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A B S T R A C T

The West Kunlun piedmont tectonic belt was formed by the collision and accretion of the West Kunlun orogenic 
belt and the Tarim Craton. Its sedimentary record captures the processes of basin-mountain interactions, making 
it an excellent region for studying the formation of orogenic belts and the evolutionary history of the Tethys 
Ocean. Despite extensive research on the geological evolution of the West Kunlun orogenic belt by previous 
scholars, there remains considerable uncertainty regarding the initiation and termination times of oceanic crust 
subduction to the eventual closure for both the Proto-Tethys Ocean and the Paleo-Tethys Ocean in this region, as 
well as the temporal continuity between these two processes. This study obtained 703 detrital zircons with 
concordant ages from 9 core samples of Devonian to Cretaceous sandstones from 5 wells in the West Kunlun 
piedmont tectonic belt. Additionally, published detrital zircon data from the surrounding areas of the West 
Kunlun orogenic belt were collected from other studies for comparative analysis. The results indicate that the 
provenance of the piedmont tectonic belt during the Permian and Cretaceous periods primarily originated from 
the adjacent South and North Kunlun terranes. In contrast, during the Jurassic period, the provenance shifted to 
the Tianshuihai terrane. We infer that this change in sediment source was related to the closure of the Paleo- 
Tethys Ocean in the Late Triassic. Synthesizing previous research on magmatic rocks in the West Kunlun re
gion, we identified two discontinuous orogenic cycles within the West Kunlun orogenic belt, which span from the 
Proto-Tethys Ocean to the Paleo-Tethys Ocean: the 560 Ma-380 Ma Proto-Tethys orogenic cycle and the 340 
Ma–190 Ma Paleo-Tethys orogenic cycle. There was a distinct hiatus between the two cycles, during which the 
subdued volcanic activity during a tectonically stable period resulted in a minimal zircon record.

1. Introduction

The Tethys Ocean was a long-lived ancient ocean situated between 
the Laurasian and Gondwanan continents that existed from approxi
mately 550 Ma to 23 Ma (Yin and Harrison, 2000; Wu et al., 2020), and 
its remnants were preserved in various orogenic belts, including the 
West Kunlun, East Kunlun, Altyn, and Qilian (Zhang et al., 2015; Zhang 
et al. (2004); Dong et al., 2021; Feng et al., 2023; Xiong et al., 2023). On 
the basis of its tectonic evolutionary history, the Tethys Ocean can be 
divided into three major oceans: Proto-Tethys, Paleo-Tethys, and Neo- 
Tethys. The tectonic evolution of the Neo-Tethys Ocean was marked 

by the collision and continued convergence between the Indian and 
Eurasian Plates, leading to the rapid uplift of the Tibetan Plateau during 
the Cenozoic Era (Huang et al., 2020; Zhang et al. (2004); Zhu et al., 
2022). The continuous ocean-continent transitions and accretion- 
collision processes that occurred during the evolution of the Proto- 
Tethys and Paleo-Tethys Oceans resulted in the formation of a series 
of orogenic belts and fault zones, such as the West Kunlun orogenic belt, 
East Kunlun orogenic belt, Qilian orogenic belt, Altyn fault zone, and 
Karakoram fault zone, which collectively established the tectonic 
framework of the Tibetan Plateau. Therefore, understanding the ocean- 
continent configurations during different periods of the tectonic 

* Corresponding author at: National Key Laboratory of Petroleum Resources and Engineering, China University of Petroleum (Beijing), Beijing 102249, PR China.
E-mail address: jianglin01@petrochina.com.cn (L. Jiang). 

Contents lists available at ScienceDirect

Gondwana Research

journal homepage: www.elsevier.com/locate/gr

https://doi.org/10.1016/j.gr.2025.02.010
Received 3 May 2024; Received in revised form 18 January 2025; Accepted 24 February 2025  

Gondwana Research 141 (2025) 213–227 

Available online 28 February 2025 
1342-937X/© 2025 International Association for Gondwana Research. Published by Elsevier B.V. All rights are reserved, including those for text and data mining, 
AI training, and similar technologies. 

mailto:jianglin01@petrochina.com.cn
www.sciencedirect.com/science/journal/1342937X
https://www.elsevier.com/locate/gr
https://doi.org/10.1016/j.gr.2025.02.010
https://doi.org/10.1016/j.gr.2025.02.010
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gr.2025.02.010&domain=pdf


evolution of the Proto-Tethys and Paleo-Tethys Oceans is crucial for 
deciphering the tectonic history of the plateau. Overall, the creation of 
the Proto-Tethys Ocean was related to the breakup of Rodinia during the 
Neoproterozoic (750 Ma-600 Ma) (Torsvik et al., 1998). The opening of 
the Paleozoic Tethys Ocean was triggered by the rollback of the Proto- 
Tethys Ocean slab (Reymond and Stampfli, 1996); however, the pre
cise timing of the initiation of subduction to the complete the demise of 
the Proto-Tethys and Paleo-Tethys Oceans remains unclear, and it is also 
uncertain whether there was temporal continuity between them. 
Moreover, the northern Tibetan Plateau was formed by the assembly of 
multiple terranes from the Paleozoic to the Mesozoic, early scholars 
conducted relatively limited research on these Precambrian basement 
terranes (e.g., Tianshuihai, Qiangtang, and Songpan-Ganzi), they did 
not establish a comprehensive magmatic age distribution (Meert, 2003; 
Metcalfe, 2009). In recent years, although some scholars have begun 
conducting geochronological studies on these terranes to reconstruct the 
regional tectonic evolution of the Tethys Ocean, such efforts have 
generally been limited to individual terranes (Feng et al., 2023; Zhang 
et al., 2024). In fact, systematically studying these terranes that have 
experienced multiple tectonic and magmatic events could provide 
compelling insights into the tectonic evolution of the Proto-Tethys and 
Paleo-Tethys, as well as the formation of the northern orogenic belts (Li 
et al., 2018).

