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Keywords:

Central Asian Orogenic Belt (CAOB)
Eastern Tianshan

Kangguer Ocean

Igneous rocks

Crustal evolution

Accretionary orogens function as crucial sites for the generation of arc igneous rocks and continental crust, but
the spatial and temporal distribution of arc igneous rocks and the link between the arc magmatic processes and
crust generation within individual orogens remains poorly constrained. To address this issue, we have summa-
rized published geochemical and zircon isotopic data for Paleozoic (~460-280 Ma) mafic-intermediate—felsic
igneous rocks within five individual belts from the Chinese Eastern Tianshan of the southern Central Asian

Orogenic Belt (CAOB), which aim to explore the variations in magma sources (juvenile or reworked crust) and
crustal thickness in response to tectonic and crustal evolution over time. This summary highlights the systematic
variation in elemental and isotopic signatures of magmas in the Eastern Tianshan and makes it possible to
quantitatively evaluate the crustal evolution and tectonic switch patterns. Repeated tectonic switches of the
Eastern Tianshan trench-arc-basin system during subduction of the Kangguer oceanic plate appear to have
occurred in two phases of the northern trench advance (ca. 460-381 Ma and 330-301 Ma, respectively) and the
intervening trench retreat (ca. 380-331 Ma), as well as seem to have happened in the southern trench of the
Kangguer Ocean with trench southward advance and northward retreat at ca. 360-331 Ma and 330-301 Ma,
respectively. The estimated crustal growth in the Eastern Tianshan various from trench advance accompanied by
significant crustal thickening (i.e., northern trench advance at ca. 460-421 Ma and southern trench advance at
ca. 360-331 Ma, respectively) to northern trench retreat with crustal thinning (ca. 380-331 Ma). Most of the
magma in the Eastern Tianshan was generated by crustal reworking or mixing.

1. Introduction

The growth and reworking of the continental crust through time has
long been a subject of debate (e.g., Armstrong, 1981; Condie, 1998;
Belousova et al., 2010; Dhuime et al., 2012; Spencer et al., 2019; Wang
et al., 2023). Considering that continental crust has a bulk andesitic to
dacitic composition (Rudnick and Gao, 2014), most previous studies
have focused on continental arcs, such as the North and South American
Cordillera and the Australian Tasmanides, which developed the idea
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that the generation of crust takes place mainly during the extensional
stage of a continental arc (Kemp et al., 2009; Chapman and Ducea, 2019;
Spencer et al., 2019). However, whether the results of such studies can
be applied to island arc magmatism in accretionary orogens remains
unclear.

Accretionary orogens form at sites of intra-oceanic subduction and
continental margins, where extensive magmatism and crustal growth
takes place as a consequence of continuing subduction and accretion
(Reymer and Schubert, 1986; Beltrando et al., 2007; Condie, 2007;
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Cawood et al., 2009). There is increasing evidence that crustal growth
takes place in different ways in different accretionary orogens, including
outward growth of juvenile magmatic arcs, and vertical growth of
mantle input during extensional episodes (Sengor et al., 1993; Jahn
et al., 2004; Cawood et al., 2009; Kroner et al., 2014; Tang et al., 2017;
Gong etal., 2023; Wang et al., 2023), which differs from the opinion that
the production of crust takes place mainly at the extensional stage of a
continental arc (Kemp et al., 2009; Chapman and Ducea, 2019; Spencer
et al., 2019). The key issues in this paradox are the relative roles of
crustal growth along with crustal thickening during advancing sub-
duction or accompanied by crustal thinning at retreating subduction, as
well as the relative characters of juvenile crustal growth (i.e., crust
derived from the mantle) and crustal reworking (i.e., remelting of older
crust) in the Earth’s history and especially during the Phanerozoic
(Armstrong, 1981; Belousova et al., 2009; Dhuime et al., 2012; Kroner
et al., 2014; Tang et al., 2017; Wang et al., 2023).
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As the largest Phanerozoic accretionary orogeny worldwide, the
Central Asian Orogenic Belt (CAOB), also known as Altaids (Sengor
etal., 1993; Sengor and Natalin, 1996; Wilhem et al., 2012) and Central
Asian Mobile Belt (Jahn et al., 2004), located between the European,
Siberian, Tarim, and North China Cratons (Fig. 1A; Sengor et al., 1993;
Xiao et al., 2015; Yang et al., 2015), is generally considered as one of the
major sites of juvenile crust production on Earth (Sengor et al., 1993;
Windley et al., 2007; Cawood et al., 2013; Kroner et al., 2014; Tang
et al.,, 2017; Wang et al., 2022, 2023). The preserved part of the CAOB
records complex and multiple subduction and accretion of various tec-
tonic domains such as arc-back-arc systems, accretionary prisms,
ophiolitic mélanges, and microcontinents within the Paleo-Asian Ocean,
marking the transition from the Pangea supercontinent to the evolving
Eurasian continent (Windley et al., 1990; Sengor et al., 1993; Xiao et al.,
2015; Kroner et al., 2017; Huang et al., 2020; Liu et al., 2021; Li et al.,
2022; Wang et al., 2023).

Fig. 1. (A) Sketch map of the CAOB and the surrounding Cratons (modified from Jahn et al., 2000). (B) Sketch map of the North Xinjiang (after Gao et al., 2009). (C)

Geological map of the Chinese Eastern Tianshan (after Han and Zhao, 2018).
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The Chinese Eastern Tianshan occupies the southernmost CAOB and
contains the essential components of a typical accretionary orogen such
as island arcs, ophiolites, continental margin arcs, microcontinents, and
accretionary wedges (Fig. 1B and C; Xiao et al., 2004; Windley et al.,
1990, 2007; Wang et al., 2021; Mao et al., 2022a, 2022b; Zhang et al.,
2022). It formed by the successive lateral accretion of island arcs, con-
tinental margin arcs, ophiolites, and accretionary complexes, as well as
by the vertical addition of significant volumes of magmas in accre-
tionary, post-collisional, and intraplate settings (Xiao et al., 2004;
Windley et al., 1990, 2007; Zhang et al., 2018; Wang et al., 2022; Gong
et al., 2023). Hence, it is critical to understand the timing and nature of
the multi-stage magmatism so as to decipher the subduction and ac-
cretion history, crustal thickness, and links with crustal growth and
reworking of the CAOB (Sengor et al., 1993; Jahn et al., 2000; Xiao et al.,
2004, 2008; Wilhem et al., 2012; Yang et al., 2015; Wang et al., 2022,
2023). In fact, the amalgamation history in the Eastern Tianshan has
been one of the focal themes in recent years, but remains controversial
(Xiao et al., 2004, 2008; Zhang et al., 2018; Du et al., 2021; Mao et al.,
2022a; Wang et al., 2022; Gong et al., 2023). One reason for the debate
centers on the pattern and amount of juvenile crust generated in the
CAOB, as well as generated in the Eastern Tianshan, is highly variable
(Jahn et al., 2000, 2004; Kroner et al., 2014, 2017; Tang et al., 2017;
Wang et al., 2022, 2023; Gong et al., 2023). Another reason for the
debate may have been that most of those studies were focused on the
investigation of particular aspects in localized areas or limited times and
therefore did not provide a comprehensive analysis at the regional scale.

This paper focuses on the Eastern Tianshan, which provides a record
of igneous activity throughout most of the Paleozoic (Tang et al., 2017;
Wang et al., 2022; Gong et al., 2023). We compile a data set of the
whole-rock geochemical and zircon U-Pb and Lu-Hf isotopic composi-
tions of magmatic rocks of the Eastern Tianshan (Tables S1-5). We take
the evolution of magma sources (juvenile vs. reworked crust) and crust
thickness over time as the main reference indexes to improve under-
standing of the subduction, accretion, and crustal evolution history of
the southern CAOB.
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2. Geological background and tectonic division of the Chinese
Eastern Tianshan

The Chinese Tianshan is separated from the Junggar terrane to the
north and from the Tarim Craton to the south (Fig. 1B). It is a complex
collage of island arcs, basins, oceanic remnants, accretionary complexes,
and microcontinents (Windley et al., 1990; Xiao et al., 2004; Charvet
et al., 2007; Kroner et al., 2017; Han and Zhao, 2018; Huang et al.,
2020). It can be geographically divided into the Eastern and Western
Tianshan by a transection roughly along the Urumgqi-Korla road. This
study concentrates on the Chinese Eastern Tianshan, from north to
south, containing the Harlik arc, the Bogda back-arc basin, the Dananhu
arc, the Kanggur accretionary complex, the Yamansu arc, and the
eastern part of the Central Tianshan block (Fig. 1C).

2.1. The Harlik belt

The nearly NW-SE trending Harlik belt separates from the Junggar
basin to the northeast and from the Turfan-Hami basin to the southwest
(Fig. 1C). The Harlik terrane is mainly composed of Paleozoic strata,
with some Jurassic strata exposed on the southern foothill (Fig. 2;
BGMRXUAR, 1993; Zhao et al., 2014; Chen et al., 2020). The oldest
sedimentary strata in the Harlik terrane are the Ordovician to Silurian
Huangcaopo Group, which are exposed along the northeastern Harlik
Mountain and consist of slate, metasandstone, conglomerate, and minor
pyroclastic rock of the bathyal facies and littoral-neritic clastic rocks
(Long et al., 2012; Zhao et al., 2022). The Devonian strata are locally
distributed in the Harlik Mountain and are composed of grey metaclastic
rocks and limestones (Ma, 1999; Deng et al., 2016). The Carboniferous
strata unconformably overlie the Devonian strata, and they are the most
widespread Paleozoic strata in the Harlik belt and mainly consist of
marine-terrigenous facies coarse clastic rocks (Ma, 1999; Zhao et al.,
2022). Finally, Permian volcanic strata are well-developed in the west-
ern part of the Harlik Mountain (BGMRXUAR, 1993; Chen et al., 2020).

In addition, geochronological studies have suggested that
mafic-intermediate—felsic magmatic rocks in the Harlik belt were

Fig. 2. Geological map of the Harlik belt (modified after Zhao et al., 2014). Detailed descriptions of the mafic—intermediate—felsic rocks can be found in Table S1.
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dominantly produced in the Late Ordovician to Early Silurian and Late
Carboniferous to Early Permian, but few in the Late Silurian to Early
Carboniferous (Figs. 2 and 3A; Table S1; Cao et al., 2006; Guo et al.,
2006; Yuan et al., 2010; Ma et al., 2015; Du et al., 2018a; Zhao et al.,
2022).

