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Decoding the crustal and tectonic evolution of ancient accretionary orogens is not always straightforward. Here, four episodes
of Paleozoic granitoids have been identified with distinct zircon—Hf isotopic characteristics from the Northeastern Tianshan.
The first stage granitoids in the Dananhu—Harlik arc system are characterized by highly positive zircon £44(t) values and short
crustal incubation times with a rising event signature, suggesting a northward trench advance for the Kangguer Ocean. During
the second stage, granitoids in the Dananhu and Kangguer belts have high zircon e¢(t) values and short crustal incubation
times, but with a decreasing event signature for the Dananhu granitoids, implying a reworking of the juvenile arc crust.
However, the near-zero e¢(t) values and the longest crustal incubation times of the Yamansu granitoids in this stage elucidate
an origin from a Precambrian basement. These variations suggest that the northern trench of the Kangguer Ocean retreated
southward while the southern trench advanced southward. During the third stage, the enlarged ranges of zircon ¢(t) values
and crustal residence ages as well as crustal incubation times for the Dananhu and Kangguer granitoids show an interaction of
juvenile material and the pre-existing crust, whereas the highly positive zircon e(t) values with a sharp rising event signature
of the Yamansu granitoids suggest an significant crustal growth, indicating that a northward trench advance and a southern
trench retreat for the Kangguer Ocean. However, the last stage granitoids in the Northeastern Tianshan entirely exhibit
decreasing zircon e¢(t) values and long crustal incubation times, demonstrating a reworking of the pre-existing juvenile crust
with minor input of ancient crustal materials in a post-collisional setting.

Supplementary material: Table S1 and S2 and analytical methods are available at https:/doi.org/10.6084/m9.figshare.c.
5197889
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Accretionary orogenic belts generally occur along convergent plate
margins in which deformation, metamorphism and crustal growth
took place as a consequence of continuing subduction and accretion
(Beltrando et al. 2007; Cawood et al. 2009). They can be grouped
into advancing and retreating endmember types, based on the
motion of the overriding plate relative to the downgoing plate,
which show a distinct crustal structure and tectonic environment
(Collins 2002; Cawood et al. 2009). Trench advance is character-
ized by the overriding plate advances towards the downgoing slab,
inducing crustal thickening and enhanced crustal materials being
added into the mantle (Collins 2002; Cawood et al. 2009), whereas
trench retreat is marked by the downgoing slab moving away from
the overriding plate, resulting in crustal thinning and arc splitting in
the upper plate (Collins 2002; Cawood et al. 2009). Over the course
of geological history, tectonic switching between phases of trench
advance and retreat have frequently occurred rather than solely
advancing or retreating accretionary orogen (e.g. Collins 2002;
Beltrando et al. 2007). Geophysical investigations are very useful in
providing information on the crustal structure and tectonic setting of
modern accretionary orogenic belts (McKenzie and Priestley 2008;

Royden et al. 2008). However, due to the lack of geological and
geodynamical evidence, recognition of trench advance and retreat in
ancient accretionary orogenic belts is not always straightforward
(Zhang et al. 2018, 2019).

With the rapid improvements in analytical techniques, in
combination with in situ zircon U-Pb dating and Lu-Hf isotope
analysis of granitoid rocks from ancient island arcs or back-arc
basins, it has been possible to unravel the nature, crust architecture
and tectonic evolution of ancient accretionary orogenic belts (Kinny
and Maas 2003; Kemp et al. 2006; Glen et al. 2011; Zhang et al.
2018; Wang et al. 2019). Zircons are abundant in granitoid rocks,
and can not only provide precise crystallization ages of the parental
magmas, but also essentially preserve the initial "®Hf/*"7Hf ratios
on account of their extremely low Lu/Hf ratios, providing a perfect
record of the Hf isotopic compositions of the host magmas at the
time of zircon crystallization (Kinny and Maas 2003; Zhu et al.
2011; Zhang et al. 2019). Importantly, their stable physicochemical
characteristics allow zircons to survive from subsequent multiple
geological events (Kinny and Maas 2003; Zhu et al. 2011; Zhang
et al. 2019), such as crustal anatexis (Tang et al. 2014), (ultra-)
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high-pressure metamorphism (Zheng et al. 2005), and zircon
recrystallization, alteration or overgrowth (Gerdes and Zeh 2009).
Additionally, Hf isotopic compositions of zircon are primarily
controlled by the nature of magma sources (Smith et al. 1987; Kinny
and Maas 2003) and have thus become a powerful tracer for
studying crustal evolution (Kemp et al. 2006; Scherer et al. 2007);
also, long-term Hf-in-zircon variations have succeeded in discrim-
inating accretionary orogenic belt histories (e.g. Collins et al. 2011,
Boekhout et al. 2013).

