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Abstract
Oceanic arcs are crucial sites for producing new continental crust. However, how the continental crust has acquired its bulk 
“andesitic to dacitic” compositions is not well-understood. To address this issue, we carry out an integrated study for grani-
toids from the East Junggar oceanic arc, Central Asian Orogenic Belt. All the granitoid samples with ages of 332–280 Ma 
have high  SiO2 but low MgO contents, indicating a dominant crustal source. Based on zircon O isotopes, these granitoids 
can be divided into three groups: Group I (5.0 ± 0.46‰, 2SD), Group II (8.6 ± 0.47–9.4 ± 0.52‰, 2SD) and Group III 
(6.8 ± 0.36–7.4 ± 0.48‰, 2SD) with mantle-like, elevated and intermediate zircon δ18O ratios, respectively. The forma-
tion of Group I granitoids can be ascribed to partial melting of juvenile mafic crust, while Group II and III granitoids were 
likely derived from a mixed source of juvenile mafic crust and supracrustal rocks in variable proportions. Combined with 
their depleted mantle-like zircon εHf(t) values (+ 11.6 to + 13.5), it is inferred that these supracrustal rocks were mainly 
isotopically unevolved, immature volcanogenic sediments. The zircon Hf–O isotope array is compatible with mixing between 
juvenile mafic crust and supracrustal volcanics (40–70% for Group II and 20–40% for Group III) in their magma sources. The 
incorporation of supracrustal rocks into such high-δ18O granitoids was likely associated with fore-/intra-arc basin closure 
triggered by arc–arc collision. Our results thus highlight the role of supracrustal recycling induced by collisional events in 
driving the compositional differentiation of oceanic arc crust from basaltic to felsic.

Keywords Oceanic arc maturation · Supracrustal recycling · Arc–arc collision · Zircon Hf–O isotopes · East Junggar 
oceanic arc

Introduction

The “chemically evolved” continental crust is the Earth’s 
unique feature in comparison with other known terrestrial 
planets (Rudnick 1995). Given the similarity of trace ele-
ment patterns between continental crust and arc magmas 
and the depleted mantle-like radiogenic isotopes of oceanic 
arc lavas, it is accepted that oceanic arcs are critical sites for 
production of modern continental crust (Stern 2002; Dhuime 
et al. 2011; Jagoutz and Kelemen 2015). However, primitive 
arc lavas in oceanic arcs are mainly basaltic, which con-
trasts with the bulk “andesitic to dacitic” compositions of 
the continental crust (e.g., Rudnick and Gao 2003). To fill up 
this compositional gap, an additional process responsible for 
the compositional differentiation of oceanic arc crust from 
basaltic to felsic is required. Most of the proposed models 
commonly involve a two-step process, namely the extrac-
tion of mafic magmas by mantle melting and intracrustal 
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differentiation by remelting and/or fractional crystallization 
of those mafic rocks (Hawkesworth and Kemp 2006; Lee 
and Bachmann 2014). Nevertheless, the role of recycling of 
supracrustal rocks is largely uncertain (Roberts et al. 2013). 
As the major constituent of the continental crust, granitoids 
dominate the chemical compositions of the upper continental 
crust and thus those formed in intra-oceanic arcs bear the 
critical information about whether supracrustal rocks play a 
role in the differentiation of oceanic arc crust.

Zircon is a common accessory mineral in granitic 
rocks and contains a wealth of isotopic (e.g., Lu–Hf and 
O) information, thus being an ideal recorder of isotopic 
compositions of the magma sources (Valley et al. 2005). 
While Lu–Hf is a radiogenic isotope system and can discern 
recycled crustal components if they are old enough to have 
measurable ingrowth of radiogenic daughter isotopes (Grif-
fin et al. 2002), it cannot discriminate between supracrustal 
and intracrustal components in the granitic sources in the 
intra-oceanic arc setting, because both two components are 
juvenile and have similar Lu–Hf isotopes inherited from the 

pristine mantle source (e.g., Jeon et al. 2014). In contrast, 
zircon O isotopes have the potential to identify the contri-
butions of supracrustal rocks, as O isotopes are fraction-
ated and δ18O values are elevated during low-temperature 
surficial processes (Peck et al. 2000; Spencer et al. 2014). 
Generally, zircons in equilibrium with magmas from the 
pristine mantle or juvenile mafic crust have mantle-like 
δ18O values (5.3 ± 0.6‰, 2SD; Valley et al. 1998; Page et al. 
2007), whereas incorporation of supracrustal components 
in the granitic sources will make zircon δ18O values deviate 
from the mantle range (Kemp et al. 2007). Therefore, the 
combination of Hf with O isotopic studies on zircons could 
discern the contributions of supracrustal components to the 
magma sources and provide information about the recycled 
supracrustal components.

