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Abstract

The Shyok Suture in western Himalaya preserves a record of the opening and closure of the
Mesotethys Ocean between the Shyok ophiolite and Karakoram terrane prior to the India–
Eurasia collision. The formation age of the Shyok ophiolite was unknown, which impeded cor-
relation with similar rocks along the Shyok Suture in Pakistan and corresponding sutures in
Tibet. We report the first zircon U–Pb ages of a newly documented suite, here named the
Changmar Complex. The Changmar Complex gabbronorite and plagiogranite yielded
SHRIMP U–Pb zircon Late Jurassic ages of 159.4 ± 0.9 Ma and 151.9 ± 1.5 Ma. Their highly
positive initial εHf values (+14.9 to +16.9) indicate a juvenile mantle origin, without continental
crust influence on the magma source. The Shyok ophiolite represents either: (1) a separate
island arc that preceded formation of the Cretaceous–Eocene LadakhArc; or (2) the oldestmag-
matism and early stage of the Ladakh Arc. Intrusive and extrusive mafic rocks from the Shyok
Suture analysed in this study have typical supra-subduction zone enrichment characteristics in
their geochemistry and are classified as part of the volcanic-arc ophiolite. The U–Pb age and Hf
isotopic signatures for the Shyok ophiolite are similar to the Late Jurassic Matum Das tonalite
within the Kohistan Arc; we therefore suggest that they are part of the same intra-oceanic
island-arc system that formed in the Mesotethys Ocean prior to Late Jurassic time.

1. Introduction

The Shyok Suture extends across the Nubra region in Ladakh, northwestern India, and into
northern Pakistan where it is called either the Northern or Shyok Suture (e.g. Coward et al.
1982; Robertson & Collins, 2002) and contains cryptic remnants of ancient oceanic crust known
as the Shyok ophiolite. The Shyok Suture has received less attention than the Indus–Yarlung–
Tsangpo Suture located to the south, which is thought to mark the final continent–continent
collision between India and Eurasia (e.g. Searle et al. 1988). However, an alternative geodynamic
interpretation shifts the focus of the terminal collision to the Shyok Suture, as the final step in the
India–Eurasia continental collision (Khan et al. 2009; Burg, 2011; Bouilhol et al. 2013). The
Shyok Suture represents an important remnant of the Mesotethys Ocean (the Bangong or
Shyok Ocean) but has been an unresolved aspect of intra-Tethys geodynamics at an early stage
of the development of the Himalaya. The timing of ocean closure to form the Shyok Suture has
been interpreted to occur either during: (1) the Late Cretaceous Period as a result of the collision
between the Kohistan–Ladakh intra-oceanic arc and Karakoram terrane of southern Eurasia
(Petterson & Windley, 1985; Coward et al. 1987; Treloar et al. 1989; Rolland et al. 2000;
Clift et al. 2002; Robertson & Collins, 2002; Borneman et al. 2015); or (2) possibly as late as
the Eocene Epoch when India collided with Eurasia (Khan et al. 2009; Burg, 2011; Bouilhol
et al. 2013).

A key to understanding the tectonic evolution of any plate suture is the age and nature of the
intervening crust and the timing of ocean basin closure (Dewey, 2005; Stern et al. 2012; Draut &
Clift, 2013). The identification and documentation of cryptic rock suites of intra-oceanic origin,
that are often difficult to date, are critical to developing accurate tectonic reconstructions that
best explain the mechanisms of ocean opening, closure and accretion of intra-oceanic terranes
onto continental margins. To date, there are no geochronological data for the formation of
the Shyok ophiolite that represents the basement rocks into which the Cretaceous–Eocene
Ladakh Arc intrudes and overlies. Voluminous magmatic rocks of the Ladakh Arc (the
Ladakh Batholith, Fig. 1) are predominantly of age 75–45 Ma (Honegger et al. 1982; Trivedi
et al. 1982; Schärer et al. 1984; Weinberg & Dunlap, 2000; Singh et al. 2007; Upadhyay et al.
2008; Ravikant et al. 2009; Thanh et al. 2010; St-Onge et al. 2010; White et al. 2011;
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Bouilhol et al. 2013; Sen & Collins, 2013; Kumar et al. 2017). These
granitoids intrude rocks of the Shyok Suture and obscure earlier
stages of the Shyok ophiolite and island-arc formation.

In this paper, we report the first Jurassic U–Pb zircon ages and
Hf isotope data for newly documented gabbronorite and

plagiogranite rock suite (here named the Changmar Complex) col-
lected from the Shyok Suture along the Shyok Valley in NW India,
near the India–Pakistan Line of Control (Fig. 1). The Jurassic rocks of
the Changmar Complex are interpreted to represent the remnants of
a mature island arc that developed within the Shyok ophiolite,
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Fig. 1. (Colour online) (a) Tectonic
overview of the Himalaya and Tibet
showing major sutures, faults and tec-
tonic blocks, as well as an extent of
the Trans-Himalayan, Karakoram and
Qiangtang plutonic rocks. Basemap
sourced from GeoMapApp® software
(Ryan et al. 2009). (b) Geological map
of the Shyok and Nubra river confluence,
modified after Phillips (2008) and
Borneman et al. (2015), with addition
of the Changmar Complex. Map datum:
WGS84UTMZone 43N; elevation contour
interval 500m. The co-ordinates for each
sample location are provided in Table 1.
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together referred to as the Shyok volcanic-arc ophiolite (VA-ophio-
lite). New data presented here are compared with rocks of similar age
and composition reported from the Kohistan, Karakoram and Tibet
regions, to evaluate the feasibility of a divergent double subduction
zone as a potential mechanism for the closure of the Shyok and
Bangong sutures.

2. Geological background

The geological elements involved in the tectonic collision along the
Shyok and Bangong sutures, from north to south, are: (1) the active
continental margin of Eurasia, composed of the Karakoram and
Southern Qiangtang terranes (Fig. 2; e.g. Searle et al. 1990;
Ravikant et al. 2009; Groppo et al. 2019); (2) the Mesotethys Ocean,
represented by ophiolites, ophiolitic mélanges and intra-oceanic arc
system (the Shyok VA-ophiolite and Kohistan Arc) along the
Shyok Suture in the western Himalaya (e.g. Rolland et al. 2000;
Clift et al. 2002; Robertson & Collins, 2002; Thanh et al. 2012;
Borneman et al. 2015), and a series of ophiolites and ophiolitic
mélanges along the Bangong Suture in Tibet (e.g. Baxter et al.
2009; Fan et al. 2015b); and (3) the Lhasa microcontinent
(e.g. Zhu et al. 2011, 2013). The terranes involved in the collision
along the Shyok–Bangong Suture are summarized on the tectonos-
tratigraphic columns on Figure 2, and major terranes are discussed
below.

2.a. Karakoram Arc

An Andean-type convergent-margin magmatism occurred along
the southern Eurasian continent throughout Jurassic–Cretaceous
time, giving rise to the Karakoram Arc (e.g. Rex et al. 1988;
Groppo et al. 2019). The preserved part of this continental arc is
c. 700 km long and 30 km wide, and consists of an intermediate
to felsic calc-alkaline plutonic complex in the northwestern
Himalaya (e.g. Searle & Hacker, 2018) that intrudes the
Palaeozoic–Mesozoic sedimentary rocks of the Karakoram terrane
(Gaetani, 1997). The Karakoram Arc was active from Late
Jurassic – Late Cretaceous time (162–83 Ma, see Fig. 2; Borneman
et al. 2015; Groppo et al. 2019; Pundir et al. 2020) as the oceanic slab
of theMesotethys was subducting to the north beneath Eurasia, until
the Kohistan Arc and Shyok VA-ophiolite collided with Eurasia
and shut off slab-driven magmatism (e.g. Borneman et al. 2015;
Groppo et al. 2019). The intrusive rocks of the Karakoram Arc
are characterized by negative εHf values of −4 to −2 (Ravikant
et al. 2009), reflecting the assimilation of old and evolved continental
crust (e.g. Amelin et al. 1999). Calc-alkaline rocks younger than
c. 83 Ma have not been documented within the Karakoram
Block, but intrusions of the extensive post-collisional Nubra-
Siachen leucogranites (Fig. 1) occurred between 21 and 13 Ma
(e.g. Searle & Hacker, 2018).

2.b. Tethyan oceans

In the Tethyan realm the Palaeotethys and Neotethys oceans are
well-defined geographically with well-established tectonic rela-
tionships with their bounding terranes (e.g. Şengör, 1984; Dilek
& Furnes, 2019), but this is not so clear for the Mesotethys
Ocean. The Palaeotethys and Neotethys oceans were associated
with the beginning of the Tethyan realm (Palaeotethys) during
Early Devonian time and its demise (Neotethys) in the
Palaeogene Period (Searle et al. 1987; Aitchison et al. 2011;
Metcalfe, 2013). In the Tethyan tectonic framework, the Mesotethys

Ocean existed at the transition between the Palaeotethys and the
Neotethys (Permian? – Late Cretaceous; Metcalfe, 2013). The
Mesotethys is regarded as having formed during the rift and drift
of the Cimmerian continent from Gondwana during Late
Palaeozoic – Mesozoic time (e.g. Metcalfe, 1996). Northwards drift
of the Cimmerian continent consumed the Palaeotethys in the
north, while opening the Mesotethys to the south (Metcalfe, 1996,
2013). Closure of the main Palaeotethys Ocean basin occurred from
the west in the Pamirs to the east in the Malay Peninsula along the
following sutures: Jinsha (Tanymas), Changning-Menglian, Chiang
Mai/Inthanon, Chanthaburi and Bentong-Raub (Metcalfe, 2013;
Zanchetta et al. 2018).

The Mesotethys Ocean has also been called the Bangong–
Nujiang Tethyan Ocean (e.g. Zhu et al. 2013), the Bangong
Ocean (Pullen et al. 2011) or the Shyok Ocean/Sea/Basin (Searle
et al. 1999; Thanh et al. 2012; Chapman et al. 2018), and its oceanic
crust referred to as the Kshiroda Plate (Jagoutz et al. 2015). Two
mechanisms were proposed for the closure of the Mesotethys:
(1) northwards subduction beneath Eurasia (e.g. Allègre et al.
1984); and (2) northwards subduction beneath Eurasia and concur-
rent southwards subduction beneath Gondwana (Metcalfe, 2013;
Zhu et al. 2013, 2016), that led to rifting of the micro-continental
Lhasa terrane from northern Gondwana during the Late Triassic –
Early Jurassic period (e.g. Zhu et al. 2011). To the north, the
Mesotethys Ocean was bound from west to east by the Karakoram
terrane, the SouthernQiangtang and the Sibumasu terrane (Metcalfe,
2013; Groppo et al. 2019). To the south, the Mesotethys was bound
by the intra-oceanic Kohistan–Shyok island-arc system, which was
located to the west of the micro-continental ribbon of the Lhasa ter-
rane (e.g. Groppo et al. 2019). The Eurasian margin and southern
Mesotethys terranes are now separated by the Shyok Suture in
Pakistan (e.g. Petterson &Treloar, 2004) and Ladakh (e.g. Borneman
et al. 2015) and the Bangong Suture in Tibet (e.g. Baxter et al.
2009) and possibly the Myitkyina Suture and Shan Boundary in
SE Asia (Liu et al. 2016). Ophiolitic and island complexes along
these sutures mark the extant Mesotethys Ocean (Baxter et al. 2009;
Liu et al. 2016).

