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The Eastern Kunlun Range, as a high-elevation and granitoid-rich tectonic element in northern Tibet, records
Paleozoic-Mesozoic amalgamation process of the East Asia continent and Cenozoic uplift of the Tibetan Plateau.
However, Precambrian evolution of the Eastern Kunlun remains poorly understood and relations between East-
ern Kunlun and adjacent terranes (e.g., Qaidam and Qilian) during the Phanerozoic accretion process are still
highly controversial. We use detrital zircon U-Pb geochronological and Hf isotopic data of Proterozoic and Paleo-
zoic metasedimentary rocks from the Eastern Kunlun Range, to reconstruct its origin and subsequent evolution-
ary history. Detrital zircons of the Proterozoic rocks are dominated by early-middle Neoproterozoic ages
(700-1000 Ma), with two age peaks at ca. 800 Ma and ca. 920 Ma and eHf(t) values ranging from —10 to 5.
The youngest detrital zircon ages (648-788 Ma) demonstrate that these investigated Proterozoic strata, which
were previously mapped as Paleoproterozoic to Mesoproterozoic, were most likely deposited in the middle-
late Neoproterozoic. Abundant 0.9-1.0 Ga detrital zircon crystals are consistent with those crystalline rocks of
similar ages across the Kunlun-Qaidam and Qilian terranes, which are generally interpreted as the product of
Grenvillian orogenesis. These findings support the hypothesis that these terranes were probably within a single
continental landmass (named as KQQ block) during the Neoproterozoic. The high similarity of detrital zircon
ages, Hf isotopes and Neoproterozoic lithostratigraphy between western Yangtze and KQQ blocks, supports a
temporary connection of the KQQ block to western Yangtze in Rodinia supercontinent. Detrital zircons of the an-
alyzed Paleozoic rocks are characterized by 390-490 Ma age populations. These results, in combination with pub-
lished granitoids data of the northern Tibet, favor a scenario in which the Kunlun-Qaidam and Qilian terranes
underwent separated subduction and accretion processes during the late Cambrian-Devonian, but together
formed an upper plate to northward subduction of the Paleo-Tethys during the Permian-Triassic.

© 2020 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.

1. Introduction

ocean subduction, closure and continent amalgamation prior to Ceno-
zoic (Mattern and Schneider, 2000; Xiao et al., 2002; Mo et al., 2007,

The Kunlun Range, located in the northern part of the Tibetan Pla-
teau (Fig. 1A), is a ~2500 km-long, latitudinally-trending, high-
elevation (>5000 m) and granitoid-rich zone in central China (Xu
et al., 1999; Cowgill et al., 2003; Mo et al., 2007; Dong et al., 2018; Mu
et al.,, 2018; Pei et al., 2018). The Kunlun Range has been divided into
eastern and western parts (i.e., Eastern Kunlun and Western Kunlun
Ranges) by Cenozoic left-lateral strike slip motion on the Altyn Tagh
fault (Fig. 1). In addition to recording the Cenozoic upward and outward
growth of the Tibetan Plateau (e.g., Yin and Harrison, 2000; Jolivet et al,,
2001; Tapponnier et al., 2001; Wang et al., 2008; Clark et al., 2010), the
geologic record in the Kunlun Range also preserves multiple cycles of

* Corresponding author.
E-mail address: xjian@xmu.edu.cn (X. Jian).

https://doi.org/10.1016/j.gr.2020.01.015

Gehrels et al., 2011; Dong et al., 2018; Song et al., 2018; Wu et al,,
2019a,b,c).

The Phanerozoic tectono-magmatic history and accretionary process
of the Eastern Kunlun have been well documented (e.g., Cowgill et al.,
2003; Liu et al., 2005; Zhu et al., 2006; Dai et al., 2013; Li et al,, 2013,
2015a,b; Xiong et al., 2014, 2015; Hu et al., 2016; Zhou et al., 2016;
Shao et al., 2017; Zheng et al., 2018; Wu et al., 2019a,b,c). It is widely
recognized that the Eastern Kunlun was intruded by arc magmas in re-
sponse to successive subduction of the Proto-Tethys and Paleo-Tethys
oceans and felsic magmas in response to continental collisions during
the Paleozoic to Triassic (e.g., Gehrels et al., 2011; Li et al,, 2013;
Zhang et al., 2017b; Dong et al., 2018; Mu et al., 2018; Song et al.,
2018). However, relationships between the Kunlun-Qaidam and Qilian
terranes in the Paleozoic—-Mesozoic multiple Wilson cycles remain

1342-937X/© 2020 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
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Fig. 1. (A) A map showing major tectonic elements of the Tibetan Plateau and surrounding regions. (B) Location of the Eastern Kunlun Range, modified from Jian et al. (2018).

(C) Geological map of the eastern part of the Eastern Kunlun Range and sample locations.

widely debated. Two of the more widely accepted tectonic models for
the Paleozoic-Mesozoic include: 1) an archipelago model posits that
the terranes were separated from each other by ocean basins during
the early Paleozoic and amalgamated together during the mid- to late
Paleozoic (e.g., Hsu et al., 1995; Yin and Harrison, 2000; Yin et al.,
2007; Gehrels et al., 2003a), or 2) a continuous continent by the early
Paleozoic in which the Qaidam-Qilian terrane was sandwiched between
the North Qilian arc to the north and the Kunlun arc to the south

(e.g., Songetal.,, 2013, 2014; Cheng et al., 2017). More work is necessary
to differentiate between these models or propose new ones describing
the Phanerozoic accretionary history of northern Tibet.

By contrast, Precambrian evolution of the Eastern Kunlun Range is
more poorly understood, but it is important for better understanding
of formation and growth of the Tibetan Plateau and for defining the ar-
chitecture of supercontinents and the Tibetan crust. Previous studies
proposed that the Eastern Kunlun underwent three episodes of
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tectono-magmatic events during the Precambrian, occurring at
2400-2500 Ma, 1800-1900 Ma and ca. 1000 Ma (BGMRQP, 1991;
Wang et al., 2007). The Precambrian sedimentary strata in the Eastern
Kunlun Range have been highly metamorphosed or deformed. Accord-
ing to the dating of interbedded volcanic rocks and igneous intrusions
(BGMRQP, 1991; Pan et al., 2004; Chen et al., 2006, 2011; Wang et al.,
2007; Zhang et al., 2012; Dong et al., 2018 and references therein) and
fossil identifications for some Binggou Group sedimentary strata
(e.g., BGMRQP, 1991; Luan et al., 2011), most of these Precambrian
strata were previously thought to be deposited prior to Neoproterozoic.
However, recently, a growing number of investigations indicated maxi-
mum depositional ages of the Neoproterozoic for some Precambrian
outcrops in the Eastern Kunlun Range (Liu et al., 2016; Zhang et al.,
2018a; Wu et al., 2019b).

