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intermediate-felsic plutons are combined with a compiled granitoid dataset to evaluate the amount and rate of
crustal growth throughout the evolution of the Western Kunlun orogen, which is a typical accretionary orogen
associated with the consumption of the Proto-Tethys during the early Paleozoic. The ca.446 Ma Sanshili pluton
Keywords: was formed through interactions between metasomatized mantle wedge-derived oxidized magmas and the
Accretionary orogen lower arc crust, as indicated by high whole-rock Mg#, high Ce**/Ce** ratios (308-861) of ca.446 Ma zircons,
Crustal growth and the existence of inherited zircons with ages of 546-472 Ma. The Yirba dioritic to granodioritic pluton was
Slab rollback emplaced at 474 + 3 Ma. Samples from the Yirba pluton are characterized by high K,0 content, higher Mg*
Western Kunlun (40-49) than pure crustal melts, slightly higher Y + Nb concentrations, and high Th/Nb ratios, and slightly
Proto-Tethys enriched to depleted Hf-Nd isotopes. Combined with the presence of the 502-531 Ma inherited zircons, the
Yirba pluton is suggested to from through differentiation of the metasomatized lithospheric mantle derived-
magmas beneath the juvenile intra-oceanic arc in combination with crustal reworking during regional exten-
sions. The Yirba pluton, together with contemporary A;-type granites, thus marks an extension event at ca.
475 Ma in the Western Kunlun orogen. The compiled dataset reveals three magmatic flare-ups at 530-500 Ma,
480-470 Ma, and 445-430 Ma, corresponding to two slab rollback events and the slab break-off after the final
closure of the Proto-Tethys. The three episodes of more intensive magmatism are associated with more radio-
genic Hf-Nd isotopes and increased Nb/La and Nb/Y ratios, indicating more contributions from intraplate-like
sources during lithospheric extensions. Meanwhile, element ratios (La/Yb, Sm/Yb, and Sr/Y) that are sensitive
to crustal thickness are also elevated. These phenomena are consistent with rapid juvenile crust generation dur-
ing extensional stages of accretionary orogens. Our study has also shown that the rate of new crust production is
quite uniform for different extensional events. The crustal generation rate during slab break-off is much higher
than that during slab rollback, although the proportions of juvenile inputs in granitoids formed during slab roll-
back are relatively higher. This may reflect extra inputs from partial melting of oceanic slabs and subducting sed-
iments like those in continental collision zones and/or rapid asthenospheric upwelling coupled with enhanced
crust reworking during slab break-off.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

There remains considerable debate concerning the origin of the con-
+ Corresponding authors. tinental crust and the mechanism and rate of crustal growth (Cawood
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in geochemical compositions between the continental crust and
subduction-related intermediate volcanic rocks suggests that continen-
tal growth is intimately bound up with subduction-related processes
(Kelemen and Behn, 2016). Some studies argued for an episodic crustal
growth mode based on radiogenic isotopes and episodic zircon age
spectrum of orogenic granitoids (Cawood et al., 2009; Kemp et al.,
2009). Such pulsed crustal extraction events have been attributed to
mantle plume activities (Cawood et al., 2009). However, both plate tec-
tonics at the Earth's surface and plume activities are primarily associ-
ated with heat loss from the Earth's mantle, and the former accounts
for about 90% of the Earth's heat loss (Dhuime et al., 2018). In fact, the
pre-3.0 Ga juvenile crust is mafic, while the post-3.0 Ga continental
crust becomes intermediate (Dhuime et al., 2018). The ca.3.0 Ga pulse
can also be explained by rapid recycling of pre-3.0 Ga mafic crust
through subduction, and meanwhile, the modern continental crust
began to form through subduction-related processes (Dhuime et al.,
2018). A more comprehensive zircon Hf isotope dataset also constrains
a smooth crustal growth curve, which favors the continuous crustal
growth mode (Balica et al., 2020). Therefore, subduction-related
magmatism at convergent margins is a fundamental process for modern
continental crust growth (Cawood et al., 2009). Some studies also ar-
gued that the juvenile materials added into the continental crust
through arc magmatism and the lateral accreted juvenile materials in
accretionary orogens could be effectively counterbalanced by the
recycled crustal materials at convergent margins (Cawood et al.,
2009). However, there is increasing evidence that partial melting of
the oceanic slab and sediments at continental collision zones and the
opening of back-arc basins and subsequent back-arc closure in accre-
tionary orogens are non-negligible processes that are responsible for
new continental crust generation (Kemp et al., 2009; Niu et al., 2013).
Moreover, post-collisional lithospheric mantle-derived igneous rocks
with crustal isotopes are also significant juvenile additions to the conti-
nental crust (Moyen et al,, 2017). Thus, igneous rocks in collisional and
accretionary orogenic belts are ideal objects for studying crustal growth
at convergent margins.

Collisional orogens refer to those mountain belts where the process
of orogeny culminates with a continent-continent collision at the end of
subduction (Cawood et al., 2009). In contrast, accretionary orogens in-
volve repeated accretion of island arcs, oceanic plateaus, and
microcontinents with continuing oceanic slab subduction beneath con-
tinental margins (Cawood et al., 2013). Accretionary orogens can be di-
vided into retreating and advancing types, and an accretionary orogen
usually undergoes multiple transitions between these two tectonic
modes (Collins, 2002). In addition, accretionary orogens also have a col-
lisional phase after the final closure of ocean realms (Cawood et al.,
2009). Thus, granitoids formed at different tectonic circumstances dur-
ing the evolution of accretionary orogens preserve much information
about crustal growth and reworking. Therefore, it is an effective ap-
proach to ascertain relative amounts of new crust generation at differ-
ent stages during the evolution of an accretionary orogen by tracking
mantle input into granitic intrusions (Kemp et al., 2009).

