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A B S T R A C T

The southern East Kunlun Orogen (EKO) experienced protracted orogeny linked to the Proto-Tethys and Paleo- 
Tethys oceans. However, the evolution of the Proto-Tethys Ocean remains much less understood leaving the 
question of the timing of subduction initiation and magmatism. Here, we studied three early Paleozoic plutons 
exposed in the southern EKO: Kekesha (KKS) and Xialawen (XLW) gabbro-dioritic plutons and Longwakalu 
(LWKL) granitic pluton for geochronology, geochemistry and Sr-Nd-Hf isotopes. A KKS quartz diorite, XLW 
hornblende gabbro, and LWKL granite crystallized at 494, 470 and 477 Ma, respectively. The KKS gabbro- 
granodiorite series and XLW hornblende gabbros are enriched in light rare earth elements and large ion lith
ophile elements, but depleted in high strength field elements. The LWKL granites possess adakitic features: high 
Na2O content, Sr/Y and La/YbN ratios and differentiated heavy REEs. Isotopically, XLW hornblende gabbros and 
LWKL granites are less enriched isotopes (εNd(t) = − 4.3 to − 3.9; εHf(t) = − 4.6 to +2.0) than KKS gabbro and 
granodiorite (εNd(t) = − 7.0; εHf(t) = − 7.2 to − 4.8). Sr-Nd isotopic modeling suggests that KKS and XLW plutons 
were derived through partial melting of mantle wedge modified by different amounts of subducted terrigenous- 
dominated sediment derived melts. The LWKL adakitic granites were formed by high-pressure reworking of 
underplated arc-type intermediate rocks. The emplacement of early Paleozoic gabbro-granodiorite series and 
adakitic granites was related to subduction of the Proto-Tethys Ocean which started no later than ca. 500 Ma. 
Our new data along with available ages suggest that the supra-subduction magmatism of the Proto-Tethys Ocean 
in the southern EKO is episodic with peaks at ca. 495, 470, and 430 Ma. The first two episodes of magmatism 
mainly represent melting of enriched mantle wedge, and the third is the main pulse of magmatism formed by 
simultaneous melting of multiple sources of crustal rocks, subducted oceanic slab and mantle wedge.

1. Introduction

The Tethys oceanic realm included several paleo-oceans that were 
located between northern Gondwana and southern Laurasia and their 
successive openings and closures were important episodes of continent- 
ocean-continent transitions in the geological history on the Earth (e.g., 
Hsü et al., 1995; Şengör and Natal’in, 1996; Yin and Harrison, 2000; von 
Raumer and Stampfli, 2008; Gehrels et al., 2011; Stampfli et al., 2013; 
Domeier and Torsvik, 2014; Wu et al., 2020; Zhu et al., 2022). The most 
important were three major oceanic basins (older to younger): Proto- 

Tethys (late Neoproterozoic-Silurian), Paleo-Tethys (late Devonian- 
middle Triassic) and Neo-Tethys (early Permian-Paleogene) oceans, 
which openings were related to the detachment of slivers or fragments 
off the northern margin of the Gondwana supercontinent (Metcalfe, 
2013, 2021; Wu et al., 2020). Those continental fragments or micro
continents were then migrated to the north and finally amalgamated to 
contribute to the construction of the present-day Eurasian continent (e. 
g., Sengör, 1985, 1987; Gutiérrez-Alonso et al., 2003; Stampfli et al., 
2013; Cocks and Torsvik, 2013; Metcalfe, 2013, 2021; Safonova and 
Maruyama, 2014; Li et al., 2018; Zhao et al., 2018; Dong et al., 2021). 
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The evolutionary history of the youngest Neo-Tethys Ocean and the 
older Paleo-Tethys Ocean have been relatively well understood in 
respect to the timing of their openings and closures, the scenarios of 
their subduction and the processes of accretion at their active margins 
(e.g., Sengör, 1979; Stampfli and Borel, 2002; Xu et al., 2013; Wu et al., 
2020; Zhu et al., 2022). The early Paleozoic Proto-Tethys Ocean pre
dated the Paleo-Tethys Ocean, and therefore reconstructing its history is 
of fundamental importance for the continental reconstructions in Asia 
linked to the whole Tethyan domain. However, the tectonic evolution of 
the Proto-Tethys Ocean remains enigmatic.

The East Kunlun Orogen (EKO) is located in the western Central 
China Orogenic Belt, a major tectonic belt in the eastern Tethyan 
domain formed by subduction-accretion and collision orogenesis related 
to the evolution of the Proto-Tethys and Paleo-Tethys oceans, and 
therefore it keeps detailed geological archives about complete tectonic 
evolution of both paleo-oceans. The EKO is tectonically sandwiched by 
the Qaidam-Qilian Orogen to the north, and Bayanhar- Qiangtang Block 
to the south (Fig. 1a). The Qaidam-Qilian Orogen formed by early 
Paleozoic orogeny related to the suturing of the Proto-Tethys Ocean (e. 
g., Xiao et al., 2009; Song et al., 2013, 2014; Zhang et al., 2017; Yu et al., 
2021), whereas, the Bayanhar-Qiangtang Block has been considered to 
be related to the evolution of the Paleo-Tethys Ocean (Li et al., 2009; 
Zhai et al., 2011, 2013; Liang et al., 2017; Li et al., 2024). Such a 
uniquely tectonic position of the EKO sandwiched between two tectonic 
units, the Qaidam-Qilian Orogen and the Bayanhar-Qiangtang Block, 
makes the EKO an excellent laboratory to understand the tectonic evo
lution of both oceans, Proto-Tethys and Paleo-Tethys.

The southern part of the EKO is of particular importance because it 
hosts a juxtaposed ophiolitic suture, i.e., the Muztagh-Buqingshan- 
Anemaqen ophiolitic mélange (MBAM), which was initially considered 
as the northernmost suture of the Paleo-Tethys Ocean due to the pres
ence of the Carboniferous-Permian (346–298 Ma) ophiolites (Yang et al., 
1996, 2009; Xu et al., 2013). However, early Paleozoic ophiolites 
(516–457 Ma) have also been found in the same suture (Bian et al., 
1999, 2001; 2004; Liu et al., 2011a; Yue et al., 2022). Consequently, the 
MBAM probably represents a zone of juxtaposed sutures of the Proto- 
Tethys and Paleo-Tethys paleo-oceans (Dong et al., 2018a; Pei et al., 
2018; Song et al., 2018; Wu et al., 2019). A large amount of geological 
data have been obtained, suggesting that in Permian time the Paleo- 
Tethys Ocean was subducting northwards (Jian et al., 2020; Feng 
et al., 2023; Wen et al., 2023), and possibly closed in middle Triassic 
time (Ding et al., 2011; Shao et al., 2021; Zhu et al., 2022; Ren et al., 

2023). However, in comparison with the well-studied history of the 
Paleo-Tethys Ocean, the tectonic evolution of the Proto-Tethys Ocean, in 
particular, the timing of the initiation of its subduction, has been studied 
to a notably lesser degree. In general, the early Paleozoic ophiolites and 
volcanogenic-sedimentary units of the southern EKO, suggest the exis
tence of the Proto-Tethys Ocean (Bian et al., 2004; Zhang et al., 2004; 
Dong et al., 2018a; Pei et al., 2018; Wu et al., 2019). However, those 
volcano-sedimentary units underwent strong deformations and tectonic 
juxtaposition that gave rise to controversies on their origin and tectonic 
settings of formation (Li et al., 2016; Shi et al., 2017). As a result, there 
remains a deficiency of robust data from the southern EKO, which limits 
our understanding of the tectonic evolution of the Proto-Tethys Ocean.

In addition to the MBAM ophiolitic mélange and volcano- 
sedimentary units, there are numerous exposures of early Paleozoic 
magmatic rocks in the southern EKO, including South Kunlun Belt and 
MBAM and they possibly formed in relation to the Proto-Tethys Ocean 
(Li et al., 2015a; Xiong et al., 2015; Dong et al., 2018b; Li et al., 2022; 
Wang et al., 2022; Hu et al., 2023). Therefore, such magmatic rocks offer 
a key window to illustrate the tectonic evolution of the Proto-Tethys 
oceanic basin in the southern EKO. Previous studies suggested that 
those magmatic rocks were formed in the period of 500–420 Ma and 
possess variable geochemical and isotopic features (Li et al., 2014, 2017, 
2022; Li et al., 2015a; Xiong et al., 2015; Chen et al., 2016; Dong et al., 
2018b; Wang et al., 2022, 2023; Zhang et al., 2022; Hu et al., 2023). 
Nevertheless, the genetic linkage between those magmatic rocks and the 
evolution of the Proto-Tethys Ocean has not been well established. In 
this paper, we present new geochronological data (zircon U-Pb ages), 
whole-rock geochemical and Sr-Nd isotope data and Hf-in-zircon isotope 
data from the early Paleozoic plutonic rocks of the southern EKO, in 
order to constrain their ages, unravel their petrogenesis and discrimi
nate geodynamic settings of their emplacement and thus to contribute to 
a better understanding of the tectonic evolution of the Proto-Tethys 
Ocean.

