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ABSTRACT

The subduction initiation associated with
the beginning of accretionary orogens has
been thought to be related to global plate
reorganization. To characterize the initial
subduction within the western Central Asian
Orogenic Belt, this integrated study focuses
on Cambrian tholeiitic to calc-alkaline plu-
tons in the Barleik-Mayile-Saleinuohai area
of West Junggar, NW China. Zircon U-Pb
results of felsic plutons reveal a wide range
(511488 Ma) of ages with older ages up to
514-511 Ma. The felsic rocks exhibit vari-
able SiO, (53.0-77.4 wt%) and K,O (0.05-
2.24 wt%) contents and can be classified as
diorite, granodiorite, trondhjemite, and to-
nalite. On the basis of their low TiO, (0.12—
0.71 wt%) contents and characteristic trace
element trends as well as high zircon eHf(t)
(+10.5 to +14.5) and mantle-like zircon 3§80
(5.0 £ 0.48%0 to 5.4 % 0.43%o, two standard
deviations) values, we interpret that the Cam-
brian felsic rocks have diverse origins, involv-
ing differentiation of arc basalts and partial
melting of subducted oceanic crust, arc mafic
crust, and metasomatized mantle wedge. The
Saleinuohai gabbroic pluton shows zircon
8180 ratios from 4.2 to 4.7%¢, which are lower
than those of igneous zircons in equilibrium
with mantle and thus reflect modification of
their mantle source by hydrothermal fluids
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with seawater-like oxygen isotopes at high
temperature. Combined with regional data,
we propose that the West Junggar arc rep-
resents the extending of the Boshchekul-Ch-
ingiz arc in the Early Cambrian, defining a
long (>1000 km) E-W-trending subduction
zone. The earliest island-arc tholeiitic felsic
plutons in the West Junggar took place at
ca. 514-511 Ma, which, coupled with other
early subduction records (e.g., 530 Ma SSZ-
type Kopu-relisay ophiolites) in the western
Paleo-Asian Ocean, indicates that initial
stages of subduction of the western Paleo-
Asian Ocean probably occurred in the Early
Cambrian. The simultaneity between the ini-
tial subduction of the western Paleo-Asian
Ocean, Gondwana assembly, and Laurasia
breakup suggests a causal link between the
three, collectively correlated to a global plate
adjustment event.

INTRODUCTION

Subduction zones exert a vital role in shap-
ing the modern Earth system through mate-
rial exchange (e.g., H,0O and CO,) between the
earth’s surface and interior, which influence the
surface environment and control natural mineral
resources and hazards (Stern, 2002; Kessel et al.,
2005; Kelemen and Manning, 2015). Under-
standing how and when new subduction zones
initiate is the prerequisite to further probe global
geochemical cycles and plate tectonics over the
Earth’s history. Based on geological records and
numerical models, it is revealed that the start of
a new subduction zone is generally attributed to
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either induced or spontaneous nucleation (Stern,
2004; Stern and Gerya, 2018). The former sce-
nario occurs if gravitational instability grows
during regional forcing across a pre-existing
weak zone, while the latter is driven by a lateral
density contrast between adjacent plates (Stern
and Gerya, 2018). On a larger scale, the driv-
ing mechanism of subduction initiation associ-
ated with accretionary orogens is usually related
to global plate kinematic adjustments, such as
supercontinent assembly (Cawood and Buchan,
2007). A sequence of well-documented rock re-
cords (i.e., fore-arc basalt, boninite, and island-
arc tholeiite) that are developed in the modern
[zu-Bonin—Mariana subduction zone have been
considered as diagnostic petrological markers of
subduction initiation (Ishizuka et al., 2014; Ar-
culus et al., 2015), while suprasubduction zone
(SSZ) ophiolites in accretionary orogens are
comparable with those in the Izu—Bonin—Mari-
ana forearc and thus could provide crucial con-
straints on understanding how subduction began
in ancient intra-oceanic subduction systems
(Reagan et al., 2010; Whattam and Stern, 2011).

The Central Asian Orogenic Belt, located
between the North China and Tarim cratons to
the south and the Siberian Craton to the north
(Fig. 1A), represents one of the largest accretion-
ary orogens on Earth (Sengor et al., 1993; Xiao
et al., 2015). It is an immense and complex col-
lage of island arc-back arc systems, ophiolitic
remnants, accretionary wedges, and microcon-
tinents, and has undergone a long-period (Neo-
proterozoic to Mesozoic) of subduction-accre-
tionary processes including the birth and demise
of the Paleo-Asian Ocean (Windley et al., 2007;
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Figure 1. (A) Simplified tectonic map of the Central Asian Orogenic Belt (modified after Jahn et al., 2000). (B) Sketch map of the West Jung-
gar, NW China (modified after Ren et al., 2014). (C) Geological map of the Barleik-Mayile-Saleinuohai area, West Junggar (after Xu et al.,
2012, 2013; Ren et al., 2014; Zhang et al., 2018a) showing the distribution of ophiolitic rocks and the localities where felsic and gabbroic
plutons were sampled. The black sample labels indicate age results from previous studies (Xu et al., 2012, 2013; Ren et al., 2014), while the
blue sample labels show the age results of this study.

Wilhem et al., 2012; Zhang et al., 2018b). Re-
cent provenance, paleomagnetic, and isotopic
dating studies from southern Siberia indicate
that the opening of the Paleo-Asian Ocean prob-
ably commenced at mid-Neoproterozoic time
(ca. 760 Ma), due to the breakup of Rodinia
that was induced by subduction processes along
its periphery (Cawood et al., 2016; Ernst et al.,
2016; Zhao et al., 2018). It is recognized that
initiation of Mariana-type oceanic subduction
in the northern Paleo-Asian Ocean occurred at
Neoproterozoic and created the Tuva-Sayan oce-
anic arc systems around southern Siberia, which
was probably correlated to the northward drift of
the Siberian Craton and consequent expansion
of the Paleo-Asian Ocean (Kuzmichev et al.,
2005; Safonova et al., 2017; Wan et al., 2018).
In contrast, initial subduction of the southern Pa-
leo-Asian Ocean was much younger (Safonova
et al., 2017) and the related driving mechanism
in a global setting remains unclear. The West
Junggar of NW China occupies the western seg-
ment of the southern Central Asian Orogenic
Belt and features Cambrian SSZ-type ophiol-
itic mélanges and related intrusions, probably
formed during the initial stages of subduction

(Ren et al., 2014; Liu et al., 2016). In this contri-
bution, we conducted whole-rock geochemical
and zircon U-Pb-Hf-O isotopic analyses of the
Cambrian mafic to felsic plutons that were con-
comitant with the Barleik-Mayile-Saleinuohai
ophiolitic mélanges of West Junggar, aiming to
(1) ascertain their timing and petrogenesis and
(2) constrain the driving mechanism of the initial
subduction of the western Paleo-Asian Ocean
in a global context. Combined with previously
published data, it is interpreted that the initial
subduction of the western Paleo-Asian Ocean
was associated with Gondwana assembly and
Laurasia breakup.

