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22 ABSTRACT

23 Radiogenic isotopes serve as a crucial tool for investigating crustal evolution, playing a 

24 pivotal role in revealing magma sources and petrogenesis. However, they can be ineffective in 

25 distinguishing distinct magmatic sources with similar radiogenic isotopic compositions, a 

26 common occurrence in nature. This paper addresses this challenge in the Ordovician igneous 

27 rocks from the West Kunlun orogenic belt (WKOB), to distinguish between two potential 

28 magmatic sources (i.e., the Tarim Craton and the Tianshuihai terrane) with similar isotopic 
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29 compositions, by using appropriate thermodynamic and geochemical modeling based on 

30 mineral and whole‐rock geochemistry. Zircon U–Pb dating yields ages of 483 ± 3 Ma, 469 ± 2 

31 Ma and 461 ± 2 Ma for the Pushou gabbros and the Datong monzogranites and syenites, 

32 respectively. The Pushou gabbros exhibit low SiO2 (47.4–49.1 wt.%), high MgO (5.5–6.9 wt.%), 

33 high large ion lithophile elements (LILEs, e.g., Rb, Ba, Th, and K) and low high field-strength 

34 elements (HFSEs, e.g., Nb, Ta, Zr, Hf, P, and Ti), which suggest an origin in subduction-

35 modified mantle. They display high whole-rock (87Sr/86Sr)i ratios (0.7156 to 0.7192), negative 

36 whole-rock εNd(t) values (−7.1 to −7.8), as well as high zircon δ18O values (7.6–7.9 ‰) and 

37 enriched zircon Hf isotopic compositions (εHf(t) = −5.3 to −7.7), consistent with 1–5% 

38 subducted sediments in an enriched mantle source. Trace element models further confirm that 

39 the gabbros are most likely derived from low-degree (~15 %) partial melting of subduction-

40 modified Tarim mantle in the spinel-garnet facies, rather than from the Tianshuihai mantle. The 

41 Datong syenite samples belong to the shoshonitic series and are characterized by medium SiO2 

42 (59.5–61.4 wt.%), relatively low MgO (0.9–1.2 wt.%) and Mg# (37–42), enrichment in LILEs 

43 and depletion in HFSEs. They have high whole-rock (87Sr/86Sr)i ratios (0.7103 to 0.7105) and 

44 negative whole-rock εNd(t) values (−3.8 to −4.3), along with negative to slightly positive zircon 

45 εHf(t) values (–3.8 to +2.6), similar to coeval mafic rocks. Thermodynamic and geochemical 

46 modeling suggests that the Datong shoshonitic rocks likely originated via crystal fractionation 

47 of shoshonitic basaltic magmas in the SW Tarim Craton. The Datong monzogranites have high 

48 SiO2 (69.7–72.6 wt.%), low MgO (0.6–0.7 wt.%) and demonstrate a typical enrichment in 

49 alkalis, Zr, and Nb with depletion in Sr, P, and Ti, consistent with A-type granites. They are 

50 characterized by high whole-rock (87Sr/86Sr)i ratios (0.7321 to 0.7323), negative whole-rock 

51 εNd(t) (−11.3 to −11.8), negative zircon εHf(t) (−11.0 to −16.5) and high zircon δ18O (7.2–

52 8.0 ‰), indicating derivation from the remelting of an ancient crustal source. Thermodynamic, 

53 major, and trace element modeling indicate that their parent magma may have been generated 

54 by water-deficient (~2 wt.%) partial melting of ancient crustal material beneath the SW Tarim 

55 Craton rather than that of the Tianshuihai terrane, under high-temperature (T > ~950 ℃), low-

56 pressure (P = 5–8 kbar) conditions. Based on the tectonic framework of the WKOB, we propose 
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57 that the original mantle and crust beneath the southern Kunlun terrane may have been modified 

58 or partially replaced by that beneath the SW Tarim Craton during the Ordovician. Therefore, 

59 this evidence for Tarim-derived magmatism, when combined with regional sedimentary and 

60 structural records, indicates that Ordovician magmatism in the southern Kunlun terrane is most 

61 consistent with episodic northward subduction of the Proto-Tethys Ocean, commencing at ~485 

62 Ma. Middle Ordovician slab break-off can explain the formation of the A-type granites, but re-

63 instated northward subduction is required for the generation of late Ordovician Datong syenites.

64

65 Key words: Thermodynamic modeling; Magmatic source; Northward subduction; Proto-

66 Tethys Ocean; Slab break-off

67

68 INTRODUCTION

69 Understanding the causes of geochemical and isotopic variations of igneous rocks in terms 

70 of magma sources and evolution processes is arguably the fundamental goal of igneous 

71 petrology. Many models and hypotheses have been proposed to explain their diversity (few of 

72 which are mutually exclusive), including direct mantle partial melts (e.g., Kushiro, 1974); 

73 partial melting of deep crustal lithologies (e.g., Rapp & Watson, 1995; Drummond & Defant, 

74 1990); fractional crystallization of mantle-derived parental magmas (e.g., Grove et al., 2003; 

75 Lee & Bachmann, 2014) and magma mixing/assimilation (e.g., Barbarin, 2005; Collins, 1996; 

76 Kemp et al., 2007; Yang et al., 2007). Among these, partial melting and closed-system 

77 fractional crystallization can produce magmatic diversity from a single source. Since radiogenic 

78 isotope systems remain unaffected by melting or fractional crystallization, many studies have 

79 utilized whole-rock Sr-Nd-Pb isotopes and zircon Lu-Hf isotopes to constrain source 

80 contributions (e.g., Kemp et al., 2007; Yang et al., 2007; Béguelin et al., 2019; Deng et al., 

81 2020). Unfortunately, different sources with similar isotope compositions are challenging to 

82 distinguish using this approach (e.g., Turnbull et al., 2010; Zeng et al., 2011). However, careful 

83 elemental comparison between igneous rocks and thermodynamically-modeled melts based on 

84 likely source compositions can potentially differentiate magmatic sources with similar isotope 
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85 compositions (Liu et al., 2022; Hu et al., 2022) and thus further elucidate petrogenetic processes 

86 (Heinonen et al., 2020). An example of this approach is presented here, from the West Kunlun 

87 orogenic belt (WKOB).

88 The WKOB in the northwestern Tibet Plateau (Figs. 1a-b) was formed by accretion-to-

89 collision orogenesis during Paleozoic subduction and closure of the Proto-Tethys Ocean (Xiao 

90 et al., 2003, 2005; Liu et al., 2019; Zhang et al., 2018a, 2018b; Yin et al., 2020). The southern 

91 Kunlun terrane has the most complex tectonic assemblages in the WKOB, including ophiolites, 

92 arc-forearc rocks, accretionary complexes, magmatic and metamorphic rocks (Xiao et al., 2003; 

93 Zhang et al., 2018a, 2021; Tao et al., 2022), all of which provide valuable insights into 

94 geological processes at ancient convergent plate margins. However, the tectonic setting and 

95 petrogenesis of its Ordovician magmatism in the southern Kunlun terrane remain controversial. 

96 Contrasting models have different interpretations of subduction polarity—northward 

97 subduction of the southern Proto-Tethys Ocean beneath the southern Kunlun terrane and Tarim 

98 Craton (Yuan et al., 2003; Xiao et al., 2003, 2005; Zha et al., 2022; Tao et al., 2022), or 

99 southward subduction of the northern Proto-Tethys Ocean beneath the southern Kunlun terrane 

100 and Tianshuhai terrane (Liao et al., 2010; Zhang et al., 2018a, 2018b, 2019a). Therefore, 

101 clarification of the geodynamic mechanism that generated Ordovician magmatic rocks in the 

102 southern Kunlun terrane is essential to understanding the evolution of the Proto-Tethys Ocean.

103 Given that the southern Kunlun terrane was located between the Tarim Craton and 

104 Tianshuihai terrane (Fig. 1b; Xiao et al., 2003; Zhang et al., 2010), source characterisation of 

105 its arc magmatism (i.e., within the Tarim Craton or the Tianshuihai terrane) has the potential to 

106 provide critically test between northward and southward subduction models. Previous studies 

107 have attempted to use radiogenic isotope compositions of the granitic rocks in the southern 

108 Kunlun terrane to trace their sources from either the Tarim craton (corresponding to northward 

109 subduction; Yuan et al., 2003) or Tianshuihai terrane (corresponding to southward subduction; 

110 Xu et al., 2021). However, the location of the source is still controversial because the lower 

111 crust of the Tarim craton has similar isotopic compositions to that of the Tianshuihai terrane 

112 (see Supplementary Table S1 for details; Zhang et al., 2016, 2018c, 2019b). Therefore, 
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113 accurately resolving the magmatic source from different end-members with similar isotope 

114 compositions has profound implications for studying the geodynamic evolution of the Proto-

115 Tethys Ocean.

116 In this work, we present an integrated study of petrology, mineralogy, whole-rock 

117 geochemistry, whole-rock Sr–Nd isotope and zircon U–Pb–Hf–O isotope characteristics of the 

118 igneous rocks in the southern Kunlun terrane. Based on these results combined with a 

119 compilation of existing data, we have separately conducted phase equilibrium, major and trace-

120 element modeling of potential mantle and crustal sources in the Tianshuihai terrane and the SW 

121 Tarim Craton. Our new data and modeling results, in combination with regional sedimentary 

122 and structural records, allow us to (1) identify the mantle source of the Ordovician intermediate-

123 mafic rocks in the southern Kunlun terrane, (2) determine the basement of Ordovician arc crust 

124 in the southern Kunlun terrane and (3) reconstruct the Ordovician subduction polarity and 

125 geodynamic evolution of the Proto-Tethys Ocean.

126

127 GEOLOGICAL BACKGROUND

128 The WKOB extends northwest-southeast along the northwest margin of the Tibetan 

129 Plateau and represents the northernmost orogenic collage within the Tethys domain. It is 

130 subdivided from north to south into the Northern Kunlun terrane (SW Tarim Craton), Southern 

131 Kunlun terrane and Tianshuihai terrane, separated by the Oytag-Kudi and Mazar-Kangxiwa-

132 Subashi suture zones, respectively (Fig. 1B; Xiao et al., 2003, 2005; Zhang et al., 2019a, 2021; 

133 Zha et al., 2022). 

134 The Northern Kunlun terrane is an uplifted part of the SW Tarim Craton (Zhang et al., 

135 2014), which features a Precambrian basement comprising the Paleoproterozoic Heluositan 

136 complex, Mesoproterozoic greenschist- to amphibolite-facies metamorphosed and intensely 

137 folded sedimentary sequences (the Kalakashi Group), mid-Neoproterozoic greenschist-facies 

138 metamorphosed and folded volcanic-sedimentary sequences and late Neoproterozoic 

139 unmetamorphosed carbonate-clastic-tillite sequences (Zhang et al., 2019b, 2019c). Devonian 

140 molasse, a Carboniferous–Permian shallow marine platform and Late Permian terrestrial facies 
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141 sedimentary rocks overlie the Precambrian basement, while granitic rocks with ages of 477–

142 430 Ma are observed along several northwest-southeast-trending faults and record early 

143 Paleozoic magmatic processes (Fig. 1C; Zhang et al., 2019d, 2019e; Wang et al., 2022a, 2022b).

144 In the Oytag-Kudi suture zone, ophiolitic mélanges are sporadically distributed from west 

145 to east in the Oytag, Kegang and Kudi areas (Fig. 1B; Jiang et al., 2008; Li & Zhang, 2014). 

146 Notably, in the Kudi area, these ophiolitic rocks are mainly composed of tectonic slices of 

147 peridotite, dunite, cumulate pyroxenite and gabbro, pillowed and massive basalts, and have 

148 been interpreted as relics of the northern Proto-Tethys Ocean (Xiao et al., 2003; Yuan et al., 

149 2005). Zircon U-Pb ages of ca. 525–494 Ma have been determined for these rocks (Li & Zhang, 

150 2014), and their basaltic and gabbroic components exhibit geochemical characteristics of 

151 normal or enriched mid-ocean ridge basalt (N-MORB or E-MORB) and island-arc basalt, 

152 suggesting a formation in a supra-subduction zone (SSZ) setting (Wang et al., 2002; Yuan et 

153 al., 2005). Structural and geological cross sections across the Kudi ophiolite complex indicate 

154 that the structures of the southern Kunlun terrane are dominated by NW-SE trending thrust 

155 faults, tight folds and foliations (Xiao et al., 2002, 2003). In the northern part of the complex, 

156 the Yixieke Cambrian volcanic and sedimentary rocks mostly dip to the south and have been 

157 thrust northwards towards the accretionary prism in the southern side of Akaz Daban (Xiao et 

158 al., 2002, 2003). In the southern part of this area, the structural deformation is characterized by 

159 compressive deformation recorded by SE verging thrust faults and folds, resulting in southward 

160 thrusting of Cambrian Buziwan ultramafic rocks onto the Kudi gneiss-schist (i.e., early 

161 Paleozoic accretionary wedge; Xiao et al., 2003, 2005; Zhu et al., 2021a).

162 The southern Kunlun terrane comprises various tectonic assemblages, including 

163 Precambrian strata, Yixieke arc, Kudi gneiss, Xiananqiao arc, the Pushou-Menggubao ophiolite 

164 suites, seamount and continental fragments (incorporated into the Kudi accretion-subduction 

165 complex) (Xiao et al., 2003, 2005; Yuan et al., 2005; Cui et al., 2007; Wu et al., 2021a; Yang 

166 et al., 2022). The Precambrian strata comprise the Pushou Group and Sangzhutage Group in 

167 the northern part and the Saitula Group in the southern part, separated by the Pushou-

168 Menggubao ophiolitic mélanges (Cui et al., 2007; Wu et al., 2021a). Early workers considered 
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169 the Precambrian strata in the southern Kunlun terrane to be an integral part of the Tarim Block 

170 or an exotic block accreted during the early Paleozoic (Xiao et al., 2003; Zhang et al., 2007), 

171 but recent models propose that the Saitula Group represents an early Paleozoic accretionary 

172 wedge (Zhang et al., 2007; Zhang et al., 2018a). The Pushou-Menggubao ophiolite comprises 

173 ultramafic rocks, gabbros, basalts, diabase and siliceous rocks. Some of the basalts share similar 

174 geochemical features with oceanic-island basalts (Wu et al., 2021a). The age of the Pushou-

175 Menggubao ophiolite is suggested to be Early or Middle Ordovician (Cui et al., 2007). 

176 Widespread igneous rocks with age groups of ca. 530–400 Ma and 270–200 Ma (Zhang et al., 

177 2007, 2018b; Liu et al., 2014a; Yin et al., 2020; Xu et al., 2024) indicate two distinct phases of 

178 orogeny in the southern Kunlun terrane (Xiao et al., 2003, 2005).

