide occurs mostly along the margins of amphiboles. This rock
type shows an ophitic to sub-ophitic textural relationship of
mineral grains, with a few samples having a hypidiomorphic
texture (Fig. 3f).

5. Geochemistry
5.a. Analytical techniques

After careful petrographic study, relatively fresh representative
samples of peridotites (3 samples), pyroxenites (6 samples) and
gabbros (11 samples) from the Suru-Thasgam ophiolitic slice were
selected for geochemical analysis. The samples were crushed into
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small chips to remove the weathered parts. These rocks were then
manually pulverized/milled using an agate mortar and pestle. Loss
on ignition (LOI) was determined by heating a separate aliquot
of sample powder (5 g) at 950°C. The whole-rock major-oxide
analysis was carried out on powder pellets using an X-ray fluores-
cence spectrometer (Philips Magi X PRO, Model PW 2440
wavelength-dispersive X-ray fluorescence spectrometer or WDXRF),
coupled with an automatic sample changer. Trace elements including
rare earth elements (REE) were analysed by wet chemical method
using a high-resolution inductively couple plasma mass spectrometer
(HRICP-MS) in jump-wiggle mode at moderate resolution of 300.
The analytical procedures for major- and trace-element determina-
tion were as described by Krishna et al. (2007) and Satyanarayanan
et al. (2014), respectively. All the analysis was performed at
the National Geophysical Research Institute (NGRI), Hyderabad,
India. Standard reference materials for mafic rock were BHVO-1
(USGS international basalt standard) and MRG-1 (Mount Royal
Gabbro, Canada), and for peridotite PCC-1 (USGS international
peridotite standard) and UBN were used along with a couple of
procedural blanks. Analytical precision (relative standard deviation)
for major elements is well below 1-2% for all the samples including
reference standards and 3-5% for the majority of trace elements.
The analytical results therefore demonstrate a high degree of
machine accuracy and precision. Whole-rock major- (in wt%) and
trace- (in ppm) element data of peridotites and pyroxenites are
presented in Table 1, and that for gabbros in Table 2.

Mineral chemical analyses of olivine, orthopyroxene, clinopyr-
oxene, plagioclase, amphibole and spinel from selected rock
samples were performed at the BHU, Varanasi, using the electron
probe microanalyser (EPMA) CAMECA SX-Five instrument. The
instrument was operated at an acceleration voltage of 15 kV and
probe current of 20 nA. Well-calibrated natural silicates were used
as standards, and replicate analyses of individual points show an
analytical error of < 2%. EPMA results of studied minerals are pre-
sented in online Supplementary Tables S1-S6 (available at http://
journals.cambridge.org/geo).

5.b. Mineral chemistry

5.b.1. Olivine

Representative analyses of olivine from the peridotites and
pyroxenites are presented in online Supplementary Table S1.
The olivines in peridotite have relatively uniform composition.
The forsterite content of olivine ranges from Foggs to Fogg; in
peridotites (typical range of mantle peridotites is Fogg o;, after
Jonnalagadda et al. 2019) and from Fog; g to Fogg o in pyroxenites.
MgO in peridotites ranges over 47.4-48.8 wt% and is almost
similar to that of pyroxenites (47.6-48.6 wt%), whereas Cr,O; con-
tent increases from peridotites (i.e. 0.01-0.03 wt%) to pyroxenites
(i.e. 0.03-0.15 wt%).

5.b.2. Orthopyroxene

Orthopyroxenes are abundant in peridotites; however, they
are less abundant in pyroxenites and almost absent in gabbros.
Representative analyses of orthopyroxene from peridotites are
listed in online Supplementary Table S2. The orthopyroxene in
peridotites is of enstatite composition varying from Enggg Fsg 4
Wo, 5 to Engg, Fs193 Wo, 7 (Fig. 4a). They are unzoned and highly
magnesian with Mg no. (100 x Mg*"/(Mg®" + Fe?")) ranging
from 89 to 92. Further, they are characterized by higher Al,O;
(4.9-5.5 wt%) and Cr,0O3 (0.52-0.57 wt%), and lower TiO, concen-
tration (< 0.13 wt%).
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Fig. 4. (Colour online) Plots of (a) chemical variability of pyroxenes from peridotites
and pyroxenites shown in Wollastonite-Enstatite-Ferrosilite pyroxene ternary classi-
fication diagram after Morimoto et al. (1989); (b) chemical variability of plagioclase
from gabbros in Ab-An-Or feldspar ternary classification diagram after Deer et al.
(1992); and (c) chemical composition of amphibole from gabbros in the Leake
(1978) classification diagram.

