
HAL Id: insu-03661331
https://insu.hal.science/insu-03661331

Submitted on 6 May 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Copyright

Composition, Provenance, and Tectonic Setting of the
Southern Kangurtag Accretionary Complex in the

Eastern Tianshan, NW China: Implications for the Late
Paleozoic Evolution of the North Tianshan Ocean

Zhenyu Chen, Wenjiao Xiao, Brian F. Windley, Karel Schulmann, Qigui Mao,
Zhiyong Zhang, Ji’En Zhang, Chen Deng, Shuaihua Song

To cite this version:
Zhenyu Chen, Wenjiao Xiao, Brian F. Windley, Karel Schulmann, Qigui Mao, et al.. Composition,
Provenance, and Tectonic Setting of the Southern Kangurtag Accretionary Complex in the Eastern
Tianshan, NW China: Implications for the Late Paleozoic Evolution of the North Tianshan Ocean.
Tectonics, 2019, 38, pp.2779-2802. �10.1029/2018TC005385�. �insu-03661331�

https://insu.hal.science/insu-03661331
https://hal.archives-ouvertes.fr


Composition, Provenance, and Tectonic Setting of the
Southern Kangurtag Accretionary Complex in the
Eastern Tianshan, NW China: Implications for
the Late Paleozoic Evolution of the
North Tianshan Ocean
Zhenyu Chen1,2, Wenjiao Xiao1,2,3 , Brian F. Windley4, Karel Schulmann5,6, Qigui Mao7,
Zhiyong Zhang1,2, Ji'en Zhang1,2, Chen Deng1,2, and Shuaihua Song1,2

1State Key Laboratory of Lithospheric Evolution, Institute of Geology and Geophysics, Chinese Academy of Sciences,
Beijing, China, 2College of Earth Sciences, University of Chinese Academy of Sciences, Beijing, China, 3Xinjiang Research
Center for Mineral Resources, Xinjiang Institute of Ecology and Geography, Chinese Academy of Sciences, Urumqi,
China, 4Department of Geology, University of Leicester, Leicester, UK, 5IPSG, Faculty of Science, Charles University,
Prague, Czech Republic, 6Géosciences Montpellier UMR‐CNRS 5243, Montpellier, France, 7Beijing Institute of Geology
for Mineral Resources, Beijing, China

Abstract The Kangurtag belt in the Eastern Tianshan, connecting the Dananhu Arc with the Central
Tianshan Arc, contains diagnostic rocks of accretionary origin, and thus provides key information about
the evolution of the North Tianshan Ocean. The Southern Kangurtag belt is composed of two types of
mélange. Type I mélange consists of Enriched Mid‐Ocean Ridge Basalt‐type pillow basalts, draped by
biohermal limestones and carbonate‐siliceous sediments of a slope facies, and siliceous argillites from a
hemipelagic‐pelagic environment that together make up a seamount assemblage. In Type II mélange,
Normal Mid‐Ocean Ridge Basalt and ribbon cherts were dismembered and entrained in a clastic matrix,
showing a “block‐in‐matrix” structure. Detrital zircons of four sandstones from Devonian and
Carboniferous strata within the mélanges have a predominant age population of 410–430 Ma and a distinct
Proterozoic cluster around 1.4–1.6 Ga. The εHf(t) values of Phanerozoic zircons range from −25.1 to +8.6.
Such age patterns, typical of the Central Tianshan Arc, and the Hf isotopic data indicate that these
sedimentary successions were deposited on the northern margin of the Central Tianshan Arc. The youngest
detrital zircon age of 317 Ma provides an upper limit for the time of formation of the Southern Kangurtag
accretionary complex. Therefore, we suggest that the Southern Kangurtag belt comprises an accretionary
complex that developed during southward subduction of the North Tianshan Ocean beneath the Central
Tianshan Arc. This subduction began in the Early Ordovician and may have lasted until the
Late Carboniferous–Permian.

1. Introduction

The Altaids or Central Asian Orogenic Belt is the largest and longest‐lived Phanerozoic accretionary orogen
on Earth. Its evolution from the Neoproterozoic to early Mesozoic involved accretion of multiple continental
blocks, microcontinents, seamounts, arcs, and ophiolites in the Paleo‐Asian Ocean (Jahn et al., 2000, Jahn,
2004; Kröner et al., 2007; Sengör et al., 1993; Xiao et al., 2004, 2009, 2015). The Paleo‐Asian Ocean has the
paleogeography of an archipelago with multiple oceans and subduction zones and is similar to that of
the present SW Pacific (Hsü et al., 1995; Windley et al., 2007; Xiao et al., 2003). Situated to the north of
the Yili‐Central Tianshan Arc, the North Tianshan Ocean (NTO) was an important branch of the southern
Paleo‐Asian Ocean remnants of which provide critical constraints on the accretionary history and final
amalgamation of the southern Central Asian Orogenic Belt (Figure 1; Xiao et al., 2009, 2013; Zhang et al.,
2015, Zhang, Zhao, Sun, et al., 2016; Zhang et al., 2018).

The timing of closure of the NTO has long been a topic of controversy with different opinions ranging from
pre‐Devonian collision (Charvet et al., 2007; Shu et al., 2002; Zhu et al., 2004) to Early Carboniferous colli-
sion (Li et al., 2003; Ma et al., 2014), to Late Carboniferous‐Early Permian collision (Chen et al., 2011; Xiao
et al., 2004; Zhang, Zhao, Sun, et al., 2016; Zhang et al., 2018). Nonetheless, most researchers have agreed
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that the Aqikkuduk‐Weiya belt (④ in Figure 1b) was the final suture associated with closure of the NTO. It
records the collision between two arcs, which are a Paleozoic intra‐oceanic arc in the north (North Tianshan
belt) and a Paleozoic continental arc in the south (the Central Tianshan Arc; Figure 1b). This idea is
supported by significant differences in the stratigraphy across the Aqikkuduk‐Weiya belt together with
the presence of ophiolitic rocks and a large‐scale strike‐slip displacement along the Aqikkuduk‐Weiya belt
(Chen et al., 2012; Li et al., 2003; Shu et al., 2002). However, recently, this view was challenged by the
discovery of inherited Precambrian zircons in Carboniferous volcanic rocks of the Yamansu Arc
(Figure 1b) suggesting that it was part of the Central Tianshan arc system, which contains Precambrian
rocks (Luo et al., 2016; Zhang et al., 2018). Thus, different evolutionary models of the Yamansu Arc have
led to different ideas about the boundary between the two arcs, and this has had an influence on
understanding where and when the NTO closed. Therefore, in addition to the inherited zircons and arc
magmatism, more evidence is required to clarify the formation of the Yamansu Arc and the polarity of
subduction. Accretionary complexes are important recorders of the components of subduction (Byrne &
Hibbard, 1987; Leggett et al., 1979, 1985; McKerrow et al., 1977; McCall & Kidd, 1982; Moore & Karig,
1980; Moore & Silver, 1987). Within an accretionary complex, the upper plate is the main source of
terrigenous clastic sediments, as in the Makran accretionary complex (Mohammadi et al., 2016) and the
Chugach accretionary complex (Amato et al., 2013). The provenance of terrigenous clastic sediments
within an accretionary complex can be used to delineate the upper plate, and the positional relationship
between an arc and an accretionary complex can be used to define the polarity of subduction.