The spatiotemporal relationship between the Tethys Ocean and 
regional orogenic events is fundamentally a geological process driven by 
plate tectonics and the interactions among oceanic and continental 
plates (Deway and Horsfield, 1970; Li et al., 2016; Wan et al., 2019; Wu 
et al., 2020; Xiao et al., 2023). The opening, expansion, contraction, and 
eventual closure of the Tethys Ocean directly led to significant orogenic 
activity in the surrounding regions. The West Kunlun orogenic belt lies 
in the northern Tibetan Plateau and within the Central orogenic belt of 
China (Dewey et al., 1988). Its geological tectonic evolution involves not 
only the amalgamation and break-up of microcontinents but also the 
collision of island arcs, the continuous subduction of oceanic plates, the 
intrusion of basic and ultrabasic magmas and uplift of the orogenic belt 
(Zhao et al., 2018). It represents the product of the subduction of the 
Paleo-Tethys and Proto-Tethys Oceans and the accretion of continental 
and oceanic fragments from the early Paleozoic to the early Mesozoic 
(Zhang et al., 2008; Zhang et al., 2017). Therefore, the West Kunlun 
orogenic belt is considered a pivotal area for studying the formation and 
uplift of the Tibetan Plateau, as well as an important window for un
derstanding the evolution of the Tethys Ocean (Mattern et al.,1996; 
Wang et al.,2004; Liu et al.,2019; Yin et al.,2020). Understanding the 
cyclical tectonic evolution of the Tethys Ocean and the formation of 
orogenic belts requires long-term records of tectonic events. In recent 
years, scholars have conducted a series of geochronological studies on 
major geological units such as igneous rocks and ophiolites along the 
Xinjiang-Tibet Highway and the China-Pakistan Highway to clarify the 
tectonic evolution of the West Kunlun region (Xu et al.,1994; Zhang 
et al.,1996; Gehrels et al.,2011; Mattern and Schneider.,2000; Mahar 
et al.,2016). However, because granites are extensively developed dur
ing various stages of orogenic cycles, including continental rifting, 
oceanic crust subduction, and continental collision, and owing to the 
complex nature of granites themselves, there are multiple in
terpretations regarding their genesis. For example, the timing of the 
closure of Proto-Tethys Ocean has been variously interpreted as occur
ring in the Ordovician, Silurian, or Devonian periods (Matte et al., 1996; 
Mattern and Schneider.,2000). The timing of the continental collision 
orogeny during the Paleo-Tethys cycle is subject to various in
terpretations, with some scholars proposing that it occurred in the 
Permian, others in the Triassic, and still others in the Jurassic (Zhang 
et al., 2005; Mo et al., 2006; Yang et al., 2010). To date, the tectonic 
evolution of the Proto-Tethys and Paleo-Tethys in the West Kunlun re
gion remains a subject of debate (Pan, 1996; Jiang et al., 2002; Yang 
et al., 2007; Mahar et al.,2014; Zhang et al., 2018).

As one of the most stable minerals in sediments, detrital zircons can 

provide critical information for tracing sedimentary provenances and 
ages. In recent years, zircons have been widely used in studies on the 
formation and evolution of plates and orogenic belts (Schwab 
et al.,2004; Eizenhöfer et al., 2014, 2015, Eizenhöfer and Zhao (2018); 
Wang et al.,2020;Wu et al.,2020;Zhu et al.,2021; Li et al., 2024). Sedi
mentary strata buried several kilometres underground record the 
changes in lithological sequences from the basement to the surface. 
Compared with igneous rocks with single intrusions, sedimentary rocks 
provide a more comprehensive record of regional sedimentary condi
tions and offer more effective constraints for understanding long-term 
geological evolution. This paper presents a U-Pb geochronological 
study of the detrital zircons obtained from Devonian to Cretaceous 
sedimentary rocks located in the West Kunlun piedmont tectonic belt, 
providing a detailed provenance analysis for each stratigraphic level. By 
integrating previous research, this paper proposes the latest perspectives 
on the tectonic evolution of the Proto-Tethys and Paleo-Tethys in the 
West Kunlun orogenic belt and further explores the formation and uplift 
processes of the West Kunlun orogenic belt.

2. Geological setting

The West Kunlun orogenic belt (WKOB) is located in the north
western part of the Tibetan Plateau and is bounded by the Tarim Basin to 
the north, the Qiangtang terrane to the south, the Pamir Plateau to the 
west, and the Altun fault zone to the east (Fig. 1. A). There are three 
main fault zones in its interior, namely, the Kudi suture, Kangxiwar 
suture and Hongshanhu suture, from north to south. Bounded by these 
fault zones, the orogenic belt can be divided into three terranes from 
north to south, namely, the North Kunlun terrane (NKT), the South 
Kunlun terrane (SKT) and the Tianshuihai terrane (TSHT) (Fig. 1. B) 
(Pan and Bian, 1996; Xiao et al., 1999). The West Kunlun orogenic belt 
has undergone a complex tectonic evolutionary process associated with 
the Proto-Tethys and Paleo-Tethys oceans, accompanied by frequent 
magmatic activity.

The North Kunlun terrane (NKT) is believed to be the uplifted 
southwestern margin of the Tarim Craton and a part of the Tarim Plate 
(Zhang et al. (2018b), Zhang et al. (2016)). The Precambrian meta
morphic basement is well exposed in this area and includes the Paleo
proterozoic Heluositan complex, the Mesoproterozoic greenschist-to 
amphibolite-facies metamorphosed and intensely folded sedimentary 
sequences (the Kalakashi Group), the mid-Neoproterozoic greenschist- 
facies metamorphism and folded volcano-sedimentary sequences, and 
the late Neoproterozoic unmetamorphic carbonate-clastic-tillite se
quences (Zhang et al., 2019). The sedimentary cover consists of Devo
nian molasse, Carboniferous-Permian shallow marine carbonate rocks 
and late Permian continental sedimentary rocks. The magmatic records 
found within the terrane are relatively sparse, with ages ranging pri
marily from 510 Ma to 460 Ma (Cui et al., 2007; Chen et al., 2020). 
Previous studies have interpreted these records as products of the sub
duction process of the Proto-Tethys Ocean.

The South Kunlun terrane (SKT) is considered an exotic block that 
moved to the southern margin of the Tarim Plate during the late Neo
proterozoic to the early Paleozoic (Yuan et al., 2002; Xiao et al. 
(2003a)). Like the NKT, the Precambrian basement is exposed in this 
terrane, which includes Paleoproterozoic gneisses, migmatites, am
phibolites and schists, and Mesoproterozoic schists, gneisses, marbles 
and amphibolites (Jia et al., 2013). The sedimentary cover primarily 
consists of siliciclastic rocks, carbonates and calc-alkaline volcanic rocks 
from the early Paleozoic to the Mesozoic (Pan and Wang, 1994; Yuan 
et al., 2002). Previous studies have identified a substantial number of 
Mesozoic to Paleozoic magmatic rock records in this block, with ages 
ranging from 520 Ma to 190 Ma. These records correspond to the 
evolutionary timeline of the Proto-Tethys Ocean to the Paleo-Tethys 
Ocean (Kang et al., 2015; Sui et al., 2021; Allen et al., 2023). A series 
of early Paleozoic to early Mesozoic intrusive rocks have been found in 
the Precambrian basement (Jiang et al., 2013; Liu et al., 2015), which 
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corresponds to magmatism in the NKT, indicating that the two may have 
collided in the early Paleozoic.

Owing to its remote geographical location and coverage by large 
glaciers, the Tianshuihai terrane (TSHT) has been the subject of 
considerable controversy in recent years regarding its tectonic nature. 
Some scholars have proposed that the TSHT is related to the late 
Paleozoic to early Mesozoic orogenic process of a large accretionary 
prism (Xiao et al., 2005), and some scholars believe that the TSHT is an 
independent continental block with a Precambrian basement and that its 
lithology is dominated by green schist, granulite and marble (Qiao et al., 
2015; Hu et al., 2016). Previous studies in this terrane have identified 
two phases of magmatic records, the early Paleozoic and the early to 
middle Mesozoic (Gao et al., 2013; Zhu et al., 2016; Wei et al., 2018; Sui 

et al., 2021; Lu et al., 2022).
The West Kunlun piedmont tectonic belt (WKPB), located to the 

north of the NKT, is the transitional region between the West Kunlun 
orogenic belt and the Tarim Plate and is a part of the Tarim Basin (Jiang 
et al., 2024). The Precambrian basement is exposed in this area, and the 
lithology consists of metamorphic rocks and granite. The sedimentary 
cover includes limestone, sandy conglomerate and Paleozoic, Mesozoic 
and Cenozoic mudstones, while Triassic layers are missing (Fig. 1. C).

