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Abstract

Understanding the processes involved in the transformation of juvenile basaltic
oceanic arc crust into mature continental crust remains a key challenge in Earth
sciences. In this contribution, we present a comprehensive synthesis of in situ zircon
U-Pb age and Hf-O isotope data for Paleozoic intrusions within the West Junggar
oceanic arc, NW China. Our study reveals four distinct pulses of magmatic activity:
Early Cambrian to Early Ordovician (515 to 486 Ma); Late Ordovician to Middle
Devonian (445 to 392 Ma); Early Carboniferous (343 to 310 Ma) and Late
Carboniferous to Middle Permian (309 to 259 Ma). These pulses have varied spatial
and temporal distributions. All magmatic rocks display consistently high zircon Hf
and whole-rock Nd isotope values, but substantial variations in zircon O isotopes.
There are two groups of intrusions: those with high zircon 580 (>6.5%0) and those
with mantle-like zircon &80 (ca. 5.5%o). The high zircon &0 intrusions are
predominantly concentrated in the southern West Junggar and their Hf and Nd
isotopes indicate the involvement of supracrustal material and juvenile basaltic crust
in their petrogenesis. Binary mixing calculations indicate a contribution from the
supracrustal rocks ranging from 10% to 50%. The intrusions with mantle-like zircon
5180 are found primarily in northern West Junggar with a small amount occurring in
southern West Junggar. The intrusions record a variety of magma sources and
processes as demonstrated by Hf-O isotope and geochemical data. These data indicate
partial melting of metasomatized depleted mantle, mixing of depleted mantle and
juvenile crust, and partial melting of trapped juvenile oceanic crust or mafic lower
crust. Hf model ages reveal significant crustal growth in the West Junggar,
characterized by three distinct episodes of crust formation occurring at approximately
656-684 Ma, 524-536 Ma, and 441-471 Ma, involving periodic remelting of igneous
material derived from a depleted mantle source. This newly-formed crust maintains a
mantle-like oxygen isotope composition despite being repeatedly sampled by magmas
for up to 0.26 Ga. Since the timing of crustal growth occurred independently of the

major magmatic pulses, the latter reflect primarily reworking and remelting processes.
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Two significant episodes of magmatic activity, the late Silurian to early Devonian and
the late Carboniferous to early Permian, preserve a signature of ocean ridge
subduction. High-temperature magmatism during these periods promoted extensive
melting of the mafic lower crust, oceanic crust, and supracrustal rocks, leading to the
compositional transformation from basaltic to felsic continental crust. This
comprehensive compilation provides valuable insights into granite petrogenesis,
crustal evolution, and the diverse processes involved in the maturation of oceanic arc

crust and its contribution to continental crust formation and evolution.

Key words: Zircon Hf—O isotope; crustal growth; crustal maturation; intra-oceanic arc;

Central Asian Orogenic Belt

1. Introduction

Juvenile continental crust is derived predominantly from subduction-derived
intra-oceanic arc magmatism (e.g., Rudnick, 1995). However, intra-oceanic arcs are
primarily basaltic (Holbrook et al., 1999) and the bulk composition of continental
crust is andesitic (Pearcy et al., 1990; Rudnick, 1995). This apparent contradiction
suggests that additional processes are required to transform basaltic oceanic arc crust
into mature continental crust. A range of models has been proposed to explain this
transformation (Rudnick, 1995; Tatsumi, 2005), for example (1) crust formation from
mantle-derived andesitic magmas (e.g., Kelemen, 1995; Rapp et al., 1999); (2)
melting of recycled oceanic crust (e.g., Tatsumi, 1981; Kelemen, 1995); (3)
relamination of buoyant, subducting crustal material (Hacker et al., 2011; Behn et al.,
2011; Kelemen and Behn, 2016); (4) fractional crystallization of basaltic magmas
and/or remelting of basaltic arc crust and subsequent delamination of mafic lower
crustal material (e.g., Kay and Kay, 1993; Jull and Kelemen, 2001; Tatsumi and
Kogiso, 2003); (5) chemical weathering and crustal recycling (Lee et al. 2008, Liu
and Rudnick, 2011).

Intra-oceanic arcs are constructed on ocean crust without pre-existing continental
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crust (Stern, 2010). However, recent seismic velocity profiling of modern oceanic arcs
has demonstrated that they can act as sites for the generation of granitic continental
crust within an oceanic setting, thus acting as fundamental contributor to continental
growth (Takahashi et al., 2008; Kopp et al., 2011; Crawford et al., 2003; Saito and
Tani, 2017). However, all components of the arc, including juvenile sediment, mafic
lower crust, recycled oceanic crust, and mantle-derived basaltic magma, exhibit
similar “depleted” radiogenic isotope signatures (Bindeman et al., 2005; Tang et al.,
2019) since they are derived from elementally-depleted upper mantle. Therefore, in
young and juvenile intra-oceanic arcs, it can be challenging to distinguish a recycled
crustal source for granitoids solely based on radiogenic isotopes. Nevertheless,
accurately identifying the sources of granitic rocks formed in intra-ocean arc systems
is crucial for understanding magma genesis and crustal differentiation of oceanic arcs.
Zircon, known for its exceptional retention of the magmatic O isotope ratios, displays
a narrow 6%0 range (5.3£0.6%0) (2SD) when in equilibrium with pristine
mantle-derived melts (Valley et al., 1998). Even slight deviations from the mantle
5180 value provide significant evidence of changes in the O isotopic compositions of
their host rocks caused by surficial processes or by contamination with §'30-modified
material (Valley et al., 2005).

In this study, we present a comprehensive synthesis of Hf-O isotopic data
obtained from Paleozoic granitoids within the remnants of the West Junggar oceanic
arc, NW China. Our petrogenetic interpretations give a comprehensive overview of
granite petrogenesis during the evolution of oceanic arc crust. The results enable the
identification of four distinct genetic mechanisms for the Paleozoic intrusions,
highlighting the diverse processes involved in the crustal maturation of an oceanic arc
system. This compilation significantly enhances our understanding of crustal

maturation within an oceanic arc setting.

2. Geological setting

The Central Asian Orogenic Belt (CAOB) is the largest accretionary orogenic
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belt in the world. It is bounded by the Siberian Craton to the north and the
Tarim-North China Craton to the south (Fig.1a; Sengor et al., 1993; Jahn et al., 2004;
Windley et al., 2007; Xiao et al., 2009, 2015; Wang et al., 2023a, b). This orogenic
belt was formed by the successive lateral accretion of multiple arcs, seamounts,
oceanic plateaus, accretionary complexes, and microcontinental blocks (e.g., Windley
et al., 2007; Xiao et al., 2008; Safonova et al., 2017; Tao et al., 2022). It preserves
significant evidence for accretionary orogenesis and Phanerozoic continental growth
(Jahn et al., 2000; Wang et al., 2009; Tang et al., 2019; Wang et al., 2023b). The West
Junggar is located in the southwestern CAOB, is surrounded by the Tianshan Orogen
to the south, the Altai Orogen to the north, the Kazakhstan Plate to the west, and the
Junggar Basin to the east. The West Junggar contains extensive Paleozoic
accretionary complexes and subduction-related arc magmatic rocks (Geng et al., 2009;
Zhang et al., 2011; 2021; Tang et al., 2010; Yin et al., 2010; 2013a; 2015a). It has
been proposed to have no Precambrian basement (Feng et al., 1989; Han et al., 1999;
Chen and Jahn, 2004; Choulet et al., 2012a) and to have resulted entirely from
processes of intra-oceanic subduction-accretion during the Paleozoic (Buckman and
Aitchison, 2004; Xiao et al., 2008; Zhang et al., 2011; 2021). Tectonically, West
Junggar is divided into northern and southern parts by the Xiemisitai Fault (Fig.1b).
The northern West Junggar mainly comprises two E-W trending magmatic arcs,
the Zharma-Sawur arc in the north and the Boshchekul-Chingiz arc in the south
(Fig.1b). In the Boshchekul-Chingiz arc, most of the ophiolites were formed mainly
between 472 and 520 Ma (Zhu and Xu, 2006; Zhang and Guo, 2010; Zhao et al., 2013;
Zhao and He, 2014; Ao et al., 2022). The Zharma-Sawur volcanic arc occupies the
Tarbgatay and Sawur mountains and is mainly composed of Devonian-early
Carboniferous subduction-related volcanic rocks (Fig.1b, Chen et al., 20104, b; Yin et
al., 2017 and references therein). The Zharma-Sawur volcanic arc was formed either
by southward subduction of the Irtysh-Zaisan Ocean (Chen et al., 20104, b; 2015; Yin
et al.,, 2015b) or northward subduction of Junggar Ocean during the Early
Carboniferous (Chen et al., 2017). The Boshchekul-Chingiz volcanic arc comprises

the Xiemisitai, Saier, and Sharburti mountains (Fig.1b), and is made up of Middle
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Ordovician to Silurian marine volcanic clastic and pyroclastic sediments, as well as
Silurian to Early Devonian calc-alkaline volcanic rocks (Shen et al. 2012; Yang et al.,
2014; Chen et al., 2015; 2019; Yin et al. 2017). It has been proposed that the volcanic
arc formed either by the southward subduction of the Irtysh-Zaisan Ocean (Shen et al.
2012; Yin et al. 2017) or the northward subduction of the Junggar Ocean during the
Early Palaeozoic (Chen et al. 2015).

