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ABSTRACT

Suture zones located across the Tibetan re-
gion clearly demarcate the rift-and-drift and 
continental accretion history of the region. 
However, the intraplate responses to these 
marginal plate-tectonic events are rarely 
quantified. Our understanding of the Paleo-
Tethyan orogenic system, which involved 
ocean opening and closing events to grow 
the central Asian continent, depends on the 
tectonic architecture and histories of major 
late Paleozoic–early Mesozoic orogenic belts. 
These opening and collision events were 
associated with coupled intracontinental 
deformation, which has been difficult to re-
solve due to subsequent overprinting defor-
mation. The late Paleozoic–early Mesozoic 
Zongwulong Shan–Qinghai Nanshan belt 
in northern Tibet separates the Qilian and 
North Qaidam regions and is composed of 
Carboniferous–Triassic sedimentary mate-
rials and mantle-derived magmatic rocks. 
The tectonic setting and evolutional history 
of this belt provide important insight into 
the paleogeographic and tectonic relation-
ships of the Paleo-Tethyan orogenic system 
located ∼200 km to the south. In this study, 
we integrated new and previous geological 
observations, detailed structural mapping, 
and zircon U-Pb geochronology data from 
the Zongwulong Shan–Qinghai Nanshan to 
document a complete tectonic inversion cycle 

from intraplate rifting to intracontinental 
shortening associated with the opening and 
closing of the Paleo-Tethyan Ocean. Carbon-
iferous–Permian strata in the Zongwulong 
Shan were deposited in an intracontinental 
rift basin and sourced from both the north 
and the south. At the end of the Early–Middle 
Triassic, foreland molasse strata were depos-
ited in the southern part of the Zongwulong 
Shan during tectonic inversion in the western 
part of the tectonic belt following the onset 
of regional contraction deformation. The 
Zongwulong Shan–Qinghai Nanshan system 
has experienced polyphase deformation since 
the late Paleozoic, including: (1) early Car-
boniferous intracontinental extension and (2) 
Early–Middle Triassic tectonic inversion in-
volving reactivation of older normal faults as 
thrusts and folding of pre- and synrift strata. 
We interpret that the Zongwulong Shan–
Qinghai Nanshan initiated as a Carbonifer-
ous–Early Triassic intracontinental rift basin 
related to the opening of the Paleo-Tethyan 
Ocean to the south, and it was then inverted 
during the Early–Middle Triassic closing of 
the Paleo-Tethyan Ocean. This work empha-
sizes that pre-Cenozoic intraplate structures 
related to the opening and closing of ocean 
basins in the Tethyan realm may be underap-
preciated across Tibet.

1. INTRODUCTION

Plate-margin processes such as rifting, sub-
duction, and continental accretion/collision are 
well explained by plate-tectonic theory, but 
the intraplate responses to these plate-margin 

events remain rarely quantified, especially in 
the ancient geologic record (e.g., Isacks et al., 
1968; Le Pichon, 1968; Dewey and Bird, 
1970; Molnar, 1988; Fraser et al., 2007; Brom-
bin et al., 2019; Soret et al., 2021; Xu et al., 
2021). Tibet and the Tethyan realm in central 
Asia involved repeated ocean opening and clos-
ing events to grow the central Asia continent, 
which were associated with coupled phases 
of intracontinental extension and contraction 
(Yin and Harrison, 2000; Royden et al., 2008; 
Yin, 2010; Xu et al., 2013; Zuza et al., 2018; 
Kapp and DeCelles, 2019; Wu et  al., 2022, 
2023a). Although the rift-and-drift and conti-
nental accretion history is clearly evidenced 
by the suture zones located across Tibet, the 
intraplate responses to these tectonic events 
are poorly known and rarely quantified. The 
Kunlun-Qaidam-Qilian continent, located 
along the northeastern margin of the Tibetan 
Plateau, recorded multiple phases of defor-
mation associated with the tectonic evolution 
of the larger pre-Cenozoic Proto- and Paleo-
Tethyan orogenic system (Fig.  1A; Şengör, 
1984; Yin and Harrison, 2000; Mattinson et al., 
2006; Shi et al., 2006; Song et al., 2006, 2007, 
2012; Chen et al., 2008; Wu et al., 2016, 2019a, 
2022; Zuza et al., 2018). The most recent phase 
of Cenozoic deformation associated with the 
growth of the Tibetan Plateau (Fig. 1B; e.g., Yin 
et al., 2007, 2008; Yin, 2010; Zuza et al., 2016, 
2018; Zuza and Yin, 2016; Cheng et al., 2019) 
partly obscures the pre-Cenozoic tectonic his-
tory across the region, hindering our ability to 
resolve the intraplate tectonic response(s) to the 
plate-margin events associated with the Proto- 
and Paleo-Tethyan Oceans to the south.
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The Zongwulong Shan–Qinghai Nanshan 
region, located between North Qaidam in the 
south and the South Qilian Shan in the north 
within the Kunlun-Qaidam-Qilian continent, 
is composed of late Paleozoic–early Mesozoic 
rocks (Figs. 1 and 2; Guo et al., 2009; Sun et al., 

2015, 2022; Peng et al., 2016a, 2018; Fu et al., 
2021). During the late Paleozoic–early Meso-
zoic, this belt was located in the interior of the 
Kunlun-Qaidam-Qilian continent apart from the 
Paleo-Tethyan Ocean (i.e., Neo-Kunlun Ocean; 
Wu et al., 2019a) within an intraplate setting. 

Previous studies suggest that this intracontinen-
tal belt experienced late Paleozoic crustal exten-
sion (Li and Nie, 1985; Zhao et al., 2020, 2022) 
and early Mesozoic intracontinental contraction 
(Guo et al., 2009; Gao et al., 2021), which were 
associated with the opening and closing of the 

A

B

Figure 1. (A) Tectonic division of the Tethyan orogenic system across the Tibetan Plateau, modified from Yin and Nie (1996), Yin and Har-
rison (2000), and Wu et al. (2019a). Bottom left inset shows the location of Figure 1A in the context of the Asian continent. Also shown is 
the location of Figure 1B. (B) Tectonic map of northern Tibet showing major fault systems and suture zones (Yin and Harrison, 2000; Yin, 
2010; Wu et al., 2021a). Also shown is the location of Figure 2. Abbreviations: STS—South Tianshan–Solonker suture, NQS—North Qil-
ian suture, SQS—South Qilian suture, KQD—Kunlun-Qinling-Dabie suture, NQLS—North Qinling suture, CQLS—Central Qinling su-
ture, SQLS—South Qinling suture, JS—Jinsha suture, BN—Bangong-Nujiang suture, IT—Indus-Tsangpo suture, ATF—Altyn Tagh fault, 
KF—Karakorum fault, TLF—Tanlu fault, ARSZ—Ailao Shan–Red River shear zone, CQLT—Central Qilian terrane, QKT—Qaidam-
Kunlun terrane, SGT—Songpan-Ganzi terrane, QTT—Qiangtang terrane, LST—Lhasa terrane.
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Paleo-Tethyan Ocean in the south (Wu et  al., 
2016, 2019a). However, the structural frame-
work and tectonic evolution of the Zongwulong 
Shan–Qinghai Nanshan are still unclear and 
controversial, which limits our knowledge of the 
regional tectonic processes in the Paleo-Tethyan 
orogenic system.

The late Paleozoic–early Mesozoic develop-
ment of the Zongwulong Shan–Qinghai Nan-
shan region can be explained by one of two 
end-member models. The first suggests that 
Late Devonian–Carboniferous crustal exten-
sion developed an ocean basin that was closed 
by Permian southward subduction and Triassic 
collisional and postcollisional orogeny (i.e., 
the “ocean basin” model; Wang et  al., 2001; 
Guo et al., 2009; Peng et al., 2016a; Sun et al., 
2016a, 2016b, 2022; Li, 2017; Zhang et  al., 
2017a, 2017b, 2017c, 2019b; Hao et al., 2018; 
Li et al., 2018a; Tian et al., 2018b; Wang, 2019; 
Wang et al., 2019b; Wu et al., 2019b; Xu et al., 
2019; Zhuang et al., 2020; Gao et al., 2021; Yang 
et al., 2022). In contrast, the second model sug-
gests that the region developed as an intracon-
tinental rift basin without generating new oce-
anic crust (i.e., the “intracontinental rift basin” 
model; Chen et al., 2020a; Zhao et al., 2022). 
These two models make specific predictions 

regarding the occurrence of prerifting basement 
rocks, rock assemblages and sedimentary char-
acteristics, and deformation styles within the 
Zongwulong Shan–Qinghai Nanshan region 
(e.g., Zappettini et al., 2017; Corti et al., 2018; 
Leprêtre et al., 2018; Boone et al., 2019; Mor-
ley, 2020; Chenin et al., 2022; Manatschal et al., 
2022; Wang et  al., 2021a). For example, the 
ocean basin model predicts subduction-related 
magmatism and deformation and the absence 
of pre-extensional basement rocks, whereas the 
intracontinental rift basin model requires the 
occurrence of pre-extensional basement rocks 
comparable to those of the North Qaidam and 
South Qilian regions. At present, the late Paleo-
zoic–early Mesozoic tectonic processes of the 
Zongwulong Shan–Qinghai Nanshan region 
during the evolution of the Paleo-Tethyan realm 
are inadequately understood. A major challenge 
in unraveling the geological history of the Zong-
wulong Shan–Qinghai Nanshan tectonic belt is 
significant overprinting by Mesozoic–Cenozoic 
deformation (Yin et al., 2007; Cheng et al., 2019; 
Dong et al., 2019; Lin et al., 2021).

To provide new insights into this issue, we 
performed detailed geological mapping and 
zircon U-Pb geochronology and compiled the 
results with previous geological data. These 

data allowed us to better constrain the tectonic 
setting and history of the tectonic belt and its 
relationships to the larger Paleo-Tethyan oro-
genic system.