GEOLOGICAL BACKGROUND AND
SAMPLING

Geological Background

The West Junggar, bordered by the Altai range
to the north and the Tianshan belt to the south
(Fig. 1A), represents a Paleozoic intra-oceanic
subduction-accretion system composed of is-
land arcs, seamounts, accretionary complexes,
and ophiolitic mélanges (Windley et al., 2007,
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Xiao and Santosh, 2014). High and positive
Nd-Hf isotopic values (eNd(t) = +5.2 to +8.4;
zircon ¢Hf(t) = +10.6 to +16.2) of mafic to
felsic rocks in the West Junggar strongly sup-
port its intra-oceanic arc attribute (Chen and
Arakawa, 2005; Geng et al., 2009; Ma et al.,
2012; Yin et al., 2013; Chen et al., 2015; Tang
et al., 2019). Tectonically, the West Junggar
can be divided into the northern and southern
parts separated by the Xiemisitai fault (Fig. 1B).
The northern West Junggar is made up of two
middle to late Paleozoic E-W—trending island
arcs with the Hongguleleng-Kujibai ophiolitic
mélange in between. This is in contrast to the
southern West Junggar where the magmatic arcs
and faults are mainly NE-SW oriented (Choulet
etal., 2012; Zhang et al., 2018a). Outcropping in
the SW region of the southern West Junggar and
representing the oldest ophiolitic mélange in the
West Junggar, the Barleik-Mayile-Saleinuohai
ophiolitic rocks display characteristic “block-in-
matrix” structures and are surrounded by arc ac-
cretionary complexes (Fig. 1C; Ren et al., 2014;
Zhang et al., 2018a). In addition, these ophiolitic
rocks show typical SSZ-type geochemical com-
positions (e.g., spinel and clinopyroxene has
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high Cr# > 0.6 and Mg# > 90, respectively),
suggesting that they were formed in a subduc-
tion-related setting (Xu et al., 2012, 2013; Liu
etal., 2016).

The Barleik ophiolitic mélange is featured by
dispersed blocks in a serpentinite matrix, includ-
ing peridotite, wehrlite, clinopyroxenite, cumu-
late gabbro, pillow lava, garnet amphibolite, and
blueschist (Xu et al., 2013; Liu et al., 2016). Fel-
sic plutons in this mélange yielded zircon U-Pb
ages of 509-503 Ma (Xu et al., 2013). Moreover,
phengite and zircon crystals from the blueschist
gave an **Ar/3°Ar age of 492 + 4 Ma and a U-Pb
age of 502 + 2 Ma, respectively, and amphibole
and rutile grains from the amphibolite gave an
40Ar/*Ar age of 504 Ma and a U-Pb age of
502 +£ 25 Ma, respectively (Liu et al., 2016).
The Mayile and Saleinuohai ophiolitic blocks,
mainly consisting of lherzolite, dunite, harzbur-
gite, wehrlite, gabbro, and basalt, are enclosed
in Early Silurian turbidites and juxtaposed with
Middle-Late Silurian volcanic-sedimentary
strata (Bai et al., 1995; Buckman and Aitchi-
son, 2001). In the Mayile ophiolitic mélange,
the gabbroic and felsic intrusions yielded zircon
U-Pb ages of ca. 493 Ma and 501485 Ma, re-
spectively (Xu et al., 2012), while in the Saleinu-
ohai ophiolitic mélange, the gabbroic ophiolitic
blocks and felsic intrusions yielded zircon U-Pb

D

ages of ca. 516 Ma and 515-509 Ma, respective-
ly (Ren et al., 2014). Although the ages of the
Barleik-Mayile-Saleinuohai ophiolitic mélanges
are generally understood and the mafic plutons
are regarded as melting products of subduction-
modified mantle, the petrogenesis of felsic plu-
tons as well as their implications for the initial
subduction of the western Paleo-Asian Ocean
remains unclear.

Sample Descriptions

The felsic plutons in the Barleik ophiolitic
mélange range in composition from dioritic to
granodioritic. The diorite pluton is dark green
and shows a medium-grained (2—-5 mm) massive
texture (Fig. 2A), with mineral assemblages of
plagioclase (~60 vol%), amphibole (~25 vol%),
and quartz (~5 vol%) and minor apatite and zir-
con, while the granodiorite pluton is off-white
(Fig. 2B), shows a fine-grained (1-2.5 mm) mas-
sive texture, and consists of plagioclase (45-50
vol%), amphibole (5-10 vol%), K-feldspar (5—
10 vol%), quartz (20-25 vol%), and biotite (~5
vol%) (Fig. 2C). The felsic plutons in the Mayile
ophiolitic mélange are mainly fine-grained (0.2—
1.5 mm) diorites, made up of plagioclase (~60
vol%), amphibole (~30 vol%), and quartz (<5
vol%), with minor apatite and titanite (Fig. 2D).

E

Plagioclase and amphibole occur as subhedral
prisms, whereas quartz occurs as anhedral inter-
stitial grains. The felsic plutons in the Saleinu-
ohai ophiolitic mélange are predominantly fine-
grained (0.2-2.0 mm) trondhjemite, composed
of plagioclase (55-60 vol%) and quartz (30-35
vol%) with subordinate K-feldspar (~2 vol%),
zircon, and apatite (Fig. 2E). One gabbroic plu-
ton was also sampled from the Saleinuohai ophi-
olitic mélange. Minerals of this gabbroic pluton
contain plagioclase (50-60 vol%) and pyroxene
(30-40 vol%), with minor opaque minerals
(Fig. 2F).