The southern West Junggar is characterized by extensive ophiolitic mélanges and
volcano-sedimentary sequences, which are cut across by roughly NE-trending sinistral
strike-slip faults, including the Barleik, Mayile and Dalabute faults from west to east
(Fig.1b). These ophiolitic mélanges form two groups, namely early and late Paleozoic.
The Early Paleozoic ophiolitic mélanges occur in the Barleik, Mayile, and Tangbale
area, and comprise accreted seamounts, ophiolitic fragments, blueschist, amphibolite
blocks, and an accretionary complex (Xu et al. 2012, 2013; Ren et al. 2014; Liu et al.
2016). They are the oldest Supra-Subduction Zone (SSZ) -type ophiolitic mélanges in
the West Junggar and formed in the Early Cambrian to Early Silurian intra-oceanic
arc system, also known as the Barleik-Mayile-Tangbale arc (Ren et al., 2014; Xu et al.,
2012; 2013; Liu et al., 2016; Zhang et al., 2022). The arc comprises
Ordovician-Devonian volcano-sedimentary sequences with sporadic slices of Late
Cambrian-Ordovician ophiolitic mélange (Xu et al.,2012, 2013; Ren et al., 2014). The
Late Paleozoic ophiolitic mélanges which crop out the Darbut, Sartuohai, Karamay
and Baijiantan area show Mid-Ocean Ridge Basalt (MORB) and Ocean Island Basalt
(OIB)-type geochemical features. They are proposed to be relicts of a mid-oceanic
ridge (Zhang et al., 1995) or a spreading ridge in a back-arc setting (Zhang et al.,
2011), and of a seamount (Yang et al., 2013; 2015; 2019), respectively. These areas
where late Paleozoic ophiolitic mélanges are exposed are dominated by Early
Carboniferous and minor Devonian subduction-related volcano-sedimentary rocks
(Buckman and Aitchison, 2004; An and Zhu, 2009; Shen et al., 2013), which are

mainly distributed on both sides of the Darbut Fault.
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3. Spatial and temporal distribution of the Paleozoic intrusions

Based on zircon U-Pb ages obtained in this study, as well as those available
from previous studies, the West Junggar intrusions can be grouped into four pulses:
Early Cambrian Early Ordovician (515 to 486 Ma); Late Ordovician—Middle
Devonian (445 to 392 Ma); Early Carboniferous-Late Carboniferous (343 to 310 Ma),
Late Carboniferous—Middle Permian (309 to 259 Ma) (Fig.2; Table S1).

3.1 Early Cambrian Early Ordovician (515 to 486 Ma) intrusions

The Early Cambrian to Early Ordovician (515 to 486 Ma) intrusions primarily
occur in the Mayile and Barleik Mountain of the southern West Junggar. These rocks
intrude into the ultramafic-mafic mélange and are unconformably overlain by middle
Silurian greenschist-facies rocks and Early-Middle Devonian volcano-sedimentary
strata (Xu et al., 2013; Liu et al., 2016). They are characterized by Early-Middle
Cambrian low-K tholeiitic felsic rocks to Late Cambrian medium- and high-K
calc-alkaline felsic and mafic rocks (Ren et al., 2014). They typically take the form of
small plutons or dikes, consisting of clinopyroxene-hornblende gabbro, gabbro,
diorite, trondhjemite, plagiogranite, quartz plagioclasite, and porphyritic granite (Xu
et al., 2012; 2013; Ren et al., 2014; Zhang et al., 2022). These rocks show notable
variations in both major and trace element compositions, including SiO2 (ranging
from 53.0 to 77.4 wt%) and K20 (ranging from 0.05 to 2.24 wt%), suggesting diverse

origins (Zhang et al., 2022 and references therein).

3.2 Late Ordovician—Middle Devonian (445 to 392 Ma) intrusions

The Late Ordovician to Middle Devonian (445 to 392 Ma) intrusions are mainly
located in the Boshchekul-Chingiz arc of northern West Junggar (there are but two
granodioritic plutons, dated at 444-439 Ma, in southern West Junggar). The 445 to
392 Ma rocks intruded into the Silurian-Devonian volcanic and pyroclastic rocks

(Chen et al., 2010a; 2015; 2019; Yin et al., 2017; 2018), and consist predominately of
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K-feldspar granite, alkaline granite, rhyolitye-porphyry, felsite, granodiorites, diorite,
mafic dike, gabbro, and hornblende gabbro. The granodiorites have a calc-alkaline
character, with elevated Sr (407-532 ppm), low Y (12-15 ppm), Yb (1.5-1.8 ppm), Cr
(mostly <8 ppm), Co (mostly <11 ppm) and Ni (mostly <4 ppm), along with relatively
high Sr/Y ratios (31-42) resembling modern adakites (Yin et al., 2017). Alkaline
granite containing arfvedsonite and aegine-augite has high Zr, Nb and Ga/Al ratios

and geochemically resembles A-type granites (Chen et al., 2015; Yin et al., 2017).

3.3 Early to late Carboniferous (343 to 310 Ma) intrusions

Based on the rock types and ages, this intrusive period is further subdivided into
343-321 Ma intrusions in the northern Western Junggar and 332-310 Ma intrusions in
the southern Western Junggar (Fig.2). The Early Carboniferous (343 to 321 Ma)
intrusions are predominantly distributed in the Zharma-Sawur volcanic arc within the
northern West Junggar (Fig.2b). They primarily intruded into late Devonian to Early
Carboniferous pyroclastic rocks and volcanic rocks. They include gabbro,
granodiorite, pyroxene diorite, monzonitic granite, adamellite, and K-feldspar granite
(Han et al., 2006; Zhou et al., 2008; Chen et al., 2010a; Yin et al., 2013b). Many of
these contain hornblende, and classify as I-type granites in the high-K calc-alkaline
series. They exhibit weakly peraluminous-metaluminous characteristics, with slight
negative anomalies of Eu, Nb, Ta, P and Ti (Zhou et al., 2008; Chen et al., 2010b). In
southern West Junggar, Early to Late Carboniferous (332-310 Ma) intrusions are
represented mainly by small plutons exposed in the Baogutu, Karamay and Mayile-
Barleik areas (Chen and Arakawa, 2005; Tang et al., 2010; 2019). These are mainly
composed of gabbro, diorite and granodiorite. The Karamay suite encompasses a
range of rock types from gabbroic diorite to granite, which are metaluminous and
belong to calc-alkaline series. They have negligible to slight negative Eu anomalies
and marked negative anomalies of Nb, Ta, P and Ti, again classifying as I-type
granites (Chen and Arakawa, 2005; Geng et al., 2009). In the Baogutu area of

southern West Junggar, diorite-granodiorite porphyry plutons of Late Carboniferous
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age (315-310 Ma) are associated with Cu-Au mineralization. These rocks display
calc-alkaline compositions, high Sr (346-841 ppm), low Y (9.18-16.5 ppm) and Yb
(0.95-1.60 ppm) contents, and relatively high Sr/Y (31-67) ratios, resembling typical
adakites (Tang et al., 2010; 2019; Cao et al., 2016).