As the largest Phanerozoic accretionary orogenic belt in the
world, the Central Asian Orogenic Belt (CAOB) is characterized by
multiple accretion of various terranes, such as island arcs,
ophiolites, accretionary prisms, and possibly some microcontinents
(Sengor et al. 1993; Windley et al. 2007; Xiao et al. 2015). Some
scholars have proposed that at least half of its crustal growth was due
to the addition of juvenile material during the Neoproterozoic and
Paleozoic (e.g. Sengdr et al. 1993; Jahn et al. 2004; Tang et al.
2017). Others have argued that the production of mantle-derived or
juvenile continental crust during the accretionary history of the
CAOB has been grossly overestimated (Kroner et al. 2014, 2017).
As one of the main mountain ranges of the CAOB, the Chinese
Tianshan was formed by Paleozoic multiple subduction and
accretion, and probably experienced episodic trench advance and
retreat (e.g. Xiao et al. 2004; Zhang et al. 2018). The Chinese
Tianshan is made up of a series of island arc assemblages, remnants
of oceanic crust, accretionary wedges and microcontinents (e.g.
Windley et al. 2007; Xiao et al. 2015). Among the island arc
assemblages in the Chinese Tianshan, the Northeastern Tianshan is
characterized by two major island arc assemblages: the Dananu-
Harlik arc in the north, and the Yamansu arc in the south, separated
by the Kangguer suture zone, with a vast expanse of Paleozoic
granitoid rocks that are characterized by positive eng(t) and epe(t)
values (e.g. Jahn et al. 2004; Xiao et al. 2004; Tang et al. 2017;
Zhang et al. 2018). This provides an ideal opportunity for us to
study the trench advance and retreat history, as well as to assess the
crustal evolution in an ancient accretionary orogenic belt.

In this study, we present a systematic in situ U-Pb dating and new
Hf isotope analysis on zircons of Paleozoic granitoids from different
tectonic units in the Northeastern Tianshan. Based on these new
data (reported in Supplementary Data, Table S1), together with the
data from the recent literature (the data and references are provided
in Supplementary Data, Table S2), we attempt to characterize the
geochemical indices of an ancient accretionary orogenic belt and
thus to unveil the Paleozoic crustal and tectonic evolutionary
histories of the Northeastern Tianshan.

Geological background and sample descriptions

The Chinese Tianshan separates the Junggar basin to the north from
the Tarim block to the south (Fig. 1). It can be geographically
divided into the Eastern Tianshan and Western Tianshan roughly by
89°E longitude. The Eastern Tianshan further can be tectonically
subdivided into the North Tianshan belt, the Central Tianshan block
and the South Tianshan belt (Fig. 1b; Xiao et al. 2004; Charvet et al.
2007). The central Eastern Tianshan block predominantly consists
of Precambrian metamorphic basement composed of gneissic
granitoids (e.g. granodiorite, monzogranite and tonalite), which is
overlain by Paleozoic to Mesozoic magmatic and sedimentary rocks
(e.g. Huetal. 2000; Huang et al. 2019). The Southeastern Tianshan
belt is dominated by Paleozoic high-pressure metamorphic
assemblages, marine sediments, volcaniclastic rocks and relics of
ophiolites (Xiao et al. 2004; Charvet et al. 2007).

The Northeastern Tianshan belt comprises the Harlik and Dananhu
arcs in the north, and the Yamansu arc in the south, with the Kangguer
belt situated between them as a suture zone (Fig. 1c; Xiao et al. 2004;
Zhang et al. 2018). The oldest sedimentary strata in the Harlik and

Dananhu terranes are the Ordovician to Silurian Huangcaopo Group
and Middle Ordovician Daliugou Group, respectively (Ma 1999;
Deng et al. 2016). The former are predominantly overlain by
Devonian to Carboniferous flysch and clastic sediments, intercalated
with minor volcaniclastic and volcanic rocks (Ma 1999). The latter are
overlain by Devonian volcanic and pyroclastic rocks (Deng et al.
2016), which are unconformably overlain by Carboniferous to
Permian volcanic rocks (Gao et al. 2015). Moreover, the Harlik and
Dananhu arcs were characterized by prolonged Ordovician to
Carboniferous island arc magmatism (e.g. Du et al. 2018a, 2019a;
Zhang et al. 2018; Sun et al. 2019). The Yamansu belt predominantly
contains Carboniferous volcanic and pyroclastic rocks, which are
dominantly basalt, andesite and pyroclastic rocks (Hou et al. 2014),
and were intruded by numerous Late Paleozoic arc-related granitoids
(e.g. Zhang et al. 2016; Du et al. 2018b; Zhao et al. 20193, b). The
Kangguer belt extends c¢. 600 km long with width varying between 5
and 24 km and is envisaged as a suture zone (Xiao et al. 2004; Zhang
et al. 2018). This belt is mainly made up of Carboniferous volcanic
and sedimentary rocks, with ophiolite fragments locally deposited in
the north (Xiao et al. 2004; Wang et al. 2014). With respect to
ophiolites, geochemical data suggest their variable suprasubduction
zone (SSZ) signatures, which mainly contain meta-basalts, serpenti-
nized peridotites and meta-gabbros, with a Late Cambrian zircon U-
Pb age (c. 494 Ma) and an Early Carboniferous zircon U-Pb age
(c. 330 Ma) (Li et al. 2008; Liu et al. 2016).