The widespread early Neoproterozoic (900-1000 Ma) igneous rocks
in northern Tibet, are generally interpreted to have resulted from
Grenvillian orogenesis during collisional-related tectonic events; and
the general consensus is that these terranes were involved in the amal-
gamation of the Rodinia supercontinent during the Neoproterozoic
(e.g., Ly, 2002; Gehrels et al., 2003b; Chen et al., 2007a; Song et al.,
2012; Yu et al.,, 2013, 2019b; He et al., 2016a, 2016b, 2018; Cheng
et al.,, 2017; He et al., 2018). It has been proposed that the Kunlun-
Qaidam and Qilian terranes were connected with the Yangtze block
within the Rodinia supercontinent, based on the similar ages and petro-
genesis of the early Neoproterozoic igneous rocks from these two re-
gions (e.g., Song et al., 2012; Tung et al, 2012; Yu et al., 2013).
However, the Yangtze block is characterized by widespread middle
Neoproterozoic (ca. 720-900 Ma) igneous rocks and middle-late
Neoproterozoic sedimentary covers (Liu et al., 2008; Wang et al.,
2010, 20124, 2013), rock of this age and characteristics have not been
widely observed in the Eastern Kunlun (BGMRQP, 1991; Wang et al.,
2007; Dong et al., 2018). Because of this incongruity, we tested the tec-
tonic affinity of the Proterozoic rocks that compose the continental core
of the Eastern Kunlun to better understand its role in the formation and
breakup of the Rodinia supercontinent.

Here, we present new detrital zircon U-Pb geochronology and Hf iso-
tope results for Proterozoic and Paleozoic sedimentary rocks from the
eastern part of the Eastern Kunlun Range and combine published data
to unravel the formation and pre-Mesozoic evolution of the range.

2. Geological setting
2.1. Background of the northern Tibet

The Eastern Kunlun Range is located to the west of the Qinling-Dabie
orogenic belt, neighboring the Qaidam basin and Qilian mountains on
the north and the Songpan-Ganzi Complex on the south (Fig. 1A). The
Western Kunlun Range, exhibiting largely the same pre-middle Ceno-
zoic geology as the Eastern Kunlun, is considered to represent the west-
ern continuation of the same subduction-accretionary belt (Yin and
Harrison, 2000; Xiao et al., 2002, 2005; Cowgill et al., 2003). The left-
lateral strike slip along the Altyn Tagh Fault has resulted in a cumulative
ca. 375 km offset between these two ranges (Gehrels et al., 2003b; Yue
et al., 2004; Cheng et al., 2015; Wu et al., 2019d).

The Qinling-Dabie orogenic belt formed by the convergence and
continent-continent collision between the North China and South
China blocks by the Triassic (Meng and Zhang, 2000; Hacker et al.,
2004; Dong et al., 2011; Li et al., 2014a,b; Dong and Santosh, 2016).
The Songpan-Ganzi Complex is characterized by thick and widespread
deep water oceanic calciclastic and siliciclastic gravity flow deposits
identified as the largest Triassic accumulation of sediments on earth.
These flysch deposits were extensively intruded by Late Triassic-Early
Jurassic igneous rocks, have been highly deformed and preserve rich re-
cords of late-stage evolution and closure of the Eastern Paleo-Tethys
ocean (Weislogel et al., 2006, 2010; Pullen et al., 2008; Ding et al.,
2013; Zhang et al., 2014; Jian et al., 2019a). The Qilian mountains,

which are expressed as a ~300 km wide fold-thrust belt (Fig. 1B; Yin
and Harrison, 2000; An et al., 2018; Zuza et al., 2018; Cheng et al.,
2019a,b), form the northern most high topography of the Tibetan Pla-
teau (Fig. 1A) and from north to south consist of the North Qilian early
Paleozoic complex, the Central Qilian Proterozoic basement and the
South Qilian-North Qaidam ultra-high pressure metamorphic belt
(Fig. 1B). The Qilian mountains are mainly composed of different
types of metamorphic rocks, volcanic rocks, marine sedimentary strata
as well as ophiolite suites (Gehrels et al., 2003a,b; Tung et al., 2007a,b;
Xiao et al., 2009; Song et al.,, 2013, 2014) and have experienced multiple
episodes of tectonic deformation, including Neoproterozoic continental
breakup, early Paleozoic subduction and continental collision, Mesozoic
extension and Cenozoic intracontinental orogenesis (Zuza et al., 2018
and reference therein; Yu et al,, 2019a,b,c). The Qaidam basin is a non-
marine Mesozoic-Cenozoic petroliferous basin and stores sediments
derived from the surrounding Eastern Kunlun, Qilian and Altun moun-
tains (Zhuang et al., 2011; Wu et al,, 2011; Jian et al., 2013a,b, 2014,
2018, 2019b; Cheng et al., 2014, 2015, 2019b; Wei et al., 2016; Bao
et al., 2017; Yu et al., 2017; Lu et al., 2018; Zhang et al., 2018b). The
Qaidam basin was involved into three tectono-magmatic episodes
(i.e., early Neoproterozoic, early Paleozoic and late Paleozoic-earliest
Mesozoic) and is regarded as a tectono-magmatic rejuvenated terrane,
rather than a rigid and mechanically-strong craton (Cheng et al.,
2017). Therefore, the Qaidam and Eastern Kunlun together are generally
regarded as a single terrane (so-called Kunlun-Qaidam terrane) having
similar pre-Mesozoic history (e.g., Yin and Harrison, 2000; Dai et al.,
2013; Wu et al., 2016, 2019a, 2019b, 2019c; Cheng et al., 2017; Zuza
et al., 2018).

2.2. Precambrian-Paleozoic stratigraphy of the Eastern Kunlun

The geology of the Kunlun-Qaidam terrane is best exposed in the
Eastern Kunlun Range along the south margin of the terrane. The Pre-
cambrian sedimentary strata in north regions of the Eastern Kunlun
Range were named as Jinshuikou Group (containing Baishahe Group
and Xiaomiao Formation) and Binggou Group (containing Langyashan
and Qiujidonggou Formations); and those in the south regions of the
Eastern Kunlun Range were named as Kuhai Group and Wanbaogou
Group (Fig. 2). The Precambrian sedimentary strata are unconformably
overlain by early Paleozoic marine sedimentary successions and mainly
consist of genesis, schist, quartzite, amphibolite, slate and marble rocks
(Fig. 2; Pan et al.,, 2004). These strata were intruded by foliated granit-
oids and have been metamorphosed. Most of these Precambrian strata
were thought to form in shallow marine depositional settings of conti-
nental margins, as they are characterized by mixed carbonate-
siliciclastic and volcanic successions (Wang et al., 2007; Chen et al.,
2011; Luan et al.,, 2011). Previous studies reported 1.93 Ga interbedded
meta-basite in the Baishahe Group, 1.85 Ga and 820-940 Ma meta-
granite intrusions in the Xiaomiao Formation and Kuhai Group and
1300-1500 Ma volcanic rocks within the Wanbaogou Group strata, sug-
gesting that these sedimentary strata were probably deposited in the
Paleoproterozoic-Mesoproterozoic (A et al., 2003; Pan et al., 2004;
Wang et al., 2007 and references therein; Wei et al., 2007; Zhang
et al,, 2012; Wu et al., 2016). The discovery and identification results
of micro-plant fossils and stromatolites reveal that the Langyashan
and Qiujidonggou Formations in the Binggou Group were likely depos-
ited in the Mesoproterozoic and early Neoproterozoic (BGMRQP, 1991;
Luan et al., 2011), respectively. However, several detrital zircon age-
based studies found that some metasedimentary rocks, mapped as
Kuhai, Binggou (including the Langyashan Formation) and Wanbaogou
Groups have maximum depositional ages of the Neoproterozoic (Liu
et al,, 2016; Zhang et al., 2018a; Wu et al., 2019b). The Wanbaogou
Group was also reported to be deposited in the Neoproterozoic, based
on the new age data (ca. 762 Ma) of the basalt layers (Xu et al., 2016).