Rifting of the Lhasa terrane from Gondwana during Late
Triassic – Early Jurassic time opened the Neotethys Ocean (Zhu
et al. 2011). This ocean basin was further separated from the
Mesotethys by the initiation of the Kohistan–Shyok intra-oceanic
arc system during Late Jurassic time (Jagoutz et al. 2015, 2018). The
closure of the Neotethys Ocean along the Indus–Yarlung–Tsangpo
Suture marks the final stage of the Himalayan orogeny, and has
been extensively covered in the literature (e.g. Searle et al. 1987;
Gibbons et al. 2015; Aitchison et al. 2007; Searle & Treloar,
2019). The Indus–Yarlung–Tsangpo Suture marks the boundary
between Eurasia and India in Ladakh, and Lhasa and India in
Tibet, with intra-oceanic-arc terranes and ophiolites of the
Neoethys preserved along the suture (Aitchison et al. 2007;
Hébert et al. 2012; Metcalfe, 2013; Buckman et al. 2018; Walsh
et al. 2019).

2.c. Tethyan intra-oceanic-arc system

There is an ongoing debate over whether the Tethyan intra-oceanic
arc that consists of the Kohistan Arc and Shyok VA-ophiolite first
collided with Eurasia or India. In the first hypothesis, the arc
accreted to Eurasia between c. 85 and 75 Ma along the Shyok
Suture and the final continent–continent collision between India
and Eurasia took place later along the Indus–Yarlung–Tsangpo
Suture (Petterson & Windley, 1985; Treloar et al. 1989; Robertson
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(2012); [13] Wang et al. (2013); [14] Zhu et al. (2016); [15] Haider et al. (2013); [16] Zhu et al. (2011); [17] Ji et al. (2009); [18] Zhou et al. (2004); [19] Leier et al. (2007); [20] Groppo et al.
(2019); [21] Gaetani (2016); [22] Ravikant et al. (2009); Thanh et al. (2010); Kumar et al. (2017); Pundir et al. (2020); [23] Searle et al. (1990); [24] Rex et al. (1988); [25] Li et al. (2013);
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& Degnan, 1994; Clift et al. 2002; Robertson & Collins, 2002;
Borneman et al. 2015). In the second hypothesis, the arc collided
first with India at c. 50 Ma and the final continental collision
occurred at c. 40 Ma along the Shyok Suture (Khan et al. 2009;
Burg, 2011; Bouilhol et al. 2013). Bothmodels havemerit; however,
more data on the early development stages of the magmatic arcs
within the Tethyan realm are needed to understand geodynamic
evolution of this intra-oceanic system.

2.c.1. Shyok VA-ophiolite
The Shyok VA-ophiolite within the Shyok Suture is a relic of an
ocean basin and is strongly dismembered in comparison to the
other Tethyan ophiolites such as the Spongtang (Pedersen et al.
2001; Buckman et al. 2018) or Semail (Coleman, 1981; Searle &
Cox, 1999). VA-ophiolitic rocks crop out along the NW–SE-trend-
ing Shyok Suture of the Shyok Valley and were described as
‘Ophiolitic Mélange’ (Gansser, 1974; Frank et al. 1977). These
rocks are tectonically dismembered, but are not enveloped in
schistose mud or serpentinite matrix as observed in the
Northern Suture, Pakistan (e.g. Pudsey, 1986). This suggests the
Shyok VA-ophiolite was emplaced via obduction rather than in
the form of a diapiric mélange. Pervasive deformation of the rock
units has resulted in poor preservation of the original ophiolitic
stratigraphy and outcrops of the Shyok VA-ophiolite occur as a
disrupted ophiolitic sequence (e.g. Dunlap & Wysoczanski,
2002; Thanh et al. 2012).

The most abundant ophiolitic element present within the Shyok
Suture are the Shyok Volcanics (Fig. 1), which along with the
Changmar Complex compose the Shyok VA-ophiolite. The
Shyok Volcanics display pillow basalt structures withminor carbon-
ate lenses (Fig. 3b,c). This formation has been deformed and meta-
morphosed to greenschist facies (Dunlap & Wysoczanski, 2002;
Thanh et al. 2012). There is an ambiguity in nomenclature for
the mafic volcanic rocks that are distributed along the Shyok
River (Fig. 1). These are commonly referred to as the Shyok
Volcanics by Frank et al. (1977), Sharma et al. (1978), Rai (1983),
Bhutani et al. (2009) and Borneman et al. (2015) or the Shyok
Formation by Thakur et al. (1981), Weinberg et al. (1999) and
Dunlap & Wysoczanski (2002). However, these rocks were also
called the Shyok volcanite by Upadhyay et al. (1999), mélange unit
by Rolland et al. (2000), metavolcanics by Thanh et al. (2012) or the
Shyok Volcanic Formation by Ravikant et al. (2009). The originally
named Shyok Volcanics most frequently refer to the greenschist
mafic volcanic rocks that include pillow basalts with minor chert
or limestone that are interpreted to be the volcanic portion of an
ophiolite sequence. They form part of the Saltoro Range and crop
out near Diskit and along the length of the Shyok Valley in the
northern Nubra region up to Bogdang village (Fig. 1; Frank et al.
1977; Thakur et al. 1981; Thanh et al. 2012). However, the name
Shyok Formation is used for a greenschist facies rocks that are
predominantly sedimentary and occur in the southern Nubra
region, and consist of marbles, slates, andesites and andesitic volca-
niclastic rocks (Dunlap & Wysoczanski, 2002; Ehiro et al. 2007;
Kumar et al. 2016). The Shyok Formation possibly overlies the basal-
tic volcanic pile of the Shyok Volcanics (Shyok VA-ophiolite), rep-
resenting a stratigraphical continuation; however, field relationships
have not been established.

Rolland et al. (2000) suggested that the Shyok Volcanics are of
middle Cretaceous age (108–92 Ma) based on the presence of
Orbitolina foraminifera in limestones interbedded with the vol-
canic rocks. This supports the interpretation that the Shyok

Volcanics are related to the Shyok Formation, which also contains
Orbitolina fossils. The Orbitolina fossils in the Shyok Formation
were found in the Changthang area near the village of Tsoltak,
c. 90 km SE from the area on Figure 1, and were dated as of
early–middle Albian age (Reuber, 1990; Matsumaru et al. 2006).
This age conflicts with the fossil ages of Rolland et al. (2000); how-
ever, the exact stratigraphic relationships between these formations
are unknown.

The Saltoro Formation (Fig. 1) consists of siltstones, turbidite
sandstones, slates, phyllites, shallow-water limestones and marbles
containing Aptian–Albian Horiopleura, Orbitolina, Radiolitidae
and Rudist fossils (Upadhyay, 2001, 2014; Juyal, 2006), as well
as Cheilostomata bryozoans of possible Jurassic age (Upadhyay
et al. 1999). The Saltoro Formation unconformably overlies the
Shyok Volcanics (Upadhyay, 2001, 2014; Juyal, 2006), and the
formations are similar in age, which suggests that the Saltoro
Formation likely represents a sedimentary cover of the Shyok
VA-ophiolite. There is no direct contact between the Saltoro
Formation and the Shyok Formation from the southern Nubra
region, but there is an overlap in Aptian–Albian age between these
two formations. Based on the composition of each formation, it is
possible that the Saltoro and Shyok formations formed the upper-
most sedimentary section of the Shyok VA-ophiolite, where the
Shyok Formation was deposited close to the volcanic centre and
the Saltoro Formation away from it. Upadhyay (2014) noted
similarities between Rudist fauna and microfaunal assemblages
of the Saltoro Formation and those of the Yasin Group in northern
Kohistan, which unconformably overlies volcanic rocks of the
Kohistan Arc (e.g. Bard, 1983; Fig. 2), just as the Saltoro Formation
unconformably overlies the Shyok Volcanics of the Shyok VA-
ophiolite. The broad range in the biostratigraphic ages from the
Saltoro Formation suggests that the Shyok VA-ophiolite obduction
did not occur until after early–middle Cretaceous time.

Due to the lack of a well-defined plateau in an 40Ar–39Ar age,
the radiometric dating of the Shyok Volcanics resulted in only a
minimum formation age of c. 125 Ma (Dunlap & Wysoczanski,
2002; Borneman et al. 2015). Thanh et al. (2012) used the K–Ar
method to date metamorphic albite in boninite and obtained an
age of 104.4 ± 5.6 Ma for the metamorphism of the Shyok
Volcanics, which they interpreted as a minimum age for the exhu-
mation of the ophiolitic rocks. The crystallization age for these
rocks is yet to be established, but must be older than the middle
Cretaceous metamorphic ages.

Red conglomerates and sandstones of the Saltoro Molasse
unconformably overlay the Shyok Volcanics and Saltoro Formation
(Fig. 2; Upadhyay et al. 1999). The Saltoro Molasse was interpreted
as deposited in a syn- to post-collisional environment, on top of
the Shyok Suture rocks; it therefore post-dates the collision along
the Shyok Suture (Upadhyay et al. 1999; Borneman et al. 2015).
The youngest detrital zircon age population of c. 92 Ma from this
molasse indicateswhen the collision between the ShyokVA-ophiolite
and Karakoram terrane was completed (Borneman et al. 2015). A
granitic dyke with an age of c. 85 Ma intrudes the unconformity
between the Saltoro Molasse and Shyok Volcanics, and provides
another control on the depositional age of this molasse (92–85 Ma;
Borneman et al. 2015).