The Western Kunlun orogen in central Asia links the Pamir syntaxis
to the west and the East Kunlun orogen to the east (Yuetal., 2011), and
was considered as the northwestern margin of the Tibetan Plateau
(Wang et al., 2017; Xiao et al.,, 2003). Since the Western Kunlun moun-
tain is an accretionary orogen during the Proto-Tethys Ocean evolution
in the early Paleozoic (Xiao et al., 2003), it is of great importance in
deciphering the early-stage crustal growth in the Tibetan Plateau (Ye
et al., 2008). Abundant early Paleozoic granitoids developed in the
Western Kunlun orogen in response to the Proto-Tethys evolution,
which provides an ideal opportunity to explore the timing and
geodynamic settings of crust generation. However, there are still
many divergences concerning the age and petrogenesis of some granitic
intrusions. Here, we present detailed zircon U-Pb age and Hf isotopic
data, petrochemistry, and Sr-Nd isotopic compositions of two interme-
diate to felsic plutons (Sanshili and Yirba) to constrain their ages and
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petrogenesis. Our new results are then combined with a comprehensive
geochronogy dataset of the early Paleozoic granitoids to figure out the
magmatic episodes and a geochemical dataset to explore changes in
the rate and amount of crustal growth during the evolution of the West-
ern Kunlun orogen. In addition, our study is of great significance in iden-
tifying the geodynamic activities that promote crust generation in
accretionary orogens.

2. Geological setting and sample descriptions

The Western Kunlun orogen is an important constituent part of the
Central Orogenic System in eastern Asia (Wu et al., 2018; Xiao et al.,
2005). It is separated from the Tarim Craton by the Kegang fault (Liao
et al., 2010), and can be subdivided into the North Kunlun Terrane
(NKT), the South Kunlun Terrane (SKT), the Tianshuihai Terrane
(TSHT), and the Karakorum Terrane by the Oytag-Kudi suture, Mazha-
Kangxiwa suture and Hongshanhu-Qiaoertianshan suture from north
to south (Fig. 1). The breakup of Rodinia produced several branch
oceans, one of which separated the SKT and the NKT as revealed by
the Oytag-Kudi suture (Ye et al., 2008). The final closure of the Proto-
Tethys at the Western Kunlun region occurred at 430-450 Ma (Wang
et al., 2020). In contrast, the Mazha-Kangxiwa suture is associated
with the Paleo-Tethys closure (Xiao et al., 2005).

The NKT is an uplifted terrane along the Tarim Craton's southwest-
ern margin (Zhang et al., 2018b). The Precambrian metamorphic base-
ment of the NKT is composed of the Paleoproterozoic Heluositan
complex, the Mesoproterozoic greenschist- to amphibolite-facies sedi-
mentary sequences (the KalaKashi Group) (Jiang et al., 1999), and the
Late Neoproterozoic laminated carbonates and clastic rocks, which is
covered by Devonian red molasse and Carboniferous-Permian shallow
marine carbonate (Zhang et al., 2018b; Zhu et al., 2018). The Silurian
to the Middle Devonian sedimentary sequences are absent, and the
Upper Devonian terrestrial red molasse is only outcropped in the
north margin of the Western Kunlun orogen and the south margin of
the Tarim Craton (Liu et al., 2014).

The Kudi-Qimanyute suture comprises an alignment of ophiolite
suites (e.g., the Kudi ophiolite and the Qimanyuter ophiolite) (Xiao
et al,, 2005). The Kudi ophiolite suite represents an obducted ophiolite
that thrusted from the suture and emplaced on the South Kunlun ter-
rane (Zhu et al., 2016), which consists of ultramafic rocks, a suit of vol-
canic and volcanoclastic rocks, and forearc sediments of the Yixieke
Group (Yuan et al., 2003). Geochronological studies demonstrated that
the age of the Kudi ophiolite is 525-490 Ma (Li and Zhang, 2014; Xiao
et al,, 2003). The Qimanyute ophiolite mainly comprises peridotite, lay-
ered gabbros, gabbros, diabase sheet, and basaltic pillow lavas. The
ca.526 Ma layered gabbros in the Qimanyute ophiolites were intruded
by Late Ordovician granitic rocks (Han et al., 2002).

The SKT comprises Precambrian metamorphic rocks, the Yixieke arc,
the Kudi ophiolite, the Kudi genesis, the Xiaonangiao arc, and the
Pushou-Menggubao ophiolite suites (Yin et al., 2020; Yuan et al.,
2005). Early studies considered the SKT as a drifted terrane from the
Tarim Block, which shares a similar Precambrian basement with the
NKT and the Tarim Block (Cui et al., 2007a). In this model, the
outcropped Precambrian strata in the SKT contain the Pushou Group
and the Sangzhutage Group in the north part and the Saitula Group in
the south part separated by the Pushou-Menggubao ophiolitic melange
(Cui et al., 2007b). The Pushou Group comprises high amphibolite-
facies parametamorphic rocks, and the Sangzhutage Group consists of
green schist-facies parametamorphic rocks (Cui et al., 2007b). A gneissic
granodioritic pluton intruded into the Sangzhutage Group at ~505 Ma
(Zhang et al., 2007). The Saitula Group is composed of schist and gneiss
intercalated with amphibolite. The Pushou-Menggubao ophiolite com-
prises ultramafic rocks, gabbros, basalts, diabase, and siliceous rocks.
Some basalts share similar geochemical features with oceanic-island ba-
salts. Basaltic intrusion in the Pushou region and diabase in the
Menggubao region represents a suite of typical arc magmatic rocks
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Fig. 1. Simplified geological map illustrating the distribution of the early Paleozoic granitoids in the Western Kunlun orogen (Modified from Zhang et al. (2019a)).

(Cui et al,, 2007b). The age of the Pushou-Menggubao ophiolite is sug-
gested to be the Early and Middle Ordovician (Cui et al., 2007b). How-
ever, the latest geological survey and geochronological data suggest
that the so-called Precambrian basement rocks in the SKT were depos-
ited during 600-480 Ma, and represent an early Paleozoic arc
volcanic-sedimentary sequence (Zhang et al., 2018b).

The SKT and the TSHT are separated by the Mazha-Kangxiwa-
Subashi suture, which consists of arc complexes, arc-related sedimen-
tary rocks, and exotic blocks. The zircon SHRIMP U-Pb age of the
hornblende-quartz diorite from the arc complexes is 338 + 10 Ma (Li
et al., 2007). The HP granulite within this suture has the protolith age
of 456 4+ 30 Ma and an amphibolite-facies retrograde metamorphic
age of 177 4+ 6 Ma (Yang et al., 2010).