2.2. The Bogda belt

The Bogda belt, with the Harlik arc to the north and the Dananhu arc
to the south, have been proposed as a united arc-back-arc assemblage
(Xiao et al., 2004; Zhang et al., 2018; Du et al., 2023). The oldest
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sedimentary strata in the Bogda belt are dominated by Devonian marine-
terrigenous tuffaceous sandstone and volcanic rock (Fig. 4; BGMRXUAR,
1993; Zhao et al., 2014; Xie et al., 2016). The Carboniferous strata are in
fault contact with the Devonian rocks and comprise three formations,
namely, the Lower Carboniferous Qijiaojing Formation, the Upper
Carboniferous Liushugou and Qijiagou Formations (Chen et al., 2013;
Xie et al., 2016). The Lower Carboniferous Formation consists mainly of
marine volcanic ignimbrite, tuffaceous sandstone, and bimodal volcanic
lava, while the Upper Carboniferous Formation is dominated by large
volumes of shallow-marine pillow basaltic and rhyolite lava, and felsic
ignimbrite, with minor sandstone and siltstone (BGMRXUAR, 1993;

Fig. 3. Plots of (A) Histograms of compiled zircon U-Pb ages, (B) Sr/Y versus SiO, (Wt%), (C) Crustal thickness versus zircon U-Pb ages, (D) ey(t) versus zircon U-Pb
ages, (E) Crustal residence age of source versus zircon U-Pb ages, and (F) Crustal incubation time versus zircon U-Pb ages classifications for Paleozoic igneous rocks
from the Harlik belt in the Chinese Eastern Tianshan. The filled bold symbols are mean of the samples calculated every 20 million years. The lines between them

represent their evolution over time.
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Fig. 4. Geological map of the Bogda belt (modified after Zhao et al., 2014 and Zhang et al., 2017). Detailed descriptions of the mafic-intermediate—felsic rocks can be

found in Table S2.

Chen et al., 2013; Xie et al., 2016; Zhang et al., 2017). The Permian
strata unconformably overlie the Carboniferous rocks and are composed
of terrestrial conglomerate, sandstone, siliceous mudstone intercalated
with bimodal volcanic lava (BGMRXUAR, 1993; Shu et al., 2011; Chen
et al., 2013; Xie et al., 2016; Zhang et al., 2017).

The typical characteristics of magmatic activity in the Bogda area are
multi-stage bimodal volcanic rocks (Figs. 4 and 5A; Table S2), such as ca.
345 Ma Hongshankou bimodal volcanism (Chen et al., 2013), ca. 330 Ma
Dashitou bimodal volcanism (Zhang et al., 2017), and ca. 295 Ma
bimodal volcanic rocks in the Baiyanggou, Qijiaojin, Hongshankou, and
Cheguluquan areas (Chen et al., 2011).

2.3. The Dananhu belt

The Dananhu belt is located on the southern margin of the Turpan-
Hami Basin and is a critical intra-oceanic island arc in the Eastern
Tianshan (Figs. 1C and 6). In the Dananhu belt, the oldest sedimentary
rocks are those of the Middle Ordovician Daliugou Group, which mainly
consist of intermediate-felsic volcanic rocks inter-layered with basalts
and radiolarian siliceous rocks, and intermediate-basic volcanic rocks
inter-layered with felsic volcanic rocks (Tian et al., 2005). The Devonian
strata unconformably overlie the Daliugou Group and are composed of
mafic and pyroclastic rocks, clastic sediments, and calc-alkaline felsic
volcanic lavas and tuffs, and the Carboniferous rocks mainly include
lavas, pyroclastic rocks, greywacke, and carbonates (Xiao et al., 2004,
2013).

Paleozoic magmatic events took place at several episodes in the
Dananhu belt (Figs. 6 and 7A; Table S3). It consists of Ordovician to
Permian tholeiitic to calc-alkaline mafic-intermediate—felsic lavas, vol-
caniclastic rocks, sedimentary rocks (Zhang et al., 2018; Mao et al.,
2022a, 2022b), abundant arc-related granitic intrusions (Du et al.,
2018a, 2019a; Sun et al., 2019; Mao et al., 2022a), and the extensive
Early Permian Alaska-type mafic-ultramafic complexes (Xiao et al.,
2004; Han et al., 2010; Qin et al., 2011; Sun et al., 2019; Mao et al.,
2022b). Recently, the Dacaotan ophiolite has been identified in central
part of the Dacaotan area and zircon ages of ca. 417 Ma are obtained for
the gabbros, and ca. 468 Ma and 463 Ma for the cumulate gabbros,
respectively (She et al., 2017; Wang et al., 2022).

In addition, multiple types of mineral deposits of different ages have
been documented in the Dananhu arc, including (1) VMS (volcanogenic

massive sulfide) Cu-Zn-(Au/Ag) polymetallic deposits (Deng et al.,
2016; Mao et al., 2022b); (2) porphyry Cu (Au/Mo) deposits associated
with adakitic intrusions (Han et al., 2006; Mao et al., 2018; Gong et al.,
2023); and (3) Cu-Ni sulfide deposits associated with the Early Permian
mafic-ultramafic complex (Xiao et al., 2004; Han et al., 2010; Qin et al.,
2011; Mao et al., 2022a).

2.4. The Kangguer belt

The Kangguer belt is a ca. 600 km long and 5 to 25 km wide accre-
tionary complex, represents a suture zone that formed during the closure
of the Kangguer Ocean (the east-extending of the North Tianshan Ocean)
(Figs. 1C and 8; Xiao et al., 2004; Chen et al., 2019). This belt consists
mainly of Devonian to Carboniferous volcano-sedimentary rocks and
ophiolitic mélanges, and underwent intensive dextral strike-slip
shearing deformation and greenschist facies metamorphism accompa-
nied by localized thrusting during the Permian (Xiao et al., 2004; Wang
et al., 2014).

The volcanic and sedimentary rocks of the Kangguer belt include
sandstones, turbidites, lavas, and pyroclastic rocks (Xiao et al., 2004).
These rocks are intensely deformed and metamorphosed, and converted
to dark schists and meta-conglomerates (Zhang et al., 2014). Lower
Permian volcanic rocks unconformably rest on the Carboniferous
sequence in the Kangguer area, and Devonian volcanic rocks merely
exposed in the north district of this belt (BGMRXUAR, 1993). The
ophiolitic mélange of the Kangguer belt were formed in subduction-
related environments based on the arc-like geochemical affinities of
lavas, and mainly contain meta-basalt, meta-gabbro, chert, and ser-
pentinized peridotite, with a Late Cambrian zircon U-Pb age (ca. 494
Ma) and an Early Carboniferous zircon U-Pb age (ca. 330 Ma) (Xiao
et al., 2004; Li et al., 2008; Liu et al., 2016). In addition, based on the
youngest zircons (ca. 317 Ma) obtained from turbiditic sandstones
(Chen et al., 2019). The above evidence suggests that the existence of
Kangguer Ocean prolonged at least from Cambrian to Carboniferous.
Moreover, both subduction-related and post-collisional magmatic rocks
have been identified in this belt (Figs. 8 and 9; Table S4; Wang et al.,
2014; Du et al., 2019b).
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Fig. 5. Plots of (A) Histograms of compiled zircon U-Pb ages, (B) Ce/Y versus SiO, (wt%), (C) Crustal thickness versus zircon U-Pb ages, (D) ey(t) versus zircon U-Pb
ages, (E) Crustal residence age of source versus zircon U-Pb ages, and (F) Crustal incubation time versus zircon U-Pb ages classifications for Paleozoic igneous rocks
from the Bogda belt in the Chinese Eastern Tianshan. The filled bold symbols are mean of the samples calculated every 20 million years. The lines between them

represent their evolution over time.
2.5. The Yamansu belt

The Yamansu belt is located in the north of the Central Tianshan
Block and separated from it by the Aqikekuduke Fault (Fig. 1c). This belt
is composed mainly of Carboniferous volcano-sedimentary rocks and
Carboniferous to Triassic igneous intrusions (Figs. 10 and 11A; Table S5;
Wu et al., 2006; Hou et al., 2014; Zhao et al., 2019a, 2019b). The
Carboniferous volcanic rocks, including the Lower Carboniferous
Yamansu and Gandun groups, and the Upper Carboniferous Tugutubu-
lake, Wutongwozi and Qianshan groups, are characterized by bimodal
volcanic rocks and interlayers of sedimentary rocks deposited in bathyal

to shallow marine zones (Zhang et al., 2016; Long et al., 2020; Wu et al.,
2022). Additionally, Permian volcanic and sedimentary rocks are
distributed E-W and are scattered from north to south with a marine to
continental sedimentary environment (Su et al.,, 2009; Long et al.,
2020). The Carboniferous intrusions are widely developed and consist
mainly of granite, granodiorite, and monzodiorite (Wu et al., 2006; Zhou
et al., 2010; Du et al., 2018b; Zhao et al., 2019a, 2019b). The Permian
intrusions are dominated by K-feldspar granite and granodiorite (Zhou
et al., 2010; Du et al., 2018b; Zhao et al., 2019a, 2019b).
Furthermore, the Yamansu belt has been an important target for Fe
exploration in NW China (Wang et al., 2006; Zhao et al., 2019a), with
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Fig. 6. Geological map of the Dananhu belt (modified after Sun et al., 2019 and Mao et al., 2022a). Detailed descriptions of the mafic-intermediate—felsic rocks can

be found in Table S3.

many Fe (-Cu) deposits discovered, such as the Hongyuntan, Bailing-
shan, Duotoushan, Heijianshan, Chilongfeng, Yamansu, Heifengshan,
Shuangfengshan and Shaquanzi deposits (Fig. 1C; Zhao et al., 2019a,
2019b).