Samples of this study were collected from the Northeastern
Tianshan, including a dioritic pluton from the Harlik belt, one
dioritic and three granitic plutons from the Dananhu belt, four
granitic plutons from the Kangguer belt, and two dioritic and three
granitic plutons from the Yamansu belt. For more details on the
descriptions of these granitoid samples, see Du et al. (2018a, b,
20193, b).

Analytical results

Details of the analytical method and results of this study are
provided in Supplementary Data: Analytical Method and Table S1.
In addition, we collected the available published zircon U-Pb and
Lu-Hf isotopic data of Paleozoic granitoids in the Northeastern
Tianshan from previous literature, which can be found in
Supplementary Data, Table S2.

Samples from the Harlik belt

Zircons from the diorite sample (X3ET405) in the Harlik belt show
oscillatory zoning with high Th/U ratios (>0.2), indicating an
igneous origin (Belousova et al. 2002; Du et al. 2018a). Twenty
grainsyielded a U-Pb age of 452 + 4 Ma (Du et al. 2018a). The spot
locations for Lu—Hf isotopes in this study were the same as those for
U-Pb analyses. These zircons yielded *"6Hf/*""Hf ratios and ey(t)
values of 0.282840-0.282948 and 12.0-15.8, with corresponding
young one-stage model ages (Tpwm) of 429-585 Ma and two-stage
model ages (TSy) of 418-664 Ma (Table S1).

Samples from the Dananhu belt

All the zircons of granitoids from the Dananhu belt are characterized
by high Th/U ratios and well-developed oscillatory zoning,
suggesting an igneous origin (Belousova et al. 2002; Du et al.
2018a, 2019a). The zircon grains yielded a U-Pb age of 442 + 3 Ma
for a dioritic pluton (X3ET355), 447 +£5 Ma for a granitic pluton
(X3ET340), 357+3Ma for a porphyritic granitic pluton
(X3ET372), and 311+3 Ma for a K-feldspar granitic pluton
(X3ET459) (Du et al. 2018a, 2019a). These zircons show
respective 7SHf/A""Hf ratios of 0.282769-0.282940, 0.282802-
0.282937,  0.282852-0.282959 and  0.282797-0.282974
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Fig. 1. (a) Simplified geological map of the Central Asian Orogenic Belt (modified from Gao et al. 2011). (b) Simplified geological map of the North
Xinjiang (modified from Gao et al. 2009). (c) Geological map of the Eastern Tianshan (modified after Xiao et al. 2004).

(Table S1). They have similar positive e¢(t) values of 8.1-15.4,
9.7-15.3, 10.2-14.1 and 7.1-13.1, with young one-stage model
ages (Tpm =442-758 Ma, 451-676 Ma, 425-585 Ma and 413-
677 Ma) and two-stage model ages (TSy =442-900 Ma, 456-
797 Ma, 460-708 Ma and 473-861 Ma) (Table S1).

Samples from the Kangguer belt

Zircons from the Kangguer belt granitoids also show typical
characteristics of magmatic zircons (Belousova et al. 2002; Du et al.
2019hb). U-Pb dating of these zircons yielded a mean age of 360 +
3 Ma for a porphyritic granitic intrusion (X3ET239), 317 + 5 Mafor
a porphyritic granodioritic intrusion (X3ET232), 310 +2 Ma for a
granodioritic porphyry intrusion (X3ET222), and 302 + 4 Ma for a
granodioritic intrusion (X3ET223) (Du et al. 2019b). The dated
zircons from these granitoids show corresponding *7®Hf/*""Hf ratios
of 0.282872-0.282933, 0.282846-0.282961, 0.282893-0.282987
and 0.282890-0.283011, respectively (Table S1). Similar to zircons
from the Harlik and Dananhu granitoids, they have positive &.(t)
values of 11.1-13.3, 8.8-13.7, 10.8-14.4 and 10.6-14.9, with
young one-stage model ages (Tpwm =449-537 Ma, 410-586 Ma,
370-511 Ma and 348-520 Ma) and two-stage model ages (TSy =
508-646 Ma, 461-750 Ma, 406-630 Ma and 370-643 Ma)
(Table S1).
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Samples from the Yamansu belt

