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Abstract. The Tethyan orogenic belt records a long-lived ge-
ological cycle involving subduction and collision along the
southern margin of the Eurasian continent. The West Kun-
lun Mountains, located at the junction between the Tibetan
and Pamir orogens within the Tethyan realm, records mul-
tiple orogenic events from the Paleozoic to the Cenozoic
that shape the northwestern Tibetan Plateau. However, deci-
phering the complex Mesozoic contractional and extensional
tectonics to interpret the broader Tethyan geodynamics re-
mains challenging. To address the tectonic transition follow-
ing the early Cimmerian (Late Triassic) collision, this study
investigates the newly identified Jurassic sedimentary strata
and volcanic rocks in the West Kunlun Mountains. Zircon
geochronological results of basalts and sandstones reveal that
this ∼ 2.5 km thick package was deposited at ca. 178 Ma,
rather than in the previously reported Neoproterozoic age.
The alkaline basalts at the top of the formation exhibit chem-
ical compositions similar to oceanic island basalts, consistent
with the intracontinental extension environment revealed by
the upward-fining sedimentary pattern. Provenance analysis,
including conglomerate clast lithologies and detrital zircons,
suggests a substantial contribution from adjacent basement
sources, likely influenced by the normal faulting during ini-
tial rift stage. These findings indicate that the West Kunlun
Mountains rapidly transitioned into an extensional setting
after suturing with Cimmerian terranes. The regional struc-
ture, stratigraphy, and magmatism suggest that the Early–

Middle Jurassic southwestern Tarim Basin was subsequently
inverted during the Late Jurassic and earliest Cretaceous. We
propose that the Mesozoic deformational history in the West
Kunlun Mountains was related to the northward subduction
of the Neo-Tethys Ocean, as it transitioned from southward
retreat to northward flat-slab advancement. Comparing with
the entire strike length of the Eurasian Tethyan orogen, we
find that the subduction mode varied from the west to the
east, reflecting the broad geodynamic changes to, or initial
conditions of, the Neo-Tethyan system.

1 Introduction

The Tethyan orogenic belt is an over 15 000 km trans-
Eurasian orogenic system with a series of mountain chains
and orogenic plateaus (Fig. 1a; Şengör, 1987; Metcalfe,
2013; Wu et al., 2020). The evolution of the Tethyan oro-
genic belt involved multiple phases of ocean basin opening
and closure (i.e., the Proto-, Paleo-, and Neo-Tethys oceans)
throughout the Phanerozoic era, which resulted in the devel-
opment of multiple orogenic belts across the Eurasian conti-
nent (Stampfli, 2000; Wan et al., 2019; Metcalfe, 2021). The
complex history of accretionary and collisional orogenesis
in the Tethyan realm is intricately linked to the breakup and
formation of two mega-landmasses, namely Gondwana and
Laurasia (Şengör et al., 1988; Stampfli and Borel, 2002; Zuza
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and Yin, 2017; Li et al., 2018; Wang et al., 2018). Document-
ing the mode and nature of the accretionary and collisional
events in the Mesozoic history of the Tethyan orogenic sys-
tem is, therefore, important for understanding the continental
dynamics of Eurasia.

The Mesozoic Tethyan orogenic belt involved orogenesis,
rifting, and basin evolution, which are associated with the
convergence between the southern Asian margin and Cimme-
rian terranes derived from Gondwana (e.g., Kazmin, 1991;
Stampfli and Borel, 2002; Angiolini et al., 2013; Robin-
son, 2015). The Mesozoic tectonic evolution of the Tethyan
realm exhibits significant variations from the west to the east
(Şengör, 1984; Zhu et al., 2022). In the west Asian section of
the Tethyan orogenic belt, geochronological and geochemi-
cal data from different magmatic rock assemblages suggest a
northwestward-propagating continental rift system along the
southern margin of the central Iran Block during the Early
Jurassic to Early Cretaceous (Hunziker et al., 2015; Lech-
mann et al., 2018; Azizi and Stern, 2019). This process is en-
visioned to have been associated with subduction geodynam-
ics involving multiple intraoceanic subduction zones, slab
tearing, and alternating slab rollback and advance within the
Neo-Tethys (Zhang et al., 2018; Jafari et al., 2023). Con-
versely, in the east Asian section of the Tethyan orogenic
belt (i.e., Tibetan sector), an Andean-type orogeny along the
southern margin of Eurasia from the Early Jurassic to the
Early Cretaceous has been proposed to explain deformation
and sedimentation patterns in the southern Tibetan Plateau
(Kapp et al., 2007; Zhang et al., 2012; Xie and Dilek, 2023).
This process was punctuated by Toarcian–Aalenian back-arc
rifting event resulting from retreat of the subducting Neo-
Tethyan seafloor (Hou et al., 2015; Wei et al., 2017).

The West Kunlun Mountains, stretching from the north-
ern Pamir to northwestern Tibetan Plateau, occupy a criti-
cal position at the junction between the western and east-
ern Tethyan orogenic belts (Fig. 1b; Şengör, 1984; Wu et
al., 2016). The West Kunlun Mountains involved the closure
of the Paleo-Tethys Ocean in the Triassic–Jurassic, followed
by Cenozoic deformation and uplift during the Himalayan
orogeny (Mattern and Schneider, 2000; Cao et al., 2015; Li
et al., 2019; Xiao et al., 2002). Hence, the Mesozoic geol-
ogy of the West Kunlun Mountains documents the plate tec-
tonic history of the junction region within the Tethyan realm,
providing pivotal insights into the formation of this exten-
sive orogenic system. In particular, the Cimmerian Orogeny
in the West Kunlun region critically records the collision be-
tween the Gondwana-derived continental fragments and the
southern Eurasian margin in the latest Triassic to late Jurassic
(e.g., Şengör, 1979), but the timing and duration of this oro-
gen remains equivocal. Existing interpretations of the Juras-
sic paleogeography and evolution vary, ranging from synoro-
genic (Cao et al., 2015) and post-orogenic (Wu et al., 2021)
to transtensional (Sobel, 1999), because of the scarcity of
the relevant geological record from this period. Significant
challenges also persist in understanding the Mesozoic evo-

lution of the Pamir terranes (Angiolini et al., 2013), includ-
ing the timing of suturing and exact kinematics of related
deformation (Robinson, 2015). The Cenozoic contractional
deformation episodes, due to the northward subduction of
the Neo-Tethyan Ocean and the collision of India with Eura-
sia, further complicate our understanding in this remote re-
gion (Burtman and Molnar, 1993; Cowgill, 2010). The lim-
ited knowledge of the Jurassic and Cretaceous evolution of
the Pamir interior has been preliminarily deduced from the
timing and nature of regional magmatic activities (Chapman
et al., 2018) that are challenged by the information derived
from the surrounding fragmented sedimentary basins (Leith,
1985; Wu et al., 2021).

To better understand the regional evolution and tectono-
magmatic processes in the West Kunlun Mountains, we have
undertaken a systematic geochronological and geochemical
study and detailed analyses of the sedimentary provenance of
volcaniclastic rock suites in the Jurassic Kyzyltau–Kandilik
basin. By integrating these new results with existing data
from the adjacent region, this study provides further con-
straints on the Mesozoic tectonic history of the central junc-
tion of the Tethyan orogenic belt and probes the preceding
processes that cause the formation of the broad plateau in
central Asia.