In order to investigate the formation of the Yamansu Arc, we carried out field investigations along the north-
ern side of the arc and the southern Kangurtag belt. The SE Kangurtag belt contains sparse ophiolites and
mélanges (Xiao et al., 2004), which we mapped in detail (1:10,000 for Figure 2 and 1:1000 for Figure 3) in
order to better define the composition of the mélange. LA‐ICP‐MS U‐Pb and Lu‐Hf isotope analyses were
obtained to better understand the provenance of the terrigenous clastic rocks. This method is applicable
because previous studies have demonstrated there is a significant difference in the isotopic signatures of
Paleozoic magmatism between the Dananhu Arc and the Central Tianshan Arc. The Dananhu Arc is char-
acterized by isotopically juvenile Paleozoic magmatism (Wang et al., 2018; Wang & Zhang, 2016; Xiao et al.,
2017; Zhang et al., 2006), whereas the isotopic characters of the Paleozoic magmatic records from the Central
Tianshan Arc are mixed (Huang et al., 2015; Liu et al., 2004; Ma et al., 2014; Zhang, Zhao, Eizenhöfer, et al.,

Figure 1. (a) Tectonic sketch map of the Central Asian Orogenic Belt and adjacent cratonic blocks, modified after Sengör
et al. (1993) and Windley et al. (2007). (b) Simplified geological map of the Eastern Tianshan (modified after Wang, 2007).
The position of Figure 2 is marked.
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2016b). In addition, it is notable that the Central Tianshan Arc possesses a distinct zircon age cluster around
1,400–1,600 Ma, which is absent in other nearby Precambrian blocks, such as Tarim in the south, and the
Tuva‐Mongolia in the north (Long & Huang, 2017; Zhang, Zhao, Sun, et al., 2016). When uplifted and
eroded, the clastic detritus shed from these two arc‐dominated blocks would have provided different detrital
zircon information.

2. Regional Background

The Eastern Tianshan, which is the easternmost segment of the Tianshan Mountain Range, occupies an
important position between the Central Asian orogenic belt to the west and east (Figure 1). The Eastern
Tianshan is traditionally divided into three belts from north to south: the North Tianshan belt, the Central
Tianshan Arc, and the South Tianshan belt. These three belts are separated by the Aqikkuduk‐Weiya fault
zone and the Kawabulake fault zone, respectively (Charvet et al., 2007; Li et al., 2003; Xiao et al., 2004).

The North Tianshan belt is a composite arc comprising the Dananhu Arc in the north and the Yamansu Arc
in the south. The Kangurtag belt in‐between contains sparse ophiolites and accretionary complexes (Xiao
et al., 2004).

The Dananhu arc (Figure 1b), located to the south of the Turpan Basin, is an intraoceanic arc characterized
by isotopically juvenile Phanerozoic magmatism (460–300 Ma; Mao et al., 2018; Wang et al., 2018; Wang &
Zhang, 2016; Xiao et al., 2017). The oldest strata in this belt are Ordovician volcanic and pyroclastic rocks,
but Carboniferous volcanic and pyroclastic rocks are predominant. Upper Permian sediments overlie uncon-
formably Lower Permian volcanic and pyroclastic rocks (BGMRXUAR, 1993).

To the south of the Dananhu Arc, the Kangurtag belt (Figure 1b) is an accretionary complex (Xiao et al.,
2004) that is composed of major sedimentary and minor volcanic Carboniferous rocks that have been highly
thrusted and imbricated (Guo &Ma, 1990; Li et al., 2003). In the north of the belt blocks of serpentinite, gab-
bro, dolerite, and basalt are embedded in a matrix of metasandstone (Li et al., 2005). The 494‐Ma ophiolite
indicates that the ocean was already in existence in the Cambrian (Li et al., 2008).

The Yamansu Arc (Figure 1b) is separated from the Central Tianshan Arc by the Aqqikkudug‐Weiya
ophiolitic belt to the south. This arc is composed primarily of Carboniferous volcanic and plutonic rocks

Figure 2. (a) Detailed geologic map of the Southern Kangurtag belt (see Figure 1 for location), illustrating the lithologies,
spatial distribution, and structures of the mélange zone. (b) The A‐A′ line of cross section shows that lithologies in the
mélange zone are thrust‐bounded slices. The thrusts and axial planes of folds generally dip to the south. The positions of
Figures 3, 4a–4c, 4e, 4g, 5d, and 5f are marked. MDA = Maximum depositional age.
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(Hou et al., 2006; Luo et al., 2016). The recent discovery of abundant inherited Precambrian zircons in
Carboniferous volcanic rocks suggests this was a continental rather than an oceanic arc (Luo et al., 2016).

The Aqikkuduk‐Weiya belt (④ in Figure 1b), located between the Yamansu Arc and the Central Tianshan
Arc, consists of ophiolitic mélanges and granulites. The Weiya ophiolite mélange is composed of serpenti-
nites, diabases, gabbros, and basalts. Late Devonian sediments unconformably overlie the ophiolitic
mélange (Chen et al., 2012). The Weiya mafic granulites underwent HP metamorphism at ~538 Ma (Sm‐

Nd dating) and retrograde metamorphism at ~432 Ma (Ar‐Ar dating) during the subduction process (Shu
et al., 2004).

The Central Tianshan Arc (Figure 1b) is a continental arc built on Precambrian continental crust (Charvet
et al., 2007; Liu et al., 2004). All the Precambrian gneisses, schists, migmatites, and marbles of the
Xingxingxia, Kawabulake, and Tianhu Groups have undergone low‐ to high‐grade metamorphism. Early
Paleozoic magmatic rocks are extensive in the Central Tianshan Arc (Ma et al., 2014); granitic rocks are
enriched in LREE relative to HREE and depleted in Nb, Ta, and Ti, which are typical signatures of subduc-
tion zone products. The arc‐related magmatism may have lasted until the Late Carboniferous (Zhang, Zhao,
Eizenhöfer, et al., 2016a).

Figure 3. (a) Detailed geologic map of the basalt‐chert associations. (b) The A‐A′ cross section shows that the basalts and
cherts are imbricated by thrusts. The positions of Figures 5a, 5b, and 5e are marked.
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3. Composition of the Southern Kangurtag Mélange

To get a better understanding of the Southern Kangurtag belt, we carried out detailed mapping (1:10,000 for
Figure 2 and 1:1000 for Figure 3) to better define the composition of the mélange. As shown in Figure 2, this
area is mainly composed of imbricated blocks of basalts, cherts, argillites, limestones, and greywackes in an
argillaceous matrix.

Based on their different rock associations and spatial relationships, there are two types of mélange. Type I
mélange mostly crops out in the north of the area (Figures 2a, 2b, and 4a). Amygdaloidal pillow basalts that
are about 30 to 80 cm across in their longest dimension are predominate. The pillows are closely packed and
usually have a round top and a flat or indented bottom, providing a way‐up criterion (Figure 4b). Chert,
clayey, or chloritic material fills the interpillow spaces (Figure 4c). In the north, pillow basalts are in fault
contact with siltstones, which are interbedded with dark grey radiolarian cherts and contain clasts of basalt
and limestone (Figure 4d). South of the pillow basalts biohermal crinoidal limestones are thrust onto the pil-
low basalts (Figure 4g), in blocks up to 30–50 m across and several kilometers long. Farther south, up to 2‐
km‐thick turbidites have coarse‐gained calcareous sandstones with graded bedding containing fragments of
crinoid stems at the base (Figure 4e) and fining upward to argillites with interbedded cherts at the
top (Figure 4a).