2.6. The eastern part of the Central Tianshan

The eastern part of the Central Tianshan Block is a narrow domain
separated from the Yamansu belt to the north by the Aqikekuduke Fault
(Fig. 1C). It is characterized by a Proterozoic crystalline basement,
including the Tianhu, Kawabulake and Xingxingxia groups, and most of
them have experienced green-schist to amphibolite facies meta-
morphism and are unconformably overlain by or in fault contact with
Paleozoic strata (Hu et al., 1998; Zhang et al., 2016). The basement is
mainly composed of gneisses and migmatites overlain by Precambrian
meta-sedimentary covers including clastic rocks, limestones and
quartzites (1458-730 Ma) (Huang et al., 2015, 2017; Long and Huang,
2017). The basement rocks are overlain by widespread Ordovician
volcanic rocks including calc-alkaline basalt, andesite, and pyroclastic
rocks and Silurian sedimentary rocks, such as greywacke and meta-
flysch (Long et al., 2020). The volcanic rocks geochemically show
calc-alkaline characteristics, and they were intruded by later granitoids
(Dong et al., 2011; Lei et al., 2011). Based on studies on the basement,
the Central Tianshan Block is usually considered as a part of the Tarim
Craton during the Precambrian (Charvet et al., 2007, 2011; Ma et al.,
2012). However, some researchers recently discovered that the source of
Precambrian sediments in the Central Tianshan Block is different from
that of the Tarim Craton and thus suggested a tectonic affinity not
related to the Tarim Craton (He et al., 2015; Huang et al., 2015, 2017;
Long and Huang, 2017).

3. Data compilation and application

Although the identification of advancing and retreating subduction
zones is not always straightforward in a fossil accretionary orogen,
previous studies in the West Pacifc, Andes, Cordillera and South China
have shown that spatial-temporal trends with some unique fingerprints
(e.g., magmatic rock composition, crustal thickness, isotopic excursions,

and arc or trench migration) can be preserved in arc magmatic systems
(DeCelles et al., 2009; Kemp et al., 2009; Chapman and Ducea, 2019;
Spencer et al., 2019; Chen et al., 2020), possibly providing important
information when attempting to distinguish the two types of subduction
process. Advancing subduction is generally characterized by crustal
shorting, thickening, and reworking in the overriding plate, and inboard
migration of the arc or trench. In contrast, retreating subduction is
marked by upper plate thinning, extension, splitting, crustal generation
and oceanward migration of the magmatic arc (Cawood et al., 2009;
Kemp et al., 2009).

In the present study, available data about the location, age (restricted
to zircon U-Pb ages), lithology, major-trace elements, and zircon Hf
isotope compositions of igneous rocks in the Eastern Tianshan are
compiled and listed in Supplementary Tables S1, S2, S3, S4, and S5, in
order to evaluate the variation of lithology distribution, crustal thick-
ness, and crustal evolution trend over time in different tectonic zones.

3.1. Evaluate the spatial-temporal variations of magmatic rocks

It is known that systematic integration of the spatial-temporal vari-
ations for magmatic rocks in a given orogen is documented to be
powerful in constraining their origin (e.g., Turner et al., 1999; Chung
et al., 2005; Chen et al., 2020). Hence, the present study has compiled
available data about the location, age, lithology, and geochemical
compositions for the Paleozoic igneous rocks in the Eastern Tianshan.

Previous reports employed multiple geochronological techniques for
estimating the timing of emplacement of the magmatic rocks, such as
feldspar, biotite and/or hornblende Ar/Ar, zircon U-Pb and whole rock
Rb-Sr. Zircon is physically and chemically resistant mineral and crys-
tallizes relatively early during magma evolution, and its growth domains
can commonly preserve the original information of magma crystalliza-
tion. Therefore, here we compile zircon U-Pb ages (by LA-ICPMS,
SHRIMP, TIMS, SIMS techniques) to represent timing of magmatism.

3.2. Crustal thickness estimation

Since trench advance and retreat commonly cause crustal thickening
and thinning, respectively, tracing the changes in crustal thickness can
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Fig. 7. Plots of (A) Histograms of compiled zircon U-Pb ages, (B) Sr/Y versus SiO5 (wt%), (C) Crustal thickness versus zircon U-Pb ages, (D) eug(t) versus zircon U-Pb
ages, (E) Crustal residence age of source versus zircon U-Pb ages, and (F) Crustal incubation time versus zircon U-Pb ages classifications for Paleozoic igneous rocks
from the Dananhu belt in the Chinese Eastern Tianshan. The filled bold symbols are mean of the samples calculated every 20 million years. The lines between them

represent their evolution over time.

provide crucial clues to refine the subduction-accretion process (Zhang
et al., 2018; Wang et al., 2022; Gong et al., 2023). Several studies have
successfully investigated the application of geochemical proxies to es-
timate crustal thickness in subduction and collisional settings, such as
Ce/Y of basaltic rocks and Sr/Y, La/Yb, Dy/Yb, and Ho/Yb of crust-
derived intermediate and felsic rocks, all of which are sensitive to the
absence or presence of plagioclase (or garnet) in magma genesis and
increase with increasing crustal depths (Mantle and Collins, 2008;
Chapman et al., 2015; Profeta et al., 2015; Hu et al., 2017; Zhang et al.,
2018; Wang et al., 2022; Gong et al., 2023).

During partial melting of lower crustal igneous rocks such as gabbros

and their metamorphic equivalents or during magmatic fractionation of
mantle-derived mafic magmas, Sr is compatible at low pressures (<~1.0
Gpa) where it strongly partitions into plagioclase (Chapman et al., 2015;
Profeta et al., 2015). However, at high pressures (>1.2 Gpa), where
plagioclase is unstable, Sr is incompatible and preferentially enters the
liquid phase (Chapman et al., 2015; Profeta et al., 2015). Conversely, Y
is incompatible at low pressures, but readily partitions into garnet and
amphibole at high pressure (e.g., Lee et al., 2007). As a result, Sr/Y is a
common qualitative indicator of the average crustal pressure, or depth,
at which magmatic differentiation occurred, and the variability in Sr/Y
for intermediate compositions when averaged over multiple arcs has
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Fig. 8. Geological map of the Kangguer belt (modified after Zhao et al., 2019b and Mao et al., 2022¢). Detailed descriptions of the mafic-intermediate—felsic rocks

can be found in Table S4.

recently been correlated to crustal thickness globally (Chapman et al.,
2015; Profeta et al., 2015).

The Eastern Tianshan terrane experienced subduction and accretion
processes and ultimately a collisional phase during Paleozoic (Xiao
etal., 2004; Zhang et al., 2018; Wang et al., 2022). Almost all data in this
study overlap well with those in rocks from subduction-related arcs
rather than from continental collisional belts (Profeta et al., 2015; Hu
etal., 2017; Wang et al., 2022). Finally, we preferentially employ the Sr/
Y ratios of intermediate rocks to monitor the crustal thickness following
Profeta’s method throughout the Paleozoic time (Profeta et al., 2015;
Wang et al., 2022). To better monitor the crustal thickness, the data was
filtered to include rocks with SiOy (55-68 wt%), MgO (0.5-4 wt%), and
Rb/Sr (<0.2) content to eliminate mafic rocks that were possibly derived
from the mantle and highly fractionated granites (Chapman et al., 2015;
Profeta et al., 2015; Wang et al., 2022). On the other hand, due to altered
mid-ocean ridge basalts have higher Sr than basalts/gabbros from sub
arc environments, Sr/Y ratio of the magma generated by slab melting is
>60 (Defant and Drummond, 1990; Profeta et al., 2015). Hence, data
with high Sr/Y ratios (>60) were also discarded because they were
probably generated by slab melting (Defant and Drummond, 1990;
Profeta et al., 2015).

Moreover, considering that few geochemical analyses for interme-
diate rocks were reported in the Bogda back-arc basin (Table S2). As an
alternative, the maximum Ce/Y ratios of basaltic rocks can constrain the
minimum melting depth and crustal thickness (Mantle and Collins,
2008), thus we utilize the Ce/Y ratios of basaltic rocks to measure the
crustal thickness of the Bogda belt.

3.3. Crustal evolution trend estimation

The amount of juvenile continental crust generated in the CAOB is
highly variable (~64% to ~14%; Jahn et al., 2000, 2004; Kroner et al.,
2014, 2017; Yang et al., 2017; Wang et al., 2022, 2023). The anoma-
lously high proportion of juvenile component in the granitoids (Jahn
et al., 2000, 2004) of the CAOB was attributed to the incorporation of
anorogenic intraplate magmatism and/or a lack of consideration of the
role of crustal reworking in the magma sources (Kroner et al., 2014,
2017). Hence, the key is to figure out the relative roles of crustal growth
and crustal reworking, and further thoroughly understand whether
there is a link between the crustal architecture and subduction pattern
(advancing/retreating subduction) (Armstrong, 1981; Belousova et al.,
2009; Dhuime et al., 2012; Kroner et al., 2014; Tang et al., 2017; Wang
et al., 2023).

Zircon is a common accessory mineral in granitoid rocks, and its Lu-

Hf isotopic composition is a powerful tool in tracing the nature of crustal
rocks and determining the evolutionary history of crust (Griffin et al.,
2004; Kemp et al., 2006). In general, magmatic rocks derived wholly
from the depleted mantle exhibit highly positive zircon eyg(t) values,
whereas magmatic rocks generated entirely by the reworking of ancient
continental crust show negative zircon ey¢(t) values, and magmatic rocks
formed by magma mixing display large variations in epf(t) values
(Griffin et al., 2004; Kemp et al., 2006). However, the granitoid rocks
that formed by the reworking of juvenile crust from those that directly
originated from mantle, which both have positive zircon eg¢(t) values.

Single-stage Hf model age (Tpy) was calculated based on a depleted-
mantle source, can give a minimum age for the source material of the
magma from which the zircon crystallized (Griffin et al., 2006; Belou-
sova et al., 2009). The U-Pb ages plotted against the difference between
zircon U-Pb ages and Hf model ages (Age-Tpy) can be simplified to
“event signature curves”, in which illustrated the evolutionary features
of crustal residence age of magma source (Griffin et al., 2006; Belousova
et al., 2009). These researchers proposed an increasing trend with
decreasing age indicates addition of juvenile materials and a downward
trend with decreasing age reflects ancient crustal reworking, while
magma mixing between them produces an intermediate slope (Griffin
et al., 2006; Belousova et al., 2009). In addition, reworking of ancient
crust will create a downward trend with decreasing age and negative
ene(t) values, while reworking of juvenile crust will generate a down-
ward trend with decreasing age as well as positive but relatively low
ene(t) values (Du et al., 2021).