2.c.2. Field relationship similarities along the Shyok Suture
The Shyok Volcanics in the Ladakh region could be related to the
Chalt Volcanics in Kohistan as suggested by Thanh et al. (2012);
this is based on their basic composition, presence of boninites and
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Fig. 3. (Colour online) (a) Gabbronorite (16NU08) and plagiogranite (16NU09) exposure from the Changmar Complex along the Diskit–Turtuk highway; (b) exposure of the pillow
basalts of the Shyok Volcanics (16NU15) in the northwestern part of the Shyok Valley (34.80667° N, 77.07969° E); (c) carbonate lenses (outlined) within the Shyok Volcanics
(34.80667° N, 77.07969° E); (d) close-up of a foliated granodiorite of the Ladakh Batholith which contains abundant mafic xenoliths from the Shyok Volcanics and is intruded
by pre- and post-deformation dykes (34.822086° N, 76.928657° E); (e) outcrop where close-up (d) was taken, showing more xenoliths.
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Table 1. Whole-rock major and trace element geochemistry for the Changmar Complex and Shyok Volcanics from this study with the corresponding sample locations (WGS84 UTM Zone 43N). B – basalt; BT – basaltic
trachyandesite; G – gabbronorite; H – harzburgite; Lat. – latitude; Long. – longitude; N – norite; P – plagiogranite; PB – pillow basalt; TB – trachybasalt.

Changmar Complex Shyok Volcanics

16NU08 16NU09 16NU10 16NU11 17NU38 17NU39 17NU40 17NU35 16NU15a 16NU15b 16NU15c 16NU15d 16NU15e 16NU15f 16NU15g 17NU33 17NU34 17NU36 17NU37 17NU41

Rock type G P P G P P N H TB TB B BT PB TB PB BT B BT B B

Lat. (°) 34.75556 34.75558 34.75558 34.75558 34.76776 34.77157 34.77202 34.72167 34.80631 34.80637 34.80643 34.80651 34.80660 34.80678 34.80668 34.69437 34.69381 34.76711 34.76753 34.81123

Long. (°) 77.17168 77.17168 77.17164 77.17164 77.12009 77.11198 77.11217 77.20082 77.07962 77.07964 77.07965 77.07967 77.07968 77.07974 77.07969 77.24322 77.24317 77.16116 77.16041 77.08590

SiO2 50.41 52.18 57.93 46.45 50.03 57.55 55.06 37.48 49.96 49.04 48.96 49.91 38.72 49.25 44.89 50.84 48.82 52.83 43.48 50.54

TiO2 0.81 0.39 0.65 1.35 0.49 0.58 0.60 0.05 1.82 1.80 1.03 2.12 0.75 2.15 0.97 0.74 0.61 1.11 0.42 1.18

Al2O3 19.05 24.58 16.11 11.03 22.69 16.84 17.94 6.06 14.87 14.39 14.51 14.99 10.91 15.82 12.89 16.52 16.77 16.02 8.63 12.91

Fe2O3 11.02 4.58 8.33 19.10 6.67 6.95 7.60 12.51 11.89 13.31 10.65 13.21 8.31 13.38 11.33 12.30 7.47 9.47 11.20 14.00

MnO 0.19 0.07 0.15 0.29 0.12 0.13 0.13 0.18 0.17 0.19 0.15 0.18 0.15 0.16 0.17 0.18 0.12 0.15 0.22 0.22

MgO 4.45 1.37 3.11 7.89 1.84 2.83 2.80 29.04 6.04 5.83 9.51 4.66 5.81 5.78 12.37 6.98 6.59 6.12 19.61 6.73

CaO 10.96 9.69 6.43 9.80 9.33 3.79 6.47 3.90 7.71 7.19 7.61 6.74 18.93 5.43 12.34 2.62 11.08 6.58 10.32 9.51

Na2O 2.75 4.58 2.43 1.01 3.78 3.40 2.72 0.14 4.57 4.64 3.77 5.36 2.63 4.41 0.64 5.22 3.25 5.52 0.49 3.05

K2O 1.24 1.43 3.62 1.39 1.85 3.77 3.13 0.01 0.60 0.71 0.18 0.56 1.66 1.13 0.66 0.61 0.05 0.13 0.25 0.07

P2O5 0.34 0.32 0.22 0.27 0.42 0.19 0.20 < 0.01 0.23 0.29 0.10 0.38 0.12 0.39 0.10 0.07 0.08 0.19 0.10 0.08

SO3 0.02 0.02 < 0.01 0.01 0.03 0.01 0.02 0.65 0.10 0.03 0.01 0.13 0.01 0.18 0.03 0.01 0.29 0.03 0.00 0.04

LOI 0.25 1.19 1.08 1.72 2.07 2.70 1.99 8.99 2.15 2.63 3.31 2.38 12.63 2.70 4.35 3.52 4.01 1.68 5.80 1.38

Total 101.49 100.40 100.06 100.31 99.32 98.73 98.68 99.01 100.10 100.05 99.78 100.61 100.64 100.78 100.74 99.61 99.14 99.81 100.52 99.71

Trace elements (ppm)

Ag 0.12 0.11 0.08 0.12 0.25 0.04 0.14 0.07 0.06 0.08 0.08 0.07 0.04 0.07 0.05 0.03 0.02 0.1 0.05 0.16

As 1.70 3.00 4.20 2.00 3.2 3.2 2.7 13.4 1.40 1.30 1.20 6.10 0.30 4.10 1.40 1.2 3.3 1.3 1.5 1.2

Ba 190.00 220.00 320.00 180.00 180 270 220 <10 120.00 140.00 30.00 100.00 150.00 150.00 160.00 80 20 60 40 10

Be 0.59 0.62 0.89 0.45 0.54 0.63 0.71 <0.05 0.54 0.53 0.31 0.72 0.14 0.55 0.36 0.25 0.19 0.37 0.48 0.39

Bi 0.03 0.04 0.12 0.03 0.04 0.06 0.06 0.01 0.01 0.01 <0.01 0.01 <0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01

Cd 0.08 0.06 0.08 0.15 0.05 0.03 0.06 0.04 0.04 0.05 0.10 0.06 0.08 0.06 0.14 0.06 0.08 0.1 0.06 0.09

Ce 30.30 15.20 52.90 33.50 32.8 53 38.1 0.55 21.90 25.10 8.30 28.40 7.11 32.80 8.09 11.4 8.33 26.5 18.75 8.62

Cr 54.00 39.00 59.00 47.00 5 8 9 879 96.00 45.00 52.00 39.00 555.00 60.00 602.00 8 81 65 1660 40

Cs 2.32 1.16 7.70 4.84 2.33 2.93 2.69 0.41 0.88 1.16 0.37 1.84 2.00 2.01 0.82 1.05 0.54 0.26 1.61 0.23

Cu 213.00 237.00 175.00 257.00 85.1 64.1 110.5 4 39.50 52.80 128.00 30.40 66.90 37.00 38.30 124.5 81.6 132 137 123.5

Ga 18.55 20.20 16.45 14.75 18.45 13 17.45 3.87 16.70 16.30 12.85 19.05 9.93 16.75 16.60 20.2 13.15 14.3 10.65 16.3

Ge 0.23 0.18 0.21 0.59 0.18 0.32 0.32 0.34 0.26 0.31 0.28 0.23 0.14 0.23 0.32 0.36 0.27 0.16 0.37 0.3

Hf 0.60 0.20 0.80 1.00 0.3 0.3 0.4 0.1 1.30 1.30 0.90 1.40 0.50 1.20 0.90 1.1 1.2 1.3 0.7 0.4

In 0.06 0.02 0.05 0.10 0.029 0.059 0.045 0.012 0.06 0.07 0.07 0.08 0.04 0.08 0.06 0.061 0.049 0.055 0.041 0.083

La 14.90 7.30 26.80 15.60 13.8 24 17.9 <0.5 9.90 10.90 3.50 12.80 3.40 15.00 3.10 4.4 3.2 12.5 7.7 3.1

Li 6.10 6.00 7.10 10.80 7.3 13.6 9.6 0.6 5.50 5.00 11.50 8.70 4.00 6.30 9.20 7.1 6.7 7.2 18.4 4

(Continued)
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Table 1. (Continued )

Changmar Complex Shyok Volcanics

16NU08 16NU09 16NU10 16NU11 17NU38 17NU39 17NU40 17NU35 16NU15a 16NU15b 16NU15c 16NU15d 16NU15e 16NU15f 16NU15g 17NU33 17NU34 17NU36 17NU37 17NU41

Mn 1500.00 490.00 1140.00 2250.00 850 969 1040 1380 1280.00 1410.00 1130.00 1390.00 1210.00 1240.00 1330.00 1420 918 1120 1660 1680

Mo 0.99 0.84 0.99 0.67 0.26 0.33 0.26 0.07 0.70 0.65 0.19 0.71 0.20 1.28 0.42 0.25 0.32 0.22 0.05 0.21

Nb 1.40 1.10 4.10 2.20 1.3 3.6 3.2 0.1 6.80 7.60 3.30 10.00 2.60 12.80 3.00 1.9 1 7.2 1.6 2.8

Ni 12.30 5.10 9.20 19.90 4.3 6.8 8.3 771 39.80 23.60 57.80 24.70 283.00 33.90 368.00 19.3 50.9 57.2 1115 51.1

P 1490.00 1210.00 940.00 1120.00 1710 830 940 30 920.00 1230.00 430.00 1470.00 430.00 1680.00 400.00 360 340 810 450 390

Pb 5.50 8.90 13.80 6.00 7.6 7.1 8.7 <0.5 0.90 0.70 0.50 0.90 <0.5 0.80 1.20 0.6 <0.5 0.7 <0.5 <0.5

Rb 21.00 15.00 118.00 45.20 29.6 95.9 91.5 0.1 11.60 14.60 1.80 9.20 37.30 16.80 9.60 2.1 0.3 0.9 4 0.6

Re <0.002 <0.002 <0.002 <0.002 0.002 0.003 0.003 0.007 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 0.003 <0.002 <0.002 0.002

Sb 0.15 0.29 0.61 0.80 0.23 0.8 0.43 0.18 0.33 0.18 0.08 0.14 <0.05 0.08 0.08 0.12 0.12 0.31 0.14 0.17

Sc 30.60 6.70 22.60 62.50 14.5 24.6 23 11.9 30.20 32.70 40.50 26.50 27.80 26.10 36.00 34.3 33.4 27.5 38.2 46.9

Se 1.00 <1 <1 1.00 <1 <1 <1 <1 1.00 1.00 1.00 1.00 1.00 2.00 1.00 1 1 1 <1 1

Sn 0.50 0.40 1.40 0.90 0.6 0.9 0.8 <0.2 1.00 1.00 0.60 1.20 0.50 1.20 0.70 0.6 0.4 0.8 0.4 0.6

Sr 502.00 771.00 331.00 206.00 483 253 451 5.1 183.00 141.00 137.00 131.50 87.70 137.00 157.00 52.2 56.2 116 15.7 98.6

Te <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 0.14 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 0.09 <0.05

Th 2.95 1.85 19.35 5.38 5.17 18.65 8.41 0.02 0.79 0.69 0.34 0.87 0.24 1.16 0.30 0.58 0.45 1.19 1.17 0.24