Type II mélange, only in the southern area, consists of massive basalts and abundant cherts (Figure 5a). The
cherts are relatively resistant to weathering, thus often form the high‐ground. Ribbon cherts contain Late
Silurian—Early Carboniferous radiolarians (Li et al., 2003; Figures 5b and 5c). Both massive basalts and
cherts are dismembered and thrust‐imbricated with conglomerates, sandstones, and siliceous argillites
(Figures 2 and 5d). Thrust‐imbricated basalt‐chert slices are repeatedmany times. Within an area of nomore
than 600 × 600 m (Figures 3 and 5e), there are eight repeated slices. Conglomerates contain cobble‐ to
pebble‐sized clasts of volcanic and plutonic rocks, sandstones, cherts, marbles, and shales in a sandy matrix.
Conglomerates are in unconformable or faulted contact with sandstones. Locally, sandstones that are inter-
bedded with the conglomerates (Figure 5f) are mainly feldspathic greywackes that are composed of quartz,
sericitized feldspars, sedimentary lithic fragments, and minor sericites (Figure 5g).

4. Sampling

We selected 20 representative basalt samples for whole‐rock geochemical analyses, as well as five terrige-
nous clastic rocks, including four samples of sandstones and one conglomerate for zircon U‐Pb dating and
Hf isotope analyses.

4.1. Basalts

There are two types of basalts: pillow bearing and massive. Amygdaloidal pillow basalts are aphyric or con-
tain small phenocrysts of plagioclase, augite, and some olivine (Figure 6a). Massive, mostly aphyric, basalts
are dismembered and irregularly distributed in a clastic matrix of greywackes and argillites. In thin section,
phenocrysts in the massive basalts are mainly plagioclase, clinopyroxene, and minor magnetite in a matrix
with mafic minerals, plagioclase, and Fe‐Ti oxides.

4.2. Sandstones and Conglomerates

The dominant Gandun and Kushui Formations are dismembered, disordered, and imbricated with basaltic
lava, spilite, keratophyre, tuff, and chert (Li et al., 2003; Xiao et al., 2004). The Late Carboniferous Gandun
Formation consists of black mafic tuffaceous sandstones, siliceous argillites, and cherts. The Early
Carboniferous Kushui Formation includes medium‐bedded to thinly bedded greywackes, black argillites,
and minor pebble/cobble conglomerates with rhythmic bedding.

We collected one sandstone sample from the Gandun Formation. Sample 16YMSj14 is a medium‐grained,
moderately sorted feldspathic arenite, containing subrounded to subangular quartz, feldspars, volcanic,
and sedimentary lithic fragments. Four samples were collected from the Kushui Formation. Sample
16YMS14 is a fine‐ to medium‐grained feldspathic greywacke that contains angular quartz, altered feldspars,
sericites, volcanic lithic clasts, and opaque minerals. Samples 16YMSh26 and 16YMSk69 are also feldspathic
greywackes but withmore quartz (Figure 6b). They are medium grained andmoderately sorted and are com-
posed mainly of quartz, sericitized feldspars, together with minor sericites and sedimentary lithic fragments.
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Figure 4. Photos of representative outcrops in the type‐I mélange of the southern Kangurtag belt (see Figure 2 for the
location). (a) Panoramic view of the type‐I mélange, car for scale. (b) Thrust developed within pillow basalts (arrows point
upward). The pillows have a rounded upper surface and an indented base, hammer for scale. (c) Cherts fill interpillow
spaces, pen for scale. (d) Feldspathic arenite from the Gandun Formation contains fragments of basalt and limestone
(calcite). (e) Field view of calcareous turbidites, pen for scale. (f) Photomicrograph of calcareous turbidite. (g) Limestones
thrusted onto basalts, person for scale. Q = quartz; Fsp = feldspar; Cal = calcite; Pl = plagioclase; Lv = volcanic lithic
fragment.
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Figure 5. Representative photos of type II mélange within the Southern Kangurtag belt (see Figures 2 and 3 for the
location). (a) Imbricated basalts and cherts, hammer for scale. (b) Isoclinally folded ribbon chert. (c) Photomicrograph of
ribbon chert. (d) Thrusts are between imbricated sandstones, basalts, and cherts, bush for scale. (e) Basalts and cherts are
repeated by layer‐parallel thrusts to form duplex structures. (f) Sandstones are interbedded with conglomerates.
(g) Feldspathic greywackes. Q = quartz; Fsp = feldspar; Pl = plagioclase; Ls = sedimentary lithic fragment; Ser = sericite.
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Sample 16YMS13‐3 is a quartz arenite cobble collected from a conglomerate interbedded with greywacke
(Figures 6c and 6d). The quartz arenite cobble consists of more than 99% quartz and has a polygonal
fabric. The marked quartz at the bottom of Figure 6d is surrounded by a quartz overgrowth.

Sample locations are shown in Figure 2a. Locations, lithologies, and stratigraphic units of the samples are
summarized in supporting information Text S1.

5. Analytical Methods
5.1. Whole‐Rock Major and Trace Element Analyses

The analysis of major and trace elements of the bulk‐rock samples was carried out at the Mineral Division of
ALS Chemex (Guangzhou) Co. Ltd in Guangzhou.

Major elements were analyzed by X‐ray fluorescence spectrometry (Rikagu RIX 2100). All samples were first
milled to less than 200 mesh then mixed with Li2B4O7 and LiBO2 to make homogeneous glass disks at 1050–
1100 °C for further analysis. The analytical precision of major elements was better than 1%.

The trace element concentrations of the sample solutions were determined by inductively coupled plasma
mass spectrometry (PerkinElmer Elan 9000). About 50 mg of powder for every sample was added to a
lithium metaborate flux, mixed well and fused in a furnace at 1000 °C. The resulting melt was then cooled
and dissolved in 100 ml of 4% HNO3 solution for further analysis. The analytical precision is better than 5%
for most trace elements.

5.2. Zircon U‐Pb Dating and Hf Isotopes

Zircon grains were separated with conventional heavy liquid and magnetic techniques, then mounted in
epoxy resin and polished to about half their grain size. Cathodoluminescence (CL) images were taken using
a CAMECA SX‐50 microprobe at the Institute of Geology and Geophysics, Chinese Academy of Sciences in
Beijing to obtain high‐resolution imaging of the internal structure of the zircons. These images were used to
choose potential spots for the U‐Pb dating and Hf isotope analyses.

Figure 6. Photos of representative samples from the Southern Kangurtag mélange. (a) Photomicrograph of pillow basalts.
(b) Photomicrograph of feldspathic greywackes from the Kushui Formation. (c and d) Outcrop and photomicrograph
of a quartz arenite cobble from the Kushui Formation. Q= quartz; Fsp = feldspar; Pl = plagioclase; Ls = sedimentary lithic
fragment; Cpx = clinopyroxene.
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U‐Pb dating of zircons was undertaken with an Agilent 7500a quadrupole
(Q)‐ICP‐MS with a 193‐nm excimer ArF laser ablation system at the
Institute of Geology and Geophysics, Chinese Academy of Sciences. The
analyses were made with a beam diameter of 50 μm, 8‐Hz repetition rate
following analytical procedures described by Wu et al. (2010). Zircon
91500 was used as the primary standard, and NIST 610 silicate glass was
used to optimize the instrument. U, Th, and Pb concentrations were cali-
brated with 29Si as an internal standard and NIST 610 as reference mate-
rial. The raw data were processed using the Glitter program (version 4;
Jackson et al., 2004). For the weighted mean age calculations and concor-
dia plots, we used the ISOPLOT program (version 3.0; Ludwig, 2003).