179 The Mazha-Kangxiwa-Subashi suture zone extends about 340 km from the Gongger in 

180 the west, via Mazha and Kangxiwa, to Subashi in the east (Fig. 1B). Typical ophiolitic rocks 

181 are mainly preserved in the southeastern part of the WKOB (Zhang et al., 2021; Zha et al., 

182 2022). Geological mapping has revealed that these ophiolitic mélanges can be further divided 

183 into the Qimanyute ophiolite in the north and the Subashi ophiolite in the south (Fig. 1B; Zhang 

184 et al., 2021; Zha et al., 2022). The ophiolitic mélanges in the Qimanyute area are mainly 

185 composed of basalt, dolerite sheets, plagiogranite and gabbro with only minor serpentinite 

186 (altered peridotite) and pyroxenite (Han et al., 2002; Zhang et al., 2021). The sedimentary rocks 

187 are mainly gray siliceous rocks and limestone. The contacts between structural units are ductile 

188 shear zones. In addition, the basalt, gabbro and dolerite in the ophiolitic mélange were 

189 metamorphosed at greenschist facies. Recent work has revealed that the gabbros in the 

190 Qimanyute ophiolitic rocks show a compositional transition from oceanic plagiogranites to 

191 boninitic rocks, with subsequent Nb-enriched gabbros (ca. 494–485 Ma; Zhang et al., 2021). 

192 These magmatic sequences are likely to have been generated in response to the initiation of 

193 subduction of the Proto-Tethys Ocean (Zhang et al., 2021). To the south, the Subashi ophiolite 

194 is composed of lenticular serpentinite, peridotite, gabbro, dolerite, basalt and chert (Zha et al., 

195 2022). The basalt, dolerite and gabbro from the Subashi ophiolite display U-Pb zircon ages of 

196 ca. 455 ± 4 Ma, 451 ± 6 Ma and 446 ± 6 Ma, respectively, revealing that the ophiolite was 
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197 formed in the Late Ordovician. The basaltic rocks in the Subashi ophiolite exhibit geochemical 

198 characteristics similar to those of N-MORB, and are interpreted as remnants of the southern 

199 Proto-Tethys Ocean (Zha et al., 2022).

200 The nature of the Tianshuihai terrane is controversial. Xiao et al. (2002, 2003, 2005) have 

201 proposed it is a massive accretionary prism containing thick flysch sequences recording the 

202 Paleozoic–Mesozoic subduction-related orogenic process between the southern Kunlun and 

203 Karakorum terrane. Yuan et al. (2003) have argued it is part of the southern Kunlun terrane, 

204 while others propose it to be independent (Qiao et al., 2015; Hu et al., 2016). High-grade, 

205 metamorphosed sedimentary rocks in the Tianshuihai terrane, previously thought to be from 

206 the Paleoproterozoic Bulunkuole Group and Saitula Group, have a controversial deposition age 

207 ranging from Paleoproterozoic to Middle Cambrian (Zhang et al., 2007; Gao et al., 2013). Some 

208 studies report Early–Late Cambrian (ca.530–485 Ma) plutons and volcanic rocks in the 

209 Tianshuihai terrane, indicating Early Paleozoic magmatism (Gao et al., 2013; Zhu et al., 2016; 

210 Hu et al., 2017).

211

212 FIELD OBSERVATIONS AND SAMPLE DESCRIPTION

213 We systematically investigated and collected 12 samples from two distinct plutons 

214 (Pushou pluton and Datong pluton) in the southern Kunlun terrane, including 3 gabbros, 4 

215 syenites and 5 monzogranites.

216 The Pushou gabbros (Fig. 2b), located in the northern part of the Pushou area, exhibit a 

217 massive and fine- to medium-grained texture. The mineral assemblage of the massive gabbros 

218 is dominated by plagioclase (45 vol.%), clinopyroxene (35 vol.%), orthopyroxene (8 vol.%), 

219 biotite (10 vol.%), amphibole (~2 vol.%), and accessory minerals such as magnetite, ilmenite, 

220 titanite and apatite (Fig. 3a-b). The Datong monzogranites, the predominant lithology in the 

221 Datong complex (Fig. 2a), have massive texture, are medium-grained and grey in colour. Their 

222 mineral assemblage comprises perthitic K-feldspar (35 vol.%), plagioclase (30 vol.%), quartz 

223 (25 vol.%), interstitial biotite (5 vol.%), and muscovite (1–5 vol.%). Accessory minerals 

224 include zircon, apatite, monazite, allanite, fluorite and Fe–Ti oxides (Fig. 3c-d). The Datong 
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225 syenites were sampled at the northern margin of the Datong complex batholith (Fig. 2a). They 

226 are typically fine- to medium-grained, primarily composed of plagioclase (60–65 vol.%), K-

227 feldspar (~30 vol.%) and biotite (<5 vol.%), with minor quartz. Additionally, they contain 

228 accessory minerals including titanite, apatite and zircon (Fig. 3e-f). 

229

230 ANALYTICAL METHODS

231 Electron Microprobe analysis

232 Mineral compositions were determined at the Institute of Geology, China Academy of 

233 Geological Sciences (CAGS), Beijing, using a JXA-8100 electron microprobe. Analyses were 

234 carried out at a 15 kV accelerating voltage, a 20 nA beam current and a focused (nominal 1–5 

235 μm) beam. Natural minerals and synthetic pure oxides from SPI Supplies Inc. (West Chester, 

236 PA, USA) were used as standards. For pyroxene, the calibration standards used were 

237 hornblende (for Si, Ti, Al, Fe, Ca, Mg, Na and K), fayalite (for Mn), and Cr2O3 (for Cr). For 

238 plagioclase, the standards used were hornblende (for Si, Ti, Al, Fe, Ca and Mg), albite (for Na), 

239 orthoclase (for K), and fayalite (for Mn). The analytical errors are generally less than 2%. 

240

241 Zircon U–Pb dating and trace element analyses

242 Zircon grains were separated by conventional heavy liquid and magnetic techniques, 

243 followed by hand picking. Representative grains, together with the zircon standards, were cast 

244 into an epoxy mount and then polished to expose the grain centers. All zircon grains were 

245 photographed in transmitted and reflected light, as well as cathodoluminescence (CL), and 

246 imaged to study their internal structures. 

247 The LA–ICP–MS zircon U–Pb isotopic compositions and trace elements were performed 

248 using an Agilent 7500a ICP–MS with an attached 193 nm excimer ArF laser–ablation system 

249 (GeoLas Plus) at the Institute of Geology and Geophysics, Chinese Academy of Sciences 

250 (IGG–CAS), following standard procedures described by Xie et al. (2008). Zircon standards 

251 91500 and GJ–1 were used as external and internal standards, respectively. NIST SRM610 

252 glass was used to optimize the instrument, and common Pb was corrected according to the 
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253 method proposed by Andersen (2002). Trace elements were calibrated using NIST SRM 610 

254 as an external standard and using ZrO2 = 66.1 wt% as an internal standard. Isoplot (version 4.5) 

255 was used to draw U–Pb age Concordia diagrams and weighted mean calculations (Ludwig, 

256 2003).

257

258 Zircon Lu–Hf isotope analysis

259 In situ zircon Lu–Hf isotope analyses were undertaken using a Nu Plasma HR MC–ICP–

260 MS (Nu Instruments), coupled to a 193 nm excimer laser ablation system (Resolution M–50, 

261 Resonetics LLC), installed in the IGG–CAS. Lu–Hf isotopic analyses were made on the same 

262 spots as the U–Pb isotopic analyses. Depending on the zircon size, a spot size of 60 μm or 40 

263 μm was used for analysis, with a laser repetition rate of 6 Hz. The detailed analytical procedures 

264 for the laboratories were provided by Xie et al. (2008). The measured 176Hf/177Hf ratios were 

265 normalized to 179Hf/177Hf = 0.7325, using exponential correction for mass bias. During analysis, 

266 the 176Hf/177Hf and 176Lu/177Hf ratios of the standard zircon (91500) were 0.282294 ± 15 (2σ, 

267 n= 20) and 0.00031, which is in good agreement with the low peaks of 176Hf/177Hf ratios of 

268 0.282284 ± 22 measured by Griffin et al. (2006).

269

270 Zircon O isotope analysis

271 Zircon oxygen isotope analysis was measured using a Cameca IMS–1280 HR SIMS at the 

272 State Key Laboratory of Isotope Geochemistry, the Guangzhou Institute of Geochemistry, 

273 Chinese Academy of Sciences (SKLaBIG, GIG–CAS). The Cs+ primary ion beam with an 

274 intensity of ~2 nA was accelerated at 10 kV, and the size of analytical spots was about 20 μm 

275 in diameter. Oxygen isotopes were measured in multi-collector mode using two off-axis 

276 Faraday cups. Total analytical time per spot was ~3.5 mins, including 30 s of pre-sputtering 

277 and 120 s of automatic tuning of the secondary beam, as well as 64 s of analysis. The measured 

278 oxygen isotopic values were corrected for instrumental mass fractionation (IMF) using the 

279 standard Penglai zircon (δ18OVSMOW = 5.3 ± 0.10 ‰, (2σ); Li et al., 2010). A weighted mean of 

280 δ18O = 5.49 ± 0.09 ‰ (2σ) was obtained from 16 measurements of the Qinghu zircon standard, 
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281 within analytical error of the recommended value (δ18OVSMOW = 5.39 ±0.22 ‰, 2σ; Li et al., 

282 2013). Detailed analytical procedures are provided by Yang et al. (2018).

283

284 Whole-rock major and trace element analysis

285 Whole-rock samples were washed and trimmed in order to remove weathered surfaces. 

286 The samples were then pulverized and powdered in an agate mill to about 200 mesh for major 

287 and trace elements analysis. Major-element oxides were analyzed with fused glass beads using 

288 a Rigaku RIX 2000 X-ray fluorescence spectrometer at the SKLaBIG GIG–CAS. The detailed 

289 analytical procedures are described by Yuan et al. (2010). The analytical uncertainties are 

290 generally better than 5% for all elements. Trace-element compositions were determined using 

291 an ELAN DRC–e ICP–MS at the State Key Laboratory of Ore Deposit Geochemistry, Institute 

292 of Geochemistry, Chinese Academy of Sciences, following procedures described by Liang et 

293 al. (2000). About 40 mg of each powdered sample was dissolved in a high-pressure Teflon 

294 bomb for 2 days at 190 ℃ using a mixture of HF + HNO3 + HClO4 (1:1:0.2). Analytical 

295 precision is 2–5%.

296

297 Whole-rock Sr–Nd isotope analysis

298 Whole-rock Sr and Nd isotopic compositions of selected samples were determined using 

299 an MC–ICP–MS at SKLaBIG, GIG–CAS. Analytical procedures are similar to those described 

300 by Wei et al. (2002) and Liang et al. (2002). All isotopic ratios were corrected for fractionation 

301 using a 86Sr/88Sr ratio of 0.1194 and a 146Nd/144Nd ratio of 0.7219. Reported 87Sr/86Sr and 

302 143Nd/144Nd ratios were further adjusted relative to the NBS SRM 987 (87Sr/86Sr = 0.71025) and 

303 the Shin Etsu JNdi-1 standard (143Nd/144Nd = 0.512115), respectively. The basaltic standard 

304 BHVO-2 was used to monitor ion-exchange chromatographic purification, and yielded an 

305 87Sr/86Sr ratio of 0.703483 ± 0.000014 (2 standard error, SE) and a 143Nd/144Nd ratio of 0.512978 

306 ± 0.000008 (2SE), consistent with the certified values of 87Sr/86Sr = 0.703476 ± 0.000012 and 

307 143Nd/144Nd = 0.512972 ± 0.000008, respectively (Raczek et al., 2003).