2. Geological overview

The EW-striking EKO, 1500 km long and 50–200 km wide, is 
extended along the northern margin of the Tibetan Plateau (Dong et al. 
2018a, 2021; Fig. 1a). Tectonically, the EKO is bordered by the 
Bayanhar Terrane to the south, the Qaidam Block to the north, it meets 
the West Qinling in the east and is separated from the West Kunlun 
Orogen by the Altyn sinistral-slip fault (Fig. 1a). The EKO consists of 

Fig. 1. (a) Topographic and simplified tectonic map showing the outline of the Tibetan Plateau and tectonic units in its northern part. (b) Simplified tectonic map of 
the EKO showing ophiolitic mélange zones and tectonic divisions (adapted from Dong et al., 2018a). Abbreviation: QXM, Qimantagh-Xiangride ophiolitic mélange; 
AKM, Aqikekulehu-Kunzhong ophiolitic mélange; MBAM, Muztagh-Buqingshan-Anemaqen ophiolitic mélange.
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three tectonic belts (from north to south), Northern Qimantagh, Central 
Kunlun and South Kunlun that are separated by ophiolitic mélanges 
(Fig. 1b; Dong et al., 2018a, 2019, 2021, 2024a). These belts experi
enced a long-lived and polyphase tectonic history related to the evolu
tion of the Proto-Tethys and Paleo-Tethys oceans from the early 
Paleozoic to the Triassic (Zhang et al., 2004; Yang et al., 2005; Pan and 
Fang, 2010; Xu et al., 2013; Dong et al., 2018a; Song et al., 2018; Pei 
et al., 2018).

The Northern Qimantagh Belt is considered as a southward contin
uation of the Qaidam Block and is located in the northern EKO (Fig. 1b). 
The belt consists of Paleoproterozoic to Mesoproterozoic high-grade 
metamorphic rocks (Jinshuikou Group) unconformably overlain by 
discontinuous Ordovician-Silurian volcanogenic-sedimentary strata 
(Qimantagh Group) (Gao et al., 2011). The Qimantagh Group includes 
weakly deformed and low-grade metamorphic sandstones and lime
stones interlayered with volcanic and volcanoclastic rocks (Wang et al., 
2012, 2021). Such a volcanogenic-sedimentary association keep ar
chives of evolutionary history of the Qimantagh back-arc basin of the 
Proto-Tethys Ocean, which once existed between the Qaidam and Cen
tral Kunlun Belt (Meng et al., 2015; Yu et al., 2017; Dong et al., 2019, 
2024a).

The Central Kunlun Belt is interpreted as a magmatic arc, which 
formation is linked to the northward subduction of both the Proto- and 
Paleo-Tethys oceans, and it is dominated by granitoid batholiths 
emplaced at 470–400 Ma and 270–200 Ma (Xiong et al., 2012, 2014, 
2019; Zhang et al., 2012, 2021; Ma et al., 2015; Dong et al., 2018a; Li 
et al., 2018b, 2023; Xin et al., 2018; Zhao et al., 2022; Fu et al., 2023). In 
addition, the belt includes rocks of the Jinshuikou Group similar to those 
composing the basement of the Qaidam Block. Accordingly, the Central 

Kunlun Belt is argued to be detached from the Qaidam Block due to the 
opening of the Qimantagh back-arc basin in the early Paleozoic time 
(Dong et al., 2019, 2024a).

The South Kunlun Belt is located in an outer zone of the Central 
Kunlun magmatic arc (Fig. 1b). It is extended parallelly to the east–west 
trending paleo-trench and is considered as an accretionary belt (Li et al., 
2016; Shi et al., 2017; Dong et al., 2018a). The basement of the belt 
consists of Paleoproterozoic-Mesoproterozoic metamorphic rocks, 
dominantly amphibolite-facies gneisses and schists interlayered with a 
small body of amphibolites, of the Kuhai Group, which structure re
sembles tectonic mélange (Li et al., 2007; Wang et al., 2007; He, 2016). 
Moreover, late Paleozoic tectonic mélanges, e.g., those in the Buqing
shan and southern Nuomuhong areas, have been found in the eastern 
and middle parts of the South Kunlun Belt, respectively, and include 
blocks of limestone and oceanic island basalt blocks submerged into 
fine-grained clastic matrix (Pan et al., 1996; Zhu et al., 2006; Liu et al., 
2011a; Pei et al., 2018; Yue et al., 2022). The Precambrian rocks of 
Kuhai Group are in tectonic contacts with early Paleozoic to Triassic 
sedimentary rocks. The early Paleozoic sedimentary rocks occur as 
nappes or thrust sheets having tectonic contacts with surrounding rocks. 
The early Paleozoic sedimentary units are dominated by Ordovician- 
Silurian rocks of the Nachitai Group: variably metamorphosed and 
deformed clastic rocks, limestones and volcaniclastic rocks, which 
structure also resembles mélange (Guo et al., 2004, 2006; Chen et al., 
2013; Shi et al., 2017). The Carboniferous to late Triassic units are un
deformed to weakly deformed clastic rocks interlayered, in places with 
volcanic rocks (Yan et al., 2008; Chen et al., 2010; Li et al., 2015b). The 
middle-late Permian Shuweimeike Formation is exposed in the 
Buqingshan-Anemaqen mélange zone (Fig. 2). It is dominated by 

Fig. 2. Geological map of the eastern part of the southern EKO. For source of age data see Table 2. Numbers in the bracket match those in Table 2.
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stromatolitic limestones as thrust nappes overlying the coeval Marzheng 
Formation that consists of deformed turbidites stitching the accretion- 
related tectonic sheets (Chen et al., 2010). The late Permian Gequ For
mation consists of basal conglomerates and greywacke sandstones 
overlapped by micritic limestone and limy breccias. The early Triassic 
Hongshuichuan Formation is dominated by basal conglomerates and 
coarse-grained sandstones interbedded with carbonates; such associa
tions are typical of forearc basins (Yan et al., 2008; Li et al., 2015b). The 
Permian-Triassic volcanogenic-sedimentary packages and sedimentary 
rocks all have tectonic contacts and were likely deposited in an active 
continental marginal setting (Liu et al., 2011a; Li et al., 2015b; Pei et al., 
2017; Shi et al., 2017; Pei et al., 2018; Wu et al., 2019).

In the South Kunlun Belt, magmatic rocks are not as abundant as in 
the Central Kunlun Belt. They occur as intrusions of diabase, diorite, 
tonalite, adakitic granitoids and peraluminous granites exposed in its 
eastern part and their ages of crystallization range from ca. 500 to 420 
Ma (Zhang et al., 2010; Li et al., 2014, 2017; Li et al., 2015a; Xiong et al., 
2015; Zhou et al., 2016; Zhang et al., 2022). Intermediate-felsic rocks 
may also occur as blocks in the Buqingshan-Anemaqen mélange located 
more to the south, but Permian-Triassic magmatic rocks are relatively 
scarce (Kong et al., 2020).

3. Study area, field relationships and petrography

The study area is located in the eastern part of the South Kunlun Belt 
between the Aqikekulehu-Kunzhong and Muztagh-Buqingshan- 
Anemaqen ophiolitic mélange zones (Fig. 1b) and witnessed the com
plete evolutionary process of the Proto-Tethys Ocean. The critical rock 
archives are preserved in this range, consisting primarily of the 

tectonically lowest metamorphic fragments of the Kuhai Group, early 
Paleozoic volcanogenic-sedimentary units, and early Paleozoic pluton
ism (Fig. 2). The dating results available suggested that the Kuhai Group 
experienced high-grade metamorphism in the Silurian (Liu et al., 2016). 
The early Paleozoic strata are characterized by the Ordovician-Silurian 
Nachitai Group mainly comprising clastic rocks interlayered with vol
canic rocks, which are commonly deformed and experienced green- 
schist facies metamorphism. They were believed to be formed at the 
active continental margin during northward subduction of the Proto- 
Tethys Ocean. The early Paleozoic (ca. 510–440 Ma) intermediate to 
felsic plutonic rocks related to the evolution of the Proto-Tethys Ocean 
are dominantly exposed in this range across the southern EKO (Zhang 
et al., 2010; Li et al., 2014; Li et al., 2015a; Dong et al., 2018b; Zhang 
et al., 2022; Hu et al., 2023). These plutons intruded into the Kuhai 
Group or occur in tectonic contacts with the surrounding volcanogenic- 
sedimentary units (Fig. 2). This study focuses on the three representative 
early Paleozoic plutons in the eastern part of the South Kunlun Belt: 
Kekesha (KKS), Xialawen (XLW) and Longwakalu (LWKL).