5.b.3. Clinopyroxene

Representative analyses of clinopyroxenes from peridotites
are listed in online Supplementary Table S2 and of pyroxenites
in online Supplementary Table S3. The studied clinopyroxenes
do not show any zoning in the studied rock types. The clinopyr-
oxene in the peridotites have relatively uniform composition
of Eny, 5o Fes ¢ Woue 49, and on the wollastonite—enstatite—
ferrosilite ternary diagram of Morimoto et al. (1989) they plot
in the diopside field (Fig. 4a). The Mg no. (93-98) along with
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Al,03, CaO, Cr,03 and TiO, contents of the analysed clinopyrox-
enes range over 1.65-6.75 wt%, 21.02-24.5 wt%, 0.34-1 wt%
and 0.1-0.49 wt%, respectively. In addition, the clinopyroxenes
in pyroxenites are of diopside composition, that is, Woy4 50
Enyg 53 Fs;_s (Fig. 4a) with high Mg no. (93-97). Their Al,O;,
Cr,05;, CaO and TiO, contents range over 0.39-2.26 wt%,
0.03-0.54 wt%,22.01-25.16 wt%and 0.03—0.15 wt%, respectively.

5.b.4. Spinel

Representative analyses of spinel from the pyroxenites is shown
in online Supplementary Table S4. The studied spinels are
Cr-rich (52.2-40.1 wt%) and Al depleted (7.4-14.2 wt%). They
show a wide compositional range with high Cr no. (100 x Cr**/
(Cr3* 4 APPT 4 Fe*")) of 54-72 and low Mg no. of 27-40 (online
Supplementary Table S4). However, in peridotites all the spinels
are altered to magnetite with total iron (i.e. Fe,O5 + FeO) ranging
over 69.5-86.7 wt%, low Al,O3 (0.1-3.5 wt%), Cr,O5 (9.7-21.2 wt%)
and MgO (0.6-1.9 wt%).

5.b.5. Plagioclase

Representative analyses of plagioclase from gabbros are presented
in online Supplementary Table S5. The plagioclases are mostly
albitized, range in composition from Angsg Abgy 9 Ory 5 to Anj; g
Abs; 7 Org; and plot in the andesine—labradorite field in a ternary
diagram (Fig. 4b) of Deer et al. (1992).

5.b.6. Amphibole

The amphibole is absent from peridotites and pyroxenites;
however, it is present in gabbros as secondary minerals, formed
as a result of the break-down of pyroxenes. These amphiboles, with
high Si content (5.7-7.7) and high Mg no. (61-75) (online
Supplementary Table S6), show compositional variation from
magnesian—hornblende to actinolite, defining a paragasitic trend
as per the classification diagram of Leake (1978) (Fig. 4c).

5.c. Whole-rock geochemical characteristics

The peridotites, pyroxenites and gabbros from the Suru—Thasgam
ophiolitic slice are characterized by a variable range of major ele-
ments with Mg no. 89-90, 76-84 (Table 1) and 56—69, respectively
(Table 2). The lower concentration of alkalis (Na,O + K,O) in the
pyroxenites and gabbros is explained by the cumulative nature of
these rocks or is a result of alteration effects (Kakar et al. 2013).
However, the lower LOI values of peridotites (< 4.2 wt%), pyrox-
enites (< 0.20 wt%) and gabbros (< 2 wt%) reflect the restricted
degree of alteration.

The peridotites are characterized by a higher concentration of
mantle-compatible elements, for example, Cr (2564—4025 ppm)
and Ni (2565-3230 ppm), and a lower concentration of mantle-
incompatible elements, for example, Nb (0.06-0.12 ppm),
Zr (9—11 ppm) and Hf (0.23-0.29 ppm) in comparison to primitive
mantle (PM). In addition, their higher Mg no. is similar to that of
modern oceanic residual mantle peridotites (Bodinier & Godard,
2003). Similarly, the concentration of Ni, Co and Cr decreases
markedly from pyroxenites (220-543 ppm for Ni, 48—151 ppm
for Co and 1512-7374 ppm for Cr) to gabbros (67-189 ppm for
Ni, 31-49 ppm for Co and 69-582 ppm for Cr). In Nb/Y versus
SiO, classification diagram, the studied pyroxenites and gabbros
show a sub-alkaline nature (online Supplementary Fig. Sla) with
tholeiitic trend in the AFM ((Na,O + K,0)-Fe,0;3t-MgO) plot
of Irvine & Baragar (1971) (online Supplementary Fig. S1b).

https://doi.org/10.1017/S0016756821000042 Published online by Cambridge University Press

IM Bhat et al.

