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Abstract The South Tianshan Orogen marks the final assembly of the southwestern Central Asian
Orogenic Belt (CAOB) and the Karakum–Tarim cratons. Here we present an integrated mineralogical,
geochemical, and geochronological study of the Wuwamen ophiolitic mélange in the South Tianshan to
better understand the tectonic evolution of the western CAOB and its links to Gondwana and Pangea. Mantle
peridotites with mineral compositions similar to those of abyssal peridotites and basalts with N-MORB
geochemical affinities suggest that the Wuwamen ophiolite was formed in a mid-ocean ridge setting.
Arc-related gabbro and plagiogranite stocks intruding the mantle peridotites yielded zircon U–Pb ages of
441.1 ± 4.2 and 442.8 ± 2.4 Ma, indicating that the Wuwamen ophiolite got emplaced prior to ~440 Ma.
Sericite-quartz schist from the ophiolitic mélange matrix with abundant 481–319 Ma detrital zircon grains
is crosscut by a two-mica granite dike with a zircon U–Pb age of 321.3 ± 1.7 Ma, thereby constraining the
formation of the Wuwamen ophiolitic mélange at ~320 Ma. In conjunction with published data, we
propose that the South Tianshan Ocean opened in the late Neoproterozoic and promoted the
subsequent separation of microcontinents in the western CAOB from the northeast Gondwana margin
during Gondwana assembly. Furthermore, the closure of the South Tianshan Ocean led to the final
assembly of the southwestern CAOB and the Karakum–Tarim cratons and their incorporation into Pangea
at ~320 Ma.

1. Introduction

The Central Asian Orogenic Belt (CAOB; Figure 1), located between the Baltica, Siberia, Karakum, Tarim, and
North China cratons, underwent a long-lived geological evolution extending from late Neoproterozoic to
early Mesozoic times, and witnessed the shaping of Gondwana and Pangea (Cawood & Buchan, 2007;
Domeier & Torsvik, 2014; Han, Zhao, Cawood, et al., 2016; Sengör et al., 1993; Wilhem et al., 2012; Windley
et al., 2007; Xiao et al., 2015). The final assembly of Gondwana was achieved by multiple orogenic events
between 570 and 470 Ma, such as the Brasiliano Orogen, the North Indian Orogen, and the Ross-
Delamerian Orogen (Cawood et al., 2007; Cawood & Buchan, 2007; Collins & Pisarevsky, 2005). Intriguingly,
the western CAOB recorded coeval orogenic events, as indicated by the 530–470 Ma (ultra)high-pressure
[(U)HP] metamorphism in the Kokchetav, Anrakhai, Aktyuz, Makbal, and Barleik metamorphic terranes
(Figure 1; Alexeiev et al., 2011; Hermann et al., 2001; Klemd et al., 2015; Konopelko et al., 2012; Liu, Han, et al.,
2016; Rojas-Agramonte et al., 2013). The Tarim and North China cratons bordering the CAOB to the north
were thought to have been incorporated into northeast Gondwana based on the ~510–470 Ma (U)HP meta-
morphism along their southern margins (Han, Zhao, Cawood, et al., 2016; Metcalfe, 2013), which is in contrast
with suggestions that both were unconnected with the Gondwana margin throughout the Paleozoic (Cocks
& Torsvik, 2013; Wilhem et al., 2012). A pending issue however is whether the microcontinents (such as the
Central Tianshan, Kazakhstan–Yili, and Kokchetav blocks) of the western CAOB had ever been integrated in
East Gondwana, which is crucial to the architectural reconstruction of the CAOB.

The assembly of Pangea was completed by the end of the Triassic involving the progressively north directed
migration of numerous terranes toward southern Siberia, including the CAOB units and the NE Gondwana-
derived continental blocks which are now located in Southeast Asia (Domeier & Torsvik, 2014; Metcalfe,

WANG ET AL. 7361

Journal of Geophysical Research: Solid Earth

RESEARCH ARTICLE
10.1029/2018JB015689

Key Points:
• The Wuwamen ophiolite formed in a

mid-ocean ridge setting and got
emplaced prior to ~440 Ma

• The formation of the Wuwamen
ophiolitic mélange suggests that the
final closure of the South Tianshan
Ocean occurred at ~320 Ma

• The western Central Asian Orogenic
Belt was not accreted to Gondwana
prior to collision with Karakum–Tarim
as part of Pangea at ~320 Ma

Supporting Information:
• Supporting Information S1
• Table S1
• Table S2
• Table S4
• Table S5
• Table S6
• Table S7
• Table S8
• Table S9
• Table S10
• Table S11

Correspondence to:
X.-S. Wang and J. Gao,
wangxinshui0716@mail.iggcas.ac.cn;
gaojun@mail.iggcas.ac.cn

Citation:
Wang, X.-S., Klemd, R., Gao, J., Jiang, T.,
Li, J.-L., & Xue, S.-C. (2018). Final
assembly of the southwestern Central
Asian Orogenic Belt as constrained by
the evolution of the South Tianshan
Orogen: Links with Gondwana and
Pangea. Journal of Geophysical Research:
Solid Earth, 123, 7361–7388. https://doi.
org/10.1029/2018JB015689

Received 24 FEB 2018
Accepted 16 JUL 2018
Accepted article online 25 JUL 2018
Published online 3 SEP 2018

©2018. American Geophysical Union.
All Rights Reserved.

http://orcid.org/0000-0001-7879-1293
http://orcid.org/0000-0002-0914-0048
http://orcid.org/0000-0002-5847-4642
http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9356
http://dx.doi.org/10.1029/2018JB015689
http://dx.doi.org/10.1029/2018JB015689
http://dx.doi.org/10.1029/2018JB015689
http://dx.doi.org/10.1029/2018JB015689
http://dx.doi.org/10.1029/2018JB015689
http://dx.doi.org/10.1029/2018JB015689
http://dx.doi.org/10.1029/2018JB015689
http://dx.doi.org/10.1029/2018JB015689
http://dx.doi.org/10.1029/2018JB015689
http://dx.doi.org/10.1029/2018JB015689
http://dx.doi.org/10.1029/2018JB015689
http://dx.doi.org/10.1029/2018JB015689
http://dx.doi.org/10.1029/2018JB015689
http://dx.doi.org/10.1029/2018JB015689
http://dx.doi.org/10.1029/2018JB015689
http://dx.doi.org/10.1029/2018JB015689
http://dx.doi.org/10.1029/2018JB015689
http://dx.doi.org/10.1029/2018JB015689
http://dx.doi.org/10.1029/2018JB015689
http://dx.doi.org/10.1029/2018JB015689
http://dx.doi.org/10.1029/2018JB015689
http://dx.doi.org/10.1029/2018JB015689
http://dx.doi.org/10.1029/2018JB015689
http://dx.doi.org/10.1029/2018JB015689
http://dx.doi.org/10.1029/2018JB015689
mailto:wangxinshui0716@mail.iggcas.ac.cn
mailto:gaojun@mail.iggcas.ac.cn
https://doi.org/10.1029/2018JB015689
https://doi.org/10.1029/2018JB015689
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2018JB015689&domain=pdf&date_stamp=2018-09-03


2013; Stampfli et al., 2013). However, the exact time of docking of the Karakum–Tarim and North China
cratons with the southern CAOB is highly disputed, which in turn leads to uncertainties concerning the timing
of their integration into Pangea. Currently, final suturing of the western part of the southern CAOB was
proposed to have occurred from late Devonian through Carboniferous to late Permian–mid-Triassic times
(Charvet et al., 2011; Gao et al., 2011; Han et al., 2011; Han, Zhao, Sun, et al., 2016; Su et al., 2010; Wang
et al., 2011; Xiao et al., 2015; Windley et al., 1990; Zhang et al., 2007), while termination of the Solonker suture
zone in the eastern part was constrained to late Devonian or late Permian–mid-Triassic times (Eizenhöfer &
Zhao, 2017; Xiao et al., 2015; Xu et al., 2013). Consequently, the exact final closure timing of the Paleo-
Asian Ocean and the interaction of major tectonic units in the southern CAOB are critical for reconstructing
the details of the Pangea assembly.

The South Tianshan Orogen in the southwestern CAOB (Figures 1 and 2) marks the welding of the Kazakhstan
Orocline with the Karakum–Tarim cratons by closure of the South Tianshan Ocean (also known as Turkestan
Ocean in the Kyrgyz Tianshan; e.g., Biske & Seltmann, 2010; Gao et al., 1998; Seltmann et al., 2011; Xiao et al.,
2015). Yet some key issues remain rather speculative regarding the nature of the South Tianshan Ocean (a
broad ocean versus back-arc basin), the subduction polarity of oceanic closure (southward versus northward
versus bidirectional), and the timing of the final collision (e.g., Alexeiev et al., 2015; Charvet et al., 2011; Gao
et al., 2009; Ge, Zhu, Wu, et al., 2012; Han & Zhao, 2017; Jiang et al., 2014; Klemd et al., 2015; Loury et al., 2015;
Mühlberg et al., 2016; Safonova et al., 2016; Sang et al., 2018; Wang et al., 2011; Wang, Zhai, et al., 2017; Xiao
et al., 2013). This is partly due to discrepancies in the interpretation of the nature and formation of the
ophiolitic mélanges in the South Tianshan region (Figure 2) and their adaptation into the regional-scale
tectonic evolution.