2 Geological framework and sampling

2.1 Tethyan history

The Tethyan orogenic belt separates the main Eurasian cra-
tons and stable platforms in the north from Gondwana-
derived continental terranes in the south (e.g., Şengör et al.,
1988; Stampfli et al., 1991). The development of the Tethyan
orogenic belt involves the evolution of multiple ocean basins
and their seaways, including the Proto-Tethys, Paleo-Tethys,
and Neo-Tethys (Stampfli, 2000; Metcalfe, 2021). These an-
cient ocean basins overlapped in time but closed succes-
sively as the Gondwana-derived ribbon continents (i.e., Apu-
lia, Pelagonia, Sakarya, Tauride, South and North Qiangtang,
and Lhasa) accreted to the southern margin of Eurasia, cre-
ating several sub-parallel suture zones stretching from the
circum-Mediterranean region, Caucasus, Iranian plateau, and
continuing eastward into the Tibetan Plateau and Southeast
Asia (Fig. 1a; Dilek and Moores, 1990; Wu et al., 2020; Met-
calfe, 2021).

The Cenozoic indentation of the Pamirs fundamentally af-
fected the deformation pattern of the Tethyan orogenic belt
and geographically divided the belt into western and eastern
sectors (Tapponnier et al., 1981). The history of the Proto-
Tethys was linked to the breakup of the Rodinia superconti-
nent (Zhao et al., 2018). The western segment of the Proto-
Tethys has been defined as a Cambrian–Silurian ocean ex-
isting between Baltica and Gondwana, whereas the eastern
Proto-Tethys appears to have been closed earlier in the Early
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Figure 1. (a) Tectonic plate framework in the Northern Hemisphere and the suture zones within the Tethyan realm (modified from Wu et
al., 2020). (b) Structural framework of central Asia showing main blocks and orogenic belts, with locations of major sutures and boundary
faults. TFF is for Talas–Fergana Fault, BNS is for Bangong–Nujiang suture, IYS is for Indus–Yarlung suture, and ATF is for Altyn-Tagh fault.
(c) Simplified geologic map of the West Kunlun Mountains, including major units and suture zones (modified from Wu et al., 2021; cooling
ages of basements refer to Yang et al., 2017), namely the 1© Early Paleozoic Kudi suture, 2© Triassic Mazar–Kangxiwa suture, 3© Triassic
Tanymas suture separating the north and central Pamirs, and 4© Rushan–Pshart suture zone separating the central and south Pamirs. (d) A
section across the eastern part of the West Kunlun Mountains showing the deformed and fragmented Jurassic basin. The section location is
presented in Fig. 1c.

https://doi.org/10.5194/se-16-155-2025 Solid Earth, 16, 155–177, 2025



158 H.-X. Wu et al.: Switching extensional and contractional tectonics

Silurian as a series of Asian blocks collided onto the north-
ern margin of Gondwana (e.g., Stampfli and Borel, 2002).
The opening of the Paleo- and Neo-Tethyan ocean basins
was related to slab pull forces that caused the detachment of
the Hun (including the Tarim and North and South China)
and Cimmerian terrane ribbons from the northern margin
of Gondwanaland, respectively (Stampfli and Borel, 2002;
Ruban et al., 2007). These terranes were successively trans-
ferred northward to the Eurasian continent, causing the clo-
sure of these internal seaways during the Cimmerian and Hi-
malayan orogenies at the end of the Triassic and the begin-
ning of the Cenozoic, respectively (Dilek and Furnes, 2019;
Wan et al., 2019).

The final demise of the Paleo-Tethyan Ocean and the initi-
ation of subduction in the Neo-Tethyan Ocean occurred si-
multaneously in the Triassic–earliest Jurassic, which is of
vital importance for comprehension of the cyclical Tethyan
evolution (Wan et al., 2019). The West Kunlun Mountains,
situated to the north of the Pamir syntaxis, form the west-
ern extent of the Tibetan Plateau (Fig. 1b and c). They con-
stitute an important spatial link between the western and
eastern domains of the Tethyan orogenic belt. The forma-
tion of the West and East Kunlun Mountains involved accre-
tionary and collisional orogenesis during the closure of the
Proto-Tethys and Paleo-Tethys oceans (Mattern and Schnei-
der, 2000; Xiao et al., 2005; Dong et al., 2018). The East
Kunlun Mountains are displaced to the north relative to the
West Kunlun Mountains by the dextral Altyn-Tagh strike-
slip fault (Fig. 1b). During the Early Paleozoic, the closure
of the Proto-Tethys Ocean led to the collision of the Tarim
Craton (northern Kunlun) and the southern Kunlun terrane
along the Kudi suture zone (Fig. 1c; Zhang et al., 2019a).
After splitting from eastern Gondwana in the Devonian–
Carboniferous, the Tianshuihai–Qiangtang blocks traveled
northward towards the Tarim Craton because of the subduc-
tion of the Paleo-Tethyan Ocean. These blocks ultimately
collided with the Tarim Craton at the latest Triassic, forming
the Mazar–Kangxiwa suture zone (Fig. 1c; Xiao et al., 2005;
Metcalfe, 2021). The Pamir terranes (including the central
Pamir, south Pamir, and Karakoram), commonly regarded as
the western counterpart of the Qiangtang block, rifted from
Gondwana during the Permian (Robinson, 2015; Angiolini et
al., 2015). The major Cimmerian orogenic unconformity be-
tween the Lower Jurassic and the deformed Upper Triassic
strata is generally considered to mark the timing of the amal-
gamation of these Pamir terranes onto the Eurasian margin
(Angiolini et al., 2013; Li et al., 2022).

The mid-Mesozoic tectonic evolution of the West Kun-
lun Mountains and Pamir is somewhat enigmatic, as the
first-order geodynamic mechanisms for widespread deforma-
tion remain unclear. Several major exhumation events, in-
cluding the Late Triassic and Early Jurassic, Middle–Late
Jurassic, Early Cretaceous, and Late Cretaceous, are docu-
mented by low-temperature thermochronology in the moun-
tain ranges and surrounding basins (Sobel et al., 2013; Cao

et al., 2015; Li et al., 2019, 2023). Mid-Cretaceous grani-
toids are widespread in the south Pamir and Karakoram. A
Jurassic to Cretaceous polymetamorphic history is also dis-
played by monazite ages (Faisal et al., 2014). The basement
cooling, as well as magmatic activities, and metamorphic
events have previously been interpreted as associated with
far-field stress effects of collisional events (Yang et al., 2017)
or retro-arc contraction during an Andean-type subduction of
the Neo-Tethyan Ocean (Chapman et al., 2018). These Meso-
zoic structures within the orogenic belts were intensely re-
worked by the Cenozoic deformation during the Himalayan
orogeny (Burtman and Molnar, 1993).

2.2 Regional geology and sampling strategy

This study focused on the central and southern parts of the
northwest-trending Jurassic basin within the West Kunlun
Mountains (Fig. 1c). The Kyzyltau region, situated in the
central part of this Jurassic basin, preserves thick Early–
Middle Jurassic strata. It mainly comprises the Lower Juras-
sic Shalitashi and Kangsu formations and the Middle Juras-
sic Yangye and Taerga formations (Fig. 2a). The Shalitashi
Formation comprises a massive, thick conglomerate that
overlies the deformed Carboniferous and Permian shallow-
marine clastic rocks and limestones along an angular un-
conformity (Fig. 3a). The poorly sorted textures and lat-
eral thickness variations in the conglomerate indicate that its
clastic material originated from alluvial fans (Sobel, 1999;
Fig. 3b–e). The Kangsu and Yangye formations form the
main part of the Jurassic strata (Fig. 2a), with total strati-
graphic thickness exceeding 1800 m. The Kangsu Forma-
tion mainly comprises stacked greywackes interbedded with
coal layers. The Yangye Formation consists mainly of in-
terbedded sandstones and shales exhibiting typical Bouma
sequences, indicative of turbidite deposits in a deepwater en-
vironment (Wu et al., 2021). The Middle Jurassic Taerga
Formation is only exposed in the northeastern side of the
region and consists of thinly bedded shales and siltstones.
The Lower to Middle Jurassic stratigraphy forms an upward-
fining sequence, indicating the expanding and deepening
of the basin over time. Structurally, the Jurassic strata ex-
hibit a strong deformation, forming a northwest-trending
synclinorium (Fig. 2a). The Cenozoic contraction in the re-
gion extensively deformed the coal-bearing strata, resulting
in the formation of multi-scale folds and thrusts (Fig. 3f
and g). Regionally, the Early–Middle Jurassic strata are un-
conformably overlain by the Late Jurassic Kuzigongsu For-
mation and the Cretaceous Kezilesu Group, which are char-
acterized by massive oxidation-colored conglomerate and
sandstones (Fig. 3h). Synchronous unconformities also exist
in the south Qiangtang and Bangong–Nujiang suture zones
(Ma et al., 2017a, 2018).