Tl 0.12 0.11 0.38 0.13 0.18 0.29 0.25 0.05 0.04 0.06 <0.02 0.06 0.10 0.09 0.03 0.05 <0.02 <0.02 0.02 <0.02

U 0.60 0.50 2.50 1.10 0.9 2.5 1.8 <0.1 0.30 0.30 0.10 0.40 0.10 0.50 0.30 0.2 0.5 0.4 0.3 0.1

V 325.00 123.00 206.00 569.00 103 172 186 41 288.00 281.00 306.00 323.00 207.00 290.00 288.00 321 200 218 144 359

Y 18.00 7.10 25.30 30.20 15.5 26.8 20.6 1.3 22.10 29.20 18.90 30.00 14.30 28.80 16.80 23.1 14.1 22.3 9.3 24.8

Zn 90.00 40.00 79.00 145.00 58 70 75 72 74.00 104.00 85.00 86.00 75.00 110.00 80.00 94 50 72 102 106

Zr 15.80 5.70 13.00 23.80 5.6 5 8 2.6 41.90 44.30 20.80 43.10 11.40 34.60 25.00 34.8 34.9 30.8 19.3 6.6

Dy 3.14 1.44 4.11 4.85 2.91 4.42 3.47 0.22 3.98 4.79 3.03 4.96 2.25 5.11 2.84 3.83 2.43 3.89 1.78 4.17

Er 1.75 0.80 2.42 2.88 1.62 2.56 2.06 0.15 2.15 2.61 1.83 2.71 1.33 2.69 1.68 2.43 1.49 2.15 0.92 2.7

Eu 1.37 0.97 1.10 1.16 1.2 1.24 1.12 0.08 1.55 1.62 0.82 1.91 0.69 1.86 0.87 0.9 0.57 1.23 0.45 0.93

Gd 3.32 1.52 4.34 4.76 3.43 4.66 3.71 0.18 3.93 4.46 2.45 4.84 1.93 5.05 2.34 3.14 2.14 3.63 2.13 3.36

Ho 0.62 0.28 0.84 0.99 0.6 0.87 0.7 0.05 0.80 0.96 0.64 0.99 0.46 1.00 0.57 0.84 0.51 0.77 0.35 0.88

Lu 0.25 0.11 0.37 0.43 0.21 0.37 0.32 0.02 0.23 0.29 0.23 0.29 0.16 0.26 0.22 0.27 0.23 0.23 0.11 0.37

Nd 16.20 8.30 24.80 19.40 17.4 25.2 19.6 0.4 14.30 15.90 6.50 18.40 5.40 19.80 6.30 8.4 5.9 14.1 11.7 7.3

Pr 3.53 1.84 5.82 3.92 3.98 6.14 4.55 0.08 2.91 3.23 1.24 3.74 1.04 4.16 1.20 1.67 1.23 3.28 2.57 1.37

Sm 3.50 1.74 5.07 4.83 3.83 5.41 4.25 0.12 3.47 4.03 2.03 4.36 1.61 4.66 1.87 2.5 1.81 3.46 2.57 2.46

Tb 0.48 0.22 0.62 0.70 0.47 0.68 0.54 0.03 0.57 0.70 0.42 0.75 0.32 0.76 0.39 0.55 0.37 0.6 0.3 0.62

Tm 0.26 0.12 0.37 0.43 0.23 0.39 0.32 0.02 0.30 0.37 0.28 0.38 0.20 0.36 0.25 0.35 0.23 0.3 0.12 0.39

Yb 1.68 0.74 2.44 2.94 1.45 2.49 2.02 0.15 1.78 2.24 1.71 2.21 1.24 2.13 1.58 2.11 1.55 1.86 0.83 2.61
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comparable minimum ages of c. 104 Ma for the Shyok Volcanics
and c. 134 Ma for Chalt Volcanics (Fig. 2; Khan et al. 2007; Thanh
et al. 2012). The volcanic pile of the Southern Group described by
Rolland et al. (2000) is similar to the Shyok Volcanics and was
investigated in the area of Thalle andMuchilu, c. 100 kmNWalong
the Shyok Suture from our study area. These basalt-basaltic andes-
ite lava flows, tuffs and pillowed units of the Southern Group were
intruded by the Ladakh Batholith and unconformably overlain by
conglomeritic molasse (Rolland et al. 2000). These rock relation-
ships match those of the Shyok Valley and Saltoro Range (Fig. 1),
where the ophiolitic Shyok Volcanics (basalts-basaltic trachyande-
sites, Table 1) are intruded by the Ladakh Batholith (Fig. 3d, e) and
are unconformably overlain by the Saltoro Molasse (Upadhyay
et al. 1999; Borneman et al. 2015). Further west from Thalle,
Shyok VA-ophiolite-related rocks within the Shyok Suture were
documented by Robertson & Collins (2002) where, in addition
to pillow basalts and ultramafic rocks, the radiolarian cherts and
volcaniclastic sandstones were found in the Tectonic Mélange near
Shigar in Pakistan, c. 130 kmNW from our study area. These litho-
logical descriptions from Pakistan are consistent with those along
the Shyok Valley, and probably represent different elements of the
same volcanic-arc ophiolite that was dismembered along the Shyok
Suture.

A further c. 300 kmW–NW from our study area near Gilgit, the
Matum Das tonalite along the Shyok Suture in Pakistan is the old-
est intrusive rock found within the Kohistan Arc (Schaltegger et al.
2003; Jagoutz et al. 2018). TheMatumDas tonalite could be related
to the Changmar Complex rocks from the Nubra region (Fig. 2). In
the Kohistan region, the basaltic Chalt Volcanics are intruded by
the Matum Das, and both formations are stitched by the Kohistan
Batholith (Fig. 2; Petterson & Windley, 1985). Similarly, in the
Nubra region, the Shyok Volcanics, which are considered to be
related to the Chalt Volcanics (Thanh et al. 2012), are intruded
by the Changmar Complex; both formations are stitched by the
Ladakh Batholith, which has many basaltic xenoliths of the
Shyok Volcanics or Changmar Complex (Figs 2, 3). The Matum
Das tonalite is deformed and cross-cut by the basic and unde-
formed Jutal dykes (Coward et al. 1982; Petterson & Windley,
1985). The Rb–Sr isochron dating of the Matum Das yielded an
age of c. 102 Ma and 40Ar–39Ar dating of the Jutal dykes an age
of c. 75 Ma. This original geochronology and field relationships
are used to bracket the collision of the Kohistan Arc with
Eurasia (Petterson & Windley, 1985), but the age of the tonalite
has been extended to Late Jurassic (Schaltegger et al. 2003;
Jagoutz et al. 2018).

3. Field relationships

We investigated outcrops of the Shyok VA-ophiolite rocks along
the Shyok Suture in the Nubra region along the Diskit–Turtuk
Highway from Hundar to Turtuk. We named the newly discovered
intrusive suite the Changmar Complex, after the nearby village of
Changmar that lies in the middle of this unit (Fig. 1). The Changmar
Complex is composed of norites, gabbronorites, plagiogranites,
harzburgites and serpentinites. These units are intrusive amongst
each other; for example, a plagiogranite intrudes the surrounding
gabbronorite (Fig. 3a). This complex extends between Bogdang
and Skuru villages, measuring c. 15 km along NW–SE strike (Fig. 1).
Its width is approximately 12 km in an E–W direction, where its
eastern exposure extent is marked by the Shyok River and the
Shyok Volcanics are exposed on the opposite riverbank (Fig. 1).
The original contact between the Changmar Complex and Shyok

Volcanics is not exposed as the alluvial fans are covering the contact.
The contact is now faulted, but the original relationship was
probably intrusive into the volcanic pile or part of the original
VA-ophiolite sequence. The western boundary is marked by the
Ladakh Batholith, which intrudes the Changmar Complex and
Shyok Volcanics, where the granodiorite plutons of the Ladakh
Batholith contain mafic xenoliths of these formations (Figs 2,
3d, e). This contact was later modified by the Khalsar Thrust
(Fig. 1). The Khalsar Thrust disrupts all contacts in the northern part
of the Shyok Valley, where the Changmar Complex and Shyok
Volcanics are always in fault contact, and in turn both are a footwall
to the Ladakh Batholith (Fig. 1).

Depicted in Figure 3 are the sampled outcrops from the
northern part of the Shyok Valley; their global positioning system
locations are provided in Table 1. Gabbronorite and plagiogranite
samples 16NU08 and 16NU09 were collected from a large slab on
the side of the road that broke off the adjacent cliff face just 10 m
away (Fig. 3a) at the road sign indicating 6 km to Changmar. This
outcrop reveals an intrusive relationship between the dominant
coarse-grained gabbronorite and younger plagiogranite. The pla-
giogranite displays a minor chilled margin, and a small amount
of chalcopyrite mineralization in the gabbronorite is present along
the contact. Field mapping of the ranges above the Diskit–Turtuk
Highway established the presence of the harzburgite bodies
(Table 1). The contact is interpreted to be intrusive (gabbronor-
ites-plagiogranites intruding the harzburgite); however, the exact
nature of the contact could not be established at this locality
due to minimal exposure caused by an extensive alluvial sediment
cover. The contact between the gabbroic rocks and harzburgite
shows signs of serpentinization.

The outcrop of the Shyok Volcanics shown in Figure 3b, c was
found in the northern Shyok Valley near the village of Bogdang
(Fig. 1), and is the location of samples 16NU15a–g (co-ordinates
provided in Table 1 and Fig. 3). In this part of the valley the Shyok
Volcanics are less deformed in comparison to the schistose out-
crops near Diskit and Hundar (Fig. 1). Pillow basalts are common
(Fig. 3b), and other basalts aremassive withminor limestone lenses
(Fig. 3c). Other than thin carbonate lenses within the basalts, no
other sedimentary or volcaniclastic rocks were found among expo-
sures between Skuru and Bogdang villages (Fig. 1).

4. Analytical methods

4.a. Major and trace elements

Weathered surfaces or fracture-affected material was cut off from
the collected samples in order to obtain unaltered rock interior.
Approximately 100 g of the fresh rock was crushed using
Tungsten Carbide ring grinder (TEMA). For trace-element analy-
sis, 5 g of rock powder was mixed with polyvinyl acetate (PVA) and
fused into buttons in aluminium cups, dried for at least 12 hours in
an oven at a temperature of 60°C, and then analysed using
SPECTRO XEPOS X-ray fluorescence (XRF) spectrometer at
University of Wollongong. The same instrument was used to con-
duct major-element analysis, for which rock powders were fused
with 12% tetraborate and 22% metaborate flux to produce glass
buttons used in the analysis.