Ophiolites are interpreted as ancient oceanic lithosphere and are often emplaced along suture zones of
fossil orogens that delineate major boundaries between assembled continental blocks or accreted terranes
(e.g., Cawood et al., 2009; Dewey, 1976; Dilek & Furnes, 2011). However, ophiolites usually occur as

Figure 1. Tectonic map showing the main tectonic units of the Central Asian Orogenic Belt (modified from Sengör et al.,
1993; Xiao et al., 2015). The (U)HP metamorphic rocks in the Kazakhstan Orocline are indicated by red stars, including
(1) Kokchetav, (2) Makbal, (3) Anrakhai, (4) Aktyuz, (5) Barleik, (6) Akyazi, (7) Atbashi, and (8) Kassan.
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dismembered fragments enclosed in chaotic mélanges and some of their units may be missing, which makes
it difficult to define their formation ages. In addition, ophiolites form in various settings, such as mid-ocean
ridges, marginal basins (back-arc or fore-arc), and continental margins (e.g., Dilek & Furnes, 2011, 2014;
Miyashiro, 1973; Pearce, 2014). Thus, it is of paramount importance to pinpoint the precise nature of the
ophiolites in the South Tianshan in order to link them with a single or several independent oceanic basins.

The present contribution includes field observations, mineral (i.e., olivine, pyroxene, and spinel) chemistry,
zircon U–Pb–Lu–Hf isotope data, and whole-rock geochemistry of igneous and sedimentary rocks from the
Wuwamen ophiolitic mélange of the South Tianshan, with the aim of constraining the nature and the timing
of formation and emplacement of the Wuwamen ophiolite. In conjunction with published geological, strati-
graphical, geochemical, and high-grademetamorphic data in the South Tianshan Orogen, the results provide
new insight into the subduction-accretion and collision processes in the southwestern CAOB. We further
show that the South Tianshan Ocean acted as a major barrier between the western CAOB and the
Karakum–Tarim cratons during the Gondwana assembly and that the final assembly of the southwestern
CAOB occurred at mid-Carboniferous (~320 Ma) times leading to the incorporation of the Karakum–Tarim
cratons into Pangea.

2. Geological Setting

The South Tianshan Orogen formed as a result of a long-lasting interplay involving various terranes in the
southwestern CAOB and the Karakum–Tarim cratons (Figure 2; e.g., Gao et al., 1998, 2015; Wang, Gao, et al.,
2014; Xiao et al., 2013). In this study, the South Tianshan and adjacent areas are divided from north to south
into the Kazakhstan–Yili Block (KYB), the Kyrgyz North Tianshan Block (KNTS), the Central Tianshan Block
(CTB), the South Tianshan Belt (STB), and the Northern Tarim Craton (Figure 2; Wang, Gao, et al., 2014;
Wang, Gao, et al., 2017).

The KYB, KNTS, and CTB are major units of the southern limb of the Kazakhstan orocline and are regarded as
continental blocks welded by early Paleozoic acrretionary complexes (Kröner et al., 2012; Wilhem et al.,
2012; Windley et al., 2007). The KYB is composed of a Neoarchean–Mesoproterozoic crystalline basement
intruded by early Neoproterozoic (~926–845 Ma) gneissic granites and mid-Neoproterozic (~778–742 Ma)
rift-related mafic dikes and felsic rocks (Kröner et al., 2007, 2012; Liu, Wang, et al., 2014; Wang, Liu, et al.,
2014; Wang, Shu, et al., 2014). Overlying the basement are late Neoproterozoic sandstone, limestone and
interlayered glacial diamictite, and Cambrian–early Ordovician phosphorous clastic-carbonate sequences
on a passive continental margin (Ding et al., 2009; Gao et al., 1998; Wang, Shu, et al., 2014). Paleozoic

Figure 2. Geological map showing the tectonic subdivision of the Western Tianshan Orogen and adjacent areas in the southwestern CAOB (modified after Gao et al.,
2009; Xiao et al., 2013; Wang, Gao, et al., 2017). The tectonic subunits include the North Tianshan Accretionary Complex (NTAC), the Kazakhstan–Yili Block (KYB), the
Kyrgyz North Tianshan Block (KNTS), the Central Tianshan Block (CTB), and the South Tianshan Belt (STB). Major faults: NTF = North Tianshan Fault, NTMF = North
Tarim Fault, TFF = Talas-Ferghana Fault. The locations of the (U)HP rocks are indicated by the red stars. The position of Figure 3 is marked.
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volcanic-plutonic rocks mainly show arc-related calc-alkaline affinities, which are associated with the sub-
duction of the Junggar, Terskey, and South Tianshan oceans (e.g., Kröner et al., 2012; Long et al., 2011;
Wang et al., 2018; Zhu et al., 2009).

The KNTS (also known as Kokchetav–North Tianshan or Stepnyak–Kyrgyz North Tianshan) is separated from
the KYB by the Dajalair–Naiman suture zone defined by Cambrian–early Ordovician ophiolites and (U)HP
metamorphic terranes (like Aktyuz and Anrakhai) and associated volcano-sedimentary rocks (Figure 2;
Alexeiev et al., 2011; Klemd et al., 2014; Kröner et al., 2007, 2012; Ryazantsev et al., 2009; Rojas-Agramonte
et al., 2013). The Precambrian rocks in the KNTS are poorly exposed with somemetafelsic volcanic rocks yield-
ing zircon U–Pb ages of 1373–1045 Ma (Kröner et al., 2013). The basement rocks are unconformably overlain
by Cambrian to Carboniferous volcano-sedimentary successions (Bazhenov et al., 2003; Glorie et al., 2011).
Voluminous Paleozoic magmatism mainly occurred during Cambrian–Silurian and Late Devonian–Early
Permian times, and is related to the subduction and closure of the Terskey and South Tianshan oceans
(e.g., De Grave et al., 2013; Glorie et al., 2010; Seltmann et al., 2011).

The CTB consists of the Kyrgyz Middle Tianshan (also referred to as Ishim–Middle Tianshan) and the Chinese
Central Tianshan (Kröner et al., 2017; Qian et al., 2009; Windley et al., 2007). The tectonic boundary between
the CTB and KNTS is marked by the Terskey–North Nalati suture zone that contains Cambrian to early
Ordovician ophiolitic mélanges, UHP eclogite-facies rocks (i.e., Makbal), and associated turbidites (Klemd
et al., 2015; Konopelko et al., 2012; Kröner et al., 2013; Lomize et al., 1997; Meyer et al., 2014; Qian et al.,
2009; Rojas-Agramonte et al., 2013). Early Precambrian rocks in the CTB yielded Neoarchean to
Paleoproterozoic ages (Kröner et al., 2017; Wang, Gao, et al., 2014; Wang, Gao, et al., 2017), and they are
unconformably overlain by early Neoproterozoic siliciclastic rocks and limestones; late Neoproterozoic
volcano-sedimentary rocks, dolomites, and glacial diamictites; and Cambrian to early Ordovician shallow-
marine phosphorous clastic-carbonate formations (Levashova et al., 2011). In addition, a major angular
unconformity was recognized between late Ordovician–early Devonian low-grademetavolcano-sedimentary
successions and overlying late Devonian–Carboniferous unmetamorphosed volcanic rocks, terrigenous
clastic sediments, and carbonates (Charvet et al., 2011; Gao et al., 1998; Wang et al., 2008). Widespread
Neoproterozoic (~970–650 Ma) igneous rocks were presumably associated with the assembly and breakup
of Rodinia (Gao et al., 2015; Konopelko et al., 2013, 2014). Intensive Paleozoic magmatism throughout the
CTB is represented by Cambrian to Permian volcanic and intrusive rocks and interpreted to have formed
during subduction-related, collisional, or postcollisional stages (e.g., Gao et al., 2009; Glorie et al., 2011;
Konopelko et al., 2017; Long et al., 2011; Ma et al., 2012; Seltmann et al., 2011).

The STB is bounded by the South Central Tianshan Suture Zone (SCTSZ; also termed South Tianshan or
Turkestan Suture) to the north and the North Tarim Fault to the south (Figure 2; Gao et al., 2009; Qian et al.,
2009). The SCTSZ roughly runs from east to west along the Baluntai fault, the south Nalati fault, and the
Atbashi–Inylchek fault, and continues along the south Ferghana fault to the west of the Talas–Ferghana fault.
The suture zone is marked by discrete late Neoproterozoic to Carboniferous ophiolitic mélanges, (U)HP meta-
morphic terranes (i.e., Akyazi, Atbashi, and Kassan), and ocean plate stratigraphical elements (e.g., Alexeiev
et al., 2015; Dolgopolova et al., 2017; Gao et al., 2009; Hegner et al., 2010; Jiang et al., 2014; Mühlberg et al.,
2016; Safonova et al., 2016; Sang et al., 2018). However, some authors dispute that the Kyrgyz Middle
Tianshan is the westward extension of the Chinese Central Tianshan and, instead, interpret the STB as its
westward extension bounded by the south Nalati–Atbashi–Inylchek fault (also SCTSZ) to the north
(Charvet et al., 2011; Wang et al., 2011; Wang, Zhai, et al., 2017). Alternatively, the STB was regarded as a broad
fore-arc accretionary complex developed by a general southward accretion during northward subduction
(Xiao et al., 2013). The STB consists mainly of imbricated late Ordovician to Carboniferous highly deformed
clastic-carbonate successions with volcanic interbeds, which generally display a low- to medium-grade meta-
morphic overprint. Precambrian basement rocks are poorly exposed except the ~826–707 Ma granitic gneiss
in the Muzaerte area and the Erbin Range (Alexeiev et al., 2015; Chen et al., 2000). Locally, the early strata are
unconformably overlain by early Permian terrestrial volcano-clastic successions, interpreted to have been
generated in a postcollisional setting (Huang et al., 2015; Liu, Guo, et al., 2014). Two phases of magmatism
have been identified in the STB, which occurred at ~440–388 and 310–270 Ma, respectively (e.g., Huang et al.,
2013; Konopelko et al., 2007; Lin et al., 2013; Seltmann et al., 2011; Zhao et al., 2015). In addition, a southern
ophiolitic mélange belt is exposed in the south of the STB (see details in the next section; Han et al., 2011;
Jiang et al., 2014; Han & Zhao, 2017; Wang, Zhai, et al., 2017).
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The Northern Tarim Craton is characterized by a Neoarchean–Paleoproterozoic basement that is covered by
Mesoproterozoic to early Neoproterozoic weakly metamorphosed marine clastic–carbonate sequences
(Figure 2; e.g., Ge et al., 2013; Ge, Zhu, Wilde, Wu, et al., 2014; Lu et al., 2008; Zhang, Zou, et al., 2013).
These rocks are unconformably overlain by late Neoproterozoic unmetamorphosed clastic rocks, glacial dia-
mictites, bimodal volcanic rocks, and minor carbonates (e.g., Lu et al., 2008; Xu et al., 2009; Zhu et al., 2011).
Paleozoic strata consist of Cambrian–Ordovician phosphorous siliciclastic and carbonate sequences, Silurian–
Devonian shallow-marine clastic sediments, and Carboniferous–Permian clastic-carbonates and volcanic
beds, which are separated by two major angular unconformities (Carroll et al., 2001; Han et al., 2015; Xiao
et al., 2013). Several magmatic and tectonothermal events display Neoarchean to Permian ages, including
~830–790 Ma HP granulite-facies metamorphism (Ge et al., 2016; He et al., 2012), ~780–760 Ma Aksu
blueschist-facies metamorphism (Yong et al., 2013; Zhang et al., 2012), and ~460–380 Ma arc-related plutonic
rocks (Ge, Zhu, Wu, et al., 2012; Ge, Zhu, Wilde, He, et al., 2014).