In the Kandilik region, geological mapping identified a
coal-bearing formation, known as the Lower–Middle Juras-
sic Yarkant Formation, and a massive conglomerate classi-
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Figure 2. (a) Geological map in the Kyzyltau region showing the stratigraphic information and sampling locations. (b) Geological map in
the Kandilik region showing the Proterozoic basements and Paleozoic–Mesozoic strata. The red stars mark sampling locations in this work,
and the grey stars mark the locations of published data (Zhang et al., 2019b). (c) A field geological section showing the regional strata and
deformation along the Pojiang river in Fig. 2b.

fied as the Upper Jurassic Kuzigongsu Formation (Fig. 2b).
These Jurassic strata were strongly deformed and laterally
bounded by a mylonitic shear zone to the west and thrust
faults to the east. A stratigraphic unit consisting of gray–
black mudstone, siltstone, and fine sandstone is exposed to
the east of the Yarkant Formation, with a thickness exceed-
ing 3500 m (Ma et al., 1991). Abundant mafic dikes intruded
into the lower part of the strata (Fig. 3i), causing local contact

metamorphism. A suite of volcanic strata composed of sev-
eral basalt layers are juxtaposed with the thick clastic pack-
age along a steeply dipping fault. Several eruptive episodes
are identified within this unit based on alternating volcanic
horizons, including volcanic breccia (Fig. 3j), amygdaloidal
basalts, and massive basalts (Fig. 3k). These volcanic rocks
belong to the part of upper member deposited above the thick
clastic strata (Ma et al., 1991). Due to the lack of reliable con-
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Figure 3. Photographs showing the observation from the field and a binocular microscope. (a) Early Jurassic Shalitashi Formation overlying
on the deformed Carboniferous strata with angular unconformity. (b) Conglomerate clast lithologies of the Shalitashi Formation in Oytag,
(c) Gaizi, (d) Kyzyltau, and (e) Tamu. (f) Early Jurassic Kangsu Formation with strongly deformed sandstone layers. (g) Strong deformation
of the turbidite sequences in the Middle Jurassic Yangye Formation. (h) Conglomerate clast lithologies in the Late Jurassic Kuzigongsu
Formation. (i) Mafic dike within newly identified Jurassic strata in the Kandilik region. (j) Basaltic volcanic breccia. (k) Massive basalt layer.
(l) Jurassic bedded feldspar lithic sandstones with great thickness, which was previously assigned to be Precambrian age. (m) Micrograph of
basalt under plane-polarized light. (n) Micrograph of Jurassic sandstone under cross-polarized light from Kandilik section. (o) Micrograph
of Jurassic sandstone under cross-polarized light from Kyzyltau section. Pl is for plagioclase; Chl is for chlorite; Op is for opaque mineral
(mainly Ti–Fe oxides); Q is for quartz.

Solid Earth, 16, 155–177, 2025 https://doi.org/10.5194/se-16-155-2025



H.-X. Wu et al.: Switching extensional and contractional tectonics 161

straints from chronological results, this stratigraphic unit has
long been thought of as Precambrian in age (Ma et al., 1991).
Structurally, the strata were intensely deformed by regional
Kashgar–Yecheng transfer faults (Fig. 2), and the bedding
dips steeply to the northeast (Fig. 3l).

In the Kandilik region, one basalt sample (AYBL09) was
collected near the thrust fault for geochronological dating
(Fig. 2b). Six fresh and undeformed basalt samples were also
obtained away from faults for geochemical analysis. These
basaltic rock samples consist primarily of plagioclase with a
fine columnar texture and anhedral Ti–Fe oxides (Fig. 3m).
Plagioclase is locally altered into chlorite. Additionally, one
quartz–lithic sandstone sample (AYBL13) was collected for
detrital zircon age analysis. This sample exhibits poor sort-
ing and is composed mainly of quartz (∼ 30 %) with angu-
lar shapes, feldspar (< 10 %), and lithic fragments (> 60 %)
(Fig. 3n). For regional comparison, two sandstone samples
were collected from the Kangsu (KZLT1601) and Yangye
formations (KZLT1602) in the Kyzyltau region (Fig. 2a).
These sandstones show similar textures and compositions to
the clastic sample from the Kandilik region (Fig. 3o).

3 Methodology

One basalt sample (AYBL09) was collected from the Kandi-
lik section (Fig. 2b) for zircon U–Pb geochronology and in
situ trace-element analysis. Zircon separation and cathodo-
luminescence (CL) imaging were done at Yu-Heng Rock
and Mineral Technology Service Co., Ltd., Langfang, China.
Zircons were analyzed for U–Pb geochronology using an
Agilent 8900 triple quadrupole inductively coupled plasma
mass spectrometry (ICP-QQQ) equipped with an ESI New
Wave NWR193UC (Two Vol2) laser ablation system at
Beijing Quick-Thermo Science and Technology Co., Ltd,
China. Concordia plots were constructed using IsoplotR
(Vermeesch, 2018).

To analyze the petrogenesis and tectonic setting of mag-
matism, six fresh basalt rocks were collected from the same
section to determine their major and trace-element chemistry.
Samples were first crushed and then powdered in an agate
mill. Elemental analyses were conducted at Wuhan Sam-
pleSolution Analytical Technology Co., Ltd. Major element
analyses were performed by X-ray fluorescence spectrome-
try (ZSX Primus II), with analytical uncertainties generally
better than 1 %. Trace-element contents were determined us-
ing an Agilent 7700e ICP-MS.

To compare the detrital age patterns and sedimentary
provenance, we have conducted zircon U–Pb dating on
two sandstones (KZLT1601 and KZLT1602) exposed in
the Kyzyltau section and on one sandstone (AYBL13) ex-
posed in the Kandilik section (Fig. 2b). Zircons from sam-
ples KZLT1601 and KZLT1602 were analyzed for U–Pb
geochronology using a Thermo Fisher iCAP RQ ICP-MS
equipped with a Teledyne CETAC Analyte HE laser abla-

tion system at the School of Earth Sciences, Zhejiang Univer-
sity. Zircons from sample AYBL13 were analyzed for U–Pb
geochronology using an Agilent 8900 ICP-QQQ equipped
with an ESI New Wave NWR193UC (Two Vol2) laser abla-
tion system at Beijing Quick-Thermo Science and Technol-
ogy Co., Ltd. The common Pb was corrected with the method
proposed by Andersen (2002). Concordia plots and kernel
density estimate (KDE) plots were constructed using Iso-
plotR (Vermeesch, 2018) and DensityPlotter 8.5 (Vermeesch,
2012), respectively.

The details of the analytical procedures and the informa-
tion of the analytical methodologies, as explained above, are
presented in Sect. S1 in the Supplement.

The data from the conglomerate in the Shalitashi Forma-
tion were collected at eight different sections. Analysis of
conglomerate clasts was conducted within a designated 1 m2

area. Our focus was on documenting the lithological compo-
sitions of the clasts, with at least 100 gravel types randomly
counted at each site.