The KKS pluton is located near Kekesha Village and intrudes the 
Precambrian rocks of the Baishahe Group. To the northwest, the pluton 
is in contact with meta-sedimentary rocks of the Nachitai Group. The 
pluton is unconformably overlain by the Triassic Hongshuichuan For
mation in the southeast margin. The KKS pluton consists of composi
tionally variable magmatic rocks: gabbro, diorite, granodiorite and 
granite. The most abundant are intermediate rocks composing the outer, 
and enclave-host granite pairs occur in the core (Fig. 3a-c). The appinites 
crop occasionally out as small stocks within the pluton. We sampled a 
gabbro-diorite-granodiorite association exposed in the western flank of 
the KKS pluton. The sample of quartz diorite, that was taken for zircon 

Fig. 3. Representative field photographs of three plutons: KKS, Kekesha (a-c); XLW, Xialawen (d-f); LWKL, Longwakalu (g-i).
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geochronology, consists primarily of hornblende (15–20%), biotite 
(10–15%), plagioclase (30–35%), quartz (10–15%) (Fig. 4a, b). Acces
sory zircon and apatite are present. Plagioclase shows a typical feature 
of polysynthetic twins, and some hornblende grains were altered to 
chlorite.

The XLW pluton is located in the Delong valley; it intrudes the 
metamorphic rocks of the Kuhai Group and was intruded by syenite. The 
pluton consists of coarse-grained hornblende gabbro and mafic enclave- 
granite pairs (Fig. 3d-f). The hornblende gabbro is locally cut by felsic 
dikes (Fig. 3e), and consists of hornblende (45–50%), plagioclase 
(35–40%), and subordinate pyroxene (~5%), Fe-Ti oxides (~5%) and 
accessory apatite and zircon (Fig. 4c, d). Plagioclase grains show traces 
of sericitization (Fig. 4c,d).

The LWKL pluton is located 8 km southwest of Gouli town and 
intruded into the Kuhai Group. It represents a large granitic batholith 
with a coarse-grained texture and grey color (Fig. 3g-i). The granite 
consists primarily of plagioclases (30–35%), alkali feldspar (25–30%) 
and quartz (25–30%), and subordinate biotite (~5%) and accessory 
zircon (Fig. 4e, f). Some feldspar grains exhibit a concentric zoning 
structure with a bright core grown by dark mantle (Fig. 4e), and 
plagioclase shows a typical feature of polysynthetic twins (Fig. 4f).

4. Analytical methods

Zircon U-Pb dating and Lu-Hf isotopic analysis were performed in the 

State Key Laboratory of Continental Evolution and Early Life, Northwest 
University, Xi’an. Whole-rock analysis of the concentrations of major 
oxides and trace elements and Sr-Nd isotope measurements were made 
in the Wuhan SampleSolution Analytical Technology Co., Ltd, Wuhan. 
For details of the analytical procedures, see Supplementary electronic 
materials.

5. Results

5.1. Zircon U-Pb dating

For U-Pb geochronology, we separated zircons from there samples: 
quartz diorite, hornblende gabbro and granite from the KKS, XLW and 
LWKL plutons, respectively. For specific U-Pb isotope ratio see Table S1. 
The size of zircon grains from three samples spans from 100 to 300 μm 
with aspect ratios from 1:1 to 1:3. CL imaging shows variable mor
phologies, cubic to prismatic, oscillatory growth zoning that is indica
tive of the magmatic origin of the zircons. The ratios of Th/U range from 
0.2 to 1.0 (Table S1). The KKS quartz diorite yielded 36 concordant ages. 
One zircon grain yielded an older age of 526 ± 5 Ma and is interpreted as 
captured (Table S1; Fig. 5a). The remaining analyses yielded a age 
cluster from 501 Ma to 476 Ma with a weighted-mean age of 494 ± 1.7 
Ma (N = 33; MSWD = 1.2; Fig. 5b). The XLW hornblende gabbro yielded 
36 concordant ages in the range from 480 Ma to 452 Ma (Fig. 5c) with a 
206Pb/238U weighted-mean age of 470 ± 1.8 Ma (Fig. 5d; N = 35; MSWD 

Fig. 4. Representative microphotographs of KKS quartz diorite (a, b), XLW hornblende gabbro (c, d) and LWKL granite (d, e). Abbreviations: Hbl, hornblende; Pl, 
plagioclase; Bt, biotite; Qz, quartz; Afs, alkaline feldspar.

X. Ren et al.                                                                                                                                                                                                                                      Gondwana Research 154 (2026) 44–63 

48 



= 1.1). The LWKL granite yielded 32 concordant U-Pb ages out of 36 
analyses. One grain appeared much younger (297 Ma), and 14 grains 
have ages from 638 Ma to 517 Ma. The remaining 17 concordant ages 
span 496 Ma to 431 Ma (Fig. 5e) with a mean 206Pb/238U age of 477 ±
6.7 Ma (n = 16; MSWD = 0.35) (Fig. 5f) excluding the youngest age.

5.2. Whole-rock major and trace elements

The composition of the newly identified early Paleozoic plutons 
range from gabbro to granite. The content of SiO2 gradually increases 
from 49.4 to 73.2 wt% (Fig. 6a) at Mg# ranging from 30 to 50 (Fig. 6b). 
The rocks of the KKS pluton are gabbro, gabbro-diorite, diorite and 
granodiorite and those of the XLW pluton are gabbro, monzo-gabbro and 
monzo-diorite; the rocks of the LWKL pluton are granites (Fig. 6a).

5.2.1. Kekesha pluton
The contents of SiO2 in the KKS magmatic rocks range from 49.35 to 

66.23 wt% at Mg# number ranging from 47 to 52 (Table S2; Fig. 6a, b). 
K2O content ranges from 1.36 to 2.41 wt% with K2O/Na2O ratios 
varying from 0.36 to 0.77 (Table S2; Fig. 6c). The contents of TiO2, FeOT, 

MgO and CaO decrease as SiO2 increases (Fig. 7a-d). The contents of 
Al2O3 and K2O show no systematic change as SiO2 content increases 
(Fig. 7e, f). The KKS rocks belong to the low-K and moderate-K calc- 
alkaline series (Fig. 6a, c). The chondrite-normalized rare earth element 
(REE) patterns display variably fractionated REEs: enriched light REEs 
(LREE; (La/Yb)N = 5.03–48.47), variably differentiated heavy REE 
(HREE; (Gd/Yb)N = 1.82–3.42) (Fig. 8a) and negative to slightly positive 
Eu anomalies (Eu/Eu* = 0.45–1.16). The primitive mantle normalized 
spidergrams of trace-elements show peaks at large ion lithophile ele
ments (LILEs, e.g., Rb, Pb, Sr), and troughs at high field strength ele
ments (HFSEs; e.g., Nb, Ta, P, Ti) (Fig. 8b).

5.2.2. Xialawen pluton
The hornblende gabbros of the XLW pluton are characterized by low- 

K calc-alkaline and metaluminous features (ASI = 0.65–0.75). The 
contents of SiO2 span from 50.43 to 52.76 wt%; they have variable MgO 
contents (5.5–11.6 wt%) with Mg# number of 54–70 (Table S2; Fig. 6b), 
low K2O content (1.24–1.88 wt%; K2O/Na2O = 0.25–0.62) (Table S2; 
Fig. 6c). In the Harker variation diagrams, the hornblende gabbros plot 
along the trend of global arc rocks (Figs. 7, 9). The REE patterns show 

Fig. 5. U-Pb zircon concordia diagram (a, c, e) and weighted mean ages (b, d, f) for the KKS quartz diorite, XLW hornblende gabbro and LWKL granite.
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enriched LREEs ((La/Yb)N = 6.97–8.96) and negative Eu anomalies (Eu/ 
Eu* = 0.64–0.79) (Fig. 8a). The spidergrams show peaks at LILEs (e.g., 
Rb, Pb and Sr) and troughs at HFSEs (e.g., Nb, Ta, P and Ti) (Fig. 8b).

5.2.3. Longwakalu pluton
The subalkaline granites of the LWKL pluton (Fig. 6a) have high SiO2 

content spanning 72.79–73.24 wt% and show a higher K2O/Na2O ratio 
(0.92–1.06) compared to arc igneous rocks (Fig. 6c; Keller et al., 2015), 
and low Mg# number (30–32) (Table S2; Fig. 6b). In the Harker dia
grams, the granites show relatively narrow ranges of TiO2, FeOT, MgO, 
CaO, Al2O3 and K2O overlapping with those of global arc plutons (Fig. 7; 
Keller et al., 2015). The REE patterns of the granites are enriched LREE 
(La/YbN = 41–46), show strikingly differentiated HREE (Gd/YbN =

3.23–3.41) and weak Eu negative anomalies (Eu/Eu* = 0.65–0.85) 
(Fig. 8c). The spidergrams show significant enrichments in LILEs (e.g., 
Rb, Ba, Th and U), depletions in Nb and Ti (Fig. 8d), and relatively low 
Nb/Ta ratios of 9.71–10.5. Of special importance is that the granites 
have geochemical affinities to adakites: relatively high Sr (284–320 
ppm) and Sr/Y ratios (27–33), and low Yb concentrations (0.69–0.80 
ppm) (Table S2).