308
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309 Thermodynamic and trace element modeling

310 Thermodynamic modeling was performed using a Gibbs free energy minimization 

311 approach with the software Perple_X (version 6.9.1) to constrain the melting temperature and 

312 pressure. Based on the mineral assemblages and bulk rock compositions, we used a system of 

313 Na2O–CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O–TiO2–O2 (NCKFMASHTO) and the 

314 hp633ver data set, assuming Fe3+/(Fe3+ + Fe2+) value as 0.1 (Pourteau et al., 2020). The P–T 

315 phase diagram was calculated with 2 wt.% and 4 wt.% water, corresponding to water-

316 undersaturated and water-saturated melting at 5–8 kbar. The following activity-composition 

317 relations were used for modeling: silicate melt, garnet, muscovite, biotite, orthopyroxene 

318 (White et al., 2014), amphibole (Green et al., 2016), plagioclase and K-feldspar (Fuhrman & 

319 Lindsley, 1988), clinopyroxene (Holland & Powell, 1996), spinel (White et al., 2002) and 

320 ilmenite (White et al., 2000). Kyanite, sillimanite, rutile, quartz and H2O were considered as 

321 pure phases. The equilibrium mineral assemblages and melt compositions were calculated at 

322 discrete P–T points for every 10 °C and 0.1 GPa using a Perple_X-based program Rcrust 

323 (Mayne et al., 2016). The P–T estimation uncertainty is about ±0.1 GPa and ±50 °C at the 2-

324 sigma level (Palin et al., 2016). 

325 Based on the weight percentages of melt and residue minerals obtained from 

326 thermodynamic modeling, we further modeled trace element compositions of felsic melts 

327 through batch melting equation (Shaw, 1970): 

328 Cmelt/Csource = 1/[D + F*(1 - D)]

329 Where Cmelt and Csource represent the concentration of a trace element in the melt and source 

330 rock, respectively; D is the bulk partition coefficient, and F is the degree of melting (i.e., the 

331 weight percentage of melt). The partition coefficients of minerals used in the batch melting 

332 model are given in Supplementary Data Table S16.

333

334 RESULTS

335 Mineral chemistry 

336 Representative major element compositions of clinopyroxene, feldspar, apatite and biotite 
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337 from the Pushou gabbro and Datong monzogranite are presented in Fig. 4 and Supplementary 

338 Data Tables S2–5.

339

340 Clinopyroxene

341 Clinopyroxene phenocrysts from Pushou gabbro sample 21DW04 exhibit low MgO (12.4–

342 13.1 wt.%), CaO (20.6–22.2 wt.%) and Mg# (67–71), together with high Al2O3 (1.9–2.6 wt.%) 

343 and FeOT (9.9–11.3 wt.%). The clinopyroxenes plot as diopside–augite (Fig. 4a), with a 

344 chemical composition of Wo = 42.7–45.7 mol%, En = 35.8–37.4 mol%, and Fs = 15.7–18.8 

345 mol%. Crystallization temperatures and pressures were estimated using thermobarometers for 

346 hydrous systems from Putirka (2008), with results listed in Supplementary Data Table S2. 

347 Thermobarometry calculations using the clinopyroxene–melt compositions yield estimates of 

348 the potential temperature (TCpx) of the mantle source ranging from 1175 to 1185 ℃ (average 

349 1179 ℃) and equilibration pressures of 7.1 to 8.0 kbar (average 7.6 kbar), employing the 

350 equation of Putirka (2008). 

351

352 Biotite

353 Biotite in the Pushou gabbro is mainly Mg-biotite (Fig. 4b), exhibiting relatively high 

354 concentrations of SiO2 (37.1–38.0 wt.%), MgO (14.5–16.0 wt.%), Mg# (66–70) and TiO2 (4.9–

355 6.4 wt.%). In the Datong syenites, biotites are predominantly Mg-biotite, with MgO (15.5–16.4 

356 wt.%) and Mg# (68–69) and low FeOT (12.8–13.3 wt.%). Biotite in the Datong monzogranite 

357 ranges from Fe2+-biotite to Mg-biotite (Fig. 4b), characterized by low SiO2 (36.6–37.4 wt.%), 

358 MgO (10.7–11.4 wt.%) and Mg# (49–52), and high Al2O3 (15.4–16.0 wt.%), FeOT (18.9–19.6 

359 wt %) and TiO2 (2.1–2.5 wt.%). Overall, these biotites have negligible CaO (0–0.05 wt.%) and 

360 consistent FeOT/(FeOT + MgO) ratios (Pushou gabbro of 0.4–0.45; syenites of 0.60–0.64; 

361 monzogranite of 0.4–0.5). These characteristics suggest that all analyzed biotites are primary 

362 and have not undergone significant chloritisation due to post-magmatic deuteric alteration or 

363 meteoric fluid circulation (Kumar & Pathak, 2010). 

364 The crystallization temperature and pressure of biotite in granitic magma were estimated 
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365 using the machine learning geothermometer and geobarometer developed by Li & Zhang 

366 (2022). The results are listed in Supplementary Data Table S3. The calculated temperature for 

367 Datong syenites ranges from 933 to 948 ℃ (average 941 ℃) and the calculated pressure ranges 

368 from 6.5 to 7.7 kbar (average 7.1 kbar). Datong monzogranites give crystallization temperatures 

369 ranging from 867 to 874 ℃ (average 871 ℃) and pressures between 5.7 and 7.0 kbar (average 

370 6.4 kbar). 

371

372 Feldspar

373 Plagioclases from the Pushou gabbro are andesine (An48–51Ab48–51Or1–2; Supplementary 

374 Data Table S4; Fig. 4a), with low SiO2 and Na2O of 55.8–56.4 wt.% and 5.4–5.8 wt.%, 

375 respectively, and high Al2O3 and CaO of 27.1–27.4 wt.% and 9.85–10.37 wt.%, respectively. 

376 Plagioclase phenocrysts in the Datong syenites are predominantly albite (An0.6–1.1Ab98–99Or0.3–

377 1.3; Fig. 4c), showing higher SiO2 and Na2O (67.8–68.8 wt.% and 11.6–11.7 wt.%, respectively), 

378 and lower Al2O3 and CaO (19.0–19.3 wt.% and 0.14–0.24 wt.%, respectively), compared to 

379 those in the Pushou gabbro. Additionally, K-feldspars from both the Datong syenites and 

380 monzogranites are sanidine (An0–0.2Ab3–8Or91–97; Fig. 4c), featuring SiO2 (64.4–65.3 wt.%), 

381 Al2O3 (17.8–18.1 wt.%), K2O (15.6–16.7 wt.%) and Na2O (0.3–4.0 wt.%). No compositional 

382 zonation was observed in any feldspar phenocrysts. 

383 The plagioclase–liquid hygrometer allows for the quantitative estimation of magmatic 

384 H2O contents by consideration of plagioclase-liquid exchange between the anorthite and albite 

385 components (An17–95; Zellmer et al., 2013; Waters & Lange, 2015). By applying the method of 

386 Waters & Lange (2015) with a temperature input of 1180 ℃ and pressure of 7.6 kbar for the 

387 Pushou gabbro (derived above), we obtained values of 3.1–3.4 wt.% H2O, with a mean of 3.2 

388 wt.% H2O, supporting the inference of a high-H2O parent magma.

389 Apatite

390 Apatite grains from the monzogranite (sample WK1610) display relatively scattered CaO 

391 (46.4–54.7 wt.%) and P2O5 (36.0–39.5 wt.%), high F (2.8–3.3 wt.%) and low Cl (0.01–0.02 

392 wt%) contents (Supplementary Data Table S5), classifying them as fluorapatite (Fig. 4d; Zhang 
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393 et al., 2020).

394

395 Zircon U–Pb geochronology 

396 Representative cathodoluminescence (CL) images of zircons from specimens of the 

397 Pushou gabbro (21DW04), Datong syenites (WK1612) and Datong monzogranite (WK1610) 

398 are presented as insets in Fig. 5. The U–Pb isotopic data are listed in Supplementary Data Table 

399 S6.

400 Zircons from the Pushou gabbro (21DW04) range from 150 to 300 μm in length (Fig. 5a). 

401 They are euhedral with weak, broad zoning and lack complex internal structures in CL images 

402 (Fig. 5a), which are typical features of zircon grains formed in mafic magmas. Their high Th 

403 (58–1766 ppm) and U (170–1572 ppm) contents with elevated Th/U ratios (0.3–1.1; Fig. 5d) 

404 are indicative of a magmatic origin (Hoskin & Schaltegger, 2003). Twenty-three analyses of 25 

405 grains reveal 206Pb/238U ages from 474 to 494 Ma with a weighted mean 206Pb/238U age of 483 

406 ± 3 Ma (MSWD = 1.2), interpreted as the igneous crystallization age (Fig. 5a). The remaining 

407 two analyses yielded 207Pb corrected 206Pb/238U ages of 528 and 529 Ma and are interpreted as 

408 xenocrystic. 

409 Zircon crystals from the Datong monzogranite samples (WK1610) are also euhedral with 

410 numerous narrow oscillatory zones, and from ~100 to 150 μm in length (Fig. 5b). They exhibit 

411 similar Th (210–790 ppm) and U (513–1506 ppm) and Th/U ratios between 0.2 and 0.8 (Fig. 

412 5d), consistent with a magmatic origin. Nineteen analyses yield 206Pb/238U ages ranging from 

413 466 to 473 Ma, with a weighted mean of 469 ± 2 Ma (MSWD = 0.36) (Fig. 5b) consistent with 

414 the zircon U–Pb age (470 ± 1 Ma) reported in a previous study (Gao et al., 2013). This age is 

415 interpreted as the igneous crystallization age.

416 Zircon crystals from the Datong syenites (WK1612) are long and prismatic (~100 to 300 

417 μm in length) with most showing oscillatory zoning (Fig. 5c). They possess elevated Th (235–

418 1000 ppm) and U (342–1353 ppm) with Th/U ratios exceeding 0.1 (Fig. 5d), indicating a 

419 magmatic origin. Twenty-three analyses yield concordant 206Pb/238U ages ranging from 456 to 

420 465 Ma, also consistent with that reported in previous studies (479–443 Ma, Jiang et al., 2002; 
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421 Liao et al., 2010; Wang et al., 2017; Zhu et al., 2018). The weighted mean age of 461 ± 2 Ma 

422 (MSWD = 0.39) (Fig. 5c) is considered to represent the crystallization of the Datong syenites.

423

424 Magmatic zircon trace element characteristics

425 Magmatic zircon trace element data are listed in Supplementary Data Table S7. Decreases 

426 in Th/U and increases in Hf and Yb/Gd are typically interpreted to reflect the cooling and 

427 fractionation crystallization of silicic magma; the Eu/Eu* variation may be associated with 

428 either feldspar in the residue or the fractionation of the magma (Wooden et al., 2007; Claiborne 

429 et al., 2010). Zircons from the Pushou gabbro, Datong syenite and monzogranites all exhibit 

430 consistent trends wherein Yb/Gd increases while Th/U, Eu/Eu* and Ti decrease with increasing 

431 Hf contents (Fig. 6a–d). 

432 Recent research has suggested that zircon Eu/Eu* (mainly serving as a proxy for water 

433 content) is the most reliable oxygen fugacity (fO2) indicator for magmatic rocks in Phanerozoic 

434 terranes. Loucks et al. (2020) have introduced a novel magmatic oxybarometer to estimate fO2 

435 of magma, employing the trace-elements Ce, Eu and Ti in zircon. This method mitigates the 

436 significant temperature influence on these ratios by incorporating the Ti content of the zircons. 

437 Zircons from Pushou gabbro (Sample 21DW04) show high fO2 values (−0.9 < FMQ (fayalite-

438 magnetite-quartz buffer) < +1.3; an average of +0.6; see Table S6 for results), indicating a 

439 relatively oxidized parent magma. The Datong syenites and monzogranites also have high fO2 

440 values (+1.0 < FMQ < +1.8 (average +1.4) and +0.7 < FMQ < +2.7 (average +1.5), 

441 respectively).

442

443 Whole-rock geochemistry

444 Pushou gabbros

445 The Pushou gabbros exhibit low SiO2 (47.4–49.1 wt.%), high K2O (2.0–3.0 wt.%) and 

446 high alkali contents (K2O+Na2O = 4.6–5.0 wt.%; Supplementary Data Table S8), plotting in 

447 alkali fields on the SiO2 vs. (K2O+Na2O) diagram (TAS; Fig. 7a) and the shoshonite field on 

448 the K2O vs. SiO2 diagram (Fig. 7b). These samples exhibit MgO contents from 5.5 to 6.9 wt.% 
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449 with variable Mg# values of 49–59, and V of 205–251 ppm, Cr of 18–46 ppm and Ni of 6–23 

450 ppm. In contrast, they exhibit relatively high and constant Al2O3 (17.2–17.8 wt.%), CaO (10.0–

451 10.1 wt.%) and TiO2 (1.1–1.4 wt.%) contents, but low FeOT/(FeOT+MgO) ratios (0.47–0.50). 