4 Analytical results

4.1 Morphology and geochronology of zircons from
basalt sample

The results of zircon U–Pb dating of the basalt sample are
presented in Table S1 in the Supplement. Approximately
170 zircon grains have been successfully separated from the
basalt sample. Zircon crystals are mostly transparent and
colorless, displaying varying lengths ranging between 50–
200 µm with elongation ratios of 1 : 1–5 : 1 (Fig. 4). Upon an
examination of their cathodoluminescence (CL) images, we
have sub-categorized these zircons into two groups based on
the presence of oscillatory zoning. The grains showing well-
defined growth zoning (type 1) are generally sub-euhedral
in shape (no. 3 in Fig. 4), implying their magmatic origin
(Fig. 4; Hoskin and Schaltegger, 2003). Another type (type 2)
of zircon displays an inconspicuous zoning texture (no. 4 in
Fig. 4) or yields only faintly visible zoning patterns (no. 15
in Fig. 4). A morphological analysis of these zircons reveals
a range from needle-shaped and elongated crystals (no. 13
in Fig. 4) to stubby and equant forms (no. 12 in Fig. 4). A
common feature of these varying grains is their subrounded
external appearance. This may result from moderate resorp-
tion either during the evolution of the magma chamber when
the magma is oversaturated with respect to zircon or a cer-
tain degree of metamorphism (Corfu et al., 2003). In addition
to their “polished” shape, these zircons commonly display
nebulous or patchy-zoned centers without distinct core–rim
structures (no. 11–13 in Fig. 4).

We have conducted a total of 36 spot analyses on various
types of zircons (Fig. 4), resulting in 33 analyses with a >
90 % concordance (Fig. 5a). The Th/U ratios of all tested zir-
cons range from 0.04 to 1.52 (Fig. 5d). We cannot assert that
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Figure 4. CL images of all tested zircon varieties in basalt sample AYBL09, noting the apparent 206Pb/238U ages above. The red circle
indicates the target points of type 1 zircon, the blue circle represents the target points of type 2 zircon, and the white circle marks the points
where discordant ages were obtained.

all of them are primary crystals without modification simply
based on the evaluation of Th/U ratios. However, all of these
results yielded concordant ages spanning a broad range from
the Early Neoproterozoic to the Jurassic. Type 1 zircon grains
have Th/U ratios ranging from 0.38 to 1.44, while type 2 zir-
con grains exhibit a wider range. Based on the classification
and statistical analysis of zircon characteristics, we found
that type 1 zircons, which commonly exhibit clear oscilla-
tory zoning, have older 206Pb/238U ages ranging from 405
to 911 Ma, whereas type 2 zircons display uniform ages be-
tween 168 and 193 Ma (Table S1). The 20 youngest zircons
with concordant ages define a weighted mean 206Pb/238U
age of 178± 2 Ma (MSWD= 0.99) (Fig. 5b). We interpret
this Toarcian age as the crystallization age of this rock sam-
ple. The remaining older zircons yield primarily middle-
Paleozoic and Neoproterozoic ages, which we interpret as
being inherited from the country rock.

4.2 Whole-rock major and trace elements of basalts

The chemical compositions of the basalt samples from the
Kandilik section are provided in Table S3 in the Supple-
ment. Except for one sample (AYBL11D), the majority of
our samples display similar geochemical compositions char-
acterized by low SiO2 (45.7–51.0 wt %) and MgO (4.78–
7.18 wt %) contents and Mg#s ranging between 45 and 52.
These samples possess high TiO2 (2.42–3.34 wt %) and total
alkali (Na2O+K2O= 5.17–6.35 wt %) contents and exhibit
moderate Al2O3 contents ranging from 11.1 to 14.4 wt % and

total Fe2O3 ranging from 12.6 to 13.7 wt %. In comparison,
the sample AYBL11D displays relatively high contents of
SiO2 (55.5 wt %) and TiO2 (4.76 wt %), with a low total al-
kali content (4.80 wt %). All basalt samples fall within the
alkaline series field as depicted in the total alkali–silica di-
agram (Fig. 6a). However, it is worth noting that all ana-
lyzed samples exhibit varying loss-on-ignition (LOI= 1.51–
9.81 wt %) values attributed to weathering and alteration ef-
fects, with the presence of chlorite and calcite (Fig. 3m).
Hence, it is crucial to assess the alteration effects on the
chemical compositions of the analyzed samples. The high-
field-strength elements (HFSEs; such as Nb, Ta, Ti, and
Hf) and rare Earth elements (REEs) are typically immobile
during alteration. This is supported by the consistent ele-
mental variations against the most immobile element Zr, as
shown in Fig. S1 in the Supplement. Additionally, Cr (25.4–
108 ppm) and Ni (27.4–61.2 ppm) in these samples (except
AYBL11D) also demonstrate strong correlations with Zr,
suggesting that these elements were essentially immobile
during alteration. Based on the Nb/Y vs. Zr/TiO2 diagram
proposed by Winchester and Floyd (1977), all samples plot
in the alkaline series (Fig. 6b). Therefore, we posit that these
rocks are best classified as alkaline basalt.

All analyzed samples display consistent chondrite-
normalized rare earth element patterns (Fig. 6c), char-
acterized by an enrichment of light rare Earth elements
(LREEs) relative to heavy rare Earth elements (HREEs), with
(La/Yb)N ratios ranging from 6.24 to 7.96. Moreover, their
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Figure 5. (a) Concordia plot of LA-ICP-MS U–Pb analysis for the zircons of the basalt sample AYBL09. (b) Weighted mean 206Pb/238U
age and concordia age of the youngest zircon groups. (c) Zircon chondrite-normalized REE pattern of the basalt. (d) Th/U ratios of zircons
from basalt and sandstone samples. (e) Yb/Sm with Y plotting to distinguish the origins of zircons from the basalt.

REE patterns exhibit slightly negative Eu anomalies (δEu=
0.7–1.0). The primitive mantle-normalized multi-element di-
agram illustrates that the analyzed samples are characterized
by the enrichment of highly incompatible trace elements rel-
ative to low incompatible elements (Fig. 6d). The samples
present the significant depletion of Sr and slight enrichment
in Zr and Hf. No negative Zr–Hf–Ti anomalies are observed
in any of the analyzed basalts.

4.3 Detrital zircon U–Pb ages from Jurassic sandstones

The zircon U–Pb geochronological dataset for the detrital zir-
cons is presented in Table S1. A total of 101 spot analyses
were conducted on zircon grains from sample AYBL13. Af-
ter filtering grains with discordance > 10 %, 98 of them met
the criteria for inclusion in the kernel density estimate (KDE)
visualization (Fig. 7a). The analyzed results reveal that the
Th/U ratios of most effective zircons range between 0.12 and

2.61, with only four zircons yielding extremely low values
below 0.1 (Fig. 5d). The results suggest that most detrital zir-
cons from sample AYBL13 are of igneous origin (Belousova
et al., 2002). The youngest zircon grain from this sand-
stone yielded an apparent 206Pb/223U age of 429± 5 Ma,
whereas the oldest grain has an apparent 206Pb/207Pb age of
3080± 22 Ma. The KDE plot reveals four main age popula-
tions with peaks at approximately 446, 820–955, 1553, and
2484 Ma (Fig. 7b).