5.3. Radiogenic isotope systematics

5.3.1. Hf-in-zircon isotope systematics
KKS pluton. Fifteen Lu-Hf isotopic ratios were obtained from zircons 

of the KKS quartz diorite. The values of εHf(t) were calculated based on 
the individual ages of their crystallization (Fig. 10; Table S1). Fifteen Hf 
isotope analyses yielded 176Hf/177Hf ratios varying within a relatively 
narrow range of 0.282267–0.282331 (Table S3) and their related age- 
corrected εHf(t) values are negative spanning from − 7.2 to − 4.8 
(Fig. 10), and the values of TDM2 range from 1905 to 1768 Ma (Table S3).

XLW pluton. Also, fifteen zircons from the hornblende gabbro were 
analyzed for Lu-Hf isotope ratios. They yielded 176Hf/177Hf ratios 
ranging from 0.282456 to 0.282506 (Table S3). The age-corrected 
values of εHf(t) span from − 1.0 to +0.7 (Fig. 10; Table S3), and the 
values of TDM2 range from 1502 to 1396 Ma (Table S3).

LWKL pluton. Fourteen zircon grains from the granite were analyzed 
for Lu-Hf isotope ratios. Their 176Hf/177Hf ratios vary from 0.282347 to 
0.282534 (Table S3), and the respective age-corrected values of εHf(t) 
are from − 4.55 to +2.09 (Fig. 10), and the values of TDM2 range from 
1778 to 1319 Ma (Table S3).

Fig. 6. Classification diagrams: (a) total alkali (Na2O + K2O) versus SiO2 (TAS) (Middlemost, 1994); (b) Mg# versus SiO2; (c) K2O versus Na2O; (d) Fe-index versus 
SiO2 (Frost et al., 2001). Mg# = molar 100 × MgO/(MgO + FeOT); Fe-index = FeOT/(FeOT + MgO). Two-dimensional kernel density estimation data illustrating a 
geochemical variation trend of igneous rocks from global continental arcs (https://georoc.eu/georoc/) are shown for comparison. Sources for other early Paleozoic 
plutons in the southern EKO: Zhang et al. (2010); Liu et al. (2011b); Liu et al. (2013); Li et al. (2014, 2017, 2022); Li et al. (2015a); Xiong et al. (2015); Chen et al. 
(2016); Zhou et al. (2016); Zhao et al. (2017); Dong et al. (2018b); Wang et al. (2022, 2023); Zhang et al. (2022); Hu et al. (2023).
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5.3.2. Whole-rock Rb-Sr and Sm-Nd isotope systematics
For the KKS pluton, we selected two silica contrast samples, gabbro 

and granodiorite, for Rb-Sr and Sm-Nd isotopic analysis. The gabbro 
sample yielded an initial 87Sr/86Sr ratio of 0.71008 and a negative value 
of εNd(t) (− 7.01) (Table 1; Fig. 11). The granodiorite sample has initial 
87Sr/86Sr ratio of 0.71124 and also a negative value of εNd(t) (− 6.96). 
Two XLW hornblende gabbros yielded initial 87Sr/86Sr ratios of 0.70627 
and 0.70786, and respective εNd(t) values, − 3.91 and − 4.03 (Table 1; 
Fig. 11). Two LWKL granites yielded initial 87Sr/86Sr ratios of 0.716073 
and 0.716080 and also negative values of εNd(t) (− 4.34 and − 3.96) 
(Table 1; Fig. 11). In the 87Sr/86Sr versus 143Nd/144Nd diagram, the new 
Sr and Nd isotope data appeared coherent with the published isotope 
data from early Paleozoic magmatic rocks of the southern EKO showing 
a systematic shift toward low 143Nd/144Nd at relatively stable 87Sr/86Sr 
ratios (Fig. 11b).

6. Discussion

6.1. Petrogenesis

6.1.1. Fractional crystallization and crustal contamination
Compositional variability of magmatic rocks is typically attributed to 

either fractional crystallization, or crustal contamination during magma 
ascent. The main fractionating minerals in mafic to intermediate 
magmatic melts are olivine, pyroxene, amphibole and plagioclase. It is 
possible to generate granitic magmas through fractionation of plagio
clase and amphibole from basaltic or intermediate magmas (Michael, 

1984; Soesoo, 2000). Fractional crystallization would not significantly 
change the isotopic composition of magmas, but may appear responsible 
for the variation of major and trace elements. The KKS gabbro- 
granodiorite series is characterized by negative correlations between 
SiO2 and MgO, CaO, Cr and Ni that may indicate fractionation of mafic 
minerals (e.g., olivine and pyroxene), and the decreases of the contents 
of FeOT and TiO2 as the content of SiO2 increases implies fractionation of 
Fe-Ti-oxides (Fig. 7b-d). The absence of correlation between Eu anom
alies and SiO2 and Sr, and the weak Eu negative anomalies in all the 
rocks under study suggest insignificant fractionation of plagioclases 
(Figs. 8a, 12a, b). We may also suggest removal of amphibole in our 
mafic to intermediate rocks, which would lead to lower Dy/Yb and 
higher Zr/Sm ratios (Münker et al., 2004; Davidson et al., 2007, 2013; 
Goss and Kay, 2009), however, that is not observed in our samples 
(Fig. 12d). The absence of negative correlation between Dy/Yb ratio and 
SiO2 and Zr/Sm (Fig. 12c, d) also indicate limited to nil fractionation of 
amphibole. Thus, the parental magmas of the EKO gabbro-granodiorite 
series faced fractionation of olivine, pyroxene and Fe-Ti oxides and 
negligible fractionation of amphibole and plagioclase. The fractionation 
of amphibole of basaltic-intermediate magmas to generate granites 
could be theoretically possible, but we exclude a possible fractionation 
of amphibole from a parental melt of the gabbro-granodiorite to produce 
the LWKL granites because their Dy/Yb ratios increase with increasing 
SiO2 and Zr/Sm (Fig. 12c, d). The variations of La/Sm and Th/Nd from 
the KKS and XLW gabbros and diorites to the LWKL granites also cannot 
be explained by fractional crystallization (Fig. 12e, f). These lines of 
evidence argue against the derivation of the LWKL granites by fractional 

Fig. 7. Harker diagrams of major oxides for the early Paleozoic plutons of the southern EKO compared with a global trend of arc magmatic rocks (after Keller et al., 
2015). Two-dimensional kernel density estimation data illustrate a geochemical variation trend of igneous rocks from global continental arcs (https://georoc.eu/ge 
oroc/). Sources for other early Paleozoic plutons of the southern EKO as in Fig. 6.
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crystallization of the parental magma of the gabbro-granodiorite series.
Crustal contamination is another important mechanism responsible 

for geochemical variability of magmatic rocks (Davidson, 1987; Barth 
et al., 1995; Jones et al., 2015). The possibility of crustal contamination 
can be evaluated by the presence or absence of negative correlation 
between εNd(t) and SiO2 (Fig. 11a). To understand the reasons of the less 
radiogenic Sr, Nd and Hf isotope characteristics of the KKS gabbro- 
granodiorite series, we performed a Sr vs Nd isotope binary mixing 
modeling following the method of (Ersoy and Helvaci, 2010) (Fig. 11b). 
We chose a depleted basalt (MgO = 9.10 wt%) from the Cambrian 
ophiolite (516 Ma) that crops out in the southern EKO (Fig. 1b) as a 
mantle end member with 87Sr/86Sr ratio of 0.7054 and 143Nd/144Nd 
ratio of 0.5133 (Bian et al., 2004), and a metasedimentary rock from the 
Kuhai Group in the South Kunlun Belt as crustal end-member with 
87Sr/86Sr ratio of 0.7216 and 143Nd/144Nd ratio of 0.5118 (Table 1). 
Fig. 11b shows the proportional mixing of depleted mantle magma with 
supracrustal components along a simple mixing curve. The modeling 
results do not match the Sr-Nd of the KKS gabbro-granodiorite series. 
Moreover, the decoupled assimilation and fractional crystallization also 
mismatch the isotopic trajectory of the gabbro-granodiorite series 
(Fig. 11b). Accordingly, we conclude that crustal contamination insig
nificantly affected the compositional variability of the rocks under 
study. Note, that the values of εNd(t) are almost invariable with the 
contents of SiO2 increasing from the gabbros and diorites to the granites 
(Fig. 11a). Moreover, there is no a significant difference in the values of 
Ba/Zr in the gabbro-diorites and granites, 3.3–7.5 and 5.6–6.7, respec
tively. Thus, we exclude crustal contamination of parental basaltic 
magmas as a factor that may affect the generation of the LWKL granites.