Rare earth elements (REEs) and other trace elements were
analysed using inductively coupled plasma mass spectrometry
(ICP-MS) at ALS Minerals Division, Brisbane (geochemical pro-
cedure ME-MS61r). A pulverized sample was added to lithium
metaborate/lithium tetraborate flux and fused in a furnace to form
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beads. Each bead is cooled and dissolved in an acid mixture con-
taining nitric, hydrochloric and hydrofluoric acids. The resulting
solution is neutralized and diluted before being analysed by
ICP-MS. Standards used were OREAS 120 and STSD-1, and results
are within a 10% error tolerance. Trace-element data reported in
this study are based on ICP-MS results, not the XRF.

Standardized characterization and discrimination of whole-
rock geochemical data was carried out using the software GDCKit
(Janousek et al. 2006).

4.b. U–Pb zircon dating

Zircon grains were extracted by conventional density and iso-
dynamic methods from 3 kg of rock sample. Zircon grain concen-
trates were handpicked, avoiding grains with abundant mineral
inclusions, and c. 150 grains from each sample, as well as 20 grains
of the standards TEMORA-2 (Black et al. 2004) and 10 grains of
OG1 (Stern et al. 2009), were cast into an epoxy resin mount. The

encapsulated grains were ground to expose a middle section
through the majority of the grains, and then polished with 1 μm
diamond paste. The mount was mapped using reflected light
and cathodoluminescence (CL) imaging. The U–Pb zircon dating
was carried out at the Australian National University (ANU) in
Canberra using the SHRIMP RG instrument. Analytical proce-
dures followed those described by Williams (1998). The analytical
spot size was c. 20 μm. Raw data were reduced using the ANU new
data reduction software ‘POXI-SC’. The 206Pb/238U ratio of
unknowns was calibrated using measurements of TEMORA-2
(U–Pb ages concordant at 417 Ma; Black et al. 2004) undertaken
after every third analyses of unknowns; standard results are
reported in online Supplementary Table S1 (available at http://
journals.cambridge.org/geo). U and Th abundance was calibrated
using measurement of the reference zircon SL13 (U = 238 ppm)
located in a set-up mount. The reduced and calibrated data were
assessed and plotted using the ISOPLOT Excel™ software add-in of
Ludwig (2008), and finalized results are presented in Table 2.

Table 2. Summary of SHRIMP U–Pb ages (Ma) of zircons from the gabbronorite and plagiogranite of the Changmar Complex. Abbreviations: b – broad zoned; e – end;
fr – fragment; h – homogeneous; hd – homogeneous dark, low luminescence; m – middle; osc – oscillatory zoned; p – prism; r – rounded by abrasion.

Labels Site U (ppm) Th (ppm) Th/U f206 (%)a 238U/206Pbb ± 1σ 207Pb/206Pbb ± 1σ 206Pb/238Ub ± 1σ

16NU08 Gabbronorite

1.1 fr, e, osc 286 181 0.63 0.19 40.59 ± 0.55 0.0485 ± 0.0049 156.9 ± 2.1

2.1 fr, m, osc 795 857 1.08 0.00 40.31 ± 0.48 0.0489 ± 0.0014 158.0 ± 1.9

3.1 fr, m, osc 886 879 0.99 0.13 39.77 ± 0.47 0.0501 ± 0.0014 160.1 ± 1.9

4.1 fr, m, b 720 736 1.02 0.11 39.67 ± 0.47 0.0484 ± 0.0100 160.5 ± 1.9

5.1 fr, m, osc 1814 1907 1.05 0.09 39.71 ± 0.45 0.0500 ± 0.0009 160.3 ± 1.8

6.1 fr, m, b 699 493 0.71 0.07 40.17 ± 0.48 0.0486 ± 0.0026 158.5 ± 1.9

7.1 fr, m, osc 824 568 0.69 0.10 39.97 ± 0.47 0.0485 ± 0.0019 159.3 ± 1.9

8.1 fr, m, osc 1326 1272 0.96 0.86 39.54 ± 0.46 0.0521 ± 0.0024 161.0 ± 1.8

9.1 fr, m, osc 1304 1387 1.06 0.03 39.98 ± 0.46 0.0489 ± 0.0013 159.3 ± 1.8

10.1 fr, m, osc 986 1092 1.11 0.10 39.90 ± 0.47 0.0492 ± 0.0016 159.6 ± 1.8

11.1 fr, m, osc 1018 1234 1.21 0.05 39.97 ± 0.46 0.0484 ± 0.0017 159.3 ± 1.8

12.1 fr, m, osc 1425 1922 1.35 0.06 40.37 ± 0.46 0.0490 ± 0.0012 157.8 ± 1.8

16NU09 Plagiogranite

1.1 fr, m, osc 1679 1585 0.94 0.01 40.43 ± 0.46 0.0488 ± 0.0013 157.5 ± 1.8

2.1 p, m, osc 1381 1282 0.93 0.04 40.11 ± 0.46 0.0480 ± 0.0015 158.8 ± 1.8

3.1 fr, e, osc 1674 1947 1.16 0.06 40.19 ± 0.46 0.0491 ± 0.0011 158.4 ± 1.8

4.1 fr, e, b 2340 2335 1.00 –0.01 40.04 ± 0.45 0.0488 ± 0.0009 159.0 ± 1.8

5.1 fr, e, osc 719 715 0.99 0.10 40.45 ± 0.48 0.0502 ± 0.0014 157.4 ± 1.8

6.1 fr, e, osc 1350 1377 1.02 0.13 40.13 ± 0.46 0.0504 ± 0.0010 158.7 ± 1.8

7.1 fr, m, osc 775 894 1.15 0.10 40.87 ± 0.49 0.0490 ± 0.0018 155.8 ± 1.8

8.1 fr, m, osc 1085 973 0.90 –0.01 40.05 ± 0.47 0.0475 ± 0.0018 159.0 ± 1.8

9.1 fr, e, b 852 851 1.00 0.14 42.78 ± 0.51 0.0492 ± 0.0018 149.0 ± 1.8

10.1 fr, e, osc 738 730 0.99 0.08 41.59 ± 0.50 0.0488 ± 0.0019 153.2 ± 1.8

11.1 fr, m, osc 1010 971 0.96 0.14 42.21 ± 0.50 0.0494 ± 0.0016 150.9 ± 1.8

12.1 fr, e, osc 1710 1825 1.07 0.01 41.99 ± 0.48 0.0488 ± 0.0011 151.7 ± 1.7

af206 (%) is the amount of 206Pb modelled as non-radiogenic, based on measured 204Pb.
bCorrected for common Pb using measured 204Pb and Cumming & Richards (1975) common Pb composition for likely age of rock.
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4.c. Lu–Hf isotopic analysis

Zircon Lu–Hf isotopic measurements were conducted on the
Research School of Earth Sciences, ANU ThermoFinnigan
Neptune multi-collector (MC) ICP-MS coupled to a 193 nm
ArF excimer laser fitted with a HelEx He atmosphere ablation cell
using methods as described in Hiess et al. (2009). The laser pulsed
at 5 Hz with an energy density of 10 J cm–2, and the samples were
ablated using a 42 × 42 μm square spot. A gas blank and a suite of
five reference zircons with varying REE contents (Monastery, Mud
Tank, FC1, Plesovice and QGNG) were analysed after every 10–15
unknown sample spots throughout the session as quality control
monitors. The mass spectrometer intensity and peaks were tuned
with NIST SRM 610 glass, which has c. 450 ppm of Hf. Typical
178Hf signal intensity at the start of ablation on the zircons was
4 V. An array of nine Faraday cups was set up in a static collection
scheme. Complete Lu–Hf isotopic analyses for the samples are pre-
sented in Table 3 and results for the reference zircons analysed in
the same session can be viewed in online Supplementary Table S2
(available at http://journals.cambridge.org/geo). Details of instru-
ment set-up for the session are also given in Table S2.

5. Results

5.a. Petrography

The gabbronorite sampled for dating (16NU08) displays slight
grain alignment in outcrop which can also be seen under the
microscope. It consists of plagioclase (60%), clinopyroxene
(22%), orthopyroxene (15%), trace quartz and accessory ilmenite,
magnetite and apatite (Fig. 4a, b). It is holocrystalline, with equi-
granular medium grain texture. A hypidiomorphic crystal texture
is observed, where Fe-rich phases (clinopyroxene and orthopyrox-
ene) show signs of disequilibrium/re-absorption with later
felsic phases (plagioclase and quartz) as evident by the rounded
crystal shape, reaction/alteration coronas and embayments.
In contrast, plagioclase is euhedral with characteristic lamellar
multiple-twinning textures, with some crystals showing zonation.
Quartz is rare and occurs interstitially between other silicates; it is
almost exclusively associated with plagioclase (Fig. 4a, b). Zircon
crystals are observed within these quartz intergranular fillings.
Evidence of minor alteration is observed along grain boundaries
and microfractures in the form of sericitization of plagioclase
and chloritization of pyroxenes.

A plagiogranite sample (16NU09) from the rock intruding the
gabbronorite (Fig. 3c) displays clear crystal alignment. This pla-
giogranite consists of plagioclase (80%), biotite (5%), amphibole
(4%), muscovite (3%), chlorite (2%), quartz (2%) and accessory
ilmenite, magnetite and apatite. It displays a holocrystalline por-
phyritic texture, dominated by plagioclase which is subhedral to
euhedral. This sample shows signs of hydrothermal alteration with
pyroxenes and amphiboles being extensively replaced and broken
down to biotite and chlorite, as well as accessory second-generation
iron oxide (Fig. 4c). Plagioclase shows signs of alteration in the
form of dusty texture and sericitization. Quartz exists in interstitial
form, filling intergranular space between other silicates. Another
plagiogranite sample (16NU10) shows very similar composition
and textures to 16NU09, but with higher quartz content and lesser
alteration (Fig. 4d).

Harzburgite sample (17NU35) is altered to serpentinite and no
unaltered primary minerals remain. However, thin-section petrog-
raphy reveals that serpentine and chlorite has pseudomorphed
olivine, which dominated the primary mineralogy (Fig. 4e). Small

altered phenocrysts of orthopyroxene are observed and minor
tremolite occurs as a high-temperature alteration phase. The olivine
pseudomorphs are studded with small grains of opaque minerals
(magnetite) within the crystals and along the fractures, a by-product
of the serpentinization reaction.

Sample 16NU15a is representative of the massive basalts that
make up the bulk of the Shyok Volcanics (Fig. 4f). It is aphanitic
and green in appearance as a result of chlorite alteration associated
with greenschist facies metamorphism. In thin-section, randomly
orientated microcrysts of plagioclase are the only primary mineral
left unaltered from the original protolith. Other primary minerals
and glass matrix have been altered to chlorite and sericite (Fig. 4f).

