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a b s t r a c t

The West Kunlun Orogenic Belt (WKOB) carries key information about the evolution of the Proto-Tethys
Ocean. In order to have a better understanding of the early Paleozoic tectonic evolution of the WKOB and
to unravel the process of the Tarim assemblage to Gondwana, we report field observations, petrography,
ages, chemical and Sr-Nd-Hf isotopic compositions of the newly identified Cambrian mafic and granitic
intrusions in the Mazar Terrane-Tianshuihai terrane (MZT-TSHT) at the interior of the WKOB. Our zircon
UePb dating reveals that the mafic and granitic rocks in Tianshuihai Terrane (TSHT) emplaced at ca. 530
Ma, and that the mafic rocks in the Mazar Terrane (MZT) emplaced at ca. 500e490 Ma. Whole-rock major
and trace element geochemistry defines a tholeiitic signature for these mafic rocks. Isotopically, the TSHT
mafic rocks have depleted Nd isotope compositions with initial εNd(t) isotopes ranging from 2.74 to 3.60,
whereas the MZT mafic rocks exhibit enriched whole-rock Nd isotope compositions with εNd(t) values
ranging from �12.90 to �9.71. The distinct chemical and isotopic signatures argue that the Cambrian
mafic rocks in the TSHT were derived from a depleted mantle source in an initial subduction setting,
whereas the mafic rocks from MZT were derived from an enriched sub-continental lithospheric mantle
source in an arc setting. The Cambrian granites in the TSHT show typical fractionated I-type granite
elemental signatures, in line with their Nd-Sr-Hf isotope compositions. These Cambrian granites were
most likely generated by partial melting of Mesoproterozoic (0.9e1.3 Ga) crustal sources due to under-
plating of the coeval mafic magma. Our results in combination with previous studies suggest that the
Cambrian mafic and granitic rocks in the MZT-TSHT were generated by the southward subduction of the
Proto-Tethys Ocean initiated at ca. 530 Ma. The long-term southward subduction led to the formation of
the massive early Paleozoic accretionary wedge in WKOB. The Proto-Tethys Ocean finally closed at ca.
440 Ma as demonstrated by the amphibolite facies metamorphism of the accretionary complex and the
middle to late Devonian molasses unconformably overlying the accretionary complex. This process
caused the blocks in East Asia, including the Tarim, Qaidam and North Qilian, Yangtze and Indochina, to
dock at the northern fringe of the Eastern Gondwana.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

The micro-continents distributed in Eastern Asia, including the
Tarim, Qaidam, Qilian, South China, North China and Indochina,
were believed to have been assemblaged to Eastern Gondwana in
the early Paleozoic due to the closure of the Proto-Tethys Ocean
distributed along the Western Kunlun, Altyn, North Qilian, North
Zhang).
Qinling and the Cathaysia (Pan and Wang, 1994; Matte et al., 1996;
Pan, 1996; Mattern and Schneider, 2000; Xiao et al., 2002a, 2005;
Zhang et al., 2004; Li et al., 2018; Zhao et al., 2018). As one of the
major tectonic units of the Tibetan Plateau and the central orogenic
belt in China (i.e., the West Kunlun-East Kunlun-Qilian-Qinling-
Dabie-Sulu orogen, see Jiang et al., 1992), the West Kunlun Orogenic
Belt (WKOB) plays a key role for our understanding of the evolution
of the Proto-to Paleo-Tethys Ocean. Although many studies have
been carried out on this orogenic belt, many issues with regard to
its early Paleozoic tectonic evolution remain unclear, such as the
subduction orientation, the tectonic features of the Precambrian
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terranes and the closing process of the Proto-Tethys Ocean, and
whether or not the Tarim block assemblaged to the Eastern
Gondwana (e.g., Ducea et al., 2003; Jiang et al., 2002, 2008, 2013;
Matte et al., 1996; Mattern and Schneider, 2000; Pan, 1990; Pan and
Wang, 1994; Wang et al., 2001, 2002; Wang, 2004; Xiao et al., 1998,
2002a, b, 2005; Yang et al., 1996; Yin and Harrison, 2000; Yuan
et al., 2002, 2004, 2005; Zhang et al., 2006, 2007). Especially the
subduction polarity of the Proto-Tethys Ocean is under debates.
Some geologists favored the northward subduction (Wang, 2004;
Xiao et al., 2000), and the Paleozoic Kudi-Qimanyute Ophiolite was
considered as the remnant of the back-arc basin of the Proto-Tethys
Ocean (Wang et al., 2002; Wang, 2004). Another school of idea
suggested the southward subduction polarity of the Proto-Tethys
Ocean beneath the South Kunlun Terrane (SKT), which led to the
amalgamation between the North Kunlun Terrane (NKT) and SKT in
early Paleozoic (Jiang et al., 2002; Mattern and Schneider, 2000;
Zhang et al., 2018a, b, c, d; Li et al., 2018). In addition to the above
north or south subduction orientations, some workers proposed a
double-sided subduction of the Proto-Tethys Ocean model (Xiao
et al., 2002a).