The Central Asian Orogenic Belt (CAOB), situated 
between the Siberian Craton to the north and the North 
China–Tarim cartons to the south (Fig. 1a), is one of the 
largest accretionary orogenic belts on the Earth (Sengör 
et al. 1993; Windley et al. 2007). It was formed through 

Fig. 1  a Simplified tectonic 
map of the CAOB (modified 
after Jahn et al. 2000) and b 
geological map of the east 
Junggar (modified after Liu 
et al. 2013) showing sample 
locations. TC Tarim Craton, 
NCC North China Craton
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multiple subduction-accretion processes as a result 
of successive closure of the Paleo-Asian Ocean and is 
composed of massive juvenile terranes including island 
arc-back arc systems, accretionary wedges and ophiolitic 
mélanges (Wilhem et al. 2012; Zhang et al. 2018). The 
East Junggar occupies the southern part of the CAOB 
(Fig. 1), represents a typical intra-oceanic arc and is fea-
tured by voluminous volcanogenic sediments and grani-
toid rocks (Han et al. 1997; Xiao et al. 2004; Tang et al. 
2017). Ascertaining the petrogenesis of these granitoids 
holds the key to understanding the differentiation process 
of oceanic arc crust. This study presents high-precision 
zircon U–Pb–Hf–O isotopic and bulk-rock geochemical 
data for the late Paleozoic granitoids from the East Jun-
ggar, and these results allow us to determine their petro-
genesis and source components, and to further constrain 
the differentiation process of oceanic arc crust.

Regional geological background

The East Junggar, separated from the Chinese Altai to the 
north by the Irtysh Fault and from the Chinese Eastern 
Tianshan to the south by the Karamaili ophiolitic belt 
(Fig. 1b), represents a Paleozoic intra-oceanic island arc 
system in the CAOB (Xiao et al. 2004; An et al. 2021). 
This arc system is composed of the Dulate arc and the 
Yemaquan arc bordered by the Zhaheba–Aermantai ophi-
olitic mélanges with zircon U–Pb ages of 503–490 Ma 
(Jian et al. 2003; Xiao et al. 2009; Luo et al. 2017). Stud-
ies on the Zhaheba–Aermantai ophiolitic mélanges sug-
gest that these mélanges do not stand the suture between 
the two arcs but a part of oceanic island arc–ophiolite 
complex (Luo et al. 2017). With that in mind, the for-
mation of the East Junggar has been thought to be asso-
ciated with a long-lived (Cambrian to Carboniferous) 
northward subduction of the Junggar Ocean represented 
by the Karamaili ophiolitic mélange (Han and Zhao 
2018; Zhang et al. 2018). The closure of this oceanic 
basin probably occurred in the late Carboniferous (ca. 
320 Ma) on the basis of the tectono-sedimentary studies 
across the Karamaili belt (Li et al. 2020). The regional 
strata mainly includes Devonian to Carboniferous volca-
nogenic sedimentary rocks (Xiao et al. 2004; Liu et al. 
2014; Li et al. 2019). Granitoids with late Devonian to 
early Permian ages are widespread in the East Junggar 
and are characterized by high and positive Nd–Hf isotopic 
values (εNd(t) =  + 5 to + 7; zircon εHf(t) =  + 10 to + 17), 
consistent with an origin in an intra-oceanic arc setting 
with negligible contribution from old continental crust 
(Liu et al. 2013; Tang et al. 2017; Aibai et al. 2019; Song 
et al. 2019).

Sampling and petrology

Six representative granitoid plutons from the East Junggar 
were sampled for petrological and geochemical investiga-
tion and sample locations are shown in Fig. 1b. The Yikan-
bai pluton is a fine- to medium-grained (0.2–4 mm) grano-
diorite, which is composed of plagioclase (~ 45 vol.%), 
K-feldspar (~ 25 vol.%), amphibole (~ 10 vol.%), biotite 
(~ 10 vol.%) and quartz (~ 10 vol.%) with minor apatite and 
titanite (Fig. 2a, b). Plagioclase grains in this pluton are 
euhedral, while amphibole and K-feldspar crystals are sub-
hedral. The Ertaibei pluton is a fine- to medium-grained 
(0.2–5 mm) granodiorite, made up of plagioclase (~ 45 
vol.%), K-feldspar (~ 25 vol.%), amphibole (~ 10 vol.%), 
biotite (~ 5 vol.%) and quartz (10 ~ 15 vol.%) with acces-
sory minerals such as apatite, titanite and allanite (Fig. 2c, 
d). Plagioclase, K-feldspar and biotite crystals show subhe-
dral form. The Awushi pluton is a fine- to medium-grained 
(0.2–5 mm) K-feldspar granite, comprised of plagioclase 
(~ 25 vol.%), K-feldspar (~ 40 vol.%) and quartz (~ 30 
vol.%) with minor biotite, apatite and allanite (Fig. 2e, f). 
K-feldspar and plagioclase grains are subhedral in shape, 
while quartz crystals are anhedral. The Xiaocaohu pluton 
is a medium-grained (2–5 mm) monzogranite, which is 
composed mainly of plagioclase (~ 35 vol.%), K-feldspar 
(~ 30 vol.%) and quartz (~ 30 vol.%) with subordinate 
amphibole (~ 3 vol.%) and biotite (~ 2 vol.%). Accessory 
minerals are apatite, titanite and allanite (Fig. 2g, h). The 
Yemaquan pluton is a fine-grained (0.1–2 mm) monzo-
granite, which consists of plagioclase (~ 35 vol.%), K-feld-
spar (~ 25 vol.%) and quartz (35 ~ 40 vol.%) with minor 
biotite and accessory minerals (e.g., apatite and zircon). 
Plagioclase grains are subhedral, whereas K-feldspar and 
quartz crystals are anhedral (Fig. 2i, j). The Beilekuduke 
pluton is a medium- to coarse-grained (2–7 mm) mon-
zogranite, with mineral assemblage including subhedral 
plagioclase (30–35 vol.%) and K-feldspar (25–30 vol.%), 
and anhedral quartz (~ 35 vol.%) and minor biotite as well 
as accessory minerals (e.g., apatite and zircon) (Fig. 2k, l).