2. GEOLOGICAL FRAMEWORK

The Kunlun-Qaidam-Qilian continent is the 
main part of the northern margin of the present-
day Tibetan Plateau, and it experienced Neo-
proterozoic–Mesozoic subduction, arc magma-
tism, and orogeny (e.g., Gehrels et al., 2003a, 
2003b; Song et al., 2013, 2014; Wu et al., 2016, 
2019a, 2022, 2023a; Zuza et  al., 2018; Yu 
et al., 2021; Yan et al., 2022; Wu et al., 2023c), 
as evidenced by the widespread exposures of 
ophiolitic mélanges (Fu et al., 2020; Fu et al., 
2021; Zhang et al., 2021), (ultra)high-pressure 
rocks (Song et  al., 2004; Yin et  al., 2007; Bi 
et al., 2022; Hernández-Uribe et al., 2023; Wu 
et  al., 2023b), and plutons (Zhu et  al., 2022) 
(Figs. 1 and 2). During the Cenozoic, structures 
in northern Tibet were reactivated as a result of 
the India-Asia collision (Wu et al., 2021a; Wang 
et al., 2022; Li et al., 2023; Xie et al., 2023). The 
Zongwulong Shan–Qinghai Nanshan region is 
located between the North Qaidam region in the 
south and the South Qilian region in the north, 

Figure 2. Geological map of the Zongwulong Shan–Qinghai Nanshan and the adjacent region of northern Tibet showing regional geo-
chronologic results from magmatic rocks. The map is compiled from Pan et al. (2004) and this study. The location of Figure 4 is shown. 
Orange numbered hexagons represent the locations of the collected samples. Zircon U-Pb geochronological data are compiled from: 1—Li 
et al. (2021a); 2—Liao et al. (2014b); 3—Qin (2018); 4—Zhang et al. (2016); 5—Chang (2017); 6—Shi et al. (2015); 7—Shi et al. (2017); 
8—Huang et al. (2015); 9—Xie et al. (2014); 10—Peng et al. (2019); 11—Tung et al. (2007); 12—Tung et al. (2013); 13—Li et al. (2022c); 
14—Li et al. (2022b); 15—Wu et al. (2021c); 16—Li et al. (2021b); 17—Fu et al. (2021); 18—Zhang et al. (2017c); 19—Zhang et al. (2017a); 
20—Zhang et al. (2019b); 21—Zhang et al. (2019c); 22—Wang et al. (2019b); 23—Huang et al. (2014); 24—Ding et al. (2022b); 25—Wang 
et al. (2020a); 26—Chen et al. (2020a); 27—Chen (2020); 28—Zhang et al. (2019a); 29—Wang (2019); 30—Yu et al. (2019b); 31—Wu et al. 
(2019b); 32—Tian et al. (2018a); 33—Sun et al. (2018); 34—Li et al. (2018a); 35—Hao et al. (2018); 36—Zhang (2017); 37—Yang et al. 
(2017); 38—Yan et al. (2017); 39—Li et al. (2017); 40—Yu et al. (2017b); 41—Wang and Zhou (2016); 42—Peng et al. (2016a); 43—Huo 
(2016); 44—Guo et al. (2016); 45—Wang et al. (2016); 46—Liao et al. (2014a).

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B37605.1/6444424/b37605.pdf
by University of Nevada Reno user
on 17 June 2024



Jie Li et al.

4	 Geological Society of America Bulletin, v. 136, no. XX/XX

A B

C

D

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B37605.1/6444424/b37605.pdf
by University of Nevada Reno user
on 17 June 2024



An intracontinental rift in northern Tibet

	 Geological Society of America Bulletin, v. 136, no. XX/XX	 5

separated by the southern Zongwulong Shan 
fault and Qinghai Nanshan fault, respectively 
(Figs. 1 and 2; Guo et al., 2009). To provide a 
regional context, we describe the geology of the 
North Qaidam region, Zongwulong Shan–Qing-
hai Nanshan region, and South Qilian region in 
the following sections (Fig. 2).

2.1. North Qaidam Region

The northwest-trending, ∼100-km-wide 
and ∼500-km-long North Qaidam continent 
is located along the northern margin of the 
Qaidam Basin, and it is bounded to the south by 
the northwest- to west-striking Cenozoic North 
Qaidam thrust belt (Fig. 2; Yin et al., 2008). The 
heterogeneous basement of the North Qaidam 
continent consists of Paleoproterozoic crystal-
line rocks and Mesoproterozoic passive-margin 
strata (Qinghai BGMR, 1991; Xia, 1996; Xin 
et al., 2002; Pan et al., 2004; Mattinson et al., 
2006; Yu et al., 2017b). The Quanji massif in the 
North Qaidam region consists of medium- to 
high-grade metamorphic rocks of the Delingha, 
Dakendaban, and Wandonggou Groups, which 
are unconformably overlain by Neoproterozoic 
strata (Fig. 3; Qinghai BGMR, 1991; Chen et al., 
2009, 2013a; Wang et  al., 2009; Gong et  al., 
2012). The Delingha granitic gneiss yields Paleo-
proterozoic zircon ages of ca. 2390–2360 Ma 
(Gong et al., 2012; Yu et al., 2017b; Yu et al., 
2017a). Based on their geochemistry results, the 
granite protoliths are interpreted to have formed 
in an extensional setting, possibly related to the 
breakup of a Neoarchean continent (Gong et al., 
2012). The Dakendaban metasedimentary rocks 
were deposited after ca. 2470 Ma and before 
ca. 2430 Ma based on detrital zircon analyses 
(Wang et  al., 2008; Gong et  al., 2012; Zhang 
et  al., 2014). The Wandonggou metasedimen-
tary rocks were deposited ca. 2240–1950 Ma 
(Huang et  al., 2011; Zhang et  al., 2014). The 
Quanji massif experienced ca. 1960–1900 Ma 
amphibolite-facies metamorphism (Wang 
et  al., 2008, 2009; Zhang et  al., 2011; Chen 
et al., 2013a; Lu et al., 2017; Yu et al., 2017a) 
and was subsequently intruded by ca. 1830 Ma 

mafic dikes (Liao et al., 2014a) and ca. 1800 Ma 
rapakivi granite (Chen et al., 2013b). The tec-
tonic setting of the Mesoproterozoic metasedi-
mentary strata is poorly constrained, as they 
are overlain by Neoproterozoic–early Paleozoic 
strata including tillite-bearing glacial strata and 
Neoproterozoic–Ordovician siliciclastic and 
carbonate rocks (Ma et  al., 2019). The North 
Qaidam continent was intruded by ca. 970–
900 Ma and ca. 850–800 Ma plutons, which are 
similar in age to plutons in the Kunlun and Qil-
ian regions, suggesting that these regions were 
contiguous by the Neoproterozoic (Fig. 2; Mat-
tinson et al., 2006; Tung et al., 2013; Fu et al., 
2015; Yan et al., 2015; He et al., 2016, 2018; 
Zuza and Yin, 2017; Peng et al., 2019; Wu et al., 
2021b; Zhu et al., 2022). Recently, ca. 1500 Ma 
trondhjemite, ca. 1100–1000 Ma magmatic arc 
and metamorphic rocks, and ca. 480–450 Ma 
amphibolite- to granulite-facies rocks were iden-
tified in the North Qaidam region (Li et al., 2015; 
Wang et al., 2016, 2019a; Yu et al., 2019a). The 
North Qaidam ultrahigh-pressure metamorphic 
belt consists of ca. 460–410 Ma eclogite, garnet 
peridotite, and mafic granulite, surrounded by 
ca. 1120–900 Ma granitic and psammitic/pelitic 
gneisses that experienced regional amphibolite-
facies metamorphism (Menold et  al., 2009; 
Chen et al., 2018, 2019; Li et al., 2020; Wang 
et  al., 2020b; Ren et  al., 2021; Wang et  al., 
2021b; Hernández-Uribe et  al., 2023). The 
North Qaidam continent was covered by a thick 
sequence of Mesozoic–Cenozoic sedimentary 
strata formed in an intracontinental basin. All 
pre-Cenozoic rocks in the North Qaidam region 
are bounded by north-dipping Cenozoic thrust 
faults, and their basin-and-range–style exposures 
were strongly controlled by Cenozoic deforma-
tion (Yin et al., 2007, 2008).

2.2. Zongwulong Shan–Qinghai Nanshan 
Region

The Zongwulong Shan–Qinghai Nanshan 
is an ∼10- to 30-km-wide and ∼600-km-long 
tectonic strip that trends west in the west and 
northwest in the east (Fig. 2). The western part 
of this belt is composed of the Middle Carbon-
iferous–Lower Permian Zongwulong Group 
intruded by minor Permian plutons and the 
Lower–Middle Triassic Longwuhe Formation 
(Figs. 2 and 3; Li and Nie, 1985; Guo et al., 
2009; Chen et  al., 2020a; Zhao et  al. 2020, 
2022). The Zongwulong Group, with a thick-
ness of ∼6000 m, is composed of meta-sand-
stone and schist, dolomitic limestone, mylonitic 
limestone, meta-basalt, andesitic basalt, and 
pillow basalt, which have been interpreted to 
have been deposited within a rift basin (Li and 
Nie, 1985; Xu et al., 2019; Zhao et al., 2020). 

These Carboniferous–Permian rocks subse-
quently experienced ductile shear deformation 
in the Early–Middle Triassic, based on mus-
covite and biotite 40Ar/39Ar analyses, which 
is interpreted to have been related to oblique 
collision between the South Qilian and North 
Qaidam continents (Gao et  al., 2021). The 
Triassic Longwuhe Formation is composed 
of coarse-grained clastic rock and limestone 
interlayers in the lower part, sandstone, slate, 
and limestone in the middle part, and slate, 
sandstone, conglomerate, and minor limestone 
in the upper part, which were deposited in a 
shallow-marine environment (Li and Nie, 1985; 
Qinghai BGMR, 1991). To the east, the Qinghai 
Nanshan region is mainly composed of Perm-
ian metasedimentary rocks and the Triassic 
Longwuhe Formation flysch clastic deposits 
intruded by Early Triassic mafic-felsic mag-
matic plutons (Figs. 2 and 3; Peng et al., 2016b; 
Li, 2017; Zhang et al., 2017a, 2017c, 2019c; Li 
et al., 2018b; Wang et al., 2019b; Yang et al., 
2022; Zou et al., 2022).

2.3. South Qilian Region

The western part of the South Qilian region 
is dominated by the thick Balonggonggaer 
Formation and Paleozoic granitic intrusions (Ji 
et al., 2018; Li et al., 2019; Li et al., 2022a). 
The eastern part of the South Qilian region 
is primarily composed of the Neoprotero-
zoic Hualong Complex, which contains ca. 
940–850 Ma granitic gneiss and metasedimen-
tary rocks intruded by ca. 470–410 Ma mafic 
and granitic plutons (Fig. 2; Yan et al., 2015, 
2020). The Balonggonggaer Formation con-
sists of meta-siltstone and quartzofeldspathic 
sandstone, gray slates, meta-tuffaceous sand-
stone, phyllite, schist, and minor metavolcanic 
rocks and limestone, which are interpreted to 
be a thick turbidite sequence (Fig. 3; Qinghai 
BGMR, 1991). In the Zongwulong Shan, the 
Balonggonggaer Formation mainly consists of 
phyllite and mica schist, transitioning to tuffa-
ceous sandstone to the north. The Balonggong-
gaer Formation is unconformably overlain by 
Permian–Triassic marginal marine sedimentary 
strata (Figs. 2 and 3). The Balonggonggaer For-
mation in the South Qilian region was previ-
ously assumed to be early Silurian based on 
regional geological maps and limited graptolite 
biostratigraphy from meta-sandstones (Qinghai 
BGMR, 1978, 1991). However, recent zircon 
ages suggest that this formation can be divided 
into a Neoproterozoic (younger than or ca. 
720 Ma) passive-margin sequence and an early 
Paleozoic (younger than 560 Ma) sequence 
related to a Gondwana superfan system (Ji 
et al., 2018, 2021; Li et al., 2019).