3. Sampling and methods

We collected 9 core samples from 5 wells (Kd5, Kd101, T1, Ky1 and 
S2) in the central and southern parts of the WKPB from the late Paleozoic 

Fig. 1. (A) the sketch map showing the location of the study area. (B) Geological map of the Pamir, West Kunlun Mountain, SW Tarim Basin and adjacent areas 
(modified after Cao et al., 2015; Yang et al., 2018). (1) Kudi suture; (2) Kangxiwar suture. (3) Hongshanhu suture. MPT, Main Pamir Thrust; Kus, Kudi suture; KS, 
Kongur Shan; KYTS, Kashgar-Yecheng Transfer System; JS, Jinsha Suture.（C）Lithologic column map and label of sampling horizon in West Kunlun piedmont 
tectonic zone. (D) The distribution of magmatic rock ages across different terranes within the West Kunlun orogenic belt.
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to late Mesozoic. They include four Cretaceous sandstones (Kd5-5138.0, 
Kd5-5143.5, Kd5-5790.4, and Kd101-2976.34); one Jurassic sandstone 
(Kd101-4316.3); one Permian sandstone (T1-4201.1); two Carbonif
erous sandstones (Ky1-4786.2 and Ky1-4789.8) and one Devonian 
sandstone (S2-5843.8). The depth of each well sample is indicated by the 
number following the well name in the sample identifier. For example, 
the depth of sample Kd5-5138.0 is 5138.0 m. The locations of the 5 wells 
are distributed in a concentrated manner, mainly in 2 areas (Study 
Section of Fig. 1. B).

Each sandstone sample underwent mechanical crushing, washing, 
magnetic separation, and heavy liquid separation before more than 200 
zircon grains were selected under a binocular microscope and mounted 
them on double-sided tape. The grains were then embedded in epoxy 
resin to create targets, with each sample containing more than 150 
zircon grains on average. Once the epoxy resin fully cured, the samples 
were polished to expose the zircon surfaces and internal structures. The 
polished sample targets were then photographed via transmitted/re
flected light and cathodoluminescence (CL) imaging to determine the 
internal structures of the zircon grains, while avoiding fractures and 
inclusions during the analysis.

Zircon U–Pb dating was completed on a laser ablation inductively 
coupled plasma mass spectrometer (LA-AICP-MS) at the Key Laboratory 
of Basin Structure and Hydrocarbon Accumulation, Petroleum Geology 
Experimental Research Center, Research Institute of Petroleum Explo
ration and Development, China. An NWV 193 nm laser and an Element 
SF-ICP-MS mass spectrometer were used. Comparing the photographs of 
transmitted/reflected light as well as cathodoluminescence images, 
zircon grains without fractures or inclusions were selected for analysis, 
and the denudation positions were marked. The instrument signal was 
tuned using NIST614 to obtain the best test conditions, and the laser 
denudation parameters were determined, including a spot size of 30 µm 
and a denudation frequency of 3 Hz. In this study, 100 samples were 
randomly selected for analysis so that the analysis results could reflect 
the source characteristics. For the selected denudation sites, every eight 
denudation sites were interlaced with a set of standard samples for data 
corrections, including the international standard zircons NIST610, 
91,500 and PLE. Iolite software was used for baseline corrections and 
blank deductions to form the final data. Finally, Isoplot 4.15 software 
was used to calculate the ages and generate the graph. If the zircon age 
≥ 1000 Ma is 207Pb/206Pb, the zircon age ≤ 1000 Ma is 206Pb/238U. 
Using the ratios of 206Pb/238U and 207Pb/235U as a method to calculate 
concordance, the measured ages are considered concordant when the 
zircon age concordance falls between 1.1 and 0.9.

Owing to the characteristics of the mixed-age peaks in the detrital 
zircons obtained from sedimentary rocks, merely comparing the peak 
values introduces bias. Statistical methods can assist in inferring dif
ferences between samples and their similarities with other datasets from 
a data-driven perspective, thereby achieving more precise conclusions. 
This study employs the Kolmogorov-Smirnov nonparametric test (K-S 
test) method to conduct a comparative analysis of the correlations 
among the zircon U-Pb age data from various samples and potential 
source data. The K-S test is a statistical method that involves con
structing cumulative probability distribution curves for zircon U-Pb age 
data from different datasets and then calculating the P value to assess the 
similarities and differences between the samples. When P ≤ 0.001, there 
is a significant difference between the two sample age datasets; when 
0.001 < P ≤ 0.05, the difference between the two datasets is not sig
nificant; when P ≥ 0.05, there is no significant difference between the 
two datasets; that is, the two samples are highly likely to come from the 
same population. The K-S test has certain limitations, as it does not ac
count for the inherent uncertainty or error associated with each zircon 
U-Pb age measurement. This lack of considering uncertainties may affect 
the accuracy of the analysis. However, the K-S test has the advantage of a 
relatively simple computational process, which is based on the 
maximum difference between two distribution functions. The results, 
particularly the D value (maximum difference) and the corresponding P 

value, are straightforward to interpret and can directly indicate whether 
there are significant differences between the distributions of two 
samples.

The changes in the Tethys Ocean are closely related to the formation 
of the WKPB. Detrital zircons from the piedmont tectonic belt are 
sourced primarily from various terranes within and near the basin and 
orogenic belt. To better assess the potential sources of detrital zircons in 
sedimentary deposits from the late Paleozoic to late Mesozoic in the 
piedmont tectonic zone, we compiled published zircon U-Pb age data 
from different formations in the Songpan-Ganzi (SPGZ), East Kunlun 
orogenic belt (EKOB), Qiangtang (QT), Tianshuihai terrane (TSHT), 
Qilian, Tarim, South and North Kunlun terranes (SNKL) and plotted 
them as cumulative curves and age spectra (Figs. 5 and 6). The mixed 
source data from the SNKL were derived from modern river sand sam
ples from the Karakash River and the Tiznip River, both of which tra
verse the SNKL. The SPGZ provided zircons from the Triassic and 
Devonian, the EKOB provided zircons from the Triassic and Permian, the 
QT provided zircons from the Triassic and Carboniferous, zircons from 
the Qilian Orogen were metamorphic, and the TSHT provided zircons 
from the Cambrian and Triassic. Notably, these surveyed terranes 
exhibit complex age distributions with multiple peaks, indicating their 
involvement in intricate tectonic and evolutionary cycles prior to their 
assembly. These processes were closely related to the formation and 
fragmentation of Gondwana, Rodinia, and the amalgamation move
ments of Gondwana.

4. Results

4.1. Morphology and geochronology of detrital zircon

In this study, a total of 900 detrital zircon grains from 9 samples were 
selected for U-Pb isotope age testing, 703 of which yielded concordant 
ages. We observed the morphological characteristics of each sample and 
randomly selected 6 zircon grains from the age range of each sample to 
create images (in the supplementary materials). We conducted a pre
liminary grouping of the zircon ages in the study samples on the basis of 
the distribution of magmatic rocks in the West Kunlun orogenic belt 
depicted in Fig. 1D, using 200 Ma, 400 Ma, and 600 Ma as demarcation 
points; the U-Pb concordia diagram is shown in Fig. 2; and the age 
distribution histogram and relative probability diagram are shown in 
Fig. 3. We identified age peaks on the basis of Fig. 3; these peaks are 
approximations and have not been rigorously calculated.