Analytical methods

Zircon U–Pb–Hf–O isotope analyses

Zircon grains were separated from crushed rocks using 
the conventional heavy liquid and magnetic techniques, 
followed by hand-picking under a binocular microscope. 
Representative zircon crystals were mounted in epoxy 
resin disks and polished to about half of their thickness. 
Zircon U‒Pb dating for samples EJ1308 and EJ1310 was 
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performed using the MC-ICP-MS (Multi Collector Induc-
tively Coupled Plasma Mass Spectrometry) equipped with 
a 193 nm excimer ArF Laser Ablation system at the Insti-
tute of Geology and Geophysics, Chinese Academy of Sci-
ences (CAS), while that for other samples was conducted 
by Nu instruments MC-ICP-MS attached to a Resonetics 
Resolution M-50-HR Excimer Laser Ablation system in 
the University of Hong Kong. Helium was employed as 
a carrier gas, and argon was used as the make-up gas and 
mixed with the carrier gas via a T-connector before enter-
ing the ICP. The detailed analytical procedures and instru-
ment parameters for the two techniques were described 
in Xie et al. (2018) and Xia et al. (2011), respectively. 
Zircon 91500 was utilized as an external standard to cali-
brate the U‒Th‒Pb isotopic ratios and the results yield a 
weighted mean 206Pb/238U age of 1062.4 ± 2.2 Ma (n = 21), 
consistent, within error, with the recommended value of 

1062.4 ± 0.8 Ma (Wiedenbeck et al. 1995). In addition, 
zircon standard GJ-1 was analyzed with our unknown zir-
cons and the results give a weighted mean 206Pb/238U age 
of 607.3 ± 1.0 Ma (n = 20) that is identical to the reported 
result of 610.0 ± 1.7 Ma (Elhlou et  al. 2006). Off-line 
integration of back-ground and analytical signals, and 
time-drift correction and quantitative calibration were 
conducted using the ICPMSDataCal 8.0 (Liu et al. 2010). 
Isoplot 3.0 software was used to process the weighted 
mean U‒Pb ages and concordia diagrams (Ludwig 2003).

In situ zircon Lu‒Hf isotopic compositions were meas-
ured on the same Nu Plasma MC-ICP-MS in the Univer-
sity of Hong Kong. Analyses were performed with a beam 
diameter of ca. 55 μm and 6 Hz repetition rate, which gave 
a signal intensity of 0.04 V at 179Hf for the standard zir-
con 91500. Data acquisition for each analysis consists of 
30 s background collection and 40 s signal collection for 

Fig. 2  Photographs of outcrops and photomicrographs showing the 
geological and mineralogical characteristics of the granitoids from 
the East Junngar. a, b Yikanbai granodiorite, c, d Ertaibei granodi-

orite, e, f Awushi K-feldspar granite, g, h Xiaocaohu monzogranite, i, 
j Yemaquan monzogranite and k, l Beilekuduke monzogranite. Amp 
amphibole, Pl plagioclase, Kfs K-feldspar, Bt biotite, Qtz quartz
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laser ablation. The measured isotopic ratios of 176Hf/177Hf 
were normalized to 176Hf/177Hf = 0.7325, using an exponen-
tial correction for mass bias. Isobaric interference of 176Yb 
and 176Lu on 176Hf was corrected by monitoring 172Yb and 
175Lu, respectively. Ratios used for such corrections were 
0.5887 for 176Yb/172Yb and 0.02655 for 176Lu/175Lu (Ver-
voort et al. 2004). Standard zircons 91500 and GJ-1 were 
used as external standards and were analyzed twice before 
and after every ten analyses. The 176Lu decay constant of 
1.867 ×  10−11  year−1 (Söderlund et al. 2004) was used to 
calculate initial 176Hf/177Hf ratios. The chondritic values of 
176Hf/177Hf (0.282772) and 176Lu/177Hf (0.0332) reported by 
Blichert-Toft and Albarède (1997) were adopted for the cal-
culation of εHf values. Single-stage Hf model ages  (TDM1) 
were calculated relative to the depleted mantle present-day 
value of 176Hf/177Hf = 0.283250 and 176Lu/177Hf = 0.0384 
(Griffin et al. 2000). Two-stage model ages  (TDM2) were 
calculated using the mean 176Lu/177Hf ratio of 0.015 for the 
average continental crust (Griffin et al. 2002).

Zircon oxygen isotope analysis was undertaken by the 
CAMECA IMS1280-HR SIMS at the Guangzhou Institute 
of Geochemistry, CAS (GIG, CAS), following the proce-
dures described by Li et al. (2010a). A focused Cs + primary 
ion beam was accelerated at 10 kV, with an intensity of ~ 2 
nA, and the analytical beam diameter is about 10 μm. The 
measured oxygen isotopic data were corrected for instru-
mental mass fractionation (IMF) using the Penglai zircon 
standard (δ18OVSMOW = 5.3‰) (Li et al. 2010b), which was 
analyzed once every four unknowns. The internal precision 
of a single analysis was generally better than 0.2‰ (1σ 
standard error) for the 18O/16O ratio. Twenty-eight meas-
urements of Penglai zircon standard during the course of 
this study yielded a weighted mean of δ18O = 5.3 ± 0.2‰ 
(2σ SD), consistent within errors with the reported value of 
5.3‰ ± 0.1‰ (2σ SD) (Li et al. 2010b). In addition, eleven 
measurements of the Qinghu zircon standard in this study 
gave a weighted mean of δ18O = 5.4 ± 0.3‰ (2SD), which 
is in agreement with the reported value of 5.4 ± 0.2‰ (Li 
et al. 2013).