The Ordovician-Silurian Nachitai Group is mainly composed of vol-
canic rocks, volcaniclastic rocks and shallow- and deep-marine (meta)



66 X. Jian et al. | Gondwana Research 83 (2020) 63-79

Epoch| Litho.| Sample Description
» [ .
S (- Halaguole and Haoteluowa Formations,
o T 'I T : T Bugingshan Group and Gequ Formation: shale slate and phyllite
Q= Limestone, sandstone, conglomerate, and
'g g 5 carbonaceous shale sandstone E schist
Y v ~2000m
a ¥
= o [ = o 14AX-48 [0 o] === .
8& 0 ©° ¥ 14AX-51 conglomerate gneiss
! > & 2] ;
< C—a Maoniushan Formation: chert FApEs] quartzite
= N Conglomerate, (meta) sandstone, volcaniclastic
S == layers and volcanic rocks E carbonate rocks @ marble
> y_¥ ~1000 m
8 T fault-bounded m mafic volcanic rocks
N Nachitai Group: PN ] ) )
< = (Meta-)mafic rocks, volcaniclastic rocks, uncomformity ———1 felsicvolcanicrocks
O € === metasandstone, phyllite, slate and siltstone, .
=2 ®
3 C = with limestone lens, intruded by granitoid. sample location
S 2 B Volcanic rocks in some places named as
oW ==L Qimantager Group
L F © ~1000m
Cam- Epoch Litho| Sample Description
brian Binggou Group/Wanbaogou Group: Iy
o Dolomite, marble, meta-volcanic rocks, P Shaliuhe Group:
Do /'\I_n/ paragneiss and schist,intruded by foliated @ :%' (meta)sandstone, conglomerate, slate,
8 ke :% gra(jletplanlnggouFGroupt‘mcludes Langyashan Z o % 135G-191 schist, paragneiss and carbonate rocks
N~ ~ and Qiujidonggou Formations. OV EF== >1000 m
Z o B2 1000 m B35
o Sk 14AX-15 S5
30 F—— Xiaomiao Formation/Kuhai Group: L
= a =~ _~%13SG-158| Paragneiss, schist, phyllite, slate and marble, R Wandonggou Group:
~, . . . . 1 N
intruded by foliated granitoid o B chert, carbonate rocks, schist and slate
5 >1000m S 1 >1000 m
o N b
5 14AX-26 | Baishahe Group: g <~ ]
© Gneiss, schist, quartzite, marble and amphibolite] , 5 % Dak.endabantG'troup.h' Cand N
1o intruded by foliated granitoid. C = A gneiss, quartzite, schistand marble,
== 14AX-35 | 1900 m g %/_A/ intruded by foliated granitoid
(SR} 14AX-38 € 0 L~T >1000m
Se S I
°w <o F
<o
Eastern Kunlun North Qaidam

Fig. 2. Simplified regional stratigraphic sections and descriptions of the Eastern Kunlun Range and the North Qaidam metamorphic belt, compiled from BGMRQP (1991) and Pan et al.
(2004). Stratigraphic attributions of the analyzed samples are based on 1:200000 geological maps. Note that the samples 14AX-35 and 14AX-38, which were previously mapped as
Baishahe Group, were most likely deposited in the Paleozoic based on the new detrital zircon age data in this study.

siliciclastic rocks and limestones, probably representing an arc sequence
(Pan et al.,, 2004). The Devonian molasse Maoniushan Formation (also
named as Heishangou and Haerzha Formations) overlies those Precam-
brian and Ordovician-Silurian strata with an angular unconformity (Wu
et al,, 2019b) and consists of conglomerates, sandstones, volcanic rocks
and volcaniclastic layers. The molasse formation was thought to form in
terrigenous or shallow-water depositional environments (Chen et al.,
2007b). A couple of rhyolite interlayers therein indicate 400-420 Ma
U-Pb ages (Lu et al., 2010; Peng et al., 2016; Qi et al., 2018), suggesting
the possible depositional ages of Early Devonian for the Maoniushan
Formation strata. The overlying Carboniferous-Permian sedimentary
succession (including Halaguole and Haoteluowa Formations,
Bugingshan Group and Gequ Formation) is characterized by shallow
marine mixed carbonate-siliciclastic sequences and deep-water flysch
sedimentary successions with volcaniclastic layers (Fig. 2). Each se-
quence within the Carboniferous-Permian strata is presented by
lower siliciclastic rock-dominated conglomerates, arkosic and quartz
sandstones and upper carbonate rock-dominated limestones, carbona-
ceous shales and calcareous siltstones (Wu et al., 2019b). Furthermore,
mafic-ultramafic intrusive rocks and ophiolitic fragments occur as tec-
tonic lenses within a high-grade metamorphic complex in the north of
the Kunlun fault. The formation of these rocks remains an open ques-
tion. It has been interpreted as indicating either an early Paleozoic su-
ture (e.g., Yang et al., 1996, 1999; Meng et al., 2013, 2015) or a back-
arc basin (e.g., Mo et al., 2007; Li et al., 2013; Dong et al., 2018) in the
Eastern Kunlun regions. The details of geological settings, lithology

and ages of those exposed rocks are described by BGMRQP (1991) and
Pan et al. (2004).

3. Samples and methods

Depositional ages and sediment provenance of these Proterozoic
and Paleozoic strata remain poorly understood. Eight metasedimentary
rocks from the Eastern Kunlun Range and one metasedimentary rock
(13SG-191) from the North Qaidam metamorphic belt (Fig. 1C) were
collected for detrital zircon U-Pb geochronology and Hf isotope analysis.
The detailed descriptions of the analyzed samples are shown in Table 1.
Representative outcrop features and photomicrographs of these sam-
ples are shown in Fig. 3. The investigated Proterozoic and Paleozoic out-
crops have been metamorphosed to variable grades, including slightly
metamorphosed, greenschist facies and amphibolite facies (Fig. 3). Pe-
trography observations demonstrate that staurolite and garnet minerals
are present in samples 14AX-12 and 14AX-38, indicating that these re-
lated sedimentary strata have experienced amphibolite facies meta-
morphism. The slightly metamorphosed sandstone samples
(e.g., 13SG-158, 14AX-26 and 14AX-48) remain the texture of typical
clastic rocks (Fig. 3D-E).

Zircon grains were separated and then mounted in epoxy, polished,
imaged with a SEM to define the internal structure of the grains, and an-
alyzed at the University of Arizona LaserChron Center using techniques
described by Gehrels et al. (2006) and Gehrels and Pecha (2014). Sri
Lanka and R33 zircon fragments were employed as zircon standard
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Table 1

Description of the analyzed metasedimentary rock samples and major detrital zircon U-Pb age peaks.