Figure 3. Lithostratigraphy of the North 
Qaidam region, Zongwulong Shan region, 
Qinghai Nanshan region, and South Qil-
ian Shan region of northern Tibet compiled 
from Qinghai BGMR (1991), Pan et  al. 
(2004), Wang et  al. (2013), and this study. 
The approximate locations of the sampled 
rocks in the Qinghai Nanshan region are 
also shown in the lithostratigraphic sec-
tions. Pt—Proterozoic; cl—clay; si—silt; 
ss—sand; cg—conglomerate.
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3. GEOLOGICAL MAPPING OF THE 
ZONGWULONG SHAN–QINGHAI 
NANSHAN REGION

Detailed field observations for this study 
were focused on the middle part of the Zong-
wulong Shan between the South Qilian and 
North Qaidam regions, near the city of Del-
ingha (Fig. 4). The Zongwulong Shan–Qinghai 
Nanshan is bounded by the Cenozoic North 
Zongwulong thrust fault to the north and South 
Zongwulong thrust fault to the south (Fig. 4). 
Our investigation was conducted along major 
river valleys in the Zongwulong Shan, including 
the Bayinguole river valley. Major river valleys, 
located at ∼3500 m elevation, cut through east-
trending ranges with moderate relief (∼500 m) 
and ∼5000 m peak elevations. Key geological 
observations and detrital zircon geochronologic 
samples are shown in a regional-scale geologi-
cal map, cross sections, and a simplified tec-
tonostratigraphic column in Figures 4–6.

Stratigraphic age assignments for the major 
lithologic units of the Zongwulong Shan are 
primarily from Pan et al. (2004). Detailed con-
straints on geological relationships are from Qin-
ghai BGMR (1978) and new field observations 
and detrital zircon ages. Lithologic units range in 
age from Paleoproterozoic to Quaternary and are 
described in the following sections.

3.1. Metamorphic Basement and 
Sedimentary Rocks

Metamorphic basement rocks of the Dak-
endaban Group are distributed in the southern 
part of the Zongwulong Shan and divided into 
lower (labeled Pt1

a) and upper (labeled Pt1
b) 

sequences (Qinghai BGMR, 1978) (Fig. 4). The 
lower sequence is characterized by mica schist, 
quartzofeldspathic gneiss, migmatite, marble, 
quartzite, and plagioclase amphibolite with 
Paleoproterozoic zircon U-Pb ages, interpreted 
to be part of the Tarim craton (Yu et al., 2017b; 
Yu et al., 2017a). The upper sequence is com-
posed of Paleoproterozoic marble and amphibo-
lite (Pan et al., 2004).

The Neoproterozoic metasedimentary strata 
(labeled Pt3) are widespread in the Zongwulong 
Shan but feature different metamorphic grades 
and rock assemblages based on their location. 
Neoproterozoic metasedimentary rocks are 
distributed in three regions of the Zongwulong 
Shan based on their juxtaposition by the South 
Zongwulong and North Zongwulong faults 
(Fig. 4). Neoproterozoic rocks on the southern 
side of the South Zongwulong fault consist of 
mica ± garnet quartz schist, marble, quartz-
ofeldspathic gneiss, migmatite, and plagioclase 
amphibolite. These rocks were intruded by early 

Paleozoic plutons and subsequently experi-
enced early Paleozoic amphibolite-facies meta-
morphism (Figs. 5A and 6). The stratigraphic 
thickness of the Neoproterozoic rocks probably 
exceeds 2–4 km, although the section features 
internal deformation, and the basal contact with 
Paleoproterozoic metamorphic rocks is not 
observed. Foliated granitic intrusions crosscut 
both the gneiss and schist. All metamorphic 
rocks contain parallel foliation across lithologic 
contacts and are variously mylonitized. These 
metamorphic rocks were inferred to have Paleo-
proterozoic ages based on previous geological 
mapping (Pan et  al., 2004; Yu et  al., 2017b). 
However, geochronological results indicate 
that at least some of the rocks formed in the 
Neoproterozoic (see below). Neoproterozoic 
metasedimentary rocks exposed in the core of 
the Zongwulong Shan region between the South 
Zongwulong and North Zongwulong faults con-
sist of meta-sandstone, phyllite, carbonaceous 
slate, and thin-bedded limestone (Figs. 5B and 
6). Previous studies attributed a Carboniferous 
age to these rocks based on geological map-
ping (Qinghai BGMR, 1978); however, detrital 
zircon ages from this study suggest a Neopro-
terozoic age (discussed below). Neoproterozoic 
metasedimentary rocks on the northern side of 
the North Zongwulong fault consist of meta-
sandstone, carbonaceous slate, and phyllite 
(Figs. 5C and 6). Previous studies considered 
these rocks to be Silurian based on geological 
mapping (Qinghai BGMR, 1978); however, 
detrital zircon ages reported here and by Li 
et al. (2019) suggest a Neoproterozoic age (dis-
cussed below).

Cambrian–Devonian strata are absent in the 
study area but are exposed in the North Qaidam 
and South Qilian regions (e.g., Zhang et al., 2015; 
Fu et al., 2018; Qin et al., 2018; Yan et al., 2019, 
2020). Carboniferous strata in the Zongwulong 
Shan are only distributed between the South 
Zongwulong and North Zongwulong faults and 
can be divided into lower and upper sequences 
(labeled Ca and Cb, respectively; Fig.  4). The 
lower sequence consists of phyllite, foliated tuff, 
silty slate, limestone, and meta-sandstone. The 
upper sequence is dominated by thick-bedded 
limestone and dolomite with minor phyllite. 
Permian strata (labeled P) in the Zongwulong 
Shan consist of limestone, which is underlain 
by basal gray-green arkosic sandstone and con-
glomerate atop Precambrian rocks (Figs. 4 and 
5D). Triassic strata (labeled T) on the southern 
side of the South Zongwulong thrust fault overlie 
Precambrian rocks along a regional disconfor-
mity and consist of conglomerate, sandstone, 
siltstone, and limestone (Figs. 4, 5E, and 5F). 
Triassic strata on the northern side of the North 
Zongwulong thrust fault conformably overlie 

Permian strata and consist of arkosic sandstone, 
siltstone, and limestone (Figs. 4 and 6). Juras-
sic strata (labeled J) overlie Precambrian rocks 
along a regional angular conformity and are 
divided into lower and upper sequences (Figs. 4 
and 6). The lower sequence consists of gray-
green and gray-purple arkosic sandstone, quartz 
siltstone, sandy conglomerate, and carbonaceous 
siltstone with coal layers. The upper sequence 
consists of purple conglomerate, arkosic sand-
stone, and quartz sandstone. Cretaceous rocks 
(labeled K) consist of polymictic conglomer-
ate and red coarse sandstone. Cenozoic rocks 
consist of Eocene (labeled E) conglomerate and 
sandy arkosic sandstone deposited in fluvial and 
lacustrine environments (Fig.  4). Quaternary 
strata consist of alluvial and fluvial strata.

3.2. Magmatic Intrusions

Early Paleozoic felsic granitoid and mafic plu-
tons (e.g., Yu et al., 2019b; Ding et al., 2022b; 
Li et al., 2022c; Wu et al., 2022) are widespread 
in the South Qilian region and scattered in the 
North Qaidam region (Fig. 4). One large (∼2000 
km2) and several minor early Paleozoic plutonic 
bodies (∼1–10 km2) occur in the study area 
(Fig. 4). These magmatic bodies have ca. 440–
425 Ma ages (Yu et al., 2019b; Li et al., 2022a) 
and compositions including amphibolite gabbro, 
quartz diorite, granodiorite, and granite. The 
magmatic bodies intrude Precambrian gneiss 
and schist and are unconformably overlain by 
Permian and younger strata. These relationships 
suggest that plutonism was initiated after the 
Precambrian and ceased by the Permian. Numer-
ous latest Paleozoic–early Mesozoic granitoid 
plutons are also exposed in the North Qaidam 
and Qinghai Nashan regions (e.g., Peng et al., 
2016a; Chen et al., 2020a; Chen et al., 2020b; 
Yang et al., 2022; Zou et al., 2022; Wang et al., 
2023) (Fig. 2). One large (∼80 km2) and sev-
eral small (∼0.5–1 km2) Permian granodioritic 
to granitic plutons are exposed in the study area 
(Fig. 4). Minor Permian leucogranite dikes occur 

Figure 4. Geological map and cross sections 
of the Zongwulong Shan, north of Delingha 
city. The map is compiled from the 1:200,000 
geological map of the Delingha sheet (Qing-
hai BGMR, 1978), satellite-image analysis 
(e.g., Google Earth), and our structural ob-
servations and interpretations. Locations of 
geochronologic samples collected for this 
study are shown with orange numbered 
hexagons. The locations of field photographs 
in Figures 5, 7, 8, and 9 are also shown on 
the map. NZF—North Zongwulongshan 
fault; SZF—South Zongwulongshan fault.
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Figure 5. Representative field photographs showing the metamorphic and sedimentary characteristics of strata. Neoproterozoic strata 
include (A) marble and plagioclase gneiss in the southern side of the South Zongwulong thrust fault, (B) gray-green phyllite in the core of 
the Zongwulong Shan, and (C) gray-green, sandy slate in the northern side of the North Zongwulongshan fault. (D) Permian conglomerate 
with pebbles dominantly composed of early Paleozoic gneissic granite of the North Qaidam region. (E, F) Triassic molasse deposits mainly 
contain Carboniferous and Permian limestone gravels of varying sizes and shapes derived from the Zongwulong Shan.
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within Neoproterozoic gneiss and schist units in 
the study area.