452 Chondrite-normalized rare earth element (REE) diagrams illustrate moderate REE fractionation 

453 ((La/Yb)N = 9.3–10.2) and moderate Eu anomalies (Eu/Eu* = 0.67–0.75) (Fig. 8a). The 

454 primitive mantle-normalized patterns reveal enrichment in large ion lithophile elements (LILE, 

455 e.g., Rb, Ba, Th, U and K) and relative depletion in high field strength elements (HFSE, e.g., 

456 Nb, Ta and Ti) (Fig. 8b).

457

458 Datong syenites

459 Datong syenite samples have moderate SiO2 (59.5–61.4 wt.%; Supplementary Data Table 

460 S8) and high alkalis (K2O + Na2O = 8.1–10.2 wt.%), plotting mostly in the syenite field on the 

461 TAS diagram (Fig. 7a). High K2O (3.3–4.2 wt.%) places them in the shoshonite series (Fig. 

462 7b). The rocks are characterized by high Al2O3 (18.8–19.7 wt.%) and CaO (3.7–5.1 wt.%) with 

463 a metaluminous nature (A/CNK = 0.87–0.93) and magnesian characteristics (FeOT/(FeOT + 

464 MgO) = 0.58–0.61). Chondrite-normalized REE patterns demonstrate enrichment in LREE 

465 [(La/Yb)N = 19.3–30.1] and moderate Eu anomalies (Eu/Eu* = 0.75–0.79) (Fig.8c). These rocks 

466 are also enriched in LILE (e.g., Rb, Ba, Th and U) and show negative anomalies in HFSE (Nb, 

467 Ta and Ti) on primitive mantle-normalized trace element patterns (Fig. 8d).

468

469 Datong monzogranites

470 The Datong monzogranites are characterized by high SiO2 (69.7–72.6 wt.%; 

471 Supplementary Data Table S8), high K2O (5.5–7.0 wt.%), total alkali contents (8.4–10.0 wt.%) 

472 and K2O/Na2O (1.5–2.2), categorizing them as alkali (Fig. 7a) and shoshonitic (Fig. 7b). These 

473 rocks are metaluminous to peraluminous (Fig. 7c), with A/CNK ratios of 0.97–1.15 (mostly < 

474 1.1; Fig. 7c). They display low Al2O3 (13.8–14.7 wt.%), CaO (0.7–1.2 wt.%), MgO (0.6–0.7 

475 wt.%), P2O5 (0.12–0.15 wt.%) and FeOT/(FeOT + MgO) ratios (0.62–0.66). They have high 

476 zircon saturation temperature (TZr = 816–848 °C; Supplementary Data Table S8), high 
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477 Zr+Nb+Ce+Y values (360–428 ppm) and plot in the field of the A-type granites (Fig. 7d). 

478 Chondrite-normalized REE diagrams reveal obvious enrichment in LREE [(La/Yb)N = 26.5–

479 30.5] and significant negative Eu anomalies (Eu/Eu* = 0.54–0.57; Fig. 8e). These rocks exhibit 

480 enrichment in LILE but with large negative Ba and Sr anomalies and moderate to pronounced 

481 negative anomalies in HFSE (Fig. 8f).

482

483 Zircon Hf–O isotope compositions

484 The results of in-situ analyses of Hf isotopes in zircons are listed in Supplementary Data 

485 Table S9, and the corresponding data are illustrated in Fig 9a. The Hf isotopic compositions of 

486 the Pushou gabbro are homogeneous with negative εHf(t) ranging from –5.3 to –7.7. These 

487 values are comparable to those of the Cambrian–Ordovician mafic rocks in the Tianshuihai 

488 terrane and SW Tarim Craton (Fig. 9a; Zhang et al., 2019e; Wang et al. 2021a; Sui et al., 2021). 

489 By comparison, the Datong syenites exhibit relatively heterogeneous Hf isotopic compositions, 

490 with negative to slight positive εHf(t) values (–3.8 to +2.6), overlapping the field of Early 

491 Paleozoic mafic rocks in the Tianshuihai terrane and SW Tarim Craton (Fig. 9a). Zircons from 

492 the Datong monzogranite demonstrate enriched Hf isotopic compositions with εHf(t) from –

493 11.0 to –16.5, similar to the Precambrian basement beneath the Tianshuihai terrane and Tarim 

494 Craton (Fig. 9a; Zhang et al., 2018c, 2019b). 

495 Measured zircon δ18O values for Pushou gabbro (Supplementary Data Table S10) exhibit 

496 a limited range from +7.6 ‰ to +7.9 ‰, averaging +7.7 ‰ (2SD). In contrast, Datong 

497 monzogranites have (relatively) variable zircon δ18O values from +7.2 ‰ to +8.0 ‰, with a 

498 mean of +7.6 ‰(2SD) (Fig. 9b). 

499

500 Whole-rock Sr–Nd isotope compositions

501 The Sr–Nd isotope compositions of the Pushou gabbros, Datong syenites and 

502 monzogranites are presented in Supplementary Data Table S11. The Pushou gabbros display 

503 relatively high (87Sr/86Sr)i of 0.7156–0.7192 and negative εNd(t) values of –7.1 to –7.8, and 

504 plot in the field of the Tianshuihai terrane and SW Tarim Craton (Fig. 9c). The Datong syenites 
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505 are enriched and homogeneous, with (87Sr/86Sr)i of 0.7103 to 0.7105 and negative εNd(t) values 

506 of –3.8 to –4.3, similar to the coeval mafic rock in the WKOB (Fig. 9c; Zhang et al., 2019e; Sui 

507 et al., 2022; Wang et al., 2021a). Datong monzogranites have higher (87Sr/86Sr)i of 0.7321–

508 0.7323 and more negative εNd(t) of –11.3 to –11.8, comparable with the Nd isotopic 

509 compositions of the Precambrian basement beneath the Tianshuihai terrane and the Tarim 

510 Craton (Fig. 9c; Zhang et al., 2018c, 2019b).

511

512 DISCUSSION

513

514 Crustal Contamination and Fractional Crystallization

515 The initial compositions of arc magmas are determined by the mantle source compositions, 

516 slab-derived components (including fluids and melts) and the P-T conditions of partial melting. 

517 Several factors, such as shallow-level crustal assimilation and fractional crystallization (AFC), 

518 can modify these initial compositions during ascent. Crustal contamination can lead to 

519 variations in elemental and isotopic compositions of arc magmas (Zheng & Hermann, 2014; 

520 Bezard et al., 2015). In contrast, closed-system fractional crystallization produces elementally-

521 evolved rock types but does not significantly affect radiogenic isotope compositions. In general, 

522 crustal components exhibit distinctly low εNd(t) and high (87Sr/86Sr)i ratios (Rudnick & 

523 Fountain, 1995). Any crustal assimilation during magma ascent would likely increase 

524 (87Sr/86Sr)i and decrease εNd(t) values in the magma suites. However, the Pushou gabbro and 

525 Datong syenites show limited Sr‐Nd isotopic variation (Fig. 9c) and slight decrease of 

526 (87Sr/86Sr)i at relatively consistent εNd(t) with increasing SiO2 (Figs. 10c–d), providing robust 

527 evidence against significant pervasive crustal contamination.

528 On a diagram of (La/Sm)N vs. La and SiO2 content (Fig. 10a and b), Pushou gabbro 

529 samples show relatively constant (La/Sm)N (4.3–4.8) but variable La content (33.5–44.0 ppm), 

530 suggesting that some crystal fractionation may have occurred during magma ascent. In general, 

531 mantle-derived primary melts have Ni >300 ppm, Cr >750 ppm and Mg# >68 (Herzberg & 

532 O’Hara, 2002). Compared with these primary magma compositions, the Pushou gabbro rocks 
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533 have low Mg# (49–59), Ni (<23 ppm) and Cr (<46 ppm) contents, indicating that olivine and 

534 clinopyroxene fractionation might indeed have occurred. The relatively constant TiO2 with 

535 decreasing MgO (Fig. 11b) indicates negligible involvement of Fe-Ti oxides. Also, the limited 

536 range of CaO (10.01–10.10) with variable SiO2 and moderate Eu anomalies, suggest that minor 

537 fractionation of plagioclase also occurred. Collectively, moderate fractionation of olivine and 

538 clinopyroxene with a little plagioclase did not result in marked fractionation of incompatible 

539 trace elements in the Pushou gabbros, as shown by their subparallel trace-element distribution 

540 patterns (Fig. 7b). Thus, the ratios of incompatible elements can be used to help identify the 

541 nature of the mantle source.

542 The low MgO contents and Mg# values of the Datong shoshonitic rocks relative to those 

543 of primitive mantle-derived magmas suggest different degrees of crystal fractionation. 

544 Fractionation of Fe–Ti oxides (e.g., ilmenite or magnetite) in the shoshonitic rocks possibly 

545 occurred, as suggested by negative correlations of FeOT and TiO2 with SiO2 (Fig. 11c, and 11e). 

546 The negative Eu anomalies (Eu/Eu* = 0.63–0.92; Supplementary Table S8), together with the 

547 negative correlations of SiO2 with Eu/Eu* (Fig. 11g), indicate significant fractionation of 

548 plagioclase. Additionally, the decrease in (Dy/Yb)N ratios with increasing SiO2 (Fig. 11h) 

549 suggests that fractionation of amphibole played an important role.

550 In summary, although affected by fractional crystallization, Pushou gabbro and Datong 

551 shoshonitic rocks underwent relatively little crustal contamination. Thus, the geochemical and 

552 isotopic characteristics (e.g., Sr–Nd–Hf–O isotopes) of these rocks can be used to constrain the 

553 nature of the mantle source.

554

555 Subduction polarity — Tarim Craton or Tianshuihai protoliths?

556 Previous studies have shown that Ordovician magmatic rocks in the southern Kunlun 

557 terrane have enriched Sr–Nd–Hf isotopic compositions compared with those of the Cambrian 

558 magmatic rocks (Figs. S1a–c; Liu et al., 2014a; Wang et al., 2021a), suggesting that the original 

559 depleted upper mantle/lower crust beneath the southern Kunlun terrane may have been partially 

560 modified or replaced by enriched mantle and/or crustal sources during the Ordovician (Tao et 
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561 al., 2022, 2024; see details in the Supplemental Material). Considering the interpretations of an 

562 Ordovician arc setting in the WKOB, the magmatic rocks in the southern Kunlun terrane have 

563 been correlated with either the southward subduction of the Proto-Tethys Ocean slab beneath 

564 the southern Kunlun terrane and Tianshuihai terrane (Liao et al., 2010; Zhang et al., 2018a, 

565 2018b), or the northward subduction of Proto-Tethys Ocean slab beneath the southern Kunlun 

566 terrane and the SW Tarim Craton (Yuan et al., 2003; Xiao et al., 2003, 2005; Zha et al., 2022; 

567 Yang et al., 2022; Tao et al., 2022). According to these authors, there are two contrasting blocks 

568 that could provide potential isotopically enriched mantle or crustal sources, the Tianshuihai 

569 terrane and the Tarim craton.

570 Therefore, the petrogenesis of the Ordovician magmatic rocks in the southern Kunlun 

571 terrane becomes instructive for evaluating the subduction polarity of the Proto-Tethys Ocean. 

572 In one scenario, these Ordovician magmatic rocks are linked to mantle or crustal sources of the 

573 Tianshuihai terrane, which would require the southward subduction. Alternatively, they could 

574 be derived from magma sources beneath the SW Tarim Craton, and thus be attributable to 

575 northward subduction. In the latter case, the parental magmas are derived from the mantle 

576 wedge of the SW Tarim Craton and the felsic magmas would have been derived from the partial 

577 melting of crustal material within the SW Tarim Craton. Therefore, clear identification of the 

578 protolith affinities (Tarim Craton vs. Tianshuihai terrane) may provide direct evidence for the 

579 subduction polarity of the Proto-Tethys Ocean. Unfortunately, the two alternative protoliths 

580 exhibit similar, enriched Sr–Nd–Hf isotopic compositions (Zhang et al., 2018c; Zhang et al., 

581 2010, 2014; See Supplementary Table S1 for details), which are appropriate as the source of 

582 the Ordovician igneous rocks in the southern Kunlun terrane (Fig. 9a and c). Therefore, Sr–

583 Nd–Hf isotopes cannot be used to accurately identify the magmatic source and so determine 

584 the subduction polarity of the Proto-Tethys Ocean.

585 With the continued development and improvement of thermodynamic databases (Holland 

586 & Powell, 2011; Green et al., 2016), thermodynamic modeling is now becoming an effective 

587 approach to investigating the evolution of magmatic rocks, including phase equilibrium 

588 constraints, melt fractions and compositions, as well as proportions and compositions of solid 
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589 residues under a wide range of P–T conditions (e.g., Mayne et al., 2020; Pavan et al., 2021). 

590 Furthermore, based on mass balance and trace element partition coefficients, trace element 

591 compositions of melts and solid residues (or fractional minerals) can also be modeled (e.g., 

592 Pourteau et al., 2020; Johnson et al., 2021). Therefore, comparison between natural samples 

593 and modeled melt compositions might allow the distinction between isotopically-similar source 

594 end-members. Below, we explore thermodynamic and trace element modeling of protolith 

595 compositions from the two potential source regions, the Tianshuihai terrane (Zhang et al., 2016; 

596 Sui et al., 2021) and the SW Tarim Craton (Wang et al., 2022b; Zhang et al., 2010, 2019f). 

597

598 Source of the Pushou gabbros

599 The gabbros in the Pushou area exhibit low SiO2 (47.4–49.1 wt.%) and high MgO (5.5–

600 6.9 wt.%) relative to continental crust (Rudnick & Gao, 2003) or crust-derived melts (Patiño 

601 Douce & Beard, 1995), indicating that they were derived from a mantle source. These gabbros 

602 also display pronounced negative Nb‐Ta‐Ti anomalies on primitive mantle‐normalized trace 

603 element diagrams (Fig. 8b), which suggests metasomatism by subduction-related fluids or melts 

604 from an altered oceanic slab (Guo et al. 2005; Huang et al., 2010; Zhu et al., 2017) and/or 

605 subducted sediments (Gao et al., 2007; Conticelli et al., 2008; Liu et al., 2015).