4.1.1. Devonian samples
A total of 100 zircons were analysed from the Devonian sample S2- 

5843.8, all of which are of concordant age. The majority of the zircon 
grains in this sample are intact, with only a small number being frag
mented. The zircon grains are predominantly subhedral and have good 
roundness in shape, with grain sizes ranging between 50 μm and 140 μm 
and length-to-width ratios ranging from approximately 1:1 to 3:1. The 
maximum age of the zircon grains in this sample is 2739 ± 104 Ma, and 
the youngest is 412 ± 15 Ma. The U-Pb ages can be roughly divided into 
501 Ma-412 Ma (with a peak age of 436 Ma) and 2739 Ma-631 Ma (with 
two peak ages of 1695 Ma and 801 Ma). The two age groups accounted 
for approximately 28 % and 72 %, respectively.

4.1.2. Carboniferous samples
The two carboniferous samples are Ky1-4789.8 and Ky1-4786.2. In 

both samples, the majority of zircons exhibit intact morphologies, with 
only a few showing fragmentation. The zircon grains are predominantly 
subhedral and exhibit good roundness. The grains are relatively large, 
with sizes ranging from 100 to 250 μ m and length-to-width ratios 
ranging from approximately 1:1 to 4:1. Sample Ky1-4789.8 yielded 98 
concordant zircon ages. Excluding the ages of 596 Ma and 593 Ma, all 
other zircon ages are above 600 Ma. The maximum age of a single zircon 
grain is 3017 ± 79 Ma. Kernel density estimation reveals three major 
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peaks at 2267 Ma, 1801 Ma, and 611 Ma. Sample Ky1-4786.2 yielded 79 
concordant zircon ages. Four zircons exhibited ages younger than 600 
Ma: 598 Ma, 591 Ma, 589 Ma, and 580 Ma. All other zircon ages are 
greater than 600 Ma, with the maximum age of a single zircon grain 
being 2518 ± 79 Ma. The probability density estimation reveals three 
major peaks at 2255 Ma, 1752 Ma, and 620 Ma.

4.1.3. Permian samples
The 100 ages analysed from the Permian t1-4201.1 sample yield 80 

concordant ages. The majority of zircon grains in this sample are intact, 
with a small number showing signs of fragmentation. The zircon grains 
are predominantly long and prismatic in shape, with sizes ranging be
tween 50 and 130 μ m and length-to-width ratios ranging from 
approximately 1:1 to 5:1. In this sample, the maximum zircon age is 
3073 ± 103 Ma, and the youngest age is 274 ± 10 Ma. The U-Pb age 
distribution can be roughly divided into three intervals: 390 Ma-274 Ma, 
523 Ma-433 Ma, and 3073 Ma-680 Ma. The probability density esti
mation reveals three major peaks at 867 Ma, 448 Ma, and 290 Ma. 
Additionally, zircons in the age range of 390 Ma-274 Ma constitute the 
majority, accounting for approximately 42.5 % of the sample.

4.1.4. Jurassic samples
For the Jurassic sample Kd101-4316.3, a total of 100 zircons are 

analysed, 8 of which exhibit discordant ages. In this sample, the majority 
of zircons exhibit intact morphologies, with a small number showing 
signs of fragmentation. The zircon grains are predominantly euhedral, 
and mostly angular in shape, with sizes ranging from 80 to 250 μ m and 
length-to-width ratios ranging from approximately 1:1 to 5:1. The 
maximum age of the zircon grains in this sample is 3320 ± 132 Ma, and 
the youngest is 255 ± 29 Ma. Two zircons exhibit U-Pb ages younger 
than 400 Ma, specifically 399 Ma and 255 Ma. The remaining zircon 
ages can be roughly divided into two groups: 584 Ma-409 Ma and 3320 
Ma-669 Ma. The proportions of zircons in these two age ranges are 
approximately 30.4 % and 67.4 %, respectively. The probability density 
estimation reveals three major peaks at 2260 Ma, 802 Ma, and 444 Ma.

4.1.5. Cretaceous samples
There are four Cretaceous samples, namely, Kd5-5138.0, Kd5- 

5143.5, Kd5-5790.4 and Kd101-2976.34. Among the four samples, the 
majority of the zircon grains are intact, with only a small number 
showing fragmentation. The zircon grains are predominantly euhedral 
and angular in shape, with sizes ranging from 60 to 250 μ m and length- 
to-width ratios ranging from approximately 1:1 to 4:1.

For sample kd5-5138.0, a total of 100 zircons are analysed, with 51 
yielding concordant ages. These ages can be roughly divided into three 
intervals: 385 Ma-247 Ma, 565 Ma-407 Ma, and 2606 Ma-674 Ma. The 

Fig. 2. U-Pb Concordia plots for detrital zircon U-Pb ages of the nine analyzed samples in the West Kunlun piedmont tectonic belt.
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probability density estimation analysis identified the most prominent 
age peak at 451 Ma. Zircons in the 565 Ma-407 Ma age range constitute 
the majority, accounting for approximately 60.7 % of the sample.

From the well Kd5 sample Kd5-5143.5, a total of 100 zircons are 
analysed, with 49 yielding concordant ages. The maximum zircon age in 
this sample is 1237 ± 145 Ma, and the youngest age is 218 ± 23 Ma. The 
U-Pb age distribution can be roughly divided into three intervals: 389 
Ma-218 Ma, 562 Ma-407 Ma (with a peak at 436 Ma), and 1237 Ma-746 
Ma (with a peak at 911 Ma). These three age groups account for 10.2 %, 
61.2 %, and 28.6 % of the sample, respectively.

From well Kd5 sample Kd5-5790.4, a total of 100 zircons are ana
lysed, with 67 yielding concordant ages. The maximum zircon age in this 
sample is 3001 ± 107 Ma, and the youngest age is 232 ± 22 Ma. The U- 
Pb age distribution can be roughly divided into three intervals: 396 Ma- 
232 Ma (with a peak at 278 Ma), 548 Ma-411 Ma (with a peak at 430 
Ma), and 3001 Ma-634 Ma (with a peak at 764 Ma). The proportions of 
zircons in these three age ranges are approximately 23.9 %, 37.3 %, and 
38.8 %, respectively.

A total of 100 zircons are analysed in the kd101 well sample Kd101- 
2976.34, with 87 yielding concordant ages. The maximum zircon age is 
2469 ± 30 Ma, and the youngest age is 204 ± 7 Ma. The U-Pb age dis
tribution can be roughly divided into three intervals: 399 Ma-204 Ma 
(with a peak at 252 Ma), 548 Ma-414 Ma (with a peak at 460 Ma), and 
2469 Ma-645 Ma (without a distinct peak). Zircons in the 399 Ma-204 

Ma and 548 Ma-414 Ma age ranges constitute the majority, accounting 
for approximately 44.8 % and 28.7 % of the sample, respectively.

Cretaceous zircons generally exhibit discordant ages, which could be 
attributed to intense tectonic compression during the Cretaceous period. 
This compressional event generated extremely high temperatures and 
pressures, under which zircons may have undergone recrystallization or 
partial melting. These processes can lead to the redistribution of the 
uranium-lead (U-Pb) system, resulting in age determinations that 
deviate from the original formation ages of the zircons.