3. The Ophiolitic Mélanges in the South Tianshan

Two ophiolite belts are exposed in the South Tianshan, i.e., a northern belt in the SCTSZ and a southern belt in
the south of the STB. Up to now, two models have been suggested regarding the origins of the belts: (1) both
are relics of one single normal oceanic basin (i.e., South Tianshan Ocean) whereby the southern belt repre-
sents allochthonous klippes that originated from the northern belt (Han et al., 2011; Han & Zhao, 2017;
Xiao et al., 2013) or (2) relics of two separate oceanic basins, namely, a normal ocean basin (i.e., South
Tianshan Ocean) and a back-arc or fore-arc basin from which the northern and southern belts were derived,
respectively (e.g., Alexeiev et al., 2015; Charvet et al., 2011; Jiang et al., 2014; Wang et al., 2011; Wang, Zhai,
et al., 2017). To the west of the Talas-Ferghana fault, the northern belt is defined by the North Ferghana,
Karaterek, Sartale, Kan, North Nuratau, Teskuduk, and Bukantau ophiolitic mélanges (Alexeiev et al., 2015,
2016; Biske & Seltmann, 2010). Gabbros from the North Nuratau and Teskuduk ophiolites yielded zircon
U–Pb ages of 448 ± 4 Ma (Mirkamalov et al., 2012) and 438 ± 6 Ma (Dolgopolova et al., 2017), respectively.
In addition, fossils, such as radiolarians and conodonts, found in chert-rich sediments have ages ranging from
early Ordovician to early Silurian times (Alexeiev et al., 2016; Biske & Seltmann, 2010; Dolgopolova et al.,
2017). To the east, ophiolitic mélanges in the SCTSZ comprise the Aigyrbulak, Djanydjer, Changawuzi,
Dalubayi, Guluogou, and Wuwamen ophiolites (Alexeiev et al., 2015; Han & Zhao, 2017; Jiang et al., 2014;
Sang et al., 2018). Gabbros from the Djanydjer ophiolite in the Atbashi region revealed zircon U–Pb ages of
422–375 Ma (Sang et al., 2018; Wang et al., 2016), which are broadly consistent with early Devonian to early
Carboniferous conodonts of the siliceous rocks (Alekseev et al., 2007). The age of the oldest ophiolite, the
Dalubayi ophiolite, was determined by single zircon Pb–Pb ages of 600–590 Ma for gabbros and basalts
(Yang et al., 2005). However, these ages are disputed (cf. Han, Zhao, Sun, et al., 2016). The gabbros of the
Guluogou ophiolite, which occurs along the Baluntai fault, revealed zircon U–Pb ages of 334–332 Ma and
were interpreted to have formed in a mid-ocean ridge (MOR) setting as evidenced by the close association
with MORB- and OIB-type basalts (Jiang et al., 2014). More recently, however, the Wuwamen ophiolitic
mélange—also exposed along the Baluntai fault—was dated at 334–309 Ma and interpreted to have origi-
nated in a short-lived back-arc basin (Dong et al., 2005; Wang, Zhai, et al., 2017).

The southern belt is defined by the Jigen, Baleigong, Qiqijianake, Misibulake, Madaleke, Aertengkesi, Kulehu,
and Serikeyayilake ophiolitic mélanges. The Jigen ophiolite to the west of the Talas-Ferghana fault yielded a
whole-rock Sm–Nd isochron age of 392 ± 15 Ma for MORB-type basalts (Xu et al., 2003). Cherty rocks from the
Baleigong and Qiqijianake ophiolites of the Kokshaal area contain late Devonian to early Carboniferous
radiolarians and conodonts (Han et al., 2011; Kang et al., 2010), while associated basalts revealed zircon
U–Pb ages of 450 ± 2 Ma (Wang et al., 2007) and 399 ± 4 Ma (Wang et al., 2012). Further east, gabbros from
the Misibulake, Mandaleke, and Aertengkesi ophiolites in the Heiyingshan area yielded zircon U–Pb ages of
425–392 Ma, and in addition, late Devonian–early Carboniferous radiolarians and conodonts were identified
in siliceous sediments (Han et al., 2011; Jiang et al., 2014; Wang et al., 2011). Mafic rocks from the ophiolites
show complex geochemical signatures with N-MORB, E-MORB, OIB, and arc affinities, thereby suggesting that
these rocks were formed in a suprasubduction zone (SSZ) setting of a back-arc or fore-arc basin (Jiang et al.,
2014; Wang et al., 2011). The gabbros of the Kulehu ophiolite revealed zircon U–Pb ages of 425–418Ma, while
N-MORB-type basalts and associated mid-Devonian to early Carboniferous radiolarians in cherts suggest an
origin in a small oceanic basin (Liu et al., 1994; Long et al., 2006; Ma et al., 2007). A gabbro of the
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Serikeyayilake ophiolite has a zircon U–Pb age of 423 ± 10Ma andwas thought to have formed in a SSZ setting
based on the presence of SSZ-type mantle peridotites and N-MORB-type basalts (Jiang et al., 2014). Notably,
the Yushugou granulite terrane with a presumed ophiolite affinity (Jiang et al., 2014; Wang et al., 2011; Wang,
Zhai, et al., 2017; Yang et al., 2011) in the Kumishi area was reinterpreted as continental arc root rocks
overprinted by multiphase metamorphism during 398–322 Ma (Jian et al., 2013; Zhang et al., 2018; Zhang &
Jin, 2016).

The here studied Wuwamen ophiolitic mélange, extending NWW-SEE with a width of about 2 km, is exposed
along the Baluntai fault, which juxtaposes against the CTB to the north and the STB to the south (Figures 3
and 4; Dong et al., 2005; Wang, Gao, et al., 2014; Wang, Gao, et al., 2017). The CTB is overthrust by the southern
Wuwamen ophiolitic mélange and mainly represented by a suite of highly deformed early Paleozoic (475–
416 Ma) gabbro and diorite batholiths formed in a continental arc setting (Ma et al., 2012; Zhong et al.,
2015). Approaching the contact zone, the tightly folded mélange displays a subvertical foliation due to inten-
sive mylonitization. The batholiths were also strongly mylonitized with a south dipping foliation defined by
oriented hornblende and plagioclase, indicating a top-to-the-north thrusting (Figure 4). To the south, the
STB is separated from the Wuwamen ophiolitic mélange by a south dipping fault (Figures 3 and 4). The
STB is dominated by shallow-marine sequences that contain sandstones, calcareous mudstones, and lime-
stones, which were variably deformed and overprinted by greenschist-facies metamorphism. This strati-
graphic sequence shows pervasive south or southwest dipping foliations with gentle to subhorizontal
stretching lineations (Figure 4a) and south vergent overturned folds, indicating top-to-the-north thrusting
and subsequent dextral shearing (this study; Wang, Zhai, et al., 2017).