The models associated with the subduction polarity of Proto-
Tethys Ocean were invoked on the following prerequisites: (1)
the SKT was a Precambrian micro-continent, therefore the arc-
related granites can be formed and (2) the Paleozoic magmatic
rocks in the WKOB trend to be younger from north to south and (3)
the magmatic rocks in the Tianshuihai Terrane (TSHT) are all
emplaced during Mesozoic and no Paleozoic magmatism occurred.
Most workers consider that the Kangxiwa Fault, the boundary be-
tween the SKT and TSHT, is the suture zone resulted from the
closure of a branch of the Paleo-Tethys Ocean (Ducea et al., 2003;
Jiang et al., 2013; Rutte et al., 2017), while others claimed that it is
either a syn-accretion fault or a post-accretion fault (Xiao et al.,
2002a, b, 2005; Wang, 2004). However, our recent works reveal
that the main part of the SKT, i.e., the Saitula Group, was a Paleozoic
accretionary complex which may be resulted from the southward
subduction of the Proto-Tethys Ocean (Zhang et al., 2018c), and the
only confirmed Precambrian basements in the WKOB were the
Archean Mazar Terrane (MZT, Fig.1a, Zhang et al., 2018a) and the
Neoproterozoic TSHT (Fig.1a, Zhang et al., 2018c). More impor-
tantly, the Early Paleozoic igneous rocks, including dolerites, gab-
bros and granites were identified in the confirmed Precambrian
basement, i.e., the Mazar Terrane-Tianshuihai Terrane (MZT-TSHT).
These newly identified Early Cambrian magmatic rocks in the MZT-
TSHT provide new insights for a more reliable reconstruction of the
Paleozoic tectono-magmatism evolution history of the WKOB. In
this contribution, we report field observations, ages, and
geochemistry of the newly identified Early Paleozoic dolerite/gab-
bro and granitic intrusions in the Archean MZT and central part of
the TSHT, in order to constrain the tectonic signature of the NE
Pamir and WKOB and to better understand the tectonic evolution of
the Proto-Tethys Ocean and assemblage process between the Tarim
and Eastern Gondwana.

2. Regional geology and petrography

The WKOB, adjoins the Tarim Basin to the north, the Tibetan
Plateau to the south, and the Pamir Plateau to the west, is offset
from East Kunlun Orogen and Songpan-Ganzi Terrane by the Altyn
sinistral strike-slip fault to the east (Fig. 1a, Gibbons et al., 2015; Yin
and Harrison, 2000). Tectonically, the WKOB can be divided into the
eastern and western section. The western section, generally known
as the Pamir salient, has been subdivided into three tectonic units,
i.e., the Northern Pamir, Central Pamir, and Southern Pamir
(Robinson et al., 2007, 2012; Schwab et al., 2004). The 1/250000
mappings and our systematic geochronological studies in this area
demonstrated that the main part of the NE Pamir (i.e., Tashikorgan
Terrane (TSKT) shown in Fig. 1a) was composed of a Cambrian
volcanic-sedimentary sequence, locally known as the Bulunkuole
Group (BKG), rather than a Triassic accretionary complex (e.g.,
Robinson et al., 2012). At its southern margin, the BKG thrust onto
the newly identified Archean MZT (Fig. 1a, Ji et al., 2011; Zhang
et al., 2018b).

The eastern section of the WKOB can be subdivided into three
main tectonic units (Fig. 1a), i.e., the NKT, the SKT and the TSHT, by
the Paleozoic Kudi-Qimanyute Suture (KQS), Mazar-Kangxiwa Fault
(MKF) and Hongshanhu-Qiaoertianshan Suture (HQS), respectively
(Mattern and Schneider, 2000; Xiao et al., 2005). The NKT, an
uplifted terrane of Tarim Block, composed of a pre-Nanhuanian
metamorphosed and deformed basement and unconformably
covered by Nanhua-Cambrian carbonate-clastic- tillite sequences
(Zhang et al., 2007, 2016). The main part of SKT, i.e., the Saitula
Group, was a metamorphosed Cambrian to early Ordovician
accretionary wedge and resembles the BKG in rock assemblage,
ages, metamorphism grade and deformation features (Fig. 1a,
Zhang et al., 2018c, d). Thus, the BKG and the Saitula Group
compose a massive early Paleozoic accretionary wedge distributed
between the Tarim and the MZT-TSHT (Fig. 1a). The TSHT is widely
covered by glacier deposits and knowledge of its geology is highly
incomplete due to geographic remoteness (Cui et al., 2006). Some
scholars suggested that this terrane is equivalent to the Songpan-
Ganzi block of Tibetan Plateau, which collided with SKT during the
Early Mesozoic (Xiao et al., 2005; Liu et al., 2015). The Neo-
proterozoic Tianshuihai Group (youngest detrital zircon age peaks
at ~743 Ma, Zhang et al., 2018c), as the only Precambrian sequence
of the TSHT, composed of meta-greywacke and limestone and is in
fault or unconformable contact with the late Paleozoic to early
Mesozoic accretionary wedge (Zhang et al., 2018c). The thick
monotonous and partly metamorphosed successions of clastic
marine deposits show flysch signatures (Mattern and Schneider,
2000).

The Early Paleozoic and Mesozoic magmatic rocks associated
with the evolution of the Proto- and Paleo-Tethys Ocean are
widespread in the WKOB. Previous studies mostly focused on the
igneous rocks and some key geological units such as the ophiolites
along the Xinjiang-Tibet road and the China-Pakistan road due to
the difficult accessibility to most areas of the WKOB (e.g., Mattern
and Schneider, 2000; Wang et al., 2002, 2017; Yang et al., 1996;
Zhang et al., 2004, 2005, 2016; Liu et al., 2015; Jiang et al., 2013).
These studies reveal that the Early Paleozoic magmatic rocks in the
WKOB are distributed mainly in the SKT and subordinately in the
NKT, while the Mesozoic magmatic rocks in the WKOB are
emplaced mainly along the southern part of the SKT and the
northern martin of the TSHT (Fig.1a). The Early Paleozoic granitoids
were emplaced in the SKT during 510e400 Ma (Jiang et al., 2002,
2008; Zhang et al., 2018a, 2018b). Geochemically, the early Paleo-
zoic granites in SKT can be defined as two distinct phases and types,
i.e., the 510e450 Ma Ietype granites and the 430-400 Ma high
BaeSr and Aetype granites (Ye et al., 2008; Yuan et al., 2002, 2005).
In combination of the ca.440 Ma amphibolite-facies meta-
morphism of the SKT, the accretion between Tarim and SKT were
finished at ca.440 Ma (Zhang et al., 2018c).