ANALYTICAL METHODS
Whole-Rock Major and Trace Elements

Whole-rock major and trace element compo-
sitions were measured at the ALS Chemex Co.
Ltd. (Guangzhou, China). Major oxides were
analyzed using an X-ray fluorescence spectrom-
eter (PANalytical, PW2424, Netherlands) on
fused glass disks, with analytical precision bet-
ter than 4% based on the measurement of Chi-
nese rock standard GBWO07105. Trace elements,
including large ion lithophile elements (LILE),
high field strength elements (HFSE), and rare
earth elements (REE), were determined by an

F

Figure 2. Photographs of outcrops and photomicrographs showing the geological and mineralogical characteristics of the felsic and mafic
plutons from the Barleik-Mayile-Saleinuohai (BMS) ophiolitic mélanges of the West Junggar, NW China. The diorite (A) and granodiorite
(B-C) plutons from the Barleik ophiolitic mélange. The diorite pluton (D) from the Mayile ophiolitic mélange. The trondhjemite (E) and
gabbro (F) plutons from the Saleinuohai ophiolitic mélange. Pl—plagioclase; Qtz—quartz; Cpx—clinopyroxene; Amp—amphibole.
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Agilent 7900 inductively coupled plasma—mass
spectrometer (ICP-MS) equipment and a Varian
ICP745-ES inductively coupled plasma—atomic
emission spectrometry (ICP-AES) instrument.
Rock powders (~50 mg) were digested using
HF + HNO; + HCIO, acid mixture and then
the solutions were analyzed. The standards
MRGeo08, OREAS-120, OREAS-460, and
OREAS-100a were run as unknowns to moni-
tor the data quality, the precision was generally
better than 8%.

Zircon Imagery and O Isotope Analysis

Zircon crystals were separated from crushed
rocks with standard heavy liquid and magnetic
procedures. The divided material was carefully
panned and examined under a binocular micro-
scope and representative zircons were picked
and mounted in an epoxy resin then polished to
expose a near equatorial section. Subsequently,
the cathodoluminescence images were obtained
using a field-emission scanning electron micro-
probe (ESCAN MIRA3) at the Tuoyan Analyti-
cal Technology Co. Ltd. (Guangzhou, China).

Zircon oxygen isotope analysis was per-
formed using the CAMECA IMS1280 SIMS
at the Guangzhou Institute of Geochemistry,
Chinese Academy of Sciences following the
procedures described by Yang et al. (2018). A
focused Cs+ primary ion beam was acceler-
ated at 10 kV, with an intensity of ~2 nA. The
spot is ~20 pm in diameter (10 pm primary
beam + 10 pm raster). The measured oxygen
isotopic data were corrected for instrumental
mass fractionation using the Penglai zircon
standard (6180Vienna standard mean ocean water — 5.3 1%07
Li et al., 2010), which was analyzed once every
five unknowns. The internal precision of a sin-
gle analysis was generally better than 0.2%o (1o
standard error) for the '80/'O ratio. Fifty-three
measurements of the Penglai zircon standard
during the course of this study yielded a weight-
ed mean of 680 = 5.28 + 0.32%o (two standard
deviations [2SD]), consistent within errors with
the reported value of 5.31 £ 0.10%0 (2SD) (Li
etal., 2010). Moreover, twelve measurements of
the Qinghu zircon standard in this study gave a
weighted mean of 680 = 5.49 + 0.34%0 (2SD),
which is in agreement with the reported values
of 5.39 £+ 0.22%0 (2SD) (Li et al., 2013) and
5.46 £ 0.24%0 (2SD) (Yang et al., 2018).

Zircon U-Pb-Hf Isotope Analysis

Zircon U-Pb dating for samples 18MYO01,
18MYO02, and 18MY03 was performed by a
multicollector—inductively coupled plasma—
mass spectrometer (MC-ICP-MS) equipped with
a Resonetics RESOlution M-50-HR Excimer
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laser-ablation system at the University of Hong
Kong, while other samples were analyzed using
an Agilent 7700x laser ablation (LA)-ICP-MS
coupled with a RESOlution LR laser-ablation
system at the FocuMS Technology Co. Ltd.
(Nanjing, China). The analytical procedures and
instrument parameters for the two techniques are
similar to those in Xia et al. (2011) and Jack-
son et al. (2004), respectively. Helium was used
as a carrier gas, and argon was utilized as the
make-up gas and mixed with the carrier gas via
a T-connector before entering the ICP. Zircon
91500 was employed as an external standard to
calibrate the U-Th-Pb isotopic ratios. Oft-line
selection and integration of background and
analysis signals and time-drift correction and
quantitative calibration were calculated using the
program ICPMSDataCal 8.0 (Liu et al., 2008).
The weighted mean U-Pb ages and concordia
diagrams were processed using the Isoplot 3.0
software (Ludwig, 2003). In this study, zircon
analyses with concordance <95% are not con-
sidered for the mean age calculation.

Analysis of in situ zircon Lu-Hf isotopes was
conducted using a Nu Plasma II MC-ICP-MS,
equipped with a RESOlution LR laser-ablation
system (A = 193 nm), at the FocuMS Technol-
ogy Co. Ltd. During analysis, a beam diameter
of ~50 pum and a laser repetition rate of 8 Hz
were utilized. The obtained '7®Hf/'"7Hf ratios
were normalized to 7°Hf/'77Hf = 0.7325, us-
ing an exponential correction for mass bias.
Isobaric interference corrections for '7°Yb and
176Lu on '7®Hf were made by '"Yb and '7’Lu,
respectively. Ratios used for such corrections
were 0.5887 for 7°Yb/'2Yb and 0.02655 for
176 u/'75Lu (Vervoort et al., 2004). Standard zir-
cons 91500 and GJ-1 were employed as external
standards and analyzed twice before and after
every ten analyses. The 7®Lu decay constant of
1.867 x 10! yr=! (Soderlund et al., 2004) was
used to calculate initial 7°Hf/!7’Hf ratios, and the
chondritic values of °Hf/'77Hf (0.282772) and
176Lu/"THf (0.0332) were adopted for the calcu-
lation of eHf values (Blichert—Toft and Albarede,
1997). Single-stage Hf model ages (Tpy;) were
calculated relative to the present-day deplet-
ed mantle '°Hf/'77Hf ratio of 0.283250 and
176 u/YTH ratio of 0.0384 (Griffin et al., 2000),
while two-stage “crustal” model ages (Tpyp)
were calculated using the mean 7*Lu/'7Hf ratio
of 0.015 for the average continental crust (Griffin
et al., 2002).