The Wuwamen ophiolitic mélange mainly consists of allochthonous tectonic fragments of mylonitized
marine sedimentary rocks, limestones/marbles, Precambrian basement, and ophiolitic slices in a chaotic
matrix of late Paleozoic turbidites (Figures 3 and 4). Both the fragments and the turbiditic matrix exhibit
broadly uniform south dipping foliations and gentle to subhorizontal stretching lineations (Figures 3
and 4), further indicating top-to-the-north thrusting and subsequent dextral shearing. Our recent
studies revealed that the Precambrian fragments consist mainly of Neoarchean to Paleoproterozoic (~2.5–
1.7 Ga) amphibolite-facies supracrustal assemblages (i.e., the Wuwamen Complex in Figure 3) and
a Neoproterozoic (~790–730 Ma) bimodal complex, which were thought to represent basement rocks that

Figure 3. Geological map of the Wuwamen area, south of Baluntai, showing the Wuwamen ophiolitic mélange between the Central Tianshan Block (CTB) and the
South Tianshan Belt (STB) with a typical block-in-matrix structure. Locations of cross sections and samples are denoted.
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were scrapped off the CTB during Paleozoic subduction-accretion (Gao et al., 2015; Jiang et al., 2015; Wang,
Gao, et al., 2014; Wang, Gao, et al., 2017). The ophiolitic tectonic slices include strongly foliated mantle
peridotites, basalts, and cherts, whereas gabbros and sheeted dikes have not been identified yet
(Figures 3 and 4). Recently, OIB-like andesites with a zircon U–Pb age of 309 ± 4 Ma were interpreted as
ophiolitic components; however, they show arc signatures and highly evolved Nd isotopic compositions
(ɛNd(t) = �11.2 to 0.5; Wang, Zhai, et al., 2017). Field observations show that the mantle peridotites
underwent pervasive serpentinization and/or carbonatization and are locally crosscut by small gabbro
and plagiogranite stocks (Figure 4). The variably folded and sheared matrix of mainly biotite-quartz
schists was intruded by several (deformed) granitic dikes (Figure 4; this study; Wang, Zhai, et al., 2017). In
addition, several granitic dikes and/or sills intruded the Precambrian fragments in the Yangjuan area, to
the northwest of the ophiolitic mélange (Figures 3 and 5).

4. Analytical Methods and Results

Spinel, olivine, and pyroxene of themantle peridotites were analyzed for their chemical compositions and the
basalts for whole-rock element and Sr–Nd isotopic compositions in order to determine the precise nature and

Figure 4. (a) Geological cross section (AB-CD) covering the Central Tianshan Block (CTB), the Wuwamen ophiolitic mélange, and the South Tianshan Belt (STB) from
north to south. Note that the consistent orientations of the foliations and lineations in the inset lower hemisphere Schmidt plots are observed in the different
lithotectonic units, indicating the overprint of NE-SW thrusting and NW-SE ductile strike-slip shearing. (a1) A carbonated gabbro stock (JT83) intruding the
serpentinized mantle peridotite. (a2) Basalts (JT78) enclosed as blocks in the biotite-quartz schist matrix. (a3) A sericite-quartz matrix schist (JT86) displaying south
dipping foliations. (b) Well-preserved pillow structures in the basalt blocks (JT164). (c) A plagiogranite stock (JT167) intruding the carbonated mantle peridotite.
(d) A two-mica granite dike (JT121) crosscutting the biotite-quartz schist matrix.
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tectonic setting of the Wuwamen ophiolite. The gabbro and plagiogranite stocks intruding the mantle
peridotites were collected for SIMS and LA-ICP-MS zircon U–Pb dating and Hf isotopic analyses with the
aim of obtaining a minimum age for the ophiolite emplacement. Furthermore, sericite-quartz schist of the
ophiolite mélange and one crosscutting two-mica granite dike were sampled for zircon U–Pb dating in
order to constrain the lower and upper formation age limits of the ophiolitic mélange, respectively. In
addition, five granitic sill and/or dike samples from Precambrian fragments were taken for zircon U–Pb
dating and whole-rock geochemical analyses in order to place constraints on the tectonic evolution of the
Wuwamen ophiolitic mélange. Details of the analytical procedures are described in the supporting
information S1, and the analytical data are summarized in Tables S1–S7.

4.1. Mineral Chemistry of the Mantle Peridotites

The mantle peridotites were affected by intensive mylonitization and alteration, which commonly
obscure the primary magmatic texture and mineralogy. In places, relics of olivine, clinopyroxene, orthopyrox-
ene, and spinel were recognized in the relatively fresh peridotites (Figure S1). Five peridotite samples (JT26–1,
–2, –4, –6, and JT104–7) were chosen for mineral analyses, and the chemical data are listed in Table S1.
Olivines have high forsterite (Fo = 89.8–91.1) contents with 0.17–0.49 wt.% NiO. Spinels are characterized
by low Cr# values of 8.9–14.6 and low Mg# values of 66.2–73.1, thus plotting near the lower end of the
Mid-Atlantic Ridge abyssal peridotite field of the Cr#–Mg# diagram (Figure 6b; Dick, 1989; Choi et al.,
2008). In addition, spinels have markedly low TiO2 contents, commonly less than 0.1 wt.%.

Figure 5. Geological cross section EF (as denoted in Figure 3c) and selected field photos illustrating the Paleozoic granitic sills and/or dikes (12W51, 54, 56, 57, 83)
intruding the migmatized Wuwamen Complex with protolith formation ages of ~2.5 Ga (Wang, Gao, et al., 2017) in the Yangjuan area.
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Orthopyroxenes are mainly enstatites (En87.3–89.5Wo0.3–2.1) with Mg# values of 89.1–90.4 similar to those of
olivines (Table S1 and Figure 6). Most orthopyroxenes show relatively scattered contents of Al2O3 (2.09–
4.20 wt.%), Cr2O3 (0.12–0.72 wt.%), and TiO2 (0–0.12 wt.%) and thus plot close or within the field of abyssal
peridotites in the Al2O3–Mg# and TiO2–Mg# diagrams (Figure 6). Clinopyroxenes are mainly diopsides
(En42.9–55.2Wo36.3–46.9) with Mg# values of 90.3–92.6. They further exhibit high Al2O3 (3.24–6.73 wt.%),
Cr2O3 (0.39–0.95 wt.%), and TiO2 (0.12–0.50 wt.%) contents and also plot into the field of abyssal peridotites
(Figure 6). In addition, ten clinopyroxene grains that were analyzed for trace elements display depleted rare
earth element (REE) patterns with variably depleted light rare earth elements (LREEs) relative to flat heavy
rare earth elements (HREEs; Figure S2). They further show notable Sr–Zr negative anomalies and relatively
weak Ti negative anomalies.

Figure 6. (a) Spinel Cr# versus olivine Fo and (b) spinel Mg# for the mantle peridotites in the Wuwamen ophiolitic mélange.
Fields of abyssal peridotites from Mid-Atlantic Ridge (MAR; Dick, 1989), East Pacific Rise (EPR; Allan & Dick, 1996; Dick &
Natland, 1996; Edwards &Malpas, 1996), and suprasubduction zone peridotites (SSZ; Parkinson & Pearce, 1998; Pearce et al.,
2000) are shown for comparison. FMM = fertile MORB mantle. (c and d) Pyroxene Al2O3 and TiO2 versus Mg# plots. Fields
of orthopyroxene (Opx) and clinopyroxene (Cpx) of the abyssal peridotites and the SSZ peridotites are after Choi et al.
(2008), and references therein.
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4.2. Geochemistry of the Basalts

Whole-rock major and trace element and Sr–Nd isotopic compositions of basalts from the Wuwamen ophio-
lite are listed in Tables S2 and S3. The basalts were generally subject to pervasive alteration and deformation,
and some were metamorphosed under greenschist- to amphibolite-facies conditions (Figure S1). Locally,
pillow structures are well preserved (Figure 4). Ten samples have loss-on-ignition (LOI) contents of
1.16–8.45 wt.%, consistent with variable alteration overprints. They show a narrow range of SiO2 (44.72–
54.00 wt.%), TiO2 (0.84–1.44 wt.%), and MgO (5.13–8.18 wt.%) contents (Table S2). All basalts plot in the basalt
field of the Nb/Y–Zr/Ti diagram (Figure 7a; Winchester & Floyd, 1977). They exhibit N-MORB-like REE patterns
with a relative LREE depletion and flat HREEs ([La/Yb]N = 0.78–1.01) as well as N-MORB-like patterns on the
primitive mantle-normalized trace element diagram (Figure 8). Furthermore, five basalt samples, which were
analyzed for Sr–Nd isotopes, yielded a small range of initial 87Sr/86Sr ratios (0.70817 to 0.70881) and εNd(t)
values (+4.91 to +7.98) when calculated using t = 443 Ma (Table S3).

4.3. Gabbro and Plagiogranite Stocks Crosscutting the Mantle Peridotites

A small gabbro stock (3 × 15 m) intruded the serpentinitized peridotite as displayed by the untectonized con-
tact and the injection of small apophyses from the gabbro into the peridotite (Figure 4a). The gabbro under-
went pervasive carbonatization with few clinopyroxene relics (Figure S1). Two samples (JT83A and JT83B;
GPS: N42°37041″, E86°15040″) were collected for SIMS zircon U–Pb dating (Table S4). Zircon grains are very
complex in the cathodoluminescence (CL) images: euhedral and prismatic grains generally show clear oscil-
latory zoning typical for magmatic zircon, while subrounded grains display irregular patchy or nebular zoning
typical for metamorphic zircon (Figure 9; Corfu et al., 2003). Fifty-two grains from the two samples were

Figure 7. Geochemical classification and discrimination diagrams for the igneous rocks from the Wuwamen ophiolitic
mélange. (a) Zr/TiO2–Nb/Y plot (Winchester & Floyd, 1977). (b) TAS diagram (Le Bas et al., 1986). (c) Hf/3–Th–Ta diagram
(Wood, 1980). (d) Th/Yb versus Nb/Yb diagram (Pearce, 2014).
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analyzed, yielding scattered U–Pb ages between 2004 and 426 Ma with a 90–110% concordancy (except one
outlier; Table S4). On the concordia diagram, 24 analyses with Precambrian ages of 2004–616 Ma, which
display complex CL images including clear concentric and patchy zoning, were interpreted as xenocrysts.
In contrast, the remaining 27 analyses with clear oscillatory zoning produced relatively uniform ages of
467–426 Ma with a mean age of 441.1 ± 4.2 Ma (MSWD = 2.6; Figure 9a).