The selected major- and trace-element concentrations of
the studied rock types are plotted against Mg no. in online
Supplementary Figure S2. These plots show distinct clusters
with coherent trends from highly magnesian pyroxenites
(Mg no. 76—84) to gabbroic rocks (Mg no. 56—69), perhaps reflect-
ing magmatic differentiation. There is an observed negative corre-
lation between CaO and Mg no. in pyroxenites and a positive
correlation in gabbros reflecting plagioclase accumulation (online
Supplementary Fig. S2). The high CaO/Al,O; ratios in pyroxenites
(2.9-9.3; Table 1) clearly indicate the accumulation of Ca-rich
clinopyroxene, whereas gabbros have a lower CaO/Al,O; ratio
(0.5-1.1; Table 2), indicating accumulation of Ca-plagioclase.
Cr, Ni and Co concentration decreases markedly from high values
in the pyroxenites to much lower values in gabbros, consistent with
fractionation of olivine, spinel and clinopyroxene. The Sr content is
higher in gabbros as compared to pyroxenites, possibly because of
the higher modal proportion of plagioclase in gabbros (Grove &
Baker, 1984; Beard, 1986) as observed petrographically. In addi-
tion, the gabbros and pyroxenites have a lower concentration
of high-field-strength elements (HFSE) such as Hf (1.5-7 and
2441 ppm), Y (12-41 and 2.3-30 ppm) and Nb (0.8-5 and
0.5-56 ppm), respectively, reflecting the presence of a relatively
high proportion of cumulus minerals relative to inter-cumulus
liquid.

The chondrite-normalized rare earth element (REE) patterns
(normalization after Sun & McDonough, 1989) for gabbros, pyrox-
enites and peridotites are shown in Figure 7a, b and c, respectively.
The studied gabbros and pyroxenites have a higher concentration
of total REE (YREE =27.7-85.1 and 8.9-80.1, respectively)
compared with peridotites (i.e. Y REE =4.35-7.1). In addition,
they have variable chondrite-normalized REE patterns. The gab-
bros contain high REE concentration compared with chondrite
and display fractionated patterns (Fig. 5a) with light REE (LREE)
enrichment (i.e. Lan/Yby = 2.46-5.65 and Lay/Smy = 1.07-2.28),
and heavy REE (HREE) depleted patterns (ie. Smy/Yby=
2.10-3.01) with negligible negative Eu anomaly. The pyroxenites
contain overall enriched REE concentration compared with chon-
drites (Fig. 5b) and fractionated patterns with LREE enrichment
(ie. Lan/Yby=5.65-10.98 and Lan/Smy=3.39-4.11), slight
negative Eu anomaly and flat HREE patterns (ie. Smy/Yby=
1.53-2.67). The REE patterns of peridotites (Fig. 5¢) show
a gradual increase in REE concentrations from LREE to
HREE (i.e. Lan/Yby=0.69-1.23, Lay/Smy=0.96-1.52 and
SmN/YbN = 070*081)

The normal MOR basalt (N-MORB) normalized multi-element
spidergram (normalization after Sun & McDonough, 1989) of
gabbros is shown in Figure 6a; the primordial mantle-normalized
multi-element spidergram of pyroxenites and peridotites is shown
in Figure 6b and c, respectively. The studied rock types display
subparallel and coherent trends in all the samples, reflecting their
pristine nature. The N-MORB normalized multi-element patterns
of the studied gabbros show fractionated patterns with large-ion
lithophile element (LILE) enrichment (e.g. Rb, Ba, Th, U, K, Pb
and Sr) and HFSE depletion (e.g. Nb, P and Ti) as compared to
N-MORSB (Fig. 6a). Similarly, in the primordial mantle-normalized
multi-element diagram, the pyroxenites display overall enriched
patterns with LILE enrichment (e.g. Rb, Ba, Th, U and Pb) and
HEFSE depletion (e.g. Nb, P and Ti) compared with other trace
elements (Fig. 6b). In addition, the depleted Sr concentration indi-
cates there was no plagioclase accumulation in these rock types as
observed petrographically. However, the peridotites display overall
depleted patterns with positive spikes of LILE (e.g. Rb, Ba, Th,


https://doi.org/10.1017/S0016756821000042
https://doi.org/10.1017/S0016756821000042
https://doi.org/10.1017/S0016756821000042
https://doi.org/10.1017/S0016756821000042
https://doi.org/10.1017/S0016756821000042
https://doi.org/10.1017/S0016756821000042
https://doi.org/10.1017/S0016756821000042
https://doi.org/10.1017/S0016756821000042
https://doi.org/10.1017/S0016756821000042