To analyze provenance, two Jurassic samples from Kyzyl-
tau were analyzed for age comparison. The Early Juras-
sic sample KZLT1601 underwent 100 spot analyses on ran-
domly selected zircon grains. These measured grains exhibit
Th/U ratios ranging from 0.09 to 1.49 (Fig. 5d), consistent
with an igneous origin. In total, 89 zircon ages were plotted
on or near the concordant curve (Fig. 7c), providing zircon
ages ranging from 369± 6 to 3314± 15 Ma. The detrital age
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Figure 6. Geochemical classification diagram of Jurassic basalt samples from the Kandilik region in the West Kunlun Mountains (green)
and from the Longshan Formation in the Tianshuihai terrane (blue). (a) Total alkali versus silica (Middlemost, 1994) and (b) Zr/TiO2 vs.
Nb/Y diagrams (Winchester and Floyd, 1977). (c) Rare earth element (REE) pattern and (d) trace-element diagrams of Jurassic basalts.
(e) Th/Yb vs. Nb/Yb plot (Pearce, 2008) and (f) La/Sm vs. La plot (Aldanmaz et al., 2000). Chondrite-normalized REE and the primitive
mantle-normalized values refer to Sun and McDonough (1989). The range of the Mariana back-arc basalts refers to Pearce (2008), and the
range of eastern China Cenozoic basalts refers to Guo et al. (2020).

spectrum was obtained using the KDE method and revealed
similar peaks at approximately 444, 807, 1823, and 2566 Ma
(Fig. 7d).

Similarly, 100 zircon grains from the Middle Jurassic sam-
ple KZLT1602 exhibit characteristics indicative of a mag-
matic origin, with high Th/U ratios ranging between 0.11
and 2.63 (Fig. 5d). A total of 98 concordant results display a
consistent age population with the sample KZLT1601, rang-
ing from 345± 4 Ma to 3029± 15 Ma (Fig. 7e). These age
populations on the KDE plot also display four main peaks at
approximately 435, 782–988, 1829, and 2480 Ma (Fig. 7f).

4.4 Analysis of Jurassic conglomerate clast lithologies

The field provenance analysis of the Lower Jurassic con-
glomerate (Shalitashi Formation) reveals significant varia-
tions in composition across different sections. In the Kangsu
and Wulagen sections, located in the northernmost region
of the West Kunlun Range, clasts are composed predom-
inantly of green-colored sandstone (80 %–51 %) and low-
grade metamorphic rocks like schist (0 %–46 %), with minor
occurrences of light-colored siliceous rock (14 %–3 %) and
granitoid (6 %–0 %). In the northwestern sector of the Pamir,
sandstone (22 %–46 %) and recycled siliceous rock (29 %–
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Figure 7. Concordia diagram for the detrital zircons of (a) sample AYBL13 from the Kandilik section, (c) sample KZLT1601 from the
Kangsu Formation, and (e) sample KZLT1602 from the Yangye Formation. Diagram of the kernel density estimate of detrital zircon U–Pb
ages for (b) AYBL13, (d) KZLT1601, and (f) KZLT1602.
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46 %) predominantly constitute major clasts in the Oytag and
Gaizi sections, respectively (Fig. 3b and c). Additionally, mi-
nor limestone (11 %–2 %) and diverse igneous rocks (38 %–
6 %), including granitoid, rhyolite, and basalt occur charac-
teristically in the same stratigraphic horizon. In the Kyzyl-
tau section (Fig. 3d), the clasts of the Jurassic conglomerate
are dominated by green-colored sandstone (28 %) and gran-
ite (50 %), with subordinate schist (13 %) and siliceous rock
(9 %). To the south of Kyzyltau, the Tamu and Qimugen sec-
tions present a provenance source dominated by sedimen-
tary rocks. Clasts of limestone (Fig. 3e) and green-colored
sandstone account for 85 % and 61 % in the neighboring sec-
tions, respectively. The proportion of reddish sandstone in
the Qimugen section (33 %) surpasses that in the Tamu sec-
tion (15 %). The Kusilafu section, located to the north of the
Kandilik region, exhibits similar clast lithologies in the con-
glomerate to the Qimugen section, with a predominance of
green-colored sandstone (34 %) and recycled siliceous rock
(45 %), along with minor occurrences of reddish sandstone
(16 %). Detailed clast lithologies and counting results are
presented in the Table S4 in the Supplement.

5 Identification and age constraints for the Lower
Jurassic strata

Jurassic strata are largely exposed in the eastern edge of the
West Kunlun Mountains and on the southern side along the
Talas–Fergana Fault (Fig. 1c). The Jurassic sequences are
comprised of coal-bearing siliciclastic rocks with variable
thicknesses (Wu et al., 2021). Jurassic volcanic strata have
not been previously identified in the West Kunlun Moun-
tains, although a Jurassic tuffaceous succession and Upper
Triassic–Lower Jurassic volcanic rocks crop out in the Hindu
Kush along the western edge of the Pamir (Brookfield and
Hashmat, 2001). Our study has focused on a package of thick
clastic rocks intercalated with basaltic lavas that is exposed
in the southernmost part of the Jurassic Kyzyltau syncline
(Fig. 2). This stratigraphic package was previously consid-
ered to be of Mesoproterozoic or Neoproterozoic age due
to the lack of fossil records and the presence of low-grade
metamorphism (Ma et al., 1991). Lithologically, the clastic
member is composed primarily of gray–black mudstone and
fine-grained sandstone to siltstone rich in iron and carbona-
ceous components (Ma et al., 1991). The overlying basalts
vary significantly in their thickness and lithological composi-
tion and are composed primarily of basaltic volcanic breccia,
amygdaloidal, and massive layers (Fig. 3j and k).

Our new results of the zircon U–Pb dating of basalts and
sandstones suggest that this rock assemblage is not Precam-
brian in age, given the widespread appearance of Phanero-
zoic ages. We suggest that the weighted mean 206Pb/238U
age (∼ 178 Ma) from the basalt sample could define the erup-
tive age of this magmatic episode based on the following
lines of evidence. First, these zircons exhibit similar morpho-

logical and CL imaging characteristics (Fig. 4), with the ma-
jority of the analyzed grains displaying Th/U ratios indicat-
ing their igneous origin (Fig. 5d). Second, the results of our
in situ trace-elemental composition of the zircons (Table S2
in the Supplement) indicate that the chondrite-normalized
rare earth elements consistently exhibit a left-sloping pattern
with positive anomalies in Ce and Sm and negative anoma-
lies in Eu, similar to those of typical igneous zircons (Fig. 5c;
Hoskin and Schaltegger, 2003). Third, according to the Y
vs. Yb/Sm plot proposed by Belousova et al. (2002), these
Jurassic zircons are consistent with the basic or ultrabasic ig-
neous origin (Fig. 5e). Thus, we posit that the crystallization
age of the basalt is Toarcian.

To refine the depositional age of the clastic member of
the stratigraphy, we have compared the detrital zircon results
from the feldspar lithic sandstones with those from the Lower
and Middle Jurassic strata in the Kyzyltau region. The sand-
stone collected from the Kangsu Formation displayed a sim-
ilar texture and composition to the rocks from the Kandilik
region, which are composed of immature and poorly sorted
quartz and lithic fragments (Fig. 3n and o). The age patterns
of detrital zircons display remarkably similar populations
with Early Silurian (∼ 440 Ma) and Tonian (∼ 800–950 Ma)
peaks, indicating that sediments of the two investigated ar-
eas shared a common provenance. The Lower and Mid-
dle Jurassic sedimentary rocks were previously suggested to
have been deposited within half-grabens and mostly sourced
from the West Kunlun Mountains (Chen et al., 2018). This
interpretation aligns with our findings, which indicate that
this stratigraphic package comprises thick sequences of lam-
inated mudstone and siltstone, resembling rift-related de-
posits formed in a relatively proximal and rapidly filling de-
positional environment.