606 In general, fluids possess a high capacity for transporting water-soluble elements but a low 

607 capacity for transporting water-insoluble ones, while hydrous melts exhibit a high capacity for 

608 transporting both (Zheng, 2012). As shown in Figs. 12a–b, the relatively uniform Rb/Nb and 

609 Rb/Y ratios with variable Th/Yb ratios of the Pushou gabbros indicate that their mantle source 

610 experienced metasomatism by subduction-related melts rather than fluids (Kepezhinskas et al., 

611 1997). Because Hf is also generally regarded as immobile in slab-derived fluids, a selective 

612 enrichment of Nd relative to Hf sometimes occurs, leading to decoupling of Hf–Nd 

613 compositions toward less radiogenic εNd(t) (Pearce et al., 1999) with positive ΔεHf(t) 

614 (Vervoort et al., 2011). The positive ΔεHf(t) value of the Pushou gabbros (+4.33) might, 

615 therefore, indicate source contamination by zircon-free pelagic sediments (Chauvel et al., 2008). 

616 An alternative - selective melting of a mantle source containing high Lu/Hf minerals (e.g., Choi 
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617 & Mukasa, 2012) - cannot lead to the conspicuous elevation of O isotope compositions (Wang 

618 et al., 2014a) to +7.6 to +7.9 ‰, considerably higher than those of the primary mantle (δ18O = 

619 5.3±0.3 ‰; Valley, 2003) (Fig. 9b). A surface-derived component is therefore indicated, likely 

620 to have been oceanic sediments (δ18O ca. 20–40 ‰; Bindeman et al., 2005). Pushou gabbros 

621 may have been derived from a mantle source similar to those of the local ophiolitic basalts but 

622 metasomatized by sediments. However, binary mixing curves (Fig. 9b) indicate that the Hf 

623 isotopes of the Pushou gabbros are too enriched (negative) to have been generated by partial 

624 melting of a depleted upper-mantle source metasomatized by any reasonable proportion of 

625 sediments (mostly < 5 %; Chauvel et al., 2008). In contrast, a mixing model of already-enriched 

626 mantle and oceanic sediments could explain the Hf–O isotope compositions of the Pushou 

627 gabbro samples, with a realistic amount of sediment-derived melt (1–5 %, Fig. 9b). We, 

628 therefore, propose that prior to modification by subducted sediment-derived melts, the mantle 

629 wedge was comparable with enriched rather than depleted mantle beneath the southern Kunlun 

630 terrane. 

631 A lack of significant Eu anomalies and low (La/Yb)N (9.26–10.21) and (Dy/Yb)N (1.4–

632 1.5) ratios in the Pushou gabbro indicate a low abundance or even absence of plagioclase and 

633 garnet in the source region. Thermobarometry calculations using clinopyroxene compositions 

634 result in estimates of a potential temperature (TCpx) of the mantle source ranging from 1175 to 

635 1185 ℃ (average 1179 ℃) and equilibration pressures of 7.1 to 8.0 kbar (average 7.6 kbar) 

636 (Putirka, 2008), suggesting their derivation from the source region with spinel as a significant 

637 residual phase. According to the standard equation of Shaw (1970) for non-modal melting, the 

638 Pushou gabbros were likely produced by 15–17% partial melting of a spinel-garnet lherzolite 

639 mantle source (Fig. 12c; see Supplementary Table S12). The presence of amphibole and biotite 

640 (Fig. 3b) in the Pushou gabbro indicates a relatively high H2O content (>3 wt.%; Frost & Frost, 

641 2008; Scaillet et al., 2016), strongly suggesting water-saturated melting. The high zircon fO2 

642 values (mean ΔFMQ = +0.6) also indicate a relatively oxidized parent magma. Thus, we 

643 propose that this rock series likely originated from moderate degree (~15–17 %; Fig. 12c) 

644 partial melting of a heterogeneous, hydrous and oxidized lherzolite-mantle source. 
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645 To further explore possible mantle sources and differentiate between Tarim and 

646 Tianshuihai protoliths, we performed trace element calculations employing a non-modal batch 

647 melting model (CL/Ci = 1/(F + (1 - F)*D); Shaw, 1970), a common process in the generation of 

648 mantle-derived magmas (e.g., Kinzler & Grove, 1992; Walter, 1998). Partition coefficients are 

649 from Pilet et al. (2011) (Supplementary Data Table S12), and other modeling parameters and 

650 results are described in Supplementary Data Table S12. Considering that only 1−5% of 

651 sediment melt was added to the source of the Pushou gabbro, the Nd isotopic composition of 

652 the potential mantle source should be broadly similar to or slightly more depleted than that of 

653 Pushou gabbro, which has low εNd (t) (−7.1 to −7.8; Supplementary Data Table S11). A mafic 

654 sample from the Tianshuihai terrane (15ZK11; εNd(480 Ma) = −5.6; Sui et al., 2022) and a mafic 

655 dyke from the SW Tarim Craton (2018KL112H6; εNd(480 Ma) = −5.8; Zhang et al., 2019f) were 

656 used to back-calculate trace element compositions of potential primary magmas from each (See 

657 Supplementary Table S12 for details). Model results (Fig. 12d) suggest that mantle magmas 

658 equivalent to the mafic rocks in the Tianshuihai terrane are not a potential mantle source 

659 because the calculated non-modal batch melting lines do not closely fit the range of trace 

660 element compositions of Pushou gabbro, particularly with respect to heavy REE and Y 

661 abundances. In contrast, the modeling results of the mafic dyke sample from the Tarim Craton 

662 are closely comparable with one of the trace element compositions of the Pushou gabbro (Fig. 

663 12d). These results, therefore, provide geochemical support for the involvement of Tarim 

664 mantle in the sources of the Pushou gabbros. These gabbros are most likely derived from a low 

665 degree (~15 %) of partial melting of subduction-modified enriched Tarim mantle sources in the 

666 spinel-garnet facies (with added 1–5 % sediment melts) (Fig. 12d; McKenzie & O’Nions, 1991). 

667 The Mesoproterozoic Hf–Nd model ages of the Pushou gabbro samples suggest that their 

668 mantle sources were affected either by an old metasomatic event beneath the SW Tarim Craton 

669 during the Mesoproterozoic and Neoproterozoic period, or by young metasomatism with “older” 

670 materials. Although these two processes cannot be easily differentiated, the following 

671 geological observations are consistent with the second explanation: (1) Mesoproterozoic mafic 

672 dykes (Zhang et al., 2019b) and Neoproterozoic metabasaltic rocks (Zhang et al., 2010) in the 
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673 SW Tarim Craton show OIB- or MORB-like trace-element patterns without signs of 

674 subduction-related metasomatism; (2) the paucity of Early Cambrian-Early Ordovician (530–

675 485 Ma) subduction-related records (Fig. 1c) in the SW Tarim Craton indicates that the Proto-

676 Tethys Ocean did not subduct northward before the Ordovician period (Tao et al., 2024). These 

677 observations imply that the enriched lithospheric mantle was not metasomatized by subduction-

678 related components before the Early Ordovician. Therefore, the subduction-modified trace 

679 element signals of lithospheric mantle sources for the Pushou gabbro were likely imparted by 

680 recycled oceanic sediments shortly before its generation.

681

682 Source of the Datong shoshonitic rocks

683 The Datong shoshonitic rocks (including the Datong syenite) exhibit moderate silica (SiO2 

684 = 54.4–65.0 wt.%), high potassium (K2O = 2.8–6.6 wt.%) with variable MgO, Cr and Ni (Jiang 

685 et al., 1999, 2002; Liao et al., 2010; Wang et al., 2017; Zhu et al., 2018), and therefore are not 

686 directly derived from typical mantle rocks. Three proposed genetic models include (1) mixing 

687 between mantle-derived basaltic and lower crust or/and subducted sediments-derived felsic 

688 magmas (Liao et al., 2010; Chen et al., 2012; Hao et al., 2019), (2) partial melting of potassic 

689 lower crust (Sen & Dunn, 1994; Ferreira et al., 2015; Wang et al., 2017), and (3) fractional 

690 crystallization of subducted fluids/melts metasomatic mantle-derived high-K and shoshonitic 

691 magmas (Jiang et al., 1999, 2002; Liu et al. 2014b; Soder et al. 2018; Zhu et al., 2018; Zhu et 

692 al., 2021b). The magma mixing model is considered unlikely due to the lack of mafic 

693 microgranular enclaves (Fig. 3c) and consistent Sr–Nd isotopic compositions (Fig. 10d). 

694 Experimental studies have shown that dehydration melting of meta-basaltic rocks can produce 

695 granitoid magmas (Rapp et al., 1999). However, the relatively high Mg# (35–56) and low SiO2 

696 are dissimilar to the experimental melts (Mg#< 40; Patiño Douce & Johnston, 1991; Rapp & 

697 Watson, 1995; Sisson et al., 2005), and they also exhibit distinct Sr–Nd–Hf isotopic 

698 compositions from coeval lower crust-derived shoshonitic rocks in the Datong area (Datong 

699 monzogranite—see below). 

700 Conversely, fractional crystallization of high-Mg basalt to basaltic andesite at 2–10 kbar 
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701 and 700–1230 ℃ is known to produce basaltic-andesitic-rhyolitic magmas (Fig. 12a; Sisson & 

702 Grove, 1993; Grove et al., 2003; Nandedkar et al., 2014; Müntener & Ulmer, 2018; Ulmer et 

703 al., 2018; Lee & Bachmann, 2014). In the Harker diagrams (Fig. 11a–f), the data follow a 

704 differentiation trend similar to those of wet liquid lines of descent controlled by the fractional 

705 crystallization of plagioclase, amphibole and Fe-Ti oxides from primitive basaltic magmas (Fig. 

706 11b; Deng et al., 2019; Liu et al., 2022). Importantly, the Datong shoshonitic rock geochemical 

707 signature (e.g., shoshonitic and magnesian) and Sr–Nd isotopic compositions align with those 

708 of coeval gabbro in the southern Kunlun terrane (Fig. 9c), interpreted to be derived from partial 

709 melting of metasomatized lithospheric mantle (Jiang et al., 2002; Zhang et al., 2019e, 2021; 

710 Wang et al., 2021a, 2022a). Nd–Hf isotopic decoupling (Fig. 9d) and relatively constant Rb/Y 

711 ratios with variable Th/Yb ratios suggest that their mantle source was metasomatized by 

712 subduction-related melts (Figs. 9d and 12b). Therefore, the Datong shoshonitic rocks likely 

713 result from the fractional crystallization of high-K and shoshonitic basaltic melts (i.e., 

714 Ordovician mafic rocks), derived from the partial melting of lithospheric mantle metasomatized 

715 by subduction-related melts (Fig. 9d).

716 To validate the crystal fractionation hypothesis of mantle-derived basaltic melts, we 

717 employed the thermodynamically calibrated Rhyolite-MELTS program (Gualda et al. 2012). 

718 The crystallization conditions were established at a pressure below 7.0 kbar, as estimated from 

719 biotite barometers (Table S3; Li & Zhang, 2022) and oxygen fugacity based on zircon oxygen 

720 barometer (zircon fO2 = ΔQFM+1.4; Table S7). Additionally, the initial H2O content was set at 

721 3.0 to 5.0 wt.%, representing water-undersaturated and water-saturated differentiation, 

722 respectively. Gabbro sample 17WP48 from the southern Kunlun terrane with high MgO (5.0 

723 wt.%) and Mg# of 55 was selected as the parental melt (Fig. 12c–f; Wang et al., 2021a). Under 

724 these conditions, the Datong shoshonitic rocks can be effectively reproduced by 10–47 % 

725 crystal fractionation of amphibole (10–35 %) + plagioclase (0–8 %) + magnetite (0.3–4.0 %) 

726 (Figs. 11c–f and 13a).

727 In addition to the southern Kunlun terrane, high-K and shoshonitic mafic rocks also occur 

728 in the Tianshuihai terrane and the SW Tarim Craton. They share similar Sr–Nd isotopes with 
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729 the Datong shoshonitic rocks (Fig. 9c; Ye et al., 2008; Sui et al., 2021; Wang et al., 2022a, 

730 2022b). Utilizing the Rhyolite-MELTS modeled mineral assemblage and corresponding 

731 partition coefficients, plus the simple fractional crystallization equation (CL/Ci = F^(D−1); Shaw, 

732 1970) the evolving trace-element abundances were calculated from appropriate parents of each 

733 terrane - mafic rock samples with highest MgO and similar εNd(t) values - 15ZK10 

734 (Tianshuihai terrane; εNd(t) = –4.1; Sui et al., 2022) and wp17-86 (SW Tarim Craton; εNd(t) 

735 = –3.99; Wang et al., 2022b). As shown in Fig. 13b, parental magma from the Tianshuihai 

736 terrane would lead to a greater enrichment in HREEs (Dy, Y, Yb and Lu) and depletion in 

737 HFSEs (Th, U, Nb, and Ta). However, modelled parental melts from the SW Tarim Craton are 

738 in good agreement with the trace-element abundances of the Datong shoshonitic rocks. Thus, 

739 we propose that the Datong shoshonitic rocks are more likely derived from crystal fractionation 

740 of mafic magmas in the SW Tarim Craton.