5.b. Whole-rock major- and trace-element geochemistry

Geochemical results are presented in Table 1. The intrusive
Changmar Complex is composed of gabbronorites and plagiogran-
ites with SiO2 values ranging between 50 and 57%, with relatively
low MgO (1.4–4.5%), variable Fe2O3 (4.6–11%), low–moderate
CaO (3.8–11%) and low TiO2 (0.4–0.8%) values. The K2O content
varies between 1.2 and 3.7%, and Na2O between 2.4 and 4.6%.
The observed major-element variation is attributed to evolving
magma composition. Light REEs (LREEs) are enriched relative
to heavy REEs (HREEs) (3.2 < CeN/YbN < 6.3; Fig. 5a). On the
normal mid-ocean-ridge basalt (N-MORB) normalized plots
the Changmar Complex rocks display well-defined Nb- and Ti-
negative anomalies and strong Pb- and Sr-positive anomalies, sug-
gesting an origin in a supra-subduction zone (SSZ) setting (e.g.
Pearce, 1982). The geochemistry data for the Matum Das tonalite
(Jagoutz et al. 2018) from the Kohistan Arc has been plotted
for comparison with the Changmar Complex rocks (Fig. 5).
Both rock formations are of Late Jurassic age and have similar
subduction-zone-related geochemistry patterns; they are therefore
suggested to be related in terms of their tectonic setting. However,
the degree of LREE and large-ion lithophile element (LILE) enrich-
ment is higher for the Changmar Complex. On the Ti/V plot of
Shervais (1982) the Changmar Complex samples plot between
Ti/V 10 to 20 ratios and within the array for typical volcanic-
arc ophiolites in the subduction-related ophiolite compilation
of Dilek & Furnes (2011). The harzburgite sample from the
Changmar Complex displays a slight positive Eu anomaly and
Lu-depletion on an N-MORB-normalized plot (Fig. 5b). The
N-MORB-normalized trace-element plot shows distinctly parallel
patterns between the gabbroic rocks and harzburgite, suggesting
that the latter represents an early cumulate phase rather than
the residual mantle peridotite from which melts were extracted.
On the Nb/Yb–Th/Yb plot of Pearce (2008), the Changmar
Complex intrusive rocks plot as a cluster within the volcanic-arc
array (Fig. 5d).

The Shyok Volcanics are predominantly basaltic, with SiO2

values ranging between 44 and 51%, with highly variable MgO
(4.7–19%), variable Fe2O3 (7.5–14%), highly variable CaO (2.6–
12.4%) and moderate TiO2 (0.4–2.1%) values. The K2O content
varies between 0.05 and 1.1%, and Na2O between 0.5 and 5.5%.
Sample 16NU15e was excluded frommajor-element data interpre-
tation due to observed calcite veining within it. Our petrographic
examination has revealed that the Shyok Volcanics have been
affected by sericitization and chloritization and, for this reason,
we characterize these rocks using only the trace elements that
are immobile and remain unaffected by these processes (e.g.
Ward et al. 1992). On the chondrite-normalized plot (Fig. 5a) the
Shyok Volcanics split into two subgroups: the LREE/HREE non-
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differentiated (0.9 < CeN/YbN < 1.6) and LREE/HREE enriched
(3.1 < CeN/YbN < 6.3; median = 3.8). The non-differentiated group
consists of the following samples: 16NU15c,16NU15e, 16NU15g,
17NU33, 17NU34 and 17NU41; the enriched group consists of sam-
ples of 16NU15a, 16NU15b, 16NU15d, 16NU15f, 17NU36 and
17NU37. On the Ti/V plot of Shervais (1982) the non-differentiated

group plots between 10 and 20 ratios along with the Changmar
Complex. The enriched group (except 17NU37) plots between
20 and 50 ratios and within the SSZ ophiolite field, out of the vol-
canic-arc ophiolite array (Fig. 5c). Both groups contain 16NU15a–g
samples which were sampled along a 50-m stratigraphically coher-
ent and continuous outcrop; the array of samples from this outcrop

Table 3. Lu–Hf isotopic results summary for SHRIMP-dated zircons from gabbronorite and plagiogranitea of the Changmar Complex. SE – standard error.

Spot 174Hf/177Hf 1SE 178Hf/177Hf 1SE 176Lu/177Hf 1SE 176Hf/177Hf 1SE εHf(0)
U/Pb age

(Ma) Initial 176Hf/177Hf εHf(t)
TDM
(Ga)

16NU08 Gabbronorite

1.1 0.008655 0.000009 1.467521 0.000031 0.000532 0.000008 0.283120 0.000008 11.85 157 0.28312 15.3 0.181

2.1 0.008643 0.000009 1.467404 0.000026 0.001483 0.000025 0.283117 0.000008 11.76 158 0.28311 15.1 0.190

3.1 0.008643 0.000009 1.467402 0.000026 0.001485 0.000025 0.283117 0.000008 11.73 158 0.28311 15.1 0.191

4.1 0.008646 0.000009 1.467408 0.000030 0.001363 0.000006 0.283129 0.000009 12.15 161 0.28312 15.6 0.173

5.1 0.008655 0.000012 1.467577 0.000028 0.001457 0.000011 0.283152 0.000013 12.97 160 0.28315 16.4 0.141

6.1 0.008668 0.000011 1.467459 0.000026 0.001266 0.000011 0.283134 0.000009 12.34 159 0.28313 15.7 0.165

5.1 0.008651 0.000014 1.467663 0.000034 0.001621 0.000026 0.283168 0.000011 13.55 160 0.28316 16.9 0.118

7.1 0.008665 0.000010 1.467428 0.000026 0.001993 0.000021 0.283142 0.000009 12.63 159 0.28314 16.0 0.156

8.1 0.008648 0.000008 1.467437 0.000027 0.000603 0.000010 0.283143 0.000007 12.67 161 0.28314 16.2 0.149

9.1 0.008671 0.000008 1.467439 0.000025 0.000328 0.000002 0.283154 0.000007 13.06 159 0.28315 16.6 0.133

9.1R 0.008653 0.000010 1.467473 0.000033 0.000921 0.000005 0.283142 0.000010 12.61 159 0.28314 16.0 0.153

10.1 0.008631 0.000010 1.467449 0.000030 0.001179 0.000021 0.283117 0.000008 11.76 160 0.28311 15.2 0.188

11.1 0.008655 0.000012 1.467489 0.000036 0.001979 0.000048 0.283129 0.000009 12.17 159 0.28312 15.5 0.175

12.1 0.008620 0.000015 1.467568 0.000041 0.002338 0.000016 0.283113 0.000014 11.60 158 0.28311 14.9 0.201

Bb 0.008667 0.000013 1.467506 0.000029 0.001237 0.000003 0.283144 0.000010 12.69 159 0.28314 16.1 0.151

Cb 0.008671 0.000011 1.467475 0.000025 0.001589 0.000064 0.283140 0.000009 12.57 159 0.28314 15.9 0.157

Eb 0.008581 0.000016 1.467661 0.000047 0.001927 0.000062 0.283119 0.000011 11.80 159 0.28311 15.1 0.190

Eb 0.008581 0.000016 1.467661 0.000047 0.001927 0.000062 0.283119 0.000011 11.80 159 0.28311 15.1 0.190

16NU09 Plagiogranite

1.1 0.008678 0.000010 1.467449 0.000027 0.002766 0.000011 0.283160 0.000008 13.25 158 0.28315 16.5 0.134

2.1 0.008668 0.000013 1.467484 0.000031 0.001976 0.000076 0.283131 0.000011 12.23 159 0.28313 15.6 0.173

3.1 0.008649 0.000010 1.467411 0.000023 0.002791 0.000022 0.283126 0.000010 12.04 158 0.28312 15.3 0.184

4.1 0.008641 0.000008 1.467510 0.000032 0.001068 0.000027 0.283126 0.000010 12.05 159 0.28312 15.5 0.176

5.1 0.008637 0.000010 1.467461 0.000032 0.001571 0.000049 0.283116 0.000010 11.71 157 0.28311 15.0 0.192

6.1 0.008655 0.000008 1.467480 0.000028 0.000995 0.000030 0.283133 0.000008 12.30 159 0.28313 15.7 0.165

7.1 0.008629 0.000009 1.467488 0.000028 0.001401 0.000022 0.283119 0.000010 11.80 156 0.28311 15.1 0.188

8.1 0.008646 0.000012 1.467623 0.000032 0.000748 0.000003 0.283150 0.000011 12.90 159 0.28315 16.4 0.141

9.1 0.008665 0.000014 1.467549 0.000041 0.001777 0.000024 0.283155 0.000013 13.10 149 0.28315 16.2 0.136

10.1 0.008647 0.000010 1.467443 0.000025 0.001440 0.000025 0.283116 0.000008 11.69 153 0.28311 14.9 0.192

11.1 0.008661 0.000011 1.467469 0.000032 0.002088 0.000057 0.283138 0.000009 12.48 151 0.28313 15.6 0.163

12.1 0.008633 0.000012 1.467500 0.000036 0.002056 0.000002 0.283133 0.000012 12.32 152 0.28313 15.5 0.169

Ab 0.008657 0.000010 1.467536 0.000037 0.001336 0.000022 0.283136 0.000010 12.40 151 0.28313 15.6 0.163

Bb 0.008619 0.000013 1.467518 0.000052 0.001447 0.000005 0.283130 0.000009 12.19 151 0.28313 15.4 0.172

Cb 0.008682 0.000017 1.467513 0.000042 0.001958 0.000075 0.283172 0.000012 13.70 151 0.28317 16.9 0.112

Db 0.008649 0.000009 1.467453 0.000024 0.001600 0.000018 0.283118 0.000008 11.79 151 0.28311 15.0 0.189

aReference materials used: FC-1, QGNG, Monastery, Mud Tank (Woodhead & Hergt, 2005) and Plešovice (Sláma et al. 2008); see online Supplementary Table S2.
bAnalysis conducted on zircons which do not have U–Pb age, MSWD age of the rock sample was used to determine initial εHf(t) values for these zircons; εHf calculated using CHUR values from
Bouvier et al. (2008); depleted mantle model ages calculated using estimates of 176Hf/177Hf = 0.283251 and 176Lu/177Hf = 0.0389 for the modern upper mantle.
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Fig. 4. (Colour online) Petrographic microphotographs of thin-sections from samples investigated in this study. Abbreviation nomenclature is from Kretz (1983). (a, b)
Gabbronorite 16NU08 showing coarse grain composition, defined by euhedral plagioclase and pyroxenes. Interstitial quartz can be seen on both photographs, but it is not
common. (c) Plagiogranite 16NU09 showing strong alteration, evident by dusty texture and breakdown of amphibole into biotite; (d) Plagiogranite 16NU10 showing breakdown
of clinopyroxene to hornblende. Quartz content is higher than in 16NU09. (e) Harzburgite 17NU35 preserving olivine morphology, but has completely been converted into sec-
ondary products, mainly chlorite. (f) Basalt of the Shyok Volcanics (16NU15a) showing high plagioclase content, whereas rest of the Fe-rich phases have altered into chlorite.
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therefore points to the magma heterogeneity rather than long-term
ophiolite evolution. Normalized to N-MORB, the Shyok Volcanics
display negative Nb and Zr anomalies, and slightly positive Pb and
Sr anomalies. Such characteristics along with the LREE and LILE
enrichments are consistent with the supra-subduction zone basalts
(Fig. 5b; Pearce, 1982). The Shyok Volcanics spread across the
N-MORB and E-MORB fields on the Nb/Yb–Th/Yb plot of
Pearce (2008) and display a Th-enrichment-driven shift into the vol-
canic-arc array (Fig. 5d), which is consistent with a subduction-
zone-related environment.