Accordingly, we propose reassigning this thick package of
clastic rocks to the Early–Middle Jurassic age. We demon-
strate the structural compatibility of this new stratigraphic
scheme. The Lower to Middle Jurassic strata of the Yarkant
Formation in the study area consist of a lacustrine sequence
rich in coal beds that are structurally bounded to the west
by a mylonite zone (Fig. 2b). The redefined stratigraphic
sequence is similarly rich in carbonaceous material and is
thrusted beneath the coal-bearing strata of the Yarkant For-
mation along an east-verging thrust fault. These units could
extend into the NW–SE-striking Jurassic graben, which sur-
prisingly narrows rapidly towards the south without any ob-
vious facies transition (Fig. 1c). The basinward dipping of
strata constituted the western limb of the Jurassic syncline,
which has a comparable thickness that may extend into the
southern area of the Kyzyltau syncline (Fig. 2).
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6 Discussion

6.1 Tectonic setting of the Early Jurassic volcanism

The varying SiO2 contents and low-Mg# values of the basalt
samples suggest that they were not derived from primary
magmas but likely underwent crustal assimilation and frac-
tional crystallization (AFC) processes. Generally, mantle-
derived magmas suffer various degrees of crust contamina-
tion en route from magma chambers to the surface (Aitche-
son and Forrest, 1994). The presence of inherited Paleozoic
and Neoproterozoic zircons in these basalts suggests the po-
tential interactions between the ascending magmas and the
country rocks (Fig. 5a). However, these basaltic rocks ex-
hibit no negative anomalies of Nb, Ta, and Ti, which are typi-
cally depleted in the crust (Fig. 6d). They exhibit low La/Nb
ratios (0.53–1.15) and mostly have high Nb/U ratios (37–
45), similar to the range of oceanic lavas (La/Nb< 1.2 and
Nb/U> 39; Krienitz et al., 2006). Additionally, all basalt
samples exhibit low Th/Nb ratios (0.09–0.15), plotting along
the MORB–OIB (mid-ocean ridge basalt and ocean island
basalt) array of oceanic basalts within the Th/Yb–Nb/Yb di-
agram (Fig. 6e; Pearce, 2008). These signatures, with little
indication of crustal components, suggest that these basalts
experienced negligible crustal contamination. They show ex-
tremely low Ni and Cr concentrations and slightly negative
Eu and Sr anomalies (Fig. 6c and d), likely resulting from
fractional crystallization of olivine, clinopyroxene, and pla-
gioclase.

The Early Jurassic episode (178 Ma) of volcanism in the
West Kunlun Mountains temporally followed the Cimme-
rian Orogeny. The eruption of the Early Jurassic basalts was
slightly later than the peak metamorphism of high-pressure
granulite facies that has been proposed to have occurred be-
tween 200 and 185 Ma (Qu et al., 2021). Collisional orogeny
commonly transitions from syn-collisional metamorphism
to post-collisional unroofing (Dilek and Altunkaynak, 2007,
2010; Zheng et al., 2019). The unroofing phase could gen-
erate geochemically varying granitoids and mafic magmatic
rocks (Harris et al., 1986; Zhou et al., 2021).

The Jurassic alkali basalts exhibit the enrichment of LREE
and HFSEs without obvious crustal signatures (Fig. 6c and d)
which is different from the syn-/post-collisional mafic intru-
sions and granitoids in the West Kunlun Mountains (Liao
et al., 2012; Chen et al., 2021). Their compositions display
high Th/Yb and Nb/Yb ratios, similar to intraplate OIBs
(Fig. 6e). Melt curve modeling of La/Sm vs. La suggests that
they were likely generated by the low-degree partial melting
(∼ 5 %) of a garnet lherzolite mantle source (Fig. 6f). This
aligns with the Zr–Nb–Y and Zr–Y–Ti triangular plots pro-
posed by Meschede (1986), indicating a within-plate affinity
for the studied Jurassic basalts (Fig. 8a and b). They also
have high Ti–Zr contents and Ti/V ratios (48–77), consistent
with the characteristics of within-plate alkali basalts or OIBs
(Fig. 8d and e).

The generation of these magmas can be attributed to
one of two mechanisms. The first explanation is that the
north Kunlun region experienced a rapid orogenic collapse
after Late Triassic collisional orogeny, during which the
intra-plate collapse-related volcanism generate the observed
basalt flows. We do not find this hypothesis plausible given
the implied rapid transition from peak collisional orogeny,
including ca. 185 Ma prograde metamorphism (Qu et al.,
2021), to collapse and the volcanism recorded at ca. 178 Ma.
Many arc–continent or continent–continent collisional oro-
gens, evolving from peak orogenic metamorphism and oro-
genic collapse to the intraplate stage, collectively persist
for tens of millions of years (Dewey, 2005; Weller et al.,
2021). Conversely, Early–Middle Jurassic graben and half-
graben structures are widely identified by seismic profiles in
the southwestern and southeastern Tarim Basin and Qaidam
Basin (Cheng et al., 2019; Zhao et al., 2020; Wu et al., 2021;
Xia et al., 2024). Jurassic extensional faults have been re-
ported in the eastern Altyn-Tagh range (Chen et al., 2003). A
broad plate boundary extensional process may have impacted
these orogenic belts and their hinterland regions. Support for
this model also includes the expansive extensional rifts de-
veloped across the marginal and interior Eurasia during the
Early–Middle Jurassic (e.g., Amu Darya, Afghan–Tajik, and
Fergana basins; Otto, 1997; Golonka, 2004).

6.2 Jurassic basin formation and implications for
sedimentary provenance

The Late Triassic closure of the Paleo-Tethyan Ocean led to
collision of the Cimmerian terranes with Eurasia that caused
the uplift of the West Kunlun Mountains (Cao et al., 2015).
The Triassic stratum is completely absent in the northern
Kunlun region and western Tarim Basin (Wu et al., 2021).
In the study area, the deformed Upper Paleozoic strata are
unconformably overlain by Lower Jurassic conglomerates
(Fig. 9).

The Kyzyltau basin preserves the most comprehensive
record of the formation and evolution of a post-Cimmerian
rift, spanning from its initiation in the Early Jurassic to its in-
version in the Late Jurassic (Wu et al., 2021). The basement
of this basin varies along-strike, indicating its strong tectonic
reworking prior to the Jurassic deposition. It comprises four
subdivisions from the north to the southeast: (1) an Early De-
vonian metasedimentary rock terrane in the Kashgar depres-
sion (1–4 in Fig. 9), (2) the Carboniferous island-arc crust
and Permian back-arc basin successions in the NW segment
of West Kunlun Mountains (5–6 in Fig. 9), (3) an Upper
Carboniferous to Middle Permian platform succession in the
middle segment (7–11 in Fig. 9), and (4) an Upper Permian
clastic formation in the southern part (12–17 in Fig. 9). The
massive conglomerate of the Shalitashi Formation indicates
rapid infilling of the Jurassic basin during its initial open-
ing stage. An analysis of conglomerate clast lithologies from
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Figure 8. Tectonic discrimination diagrams for Jurassic basalts through (a) Zr/4–2Nb–Y plot, (b) Zr–3Y–Ti/100 plot (Meschede, 1986),
(c) La/10–Y/15–Nb/8 plot (Cabanis and Lecolle, 1989), (d) Ti–Zr plot (Pearce, 1982), and (e) V–Ti/1000 plot (Rollinson, 1993). WPB is
within-plate basalts; WPA/WAB is within-plate alkali basalts; WPT is within-plate tholeiites; VAB is volcanic-arc basalts; CAB is calc-alkali
basalts; IAT is island-arc tholeiites; BAB is back-arc basalts; OIB is ocean island basalts.

different sites suggests significant compositional variations
consistent with the presence of local basement rocks (Fig. 9).