Sample Tectonic unit Latitude Longitude Lithology Stratigraphic unit® MDA (Ma)® Major detrital zircon peak ages®
13SG-191 NQ 36.4619 98.6252 Mica schist (greenschist facies) Shaliuhe Group 766 + 20 (2) 928 Ma (33)

13SG-158 EK 35.8057 98.2826 Metasandstone (slightly metamorphosed) Xiaomiao Formation 732 + 36 (4) 928 Ma (44)

14AX-12  EK 353372 99.1825 Garnet-mica schist (low-amphibolite facies) Kuhai Group 648 + 1(3) 806 Ma (25)

14AX-15 EK 35.2492 99.6156 Mica-quartz schist (greenschist facies) Kuhai Group 788 + 10 (9) 805 Ma (18)

14AX-26  EK 35.8410 97.4086 Metasandstone (slightly metamorphosed) Baishahe Group 660 + 21 (3) 940 Ma (104)

14AX-35 EK 36.2161 96.4021 Biotite schist (greenschist facies) Baishahe Group? 434 £ 6(2) 442 Ma(3)

14AX-38  EK 36.0344 96.4522 Biotite-plagioclase paragneiss (amphibolite facies) Baishahe Group? 381 £3(2) 434 Ma(21)

14AX-48 EK 359728 94.8167  Metagreywacke (slightly metamorphosed) Lower Permian 469 4+ 4 (51) 473 Ma (75); 978 Ma (28)
14AX-51 EK 35.8407 94.7377 Metaconglomerate (greenschist facies) Lower Permian 403 £ 6(2) 430 Ma (70)

NQ: North Qaidam metamorphic belt; EK: Eastern Kunlun.

¢ The stratigraphic units for the samples are based on geological maps (1:200,000) (BGMRQP, 1991), which deserve re-evaluation. For the details, see the Section 5.1.
b MDA: maximum depositional age. Here we use the youngest grain cluster at 20 uncertainty for each sample. Zircon grains with U/Th ratio >10 were excluded for the MDA calculation.

The numbers in the brackets indicate the amounts of the zircon ages for the MDA calculation.

€ The peak ages are obtained using AGE PICK program of Arizona Laserchron Center (http://www.geo.arizona.edu/alc/Analysis%20Tools.htm). The peaks ages shown here match with
KDE plots (Fig. 4). The number in the bracket is the amount of detrital zircon grains supporting the corresponding peak age.

reference materials. Hf isotope analyses were conducted on top of the
pits left after U-Pb analysis, to ensure that Hf isotope data were collected
from the same domain as the U-Pb ages. Analyses were conducted by
LA-MC-ICP-MS using a Photon Machines 193 nm excimer laser con-
nected to the Nu Plasma HR ICP-M. The analyzed zircons have highly
concordant 2°°Pb/%38U and 2°’Pb/**°U ages (Fig. Al in the Supplemental
material). The correction for initial-Pb on 2°°Pb/2*8U and 2°°Pb/?°’Pb
was based on a 2°*Hg-corrected measured 2°4Pb. Ages <900 Ma are
based on initial-Pb corrected 2°°Pb/2*8U ratios, whereas ages >900 Ma
are based on initial-Pb corrected 2°°Pb/2°’Pb ratios. A total of 117 detri-
tal zircon crystals (including dominant Neoproterozoic zircons and sub-
ordinate early Paleozoic and pre-Neoproterozoic zircons) were selected
from 4 samples (13SG-158, 14AX-12, 14AX-26 and 14AX-38) for Hf iso-
tope analyses. eHf (0), eHf (t) (t represents the zircon crystallization
time) and Hf crustal model ages (Tpp2) for the analyzed zircons were
calculated following Gehrels and Pecha (2014) and Wu et al., 2007b.

Full detrital zircon U-Pb age and Hf isotope data are shown in
Tables S1 and S2 (in the Supplemental material), respectively.

4. Results
4.1. Detrital zircon U-Pb ages

We report a total of 867 detrital zircon U-Pb ages from the 9 samples
and 850 U-Pb ages therein are concordant ages (the discordance be-
tween 2%6Pb/238U and 2°7Pb/?*°U ages <15% and reverse discordance
<10%, see Table S1 and Fig. A1 in the Supplemental material). The ana-
lyzed detrital zircon crystals range from 65 to 200 um. Most zircon crys-
tals in the Proterozoic samples are sub-rounded to rounded, whereas
the zircon crystals in the Paleozoic samples are dominantly sub-
angular to sub-rounded in shape (Fig. A2 in the Supplemental material).
Most analyzed zircons are characterized by oscillatory zoning textures

Fig. 3. Representative outcrop features and photomicrographs of the analyzed (meta-)sedimentary rock samples. (A) Lower Permian deep-water flysch sedimentary succession (14AX-
48); (B) mylonitic paragneiss (14AX-38), mapped as Proterozoic Baishahe Group; (C) Proterozoic Kuhai Group mica-quartz schist (14AX-15); previous geological survey inferred that
these two metasedimentary strata were deposited in shallow-water marine depositional settings of continental margins (BGMRQP, 1991; Wang et al., 2007). (D) Slightly
metamorphosed, highly mature sandstone (14AX-26), dominated by quartz; (E) poorly sorted flysch metagraywacke (14AX-48), with abundant feldspar and lithic fragments;
(F) mica schist (13SG-191), with the metamorphic grade of greenschist facies. The details of these samples are shown in Table 1. Qtz: quartz; Pl: plagioclase; Ls: sedimentary lithic
fragment; Ms: muscovite.
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(Fig. A2) and have quite low U/Th ratios (U/Th < 10) (Table S1), except
some crystals from samples 14AX-26, 14AX-35 and 14AX-38 (Fig. A3 in
the Supplemental material).

One hundred and seventy-six analyzed zircons of sample 14AX-26
are dominated by Neoproterozoic ages, with a peak at 940 Ma. Sample
13SG-158 has similar zircon age populations (a total of 75 usable grains
with concordant ages) with sample 14AX-26 and shows an age peak at
928 Ma (Table 1). The detrital zircons of sample 13SG-191 from the
North Qaidam belt primarily show Neoproterozoic ages
(746-985 Ma), with one peak age at ca. 928 Ma and several
Mesoproterozoic (1015-1600 Ma) ages (Fig. 4). Eighty detrital zircons
of sample 14AX-12 are dominated by Neoproterozoic ages, with a
peak at 806 Ma. Sample 14AX-15 (37 zircon grains) has similar zircon
age distributions with the sample 14AX-12 and indicates a
Neoproterozoic age peak at 805 Ma (Table 1).

The obtained 181 detrital zircon U-Pb ages of sample 14AX-48 clus-
ter into two main probability peaks at 473 Ma and 978 Ma (Table 1;
Fig. 4). Detrital zircons of samples 14AX-35 and 14AX-38 are featured
by Middle Ordovician-Early Devonian (400-470 Ma) ages with the
prominent probability peaks at 442 Ma and 434 Ma, respectively
(Table 1). The 99 analyzed detrital zircons from sample 14AX-51 are
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overwhelmingly Middle Ordovician-Early Devonian (400-470 Ma) in
ages (Fig. 4) with the prominent probability peak at 430 Ma (Table 1).