In addition, a small plagiogranite stock (8 × 10m) intruded the carbonated peridotites (Figure 4c) and consists
mainly of fine-grained plagioclase and quartz (Figure S1). One sample (JT167; GPS: N42°37036″, E86°16020″)
was chosen for LA-ICP-MS zircon U–Pb dating and Lu–Hf isotopic analyses (Tables S5 and S6). Zircon grains
are generally euhedral and prismatic with clear concentric zoning in CL images, indicating a magmatic origin
(Figure 9). Seventeen analyses on 17 grains yielded homogeneous 206Pb/238U ages ranging from 452 to
435 Ma and produced a concordia age of 442.8 ± 2.4 Ma (MSWD = 0.19; Figure 9b). However, they yielded
highly heterogeneous initial 176Hf/177Hf ratios of 0.282104–0.282739 and ɛHf(t) values from �13.9 to +8.6,
with corresponding two-stage model ages (TDM2) ranging between 2303 and 879 Ma (Table S6).

Furthermore, three samples (JT167–1, �2, �3) from the plagiogranite stock were taken for whole-rock
geochemical analyses (Table S2). The samples are granites (Figure 7) as indicated by high SiO2 contents
(74.7–75.4 wt.%). They are further characterized by high Na2O (5.48–6.22 wt.%) and very low K2O (0.70–
1.02 wt.%) contents (Table S2), consistent with plagioclase as the main feldspar phase. In addition, they dis-
play LREE-enriched patterns, as shown by highly fractionated LREE, flat to concave HREE patterns and notable
Eu negative anomalies (Eu/Eu* = 0.37–0.40; Figure 8c). On the primitive mantle normalized spiderdiagram
(Figure 8d), they exhibit enrichments of large-ion lithophile elements (LILEs: Rb, Ba, Th, U) relative to deple-
tions of compatible elements and weak negative Nb, Ta, and Ti anomalies.

4.4. Matrix and Intruding Granite Dike

One sericite-quartz schist sample (JT86; GPS: N42°37010″, E86°16011″) from the mélange matrix (Figure 4) was
collected for LA-ICP-MS detrital zircon U–Pb dating (Table S6). The sample is mainly composed of sericite,

Figure 8. Chondrite-normalized REE patterns and primitive mantle-normalized multitrace element diagrams for the
igneous rock units of the Wuwamen ophiolitic mélange. The normalized values of chondrite, primitive mantle, N-MORB,
E-MORB, and OIB are from Sun and McDonough (1989).
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Figure 9. Zircon U–Pb concordia diagrams for different lithologies in the Wuwamen ophiolitic mélange. (a) Sample JT83 from the gabbro stock intruding the mantle
peridotites. (b) Sample JT167 from the plagiogranite stock crosscutting the mantle peridotites. (c) Sample JT121 from the two-mica granite dike intruding the
mélange matrix. (d and e) Detrital zircon U–Pb concordia and relative probability diagrams for sample JT86 from the matrix. Note that representative CL images are
presented to show zircon internal textures. The apparent ages are indicated, in which ɛHf(t) values are also marked for sample JT167. The scale bars are 50 μm in
length.
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quartz, and minor plagioclase porphyroclasts with a south dipping foliation (Figure S1). Most zircon grains
exhibit euhedral, prismatic morphologies and clear oscillatory zoning patterns, typical of a magmatic
origin (Figure 9). Few grains display irregular or subrounded shapes and complex zoning patterns,

Figure 10. Zircon U–Pb concordia diagrams for five granite dikes and/or sills in the Precambrian fragments of the Yangjuan area, northwest of the Wuwamen ophio-
litic mélange. Selected CL images are presented to show zircon internal textures and their apparent ages. The scale bars are 100 μm in length.
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including sector and homogeneous zonings, with rare anhedral inherited core domains (Figure 9).
Sixty-seven analyses on 74 zircon grains yielded near-concordant or concordant ages within a concordancy
of 95–110% (Table S6 and Figure 9d). The U–Pb ages mainly range in a continuous spectrum between 481
and 319 Ma, while a few older ages of 1800–565 Ma are displayed by irregular or subrounded grains
(Figure 9e). Notably, the four youngest zircon grains produced a weighted mean age of 322.4 ± 4.1 Ma
(MSWD = 0.83; Figure 9e).

Toward the northwest of the Wuwamen ophiolite mélange, a granite dike intruded the mylonitized biotite-
quartz schist matrix (Figures 3 and 4). The granite dike shows a typical porphyritic texture defined by K-
feldspar phenocrysts in a groundmass of mica and quartz (Figure S1). Notably, the two-mica granite dike
was subject to intensive mylonitization with a south dipping foliation marked by mica aggregates, similar
to the foliation of the matrix. One sample (JT121; GPS: N42°38019″, E86°12030″) from the granite dike was col-
lected for LA-ICP-MS zircon U–Pb dating (Table S5). Zircon grains are euhedral and long prismatic with clear
concentric zoning, typifying magmatic zircon (Figure 9). Eighteen analyses yielded 206Pb/238U ages from 329
to 310 Ma and gave a concordia age of 321.3 ± 1.7 Ma (MSWD = 0.03; Figure 9c).

4.5. Granites in the Precambrian Fragments

In the northwest of the Wuwamen ophiolitic mélange, several granite dikes and/or sills intruded a
Precambrian basement fragment (Figures 3 and 5), which is mainly composed of ~2.5 Ga amphibolite-facies
volcano-sedimentary assemblages (Wang, Gao, et al., 2017). These variably sized dikes generally crosscut the
foliation of the host rocks. All dikes show typical porphyritic textures with phenocrysts of feldspar and quartz
in a fine-grained groundmass. In addition, the dikes are variably overprinted by ductile shearing, as indicated
by subgrain formation of phenocrysts, undulatory quartz, and oriented mica flakes (Figure S3). Five samples
(12W54, 12W51, 12W56, 12W57, 12W83) were taken for LA-ICP-MS zircon U–Pb dating (Table S5). Zircon
grains generally have euhedral and long prismatic morphologies while two contrasting internal textures
are displayed in the CL images. The CL-bright grains show clear oscillatory zoning typical of a magmatic
origin, while the CL-dark grains occur as single crystals or overgrowths similar to those of hydrothermal
zircon (Corfu et al., 2003; Hoskin, 2005). A total of 122 spots were analyzed on 122 zircon grains. The ana-
lyses positioned on the homogeneous CL-dark regions generally have higher contents of Th and U than
those on the oscillatory zoned domains (Table S5). With respect to 12W54 (GPS: N42°40030″, E86°04003″),
seven spots on the core domains yielded older ages of 2402–597 Ma and were accordingly interpreted
as xenocrysts from the wall rocks. Except two discordant analyses, the remaining 28 spots define two dis-
tinct age clusters (Figure 10a): an upper one with a mean age of 417.2 ± 3.0 Ma (MSWD = 0.10; n = 18)
for the oscillatory zoned domains and a lower one with a mean age of 313.7 ± 2.7 Ma (MSWD = 0.17;
n = 10) for the unzoned CL-dark regions. In contrast, analyses on the oscillatory zoned and unzoned CL-dark
zircon domains of the remaining four samples (12W51, 12W56, 12W57, 12W83) yielded—within errors—
indistinguishable concordia U–Pb ages of 313.0 ± 0.8 Ma (MSWD = 1.6; n = 31), 314.4 ± 1.1 Ma
(MSWD = 1.07; n = 16), 317.0 ± 1.0 Ma (MSWD = 1.0; n = 17), and 302.2 ± 1.4 Ma (MSWD = 0.55; n = 21),
respectively (Figures 10b–10e).

Fifteen samples were chosen for whole-rock geochemical analyses (Table S2). The samples have relatively
high SiO2 contents of 68.23–74.96 wt.% and thus plot in the trachydacite and rhyolite fields of the TAS
diagram (Figure 7b). They further display high contents of Al2O3 (13.9–15.4 wt.%) and Na2O + K2O (6.32–
9.78 wt.%; Table S2). In addition, these samples show LREE-enriched patterns with weak to moderate Eu
negative anomalies (Eu/Eu* = 0.50–0.91; Figure 8c). On the primitive mantle-normalized trace element
diagram, the samples show variable LILE enrichments relative to the compatible elements as well as weak
to prominent Nb, Ta, P, and Ti negative anomalies (Figure 8d).

5. Discussion
5.1. Nature, Formation, and Emplacement of the Wuwamen Ophiolite

Ophiolites have been interpreted to form in various tectonic settings, including mid-ocean ridge (MOR) and
suprasubduction zone (SSZ) settings (e.g., Dilek & Furnes, 2011, 2014; Pearce, 2014). Both the mineral chem-
istry of mantle peridotites and the geochemical composition of erupted lavas were employed to fingerprint
the precise setting of ophiolites (e.g., Arai, 1994; Choi et al., 2008; Dilek & Furnes, 2011; Miyashiro, 1973;
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Pearce, 2008, 2014; Wang et al., 2015). In this study, the mantle peridotites of the Wuwamen ophiolite show
extremely low spinel Cr# values (8.9–14.6) and all analyses plot near the lower end of the field defined by
abyssal peridotites from the Mid-Atlantic Ridge (Figure 6). Generally, SSZ peridotites have higher spinel Cr#
values, which are thought to be a result of higher degrees of partial melting due to slab-derived fluid
fluxing in subduction-related settings (Choi et al., 2008; Parkinson & Pearce, 1998; Pearce et al., 2000). In
addition, pyroxenes from the mantle peridotites have relatively low MgO, high Al2O3, and TiO2 contents
compared to those of SSZ peridotites and thus plot within or close to the MOR abyssal peridotite fields
(Figure 6). Furthermore, clinopyroxenes display LREE-depleted patterns corresponding to an estimated 5%
fractional melting of a depleted MORB mantle (DMM) source (Figure S2; Liu, Zhang, et al., 2016; Workman &
Hart, 2005), which is consistent with the low spinel Cr# values indicative of a very low degree (less than 5%)
melting (Hellebrand et al., 2001). The clinopyroxenes have remarkably high Ti and HREE contents and plot
in the fields of abyssal peridotites along the dry melting trends (Figure S2), suggesting an origin associated
with dry melting of a DMM source rather than hydrous melting above a subduction zone (Bizimis et al.,
2000). Therefore, it seems more likely that the Wuwamen ophiolite originated in a mid-ocean ridge setting.