Zircons from granitoids in the Yamansu belt show typical
characteristics of magmatic zircons (Belousova et al. 2002; Du
et al. 2018b). These grains from a granodioritic pluton (X3SS01)
and its dioritic enclave (X3SS08) yielded U-Pb ages of 336 + 3 and
335+ 2 Ma, respectively (Du et al. 2018b). Moreover, zircon U-Pb
dating gave a mean age of 333+ 3 Ma for an albitophyre sample
(X3SS14), 292 + 3 Ma for a K-feldspar granite sample (X3SS34),
and 281+2 Ma for a monzonitic granite sample (X3SS22)
(Du et al. 2018h). The corresponding Lu—Hf isotopic analysis of
these zircons shows 7SHf/Y"Hf ratios (0.282613-0.282747,
0.282619-0.282755, 0.282591-0.282739, 0.282767-0.282920
and 0.282732-0.282891, respectively) lower than those in the
above three tectonic belts (Table S1). They have positive but lower
ens(t) values of 1.3-6.3, 1.1-6.6, 0.7-5.9, 4.8-10.8 and 4.5-10.1,
with older one-stage model ages (Tpm=724-927 Ma, 709-
990 Ma, 730-944 Ma, 513-848 Ma and 519-748 Ma) and
two-stage model ages (TS = 943-1255 Ma, 924-1270 Ma, 963
1295 Ma, 616-1003 Ma and 654-1013 Ma) (Table S1).

Discussion

Voluminous Paleozoic granitoids occurred in the Northeastern
Tianshan (Tables S1 and S2). They were primarily generated by
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partial melting of middle to lower crust, with compositions being
controlled by crustal sources (e.g. Du et al. 2018a; Zhao et al. 2019a;
Long et al. 2020). 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; Meng et al. 2019; Song
et al. 2019; Xiao et al. 2020). In general, magmatic rocks derived
wholly from the depleted mantle exhibit highly positive zircon e(t)
values, whereas magmatic rocks generated entirely by the reworking
of ancient continental crust show negative zircon ey¢(t) values, and
those formed by magma mixing display large variations in gp(t)
values (Griffin et al. 2004; Kemp et al. 2006). Nevertheless, the use
of eng(t) values in zircons alone cannot effectively distinguish the
granitoid rocks that formed by the reworking of the juvenile crust
from those that directly origined from the mantle, both of which have
positive zircon ep(t) values.

Single-stage Hf model age (Tpwm) Was calculated based on a
depleted-mantle source, and can give a minimum age for the source
material of the magma from which the zircon crystallized (Griffin
et al. 2006; Belousova et al. 2009). The comparison of large
volumes of data on the U-Pb ages plotted against the difference
between zircon U-Pb ages and Hf model ages (Age-Tpwm) can be
simplified by reducing the data to ‘event signature curves’ that
illustrate the evolutionary features of the crustal residence age of the
source (Griffin et al. 2006; Belousova et al. 2009). These
researchers proposed that 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). This theory is well supported by
magmatic rocks generated by source regions with ancient crust, such
as the Mt Isa block in Australia (Griffin et al. 2006), Gawler Craton
in Australia (Belousova et al. 2009), and the Central Tianshan block
in China (Huang et al. 2019). Considering that neither have ancient
crustal basement been reported in previous literature (e.g. Zhang
et al. 2018; Sun et al. 2019), nor have magmatic zircons with
negative en¢(t) values been found in the Northeastern Tianshan or
the Yamansu belt, these samples show a downward trend with
decreasing age, unlikely to be caused by ancient crustal reworking,
since juvenile material directly input will produce a sharp rising
trend with highly positive e.4(t) values. We therefore suggest
reworking of ancient crust will create a downward trend with
decreasing age and negative ep¢(t) values, while reworking of
juvenile crust will generate a downward trend with decreasing age
with positive but relatively low e.4(t) values.

As most zircons have crystallized from quartz-saturated magma,
they were produced by partial melting of the crust through two steps:
Hf crustal model ages define step 1, separation of primitive crust
from the mantle, and U-Pb ages date 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 crustal evolution; it is defined as the difference between
the Hf crustal model age and zircon U-Pb age (TSy—Age) (Wang
et al. 2009, 2011; Li et al. 2014). Zircons generated by juvenile
crustal materials have crustal incubation times less than 300 Ma
(Wang et al. 2009,2011), whereas those 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 regard a crustal incubation time of 300 Ma as
the dividing line between juvenile crust and ancient crust in this
study, and assume that a short crustal incubation time (<300 Ma)
generally reflects a juvenile material addition, whereas a long crustal
incubation time (>300 Ma) implies an ancient crust reworking
(Wang et al. 2009, 2011; Li et al. 2014; Huang et al. 2019).