4.2. The Th/U ratios of detrital zircons

Overall, most zircon grains exhibit magmatic origins with oscillatory 
zoning, whereas some display uniform internal structures or weak 
oscillatory growth zoning. A very small number of zircon grains present 
thin, bright, and overgrown metamorphic zircon CL images. Among the 
703 concordant zircon grains, 690 have Th/U ratios greater than 0.2, 
accounting for 98.15 % of the total, which provides substantial evidence 
to differentiate between magmatic zircons (Th/U > 0.2) and meta
morphic zircons (Th/U < 0.1) (Fig. 4). The combined morphological and 
Th/U analyses suggest that our samples are predominantly of magmatic 
origin and that the U-Pb ages primarily represent zircon crystallization 
times.

Fig. 3. Histograms and normalized probability curves of ages of detrital zircons from sedimentary samples of the West Kunlun piedmont tectonic belt.
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4.3. Kolmogorov–Smirnov nonparametric test

In this K-S test, two understandings from a geological perspective 
were followed: first, the older strata in the piedmont tectonic belt cannot 
provide the source material for the younger strata of the orogenic belt; 
second, the younger strata cannot provide the source material for the 
older strata. In the probability density plot, the Carboniferous samples 
exhibit significant differences compared with the other samples, 
whereas the relationships among the other curves require further nu
merical representation for clarification. In the statistical results (in the 
supplementary materials), orange represents P values greater than 0.05, 
yellow indicates P values between 0.05 and 0.001, and blue signifies P 
values greater than 0.001 but do not conform to the aforementioned two 
principles. The results of the K-S test conducted on the datasets between 
samples indicate a significant correlation between the Cretaceous and 
Permian samples (with one P value of 0.081 and two P values greater 
than 0.001), suggesting that they are highly likely to originate from the 
same source region. The results of the K-S test conducted on the datasets 
between samples and potential source regions indicate the following: 
first, the four Cretaceous samples show no significant differences from 
the East Kunlun orogenic belt and the North and South Kunlun terranes 
(with a P value of 0.389 and three P values greater than 0.001). Addi
tionally, one Cretaceous sample is not significantly different from the 
Triassic strata of the Tianshuihai terrane (with a P value of 0.031). 
Second, the Jurassic samples exhibit minimal differences from the 
Songpan-Ganzi Devonian samples (with a P value of 0.084) and show no 
significant differences from the East Kunlun Permian samples and 

Tianshuihai samples (with P values of 0.016 and 0.002, respectively). 
Third, the Permian samples demonstrate no significant differences from 
the North and South Kunlun terranes (with a P value of 0.031). Fourth, 
the two Carboniferous samples show no correlation with any of the 
datasets, which may indicate a mixed source similar to that of the 
Carboniferous samples from the Songpan-Ganzi, Tianshuihai, and 
Qiangtang regions. Fifth, the Devonian samples are significantly corre
lated with the Songpan-Ganzi Devonian samples (with a P value of 
0.301). Sixth, although the Devonian samples show no significant dif
ferences from the East Kunlun Permian samples and Tianshuihai terrane 
samples(with P values both greater than 0.001), they violate the first 
principle of this K-S test and therefore should not be considered. Sev
enth, the Qiangtang block and Tianshuihai terrane exhibit no significant 
differences from the Songpan-Ganzi terrane (with P values greater than 
0.001). Additionally, the Cambrian strata of the Tianshuihai terrane are 
not significantly different from the Carboniferous strata of the Qiang
tang Block (with a P value of 0.005).

5. Discussion

5.1. Zircon sources and related regional tectonic thermal events

The zircon samples analysed in this experiment exhibit a wide age 
distribution, spanning multiple geological eras from the Archean to the 
Mesozoic. By correlating the zircon ages with the timing of regional 
tectonothermal events, we can further elucidate their provenance 
characteristics and the history of magmatic activity, providing crucial 
data for reconstructing the tectonic evolution of the region.

5.1.1. Archean to Neoproterozoic detrital zircons
The maximum age of the 9 samples from the Cretaceous to the 

Devonian from the 5 wells in the WKPB is 3320 ± 132 Ma. All the 
Archean to Paleoproterozoic zircons can be divided into two groups 
according to their peak age distributions, which are 1600 Ma-1900 Ma 
and 2200 Ma-2600 Ma, respectively, and some of these zircons are older 
than 2600 Ma. An age of 3.14 Ga has been found for the granulite 
samples from the Tiklik area, NKT (Guo et al., 2013), indicating that 
there may be an Archean paleocontinental core basement in the Tarim 
Basin, which corresponds to the oldest zircon age of 3.32 Ga obtained in 
this experiment. However, zircons older than 3.0 Ga have been found in 
sediments from Australia, India and Antarctica (Cawood et al., 2000; 
Turner et al., 2014; Paulsen et al., 2016), and the possibility of zircons 
undergoing depositional cycles cannot be ruled out. A crustal accretion 
event occurred at approximately 2.5 Ga in many parts of the world, and 
magmatic records of this stage have been found in Tarim, South China, 
and West Africa. The zircons of this age in this study may be records of 
this accretion event (Zhao et al., 2009; Shu et al., 2011; Liu et al., 2017). 
There is a continuous zircon record between 2.5 Ga and 2.0 Ga, which 

Fig. 4. Th/U vs. ages for zircons analyzed in this study.

Fig. 5. Cumulative probability density plots for the sandstone samples used in this study.

Y. Gao et al.                                                                                                                                                                                                                                     Gondwana Research 141 (2025) 213–227 

219 



Fig. 6. Zircon U-Pb age and U-Pb age distribution of detrital zircon in potential provenance area of the West Kunlun Mountains. Songpan-Ganzi (Triassic) (Ding et al., 
2013); Songpan-Ganzi (Devonian) (Liu, 2006); East Kunlun (Triassic) (Ding et al., 2013); East Kunlun (Permian) (Hu, 2014; Huang, 2016); Qiangtang (Triassic) (Ding 
et al., 2013; Gehrels et al., 2011); Qiangtang (Carboniferous) (Gehrels et al., 2011); Tianshuihai (Cambrian)(Hu et al., 2016); Tianshuihai (Cambrian) (Dong et al., 
2019); South and North Kunlun (Blayney et al., 2016); Qilian (Xiong et al., 2023); Tarim (Rojas-Agramonte et al., 2011).
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corresponds to the magmatic activity that occurred in the southwestern 
Tarim region during the early Paleoproterozoic. The evidence for this 
includes the Cambrian Huoerguosi granitic complex, whose ages range 
from 2.4 Ga to 2.32 Ga (Zhang et al. (2007a), Zhang et al. (2007b); Ye 
et al., 2016). A significant number of magmatic records from 2.0 Ga to 
1.8 Ga have been found in the Tarim Craton and its surrounding regions 
(Ge et al., 2013; Zhang et al., 2014; Lu et al., 2008). These records 
correspond to the global collisional events of 2.1 Ga to 1.8 Ga during the 
Paleoproterozoic (Zhao et al., 2002; Santosh et al., 2006), indicating 
that the Tarim Craton and its surrounding regions were influenced by 
the assembly of the Columbia supercontinent and experienced signifi
cant collisional and orogenic events from 2.0 Ga to 1.7 Ga (Zhang et al., 
2012; Zhu et al., 2021; Ge et al., 2022), aligning with the Paleoproter
ozoic zircon age peak of 1.8 Ga observed in this study.