Since ophiolites typically undergo pervasive alteration or metamorphism during their transport from the
ridge through the subduction zone to the orogenic belt, immobile elements for fingerprinting of basalts
should be carefully chosen (Cann, 1970; Pearce, 2008, 2014). Thus, binary diagrams of LOI versus major
and trace elements for the basalts were employed to assess the overall element mobility (Figure S4). Our
results suggest that TiO2, Al2O3, HFSEs (Th, U, Nb, Ta, Zr, Hf), and REEs behaved relatively immobile, while
SiO2, MgO, and CaO may have been variably enriched and K2O, Cs, Rb, Ba, and Sr variably depleted during

Figure 11. Tectonic sketch map of the southwestern CAOB (modified after Alexeiev et al., 2015, 2016; Gao et al., 2015) showing the ophiolitic mélanges, high-grade
metamorphic rocks, and samples with compiled detrital zircon U–Pb ages in the South Tianshan and adjacent areas. The northern ophiolitic belt (marked by bright
green rectangles) along the South Central Tianshan Suture Zone is interpreted to represent relics of the South Tianshan Ocean, from east to west including the
Wuwamen (Wu), Guluogou (Gu), Dalubayi (Da), Changawuzi (Ch), Djanydjer (Dj), Aigyrbulak (Ai), North Ferghana (Nf), Karaterek (Kr), Sartale (Sa), Kan (Kn), North
Nuratau (Nn), Teskuduk (Te), and Bukantau (Bu) ophiolites. The southern belt (denoted by purple circles) along the North Tarim Fault comprises the Serikeyayilake
(Se), Kulehu (Ku), Aertengkesi (Ae), Madaleke (Ma), Misibulake (Mi), Qiqijianake (Qi), Baleigong (Ba), and Jigen (Ji) ophiolites, which are thought to represent relics of a
back-arc basin rifted off the northern Tarim Craton during the mid-Paleozoic southward subduction of the South Tianshan Ocean. High-grade metamorphic
rocks include several HP/LT belts [Akyazi (Ak), Atbashi (Ab), and Kassan (Ka)] and high-temperature metamorphic complexes [Yushugou HP/HT granulite (Yu) and
Nalati migmatite complex (Na)]. (Meta)sedimentary rock samples with compiled detrital zircon age data are indicated by small circles in different colors with sample
number labels as superscripts followed by their approximate depositional ages (see data sources in Table S9).
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alteration and/or metamorphism. As a result, discrimination diagrams
employing rather immobile elements were selected for geochemical
fingerprinting of the ophiolitic basalts. In the Hf–Th–Ta diagram all
basalt analyses fall into the N-MORB field (Figure 7c). In addition, in
the Nb/Yb versus Th/Yb diagram, all basalts plot close to typical
N-MORB compositions without a prominent shift to higher Th/Yb ratios,
thereby indicating a negligible subduction-derived contribution to
their mantle source (Figure 7d; Pearce, 2014). This is consistent with
their N-MORB-similar REE and multitrace element patterns, as well as
the highly positive εNd(t) values (+4.91 to +7.98) that are similar to that
of depleted mantle (+8.6; Goldstein et al., 1984). Consequently, all evi-
dence suggests that the N-MORB-type basalts from the Wuwamen
ophiolite were derived from a depleted mantle source. In summary,
both themineral chemistry of themantle peridotites and the geochem-
ical signature of the basalts suggest that the Wuwamen ophiolite is a
MOR-type ophiolite formed in a mid-ocean ridge setting.

Due to the absence of gabbros or sheeted dikes the formation age of
the Wuwamen ophiolite is not precisely known. An OIB-like andesite
with arc signatures, which was interpreted as an ophiolitic component,
revealed a zircon U–Pb age of 309 ± 4 Ma (Wang, Zhai, et al., 2017).
However, its highly negative ɛNd(t) value (�11.6) is inconsistent with
a mid-ocean ridge formation of the Wuwamen ophiolite. The here
dated gabbro and plagiogranite stocks that intruded the mantle peri-
dotites provide a minimum age for the ophiolite formation and empla-
cement. The mean age of 441.1 ± 4.2 Ma for magmatic zircon grains
from the gabbro stock represents its intrusive age. Notably, the large
population of 2004–616 Ma zircon grains with complex morphologies
and internal textures indicate a xenocrystic origin from the CTB base-
ment rocks during the gabbro intrusion. In addition, the 442.8 ± 2.4
Ma concordia age of the plagiogranite stock is interpreted as the
crystallization age. The plagiogranites exhibit arc-type geochemical
signatures, such as LREE and LILE enrichments relative to HREE and
HFSE as well as negative Nb, Ta, and Ti anomalies. In conjunction with
the highly scattered zircon ɛHf(t) values (�13.9 to +8.6), the plagiogra-
nite stock is interpreted to have formed in a continental margin setting.
Considering the temporal and spatial correlations with the ~450–420
Ma arc-related gabbroic and dioritic plutons in the vicinity (Zhong
et al., 2015), the gabbro and plagiogranite stocks are thought to have
formed in a continental arc setting at ~440 Ma. These results suggest
that the mélange gabbro and plagiogranite do not represent ophiolite
elements and that the Wuwamen ophiolite was formed and got
emplaced on the continental margin prior to the intrusion of the stocks,
i.e., before ~440 Ma.

5.2. STB: An Accretionary Complex or a Continental Arc?

Due to the presence of various rock types of different origins the nature
and tectonic affinity of the STB is highly debated, which hampers
the reconstruction of the South Tianshan Orogen. In early models, the
STB was regarded as a north facing passive margin connected to the
Tarim Craton during Paleozoic northward oceanic subduction (e.g.,
Gao et al., 1998; Han et al., 2011; Windley et al., 1990). The southern
ophiolitic belt was interpreted as thrust klippes derived from the
northern belt (Figure 11), and thus representing relics of a single

Figure 12. (a) Metamorphic age compilation of high-grade metamorphic rocks
in the Paleo-Kazakhstan Continent and the South Central Tianshan Suture
Zone (see data sources in Table S11). (b) Compilation of formation ages for
ophiolitic mélanges in the Paleo-Kazakhstan Continent, the South Central
Tianshan Suture Zone, and the South Tianshan ophiolitic belt (see data sources
in Table S10). (c and d) Histograms of compiled crystallization ages of igneous
rocks in the southern Paleo-Kazakhstan Continent, the South Tianshan Belt (STB),
the northern Tarim, and the northern Karakum (see Table S8 for data sources).
Note that the igneous rocks in the southern Paleo-Kazakhstan Continent and STB
are divided into eastern and western groups concerning their positions with
regard to the Talas-Ferghana strike-slip fault.
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Figure 13. Histograms and probability curves for compiled detrital zircon U–Pb ages of (meta)sedimentary rocks with different depositional ages (indicated by dark
blue bars) from the southern Paleo-Kazakhstan Continent (PKC), the fore-arc accretionary complex in the South Central Tianshan Suture Zone, the South Tianshan
Belt, and the northern Tarim Craton. The locations of the complied samples are denoted in Figure 11. Data sources are presented in Table S9.
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ocean basin (i.e., the South Tianshan Ocean; Gao et al., 1998; Han et al., 2011; Han & Zhao, 2017). However,
450–380 Ma arc-type granitoids in both the STB and northern Tarim Craton indicate the development of
an active continental arc during this period (e.g., Ge, Zhu, Wu, et al., 2012; Ge, Zhu, Wilde, He, et al., 2014;
Huang et al., 2013; Lin et al., 2013; Zhao et al., 2015). In addition, some authors suggested that the STB was
connected to the Chinese Central Tianshan as an active continental arc above the south directed
subducting Central Tianshan or Paleo-Tianshan Ocean (Lin et al., 2009; Charvet et al., 2011; Wang et al.,
2011; Wang, Zhai, et al., 2017). However, a compilation of age data of Paleozoic igneous rocks shows that
the Chinese Central Tianshan recorded continuous magmatism, at least between 500 and 250 Ma, in
contrast to the STB and the northern Tarim Craton that are characterized by two discrete episodes, i.e.,
450–380 and 310–260 Ma (Table S8 and Figure 12; Han et al., 2015; Han, Zhao, Sun, et al., 2016). Moreover,
available detrital zircon age data from Paleozoic (meta)sedimentary rocks reveal that the STB and northern
Tarim Craton share a similar age spectra with an absence of 390–310 Ma grains in contrast to the Chinese
Central Tianshan (Table S9 and Figure 13; Huang et al., 2013; Han et al., 2015; Han, Zhao, Sun, et al., 2016).
Considering these data, the STB is neither the western extension of the Chinese Central Tianshan nor a
broad accretionary complex that accreted generally southward and oceanward during northward oceanic
subduction (Xiao et al., 2013).