RESULTS
Zircon U-Pb Geochronology

Zircon grains from the Barleik diorite
(19BLKO1) are prismatic, transparent, and

Geological Society of America Bulletin

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B36304.1/5576865/b36304. pdf
bv China Geoloaical | ibrarv user

Figure 3. (A) Cathodoluminescence (CL)
images of dated zircon grains showing in-
ternal growth zoning and the locations of in
situ isotopic analyses. The scale bars in all
CL images are 100 pm in length, and the er-
rors for U-Pb ages are quoted at the 26 level.
(B) Zircon U-Pb concordia plots and Th/U
(or 232Th/?*8U) age diagrams for the felsic
and gabbroic (19SLH02) samples from the
Barleik-Mayile-Saleinuohai (BMS) ophiol-
itic mélanges, West Junggar, NW China. The
Th/U ratios of samples 19BLKO01, 19BLKO02,
19MY01, 19SLH02, and 19SLH07 were ob-
tained by laser ablation-inductively coupled
plasma-mass spectrometry, since Th and
U contents can be directly calculated by
element Si signal from standard NIST 610
using this procedure; while the 232Th/?3U
ratios of samples 18MY01, 18MY02, and
18MYO03 were obtained by multicollector—
inductively coupled plasma-mass spectrom-
etry, as 232Th/?38U ratios of our samples can
be calibrated by 23*Th/?3U of external zir-
con standard 91500 using this method. Al-
though Th/U is the same as 232Th/238U, the
use of the two phraseologies just indicates
two different analytical methods. MSWD—
mean square weighted deviation.

»
>

euhedral with lengths of 50-150 pm and length/
width ratios of 1:1-3:1 (Fig. 3A). The analyzed
zircons (n = 19) exhibit clear oscillatory zona-
tion with high Th/U ratios (0.19-0.49), sug-
gesting an igneous origin. Zircon analyses yield
206pp/2387 ages between 496 Ma and 505 Ma
(Supplemental Material 1'), which form a
coherent group and give a weighted mean of
501.6 + 2.6 Ma (Fig. 3B). Zircon grains from
the Barleik granodiorite (19BLK02) are stubby
and subhedral, show concentric compositional
zoning, and have high Th/U ratios (0.18-0.49),
consistent with a magmatic origin. The size of
the zircons range from 100 to 200 pm in length
with aspect ratios of 1:1-2:1 (Fig. 3A). Twen-
ty-two zircon analyses yield 2°Pb/?3U ages
from 494 Ma to 517 Ma, giving a weighted
mean of 503.3 &+ 3.3 Ma (Fig. 3B).

!Supplemental Material. Table S1: Zircon U-Pb
dating results for the felsic and gabbroic plutons from
West Junggar, NW China. Table S2: Zircon Hf-O
isotope compositions for the felsic and gabbroic
plutons from West Junggar, NW China. Table S3:
Whole-rock major and trace element compositions
for the felsic and gabbroic plutons from West Junggar,
NW China. Table S4: Trace element compositions of
zircons in the felsic and gabbroic plutons from West
Junggar, NW China. Please visit https://doi.org/10
.1130/GSAB.S.19134506 to access the supplemental
material, and contact editing@geosociety.org with
any questions.
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Zircon crystals extracted from three May- short or elongate prisms, and range in size  well-developed oscillatory zoning (Fig. 3A)
ile diorite samples (18MYO1, 18MYO02, and from 50 to 250 pm with length-to-width ratios ~ which, together with the high zircon 232Th/?*3U
19MYO01) are subhedral to euhedral, form of 1:1-5:1 (Fig. 3A). Most zircons display ratios (0.20-0.82) for samples 18MYO01 and
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18MYO02 and high zircon Th/U ratios (0.31—
0.96) for sample 19MYO0I, indicates a mag-
matic origin. Twenty-five, twenty-seven, and
seven concordant 20Pb/238U ages were ob-
tained for samples 18MYO01, 18MY02, and
19MYO01, respectively, and give weighted mean
ages of 501.8 + 2.2 Ma, 487.9 4+ 2.0 Ma, and
490.4 + 7.1 Ma, respectively (Fig. 3B).
Zircon grains from two Saleinuohai granite
samples (18MYO03 and 19SLH07) are trans-
parent, and exhibit euhedral forms with crystal
lengths varying from 40 to 150 pm and length/
width ratios of 1:1-3:1 (Fig. 3A). They show
narrow oscillatory zones with high 232Th/?3U
(0.28-0.50) and Th/U (0.31-0.96) ratios for
samples 18MYO03 and 19SLHO7, respectively.
Twenty-four and twenty-seven zircons were
analyzed for samples 18MY03 and 19SLH07,
respectively, yielding weighted mean 20Pb/?38U
ages of 506.5 2.0 Ma and 511.0 & 3.4 Ma,
respectively (Fig. 3B). In contrast, zircons from
one Saleinuohai gabbro sample (19SLH02) are
stubby and subhedral with lengths of 40-100
pm and aspect ratios of 1:1-2:1 (Fig. 3A).
Their broad oscillatory zoning and high Th/U
(0.29-1.30) ratios are in line with an igneous
origin. The analyses of twenty-six zircons yield
206ph/238U ages from 492 Ma to 518 Ma, with a
weighted mean of 501.9 £ 2.2 Ma (Fig. 3B).

Yunying Zhang et al.

Zircon Hf-O Isotopes

All the rocks have high and uniform zircon Hf
isotopic compositions, with eHf{(t) values mostly
between +10 and +14 (Fig. 4A). The two Bar-
leik felsic samples show zircon eHf{(t) values of
+11.6to +14.4 with amean of +12.7 + 1.4 (the
errors for eHf{(t) values are quoted at 2SD) and
+12.3 to +13.9 with a mean of +13.2 £ 0.98
(Supplemental Material 2). Comparably, the
three Mayile felsic samples display zircon
eHf(t) values from +10.5 to +12.8 averaging
+11.9 £ 1.7, from +11.5 to +14.5 averaging
+13.4 4+ 1.7, and from +12.7 to +14.2 averag-
ing +13.4 £ 0.88. Zircon Hf(t) values (+10.4
to +13.9 with a mean of +11.7 4= 2.2) for the
Saleinuohai gabbro sample fall between those
of the two Saleinuohai felsic samples (4-10.0 to
+13.1 withameanof +11.5 + 1.7and +13.1to
+14.4 with a mean of +13.7 £ 0.88).