Bulk‑rock major and trace elements

Bulk-rock major and trace element compositions were deter-
mined at the GIG, CAS. Major element compositions were 
measured on fused glass disks using a X-ray fluorescence 
(XRF) spectrometer (Rigaku 100e) following the analytical 
procedures described by Li et al. (2006), and the analytical 
uncertainties for major elements were mostly between 1 and 
5%. Trace elements, including rare earth elements (REE), 
high field strength elements (HFSE) and large ion lithophile 
elements (LILE), were analyzed by a Perkin-Elmer Sciex 
ELAN 6000 instrument. Sample powders (~ 40 mg) were 
dissolved with mixed HF +  HNO3 acid in high-pressure 

Teflon bombs for 48 h in order to ensure complete disso-
lution of refractory minerals. USGS rock standards W-2, 
BCR-2, BHVO-2 and AGV-2 and Chinese national rock 
standards (GSD-9, GSR-1, GSR-2 and GSR-3) were used 
to calibrate elemental concentrations of the measured sam-
ples. The analytical precision was generally better than 5% 
(Li et al. 2006).

Results

Zircon U–Pb ages

Zircon U–Pb geochronological results are presented in Sup-
plementary Table S1. Five (Yikanbai, Yemaquan, Ertaibei, 
Awushi and Xiaocaohu) of the six plutons have been pro-
cessed for zircon U–Pb dating in this study, since the Beile-
kuduke pluton has been given a highly precise zircon U–Pb 
age of 302.0 ± 2.0 Ma by Liu et al. (2013). Zircon grains 
extracted from the five plutons are mostly transparent and 
subhedral to euhedral with crystal lengths of 50–150 μm 
and aspect ratios of 1:1–1:3 (Fig. 3). The majority of these 
zircons show well-developed oscillatory zoning, which, 
coupled with the high zircon Th/U ratios (0.33–1.05) (Sup-
plementary Table S1), suggest an igneous origin. The analy-
ses of fifteen zircon grains from the Yikanbai pluton give 
206Pb/238U ages between 329 and 338 Ma, with an early Car-
boniferous weighted mean age of 332.2 ± 1.4 Ma (Fig. 3a), 
while eighteen, twenty-two and twenty-three concord-
ant 206Pb/238U ages form coherent clusters for the Yema-
quan, Ertaibei and Awushi plutons, respectively, yielding 
late Carboniferous weighted mean ages of 317.2 ± 1.8 Ma, 
301.6 ± 1.0 Ma and 302.8 ± 1.1 Ma, respectively (Fig. 3b–d). 
Twenty-three zircon analyses for the Xiaocaohu pluton yield 
206Pb/238U ages ranging from 273 to 284 Ma, which form 
a group and give an early Permian weighted mean age of 
280.2 ± 2.0 Ma (Fig. 3e). The weighted mean 206Pb/238U age 
of each pluton is interpreted as its crystallization age.

Zircon Hf–O isotopes

Zircon Hf–O isotopic results are presented in Supplementary 
Table S2. All of the six plutons have been conducted for 
zircon Hf–O isotopic analyses. The Yikanbai and Yemaquan 
plutons possess analogous Hf isotopic compositions, with 
εHf(t) values from + 9.6 to + 13.9 (average 11.6 ± 2.8, 2SD) 
and from + 9.8 to + 13.5 (average 11.9 ± 2.4, 2SD), respec-
tively (Fig. 4a). In contrast, the Ertaibei, Awushi, Xiaocaohu 
and Beilekuduke plutons have relatively higher εHf(t) values, 
from + 11.5 to + 14.4 (average 12.9 ± 1.7, 2SD), from + 11.3 
to + 15.5 (average 13.5 ± 2.4, 2SD), from + 11.6 to + 14.4 
(average 13.0 ± 1.9, 2SD) and from + 11.3 to + 15.3 (aver-
age 13.1 ± 2.4, 2SD), respectively (Fig. 4a). The Xiaocaohu 
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pluton has zircon δ18O values of 4.4–5.6‰ with a mean of 
5.0 ± 0.46‰ (2SD), resembling those (5.3 ± 0.6‰, 2SD) of 
igneous zircons in equilibrium with mantle magmas (Valley 
et al. 1998; Page et al. 2007). Unlike the Xiaocaohu plu-
ton, however, δ18O values of the Yikanbai [6.9–7.8‰ with 
a mean of 7.4 ± 0.48‰ (2SD)], Ertaibei [6.4–7.1‰ with 
a mean of 6.8 ± 0.36‰ (2SD)], Awushi [6.7–7.4‰ with a 
mean of 7.1 ± 0.42‰ (2SD)], Yemaquan [8.3–9.2‰ with a 
mean of 8.6 ± 0.47‰ (2SD)] and Beilekuduke [8.0–10.1‰ 
with a mean of 9.4 ± 0.52‰ (2SD)] plutons are higher than 
those of mantle-derived zircons (Fig. 4b).