As most zircons having crystallized from quartz-saturated magma
were produced by partial melting of the crust through two steps: Hf
crustal model ages define the step 1, separation of primitive crust from
the mantle; and U-Pb ages date the step 2, widespread melts of the
primitive crust to form granitoids (Wang et al., 2009, 2011). Therefore,
“Crustal incubation time” is another crucial indicator in revealing the
crustal evolution, which is defined as the difference between the Hf
crustal model age and zircon U-Pb age (TSM—Age) (Wang et al., 2009,
2011; Li et al., 2014). The zircons generated by juvenile crustal mate-
rials have crustal incubation time <300 Ma (Wang et al., 2009, 2011),
whereas the zircons formed by the reworking of pre-existing ancient
crust will result in high crustal incubation times (>300 Ma) (Wang et al.,
2009, 2011; Li et al., 2014; Huang et al., 2019). Hence, we also regarded
crustal incubation time of 300 Ma as the dividing line between the ju-
venile crust and ancient crust in this study, and assumed that short
crustal incubation time (<300 Ma) generally reflects a juvenile material
addition, whereas long crustal incubation time (>300 Ma) indicates an
ancient crust reworking (Wang et al., 2009, 2011; Li et al., 2014; Huang
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Fig. 9. Plots of (A) Histograms of compiled zircon U-Pb ages, (B) Sr/Y versus SiO; (wt%), (C) Crustal thickness versus zircon U-Pb ages, (D) ey(t) versus zircon U-Pb
ages, (E) Crustal residence age of source versus zircon U-Pb ages, and (F) Crustal incubation time versus zircon U-Pb ages classifications for Paleozoic igneous rocks
from the Kangguer belt in the Chinese Eastern Tianshan. The filled bold symbols are mean of the samples calculated every 20 million years. The lines between them

represent their evolution over time.

et al., 2019).

Although a specific tectonic setting does not necessarily produce
magmas with unique Hf isotopic composition of zircons, long-term Hf-
in-zircon variations have succeeded in revealing the relative contribu-
tion of juvenile and ancient crustal components as well as discriminating
the trench advance and retreat in accretionary orogens (e.g., Boekhout
et al., 2013; Collins et al., 2011; Zhang et al., 2019; Wang et al., 2023).
Collectively, in order to identify the Paleozoic evolutionary character-
istics of the Eastern Tianshan, we comprehensive analysis the zircon
ey(t) values, event signature curves, and crustal incubation time of the
Paleozoic granitoids (SiO2 > 55 wt%) in the Eastern Tianshan.
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4. Patterns for spatial-temporal variations in lithology
composition

4.1. The Harlik belt

The Harlik Early Paleozoic volcanic rocks were originally assigned to
the Middle-Late Ordovician (BGMRXUAR, 1993). Recently, Zhao et al.
(2022) proposed that the volcanic rocks overlie the Middle-Late Ordo-
vician sediments with an angular unconformity in the Harlik terrane.
Zircon U-Pb dating of these volcanic rocks, i.e., ca. 441 Ma of the
tholeiitic basalts, 440 Ma of the tuffs, and 434 Ma of the alkaline basalts,
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Fig. 10. Geological map of the Yamansu belt (modified after Zhang et al., 2016 and Zhao et al., 2019b). Detailed descriptions of the mafic-intermediate—felsic rocks

can be found in Table S5.

indicate that the volcanic rocks in the Harlik terrane erupted in the Early
Silurian (Fig. 2; Table S1; Zhao et al., 2022). On the other hand, various
ages have recently been accepted for the Early Paleozoic intrusive rocks
(Figs. 2 and 3A; Table S1; e.g., Cao et al., 2006; Guo et al., 2006; Ma
etal., 2015; Du et al., 2018a). The arc-like geochemical features of these
Early Paleozoic igneous rocks demonstrate they were both generated in
an arc-related tectonic setting (e.g., Deng et al., 2016; Du et al., 2018a;
Zhang et al., 2019). Thus, based on the combined data from previous
investigations, the onset of arc magmatism in the Harlik belt was during
Middle Ordovician to Late Silurian (Xiao et al., 2004; Zhang et al., 2018;
Du et al., 2021; Mao et al., 2022a).

Then, there is a long magmatic interval from ca. 420 Ma to 360 Ma in
the Harlik belt and only few igneous rocks formed at this interval have
geochemical data, consistent with the zircon age spectra of detrital
zircons in the Carboniferous sandstones (Fig. 3A; Huang et al., 2018).
Alternatively, the 360-280 Ma suite of granitoids is widely distributed in
this belt, accompanied by a small amount of intermediate-mafic rocks
(Figs. 2 and 3A). Predictably, previous studies in the Harlik arc have
mainly focused on the Late Paleozoic tectonic evolution and related
granitoids (e.g., Yuan et al., 2010; Ma et al., 2015; Du et al., 2018a). In
particular, some extension-related magmatic activities have been re-
ported during this period, such as Carboniferous to Early Permian A-type
granites in the Xiaobaiyanggou, Qincheng, Xiamaya, Shichengzi areas,
etc. (e.g., Yuan et al., 2010; Huang, 2014; Chen et al., 2016; Wang et al.,
2016).

4.2. The Bogda belt

This belt, located between the Dananhu and the Harlik arcs, has been
regarded as an Early Carboniferous back-arc basin and consists mainly of
Carboniferous and Permian strata (Fig. 4; Chen et al., 2013; Zhang et al.,
2017). Previous geochronological and geochemical studies have
revealed that multi-phase of bimodal volcanism occurred in the Bogda
belt. However, the magmatism was largely restricted to the Carbonif-
erous to Early Permian (Figs. 4 and 5A; Table S2), including (1) ca. 345
Ma Heishankou bimodal volcanism (Chen et al., 2013), (2) ca. 330 Ma
Dashitou bimodal volcanism (Zhang et al., 2017), (3) ca. 315 Ma Sepi-
kou bimodal volcanism (Gao et al., 2013), and (4) ca. 295 Ma Qijiaojing
bimodal volcanism (Chen et al., 2011). In contrast, intermediate rocks
are rarely reported (Figs. 4 and 5A; Table S2).

4.3. The Dananhu belt

Decades of researches have shown that the Dananhu arc in the

11

Eastern Tianshan orogen is mainly an intra-oceanic arc that was
generated by subduction of the Kangguer Ocean, an important branch of
the Paleo-Asian Ocean (Xiao et al., 2004; Zhang et al., 2018; Mao et al.,
2022a, 2022b, 2022c). It experienced long-lively complicated subduc-
tion accretionary processes from the Ordovician to the Permian, and has
discontinuous polyphase generations and types of igneous rocks (Xiao
etal., 2004; Du et al., 2018a, 2019a; Zhang et al., 2018; Sun et al., 2019;
Mao et al., 2022a, 2022b, 2022c). In particular, the earliest strata in the
Dananhu belt predominantly consists of pyroclastic and volcanic rocks
deposited in the Middle Ordovician to Devonian (BGMRXUAR, 1993;
Xiao et al., 2004).

The onset of arc magmatism in the Dananhu arc was considered
between Middle Ordovician and Late Silurian, such as ca. 460-420 Ma
gabbro diorites, diorites, granites, and high-MgO andesites (Figs. 6 and
7A; Table S3; Du et al., 2018a; Zhang et al., 2018; Sun et al., 2019; Zhang
et al., 2022; Zhao et al., 2022). As shown in Table S3 and illustrated in
Figs. 6 and 7A, in comparison with the widespread occurrence of the
earlier and later rocks, the Devonian magmatic rocks emplaced within a
restricted number of distributions without obvious magmatism quies-
cence. The magmatic rocks emplaced at 420-360 Ma appear to be
limited to the southernmost part of the Dananhu belt, and are mainly
diorites and granites (Du et al., 2018a, 2019a; Zhang et al., 2018; Sun
et al., 2019; Mao et al., 2022a, 2022b). The 360-300 Ma suite of rocks
are widely distributed throughout the Dananhu arc, and are also
dominated by intermediate to felsic rocks (Du et al., 2018a, 2019a;
Zhang et al., 2018; Sun et al., 2019; Mao et al., 2022a, 2022b). Based on
Sr/Y and Y values, the Carboniferous granitoids can be subdivided into
two types: the adakitic granites and normal granites (Du et al., 2019a).
Rocks belonging to the 300-280 Ma suite only crop out in the Sha’erhu,
Kalatage, and Yuhai-Sanchakou areas (Mao et al., 2014, 2022a; Wang
et al., 2018). In addition, extensional structures and magmatism were
represented by the Late Devonian (ca. 380-357 Ma) high-Al gabbros and
A-type granites in the Kezi’er area, and Early Permian (ca. 287) alkaline
gabbro and A-type rhyolites in the Sha’erhu area (Mao et al., 2014,
2022a; Du et al., 2023).

4.4. The Kangguer belt

The Kangguer belt represents the suture zone of the northern Tian-
shan Ocean, which is a southern branch of the Paleo-Asian Ocean
remnants (Xiao et al., 2004; Li et al., 2008; Chen et al., 2019; Ao et al.,
2021). The Kangguer Ocean was a long-lived Ocean existed at least from
ca. 494 to ca. 317 Ma (Li et al., 2008; Chen et al., 2019). However, the
Kangguer belt lacks pre-Devonian magmatic activity. The Devonian
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Fig. 11. Plots of (A) Histograms of compiled zircon U-Pb ages, (B) Sr/Y versus SiO5 (Wt%), (C) Crustal thickness versus zircon U-Pb ages, (D) ey¢(t) versus zircon U-Pb
ages, (E) Crustal residence age of source versus zircon U-Pb ages, and (F) Crustal incubation time versus zircon U-Pb ages classifications for Paleozoic igneous rocks
from the Yamansu belt in the Chinese Eastern Tianshan. The filled bold symbols are mean of the samples calculated every 20 million years. The lines between them

represent their evolution over time.

volcanic sedimentary rocks only occur to the north of the shear zone and
consist of basalt and andesite with minor rhyolite, dacite, volcanic
breccia, tuff and clastic rocks, but lack chronological evidence
(BGMRXUAR, 1993). Available geological maps and previous studies
suggest that the granitoids in the Eastern Tianshan are associated with
volcanic and volcano-sedimentary rocks (BGMRXUAR, 1993). Recently,
a Late Devonian age (360 + 3 Ma) was obtained from a porphyritic
granitic intrusion along the northern edge of the Kangguer belt (Du
et al., 2019b).