The two Barleik felsic samples possess simi-
lar zircon O isotopic compositions, with $130
values ranging from 5.0 to 5.5%¢ with a mean
of 5.2 & 0.28%o (the errors for §'30 values are
quoted at 2SD) and from 4.9 to 5.7%c with a
mean of 5.4 + 0.43%o (Fig. 4B). Likewise, the
three Mayile felsic samples have zircon 6'30 val-
ues from 5.0 to 5.5%o (average 5.2 + 0.31), from
4.8 to 5.4%o (average 5.1 4+ 0.30), and from 4.8
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New crust §

@ O
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to 5.5%o (average 5.1 £ 0.39). All of the above
O isotope values resemble those (5.3 % 0.6%c) of
zircons in equilibrium with mantle-derived mag-
mas (Valley et al., 1998). For the Saleinuohai
rocks, the two felsic samples have mantle-like
or slightly lower zircon §'%0 values (4.4-5.3%o
with a mean of 5.0 £ 0.48%o and 4.5-5.3%0 with
a mean of 5.0 + 0.39%o), whereas the gabbro
sample has zircon 6'30 values (4.2-4.7%o with a
mean of 4.5 + 0.31%0) below the mantle values
(Fig. 4B).

Whole-Rock Geochemistry

Most felsic plutons from the Barleik-Mayile-
Saleinuohai ophiolitic mélanges can be composi-
tionally classified as diorite, quartz diorite, grano-
diorite, tonalite, and trondhjemite (Figs. SA and
5B). In terms of REE patterns, the felsic rocks
from the Barleik mélange can be divided into the
high-La/Yb (La/Yb = 27.5-38.4) and low-La/
Yb (10.5-11.2) groups (Supplemental Mate-
rial 3), corresponding to the diorite and grano-
diorite, respectively. Relative to the high-La/Yb
diorites (SiO, = 57.9-59.2 wt%, Na,O = 6.78—
7.85 wt%, CaO = 5.45-9.36 wt%), the low-La/
Yb granodiorites have higher SiO, (62.4—
65.6 wt%) and lower Na,O (4.48—4.99 wt%)
and CaO (2.58-4.88 wt%) contents (Figs. 5C—
5F). Both the high-La/Yb and low-La/Yb rocks
show intermediate Sr (155-428 ppm) and low Y
(3.20-7.50 ppm) and Yb (0.25-0.82 ppm) con-
centrations with high St/Y (43.8-102) ratios. In
addition, the significantly positive Eu anomalies
(Eu/Eu* = Euy/(Smy x Gdy)'? = 2.37-2.89)
of the high-La/Yb diorites are in contrast to the
negligible Eu anomalies (Eu/Eu* = 0.93-1.0) of
the low-La/Yb granodiorites (Fig. 6A). On the
primitive mantle-normalized trace element dia-
grams (Fig. 6B), the high-La/Yb diorites exhibit
depletion in Nb-Zr-Hf-Ti, whereas the low-La/
Yb granodiorites display negative Nb-Ti but
positive Zr-Hf anomalies.

The gabbros from the Mayile mélange have
49.9-50.3 wt% SiO,, 2.12-3.10 wt% Na,0,
0.21-0.25 wt% TiO,, and 11.0-14.1 wt% CaO
(Figs. 5C-5F). Compared to the Mayile gab-
bros, the Mayile diorites possess higher SiO,
(53.0-60.9 wt%), Na,O (2.67-6.56 wt%), and
TiO, (0.34-0.57 wt%) but lower CaO (mostly
<8.0 wt%) contents (Figs. SC-5F). Both the
Mayile gabbros and diorites feature light REE
(LREE)-enriched patterns with La/Sm ratios
from 2.76 to 5.18 (Fig. 6C). Moreover, the dio-
rite samples have higher REE contents (62.2—
151 ppm) than those (20.6-55.6 ppm) of the
gabbro samples. As illustrated on Figure 6D, the
gabbroic and dioritic rocks display enrichment in
LILEs relative to HFSEs, with pronounced Nb,
Ta, Zr, and Ti troughs.
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In contrast to the Saleinuohai gabbros
(510, = 50.0-52.3 wt%, TiO, = 0.85-0.89 wt%,
FeOT = 10.2-10.5 wt%), the Saleinuohai felsic
plutons have higher contents of SiO, (55.3-
77.4 wt%) but lower contents of TiO, (0.19—
0.71 wt%) and FeOT (<7.5 wt%) (Figs. 5C-5F).
Although both the Saleinuohai gabbroic and
felsic samples present LREE-enriched patterns
(Fig. 6E), the gabbros show less fractionated
LREE (La/Sm = 2.39-3.30) than the felsic rocks
(La/Sm = 3.20-7.80). Additionally, the gabbros
have weak Eu (Eu/Eu* = 0.89-1.09) and Sr
anomalies, distinct from the variable Eu (Ew/
Eu* = 0.54-1.11) and Sr anomalies of the felsic
rocks (Fig. 6F). On the primitive mantle-normal-
ized multi-element plots (Fig. 6F), the negative

Nb, Zr, and Hf anomalies become stronger from
the felsic to gabbroic rocks, while the negative Ti
anomalies become stronger from the gabbroic to
felsic rocks.

DISCUSSION

Diverse Origins of Cambrian Felsic Plutons
within West Junggar

Tholeiitic to calc-alkaline dioritic to granitic
rocks have been widely documented in oceanic
crust and ophiolites, and are generally thought
to be formed by differentiation of mid-ocean
ridge basalt (MORB) type magmas (Freund
et al., 2014; Whattam et al., 2016) or hydrous
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melting of gabbroic/diabasic oceanic crust
(Koepke et al., 2004; Morag et al., 2020). It
has been demonstrated that dioritic to granitic
melts derived from the latter process feature
lower TiO, contents than those produced by the
former process, because (1) the typical oceanic
gabbro is depleted in TiO, relative to MORB,
resulting in low TiO, contents of its melting
products (Koepke et al., 2007) and (2) the
relatively low magma fugacity (fO,) in the for-
mer process will destabilize iron oxides and
consequently lead to high TiO, contents in the
evolved melts (Berndt et al., 2005). As shown
on Figure 5, the studied dioritic to granitic
rocks have low TiO, contents and plot below
the minimum line of TiO, content for evolved
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McDonough (1989).