6.1.2. Mantle sources of the Kekesha and Xialawen plutons
In the Harker diagrams, the rocks of the gabbro-granodiorite series of 

the KKS pluton and hornblende gabbro of the XLW pluton plot along the 
evolutionary array of global arc igneous rocks (Fig. 7). An exception is 
Al2O3 that shows no any systematic change with increasing SiO2, but, in 
general, the contents of Al2O3 are within the global arc curve (Fig. 7e). 
The trace elements, e.g., Ba, Sr, Zr, Hf and Ni more or less fit the global 

arc array (Fig. 9). The REE patterns and the multi-element spidergrams 
of the gabbro-granodiorite series display arc-type geochemical features 
with depleted HFSEs (e.g., Nb, Ta and Ti) (Fig. 8a, b). Therefore, we 
interpret the early Paleozoic gabbro-granodiorite series of the KKS 
pluton and hornblende gabbro of the XLW pluton as the products of arc 
magmatism and their mantle source are discussed together.

In addition, the gabbro-granodiorite series and hornblende gabbros 
are characterized by enrichments in LREE and LILEs suggesting their 
derivation from an enriched mantle wedge modified by fluids and/or 
melts released from the subducting slab (Hawkesworth et al., 1993; 
Plank and Langmuir, 1993, 1998). A possible contribution of slab- 
released fluids to the magma generation can be checked by inspecting 
correlations between Sr-Nd isotopes and fluid-mobile elements, e.g., Ba, 
Sr, U to Th (Hawkesworth et al., 1997; Johnson and Plank, 1999; Plank, 
2005). Accordingly, Ba/Th ratio serves as an especially suitable proxy 
for distinguishing hydrous fluids from the sediment melts released from 
the subducting slab (Elliott, 2003). The Ba/Th ratios of gabbro- 
granodiorite series and hornblende gabbros have little change with 
varying initial 87Sr/86Sr and εNd(t) values (Fig. 13a, b), and the corre
lation between Sr/Th ratios and initial 87Sr/86Sr is inconsistent with the 
trend of involvement of aqueous fluids (Labanieh et al., 2012). As shown 
in Fig. 13c, the La/Sm ratios of the gabbro-granodiorite series increase 
as the contents of SiO2 increase. As we excluded crustal contamination 
as a factor affecting the trace element composition (see section 6.2.1), an 
alternative could be the presence of melted sediments of the subducting 
slab in the parental magma (Labnieh et al., 2012). La/Sm ratios may 
serve a good proxy to trace the input of slab-derived sediment melts into 
the source of arc magmas because weathering, fractional crystallization 
and partial melting have low impact on it (Elliott, 2003; Labanieh et al., 
2012). The La/Sm ratios that increase together with increasing SiO2 
contents provide evidence for the addition of melted subducted sedi
ments (Fig. 13c). Another piece of evidence comes from the correlation 
between the ratios of Ba/Th and La/Sm (Fig. 13d). Therefore, the mantle 
sources of the gabbro-granodiorite series and hornblende gabbros were 
rather affected by subducted sediments, than by subduction fluids.

The early Paleozoic gabbro-granodiorite series and hornblende 

Fig. 8. Chondrite-normalized rare earth element patterns (a, c) and primitive mantle normalized spidergrams (b, d). Source: normalization values of chondrite and 
primitive mantle are from Sun and McDonough (1989); Hohxil K-rich adakites in northern Tibet are from Wang et al. (2005); average lower crust-derived adakites (n 
= 204) and lower crust experimental melts are after Qian and Hermann (2013). Sources for other early Paleozoic plutons of the southern EKO (a, b) as in Fig. 6.
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gabbros all show enriched Sr-Nd-Hf isotope characteristics (Figs. 10, 11) 
that are usually attributed to either mixing between mantle magmas and 
subducted sediment melts (Davidson, 1986, 1987; Davidson and Har
mon, 1989; Carpentier et al., 2008) or crustal contamination. The 

participation of slab-derived melted sediments is an only realistic 
explanation as the crustal contamination was excluded (see section 
6.2.1; Fig. 11b). Isotopic binary mixing modeling is an effective 
approach to validate the possibility of incorporation of subducted 

Fig. 9. Harker diagrams for trace elements for the early Paleozoic plutons under study compared with the global trend of arc magmatic rocks (Keller et al., 2015) and 
other early Paleozoic plutons of southern EKO (sources as in Fig. 6).

Fig. 10. Hf-in-zircon systematics of KKS quartz diorite, XLW hornblende gabbro and LWKL granite. The values of εHf(t) were calculated based on the U-Pb zircon ages 
(section 4; Table S1). Sources of data from other early Paleozoic plutons of the southern EKO as in Fig. 6.
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sediment into the mantle wedge (Labanieh et al., 2010). However, in our 
case, it is hardly possible to determine an actual enriched isotope end- 
member to test such a hypothesis. The Sr-Nd isotope characteristics of 
the gabbro-granodiorite series and hornblende gabbros and those of the 
early Paleozoic (490–460 Ma) plutons of the southern EKO form a 
distinct array: the initial 143Nd/144Nd ratios change quickly at less 
variable 87Sr/86Sr ratios (Fig. 11b) possibly due to the incorporation of 
sediments with less radiogenic Nd and low-radiogenic Sr isotope char
acteristics into the mantle source. Using the global subducting sediment 
(GLOSS) as the enriched end-member of binary mixing modeling, the 
modeled trajectory deviates the isotope array defined by the early 
Paleozoic arc magmatic rocks (Fig. 11b). Moreover, the incorporation of 
pelagic clay from the subducted oceanic slab into depleted mantle also 
could not explain their isotopic variation (Fig. 11b). The binary mixing 
modeling between terrigenous-dominated sediment and depleted 
mantle matches with the Sr-Nd isotopic variation trend of the early 
Paleozoic arc magmatic rocks in the southern EKO (Fig. 11b). Thus, 
subducted sediments incorporated into the mantle source probably 
contain a high proportion of terrigenous components. Note that the 
hornblende gabbros have relatively more depleted isotopes than the 
gabbro-granodiorite series suggesting that their mantle sources were 
affected by melted slab sediments to different degrees. To sum up, the 
early Paleozoic gabbro-granodiorite series and the hornblende gabbros 
of the southern EKO were derived from the partial melting of a mantle 
wedge source enriched rather by the terrigenous-dominated sediments 
of the subducted oceanic slab than by slab-derived fluids.

6.1.3. Origin of the Longwakalu granites
The LWKL granites are characterized by strong enrichment in LREE, 

depletion in HREEs, high Sr/Y (27–33) and (La/Yb)N (41–46) ratios and, 
therefore, possess geochemical affinities of adakites (Figs. 8c, 14) 
(Defant and Drummond, 1990; Martin, 1999). Adakites were initially 
identified at intra-oceanic arcs of the Circum-Pacific and their origin was 
attributed to the partial melting of young and hot subducted oceanic 
crust in the field of garnet stability (Kay, 1978; Defant and Drummond, 
1990; Yogodzinski et al., 2001, 2015; Condie, 2005). There exists an 
alternative scenario of the generation of adakitic magmas by partial 
melting of thickened mafic lower crust at high pressure conditions 
(Petford and Atherton, 1996; Defant et al., 2002; Chung et al., 2003; Hou 
et al., 2004; Wang et al., 2005, 2007; Karsli et al., 2010), such as 
Cenozoic adakites of the Andean active margins (Petford and Atherton, 
1996; Kay and Kay, 2002; Rabbia et al., 2017). In case of slab-origin 
adakites, the parental melts derived from a subducted oceanic crust 
migrate upward into the mantle wedge and react with the surrounding, 
olivine-rich mantle peridotite to consume olivine and form higher-Mg# 
garnet and orthopyroxene (Yogodzinski et al., 1995; Rapp et al., 1999). 
A reaction of peridotite with ~ 10% of melts would give a more than 
20% increase of Mg#, Ni and Cr, and a decrease of SiO2 and Al2O3 (Stern 
and Kilian, 1996; Rapp et al., 1999). As a result, the values of Mg# in 
slab-derived adakites would be higher along with relatively higher Cr 
and Ni compared to lower crust-derived adakites. However, the LWKL 
adakitic granites under study have the contents of MgO (0.38–0.43 wt 
%), Cr (2.06–2.22 ppm) and Ni (3.17–3.38 ppm) notably lower than 
those of typical slab-derived adakites (Mg# > 60, Cr = 15–354 ppm, Ni 
= 15–209 ppm; Yogodzinski et al., 2015; Fig. 15a-c). In addition, they 

Table 1 
Whole-rock Sr-Nd isotopic data of early Paleozoic plutons and Kuhai metasedimentary rock.