This belt is mainly comprised of Carboniferous volcaniclastic rocks
that have been metamorphosed to greenschist facies, and associated
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with abundant granites (Xiao et al., 2004; Wang et al., 2014). In
contrast, the Permian magmatic rocks are widely distributed throughout
the belt, various from felsic to mafic-ultramafic intrusions, including the
Huangshan, Baishiquan, and Baishan intrusions, etc. (Figs. 8 and 9A;
Table S4; Zhou et al., 2010; Wang et al., 2014; Cao et al., 2017; Du et al.,
2019b). There are also gold deposits in the west of the zone (e.g.,
Shiyingtan and Kangguer; Rui et al., 2002; Zhang et al., 2002) and ca.
300-270 Ma Cu-Ni deposits in the east (e.g., Huangshan and Huang-
shandong; Xiao et al., 2010; Pirajno et al., 2011; Qin et al., 2011; Su
et al., 2011; Deng et al., 2015).
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4.5. The Yamansu belt

The Yamansu belt is located at the northern margin of the Central
Tianshan Block and is composed mainly of Carboniferous arc-related
volcanic rocks and Carboniferous to Triassic intrusions (Wu et al.,
2006; Hou et al., 2014). The Early Carboniferous arc-related magmatic
rocks appear to be limited to the west part of this belt, including calc-
alkaline volcanic rocks series (basalt, andesite, and dacite) from the
Yamansu group with zircon U-Pb ages of 348 to 324 Ma (Luo et al.,
2012, 2016; Hou et al., 2014; Wu et al., 2022), and the intermediate to
felsic intrusions of the Aqishan mountain, Xifengshan, Shiyingtan, and
Changtiaoshan area show similar U-Pb ages of 349 to 323 Ma (Wu et al.,
2006; Zhou et al., 2010; Du et al., 2018b; Long et al., 2020).

In contrast, the Late Carboniferous (ca. 322-302 Ma) magmatic rocks
are widely distributed throughout the Yamansu belt, and some repre-
sentatives include ca. 320 Ma MORB-like volcanic rocks from the
Wutongwozi Formations and ca. 318-307 Ma calc-alkaline granites
from the Bailinshan pluton (Figs. 10 and 11A; Table S5; Zhou et al.,
2010; Luo et al., 2016; Zhang et al., 2016). In comparison with the
widespread occurrence of Late Carboniferous rocks, magmas emplaced
at 301-270 Ma appear to be limited (Du et al., 2018b; Zhao et al., 2019a,
2019b; Zhang et al., 2020). These include some extensional magmatism,
for instance, the Dikan’er Nb-rich basalts and Agishan mountain A-type
granites (Du et al., 2018b; Zhang et al., 2020).

5. Patterns for spatial-temporal variations in crustal thickness
5.1. The Harlik belt

Crustal thickness calculated by median Sr/Y ratio of intermediate
rocks of the Harlik belt are plotted against age in Fig. 3B, but there were
only few geochemical analyses for intermediate rocks or other types
rocks reported in the Harlik arc (Table S1). Limited geochemical data of
the Late Ordovician intermediate rocks suggest that the crustal thickness
varies from 11.7 to 44.1 km during this period, with an average crustal
thickness of 28.2 km (Fig. 3C), which represents the initial stage of
development of the Harlik arc crust.

5.2. The Bogda belt

Considering the lack of geochemical analyses reported for interme-
diate rocks in the Bogda back-arc basin, we tend to employ the
maximum Ce/Y ratios of basaltic rocks to monitor the minimum melting
depth and crustal thickness of the Bogda belt, due to the greatest vari-
ability in the Sr/Y ratios for arc thicknesses of 25-30 km occurs similar
to the largest variability in the Ce/Y ratios for arc thicknesses of ~30 km
(Table S2; Chapman et al., 2015; Mantle and Collins, 2008). In addition,
the mafic rocks in the Bogda belt do not exhibit obvious correlations
between Ce/Y and SiO», arguing against significant crystallization effect
on the variable of Ce/Y ratios (Fig. 5B). The Ce/Y ratios could therefore
provide constraints on the variation of crustal thickness in the Bogda
Belt (Fig. 5C).

The Bogda belt displays repeated crustal thinning and thickening
during the restricted time (ca. 347-295 Ma) (Fig. 5C). Based on the
changes in maximum Ce/Y ratios of mafic rocks, the calculated crustal
thickness was 28.0 km at ca. 347 Ma, 22.8 km at ca. 330 Ma, 33.8 km
during ca. 319-305 Ma, and 25.3 km during ca. 296-295 Ma (Fig. 5C).
The Ce/Y data compiled here suggest that the Bogda crustal thickness
went through two significant pulsed of thinning, one during the Early
Carboniferous (ca. 347-330 Ma), and the other during the Early Permian
(ca. 296-295 Ma), separated by periods of crustal thickening during ca.
319-305 Ma (Fig. 5C).

5.3. The Dananhu belt

In comparison with other tectonic units in the Eastern Tianshan with
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limited rocks types or time, the Paleozoic mafic to felsic magmatic rocks
are widely distributed throughout the Dananhu belt (Figs. 6 and 7A;
Table S3). The intermediate rocks in the Dananhu belt do not exhibit
obvious correlations between Sr/Y and SiO; (Fig. 7B), we preferentially
employ the Sr/Y ratios of intermediate rocks to monitor the crustal
thickness of the Dananhu belt following Profeta’s method throughout
the Paleozoic time (Fig. 7C; Profeta et al., 2015; Wang et al., 2022).

The Dananhu belt displays cyclical crustal thickening and thinning
during the Paleozoic time, with two significant pulses of crustal thick-
ening, one during the Late Ordovician to Late Devonian (ca. 460-381
Ma), and the other during the Early Carboniferous (ca. 360-321 Ma).
Correspondingly, two episodes of crustal thinning occur within the two
pulses of crustal thickening, one during ca. 380-361 Ma, and the other
during ca. 320-280 Ma) (Fig. 7C). Crustal thickness calculated by me-
dian Sr/Y ratio of intermediate rocks of the Dananhu belt suggest that
the average crustal thickness for the initial stage of development of the
Dananhu arc crust was 40.5 km, the timing of the two maximum crust
thickness (51.1 km and 49.1 km) was at ca. 390 Ma and ca. 316 Ma, and
the two periods of the thinnest crust (21.1 km and 19.0 km) were at ca.
356 Ma and ca. 289 Ma (Fig. 7C and Table S3).

5.4. The Kangguer belt

Similar to the Harlik belt, there were few geochemical analyses of
intermediate rocks or mafic rocks reported in the Kangguer belt (Figs. 8
and 9B; Table S4). The available geochemical data from the Late
Carboniferous intermediate rocks suggest that the crustal thickness
various from 27.3 to 68.3 km during ca. 310 to ca. 302 Ma, with an
average crustal thickness of 56.7 km (Fig. 9C and Table S4).

5.5. The Yamansu belt

As shown in Fig. 11B, the intermediate rocks in the Yamansu belt do
not show significant correlations between Sr/Y ratios and SiOo, thus the
Sr/Y ratio was employed as a proxy to monitor the crustal thickness of
the Yamansu belt (Chapman et al., 2015; Profeta et al., 2015; Wang
et al., 2022). The average crustal thickness in the earliest magmatic
episode (ca. 348 Ma) of the Yamansu belt was about 20.3 km. Subse-
quently, the Yamansu crustal thickening changed during the Carbonif-
erous and culminated with median 32.3 km thick crust at ca. 318-305
Ma (Fig. 11C and Table S5). Nevertheless, variations in crustal thickness
of the Yamansu belt after Carboniferous have not been observed.

6. Patterns for spatial-temporal variations in crustal evolution
trend

6.1. The Harlik belt

There were more zircon geochemical data for the intermediate-felsic
rocks than the whole-rock geochemical analyses of intermediate rocks in
the Harlik arc, and the zircon ey¢(t) patterns with Hf model ages may be
related to the evolution of the crust in which they occur (Griffin et al.,
2006; Belousova et al., 2009; Wang et al., 2009, 2011; Li et al., 2014;
Huang et al., 2019). The Late Ordovician granitoids in the Harlik belt
were characterized by highly positive zircon ey¢(t) values, in particular,
low crustal incubation time are consistent with the presence of depleted
mantle material (Fig. 3D-F). After the long magmatic silence of the
Harlik belt from ca. 420 Ma to 360 Ma, the zircon ep(t) value at ca. 350
Ma is still positive, but it is significantly lower than the initial stage of
this belt (Fig. 3D). Accordingly, the magmatic zircons have a long crustal
incubation time during this period. Then, the intermediate-felsic rocks
of the Harlik segment exhibit trends of increasing zircon eyg(t) values
with decreasing age before ca. 330 Ma and then decreasing zircon egs(t)
subsequently, consistent with shifts to sharp rising trend of event
signature curve with decreasing crustal incubation time before 330 Ma,
and then to downward trend with decreasing age of the event signature
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curve in addition to show increasing crustal incubation time thereafter
(Fig. 3D-F). Zircon eyg(t) value tends to be increasing with decreasing
age and event signature curve to be increasing in the samples of the
Harlik belt with shorter crustal incubation time, implying that these
rocks are associated with crustal evolution.

6.2. The Bogda belt

As stated in the section 4.2, the Bogda belt is characterized by mul-
tiple stages of bimodal volcanic rocks. Recently, Zhang et al. (2020,
2021) also found some intermediate rocks in the Daheyan and Tonggou
areas, and in particular, obtained some zircon Hf isotope data
(Table S2). Combined with the previously reported zircon Hf data of
rhyolites imply that zircon ey¢(t) values of the intermediate-felsic rocks
slowly rising started during the Late Devonian to Late Carboniferous (ca.
370-300 Ma) and culminated with mean of 12.1 at ca. 306 Ma (Fig. 5D
and Table S2). Meanwhile, samples show slowly rising trend of zircon
eye(t) values with decreasing emplacement age also to exhibit sluggish
rising trend of event signature curve with time and to have low crustal
incubation time (Fig. 5D-F).

Subsequently, from latest Carboniferous to Early Permian (ca.
300-284 Ma), the zircons from the Bogda samples show large variations
in ey(t) values and have wide range of crustal residence ages as well as
crustal incubation time (Fig. 5D-F). Compared to rocks before ca. 300
Ma, they show gradually decrease of the average eyg(t) values, and
display a remarkable downward trend with decreasing age of the event
signature curve in addition to have long crustal incubation time (Fig. 5D-
P).