Suru-Thasgam ophiolitic slice, Indus Suture Zone

(a)

1451

100

Rock/Chondrite

——SM2 ——SM3 —=—SM4 ——SM6
——SM11 —+~—SMI13 -&SMI14 —SMI5
1 T T T T T T T T T T T T
La Ce Pr Nd Sm Eu Gd Th Dy Ho Er Tm Yh Lu
(b)
100
Pyroxenites
210
=
=
=
=
S
=
]
g 1
—-+-TGI12 TG13 -+-TGl4 -TGI15 -+TGI10
0.1 T T T T T T T T T T T T
La Ce Pr Nd Sm Eu Gd Th Dy Ho Er Tm Yb Lu
(c)
10
Peridotites

Rock/Chondrite

~o-DP4

-o-DP5
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U and Pb) and a prominent negative spike of HFSE (Nb) compared
with other trace elements (Fig. 6¢).

6. Discussion
6.a. Post-magmatic alteration effects

The processes of metamorphism and hydrothermal alteration nor-
mally control the variable degree of elemental mobility in ophiolite
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rocks (Niu, 2004). Although the studied mafic—ultramafic rock
types are composed of a primary mineral assemblage of olivine,
orthopyroxene, clinopyroxene, plagioclase and spinel, the petro-
graphic observations such as the replacement of olivine with ser-
pentine and magnetite, pyroxene with amphibole, and plagioclase
with saussurite in some of the studied rock samples are consistent
with metasomatic origin at lower temperatures (< 700°C; Abbott &
Raymond, 1984). Further, having low LOI values (3.4-4.2 wt%)
compared with highly serpentinized global peridotites, the studied
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peridotites have smooth and coherent REE patterns (Fig. 5c¢),
reflecting their least altered nature (Deschamps et al. 2013).
Similarly, the pyroxenites and gabbros have not undergone signifi-
cant secondary alteration as inferred from their low LOI values
(mostly < 2 wt%), absence of Ce anomaly and lack of secondary
carbonate minerals (Van Acken et al. 2016).

In order to evaluate the post-magmatic alteration effects in
studied mafic—ultramafic rock types, we have plotted LOI values
with other elements (online Supplementary Fig. $3). Elements such
as Zr, Nb, La, U, Th, Pb, Rb, Ba and Sr do not show any correlation
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with LOJ, indicating their least mobilization. According to Polat
et al. (2002), in mafic rocks, a Ce/Ce* ratio (i.e. Ce anomaly)
of 0.9-1.1 indicates least LREE mobility, whereas those with
0.9 > Ce/Ce* > 1.1 are characterized by LREE mobility. In present
study, the Ce/Ce* ratio ranges from 1.02 to 1.1 in gabbros (except
for SM10 with Ce/Ce* ratio of 0.7) and 0.99 to 1.08 in pyroxenites,
indicating limited LREE mobility. Moreover, the REE patterns
of gabbros (Fig. 5a) and pyroxenites (Fig. 5b) show subparallel
and coherent patterns reflecting their pristine nature. We are
therefore of the opinion that the studied rock types were least
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affected by the secondary processes of metamorphism and hydro-
thermal alteration. Major-and trace-element data describing these
rock types can therefore be used to constrain their petrogenetic
characteristics.

6.b. Nature of the protolith for peridotites

To constrain the protolith nature of the peridotites, we have
focused on HFSE (e.g. Al, Ti, Nb, Hf and HREE), which are insen-
sitive to or little affected by secondary processes (You et al. 1996;
Bedini & Bodinier, 1999; Canil, 2004; Niu, 2004; Iyer et al. 2008;
Deschamps et al. 2010, 2013). The higher whole-rock MgO, Cr,
Ni and Mg no. observed in the studied peridotites with lower
concentration of highly incompatible elements as compared to
PM probably reflect the residual nature of their protoliths (Niu,
1997, 2004), similar to the depleted harzburgites and dunites
(Zhou et al. 2005; Aldanmaz et al. 2008, 2020). However, these
rocks are also characterized by Al-rich pyroxenes (ALO; in
orthopyroxene = 4.9-5.5 wt% and in clinopyroxene = 1.7-6.8 wt%)
and Mg-rich olivines (Fogss g93), indicating that some portion of
the protolith had fertile components, probably related to enrichment
through slab derived fluid/melt addition (Marchesi et al. 2011; Parlak
et al. 2020).