The TSHT consists of meta-greywackes and limestone, which is in
fault contact with the accretionary complexes (Zhang et al., 2018b).
The TSHT was previously considered as an accretionary wedge associ-
ated with the late Paleozoic-early Mesozoic orogenic process (Xiao
et al, 2005; Yin et al,, 2020). Recent investigations on Paleoproterozoic
metavolcanic rocks suggested the existence of a Precambrian basement
beneath the TSHT (Zhang et al., 2018b), which implies that the TSHT is
an independent terrane (Hu et al.,, 2016; Zhang et al., 2018b).

Granitic intrusions are widely distributed in the Western Kunlun
orogen (Fig. 1) (Zhang et al,, 2018b). The data source of the early Paleo-
zoic granitoids discussed in this paper is available in Table S1. These

granitoids are mainly exposed at the NKT and the SKT, while some re-
cent studies reported many Cambrian intrusive and volcanic rocks in
the TSHT, such as the Kelule, Nanpingxueshan, Ayilixi, and Warengzilafu
plutons (Hu et al., 2017; Liu et al.,, 2019; Zhang et al., 2016a; Zhu et al.,
2018). This paper focuses on two intermediate-felsic plutons (Sanshili
and Yirba) in the Western Kunlun orogen, which were previously
thought to be volcanic arc granitoids (Cui et al.,, 2006; Liu et al., 2014;
Yuan et al.,, 2003).

The Sanshili pluton is composed of quartz-diorite and granodiorite.
Samples from this pluton have a massive structure and medium-
grained texture. Quartz-diorite samples consist of plagioclase
(60-75%), K-feldspar (10-15%), quartz (6-18%), hornblende (ca. 10%)
and biotite (ca. 5%) with minor magnetite, sphene and zircon (Fig. 2a).
Granodiorite samples contain plagioclase (ca. 50%), K-feldspar (ca.
15%), quartz (ca. 22%), hornblende (ca. 10%) and biotite (ca. 2%) with
minor accessory minerals (Fig. 2a). A previous study reported some
mafic magmatic enclaves in the Sanshili pluton (Cui et al., 2006).

The Yirba pluton is about 20 km north of the Kudi village and covers
an area of ca. 35 km?. It intruded into the basic volcanic sequence of the
Kudi ophiolite suite along the south margin (Liu et al., 2014; Xiao et al.,
2003). The Yirba pluton is deformed and has a hornblende-biotite line-
ation parallel with the wall rocks (Yuan et al., 2003). The Yirba pluton
comprises quartz diorite, granodiorite, and quartz monzonite. The
quartz diorite is composed of plagioclase (55-70%), K-feldspar
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Fig. 2. Photomicrographs of representative samples from the Sanshili (a) and Yirba (b) plutons. (a) a granodiorite sample from the Sanshili pluton (87-447); (b) a quartz diorite sample

from the Yirba pluton (87-233).

(15-20%), quartz (5-20%), hornblende (ca. 10%) and biotite (ca. 5%)
(Fig. 2b). Granodiorite consists of plagioclase (ca. 50%), K-feldspar
(15%), quartz (ca. 21%), hornblende (ca. 10%) and minor biotite. The
quartz monzonite sample contains plagioclase (ca. 40%), K-feldspar
(ca. 35%), quartz (ca. 12%), hornblende (ca. 10%), and biotite (ca. 5%).
Accessory minerals include apatite, sphene, magnetite, and zircon. Zir-
con crystals separated from a granodiorite sample (87-447) from the
Sanshili pluton and a quartz diorite sample (87-232) are used for zircon
dating.

3. Analytical methods
3.1. Zircon U-Pb dating

Zircon U-Pb dating for the host rock was performed using LA-ICP-
MS at the State Key Laboratory of Isotope Geochemistry, Guangzhou In-
stitute of Geochemistry, Chinese Academy of Sciences (SKLIG-GIG-CAS).
An Agilent 7900 ICP-MS coupled with a Resonetics RESOlution S155
laser-ablation system was used for zircon U-Pb dating and trace ele-
ment analyses. The instrument conditions were set to 85 m] laser en-
ergy, a repletion rate of 8 Hz, 31 pum spot size in diameter, and 45 s
ablation time (Li et al., 2012). Helium was used as carrier gas sampling
ablating aerosols to the ICP source. TEMORA and NIST SRM 610 were
used as the external calibration standard for zircon U-Pb ages and zir-
con trace element contents, respectively. The standard reference zircons
analyzed for this study are Qinghu and PleSovice. The mean 2°°Pb/2*8U
age of the analyzed Qinghu zircons is 159 + 2 Ma, and that of the
PleSovice is 338 £ 4 Ma, which is indistinguishable from the recom-
mended values (Li et al., 2013; Slama et al., 2008). Zircon ages and
trace element concentrations were processed with ICPMSDataCal 7.2
(Liu et al,, 2008).

3.2. Zircon Hf isotopes

In-situ Lu-Hf isotopic compositions of zircons were analyzed using
LA-MC-ICPMS at SKLIG-GIG-CAS, where a Thermo Finnigan Neptune
multi-collector inductively coupled mass spectrometry (MC-ICP-MS)
was coupled with a RESOlution M50 Laser ablation system. Lu-Hf iso-
tope analyses were conducted on the same zonation of zircon domains
previously ablated for U-Pb ages. The spot size is 44 um in diameter. The
instrument conditions are as follows: ablation time of 60s, 20 J/cm?
energy, and a repletion rate of 8 Hz. Refer to Zhang et al. (2015) for
more details. Multiple measurements of PleSovice in our experiments
yielded a '7®Hf/!”7Hf ratio of 0.282479, which is consistent with Slama
etal. (2008). The '7%Lu decay constant of 1.867*10~'! yr~'was adopted

to calculate the initial '7®Lu/!77Hf. The eu¢(t) was calculated relative
to the chondritic reservoir with '76Lu/!”’Hf = 0.0336 and 7®Hf/""Hf
= 0.282725 (Bouvier et al., 2008). The Hf model age (Tpn) was calcu-
lated by assuming '"Lu/'’Hf = 0.0384 for the depleted mantle
reservoir.