In situ zircon Lu‐Hf isotopic analysis was carried out with a Neptune
Plasma multicollector ICP‐MS coupled with a 193‐nm COMPexPro laser
ablation system at the Institute of Geology and Geophysics, Chinese
Academy of Sciences. Lu‐Hf isotopic measurements were performed on
or nearby the spots generated by the U‐Pb analyses. The analyses were
made with a beam diameter of 50 μm, 8‐Hz repetition rate. The detailed
analytical procedures and isobaric interference corrections were described
by Wu et al. (2006). The 176Lu decay constant of 1.865 × 10–11 year–1

(Scherer et al., 2001) and the chondritic values of 176Hf/177Hf = 0.282772 and 176Lu/177Hf = 0.0332
(Blichert‐Toft & Albarède, 1997) were adopted to calculate initial 176Hf/177Hf ratios and εHf(t) values.

6. Results
6.1. Major Elements

Major and trace element data for the basalts are presented in supporting information Table S1. The loss on
ignition (LOI) for the rocks in this study ranges from 1.53 to 7.47 wt.%. All analyzed samples are basaltic in
composition with silica contents ranging from 41.95 to 50.52 wt.%.

The pillow basalts in the northern area display variations in SiO2 ranging from 41.95 to 49.15 wt.% and Al2O3

from 14.80 to 16.62 wt.%, in MgO from 4.37 to 8.32 wt.%. These rocks have relatively high TiO2 contents
(1.91–2.26 wt.%), total alkalis (Na2O + K2O; 3.11–5.78 wt.%), and low contents of K2O (0.1–0.55 wt.%).
The data show a subalkaline basaltic affinity on a Zr/(TiO2 × 0.0001)–Nb/Y diagram (Figure 7).

The massive basalts from the southern area are subalkaline basalts (Figure 7) that have a concentration of
K2O (0.14 wt.% in average), Na2O (2.49–3.81 wt.%), and high contents of TiO2 (1.14–2.09 wt.%). The MgO
contents vary from 6.60 to 8.15 wt.%.

6.2. REE and Trace Elements

Normalized to the C1 Chondrite (Sun & McDonough, 1989) the pillow basalts have moderate LREE‐
enriched patterns (LaN/YbN = 1.72–2.71), similar to Enriched Mid‐Ocean Ridge Basalt (E‐MORB;
Figure 8a). In multielement variation diagrams (Figure 8b), the pillow basalts are enriched in large ion litho-
phile elements (LILEs), have weak depletions to enrichments in Nb, Ta, and Ti, and no obvious Eu anoma-
lies (0.82–1.06). These features resemble those of typical E‐MORB (Frey et al., 1993; Hemond et al., 2006).

Themassive basalts showmarked depleted LREE‐enriched patterns (LaN/YbN= 0.30–1.13), similar to those
of Normal Mid‐Ocean Ridge Basalt (N‐MORB; Figures 8c and 8e), and LREEs are more highly fractionated
than HREEs. Based on their concentration of HREE, the massive basalts are divisible into two subtypes.
Type I has a relatively flat HREE pattern (Figure 8c), whereas type II has a slightly depleted distribution pat-
tern (Figure 8e). In multielement variation diagrams (Figures 8d and 8f), Type I basalts showweak depletion
in Nb and Ti, and no striking Eu anomalies (0.79–1.14); Type II basalts are slightly enriched in Ta and Ti
with positive Eu anomalies (0.96–1.28) and Sr anomalies. These features are comparable to those of typical
N‐MORB (Schilling et al., 1983; Sun et al., 1979). However, the abundance of the LILEs, Ba, U, Sr is
relatively high.

Figure 7. Geochemical Nb/Y versus Zr/(TiO2 × 0.0001) classification
diagram for the basalts from Southern Kangurtag mélange (pillow basalt
andmassive basalt samples are marked by circles and triangles, respectively;
Winchester & Floyd, 1977).
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6.3. Analyses of Detrital Zircons for U‐Pb Dating and Hf Isotopes

In this study, 400 zircons from four sandstone samples and 110 zircons from one quartz arenite cobble were
selected for U‐Pb analyses. After U‐Pb data reduction, we carried out in situ Hf isotope analyses of all
Phanerozoic detrital zircon grains except for those which were too tiny to analyze. For the sandstones, 37 of
the analyses were abandoned due to their discordant ages (concordance out of 90% and 110%). The remaining
363 analyses gave U‐Pb ages ranging from 315 to 3,400 Ma. Paleozoic ages account for 64% of the results. The
Paleozoic grains are commonly light or rose‐colored and 80–220 μm in length and have euhedral/prismatic
shapes (aspect ratios 3.0–1.0). These features suggest that the Paleozoic zircons are mostly magmatic in
origin, as also indicated by their typical oscillatory zoning and relatively high Th/U ratios (0.2–1.8).

In comparison, Precambrian zircons are commonly colorless to dark purple, have lengths of 70–170 μm and
subrounded to well‐rounded shapes. Most of the Precambrian zircons have Th/U ratios higher than 0.2 and

Figure 8. Chondrite‐normalized REE patterns and primitive mantle (PM)‐normalized multielement diagrams for basalts from the Southern Kangurtag
mélange. The chondrite values are from Boynton (1984). The PM, Normal Mid‐Ocean Ridge Basalt (N‐MORB), Enriched Mid‐Ocean Ridge Basalt (E‐MORB), and
OIB values are from Sun and McDonough (1989).
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oscillatory zones, which are indicative of a magmatic origin. Some metamorphic zircons are also present, as
suggested by their homogeneous or sector/irregular zones and their low Th/U ratios.

Zircon grains from sample 16YMSj14 of the Gandun Formation are predominantly euhedral to subhedral,
have a length of 50–160 μm, and aspect ratio of 1–4. On CL images most grains show oscillatory or patchy
linear zoning with Th/U ratios falling in a range of 0.18–0.92. In total, 94 concordant analyses were obtained
from 100 zircon grains. As illustrated in a pie chart, the Phanerozoic zircons make up 81% of the total
analyses, while the Precambrian zircons account for the remaining 19%. Zircons from this sample define
one main age peak of ~427 Ma (Figure 9c), but some yielded older age clusters of ~908 and ~1,530 Ma. In
total, 18 analyses yielded Precambrian ages of 563–2,937 Ma. Lu‐Hf isotopic analyses of Phanerozoic detrital
zircons yielded εHf(t) values ranging from −13.8 to +6.2 (Figure 10a).

Zircon grains from sample 16YMSh26, 16YMSk69, and 16YMS14 that were taken from the Kushui
Formation range from colorless to brown and have lengths of 50–150 μm and aspect ratios of 1–4. Most
grains have oscillatory or patchy linear zones on CL images, and their Th/U ratios are in a range of
0.09–1.05. A total of 300 zircon grains were analyzed 269 of which are concordant. As demonstrated on
the pie chart, the Phanerozoic zirconsmake up 32%–50% of the total analyses, while the Precambrian zircons
account for the remainder. Zircons from these samples define one Phanerozoic age peak of ~420 Ma
(Figures 9d–9f). The Precambrian zircons yielded age clusters of~850, ~900, ~1,200, ~1,550, ~1,900, and
~2,500 Ma. The Phanerozoic zircons are characterized by a large variation of εHf(t) values (−25 to
+8.6; Figures 10b–10d).