The Lower Jurassic strata rapidly transition from alluvial
fan deposits into a fluvial sedimentary environment. During
the Middle Jurassic, a sequence of stacked coal-bearing sand-
stones was deposited (Fig. 9). Extensional faulting across
the half-grabens further deepened the basin and facilitated
the deposition of a turbidite sequence in the Yangye Forma-
tion (Wu et al., 2021). Provenance analysis based on detrital
zircons suggests that the source region for these sandstones
was dominated by Late Ordovician–early Silurian (∼ 446–
435 Ma) and Neoproterozoic (∼ 980–780 Ma) igneous rocks,
with minor Neoarchean–Paleoproterozoic and Mesoprotero-
zoic ages (Fig. 7). Early Paleozoic (∼ 480–440 Ma) grani-
toids, with a peak intrusive event at ∼ 440 Ma (Fig. 1c; Tao
et al., 2024), are exposed extensively in the southern Kun-
lun terrane. However, the southern Kunlun terrane is unlikely

to be the source for these Jurassic depositions because the
southern Kunlun region contains extensive Triassic (∼ 240–
210 Ma) granitoids that intruded into the early Paleozoic rock
units (Fig. 1c; Chen et al., 2021). Yet, Triassic detrital zir-
cons are absent in the Lower–Middle Jurassic strata (Fig. 7).
Therefore, we instead suggest that the potential source area
was most likely the northern Kunlun terrane, which con-
sists mainly of Paleozoic strata and Precambrian metamor-
phic basements. A provenance study has revealed that the age
patterns of detrital zircons from the Ordovician–Devonian
strata contain main age peaks at 430–445, 930–800, and 790–
760 Ma, with subordinate Neoarchean to Mesoproterozoic
ages (Yan, 2022). Our results are consistent with this detri-
tal zircon age information from the Lower Paleozoic sedi-
mentary rocks and with the paleocurrent results of previous
studies (Wu et al., 2021).
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Figure 9. Stratigraphic correlations of the Jurassic basin along the eastern flank of the West Kunlun Mountains (modified from Wu et al.,
2021, and Rembe et al., 2022) and the results of gravel analysis of Early Jurassic conglomerate.

A Late Jurassic contractional event affected this region,
as evidenced by the intense deformation and metamorphism
displayed by various formations and rock units in orogen
(Robinson et al., 2007; Groppo et al., 2019), and by the up-
lift and inversion of the earlier basin (Yang et al., 2017).
The Middle Jurassic shallow-marine sequences in southern
Qiangtang and SE Pamir were uniformly eroded during this
time period (Ma et al., 2023). The Upper Jurassic strata
are either entirely absent or locally replaced by conglomer-
ate deposits (Fig. 10). In the Tarim Basin, the Upper Juras-
sic strata are dominated by brownish–reddish conglomerate.
Previous studies have suggested that these red beds may in-
dicate a regional increase in aridity resulting from the uplift
of the surrounding mountain belts (Hendrix et al., 1992). The
Late Jurassic uplift event has also been supported by numer-
ous thermochronological ages (170–155 Ma) within the West
Kunlun Mountains and Pamir (Fig. 1c; Yang et al., 2017).
The uplift event also resulted in significant changes in basin
and range patterns, and influenced the potential provenance
of sediments. The emergence of juvenile detrital zircons in
these Upper Jurassic and Lower Cretaceous deposits indi-
cates the exhumation and erosion of a late Paleozoic to Meso-
zoic arc system (Fig. 10). The Triassic batholiths were thrust

onto the southwestern margin of the Tarim Basin and gen-
erated elevated topography, which supplied igneous clastic
material to the Cretaceous depocenters in the region.

In summary, the Early Jurassic basin developed on the de-
formed Paleozoic basement, separated by the Triassic oro-
genic unconformity. Provenance analysis indicates that the
Early to Middle Jurassic sediments were deposited in a half-
graben setting and sourced from the proximal basement of
the northern Kunlun terrane. This basin was subsequently in-
verted during the Late Jurassic, driven by the contraction and
uplift of the surrounding mountains.

6.3 Switching extensional and contractional tectonics
related to the subduction of Neo-Tethys

The Mesozoic era records the transition from the closure of
the Paleo-Tethys Ocean to the initiation of subduction within
Neo-Tethys (Wan et al., 2019). These processes are influ-
enced by complex plate tectonic conditions, as the evolution
of the Paleo- and Neo-Tethys oceans varies significantly in
their time–space patterns. The two Tethyan oceans diverge
into several branches extending from Iran to Pamir and then
eastward into the Tibetan Plateau (Fig. 1a).
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Figure 10. Late Jurassic basin inversion based on the provenance variation through the Early Jurassic to Early Cretaceous and the stratigraphic
correlation in the northwestern China. Late Jurassic and Early Cretaceous sandstone samples are according to Zhang et al. (2019b). The
sampling locations are shown in Fig. 2a. Stratigraphic correlation is modified from Yang et al. (2017).

Episodic collisions along the southern Asian margin in the
Late Triassic and then in the Late Jurassic resulted in ma-
jor deformation in this region (Jolivet, 2017). Although a
flat subduction model has recently been proposed to explain
the regional Cretaceous magmatism in the Pamir, the mode
of Jurassic tectonic processes remains poorly constrained
(Chapman et al., 2018). As discussed above, the history of
the Neo-Tethyan subduction events significantly varies spa-
tially. The initiation of subduction along the Tibetan margin
occurred during the Middle Triassic, leading to volcanic ac-
tivities in the southern Lhasa (Wang et al., 2016; Xie and
Tang, 2021), whereas the subduction in the Iran sector in the
same orogenic belt farther west initiated later in the Early
Jurassic (Wan et al., 2023). The extensive Early–Middle arc
Jurassic magmatism along both continental margins indicates
a synchronous flare-up of continental arcs (Fig. 11a and c).
The bimodal volcanism (195–174 Ma) in the Gangdese arc
was associated with the subsequent opening of a back-arc
basin (174–156 Ma) (Fig. 11c; Kapp and DeCelles, 2019).
The magmatic arc of the Sanandaj–Sirjan belt (180–140 Ma)
in SW Iran was facilitated by a simultaneous progressive

back-arc rift (Fig. 11a; Hassanzadeh and Wernicke, 2016;
Azizi and Stern, 2019).

By comparison, compiled magmatic detrital zircons in the
Pamir segment reveal that Early–Middle Jurassic magmatism
was almost absent (Fig. 11b; Chapman et al., 2018). Jurassic
igneous rocks surrounding the Pamir are also limited (Fig. 7),
with only basalts exposed in the northern Kunlun (Kandilik)
and Tianshuihai regions (Jian et al., 2019) and bimodal vol-
canic rock suites found in the east of Karakoram (Zhou et al.,
2019). These coeval basaltic lavas (178–174 Ma) exhibit dis-
tinct features in their major and trace-element compositions
(Fig. 6). Magmas of the basaltic lavas in the northern Kun-
lun were dominated by within-plate OIBs (Figs. 6 and 8). In
contrast, basalts in the Tianshuihai to the south were domi-
nated by back-arc MORBs (Fig. 8a–c), characterized by dis-
tinct Nb–Ta depletions (Fig. 6d). The scarcity of zircon-rich
felsic magmas in this region evidently differs from the con-
ditions in the western and eastern segments of the Eurasian
Tethyan margins, where arc magmatism developed upon con-
tinental basement. To date, the exact timing of the onset of
subduction-related magmatism in the Pamir Tethyan mar-
gin remains unclear. The geochronological dataset for the
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Figure 11. Illustrative cartoons indicating the tectonic variation in the southern Eurasian margin in Jurassic. The subduction of the Neo-
Tethys Ocean resulted in persistent rifting along the Iran Tethyan segment, generating massive magmatism during the Early Jurassic to
Early Cretaceous. The far-field subduction causing the Early–Middle Jurassic extension along the Pamir Tethyan segment occurred without
magmatic flare-up. The changes in subduction style along the Pamir and Tibet Tethyan segments induced the extension–contraction transition.
The spatial magmatic datasets are according to Zhang et al. (2018), Chapman et al. (2018), Ma et al. (2017b), and Zhu et al. (2017), and the
map of paleogeographic reconstruction is modified from Cao et al. (2017). Tectonic models (a, c) are modified from Maghdour-Mashhour et
al. (2021) and Kapp and DeCelles (2019), respectively. SaSZ is the Sanandaj–Sirjan zone; TSH is the Tianshuihai block; WKL is the West
Kunlun Mountains; KL Arc is the Kohistan Ladakh Arc; Ir is Iran; K is Karakoram; Pa is Pamir; Ta is Tarim; Qt is Qiangtang; Lh is Lhasa;
BN Ocean is Bangong–Nujiang Ocean.