Although a specific tectonic setting does not necessarily
produce magmas with a unique Hf isotopic composition of

zircons, long-term Hf-in-zircon variations have succeeded in
revealing the relative contribution of juvenile and ancient crustal
components as well as discriminating trench advance and retreat in
accretionary orogens (e.g. Collins et al. 2011; Boekhout et al.
2013; Zhang et al. 2019). Overall, in order to identify the
Paleozoic evolutionary characteristics of the Northeastern
Tianshan, we comprehensively analyse the zircon e.¢(t) values,
event signature curves and crustal incubation times of the
Paleozoic (c. 470-280 Ma) granitoids in the Harlik, Dananhu,
Kangguer, and Yamansu belts (Figs 2—-4).

Middle Ordovician to Late Carboniferous crustal evolution
and tectonic switching of the Dananhu—Harlik arc system

Recently, the earliest (Middle to Late Ordovician) magmatic rocks
in the Northeastern Tianshan have been identified in the
Nanshankou area, Harlik belt, and the Kalatage area, Dananhu
belt (e.g. Deng et al. 2016; Du et al. 2018a; Sun et al. 2019). The
arc-like geochemical features of these Ordovician granitoids
demonstrate they were generated in an arc-related tectonic setting
(e.g. Deng et al. 2016; Du et al. 2018a; Sun et al. 2019). Since the
consistency of the Ordovician to Silurian sedimentary strata and the
oldest magmatism occurred both in the Harlik and Dananhu arcs
(Ma 1999; Du et al. 2018a), the asymmetrically magmatic
distributions in the two arcs during this period indicate that they
were probably generated in a single arc system during the
Ordovician to Silurian (Zhang et al. 2018). From the combination
of the arc-like granitoids, sedimentary strata records, and detailed
structural geological studies undertaken in this region, the Harlik
and Dananhu arcs were considered to be a united arc system as a
consequence of initial northward subduction of the Kangguer ocean
since the Middle Ordovician (Du et al. 2018a; Zhang et al. 2018;
Sun et al. 2019).

The Middle Ordovician granitoids in both the Harlik and
Dananhu belts were characterized by highly positive £.4(t) values,
but low crustal incubation time (Fig. 2), arguing for their
probably being derived from a newly formed island arc crust with
the direct addition of depleted mantle material. Considering that
zircon Lu-Hf analyses for Silurian to Carboniferous granitoids
were reported neither in this study nor in previous literature in the
Harlik belt, the evolutionary process of the Harlik arc during this
period does not rely on Lu-Hf isotope data in the following
discussion. From Middle Ordovician to Late Devonian (c. 470-
380 Ma) (stage 1), zircons from the Dananhu belt granitoids
maintain highly positive £,4(t) values and show a sharp rising
trend of the event signature curve, and most of the magmatic
zircons have a short crustal incubation time (Fig. 2), indicating an
input of juvenile mantle material directly forming the intraoceanic
arc crust, which further suggests continuous northward subduc-
tion of the Kangguer ocean (trench advance) and progressive
maturation of the Dananhu—Harlik arc crust. This inference is
reinforced by the onset of Ordovician to Late Devonian volcanic
sediment and dioritic to granitic plutons with arc-type features as
well as thickening of the Dananhu—Harlik arc crust during this
period, proved by selected geochemical indicators, such as the
gradual decrease of Ce/Y and Ho/Yb ratios (e.g. Du et al. 2018a;
Zhang et al. 2018; Sun et al. 2019).

There was then a magmatic interval from c. 380 to 370 Ma. Later,
from the Late Devonian to Early Carboniferous (c. 370-330 Ma)
(stage 2), the zircons have positive .¢(t) values, but lower than
those from the stage 1 granitoids (Fig. 2a). They show a gradual
decrease of e.¢(t) values, and display a downward trend with
decreasing age of the event signature curve in addition to having a
short crustal incubation time (Fig. 2), suggesting they were probably
generated by reworking of the juvenile arc crust. The most suitable
tectonic background for the reworking of the juvenile arc crust could
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Fig. 2. Plots of Hf isotopic characteristics for magmatic zircons from
granitoids in the Harlik belt (red) and Dananhu belt (green); the data
represented by circles are from this study (reported inTable S1) and
the data represented by crosses are from previous literature (data and
references are provided in Table S2). (a) £¢(t) v. zircon U-Pb age,
(b) crustal residence age of source v. zircon U-Pb age, and (c) crustal
incubation time v. zircon U-Pb age.

be the southward rollback of the downgoing Kangguer oceanic plate
(trench retreat), which would cause an extension of the overriding
Dananhu—-Harlik arc crust and possible development of back-arc
basins. Located between the Harlik and Dananhu arcs, the earliest
strata in the Bogda belt are dominated by littoral-neritic facies
clastic sediments and biolimestone with fossil assemblages, which
indicate Carboniferous depositional ages (Shu et al. 2011).
Furthermore, there are documented extensive Carboniferous
bimodal volcanic suites in the Bogda belt, which show both
intraplate- and arc-like magmatic affinities, implying that they were
associated with an extensional setting and probably represented a
back-arc basin (e.g. Chen et al. 2013; Zhang et al. 2017, 2018;
Zhu et al. 2020).