741

742 Genesis of the Datong monzogranites

743 The Datong monzogranite is classified as an aluminous A-type granite due to the following 

744 characteristics: (1) high Zr+Nb+Ce+Y concentrations (Fig. 7d; 360–428 ppm; Whalen et al., 

745 1987; Frost et al., 2001); (2) high total alkali contents (Fig. S2a; Na2O+K2O = 8.4–10.1 wt.%; 

746 Frost & Frost, 2010); and (3) high zircon saturation temperatures (TZr), apatite saturation 

747 temperatures (Tap) and biotite-melt temperatures (TBiotite-melt) (Fig. S2b; TZr = 815–848°C, Tap = 

748 922–967 ℃ and TBiotite-melt = 860–871 ℃). The petrogenesis of A-type granites is still a subject 

749 of considerable debate (e.g., Barker et al., 2013; Namur et al., 2011; Papoutsa et al., 2016). 

750 However, it is generally accepted that they represent high-temperature, low-pressure magmas 

751 that crystallized at relatively low melt-H2O concentrations (Collins et al., 1982; Frost et al., 

752 2001; Frost & Frost, 2010; King et al., 1997, 2001). Various petrogenetic processes have been 

753 proposed, including: (1) direct fractionation of mantle-derived basaltic magma (Eby et al., 

754 1992); (2) mixing between crust- and mantle-derived magmas (Yang et al., 2006); (3) partial 

755 melting of granulitic metasedimentary or igneous rocks (Whalen et al., 1987; Huang et al., 

756 2011); and (4) partial melting of pre-existing calc-alkaline granitoids at high temperatures and 
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757 shallow depths (Patiño Douce, 1997; King et al., 1997).

758 Although A-type granites are sometimes associated with large volume of a 

759 contemporaneous mafic-intermediate rocks, the Datong examples are dominated by felsic rocks. 

760 They have high silica (SiO2 = 69.7–72.6 wt.%), low MgO (0.6–0.7 wt.%), Cr (3–14 ppm) and 

761 Ni (2–9 ppm), along with evolved Sr–Nd–Hf radiogenic isotope compositions. These argue 

762 against significant mantle input. Additionally, there is no evidence of magma mixing between 

763 mantle-derived and crustal magmas, such as the presence of mafic xenoliths/enclaves, mingling 

764 textures, and bimodal or scattered distributions of zircon εHf(t) values (Fig. 2). Therefore, we 

765 propose that the A-type granites in the Datong area were derived from the partial melting of the 

766 continental crustal protoliths.

767 Derivation from high-temperature melting of granulitic metasedimentary rocks (Huang et 

768 al., 2011) or from the melting of metasedimentary restites after previous melt extraction (Gao 

769 et al., 2014) can be excluded for the following reasons: (1) the Datong A-type granites have 

770 high alkalis (8.4–10 wt.%), low A/CNK values (mostly < 1.1) and relatively low δ18O values 

771 (7.2–8.0 ‰), arguing against derivation from the partial melting of granulitic metasedimentary 

772 rocks, (2) a felsic granulite residue after a previous melt extraction, proposed as the source of 

773 A-type granites (Collins et al., 1982), would be enriched in Ca and Al and depleted in K and Si 

774 (Creaser et al., 1991), and (3) the absence of granulitic terrains in the Datong area. On the other 

775 hand, Frost & Frost (2010) proposed that partial melting of granitoids (tonalites and 

776 granodiorites) is a plausible genetic mechanism for high-silica, calc-alkaline A-type granites. 

777 Importantly, the Nd–Hf isotopic compositions of the Datong A-type granites resemble 

778 Neoproterozoic tonalites and Mesoproterozoic granodiorites (Fig. 9a–c), considered as the 

779 Precambrian basement in the Tianshuihai terrane and Tarim Craton, respectively (Zhang et al., 

780 2016, 2018c, 2019b). Therefore, once again, both are potential candidates for the crustal sources 

781 of the Datong A-type granites.

782 Thermodynamic and trace element modeling provide additional constraints. The biotite-

783 melts thermometer of Li & Zhang (2022) suggests crystallization at 867–874 ℃ (average 871 ℃) 

784 (Table S3), the zircon saturation thermometer of Watson & Harrison (1983) gives a range of 
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785 816–848 ℃, with an average of 831 ℃ (Table S8), but the apatite saturation temperatures (Tap) 

786 of Watson & Harrison (1983) yield a relatively high range of 922–967 ℃ (average 944 ℃) 

787 (Table S8). Considering the absence of inherited zircon in the samples, zircon temperatures 

788 represent a minimum estimate (Miller et al., 2003). In contrast, the negative relationship 

789 between P2O5 and SiO2 (Fig. 11a) indicates that the parent magma was saturated with 

790 phosphorus (Lee & Bachmann, 2014) and thus the apatite saturation temperature is more robust. 

791 For estimating emplacement pressure, the biotite-melt geobarometers of Li & Zhang (2022) 

792 provide ranges of 5.7~7.0 kbar (average 6.4 kbar). Thus, P-T estimates suggest that the Datong 

793 monzogranite was emplaced at a temperature of ~850–950 ℃ and pressure of 5–7 kbar, 

794 representing the minimum temperature and pressure of source melting. Furthermore, 

795 experimental studies show that the products of dehydration melting of calc-alkaline granitoids 

796 at low pressures (P ≤ 4 kbar) are in accordance with all of the lithochemical features of A-type 

797 granites, whereas most of the geochemical features diagnostic of A-type granites at relatively 

798 high pressures (≥8 kbar) are lost (Patiño Douce, 1997). Meanwhile, the studied A-type granites 

799 have lower FeOT/(FeOT + MgO) (0.62–0.66) and 10000*Ga/Al ratios (2.04–2.10) compared to 

800 typical A-type granites. Thus, experimental studies suggest a maximum pressure of around 8 

801 kbar. Collectively, we argue that the studied A-type granites were formed by the partial melting 

802 of granitic rocks (tonalites or granodiorites) at high temperature (>~950 ℃) and low-pressure 

803 (5~8 kbar) conditions.

804 Based on these P–T estimates, we carried out phase equilibrium modeling for the partial 

805 melting of Neoproterozoic tonalites (Zhang et al., 2018c) and Mesoproterozoic granodiorites 

806 (Zhang et al., 2019b) from the Tianshuihai terrane and the SW Tarim Craton, respectively (Fig. 

807 14). Initial H2O contents were set at 2 wt.% and 4 wt.%, to represent water-undersaturated and 

808 water-saturated melting (Fig. 14). The residual mineral assemblages, melting degrees and major 

809 element compositions of melts were determined using thermodynamic calculations of Connolly 

810 (2009) (see Analytical Methods and Table S14). Subsequent trace element modeling was 

811 performed using the batch melting model (Shaw, 1970) for Tianshuihai Neoproterozoic 

812 tonalites (Sample 15D070H6; Zhang et al., 2018c) and Tarim Mesoproterozoic granodiorites 
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813 (2016KL09H10; Zhang et al., 2019b). Results are summarized in Figs. 14 and 15, and indicate 

814 that the A-type granites were likely generated by the partial melting of the Precambrian 

815 basement in the SW Tarim Craton (Mesoproterozoic granodiorites; Figs. 14a–b and 15a-b) 

816 rather than Tianshuihai terrane (Neoproterozoic tonalites; Figs. 14c–d and 15c–d). The 

817 calculated residual mineral assemblage from modeling consists of plagioclase, orthopyroxene 

818 and ilmenite in proportions of ~6:3:1 (Fig. 14; Table S14). Melting at varying higher pressures 

819 (for example, 9 kbar) fails to account for the high HREE contents in our samples (Fig. 15b). In 

820 a relatively wet system (4 wt.% H2O), similar degrees of partial melting can be achieved at 

821 lower temperatures (850–900°C) and at 5 to 7 kbar (Fig. 15a-b), but the resulting melts have 

822 higher CaO and lower K2O contents compared to the studied A-type granites (Fig. 15a). Our 

823 results therefore demonstrate that partial melting at high temperature (T > 950 ℃), low-pressure 

824 (P = 5~8 kbar) and anhydrous (H2O = ~2 wt.%) conditions of Mesoproterozoic granodiorites 

825 in the SW Tarim Craton can generate melts with major and trace element compositions 

826 consistent with those of the A-type granites in the southern Kunlun terrane. 

827

828 Geodynamical Interpretations

829 Subduction Polarity

830 It has been noted above that Ordovician magmatic rocks are widespread in the WKOB, 

831 but their tectonic context remains controversial (e.g., Xiao et al., 2003; 2005; Yuan et al., 2005; 

832 Zhu et al., 2018; Zhang et al., 2018a, 2019e). Some researchers propose that the Proto-Tethys 

833 Ocean subducted southward beneath the southern Kunlun terrane and the Tianshuihai terrane 

834 (Liao et al., 2010; Liu et al., 2014a; Zhang et al., 2018a, 2019e; Wang et al., 2021a). This 

835 interpretation is mainly based on the presence of voluminous early Paleozoic arc magmas and 

836 oceanic accretionary complex in the southern margin of the Oytag-Kudi suture zone (Liao et 

837 al., 2010; Zhang et al., 2018a, 2019e; Wang et al., 2021a; Zhang et al., 2021). However, recent 

838 high-precise geochronological data have also documented widespread early Paleozoic 

839 magmatism during ca. 470–420 Ma in the SW Tarim Craton to the north (Zhang et al., 2019d; 

840 Wang et al., 2021a, 2022a), which is consistent with northward subduction (Xiao et al., 2003, 
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841 2005; Yuan et al., 2005; Tao et al., 2022) or bi-directional subduction (Zhu et al., 2018; Wang 

842 et al., 2021a; Xu et al., 2021).

843 As discussed in the petrogenesis section, our studies on the early Ordovician (483 Ma) 

844 gabbros in the southern Kunlun terrane suggest that they were derived from low-degree partial 

845 melting of the enriched Tarim mantle sources metasomatized by subducted sediment melts. 

846 Additionally, the geochemical compositions and Nd–Hf isotopic decoupling in the middle 

847 Ordovician (461 Ma) shoshonitic rocks exhibit typical arc-type affinities (Fig. 9d), and 

848 elemental relationships indicate their likely derivation from these via crystal fractionation of 

849 the Tarim mantle-derived basaltic magmas. Thus, the original depleted upper mantle beneath 

850 the southern Kunlun terrane must have been partially modified by enriched Tarim mantle 

851 sources before the early Ordovician (ca. 483 Ma; Fig. 16a). Thermodynamic, major and trace 

852 element modeling of the Datong monzogranites also suggests that these were most likely 

853 generated by the partial melting of the Precambrian basement in the SW Tarim Craton (Figs. 

854 15a–b), suggesting that the deep crust beneath southern Kunlun terrane had also been replaced 

855 by the Precambrian basement of the SW Tarim Craton in the Ordovician. 

856 Importantly, the source characteristics of Ordovician magmatic rocks in the southern 

857 Kunlun terrane exhibit a systematic spatial variation, with the influence of sub-continental 

858 lithospheric mantle beneath the Tarim gradually increasing from south to north (Tao et al., 

859 2024). These features imply that Ordovician magmatic rocks in the southern Kunlun terrane 

860 were related to mantle or crustal sources from the Tarim craton. Therefore, we consider that the 

861 Ordovician magmatic rocks in the southern Kunlun terrane represent the magmatic arc of an 

862 ocean basin (e.g., southern Proto-Tethys Ocean) developed in the southern margin of the 

863 southern Kunlun terrane, and that northward subduction was responsible for the consumption 

864 of the southern Proto-Tethys Ocean during the Ordovician (Fig. 16). This explanation is 

865 consistent with previous studies on the Ordovician–Silurian sedimentary, ophiolitic mélange 

866 rocks and structural records within the southern Kunlun terrane (Li et al., 2018; Chen et al., 

867 2019; Zhu et al., 2021a; Wang et al., 2021b; Chang et al., 2023; Tao et al., 2024). For example, 

868 the late Cambrian–early Ordovician sedimentary strata in the southern Kunlun terrane exhibit 
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869 a single detrital zircon age population of 490–520 Ma (Zhu et al., 2021a; Wang et al., 2021b), 

870 indicating their primary derivation from local Cambrian magmatic rocks. In contrast, detrital 

871 zircons from Ordovician–early Silurian (ca. 481–430 Ma) sedimentary rocks show a 

872 predominant age population of 450–470 Ma, with two subordinate clusters around 840–780 Ma 

873 and 1100–1140 Ma (Li et al., 2018; Chen et al., 2019; Chang et al., 2023). These age patterns 

874 are similar to those of detrital zircons from the SW Tarim Craton (Wang et al., 2014b) but differ 

875 from those in the Tianshuihai terrane (Yang et al., 2022). This change indicates a major 

876 provenance shift from a single to multiple source regions, suggesting that the final closure of 

877 the northern Proto-Tethys Ocean along the Oytag-Kudi suture occurred between the 490 and 

878 481 Ma (Tao et al., 2024). 

879 In contrast, the N-MORB type ophiolitic rocks with U-Pb zircon ages of 455–446 Ma in 

880 the Subashi area (Zha et al., 2022), and 465 Ma OIB seamount assemblage in the Kangxiwa 

881 area (Yang et al., 2022), indicate the existence of a mature ocean basin (i.e., southern Proto-

882 Tethys Ocean) on the south of the southern Kunlun terrane during the Ordovician period. 

883 Furthermore, structural analysis demonstrates that the Ordovician subduction complex is 

884 marked by a series of north-dipping ductile thrusts along the southern margin of the southern 

885 Kunlun terrane, also consistent with contemporaneous northward subduction of the southern 

886 Proto-Tethys Ocean (Xiao et al., 2002, 2003; Wang, 2004). 

887 Some researchers have also argued that the Proto-Tethys Ocean subducted southward 

888 beneath the Tianshuihai terrane during the Ordovician, based on the presence of Early Paleozoic 

889 arc magmatism in the Tianshuihai terrane (e.g., ca. 531 Ma monzogranites, Yin et al., 2020; ca. 