4.2. Detrital zircon Hf isotopes

The Hf isotopic results are illustrated in Fig. 5. Zircons that yielded
crystallization ages in the range of 844-951 Ma (n = 17) in sample
13SG-158 yielded €Hf(t) values in the range of —6.2-11.6 with a
mean of —0.1 and standard deviation of 3.6. Zircon crystals in sample
14AX-26 in the range of 711-961 Ma (n = 32) yielded €Hf(t) values
in the range of —4.1-6.3 with a mean of 0.3 and standard deviation of
2.5. These zircons generally yielded Meso-Paleoproterozoic Hf crustal
model (Tpmz) ages (1400-2000 Ma). However, the Neoproterozoic
age detrital zircons (718-897 Ma) of sample 14AX-12 have much
lower €Hf(t) values (in the range of —17.8-8.3 with a mean of —8.3)
and much older Tpp, ages (2000-2900 Ma) (Fig. 4). Neoproterozoic zir-
cons in the sample 14AX-38 have similar Hf isotopic compositions to
similar age zircons in samples 13SG-158 and 14AX-26 (Fig. 4). Further-
more, the Paleozoic detrital zircons in sample 14AX-38 primarily have
negative eHf(t) values (mean of —3.2) and have similar Hf crustal
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Fig. 4. Detrital zircon U-Pb age distribution of the (meta-)sedimentary rock samples. The dash lines show the maximum depositional ages (Max Dep age) for the samples. Note that all the
analyzed samples show relatively concentrated detrital zircon U-Pb age peaks. Samples 13SG-158, 135G-191, 14AX-12, 14AX-15 and 14AX-26 have dominant Neoproterozoic zircons,
while samples 14AX-38, 14AX-48 and 14AX-51 have dominant Paleozoic zircons. All-age Kernel Density Estimation (KDE) plots (A), major Neoproterozoic age plots (B) and Paleozoic
age plots (C) are drawn using bandwidth = 20, 5 and 2 in the DensityPlotter program (Vermeesch, 2012), respectively. Since only 29 and 37 zircon ages were obtained for the
samples 14AX-35 and 14AX-15, respectively, the corresponding age plots are shown in Fig. A4 in the Supplement material for reference. As the samples 14AX-12 and 14AX-15 were
collected from the same stratigraphic unit, closely with each other (Figs. 1-2) and have similar detrital zircon age populations, detrital zircon ages of these two samples were plotted

together in this figure.
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Fig. 5. Hf isotopic data of the selected detrital zircon samples. Note that the detrital zircons of middle Neoproterozoic ages (ca. 750-850 Ma) in sample 14AX-12 have more negative &(Hf)
values and older Hf crustal model ages than those early Neoproterozoic (ca. 900-1000 Ma) zircons in samples 13SG-158, 14AX-26 and 14AX-38. These analyzed Neoproterozoic detrital
zircons have similar Hf isotopic compositions with igneous zircons of the Neoproterozoic collisional-related granitoids from the Eastern Kunlun Range (He et al., 2016b, 2018 and
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model ages with those Neoproterozoic zircons of samples 13SG-158 and
14AX-26 which are in the range of 1400-2000 Ma (Fig. 4).

5. Discussion
5.1. Maximum depositional ages of the Proterozoic sedimentary strata

Detrital zircon U-Pb geochronology is a valuable approach to con-
strain the maximum depositional age (MDA) of sedimentary strati-
graphic units by using the youngest U-Pb ages of igneous zircon grains
in populations of detrital zircons (Dickinson and Gehrels, 2009;
Spencer et al., 2016; Coutts et al., 2019). This is especially beneficial
for Precambrian strata lacking biostratigraphic age control and for
metasedimentary rocks like the Paleozoic strata described here lacking
preserved fossils (e.g., Stewart et al., 2001; Barbeau et al., 2005; Jones
et al., 2009). MDA calculation methods vary considerably and the
most successful way to increase the accuracy of a calculated MDA is by
acquiring a large number (n > ~300) of low-uncertainty measurements
(Coutts et al., 2019). Here we use the youngest grain cluster at 20 uncer-
tainty (Coutts et al., 2019) to roughly constrain the MDA for the ana-
lyzed samples (Table 1).

The Baishahe and Kuhai Groups and the Xiaomiao Formation in the
Eastern Kunlun Range were previously thought to be Paleoproterozoic
to Mesoproterozoic (BGMRQP, 1991; A et al., 2003; Pan et al., 2004;
Wang et al., 2007; Wei et al,, 2007; Chen et al.,, 2011; He et al., 2016a;
Dong et al., 2018). However, four analyzed samples (i.e., 13SG-158,
14AX-12, 14AX-15 and 14AX-26) from these three stratigraphic units
yield youngest zircon U-Pb ages from 648 4+ 1 Ma to 788 + 10 Ma
(Table 1; Fig. 4). The lack of mineral assemblages associated with
high-grade metamorphism, oscillatory zoning textures and low U/Th
ratios in the youngest zircon crystals (Figs. A2-A3) indicate that these
youngest zircons were of igneous origin. This means that these investi-
gated Proterozoic strata were most likely deposited in the middle-late
Neoproterozoic. Similarly, several other Proterozoic sedimentary out-
crops in the Eastern Kunlun Range, mapped as Jinshuikou Group,
Kuhai Group or Langyashan Formation, have middle Neoproterozoic
(750-800 Ma) MDAs (Liu et al,, 2016; Zhang et al., 2018a). The strati-
graphic age of the Wanbaogou Group, which was previously controver-
sial (i.e., Mesoproterozoic or Neoproterozoic), can be confirmed as the
Neoproterozoic by recent studies (Xu et al., 2016; Wu et al., 2019b).
Note that samples 14AX-35 and 14AX-38 were collected from sedimen-
tary strata mapped as Paleoproterozoic Baishahe Group, however, we
infer that the stratigraphic ages of these two samples might be late

Paleozoic because of the Silurian-Devonian MDAs (Table 1). Collec-
tively, we suggest that the Proterozoic metasedimentary strata in the
Eastern Kunlun Range deserve more attention and re-evaluation.

Likewise, sample 135G-191 has a MDA at 766 + 20 Ma (Table 1),
supporting the premise that the Shaliuhe Group in the North Qaidam
metamorphic belt was deposited during the middle-Late
Neoproterozoic (BGMRQP, 1991; Pan et al., 2004). Furthermore,
Neoproterozoic sedimentary strata have been recognized in several lo-
cations of the Qilian orogen based on youngest zircon age constrains
or dating of igneous intrusions in the investigated strata (BGMRQP,
1991; Smith, 2006; Tung et al., 2007a,b; Yan et al., 2015). All these find-
ings suggest that the middle-late Neoproterozoic sedimentary strata in
the Eastern Kunlun, Qaidam and Qilian regions are more widely spread
than previously known.