Subsequently, from latest Early Carboniferous to Late
Carboniferous (c. 329-300 Ma) (stage 3), the zircons from the

Downloaded from http://pubs.geoscienceworld.org/jgs/article-pdf/doi/10.1144/jgs2020-035/5227331/jgs2020-035.pdf
hv China Geoloaical | ibrarv viser

Fig. 3. Plots of Hf isotopic characteristics for magmatic zircons from
granitoids in the Kangguer belt; the data represented by circles are from
this study (Table S1) and the data represented by crosses are from
previous literature (Table S2). (a) en(t) v. zircon U-Pb age, (b) crustal
residence age of source v. zircon U-Pb age, and (c) crustal incubation
time v. zircon U-Pb age.

Dananhu granitoids show large variations in g.¢(t) values and
have a wide range of crustal residence ages as well as crustal
incubation times (Fig. 2). Considering that these zircons have
positive ene(t) values, generation both by addition of juvenile
material and reworking of the pre-existing arc crust has been
suggested as a possible mechanism for these granitoids. Hence,
the renewed northward subduction of the Kangguer ocean (trench
advance) is the most likely geodynamic background. This is
further supported by the widely developed Late Carboniferous
granitoids throughout the Dananhu belt which display typical arc
magmatic trace element patterns (e.g. Xiao et al. 2017; Wang
et al. 2018; Du et al. 2019a). This model is well supported by the
Late Carboniferous (c. 317-302 Ma) adakitic rocks exposed in
the north Kangguer belt, which are considered to have been
generated by partial melting of the subducted Kangguer oceanic
crust (Du et al. 2019Db).
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Fig. 4. Plots of Hf isotopic characteristics for magmatic zircons from
granitoids in the Yamansu belt; the data represented by circles are from
this study (Table S1) and the data represented by crosses are from
previous literature (Table S2). (a) n(t) v. zircon U-Pb age, (b) crustal
residence age of source v. zircon U-Pb age, and (c) crustal incubation
time v. zircon U-Pb age.

Late Devonian to Early Permian crustal evolution and
tectonic switching of the Kangguer suture belt

The Kangguer belt separating the Paleozoic Dananhu-Harlik arc
system to the north (e.g. Zhang et al. 2017, 2018; were the Lower
Devonian volcanic sediments and a Late Devonian porphyritic
granitic pluton (Du et al. 2018a, were the Lower Devonian volcanic
sediments and a Late Devonian porphyritic granitic pluton
(Du et al. 2019a) and the Late Paleozoic Yamansu arc to the south
(e.g. Du et al. 2018b; Zhao et al. 2019a, b; Long et al. 2020) is
characterized as a suture belt with SSZ-type ophiolites barely exposed
(Li et al. 2008; Liu et al. 2016). Except for a Late Cambrian (c.
494 Ma) ophiolite suite occurring in this suture belt (Li et al. 2008),
the earliest magmatic records were the Lower Devonian volcanic
sediments and a Late Devonian porphyritic granitic pluton (Du et al.
2019b). The Late Devonian granites have homogeneous high &.(t)
values, with short crustal incubation times (Fig. 3), implying a young

source origin. It is worth noting that the contemporaneous Hf-in-
zircon isotopic characteristics of the Kangguer belt granitoids are
consistent with those in the Dananhu belt (Figs 2 and 3). Moreover,
they display representative island arc-like geochemical signatures and
juvenile Nd model ages as well as positive Nd isotopic ratios, similar
to the Late Devonian granitoids in the Dananhu belt (e.g. Du et al.
2019b; Sun et al. 2019), indicating they may also have formed by
reworking of the juvenile arc crust. More importantly, regarding all
the granitoids occurring in the Northeastern Tianshan, the stage 1
granitoids are exposed only to the north of the Dananhu and Harlik
belts, whereas the stage 2 granitoids can be observed in the South
Dananhu belt, the North Kangguer belt (c. 370-350 Ma), and the
Yamansu belt (c. 350-330 Ma), but the stage 3 and stage 4 (Early
Permian (c. 299-280 Ma)) granitoids are widely developed through-
out the Northeastern Tianshan (e.g. Du et al. 2018a, b, 2019a, b; Sun
et al. 2019; Zhao et al. 2019a, b; Long et al. 2020). The above
evidence suggests that the Kangguer subducting oceanic slab was
southward migrating during this period (c. 370-350 Ma), in
accordance with the interpretation for the contemporaneous grani-
toids in the Dananhu belt.