3.3. Regional Unconformities

Several Phanerozoic unconformities are rec-
ognized in the study area (Figs. 4 and 6), herein 
named for the lithologic unit that they overlie. 
These unconformities are significant as they 
formed during periods of rock uplift and erosion 
and can be used to determine the pre-uncon-
formity geometries of older lithologic units. 
For example, Permian, Triassic, and Jurassic 
unconformities on the southern side of the South 
Zongwulong thrust fault overlie Precambrian 
rocks (Figs. 4 and 6). This requires the Precam-
brian rocks to have been located at or near the 
surface in the Permian–Jurassic. Therefore, the 
Precambrian strata reached the surface before 
Cenozoic deformation. The oldest unconformity, 
which is also the most widespread in the study 
area, divides Permian strata above Neoprotero-
zoic metasedimentary rocks (i.e., Balonggong-
gaer Formation in the South Qilian region) to 
the north of the North Zongwulong thrust fault 
and Paleoproterozoic/Neoproterozoic basement 
rocks (i.e., Dakendaban Group) to the south of 
the South Zongwulong thrust fault (Figs. 4 and 
6). However, Carboniferous strata unconform-
ably overlie Neoproterozoic rocks between the 
South Zongwulong thrust fault and the North 
Zongwulong thrust fault (Figs. 4 and 6). This 
is one of the most important observations for 
crustal extension, which requires a pronounced 
and abrupt topographic low in the Carbonif-
erous here compared to the north and south. 
Along the southern flank of the Zongwulong 
Shan, Triassic–Jurassic strata unconformably 
overlie Precambrian rocks. The last two uncon-
formities at the bases of Cretaceous and Ceno-
zoic strata, respectively, are only exposed in the 

northeastern portions of the study area (Fig. 4). 
These unconformities indicate that pre-Cenozoic 
rocks were close to the surface before Cenozoic 
deformation.

3.4. Structural Geology

Structures in the Zongwulong Shan domi-
nantly trend east, including the strikes of sedi-
mentary bedding and metamorphic foliation, 
trends of mountain ranges, and fault traces. 
Deformation can be divided into four distinct 
episodes: (1) Cenozoic contraction (i.e., folds 
and thrusts), (2) early Mesozoic tectonic inver-
sion, evidenced by folds, thrusts, lithologic unit 
juxtapositions, and ductile shear fabrics on folds, 
(3) late Paleozoic extension, and (4) early Paleo-
zoic ductile shearing and metamorphism.

We interpret the deformation of Paleoprotero-
zoic and younger rocks to be Cenozoic based 
on the following observations: (1) most of the 
observed faults and folds of pre-Cenozoic rocks 
merge with present-day, active range-bounding 
thrusts, and (2) these thrusts truncate Ceno-
zoic terrestrial deposits and Quaternary allu-
vial strata (Liu and Yuan, 2004; Dong et  al., 
2019). The Mesozoic deformational history can 
be constrained by examining unconformities 
between Cenozoic and Mesozoic strata. Scat-
tered angular unconformities between Cenozoic 
and underlying Triassic–Cretaceous strata and 
between Jurassic–Cretaceous and underlying 
Precambrian–Triassic strata are the most promi-
nent in the study area. One unconformity occurs 
along the northern edge of the North Zong-
wulong thrust fault, where Triassic strata dip 
∼30°–50° steeper than the overlying Cenozoic 
strata. Despite the difference in dip angles, the 
two sequences have similar strikes (Fig. 4). The 
unconformity between Cenozoic and underlying 
Cretaceous strata is less obvious, and the dips of 

the two sequences above and below the uncon-
formity are similar. In the Zongwulong Shan, 
we did not observe direct evidence of major late 
Paleozoic deformation. However, the presence 
of Carboniferous strata and abnormal thickness 
variations of Permian strata in the study area 
possibly indicate a deformation event associ-
ated with Carboniferous–Permian sedimenta-
tion (Fig. 6). Strong ductile shear deformation 
and amphibolite-facies metamorphism are 
only preserved in Precambrian rocks along the 
southern flank of the Zongwulong Shan. New 
and previous geochronologic results indicate 
that the deformation and amphibolite-facies 
metamorphism occurred in the early Paleozoic 
(see below).

In the following sections, we describe our 
structural observations, including lithologic 
unit juxtapositions, map-view relationships, 
and kinematics from south to north in the Zong-
wulong Shan. Key thrust faults are labeled f1 
through f5 from south to north (Fig. 4) and are 
discussed in this order below.

3.4.1. Fault f1
Thrust fault f1 strikes northeast and dips 

85°NW. Fault striations on the main fault surface 
steeply plunge (70°) to the northeast, indicating 
dominant reverse-slip kinematics and a minor 
strike-slip component (Figs.  7A and 7B). The 
f1 fault zone is defined by an ∼100-m-wide 
cataclastic zone (Figs.  7B and 7C). Uplifted 
hanging-wall rocks include Proterozoic rocks 
unconformably overlain by Triassic–Cretaceous 
strata. Although the f1 fault trace is covered by 
Pleistocene strata, the fault is expressed by topo-
graphic lineaments and a few fault exposures 
along river channels (Fig. 7A). The age of f1 may 
be late Cenozoic, prior to the Quaternary, based 
on the above observations. The fault is possibly 
a splay of thrust fault f3 (see below), which has 

A B C

Figure 6. Tectonostratigraphy of the Zongwulong Shan, highlighting the compositions and structure between the southern side of the South 
Zongwulong thrust fault (SZF), the Zongwulong Shan, and the northern side of the North Zongwulong thrust fault (NZF), compiled from 
Qinghai BGMR (1978) and our observations. Orange numbered hexagons show the locations of U-Pb detrital zircon samples. Qinghai 
BGMR (1978) and our observations in Figures 4 and 5. Orange numbered hexagons show the locations of U-Pb detrital zircon samples. 
Pt1—Paleoproterozoic; Pt3—Neoproterozoic; grS—Silurian granitoid; grP—Permian granitoid; Ca—lower Carboniferous; Cb—upper Car-
boniferous; P—Permian; T—Triassic; J—Jurassic; K—Cretaceous.
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a larger displacement associated with the south-
ward growth of the Zongwulong Shan (Fig. 4).

3.4.2. Fault f2
Thrust fault f2 fault strikes northwest in the 

west and northeast in the east and exhibits a 
southward convex trace, suggesting a north dip 
(Fig. 4). The fault places Neoproterozoic rocks 
and overlying Triassic deposits atop Neoprotero-
zoic basement rocks intruded by Paleozoic mag-
matic intrusions and overlying Mesozoic strata. 
The fault trace is buried by Quaternary alluvial 
strata, suggesting the fault was active prior to 
that time (Figs. 7D and 7E). The fault trace in the 
east and west merges with the South Zongwul-
ong thrust fault in map view. We assume that the 
fault also merges with the South Zongwulong 
thrust fault at depth as a southern branch of the 
South Zongwulong Shan thrust system (Figs. 4 
and 7F–7H). The western segment of f2 has dis-
placement >1 km based on the geological map-
ping relationships (Figs. 4 and 7H).

3.4.3. South Zongwulong Shan Fault (Fault f3)
The east-striking South Zongwulong Shan 

thrust fault (labeled f3) dips north and juxtaposes 
Carboniferous–Permian strata atop Precambrian 
rocks and overlying Permian–Cretaceous strata 
(Figs. 4 and 7I–7O). Fault striations on splay 
fault surfaces and asymmetrically folded Perm-
ian strata adjacent to the f3 fault zone indicate 
right-slip, south-directed kinematics (Figs. 7K 
and 7L). Along its strike, f3 has both older-over-
younger and younger-over-older relationships, 
indicating the fault experienced multiple slip 
episodes (Fig. 4).

3.4.4. Fault f4
Thrust fault f4 strikes east, dips south, and 

juxtaposes Carboniferous and Neoproterozoic 

rocks atop Carboniferous massive limestone 
(Cb). The fault is laterally continuous for 
∼20 km in the study area (Fig. 4). The hang-
ing wall consists of Carboniferous limestone, 
phyllite, and sandstone (Ca and Cb) uncon-
formably overlying Neoproterozoic rocks 
(Fig. 8A). Fault striations in the hanging wall 
(Neoproterozoic meta-sandstone) and footwall 
(Cb mylonitic limestone) located adjacent to 
the fault zone and asymmetric fault-bounded 
blocks within the fault zone indicate north-
directed left-slip kinematics (Figs.  8B–8D). 
The fault is inferred to be a back thrust of the 
South Zongwulong thrust fault and to merge 
at depth with this structure (Fig.  4). Folded 
Neoproterozoic and Cambrian strata in the 
hanging wall have wavelengths of ∼4–6 km. 
Whether the fault is Cenozoic in age or older 
remains unknown.

3.4.5. North Zongwulong Shan Fault (Fault f5)
The North Zongwulong Shan thrust fault 

(labeled f5) strikes east, dips south, and juxta-
poses the Carboniferous–Permian strata atop 
Precambrian rocks and overlying Permian–Tri-
assic and Neogene strata (Figs. 4, 8E, and 8F). 
Although no direct kinematic measurements 
were made for this fault, fold axes parallel to 
the fault suggest dip-slip kinematics. Along its 
strike, the fault has both older-over-younger and 
younger-over-older relationships, indicating the 
fault experienced multiple slip episodes (Fig. 4). 
In the west, Permian strata are thrust over Neo-
gene strata, indicating that f5 was active in the 
Neogene (Fig. 4).

3.4.6. Fold and Fault Relationships
Kilometer-scale folds involving Carbonifer-

ous–Permian strata and underlying Neoprotero-
zoic rocks occur between the South Zongwulong 

thrust fault in the south and the North Zongwu-
long thrust fault in the north (Fig. 4). The core 
of the Zongwulong Shan contains a broad, east-
trending anticline of Carboniferous and Neopro-
terozoic rocks (Fig. 4). In the west, the anticline is 
divided into two ∼4–6-km-wavelength anticlines 
by f4 (Figs. 4, 8A, 8G, and 8H). In the east, a 
broad, ∼8- to 10-km-wavelength anticline in the 
Zongwulong Shan features different deformation 
within its outer and inner layers. The outer layers 
and limbs are formed by competent Carbonifer-
ous massive limestone (Cb). The outer layer lime-
stone is locally mylonitized likely due to flexural 
slip during folding. The inner layers are formed 
by incompetent Carboniferous (Ca) and Neopro-
terozoic rocks, including phyllite, thin-bedded 
limestone, and minor sandstone. Thin-bedded 
limestone forms parasitic folds of the larger-scale 
anticline (Figs. 8I–8N). The orientations of the 
parasitic folds indicate north-south contraction 
(Fig. 8J). The inner layer of phyllite is ductilely 
deformed and features multiscale folds, thick-
ened and thinned sublayers, and pull-apart folds 
(Figs. 8O–8Q). The formation of the broad, kilo-
meter-scale anticline may have been associated 
with the tectonic inversion of the South Zongwu-
long and North Zongwulong thrust faults.

4. ANALYTICAL METHODS

In total, 14 samples were collected in the 
Zongwulong Shan–Qinghai Nanshan for zircon 
U-Pb geochronology. Detailed geochronologic 
methods are described below.