The MZT is located at the southeastern margin of the NE Pamir
(Fig. 1a), where the Archean basement in the WKOB was identified
(Ji et al., 2011; Zhang et al., 2018b). The Neoarchean sequence was
intruded by diverse types of intrusions, including the Neo-
proterozoic trondhjemite-tonalite-granodiorite and Cambrian
dolerite-gabbros and Mesozoic granites (Fig.1b, Zhang et al., 2018b;
this study). To the north of this terrane is the Cambrian accretionary
wedge (i.e., the BKG, Zhang et al., 2018a) and at its southeastern
side, it was intruded by the Mesozoic granites. The dolerite-gabbros
are mostly distributed at the southwestern side of the MZT, shown
as stocks and dykes in the field. The stocks outcrop as oval in form



Fig. 1. (a) Simplified tectonic map of the Western Kunlun Orogenic Belt (WKOB), showing the major terranes and related granite plutons (Modified from Zhang et al., 2018d). The so-
called basement of TSKT and SKT, locally known as the Bulunkuole Group and Saitula Group, are an early Paleozoic accretionary wedge. NKTeNorthern Kunlun terrane;
SKTeSouthern Kunlun terrane; TSKTeTashikorgan terrane; TSHT eTianshuihai terrane; MZTeMazar Terrane; KQSeKudi-Qimanyute Suture; MKFeMazar-Kangxiwa Fault;
HQSeHongshanhu-Qiaoertianshan Suture. (b) Geological map of the Cambrian mafic intrusive rocks in the Mazar terrane. (c) Geological map of the Cambrian magmatic rocks in the
Tianshuihai terrane.
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with several square kilometers. The dykes mostly strike in NW and
are several hundred meters to more than 1 km long and several to
hundred meters wide (Fig. 1b).

The TSHT is a NW-SE trending belt, located to the south of
Kangxiwa Fault (Fig. 1a). Magmatic rocks in the TSHT were
emplaced mainly during Triassic-Jurassic (240-195 Ma) and sub-
ordinately during the Early Cambrian (Fig. 1a, Hu et al., 2016 and
this study). The Early Cambrian dolerite-gabbros in this contribu-
tion are distributed south to the Dahongliutan iron deposit district,
central part of the TSHT (Fig. 1c, Hu et al., 2016). The dolerite-
gabbros occur as dykes in the field, strike in EW and are hundred
meters to several kilometers long and several to dozens of meters
wide (Fig. 1c). Zircon LA-ICPMS dating of a gabbro sample near the
sample location of this contribution yielded age of 532.3 ± 3.1 Ma
(Hu et al., 2016).
The dolerites/gabbros and granites were collected at the MZT

(Fig. 1b) and central part of TSHT (Fig. 1c). The dolerite/gabbro
samples were altered to variable degrees as identified in the thin
sections and the electronic probe analyses (see details in section
4.2), such as replacement of clinopyroxene by hornblende and
sericitization of the plagioclase. The gabbro samples consist of py-
roxene (all replaced by the hornblende, showing as pyroxene
pseudomorph) and plagioclase (Fig. 2a), and consist mainly of
brown hornblende (40e60%), sericitized plagioclase (40e50%) and
minor TieFe oxide. The dolerites are composed mainly of horn-
blende (50e65%), sericitized plagioclase (30e50%). The granites are
relatively fresh with slight sericitization of the plagioclase (Fig. 2b).
They are composed mainly of K-feldspar (50e55%), plagioclase



(10e15%), quartz (30e35%) and minor secondary sericite, with
accessory minerals of zircon and apatite.
3. Analytical procedures

Zircon separation was carried out using standard crushing,
sieving, and heavy liquid and magnetic separation techniques.
Representative zircons were then mounted on a double-sided tape
by hand-picking under a binocular microscope. Zircon dating of
three samples was carried out at Tianjin Institute of Geology and
Mineral Resources (TJIGMR), Chinese Geology Survey (CGS), where
a Neptune MC-ICPMS coupled with a 193 nm excimer laser ablation
system was used to determine zircon UePb ages. The detailed
analytical procedures are similar to those of Geng et al. (2011).
Zircon dating of a gabbro sample from MZT was conducted on a
SHRIMP-II instrument at Beijing SHRIMP Centre (National Science
and Technology Infrastructure), using the standard operating con-
ditions (Williams, 1998). Isoplot (Ludwig, 2003) was used for data
processing. Zircon UePb isotopic data was listed in Tables S1 and
S2.

Mineral compositions were determined on thin-sections using
an automated JEOL 8800 electron microprobe equipped with 5
wavelength spectrometers at Guangzhou Institute of Geochemistry,
Chinese Academy of Sciences. The operating conditions during
analyses are 15 keV accelerating voltage and 15 nA beam current
with 20 s counting time. The analytical precision is better than 5%.
The analytical results of hornblende were listed in Table S3.

Major-element oxides were obtained using Rigaku ZSX100e X-
ray fluorescence (XRF) on fused glass beads at the Nanjing Institute
of Geology and Mineral Resources (NJIGMR), CGS, following
analytical procedures similar to those of



18KL06 yield variable U (720e3065 ppm) and Pb (66e283 ppm)
contents and show relatively high 232Th/238U ratios (0.27e1.80,
Table S2), similar to typical magmatic zircons. All the 29 analyses
yield concordant 206Pb/238U ages and 207Pb/235U ages and form a
tight cluster on the concordia diagram with a weighted mean
206Pb/238U age of 532.7 ± 2.5 Ma (Fig. 3d, MSWD ¼ 0.24).