The southern ophiolitic belt of the STB yielded ages restricted between 450 and 390 Ma (Table S10 and
Figure 12) and exhibits geochemical affinities to SSZ-type ophiolites, in contrast to the northern ophiolite
complexes with MOR-type affinities (this study; Jiang et al., 2014; Long et al., 2006; Wang et al., 2011).
Notably, significant fractions of inherited zircon grains with ages of 2750–794 Ma were identified in the
ophiolitic members of the Kulehu and Baleigong ophiolites (Long et al., 2006; Wang et al., 2007), probably
indicating that the oceanic basin was underlain by a Precambrian basement. The ~826–707 Ma granitic
gneisses and early Paleozoic volcanic rocks to the north of the southern ophiolites (Alexeiev et al., 2015)
may suggest the presence of a concealed Andean-type continental arc in the STB. However, 40Ar/39Ar plateau
ages of 370–356 Ma, which were determined for micas from the mylonitic metapelites and for amphiboles
from the amphibolites of the southern ophiolitic mélanges, were interpreted to represent the time frame

Figure 14. Cartoon showing the tectonic evolution of the microcontinents in the southwestern CAOB and adjacent areas with links to Gondwana and Pangea during
late Cambrian to late Carboniferous times. KYB: Kazakhstan–Yili Block, KNTS: Kyrgyz North Tianshan, CTB: Central Tianshan Block, STB: South Tianshan Belt.
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of their tectonic emplacement (Han et al., 2011; Wang et al., 2011). This is evidenced by a regional angular
unconformity between the mid-Devonian–late Carboniferous thick clastic–carbonate sequences and the
Ordovician–early Devonian metamorphosed siliciclastic rocks and limestones (Han et al., 2015; Han, Zhao,
Sun, et al., 2016; Wang et al., 2011). In addition, as shown by the detrital zircon age spectra of both the
STB and the northern Tarim Craton (Figure 13), the Ordovician–early Devonian sedimentary rocks
contain a large number of zircon ages close to their depositional ages, whereas the mid-Devonian–late
Carboniferous sediments display an absence of zircon ages approximating the depositional ages, probably
indicating transition from an active to a passive margin (Cawood et al., 2012). Thus, we propose that the
STB constituted an Andean-type continental arc that connected to the northern Tarim Craton since at least
~500 Ma as indicated by the detrital zircon records (Figure 13). Subsequently, the STB rifted off as an
isolated arc in response to the opening of a short-lived back-arc basin during 450–390 Ma and, finally,
accreted to the northern Tarim Craton by transition into a north facing passive margin due to the closure
of the back-arc basin (Figure 14).

5.3. Final Closure of the South Tianshan Ocean: How, When, and Where?

The interpretation of the STB as a short-lived continental arc, rather than a broad fore-arc accretionary com-
plex, excludes that the final suturing of the southwestern CAOB occurred along a cryptic suture zone at the

Figure 15. (a) Paleogeographic reconstruction during the Gondwana assembly at ~510–470 Ma (modified after Domeier,
2016; Han, Zhao, Cawood, et al., 2016; Metcalfe, 2013). Note that the Paleo-Kazakhstan Continent, which was formed during
the assembly of Gondwana, is separated from the Tarim–Karakum cratons (i.e., NE Gondwana margin) by the South
Tianshan Ocean. (b) Global map of Pangea paleogeography showing that the Paleo-Kazakhstan Continent and the Tarim–
Karakum cratons were a part of Pangea at ~330–310 Ma (modified from Domeier & Torsvik, 2014). A = Alxa Block,
AM = Amuria, EQ = Erqis, K = Karakum Craton, In = Indochina, Ka = Kazakhstan Orocline, NC = North China Craton,
SC = South China Block, T = Tarim Craton.
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base of the STB (cf. Xiao et al., 2013). Other authors argued that the final assembly of the CAOB occurred along
the North Tianshan suture zone in the late Carboniferous subsequent to the collision of the KYB–CTB–STB and
the northern Tarim Craton during late Devonian to early Carboniferous times (Charvet et al., 2011; Lin et al.,
2009; Wang et al., 2008, 2010, 2011). The latter model is mainly based on the assumptions that (1) the regional
angular unconformity during late Devonian–early Carboniferous times was related to the collision of the
STB/CTB and the KYB, (2) eclogite-facies peak metamorphism as reflected by the (U)HP terranes took place
at ~350–345 Ma, and (3) top-to-the-north thrusting of the (U)HP rocks over the KYB resulted from southward
oceanic subduction. However, the origin of the regional angular unconformity is ambiguous since it could
also have formed during ongoing subduction due to alternating contraction and extension on the upper
plate, similar to the Andean orogenesis (e.g., Haschke et al., 2002). In addition, the eclogite-facies metamorph-
ism of the (U)HP rocks occurred between ~326 and 310 Ma as revealed by numerous high-resolution isotopic
methods (Figure 12 and Table S11; e.g., Su et al., 2010; Klemd et al., 2005, 2011; Li et al., 2016; Tan et al., 2017;
Wang et al., 2018). Furthermore, top-to-the north thrusting of the (U)HP rocks may in fact represent the north-
ern part of a positive flower structure in response to northward subduction beneath the KYB (Gao & Klemd,
2003), which is consistent with the development of regional high-temperature metamorphism to the north of
the (U)HP rocks (Xia et al., 2014) as well as the subduction-related Yushugou HP granulites (Zhang et al., 2018;
Zhang & Jin, 2016).

The results of this study indicate that the MOR-type Wuwamen ophiolite complex has been emplaced on the
southern CTB prior to ~440 Ma. However, sericite-quartz schist of the mélange matrix comprises a major
population of 481–319 Ma detrital zircon grains with the four youngest analyses producing a mean age of
322.4 ± 4.1 Ma. In combination with recently published data (see above), the mélange matrix age spectra
differ from those of the STB and the northern Tarim Craton, but are similar to the continuous magmatic
record of the CTB (Figures 12 and 13; Wang, Zhai, et al., 2017). Thus, we propose that the mélange matrix
originated in a fore-arc accretionary complex by receiving detritus from the upper plate (i.e., the CTB) dur-
ing ongoing northward subduction and was deposited at ~322 Ma as indicated by the youngest detrital
zircon grains (Cawood et al., 2012; Wang, Zhai, et al., 2017). This is further supported by the
321.3 ± 1.7 Ma crosscutting two-mica granite dike, implying that the Wuwamen ophiolitic mélange formed
at ~320 Ma.

Notably, the formation of the Wuwamen ophiolitic mélange is broadly coeval with the ~326–310 Ma peak
metamorphism obtained for the (U)HP terranes along the SCTSZ, including Akyazi (China) and Atbashi
(Kyrgyzstan) to the east and Kassan (Kyrgyzstan) to the west of the Talas–Ferghana Fault (Table S11 and
Figures 11 and 12). The biotite granite sill in the Precambrian fragment of the Wuwamen ophiolitic
mélange yielded ages of 417.2 ± 3.0 and 313.7 ± 2.7 Ma for oscillatory zoned magmatic zircon and
unzoned CL-dark hydrothermal zircon, respectively. The former age is thought to represent the intrusive
age of the sill during the northward oceanic subduction, while the latter is related to a hydrothermal event
during collision. The other four granite dikes crosscutting the Precambrian fragment with ages of ~313–
302 and 321 Ma two-mica granite dike intruding the mélange matrix are thus thought to have formed
during the collision of the CTB and the united STB–Tarim Craton. When considering the ~330 Ma
Guluogou ophiolite (Jiang et al., 2014) and the ~320 Ma Wuwamen ophiolitic mélange (this study), the
SCTSZ (also called South Tianshan or Turkestan suture) formed coevally along its whole length at
~320 Ma (Mühlberg et al., 2016; cf. Loury et al., 2016) due to the final closure of the South Tianshan
Ocean. This is consistent with the latest Carboniferous molasse-type conglomerate overlying the Atbashi
(U)HP rocks (Hegner et al., 2010), the ~285 Ma postorogenic S-type leucogranite dike crosscutting the
Akyazi (U)HP rocks (Gao et al., 2011), and the resumption of widespread magmatism in the STB and the
northern Tarim Craton at ~310–270 Ma (Table S8 and Figure 12; e.g., Han & Zhao, 2017; Huang et al.,
2014; Konopelko et al., 2007; Seltmann et al., 2011), all of which originated in a postcollisional setting.
Therefore, these data reveal that the final suturing of the southwestern CAOB was achieved by northward
subduction of the South Tianshan Ocean and subsequent collision of the CTB and the Karakum–Tarim cra-
tons at ~320 Ma. Notably, recent studies suggest that a trench-arc–back-arc basin system developed in the
northern Karakum during Carboniferous times (Konopelko et al., 2017; Worthington et al., 2017), which dif-
fers from the here suggested tectonic evolution that favors a transition of the northern Tarim Craton from
a trench-arc–back-arc system to a passive margin at ~390–380 Ma.
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5.4. Links With Gondwana and Pangea