3.4 Late Carboniferous—Middle Permian (309 to 259 Ma) intrusions

The Late Carboniferous to Middle Permian (309-259 Ma) intrusions are widely
distributed in the West Junggar and not constrained by the tectonic boundaries. The
timing of magmatic activity suggests that the intrusive rocks in southern West Junggar
(309-259 Ma) were formed at a similar time to those in northern West Junggar
(303-263 Ma, Figs. 2b and 2c). However, the southern West Junggar intrusions show
a broader spatial distribution and greater compositional complexity. Late
Carboniferous-Middle Permian (309 to 259 Ma) intrusions from the southern West
Junggar consist of charnockite and alkali-feldspar granite, monzogranite, K-feldspar
granite, granodiorite and dioritic dikes (Chen and Arakawa, 2005; Han et al., 2006;
Geng et al., 2009; Tang et al., 2010; 2019; Yin et al., 2010; 2013a; 2021). Among
these rocks, the alkali-feldspar granites are the most extensively exposed in southern
West Junggar. They contain diagnostic minerals such as arfvedsonite, hastingsite and
iron-rich biotite and exhibit high alkali, FeO"/MgO, Zr, and Ga/Al, as well as low
CaO contents with marked negative Eu, Sr, and Ba anomalies, indicating their close
affinity with A-type granites (Chen and Jahn, 2004; Chen and Arakawa, 2005; Geng
et al., 2009; Tang et al., 2012; Yin et al., 2021). The dioritic dikes display high MgO
(3.1-7.4 wt.%), Cr (22-311 ppm) and Ni (32-199 ppm) contents, with geochemical
features similar to those of sanukite (Yin et al., 2010; 2013a; 2015). Late
Carboniferous—Middle Permian (303-263 Ma) intrusions from the northern West
Junggar mainly comprise K-feldspar granites and alkali granites (Han et al., 2006;
Zhou et al., 2008; Chen et al., 2010a, b; Yin et al., 2013b). These rocks have high
alkalis, FeO"/MgO, Zr, and Ga/Al, low CaO and Al,O3 contents, and significant

negative anomalies of Eu, Sr, Ba, Nb, Ta, P and Ti, indicating their close association
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with A-type granites (Zhou et al., 2008; Chen et al., 2010b).

4. Analytical methods

Zircon Hf isotope methods

Determinations of in situ Hf isotope ratios were conducted using a Neptune Plus
MC-ICP-MS (Thermo Fisher Scientific, Germany) in combination with a Geolas HD
excimer ArF laser ablation system (Coherent, Gottingen, Germany) that was hosted at
the Wuhan Sample Solution Analytical Technology Co., Ltd, Hubei, China and
Nanjing FocuMS Technology Co. Ltd, Nanjing, China. A “wire” signal smoothing
device is included in this laser ablation system, by which smooth signals are produced
even at very low laser repetition rates down to 1 Hz (Hu et al. 2015). Helium was
used as the carrier gas within the ablation cell and was merged with argon (makeup
gas) after the ablation cell. Small amounts of nitrogen were added to the argon
makeup gas flow for the improvement of sensitivity of Hf isotopes (Hu et al. 2012).
Compared to the standard arrangement, the addition of nitrogen in combination with
the use of the newly designed X skimmer cone and Jet sample cone in Neptune Plus
improved the signal intensity of Hf, Yb and Lu by a factor of 5.3, 4.0 and 2.4,
respectively. All data were acquired on zircon in single spot ablation mode at a spot
size of 44 um. The energy density of laser ablation that was used in this study was
~7.0 J cm™. Each measurement consisted of 20 s of acquisition of the background
signal followed by 50 s of ablation signal acquisition. Detailed operating conditions
for the laser ablation system and the MC-ICP-MS instrument and analytical method
are the same as description by Hu et al. (2012).

The major limitation to accurate in situ zircon Hf isotope determination by
LA-MC-ICP-MS is the very large isobaric interference from ®Yb and, to a much
lesser extent 1®Lu on Y®Hf. It has been shown that the mass fractionation of Yb (Byb)
is not constant over time and that the PByp that is obtained from the introduction of
solutions is unsuitable for in situ zircon measurements (Woodhead et al. 2004). The
under- or over-estimation of the Bvp value would undoubtedly affect the accurate
correction of 1"®Yb and thus the determined "SHf/*""Hf ratio. We applied the directly
obtained Bvy value from the zircon sample itself in real-time in this study. The
9HEA"HE and 1Y b/ "YYD ratios were used to calculate the mass bias of Hf (Bnr) and
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Yb (Byb), which were normalized to *°Hf/*"’"Hf =0.7325 and ®Yb/*"tYb=1.132685
(Fisher et al. 2014) using an exponential correction for mass bias. Interference of
178yh on 1®Hf was corrected by measuring the interference-free 1*Yb isotope and
using 1%Yb/®Yb =0.79639 (Fisher et al. 2014) to calculate 1"®Yb/Y"’Hf. Similarly,
the relatively minor interference of ®Lu on "®Hf was corrected by measuring the
intensity of the interference-free '°Lu isotope and using the recommended
176 u/A™Lu =0.02656 (Blichert-Toft et al. 1997) to calculate 1"®Lu/t""Hf. We used the
mass bias of Yb (Byb) to calculate the mass fractionation of Lu because of their
similar physicochemical properties. Off-line selection and integration of analyte
signals, and mass bias calibrations were performed using ICPMSDataCal (Liu et al.
2010).

In order to ensure the reliability of the analytical data, three international zircon
standards of Plesovice, 91500 and GJ-1 were analyzed simultaneously with the actual
samples. Plesovice is used for external standard calibration to further optimize the
analysis and test results. 91500 and GJ-1 were used as the second standard to monitor
the quality of data correction. The external precision (2SD) of Plesovice, 91500 and
GJ-1 is better than 0.000020. During the period of data acquisition, Plesovice was also
processed for Hf isotopes, which gave a ratio of 0.282484+0.000016 (2SD) for
8H£/AT"HE, in agreement with the recommended value (0.282482+0.000013 (2SD))
(Sldma et al., 2008). At the same time, in order to monitor the test data of the high
Yb/Hf ratio zircon, the internationally-used high Yb/Hf ratio standard sample Temora
2 was used to monitor the test data of the high Yb/Hf ratio zircon. The Hf isotopic
compositions of Plesovice, 91500 and GJ-1 have been reported by Zhang et al.
(2020).

Zircon O isotope methods

Zircon oxygen isotopes were measured using the Cameca IMS-1280 SIMS at
Guangzhou Institute of Geochemistry, Chinese Academy of Sciences (GIG-CAS). The
detailed analytical procedures were similar to those described by Yang et al. (2018).
The 33Cs+ primary ion beam with an intensity of ~2nA was accelerated at 10 kV and
focused to an area of 10 um on the sample surface and the size of analytical spots is

about 20 um in diameter (10 um beam diameter +10 pm raster). Oxygen isotopes



©CO~NOOOTA~AWNPE

325
326
327
328
329
330
331
332
333
334
335
336
337

338

339

340

341
342
343
344
345
346
347
348
349
350
351
352

353

were measured in multi-collector mode using two off-axis Faraday cups. Total
analytical time per spot was about 3.5 min, including 30 s of pre-sputtering, 120 s of
automatic tuning of the secondary beam, and 64 s of analysis. The measured oxygen
isotopic data were corrected for instrumental mass fractionation (IMF) using the
Penglai zircon standard (50 VSMOW = 5.3%o) (Li et al., 2010b, Yang et al., 2018),
which was analyzed once every five unknowns, using the sample-standard bracketing
(SSB) method. The internal precision of a single analysis generally was better than
0.2%o (1o standard error) for the 80/*®0 ratio. As discussed by Kita et al. (2009),
internal precision for a single spot (commonly < 0.1%., 10) is not a good index of
analytical quality for stable isotope ratios measured by SIMS. Therefore, the external
precision, measured by the reproducibility of repeated analyses of Penglai standard, is
0.38%o (2SD, n = 45). Forty measurements of the Qinghu zircon standard during the
course of this study yielded a weighted mean of 80 = 5.41 £ 0.30%o (2SD), which is

consistent within errors with the reported value of 5.3 + 0.3%o (Li et al., 2010a; 2013).

5. Zircon Hf-O isotopic data

This study provides a comprehensive compilation of published in situ zircon U—
Pb ages and Hf-O isotopic data from the intrusions in the West Junggar. A total of 67
plutons are included for Hf-O isotopic data, including 32 sets of new, unpublished
U-Pb-Hf-O isotope data. The compiled zircon Hf-O isotopic dataset is organized on
the basis of GPS position, rock type, age and tectonic location given above and
summarized in Table 1 and Table S2.