6.3. The Dananhu belt

The Hf isotopic characteristics of the intermediate and felsic rocks in
the Dananhu belt exhibit broadly similar patterns in rocks of different
ages (Fig. 7D-F). The first magmatic episode (ca. 460-440 Ma) rocks in
the Dananhu belt were characterized by highly positive eyg(t) values, but
low crustal incubation time, which is similar to the samples of the Harlik
arc at the same time (Figs. 3 and 7). From Late Ordovician to Late
Silurian (ca. 460-420 Ma), zircons from the Dananhu belt granitoids
maintain highly positive eyg(t) values and show sharp rising trend of
event signature curve, in addition to most of the magmatic zircons have
a short crustal incubation time (Fig. 7D-F).

Following the brief rising trend of the ey(t) values, then, from Late
Silurian to Late Devonian (ca. 420-360 Ma), the zircons still have pos-
itive eyg(t) values, but lower than those from the earlier stage samples.
They show gradually decrease of the epf(t) values, and display a
downward trend with decreasing age of the event signature curve in
addition to have short crustal incubation time (Fig. 7D-F). Subsequently,
increasing zircon epg(t) values and crustal residence ages with
decreasing age appear during Early Carboniferous (ca. 359-323 Ma),
with a slow decline in crustal incubation time (Fig. 7D-F). Over again,
zircon ey(t) values start to decrease signifcantly beginning in the Late
Carboniferous (ca. 320 Ma). Correspondingly, the samples show a
downward trend of the event signature curve through time in addition to
have long crustal incubation time (Fig. 7D-F). In the Dananhu belt,
finally, zircon eyg(t) values and crustal residence ages of the rocks reach
their minimum values, while crustal incubation time reaches maximum
values (Fig. 7D-F).

6.4. The Kangguer

At Late Devonian to Late Carboniferous (ca. 380 Ma to ca. 310 Ma),
the rocks from the Kangguer belt were characterized by constant highly
positive eyg(t) values, but low crustal incubation time, with horizontal
event signature curve (Fig. 9D-F). In contrast, the zircon Hf isotope value
of the rocks suddenly dropped sharply with decreasing emplacement age
after ca. 310 Ma, consistent with shifts to sharp downward trend of the
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event signature curve but the steep increase of crustal incubation time
(Fig. 9D-F).

6.5. The Yamansu belt

The earliest magmatic zircons of the intermediate-felsic rocks in the
Yamansu belt exhibit near-zero ey¢(t) values and have the longest crustal
incubation time among the Paleozoic rocks in the Eastern Tianshan
(Fig. 11D-F). Afterwards, the samples in the Yamansu belt possess highly
positive zircon epg(t) values and display sharp rising trends of the eg(t)
values and event signature curve through time during ca. 350 Ma to 320
Ma, whereas most of the zircons have a short crustal incubation time
during this period (Fig. 11D-F). Later (ca. 310-280 Ma), the rocks can be
found in the Yamansu belt with positive zircon eyg(t) values, but
significantly lower than those from the earlier ones. Furthermore, the
event signature curve tends to be significantly decrease with decreasing
age, consistent with the fact that they have relatively long crustal in-
cubation time at ca. 310 Ma to 280 Ma.

7. Temporal and spatial constraints on the evolution and final
assembly of the Eastern Tianshan

The spatial-temporal variations in the composition of Paleozoic
mafic-intermediate—felsic igneous rocks are prominent in the Eastern
Tianshan. These variations may be caused either by differentiation ef-
fects during the partial melting of source rocks and the fractional crys-
tallization of primitive magmas, or by the differences in the composition
of source rocks. Whatever, the source rocks were generated by the
Paleozoic subduction of the Kangguer oceanic slab beneath the different
tectonic units for accretionary orogeny. These source rocks, in partic-
ular, intermediate-felsic rocks would occur as the orogenic lithospheric
crust along the fossil convergent plate boundary in the Eastern Tianshan,
with various crustal architecture involving in the crustal thickness and
crustal evolution trend. In this context, there are at least four stages for
the formation of Paleozoic igneous rocks with distinguishable lithology
distribution, crustal thickness, and crustal evolution trend over time in
different tectonic zones in the Eastern Tianshan (Figs. 2-11).

7.1. Initial stage of development of the Harlik—-Dananhu arc system

According to recent investigations, the earliest (Middle to Late
Ordovician) magmatic rocks with arc-like geochemical features have
been both identified in the Harlik belt and the Dananhu belt, implying
that they were both generated in an arc-related tectonic setting since
Ordovician (Figs. 3 and 7; Tables S1 and S3; e.g., Deng et al., 2016; Du
et al., 2018a; Zhang et al., 2018; Sun et al., 2019; Gong et al., 2023). The
Harlik-Dananhu arc system has been traditionally regarded as south-
ward subduction of the Junggar Ocean, which was reinforced by sub-
sequent researches on tectonism and sedimentation (Charvet et al.,
2007; Zhang et al., 2016). Nonetheless, there has been increasing in-
vestigations revealing that the Kangguer oceanic plate initial northward
subduction occurred during the Middle Ordovician, which eventually
induced the united Harlik-Dananhu arc system (Xiao et al., 2004; Zhang
et al., 2018; Du et al., 2021).

The latter model is more reasonable as it can fit most of the regional
geological features (Ma, 1999; Xiao et al., 2004; Zhang et al., 2017,
2018, 2020; Du et al., 2021; Mao et al., 2022a). Firstly, the oldest
(Middle to Late Ordovician) arc-related magmatic rocks have been both
identified in the Harlik belt and the Dananhu belt, and the arc mag-
matism shows a younging trend accompanied by decreasing magmatic
volumes from north to south, which can be comparable to the volcanic
front to the back-arc side in the Japan arc system (Kogiso et al., 2009; Du
et al., 2018a, 2021; Mao et al., 2022a). Secondly, it is found that the
consistence of the earliest Ordovician to Silurian sedimentary strata
occurred both in the Harlik and Dananhu arcs (Ma, 1999; Zhao et al.,
2022). Thirdly, lithologically, the Ordovician to Silurian strata in the
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Harlik area are dominated by passive margin-like clastic sediments
(Zhang et al., 2018, 2020), while those in the Dananhu area are
composed mainly of active margin-like arc magmatic rocks (Xiao et al.,
2004; Mao et al., 2022a). Fourthly, Early Paleozoic subduction-related
porphyry copper deposits, such as the Yudai, Yuhai, and Sanchakou
deposits, were found in the Dananhu arc (Sun et al., 2018; Zhang et al.,
2022), while coeval porphyry deposits are lacking in the Harlik arc.
Moreover, crustal thickness calculated by median Sr/Y ratio of inter-
mediate rocks here suggests that the initial stage of the Harlik arc crust
was thinner than the Dananhu crust at the same period (Figs. 3C and
7C). Finally, the Middle Ordovician intermediate-felsic rocks in the
Harlik and Dananhu belt were both characterized by highly positive
zircon ey¢(t) values, but low crustal incubation time (Figs. 3D-F and 7D-
F), arguing that they were probably derived from newly formed island
arc crust with a direct addition of depleted mantle material.
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The Sr/Y data compiled in this study suggest that crustal thickness of
the Dananhu arc began to increase in the Middle Ordovician to Late
Devonian (ca. 470-381 Ma), consistent with estimates for the progres-
sive maturation of the Dananhu arc crust that was produced by the
continuous northward subduction of the Kangguer oceanic plate
(Fig. 7C). Additionally, the crustal incubation time tends to be short
(<300 Ma) in the rocks during this period (Fig. 7F), implying that all the
rocks are associated with juvenile materials. Therefore, the unified
Dananhu-Harlik arc possibly underwent trench advance during the
initial subduction of the Kangguer oceanic plate and formation of the
Yudai porphyry copper deposit (450 + 4 Ma; Sun et al., 2018) and
Honghai Cu-Pb deposit (436 + 2 Ma; Mao et al., 2019) in the Kalatage
area of the Dananhu arc and the alkaline to tholeiitic basalts (440-434
Ma; Zhao et al., 2022) in the Harlik arc (Figs. 1C, 2, and 12A).

However, the zircons of the Dananhu arc rocks exhibit trends of

Fig. 12. Schematic cartoons illustrating the Paleozoic tectonic evolution of the Chinese Eastern Tianshan. (A) At ca. 460-421 Ma, initial northward subduction of the
Kangguer oceanic slab led to the formation of the united Harlik-Dananhu arc system. The trench advance gave rise to the earliest crustal thickening and crustal
growth event in the Harlik-Dananhu arc system. (B) During ca. 420-381 Ma, the continuous northward subduction of the Kangguer oceanic slab resulted in pro-
gressive maturation of the Dananhu arc crust. (C) At ca. 380-361 Ma, Kangguer oceanic plate southward retreat induces initial back-arc rifting occurred on the
Dananhu side. (D) During ca. 360-331 Ma, the Kangguer oceanic slab persistently southward rollback gave rise to regional extension and establishment of the Bogda
back-arc basin, and southward subduction of the Kangguer Ocean beneath the Central Tianshan Block built the Yamansu arc. (E) At ca. 330-301 Ma, the renewed
northward subduction of the Kangguer oceanic plate beneath the Dananhu arc forced the southward subducting slab beneath the Yamansu arc to trigger a northward
rollback, which resulted in the extension of the overlying Yamansu arc crust and caused the tectonic transformation into back-arc basin. (F) During ca. 300-280 Ma,
the Eastern Tianshan entered into a post-collisional setting following the closure of the Kangguer Ocean.
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increasing eyf(t) with decreasing age before ca. 420 Ma and then
decreasing ey(t) subsequently, consistent with displaying rising trends
of the event signature curve before ca. 420 Ma and then to downward
trends thereafter (Fig. 7D-E). This led to the transition of the source from
an input of juvenile mantle material directly forming the Dananhu
intraoceanic arc crust before ca. 420 Ma to generated by reworking of
the juvenile arc crust after ca. 420 Ma, and is consistent with arc mag-
matism in the Harlik arc ceased after ca. 420 Ma (Figs. 3 and 7). The
increasing crustal thickness and decreasing ep(t) values through time
until ca. 381 Ma (Fig. 7C-D) refer to the crustal reworking via subduc-
tion trench advancing, triggering the compressional thickening in the
overriding plate and the formation of some other porphyry copper de-
posits (e.g., Sanchakou: 416 Ma; Zhang et al., 2022) and possibly skarn-
type deposits (e.g., Xierqu: 382 + 2 Ma; Mao et al., 2018) in the
Dananhu arc (Fig. 12B).