For sample 16YMS13‐3, 104 concordant analyses were obtained from 110 zircon grains. Zircons from the
sample are well rounded with an average length of approximately 100 μm, some of which show oscillatory
zones under CL images. Th/U ratios of these zircons are in a range of 0.07–1.67. All zircons from this sample
are Precambrian in age, and the major peak is at ~1,513 Ma (Figure 9g).

7. Discussion
7.1. Petrogenesis and Tectonic Setting of the Basalts

Both the pillow basalts and massive basalts had a high LOI values (LOI = 1.53–7.47 wt.%;), which probably
resulted from post magmatic hydrothermal activity, which is commonly recorded by chlorites and carbonate
veins (supporting information Figure S1). The alterationmay havemobilizedmost major elements and some
LILEs such as Ba, Rb, Th, Sr, U, and K as reflected in their wide variation in our rocks. However, most
“immobile” elements, especially the high‐field strength elements such as Nb, Ta, Zr, Hf, and Y, are resistant
during alteration (Pearce & Cann, 1973; Winchester & Floyd, 1977). Thus, only the immobile incompatible
trace elements and the REE are considered in the following discussion on the petrogenesis and tectonic
setting of these magmatic rocks.
7.1.1. Pillow Basalts
The pillow basalts display a moderate enrichment in LREE with the incompatible trace element concentra-
tion reaching 10 times that of the primitive mantle values, and they have no obvious Nb, Ta, and Ti anoma-
lies similar to those of E‐MORB, precluding a subduction‐related origin (Sun & McDonough, 1989;
Figures 8a and 8b). Ratios of trace elements with different incompatibility are typically fractionated during
magmatic processes and may provide important information on petrogenetic history (Weaver, 1991). As
shown by immobile incompatible trace elements, like Nb, Yb, Zr, and Y, all the pillow basalt samples
marked by circles plot within or near the field of E‐MORB on a Hf/3–Ta–Th diagram (Wood, 1980) and
on a 2Nb–Zr/4–Y triangular diagram (Meschede, 1986) (Figures 11a and 11b). Thus, we conclude that the
pillow basalts were derived from a location where a spreading center encountered a mantle plume or an
enriched area in the upper mantle (Fitton, 2007).
7.1.2. Massive Basalts
The massive basalts clearly show depleted LREE‐enriched patterns and no anomalies in high‐field strength
element (e.g., Nb, Ta, Zr, and Hf), as seen in their chondrite‐normalized REE and primitive mantle‐
normalized trace‐element patterns (Figures 8c–8f). These characteristics strongly suggest that the massive
basalts bear an N‐MORB geochemical signature. For the Ti and Eu anomalies in type II basalts
(Figure 8f), an enrichment in Ti indicates that themassive basalts contain cumulate Fe‐Ti oxides. This is con-
sistent with the occurrence of several percent ilmenite grains in thin section. Moreover, the presence of
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Figure 9. (a and b) Histograms for compiled crystallization ages (>300 Ma) of felsic‐intermediate magmatic rocks in the
Dananhu and Central Tianshan Arcs (see supporting information Table S4 for data sources). (c–g) Histograms and
normalized kernel density plot curves for detrital zircon ages of five samples analyzed in this study (see Figure 2a for
sample locations and supporting information Table S2 for data sources); Pie charts show the proportions of Precambrian
and Phanerozoic zircons. (h–l) Maximum depositional ages (see text for details).
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positive Sr and Eu anomalies results from the accumulation of plagioclase. Plagioclase has a higher partition
coefficient for LREEs than HREEs, while the opposite is true of clinopyroxene, and plagioclase is highly
enriched in Eu over the other REEs. Thus, samples with a high plagioclase/clinopyroxene ratio have
higher Eu/Eu*, higher La/Sm and a slight depletion in HREE (Perk et al., 2007). In triangular diagrams
based on immobile incompatible trace elements like Nb, Yb, Zr, and Y, the massive basalt samples are
marked by triangles falling within the field of N‐MORB, as on a Hf/3–Ta–Th diagram (Wood, 1980) and a

Figure 10. Plots of εHf(t) versus U‐Pb ages of detrital zircons from the Southern Kangurtag mélange and magmatic
zircons from the Dananhu and Central Tianshan Arcs (the Dananhu Arc (Sun et al., 2017; Wang & Zhang, 2016; Wang,
Xue,Wang, et al., 2015,Wang, Xue, Liu, et al., 2015,Wang, Zhang, & Liu, 2016,Wang, Zhang, Liu, & Que, 2016; Xiao et al.,
2017; Zhang, Wang, et al., 2016) and the Central Tianshan Arc (Huang et al., 2015; Lei et al., 2011, 2014; Li et al., 2016;
Li et al., 2017; Ma et al., 2013, 2014; Nijat et al., 2015; Shi et al., 2014; Xu et al., 2010; Yang et al., 2012; Zhang et al., 2015;
Zhang, Zhao, Eizenhöfer, et al., 2016a, 2016b; Zhu et al., 2011)). See supporting information Tables S3 and S5 for
data sources.

Figure 11. Triangular tectonic discrimination diagrams for basalts in the SE Kangurtag mélange (pillow basalt and mas-
sive basalt samples are marked by circles and triangles, respectively): (a) Hf/3‐Ta‐Th (Wood, 1980) and (b) 2Nb‐Y‐Zr/4
(Meschede, 1986)
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2Nb–Zr/4–Y triangular diagram (Meschede, 1986; Figures 11a and 11b). Accordingly, we conclude that the
massive basalts formed in a mid‐oceanic ridge setting.

7.2. Maximum Depositional Ages of Strata

In this study, we apply the mean age of the youngest three or more grains, with ages overlapping at 2σ, to
estimate the maximum deposition ages of the strata. Compared with the estimate of an age using only the
youngest single grain, this method is more statistically reliable and more compatible with the deposition
age of strata (Dickinson & Gehrels, 2009).
7.2.1. Gandun Formation
The maximum deposition age of sample 16YMSj14 is estimated at ca. 317 Ma (Figure 9h); this is in accor-
dance with the stratigraphic position of the Gandun Formation (Late Carboniferous).
7.2.2. Kushui Formation
The stratigraphic subdivisions of the Kushui Formation have long been an issue of debate because of the lack
of fossils (Ma et al., 1993). According to the biological assemblage of conodonts, Guo and Ma (1990) gave the
Kushui Formation an Early Carboniferous age. However, later researchers pointed out that some of the
conodont assemblages are Late Devonian in age (Ma et al., 1993). The maximum depositional ages of three
samples (16YMSh26, 16YMSk69, and 16YMS14) collected from the Kushui Formation are circa 351, 374,
and, 384 Ma, respectively (Figures 9i–9k). To get a confident estimate of the time of deposition from detrital
zircons, there are two indispensable requirements: (1) a supply of contemporary igneous components during
deposition and (2) more than 60 analysis spots (Dickinson & Gehrels, 2009; Gehrels et al., 2011). Certainly,
in our case both requirements are well satisfied. In the Dananhu and Central Tianshan arcs, magmatismwas
active from the Late Ordorvician to Permian (Du et al., 2018; Huang et al., 2015; Huang, 2014; Ma et al., 2014;
Mao, Xiao, et al., 2014; Shi et al., 2014; Wang et al., 2018; Wang & Zhang, 2016; Zhang, Zhao, Eizenhöfer,
et al., 2016a; Zhou et al., 2010). Hence, 100 analysis points for each sample are adequate to provide robust
information about their age and stratigraphic position.