Sample 
no.

Lithology Age 
(Ma)

87Rb/86Sr 87Sr/86Sr 2σ (87Sr/86Sr)i
147Sm/144Nd 143Nd/144Nd 2σ εNd(t) TDM 

(Ma)

21KL-03E KKS gabbro 494 0.357789 0.712323 0.000007 0.70980 0.148077 0.512122 0.000003 − 7.01 1785
21KL-06E KKS granodiorite 494 0.279116 0.712986 0.000006 0.71102 0.091724 0.511942 0.000003 − 6.96 1786
21KL-22E XLW hornblende gabbro 470 0.466744 0.710786 0.000006 0.70766 0.141562 0.512262 0.000003 − 4.03 1526
21KL-23E XLW hornblende gabbro 470 0.714247 0.710744 0.000006 0.70596 0.134751 0.512247 0.000003 − 3.91 1517
22KL-56E LWKL granite 477 1.185384 0.716073 0.000007 0.70864 0.109702 0.512144 0.000005 − 4.34 1559
22KL-58E LWKL granite 477 1.221146 0.71608 0.000009 0.70843 0.109920 0.512164 0.000004 − 3.96 1528
21KL-21 Kuhai metasedimentary 

rock
− 1.079931 0.721563 0.000009 − 0.118682 0.511829 0.000005 − −

Note: − represents no data.

Fig. 11. (a) SiO2 versus εNd(t), (b) initial 87Sr/86Sr versus 143Nd/144Nd diagrams for the early Paleozoic plutons under study. Also shown are the modeling results of 
binary mixing, decoupled fractional crystallization and assimilation (b), and the relevant partition coefficients used and detailed modeling protocol were given by 
Ersoy and Helvaci (2010). In the binary mixing modeling, Sr-Nd isotope data of the global subducting sediment (GLOSS), pelagic clay and terrigenous sediments 
above subducting oceanic slab are from Plank and Langmuir (1998); a depleted basalt from the Buqingshan-Anemaqen ophiolitic mélange zone was employed as a 
depleted end member (after Bian et al., 2004); a metasedimentary rock of the Kuhai Group in the southern EKO was employed as a potential contaminant. For the Sr- 
Nd isotope data of the Kuhai metasedimentary rock, see Table 1. Sources of Sr-Nd isotope data for other early Paleozoic plutons in the southern EKO: Xiong et al. 
(2015); Chen et al. (2016); Dong et al. (2018b); Wang et al. (2022, 2023).
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show slightly enriched Sr-Nd-Hf isotope systematics (Figs. 10, 11), i.e., 
in general, are more fertile than the typical adakites (Yogodzinski et al., 
2015). Therefore, the LWKL granites were unlikely formed from a sub
ducted slab source.

Sr-Y and La-Yb systematics allow distinguishing lower crust-derived 
and slab-derived adakites: the former typically are characterized by 
lower contents of Y and higher (La/Yb)N ratios compared to those of 
subducted slab-derived adakites (Fig. 14). The LWKL granites plot 
within the field of lower crust-derived adakites (Fig. 14) and show Nb/ 
Ta ratios of 9.71–10.5 that are consistent with the mean value of the 
lower crust (Rudnick and Gao, 2013), but significantly lower than those 
of subducted slab-derived melts and N-MORB (McDonough and Sun, 
1995; Condie, 2005) (Fig. 15d). Such low Nb/Ta ratios may indicate that 
the LWKL granites formed from a garnet-bearing amphibolite source in 
the lower crust due to the preferential partitioning of Nb into a low-Mg 
amphibole (DNb/DTa ~ 1.48; Tiepolo et al., 2000). Note, that high Nb/Ta 
ratios have been found in lower crust-derived adakites possibly due to 
residual rutile in the source as rutile is more compatible in Ta relative to 
Nb in silicic melts (DNb/DTa ~ 0.8; Schmidt et al., 2004). The REE pat
terns and trace element spidergrams of the LWKL granites overlap with 

those of the melts produced in the lower crust at temperatures and 
pressures of around 900℃ and 12.5 kbar, respectively (Qian and Her
mann, 2013) and with those of other lower crust-derived adakites 
(Fig. 8c, d; e.g., Petford and Atherton, 1996; Chung et al., 2003; Hou 
et al., 2004; Coldwell et al., 2011). All these facts support the lower crust 
origin of the LWKL granites.

Experimental data indicate that high-silica igneous melts hardly 
form by partial melting of basalt or eclogite, even at low melting degrees 
(Rapp et al., 1991; Sen and Dunn, 1994; Rapp and Watson, 1995; 
Skjerlie and Patino Douce, 2002). However, the LWKL granites show 
higher K2O (K2O/Na2O = 0.92–1.06; Fig. 6c), and higher concentrations 
of some but not other incompatible elements, e.g., LREEs, Ba, U and Th, 
compared to the experimental melts on mafic lower crust compositions 
(Fig. 8c, d) that may indicate a more evolved crustal source. Instead, the 
compositions of the LWKL granites match well those of melts obtained in 
experiments by the melting of tonalite or dacite at pressures of 1.0–3.2 
GPa (Conrad et al., 1988; Patino Douce, 2005). Compared to K-rich 
adakites in Tibet (Wang et al., 2005), the LWKL granites display rela
tively lower abundances of incompatible elements (Fig. 8c, d). There
fore, we argue that the LWKL granites were produced from remelting of 

Fig. 12. Geochemical characteristics of the early Paleozoic KKS gabbro-granodiorite series, XLW hornblende gabbro and LWKL granite illustrating effects of frac
tional crystallization on the compositions of magmatic rocks. (a, b) SiO2 and Sr versus Eu/Eu* diagrams illustrating fractionation of plagioclase; (c, d) SiO2 and Zr/Sm 
versus Dy/Yb diagrams discriminating fractionation of garnet and amphibole; (e, f) La versus La/Sm and Th versus Th/Nd diagrams illustrating different roles of 
partial melting and fractional crystallization in the variation of trace elements.
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intermediate rocks at high-pressure conditions. In terms of the Sr-Nd-Hf 
isotope systematics, the LWKL granites are similar to those of early 
Paleozoic dioritic rocks in the southern EKO (Hu et al., 2023) suggesting 
that such underplated arc-type intermediate rocks may serve their 
source. In summary, the LWKL granites were probably derived from 
partial melting of arc-type intermediate rocks at a high pressure, which 
underplated to the lower crust of the southern EKO prior to the melting.

6.2. Episodic early Paleozoic arc magmatism of the southern East Kunlun 
Orogen

The southern EKO is dominated by early Paleozoic arc magmatic 

rocks plus subordinate late Triassic post-collisional rocks (Li et al., 2013; 
Feng et al., 2021; Ren et al., 2023). In general, the magmatic formations 
are exposed mainly in the eastern segment of the southern EKO and are 
relatively scarce in the west. Over the last two decades, a large amount 
of U-Pb isotope zircon age data have been obtained from the early 
Paleozoic magmatic rocks, in particular, from the South Kunlun Belt and 
the Buqingshan-Anemaqen mélange zone (Table 2). These data coupled 
with our new results allow us to trace the propagation of the early 
Paleozoic magmatism of the southern EKO in space and time. The oldest 
episode of magmatism in early Cambrian time was related to oceanic 
subduction and has been constrained by the age of a Dundesharguole 
hornblende monzonite emplaced at around 544 Ma and exposed in the 

Fig. 13. (a, b) initial 87Sr/86Sr and εNd(t) versus Ba/Th; (c) SiO2 versus La/Sm, (d) La/Sm versus Ba/Th for the early Paleozoic KKS gabbro-granodiorite series and 
XLW hornblende gabbro differentiating contributions of aqueous fluids or sediment melts released from the subducted slab (after Labanieh et al., 2010, 2012). 
Sources for other early Paleozoic plutons of the southern EKO as in Fig. 6.