The distinct distribution range of the granitoids before and after
the latest Early Carboniferous (c. 330 Ma) in the Northeastern
Tianshan probably reflect a tectonic transition in this area. This was
coincident with a magmatic interlude in the Kangguer belt from
¢. 350 to 330 Ma. In addition, the zircons from the stage 3 granitoids
in the Kangguer belt possess a slightly larger variation of £.4(t)
values than the earlier granitoids in the same belt, and show an
intermediate slope of the event signature curve (Fig. 3). However,
they still contain highly positive £.4(t) values with short crustal
incubation times, implying they originate from a mixing source.

Nevertheless, the stage 4 granitoids display a significant decrease
in e¢(t) values and event signature curve and have long crustal
incubation times (Fig. 3), suggesting they are likely to be formed by
reworking of the pre-existing juvenile crust. In addition, the
geochemistry of many magmatic rocks formed in this stage indicate
a post-collisional extensional setting in the Northeastern Tianshan,
such as c. 288-284 Ma A-type granites in the Balikun area of the
Harlik belt (Yuan et al. 2010), c. 297-295 Ma bimodal volcanic
rocks in the Qijiaojing area of the Bogda belt (Chen et al. 2011),
c. 287 Ma A-type granites in the Shaerhu area of the Dananhu belt
(Mao et al. 2014), and c. 292 Ma A-type granites in the Agishan
mountain of the Yamansu belt (Du et al. 2018b), etc. This is
consistent with recent studies on U-Pb ages and Hf isotope analyses
of detrital zircons from the early Triassic sandstones in the Dananhu
arc, which reveal a provenance from the Yamansu—Central Tianshan
arc (Chen et al. 2020). Because detrital zircons can sometimes be
derived from sediments within a residual marine basin during or even
after collision, the collision timing constrained by them will always be
later than the real collision. If the studied detrital zircons were derived
from a residual marine basin, the youngest age actually suggests that
the Kangguer ocean was closed earlier than the latest Permian—-Early
Triassic (Chen et al. 2020). This is in good agreement with the
collisional and metamorphic timing recorded by gneisses and zircon
overrims at 303-301 Ma in the Yamansu belt (Zhang et al. 2016; Du
et al. 2018c; Long et al. 2020), as well as the ¢. 300 Ma shear zone-
hosted Au deposits in the Kangguer belt (Xiao et al. 2004), implying
that the Kangguer ocean was closed in the latest Carboniferous and
the subduction setting probably shifted to a post-collisional
background in the earliest Permian (Zhang et al. 2016, 2018; Du
et al. 2018b, c; Zhao et al. 2019a, b; Long et al. 2020).

Early Carboniferous to Early Permian crustal evolution
and tectonic switching of the Yamansu arc

The earliest magmatic records in the Yamansu belt were formed in
the Early Carboniferous, including a calc-alkaline volcanic rock
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series in the Yamansu group yielding coeval zircon U-Pb ages of
348+2,336+2and 334+ 3 Ma (Luo et al. 2012), and granodior-
ites, diorites and albitophyres in the Agishan area having zircon
U-Pb ages of 336 + 3, 335+ 2, and 333+ 3 Ma (Du et al. 2018b).
These Early Carboniferous igneous rocks show geochemical
features similar to subduction-related magmatic rocks. In addition,
the South Tianshan ocean was closed during the Carboniferous
based on the 347-320 Ma ages of the eclogites and greenschists
from the accretionary wedge in the southern margin of the Central
Tianshan block and the South Tianshan terrane (Gao and Klemd
2003; Su et al. 2010). On the other hand, the Central Tianshan block
possesses a distinct zircon age cluster around 1400-1600 Ma, which
is absent in other nearby Precambrian blocks, such as Tarim in the
south, and Tuva—Mongolia in the north (Long and Huang 2017;
Chen et al. 2019, 2020). Although we did not find any inherited
zircons in our samples, they do occur in the granitic dykes (Long
etal. 2020) and volcanic rocks (Luo et al. 2012) in the Yamansu belt
which both have a distinct age peak (c. 1400 Ma), and detrital
zircons from sandstones in the Southern Kangguer and Yamansu
belts have a distinct Proterozoic cluster around 1400-1600 Ma
(Chen et al. 2019, 2020). All the above evidence suggests that the
Yamansu continental marginal arc was probably associated with
southward subduction of the Kangguer oceanic plate instead of
northward subduction of the South Tianshan oceanic plate, and 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, c; Chen et al. 2019, 2020; Long et al. 2020).
Furthermore, the zircons of the stage 2 granitoids in the Yamansu
belt exhibit near-zero e.4(t) values and have the longest crustal
incubation times among the Paleozoic granitoids in the
Northeastern Tianshan (Fig. 4), indicating that the Precambrian
basement of the Central Tianshan block is most likely to be the
magma source of these granitoids.