All magmatic rocks exhibit consistently high Hf isotope ratios, with zircon gHf{(t)
ranging from +10 to +16 (Figs. 3a-c). However, the Hf model ages show significant
heterogeneity, varying from 800-390 Ma (Tpom2) (Figs. 4a-c). The Early
Cambrian-Early Ordovician (515 to 485 Ma) intrusions have older model ages,
ranging from 800 to 600 Ma, while those of the intrusive rocks from other periods are
relatively young (600-390 Ma) (Figs. 5a-d). The zircon §'®0 values of all magmatic
rocks span a range of +4.1%o to +10.3%o (Figs. 3d-f, Figs.6a-c and Table 1). In more



©CO~NOOOTA~AWNPE

354
355
356
357
358
359
360
361
362
363

364

365

366

367
368
369
370
371
372

373

374

375

376
377
378
379

380

381

detail, the magmatic rocks in northern West Junggar have lower average zircon 20,
ranging from +5.1 to +6.3%o (Fig. 3e and Fig. 6b), resembling mantle-like or slightly
higher values (mantle 580 = 5.3 + 0.6%o, 26 as reported by Valley et al. 1998),
except for two samples that are higher (~7.5%o). In contrast, the magmatic rocks
(>310 Ma) in southern West Junggar have lower average zircon §'®0 ranging from
4.4 10 6.7%o (Fig. 3f and Table 1), thus including slightly lower than mantle values.
However, the majority of the magmatic rocks (<310 Ma) from southern West Junggar
exhibit high average zircon 580 (7.7-10.3%0) with only a few low values (<6.3%o),
suggesting a a range of source compositions (Fig. 3f and Table 1) that includes

materials that have interacted under surface conditions.

6. Discussion

6.1 Magma sources of the intrusions in West Junggar

In section 5 it was noted that West Junggar magmatic rocks have consistent
positive Hf isotope ratios while exhibiting variable zircon 520, ranging from slightly
below to far above mantle compositions. Accordingly, we have classified the West
Junggar magmatic rocks into two distinct groups: high zircon 580 intrusions (>6.5%o)
and mantle-like zircon §'80 intrusions (Figs. 3d-f). Such variations likely reflect the
composition of their sources, discussed below in the light of elemental and radiogenic

isotope constraints.

6.1.1 Origin of mantle-like zircon &0 intrusions

Mantle-like zircon §*80 intrusions have distinct temporal and spatial distribution
patterns (Fig. 7a) and are predominantly found in northern West Junggar, with a few
occurrences in southern West Junggar. Consequently, we will examine their

respective sources based on their spatial distribution.

Northern West Junggar
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There are three distinct episodes of magmatism in northern West Junggar: Late
Silurian-Early Devonian (445 to 392 Ma), Early Carboniferous (343 to 321 Ma), and
Late Carboniferous-Middle Permian (307 to 263 Ma) (Fig.2b). Apart from a small
amount of gabbro, hornblende gabbro and diorite, the predominant rock types among
these intrusions are granodiorite, alkali-feldspar granite, monzogranite and K-feldspar
granite. All three have consistently low initial Sr isotopic ratios [(8'Sr/%®Sr)i =
0.7035-0.7046] and high ¢Nd(t) values (+5.1 to +7.5) (Zhou et al., 2008; Chen et al.,
2010b; 2015; Yin et al., 2017). They also have high and uniform average zircon ¢Hf{t)
values ranging from +11.6 to +14.8, with average Tpm2 model ages from 404 Ma to
598 Ma (Table 1). However, their sources controversial with proposed models that
involve: (1) partial melting of metasomatized depleted mantle (Chen et al., 2010b,
Zhou et al., 2008), (2) mixing of depleted mantle and juvenile crust (Zheng et al.,
2020), (3) partial melting of trapped juvenile oceanic crust (Gao et al., 2014), and (4)
partial melting of juvenile mafic lower crust (Yin et al., 2017).

The gabbros and hornblende gabbros are characterized by moderate SiO>
(42.0-52.4 Wt.%), MgO (5.0-7.2 wt.%), Mg* (52-53), Cr (124-159 ppm) and Ni
(58-87 ppm). Along with high whole-rock Nd and zircon Hf isotopic values (Yin et al.,
2017), these features are consistent with partial melting of depleted mantle. However,
their zircon O isotope values (5.7 to 6.3%o) extend to slightly higher than those of the
mantle, suggesting significant metasomatism by subducted slab fluids or sediment
melts. The diorites and granodiorites are characterized by high Sr (407-532 ppm) and
low Y (12.2-14.7 ppm), Yb (1.5-1.8 ppm), Cr (mostly <8 ppm) and Ni (mostly <4
ppm) contents, as well as relatively high Sr/Y (31-42) ratios, which are similar to
adakites, distinguishing them from adakitic rocks derived from subducting slabs
(Defant and Drummond, 1990; Yin et al., 2017). Furthermore, their relatively low
Nb/Ta ratios and negative Nb-Ta anomalies suggest that they were most likely formed
through partial melting of amphibolite within the garnet stability field and they also
differ from those of adakitic rocks derived from thickened lower crust (Chung et al.,
2003; Yin et al.,, 2017). Taking into account the zircon O isotopic composition

(5.7-6.2%o0), it is likely that these diorites and granodiorites are generated through the
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partial melting of juvenile, unthickened basaltic lower crust.

The largest exposed granitoid plutons are characterized by high SiO2 (>65 wt.%),
low MgO (<1.0 wt.%), Mg* (<40), Cr (<10 ppm) and Ni (<5 ppm) contents (Zhou et
al., 2008; Chen et al., 2010b; 2015; Yin et al., 2017), indicating the absence of mantle
components in their source. Additionally, their relatively low Sr contents (<100 ppm)
and high Yb (>20 ppm) and Y (>2 ppm) contents, which are not typical of adakitic
rocks, further distinguish them from magmas formed by the melting of (mafic)
oceanic crust. The average zircon §'80 values of these granitoid plutons (5.1-6.3%o)
are similar to those of diorites and granodiorites, suggesting a potential common

source, most likely the juvenile basaltic lower crust.

Southern West Junggar

Mantle-like zircon 8'®0 intrusions are less common in southern West Junggar
(Fig.7a) and occur during the Early Cambrian-Early Ordovician and Early to Late
Carboniferous. The Early Cambrian-Early Ordovician intrusions are found in the
Mayile and Barleik Mountains. They are less than 500 m in diameter and are
extensively deformed. Early to Late Carboniferous intrusions primarily consist of the
West and East Karamay plutons, as well as several small dioritic plutons in the
Baogutu area. The Early Cambrian-Early Ordovician intrusions consist of gabbro,
diorite, granodiorite, trondhjemite and tonalite. They display consistent average zircon
gHf(t) values ranging from +10.1 to +13.7, zircon 520 values from 4.4 to 5.4%o, and
Tom2 model ages from 0.60 to 0.79 Ga (Zhang et al., 2022 and Table 1). However,
they have variable major and trace element compositions, such as SiO; (53.0-77.4
wt.%) and KO (0.05-2.2 wt.%), suggesting different origins. One group of dioritic
rocks has an adakitic signature of intermediate SiO2 (53.3-65.6 wt.%), high Al;Os
(13.1-22.2 wt.%) and Sr (mostly >350 ppm) with low Y (3.8-17.3 ppm) and high Sr/Y
(21-102) (Zhang et al., 2022). These rocks also display moderate Mg* (43-58), Cr
(mostly >30 ppm) and Ni (mostly >10 ppm), similar to those of typical adakites in
subduction zones (Defant and Drummond, 1990; Martin et al., 2005; Xu et al., 2012;
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2013; Zhang et al., 2022). These may well have formed by partial melting of
subducted oceanic crust with garnet + amphibole as residual minerals. Conversely,
other dioritic rocks have relatively low Sr (<300 ppm) and Sr/Y (<17), and therefore
do not have adakitic signatures. Their high Mg* (53-58), Cr (mostly >30 ppm) and Ni
(mostly >18 ppm), along with positive Hf isotope values (+13.4), mean that these
rocks are more likely to be derived from partial melting of depleted mantle. Related
gabbros have lower zircon &0 (4.2%0 to 4.7%o) than typical mantle values,
suggesting that the depleted mantle source was hydrated by high-temperature
hydrothermal fluids (Grimes et al., 2013; Zhang et al., 2022). The trondhjemitic rocks
have high SiO. (72.6-77.4 wt%), low MgO (mostly <0.65 wt.%), Cr (<10 ppm) and
Sr (58-176 ppm), as well as high Y (18-33 ppm) (Ren et al., 2014). However, they
also have mantle-like zircon 80 values (4.5-5.3%o, Zhang et al., 2022) similar to
normal arc rhyolites, suggesting derivation by partial melting of arc basalt in the
lower crust.