The microcontinents (such as the CTB, KYB, KNTS) in the western CAOB and the Tarim Craton were inter-
preted to have been incorporated into the periphery of Rodinia through long-lived subduction-accretion pro-
cesses, as evidenced by widespread late Mesoproterozoic to early Neoproterozoic magmatic rocks, and the
~830–790-Ma Aksu blueschists and HP granulites (Ge, Zhu, Wilde, He, et al., 2014; Ge et al., 2016; He et al.,
2012; Kröner et al., 2012, 2013; Wang, Liu, et al., 2014). It was further suggested that these microcontinents
and the Tarim Craton were detached from peri-Rodinia by back-arc rifting or plume-related breakup (e.g.,
Gao et al., 2015; Ge, Zhu, Wilde, He, et al., 2014; Ge, Zhu, Zheng, et al., 2012; Zhang, Li, et al., 2013), leading
to the opening of multiple oceanic basins, such as the proto-Tethys Ocean between the Tarim Craton and
northwest Australia (Zhang et al., 2009), and the South Tianshan, Terskey, and Djalair-Naiman oceanic basins
as the southern branches of the Paleo-Asian Ocean (Figure 14; Gao et al., 2015; Ge, Zhu, Wilde, He, et al., 2014).
This event is corroborated by the occurrences of extensive late Neoproterozoic (~760–600 Ma) ultramafic-
mafic complexes, mafic dike swarms, alkaline granitoids, bimodal intrusions and volcanic rocks, late
Neoproterozoic glacial diamictite interlayers, and Cambrian to early Ordovician phosphorous sequences in
the western CAOB and the northern Tarim Craton (e.g., Ding et al., 2009; Ge, Zhu, Wilde, He, et al., 2014;
Ge, Zhu, Zheng, et al., 2012; Han et al., 2015; Konopelko et al., 2014; Levashova et al., 2011; Wang, Shu,
et al., 2014; Xu et al., 2009; Zhang, Li, et al., 2013; Zhang, Zou, et al., 2013). Thus, the opening of the South
Tianshan Ocean may have started during the late Neoproterozoic, as indicated by the up to now oldest
Dalubayi ophiolite with an age of ~600 Ma (Yang et al., 2005). Some authors proposed that the opening of
the South Tianshan Ocean was initiated by back-arc rifting off the CTB from the northern Tarim Craton in the
early Devonian (Han et al., 2015, Han, Zhao, Cawood, et al., 2016). However, this is inconsistent with the
closure of the Terskey Ocean at ~470 Ma (Konopelko et al., 2012; Lomize et al., 1997; Qian et al., 2009)
and the >440 Ma Wuwamen ophiolite (this study) as well as the ~448–422 Ma ophiolitic mélanges with
early Ordovician to early Silurian fossils in the Kyrgyz South Tianshan (Table S10 and Figure 12; Alexeiev
et al., 2016; Biske & Seltmann, 2010; Dolgopolova et al., 2017; Wang et al., 2016). In addition, Safonova
et al. (2016) reported late Silurian to early Carboniferous elements consistent with an ocean plate stratigra-
phy in the Kyrgyz South Tianshan and thus suggested that the South Tianshan Ocean was a relatively large
oceanic realm during this period.

The Tarim Craton to the south of the western CAOB was interpreted to have accreted to East Gondwana
through collision with northern Australia and the closure of the proto-Tethys Ocean, as evidenced by 510–
470 Ma (U)HP metamorphic events in the southern Altyn Tagh area (Han, Zhao, Cawood, et al., 2016;
Zhang et al., 2014). Similar to the Tarim Craton, the Karakum Craton was thought to have been integrated
in East Gondwana, and both cratons were interpreted as part of the Hunic composite terrane (Volkova &
Budanov, 1999; von Raumer et al., 2003). At the same time, several microcontinents (such as the CTB,
KNTS, KYB) in the western CAOB accreted to the Paleo-Kazakhstan Continent due to the closure of the
Djalair-Naiman and Terskey oceanic basins (Figure 14; Wilhem et al., 2012; Windley et al., 2007), as evidenced
by the ~530–470 Ma peak metamorphism of the (U)HP metamorphic terranes, including the Kokchetav,
Anrakhai, Aktyuz, Markbal, and Barleik terranes (Table S11 and Figure 12; e.g., Klemd et al., 2014;
Konopelko et al., 2012; Liu, Han, et al., 2016; Meyer et al., 2014; Rojas-Agramonte et al., 2013). However, no
firm evidence exists that the South Tianshan Ocean between the Paleo-Kazakhstan Continent and the
Karakum–Tarim cratons was already closed during the final assembly of Gondwana. Instead, the results of
the present study suggest that the microcontinents in the western CAOB were not incorporated into
Gondwana during this period but were rather separated from this supercontinent by the South Tianshan
Ocean as a major barrier (Figure 15a).

Subsequently, the Paleo-Kazakhstan Continent was surrounded by the Ob-Zaisan, Uralian, Junggar, and
South Tianshan oceans, and continuous subduction-accretion led to the addition of various terranes to the
Paleo-Kazakhstan Continent, including the Aktau–Junggar Block, the Boschekul–Chingiz arc, the Baydulet–
Akbastau arc, the Devonian Volcanic Belt, and the Balkhash–Yili arc (e.g., Li et al., 2018; Wilhem et al., 2012;
Windley et al., 2007; Xiao et al., 2010, 2015). During late Devonian to early Carboniferous, the
Paleo-Kazakhstan Continent moved northward approaching the southern margin of Siberia and underwent
oroclinal bending to form the incipient Kazakhstan Orocline (Bazhenov et al., 2003, 2012; Li et al., 2018; Xiao
et al., 2010, 2015). Meanwhile, continental blocks such as the Karakum, Tarim, South China, North China, and
Indochina blocks were detached from the NE margin of Gondwana and migrated northward due to the
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opening of the Paleo-Tethys Ocean during early–middle Devonian times (Domeier & Torsvik, 2014; Han, Zhao,
Cawood, et al., 2016; Metcalfe, 2013). Specifically, the Karakum–Tarim cratons moved across the South
Tianshan Ocean and approached the southern limb of the Kazakhstan Orocline. The closure of the
Ob-Zaisan Ocean was constrained to have occurred in the late Carboniferous, probably at ~320 Ma (Kuibida
et al., 2016; Li et al., 2014, 2017), leading to the docking of the northern limb of the Kazakhstan Orocline to
southern Siberia. The closure of the Uralian Ocean was also thought to have occurred at ~320 Ma, leading
to the collision of the exterior of the Kazakhstan Orocline with Baltica (Loury et al., 2016; Puchkov, 1997).
Similarly, the Junggar Ocean probably closed between 325 and 316Ma, as indicated by the youngest ophiolite
and the stitching granitic plutons (Han et al., 2010; Xu et al., 2006). As discussed above, the South Tianshan
Ocean closed at ~320 Ma finally resulting in the collision of the southern limb of the Kazakhstan Orocline with
the Karakum–Tarim cratons. Thus, it is concluded that the western CAOB and the Karakum–Tarim cratons
assembled with Laurussia and Siberia at ~320 Ma, constituting the northern part of Pangea (Figure 15b;
Domeier & Torsvik, 2014; Metcalfe, 2013). In this context, it should be noted that the almost simultaneous
closure of the Rheic Ocean in the late Carboniferous resulted in the collision of Laurussia and Gondwana, con-
stituting western Pangea in Central and SW Europe (Figure 15b; Kroner & Romer, 2010).

6. Conclusions

Field observations show that the Wuwamen ophiolitic mélange in the Chinese South Tianshan is structurally
sandwiched between the Central Tianshan Block (CTB) to the north and the South Tianshan Belt (STB) to the
south. It mainly consists of tectonic blocks of various origins, including ophiolitic components, Precambrian
fragments, and marine sedimentary rocks and limestones/marbles set in a matrix of turbidites, all of which
were overprinted by intensive deformation and variable metamorphism. Olivines, spinels and pyroxenes in
the mantle peridotites from the Wuwamen ophiolite are compositionally similar to those of abyssal perido-
tites and the basalts display N-MORB-type geochemical affinities, suggesting that the Wuwamen ophiolite
was formed in a mid-ocean ridge setting. The formation age of the ophiolite is constrained by zircon U–Pb
ages of ~443–441Ma of the Andean-type arc-related gabbro and plagiogranite stocks that intruded theman-
tle peridotites. This implies that the South Tianshan Ocean has existed since at least ~440 Ma with a possible
northward subduction leading to the emplacement of theWuwamen ophiolite on the southernmargin of the
CTB. In addition, sericite-quartz schist from the mélange matrix yielded detrital zircon ages comparable to
those of igneous rocks in the CTB. Furthermore, the mélange matrix is crosscut by a two-mica granite dike
with a zircon U–Pb age of ~321 Ma, thereby suggesting that the Wuwamen ophiolitic mélange originated
in a fore-arc accretionary complex with its final formation at ~320 Ma.

Finally, a tentative tectonic model is proposed to account for the available data of the igneous rocks, the det-
rital zircon ages, the ophiolites, and the high-grademetamorphic rocks in the southwestern CAOB. Ourmodel
highlights that the South Tianshan Ocean was a broad ocean evolving from its opening by separation of the
CTB from circum-Rodinia in the late Neoproterozoic to final closure by the collision of the southwestern CAOB
and the Karakum–Tarim cratons at ~320 Ma. During the final assembly of Gondwana, the microcontinents in
the western CAOB accreted to the Paleo-Kazakhstan Continent, while the Karakum–Tarim cratons were incor-
porated into the northeastern Gondwana margin with the intervening South Tianshan Ocean as a major bar-
rier. Subsequently, the northward subduction of the South Tianshan Ocean beneath the CTB may have lasted
to its final closure. By contrast, the southward subduction led to a short-lived trench–arc–back-arc system
along the northern Tarim Craton, represented by the STB (isolated from the northern Tarim) with a back-
arc basin opening, and subsequently the active continental margin converted into a passive margin due to
the closure of the back-arc basin. At ~320 Ma, the South Tianshan Ocean was closed resulting in the final
assembly of the Karakum–Tarim cratons and the western CAOB as well as their incorporation into Pangea.
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