Karakoram arc and the Kohistan Ladakh arc indicates that
magmatic activity may have occurred as early as the Late
Jurassic (Fig. 11b; Jagoutz et al., 2019; Saktura et al., 2023).

While the spatial continuity of the Tethyan suture zones
from Iran into Tibet remains enigmatic, we propose that the
regional Early to Middle Jurassic extension across the south-
ern Eurasian continental margin was a consequence of re-
treating subduction of the Neo-Tethyan Ocean floor. First, the
transition from Cimmerian orogenic build-up (200–185 Ma)
to large-scale continental extension (178–174 Ma) suggests
the involvement of additional external extensional stresses
which are different from the classic cases of continent–
continent collision (Weller et al., 2021). Second, the 195 Ma
bimodal volcanic rocks in Karakoram and the 174 Ma
MORB-like basalts in Tianshuihai have been suggested as
associated with the initial opening of a back-arc basin, based

on their geochemical signatures of crustal material metaso-
matism (Jian et al., 2019; Zhou et al., 2019). The magma-
tism in Pamir and Karakoram was quite similar to the ex-
tensional episodes that occurred in the southern margin of
the Lhasa block, caused by accelerated slab rollback (Kapp
and DeCelles, 2019). Third, the deposition of shallow-marine
carbonates was prevalent in the Pamir and Karakoram dur-
ing the Middle Jurassic (Fig. 10), indicating an expansive
extensional continental platform facing the ocean (Yang et
al., 2017). These scenarios are analogous to the active mar-
gin of the western Pacific rim, which is characterized by a
broad marginal sea with an outboard trench subduction chain
(Fig. 1a). Additionally, the Middle Jurassic extension oc-
curred across the broad hinterlands of central Asia, which
cannot be easily explained by the collapse of the Paleo-
Tethyan orogenic belt (Otto, 1997).
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During the Late Jurassic, this marginal extensional basin
started to invert, with extensive contractional deformation
of the Lower–Middle Jurassic carbonate strata and the de-
velopment of a major angular unconformity (Fig. 10; Gae-
tani et al., 1993; Robinson, 2015). Available basement ther-
mochronological data show widespread exhumation across
the West Kunlun Mountains (Fig. 1c), as well as the reac-
tivation of the Paleo-Tethyan sutures within the Pamir ter-
ranes (Schwab et al., 2004). The exhumation of the Triassic
plutons in the southern Kunlun Mountain led to the trans-
port of debris material from the magmatic arc into the Tarim
Basin through braided fluvial network systems (Fig. 11b).
This broad uplift event has been interpreted as retro-arc de-
formation and shortening related to the advancing subduction
of the Neo-Tethyan Ocean (Robinson, 2015).

The subduction style along the broader strike length of
the Tethyan orogen varied from the west to the east in the
Late Jurassic–Early Cretaceous. Similar to the West Kun-
lun Mountains, the Lhasa block to the east experienced
basin inversion and contractional deformation starting by ca.
155 Ma and throughout the Early Cretaceous (e.g., Murphy
et al., 1997; Ding and Lai, 2003; Kapp and DeCelles, 2019).
Geological mapping has documented significant shortening
strain (∼ 60 %) across Lhasa at this time (Murphy et al.,
1997). Although the cause of this event has been debated, the
magmatic lull since the earliest Cretaceous and subsequent
flare-up in the mid-Cretaceous in both regions imply that they
shared a similar geodynamic setting (Fig. 11; Chapman et al.,
2018). A major tectonic event involving intense folding and
thrusting occurred also around 166 Ma in the South Qiang-
tang Block, resulting in two phases of southward retreat of
the remnant seaway of the Meso-Tethys (Ma et al., 2017a,
2018). A previous study proposed that the development of
Jurassic basin inversion in the Tibetan Plateau may be related
to the accretion of microcontinents onto the southern Qiang-
tang margin that is driven by the northward subduction of the
Bangong–Nujiang Ocean (Ma et al., 2023). Conversely, the
Iranian segment to the west experienced continuous exten-
sion at the same time (Hunziker et al., 2015; Lechmann et al.,
2018; Maghdour-Mashhour et al., 2021). These along-strike
variations likely reflect broad geodynamic changes to, or the
initial conditions of, the Tethyan Ocean system that war-
rant future investigations. For example, variable plate con-
vergence rates related to global tectonic configurations or the
oceanic-plate-age variations could result in unique tectonic
events along the strike length of the entire Tethyan orogen.
Alternatively, the closure of the Bangong–Nujiang Ocean,
another branch of the Tethyan system between the Lhasa and
Qiangtang blocks, might have also played a significant role
in along-strike variations within the Tethyan orogenic belt
(Fig. 11; Yang et al., 2017; Kapp and DeCelles, 2019).

7 Conclusion

This study has concentrated on the stratigraphy and prove-
nance of Jurassic strata in the West Kunlun Mountains to
better understand the Mesozoic geological evolution of the
Eurasian margin within the framework of the Tethyan geo-
dynamics. Our investigations of the Jurassic sedimentary
successions, combined with new geochronological and geo-
chemical data from coeval basaltic lava intercalations, led to
the following conclusions:

(1) A newly identified and thick sedimentary package with
basaltic lava interlayers in the southern end of the
Kyzyltau basin has similarities to the Lower and Mid-
dle Jurassic sequences in their clastic compositions and
structures. Zircon U–Pb dating results from basaltic
lavas suggest an Early Jurassic age (∼ 178 Ma) for this
stratigraphic member, in contrast to a Precambrian age
previously reported. This is a significant change that
strongly affects the current tectonic interpretations and
models.

(2) Our new geochemical data from the Early Jurassic
basaltic extrusive rocks show that magmas of these
basalts had typical OIB affinities and that they lacked
crustal contamination. Thus, the related magmatism
likely occurred in an intraplate rifting setting and was
facilitated by extensional fault systems, which signifi-
cantly reduced the residence time of the ascending mag-
mas in the crust avoiding contamination.

(3) Provenance analysis, integrating conglomerate clast
lithologies with detrital zircons, indicates a signifi-
cant source contribution from local basements (north-
ern Kunlun) for the Early to Middle Jurassic rift basins.
In comparison, the Late Jurassic contractional event
caused an uplift of the surrounding mountains in south-
ern Kunlun and Pamir, significantly influencing the
basin tectonostratigraphy and source–sink system.

(4) The Jurassic switching extensional and contractional
tectonics in the West Kunlun Mountains and a wider
region across the southern Eurasian margin are related
to changes in the subduction style of the Neo-Tethyan
Ocean floor, transitioning from retreating in the Early–
Middle Jurassic to advancing in the Late Jurassic–Early
Cretaceous. Additionally, the Pamir and West Kunlun
Mountain regions, as the central junction of the Tethys
orogenic belt, share a comparable Mesozoic history of
extensional and contractional structures with that of the
Tibetan Plateau.

Data availability. The data used in this study are available in the
references and in the Supplement, including five tables and one fig-
ure.
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