Bulk‑rock major and trace elements

Bulk-rock major and trace element compositions are pre-
sented in Supplementary Table S3. Samples from the Yikan-
bai and Ertaibei plutons fall within the granodiorite filed 
and those from the Awushi, Xiaocaohu, Yemaquan and 
Beilekuduke plutons can be classified as monzogranite in 
terms of the Qtz–Or–Pl diagram (Fig. 5a). The Yikanbai and 
Ertaibei plutons possess intermediate  SiO2 (60.3–60.8 wt.% 
and 64.6–65.7 wt.%, respectively) and Mg# (43.5–45.0 and 
40.1–41.5, respectively) and exhibit metaluminous features 
with A/CNK [molar  Al2O3/(K2O +  Na2O + CaO)] values of 
0.86–0.89 and 0.87–0.89, respectively, whereas the other 
four plutons have relatively high  SiO2 (72.8–78.9 wt.%) 
but low Mg# (2.1–20.5) and show slightly aluminum-rich 
characteristics (A/CNK = 0.98–1.05) (Fig. 5a, b). All the 
granitoid plutons are marked by high  K2O (3.96–5.30 wt.%) 
contents and high  K2O/Na2O (0.97–1.41) ratios, thus being 
classified as the high-K calc-alkaline series (Fig. 5c).

The Sr and Ba contents in these plutons are highly vari-
able and show decreasing trends from the Yikanbai and 
Ertaibei plutons (Sr = 460–712 ppm; Ba = 654–750 ppm) 
through the Xiaocaohu pluton (Sr = 65.4–76.8  ppm; 
Ba = 401–438 ppm) to the Awushi, Yemaquan and Beile-
kuduke plutons (Sr = 4.67–25.2 ppm; Ba = 12.8–116 ppm). 
Additionally, samples from these plutons display light REE 
(LREE) enriched patterns (La/Sm = 2.01–7.59) with slightly 
(δEu of 0.75–0.92 for the Yikaibai and Ertaibei plutons) 
to strongly (δEu of 0.01–0.33 for the other four plutons) 
negative Eu anomalies. In the primitive mantle-normalized 
multi-element diagrams (Fig. 5d), the studied granitoids 
show negative anomalies of Ba, Nb and Ti and positive 
anomalies of Rb, Th and U. Distinct from the Sr enrichment 

in the Yikanbai rocks, rocks from other plutons show Sr 
depletion (Fig. 5d).

Discussion

Magmatic processes and Source Nature

The evolution of felsic magmas commonly involves frac-
tionation of various minerals such as amphibole, plagio-
clase, K-feldspar and biotite. Since amphibole preferentially 
incorporates middle REE (e.g., Dy) over heavy REE (e.g., 
Yb), its fractionation will introduce a decrease in Dy/Yb 
ratios (Davidson et al. 2013). Rocks from the Ertaibei and 
Beilekuduke plutons exhibit decreasing Dy/Yb ratios with 
declining MgO, implying some fractionation of amphibole 
(Fig. 6a), while rocks from other plutons do not show evi-
dent correlations between Dy/Yb and MgO (Fig. 6a), pre-
cluding significant amphibole crystallization. Fractionation 
of plagioclase and/or K-feldspar will cause characteristic 
negative Eu anomalies, and discriminating the former from 
the latter can be made by their tendency to deplete Sr and 
Sr–Ba, respectively (Hanson 1978). Samples from these 
plutons display variable negative Eu anomalies (Fig. 6b), 
which, together with the positive correlation of Ba with Sr 
for rocks from each individual pluton (Fig. 6c), demonstrate 
extensive fractionation of K-feldspar. Biotite is another pos-
sible crystallization phase, and its fractionation will decrease 
Rb/Sr and Ba but slightly increase Sr in the residual melts 
(Rollinson 1993). In log–log diagrams of Ba versus Sr and 
Rb/Sr versus Sr (Fig. 6c, d), the Sr and Ba contents of these 
plutons decrease accompanied by increasing Rb/Sr ratios, 
reflecting negligible fractionation of biotite during the 
magma evolution.

All of the granitoid plutons in this study have high zircon 
εHf(t) values (Fig. 4a), comparable to those of new conti-
nental crust in modern island arcs (Dhuime et al. 2011), 
while in terms of zircon O isotopes they can be divided into 
three groups: Group I (Xiaocaohu pluton), Group II (Beile-
kuduke and Yemaquan plutons) and Group III (Yikanbai, 
Ertaibei and Awushi plutons) with low, high and intermedi-
ate δ18O ratios, respectively (Fig. 4a). The Xiaocaohu plu-
ton (Group I) has zircon δ18O values of 4.4–5.6‰ (average 
5.0 ± 0.46‰, 2SD), which are similar to those (5.3 ± 0.6‰, 
2SD) of igneous zircons in equilibrium with mantle magmas 
(Valley et al. 1998; Page et al. 2007). Granitic rocks with zir-
con δ18O close to the mantle values can be generated by frac-
tional crystallization of mantle-derived magmas or by melt-
ing of intracrustal basaltic rocks (e.g., mafic underplates). 
The Xiaocaohu pluton has high  SiO2 (72.8–73.5 wt.%),  K2O 
(5.03–5.17 wt.%) and  K2O/Na2O (1.21–1.29) but low Mg# 
(19.8–20.5), thus it was more likely produced by partial 
melting of intracrustal mafic rocks (e.g., Rapp and Watson 