Early to Late Carboniferous dioritic rocks in the Baogutu area are characterized by
high Sr (346-841 ppm), low Y (9.2-16.5 ppm) and Yb (1.0-1.6 ppm) and relatively
high Sr/Y (31-67), which also resemble typical adakites (Tang et al., 2010). They have
relatively high Mg* (mostly >50), Cr (mostly >50 ppm) and Ni (mostly >30 ppm),
along with high Th/La (>0.15) and zircon &80 (6.1-6.6%o) that exceed mantle values
(Tang et al., 2010; Cao et al., 2016 and Table 1). These combined characteristics
suggest a complicated petrogenesis involving melting of oceanic crust (adakitic
signature) and subducted sediments (high §'0 and Th/La) followed by interaction
with the mantle wedge (high Mg# Cr and Ni). The Late Carboniferous Karamay
intrusions encompass a range of rock types from gabbroic diorite to granite. They
have variable SiO; (53.4-70.1 wt.%), high Mg* (41-63), Cr (mostly >50 ppm) and Ni
(mostly >30 ppm), along with positive zircon ¢Hf(t) from +14.4 to +13.6 (Chen and
Arakawa, 2005; Tang et al., 2019; and this study). In accord with the logic outlined
above, these features indicate that they are derived from depleted mantle sources.
Furthermore, they are significantly depleted high field strength elements (HFSE), and

enriched in light rare earth elements (LREE) and large ion lithophile elements (LILE)
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These features, in combination with significantly higher zircon 880 (+5.8-6.7%o) than
the mantle, suggest that their depleted mantle source had undergone metasomatism by
subducted slab fluids or sediments.

In summary, the Early Cambrian-Early Ordovician and Early to Late
Carboniferous intrusions in West Junggar are derived from partial melting of several
different sources, including depleted mantle, subducted oceanic crust and sediments,
and basaltic lower crust. These relationships are critically constrained by their zircon

Hf-O isotope relationships (Figs. 3 and 8).

6.1.2 Origin of high zircon 520 intrusions

The high zircon 820 intrusions in southern West Junggar, composed primarily
of charnockites and alkali-feldspar granites, were formed during 307-269 Ma (Fig. 3f;
Fig.7a). These intrusions disply low (87Sr/%Sr); ratios ranging from 0.7024 to 0.7045
and high eNd(t) values from +5.1 to +8.9 (e.g., Han et al., 1999; Chen and Jahn, 2004;
Chen and Arakawa, 2005; Geng et al., 2009; Zheng et al., 2020). Their average zircon
eHf(t) values and Hf model ages are also relatively juvenile, ranging from +10.6 to
+14.4 and from 0.4 to 0.6 Ga, respectively (e.g., Geng et al., 2009; Gao et al., 2014;
Table 1). Based on these isotopic data, it has been proposed that these granites are
either derived from (a) the juvenile basaltic lower crust (Chen and Jahn, 2004; Chen
and Arakawa, 2005; Geng et al., 2009) (b) by mixing between depleted mantle and
juvenile crust (Zheng et al., 2020) or (c) mantle-derived magmas (Han et al., 1999).

Experimental work has established that Mg”* is a useful discriminant between
melts from the crust and those involving mantle components. Melts derived from the
basaltic (and felsic) lower crust consistently have low Mg* (<40) regardless of the
degree of melting, whereas Mg* >40 can only be achieved with the involvement of a
mantle component (Rapp and Watson, 1995). The high zircon 820 intrusions are
characterized by low Mg* values (<33), as well as low Cr (average 10 ppm) and Ni
(average 5 ppm) (Chen and Arakawa, 2005; Geng et al., 2009; Yin et al., 2021),

which indicates an absence of mantle in their source. However, the high average 50
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values (+7.7%o to +10.3%o) strongly suggest that their formation cannot be attributed
solely to the melting of juvenile basaltic lower crust, since their source must contain a
significant proportion of supracrustal material (Valley, 2003).

Previous studies have demonstrated that these intrusions contain a substantial
number of Early Carboniferous inherited zircon cores (Geng et al., 2009; Tang et al.,
2019), similar to the ages of Early Carboniferous volcanic rocks (Geng et al., 2011)
and detrital zircon ages found in early-late Carboniferous sedimentary rocks in
southern West Junggar (Choulet et al., 2012). Importantly, these volcanic and
sedimentary rocks also have highly depleted Nd-Hf isotopic compositions (Geng et al.,
2011; Choulet et al., 2012), consistent with being the source for the high zircon §'80
intrusions. These have a metaluminous to weakly peraluminous character with an
aluminum saturation index below 1.1, and they lack aluminum-saturated minerals
such as cordierite and muscovite. Based on Al.Os/(MgO+FeOT") and
CaO/(MgO+FeQT), Yin et al. (2021) argue that that the source of these intrusions was
comprised of metagraywackes rather than metapelites. Binary mixing calculations for
Hf-O isotopes suggest that 10-50% supracrustal rocks were involved in their

petrogenesis (Figs. 8a-c).

6.2 Implications for growth of the continental crust

The CAOB represents one of the largest and most complex accretionary orogenic
belts of the Phanerozoic (Sengor et al., 1993; Windley et al., 2007). Previous work on
its granitoid rocks commonly relied on whole-rock Nd isotopic data to elucidate
significant continental growth during the Phanerozoic (Jahn et al., 2000; Wang et al.,
2009; Wang et al., 2023b), however, whole-rock isotopes can often obscure crucial
petrogenetic processes (Kemp et al., 2007; Kroner et al., 2013; 2017). Recent isotopic
evidence suggests that most of the granites comprise mixtures of materials from
various sources (Tang et al., 2019; Yin et al., 2021).

Whole-rock Nd and zircon Hf model ages are commonly employed to recognize

recycling and estimate the time when a portion of new crust was initially extracted
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from the mantle (Dhuime et al., 2012). However, individual model ages may not
accurately represent the true age of crustal formation, as the crustal material analysed
may be a mixture of reworked and newly generated juvenile material (Kemp et al.,
2006; Hawkesworth et al., 2010). Hence, relying solely on Nd-Hf isotopic data to
estimate crustal growth ages and differentiate between recycled and juvenile
components can be highly controversial and unreliable.

Oxygen isotope ratios of igneous rocks are sensitive indicators of sedimentary
input, as exemplified by the elevated &0 wvalues observed in
metasedimentary-derived granites (Kemp et al., 2007; Hopkinson et al., 2017).
Therefore, by combining microanalysis of U-Pb, O and Hf isotopes in zircon,
uncertainty regarding the proportion of new and reworked crust can be reduced,
providing valuable insights into granite genesis, crustal growth and evolution (e.g.,
Hawkesworth and Kemp, 2006; Kemp et al., 2006; 2007) As described above, the
West Junggar dataset was subdivided on the basis of §*20 values, considering zircon
domains with 50 <6.5%. as being derived from magmas with minimal supracrustal
input, while those with 30 >6.5%o formed from hybrid magmas with a mixed source
containing a supracrustal component.

On an gHf(t)-time diagram and Hf model age histogram (Fig. 5), zircons with
5180 <6.5%o delineate three prominent linear trends intersecting the depleted mantle
growth curve at 670+14 Ma and 456115 Ma for the southern West Junggar and 53046
Ma for the northern West Junggar, respectively. It is suggested that each linear trend
records periodic, closed-system remelting of igneous material that was extracted from
a depleted mantle reservoir at 670+14 Ma, 5306 Ma, and 456+15 Ma (Fig. 5 and Fig.
7b). Therefore, although West Junggar experienced several discrete intrusive events,
the three episodes of crust generation recorded by zircon were not synchronous with
these episodes (Fig. 5). The newly-added material retained a predominantly
mantle-like oxygen isotope composition despite residing in the crust for up to 0.26 Ga
and being repeatedly sampled by magmas during this period. Importantly, in southern
West Junggar, even the intrusions with 580 >6.5%o exhibit comparable Hf model

ages (4737 Ma) to those with 80 <6.5%0 (456+15 Ma) (Fig. 5 and Fig. 7b),
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indicating a rapid recycling process without the addition of ancient basement material.
Therefore, in the context of orogenic belt evolution, it is evident that all intrusions can
be traced back to mantle-derived materials from the early Paleozoic. This observation
suggests significant crustal growth during this period. However, it is crucial to
emphasise that the peak periods of magmatic activity do not coincide with the ages of
crustal growth, but represent the timing of crustal reworking and remelting processes
(Fig. 9).

Continental crustal growth refers to the continuous addition and formation of
new crustal material at the Earth's surface. This process involves the transfer of
material from the mantle to the crust through a range of geological processes, such as
arc, hotspot, rift-related, and spreading-ridge magmatism (Scholl and von Huene,
2007, 2009; CIift et al., 2009; Cawood et al., 2013). However, many questions
regarding the mechanisms involved in continental crust formation in the CAOB
remain unresolved. Three broad mechanisms have been proposed: lateral growth
(Sengor et al.,1993; Xiao et al., 2008), vertical growth (Han et al., 1999; 2006) or a
combination of both (Jahn et al., 2000; 2004).