5.c. U–Pb–Hf zircon geochronology

SHRIMP U–Pb zircon dating results for the gabbronorite
(16NU08) and plagiogranite (16NU09) are reported in Table 2.
The 204Pb-corrected ratios are plotted on Tera-Wasserburg con-
cordia diagrams (Fig. 6). Zircon grains from both the gabbronor-
ite and plagiogranite samples were analysed using laser ablation
(LA) -MC-ICP-MS to determine their initial εHf values which are
presented in Table 3. The Lu–Hf analyses were conducted directly
over all the U–Pb dating sites with four additional sites on non-
dated zircons, producing 16 analyses per sample.

Zircons from the gabbronorite (16NU08) show clear oscillatory
and broad zoning (Fig. 7), with a Th/U ratio range of 0.63–1.35. All
analyses yielded a weighted mean 206Pb/238U age of 159.3 ± 0.8 Ma
(MSWD= 1.6; n = 12) without rejection of any data (Fig. 6a). If the
spread beyond analytical error was modelled as to the result of a
small amount of radiogenic Pb loss, a single grain (spot 4.1) was
excluded and the remaining 11 analyses agreeing within error yield
a weighted mean age of 159.4 ± 0.9 Ma (MSWD = 0.5; n = 11),
which we interpret as the crystallization age for the gabbronorite.
The gabbronorite zircons show highly depleted εHf(t) signatures
ranging from +14.9 to +16.9 (Fig. 8; Table 3), in accordance with
estimated depleted mantle compositions and indicating a juvenile
mantle as the sole magma source.

Zircons from the plagiogranite (16NU09) show similar charac-
teristics to the gabbronorite zircons, but oscillatory zoning is more
common (Fig. 7) and their Th/U ratio range is 0.9–1.16. The zircons
yielded a distinctly bimodal 206Pb/238U age distribution (Fig. 6b).
Eight grains within the older population yielded a weighted mean
206Pb/238U age of 158.1 ± 0.9 Ma (MSWD = 1.5). The large
MSWD is caused by analysis spot 7.1 with the youngest apparent
age of 155.8 ± 1.8 Ma. If this is attributed tominor loss of radiogenic
Pb, then the remaining seven analyses yield a weighted mean
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206Pb/238U age of 158.4 ± 1.1 Ma (MSWD = 0.23). This age is indis-
tinguishable from the 159.4 ± 0.9 Ma age of the gabbronorite host.
All four analyses from the younger group of grains, still of magmatic
character, yielded a weighted mean 206Pb/238U age of 151.2 ± 2.8Ma
(MSWD = 3.9; n = 4). The large MSWD is caused by analysis 9.1
with the youngest apparent age of 149.0± 1.8Ma. If this is attributed
to minor loss of radiogenic Pb, then the remaining three sites yield a
weighted mean 206Pb/238U age of 151.9 ± 1.5 Ma (MSWD = 0.73),
which we interpret as the crystallization age for the plagiogranite.
The older population is interpreted as xenocrystic grains. Zircons
from the plagiogranite also show highly depleted εHf(t) signatures
ranging from +14.9 to +16.9, indicating that the sources of the gab-
bronorite and plagiogranite, in terms ofHf isotopic composition, are
indistinguishable (Fig. 8; Table 3).

6. Discussion

6.a. Shyok VA-ophiolite

The Late Jurassic Changmar Complex (159–152 Ma) represents
the oldest recorded magmatic activity within the Shyok Suture
in Ladakh. This robust age, coupled with the highly juvenile initial
Hf isotopic signature (εHf = +14.9 to +16.9) provides a new and
important age for the onset of intra-oceanic island-arc magmatism
within the Mesotethys Ocean. The Changmar Complex displays
geochemical signatures typical of a mature island-arc setting with
high LREE and LILE enrichments (Fig. 5a, b) that are driven by a
hydrous melting of a depleted mantle wedge, with the sediment or

fluid input from a subducting slab into the generated melt (e.g.
Dilek et al. 2008). The Changmar Complex therefore does not
represent a crystalline gabbroic suite of MORB-like oceanic crust,
but rather an intrusive complex within a mature intra-oceanic
island arc that developed within a supra-subduction zone ophio-
litic crust which formed prior to 159 Ma (Late Jurassic).

The Shyok Volcanics from this study display significant LREE
and LILE enrichments with negative Nb and Zr anomalies and
slightly positive Pb and Sr anomalies, characteristic of supra-
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subduction zone magmas (Fig. 5a, b) where sediments or fluids
from a subducting slab have contributed to hydrous melt genera-
tion (e.g. Pearce, 1982; Dilek et al. 2008). The same patterns were
observed for the Changmar Complex; however, the degree of LREE
and LILE enrichment is lower and more variable in the Shyok
Volcanics. Slightly different degrees of the LREE enrichment
between the volcanic and intrusive rocks suggest that, while they
belong to the same supra-subduction zone arc, they formed during
different stages of arc evolution. The lower degree of enrichment in
the non-differentiated group of the Shyok Volcanics (Fig. 5a;
Section 5.b) suggests less sediment or fluid input into the melt,
which could mean these basalts formed during earlier stages of
the ophiolite development. These differ from the fore-arc basalts
and depleted-fore-arc basalts from recent International Ocean
Discovery Program (IODP) Expedition 352 drilling (Reagan
et al. 2017), which are related to the subduction initiation. The
Shyok Volcanics are therefore likely to have formed during the
later stages of the ophiolite formation. The enriched group of
the Shyok Volcanics and, to a greater degree, the Changmar
Complex (Fig. 5a, c; Section 5.b) are likely to represent even later
stages of island-arc development, when magmatism progressed
into advanced stages of hydrousmelt generation above the subduc-
tion zone with significant sediment or fluid influences on the melt
(e.g. Dilek et al. 2008). When plotted on Ti/V discrimination dia-
gram (Shervais, 1982) and compared with the SSZ and VA ophio-
lites from the global ophiolite survey of Dilek & Furnes (2011),
samples from the Shyok Volcanics and Changmar Complex, as
well as the boninites from the Shyok Volcanics of Thanh et al.
(2012), show affinity with the VA ophiolites (Fig. 5c). Together,
the Shyok Volcanics and Changmar Complex are interpreted to
be discrete elements of a volcanic-arc ophiolite, as defined by
Dilek & Furnes (2011), here referred to as the Shyok VA-ophiolite.
The Shyok Volcanics have similar geochemical trends and compo-
sition to those of the Southern Group from the Skardu area as
described by Rolland et al. (2000), which also show LREE and
LILE enrichments and negative Nb anomalies. These are likely
to be part of the same volcanic-arc ophiolite that was dismembered
along the Shyok Suture; however, some elements are not present in
the Nubra region. The other rock types expected to be found in
typical VA ophiolite such as the sub-aerial more felsic volcaniclas-
tic cover were not identified in this study; however, the Northern
Group described by Rolland et al. (2000) from the Shyok Suture
near Skardu are more evolved and could represent the upper
crustal part of the VA ophiolite not identified in the Nubra region.

The Changmar Complex pre-dates all previous formation ages
for the Shyok VA-ophiolite and the Kohistan Arc; the new age of
159 Ma therefore provides an older minimum age for the forma-
tion of the Shyok VA-ophiolite. The intrusive rocks of this complex
represent a well-developed island arc, whichmeans the initiation of
this arc system must have occurred prior to this date. The highly
positive initial zircon εHf values of +14.9 to +16.9 from the
Changmar Complex (Table 3; Fig. 8) reveal that the magma was
juvenile and purely mantle-derived without continental crust con-
tribution. The Changmar Complex from the Shyok VA-ophiolite
therefore formed in an intra-oceanic island-arc setting prior to Late
Jurassic time, and was remote from the continental crust influences
of Eurasia or Lhasa terrane.

6.b. Jurassic intra-oceanic arc system

In northern Pakistan, the deformed Matum Das pluton and basic
cross-cutting Jutal dykes were originally used to bracket the

collision of the Kohistan Arc with Eurasia (102–75 Ma;
Petterson & Windley, 1985). However, its isochron Rb–Sr age of
c. 102 Ma was recently supplemented by a c. 154 Ma age with
U–Pb zircon re-dating of the Matum Das (Schaltegger et al.
2003; Jagoutz et al. 2018). This 154 Ma age provides evidence
for an earlier initiation of the Kohistan Arc magmatism (Jagoutz
et al. 2018), and therefore the initiation of a new Jurassic subduc-
tion systemwithin the Tethys Ocean. The U–Pb zircon ages andHf
signatures from the Changmar Complex (159–152 Ma; εHf = +15
to +17) are similar to those from the Kohistan Arc (180–128 Ma;
εHf = +13 to +23), which includes theMatumDas tonalite and xen-
ocrystic zircons in the post-collisional dyke from that region
(Fig. 8). The Changmar Complex and the Matum Das tonalite
share similar geochemical trends (Fig. 5a, b), that is, a similar
degree of LREE to HREE enrichment, a lesser degree but compa-
rable LILE enrichment, negative Nb and Ti anomalies and positive
Pb and Sr anomalies (Fig. 5). Both the Changmar Complex and the
Matum Das also share comparable field context, as both intruded
basaltic volcanic formations, the Shyok Volcanics in Ladakh
and the Chalt Volcanics in Kohistan (Fig. 2; Petterson &
Windley, 1985). These similarities compel us to suggest that the
Changmar Complex and the Matum Das tonalite were part of
the same subduction system that formed the Shyok VA-ophiolite
and the Kohistan Arc of the Shyok Suture (Fig. 9).