5.2. Provenance of the Proterozoic and Paleozoic sedimentary strata in the
Eastern Kunlun Range

The detrital zircon U-Pb age data in this study (Fig. 4) indicate that
detritus in the analyzed Baishahe Group and Xiaomiao Formation strata
(i.e., samples14AX-26 and 13SG-158) was mainly derived from a source
with widespread early Neoproterozoic (900-980 Ma) magmatism,
whereas the analyzed Kuhai Group deposits (i.e., samples 14AX-12
and 14AX-15) were primarily sourced from regions where middle
Neoproterozoic (750-850 Ma) magmatism prevailed. A compilation of
published zircon U-Pb ages of granitoids in north Tibet (Fig. 6;
Table S3) demonstrates widely distributed early Neoproterozoic
(905-955 Ma) subduction- and collision-related granitoids in the
Kunlun-Qaidam and Qilian terranes (Gehrels et al., 2003b; Tung et al.,
2013; Huang et al., 2015; Cheng et al., 2017; He et al.,, 2018), which po-
tentially provided sediments to the analyzed Baishahe Group and
Xiaomiao Formation strata in the Eastern Kunlun Range. Middle
Neoproterozoic granitoids have not been found in the Kunlun-Qaidam
terrane, according to the investigations so far, but were discovered in
the Qilian regions (Fig. 6; Tung et al, 2013). These middle
Neoproterozoic igneous units (755-826 Ma) were possibly the sources
for the analyzed Kuhai Group sedimentary strata in the Eastern Kunlun
Range. Furthermore, the similarity of Hf isotopes between the analyzed
Neoproterozoic zircon crystals (Hf(t) values ranging —17.8-11.6) and
zircons in the Qilian granitoids (Hf(t) values ranging —15-10, Huang
et al.,, 2015) also supports the provenance interpretation. Given that a
great number of the analyzed detrital zircon crystals are rounded in
shape (Fig. A2) and Neoproterozoic strata in the Eastern Kunlun Range
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were proposed to be deposited under passive margin settings (Wu et al.,
2019b), a relatively long-distance sediment supply from a far source re-
gion with similar early-middle Neoproterozoic magmatism signatures
also cannot be excluded.

The detrital zircons in the upper Paleozoic strata display overwhelm-
ing early Paleozoic ages (Fig. 4), matching with the widespread late
Cambrian-early Devonian arc-related granitoids in Kunlun-Qaidam ter-
rane and surrounding regions (Fig. 6). Thus, these zircon crystals are
preferred to be derived from the nearby Proto-Tethys (also named as
Paleo-Kunlun in some literatures) arc rocks (Dai et al., 2013; Li et al.,
2013; Cheng et al.,, 2017; Dong et al., 2018; Wu et al., 20193, 2019b,
2019c). The subordinate Neoproterozoic zircons in these upper Paleo-
zoic samples (e.g., 14AX-48) have similar ages with the ones in those
Neoproterozoic samples, revealing either recycling from the
Neoproterozoic sedimentary strata or sharing the same sources with
the Neoproterozoic sedimentary successions.

5.3. Affinity and Precambrian evolution of the Eastern Kunlun

Figs. 7A and 8A illustrate zircon age kernel density estimation (KDE)
and non-metric multi-dimensional scaling (MDS) plots, respectively, for

comparison of the Precambrian basement detrital zircon U-Pb age pop-
ulations of the Eastern Kunlun Range and the surrounding regions (in-
cluding North China, Tarim, Yangtze, Cathaysia blocks, Qiangtang,
Qinling and Qilian terranes, Fig. 1A). Given that all the Precambrian sed-
imentary rocks from the Eastern Kunlun Range, the North Qaidam
metamorphic belt and the Qilian terrane show high zircon U-Pb age
probabilities of 700-1000 Ma (Fig. 7 and references therein); and the
Qilian terrane was a potential source for the Eastern Kunlun
Neoproterozoic sedimentary strata, as above proposed, we suggest
that the Kunlun-Qaidam and Qilian terranes were probably within a sin-
gle tectonic domain during the Neoproterozoic, at odds with the idea of
these ‘terranes’ as separate micro-continents during the
Neoproterozoic. We herein refer to this undifferentiated tectonic do-
main as the Kunlun-Qaidam-Qilian (KQQ) block. This hypothesis is
also supported with previous petrology, geochemistry and geochronol-
ogy studies on granitoids therein (Fig. 6) which conclude that contem-
poraneous magmatism with same or similar origin and source nature
(most S-type and I-type granites) prevailed in these ‘terranes’ during
the early Neoproterozoic (0.9-1.0 Ga) (He et al., 2018 and reference
therein). The early Neoproterozoic magmatic and metamorphic events
in the KQQ block are generally proposed as later stages of the global

(A)

North China block (n=966)

(B)

Northern Yangtze (n=1231)

/L Tarim block (n=1032)

Eastern Yangtze (n=568)

> P

_M

Yangtze block (n=3130)

Cathaysia block (n=1202)

Western Yangtze (n=1337)

A o

Qiangtang terrane (n=1707)

Eastern Kunlun (n=855)

North Qinling terrane (n=428)

400 800 1200 1600 2000 2400 2800 3200
Detrital zircon U-Pb ages (Ma)

20— Tr T vy Tt LI R R B Tr T Ty T T

A

VAN

South Qinling terrane (n=329) | > 3 |
10 @ “Og LA
FAQ @ o ‘ 7\

A O P
o
j\\_/\,—/\/\ Qilian terrane (n=517) | = o F %/ % i
% | ; O'“/ﬁ
-10 4 .
North Qaidam UHP metamorphic belt (n=79) )
~ 20} Northern Yangtze|
Peak 1, : [{*Peak 2 200 Western Yangtze.
Eastern Kunlun (n=855) L o2 Eastern Yangtze
) O Eastern Kunlun
_30 ........ Lo 0000 [ .
0 400 800 1200 1600 2000 2400 2800 3200 3600 4000 0O 1000 2000 3000 4000

Detrital zircon U-Pb ages (Ma)

Detrital zircon U-Pb ages (Ma)

Fig. 7. Comparison of Precambrian detrital zircon U-Pb ages (A, B) and Hf isotopes (C) of the Eastern Kunlun and the surrounding blocks or terranes. Note that the analyzed samples of the
Eastern Kunlun in this study show two different Neoproterozoic detrital zircon age populations, with the peak ages at ~920 Ma and ~800 Ma. Data of the North China block are from Darby
and Gehrels (2006); Xia et al. (2006a,b) and Tung et al. (2007b). Data of the Tarim block are from Gehrels et al. (2011); Zhu et al. (2011a); Carroll et al. (2013) and Xu et al., 2013b. Data of
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Grenvillian orogenesis, recording the amalgamation of the superconti-
nent Rodinia (Song et al., 2012; Yu et al., 2013, 2019b; Wang et al.,
2016b; Cheng et al., 2017; He et al., 2018).

The North China block is known to have Archean and
Paleoproterozoic basement rocks (Darby and Gehrels, 2006; Xia
etal., 2006a,b; Tung et al., 2007b), with major zircon age probability
peaks at 2.5-2.6 Ga and 1.8-2.0 Ga (Fig. 7A). The Tarim block is char-
acterized by Paleoproterozoic and Neoproterozoic basement rocks
(Gehrels et al., 2011; Zhu et al., 2011a; Carroll et al., 2013; Xu et al.,
2013b), and has dominant zircon age populations of 1.8-2.0 Ga and
700-900 Ma (Fig. 7A). The Qiangtang terrane, which is considered
to have Gondwana-affinity, contains Neoproterozoic basement but
with significant “Pan-African” (550-650 Ma) and Grenvillian
(980-1200 Ma) zircons (Fig. 7A; Pullen et al., 2008; Gehrels et al.,
2011; He et al., 2011). Our new data indicate distinct detrital zircon
age distributions of the analyzed samples from the zircon age popu-
lations of these three blocks (Fig. 7). Hence, the KQQ block is
interpreted to have a disparate history with these three blocks dur-
ing the Neoproterozoic.