In this study, we have identified three episodes of crustal growth in the West
Junggar through a comprehensive analysis of Hf model ages of intrusive rocks. The
first phase occurred between 656-684 Ma. During this period, the Junggar
intra-oceanic arc had not formed, and this phase of crustal growth might therefore be
associated with the generation of MORB-type oceanic crust at a mid-ocean ridge. The
second phase took place between 524-536 Ma. Many studies of Cambrian island arc
magmatism, accretionary complexes and metamorphic rocks indicate that initial
subduction in the western Paleo-Asian Ocean likely occurred between 530-520 Ma
(Reng et al., 2014; Zhang et al., 2022). Consequently, the timing of crustal growth in
the second phase is consistent with the onset of subduction in the Paleo-Asian Ocean,
suggesting a significant role for oceanic subduction in crustal growth. During
subduction of oceanic crust, the flux of water and other volatiles from the subducting
slab causes melting in the overlying mantle wedge along with minor contributions

from the subducting slab and associated sediments (Currie et al., 2007; Scholl and von
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Huene, 2009; Spencer et al., 2017). The resultant magma ascends into the overlying
crust, forming a magmatic arc that signifies the genesis of continental crust. Similarly,
the third and final phase of crustal growth (441-471 Ma) is likely associated with
continuing subduction processes in the western Paleo-Asian Ocean. Hence,
subduction-related geological processes play a key role in the growth of continental

crust in the West Junggar.

6.3 Implications for crustal maturation and evolution of the oceanic arc

Granitic magmatism is considered to be the main driver of continental
maturation and evolution (Kemp et al., 2007). In West Junggar, a significant number
of dioritic to granitoid rocks clearly illustrate the production of continental crust in an
oceanic arc setting. Since oceanic arc crust is primarily composed of basalt which
originates from the mantle, this requires additional processes to transform juvenile
basaltic intra-oceanic arc crust into mature continental crust.

As discussed in the Section 3, there are four main pulses of granitic magmatism.
Although rocks from all pulses exhibit depleted mantle-like zircon Hf isotopic
compositions and whole-rock Nd isotopic compositions, they display distinct
whole-rock geochemical compositions and zircon 580 values (Chen and Arakawa,
2005; Geng et al., 2009; Tang et al., 2019 and this study; Table 1). These differences
shed light on the temporal and spatial evolution of magma sources during crustal
evolution. Firstly, the partial melting of subducting oceanic crust can generate
granodioritic magma, promoting crustal maturation (e.g., Tatsumi, 1981; Kelemen,
1995). This mechanism was more common in the Archean due to the high geothermal
gradient (Martin, 1999), but some modern geological processes, such as ridge
subduction and young ocean subduction, can also induce partial melting of subducted
oceanic crust in the Phanerozoic (Defant and Drummond, 1990; Thorkelson and
Bretsprecher, 2005). Late Cambrian and Late Carboniferous adakitic rocks found in
the West Junggar were formed in this way (Tang et al., 2010; Zhang et al., 2022).

Secondly, remelting of basaltic arc crust can lead to crustal differentiation and
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maturation (e.g., Jull and Kelemen, 2001; Hawkesworth and Kemp, 2006). The
intrusive rocks in the northern West Junggar and a few in the southern West Junggar
have depleted whole-rock Nd and zircon Hf isotopic compositions, as well as
mantle-like zircon oxygen isotopic compositions. However, as discussed in Section
6.1.2, they are geochemically subtly different from adakites and were more likely
formed through the partial melting of juvenile basaltic lower crust. Lastly, the
maturation of oceanic arc crust typically involves contributions from chemical
weathering residues and supracrustal rocks (Lee et al., 2008; Tang et al., 2019). Most
of the intrusive rocks in the southern West Junggar exhibit depleted mantle-like
Hf-Nd isotopic signatures, indicating minimal or no involvement of old continental
components, but their high zircon oxygen isotope values indicate that the late
Carboniferous to middle Permian crustal maturation of the Junggar ocean arc is
related to chemical weathering and crustal recycling. Hence, our results indicate that
the transformation of juvenile basaltic intra-oceanic arc crust into mature continental
crust in the West Junggar involves multiple processes, such as partial melting of
subducting oceanic crust, melting of juvenile basaltic lower crust, and melting of
supracrustal rocks. As described in Section 6.2, crustal growth in West Junggar, in the
sense of separation from mantle sources, mainly occurred between 670-456 Ma.
Despite this major period of crustal growth between 670 and 456 Ma,
significant “crustal maturation” also took place after this time, thus intra-oceanic
crustal growth and maturation is an episodic rather than continuous process. As
previously described, four periods of magmatic activity have been identified in the
West Junggar region: Early Cambrian to Early Ordovician (515 to 486 Ma); Late
Ordovician to Middle Devonian (445 to 392 Ma); Early Carboniferous to Late
Carboniferous (343 to 310 Ma) and Late Carboniferous to Middle Permian (309 to
259 Ma). The first phase of magmatic activity (i.e., Early Cambrian to Early
Ordovician), within the Paleo-Asian Oceanic arc system, followed subduction
initiation that most likely occurred during the Early Cambrian (>515 Ma) (Fig. 10a).
This early magmatic activity is evidenced by the SSZ-type ophiolites (516 Ma) and
the oldest arc plutons (515-509 Ma) intruding the ophiolites (Xu et al., 2012; Ren et
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al., 2014; Zhang et al., 2022). During the subduction process, the differentiation of arc
basalts and partial melting of the subducted oceanic crust and arc mafic crust led to
the formation of the felsic continental crust (Zhang et al., 2022). Intrusive rocks of the
third phase of magmatic activity (Early Carboniferous to Late Carboniferous) are
predominantly exposed in the Sawur region of West Junggar. They are primarily
composed of calc-alkaline volcanic rocks and I-type granitic intrusions, accompanied
by a minor occurrence of gabbros and mafic volcanic rocks displaying arc-related
geochemical characteristics (Fig. 10c; Chen et al., 2010b; Yin et al., 2015b). Therefore,
magmatic activity and crustal evolution during this period are closely associated with
the subduction processes in the oceanic arc.

The most extensive outcrop areas in West Junggar are associated with Late
Ordovician to Middle Devonian and late Carboniferous to middle Permian periods of
magmatic activity. Therefore, they are most closely linked to crustal maturation of
West Junggar intra-oceanic arc crust. A-type granites from the latter period were
formed under high-temperature conditions (up to 906°C) and low-pressure settings
(Geng et al., 2009). Their coexistence with charnockites, adakites, MORB, OIB,
Nb-enriched dikes and sanukitoid dikes also indicates high-temperature magmatism
(Geng et al., 2009; Tang et al., 2010; 2012; Yin et al., 2010; 2013a; 2015a; Zhang et
al., 2011). Similarly, the late Silurian to early Devonian A-type granites were also
generated under high-temperature conditions (up to 940°C) and low-pressure settings
(~1.0 GPa) (Yin et al., 2017) and are associated with adakites, mafic dikes,
hornblende gabbro, basaltic andesite and andesite.

In both cases the inferred tectonic setting involves ocean ridge subduction (e.g.,
Geng et al., 2009; Tang et al., 2010; 2012; Yin et al., 2010; 2013a; 2015a; Yin et al.,
2017; Zhang et al., 2011; 2021) which could have provided the heat energy for the
maturation process(es). Significantly, the orogenic architecture of West Junggar aligns
with the diagnostic features of sub-parallel trench-ridge interaction, analogous to
those observed in modern California that include: double magmatic belts, a young
oceanic crust separating a former accretionary complex from its associated magmatic

arc (Fig. 10b; Fig. 10d; Zhang et al., 2021). In Japan, ridge subduction has occurred
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approximately every 100 Myr over the last 450 Myr. West Junggar, as an important
part of the CAOB, could therefore have experienced multiple ridge subductions at a
rate similar to Japan. In this scenario, with the opening of a slab window and the
upwelling of asthenospheric mantle, the overriding mantle within the slab window
would become hotter and less hydrated (Sisson et al., 2003; Thorkelson et al., 2011).
Advected heat would promote extensive melting of the mafic lower crust, oceanic
crust and supracrustal rocks, producing the observed granitoids and driving the
compositional transformation from juvenile basaltic intra-oceanic arc crust to mature
continental crust. Consequently, our results suggest that supracrustal recycling via
intracrustal remelting, consequent upon ridge subduction and generation of a slab
window, played a critical role in driving crustal maturation and evolution of the

oceanic arc crust from basaltic to felsic.