4.2. Mineral geochemistry

A total of 33 analyses were carried on the hornblendes from MZT
gabbroic diorites (2016KL17B and 15D071H5). The results show
relatively high Si (7.33e7.93) and Ca (1.77e2.03) apfu (atoms per
formula unit) and belong to calcic amphibolite according to the
classification scheme of Leake et al. (1997). They have low (Na þ K)A
(occupancy of Na þ K in A-site, less than 0.5), and are mainly
actinolite and magnesiohornblende (Fig. 4a). Their (Na þ K)A and
[IV]Al (occupancy Al in tetrahedral site) sharply decrease with
decreasing TiO2 (Fig. 4b, c), similar to the secondary trends of
amphibole from the Iberian appinites (Molina et al., 2009).

4.3. Whole-rock elemental geochemistry

The MZT doleritic/gabbroic samples have large ranges of SiO2
(47.88e55.36%), Al2O3 (11.48e15.58%), CaO (6.02e14.74%), MgO
(2.73e10.78%) and Fe2O3

T (9.88e13.39%). Their Na2O (0.74e5.16%)
contents are generally higher than K2O (0.21e1.30%). Due to vari-
able hydrothermal alteration, we use the immobile incompatible
elements to classify the rock types and to decipher their
geochemical signatures. On the Nb/Y versus Zr/TiO2 plot (Fig. 5a),
all the samples plot within the sub-alkaline basalt field. On the AFM
diagram, they define a typical tholeiitic trend (Fig. 5b). Their Mg#

ranges from 35 to 65 due to crystal fractionation and/or crustal
contamination (see following discussions). On the Harker diagrams
(Fig. 6), SiO2, TiO2, P2O5, total REE increase while Cr and Ni decrease
with decreasing Mg#, whereas Al2O3, Fe2O3

T, Na2O, CaO and Zr are
not correlated with Mg#. On the chondrite-normalized REE plot,
they display enriched LREE patterns with relatively constant (La/
Yb)N (2.67e6.87) ratios (Fig. 7a). Most MZT mafic samples lack
significant Eu anomalies (Eu/Eu* ¼ 0.81e1.17). Normalized to
primitive mantle, all samples show arc-like patterns with variable
enrichments in incompatible trace elements and significant NbeTa
trough (Nb/La ¼ 0.30e0.44) and variable negative P anomalies
(Fig. 7b).

The TSHT mafic intrusions exhibit relatively uniform SiO2
(46.82e49.68%) and varying Al2O3 (14.67e18.16%), CaO
(5.47e11.20%), MgO (5.84e10.20%) and Fe2O3

T (8.20e11.69%). They
are sodium-rich (2.12e4.29%, Na2O) relative to K2O (0.23e2.99%).
The TSHT mafic rocks have variable Ni (12e156 ppm) and Cr
(7e448 ppm) contents (Supplementary Table 3). All samples plot
within sub-alkaline basalt field on the Nb/Y versus Zr/TiO2 plot
(Fig. 5a). On the AFM diagram (Fig. 5b), they define a typical
tholeiitic signature. On the Harker diagrams (Fig. 6), the Na2O, TiO2,
P2O5, Zr and total REE increase while Cr, Ni and CaO decrease with
decreasing Mg# and SiO2, Al2O3 remain constant. The TSHT mafic
intrusions have variable total REE abundances
(70.68e225.08 ppm). They display enriched LREE patterns with (La/
Yb)N ratios ranging from 4.71 to 17.4 on the chondrite-normalized
REE diagram (Fig. 7c). Most TSHT mafic samples show slightly
negative to positive Eu anomalies (Eu/Eu* ¼ 0.95e



Fig. 4. (a) Classification of hornblende (Leake et al., 1997); (b) TiO2 (%) vs. Al IV and (c)
TiO2 (%) vs. (Na þ K)A diagrams of the hornblende showing the secondary trends.

Fig. 5. (a) Nb/Y vs. Zr/TiO2 classification, (b) AFM and (c) TAS diagrams of the dolerite-
gabbro and granite from Mazar Terrane-Tianshuihai Terrane.
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On the TAS diagram (Fig. 5c), they plot into the field of granite. They
have low contents of Al2O3 (11.80e13.85%), TiO2 (0.05e0.15%),
MnO2 (0.01e0.03%), MgO (0.06e0.52%) and P2O5 (0.01e0.02%).
Major elements define their peraluminous signature with A/NK
ranging from 1.10 to 1.24 and A/CNK ranging from 1.04 to 1.13. The
TSHT granites have total REE abundances ranging from 120 to
241 ppm. They exhibit a relatively flat REE pattern on the
chondrite-normalized REE diagram (Fig. 7e), with (La/Yb)N ratios
ranging from 2.61 to 7.19 and highly negative Eu anomalies (Eu/
Eu* ¼ 0.02e0.09), likely due to plagioclases fractionation.
Normalized to primitive mantle, all samples show enrichments in
large ion lithophile elements such as Rb, Th, La and depletions in Ba,
Sr, P, Ti and Eu (Fig. 7f).
4.4. Zircon in situ LueHf isotopic compositions

A total of 57 in situ LueHf isotopic analyses were carried on the
dated zircons from two TSHT granitic samples (17KL04 and 18KL06,



Fig. 6. Harker diagrams for the Cambrian mafic intrusive rocks from Mazar- Tianshuihai terrane.
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Table S5). All analyses show positive initial εHf(t) values ranging
from 2.6 to 9.2 (mostly between 4 and 8) and exhibit a general
Gaussian distribution (peaks at ~5, Fig. 8a) and Meso-Proterozoic
two stage model age (TDM2) ranging from 905 to 1324 Ma (Fig. 8b).
4.5. SreNd isotopic compositions