7.2. Southward movement of the Kangguer Ocean responsible for the
Bogda back-arc basin and the Yamansu continental marginal arc

Following the progressive thickening of the Dananhu arc crust
through the history of accretion in the Middle Ordovician to Late
Devonian (ca. 470-381 Ma), the crustal thickness shifts to thinning after
ca. 380 Ma in which calculated by median Sr/Y ratio of intermediate
rocks from the Dananhu belt (Fig. 7C). The first episode of crustal
thinning (ca. 380-350 Ma) of the Dananhu arc was associated with the
adjacent crustal thinning through time (ca. 345-330 Ma) at the center
part of the Dananhu-Harlik arc, and probably relate to the opening of
the Bogda back-arc basin (Chen et al., 2013; Zhang et al., 2017).

Field relations and geochemical evidence of magmatism provide
further support for extensional regime prevailed during this period in
the north Eastern Tianshan (Fig. 12C). For examples, (a) voluminous ca.
380-357 Ma high-Al mafic and A-type felsic magmatism in the Dananhu
segment (Mao et al., 2022a; Du et al., 2023), as well as ca. 352-351 Ma
A-type granites in the Harlik belt (Liu et al., 2022), which are emplaced
in an extensional setting coupled with mantle upwelling, and (b)
development of Bogda intra-arc basins characterized by ca. 345-330 Ma
bimodal volcanic rocks that formed by rising asthenosphere caused the
rifting of the overriding plate in an extensional setting (Chen et al.,
2013; Zhang et al., 2017). More widely, Collins et al. (2011) noted that
in what they termed external orogenic systems, such as those around the
Pacific rim, the range in Hf isotope ratios narrowed and trended towards
more radiogenic values through time. This is similar to the trends
recognized here, i.e., the samples exhibit trends of increasing eg¢(t) with
decreasing age at ca. 350-330 Ma for the Harlik segment, at ca.
345-330 Ma for the Bogda back-arc basin, and ca. 360-330 Ma for the
Dananhu belt (Figs. 3, 5, and 7), corresponding to the magmatic
migration from the Dananhu arc to the Bogda and Harlik side (Chen
et al., 2013; Zhang et al., 2017; Liu et al., 2022; Mao et al., 2022a; Du
et al., 2023). An analogous driving mechanism of back-arc basin for-
mation has been recognized in the concentration of back-arc basins in
the western Pacific margins (Sdrolias and Miiller, 2006; Magni, 2019;
Grevemeyer et al., 2021).

The leading hypothesis for intraoceanic arc crustal thinning is
thought to be due to episodes of lower crustal delamination occurring
after significant crustal thickening, and a sequence or tectonic switching
model is thought to occur cyclically in long-lived arcs, such as the Coast
mountains, Sierra Nevada, etc. (Collins, 2002; Chapman et al., 2015;
Profeta et al., 2015). This model proposed a long-term slab retreat that
causes arc splitting and the opening of intra—/back-arc basins, which
likely signifies mantle upwelling to relatively shallow levels during
lithospheric extension (Collins, 2002; Chapman et al., 2015; Profeta
et al., 2015; Tang et al., 2017). Hence, the most suitable model could be
the southward rollback of the downgoing Kangguer oceanic plate, which
caused the extension of the overriding Dananhu-Harlik arc crust and
possibly development of the Bogda back-arc basin. The retreating sub-
duction have promoted the overprinting mineralization in the
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Sanchakou-Yuhai copper deposits (360-350 Ma; Zhang et al., 2022) and
the Xiaorequanzi VMS mineralization (357-354 Ma; Mao et al., 2020) in
the Dananhu arc.

Meanwhile, the subduction trench also southward moved towards
the Central Tianshan Block, as evidenced by the identifcation of the
earliest arc magmatism in the Kangguer and Yamansu belts (Fig. 12D;
Tables S4 and S5). The Kangguer belt remained relatively constant
during the Late Devonian to Early Carboniferous (ca. 360-330 Ma), and
the igneous magmatism is characterized by granites (Wang et al., 2014;
Du et al., 2019b). The rocks in the Kangguer belt have homogeneous
high ey¢(t) values and horizontal event signature curve through this
period, with moderate crustal incubation time, implying they probably
originate from a mixing juvenile source, in accordance with the inter-
pretation for the accretionary prism.

As a contrast, the igneous magmatism from ca. 350 Ma to 330 Ma in
the Yamansu belt is characterized by a variety of rock types, such as
high-K calc-alkaline granites and diorites, as well as continental arc
basalts and andesites (Table S5). The earliest magmatic zircons of the
intermediate-felsic rocks in the Yamansu belt exhibit lowest ey¢(t) values
and have the longest crustal incubation time among the Paleozoic rocks
in the Eastern Tianshan. This implies a heterogeneous source or magma
mixing of ancient supracrustal and juvenile/mantle-derived materials
(Belousova et al., 2006, 2010). The relatively stable crustal architecture
and enhanced continental input revealed by low zircon eyg(t) values of
the Yamansu rocks argue against any petrogenetic intimacy of the rocks
in this belt to those in the north Eastern Tianshan. Therefore, the pre-
vious proposal that the Yamansu arc was formed from the arc migration
due to the slab retreat of a long-lived northward subduction (Xiao et al.,
2004, 2008) can be ruled out.

Moreover, inherited zircons from the igneous rocks and detrital zir-
cons from sandstones in the Yamansu belt have distinct Proterozoic
cluster around 1400-1600 Ma (Luo et al., 2012; Chen et al., 2019, 2020;
Long et al., 2020), which is absent in other nearby Precambrian blocks
but the Central Tianshan block (Long and Huang, 2017; Chen et al.,
2019, 2020), indicating the basement of the Yamansu belt is composed
of Precambrian basement rocks of the Central Tianshan block (Luo et al.,
2012; Du et al., 2018b, 2018c; Chen et al., 2019, 2020; Long et al.,
2020). In this scene, an Early Carboniferous Yamansu continental mar-
ginal arc was built along the Central Tianshan Block related to the
southward subduction of the Kangguer oceanic slab is prefered here.
This posibility is in good agreement with the abrupt increase in crustal
thickness with decreasing age at ca. 350 Ma to 330 Ma, as well as the
increase in zircon ey(t) values, sharp rising trends of the event signature
curve, and the decrease in crustal incubation time during this period
(Fig. 11).

7.3. The second episode of northward migration of the Kangguer oceanic
plate

Taken together all the Paleozoic igneous rocks occurred in the
Eastern Tianshan, the earlier rocks with emplacement age before ca.
330 Ma mainly exposed in the Dananhu belt and the Harlik belt, even
though some ca. 360-330 Ma rocks can be observed in the Bogda belt,
the north of the Kangguer belt, and the Yamansu belt, but the magmatic
rocks formed after ca. 330 Ma are widely developed throughout the
Eastern Tianshan (Figs. 2-11; Tables S1-S5; e.g., Deng et al., 2016;
Zhang et al., 2018; Sun et al., 2019; Du et al., 2021, 2023; Mao et al.,
2022a, 2022b; Gong et al., 2023). In each area the crustal thickness
exhibit broadly similar patterns during the Late Carboniferous (ca.
330-300 Ma). For instance, the timing of maximum crustal thickening in
the Bogda belt, Kangguer belt, and Yamansu belt is constrained at ca.
330-300 Ma, though we cannot be certain that the crustal thickness of
the Yamansu belt at 305 Ma reaches its peak thickness due to there are
no data available after 305 Ma (Figs. 5, 9, and 11). These estimates are in
broad agreement with the Sr/Y data that suggest the submaximum
crustal thicknesses at ca. 330 Ma and 320 Ma for the Harlik belt and
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Dananhu belt, respectively (Figs. 3 and 7).

Besides, the zircons from the Harlik-Bogda-Dananhu intermediate-
felsic rocks show large variations in eyg(t) values and have wide range
of crustal residence ages as well as crustal incubation time at ca.
330-300 Ma (Figs. 3, 5, and 7). Considering that these zircons have
slightly primitive eyg(t) values, generation both by addition of juvenile
material and reworking of the pre-existing arc crust has been suggested
to be a possible mechanism for these rocks (Gong et al., 2023; Wang
etal., 2023). Hence, the renewed northward subduction of the Kangguer
oceanic slab to be the most likely geodynamic background. This is
further documented by the widely developed of Late Carboniferous
rocks throughout the Harlik-Bogda-Dananhu arc system and display
typical arc magmatic trace element patterns (Xiao et al., 2017; Wang
et al., 2018; Du et al., 2019a). Moreover, the northward advance of the
Kangguer oceanic plate towards the Harlik-Bogda-Dananhu system
probabaly forced by flat subduction, based on relatively enriched in
adakitic rocks in the Dananhu belt during this period (Fig. 12E; Xiao
etal., 2017; Wang et al., 2018; Du et al., 2019a). Concurrent with the flat
subduction is the formation and overprinting mineralization of the
Tuwu-Yandong copper deposits (336-324 Ma; Wang et al., 2018; Song
et al., 2018; Gong et al., 2023).

On the other hand, the possible maximum crustal thickening of
Yamansu belt is culminated with median 32.3 km thick crust at ca. 310
Ma, but this crust thickness is much lower than those of the Dananhu
belt at the same time (49.1 km) (Figs. 7 and 11; Tables S3 and S5).
Besides, the rocks formed at this stage in the Yamansu belt possess
highly positive zircon ey¢(t) values and most of the zircons have a short
crustal incubation time, implying another direct addition of depleted
mantle material event occurred in the Eastern Tianshan. This event is
also documented by the whole-rock Nd isotopic data of the Late
Carboniferous granitic plutons in this belt that have highly positive
eng(t) values and juvenile model ages (Zhang et al., 2016; Zhao et al.,
2019a, 2019b). Thus, it can be speculated that the renewed northward
subduction of the Kangguer oceanic plate beneath the Dananhu arc
probably drag the southward subducting slab beneath the Yamansu arc
to have a northward rollback, which would cause the extension of the
overlying Yamansu arc crust and result in the tectonic transformation
into back-arc basin. Correspondingly, this extensional event coincides
with the formation of several Fe-Cu deposits (e.g., Duotoushan, Hei-
jianshan, and Yamansu; Hou et al., 2014; Zhao et al., 2019a) in the
Yamansu belt.