890 490 Ma gabbro, Liu et al., 2019). Hence, a bidirectional subduction model was further proposed 

891 to explain the generation of magmatic rocks in the WKOB during the Ordovician period (Zhu 

892 et al., 2018; Wang et al., 2021a; Xu et al., 2021). However, the absence of Early Ordovician-

893 Early Silurian arc magmatism in the Tianshuihai terrane (Fig. 1c; Yang et al., 2022; Tao et al., 

894 2024), coupled with the middle-late Ordovician sedimentary succession (e.g., Dongguashan 

895 Group) in the Tianshuihai terrane as passive margin sediments (Liu, 2015) indicates that the 

896 Proto-Tethys Ocean did not subduct southward beneath the Tianshuihai terrane during the 

Page 95 of 140

http://www.petrology.oupjournals.org/

Manuscript submitted to Journal of Petrology



897 Ordovician period (Yang et al., 2022; Zha et al., 2022). In addition, the youngest known arc 

898 magmatic rocks are the ca. 490 Ma gabbros (Liu et al., 2019) in the Tianshuihai terrane, 

899 implying that the southward subduction of the Proto-Tethys Ocean terminated around 490 Ma. 

900 Thus, it is reasonable to infer that the northward subduction of the southern Proto-Tethys Ocean 

901 gave rise to the southern Kunlun terrane and SW Tarim Craton arc magmatic system during 

902 Ordovician.

903

904 Tectonic and Magmatic Evolution

905

906 Given the development of multiple early Paleozoic ophiolite suture zones in the WKOB, 

907 including three approximately NW-trending zones (from north to south): the ca. 525-494 Ma 

908 Oytag-Kudi (Huang et al., 2014; Li & Zhang, 2014), the ca. 487–480 Ma Menggubao-Pushou-

909 Qimanyute (Cui et al., 2007; Zhang et al., 2021) and the 455–446 Ma Mazha-Kangxiwa-

910 Subashi suture zones (Fig. 1b; Zha et al., 2022; Yang et al., 2022), the WKOB probably 

911 involved episodic accretion and collision processes as a result of successive closure of branches 

912 of the Proto-Tethys Ocean (Xiao et al., 2003, 2005; Tao et al., 2024).

913 The northern Proto-Tethys Ocean represented by the Oytag-Kudi ophiolites is considered 

914 to have subducted southward since ca. 530 Ma (Fig. 4A1), based on the ca. 525–494 Ma Kudi 

915 SSZ–type ophiolite (Li & Zhang, 2014) and arc magmatism in the south (Xiao et al., 2002; 

916 Jiang et al., 2008; Zhang et al., 2019a) as well as the paucity of ca. 530–490 Ma subduction-

917 related records in the northern Kunlun terrane. Subsequently, the northern Proto-Tethys Ocean 

918 was closed at ca. 490–485 Ma (Tao et al., 2024), resulting in formation of a series of northwest-

919 verging imbricated thrusts along the northern margin of the southern Kunlun terrane (Xiao et 

920 al., 2003, 2005). In contrast, the magmatic sequence of plagiogranites (ca. 494 Ma), boninites 

921 (ca. 487 Ma) and Nb-enriched gabbros (ca. 485 Ma) in the Qimanyute Ophiolite indicates the 

922 formation of a new subduction zone within the Proto-Tethys Ocean during the early Ordovician 

923 (Zhang et al., 2021). It has been demonstrated above that the parental magmas of the Pushou 

924 gabbros most likely originated from enriched mantle, metasomatized by fluids derived from the 
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925 subducted oceanic slab. Therefore, the Pushou gabbros and the Qimanyute Ophiolite reveal that 

926 the northward subduction of the southern Proto-Tethys Ocean initiated at ~485 Ma (Fig. 16a).

927 The modeling described above suggests that the middle Ordovician (ca. 470 Ma) A-type 

928 granites were likely generated by partial melting of the Precambrian basement in the SW Tarim 

929 Craton at high temperature (T > ~950 ℃), low-pressure (P = 5–8 kbar) and anhydrous (H2O = 

930 ~2 wt.%) conditions. A-type granites are commonly associated with extensional settings, such 

931 as post-collision, intra-plate extension and/or subduction-related extension (i.e., slab roll-back; 

932 Dall’Agnol et al., 2012 and references therein). According to the discussion above, the A-type 

933 granites in the southern Kunlun terrane are related to the evolution of the southern Proto-Tethys 

934 Ocean, so slab roll-back and breakoff of the Proto-Tethys Ocean crust are feasible geodynamic 

935 mechanisms that could trigger partial melting of the low crust and widespread high-temperature, 

936 low-pressure magmatism (Xiao et al., 2003, 2005; Gao et al., 2013; Wu et al., 2021a). 

937 In general, slab roll-back involves the descending slab migrating backwards, creating the 

938 necessary rheology for the asthenosphere to ascend to the subduction corner. In this case, the 

939 resulting magmatic activity becomes younger toward the trench (Yin et al., 2020; Wang et al., 

940 2021a). However, the relatively narrow, linear zone of magmatism in the middle Ordovician 

941 (Fig. 1b) in the northern margin of the southern Kunlun terrane suggests that the A-type granites 

942 might not be related to slab roll-back. Additionally, slab roll-back would have released water, 

943 fertilizing the mantle wedge and leading to water-flux melting, producing a significant amount 

944 of calc-alkaline arc-type magmas, in contrast to the widespread middle Ordovician alkaline 

945 felsic rocks observed (e.g., Datong and Yirba pluton; Yuan et al., 2003; Li et al., 2018; Zhang 

946 et al., 2019d, 2019e; Wu et al. 2021a). Further, the widespread absence of the Middle-Upper 

947 Ordovician strata in the SW Tarim Craton probably signifies a significant unconformity, 

948 possibly in response to uplift and a contractional events in the SW Tarim Craton during the 

949 middle Ordovician (Wu et al., 2021b). This suggests a dynamic mechanism that can generate 

950 crust thinning and extension in a contractional collision environment. 

951 Therefore, a slab break-off model is more likely responsible for the generation and 

952 emplacement of the A-type granites and associated granitoids in the southern Kunlun terrane 
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953 (Fig. 16b). Slab break-off typically occurs in the early stages of continental collision, due to a 

954 decrease in the subduction rate induced by the positive buoyancy of the continental lithosphere 

955 being introduced into the subduction zone. Since the Ordovician accretionary complex 

956 associated with the subduction of the southern Proto-Tethys Ocean contains abundant 

957 continental fragments and seamounts (e.g., Kudi gneiss-schist complex; Xiao et al., 2002; Yang 

958 et al., 2022; Sang et al., 2022), we further suggest that a continental fragment or seamount-

959 continental margin collisional model might be appropriate. Subsequently, these processes can 

960 cause subducted slab break-off when the subducted oceanic lithosphere exceeds the positive 

961 buoyancy of the attached continental/seamount lithosphere. As a result, the upwelling of hot 

962 asthenosphere through the slab window will trigger partial melting of Precambrian basement 

963 rocks, producing intensive high-temperature, low-pressure, and anhydrous A-type granites (e.g., 

964 studied A-type granite, Yirba pluton; Yuan et al., 2003; Li et al., 2018; Wu et al., 2021a). 

965 Moreover, driven by collision dynamics and/or the physical differences between 

966 continental/seamount and oceanic crust, the residual southern Proto-Tethys oceanic lithosphere 

967 began to sink into the subcontinental lithospheric mantle and induced arc magmatism (e.g., 

968 Datong syenites; Fig. 16c) on the southern margin of the southern Kunlun terrane. Meanwhile, 

969 this hypothesis can also explain the transition of Ordovician magmatism from the north to the 

970 south of the Pushou-Qimanyute Ophiolites (Figs. 1b and 16c) both before and after the slab 

971 break-off (ca. 470 Ma).

972

973 CONCLUSIONS

974 Three lithological types of Ordovician igneous rocks have been investigated in the 

975 southern Kunlun terrane of the WKOB, NW Tibet: (1) Pushou gabbro, (2) Datong syenite, and 

976 (3) Datong monzogranite. LA–ICP–MS zircon U–Pb dating indicates that these igneous rocks 

977 were emplaced in the Early Ordovician (483 ± 3 Ma), Middle Ordovician (461 ± 2 Ma), and 

978 Middle Ordovician (469 ± 2 Ma), respectively.

979 The Pushou gabbros exhibit typical arc-like geochemical signatures (e.g., Nb–Ta–Ti 

980 anomalies, and Rb–U peaks), enriched Sr–Nd–Hf isotopic compositions, as well as anomalous 
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981 zircon δ18O values. They were derived from low-degree (~15%) partial melting of subduction-

982 modified Tarim mantle source (with an additional 5% sediment melts) under the spinel-garnet 

983 facies.

984 The Datong syenites are characterized by moderate SiO2, with high-K to shoshonitic 

985 affinity and enriched Sr–Nd–Hf isotopic compositions, coupled with relatively low Mg# values, 

986 Cr and, Ni contents. They were likely derived from the fractional crystallization of mantle-

987 derived basaltic magma in the Tarim Craton, involving plagioclase, amphibole, and Fe-Ti 

988 oxides (e.g., magnetite).

989 The Datong monzogranites exhibit high SiO2, FeOT/(FeOT + MgO), HFSE concentrations, 

990 and high zircon saturation temperatures (TZr), typical of A-type granite, coupled with enriched 

991 Sr–Nd–Hf isotope compositions and high zircon δ18O values, formed by water-deficient (~2 

992 wt.%) partial melting of the Precambrian basement (Mesoproterozoic granodiorites) in the SW 

993 Tarim Craton at high temperature (T > ~950 °C), low-pressure (P = 5–8 kbar) conditions.

994 The petrogenesis of the gabbro, syenite and monzogranite provides robust evidence to 

995 infer that the original upper mantle and lower crust in the southern Kunlun terrane may have 

996 been modified by Tarim subcontinental lithospheric mantle and Precambrian basement, 

997 respectively, indicating that Ordovician magmatism in the southern Kunlun terrane was 

998 generated by the northward subduction of the southern Proto-Tethys Ocean during the 

999 Ordovician. 

1000 Northward subduction of the southern Proto-Tethys Ocean began at ~485 Ma. A-type 

1001 granites represent the magmatic expression of the break-off of the southern Proto-Tethys Ocean 

1002 slab, caused by the collision of continental fragment/seamount with the SW Tarim Craton 

1003 during the middle Ordovician. Subsequent generation of late Ordovician Datong syenites 

1004 occurred in response to resumed northward subduction of the southern Proto-Tethys Ocean 

1005 along the southern margin of the southern Kunlun terrane.

1006

1007 ACKNOWLEDGEMENTS

1008 We are grateful to Georg F. Zellmer and Christina Yan Wang for editorial handling and to 

Page 99 of 140

http://www.petrology.oupjournals.org/

Manuscript submitted to Journal of Petrology



1009 three anonymous reviewers for their constructive insights, which greatly improved this work. 

1010 This study was financially supported by the National Key Research and Development Project 

1011 (No. 2022YFC2903302), the Second Tibetan Plateau Scientific Expedition and Research 

1012 Program (STEP; grant no. 2019QZKK0802), the National Natural Science Foundation of China 

1013 (Nos. 41888101 and 42361144841), the Chinese Academy of Geological Sciences Basal 

1014 Research Fund (No. JKYZD202402). This is a contribution to IGCP 662.

1015

1016 Data Availability Statement

1017 Supplementary data are available at Journal of Petrology online or Mendeley Data repository 

1018 (https://data.mendeley.com/drafts/ds235n9sj7).

1019

1020 References

1021 Andersen, T. (2002). Correction of common lead in U–Pb analyses that do not report 204Pb. 

1022 Chemical Geology 192, 59–79.

1023 Barbarin, B. (2005). Mafic magmatic enclaves and mafic rocks associated with some granitoids 

1024 of the central Sierra Nevada batholith, California: nature, origin, and relations with the 

1025 hosts. Lithos 80, 155–177.

1026 Barker, F., Creaser, R. A., Price, R. C. & Wormald, R. J. (2013). A-type granites revisited: 

1027 Assessment of a residual-source model. Geology 19, 163–166.

1028 Bea, F., Pereira, M. D. & Stroh, A. (1994). Mineral/leucosome trace-element partitioning in a 

1029 peraluminous migmatite (a laser ablation-ICP-MS study). Chemical Geology 117, 291-

1030 312.

1031 Bédard, J. H. (2006). A catalytic delamination-driven model for coupled genesis of Archaean 

1032 crust and sub-continental lithospheric mantle. Geochimica et Cosmochimica Acta 70, 

1033 1188–1214.

1034 Bezard, R., Turner, S., Davidson, J. P., Macpherson, C. G. & Lindsay, J. M. (2015). Seeing 

1035 through the effects of crustal assimilation to assess the source composition beneath the 

1036 Southern Lesser Antilles Arc. Journal of Petrology 56, 815–844.

Page 100 of 140

http://www.petrology.oupjournals.org/

Manuscript submitted to Journal of Petrology



1037 Béguelin, P., Bizimis, M., McIntosh, E. C., Cousens, B. & Clague, D. A. (2019). Sources vs 

1038 processes: Unraveling the compositional heterogeneity of rejuvenated-type Hawaiian 

1039 magmas. Earth and Planetary Science Letters 514, 119-129.