From the above, we conclude that the Kushui Formation is a diachronous stratigraphic unit. The deposi-
tional process may have begun in the Devonian and lasted until the Early Carboniferous. Moreover, the
maximum depositional ages of the three samples, combined with sample 16YMSj14, are 384 ± 5, 374 ±
12, 351 ± 4, and 317 ± 6 Ma, indicate a general younging toward the north.
7.2.3. Quartz Arenite Cobble of the Kushui Formation
The maximum depositional age of the quartz arenite cobble is 982 Ma (Figure 9l). Thus, the stratigraphic
unit to which these quartz arenites belong may have been deposited during the Mesoproterozoic or later.

7.3. Provenance Study in the Southern Kangurtag Mélange

The 410‐ to 430‐Ma age peak is the most predominant characteristic in the histograms of all samples
(Figures 9c–9f). Detrital zircon ages within the interval of 310–460 Ma overlap with the ages of wide-
spread Late Ordovician to Carboniferous granitic plutons of the Central Tianshan Arc (Figure 9a; Ma
et al., 2014; Yin et al., 2017; Zhang, Zhao, Eizenhöfer, et al., 2016a), and the coeval magmatic activity
of the Dananhu Arc may also have provided a potential source area (Figure 9b; Du et al., 2018; Wang
et al., 2018; Wang & Zhang, 2016; Wang, Xue, Wang, et al., 2015, Wang, Xue, Liu, et al., 2015; Zhou
et al., 2010). In this situation, detrital zircon ages alone cannot distinguish between a supply source in
the Dananhu Arc and a supply sourced from the Central Tianshan Arc. Nonetheless, the Dananhu Arc
is an intraoceanic arc (Mao et al., 2018; Wang et al., 2018; Wang & Zhang, 2016; Xiao et al., 2017), while
the Central Tianshan Arc is a continental arc (Huang et al., 2015; Liu et al., 2004; Ma, Shu, Santosh, et al.,
2012, Ma, Shu, Jahn, et al., 2012, 2014; Zhang, Zhao, Eizenhöfer, et al., 2016a). The igneous rocks of the
Dananhu Arc were sourced from juvenile material that could not have been contaminated by easily fusi-
ble felsic crust of a magma from an active continental margin (Leat & Larter, 2003; Stern, 2010; Wilson,
2007). Such juvenile magmatism could intuitively be demonstrated by its isotopic character, that is, a rela-
tively high εHf(t) value close to the curve of depleted mantle. In contrast, the Central Tianshan Arc was
built on preexisting thick and felsic continental crust. Hence, the resulting magmatism was more mature
than that of the Dananhu Arc. Magmatism of active continental margins can be sourced from melted
ancient crust and from juvenile material. Considering Hf isotopes, active margin‐related magmatism
typically shows both positive and negative εHf(t) values (DeCelles et al., 2009; Mišković & Schaltegger,
2009). Therefore, in situ zircon Hf isotopes provide us with another opportunity to discriminate zircons
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from these contemporaneous magmatic environments (Figure 10; the
Dananhu Arc (Sun et al., 2017; Wang & Zhang, 2016; Wang, Xue,
Wang, et al., 2015, Wang, Xue, Liu, et al., 2015, Wang, Zhang, & Liu,
2016, Wang, Zhang, Liu, & Que, 2016; Xiao et al., 2017; Zhang, Wang,
& Liu, 2016) and the Central Tianshan Arc (Huang et al., 2015; Lei
et al., 2011, 2014; Li et al., 2016; Li et al., 2017; Ma et al., 2013, 2014;
Nijat et al., 2015; Shi et al., 2014; Xu et al., 2010; Yang et al., 2012;
Zhang et al., 2015, Zhang, Zhao, Eizenhöfer, et al., 2016a, 2016ab;
Zhu et al., 2011)). The εHf(t) values for the Dananhu Arc are mostly
>11, whereas the εHf(t) values for the Central Tianshan Arc are gener-
ally <11, and they have both positive and negative values. From
relationships in the age‐εHf(t) diagram, we propose that the in situ Hf
isotopic character of zircons in the sandstones in this study is compati-
ble with a source in the Central Tianshan Arc but not from the
Dananhu Arc (Figures 10a–10d). Notably, even the Late Carboniferous
sample (16YMSj14) contains no Dananhu Arc‐like zircons with high
εHf(t) (Figure 10a). Therefore, the Central Tianshan Arc was most likely
the primary provenance of the sandstones in the Southern Kangurtag
belt. Accordingly, until 317 Ma (the maximum depositional age of sam-
ple 16YMSj14), the sedimentary successions in the Southern Kangurtag
belt were dominantly sourced from the Central Tianshan Arc, either
from magmatic rocks or from recycled arc‐related sediments.

Moreover, the Precambrian zircons provide additional information about
possible source areas. In this study, Precambrian ages make up a majority
of the total of the analyzed samples. Four samples have similar age clus-
ters around 850–920, 1,000–1,200, 1,400–1,600, 1,800–1,900, and 2,400–
2,600 Ma, which are coincident with the ages of detrital zircons from
the Central Tianshan Arc (Figure 12; Ma, Shu, Santosh, et al., 2012, Ma,
Shu, Jahn, et al., 2012). Precambrian zircons are generally absent in the
Dananhu Arc (Mao et al., 2018; Xiao et al., 2013; Zhang et al., 2018).
Nevertheless, it is noteworthy that Precambrian basements are also
reported in arcs north of the Dananhu Arc, that is, the Tuva‐Mongolia
Arc and in the surrounding blocks, including the Chinese Altai and SW
Mongolia (Kröner et al., 2010). However, there are noticeable differences
in the Precambrian record of the Central Tianshan Arc and the Chinese
Altai and SW Mongolia. In this study, sandstone samples from the
Southern Kangurtag belt lack the conspicuous age peak of 570 Ma of the
Chinese Altai and SW Mongolia, but they do have abundant age clusters
ranging from 1,200 to 1,600 Ma, which is absent in both the Chinese
Altai and SW Mongolia, but is prominent in the Central Tianshan Arc
(Figure 12). Therefore, it is unlikely that these two blocks supplied much
clastic material to the Southern Kangurtag belt.

In addition, the quartz arenite cobble (16YMS13‐3) from the conglomer-
ate interbedded with greywackes gives us one more hint of provenance.
The quartz arenite boulders consist of more than 99% quartz. The maxi-
mum deposition age of this quartzite boulder is 982 Ma. Age clusters are
mainly within the range of 1,200–1,600 Ma with a conspicuous age peak
at 1,513 Ma (Figure 13). Quartz arenites with very similar petrography
and detrital zircon age distribution occur within the Kawabulake Group
of the Central Tianshan Arc (Huang, 2017). The quartz arenite of the
Kawabulake Group is composed of 99% quartz, with a depositional age
estimated by the youngest zircons to be 936 Ma. Thus, the approximate
depositional age and high similarity in age distribution and petrography

Figure 12. Normalized kernel density plot curves for detrital zircon ages
of samples analyzed in this study and those of Paleozoic sandstones from the
Chinese Altai (Jiang et al., 2011; Long et al., 2007; Long et al., 2010;
Wang et al., 2014), SW Mongolia (Gibson et al., 2013; Jiang et al., 2012;
Rojas‐Agramonte et al., 2011), and the Central Tianshan Arc (see text for
details). Only Precambrian ages are plotted.
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suggest that the quartz arenite cobble in the Southern Kangurtag belt was
likely transported from the Central Tianshan Arc and redeposited in the
Southern Kangurtag belt.