During the Mesoproterozoic era, the Tarim block underwent exten
sive passive continental margin sedimentation, and there is little evi
dence of volcanic activity in the Tarim block during this period. The late 
Mesoproterozoic to early Neoproterozoic marked the formation time of 
the Rodinia supercontinent; however, previous studies have failed to 
identify zircon age peaks in the Tarim block (Zhou et al., 2021; Yi et al., 
2023), this finding corresponds with the minimal presence of zircon ages 
ranging from 1.5 Ga to 0.9 Ga obtained in this study. Neoproterozoic 
(approximately 830 Ma-720 Ma) global-scale intraplate magmatic ac
tivity has been extensively recorded in Australia, South China, and 
Tarim, which is usually inferred to be related to the fragmentation of the 
Rodinia supercontinent caused by mantle plumes or superplumes (Park 
et al., 1995; Song et al., 2010; Peng et al., 2019). This magmatism has 
left large-scale rock records in the WKOB and adjacent areas, such as 
large-scale basic dike groups in the Aksu and WKOB and many igneous 
rock units (800 Ma-720 Ma) in the Altun and Qaidam blocks (Xu et al., 
2016), which may have been the source for the 900 Ma-750 Ma detrital 
zircons. In addition, 700 Ma-600 Ma granites have been recorded in 
parts of the Tarim and Australia blocks and are presumed to be related to 
the convergence of the Gondwana supercontinent at the end of the 
Neoproterozoic (Ge et al., 2012; Kendall et al., 2006), which may have 
been the source of the 650 Ma-600 Ma detrital zircons.

5.1.2. Paleozoic and Mesozoic detrital zircons
Paleozoic and Mesozoic zircons are the most concentrated age 

groups of all detrital zircons. The Tianshuihai region has abundant ex
posures of magmatic rocks with ages ranging from 540 Ma to 510 Ma, a 
characteristic not observed in magmatic rocks from other terranes in the 
WKOB or adjacent Tethyan domains (Allen et al., 2023). We infer that 
the zircons with ages greater than 510 Ma in this study originated from 
the Tianshuihai terrane. Seven of the nine samples produced age peaks 
at 460 Ma-430 Ma, which are related to the active tectonics of the WKOB 
and its periphery beginning in the early Paleozoic. Many magmatic 
rocks from 500 Ma to 400 Ma have been discovered in both the NKT and 
the SKT. This is attributed to extensive subduction and consumption of 
the early Paleozoic Proto-Tethys Ocean, which led to the formation of a 
significant magmatic arc in the West Kunlun region during the early 
Paleozoic (Liu et al., 2014; Zhang et al., 2018a), and this subduction was 
accompanied by the closure of the Proto-Tethys Ocean on the southern 
side of the Tarim Basin (Yuan et al., 2002; Xiao et al., 2005; Liu et al., 
2014). On this basis, the 500 Ma-400 Ma zircons are believed to have 
originated from intense magmatic activity. A small number of zircons 
aged 400 Ma-300 Ma are present in the samples. Previous studies have 
identified abundant 330 Ma to 310 Ma plagiogranites in the north
western part of the SKT (Kang et al., 2015) and 338 Ma hornblende 
quartz diorites in the Kangxiwar tectonic mélange belt on the southern 
side of the SKT (Li et al., 2006). These granites have been interpreted as 
related to subduction processes in the ancient Tethys Ocean. We hy
pothesize that the zircons from this age range may originate from 
magmatic activities recorded in the SKT. Three of the nine samples 
recorded peaks in the 300 Ma to 250 Ma range (the remaining samples 
were not recorded because of the inconsistency of stratigraphic age and 

age discordant): Permian sample t1-4201.1 and two Cretaceous samples 
kd101-2976.34 and kd5-5790.4. These peaks correspond to subduction 
processes in the ancient Tethys Ocean. The widespread magmatic arcs in 
the Western Kunlun region provided sources, such as the Kayizi 
mineralized granodiorite (251 Ma) (Liu et al., 2010), the Taer intrusion 
granodiorite (227.1 Ma) (Jiang et al., 2013), and the Kangxiwar Xiyer
yun plagiogranite (251 Ma) (Yang et al., 2013). Notably, the Permian 
magmatic rocks discovered by numerous scholars in the West Kunlun 
region are primarily composed of basic diabase and basalt. Basic igneous 
rocks typically have low silicon dioxide contents and contain only small 
numbers of zircons, which are insufficient to serve as the primary zircon 
source. Therefore, we infer that there may be undiscovered granites, 
diorites, and other high-silica rocks within the Permian strata of the 
West Kunlun region. Starting in the Triassic, the subduction of the 
ancient Tethys Ocean intensified, causing the entire basin to uplift and 
undergo extensive erosion with minimal deposition. Consequently, no 
Triassic samples were collected in this experiment. The youngest zircon 
age identified in this study is 204 ± 7 Ma, corresponding to the late 
stages of the evolution of the ancient Tethys Ocean and the final 
magmatic intrusion events in the West Kunlun region (Jiang et al., 2013; 
Huang et al., 2013), such as the 204.65 ± 0.59 Ma Shengliqiao intrusion 
(Chen et al., 2014).

5.2. Provenance of the West Kunlun piedmont zone

On the basis of the results of the K-S test, it can be seen that the data 
of our zircon samples are correlated with the data of the four regions, 
indicating that they may exist source-to-sink relationships. The four 
regions are the East Kunlun orogenic belt (with a P value of 0.389), the 
Songpan-Ganzi (with a P value of 0.084), the Tianshuihai terrane (with a 
P value of 0.031), and the North and South Kunlun terranes (with P 
values greater than 0.05, such as 0.248). As part of the West Kunlun 
orogenic belt, the Tianshuihai and the South and North Kunlun terranes 
are undoubtedly the sources of the piedmont belt. However, whether the 
East Kunlun orogenic belt and Songpan-Ganzi can confidently be 
considered the provenance sources of the piedmont belt remains to be 
determined. The detrital zircons from the Songpan-Ganzi, East Kunlun, 
Qiangtang, Tianshuihai and North and South Kunlun terranes in the 
Tethys domain all formed peaks between 260 Ma and 240 Ma, indicating 
that the beginning of the transition from subduction of the crust of the 
Paleo-Tethys Ocean to the formation of massive granites by collision 
orogeny should have occurred within this time range.

The detrital zircon datasets from the Devonian and Jurassic periods 
are similar (P value of 0.578), and both are strongly correclated with the 
Devonian strata of the Songpan-Ganzi terrane (P values of 0.084 and 
0.301). However, they do not show any association with the Triassic 
strata. On this basis, it is inferred that during the Devonian, the Songpan- 
Ganzi terrane was attached to the North and South Kunlun, providing 
provenance to the Devonian strata of the WKPB. Subsequently, it rifted 
and returned to the ocean, reattaching to the Tianshuihai, South Kunlun, 
and North Kunlun terranes during the Jurassic, thereby providing 
provenance to the Tianshuihai terrane and the piedmont. However, on 
the basis of the main magmatic intrusion ages (229 Ma-205 Ma) found 
within the Songpan-Ganzi terrane (Weislogel et al., 2008; Pullen et al., 
2008; Deschamps et al., 2017; Chen et al., 2017), there is no evidence of 
activity during the Devonian. Therefore, classifying the Songpan-Ganzi 
terrane as a potential provenance area for that period is unreasonable.