Fig. 3  a–e MC-ICP-MS zircon U–Pb concordia plots for the grani-
toid plutons from the East Junggar. f Cathodoluminescence (CL) 
images of selected zircon crystals showing internal growth zoning 
and the locations of in-situ isotopic analyses. In (f), the scale bars in 
all CL images are 100 μm in length, the U–Pb ages are presented as 
206Pb/238U ages, and the errors are quoted at the 2σ level

◂
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1995). Moreover, its depleted Hf [zircon εHf(t) = 13.0 ± 1.9 
(2SD)] isotopic composition suggests a juvenile nature of 
the source rocks. The reported Carboniferous gabbros in the 
East Junggar exhibit zircon εHf(t) and δ18O values analo-
gous to those of the Xiaocaohu pluton (Fig. 7a; Mao et al. 
2017; Tang et al. 2020), indicating that they could be the 
potential counterpart of the source rocks. This inference 
is further supported by the high K contents for the Xiao-
caohu pluton and the medium to high K contents for the 
Carboniferous gabbros, since it has been experimentally 

demonstrated that high K granitoids can be generated by 
melting of medium to high K metabasaltic rocks (Fig. 5c; 
Sisson et al. 2005).

The zircon δ18O values of the Yemanquan [8.6 ± 0.47‰ 
(2SD)] and Beilekuduke [9.4 ± 0.52‰ (2SD)] plutons 
(Group II) are significantly higher than those of mantle 
derived rocks but resemble those (8–12‰) of strongly per-
aluminous leucogranites in the Himalaya that were thought 
to derive from partial melting of crustal sediments (Hop-
kinson et al. 2017). Such elevated zircon δ18O results of the 

Fig. 4  a εHf(t) and b δ18O val-
ues of zircons from the studied 
granitoid plutons in the East 
Junggar. Error bars represent 
2σ of each session. The εHf(t) 
compositions of new continen-
tal crust in modern island arcs 
are from Dhuime et al. (2011), 
and the δ18O range of igneous 
zircons in equilibrium with 
mantle magmas is from Valley 
et al. (1998)



International Journal of Earth Sciences 

1 3

Group II granitoids thus suggest a dominant supracrustal 
source, which is consistent with their bulk-rock geochemi-
cal compositions such as high  SiO2 (75.3–78.9 wt.%) and 
Th (22.9–40.4 ppm) contents but low Mg# of 2.1–11.5. On 
the other hand, their high zircon εHf(t) values (11.9 ± 2.4 
to 13.1 ± 2.4) and slightly peraluminous compositions (A/
CNK = 1.00–1.05) indicate that the supracrustal source itself 
was isotopically unevolved and compositionally immature 
(Kemp et al. 2007; Jeon et al. 2012). Therefore, the young 
(e.g., Devonian to Carboniferous) basaltic to andesitic 
volcanogenic sediments of the East Junggar oceanic arc 
were likely important components in their magma sources, 
which is in accordance with the widespread development of 
such rocks in the East Junggar (Zhang et al. 2009; Li et al. 
2016). Also, this interpretation is supported by the similar 
Sr–Nd isotopic compositions between the Yemanquan and 

Beilekuduke plutons and the Devonian to Carboniferous vol-
canic rocks (Fig. 7b).

Granitoid plutons of Group III have zircon δ18O values 
from 6.8 ± 0.36 to 7.4 ± 0.48‰ (2SD), falling between 
those of Group I and Group II granitoids (Figs. 4b and 7a). 
Igneous rocks formed by differentiation of mantle magmas 
or by melting of juvenile mafic crust tend to crystallize 
zircons with mantle-like δ18O ratios (Valley et al. 1998), as 
exemplified by the Group I granitoids. Given this, zircons 
with δ18O > 6.5‰ in the Group III granitoids suggest that 
their magma sources must contain 18O-enriched suprac-
rustal materials. The strongly positive zircon εHf(t) values 
(11.6 ± 2.8 to 13.5 ± 2.4) and metaluminous to weakly per-
aluminous compositions (A/CNK = 0.86–1.03) manifest 
that the involved supracrustal components were probably 
young, immature volcanogenic sediments. Compared to 

Fig. 5  a Classification of the intrusive rocks using CIPW norms (Le 
Bas and Streckeisen 1991). b A/NK–A/CNK diagram (Maniar and 
Piccoli 1989) and c  K2O–SiO2 (Peccerillo and Taylor 1976) diagrams 
for the granitoids from the East Junggar. The field for experimental 
melts of medium to high-K basaltic rocks (7kbar; 825–975 °C) in (c) 

is from Sisson et al. (2005). d Primitive mantle-normalized elemen-
tal diagrams. The normalizing values are from Sun and McDonough 
(1989). Previous data for the Ertaibei, Yemaquan and Beilekuduke 
plutons are from Liu et al. (2013) and Tang et al. (2017)
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pure sediment-derived granitoids (Hopkinson et al. 2017) 
and Group II granitoids of this study, however, Group III 
granitoids exhibit relatively lower δ18O values, pointing 
to that a relatively low-δ18O component (mantle-derived 
magmas or juvenile mafic crust) existed in their magma 
sources. The low to medium Mg# (6.5–8.3, 40.1–41.5 
and 43.5–45.0 for the Awushi, Ertaibei and Yikanbai plu-
tons, respectively) of Group III granitoids are generally 
consistent with those (Mg# < 41) of experimental prod-
ucts of metabasalts (Rapp and Watson 1995; Sisson et al. 
2005), thus indicating that the low-δ18O end-member was 
mainly related to melting of juvenile mafic crust despite 
the possible incorporation of minor mantle magmas into 
the Yikanbai pluton. This interpretation is compatible 
with the absence of a pristine mantle signature in the zir-
con δ18O data for the Group III granitoids (Appleby et al. 
2008). Collectively, Group III granitoids were most likely 
derived from a mixed source composed mainly of suprac-
rustal materials and juvenile mafic crust.