Given the above evidence, we conclude that the Central Tianshan Arc in
the south was the main provenance for sandstones of the Southern
Kangurtag belt.

7.4. Accretionary Complex in the Southern Kangurtag Belt

It is well known that mélanges can form in a variety of tectonic settings by
fragmentation and mixing processes, and the different modes of origin of
mélanges lead to different compositions and structures (Festa et al., 2010;
Onishi & Kimura, 1995; Wakabayashi & Dilek, 2011; Wakita et al., 2012,
2015). By large scale mapping, geochemical and provenance analysis, we
obtained a detailed description of the composition and structure of the
Southern Kangurtag mélange, which will contribute to an improved
understanding of its tectonic setting. The lithologies and structures of
the Southern Kangurtag mélange are comparable to those of fore‐arc
accretionary complexes in Japan, the western Pacific, and Southern
Europe. In these areas, accreted oceanic materials make up the main body

of accretionary complexes (Danelian & Robertson, 2001; Leggett, 1979, 1985; Isozaki et al., 1990, 2010; Kusky
& Bradley, 1999; Kusky et al., 2013; Maruyama et al., 2010; McKerrow, 1977; Moore & Karig, 1980; Safonova
et al., 2016; Sawaki et al., 2010; Wakita & Metcalfe, 2005).

In type I mélange of the Southern Kangurtag belt, the rock association is similar to that of seamounts
(Safonova et al., 2016; White, 2010). Overall, these sedimentary successions represent sediments on the
top, slope, and foot of a topographic high on the seafloor. The occurrence of crinoid stems within our bioher-
mal limestone suggests a shallow water environment; the calcareous turbidites were likely deposited on an
unstable slope; argillite and chert indicate hemiplegic‐pelagic deposition. In addition, basalts with an
E‐MORB geochemical affinity tend to occur on seamounts that originated from a hotspot or a plume‐ridge
interaction, as in the Emperor Seamounts, Southern Mid‐Atlantic, and Southwest and Central Indian ridges
(Douglass et al., 1999; Fitton, 2007; Le Roux et al., 2002; Murton et al., 2005; Regelous et al., 2003). Thus, we
suggest that type I mélange was derived from a subducted seamount.

In contrast, the type II mélange, which is composed of N‐MORB‐type basalts, radiolarian cherts, and silic-
eous mudstones in a matrix of argillites, resembles typical accreted ocean plate stratigraphy (Isozaki et al.,
1990; Matsuda & Isozaki, 1991). It records the birth of an ocean with N‐MORB‐type basalts at a mid‐oceanic
ridge, the lateral movement of the ocean as it is overlain progressively by deep‐sea cherts and pelagic argil-
lites as the ocean opens, and then begins to close. Finally, it arrives at a trench, when the oceanic sediments
are scraped off and mixed with trench‐fill turbiditic siltstones, sandstones, and conglomerates. Frequent
tectonic repetition of the chert‐basalt pairs is caused by thrusting associated with the formation of duplexes
during the underplating of ocean plate stratigraphy to the overriding plate (Hashimoto & Kimura, 1999;
Isozaki et al., 1990; Kimura & Ludden, 1995; Matsuda & Isozaki, 1991; Wakita & Metcalfe, 2005).

Within the Southern Kangurtag mélange, the sandstones and conglomerates are disrupted and imbricated
with accreted oceanic materials by south dipping thrusts. These sediments received detritus from both
continental and oceanic sources. Provenance of this nature together with structure of the sandstones and
conglomerates suggests that they were deposited on a trench slope. The clasts of volcanic rocks, granites,
and quartz arenites were derived from an active continental margin; the fragments of basalts, cherts, and
limestones came from accreted oceanic materials. Submarine canyon and smaller slope gullies serve as
active conduits to bypass upslope obstruction and transport terrigenous clasts to a trench slope. Erosion of
tectonic ridges formed by thrusting and folding of accreted material also provide detritus for a trench‐slope
(Bassett & Orlowski, 2004; Moore et al., 1980; Underwood & Bachman, 1986). On an accretionary subduc-
tion margin, thrusting and folding cause considerable disruption of the trench slope material (Underwood
& Moore, 1998). In addition, sediments with such features may also originate from a fore‐arc basin and be
involved in the accretionary processes. In a convergent margin, contraction may result in the inversion of

Figure 13. Normalized kernel density plot curves for detrital zircon ages in
the quartz arenite cobble in this study and a sandstone from the Kawabulake
Group of the Central Tianshan Arc (Huang, 2017).
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a fore‐arc basin, pushing the accretionary wedge backward into the fore‐arc basin and forming thrusts that
incorporate forearc basin sediments into the wedge (Westbrook et al., 1988).

Above all, the mélanges in the Southern Kangurtag belt have the character of an accretionary complex; the
basalts and cherts were accreted by underplating.

7.5. Tectonic Nature of the Kangurtag Belt

The Kangurtag belt was envisaged as an accretionary complex that formed during northward subduction of
the North Tianshan Ocean, based on the migration of magmatic fronts with time (Han & Zhao, 2018; Li
et al., 2006; Mao et al., 2018; Xiao et al., 2004). In the Dananhu Arc, the magmatic front migrated from
Ordovician‐Silurian in the Kalatage area in the north, through Devonian in the Dananhu area, to
Carboniferous in the Tuwu area in the south (Li et al., 2006).

However, our study indicates that the SE Kangurtag belt is related to southward subduction. First, the pro-
venance of turbiditic sandstones and quartz arenites cobbles within the Southern Kangurtag mélange all
point to southward subduction. The Central Tianshan source of the turbiditic sandstones and quartz arenites
cobbles of the Southern Kangurtag belt agree well with an accretionary prism and arc scenario in which the
supply of clastic sediments in the accretionary complex mainly came from the arc side of a subduction sys-
tem (Dickinson & Seely, 1979; Ingersoll, 1988). In addition, the northward younging of the maximum age of
deposition of our turbiditic sandstones also implies a northward growing accretionary prism (Figure 2a).
This implies northward growth of an accretionary complex that developed during southward subduction,
as well known in the Aleutians, Alaska, and Japan (Isozaki et al., 1990, 2010; Kusky & Bradley, 1999;
Leggett, 1979; Maruyama et al., 2010; McKerrow, 1977; Moore & Karig, 1980). Generally, accretionary
prisms grow oceanward with sediments in the accretionary prism younging oceanward, which results from
roll‐back of the subducting oceanic plate (Cawood et al., 2009; Taira, 2001; Taira et al., 1982). Thus, we
conclude that the Southern Kangurtag belt is an accretionary prism that developed during southward
subduction of the North Tianshan Ocean plate beneath the Central Tianshan Arc.

Moreover, in the NW Kangurtag belt, blocks of serpentinite, gabbro, dolerite, and basalt are thrust
imbricated with a matrix of metapyroclastic rocks and andesites. The gabbros, dolerites, and basalts show
suprasubduction zone, geochemical similarity. The metapyroclastic rocks and andesites belong to early
Carboniferous strata of the Dananhu Arc. In combination with thrusts of a dominantly southward vergence,
the NW Kangurtag mélange was suggested by Li et al. (2005) to have formed in the fore‐arc of the Dananhu
Arc. In conclusion, the Kangurtag belt probably contains accretionary complexes that formed by divergent
double subduction. The youngest zircons that we obtained from turbiditic sandstones indicate that the
subduction process lasted until 317 Ma.