Conclusions

(1) Based on zircon U-Pb ages, the West Junggar intrusions can be grouped into four
temporal pulses. The first occurred from the Early Cambrian to Early Ordovician
(515-486 Ma) and is concentrated in the Mayile and Barleik Mountain regions of
southern West Junggar. The second spans the Late Ordovician to Middle
Devonian (445-392 Ma) and is primarily found in the Boshchekul-Chingiz arc of
northern West Junggar, with a single granodioritic pluton dated at 444-439 Ma in
the southern West Junggar. The third pulse, during the Early Carboniferous
(343-321 Ma) and the Early to late Carboniferous (332-310 Ma), is predominantly
observed in the Zharma-Sawur volcanic arc of northern West Junggar and in the
Baotutu and Keramay of southern West Junggar, respectively. The fourth
magmatic pulse in the Late Carboniferous to Middle Permian (307-259 Ma) is
preserved throughout West Junggar, unrestricted by tectonic boundaries.

(2) All the magmatic rocks in the Western Junggar exhibit similar whole-rock Nd
isotope and zircon Hf isotope values, but have marked variations in zircon oxygen

isotopes. Accordingly, they can be classified into high zircon §*80 intrusions and
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mantle-like zircon 'O intrusions. The high zircon §'0 intrusions formed
relatively late, during the 307-259 Ma episode, and require the involvement of
supracrustal components. Modelling using binary mixing indicates that 10-50%
supracrustal rocks mixed with juvenile basaltic lower crust. The intrusions with
mantle-like zircon §'0 have diverse magma sources. In northern West Junggar,
they occur during different magmatic episodes and originate from a variety of
processes including partial melting of metasomatized depleted mantle, mixing of
depleted mantle with juvenile crust, partial melting of trapped juvenile oceanic
crust, and partial melting of juvenile mafic lower crust. However, the dominant
granitoid plutons in the northern West Junggar lack direct mantle input and are
likely derived from juvenile basaltic lower crust. In southern West Junggar, the
mantle-like zircon 580 intrusions occur less frequently but also exhibit a range of
sources. These include partial melting of subducted oceanic crust with garnet
amphibole as residual minerals, partial melting of depleted mantle and partial

melting of arc basaltic lower crust.

(3) Hf model ages reveal three different episodes of crustal growth in the West

Junggar. These episodes do not coincide with major magmatic pulses, at
approximately 656-684 Ma, 524-536 Ma, and 441-471 Ma, which show distinct
spatial and temporal variations. The subduction-related geological processes play

a key role in the three-stage growth of continental crust in the West Junggar.

(4) The West Junggar region exhibits a complex process of crustal maturation in an

oceanic arc setting. The transformation from juvenile basaltic intra-oceanic arc
crust to mature continental crust is episodic and involves partial melting of
subducting oceanic crust, melting of juvenile basaltic lower crust and melting of

supracrustal rocks.

(5) Two of the episodes of magmatic activity, the late Ordovician to middle Devonian

and the late Carboniferous to middle Permian, are closely linked to crustal
maturation. Associated high-temperature magmatism during these periods,
represented by A-type granites, adakites and other rock associations, suggests the

influence of ocean ridge subduction. Ridge subduction, with the opening of a slab
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window and the upwelling of asthenospheric mantle, may therefore promote
extensive melting of the mafic lower crust, oceanic crust, and supracrustal rocks,

driving the compositional transformation from basaltic to felsic continental crust.
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Figure captions

Fig. 1. (a) Simplified tectonic divisions of the Central Asian Orogenic Belt (after Jahn
et al., 2000); (b) Geological map of the West Junggar region (modified after Yin et al.,
2017). The zircon U-Pb ages, Hf-O isotope data, and other detailed information can
be listed in Table S1.

Fig. 2 Statistics of the zircon ages for the the Paleozoic intrusions in the West Junggar

oceanic arc. Zircon U-Pb ages are listed in Table S1.

Fig.3 Correlation plots between zircon U-Pb age and Hf-O isotopic data for the the

Paleozoic intrusions in the West Junggar oceanic arc. Zircon U-Pb age and Hf-O



©CO~NOOOTA~AWNPE

1185
1186
1187
1188
1189
1190
1191
1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213

1214

isotopic data are listed in Table S2.

Fig.4 Correlation plots between zircon U-Pb ages and Hf model ages (T2pom) for the
the Paleozoic intrusions in the West Junggar oceanic arc. Zircon U-Pb age and Hf

model age are listed in Table S2.

Fig.5 Histogram of zircon Hf model ages for the the Paleozoic intrusions in the West

Junggar oceanic arc. Zircon Hf model ages are given in Table S2.

Fig.6 Histogram of zircon O isotopic data for the the Paleozoic intrusions in the West

Junggar oceanic arc. Zircon O isotopic data is given in Table S2.

Fig.7 (a) Zircon O isotope contour map showing the spatial variation of 'O, values
for the Paleozoic intrusions in the West Junggar oceanic arc; (b) Hf isotope contour
map showing the spatial variation of Tpwm2 for the Paleozoic intrusions in the West

Junggar oceanic arc. Zircon Hf-O isotopic data is given in Table 1.

Fig.8 5'80,m—eHf(t) diagram for the Paleozoic intrusions in the West Junggar oceanic
arc. Zircon Hf-O isotopic data is given in Table S2. We assume that ¢Hf(t) and
oxygen isotope values of juvenile weathered sediment and lower crust are +10 and 16%o
and +16 and 5.3%o respectively. Hfis/Hfic is the ratio of Hf concentration in the
juvenile weathered sediment over parental lower crust indicated for each mixing
curves, and the small ticks on the curves represent 10% mixing increments by
assuming the juvenile lower crust and the juvenile weathered sediment. The field of
mantle-derived zircon (Valley, 2003) is shown for comparison. The model
calculations were carried out and obtain the 10-50% of sediment addition. The results

show that sediments play an important role in the formation of high §'0.m intrusions.

Fig.9 Histogram of ages for magmatic zircons from the West Junggar oceanic arc

compared with the probability distribution of Hf model ages for zircons with §*80zm <
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6.5%. Zircon U-Pb and Hf model ages are listed in Table S1 and Table S2,

respectively.

Fig.10 Tectonic evolution of the Paleozoic multi-arc subduction—accretion system in
the West Junggar, NW China (Modified after Xu et al., 2012; Yin et al., 2015; Chen
et al.,, 2017; Zhang et al., 2021). (a) Early Cambrian-early Ordovician subduction
accretionary system in the southern West Junggar; (b) Early Silurian-Middle
Devonican formation of a slab window in the Boshkuekul-Chingiz arc due to a
spreading ridge subduction; (c) Early Carboniferous multi-arc subduction—accretion
system in the West Junggar; (d) Late Carboniferous-Middle Permian
double-subduction arc systems with a ridge subduction regime in the southern West
Junggar. BMT arc system: Barleik-Mayile-Tangbale arc system; SSZ-type OM:
SSZ-type ophiolitic mélange; BGT: Baogutu; MG: Miaoergou; CTS: Central

Tianshan.

Table captions

Table 1 Summary of sample localities and ages of the intrusions in the West Junggar

oceanic arc

Table S1 A summary of the zircon U-Pb, Hf-O isotope data for the Paleozoic

intrusions in the West Junggar oceanic arc

Table S2 The zircon Hf-O isotope data for the Paleozoic intrusions in the West

Junggar oceanic arc
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Table 1 Summary of sample localities and ages of the intrusions in the West Junggar oceanic arc

Samples
ZK003-233
BCK2-1
XMSTO08
XMST14
XMSTO02
XMSTO01
XMSTO03
HZ
XGSLO03
TW1
HLSL
CGKL
HBK
TLG
KLMS
SLK
LST
ZQsS
DYS
BEG
ABDL
Qs-1
D-1
MG-1
S-1
HG-1
12XJ37-A
12XJ05-B
12XJ14-A
KM-9918-3
AK154-2
MG 164-2
MG9811-1
MG 123-2
MG136-1
MG9951-1
Gn-71
Gn-40
Gn-14
KLMY21
KLMY3
KLMY16
MEG5
TGL1
KL-19
ALT-49
ALT-87
ALT-52
ALT-74
ALT-130
ALT-36
ALT-101
ALT-116
ALT-84
9LB-50
09LB-53
09LB-77

Locality
Baogutu
Baogutu
Xiemisitai Mts
Xiemisitai Mts
Xiemisitai Mts
Xiemisitai Mts
Xiemisitai Mts
Xiemisitai Mts
Xiemisitai Mts
Xiemisitai Mts
Saier Mts
Saier Mts
Saier Mts
Hebukesaier

Wouerkashier Mts
Wuerkashier Mts

Sawur Mts
Tarbgatay Mts
Tarbgatay Mts
Tarbgatay Mts
Tarbgatay Mts
Xiemisitai Mts
Xiemisitai Mts
Xiemisitai Mts
Xiemisitai Mts
Xiemisitai Mts
Xiemisitai Mts
Xiemisitai Mts
Xiemisitai Mts