3.3. Whole-rock major and trace elements

Major and trace elements were measured at the SKLIG-GIG-CAS.
Fresh samples were first crushed into small pieces, washed, and then
powered into 200 mesh. Then 0.51-0.53 g powers were fluxed with
Li,B407 to make homogeneous glass disks at 1050-1100 °C. The major
element contents were obtained by analyzing these glasses with X-ray
fluorescence spectrometry. The analytical errors for major elements
are better than 1%. The trace element analyses were carried out by ablat-
ing fluxed glass disks (with the sample to Li,B407 of 1:3) using LA-
ICPMS. An Agilent 7500 ICP-MS is coupled with a Resonetics RESOlution
M-50 ArF-Excimer laser-ablation system. Laser energy was set to 80 m]
with a repetition rate of 6 Hz and a spot size of 69 pm. NIST 610 was used
as an external standard and 29Si as an internal standard for trace ele-
ment analysis. More details about trace element analysis are available
in Li et al. (2012). Data processing is carried out with ICPMSDataCal
7.2 (Liu et al., 2008).

3.4. Whole-rock Sr-Nd isotope

Whole-rock Sr-Nd isotope compositions were measured by a Multi-
collector Inductively-Coupled plasma Mass Spectrometry (MC-ICP-MS)
at University of Science and Technology of China. Chemical separation
and purification were conducted at SKLIG-GIG-CAS following Liang
et al. (2003) and Wei et al. (2002). An international standard BHVO-2
was used as the standard solution for isotopic ratio analysis. Multiple
measurements of BHVO-2 in our experiments yielded 87Sr/36sr =
0.703609, '**Nd/'**Nd = 0.512978, which is consistent with the recom-
mended values from the literature (Wei et al., 2002). The Rb, Sr, Sm, and
Nd concentrations measured by ICP-MS were used to calculate the ini-
tial isotopic ratios.

4. Results
4.1. Zircon U-Pb geochronology
The LA-ICP-MS dating results are listed in Table S2. Zircon crystals

from the Sanshili granodiorite (87-447) are transparent, colorless, and
euhedral with length/width ratios of 2:1 to 3.5:1. As shown in Fig. 3a,
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Fig. 3. Representative cathodoluminescence (CL) images of zircons from the Sanshili and the Sanshili plutons.

zircon crystals in the Sanshili pluton show oscillatory magmatic zoning
occasionally with inherited cores. Zircon domains with apparently oscil-
latory zonation contain 203-1131 ppm Th and 450-1975 ppm U with
Th/U ratios of 0.45-0.79, suggesting that they belong to magmatic zir-
cons (Hoskin and Schaltegger, 2003 ). Twenty spot analyses on these zir-
con domains yield a weighted mean 2°5Pb/?33U age of 446 + 3 Ma (20,
MSWD = 0.67) (Fig. 4). The inherited cores have variable Th (141-1485
ppm), U (341-1935 ppm), and Th/U (0.28-0.77) ratios, and their
206pp 238 ages have a relatively wide range from 546 Ma to 472 Ma.
The obtained zircon U-Pb age (446 + 3 Ma) for the Sanshili pluton
agrees well with the previously reported zircon SHRIMP U-Pb age
(447 £ 7 Ma) (Cui et al., 2006), which is interpreted as the crystalliza-
tion age of the Sanshili pluton.

Zircons grains from the Yirba quartz diorite sample (sample 87-232)
are all transparent, colorless, and euhedral crystals with length/width
ratios of 2:1 to 4:1. They also occasionally display oscillatory magmatic
zoning with inherited cores with dark or obscure CL features (Fig. 3b).
The Th and U concentrations, and the Th/U ratios for zircons with appar-
ent magmatic zoning range from 210 to 919 ppm, 559-1331 ppm, and
0.32-0.77, respectively. Twenty-two spot analyses on this type of zir-
cons yield concordant 2°Pb/228U ages varying from 469 Ma to 478 Ma
with a weighted mean 2°°Pb/2*8U age of 474 + 3 Ma (Fig. 5). The
inherited cores also have variable concentrations of Th (213-991
ppm), U (385-1479 ppm), and Th/U ratios (0.34-0.77). Thirteen spot
analyses on these cores yield an older weighted mean 2°°Pb/238U age
of 513 4 5 Ma (20, MSWD = 1.4). The SHRIMP U-Pb zircon age (513
4 7 Ma) reported by Liu et al. (2014) is indistinguishable from the age
of these inherited zircon cores. Therefore, the best estimation of the
crystallization age of the Yirba pluton should be 475 + 3 Ma.

4.2. Zircon Hf isotopic compositions

In situ zircon Lu-Hf isotope analysis was performed on the same
area previously dated by LA-ICP-MS. The results are presented in
Table S3 and graphically illustrated in Fig. 6. Zircon domains with oscil-
latory magmatic zoning from the Sanshili pluton have 76Hf/!”7Hf of
0.282280-0.282360, negative eyg(t) values of —8.1 to —5.2 and

corresponding two-stage Hf model ages of 1656-1483 Ma. The
176Hf/177Hf of the inherited zircon cores vary from 0.282248 to
0.282345, with corresponding €y¢(t) values of —8.6 to —4.9 and two-
stage Hf model ages of 1680-1504 Ma.

Zircon domains with apparent oscillatory magmatic zoning from the
Yirba pluton have variable '7SHf/!”’Hf ratios from 0.282404 to
0.282538, with corresponding ey¢(t) varying from —3.1 to +1.8.
The calculated two-stage Hf model ages (Tpy2) ranges from 1402 Ma
to 1156 Ma. The 7SHf/!”7Hf ratios for their inherited cores are
from 0.282374 to 0.282445, with corresponding €y¢(t) varying from
—3.7to —1..