rocks through fractional crystallization of
MORB, indicating that an origin of such rocks
by hydrous melting of gabbros is possible. Nev-
ertheless, it is notable that the Barleik-Mayile-
Saleinuohai ophiolitic rocks were generated

in a subduction setting and arc-derived ba-
salts usually feature lower TiO, contents than
MORB (Metcalf and Shervais, 2008), thus it is
also possible that the studied dioritic to granitic
rocks were formed by fractional crystallization
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of arc basalts that were characterized by low
TiO,. The distinction between differentiation
of arc basalts and hydrous melting of gabbroic/
diabasic oceanic crust can be effectively dis-
cerned by comparing their REE patterns, as
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melts produced by the former and latter pro-
cess would show increasing and decreasing/
constant La abundances, respectively (Brophy,
2008). This is because D, , values for most ig-
neous minerals (e.g., amphibole and pyroxene)
increase with increasing liquid SiO, contents,
which would result in the increase in bulk D, ,
with increasing SiO, and consequently lead to
increased La concentrations for fractional crys-
tallization and decreased/constant La abun-
dances for partial melting. Accordingly, the
combination of TiO, contents with REE trends
could help ascertain the petrogenesis of dioritic
to granitic rocks within ophiolites.

Except for the low and constant TiO, con-
tents (Fig. 5D), the La contents of the Barleik
dioritic to granodioritic rocks remain constant
or even decrease with increasing SiO, (Fig. 7),
implying that they were likely derived from par-
tial melting of mafic crust. Given that zircons
from the Barleik felsic plutons exhibit high
eHf(t) (12.7 & 1.4 to 13.2 £ 0.98) and mantle-
like 880 (5.2 £ 0.28%o to 5.4 + 0.43%0) val-
ues, it is inferred that the mafic protolith was
juvenile and had not been markedly altered by
water-rock interaction (Grimes et al., 2011).
In addition, the Barleik felsic rocks are fea-
tured by intermediate SiO, (57.9-65.6 wt%),

Geol

high AL,O; (14.1-22.2 wt%) and Sr (mostly
>300 ppm), low Y (3.20-7.50 ppm), and high
Sr/Y (43.8-102) (Fig. 7A), similar to those of
adakites in modern subduction zones (Defant
and Drummond, 1990; Martin et al., 2005), sug-
gesting partial melting of mafic photoliths in a
subducted slab with garnet £+ amphibole as a
residual assemblage (Moyen, 2009). In the case
of the low-La/Yb granodiorites, their relatively
flat middle to heavy REE patterns with low Dy/
Yby (subscript N presents chondrite normaliza-
tion) ratios (1.0-1.1) support an amphibolite
source (Fig. 6A). By comparison, the high-La/
Yb diorites show right-inclined middle to heavy
REE patterns with high Dy/Yby ratios (1.5-1.6),
reflecting the involvement of garnet in the source
residue (Davidson et al., 2013). Therefore, it is
concluded that during slab melting the source
residues of the low-La/Yb granodiorites and
high-La/Yb diorites were dominated by amphi-
bole and garnet, respectively.

The Mayile dioritic rocks display positive
correlation between SiO, and La abundances
(Fig. 7B), pointing to fractional crystallization
playing a crucial role in their petrogenesis. How-
ever, they show significantly low TiO, contents,
which are different from those differentiated
from MORB-type parental magmas (Fig. 5).
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Instead, the ca. 490 Ma Mayile dioritic rocks
exhibit continuous compositional trends with
coeval arc-derived gabbros (Fig. 5), supporting
an origin via differentiation of arc-related mafic
magmas. This explanation is corroborated by
prominent removal of plagioclase, as evidenced
by the transition from positive Eu-Sr anomalies
of gabbros to negligible/negative Eu-Sr anoma-
lies of dioritic rocks (Fig. 6) and the negative
correlation of SiO, with CaO (Fig. 5). Mean-
while, the TiO, and FeOT contents increase with
increasing SiO, at SiO, < 55 wt% and begin to
decrease at SiO, > 55 wt% (Fig. 5), consistent
with the initial fractionation of Fe-Ti oxides oc-
curring at SiO, = 55 wt%. Furthermore, the ca.
490 Ma Mayile dioritic rocks not only present
REE patterns similar to but have REE contents
higher than those of the synchronous gabbros,
providing robust evidence for a derivation from
differentiation of arc basalts (Brophy, 2008). For
the ca. 502 Ma Mayile dioritic rocks, they fea-
ture moderate SiO, (60.1-60.9 wt%), low TiO,
(0.54-0.57 wt %), high MgO (4.17-4.26 wt%)
and Mg# (51.2-53.1), intermediate Sr (353—
433 ppm) and Sr/Y (21.4-25.9), and high Th/La
(0.17-0.22), making them akin to sanukitoids in
the Setouchi volcanic belt, SW Japan (Shimoda
et al., 1998). Accordingly, an analogous mecha-
nism is proposed that silicic melts from partial
melting of subducted sediments metasomatized
the fore-arc mantle wedge and subsequent melt-
ing produced the ca. 502 Ma Mayile dioritic
rocks. Resembling the Barleik felsic rocks, all
of the Mayile ones possess high zircon eHf(t)
(11.9 £ 1.7-13.4 £ 0.88) and mantle-like zir-
con 880 (5.1 % 0.30%0 t0 5.2 = 0.31%o) values,
which may reflect that the Mayile dioritic rocks
formed either by differentiation of arc magmas
or by partial melting of a metasomatized mantle
wedge that were in oxygen isotopically equilib-
rium with the mantle (Grimes et al., 2011).

All the Saleinuohai felsic rocks are charac-
terized by low TiO, contents, below the limit
for experimental MORB fractionation (Fig. 5).
This can be regarded as a diagnostic indicator
of felsic rocks generated by hydrous melting of
mafic crust (France et al., 2010; Koepke et al.,
2007). As shown on Figure 7A, the ca. 514 Ma
Saleinuohai dioritic rocks (SiO, = 55.3-
55.8 wt%) have high Sr (1175-1375 ppm), low
Y (10.2-10.3 ppm), and high Sr/Y (114-134),
typical features of slab-derived adakites. Ad-
ditionally, their Dy/Yby ratios (1.60-1.63)
are obviously greater than one, demonstrating
the partial melting of basaltic crust in the slab
under an eclogite-facies condition (Davidson
et al., 2013). For the ca. 510 Ma Saleinuohai
trondhjemitic rocks, they have high SiO, (72.6—
77.4 wt%), low MgO (0.09-1.49 wt%) and Sr
(57.9-176 ppm), high Y (17.5-32.7 ppm), and



low Sr/Y (2.7-8.8), resembling normal arc
rhyolites and thus implying an origination from
partial melting of arc mafic crust. Besides, the
ca. 510 Ma Saleinuohai trondhjemitic rocks
show zircon §'80 values (4.4-5.3%o0 and 4.5—
5.3%o) similar to or mildly lower than mantle
values (5.3 £ 0.6%o), and the handful of low-
6130 values require a minor contribution of arc
mafic crust that had interacted with seawater/
fluids at high temperature (Grimes et al., 2013;
Morag et al., 2020).