Keramay

Akebastaw

Miaoergou

Miaoergou

Miaoergou

Miaoergou

Miaoergou

Sawur Mts
Tarbgatay Mts
Tarbgatay Mts

Keramay

Keramay

Akebastaw

Miaoergou

Taergen

Keramay

Barleik Mts

Barleik Mts

Barleik Mts

Barleik Mts

Barleik Mts

Barleik Mts

Barleik Mts

Barleik Mts

Barleik Mts

Saleinuohai Mts
Saleinuohai Mts
Saleinuohai Mts

Longitude (E)
85°31'07"
85°31'07"
85°31'07"
85°30'25"
85029'09"
8595228
85°29'09"
83°57'43"
85°48'44"
85°53'39"
85°40'42"
85°1026"
84°07'00"
84°34'52"

85°54"
83°00'30"
84° 21'16"
83°04'58"
83°16'58"

85°07'20"
85°10'10"
85°10"15"
83°45'05"
84° 45'33"
83°57'00"
84° 01'45"
83°5220"

83° 56'26"
83°52'33"

82°56'37.7"
82°58'43.9"
82°50'17.4"

Latitude (N)

46°42'39"
46°42'39"
46°42'39"
46°35'05"
46°34'44"
46°36'42"
46° 34'44"
46°19'11"
46°44'16"
46°45'56"
46°46'32"
46° 47'11"
46°1758"
46° 22'45"
47°11'15"
47°06'07"
46° 53'50"
47°04'23"
46°59'12"

46°38'30"
46°36'40"
46°34'20"
45°39'06"
45° 24'39"

45°31'3"
45° 32'45"
45°30'55"
45° 29'25"
45°31'57"

45°22'42.3"
45°22'20.0"
45°21'41.6"

Lithology
Diorite

Granodiorite porphyry

K-feldspar granite
Diorite
Alkaline granite
K-feldspar granite
Rhyolite-Porphyry
Rhyolite-Porphyry
Rhyolitye-porphyry
Granodiorite
Felsite
K-feldspar granite
K-feldspar granite
Granite
K-feldspar granite
K-feldspar granite
K-feldspar granite
Granodiorite
Pyroxene diorite
Granodiorite
Monzonitic granite
quartz syenite
diorite
monzogranite
syenite
hornblende gabbro
monzogranite
Quartz diorite
Quartz monzodiorite
K-feldspar granite
K-feldspar granite
Chamockite
Chamockite
Chamockite
K-feldspar granite
K-feldspar granite
K-feldspar granite
Granodiorite
K-feldspar granite
K-feldspar granite
Granite
K-feldspar granite
Granite
K-feldspar granite
Quartz diorite
diorite
diorite
diorite
quartz syenite
quartz syenite
quartz syenite
granitic porphyry
granitic porphyry
granitic porphyry
plagiogranite
plagiogranite
plagiogranite

Age (Ma) error
321 2
310
419
422
417
420
420
414
420
411
405
410
417
263
302
290
321
325
333
332
332
418
424
418
392
422
429
440
445
296
305
305
296
305
308
298
338
325
303
295
318
276
327
287
316
324
321
320
314
282
272
274
270
259
515
514
509
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SLN-19
09LB-81
LBD-09
HIK-13
HIK-14
HIK-18
DO07057
AS3
Ml
06XJ145
06XJ153
06XJ156
06XJ182
12WJjo8
11WJ70
11WJ85
12WJo3
11WJjo4
11wWJjo7
11WJ23
11WJ26
11WJ06
11WJ16
11wWiJ12
06XJ136
06XJ138
06XJ120
06XJ148
15XJ07
15XJ01
06XJ143
WJ2009
19BLKO03
WJ1103
WIJ1115
WJ1603
18BGT02
18EKO01
18MGO03
18MG04
WJ1309
WIJ1315
WIJ1325
WJ1326
WJ2001
WJ2002
WJ2004
WJ2005
WJ1118
WiJ1121
WJ1142
09BGT-18
09MYL-19
09MYL-145
09MYL-147
08MYL-10
08MYL-19
09AEST-8
09AEST-9

Saleinuohai Mts
Saleinuohai Mts
Saleinuohai Mts
Saleinuohai Mts
Saleinuohai Mts
Saleinuohai Mts
Taergen
Akebastaw
Miaoergou
Baogutu
Baogutu
Baogutu
Keramay
Xiemisitai
Xiemisitai
Xiemisitai
Xiemisitai
Xiemisitai
Miaoergou
Miaoergou
Hatu
Miaoergou
Miaoergou
Miaoergou
Keramay
Baogutu
Keramay
Keramay
Keramay
West Keramay
Baogutu
Mayile Mts
Mayile Mts
Alashankou
Bieluagaxi
Suyunhe
Baogutu
Keramay
Miaoergou
Miaoergou
Xiemisitai
Sawur Mts
Sawur Mts
Sawur Mts
Xiemisitai Mts
Xiemisitai Mts
Xiemisitai Mts
Xiemisitai Mts
Tarbgatay Mts
Tarbgatay Mts
Xiazijie
Baogutu
Mayile Mts
Mayile Mts
Mayile Mts
Mayile Mts
Mayile Mts
Mayile Mts
Mayile Mts

82°55'43.0"
82°50'4.3"
83°03'36.7"
82°52'28.8"
82°58'20.7"
82°56'42.1"
83°32'35"

84°2710"
84°2625"
84°26'14"

85°08'31"
85°33'45"
85°30'01"
85°07'46"
85°27'31"
83°54'32"
83°57'00"
84°32'45"
83°57'00"
83°51'18"
83°51'03"
84°39'43"
84°27'02"
84°50'54"
84°32'25"
85°13'33"
84°31'59"
84°27'05"
83°0127"
83°23'08.03"
82044'43"
84024'52.3"
82°29'13"
84°28'07.06"
84°42'40.62"
83°56'58.85"
83°52'18.98"
8592823.6"
86°1521.7"
86°07'45.7"
86°10'32.0"
86°06'45.33"
86°05'26.09"
86°02'06.51"
86°22'57.28"
84°35'38.05"
84021'17.0"
86°10'45.2"

83°13'22"
83°11'46"
83°12'16"
83°16'32"
83°16'24"
83°23'15"
83°23'15"

45°23'21.2"
45°21'29.0"
45°20'35.3"
45°20'53.7"
45°19'13.4"
45°17'45.0"
45°45'55"

45°29,57"
45°23'54"
45°23'24"

46°41'21"
46°41'11"
46°42'48"
46°41'16"
46°42'30"
45°30'25"
45°31'04"
46°06'39"
45°30'54"
45°32'31"
45°32'50"
45°40'26"
45°29'56"
45°43'40"
45°28'25"
46°18'04"
45°39'33"
45°29'56"
46°01'39"
45°47'43.87"
45°18'33"
46°02'56.4"
45°47'20"
45929'51.43"
45°40'26.45"
45°31'03.32"
45°30'54.84"
46°36'6.6"
47°26'36.6"
47°08'4.9"
47°13'27.8"
46°45'31.56"
46°44'33.85"
46°42'17.51"
46°38'23.69"
46°45'27.26"
46°41'18.4"
46°34'32.4"

45°34'09"
45°34'26"
45°34'31"
45°40'55"
45°40'48"
45°47'47"
45°47'47"

plagiogranite
quartz plagioclasite
plagiogranite
carbonated felsic rock
gabbro
porphyritic granite
K-feldspar granite
K-feldspar granite
K-feldspar granite
Quartz dioritic porphyry
Dioritic porphyry
Dioritic porphyry
Granodiorite
Syenitic porphyry
Granite
Alkali granite
Syenitic granite
Syenitic granite
Aalkali-feldspar granite
Charnokite
Biotite granite
Charnokite
Aalkali-feldspar granite
Charnokite
Diorite
Diorite
Aalkali-feldspar granite
Granodiorite
Diorite
Diorite
Gabbro
Quartz Monzonite
Granodiorite
Alkali granite
Granodiorite
Monzonitic granite
Diorite
Monzonitic granite
Charnockite
Charnockite
A-type granite
A-type granite
I-type granite
A-type granite
Rhyolite
Rhyolite
Diorite Porphyry
Alkali granite
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277
277
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444
439

WNNOO OO WWNORFRP WRARMNORPRRFRPRERPRPEPEPENMNMNNMDNANDENORARERAPDNOONOONDERMOWONOOORRWWERERDRNDNWWOWNDNNDONDND A



09MYL-56
08MYL-53
08MYL-54
09MYL-37
09JBL-4
09JBL-3
08TLG-1
09TK-18
10TK-84
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