4.3. Whole-rock geochemistry

Major and trace element compositions of representative samples
from the Yirba and Sanshili plutons are available in Table S4 (including
data of the analyses on standards and duplicate samples). Samples from
the Sanshili pluton have SiO, = 54.3-62.8 wt%, Al,O; = 14.9-22.0 wt%,
and Ca0 = 5.10-7.73 wt%, which are metaluminous (A/CNK =
0.73-0.89) and mostly plotted in the field of diorite and syeno-diorite
in TAS (total alkalis versus SiO,) diagram (Fig. 7). They are geochemi-
cally calc-alkaline in composition, and the MgO contents of these sam-
ples vary from 1.81 wt% to 6.23 wt% with corresponding Mg* of
45-58. In primitive mantle normalized trace element spider diagram,
they display similar distribution patterns with the upper continental
crust (Fig. 8). Samples from the Sanshili pluton are light rare earth
element-enriched with (La/Yb)y = 6.37-25.5 (Fig. 8).

Samples from the Yirba pluton are mostly plotted in the field of dio-
rite, syeno-diorite, and quartz diorite (Fig. 7). They have variable SiO,
from 53.5 wt% to 63.3 wt% with high Na,0 (2.43-4.61 wt%) and K,0
(2.07-4.66 wt%) contents, which are geochemically high-K calc-
alkaline to shoshonitic series and metaluminous with A/CNK values
ranging from 0.71 to 0.88. The MgO contents of the Yirba pluton vary
from 1.58 wt¥% to 4.24 wt¥%, with Mg# of 39-49. Their chondrite-
normalized REE distribution patterns are highly fractionated with
(La/Yb)y of 14-35 and 6Eu of 0.64-0.90 (Fig. 8). In the primitive
mantle-normalized trace element spider diagram, these samples
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display a similar distribution pattern with that of the upper crust except
for the slightly positive K anomalies. They are enriched in large ion
lithophile elements (e.g., Rb, Ba, Sr, Th, U, K, and Pb) and depleted in
high field strength elements (e.g., Nb, Ta, and Ti).

4.4, Sr-Nd isotopic compositions

The Sr-Nd isotopic data are also available in Table S4. Our newly ob-
tained data and those from the literature are all shown in Fig. 9. Samples
from the Sanshili pluton display relatively homogeneous Sr-Nd isotopic
compositions with initial 87Sr/2°Sr ratios of 0.7131-0.7140 and eng(t) of
—4.5 to —3.1. Compared with samples from the Sanshili pluton, sam-
ples from the Yirba pluton (including literature data) have generally
lower and more variable (87Sr/2Sr); from 0.7052 to 0.7091, but higher
ena(t) of —2.2 to +0.3.

5. Discussion
5.1. Petrogenesis of the Sanshili pluton

The Sanshili pluton is mainly composed of quartz diorite and grano-
diorites. Samples from this pluton are characterized by high (3”Sr/%°Sr);
(0.7131-0.7140), low eng(t) (—4.5to —3.1) and zircon eyg(t) (—8.1 to
—5.2), which indicates that they were not derived from juvenile crustal
materials. Some zircons from the Sanshili pluton contain inherited cores
(Fig. 3), whose ages span a wide range from 546 Ma to 472 Ma. The U
concentrations, Th/U ratios, and &¢(t) values of these inherited cores
are all indistinguishable from those of zircon crystals with ages of ca.
446 Ma (Fig. 6a and 10). However, the Ce**/Ce®" ratios of ca.446 Ma
zircon domains (308-861) are much higher than those of the inherited
zircon cores ((300) (Fig. 10). Since preferentially partitioning Ce*" into
zircon crystal structure relative to Ce*>* makes Ce**/Ce3* ratios of zir-
con a helpful indicator of magma oxygen fugacity (Ballard et al., 2002;
Trail et al., 2012), the high Ce**/Ce®* ratios of ca.446 Ma zircons indi-
cates the involvement of oxidized components in generation of the
Sanshili pluton.

The quartz diorite and granodioritic samples from the Sanshili plu-
ton display arc-like geochemical features (e.g., enriched LILE and de-
pleted HFSE) (Fig. 8). It has been proposed that tonalitic and
granodioritic intrusions at the convergent margins can be produced
through fluid-fluxed melting of the mafic lower arc crust (Collins
et al,, 2016). However, the fluid-fluxed melting model is inappropriate
to interpret the origin of the Sanshili pluton, although the high oxygen
fugacity recorded by the ca.446 Ma zircon crystals can be plausibly ex-
plained by additions of exsolved hydrous fluids from underplated
magmas. This is because the Sanshili pluton has slightly higher Mg#
(45-58) than pure crustal melts (Fig. 11), and there exist abundant
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Fig. 11. Mg# versus SiO, diagram for samples from the Sanshili and Yirba plutons. The base
map is from Wu et al. (2018).

MMEs, some of which have a light-colored transitional zone at the
contacting boundary with the host rock (Cui et al., 2006). Cui et al.
(2006) also observed higher modal percentages of biotite at the
contacting boundary and in enclaves, which was formed during interac-
tions between the enclaves and hydrous K-rich melts that transform
amphibole to biotite (Wu et al., 2018). Moreover, there are also some
ca.440 Ma mafic dykes with enq(t) of —2 to —3 in the SKT (Zhang
et al.,, 2019a). These features suggest the hybridization between the
host felsic and mafic magmas rather than only fluid additions (Cui
et al,, 2006).

The Sanshili pluton intruded into the Saitula Group, which was de-
posited during 600-480 Ma (Zhang et al., 2018b). The volcanic-
sedimentary sequence and voluminous 530-400 Ma intrusions in the
Saitula Group represent a typical magmatic arc system in the early Pa-
leozoic (Zhang et al., 2018b). Combined with the high oxygen fugacity
of the ca.446 Ma zircons and similar Hf isotopic compositions between
the inherited zircons and the ca. 446 Ma zircons, we suggest that the
Sanshili pluton formed in a subduction-related environment. Specifi-
cally, melts derived from the metasomatized mantle wedge
underplated into the bottom of the lower crust of the magmatic arc sys-
tem (as represented by the Saitula Group), triggering partial melting of
the heterogeneously lower arc crust, and then mixing between these
two kinds of magmas resulting in the formation of the Sanshili pluton.
It seems that the lower arc crust is heterogeneously mixed with earlier
intrusive rocks. The zircon cores with low Ce**/Ce®>* may represent
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Fig. 10. Trace element compositions for zircon grains in samples from the Sanshili and the Yirba plutons.
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crustal components from the crustal magma source, and its ages
(546-472 Ma) are consistent with ages of intrusive rocks in the Saitula
Group. Furthermore, the metasomatized mantle wedge-derived mafic
magmas can act as the oxidized components involved in producing
the Sanshili pluton. There is a contemporary calc-alkaline granitic intru-
sion in the SKT, the Alamas pluton, which is mainly associated with the
reworking of an ancient deep crustal source (Zhang et al., 2016a,
2016b). If we take the Sr-Nd isotopic compositions of the
metasomatized mantle-derived gabbros (Liu et al., 2019) and the ca.
446 Ma Alamas granitoid to make an estimation, 30-40% contributions
from the subduction-modified mantle source are involved in the gener-
ation of the Sanshili pluton.