The MZT dolerite/gabbro samples have negative εNd(t) values
(�12.90 e -9.71) and variable initial 87Sr/86Sr values
(0.7107e0.71517, Table S6, Fig. 9a). The TSHT mafic rocks have
positive εNd(t) values ranging from 2.74 to 3.60, and their initial
87Sr/86Sr values ranging from 0.70597 to 0.70847. As for the
Cambrian TSHT granites, they exhibit εNd(t) values ranging
from �0.39 to 1.08, and initial 87Sr/86Sr values ranging from 0.7039
to 0.71229. We notice the significant decoupling between the
whole-rock Nd and Sr isotope compositions for the MZT mafic
rocks, which could be ascribed to post-emplacement hydrothermal
alteration (e.g., McCulloch et al., 1981) as demonstrated by the thin
section observations and the hornblende chemical compositions.
Thus, the Sr isotopes of the MZT mafic rocks are unsuitable for
further discussions on the petrogenesis of these rocks. On the εNd(t)
vs. εHf(t) diagram (Fig. 9b), the TSHT granites show broadly coupled
whole-rock Nd and zircon Hf isotopes.
5. Discussions

5.1. Petrogenesis of the mafic rocks

5.1.1. Hydrothermal alteration
As indicated by their high LOI (mostly higher than 2%), sec-

ondary minerals observed in thin sections and apparently sec-
ondary trends for the amphibole (Fig. 4b, c), the MZT-TSHT mafic
rocks underwent variable degrees of alteration after emplacement,
which may have changed the concentration of some incompatible
elements due to their enhanced mobility. Since Zr is considered to
be immobile during low-grade hydrothermal alteration and
metamorphism of igneous rocks, it has been used as a reference for
studying the mobility of other trace elements (Pearce et al., 1992).
We investigated the correlations between Zr and other elements
(figures not presented). The results indicate that TiO2, Nb, Th, Hf, Y,



Ta and REE correlate well with Zr, suggesting relative immobility of
these elements during post-emplacement processes. Some LILEs,
such as Ba, Rb and Sr, however, show no correlation with Zr, indi-
cating their mobility. Thus, we conclude that alteration processes
have not significantly affected high field strength elements (HFSE:
Th, Nb, Zr, Hf, Ti, Y) and REEs. Their variations could be ascribed to
magmatic processes and can be used for petrogenesis discussions.

5.1.2. AFC process
The analysed mafic rocks have variable MgO (2.73e10.78% for

MZT and 5.84e10.50% for TSHT), Mg# (35e65 for MZT and 51e65
for TSHT), Cr (5.88e255 ppm for MZT and 20.0e448 ppm for TSHT),
Ni (31.9e145 ppm for MZT and 12.1e156 ppm for TSHT) and total
REE abundances (41.5e148 ppm for MZT and 70.7e225 ppm for
TSHT), indicating that they crystallized from evolved rather than
primitive magmas, probably due to assimilation and fractional
crystallization (AFC) processes. As shown in the Harker diagrams
(Fig. 6), these analysed samples exhibit distinct positive correla-
tions between Cr and Mg# (Fig. 6i), Ni and Mg# (Fig. 6j), indicating
fractionation/cumulation of olivine or/and clinopyroxene. The
distinct clinopyroxene-plagioclase control trend in the Pearce
elemental ratios diagram (Fig. 10a) confirmed the fractionation/
cumulation of clinopyroxene and plagioclase. The negative corre-
lations between Fe2O3 and TiO2 concentrations and Mg# are
indicative of fractional crystallization/cumulation of FeeTi oxides.
AFC process can produce a positive correlation between εNd(t) and
Mg#. The slightly positive correlation between the εNd(t) and Mg#

for the MZT mafic rocks argues for crustal contamination before
fi



Fig. 8. Zircon εHf(t) spectra (a) and zircon UePb age vs. εHf(t) diagrams (b) of the Cambrian granitic intrusions from Tianshuihai Terrane.

Fig. 9. (a) Whole-rock SreNd isotopic diagram of the Cambrian mafic and granitic
intrusions from Mazar-Tianshuihai Terrane. The Taaxi gabbros are from Zhang et al.
(2018d); The South Kunlun Terrane (SKT) granites are from Zhu et al., 2017; Liao
et al., 2010, Wang et al. (2017), Liu et al. (2014); The marine sediments are from
Hofmann, 2003; Kudi Ophiolite are from Pan, 1996. (b) Whole-rock εNd(t) vs. zircon
εHf(t) diagram of the Cambrian granitic intrusions from Tianshuihai Terrane, showing
coupled NdeHf isotopic compositions. The terrestrial array and the fields for middle
ocean ridge basalt (MORB), oceanic island basalt (OIB) and global sediments are from
Vervoot et al., 1999..
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between the εNd(t) and Mg#, indicating insignificant crustal
contamination (Fig. 10b). Crustal contamination could simulta-
neously decrease Mg# and Nb/La ratios which could produce a
positive correlation between the Mg# and Nb/La. This conclusion is
supported by the slight positive correlation and no significant
correlation between the Mg# and Nb/La for the MZT and TSHT mafic
rocks, respectively (Fig. 10c). The (La/Ta)N vs. (Th/Ta)N diagram
(Fig. 10d) indicates that the contaminated components for the MZT
mafic rocks was the upper crust.