4.1. Zircon U-Pb Geochronology of Igneous 
Rocks

Zircon grains from two sampled leucogran-
ite dikes (Table 1) that intrude Neoproterozoic 

Figure 7. Representative satellite images, detailed geological maps, and field photographs showing structures associated with faults f1–f3 and re-
lated deformation. (A) Google Earth satellite image showing the linear topography formed by fault f1 and the fault trace overlain by Pleistocene 
alluvial deposits (Qfgl). (B, C) River-cut exposure of the left-slip reverse f1 fault zone that occurs within Triassic massive limestone. The exposure 
consists of the fault core including fault gouge and principal slip plane. The fault damage zone is pervasively fractured to the extent that the 
original bedding is obliterated. (D) The river flowing south has incised the f1 fault zone exposure. Gray to dark-gray Neoproterozoic biotite (Bt) 
gneiss in the hanging wall of the f2 fault zone is thrust over yellowish to reddish brown Silurian granitoid. The fault zone and its hanging wall 
and footwall are unconformably overlain by Quaternary conglomerates. (E) Fault f2 places Neoproterozoic metamorphic rocks over Cretaceous 
sandstone and conglomerate. (F–H) Uninterpreted satellite image and interpreted structural map and cross sections showing the relationship be-
tween faults f2 and f3. SZF—South Zongwulongshan fault. (I) Road-cut exposure showing the f3 fault zone that places Carboniferous limestone 
over early Paleozoic altered granitoid. (J) Northward view of the range front of the Zongwulong Shan, showing stacked thrust sheets. Note that 
the foothill is underlain by Neoproterozoic metamorphic rocks at the bottom, where the hanging-wall rocks of fault f3 are Carboniferous and 
Permian. (K, L) Permian thick-bedded limestone is faulted and thin-bedded limestone is folded due to different rock competencies in response to 
the f3 faulting. Kinematic data indicate right-slip thrust kinematics. The red rectangle and black circle dots in the inset stereonet plot represent 
the attitudes of fault striation and fold hinge, respectively. Red and black lines represent the attitudes of fault and bedding, respectively. (M) Fault 
f3 places Carboniferous massive limestone over Cretaceous sandstone and conglomerate. (N) A thrust fault places Neoproterozoic gneiss over 
Jurassic coal-bearing clastic rocks that overlie the Neoproterozoic rocks. (O) Fault f3 places Carboniferous limestone over Cretaceous clastic 
rocks and another thrust juxtaposing the Paleoproterozoic Dakendaban Group rocks over Cretaceous clastic rocks. Note that the formats of 
planar and linear structure attitudes are strike/dip and dip quadrant and trend/plunge, respectively. (Continued)
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Figure 7. (Continued)

Figure 8. Representative field photographs and sketches showing structures associated with faults f4 and f5 and related deformation. (A) An-
notated photograph of the north-directed f4 thrust and a well-developed hanging-wall anticline. Hanging-wall rocks consist of Carboniferous 
limestone and clastic rocks and Neoproterozoic (Neo-Pt) rocks. (B–D) Kinematic indicators indicate left-slip thrust kinematics. (E, F) Fault f5 
thrust places Carboniferous limestone, marble, and phyllite over Triassic sandstone and limestone. NZF—North Zongwulongshan fault. (G, 
H) A west-plunging anticline in the western part of the study area is composed of Carboniferous massive limestone (Cb), marble, and phyllite 
(Ca). (I–N) Small-scale folds in Neoproterozoic thin-bedded argillaceous banded limestone in the core of the fold. Axial planes of folds are 
vertical, and hinge lines plunge to the west. Note the rounded and sharp hinges of folds. (O–Q) Ductilely folded and sheared meta-sandstone 
(brown) and phyllite (dark gray). The folds show that more rigid sandstone layers were disrupted by layer-parallel extension and thickened 
by folding and small-scale shear zones. Metapelite appears to have filled gaps in the sandstone layer by ductile flow, and meta-quartz fluids 
occur in the metapelite as irregular boudins. The pronounced difference in the style of deformation reflects the different rheological proper-
ties of the two sedimentary packages. Note that the format of planar structure attitudes is strike/dip and dip quadrant. (Continued)
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metamorphic rocks were analyzed for U-Pb 
crystallization ages using an Agilent 7500a 
laser ablation–inductively coupled plasma–

mass spectrometer (LA-ICP-MS) at the Key 
Laboratory of Continental Collision and Plateau 
Uplift, Institute of Tibetan Plateau Research, 

Chinese Academy of Sciences, Beijing, China. 
Prior to analysis, zircon grains were separated 
from whole-rock samples using standard pro-
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Figure 8. (Continued)
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cedures, including handpicking from heavy-
mineral yields under a binocular microscope, 
and mounted in epoxy resin with standard zir-
con grains at the Institute of the Hebei Regional 
Geology and Mineral Survey, Langfang, China. 
Cathodoluminescence (CL) images were col-
lected using a scanning electron microscope 
(SEM) at Beijing Geoanalysis Co., Ltd., Beijing, 
China, to observe any internal texture. Consid-
ering zircon grain sizes and signal stability, we 
used ∼30-μm-diameter ablation spots for all 
selected grains. U-Pb isotopic ratios (206Pb/238U, 

207Pb/235U, and 207Pb/206Pb) and fractionation 
corrections were calculated using the GLITTER 
4.0 program (Macquarie University, Sydney, 
Australia; http://gemoc​.mq​.edu​.au​/glitter​/home​
.html) and corrected for common lead (Ander-
sen, 2002). The 206Pb/238U ages are reported 
for zircon grains younger than 1000 Ma, and 
207Pb/206Pb ages are reported for grains older 
than 1000 Ma (Ludwig, 2003). Weighted mean 
ages, concordia diagrams, and relative probabil-
ity plots were generated using Isoplot/Ex (Lud-
wig, 2003). Isotopic data for all zircon analy-

ses are shown in Table S1 in the Supplemental 
Material1. Analyses were excluded based on low 
radiogenic lead concentrations, large analytical 
errors, inherited zircon grains that were signifi-

1Supplemental Material. Table S1: LA-ICP-MS 
results of zircon U-Pb geochronology from this 
study. Table S2: LA-ICP-MS results of zircon 
U-Pb geochronology from previous studies. Please 
visit https://doi​.org​/10​.1130​/GSAB​.S.25814542 to 
access the supplemental material; contact editing@
geosociety​.org with any questions.
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Figure 8. (Continued)

TABLE 1. SUMMARY OF SAMPLE LOCATIONS IN THE ZONGWULONG SHAN–QINGHAI NANSHAN REGION, NORTHERN TIBETAN PLATEAU

Sample number Rock type Age Latitude
(°N)

Longitude
(°E)

Elevation
(m)

Numbers in figures

QL20220624-1 Sandstone Triassic 36°26′47.55″ 100°4′23.12″ 3370 12
QL20220628-4 Sandstone Triassic 36°46′17.10″ 99°38′51.25″ 3471 13
QL20220628-7 Sandstone Triassic 36°42′12.24″ 99°31′30.63″ 3513 14
QL20220701-2 Sandstone Carboniferous 37°24′37.83″ 98°08′19.19″ 3675 6
QL20220702-3 Sandstone Triassic 37°32′14.36″ 96°53′07.94″ 3675 10
QL20220705-5 Sandstone Neoproterozoic 37°38′15.00″ 97°16′00.24″ 4142 3
QL20220707-2 Sandstone Triassic 37°31′38.89″ 97°42′15.20″ 4015 9
QL20220707-3 Sandy slate Neoproterozoic 37°29′15.73″ 97°38′01.15″ 3610 4
QL20220708-2 Sandstone Triassic 37°25′58.86″ 97°43′20.86″ 3273 7
QL20220709-2 Sandstone Triassic 37°25′59.36″ 97°38′30.35″ 3544 8
QL20220712-2A Sandstone Triassic 37°32′23.73″ 97°24′22.52″ 3983 11
QL20220713-10 Leucogranite vein Permian 37°25′14.86″ 97°28′15.27″ 3402 1
QL20220713-11 Leucogranite vein Permian 37°25′15.60″ 97°28′15.63″ 3413 2
QL20220713-15-1 Garnet-bearing mica quartz schist Neoproterozoic 37°25′18.90″ 97°28′16.83″ 3414 5
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cantly older than the dominant zircon-age popu-
lation, and discordant ages. We calculated the 
weighted mean age of the youngest population 
of concordant analyses to estimate the crystal-
lization age of the magmatic samples.

4.2. U-Pb Detrital Zircon U-Pb Dating

We performed detrital zircon U-Pb geo-
chronology on 12 samples from Carbonifer-
ous–Triassic strata to determine the detrital 

provenance, distinguish lithologic units, and 
test correlations between rocks in the North 
Qaidam region to the south and the South 
Qilian region to the north (Table 1). Isotopic 
data for all detrital zircon analyses are shown 

A

C D

E F

B

Figure 9. (A) An ∼20-cm-wide gray to white leucogranite dike (sample QL20220713-10) intruding Neoproterozoic gray to dark-gray mica 
quartz schist. (B) Gray leucogranite dikes (QL20220713-11) intrude early Paleozoic amphibolite-facies metamorphic rocks. (C, D) Photomi-
crographs of two leucogranite samples. Bt—biotite; Pl—plagioclase; Qtz—quartz. (E, F) U-Pb concordia diagrams, weighted mean ages, and 
representative zircon cathodoluminescence images for two leucogranite samples. Error ellipses are 2σ. Circles represent ∼30 μm analyzed 
spots for U-Pb dating. The numbers in the circles represent the experimental sampling numbers. MSWD—mean square of weighted deviates.
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in Table S1. Prior to analysis, zircon grains 
were separated from whole-rock samples at 
the Institute of the Hebei Regional Geology 
and Mineral Survey, Langfang, China, using 
standard procedures, including mounting on 
epoxy rounds with 91500 zircon standards 
(ca. 1065 Ma age; Wiedenbeck et  al., 1995) 
and polishing with carbide paper. Zircon grains 
were analyzed via LA-ICP-MS at the Key Lab-
oratory of Continental Collision and Plateau 
Uplift, Institute of Tibetan Plateau Research, 
Chinese Academy of Sciences, Beijing (for 
detailed analytical methods, see Xie et  al., 
2008). Spot sizes of ∼30 μm were shot with a 
laser at a 10 Hz pulse rate.

5. LITHOLOGIC DESCRIPTIONS 
AND RESULTS OF ZIRCON U-Pb 
GEOCHRONOLOGY

5.1. Igneous Rocks

Two samples of undeformed, gray leu-
cogranite dikes (QL20220713-10 and 
QL20220713-11; sites 1 and 2 in Figs. 2 and 4, 
respectively) that intrude Neoproterozoic met-
amorphic rocks were analyzed (Figs. 9A and 
9B; Table 1). The main mineral assemblages 
included quartz, plagioclase, and minor biotite. 
Plagioclase grains were characterized by poly-
synthetic and gridiron twinning and light clay 
development and chloritization (Figs. 9C and 
9D). CL images of representative zircon grains 
are shown in Figures 9E and 9F. Zircon grains 
were typically ∼100–150 μm long, transpar-
ent in color, and prismatic in shape. Edges of 
some zircon grains were straight and broken, 
and minor grains were subrounded. Most zir-
con grains showed typical oscillatory zoning in 
CL images, whereas some grains exhibited the 
characteristics of metamorphism such as accre-
tive and vague zoning.