Fig. 14. (a) Y versus Sr/Y (after Defant and Drummond, 1990), (b) YbN versus La/YbN diagrams (after Martin, 1986) for the early Paleozoic plutons under study 
differentiating normal arc rocks and adakitic rocks. The adakites with a subducted slab origin were compiled from Yogodzinski et al. (2015); sources of the adakites 
from partial melting of lower crust: Muir et al., 1995; Petford and Atherton, 1996; Hou et al., 2004; Wang et al., 2005, 2007. Sources for other early Paleozoic plutons 
of the southern EKO as in Fig. 6.
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eastern EKO (Li et al., 2018).
In the southern EKO, there have been found two main episodes of 

early Paleozoic magmatism, early-middle Cambrian (533–494 Ma dio
rite; Zhang et al., 2010; Wang et al., 2022) and early Ordovician 
(477–472 Ma appinite, diorite, and granodiorite; Hu et al., 2023), both 
in the Kekesha magmatic complex. In the Manite area of the Buqingshan 
mélange, there are also late Cambrian granitic rocks, which ages range 
from 495 to 487 Ma (Li et al., 2017; Zhao et al., 2017). The LWKL granite 
(477 Ma) and XLW hornblende diorite (470 Ma) that are discussed in 
this paper formed during the early Ordovician episode of magmatism. In 
addition, there are middle Ordovician diorites (476–462 Ma) in the 
Marzheng area, west of the Buqingshan-Anemaqen mélange zone 
(Zhang et al., 2022).

However, the main pulse of magmatism as recorded in the southern 
EKO happened during a period from the late Ordovician to late Silurian 
and resulted in the emplacement of compositionally variable rocks: 
adakites, peraluminous granites and arc-type diorite, granodiorite and 
monzogranite (Li et al. 2015a; Xiong et al. 2015; Chen et al. 2016; Zhou 
et al. 2016; Dong et al., 2018b). The adakites crop out over a wide area 
from east to west, from the Xiadawu, Yikehalaer, Bairiqiete areas in the 
southern Buqingshan-Anemaqen mélange zone to the Zhiyu, Aowade 
and Yeniugou areas in the South Kunlun Belt (Fig. 2). The Xiadawu 
adakitic granodiorites have U-Pb zircon ages of 452–440 Ma (Xiong 
et al., 2015). The Yikehalaer and Bairiqiete adakitic granodiorites are 
late Ordovician-early Silurian (445–435 Ma; Li et al., 2014, 2019; Li 
et al., 2015a). The Zhiyu and Aowade adakites yielded zircon U-Pb ages 
of 454–438 Ma (Chen et al., 2016; Zhou et al., 2016; Dong et al., 2018b; 
Wang et al., 2022). The Yeniugou adakites in the middle part of the 
South Kunlun Belt gave younger middle Silurian ages (432–420 Ma; 
Wang et al., 2023). We made a compilation of Hf-in-zircon isotopic data 
from the adakitic rocks of the SKB that indicates that the rocks typically 
possess depleted Hf isotope characteristics (Fig. 16).

The arc-type rocks of the southern Buqingshan-Anemaqen mélange 
zone are middle-Ordovician to early Silurian, e.g., diorites in the 
Mengkete area (440 Ma in average) and granodiorites in the Yikehalaer 
area (437 Ma in average) (Li et al., 2015a; Li et al., 2022; Zhang et al., 
2022). In the South Kunlun Belt, the Zhiyu pluton consists of middle 
Silurian arc-type monzogranites with an emplacement age of around 
430 Ma (Dong et al., 2018b). Thus, our new U-Pb zircon ages (Fig. 5) of a 
quartz diorite from the KKS pluton (494 Ma) and a granite from the 
LWKL pluton (477 Ma), and a hornblende gabbro from the XLW pluton 
(470 Ma) in comparison and correlation with the other age constrains on 
various magmatic rocks all suggest an episodic character of the early 
Paleozoic magmatism in the southern EKO. We can recognize three main 
periods: middle-late Cambrian, early-middle Ordovician and late 
Ordovician-late Silurian with peaks at ca. 495, 470 and 430 Ma, 
respectively. The first-stage magmatic formations (500–490 Ma) are 
dominated by subduction-related diorites and granodiorites (Table 2; 
Fig. 16). Compositionally variable rocks, from gabbro to granite, formed 
during the second stage (480–460 Ma). The third main stage of mag
matism resulted in the emplacement of the largest variety of rocks: 
adakites, peraluminous granites, mafic to felsic normal arc rocks 
(450–420 Ma) (Fig. 16). The compositionally variable early Paleozoic 
magmatic rocks are relatively evenly distributed over the South Kunlun 
Belt; a limited number of stocks and sills occur in the Buqingshan- 
Anemaqen mélange belt.

6.3. Tectono-magmatic evolution of the Proto-Tethys Ocean in the 
southern East Kunlun Orogen

Many researchers agree that a branch of the Proto-Tethys Ocean once 
existed in the southern EKO, however, its tectonic evolution still lacks 
robust evidence because of uncertainties with age constraints and sce
narios of petrogenesis. Available geochronological data on the ophiolites 

Fig. 15. (a, b) SiO2 versus Cr and Ni, (c) SiO2 versus Mg# (after Wang et al., 2007), (d) Zr/Sm versus Nb/Ta (after Foley et al., 2002) for the LWKL granites. Also 
shown are experimental melts produced from basalts, tonalite and dacite, eclogites at high pressure (c). Sources of experimental melts: Rapp et al. (1991); Sen and 
Dunn (1994); Rapp and Watson (1995); Skjerlie and Patino Douce (2002); Patino Douce (2005). The compositions of N-MORB (Sun and McDonough, 1989) and 
lower crust (Rudnick and Gao, 2013) are shown for comparison (d). Data from subducted slab-derived and lower crust-derived adakites (source as in Fig. 14) are 
shown for comparison.

X. Ren et al.                                                                                                                                                                                                                                      Gondwana Research 154 (2026) 44–63 

57 



exposed in the EKO constrain the spreading timing of Proto-Tethys 
Ocean at ca. 537–516 Ma (e.g., Yang et al., 1996; Liu et al., 2011a; Qi 
et al., 2016). A ca. 555 Ma gabbro block was found within the Kuhai 
Group of the South Kunlun Belt and interpreted as ocean island in origin 
(Li et al., 2007). Recently, there has been reported a ca. 600 Ma ophiolite 
mélange in fault contact with the Kuhai Group of the Huashixia area in 
the South Kunlun Belt that represents a good argument in favor of the 
opening of the Proto-Tethys Ocean as early as the late Neoproterozoic 
(Luo et al., 2025) (Fig. 16). Another hot issue is the timing of subduction 
initiation of the Proto-Tethys Ocean in the southern EKO that can be 
constrained by oldest magmatic rocks possessing arc-type geochemical 
affinities. In this study, we identified a late Cambrian gabbro- 
granodiorite series (494 Ma) showing typical arc geochemical and 
isotope features. A basaltic andesite with a mean U-Pb zircon age of 504 
Ma was identified in the easternmost part of the southern EKO also 
having subduction-related geochemical characteristics (Zhang et al., 
2018). Island arc middle Cambrian high-Mg andesite and diorite (mean 
ages are 519 and 520 Ma, respectively) occur in the Northern Qimantagh 
Belt and their origins were related to the northward subduction of the 
Proto-Tethys Ocean as well (Wang et al., 2021). Accordingly, we suggest 

that the subduction of the Proto-Tethys Ocean was initiated in middle- 
late Cambrian time (Fig. 16).

In the southern EKO, the northward subduction of the Proto-Tethys 
oceanic slab led to the episodic arc magmatic activity that lasted dur
ing almost 80 Myr, from 500 Ma to 420 Ma (Li et al., 2015a; Xiong et al., 
2015; Li et al., 2017, 2022; Dong et al., 2018b; Wang et al., 2022, 2023; 
Hu et al., 2023) (Fig. 16). The KKS gabbro-diorite series (494 Ma) and 
the XLW hornblende gabbros (470 Ma) under study show arc-type 
geochemical features and represent products of the arc magmatism 
related to the northward subduction of the Proto-Tethys Ocean. 
Whereas, the early Ordovician LWKL granites (477 Ma) have high SiO2 
adakitic features with high Sr/Y, La/YbN ratios, and depleted HREEs, 
and are interpreted to be derived by re-melting of arc-type inter
mediated rocks in thickened lower crust, instead of subducted oceanic 
crust. The re-melting of the lower crust could be triggered by under
plated arc magmas as the arc magmatic activity related to the subduc
tion of the Proto-Tethys Ocean initiated at least at ca. 500 Ma (Feng 
et al., 2010; Zhao et al., 2017; Wang et al., 2022). This implies the 
simultaneous presence of crustal melting and underplating of enriched 
mantle-derived magmas in the early Ordovician. It has been suggested 

Table 2 
Summary of the late Neoproterozoic-early Paleozoic magmatic rocks in the southern EKO.