Therefore, we conclude that the analysed mafic samples from
TSHT have not undergone significant crustal contamination,
whereas those Cambrian rocks from MZT have been contaminated
by the upper crust component in this region.
5.1.3. Magma sources
The MZT and TSHT are two distinct Precambrian basements in

the WKOB, i.e., the Archean MZT (Zhang et al., 2018b) and the
Neoproterozoic TSHT (Zhang et al., 2018c). The different signatures
of the Precambrian basements for the MZT and TSHT lead us to
conclude that these two terranes possess different Cambrian
mantle sources. The mafic rocks from the TSHT have depleted
whole-rock Nd isotopic compositions (εNd(t)¼ 2.74 to 3.60), and
exhibit arc-like whole-rock elemental compositions, such as sig-
nificant NbeTa trough, enrichment of LREEs, LILEs and depletion of
HREEs and HFSEs (Fig. 7, Rudnick and Gao, 2003). The decoupling of
the depleted Nd isotopes and the enriched LREEs and LILEs share
most features of the E-MORB and some OIBs (e.g., Zhang et al.,
2018d). Such features can be ascribed to crustal contamination
(Rudnick and Gao, 2003), hybridization of magma sources by
recycled terrigenous sediments or fluid metasomatism in the sub-
duction zone (e.g., Hawkesworth et al., 1993) or crystallization of Ti-
bearing minerals (such as rutile and Ti-bearing amphibole) (e.g.,
Huang et al., 2010). As mentioned above, crustal contamination can
be ruled out. Although fractionation/accumulation of Ti-bearing
minerals might have occurred as mentioned above, this was not
the key reason to generate the NbeTa trough of the mafic rocks
from TSHT, because of the positive correlation between the TiO2
and Nb/La ratios (figure not shown). Thus, the mantle source for the
parent magma of the TSHT mafic rocks was most likely metasom-
atized or enriched by melts or fluids in a subduction zone (e.g.,
Hawkesworth et al., 1997). Nb/U and Ta/U ratios are commonly
used to identify the injection of crustal material into mantle source
or crustal contamination (e.g., Hofmann, 1988). The Nb/U and Ta/U
ratios of the TSHT mafic rocks are 7.1e23.3 and 0.4e1.3, signifi-
cantly lower than those of the OIB and MORB (Nb/Ue47 and Ta/
Ue2.7, Hofmann, 1988). The low ratios of Nb/U and Ta/U feature of
the TSHT mafic rocks argue for significant injection of crustal ma-
terials into the depleted mantle sources for the TSHT mafic rocks,
which might be due to subduction processes. In light of their
depleted whole-rock Nd isotopic compositions, we propose that
they were originated in the initial subducting setting of the
southward subduction of the Proto-Tethys Ocean.

Although having undergone upper crust contamination, the
MZT mafic rocks with variable Mg# numbers exhibit similar Nb/La



Fig. 10. (a) Si/Ti vs. (Mg þ Fe)/Ti (molar ratios) diagram of MZT-TSHT mafic rocks showing accumulation of clinopyroxene and plagioclase; (b) Mg# vs. εNd(t), (c) Mg# vs. Nb/La and
(d) (La/Ta)N vs. (Th/Ta)N diagrams illustrating upper continental crust contamination trends for the MZT mafic rocks, and no significant contamination for the TSHT mafic rocks. UCC
e upper continental crust; LCC e lower continental crust.
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ratios (0.30e0.46). Thus, their incompatible ratios could broadly
reflect their primitive geochemical signatures. The REE and
incompatible element distribution patterns of MZT mafic intrusions
broadly exhibit arc basalt signatures such as their significant NbeTa
trough (Fig. 7), enrichment of LREEs, LILEs and depletion of HREEs
and HFSEs (Rudnick and Gao, 2003, Fig. 7). Furthermore, their HFSE
ratios, such as Th/La and Nb/Th, are also comparable with those of
primitive arc basalts (Fig. 11, OIBs, primitive arc basalt and average
continental crust are from Sun and McDonough, 1989 and Rudnick
and Gao, 2003, respectively). Among the MZT mafic rocks, the
sample with least negative initial Nd isotopic composition (�9.71)
Fig. 11. Th/La vs. Nb/Th diagram. The MZT mafic rocks cluster around primitive arc
basalts (PAB) and the TSHT mafic rocks plot between oceanic island basalt (OIB) and
PAB. OIB, PAB and average continental crust (AC) are after Sun and McDonough (1989),
Rudnick and Gao (2003), respectively.
has high Mg# (59), which argues for an isotopically enriched mantle
source for the primary magma of the MZT mafic rocks. We deduce
that they were derived from an enriched sub-continental litho-
spheric mantle (SCLM). As a matter of fact, the Archean MZT pos-
sesses a long-term enriched SCLM according to the whole-rock
εNd(t) values of the Archean mafic volcanic rocks (�11.9 to �9.3,
recalculated to 490 Ma, Ji et al., 2011), which is consistent well with
the MZT mafic rocks. Partial melting of an initially cold SCLM could
not occur unless plenty of subduction-related fluids modified the
mantle source (Ringwood, 1974). This may be related to the
continuously (530e490 Ma) southward subduction of the Proto-
Tethys Ocean.

The TSHT mafic rocks exhibit positive whole-rock Nd isotopic
compositions whereas the MZT mafic rocks display much more
enriched whole-rock Nd isotopic compositions (εNd(t) ¼�12.90 e

-9.71). From the TSHT mafic rocks (ca. 530 Ma) to the MZT mafic
rocks (ca. 490 Ma), the mantle sources of the mafic rocks trans-
formed from a depleted mantle to an enriched SCLM, which might
be resulted from increasing metasomatized degree of the slab
subduction. This conclusion is further supported by the relatively
higher Th/Yb ratios at a given Nb/Yb for the MZ-TSHT mafic rocks.
All MZT mafic rocks plot into the field of continental arc and those
TSHT mafic rocks plot between the field of continental arc and the
mantle-array on the Nb/Yb vs. Th/Yb diagram (Fig. 12). Comparing
with the binary diagram, the triangular diagram would be influ-
enced less by crystal fractionation. On the NbeZr/4-Y diagram
(Fig. 13), the TSHT mafic rocks are mostly plot in the field of within
plate tholeiitic basalts, with some shift to within plate alkaline
basalts, while the MZT mafic rocks plot into the fields of volcanic arc
basalts.