A binary mixing calculation using zircon Hf–O isotopic 
data shows that partial melting of a mixed source including 
young supracrustal volcanogenic sediments and juvenile 
rocks could reproduce the observed geochemical variations 
of the granitoids of this study (Fig. 7a). The result suggests 
a contribution of 40–70% and 20–40% from the supracrustal 
volcanogenic sediments in the sources of Group II granitoids 
and Group III granitoids, respectively.

Supracrustal recycling

The incorporation of supracrustal volcanogenic sediments 
into magmas can be achieved via upper-crustal contamina-
tion or deeper-crustal mixing (Peck et al. 2000; Appleby 
et al. 2008; Jones et al. 2015). However, the lack of xenocrys-
tic zircons and xenoliths of sedimentary origin together with 
relatively homogeneous zircon δ18O values within individual 
pluton does not support the upper-crustal contamination. 
Actually, magmas ascending to the upper-crustal levels are 

Fig. 6  a Dy/Yb–MgO, b Eu/Eu*–MgO, c Ba–Sr and d Rb/Sr–Sr diagrams for the studied granitoids from the East Junggar
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energetically insufficient to assimilate such high (> 20%) 
proportions of supracrustal components. Instead, the trans-
port of 18O-enriched supracrustal materials into deeper-crus-
tal zones is feasible. Also, a deeper-crustal melting-mixing 
process has the potential to dissolve zircons from the suprac-
rustal components within the melts (Roberts et al. 2013). 
The input of supracrustal rocks into deeper-crust may have 
occurred via underthrusting during preceding subduction 
(Lackey et al. 2005, 2008) or tectonic burial by closure of 
back-arc basins (Kemp et al. 2007, 2009) or by arc–arc colli-
sion (Saito et al. 2012). The first process has been invoked to 
interpret the high-δ18O Sierra Nevada batholith in the North 
America arc, where supracrustal rocks were subducted and/
or underthrust beneath the arc sometime in the Paleozoic to 
Jurassic; the second and third processes have been applied to 
the high-δ18O granitoids in the Lachlan Fold Belt in SE Aus-
tralia and the Izu Zone in central Japan, respectively, where 
supracrustal components were buried during the closure of 
back-arc basins and arc–arc collision, respectively. Given the 
intrusion of high-δ18O granitoids into the potential volcano-
genic sedimentary sources (Fig. 1b), the mechanism of tec-
tonic burial may have played a dominant role in transporting 
the supracrustal rocks into the deep crust in the East Junggar 
(Tang et al. 2019; Li et al. 2020). Detrital zircon populations 
of Silurian to Carboniferous sediments from the East Jun-
ggar show fore-arc or intra-arc depositional environments on 
a cumulative probability plot (Fig. 8a), indicating that the 
potential supracrustal source components were likely depos-
ited in fore-arc or intra-arc basins. Considering that the tec-
tonic transition from subduction to post-collision in the East 
Junggar occurred in the middle Carboniferous (330–320 Ma; 
Li et al. 2020) and high-δ18O granitoids formed mainly after 
ca. 320 Ma (Fig. 8b), it is reasonable to speculate that the 
burial and subsequent melting of volcanogenic sediments 
was associated with the closure of fore/intra-arc basins 
induced by the collisional events. As a result, melting of 
such supracrustal materials contributed to the high-δ18O 
granitoids in the East Junggar. This scenario is supported 
by the fact that zircon δ18O values of granitoids in the East 
Junggar culminate at ~ 300 Ma (Fig. 8b), consistent with the 
accumulated burial by collision (e.g., Tang et al. 2019).

Implications for crustal growth and maturation

The CAOB is widely known for its production of volumi-
nous juvenile crust in the Phanerozoic (e.g., Sengör et al. 
1993; Jahn et al. 2000). Granitoids with strongly depleted 
Sr–Nd–Hf isotopic compositions have been served as pow-
erful evidence for crustal growth (i.e., new crust is formed 
from depleted mantle sources), because such characteristic 
granitoids could be derived directly from a mantle source 
or formed by prompt remelting of juvenile mafic crust (e.g., 
Han et al. 1997). However, zircons from Group II granitoids 