We favor that the KQQ block had affinity with the South China block.
The South China block, which was formed due to the collision and amal-
gamation of the Yangtze and Cathaysia blocks, is widely thought to have
been part of the Rodinia supercontinent during the Neoproterozoic
(e.g., Lietal, 2008; Yu et al,, 2008; Cawood et al., 2013). Note that the
basement of Cathaysia block has significant Grenvillian
(950-1100 Ma) zircons (e.g., Yu et al., 2008; Yao et al., 2011, 2014),
whereas the Yangtze block basement is characterized by
750-1000 Ma zircons (Liu et al., 2008; Sun et al., 2008, 2009; Wang
et al, 2010, 2012a,b, 2013), similar to the basement zircon age popula-
tions of the KQQ block (Figs. 7-8). The Yangtze-affinity of the KQQ block
is also reinforced by the Neoproterozoic detrital zircon Hf isotopic data
which indicate eHf(t) values ranging ca. —20-10 for both the KQQ
block and Yangtze block (He et al., 2018 and reference therein;
Fig. 7C). We further infer that the KQQ block was most likely linked to
the western Yangtze block (Fig. 9), since the middle-late
Neoproterozoic basement rocks within the western Yangtze block are
dominated by zircon age peaks of ~920 Ma and ~800 Ma (Zhou et al.,
2006; Sun et al., 2008, 2009; Wang et al., 2012a), whereas the contem-
poraneous rocks within the northern and eastern Yangtze block

typically yield probability age peaks at ~820 Ma (Fig. 7B). The highly
consistent Neoproterozoic stratigraphic and lithological assemblages
in the Eastern Kunlun, North Qaidam, Central Qilian and Western Yang-
tze regions (Fig. 9C; Li et al., 2002; Ling et al., 2003; Shen et al., 2003;
Yang et al., 2009) and those widely spread ca. 0.9-1.0 Ga granitic
rocks in the regions (Fig. 6) also support the Neoproterozoic association
between the western Yangtze and the KQQ blocks. Here, we refer to the
combined continent of the KQQ block and the South China block as
Greater South China block (Fig. 9).

Note that previous intensive tectono-magmatic history comparative
studies between the South China block and other blocks in Rodinia su-
percontinent suggested that the South China block was most likely
linked with the northern Greater India, West Australia and East
Antarctica continents (Yu et al., 2008; Wang et al., 2012a; Cawood
et al., 2013; Zhao et al., 2018 and references therein). Furthermore,
the above-mentioned pervasive early Neoproterozoic (i.e., ca.
0.9-1.0 Ga) magmatic events in the Eastern Kunlun, Qaidam, Qilian
and western Yangtze regions are generally inferred to be the result of
a continental convergent margin setting (e.g., Ling et al., 2003; Shen
et al., 2003; Yang et al., 2009; Yu et al., 2013; Cheng et al., 2017; He
et al., 2018). If valid, this would place the Greater South China block
along northwest margin of the Rodinia (Fig. 9, Fig. 10A), rather than
within the supercontinental interior. This posit also agrees with pro-
posed long-lived east and north verging (present-day orientation) sub-
duction and arc magmatic system along the margin of the Yangtze block
during the early Neoproterozoic (Fig. 9A; Zhou et al., 2002, 2006; Sun
et al., 2008; Yu et al., 2008; Wang et al., 2012a; Cawood et al., 2013;
Zhang et al.,, 2017a; Li et al., 2018a).

Previous studies on Paleozoic sedimentary strata in the South China
block indicate obvious Pan-African zircon age signatures (ca.
550-650 Ma, marking the assembly of the supercontinent Gondwana),
implying that the South China block was linked to the Gondwana during
most periods of the Paleozoic (Duan et al., 2011; Cawood et al., 2013; Xu
etal,, 2013a; Chen et al., 2016b), whereas the Pan-African zircon age sig-
nature is rare in the analyzed Paleozoic samples from the Eastern Kun-
lun (Fig. 4). Therefore, we favor that the KQQ block was most likely
separated from the Greater South China block before feeding of the
Pan-African belts-sourced detritus, i.e. before ca. 550-650 Ma
(Fig. 10B).
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Fig. 9. Position of the Greater South China block (A) and the KQQ block (B) in the early Neoproterozoic (ca. 900 Ma) Rodinia supercontinent, modified from Hoffman (1991), Fitzsimons
(2000), Li et al. (2008) and Yu et al. (2008). (C) Neoproterozoic tectonostratigraphic correlations between Eastern Kunlun, North Qaidam, Central Qilian and Western Yangtze regions
(modified from Li et al. (1996); Pan et al. (2004); Tung et al. (2007a) and Shen et al. (2010)). The Greater South China block is favored to be located on the margin of Rodinia, rather
than inside the supercontinent (Yu et al., 2008; Wang et al., 2012a; Cawood et al., 2013; Zhao et al., 2018 and references therein). The KQQ block was likely separated from western Greater
South China block prior to the formation of the Pan-African belts (ca. 550-650 Ma). The Kunlun-Qaidam terrane therein was probably close to the western Yangtze, whereas the Qilian
terrane might be relatively close to the northern Yangtze, based on the interpretation of the zircon age MDS plots (Fig. 8). The details of the mentioned Grenvillian orogenic belts are
as follows. NNP: Namaqua-Natal province; MP: Maud province; RP: Rayner province; EG: Eastern Ghats; WP: Wilkes province; AFP: Albany-Fraser province.

5.4. Paleozoic to Triassic subduction and accretion in the Eastern Kunlun
and surrounding regions

Provenance interpretations for the Paleozoic samples (i.e. 14AX-35,
14AX-38, 14AX-48 and 14AX-51) from the Eastern Kunlun Range reveal
that the Kunlun-Qaidam terrane was involved into a Paleozoic tectono-
magmatic event after separation from the Rodinia, i.e., late Cambrian to
Middle-Late Devonian (380-500 Ma). Previous detrital zircon geochro-
nology studies indicate dominant 400-500 Ma and 230-290 Ma zircons
in the Mesozoic—-Cenozoic sedimentary rocks and modern river sands
relative to the Eastern Kunlun Range (e.g., Ding et al., 2013; Li et al.,
2013; Cheng et al., 2016; Jian et al., 2019a), and thus proves the exis-
tence of late Cambrian-Devonian and Permian-Triassic tectono-
magmatic episodes. Taking into account the published geochronology
results of granitoid rocks in the Eastern Kunlun Range (Fig. 6 and refer-
ence therein), the second episode (mainly during the Permian-Triassic)
could be extended to earliest Jurassic time (ca. 195 Ma). These two ep-
isodes are generally interpreted as the results of successive subductions
of Proto-Tethys (430-500 Ma) and Paleo-Tethys (230-290 Ma) oceans
and subsequent continental collisions (Fig. 10C-E; Dai et al., 2013; Li
et al,, 2013; Cheng et al., 2017; Dong et al., 2018).