To sum up, the Cambrian TSHT mafic rocks were derived from a
depleted mantle source in an initial subduction setting, whereas
the Cambrian MZT mafic rocks were most likely derived from a
subduction metasomatized SCLM wedge in an arc setting.



5.2. Petrogenesis of the TSHT granites

The TSHT granites have extremely high contents of SiO2
(75.14e79.57%) and highly negative Eu anomalies (Eu/
Eu* ¼ 0.02e0.09) and are depleted in Ba, Sr, P in the primitive
mantle normalized diagrams (Fig. 7f). They exhibit low ratios of
1000*Ga/Al (2.23e2.65) and (Na2O þ K2O)/CaO (5.15e9.45), and
low contents of Zr (96.6e146 ppm) and Zr þ Nb þ Ce þ Y
(207e345 ppm), both lower than the lower limit of the typical A-
type granites (Collins et al., 1982; Whalen et al., 1987). Most TSHT
granites plot into the fractionated granite field on the diagram of
Zr þ Nb þ Ce þ Y vs. (Na2O þ K2O)/CaO (Fig. 14a). These charac-
teristics of the TSHT granites reveal that they are highly fraction-
ated granites, as evidenced by their low contents of Fe2O3

T and MgO.
Unfractionated granites usually have relatively constant ratios of
twin HFSE elements, such as Zr/Hf and Nb/Ta (Green, 1995). While
those ratios will decrease obviously when the magma system
experiencing intensive fractionation (e.g., P�erez-Soba and Villaseca,
2010). The TSHT granites show low ratios of Zr/Hf (22.5e28.9) and
Nb/Ta (4.25e7.90) relative to typical granites (38 for Zr/Hf and 17
for Nb/Ta), which is consistent with strong differentiation.

The TSHT granites show relatively low contents of Al2O3
(11.80e13.85%) and are weakly peraluminous (mostly lower than
1.10), which is distinct from typical S-type granites (Chappell,1999).
As a common accessory mineral in magmatic rocks, apatites have
different solubility in different magma system (e.g., Li et al., 2007).
Apatites have very low solubility in metaluminous to weakly per-
aluminous magma system and crystallize early during the frac-
tionation of magma system, which result in a negative relationship
between P and SiO2. While in the strong peraluminous magma, the
apatites show an opposite behavior and lead to a positive or remain
unchanged as the SiO2 increase (Wolf and London, 1994). This
different behavior of apatites in metaluminous to weakly per-
aluminous magma and peraluminous magma can be used to
discriminate I- and S-type granites (Wu et al., 2003). The TSHT
granites exhibit very low contents of P2O5 (�0.02%, Fig. 14b),
indicative of I-type granite affinity. In addition, all TSHT granitic
samples plot into I-type granite field on the Zr vs. TiO2 diagram
(Fig. 14c). Therefore, we conclude that the Cambrian TSHT granites
are highly-fractionated I-type granites.

The extremely negative Eu anomalies (Eu/Eu* ¼ 0.02e0.09) and
low contents of Sr (21.9e71.5 ppm) suggest fractional crystalliza-
tion of plagioclase. The apparently negative Ba, Sr, P and Ti anom-
alies in the primitive-mantle-normalized trace elements and REE
variation diagrams for the TSHT granites (Fig. 7) indicate fraction-
ation of plagioclase, apatite and FeeTi oxides during magma evo-
lution. Furthermore, plot of process identification diagram on log
Ba vs. log Rb (Fig. 14d) yield trends of crystal fractionation of
plagioclase and K-feldspar, which is consistent with the negative
correlation between log Eu and log Ba (Fig. 14e). The TSHT granites
show low total contents of REEs (low to 120 ppm), which could be
ascribed to fractional crystallization of REE-enriched accessory
minerals, such as apatite and monazite. The La vs. (La/Yb)N diagram
(Fig. 14f) reveals that the REEs variations in the TSHT granites were
likely controlled by crystallization of monazite and/or allanite.

The TSHT granites occur closely temporally and spatially related
to the TSHT mafic rocks, suggesting the former could be formed by



Fig. 14. (a) Zr þ Nb þ Ce þ Y vs. (Na2O þ K2O)/CaO, (b) SiO2 vs. P2O5 and (c) Zr vs. TiO2 diagrams showing fractionated I-type granite signatures for the granitic rocks from
Tianshuihai terrane. (d) Rb vs. Ba and (e) Eu vs. Ba diagrams showing crystallization of plagioclase and (f) La vs. (La/Yb)N diagram showing crystallization of monzonite and/or
allanite.
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The final closure of the Mozambique Ocean between East
Gondwana and West Gondwana at ca. 540e530 Ma formed the
Great Gondwana (Fig. 15a, Collins and Pisarevsky, 2005; Li et al.,
2008), as evidenced by the palaeomagnetic studies (Meert and
Van der Voo, 1996), causing the final docking of India to
Australia-East Antarctica along the Pinjarra Orogen (Boger and
Miller, 2004; Collins and Pisarevsky, 2005). Episodic bioprovince
connections with East Gondwana during the Early-to mid-Paleo-
zoic indicated that the micro-continents distributed in Eastern Asia,
including the Tarim, Qaidam, Qilian, South China Block (SCB), North
China Block (NCB), Alex, Sibumasu and Indochina, were located
nearby Australia (Fig. 15b, Metcalfe, 2011, 2013).