According to the K-S test results, East Kunlun is similar primarily 
between the Jurassic and Cretaceous strata (with P values greater than 
0.001, including one P value of 0.389). Previous studies have shown that 
the East Kunlun orogen began experiencing collisional orogeny by the 
late Triassic, coinciding with the uplift of the West Kunlun orogen at that 
time. The distribution of detrital zircons reveals two peaks at 420 Ma 
and 250 Ma in East Kunlun, similar to those observed in the West Kunlun 
region. According to previous studies, the Tethyan evolution in East 
Kunlun is primarily divided into two cycles: 550 Ma-370 Ma and 290 
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Ma-200 Ma (Feng et al., 2023), which are similar to those in the West 
Kunlun region. We hypothesize that the similarity in the K-S test results 
between East Kunlun and the WKPB is due to similar peak ages and 
tectonic activities. However, the possibility that East Kunlun did indeed 
provide provenance to the WKPB cannot be ruled out.

5.3. Evolution of the Proto-Tethys in the WKOB

With the breakup of the Rodinia supercontinent, the West Kunlun 
region developed a complex ocean-continent configuration that was 
characterized by multiple blocks and ocean basins. The late 
Neoproterozoic-early Paleozoic is generally considered an important 
period in the geological evolution of Gondwana, as the initial subduc
tion of the Proto-Tethys Ocean along Gondwana’s continental margin 
occurred during this period (Murphy et al., 2011; Zhu et al., 2012b; Zhao 
et al., 2018). However, the time limit for subduction in the Proto-Tethys 
Ocean has been controversial. As an important part of Gondwana, the 
subduction time for the Proto-Tethys Ocean in the WKOB is also a 
concern (Liu et al., 2014; Li et al., 2018; Wang et al., 2020). West Kunlun 
experienced frequent magmatic activity during the early Paleozoic. On 
the basis of the main timing of magmatic activity in the three terranes of 
West Kunlun, the subduction of the Proto-Tethys Ocean is likely to have 
been diachronous. Previous studies have identified 525 Ma syenogran
ites (Zhang et al., 2004a) and 510 Ma quartz diorites (Xiao et al., 2003) 
from a rifting environment in the Ku’erti suture zone. Combined with 
the granite data collected from the South and North Kunlun terranes, 
which include granites indicative of oceanic crust subduction, and with 
the oldest granodiorite samples dating to approximately 510 Ma, we 
infer that the subduction of the Proto-Tethys Ocean beneath the South 
and North Kunlun terranes occurred after 510 Ma and involved bidi
rectional subduction. In contrast, previous researchers discovered 533 
Ma granites in the Tianshuihai terrane (Liu et al., 2019), indicating that 
the initial subduction of the Proto-Tethys Ocean likely occurred before 
533 Ma. Later, Sui et al., (2023) identified 550.4 Ma granites in the 
Tianshuihai terrane, which represents the earliest record of Paleozoic 
magmatic activity in the Tianshuihai region. This suggests that the 
initial subduction of the Tianshuihai terrane occurred at approximately 
550 Ma. Our detrital zircon data show a distinct trough after 600 Ma, 
reaching the lowest point at approximately 560 Ma. Considering the 
aforementioned granite evidence, we infer that the initial subduction of 
the Proto-Tethys Ocean in West Kunlun likely occurred at approximately 
560 Ma.

After experiencing the subduction of oceanic crust, no collision-type 
granites were found within the Tianshuihai terrane or its surrounding 
terranes, and there was also no detrital zircon peak at approximately 
500 Ma in the Tianshuihai terrane itself. We hypothesize that the sub
duction of the oceanic crust may have temporarily ceased or slowed 
significantly during this period, which would have been insufficient to 
generate magmatic activity. There is no specific summary provided by 
previous studies regarding the timing of the collision, orogeny, post- 
collision, and the eventual cessation of the Proto-Tethys Ocean sub
duction. A large distribution of detrital zircons within the same period 
typically indicates substantial granite generation during that period. 
Oceanic crust subduction itself usually does not directly produce a sig
nificant amount of granite. The large-scale formation of granite is 
associated primarily with collisional orogenic belts and crustal thick
ening and partial melting processes that occurred during post-collisional 
stages. During the Ordovician to Devonian time interval, the detrital 
zircon ages in our study exhibit a pronounced pattern of peaks and 
troughs, which is consistent with the detrital zircon age distributions 
obtained from other terranes within the Tethys domain (see Fig. 6). This 
pattern is a characteristic hallmark of the tectonic evolution of the Proto- 
Tethys. On the basis of our analysis of magmatic rock data from the West 
Kunlun region, the distribution of igneous rocks during this period ap
pears to be continuous. Concurrently, a series of collisional-type 
magmatic rocks have been identified in the West Kunlun region, such 

as the 442 Ma biotite granite body in the eastern part of West Kunlun 
(Han, 2002) and the 421 Ma Subash northern collisional-type monzonite 
granite (Han, 2006). Combining these observations with the detrital 
zircon peak at approximately 445 Ma in this study, we infer that the 
tectonic background of West Kunlun transitioned from oceanic crust 
subduction to an intracontinental collisional stage before 445 Ma. This is 
closely aligned with the peak ages of the magmatic rocks in the South 
Kunlun terrane within this age range. Our detrital zircon ages do not 
provide a specific closure time for the Proto-Tethys Ocean. However, 
from a broader regional perspective, Liu, et al., (2012) identified 407 Ma 
granodiorites and 406 Ma diorites in East Kunlun, suggesting that the 
terrane collisions in this region were completed by this time and that the 
region began to enter a rifting phase. Liu, et al., (2013) also discovered 
408 Ma diorites in North Qinling, interpreting them as products of the 
post-collisional period. Considering that the 420 Ma to 405 Ma A-type 
granites emerging from the reservoir in West Kunlun grew in an intra
plate extensional environment and that the detrital zircon dating results 
indicate that the Proto-Tethys Ocean closure between the South Kunlun 
terrane and the Tarim landmass occurred from 431 Ma to 420 Ma (Yuan 
et al., 2002; Xiao et al., 2005; Wang et al., 2020). Comparing these 
findings with those from other Tethyan domain terranes, the period for 
the collision of the Proto-Tethys Ocean in the West Kunlun region be
tween 431 Ma and 420 Ma is considered reasonable. The timing of the 
final closure of the Proto-Tethys Ocean has not been specifically 
explained by previous studies. During the post-collisional stage, the 
crust was in a rifting tectonic environment, which could have led to 
further partial melting of the crust and the formation of late-stage 
granite intrusions. However, these granites are typically small in scale. 
From the kernel density plot generated from the ages of the igneous 
rocks we statistically analysed (Fig. 7), it is evident that the age ap
proaches zero at 380 Ma. Our detrital zircon age distribution reveals a 
significant trough between 380 Ma and 320 Ma. On the basis of these 
observation, we infer that by 380 Ma, the evolution of the Proto-Tethys 
Ocean in the West Kunlun region had completely ceased, and the area 
entered a brief stable period characterized by minimal magmatic ac
tivity. Thus, the entire duration of the Proto-Tethys Ocean, from the 
onset of oceanic crust subduction to its complete closure, lasted more 
than 180 Myr (Fig. 7 and Fig. 8).