Zircon U-Pb ages of the leucogranite dikes 
were found to be clustered at ca. 330–250 Ma, 
ca. 486–428 Ma, ca. 613–596 Ma, and ca. 860–
809 Ma (Figs. 9E and 9F; Table S1). The young-
est age cluster yielded a weighted mean age of 
271 ± 6 Ma (mean square of weighted deviates 
[MSWD = 2.0]; n = 30), which we interpret as 
representing the crystallization age of the leuco-
granite. Several older age populations are inter-
preted to be inherited due to their similarity with 
the ages of surrounding wall rocks.

5.2. Metasedimentary Samples

Twelve Neoproterozoic–Triassic detrital zir-
con samples were collected from the Zongwu-
long Shan–Qinghai Nanshan and analyzed by 
LA-ICP-MS dating (Figs. 10 and 11).

5.2.1. Neoproterozoic Strata of the 
Zongwulong Shan

We collected three samples of Neoprotero-
zoic strata from the Zongwulong Shan, includ-
ing sandstone sample QL20220705-5 (site 3 
in Figs. 2, 4, and 10A) from the northern side 
of the North Zongwulong thrust fault, sandy 
slate sample QL20220707-3 (site 4 in Figs. 2, 
4, and 10B) from the core of the Zongwulong 
Shan, and garnet mica quartz schist sample 
QL20220713-15-1 (site 5 in Figs. 2, 4, and 10C) 
from the southern side of the South Zongwul-
ong thrust fault. Zircon grains from these three 
samples were colorless and had subangular to 
rounded morphologies (Figs. 11A–11C). Grains 
were ∼50–200 μm long and had aspect ratios 
of 1:1–5:1. Most grains displayed oscillatory or 
banded zoning. Grain Th/U ratios were found 
to be 0.1–3.4 (Figs. 11A–11C and 11A′–11C′; 
Table S1).

Sample QL20220705-5 yielded three 
dominant age clusters at ca. 867–793 Ma 
(∼37%), ca. 1883–1824 Ma (∼10%), and ca. 
2724–2314 Ma (∼33%), with age peaks at ca. 
816 Ma, ca. 1865 Ma, and ca. 2622 Ma, respec-
tively (Fig.  11A′). The two youngest detrital 
zircons ages were found to be ca. 766 Ma and 
ca. 772 Ma, which correspond to a weighted 
mean age of 770 ± 37 Ma (MSWD = 0.021; 
Fig.  11A). Sample QL20220707-3 yielded 
a dominant age cluster at ca. 951–825 Ma 
(∼66%), with an age peak at ca. 864 Ma. Minor 
age clusters occurred at ca. 1756 Ma and ca. 
2454 Ma. The three youngest detrital zircon ages 
were found to be ca. 590 Ma, ca. 602 Ma, and ca. 
617 Ma, which correspond to a weighted mean 
age of 603 ± 39 Ma (MSWD = 0.14; Figs. 11B 
and 11B′).

Sample QL20220713-15-1 yielded a domi-
nant age cluster at ca. 879–634 Ma (∼66%), 
with an age peak at ca. 816 Ma. The remaining 
zircon ages were ca. 488–416 Ma (∼6%) and 
ca. 2767–2533 Ma (∼14%), with age peaks at 
ca. 454 Ma and ca. 2588 Ma, respectively. Early 
Paleozoic zircon grains from this sample showed 
characteristics of metamorphic origin, such as 
low Th/U values (<0.1) and unclear CL zoning 
(Figs. 11C and 11C′).

5.2.2. Carboniferous Strata of the 
Zongwulong Shan

We collected Carboniferous sandstone sample 
QL20220701-2 from the central-eastern portion 
of the Zongwulong Shan (site 6 in Figs. 2, 4, 
and 10D). Most zircon grains were colorless and 
subrounded and exhibited magmatic oscillatory 
or banded zoning (Fig. 11D). Grains had long-
axis lengths of ∼50–100 μm and aspect ratios 
of 1:1–3:1. Grain Th/U ratios were found to be 
0.04–1.6, suggesting some metamorphic origins 

(Figs.  11D and 11D′; Table S1). The sample 
yielded a dominant age cluster at ca. 511–427 Ma 
(∼69%), with an age peak at ca. 442 Ma. A 
broad age cluster occurred at ca. 2628–661 Ma, 
with peaks at ca. 883 Ma, ca. 1812 Ma, and ca. 
2489 Ma (Figs. 11D and 11D′). The four young-
est zircon ages yielded a weighted mean age of 
421.2 ± 9.7 Ma (MSWD = 0.7).

5.2.3. Triassic Strata around the Zongwulong 
Shan

We collected two samples of Trias-
sic sandstone (samples QL20220708-2 and 
QL20220709-2; sites 7 and 8 in Figs. 2, 4, 10E, 
and 10F) from the southern side of the South 
Zongwulong thrust fault. Zircon grains from 
both samples were subrounded and had long-
axis lengths of ∼50–150 μm and aspect ratios of 
1:1–3:1. Most grains exhibited oscillatory zon-
ing, although few grains showed metamorphic 
characteristics in CL images. Grain Th/U values 
were found to be 0.005–2.55 (Figs. 11E, 11F, 
11E′, and 11F′; Table S1).

Sample QL20220708-2 yielded dominant age 
clusters at ca. 462–419 Ma (∼24%) and ca. 988–
899 Ma (∼27%), with age peaks at ca. 433 Ma 
and ca. 939 Ma. Approximately 33% of grains 
had ca. 2514–1294 Ma ages, with age peaks at 
ca. 1470 Ma and ca. 2464 Ma (Fig. 11E′).

Sample QL20220709-2 yielded dominant 
age clusters at ca. 503–374 Ma (∼34%) and 
ca. 991–872 Ma (∼27%), with age peaks at 
ca. 442 Ma and ca. 945 Ma. Approximately 
20% of the grains had ca. 2628–1525 Ma ages, 
with age peaks at ca. 1558 Ma and ca. 2484 Ma 
(Figs. 11F and 11F′). The three youngest detrital 
zircon ages were ca. 279 Ma, ca. 280 Ma, and ca. 
294 Ma, which correspond to a weighted mean 
age of 283.6 ± 9.4 Ma (MSWD = 0.93). Early 
Paleozoic zircon grains showed characteristics 
of metamorphic origin, such as low Th/U values 
(<0.1) and unclear zoning in CL images.

We collected three Triassic sandstone sam-
ples (QL20220707-2, QL20220702-3, and 
QL20220712-2A; sites 9, 10, and 11 in Figs. 2 
and 10G–10I, respectively) from the South Qil-
ian region, adjacent to the northern margin of 
the Zongwulong Shan. Most zircon grains were 
subrounded and displayed magmatic oscillatory 
and weak banded zoning. Grains had long-axis 
lengths of∼30–300 μm and aspect ratios of 1:1–
5:1 (Figs. 11G–11I and 11G′–11I′).

Sample QL20220707-2 yielded a dominant 
age cluster at ca. 406–509 Ma (∼21%), with 
an age peak at ca. 442 Ma. Approximately 8% 
of the analyses from sample QL20220707-2 
were younger than 300 Ma. A minor age 
peak occurred at ca. 934 Ma (∼5%). Nearly 
60% of the ages were found to be ca. 2538–
1537 Ma, with two age peaks at ca. 1880 Ma 
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and ca. 2360 Ma. Few ages were clustered at 
ca. 3520 Ma. The four youngest ages were 
ca. 271 Ma, ca. 274 Ma, ca. 275 Ma, and ca. 
279 Ma, which correspond to a weighted mean 
age of 275 ± 14 Ma (MSWD = 0.05; Figs. 11G 
and 11G′).

Sample QL20220702-3 yielded a dominant 
age cluster at ca. 286–236 Ma (53%). The 
remaining ages displayed a discontinuous dis-
tribution from ca. 2518 Ma to 340 Ma, with sev-
eral age peaks at ca. 448 Ma, ca. 861 Ma, ca. 
1996 Ma, and ca. 2402 Ma. The five youngest 

ages were ca. 236 Ma, ca. 237 Ma, ca. 242 Ma, 
ca. 243 Ma, and ca. 244 Ma, which correspond 
to a weighted mean age of 240.5 ± 5 Ma 
(MSWD = 0.39; Figs.  11H and 11H′). Ages 
younger than 500 Ma accounted for ∼26% of 
total dated grains and had two age peaks at ca. 
270 Ma and ca. 416 Ma. Several grains of ca. 
911 Ma ages were also recorded. The remain-
ing age clusters were ca. 2077–783 Ma (∼60%) 
and ca. 2652–2315 Ma (∼14%), with age peaks 
at ca. 1793 Ma and ca. 2396 Ma, respectively 
(Figs. 11I and 11I′).

5.2.4. Triassic Strata of the Qinghai Nanshan
We collected three Triassic sandstone sam-

ples (QL20220624-1, QL20220628-4, and 
QL20220628-7; sites 12, 13, and 14 in Figs. 2 
and 10J–10L, respectively) from the Qinghai 
Nanshan. Most zircon grains were subrounded 
and displayed magmatic oscillatory zoning and 
dim internal structure. Grains had long-axis 
lengths of ∼50–200 μm and aspect ratios of 
1:1–5:1 (Figs. 11J–11L and 11J′–11L′).

Approximately 44% of zircon ages from 
sample QL20220624-1 were found to be 

Figure 10. Photomicrographs 
in cross-polarized light of col-
lected (meta-)sedimentary 
rocks showing the main min-
eral and detrital assemblages 
and petrological textures. Bt—
biotite; Grt—garnet; Mus— 
muscovite; Pl—plagioclase; 
Qtz—quartz. (Continued)

D

H

C

G

B

F

A

E

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B37605.1/6444424/b37605.pdf
by University of Nevada Reno user
on 17 June 2024



An intracontinental rift in northern Tibet

	 Geological Society of America Bulletin, v. 136, no. XX/XX	 19

younger than 450 Ma, with an age peak of ca. 
390 Ma. The ca. 1064–706 Ma grains (∼16%) 
had age peaks of ca. 830 Ma and ca. 1009 Ma. 
The remaining ages (∼40%) were ca. 2543–
1635 Ma, with an age gap at ca. 2335–1981 Ma 
and peaks of ca. 1723 Ma, ca. 1943 Ma, and ca. 
2429 Ma. The two youngest detrital zircon ages 
were ca. 255 Ma and ca. 256 Ma, which corre-
sponds to a weighted mean age of 256 ± 21 Ma 
(MSWD = 0.002; Figs. 11J and 11J′).