The Archean MZT and late-Neoproterozoic TSHT are two newly
identified Precambrian basements in the WKOB (Zhang et al.,
2018c, d). Although the MZT and the TSHT are different in age,
they are all confirmed Precambrian basements in the WKOB.
Considering the similarity of the Early Paleozoic accretionary
complex of BKG and Saitula Group (Zhang et al., 2018a, c), distrib-
uted to the north of the MZT and TSHT, respectively, it is quite
possible that the MZT and TSHT are as a whole before the early
Cambrian (ca. 530 Ma). This conclusion is further supported by the
paleogeographic evidence to the southern margin of the Tarim
Block (Huang et al., 2011). According to the paleogeographic
reconstruction of Li et al. (2018), we place the MZT-TSHT between
the Tarim and Eastern Gondwana (Fig. 15b). The MZT possesses the
Archean (ca. 2.5 Ga) bimodal meta-igneous rock overprinted by ca.
2.0 Ga metamorphism and Neoproterozoic (ca. 840 Ma) granitic
magmatism (Zhang et al., 2018b), which share most similarity to
the Archean Kongling complex in the SCB (Zhang and Zheng, 2013).
Further, the detrital zircons of the flysch-like sedimentary se-
quences in the TSHT shared similar age spectra to the late Neo-
proterozoic sequence from SCB (Hu et al., 2016; Zhang et al., 2015,
2018c). Precambrian rock assembages, phases of igneous activities
and metamorphism of the MZT-TSHT share most features to those
of the SCB, which argued that this terrane was continental frag-
ments detached from SCB during the breakup of the Rodinia Su-
percontinent. The BKG was an early Cambrian (530e508 Ma, Zhang
et al., 2018a) accretionary wedge between the Tarim and the MZT.
The Early Cambrian (ca. 530 Ma) gabbro sheets and stocks
emplaced in the lower part of the BKG were suggested to be derived
from a metasomatized asthenosphere mantle source in a fore-arc
setting (Zhang et al., 2018d). The ca. ~530 Ma arc-like dolerite/



Fig. 15. Early Cambrian (~530 Ma) global continental/micro-continental blocks distribution (a) and possible distribution of the blocks at the northern fringe of Gondwana (b,
Modified from Li et al., 2018; Metcalf et al., 2011, 2013). (c) Cartoon model showing the formation of Cambrian dolerite-gabbros in the MZT-TSHT and the initiation of Proto-Tethys
oceans subduction at ca. 530 Ma (the thickness of the SCLM and crust is not exactly scaled). BKGeCambrian Bulunkuole Group; QeQaidam; SCBeSouth China Block; NCBeNorth
China Block; SQTeSouth Qiangtang; NQTeNorth Qiangtang; MZT-TSHTeMazar Terrane-Tianshuihai Terrane. See details in the text.
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gabbro intrusions in the TSHT south to the BKG was coeval with
those gabbro sheets and stocks emplaced in the lower part of the
BKG (Zhang et al., 2018d), which formed the initial magmatic arc of
the southward subduction of the Proto-Tethys Ocean (Fig. 15c). The
continuous southward subduction of the Proto-Tethys Ocean led to
the metasomatism of the SCLM beneath the MZT. Partial melting of
the metasomatized enriched mantle source (SCLM) generated the
mafic intrusions in the MZT.

Voluminous early Paleozoic granites emplaced in the SKT and
the TSKT during 510e400 Ma (Jiang et al., 2002, 2008; Zhang et al.,
2018a, 2018b). These granites show variable geochemical compo-
sitions, including the 430 Ma adakitic rocks (Ye et al., 2008; Wang
et al., 2017), which may be resulted from partial melting of the
thickened lower crust (Wang et al., 2017). The thickening of the
continental crust in an orogenic belt can be ascribed to the
continent-continent collision, such as the Dabie Orogenic Belt and
Tibetan Plateau (Chung et al., 2003; Wang et al., 2007), indicating
that the final collision between the Tarim Block and East Gondwana
was earlier than 430 Ma. Our results, coupled with the occurrence
of ca. 440 Ma amphibolite-facies metamorphism of the SKT,
document that the accretion between Tarim and TSHT was finished
at ca.440 Ma (Zhang et al., 2018c). The closure of the Proto-Tethys
Ocean led to the final assemblage of the blocks in the Northern
Tibet and Asia, including the Tarim, MZT-TSHT, Qaidam, SCB,
Indochina, etc., to the northern margin of the East Gondwana
(Metcalfe, 2011, 2013).
6. Conclusions

(1) The granitic intrusions in Tianshuihai Terrane were emplaced
at ca. 530 Ma, coeval with the dolerite-gabbros in this area
and the gabbro sheets and stocks emplaced into the lower
part of the Cambrian accretionary wedge. The dolerite-
gabbro from the Mazar Terrane was emplaced at ca.
500e490 Ma.

(2) The doleritic/gabbroic intrusions in Tianshuihai Terrane were
derived from a depleted mantle source in an initial
subduction setting; whereas the mafic intrusions in Mazar
Terrane were generated from a sub-continental lithospheric
mantle source in an arc setting.

(3) A Cambrian magmatic arc, genetically related to the south-
ward subduction of the Proto-Tethys Oceans during
530e490 Ma, was developed along the Mazar-Tianshuihai
terrane. The final closure of the Proto-Tethys Oceans
occurred at ca. 440 Ma, which led to the terranes along the
northern margin of the Tibet Plateau and East Asia docked to
the East Gondwana.
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