It is worth noting that the late Cambrian-Devonian and Permian-
Triassic granitoid rocks are widespread but spatially varied in northern
Tibet (Fig. 6). Although late Cambrian-Devonian granitoids are present
in all the terranes, those Eastern Kunlun and Qaidam granitoids are
thought to be linked to melting of a continental crust, whereas those
Qilian granitoids are regarded to be derived from Paleo/
Mesoproterozoic basement rocks with significant involvement of
mantle-derived materials (Cheng et al., 2017 and reference therein).
This implies that the late Cambrian-Devonian granitoids in northern

Tibet were probably generated by distinct subduction and collision
zones (Fig. 10C). Although the late Cambrian-Devonian history of the
North Qaidam and North Qilian metamorphic belts remain highly con-
troversial (e.g., existence or absence of an oceanic subduction in the
North Qaidam region and subduction directions of the Qilian ocean)
(e.g., Yang et al.,, 2002a, b; Gehrels et al., 2003a,b; Yin et al., 2007;
Song et al., 2013, 2014; Cheng et al., 2017), recently, a growing number
of evidence suggests that subduction, collision and magmatism zones
prevailed along the Eastern Kunlun, North Qaidam and North Qilian
belts during the early Paleozoic and south-dipping subduction of the
Qilian ocean occurred along the North Qilian belt (Song et al., 2017,
2018, 2019; Zhang et al., 2017c; Dong et al., 2018; Mu et al., 2018;
Zuza et al., 2018; Wu et al., 2019a,b,c; Yang et al., 2019; Yu et al.,
2019a,c). Absence of Permian-Triassic granitoid rocks (Fig. 6) may indi-
cate that most of the Qilian block was not involved in the Paleo-Tethys
subduction system (Song et al., 2013). By contrast, the 200-290 Ma
granitoid rocks are widespread in the Eastern Kunlun and Qaidam re-
gions (Fig. 6). This implies that the Permian-Triassic subduction of the
Paleo-Tethys ocean did not only occur in the Eastern Kunlun region,
but also influenced the entire Qaidam block to the north (>300 km),
as far as the region of the North Qaidam and South Qilian metamorphic
belts (Fig. 10E).

5.5. A summary of the Neoproterozoic-Paleozoic tectonic evolution of the
northern Tibet

A synthesis of the new data and previously published data of sedi-
mentary and igneous rocks demonstrates that three epochs of
subduction-collision-related  orogeneses, i.e.  early-middle
Neoproterozoic, late Cambrian-Devonian and Permian-Triassic, are
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Fig. 10. A sketched model illustrating Neoproterozoic evolution and Paleozoic to Triassic subduction and accretionary history of the Eastern Kunlun and surrounding regions in northern
Tibet. Refer to the Section 5.5 for the details.

involved in northern Tibet. A six-stage tectonic evolution model for the
Neoproterozoic-Paleozoic northern Tibet is illustrated in Fig. 10 and is
briefly stated as follows.

1) The Kunlun-Qaidam and Qilian terranes, as a single tectonic domain

(named as the Kunlun-Qaidam-Qilian block), connected with the
western Yangtze block, forming the Greater South China block, and
were most likely located in an active margin of the Rodinia super-
continent during the early-middle Neoproterozoic (Fig. 10A). Depo-
sition of this period in the Eastern Kunlun region is characterized by

3

—

—

arc-related sedimentary succession interbedded by volcanic or
volcaniclastic rocks.

The Kunlun-Qaidam-Qilian block was separated from the Greater
South China block prior to the period of Pan-African orogenesis
(ca. 550-650 Ma, Fig. 10B). Deposition of this period in the Eastern
Kunlun region was likely in a passive continental margin (exten-
sional) setting and formed those shallow marine mixed carbonate-
siliciclastic sedimentary successions.

North-dipping Proto-Tethys oceanic subduction occurred at the
southern margin of the Kunlun-Qaidam terrane during the
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Cambrian to middle Silurian (Fig. 10C). At the same time, the Qilian
block was sandwiched by South Qilian and North Qilian arcs, due to
the Qilian ocean northward and southward subduction events (Zuza
etal, 2018; Yang et al,, 2019), respectively.

4) Closure of the Proto-Tethys and Qilian oceans and collision of the
micro-continents during the late Silurian to Middle Devonian, re-
sulted in a coherent tectonic domain for the region of the northern
Tibet (Fig. 10D). The North Qaidam ultra-high pressure metamor-
phic belt was generated by exhumation of the deeply subducted
continental crust (Song et al.,, 2014; Yu et al., 2019a).

5) Low-angle, north-dipping subduction of the Paleo-Tethys ocean and
associated arc magmatism impacted the whole Kunlun-Qaidam ter-
rane during the Permian to Middle Triassic (Fig. 10E).

6) Uplift and exhumation of the Eastern Kunlun Range led to a major
source of the Eastern Kunlun for the turbidite-dominated Songpan-
Ganzi basin during the Late Triassic (Jian et al., 2019a; Fig. 10F). Sub-
sequent closure of the Paleo-Tethys ocean and related magmatism
initiated intensive deformation of the Songpan-Ganzi flysch succes-
sions (Pullen et al., 2008; Zhang et al., 2014).

6. Conclusions

This study conducts detrital zircon U-Pb geochronology and Hf iso-
tope analysis of Proterozoic and Paleozoic metasedimentary rocks col-
lected from the Eastern Kunlun Range and the North Qaidam
metamorphic belt, compiles published detrital and igneous zircon age
data of the northern Tibet, and yields the following conclusions.

1) The new detrital zircon age data indicate that most investigated Pro-
terozoic strata were most likely deposited in the middle-late
Neoproterozoic. The sedimentary strata of this period are wider
spread in the region of northern Tibet than previously known. In ad-
dition, two analyzed metasedimentary rock outcrops, previously
mapped as the Paleoproterozoic Baishahe Group, show dominant
Paleozoic detrital zircon ages, highlighting that the Precambrian
strata in the Eastern Kunlun Range deserve more attention in future
study.
Provenance analysis results indicate that the middle-late
Neoproterozoic sedimentary rocks in the Eastern Kunlun Range
were likely sourced from both the Kunlun-Qaidam and Qilian ter-
ranes. This suggests that these terranes were within a single tectonic
domain during the Neoproterozoic, rather than separated
microcontinents. This connected continent was probably linked to
the western Yangtze block, located in northwest margin of super-
continent Rodinia during the early-middle Neoproterozoic.

3) The Eastern Kunlun Range was involved into two tectono-magmatic
episodes during the Phanerozoic, interpreted as the Proto-Tethys
ocean subduction and collision in the late Cambrian-Devonian and
the Paleo-Tethys ocean subduction and collision in the Permian-
Triassic. In combination with published results and data of the gran-
itoids in the northern Tibet, we favor that the Kunlun-Qaidam and
Qilian terranes most likely underwent separated subduction and ac-
cretion process during the late Cambrian-Devonian, but together
formed the upper plate to the northward subduction of the Paleo-
Tethys ocean in the Permian-Triassic.
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