The Al,05/Si0, and MgO/SiO, ratios of the studied peridotites
range over 0.05-0.06 and 0.95-0.98, respectively (online
Supplementary Fig. S4) and are similar to Shergol peridotites
(0.05-0.06 and 1.09—1.2) and Suru Valley peridotites (0.04—0.06
and 0.7-0.9) (Bhat et al. 2019b). However, these ratios in the stud-
ied peridotites are respectively higher and lower than the highly
depleted mantle residual harzburgites (i.e. Al,O3/SiO, c¢. 0.02
and MgO/SiO, c. 1.1; after McDonough & Sun, 1995). In
Figure 7, the peridotites have HREE concentrations comparable
to Neo-Tethyan MOR-type ophiolitic lherzolites and harzburgites
(after Aldanmaz et al. 2008), Shergol and Suru Valley ophiolitic
peridotites (after Bhat et al. 2017a, 2019b) and Nagaland-Manipur
ophiolitic (NMO) tectonite peridotites (after Singh et al. 2017).
However, these are much higher than those found in Izu-Bonin-
Mariana fore-arc peridotites (after Pearce et al. 1992) and
Spongtang ophiolitic peridotites of western Ladakh (after Maheo
et al. 2004). Nevertheless, in a PM-normalized spidergram
(Fig. 6c), the studied peridotites reflect enrichment in LILE
(e.g. Rb, Ba, Th, U and Pb) and depletion in HFSE (e.g. Nb and
Ti), suggesting subduction influence in their genesis (Hawkins,
2003; Niu, 2004; Bhat et al. 2019b).
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ophiolite peridotites. Normalizing values are from Sun & McDonough
(1989).

The high Mg no. and CaO but low TiO, content of clinopyrox-
enes in studied peridotites reflect derivation from depleted-mantle
sources (Pearce & Norry, 1979). According to Nozaka (2010),
clinopyroxenes of different origin (i.e. magmatic versus metamor-
phic) can be distinguished using their Cr,O3 and Al,O; concentra-
tions, as the metamorphic clinopyroxenes are extremely depleted
in these elements. Clinopyroxenes in the studied peridotites have
higher Cr,O; (mostly > 0.3 wt%) and Al,O; (mostly > 1 wt%)
compared with those of metamorphic peridotites, confirming their
igneous origin. Further, the high-magnesian olivine from the
studied peridotites differs from its oceanic counterparts formed
in a MOR tectonic setting that are relatively depleted in MgO
(Hebert, 1982). However, studied olivine compositions show
similarity to ophiolites from the SSZ, such as Kizildag (Hatay)
ophiolite (Bagci et al. 2005), Nidar and Spongtang ophiolites
(Maheo et al. 2004; Jonnalagadda et al. 2019) and Suru Valley
ophiolitic slice, western Ladakh (Bhat et al 2019b). Similarly,
the Mg-rich orthopyroxenes in studied peridotites are reported
from a number of SSZ ophiolites (DeBari & Coleman, 1989;
Parlak et al. 1996, 2000, 2002; Bagci et al. 2005; Singh et al.
2017; Abdel Karim et al. 2018; Abdullah et al. 2018; Bhat et al.
2019b). From the above discussion, it therefore appears that the
studied peridotites evolved in a subduction zone environment,
similar to other Tethyan ophiolites such as Mirdita Ophiolite,
Albania (Dilek et al. 2008), Albanide—Hellenide ophiolites
(Saccani et al. 2018), Tethyan ophiolites (Dilek & Furnes 2019)
and western Philippines (Yu et al. 2020).

6.c. Petrogenesis of pyroxenites and gabbros

Mantle heterogeneity could be a possibility to explain the
geochemical variation observed in ophiolite rock suites (Pearce &
Norry, 1979; Saccani et al. 2014; Saccani, 2015; Singh et al. 2017).
The studied cumulate rock types (i.e. gabbros and pyroxenites)
show subparallel and enriched chondrite-normalized REE patterns
(Fig. 5), reflecting derivation from enriched mantle sources. In
addition, the N-MORB-normalized spidergram of gabbros (Fig. 6a)
and PM-normalized spidergram of pyroxenites (Fig. 6b) reflect selec-
tive enrichment in LILE and depletion in HFSE (e.g. Nb, P and Ti),
commonly observed in subduction zone magmas (Wilson, 1989;
Stern, 2004; Shervais et al. 2004). Such trace-element characteristics
indicate melting of metasomatized mantle wedge with active partici-
pation of subducted slab component (i.e. slab fluids and/or melts)
in an island-arc/SSZ tectonic setting (Wilson, 1989; Shervais et al.
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2004). In addition, coupled enrichment of U and Th reflect the
influence of subduction melts into their source regions, rather than
secondary processes. Similar petrogenetic processes have been earlier
explained for other mafic—ultramafic rock types along the ISZ
(e.g. Maheo et al. 2004; Ahmad et al. 2008; Buckman et al. 2018;
Bhat et al. 2019¢) and other parts of the world (e.g. Wallin &
Metcalf, 1998; Dey et al. 2018).