As a whole, the Cambrian felsic plutons
within West Junggar involve diverse origins,
including slab melting for the 503-501 Ma
Barleik dioritic to granodioritic rocks and the
ca. 514 Ma Saleinuohai dioritic rocks, frac-
tional crystallization of arc basalts for the ca.
490 Ma Mayile dioritic rocks, partial melting
of arc mafic crust for the ca. 510 Ma Saleinu-
ohai trondhjemitic rocks, and a metasomatized
mantle wedge for the ca. 502 Ma Mayile dio-
ritic rocks.

Petrogenesis of the Saleinuohai Gabbros

The ca. 502 Ma Saleinuohai gabbros, with
SiO, contents from 50.0 to 52.3 wt%, are
characterized by high Na,O (5.11-5.74 wt%)
and Fe,0;T (11.3-11.7 wt%), low K,O (0.43-
0.69 wt%), MgO (3.57-4.39 wt%), and Ni
(<3 ppm), sharing affinities with low-K tho-
leiites (Ishizuka et al., 2006; Kimura and Yo-
shida, 2006). Given the incompatibility of Nb
relative to Zr, the partial melting of mantle
could result in a residuum with high Zr/Nb ra-
tios. For the ca. 502 Ma Saleinuohai gabbros,
their Zr/Nb ratios (32.3-38.2) are remarkably
higher (Zr/Nb = 15.7, Sun and McDonough,
1989) than that of the primitive mantle which,
coupled with their depleted zircon eHf(t) values
(+11.7 £ 2.2), demonstrates a depleted mantle
source. Moreover, their positive anomalies of U
and Ba, and negative anomalies of Nb and Ti
as well as relatively variable Ba/La (20.9-27.1)
but constant Th/Yb (0.53-0.56) suggest that the
depleted mantle source had been metasomatized
by slab fluids (Woodhead et al., 2001; Pearce,
2008). This inference is confirmed by the sig-
nificant depletion in Hf relative to Sm ((Hf/
Sm)y = 0.38-0.44), since Sm is much more sol-
uble than Hf in aqueous fluids (La Fleche et al.,
1998). Noteworthily, the gabbro sample exhibits
zircon 8180 values from 4.2%o to 4.7%0 with a
mean of 4.5 &+ 0.31%o, which are below those of
zircons in equilibrium with mantle (5.3 £ 0.6%o,
Valley et al., 1998) and thus reflect that the de-
pleted mantle source had been hydrated by
hydrothermal fluids with seawater-like oxygen
isotopes at high temperature (Grimes et al.,
2013; Yu et al., 2020).
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Early Subduction Records in the Western
Paleo-Asian Ocean

The Central Asian Orogenic Belt comprises
three collage systems, including the Mongolia
system in the north, the Tarim-North China sys-
tem in the south, and the Kazakhstan system
in the west (Wilhem et al., 2012; Xiao et al.,
2015). By integrating data of paleolatitudes
and distribution of biocenoses, it is indicated
that the three collage systems were separated
far from each other at least before Silurian
(Xiao et al., 2015). The Kazakhstan collage
system, formed by the welding of multiple
orogenic components (Fig. 8A) as the result
of consumption of the western Paleo-Asian
Ocean, is characterized by the occurrence
of tight oroclines (Levashova et al., 2003; Li
etal., 2018). Available paleomagnetic data have
revealed that the Kazakhstan landmass (i.e.,
the Ishim-Middle Tianshan/Stepnyak-North
Tianshan (IMT/SNT) microcontinent) and the
Mariana-type Boshchekul-Chingiz (BC) island
arc were located at the same (~10°S) latitude
in the early to middle Paleozoic period, consti-
tuting a ~E-W—trending composite belt prior
to oroclinal bending (Fig. 8B, Alexyutin et al.,
2005; Bazhenov et al., 2012). In the late Paleo-
zoic, this composite belt attained its U-shaped
structure via oroclinal bending with the ~180°
clockwise rotation of the northern limb relative
to the southern limb (Van der Voo et al., 2006;
Levashova et al., 2007). As the oldest subduc-
tion records in the Kazakhstan collage system
(Fig. 8A), the Cambrian arc rocks and accre-
tionary complexes developed on this quasi-lin-
ear composite belt could provide pivotal con-
straints on the initial subduction of the western
Paleo-Asian Ocean.

It has been reported that both the Kazakh-
stan landmass and the BC oceanic arc con-
tain Cambrian SSZ-type ophiolitic mélanges
(e.g., 530 Ma Kopu-relisay ophiolites, Kroner
et al., 2012), arc magmas (e.g., 514 Ma Mak-
bal granodiorite, Konopelko et al., 2012), and
subduction-related metamorphic rocks (e.g.,
509 Ma Makbal eclogite, Konopelko et al.,
2012), strongly implying the presence of an
active margin beneath the IMT/SNT-BC range
during Early to Middle Cambrian (Fig. 8A).
The southern West Junggar, located to the
southeast (present coordinates) of the BC island
arc, consists of contemporaneous SSZ-type
ophiolites (e.g., Early-Middle Cambrian Bar-
leik-Mayile-Saleinuohai ophiolite, Ren et al.,
2014 and this study) and slab-derived adakitic
silicic rocks (e.g., 514 Ma Saleinuohai adakite,
this study), which may suggest that the south-
ern West Junggar might be a part of the BC arc
(Fig. 8B). Therefore, it is possible that a long
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(>1000 km) Mariana-type arc subduction sys-
tem (i.e., BC—southern West Junggar) existed in
the western Paleo-Asian Ocean during the Ear-
ly-Middle Cambrian. This is consistent with the
modeling results, which suggest Mariana-type
subduction initiation could be at the scale of
>1000 km (Maunder et al., 2020). If this is the
case, the early subduction records in the current
study and previous studies may mark the initia-
tion of subduction of the western Paleo-Asian
Ocean in the Early Cambrian (Fig. 8C).