5.2. Petrogenesis of the Yirba pluton

The Yirba pluton has an intermediate to felsic composition with SiO,
of 53.5-63.3 wt%, and mainly comprises quartz diorite and granodiorite.
Samples from the Yirba pluton are also characterized by enriched large
ion lithophile elements (LILE) and light rare earth elements (LREE), de-
pleted high field strength elements (HFSE), and high K,0 contents with
K,0/Na,0. Although the K-enrichment of granitoid can be explained by
partial melting of a K;0-enriched mafic lower crustal source, the possi-
bility of pure crustal melts can be excluded based on their high Mg#
(Fig. 11), and the enriched to slightly depleted Hf (Fig. 6) and Nd iso-
topes (Fig. 9). Specifically, experimental work has shown that partial
melting of basaltic rocks can only produce magmas with Mg# < 40
(Rapp and Watson, 1995). However, it is noted that samples from the
Yirba pluton have relatively high Mg* (39-49), and some data are plot-
ted outside of the field defined by experimental melts derived from par-
tial melting of metabasalts and eclogite (Fig. 11). Their high Cr (up to
73.8 ppm) and Ni (up to 27.2 ppm) concentrations and Cr/Ni ratios
(2.70-5.43) are also against pure crustal melts derived from partial
melting of metabasaltic rocks. Therefore, there are non-negligible man-
tle contributions in the formation of the Yirba pluton.

Inherited zircon cores can provide important petrogenetic clues that
are not identifiable from the whole-rock chemistry. The only slightly
higher &y¢ value of the ca. 474 Ma zircons in the host rock than that of
the 502-531 Ma zircon cores (projected to the evolution curve at
474 Ma with '7°Lu/"77Hf = 0.015: average continental crust) provides
compelling evidence of reworking of early igneous rocks (Fig. 6). On
the other hand, the Yirba pluton intrudes into the volcanic sequence
of the Kudi ophiolite suite (Yixieke Group), which was formed in a
supra-subduction zone setting during ca.525-490 Ma, and represents
an intra-oceanic island arc (Xiao et al., 2003; Yuan et al., 2003). The
ages of those inherited zircon cores (505-532 Ma) are indistinguishable
from the formation age of the Kudi ophiolite suite. The ey values of
these 505-532 Ma zircon cores are also within the range of zircons
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from the host granitoids (Fig. 6a). Therefore, the lower crust of the juve-
nile intra-oceanic arc (formed at ca.525-490 Ma) must have been in-
volved in the generation of the Yirba pluton.

The nature of the magma source is also of great importance in under-
standing the origin of granitoids. The ca. 474 Ma zircon crystals from the
Yirba pluton display lower Ce**/Ce®* than ca. 446 Ma zircons from the
Sanshili pluton. As discussed above, the Sanshili tonalitic and granodio-
ritic rocks are formed by interactions between metasomatized mantle
wedge-derived oxidized magma with crust-derived melts. Thus, the
low Ce**/Ce>* ratios of these ca. 474 Ma zircons precludes the possibil-
ity that these mantle melts are derived from the metasomatized mantle
wedge. Instead, we argue that the mantle-derived components in the
Yirba pluton may associate with partial melting of the metasomatized
lithospheric mantle beneath the intra-oceanic arc. The Yirba pluton in-
truded into the intra-oceanic arc, as represented by the Yishake Group
(Xiao et al,, 2005; Yuan et al., 2002), and samples from the Yirba pluton
are characterized by high Th/Nb (Fig. 12b). Previous studies showed
that partial melting of subducting sediments is responsible for fraction-
ating Th from Nb, when Th is more incompatible than Nb (Johnson and
Plank, 2000). Therefore, the lithospheric mantle might be previously
metasomatized by sediment-derived melts during subduction of the
Proto-Tethys. Partial melting of the lithospheric mantle metasomatized
by sediment-derived melts/fluids can not only explain the high
(87Sr/86Sr); (0.7052-0.7091) but also account for the high K,O contents
and K,0/Na,0 ratios of the Yirba pluton (Fu et al., 2018). When we take
the Sr-Nd isotopic compositions of the most primitive gabbros (Zhang
et al.,, 2018a) and the ca. 513 Taer granite (with the most enriched Sr-
Nd isotopic compositions among the 490-530 Ma granites) (Yin et al.,
2020) to make a simple mixing calculation, about 30-55% mantle con-
tributions are required to produce the Yirba pluton.

In summary, the Yirba pluton was generated through differentiation
of the metasomatized lithospheric mantle-derived magmas beneath a
juvenile intra-oceanic arc together with crustal reworking. As shown
in Fig. 12, samples from the Yirba pluton contain higher Y + Nb concen-
trations than the typical volcanic arc granites, some of which are plotted
into the field of within plate granites. Meanwhile, there is increasing Nb/
La and Nb/Y in igneous rocks from 490 Ma to 470 Ma (Fig. 13). The Nb/
La ratios of average ocean island basalts (1.3) are higher than island arc
basalts (0.34 on average) (Sun and Mcdonough, 1989). Since the Nb/La
ratio is insensitive to the degree of fractionation, a high Nb/La ratio
(>0.71) indicates more contributions from intraplate-like source
melts during lithospheric extension (Kemp et al., 2009; Tang et al.,
2017). It has also been shown that high Nb/La ratio and depleted Nd-
Hf isotopes of granitoids also indicate contributions from intraplate-
like sources in the mantle-derived components in granitic rocks
(Kemp et al., 2009). Therefore, the Yirba pluton might be formed during
regional extension, which is consistent with the occurrence of the

100
(b)
10F
1 ¢
GLOSS > %
1 e olB
Lower crust
*
E-MORB
0.1F
* “N-MORB
0.01 L !
0.01 0.1 1 10 100
Nb/Yb

Fig. 12. (a) Rb-Y+Nb and (b) Th/Yb-Nb/Yb diagrams for samples from the Sanshili and Yirba plutons, after Pearce and Peate (1995).
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ca.471 Ma Kasilafu A;-type granite in the Datongxi region (Li et al.,
2018). The trigger for partial melting of the lithospheric mantle can be
ascribed to heat supplied from the upwelling asthenosphere during re-
gional extension. In other words, there should be an extensional event
at around 480-470 Ma in the Western Kunlun orogen.