7.4. Post-collisional extension of the Eastern Tianshan

The Kangguer Ocean was closed in the latest Carboniferous and the
subduction setting shifted to post-collisional extension probably
occurred at the earliest Permian, which is favored to account for the
regional sedimentation, tectonism, and magmatism based on several
previously geological studies (Fig. 12F; Han and Zhao, 2018; Zhang
etal., 2018; Duet al., 2021; Wang et al., 2022; Gong et al., 2023). Firstly,
the presence of detrital zircons from the Early Permian and Triassic
sandstones in the Dananhu arc reveals a provenance from the Yaman-
su—Central Tianshan block and thus provides robust evidence for the
closure of the Kangguer Ocean and subsequent collision between the
Central Tianshan block and the North Tianshan Belt at some time before
Early Permian (Zhang et al., 2016; Chen et al., 2020). Secondly, ca. 300
Ma shear zone-hosted Au deposits, as well as structural and chrono-
logical analyses in the Kangguer suture, reveal that a transition from
subduction-accretion to post-collisional transcurrent setting probably
took place in the earliest Permian (Xiao et al., 2004; Wang et al., 2014).
Thirdly, the Early Permian red molasse sequence, coupled with coeval
overthrust or strike-slip shearing in the Bogda area, indicates the
termination of a marine setting and the beginning of a welded terrestrial
environment in the Eastern Tianshan (Shu et al., 2005). Finally, post-
collisional extensional magmatism widely occur in the Eastern Tian-
shan at this epoch (ca. 300-280 Ma), such as Balikun Nb-enriched
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gabbros and A-type granites in the Harlik belt (Yuan et al., 2010),
Qijiaojing bimodal volcanic rocks and Hongshankou Nb-enriched dol-
erites in the Bogda belt (Zhang et al., 2020), Sha’erhu A-type granites in
the Dananhu belt (Mao et al., 2014), mafic-ultramafic rocks in the
Kangguer belt (Xiao et al., 2004; Qin et al., 2011), and Dikan’er Nb-rich
basalts and Aqishan mountain A-type granites in the Yamansu belt (Du
et al., 2018b; Zhang et al., 2020), etc.

This posibility is in accordance with the available data in this study.
For instance, the second episode of crustal thinning in the Eastern
Tianshan at ca. 300-280 Ma involved the Bogda belt, Dananhu belt, and
the Kangguer belt in addition to all the samples from the Eastern Tian-
shan displays significantly decrease in zircon egg(t) values and event
signature curve and has long crustal incubation time during this stage
(Figs. 5, 7, and 9), reflecting some sort of lithospheric extension and a
heterogeneous source or magma mixing of ancient supracrustal and
juvenile/mantle-derived materials (Belousova et al., 2006, 2010).

7.5. Implications for crustal architecture and its evolution

Spatial-temporal variations in lithology composition, crustal thick-
ness, and crustal evolution trend have shown that the Eastern Tianshan
trench-arc-basin system underwent repeated tectonic switches (Fig. 12).
It is worth noting that such tectonic switches are exceptionally to occur
cyclically in long-lived arcs, based on numerical modeling studies and
regional examples (e.g., Profeta et al., 2015; Spencer et al., 2019), but
further geological evidence is needed to test and verify this model for the
slab dynamics of the Eastern Tianshan trench-arc-basin system. Mean-
while, extensive crustal growth probably took place during the repeated
tectonic switches (Sengor et al., 1993; Jahn et al., 2004; Cawood et al.,
2009; Kroner et al., 2014; Tang et al., 2017; Wang et al., 2022). Unlike
the temporal tectonic-magmatic evolution of the continental arcs, with
crustal growth dominating at extensional stages (Ducea and Barton,
2007; Kemp et al., 2009; Chapman and Ducea, 2019), two processes are
believed to envisage the generation of continental crust in the accre-
tionary orogens, i.e., vertical growth, which comprises over- and under-
plating of magmatic melts, and lateral growth, which basically involves
the accretion of arc complexes or oceanic plateaus (Sengor et al., 1993;
Jahn et al., 2004; Cawood et al., 2009; Kroner et al., 2014; Tang et al.,
2017; Wang et al., 2022).

Since the growth of crust envisages the directly addition of mantle-
derived material to the crust, the magmatic rocks formed during the
crustal growth stages are characterized by high and increasing zircon
ege(t) values, rising trend of event signature curve, in addition to most of
the magmatic zircons have a short crustal incubation time (Figs. 2-11).
Both crustal growth patterns indeed can be documented in the Eastern
Tianshan, but the compiled data here show that the proportion occupied
by crustal growth is limited. Such trends can only be found in the arc
magmatic rocks formed at initial compressional advancing stages in the
Dananhu belt (ca. 460-421 Ma) and the Yamansu belt (ca. 360-331 Ma),
accompanied by significant crustal thickening, and during back-arc
extensional stage (ca. 380-331 Ma) in the Dananhu-Bogda-Harlik arc
system with crustal thinning (Figs. 2-11). Whereas the rest of the
magmatic rocks in the Eastern Tianshan are characterized by decreasing
zircon ey¢(t) values or display a downward trend with decreasing age of
the event signature curve, which generally suggests processes such as
crustal reworking or mixing between two source components.

The above trends demonstrate that subduction zone initial advance
enhanced the generation of new crust, probably via mantle-derived
magma lateral accretion, in accordance with significant crustal thick-
ening of the Dananhu belt during ca. 460-421 Ma and for the Yamansu
belt at ca. 360-331 Ma (Figs. 2-12). Inversely, as progressive maturation
of the arc crust evidenced by the sharp increase of crustal thickness in
the Dananhu belt at ca. 420-381 Ma and the Yamansu belt at ca.
330-330 Ma, magmatic rocks generated during episodes of continuous
subduction of the Kangguer Ocean show gradually decrease of the ey(t)
values, and display a downward trend with decreasing age of the event
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signature curve in addition to have longer crustal incubation time,
suggesting they probably generated by reworking of the juvenile arc
crust. Changes in the magma sources with continuous subduction of the
Kangguer Ocean at ca. 370-300 Ma can be observed in the Kangguer belt
as the rocks show an intermediate slope of the eyg(t) values and event
signature curve. This widely variable isotopic characteristic represents a
typical mixing of mantle-derived melts and crustal materials. While the
formation of continental crust by the latter two mechanisms cannot
account for crustal growth (Wang et al., 2023).

Another significant crustal growth event occurred at back-arc
extensional stage (ca. 380-331 Ma) in the Dananhu-Bogda-Harlik arc
system. The back-arc related-rocks possess highly positive zircon eyg(t)
values and display sharp rising trends of event signature curve in the
Dananhu-Bogda-Harlik arc system indicates vertical growth by under-
plating/overplating of mantle-derived magma. By comparison, in each
area the post-collisional extensional magmatism exhibits broadly similar
patterns and shows significantly decrease of the zircon eg(t) values and
the event signature curve, but exhibits trends of increasing crustal in-
cubation time with decreasing age, suggesting that they were probably
formed from mixtures of mantle-derived melts and ancient crustal ma-
terials from the Central Tianshan basement. The above evidence further
suggest the accretion/collision of the different belts of the Eastern
Tianshan was basically contemporaneous, with all experiencing a post-
collisional episode during ca. 300-280 Ma, and the post-collisional
episode was predominantly characterized by crustal reworking of both
juvenile and ancient crustal components.

8. Concluding remarks

The systematic data compilation and analyses reveal that the
Paleozoic magmatism in the Chinese Eastern Tianshan display marked
temporal-spatial variations in geochemical and isotopic compositions.
Variations in crucial geochemical-isotopic signatures have proven to be
effective in developing crustal and tectonic activities of multiple
accreting units and quantifying the crustal formation model in an
evolving accretionary orogen. According to these spatial-temporal var-
iations in compositions and crustal thickness as well as the other
geological observations, we conclude that:

(1) Most mafic-intermediate-felsic magmatism in the Chinese
Eastern Tianshan are concentrated into relatively short time periods
between ca. 360-280 Ma, and the Dananhu-Harlik arc system tend to be
characterized by one more dominant period of magma emplacement at
ca. 460-420 Ma.

(2) The variations in crustal thickness are different in the five seg-
ments of the Eastern Tianshan. For instance, the Dananhu belt had
experienced two phases of crustal thickening during ca. 460-381 Ma
and 360-321 Ma, separated by periods of crustal thinning at ca.
380-361 Ma and 320-280 Ma, however, the timing of maximum crustal
thickening in the Harlik, Bogda, Kangguer, and Yamansu are con-
strained to ca. 450 Ma, 320 Ma, 330 Ma, and 310 Ma, respectively.

(3) Repeated tectonic switches of the Eastern Tianshan trench-arc-
basin system during subduction of the Kangguer oceanic plate are
recorded by the spatial-temporal variations of magmatism and crustal
thickness. Generally, the periods of trench advance tend to be associated
with higher magmatic activities coupled with crustal thickening, in
contrast to the trench retreat that is characterized by crustal thinning
with different magma volumes in the different belts. Thus, the northern
trench of the Kangguer Ocean had experienced two phases of trench
northward advance (ca. 470-381 Ma and 330-301 Ma, respectively) and
an intervening trench retreat (ca. 380-331 Ma). Meanwhile, the south-
ern trench of the Kangguer Ocean had experienced trench southward
advance and northward retreat at ca. 370-331 Ma and 330-301 Ma,
respectively. Then, the Kangguer Ocean was closed in the latest
Carboniferous and the subduction setting shifted to post-collisional
extension probably occurred at the earliest Permian.

(4) Trench advance accompanied by significant crustal thickening
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has induced crustal growth in Eastern Tianshan, such as northern trench
advance at ca. 460-421 Ma and southern trench advance at ca. 360-331
Ma, respectively. The northern trench retreat with crustal thinning
during ca. 380-331 Ma has induced crustal growth in the Danan-
hu-Bogda-Harlik arc system. The rest of the magmatic rocks in the
Eastern Tianshan are characterized by crustal reworking or mixing.
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