Subduction Initiation of the Western Paleo-
Asian Ocean in a Global Context

Although the driving mechanisms of subduc-
tion initiation in accretionary orogens have not
been fully illuminated, it is gradually recog-
nized that subduction initiation in accretionary
orogens coincides with global tectonic adjust-
ments (e.g., supercontinent assembly or break-
up, Cawood and Buchan, 2007; Ulvrova et al.,
2019a, 2019b; Yao et al., 2021). The global plate
reorganizations associated with supercontinent
assembly or break-up commonly involve plate
acceleration and reorientation, which may result
in nucleation of new subduction zones over a
long distance. For example, Cawood and Buchan
(2007) pointed out that collision of continental
blocks during supercontinent assembly would
reduce the convergence velocity between the
blocks and change the plate motions between
the supercontinent and its peripheral oceanic
lithosphere and consequently lead to subduc-
tion initiation and accretionary orogenesis. It
has been suggested that changes in Pacific plate
motions have induced the Eocene subduction
initiation at the Paleo-Asian Ocean, Tonga-Ker-
madec, and New Caledonia arcs (Bache et al.,
2012). Besides, Yao et al. (2021) proposed that
the final Gondwana assembly had caused the
northward initial subduction of the Proto-Tethys
oceanic lithosphere. The subduction initiation
corresponding to supercontinent assembly has
been substantiated by numerical modeling re-
sults that indicate Mariana-type oceanic sub-
duction initiation is more prevalent during times
of supercontinent assembly due to the decreased
lengths of continental margins (Ulvrova et al.,
2019a). Also, modeling studies have indicated
that the synrift phase with an abrupt increase of
extension rates during supercontinent break-up
could enhance convergence rates and episodic
subduction initiation (Ulvrova et al., 2019b). For
example, Maffione and van Hinsbergen (2018)
proposed that the far-field forces related to the
opening of the Alpine Tethys Ocean might have
triggered the Middle Jurassic subduction initia-
tion in the Balkan region. Consequently, plate
reorganizations correlated with supercontinent
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assembly or break-up are capable of inducing
initial subduction in accretionary orogens.

In the Paleo-Asian Ocean oceanic arc system,
6-8 m.y. is required for production of island-arc
tholeiitic to calc-alkaline magmatism since sub-
duction initiation (Ishizuka et al., 2011; Reagan
et al., 2013). Comparatively, the initial subduc-
tion in the southern West Junggar probably oc-
curred in the Early Cambrian (>520 Ma), as
the earliest island-arc tholeiitic adakitic plutons
took place at ca. 514-511 Ma (Ren et al., 2014
and this study). In combination with other early
subduction records in the western Paleo-Asian

Ocean (Fig. 8, e.g., Kroner et al., 2012), it is
suggested that initial stages of subduction in
the main branch of the western Paleo-Asian
Ocean took place between 530 and 520 Ma. It
is notable that the Early Cambrian Mariana-type
initial subduction in the western Paleo-Asian
Ocean was almost synchronous with the ter-
minal stages of Gondwana assembly (ca. 550—
520 Ma, Collins and Pisarevsky, 2005; Cawood
and Buchan, 2007) and break-up of Laurasia
(ca. 570-530 Ma) (Cawood et al., 2001). The
ultimate generation of Greater Gondwana was
recorded by the 550-520 Ma granulite-facies
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metamorphism and contractional deformation
on both the west and east India that mark the
collision between India and the Congo block and
between India and the Australia-East Antarctica
craton (Meert, 2003; Collins and Pisarevsky,
2005). At the same time, the breakup of Laura-
sia led to the opening of the Aegir Ocean be-
tween Siberia and Baltica and the Iapetus Ocean
between Baltica and Laurentia (Cawood et al.,
2001). The final change from rifting to pas-
sive margin sedimentation around Laurentia,
Baltica, and Siberia did not take place until the
Early Cambrian at ca. 530 Ma (Cawood et al.,



2001). Taken together, temporal relations imply
that the initial subduction of the western Paleo-
Asian Ocean was probably related to global
plate re-adjustments (e.g., plate acceleration and
reorientation) that were caused by the eventual
assembly of Gondwana and breakup of Laurasia
(Fig. 8).

CONCLUSIONS

The Cambrian felsic plutons from the Barleik-
Mayile-Saleinuohai ophiolites, West Junggar,
show wide SiO, contents (53.0-77.4 wt%) and
can be classified as diorite, granodiorite, tonalite,
and trondhjemite. Based on their low TiO, con-
tents, unique trace element trends (e.g., increasing
or constant La abundances with increasing Si0O,),
high zircon eHf{(t) (4-10.5 to +14.5), and mantle-
like zircon 6'80 (5.0 4= 0.48%0 to 5.4 = 0.43%o)
ratios, it is implied that they have diverse origins,
including slab melting for the 503-501 Ma Bar-
leik dioritic to granodioritic rocks and the ca.
514 Ma Saleinuohai dioritic rocks, differentiation
of arc basalts for the ca. 490 Ma Mayile dioritic
rocks, and partial melting of arc mafic crust for
the ca. 510 Ma Saleinuohai trondhjemitic rocks
and of metasomatized mantle wedge for the ca.
502 Ma Mayile dioritic rocks. Gabbros from
the Saleinuohai area display zircon §'30 values
from 4.2%o to 4.7%o lower than those of zircons
in equilibrium with mantle, suggesting hydration
of their mantle source by hydrothermal fluids at
high temperature. In combination with regional
geological data (e.g., Early Cambrian SSZ-type
ophiolites and felsic intrusions), we propose that
the West Junggar arc might have been a part of
the BC arc during the Early Cambrian, constitut-
ing a ~E-W-trending subduction zone. The ear-
liest island-arc tholeiitic felsic plutons from the
Barleik-Mayile-Saleinuohai ophiolitic mélanges
formed at ca. 514 Ma which, together with other
early subduction records in the western Paleo-
Asian Ocean (Fig. 8), suggest subduction of the
western Paleo-Asian Ocean probably initiated in
the Early Cambrian. The simultaneity between
the initial subduction of the western Paleo-Asian
Ocean and the terminal stages of Gondwana as-
sembly and Laurasia breakup indicates a causal
link between them, probably related to global
plate adjustments.
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