5.3. Linking isotopic changes to geodynamic processes

It is generally accepted that the Western Kunlun orogen is an accre-
tionary orogen during the consumption of the Proto-Tethys (Xiao et al.,
2005; Zhang et al., 2018b). However, unlike other accretionary orogens
which might be subjected to multiple episodes of extension punctuated
by contractional events, there is lacking emphasis on extensional events
in the Western Kunlun orogen. This may be partly due to subsequent re-
peated contractional events that may obliterate those extensional struc-
tures. Interestingly, some recent studies recognized an extensional
event at 533-514 Ma based on the 521 Ma bimodal volcanic rocks and
northward migrations of magmatism during the Cambrian (Yin et al.,
2020). This implies that the Western Kunlun orogen should at least be
characterized by continuing contractions that were interrupted by ex-
tensions. In the following parts, we try to link the changes in Nd-Hf iso-
topic compositions of the early Paleozoic granitoids to the geodynamic
transitions during the evolution of the Western Kunlun Orogen. The
data source of the granitoids is available in Table S1.

The tectonic transition between extension and contraction in accre-
tionary orogens is generally ascribed to a change from slab rollback,
upper plate extension, and the formation of rift basin and back-arc sys-
tems to back-arc closure and flat subduction of buoyant oceanic pla-
teaus (Kemp et al., 2009). An accompanied change in magma sources
is also predicted: there should be increasing crustal contributions in
arc magmas during advancing subduction, whereas the renewed sub-
duction zone retreat permits asthenosphere upwelling and inputs of ju-
venile materials. This change is also witnessed by the early Paleozoic
granitoids from the Western Kunlun orogen. As shown in Fig. 9, the
Sr-Nd isotopes of the early Paleozoic granitic rocks from the Western
Kunlun orogen define a hyperbolic curve, which is broadly overprinted
by the modeled mixing curve between the gabbros in the SKT and the
Precambrian metasedimentary rocks. When plotted against crystalliza-
tion age, the whole-rock Nd isotopic compositions define a similar trend
that was constrained by zircon Hf isotope data (Fig. 6). The enq(t) and
ene(t) values gradually change from positive to negative after subduc-
tion initiation of the Proto-Tethys, and rapidly resume to positive at
ca.475 Ma. Then after a quick decrease to strong negative, the enq
(t) and eyg(t) values eventually return to positive values for granitoids
formed during the slab-break off after the final closure of the Proto-
Tethys (Figs. 6 and 9) (Zhang et al., 2019a).

Changes in eng(t) and ey¢(t) values essentially reflect variations in
the magma source, which can be perfectly linked to geodynamic pro-
cesses during the evolution of the Western Kunlun orogen. After sub-
duction initiation and the first extensional events at 533-514 Ma, the
gradually decreasing enq(t) and eyg(t) values reflect enhanced crustal
contributions in the genesis of the early Paleozoic granitic rocks,
which may associate with enhanced crust recycling in subduction
zones through either increased crustal input or subduction erosion,
and/or prolonged assimilation processes when traversing the thickened
continental crust during advancing subduction. The decreasing trend
ceased at ca.480 Ma, when the Nd and Hf isotopes become radiogenic.
As discussed above, contemporaneous granitic rocks contain more in-
traplate signatures (increased Nb + Y concentrations, and the Nb/La
and Nb/Y ratios), which is ascribed to slab rollback and asthenospheric
upwelling. Besides, such an extensional event is also in accordance
with the occurrence of the 471 Ma A-type granite (Li et al., 2018).
Then subduction recommenced after such an extensional event, and
heat and fluids derived from arc magmas induced partial melting of
thickened metasediments that were deposited during the extensional
processes (Wang et al., 2013). In such a scenario, the ca. 455 Ma Kayedi
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S-type granite was formed shortly after subduction re-initiation (Zhang
et al., 2019b). Similar processes also occurred in other accretionary
orogens like the Tasmaides orogen and the Lachlan orogen (Kemp
et al.,, 2009). Finally, the Proto-Tethys closed at ca.442 Ma, when slab-
derived adakites were replaced by thickened lower crust-derived
adakitic rocks (Fig. 13f). The final closure of the Proto-Tethys was
followed by slab break-off (Yang et al., 2016), and subsequent astheno-
sphere upwelling and crust-mantle interactions produced a linear dis-
tributed high Sr/Y and high-K granitoid belt within a short time
interval (450-430 Ma) (Ye et al,, 2008; Zhang et al., 2019a).

5.4. Implications for continental growth in accretionary orogens

Accretionary orogens are traditionally envisaged as the primary site
for continental growth, while collisional orogen is invoked as the sites
for crustal reworking (Cawood et al., 2009). The additions of mantle-
derived juvenile materials into the continental crust can be realized
through vertical arc magmatism and lateral accretion of oceanic arcs
and plateaus (Taylor and McLennan, 1985). However, the volume of
the added continental crust is shown to be effectively compensated by
continental crust recycling at plate margins through sediment subduc-
tion, subduction erosion, and density foundering of the arc root (Zandt
etal,, 2004). In contrast, recent studies proposed that juvenile materials
are significantly added to the crust during back-arc extension in accre-
tionary orogens, and repeated subduction retreat and advancing events
are crucial for rapid continental growth at convergent margins (Collins
et al,, 2011; Kemp et al., 2009). Meanwhile, it has also been proposed
that continental collision zones are the primary sites for net crustal
growth (Niu et al., 2013). Although all accretionary orogens contain a
collisional phase after the final closure of ocean basins, little effort has
been made to evaluate the amount of juvenile crust generation through-
out the evolution of an accretionary orogen. Here, we combined our
new results on the Sanshili and the Yirba plutons with the available lit-
erature geochemical data of the early Paleozoic granitoids to evaluate
the rate and amount of crustal growth in the Western Kunlun Orogen.