Approximately 24% of zircon ages from sam-
ple QL20220628-4 were younger than 450 Ma, 
with age peaks of ca. 270 Ma and ca. 422 Ma. 
Several grains with ages ca. 878 Ma were also 
recorded. Ages were mainly distributed between 
ca. 1939 Ma and ca. 1551 Ma (∼54%), with an 
age peak at ca. 1792 Ma. The remaining ages 
(∼11%) were ca. 2728–2320 Ma, with age 
peaks of ca. 2379 Ma and ca. 2720 Ma. The two 
youngest zircon ages were ca. 246 Ma and ca. 
248 Ma, which correspond to a weighted mean 
age of 247 ± 9 Ma (MSWD = 0.047; Figs. 11K 
and 11K′).

Approximately 65% of zircon ages from 
sample QL20220628-7 were younger than 
500 Ma, with two age peaks of ca. 248 Ma and 
ca. 420 Ma. Approximately 16% of ages were 
ca. 1093–707 Ma, with a peak at ca. 892 Ma. 
The remaining ages (∼17%) were ca. 2555–
1712 Ma, with weakly defined age peaks at ca. 
1940 Ma and ca. 2363 Ma. The three youngest 
zircon ages were ca. 227 Ma, ca. 235 Ma, and ca. 
240 Ma, which correspond to a weighted mean 
age of 234 ± 11 Ma (MSWD = 0.47; Figs. 11L 
and 11L′).

6. DISCUSSION

6.1. Detrital Provenance and Stratigraphic 
Analysis

The Neoproterozoic strata sample 
QL20220705-5 contains zircon ages between 
ca. 3000 Ma and 700 Ma, with a dominant ca. 
870–760 Ma age cluster and two minor clusters 
at ca. 1900–1600 Ma and ca. 2800–2300 Ma 
(Figs.  11A′ and 12A). The Balonggonggaer 
Group of the South Qilian region shares similar 
detrital zircon ages with Neoproterozoic strata, 
indicating that the former rocks located adjacent 
to the Zongwulong Shan were deposited in the 
Neoproterozoic (Fig. 12A; Li et al., 2019). Sam-
ple QL20220713-15-1 and previously collected 
samples from the North Qaidam region on the 
southern side of the South Zongwulong thrust 
fault are characterized by a ca. 900–660 Ma age 
cluster and minor clusters at ca. 490–410 Ma, 
ca. 2000–1700 Ga, and ca. 2700–2400 Ma 
(Figs. 11C′ and 12A; Yu et al., 2017b). All early 
Paleozoic zircon grains show evidence of meta-
morphism, such as low Th/U values, core-man-
tle structures, and unclear zoning in CL images 
(Figs.  11C and 11C′), suggesting that Neo-
proterozoic strata in the North Qaidam region 
experienced early Paleozoic high-grade meta-
morphism. Metasedimentary samples collected 
from the core of the Zongwulong Shan (sample 
QL20220707-3; Peng et al., 2018) that were pre-
viously assigned Carboniferous–Permian ages 
show a dominant age cluster at ca. 950–600 Ma 
and two older age peaks at ca. 1750 Ma and ca. 

2450 Ma (Figs. 11B′ and 12A). These ages from 
Neoproterozoic rocks suggest that the Zongwu-
long Shan has a Precambrian rock component, 
which allows for correlation with similar-aged 
rocks in the North Qaidam and South Qilian 
regions (Fig. 12A).

Detrital zircons from Carboniferous–Permian 
strata in the Zongwulong Shan have a dominant 
ca. 445 Ma age and minor age clusters at ca. 
280 Ma, ca. 880 Ma, ca. 1800 Ma, and 2450 Ma 
(Figs.  11D′ and 12B). The shared ages and 
similar lithologies among the Carboniferous–
Permian strata suggest that they are correlative 
(Peng et al., 2018; Zhao, 2023). The abundant 
early Paleozoic and minor late Paleozoic zircon 
grains in the Carboniferous strata show charac-
teristics of a magmatic origin and a proximal 
source that may have been the South Qilian and 
North Qaidam regions (Fig. 11D; Zhang et al., 
2016; Chang, 2017; Yu et al., 2017b; Qin, 2018; 
Li et al., 2022a). Carboniferous–Permian strata 
also yield minor early Paleozoic metamorphic 
zircons potentially sourced from the northern 
Qaidam metamorphic belt, suggesting that the 
belt may have been uplifted and eroded during 
the Carboniferous (Fig. 11D).

The basal Triassic strata on the southern 
side of the South Zongwulong thrust fault 
are characterized by weak sorting and size-
independent conglomerate, and gravel-sized 
clasts are dominantly composed of limestone 
and slate derived from Carboniferous–Perm-
ian rocks in the Zongwulong Shan (Figs. 5E 
and 5F). These observations suggest that the 
Triassic strata were deposited in a molasse 

Figure 10. (Continued)

J

K L

I

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B37605.1/6444424/b37605.pdf
by University of Nevada Reno user
on 17 June 2024



Jie Li et al.

20	 Geological Society of America Bulletin, v. 136, no. XX/XX

basin. Detrital zircon ages of strata on the 
southern side of the South Zongwulong thrust 
fault are nearly identical with those of Car-
boniferous–Permian rocks in the Zongwul-
ong Shan, including enrichment in Neopro-

terozoic grains (Fig. 12C). This implies that 
detrital materials may have been derived from 
the Zongwulong Shan and North Qaidam 
regions and were deposited after ca. 250 Ma 
in a foreland basin (Figs. 11E, 11F, and 12C; 

Tables S1 and S2). The detrital zircon age 
populations of Triassic strata from the South 
Qilian and Qinghai Nanshan are similar and 
involve abundant late Permian–Early Trias-
sic magmatic records, indicating a common 
source in the south. In addition, the Zong-
wulong Shan–Qinghai Nanshan likely was 
not the significant detrital source during the 
Late Triassic, which provided sediment that 
was transported to the north (Figs. 11G–11L 
and 12C).

6.2. Nature of the Zongwulong Shan–
Qinghai Nanshan

In several of the tectonic reconstructions 
of the Zongwulong Shan–Qinghai Nanshan, 
the exposures of ophiolite and mélange com-
plexes, arc plutons, and flysch deposits have 
been used as evidence to suggest that this belt 
resulted from the southward subduction and 
closure of a limited ocean in the late Paleozoic–
early Mesozoic (Wang et al., 2001; Guo et al., 
2009; Li, 2017; Wu et al., 2019b; Chen et al., 
2020b; Zhuang et al., 2020). However, recent 
geologic observations require modification 
of this previous interpretation. First, updated 
geochronology has confirmed the ophiolitic 
mélange exposed in this belt is actually early 
Paleozoic in age (Wang et al., 2001; Fu et al., 
2021), not late Paleozoic. Second, the exposure 
of late Paleozoic–early Mesozoic arc-related 
plutons (Peng et al., 2016a; Chen et al., 2020a; 
Chen et  al., 2020b; Yang et  al., 2022; Zou 
et al., 2022; Wang et al., 2023) has been more 
recently interpreted as the products of subduc-
tion of the north-dipping Neo-Kunlun (Paleo-
Tethys) oceanic slab along a margin located to 
the south (Fig. 2; Wu et al., 2016, 2022), not a 
local arc-subduction system. Finally, Mesozoic 
and Cenozoic intracontinental deformation has 
partly modified the original geological configu-
ration (Yin et al., 2007; Cheng et al., 2019; Lin 
et al., 2021).

Any viable model for the Zongwulong Shan–
Qinghai Nanshan must explain the following 
key observations: (1) the Carboniferous strata 
are thicker here and lie unconformably on the 
Neoproterozoic basement, whereas to the north 
and south, the Permian strata overlie Precam-
brian bedrock (Figs. 5 and 6); (2) the rift-related 
rock assemblage of alkaline middle-mafic vol-
canic rock, shallow-marine flysch clastic depos-
its, and carbonate rocks outcrops in this belt 
(Figs. 7 and 8; Li and Nie, 1985; Li, 2017; Xu 
et al., 2019); (3) the thrust faults exhibit some 
out-of-sequence structural relationships, like 
younger-on-older strata, which are atypical for 
a classic thrust fault (Figs. 4, 7, and 8); and (4) 
the Triassic molasse-like deposits external to 

A A¢

B B¢

C C¢

D D¢

Figure 11. (A–L) U-Pb concordia diagrams showing results of single-shot zircon analyses, 
and representative cathodoluminescence (CL) images of detrital zircon grains for each sam-
ple showing ages in Ma and Th/U ratios. Error ellipses are 2σ. Circles represent ∼30 μm an-
alyzed spots for U-Pb dating. The numbers in the circles represent the analytical sampling 
numbers. (A′–L′) Relative probability plots of U-Pb detrital zircon ages for sedimentary 
rocks and insets showing detrital zircon age distributions and relationships between ages 
and Th/U values. MSWD—mean square of weighted deviates. (Continued)
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the interpreted rift basin can be used to imply 
uplift and therefore thrust-fault activity during 
contractional reactivation of this basin (Figs. 4 
and 5; Zhao et al., 2022). These relationships do 
not support the scenario where the Zongwulong 
Shan–Qinghai Nanshan region experienced the 
opening and closing of an oceanic basin in the 
late Paleozoic, but rather they suggest a rela-
tively narrow region of crustal extension and 
thinning in the late Paleozoic. This late Paleo-
zoic extensional sedimentary basin contains 
shallow-marine-related deposits and mantle-

derived volcanic records and was inverted and 
uplifted in the Early Triassic, which is supported 
by the molasse-like rock records.

In light of these considerations, we inter-
pret that a late Paleozoic intracontinental rift 
basin operated along the southern edge of the 
South Qilian continent (Li and Nie, 1985). 
This explains the lack of late Paleozoic oceanic 
materials and minor volumes of synchronous 
mantle-derived magmatism. Across the Qin-
ghai Nanshan and the Eastern Kunlun Range, 
the wide belt of Permian–Triassic arc plutons 

that generally are younger to the south can be 
explained by a southward rollback of the Neo-
Kunlun (Paleo-Tethys) oceanic slab (Wu et al., 
2016, 2022). This also explains why Triassic arc 
plutons intrude contemporaneous flysch sedi-
ments in the Qinghai Nanshan (Fig. 2). Based 
on the similar lithological assemblages and geo-
logic histories, it has been argued that the rift 
basin gradually disappears in the Da Qaidam 
area to the west and may extend to the Jianzha-
Tongren area to the east or farther east (Fig. 2; 
Guo et al., 2009; Wang et al., 2010). Previous 
studies suggested that the eastern rift basin may 
have undergone greater crustal extension, lead-
ing to the formation of new oceanic crust (Wang 
et al., 2010).