7.6. Tectonic Affinity of the Yamansu Arc

The tectonic affinity of the Yamansu Arc is under debate. There are two main viewpoints: (1) The Yamansu
Arc was built on the fore‐arc accretionary prism of the Dananhu Arc due to rollback of the North Tianshan
Ocean; this is based on southward younging of the magmatism (Han & Zhao, 2018; Xiao et al., 2004, 2013),
and (2) the Yamansu Arc formed by southward subduction beneath the Central Tianshan Arc, which was
initiated in the Carboniferous. This idea is supported by Central Tianshan‐like inherited zircons in
Carboniferous volcanic rocks from the Yamansu Arc (Luo et al., 2016; Zhang et al., 2018).

In this paper, we reconsider the tectonic affinity of the Yamansu Arc from the viewpoint of the basic struc-
tural evolution of a subduction system. In an integrated, holistic accreting‐subducting system, the travel his-
tory from an ocean to a trench and arc is preserved in the stratigraphy of the trench‐accretionary prism‐arc
complex. As discussed above, the Southern Kangurtag belt is the accretionary prism of the Central Tianshan
Arc, and the Yamansu Arc is located between the Central Tianshan Arc and the Southern Kangurtag accre-
tionary prism. From that structural environment, we conclude that the Yamansu Arc was a continental arc
built on the margin of the Central Tianshan Arc. This is further supported by the coeval calc‐alkaline
magmatism and similar Precambrian imprint in both the Yamansu and Central Tianshan Arcs. The
Carboniferous igneous rocks crop out across the Aqikkuduk‐Weiya fault zone between the Yamansu Arc
and the Central Tianshan Arc. The basaltic andesites and rhyolites of the Central Tianshan Arc have an
island arc geochemical signature, which is no different from that of the Yamansu Arc (Mao, Wang, et al.,
2014). In addition, the volcanic rocks of the Yamansu Arc contain many Precambrian inherited zircons;
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the Precambrian ages cluster at ~600, ~1,000, ~1,400, ~2,200, and ~2,600 Ma, which are similar to the zircon
age peaks recorded by the sedimentary and magmatic rocks of the Central Tianshan Arc (Luo et al., 2016).
Finally, a 921‐MaPrecambrian granite is in the western part of the Yamansu Arc (Su et al., 2008). In contrast,
the Dananhu Arc has no record of Precambrian zircons or events (Mao et al., 2018; Xiao et al., 2013; Zhang
et al., 2018). The 481‐Ma arc‐related granodiorite in the Central Tianshan Arc, the pre‐Devonian Weiya
ophiolite, and the Early Paleozoic top‐to‐north ductile‐shear deformation along the Aqikkuduk‐Weiya fault
zone further suggest that southward subduction began as early as the Early Ordovician (Chen et al., 2012; Li
et al., 2009; Tang et al., 2011).

7.7. Implications for the Tectonic Evolution of the North Tianshan Ocean

By combining and integrating our results with previously published data of the Dananhu Arc, the Yamansu
Arc, the Central Tianshan Arc, and the Kangurtag belt (Xiao et al., 2004; Zhang et al., 2018), we suggest the
following evolution of the North Tianshan Ocean, which involved two‐way subduction with oceanward
accretion in both the Dananhu Arc and the Central Tianshan Arc (Figure 14).

Figure 14. Schematic diagrams illustrating the tectonic evolution of the North Tianshan Ocean and adjacent areas.
(a) Cambrian–Ordovician subduction of the North Tianshan Ocean generated the Dananhu Arc in the north and built the
Central Tianshan Arc above a Precambrian basement in the south; (b) During the Silurian‐Late Devonian, the North
Tianshan Ocean continued its two‐way subduction; (c) During the latest Carboniferous‐Permian, southward subduction
and rollback of the North Tianshan Ocean gave rise to the magmatism in the Yamansu Arc. The North Tianshan
Ocean terminated along the Kangurtag belt. KOF = Kangurtag ophiolite fragments (see text for details).
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Stage 1 (Cambrian‐Ordovician; Figure 14a)

The 494‐Ma Kangurtag ophiolite suggests that the North Tianshan Ocean was already in existence in the
Late Cambrian (Li et al., 2008). Later, during the Ordovician, subduction of the North Tianshan Ocean
generated the Dananhu Arc in the north (Du et al., 2018) and built the Central Tianshan Arc above a
Precambrian basement in the south (Ma et al., 2013).

Stage 2 (Silurian‐Late Devonian; Figure 14b)

During the Silurian‐Late Devonian, the North Tianshan Ocean continued its two‐way subduction. In the
north the magmatic front moved southward toward the Dananhu area, generating a magmatic arc in the
Devonian.

Stage 3 (Carboniferous‐Late Permian; Figure 14c)

The 324.8‐Ma ophiolitic rocks in the North Tianshan belt indicate that the North Tianshan Ocean still
existed in the Late Carboniferous (Xu et al., 2006). Also, the southward subduction of the North Tianshan
Ocean beneath the Central Tianshan Arc probably continued to 317 Ma, as suggested by the youngest
detrital zircons in turbiditic sandstones in the Southern Kangurtag belt.

During the Carboniferous‐Late Permian, continuous subduction was accompanied by rollback. In the north,
the magmatic front moved southward to the Tuwu area generating a Carboniferous magmatic arc. Permian
magmatic rocks were derived from a depleted mantle source, which is similar to that of pre‐Permian
magmatic rocks in the Eastern Tianshan (Mao, Xiao, et al., 2014; Wang et al., 2018). Meanwhile, in the
south, the northward movement of the magmatic axis created the Carboniferous magmatic belt in the
Yamansu area.

Consequently, the North Tianshan Ocean was consumed during two‐way subduction that created a suture
between the accretionary prisms of the Central Tianshan and Dananhu Arcs. The Kangurtag belt recorded
the final closure of the North Tianshan Ocean.

8. Conclusions

Our new data and interpretations lead to the following conclusions:

1. The Southern Kangurtag belt contains two types of mélange that record the subduction of seamounts and
oceanic crust. Type I mélange consists of E‐MORB‐type pillow basalts, draped by biohermal limestones,
carbonate‐siliceous sediments of slope facies, and pelagic siliceous argillites. Within Type II mélange,
N‐MORB and ribbon cherts were dismembered and embedded in a clastic matrix.

2. The provenance of the Devonian‐Carboniferous sandstones and quartz arenite cobble sampled within
the Southern Kangurtag belt was the Central Tianshan Arc in the south, when any detrital supply from
the Dananhu Arc or further north was out of reach.

3. The northward younging trend of the maximum deposition ages together with the spatial relationship of
the interconnected accretionary complex (the Southern Kangurtag accretionary complex) and arc (the
Central Tianshan Arc) indicate southward subduction of the North Tianshan Ocean beneath the
Central Tianshan Arc.

4. The youngest detrital zircon age, 317Ma, provides an upper time limit for growth of the Kangurtag accre-
tionary complex, suggesting that subduction of the North Tianshan Ocean lasted until the Late
Carboniferous‐Permian.

5. In combination with previous studies, we propose a divergent double subduction model for the evolution
of the North Tianshan Ocean. The continuous subduction created the Dananhu Arc in the north and the
Central Tianshan Arc in the south. The Kangurtag belt in‐between records the amalgamation of the
Dananhu Arc and the Central Tianshan Arc.
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