We apply two groups of trace element ratios to monitor juvenile ad-
ditions and crustal thickness. The first group comprises the Nb/La and
Nb/Y ratios, which are sensitive to changes in intraplate-plate compo-
nents. High ratios of Nb/La and Nb/Y are typical features of ocean island
basalts (OIB), which are associated with plume activities or lithospheric
extensions (Sun and Mcdonough, 1989; Tang et al., 2017). The second
group refers to (La/Yb)y, (Sm/Yb)y, and Sr/Y, which are generally trans-
lated into crustal thickness (Profeta et al., 2015; Tang et al., 2020). Dur-
ing partial melting and fractionation process, Sr is preferentially
partitioned into plagioclase at low pressures and into melts at high pres-
sures when plagioclase becomes unstable (Profeta et al., 2015). The rare
earth element composition of granitoids is mainly controlled by amphi-
bole and garnet during magmatic differentiation, because these two
minerals dominate the budgets of middle and heavy REEs, respectively.
It is suggested that high (Sm/Yb)y (>5) marks garnet-dominated frac-
tionation of granitoids (Balica et al., 2020). Therefore, high (La/Yb)y,
(Sm/Yb)y, and Sr/Y ratios reflect enhanced garnet and amphibolite frac-
tionations relative to plagioclase at high pressures, which implies a thick
continental crust (Profeta et al., 2015; Tang et al., 2020). Since some
trace element ratios (e.g., Sr/Y) might be affected by shallow level frac-
tionation, trace element ratios of each granitic intrusion are plotted with
SiO,, and then projected to SiO, = 70%. Differences in differentiation
degree in granitoids can be minimized in this way (Tang et al., 2017).

Similar to whole-rock Nd and zircon Hf isotopes, we observed three
peaks punctuated by toughs for the selected trace element ratios
(Fig. 13), which is coincident with the three magmatic flare-ups in the
age frequency distribution diagram of the early Paleozoic granitoids
(Fig. 6b). The observed peaks for the Nb/La and Nb/Y ratios imply high
proportions of intraplate components and thus enhanced mantle-
derived juvenile materials, which are associated with asthenospheric
upwelling during subduction retreat. Meanwhile, the crust is also
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thickened, as inferred from the high Sr/Y, (La/Yb)n, and (Sm/Yb)n. These
phenomena are in accordance with the suggestion that juvenile crust
generation in accretionary orogens is intimately bound up with exten-
sional settings.

To evaluate the relative amounts of crust generation, we use the
whole-rock Nd isotopic compositions to estimate the factions of juve-
nile input throughout the evolution of the Western Kunlun orogen,
and then estimate the crust generation rates. It is a common approach
to choose the isotopic composition of local mafic intrusive rocks as the
juvenile endmember, and that of a metasedimentary suit as the crustal
ingredient to estimate the relative amounts and rates of continental
growth (Kemp et al., 2009; Tang et al., 2017). In this study, we select
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the most primitive ca.530 Ma gabbros in the SKT (Zhang et al., 2018a)
as the juvenile endmember and the Precambrian metasedimentary
rocks (Jia et al.,2013) as the crustal endmember to calculate the amount
and rate of crustal growth during the evolution of the Western Kunlun
orogen. Although such calculation cannot precisely explain the origin
of each granitic intrusion, it can give a sense of overall changes in the
amount and rate of crustal growth. The mixing model indicates that
the proportion of juvenile materials in these early Paleozoic granitoids
varies from 20% to 87%, with >50% juvenile inputs during magmatic
flare-ups (Fig. 14). For comparisons, we also use zircon Hf isotopes to
make the calculation. The crustal endmember and the juvenile
endmember are set as points with the oldest (egf = —17.5) and
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Fig. 14. (a) Changes in the fraction of juvenile input in the early Paleozoic granitoids from the Western Kunlun orogen through time, calculated based on bulk-rock Nd isotopes and zircon
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(Tang et al., 2017).
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youngest (eyf = 13) Tpmp in Fig. 6. The calculation suggests that about
22% to 80% juvenile inputs were involved in the generation of the
early Paleozoic granitoids in the Western Kunlun orogen, which is
broadly consistent with the results on basis of whole-rock Nd isotopes.
It is also noted that although the juvenile inputs in granitoids formed
during slab rollback are higher than those formed during the final slab
break-off event after the closure of the Proto-Tethys, the crustal gener-
ating rate during slab rollback is much lower. A plausible explanation for
this phenomenon would be extra inputs from partial melting of oceanic
slabs and subducting sediments like those in continental collision zones,
and/or rapid asthenospheric upwelling and enhanced crust reworking
during slab break-off. The crustal generating rates during the three mag-
matic flare-ups are higher than the current magma generation rates
during magma lull in the North American continental margin
(Fig. 14b), and the maximum value during the slab break-off is ap-
proaching the magma generation rates for an intra-oceanic arc
(40-180 km?/km/Ma) (Tang et al., 2017). This highlights the fact that
a significant amount of juvenile crust is generated in extensional accre-
tionary orogens.

6. Conclusions

(1) The ca.446 Ma Sanshili pluton was formed by interactions be-
tween the metasomatized mantle wedge-derived mafic magmas
and the lower arc crust. The ca.474 Ma Yirba pluton is formed
under an extensional setting.

The complied granitoid dataset reveals three episodes of inten-
sive magmatism at 520-500 Ma, 480-470 Ma, and 445-430 Ma
in the Western Kunlun orogen, which corresponds to two slab
rollback events and the slab break-off after the final closure of
the Proto-Tethys.

Crustal growth in accretionary orogens is intimately linked to re-
gional extensions, but the crust generating rate is relatively uni-
form for different extensional events. The crustal generating
rate during the slab break-off event is much higher than that dur-
ing slab rollback for the Western Kunlun orogen, although the
proportions of juvenile inputs in granitoids formed during slab
rollback are higher.
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