Fresh clinopyroxenes in the pyroxenites have low TiO, concen-
tration (< 1.0% wt%) typical of non-alkaline rocks (Le Bas, 1962)
and exhibit a strong affinity with intra-oceanic arc boninites
similar to Egyptian ophiolites (Abd El-Rahman et al. 2009;
Abdel Karim et al. 2016). Generally, SSZ ophiolitic rocks have
plagioclases with higher An-content (Parlak et al. 2000; Bagci
et al. 2005, 2006) such as arc-related igneous rocks (Beard, 1986;
DeBari & Coleman, 1989), Nidar ophiolites (Ahmad et al. 2008)
and Naga Hill ophiolites, eastern India (Abdullah et al. 2018).
The high magmatic water content and high CaO/Na,O ratio
in melts are commonly assumed factors responsible for the
crystallization of such calcic-plagioclases (Arculus & Wills, 1980;
Panjasawatwong et al. 1995). However, because of hydrothermal
alteration, the Ca content in plagioclases decreases and Na content
increases in the studied plagioclases in gabbros, resulting in the
formation of albitic plagioclases (Deer et al. 1992).

Further, several experimental studies have shown that the
Al,O; concentration of magmatic Cr-spinel in mafic—ultramafic
rocks is directly linked to the composition of parental melt
(Maurel & Maurel, 1982; Kamenetsky et al. 2001; Rollinson,
2008) and can be calculated using the equation after Maurel &
Maurel (1982), that is:

AL O; wt%(spinel) = 0.035(AI,05)**? wt%(parental melt).

This equation is based on the observation that the Al,0O5 concen-
tration in spinel is a function of Al,Oj3 concentration in melt.
According to Wilson (1989), the spinel Al,O; concentration
in MORB parental melt ranges from 14 to 16 wt%, whereas in
boninite/arc parental melt it ranges from 10.6 to 14.4 wt%. The
calculated melt composition of the studied pyroxenites have AL,O;
concentration of 9—12 wt% (online Supplementary Table S4), com-
parable to the boninite/arc parental magma (Wilson, 1989).

The primary mineral compositions of the studied mafic—
ultramafic cumulates have variable mineral compositions relative
to low-pressure MORB-type parental magma (Fisk et al. 1980;
Elthon et al. 1982; Parlak et al. 1996). The main characteristics
of low pressure (c. 1 atm) crystallization phase relationships of
MORSB are: earlier olivine crystallization followed by plagioclase
prior to pyroxene crystallization; and lower Mg no. of coexisting
clinopyroxene and olivine < 82 with orthopyroxene < 74 (Elthon
et al. 1982, 1984; Pearce et al. 1984). The studied mafic—ultramafic
rock types contradict the low-pressure crystallization order by
presence of clinopyroxene/orthopyroxene, the high Mg no. of
olivine (91-88) and clinopyroxene (97-90), and the absence of pla-
gioclase in pyroxenites (Elthon et al. 1982; Parlak ef al. 1996; Singh
et al. 2017). In Figure 8, the coexisting olivine and clinopyroxene
Mg no. of pyroxenites differ from the 1-atm experiment field
of MORB and overlaps with the fields of high-pressure Bay of
Island ophiolite and Mersin (Turkey) ophiolite cumulates, formed
at the base of island arc (Elthon et al. 1982; Elthon, 1991; Parlak
et al. 1996, 2020). The presence of unzoned and compositionally
constant Al- and Mg-rich clinopyroxenes, and the absence of pla-
gioclase in studied pyroxenites, is also indicative of high-pressure
(c. 10 kbar) crystallization from basaltic melts (Flower et al. 1977;
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Fig. 8. (Colour online) Mg no. of coexisting olivine and clinopyroxene in the pyroxe-
nites from Suru-Thasgam ophiolitic slice. Field of oceanic mafic-ultramafic cumulates
represents mineral compositions of high-pressure Bay of Island ophiolite ultramafics
(data after Elthon et al. 1982) and Mersin ophiolite ultramafics (Parlak et al. 1996). Grey
shaded area shows experimentally determined 1-atm phase equilibria boundaries of
MORB after Elthon et al. (1982).