Order Sample no. Lithology Tectonic belt Age (Ma) Geochemistry Reference

1 13MD08-5 gabbro SKB 628 ± 3 E-MORB Zhang et al., 2018
2 14MD06-1 gabbro SKB 609 ± 9 E-MORB Zhang et al., 2018
3 22HSX-20 gabbro SKB 601 ± 2 N-MORB Luo et al., 2025
4 22HSX-09 basalt SKB 600 ± 2 N-MORB Luo et al., 2025
5 KH-4 gabbro SKB 555 ± 9 OIB Li et al., 2007
6 DDG15-13 granodiorite SKB 516 ± 2 arc-type Hu et al., 2023
7 11,013 quartz diorite SKB 515 ± 4 arc-type Zhang et al., 2010
8 11031–25 gabbro SKB 509 ± 7 arc-type Feng et al., 2010
9 JD17 tonalite BAMZ 498 ± 2 arc-type Ren et al., 2012
10 MNT-N4 granodiorite BAMZ 496 ± 1 arc-type Zhao et al., 2017
11 21KL-01Z quartz diorite SKB 494 ± 2 arc-type this study
12 MQ-4 diorite BAMZ 493 ± 6 arc-type Li et al., 2007
13 MNT-13 granodiorite BAMZ 487 ± 11 arc-type Li et al., 2017
14 MNT-12 granodiorite BAMZ 479 ± 2 arc-type Li et al., 2017
15 21KL-21Z granite SKB 477 ± 7 adakitic this study
16 11025–12 metavolcanics SKB 474 ± 8 − Chen et al., 2013
17 DDG15-13 granodiorite SKB 477 ± 3 arc-type Hu et al., 2023
18 DDG15-4 diorite SKB 474 ± 3 arc-type Hu et al., 2023
19 DDG15-12 appinite SKB 473 ± 3 arc-type Hu et al., 2023
20 DDG15-82 diorite SKB 472 ± 3 arc-type Hu et al., 2023
21 21KL-21Z diorite SKB 470 ± 2 arc-type this study
22 19NMH-42 diorite BAMZ 470 ± 2 arc-type Zhang et al., 2022
23 GL05GS1-1 monzogranite SKB 465 ± 2 adakitic Wang et al., 2022
24 B1045 granodiorite SKB 454 ± 2 adakitic Chen et al., 2016
25 KM-7–1 granodiorite SKB 450 ± 3 adakitic Dong et al., 2018b
26 GL06GS1-1 granodiorite SKB 449 ± 2 adakitic Wang et al., 2022
27 HSX-20 biotite granite SKB 448 ± 3 adakitic Zhou et al., 2016
28 MD15-2 granodiorite BAMZ 447 ± 3 adakitic Xiong et al., 2015
29 HSX-05 monzogranite SKB 447 ± 2 adakitic Zhou et al., 2016
30 SSWM5-1 diorite SKB 446 ± 7 adakitic Dong et al., 2018b
31 LDG1 granodiorite SKB 446 ± 4 adakitic Wang et al., 2023
32 KM-2–1 granodiorite SKB 442 ± 4 adakitic Dong et al., 2018b
33 BRQT14-2 granodiorite BAMZ 439 ± 2 adakitic Li et al., 2014
34 11207–12 granitoid BAMZ 436 ± 7 adakitic Li et al., 2015a
35 LDG5 granite SKB 427 ± 4 adakitic Wang et al., 2023
36 LDG4 granodiorite SKB 425 ± 3 adakitic Wang et al., 2023
37 MD15-12 appinite BAMZ 451 ± 2 arc-type Xiong et al., 2015
38 MD15-5 appinite BAMZ 447 ± 1 arc-type Xiong et al., 2015
39 MNT02 quartz diorite BAMZ 441 ± 3 arc-type Li et al., 2022
40 11207–7 granitoid BAMZ 437 ± 6 arc-type Li et al., 2015a
41 10NM13 diabase SKB 438 ± 2 arc-type Liu et al., 2013
42 MNT07 quartz diorite BAMZ 436 ± 4 arc-type Li et al., 2022
43 SSWM4-1 monzogranite SKB 434 ± 2 adakitic Dong et al., 2018b
44 WBG monzogranite SKB 424 ± 2 A-type Chen et al., 2021
45 PM09-9–1 two-mica granite SKB 424 ± 3 peraluminous Shi, 2014
46 PM12-3–1 two-mica granite SKB 422 ± 4 peraluminous Shi, 2014
47 PM02-12–1 muscovite granite SKB 420 ± 4 peraluminous Shi, 2014
48 AP9Bb3-3 basalt SKB 420 ± 4 − Zhu et al., 2006

Note: SKB, South Kunlun Belt; BAMZ, Buqingshan-Anemaqen mélange zone; − represents no geochemical data.
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that the adakitic magmas are generally produced within the garnet 
stability field (Wang et al., 2020), and thus, the lower crust in the 
southern EKO was thickened to the extent of garnet being stable by the 
continuous underplating of arc magmas in the period of 500–480 Ma. 
Moreover, it should be noted that the early Paleozoic arc-type inter
mediate-felsic rocks that occur as blocks in the Buqingshan-Anemaqen 
ophiolitic mélange zone are characterized by extremely depleted Hf- 
in-zircon isotope characteristics (Fig. 10; Li et al., 2015a; Xiong et al., 
2015; Li et al., 2017; Zhang et al., 2022). However, the lower crust of the 
EKO possesses evolved isotopic compositions given that the lower crust- 
derived granitic rocks in the EKO display less radiogenic Nd-Hf isotope 
systematics across the EKO (e.g., Dai et al., 2025). Probably they formed 
at an intra-oceanic arc of the Proto-Tethys Ocean that later could collide 
with the southern margin of the East Kunlun terrane (Li et al., 2017, 
2022; Pei et al., 2018).

The magmatic activity of the southern EKO became more intensive 
during a period from 450 to 420 Ma and peaked at ca. 430 Ma (Fig. 16) 
to generate variable types of magmatic rocks, adakites, normal arc-type 
granitoids, A-type and strongly peraluminous granites (Shi, 2014; Li 
et al., 2015a; Chen et al., 2021). Those younger adakites have more 
depleted Sr-Nd-Hf isotope characteristics (Figs. 10, 11) and were derived 

by partial melting of subducted oceanic slab within the garnet stable 
field (Li et al., 2015a; Chen et al., 2016; Dong et al., 2018b). The normal 
arc-type granitoids were derived from the lithospheric mantle affected 
by melts and fluids of subducted oceanic slab (Li et al., 2015a; Dong 
et al., 2018b; Li et al., 2022). Both, the adakites and arc-type granitoids 
indicate a continuous subduction of the Proto-Tethys oceanic crust. In 
general, the early Paleozoic magmatic rocks of the southern EKO formed 
in relation to the northward subduction of the Proto-Tethys Ocean. 
However, there still remain uncertainties about the timing and origin of 
late Paleozoic magmatic formations in the southern EKO. Consequently, 
some scholars argue for the closure of the Proto-Tethys Ocean in the end 
of the early Paleozoic (e.g., Song et al., 2018; Dong et al., 2024b). The 
tectonic transition from the Proto-Tethys to Paleo-Tethys realm in the 
southern EKO is still highly contentious (Dong et al., 2018a, 2021; Dong 
et al., 2020; Wu et al., 2020), and requires further study.

7. Conclusions

The first U-Pb zircon ages, whole-rock geochemical and Sr-Nd 
isotope data and Hf-in-zircon isotope data from the gabbro- 
granodiorite series of the KKS pluton (494 Ma), hornblende gabbro of 

Fig. 16. Early Paleozoic episodic magmatic activities linked to tectonic evolution of the Proto-Tethys Ocean in the southern EKO. For U-Pb age and Hf-in-zircon 
isotope data from early Paleozoic plutons of the southern EKO see Table 2 and Fig. 6, respectively. Numbers in the bracket match those in Table 2.
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the XLW pluton (470 Ma) and granite of the LWKL pluton (477 Ma) in 
the southern EKO, combined with compiled data from the early Paleo
zoic magmatic rocks reveal episodic arc magmatic activities with three 
main peaks at ca. 495, 470 and 430 Ma. The gabbro-granodiorite series 
of the KKS pluton and the hornblende gabbro of the XLW pluton have 
typical arc-type geochemical features: they are enriched in LREE and 
LILEs, and depleted in HFSEs as well as possess relatively enriched Sr- 
Nd-Hf isotope characteristics. They formed by partial melting of a 
mantle wedge source interacted with the melts released from the 
terrigenous-dominated sediment of the subducted oceanic slab. The 
LWKL granites exhibit adakitic geochemical features: high Sr/Y (27–33) 
and La/YbN (41–46), depleted HREE (Gd/YbN = 3.2–3.4) and low con
tents of MgO (0.38–0.43 wt%), Cr (2.06–2.22 ppm) and Ni (3.17–3.38 
ppm); they were produced by high-pressure re-melting of underplated 
arc-type intermediate rocks of the lower crust. The newly-identified 494 
Ma arc-type gabbro-granodiorite series of the KKS pluton suggests that 
the subduction of the Proto-Tethys Ocean in the southern EKO initiated 
no later than at around 500 Ma, and then, the northward subduction of 
Proto-Tethys oceanic slab continued to induce several episodes of the 
early Paleozoic arc magmatism rocks.
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