By comparison, the stage 3 granitoids in the Yamansu belt possess
highly positive zircon £.(t) values and display a sharp rising trend of
the event signature curve, whereas most of the zircons have a short
crustal incubation time (Fig. 4), implying another significant crustal
growth event occurred in the Northeastern Tianshan. This crustal
growth event is also documented by the whole-rock Nd isotopic data
of the Late Carboniferous granitic plutons in this belt, which have
highly positive eng(t) values and juvenile model ages (Zhang et al.
2016; Zhao et al. 2019a, b). During this period, 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 an
extension of the overlying Yamansu arc crust and result in a tectonic
transformation into a back-arc basin.

Subsequently, the stage 4 granitoids can be found in Yamansu
belt with positive zircon g(t) values (Fig. 4a), but significantly
lower than those from the stage 3 granitoids. Furthermore, they
show a significant decrease in the event signature curve (Fig. 4b),
suggesting they were probably generated by a reworking of the pre-
existing juvenile crust. Additionally, they have relatively long
crustal incubation times (Fig. 4c), supporting that the Yamansu arc
crust has contributions from ancient crustal materials. Because the
stage 4 granitoids in the Harlik, Dananhu and Kangguer belts also
exhibit longer crustal incubation times than those from the earlier
stages (Figs 2c and 3c), it is further suggested that the Yamansu
granitoids in the stage 4 were formed in the same post-collisional
background.

Implications for Paleozoic crustal and tectonic evolution of
the Northeastern Tianshan

According to the above discussion, with a formation span of c. 470—
280 Ma for the granitoids in the Northastern Tianshan, an integrated
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crustal and tectonic evolutionary model (Fig. 5) can be proposed to
interpret the existing geological observations and the formation of
these Paleozoic granitoids.

During stage 1 (Fig. 5a), the initial and continuous northward
subduction of the Kangguer oceanic slab resulted in the united
Dananhu-Harlik arc system. The trench advance gave rise to the
first crustal growth event in the Northeastern Tianshan. The
zircons from the granitoids formed during this peroid were
characterized by highly positive ey¢(t) values and show a sharp
rising trend of the event signature curve as well as short crustal
incubation times.

During stage 2 (Fig. 5b), the downgoing Kangguer oceanic plate
southward rollback caused an extension of the overriding Dananhu—
Harlik arc crust, and then developed the Bogda back-arc basin. The
trench retreat induced a reworking of the juvenile arc crust in the
Dananhu and Kangguer belts. The magmatic zircons in the
Dananhu belt and the Kangguer belt granitoids have similar high

Fig. 5. Schematic diagrams of the Paleozoic evolution of the North
Easterneianshan (modified after Zhang et al. 2018).
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ene(t) values and short crustal incubation times. In addition, the
zircons from the Dananhu granitoids display a downward trend with
decreasing age of the event signature curve. Meanwhlie, the
Kangguer oceanic plate began a southward subduction beneath the
Central Tianshan block, which produced the Yamansu continental
marginal arc. The southern trench advance caused partial melting of
the Precambrian basement to generate granitoids with near-zero
zircon ep¢(t) values and the longest crustal incubation times among
the Paleozoic granitoids in the Northeastern Tianshan.

Subsequently, in stage 3 (Fig. 5c), the Kangguer oceanic slab
experienced northward migration again, which enhanced the
formation of the Dananhu arc (the northern trench advance) and
the Yamansu back-arc basin (the southern trench retreat). The
granitoids in the Dananhu belt were generated by the interaction of
juvenile material addition and pre-existing arc crust reworking. The
zircons from these granitoids show large variations in gy¢(t) values
and have a wide range of crustal residence ages in addition to crustal
incubation times. However, the southern trench retreat gave rise to
another significant crustal growth event in the Northeastern
Tianshan. The zircons from the Yamansu belt granitoids have
highly positive e¢(t) values and display a sharp rising trend of the
event signature curve with most of the zircons having a short crustal
incubation time.

In stage 4 (Fig. 5d), the Kangguer ocean closed and the
subduction setting of the Northastern Tiansahn shifted to a post-
collisional background. The granitoids formed in this setting were
mainly derived from pre-existing juvenile crust reworking, with
contributions from ancient crustal materials. The zircons from the
stage 4 granitoids in the Harlik, Dananhu, Kangguer and Yamansu
belts exhibit a significant decrease in e¢(t) values and event
signature curve with long crustal incubation times.

Conclusions

(1) The northern trench of the Kangguer ocean experienced two
phases of trench northward advance (c. 470-380 Ma and 329-
300 Ma) and an intervening trench retreat (c. 370-330 Ma).
Meanwhile, the southern trench of the Kangguer ocean experienced
a trench southward advance and a northward retreat at c. 370-330 Ma
and 329-300 Ma, respectively.

(2) The trench advance and retreat both induced crustal growth
in the Northastern Tianshan, i.e., the northern trench advance at
. 470-380 Ma and the southern trench retreat at 329-300 Ma.
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