Elthon et al. 1982; Burns, 1985; Parlak et al. 1996). The high-
pressure crystallization phase relationship therefore seems to be
consistent with the observed Suru—Thasgam ophiolitic cumulates.

6.d. Tectonomagmatic implications

Various discrimination diagrams based on whole-rock trace
elements or their ratios and mineral chemistry were used to put
constraints on the palaeo-tectonic environment of studied rock
types (Winchester & Floyd, 1977; Beccaluva et al. 1989; Woodhead
et al. 1993; Stern, 2004; Condie, 2005; Wang et al. 2013; Nouri et al.
2017). In the AFM diagram of Beard (1986), the studied gabbros
and pyroxenites plot in an arc-related mafic—ultramafic cumulate
field (Fig. 9a). Similarly, in Th/Yb versus Nb/Yb discrimination
diagram (Fig. 9b) after Pearce (2008), these rock types plot in
an arc-array above the MORB-mantle array.

The orthopyroxenes in the studied peridotites are low in
Al,O3 <545 wt% and TiO, <0.13 wt%, but high in Mg no.
(89.5-93; online Supplementary Table S2), comparable to SSZ peri-
dotite pyroxenes (Choi et al. 2008; Bhat et al. 2019b; Jonnalagadda
et al. 2019). Further, the presence of Mg-rich clinopyroxenes
(i.e. Mg no.=93-98 in peridotites and 90-97 in pyroxenites),
Mg-rich olivines (Mg no.=89-90 in peridotites and 89-91 in
pyroxenites), and Cr-rich Al-poor spinels (Cr no.>54 and Al
no. <29 in pyroxenites) also suggest SSZ tectonic affinity (Arai
et al. 2006; Singh et al. 2017; Bhat et al. 2019b; Parlak et al. 2020).

In addition, in the Ca versus Ti diagram (Fig. 10a), the pyrox-
enite clinopyroxene plots in an orogenic field, indicates its sub-
alkaline nature in an Al,O; versus SiO, plot (Fig. 10b), and plots
in the arc-tholeiitic field in an Al versus Ti plot (Fig. 10c), similar to
western Ladakh ophiolitic gabbros (Ahmad et al. 2008; Bhat et al.
2019¢). Further, the studied gabbros have pargasitic composition
amphiboles (Fig. 4c) correlative to island-arc affinity (Ahmad
et al. 2008; Bhat et al. 2019¢). These mineral characteristics are
generally expected from immature island arc-affinity rocks (Stern
et al. 2004).

Previous studies on the Dras, Suru Valley, Shergol, Spongtang
and Nidar ophiolitic slices from other parts of Ladakh have shown
their genetic relationship with the intra-oceanic island-arc (IOIA)
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Fig. 10. (Colour online) Mineral discrimination diagrams of (a) Ca versus Ti after Leterrie
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et al. (1989) for the clinopyroxene compositions of Suru-Thasgam pyroxenites in comparison to Shergol ophiolitic gabbros, western Ladakh and mafic cumulates from Goksun

Kahramanmaras ophiolite southeast Turkey after Parlak et al. (2020).

ophiolite complex within the Neo-Tethys Ocean (Bhat et al. 2020).
In order to constrain the detailed geodynamic setting of the
western Ladakh dismembered ophiolitic slices, we have used pub-
lished age data and tectonic interpretations of these neighbouring
consanguineous ophiolitic rocks. The earlier studies have reported
Upper Jurassic — Middle Cretaceous ages such as zircon U-Pb ages
0f 160 + 3 and 156 = 1 Ma from Dras volcanics (Walsh et al. 2021),
a U-Pb age of 88 + 1 Ma from Spong volcanics of the crustal part of
Spongtang ophiolite (Pedersen et al. 2001), a *°Ar—*Ar amphibole
age of 130-110 Ma (Maheo et al. 2004) and Sm—Nd mineral—
whole-rock age of 140 = 32 Ma (Ahmad et al. 2008) from the
Nidar ophiolitic gabbros, and 136 Ma U-Pb zircon age of
Spongtang ophiolite gabbros intruding the mantle peridotites
(Buckman et al. 2018). On the basis of mineral and whole-rock
geochemistry, this study suggests that the studied peridotites
represent metasomatized mantle wedge peridotites in the context
of the Neo-Tethys Ocean, whereas the pyroxenites and gabbros
reflect high-pressure and -temperature fractionation sequences
comparable to modern-day island-arc tholeiitic sequences
(Fig. 11). We therefore propose that the Suru—Thasgam ophiolite
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rock types represent the relict of the deeper part of the intra-
oceanic Dras arc complex.