6.c. Subduction polarity, Mesotethys and Shyok–Bangong
Suture

One issue that our results cannot reconcile is the polarity of the
subduction zone above which the Shyok VA-ophiolite and
Kohistan Arc were formed. The original view depicts the north-
wards subduction of the Neotethys Ocean underneath the oceanic
crust of theMesotethys (the Bangong or Shyok Ocean) forming the
intra-oceanic Kohistan Arc while, further to the north, the same
overriding oceanic plate was also subducting northwards but
beneath southern Eurasia, giving rise to the Karakoram Arc
(Fig. 9a; Tahirkheli et al. 1979; Bard, 1983; Pudsey, 1986; Coward
et al. 1987; Robertson & Degnan, 1994; Treloar et al. 1996; Searle
et al. 1999; Jagoutz et al. 2018). The original model is valid; how-
ever, the same geodynamic realm can be explained by an alterna-
tive model.

Coevalmagmatism of the ShyokVA-ophiolite, KohistanArc and
Karakoram Arc can be driven by the divergent double subduction
of the Mesotethys oceanic plate (Fig. 9b). This mechanism was
postulated in this region by Jan & Asif (1981), Andrews-Speed &
Brookfield (1982) and Khan et al. (1997), and opposed by Collins
et al. (1998) and Bignold & Treloar (2003). Khan et al. (1997) sup-
ported southwards subduction beneath the Kohistan Arc with the
progressive increase in high-field-strength element (HFSE) enrich-
ment from north to south, from the Chalt Volcanics to Kamila
Amphibolites, a pattern that was found consistent with a modern
arc example such as the Izu–Bonin–Marianna Arc (Khan et al.
1997). The presence of boninites in the Chalt Volcanics found in
the northern part of the Kohistan Arc was further used by Khan
et al. (1997) to support southwards subduction polarity as a result
of their common occurence in the fore-arc regions. The boninites
should not be solely used to infer tectonic setting (Bignold &
Treloar, 2003), as they are not entirely limited to fore-arc regions
(e.g. Cooper et al. 2010). However, a fore-arc origin for the Shyok
VA-ophiolite was also inferred from the boninites found within
the Shyok Volcanics by Thanh et al. (2012), but this fore-arc ophio-
litic crust was attributed to the Karakoram Arc. We find this
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interpretation unlikely because of the strong juvenile mantle signa-
tutre (εHf = +15 to +17) in the ophiolitic rocks that contrasts the
Andean-type Karakoram Arc that has an evolved signature
(εHf = –4 to +2; Ravikant et al. 2009). The fore-arc ophiolite to con-
tiental arc, even evolved, is expected to have some characteristics
of a continental-margin-type ophiolite still preserved (see Dilek &
Furnes, 2011). These could include subcontinetal mantle lhezorite
fragments or widespread N-MORBs as a remanant of the
continental rifting. Such rocks are not found in the Shyok Suture.
It is likely that the Shyok Volcanics represent a fore-arc crust that
belonged to an intra-oceanic-arc system (i.e. Shyok VA-ophiolite),
rather than a continental arc as clearly demonstrated by the juvenile
Hf isotope signatures. In such a tectonic arrangement, the fore-arc
rocks of the Shyok Volcanics are better matched with the Chalt
Volcanics in Pakistan as suggested by Thanh et al. (2012), which
are interpreted to be a part of the fore-arc sequence of the
Kohistan Arc (e.g. Petterson & Windley, 1991; Khan et al. 1997).
This correlation favours southwards subduction to form the
Shyok VA-ophiolite; however, it does not exclude formation by
the northwards subduction as boninites are not restricted to fore-
arcs. The mafic rocks from the Shyok Suture were interpreted to
originate in arc (e.g. Borneman et al. 2015), fore-arc (e.g. Thanh
et al. 2012) and back-arc environments (e.g. Robertson & Collins,
2002), which highlights the complexity of this suture along-strike.
Unfortunately, our results alone cannot reconcile the subduction
polarity issue in this geopuzzle; both possibilities are therefore
considered feasible (Fig. 9).

A divergent double subductionmodel is also used to explain the
closure of the Mesotethys Ocean and eventual collision between
the Qiangtang and Lhasa terranes along the Bangong Suture in
Tibet (e.g. Yin & Harrison, 2000; Metcalfe, 2013; Zhu et al.
2013, 2016; Kapp &DeCelles, 2019; Li et al. 2020). The southwards
subduction beneath the Lhasa terrane and coeval northwards sub-
duction beneath the Southern Qiangtang Arc in Tibet (e.g. Zhu
et al. 2013, 2016) is likely to correspond to the southwards subduc-
tion beneath the Shyok VA-ophiolite and northwards subduction
beneath the Karakoram Arc in Ladakh region. This deductive
inference of the south-facing subduction for the formation of
the Shyok VA-ophiolite is consistent with previous models that
propose a lateral continuation between the Shyok and Bangong
sutures, prior to disruption by the Karakoram Fault (Phillips
et al. 2004; Baxter et al. 2009; Robinson, 2009; Borneman et al.
2015).

In this geotectonic arrangement, theMesotethyan terranes such
as the Shyok VA-ophiolite, Kohistan Arc and Lhasa were linked by
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Late Jurassic Shyok Suture ophiolite, Ladakh Himalaya 255

https://doi.org/10.1017/S0016756820000400 Published online by Cambridge University Press

https://doi.org/10.1017/S0016756820000400


the same Trans-Tethyan subduction system. During the Jurassic
Period, these terranes would mark the southern boundary of the
seaway tract (Mesotethys Ocean) that is represented by the
matched Shyok and Bangong sutures (e.g. Phillips et al. 2004;
Baxter et al. 2009; Robinson, 2009; Liu et al. 2014; Borneman
et al. 2015) rather than matching the Shyok and Yarlung–
Tsangpo sutures (cf. Jagoutz et al. 2015). This Mesotethyan sub-
duction system might have been responsible for the rifting of
the Lhasa terrane from Gondwana during Triassic–Jurassic time
and the northwards drift of these terranes to eventually collide with
Eurasia (Zhu et al. 2011; Li et al. 2016). This interpretation is con-
sistent with the timing of the rift and drift of the Lhasa terrane
(Li et al. 2016), coeval continental-arc magmatism within the
Karakoram Arc (162–83 Ma; Heuberger et al. 2007; Borneman
et al. 2015; Groppo et al. 2019) and Southern Qiangtang Arc
(185–100 Ma; Li et al. 2017b; Liu et al. 2017) until the collision
along the Shyok and Bangong sutures (Li et al. 2020). It is also con-
sistent with the diachronous nature of the collision between the
Lhasa and Qiangtang terranes (Yan et al. 2016; Liu et al. 2017).
Initiating in the east, this collision would progress westwards along
the Bangong suture (125–105 Ma; Yan et al. 2016; Li et al. 2020)
and into the Ladakh region where the Shyok Suture closed at
c. 92–85 Ma (Borneman et al. 2015). It then progress into the
Kohistan region, where structural patterns support the diachronous
collision (Robertson & Collins, 2002) between the Kohistan Arc
and Eurasia along the Shyok Suture at c. 90–75 Ma (Petterson &
Windley, 1985; Robertson & Collins, 2002).

The Kohistan–Ladakh–Tibet bridgingmodel with the divergent
double subduction is favoured because it explains (1) a presence
of Jurassic–Cretaceous continental-arc magmatism along the
southern boundary of the Karakoram and Qiangtang terranes
(Fig. 9b) and (2) coeval magmatic activity within the intra-oceanic
Shyok VA-ophiolite and Kohistan Arc and a continental magma-
tism within the Lhasa terrane (e.g. Zhu et al. 2016). Further, (3)
it accounts for magmatic shut-off within the Karakoram Arc
and Southern Qiangtang Arc during middle–late Cretaceous time
due to the Shyok VA-ophiolite and Lhasa terrane collision along
the Shyok and Bangong sutures.

The southwards Jurassic Trans-Tethyan subduction system
provides amechanism for the northwards drift of the Lhasa terrane
(Zhu et al. 2011; Li et al. 2016) and, at the same time, it explains the
formation of the Shyok VA-ophiolite in Ladakh. The Shyok
VA-ophiolite, an intra-oceanic terrane, would have formed in lat-
eral continuity with the Lhasa’s northern boundary along the same
subduction system (Fig. 9b), but it would be distant and in a differ-
ent tectonic setting. This was indicated by the Hf isotopic signa-
tures of the Shyok VA-ophiolite (Fig. 8) where, during the Jurassic
Period, there was no contribution from an evolved continental
crust of the Lhasa terrane to the purely juvenile mantle magmatism
underneath the VA-ophiolite (Fig. 8). The collision of the Shyok
VA-ophiolite with Eurasia during the Cretaceous Period would
have been followed by the reactivation of a new subduction zone
along its southern boundary with the northwards dip to initiate the
Ladakh Arc, as suggested by Khan et al. (1997). This is consistent
with the field observations in the Nubra region, where the Late
Cretaceous–Eocene Ladakh Batholith intruded into the Shyok
Volcanics of the Shyok VA-ophiolite (Fig. 3d, e).

Our geochronological and isotopic data can equally be fitted
with a double northwards subduction model (Fig. 9a), and either
the Cretaceous or Eocene collision models for the closure of the
Shyok Suture. However, issues arise in the case of the latter.
There is no documented magmatism within the Karakoram Arc

between 83 and 40 Ma, suggesting that northwards subduction
of the Mesotethys beneath Eurasia had ceased by Late
Cretaceous time. If the Mesotethys closed after the closure of
the Neotethys, as suggested by Bouilhol et al., (2013), then
continental-arc magmatism within the Karakoram Arc would be
expected to have continued until the final collision during late
Eocene time; however, a calc-alkaline magmatism was not
recorded within the Karakoram Arc after c. 83 Ma (e.g. Groppo
et al. 2019).

7. Conclusions

The Changmar Complex in the Nubra region of Ladakh formed
during Late Jurassic time and has juvenile initial zircon εHf isotope
signatures. It displays geochemical trends characteristic of supra-
subduction zone magmatism. The Changmar Complex represents
an intrusive suite of a volcanic-arc ophiolite within the Mesotethys
Ocean. Upon collision with Eurasia, along the Shyok Suture, this
complex formed a basement into which the Cretaceous–Eocene
Ladakh Arc has subsequently intruded. Igneous rocks of the
Shyok VA-ophiolite in Ladakh show similar field relationships,
geochemistry, ages and isotopic characteristics to those from the
Jurassic Matum Das tonalite within the Kohistan Arc in
Pakistan. We suggest that the Shyok VA-ophiolite and Kohistan
Arc were part of the same juvenile, intra-oceanic subduction
system, which initiated prior to c. 159 Ma. The model presented
is consistent with previous models for the amalgamation of
Tibet along the Bangong Suture, and it adds a new Jurassic element
which allows for correlations to the west. A link between the
tectonic developments in the Ladakh and Kohistan regions, and
with those in Tibet, maintains the established diachronous E-to-
W closure pattern for the Mesotethys Ocean along the Shyok–
Bangong Suture.

Supplementary material. To view supplementary material for this article,
please visit https://doi.org/10.1017/S0016756820000400
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