Fig. 7  a Zircon δ18O versus εHf(t) diagram for the studied grani-
toids in the East Junggar. The curves denote the two component mix-
ing trends between the mantle (or juvenile mafic crust) and juvenile 
supracrust. Mantle 2013 source has εHf(t) = 15.0 and δ18O = 5.3, and 
juvenile supracrust has εHf(t) = 10.0 and δ18O = 11.0.  Hfs/Hfpm is 
the ratio of Hf concentration in the supracurstal (s) melt over paren-
tal mantle magma (pm), and the small circles on the curves represent 
10% mixing increments. The fields of mantle-derived zircons (Val-
ley et  al. 1998) and the Zhaheba ophiolites in the East Junggar (Ye 
et  al. 2017) are shown for comparison. Data for Carboniferous gab-
bros are from Mao et al. (2017) and Tang et al. (2020) and data for 
granitoids of previsous studies are from Liu et al. (2016), Aibai et al. 
(2019), Liu et al. (2019) and Tang et al. (2019, 2020). b Nd(t) versus 
(87Sr/86Sr)i plot for the igneous rocks from the East Junngar. The data 
for the Ertaibei, Yemaquan and Beilekuduke plutons are from Liu 
et al. (2013) and Tang et al. (2017). Data for Carboniferous gabbros 
are from Tang et al. (2017, 2020) and data for Devonian to Carbonif-
erous basaltic to andesitic rocks are from Zhang et al. (2009), Li et al. 
(2014) and Liu and Liu (2014). The Karamaili and Zhaheba opiolitic 
data are from Liu et al. (2017) and Ye et al. (2017)
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of this study exhibit δ18O values comparable to those of 
Himalayan leucogranites (Hopkinson et al. 2017) and pos-
sess depleted mantle-like εHf(t) values, implying a signifi-
cant (40–70%) contribution from recycled, juvenile suprac-
rustal components in their sources. Compared to Group II 
granitoids, Group III ones have zircon δ18O values much 
closer to the range of mantle magmas or juvenile mafic 
crust, indicating a less proportion (20–40%) of supracrustal 
rocks in their sources. The zircon δ18O results of this study 
thus demonstrate that these granitoids were mainly origi-
nated from juvenile crustal sources that contain abundantly 
supracrustal arc-derived volcanogenic sediments, reflecting 
that their source rocks were generated during previously 

accretionary events (e.g., magma underplating during early 
subduction) and had experienced recycling processes rather 
than directly from a mantle source. In terms of the scale of 
orogenic belt evolution, the combination of the studied gran-
itoids with their source rocks points to significant production 
of new continental crust and thus substantial crustal growth 
for the CAOB. However, from the perspective of magmatic 
events, the studied granitoids might predominantly reflect 
intra-crustal differentiation and thus limited contribution of 
crustal growth to the CAOB during the periods of granite 
formation.

Intermediate-acidic rocks make up a major constituent of 
the upper continental crust (Rudnick and Gao 2003), thus 
the dioritic to granitoid rocks in the East Junggar of this 
study record the production of continental crust in an oce-
anic arc setting. The proposed mechanisms for producing 
granitoid magmas in oceanic arcs include (1) partial melt-
ing of subducting oceanic crust with subsequent interaction 
with mantle wedge (Kelemen 1995; Rudnick 1995) and (2) 
fractional crystallization of basaltic melts or partial melt-
ing of juvenile mafic crust (Hawkesworth and Kemp 2006; 
Lee and Bachmann 2014). These mechanisms may all have 
operated to some extent over the Earth’s history. The first 
mechanism may be more common in the Archean due to the 
high geothermal gradient (Martin 1999). Partial melting of 
juvenile mafic crust has contributed to the maturation of East 
Junggar oceanic arc crust, as evidenced by the formation of 
Group I granitoids. Distinct from Group I granitoids, the 
magma sources of the volumetrically abundant Group II and 
III granitoids involved massive supracrustal rocks, reflect-
ing substantial supracrustal recycling. As discussed above, 
supracrustal recycling in the East Junggar has occurred via 
the burial and subsequent melting of volcanogenic sedi-
ments, as a response to collision-induced fore/intra-arc basin 
closure (Fig. 9), highlighting its role in producing high-δ18O 
granitoids. The supracrustal recycling during the collisional 
process is similar to the scenario in the Honshu arc, i.e., 
the collision of the Honshu arc with the Izu-Bonin arc pro-
duced granitoids by mixing between melts of metasediments 
and arc basalts (Saito et al. 2012). Accordingly, our results 
imply that supracrustal recycling via tectonic burial by fore/
intra-arc basin closure associated with arc–arc collision has 
played a critical role in driving the compositional differentia-
tion of oceanic arc crust from basaltic to felsic.

Conclusions

The studied granitoids in the East Junggar possess high zir-
con εHf(t) values from 11.6 ± 2.8 (2SD) to 13.5 ± 2.4 (2SD), 
comparable to those of new continental crust in modern 
island arcs, suggesting that the source rocks were juvenile. 
Combined with their mantle-like [5.0 ± 0.46‰ (2SD)] 

Fig. 8  a Cumulative proportion curves of zircon ages for Silurian 
to Carboniferous sediments from the East Junggar, shown relative 
to the differences between crystallization ages and deposition ages. 
Fields and curves for various tectonic settings are after Cawood et al. 
(2012). Data for Silurian to Carboniferous sediments from the East 
Junggar are from Li et al. (2019) and references therein. b δ18O–Age 
plot for the igneous rocks from the East Junngar. Data for Carbonifer-
ous gabbros are from Mao et  al. (2017) and Tang et  al. (2020) and 
data for granitoids of previsous studies are from Liu et  al. (2016), 
Aibai et al. (2019), Liu et al. (2019) and Tang et al. (2019, 2020)
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to supracrust-like [9.4 ± 0.52‰ (2SD)] δ18O values, it is 
implied that most granitoids (i.e., Group II and III grani-
toids of this study) were generated by anatexis of a mixed 
source including supracrustal volcanogenic sediments (up to 
40–70%) and juvenile mafic crust. These results demonstrate 
that the recycling and subsequent melting of supracrustal 
rocks induced by arc–arc collision have played a crucial 
role in shifting the compositions of oceanic arc crust from 
basaltic to felsic.
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