6.e. Genetic relationship and modern-day analogues

The western Ladakh ophiolites of Mesozoic age have SSZ tectonic
affinity preserving earlier MOR tectonic signatures (Bhat et al.
2019¢), similar to Goksun Kahramanmaras ophiolite from SE
Turkey (Parlak et al. 2004, 2020), Mamu Dagi ophiolite from
northern Turkey (Celik et al. 2019) and Chaldoran ophiolite from
NW Iran (Bargoshadi et al. 2020). In order to correlate the western
Ladakh ophiolite rock types, we plotted an incompatible versus
incompatible element diagram (online Supplementary Fig. S5).
In Sm versus Gd (online Supplementary Fig. S5a) and Nd versus
Sm (online Supplementary Fig. S5b) diagrams, the studied gabbros
and pyroxenite rock types are correlative to Dras basalts and Kargil
gabbros (after Bhat et al. 2019a), Shergol gabbros (after Bhat et al.
2019c¢), Nidar gabbros (after Ahmad et al. 2008) and Spongtang
gabbros (after Buckman et al. 2018), and plot on the same differ-
entiation line. The studied gabbro and pyroxenite rock types
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Neo-Tethys Ocean.

therefore belong to the same SSZ tectonic setting as proposed
for other ophiolitic rock types from western Ladakh (Bhat et al.
2019¢, 2020).

Modern-day analogues of the SSZ-type ophiolites of western
Ladakh are found in the Eocene Izu—Bonin—Mariana (IBM)
island-arc system of the SW Pacific Ocean (Stern & Bloomer,
1992; Taylor, 1992; Ichiyama et al. 2020) and the Tonga arc of
Papua New Guinea (Hawkins, 1995). The geochemical similarity
between the IBM island-arc magmatic stratigraphy and that found
in the Jurassic—Cretaceous Tethyan ophiolites suggests that the
studied ophiolites were associated with the subduction initiation
followed by the development of widespread island-arc complex
that led to the closure of the Neo-Tethys Ocean (Reagan ef al.
2010, 2013, 2017; Bhat et al. 2020).

7. Conclusions

This whole-rock and mineral geochemical study on peridotites,
pyroxenites and gabbros from the Suru—Thasgam ophiolitic slice,
western Ladakh, has led to the following conclusions.

(1) Geochemically, the studied rock types show sub-alkaline
tholeiitic characteristics and the peridotites and pyroxenites
are characterized by higher Mg no. (i.e. 89-90 and 76-84,
respectively) as compared to gabbros (56-69).

(2) The peridotites show nearly flat chondrite-normalized REE-
patterns ((La/Yb)y = 0.6-1.5) while their multi-element pat-
terns show overall depleted REE signatures with prominent
Nb, a Ti negative anomaly and a Pb positive anomaly com-
pared with PM. However, multi-element patterns of pyroxe-
nites and gabbros show a depleted HFSE signature (e.g. Nb,
P and Ti negative anomaly) and enriched LILE signature
(e.g. Rb, Ba, Th, U, K, Pb and Sr positive anomaly).

(3) The presence of Ti-poor clinopyroxenes in pyroxenites reflect
their derivation from a previously depleted mantle source
caused by earlier melt extraction.

(4) The presence of highly magnesian olivine (Foggs g93 and
Fog;8_899) and clinopyroxene (Mg no. of 93-98 and 90-97,
respectively) in tectonite peridotites and pyroxenites exhibits
close similarity to other SSZ-related Neo-Tethyan ophiolites.

(5) Our study suggests that the peridotites represent residual pro-
tolith nature and later evolved in a SSZ tectonic environment.
However, pyroxenites and gabbros were formed by fractiona-
tion from tholeiitic melts at high pressure and temperature in
an intra-oceanic island-arc tectonic setting; they are therefore
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compositionally similar to those observed in modern island-
arc tholeiitic sequences.

(6) This field, mineralogical and geochemical study suggests that
the Suru-Thasgam ophiolitic slice formed as part of a much
larger sheet of oceanic lithosphere which accreted to the base
of the intra-oceanic subduction system including Dras,
Spongtang, Shergol, Suru Valley and Nidar ophiolitic slices
of western Ladakh and Muslim Bagh and Bela ophiolites of
Kohistan region of Pakistan. The latter were coexistent and
genetically related within the same SSZ setting during the Late
Cretaceous closure of the western part of the Neo-Tethys
Ocean.

Supplementary material. To view supplementary material for this article,
please visit https://doi.org/10.1017/50016756821000042
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