5.4. Evolution of the Paleo-Tethys in the WKOB

In contrast to the rifting and gradual formation of the Proto-Tethys 
Ocean, which began before 600 Ma during the rifting of the Rodinia 
supercontinent, the formation of the Paleo-Tethys Ocean was driven by 
the development of rift valleys and ocean basin expansion within a 
regional extensional context. Evidence regarding the temporal overlap 
between the Proto-Tethys Ocean and the Paleo-Tethys Ocean in the West 
Kunlun region is also insufficient. Previous studies have confirmed the 
occurrence of continuous magmatic activity in the South Kunlun region 
during the Carboniferous period (340 Ma-310 Ma), defining it as a 
product of rifting and back-arc extension of the Paleo-Tethys Ocean. 
Thus, at this time, the Paleo-Tethys Ocean may have already opened and 
begun to subduct beneath the South Kunlun terrane. (Kang et al., 2015; 
Ji et al., 2018). Combining our detrital zircon data with the collected 
igneous rock age data, we observe a significant trough between 380 Ma 
and 340 Ma, with only a single zircon record between 370 Ma and 350 
Ma, which indicates that the continuity between the tectonic evolution 
processes of the Paleo-Tethys Ocean and the Proto-Tethys Ocean is very 
limited, with a gap of approximately 40 Ma. The Paleo-Tethys Ocean in 
the West Kunlun region appears to have been inherited from the Proto- 
Tethys Ocean. The K-S test reveals that from the Permian onwards, the 
zircons from the South and North Kunlun regions are similar to the 
detrital zircon dataset from the WKPB (the P value for the Permian is 
0.031, whereas the P values for the Cretaceous are all greater than 
0.001, with two P values exceeding 0.05), indicating a significant shift in 
the provenance of the piedmont tectonic belt during the Permian. 
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During the Carboniferous, the West Kunlun region was influenced by the 
rifting of the Paleo-Tethys Ocean, leading to widespread rift valleys, and 
the South Kunlun terrane developed back-arc basins. However, during 
the Permian period, previous studies identified only limited distribu
tions of magmatic rocks within the WKOB, predominantly consisting of 
intermediate to basic magmatic rocks. These may represent the sub
duction of oceanic crust and the closure of continental blocks within the 
arc-backarc basin. This contrasts with the results obtained from our 
detrital zircon analysis. On the basis of the age distribution of the 
detrital zircons obtained from the internal and surrounding areas of the 
research site, a substantial number of detrital zircons dating to 
approximately 290 Ma have been identified in the Triassic strata of the 
Tianshuihai area, which are believed to have originated from within the 
WKOB (Dong et al., 2019). Correspondingly, it is reasonable to assert 
that the peak formation in the WKPB at 290 Ma aligns with this finding. 
This suggests that Permian granites, which may be present but unde
tected in West Kunlun, could correspond to the absence of peaks in the 
detrital zircon ages from the South and North Kunlun. We infer that 
Permian granites likely exist in the Tianshuihai terrane (a region that 
has been less studied by previous researchers) and the Proto-Tethys 
Ocean subduction in this terrane probably began during the late 
Carboniferous to early Permian, leading to a series of regional collisional 
orogenies that provided provenance to the WKPB from the South and 
North Kunlun terranes.

The timing of the final closure of the Paleo-Tethys Ocean, which 
signifies the complete transition of the Paleo-Tethys Ocean evolution 
from oceanic crust subduction to continental collision orogeny, was 
crucial. The results from the K-S test reveal a significant change in our 
sample dataset compared with that of the potential source area during 
the Jurassic. Specifically, the dataset, which was similar to that of the 
piedmont tectonic belt, shifted from the North and South Kunlun ter
ranes to the Tianshuihai terrane. Considering the youngest single-grain 
zircon age (204 ± 7 Ma) along with the confirmed sedimentary char
acteristics of the Cretaceous fluvial facies (Zeng et al., 2020), we pre
liminarily infer that the Tianshuihai terrane had already accreted by the 
Jurassic period. Considering the abundant previously reported Triassic 
collisional granites (Jiang et al., 2013; Zhang et al., 2016; Liu et al., 
2015), we establish that the final closure of the Paleo-Tethys Ocean 
occurred between 243 Ma and 225 Ma. Post-collisional intrusions with 
ages ranging from 220 Ma to 201 Ma are distributed across regions such 
as West Kunlun and the Tianshuihai microterrane (Yuan et al., 2002; Liu 
et al., 2015). The timing of the final cessation of Paleo-Tethys evolution 
shows good correspondence between the detrital zircon and magmatic 

rock records, both reaching a minimum value at 190 Ma, after which no 
further zircon records are found. This corresponded to the end of the 
post-collisional extensional phase and marked the final extinction of the 
Paleo-Tethys Ocean. On this basis, we estimate that the duration of the 
Paleo-Tethys Ocean from its inception to its complete closure was 
approximately 150 Myr (Fig. 7 and Fig. 8).

6. Conclusions

1. On the basis of a comprehensive analysis of detrital zircon and 
magmatic zircon data, we propose that the West Kunlun Orogen 
experienced two distinct evolutionary processes from the original 
Tethys to the Paleo-Tethys: the Proto-Tethys orogenic cycle from 
560 Ma to 380 Ma and the Paleo-Tethys orogenic cycle from 340 Ma 
to 190 Ma. These two Tethyan cycles are not continuous, with a 40 
Ma gap between them.

2. The provenance of the piedmont tectonic belt is primarily located 
within the West Kunlun orogenic belt. On the basis of the Tethyan 
orogenic cycles and statistical data analysis, we propose that the 
evolution of the provenance of the piedmont tectonic belt underwent 
two distinct changes, which occurred during the Permian and 
Jurassic periods. In the Permian, due to oceanic crust subduction and 
regional land-land collisions, West Kunlun transitioned from 
regional extension to regional uplift, with the South and North 
Kunlun terranes beginning to supply sediment continuously to the 
West Kunlun piedmont tectonic belt. During the Triassic, the Tian
shuihai terrane completed its collage with the South and North 
Kunlun terranes, providing provenance to the piedmont tectonic belt 
over a short period.

3. The peak age of the detrital zircons at approximately 290 Ma con
trasts with the currently observed magmatic records in the West 
Kunlun region. We hypothesize that there may be undiscovered 
Permian granites within the West Kunlun orogenic belt.
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Fig. 8. (A) Initial subduction of the Proto-Tethys Ocean, (B) Bidirectional subduction of the Proto-Tethys Ocean crust between SKT and NKT, (C) Collision between 
SKT and NKT, marking the end of the Proto-Tethys Ocean evolution, (D)West Kunlun tectonic stability period, (E) Rifting between SKT and NKT generated back-arc 
basins, (F) a. Subduction of the back-arc ocean crust; b. Subduction of the Paleo-Tethys Ocean crust, (G) The extinction of the Paleo-Tethys Ocean and the eventual 
formation of the West Kunlun orogenic belt.
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