6.3. Deformation Stages of the Zongwulong 
Shan–Qinghai Nanshan

Based on geological mapping, we constrained 
the stratigraphic and structural relationships 
among the North Qaidam region, Zongwulong 
Shan region, and South Qilian region (Fig. 4). 
Our field observations also allowed us to elu-
cidate the complex deformation history of the 
Zongwulong Shan–Qinghai Nanshan, includ-
ing the slip histories of the South Zongwulong 
thrust fault and North Zongwulong thrust fault, 
which had protracted lifespans and may have 
been inverted and reactivated. Our interpreta-
tions regarding the deformation styles and tim-
ing of activity in the Zongwulong Shan–Qinghai 
Nanshan are based on the following key obser-
vations: (1) the South Zongwulong thrust fault 
and North Zongwulong thrust fault are the main 
rift-bounding faults that controlled the distri-
bution and sedimentary records of Carbonifer-
ous–Triassic strata within the region; (2) out-of-
sequence thrusting along the South Zongwulong 
thrust fault and North Zongwulong thrust fault 
placed younger Carboniferous–Permian strata 
over older Neoproterozoic rocks; (3) the tectonic 
belt contains a broad, east-trending anticlino-
rium composed of Neoproterozoic and Carbon-
iferous strata, and the timing of ductile shearing 
in the fold core is Early–Middle Triassic (Gao 
et  al., 2021); and (4) the South Zongwulong 
thrust fault and North Zongwulong thrust fault 
juxtapose rift-related strata over Cretaceous and 
younger strata.

From these observations, we present a brief 
deformation history of the Zongwulong Shan–
Qinghai Nanshan. In the early Carboniferous, 
intracontinental rifting led to the formation of 
the South Zongwulong thrust fault and North 
Zongwulong thrust fault as major rift-bound-
ing normal faults, which created space in their 
hanging walls for infill deposits (Figs. 13A and 
13B). By the end of the Early–Middle Triassic, 
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the Zongwulong rift basin experienced tectonic 
inversion due to rift-perpendicular compres-
sion, which uplifted and folded syn- and prerift 
strata in the Zongwulong Shan (Fig. 13C; Gao 
et  al., 2021). The South Zongwulong thrust 
fault reactivated as a south-directed thrust, and 
foreland molasse strata were deposited south 
of the South Zongwulong thrust fault (Zhao 
et al., 2022). The continuity of Early–Late Tri-
assic sedimentation north of the North Zong-
wulong thrust fault in the South Qilian may 

indicate that the North Zongwulong thrust fault 
was inactive. Later, in response to the Ceno-
zoic India-Asia collision, preexisting structural 
weaknesses, including the South Zongwulong 
thrust fault and North Zongwulong thrust 
fault, were reactivated and accommodated 
the uplift of the Zongwulong Shan–Qinghai 
Nanshan. The present-day geomorphology 
of the Zongwulong Shan–Qinghai Nanshan 
reflects the morphology of the early rift basin 
to some extent.

6.4. Late Paleozoic–Early Mesozoic 
Intraplate Deformation in the Zongwulong 
Shan–Qinghai Nanshan

The Zongwulong Shan–Qinghai Nanshan rift 
basin was coeval with the late Paleozoic opening 
of the Paleo-Tethyan Ocean along the southern 
edge of the Kunlun-Qaidam continent (Fig. 13D; 
Wu et al., 2016, 2022; Yu et al., 2020; Metcalfe, 
2021). We interpret that opening of the Paleo-
Tethyan Ocean led to distributed extension 
across the Qaidam-Qilian continent to the north, 
including opening of the Zongwulong Shan–
Qinghai Nanshan rift basin (Wu et  al., 2016, 
2019a; Dong et al., 2018). Hyperextension of the 
crust during the Carboniferous–Permian caused 
Carboniferous mantle-derived, bimodal volca-
nic rocks along the Zongwulong basin axis and 
Permian anatectic leucogranite diking (Fig. 13E; 
Xu et al., 2019). This rift basin was a relatively 
narrow and immature rift basin, such that it did 
not involve the generation of new oceanic crust 
(Wang et al., 2001; Fu et al., 2021; Zhao et al., 
2022). Deposition of marine strata, including 
siliciclastic and carbonate turbidite sequences, 
within the rift basin began in the Carboniferous 
and continued to the Early Triassic (Guo et al., 
2009; Li, 2017; Zhao et al., 2022; Zhao, 2023). 
Terrigenous and hemipelagic strata, mainly 
shales and sandstone, were deposited before the 
Late Triassic.

Subsequent Triassic north-south contractional 
deformation, evidenced by east-trending folds 
and thrusts and ductile kinematics in the core 
of the belt (Figs. 7 and 8), inverted and closed 
the Zongwulong Shan–Qinghai Nanshan rift 
basin (Figs. 5E and 5F; Gao et al., 2021; Zhao 
et al., 2022). This intracontinental contraction 
is interpreted to have resulted from the Triassic 
collision between the Qaidam and Songpan-
Ganzi (and joined South China) continents to 
the south, which is well expressed in the Eastern 
Kunlun orogen (Wu et al., 2016, 2019a, 2022; 
Jian et al., 2020; Yu et al., 2020). The onset of 
tectonic inversion was coeval with regional 
deposition of molasse strata in a foreland basin 
adjacent to the Zongwulong Shan (Zhao et al., 
2022; Zhao, 2023).

The Tibetan lithosphere and the Tethyan oce-
anic realm involved several suture zones that 
represent repeated ocean opening and closing 
events to grow the central Asian continent (Yin 
and Harrison, 2000; Gehrels et  al., 2011; Wu 
et  al., 2016, 2019a, 2022, 2023a; Zuza et  al., 
2018; Kapp and DeCelles, 2019). For each of 
these opening and closing events, the tectonic 
processes recorded along the continental plate 
margins were likely associated with an intraplate 
tectonic response within the continental interior. 
The archetypal example is how the Cenozoic 
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India-Asia collision greatly deformed the Asian 
continent, leading to uplift of a >1000-km-
wide orogenic plateau, the development of 
north-south–oriented intracontinental rifts, the 
formation of large strike-slip faults that stretch 
for thousands of kilometers, and the uplift and 
reactivation of the intracontinental ancient oro-
genic belt (Yin and Harrison, 2000; Yin, 2010; 
Yin and Taylor, 2011; Xu et al., 2016; Zuza and 
Yin, 2017; Zuza et al., 2020; Campbell et al., 

2019; Ding et al., 2022a). However, for most of 
the suture zones across the Tibetan lithosphere, 
tectonic models involve the collision of rigid 
continents with limited intraplate deformation. 
Notable exceptions include documentation of 
Mesozoic deformation across Lhasa (Murphy 
et al., 1997) and Qiangtang (e.g., Kapp et al., 
2003a, 2003b, 2005). Part of this issue stems 
from the protracted and polyphase history of 
tectonic overprinting and Cenozoic intraconti-

nental modification associated with the Himala-
yan-Tibetan orogen (e.g., Yin et al., 2007; Zuza 
et al., 2018).

Here, based on detailed regional geological 
data, we have reported the intraplate tectonic 
processes associated with the opening and clos-
ing of the Paleo-Tethyan Ocean. The Neo-Kun-
lun Ocean (a part of the Paleo-Tethyan Ocean) 
opened in the Late Devonian–early Carbon-
iferous and began to subduct northward at ca. 
270 Ma, followed by slab rollback southward at 
ca. 225 Ma (Wu et al., 2016, 2019a, 2022). The 
opening of the Neo-Kunlun Ocean resulted in 
coupled intraplate extension across the Qaidam-
Qilian continent, which led to the formation 
of the Zongwulong Shan–Qinghai Nanshan 
rift. Later, during the northward subduction of 
the Neo-Kunlun (Paleo-Tethyan) oceanic slab, 
the intracontinental rift was compressed and 
inverted during the convergence and collision 
with the Songpan-Ganzi continent to the south. 
Our interpretation suggests that similar complex 
structures associated with the opening and clos-
ing of ocean basins may be more widespread 
across Tibet than currently recognized. Such pre-
Cenozoic structures imply initial topography and 
structural inheritance across the Tibetan conti-
nent prior to Cenozoic orogeny. Careful analysis 
and field observations are required to disentangle 
such structures from widespread overprinting 
Cenozoic deformation.

7. CONCLUSIONS

In this study, we combined new field observa-
tions and geochronologic results with previous 
data to reassess the tectonic architecture and set-
ting of the Zongwulong Shan–Qinghai Nanshan 
in northern Tibet. The following key results are 
drawn from this study:

(1) Precambrian rocks of the Zongwulong 
Shan–Qinghai Nanshan correlate with those in 
the South Qilian and North Qaidam regions. 
Carboniferous–Permian strata in this belt 
were deposited in an intracontinental rift basin 
and sourced from the South Qilian and North 
Qaidam regions.

(2) By the end of the Early–Middle Trias-
sic, foreland molasse strata were deposited in 
the southern Zongwulong Shan, correspond-
ing with the initiation of tectonic inversion in 
the western Zongwulong Shan–Qinghai Nan-
shan. During this time, the South Qilian and 
Qinghai Nanshan (the eastern part of this belt) 
still received detrital materials from the North 
Qaidam region.

(3) The Zongwulong Shan–Qinghai Nanshan 
experienced multiple tectonic events after the 
late Paleozoic. During the opening of the Paleo-
Tethyan Ocean, early Carboniferous intraconti-

Figure 12. Relative probability 
plots of U-Pb detrital zircon 
ages for (meta-)sedimentary 
rocks from this study and 
previous results. (A) Neopro-
terozoic rocks distributed on 
the northern side of the North 
Zongwulong fault (NZF), the 
Zongwulong Shan, and the 
southern side of the South 
Zongwulong fault (SZF). (B) 
Carboniferous–Permian rocks 
distributed in the western, mid-
dle, and eastern parts of the 
Zongwulong Shan. (C) Triassic 
rocks distributed on the south-
ern side of the South Zongwul-
ong fault, the northern side of 
the North Zongwulong fault, 
and the Qinghai Nanshan. Pre-
vious detrital zircon U-Pb iso-
topic data are listed in Table S2 
(see text footnote 1).
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nental rifting resulted in the formation of bound-
ing normal faults (i.e., South Zongwulong and 
North Zongwulong thrust faults), and subse-
quently, tectonic inversion of the South Zongwu-
long thrust fault and folding of pre- and synrift 
strata occurred at the end of the Early–Middle 
Triassic along with the closing of the Paleo-
Tethyan Ocean. Cenozoic intracontinental con-
traction resulted in the reactivation of preexisting 
structural weaknesses in this belt and controlled 
the present-day geomorphology.
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