1040 Bindeman, I. N., Eiler, J. M., Yogodzinski, G. M., Tatsumi, Y., Stern, C. R., Grove, T. L., 

1041 Portnyagin, M., Hoernle, K. & Danyushevsky, L. V. (2005). Oxygen isotope evidence for 

1042 slab melting in modern and ancient subduction zones. Earth and Planetary Science Letters 

1043 235, 480–496.

1044 Chauvel, C., Lewin, E., Carpentier, M., Arndt, N. T. & Marini, J. C. (2008). Role of recycled 

1045 oceanic basalt and sediment in generating the Hf–Nd mantle array. Nature Geoscience 1, 

1046 64.

1047 Chang, Z., Gao, Z. Q., Zhang, L. L., Fan, T. L., Wei, D. & Wang, J. B. (2023). Provenance of 

1048 Ordovician Malieziken Group, Southwest Tarim and Its Implication on the Paleo-Position 

1049 of Tarim Block in East Gondwana. Minerals 13, 42-62.

1050 Chen, J., Zhao, W., Xu, J., Wang, B. & Kang, Z. (2012). Geochemistry of Miocene trachytes 

1051 in Bugasi, Lhasa block, Tibetan Plateau: Mixing products between mantle- and crust 

1052 derived melts? Gondwana Research 21(1), 112–122.

1053 Chen, W. Y., Zhang, Y. J., Zhu, G. Y., Zhang, K. J., Du, D. D., Zhang, Z. Y., Chen, Z. Y., Yan, 

1054 H. H., Sun, Q. S., Li, T. T., Xia, B. & Yuan, Y. J. (2019). Provenance of newly discovered 

1055 Upper Ordovician black rock units in the West Kunlun Orogen, China: Constraints from 

1056 detrital zircon U–Pb chronology and whole‐rock geochemistry. Geological Journal 55, 

1057 1529-1545.

1058 Choi, S. H. & Mukasa, S. B. (2012). Lu–Hf and Sm–Nd isotope systematics of Korean spinel 

1059 peridotites: a case for metasomatically induced Nd–Hf decoupling. Lithos 154, 263–276.

1060 Claiborne, L. L., Miller, C. F. & Wooden, J. L. (2010). Trace element composition of igneous 

1061 zircon: a thermal and compositional record of the accumulation and evolution of a large 

1062 silicic batholith, Spirit Mountain, Nevada. Contributions to Mineralogy and Petrology 160, 

1063 511–531.

1064 Collins, W. J., Beams, S. D., White, A. J. R. & Chappell, B. W. (1982). Nature and origin of 

Page 101 of 140

http://www.petrology.oupjournals.org/

Manuscript submitted to Journal of Petrology



1065 A-type granites with particular reference to southeastern Australia. Contributions to 

1066 Mineralogy and Petrology, 80, 189–200.

1067 Collins, W. J. (1996). Lachlan Fold Belt granitoids: products of three component mixing. 

1068 Transactions of the Royal Society of Edinburgh: Earth Sciences 87, 171–181.

1069 Conticelli, S., Guarnieri, L., Farinelli, A., Mattei, M., Avanzinelli, R., Bianchini, G., Boari, E., 

1070 Tommasini, S., Tiepolo, M., Prelević, D. & Venturelli, G. (2009). Trace elements and Sr–

1071 Nd–Pb isotopes of K-rich, shoshonitic, and calc-alkaline magmatism of the western 

1072 Mediterranean region: genesis of ultrapotassic to calc-alkaline magmatic associations in a 

1073 post-collisional geodynamic setting. Lithos 107, 68–92.

1074 Connolly, J. A. D. (2009). The geodynamic equation of state: What and how. Geochemistry, 

1075 Geophysics, Geosystems, 10, Q10014.

1076 Creaser, R. A., Price, R. C. & Wormald, R. J. (1991). A-type granites revisited: assessment of 

1077 a residual-source model. Geology 19, 163.

1078 Cui, J. T., Wang, J. C., Bian, X. W., Zhu, H. P., Luo, Q. Z., Yang, K. J. & Wang, M. C. (2007). 

1079 Zircon SHRIMP U-Pb dating of early Paleozoic granite in the Menggubao-Pushou area 

1080 on the northern side of Kangxiwar, West Kunlun. Geological Bulletin of China 26, 710–

1081 719 (In Chinese with English abstract).

1082 Dall’Agnol, R., Frost, C. D. & Ramo, O. T. (2012). IGCP Project 510 ‘‘A-type granites and 

1083 related rocks through time’’: Project vita, results, and contribution to granite research. 

1084 Lithos 151, 1–16.

1085 Deng, Z., Chaussidon, M., Savage, P., Robert, F., Pik, R. & Moynier, F. (2019). Titanium 

1086 isotopes as a tracer for the plume or island arc affinity of felsic rocks. Proceedings of the 

1087 National Academy of Sciences of the USA 116, 1132–1135.

1088 Deng, J. H., Yang, X. Y., Zartman, R. E., Qi, H. S., Zhang, L. P., Liu, H., Zhang, Z. F., Mastoi, 

1089 A. S., Berador, A. E. G. & Sun, W. D. (2020). Early Cretaceous transformation from 

1090 Pacific to Neo-Tethys subduction in the SW Pacific Ocean; constraints from Pb-Sr-Nd-Hf 

1091 isotopes of the Philippine Arc. Geochimica et cosmochimica acta 285, 21-40.

1092 Drummond, M. S. & Defant, M. J. (1990). A model for trondhjemite–tonalite–dacite genesis 

Page 102 of 140

http://www.petrology.oupjournals.org/

Manuscript submitted to Journal of Petrology



1093 and crustal growth via slab melting: Archean to modern comparison. Journal of 

1094 Geophysical Research 95, 21503–21521.

1095 Eby, G. N. (1992). Chemical subdivision of the A-type granitoids: Petrogenetic and tectonic 

1096 implications. Geology 20, 641.

1097 Ferreira, V. P., Sial, A. N., Pimentel, M. M., Armstrong, R., Guimaraes, I.P., da SilvaFilho, A. 

1098 F., de Lima, M. M. C. & da Silva, T. R. (2015). Reworked old crust-derived shoshonitic 

1099 magma: The Guarany pluton, Northeastern Brazil. Lithos 232, 150 -161.

1100 Foster, M. D. (1960). Interpretation of the composition of trioctahedral micas. United States 

1101 Geological Survey Professional Paper 354, 1–49.

1102 Frost, B. R., Arculus, R. J., Barnes, C. G., Collins, W. J., Ellis, D. J. & Frost, C. D. (2001). A 

1103 geochemical classification of granitic rocks. Journal of Petrology 42, 2033–2048.

1104 Frost, B. R. & Frost, C. D. (2008). On charnockites. Gondwana Research 13(1), 30–44.

1105 Frost, C. D., & Frost, B. R. (2010). On ferroan (A-type) granitoids: Their compositional 

1106 variability and modes of origin. Journal of Petrology 52, 39–53.

1107 Fuhrman, M. L. & Lindsley, D. H. (1988). Ternary-feldspar modeling and thermometry. 

1108 American Mineralogist 73, 201–215.

1109 Gao, Y., Hou, Z., Kamber, B. S., Wei, R., Meng, X. & Zhao, R. (2007). Lamproitic rocks from 

1110 a continental collision zone: evidence for recycling of subducted Tethyan oceanic 

1111 sediments in the mantle beneath southern Tibet. Journal of Petrology 48, 729–752.

1112 Gao, X. F., Xiao, P. X., Kang, L., Zhu, H. P., Guo, L., Xi, R. G. & Dong, Z. C. (2013). Origin 

1113 of the volcanic rocks from the Ta’ axi region, Taxkorgan Xinjiang and its geological 

1114 significance. Earth Science-Journal of China University of Geosciences 38, 1769–1182 

1115 (in Chinese with English abstract).

1116 Gao, P., Zhao, Z. F. & Zheng, Y. F. (2014). Petrogenesis of Triassic granites from the Nanling 

1117 Range in South China: Implications for geochemical diversity in granites. Lithos 210-211, 

1118 40-56.

1119 Gill, T. B. (1981). Orogenic Andesite and Plate Tectonics. Berlin, Springer-Verlag 390. 

1120 Ghiorso, M. S. & Gualda, G. A. R. (2015). An H2O–CO2 mixed fluid saturation model 

Page 103 of 140

http://www.petrology.oupjournals.org/

Manuscript submitted to Journal of Petrology



1121 compatible with rhyolite-MELTS. Contributions to Mineralogy and Petrology 169, 53.

1122 Green, E. C. R, White, R. W, Diener, J. F. A, Powell, R, Holland, T. J. B.& Palin, R. M. (2016). 

1123 Activity-composition relations for the calculation of partial melting equilibria for 

1124 metabasic rocks. Journal of Metamorphic Geology 34, 845-869.

1125 Griffin, W. L., Pearson, N. J., Belousova, E. A. & Saeed, A. (2006). Comment: Hf-isotope 

1126 heterogeneity in zircon 91500. Chemical Geology 233, 358–363.

1127 Grove, T. L., Elkins-Tanton, L. T., Parman, S. W., Chatterjee, N., Müntener, O. & Gaetani, G. 

1128 A. (2003). Fractional crystallization and mantle-melting controls on calc-alkaline 

1129 differentiation trends. Contributions to Mineralogy and Petrology 145, 515–533.

1130 Gualda, G. A. R., Ghiorso, M. S., Lemons, R. V. & Carley, T. L. (2012). Rhyolite-MELTS: a 

1131 modified calibration of MELTS optimized for silica-rich, fluid-bearing magmatic systems. 

1132 Journal of Petrology 53, 875–890.

1133 Guo, Z. F., Hertogen, J., Liu, J. Q., Pasteels, P., Boven, A., Punzalan, L., He, H. Y., Luo, X. J. 

1134 & Zhang, W. H. (2005). Potassic magmatism in western Sichuan and Yunnan provinces, 

1135 SE Tibet, China: petrological and geochemical constraints on petrogenesis. Journal of 

1136 Petrology 46, 33–78.

1137 Han, F. L., Cui, J. T., Ji, W. H., Li, H. P. & Hao, J. W. (2002) Discovery of the Qimanyute 

1138 ophiolite in the Western Kunlun and its geological significance. Geological Bulletin of 

1139 China 21, 573–578 (in Chinese with English abstract).

1140 Hao, L. L., Wang, Q., Wyman, D. A., Yang, J., Huang, F. & Ma, L. (2019). Crust-mantle 

1141 mixing and crustal reworking of southern Tibet during Indian continental subduction: 

1142 evidence from Miocene high-silica potassic rocks in Central Lhasa block. Lithos 342-343, 

1143 407–419.

1144 Herzberg, C., & O’Hara, M. J. (2002). Plume-associated ultramafic magmas of Phanerozoic 

1145 age. Journal of Petrology 43, 1857–1883.

1146 Heinonen, J. S., Bohrson, W. A., Spera, F. J., Brown, G. A., Scruggs, M. A. & Adams, J. V. 

1147 (2020). Diagnosing open ‑ system magmatic processes using the Magma Chamber 

1148 Simulator (MCS): part II — trace elements and isotopes. Contributions to Mineralogy and 

Page 104 of 140

http://www.petrology.oupjournals.org/

Manuscript submitted to Journal of Petrology



1149 Petrology 175, 1-21.

1150 Holland, T. J. B. & Powell, R. (1996). Thermodynamics of order-disorder in minerals: II. 

1151 Symmetric formalism applied to solid solutions. American Mineralogist 81, 1425-1437.

1152 Holland, T. J. B. & Powell, R. (2011). An improved and extended internally consistent 

1153 thermodynamic dataset for phases of petrological interest, involving a new equation of 

1154 state for solids. Journal of Metamorphic Geology 29, 333–383.

1155 Hoskin, P. W. & Schaltegger, U. (2003). The composition of zircon and magmatic and 

1156 metamorphic petrogenesis. Reviews in Mineralogy and Geochemistry 53, 27–62.

1157 Hu, J., Wang, H., Huang, C. Y., Tong, L.X., Mu, S. L. & Qiu, Z. W. (2016). Geological 

1158 characteristics and age of the Dahongliutan Fe-ore deposit in the Western Kunlun orogenic 

1159 belt, Xinjiang, northwestern China. Journal of Asian Earth Sciences 116, 1–25.

1160 Hu, J., Wang, H., Mu, S. L., Wang, M. & Hou, X. W. (2017). Geochemistry and Hf isotopic 

1161 composition of early paleozoic granites in Nanpingxueshan from the Tianshuihai terrane, 

1162 west Kunlun: Crust–mantle magmatism. Acta Geologica Sinica 91, 1192–1207 (in 

1163 Chinese with English abstract).

1164 Hu, F. Y., Wu, F. Y., Ducea, M. N., Chapman, J. B. & Yang, L. (2022). Does Large‐Scale 

1165 Crustal Flow Shape the Eastern Margin of the Tibetan Plateau? Insights From Episodic 

1166 Magmatism of Gongga‐Zheduo Granitic Massif. Geophysical Research Letters 49.

1167 Huang, X. L., Niu, Y. L., Xu, Y. G., Chen, L. L. & Yang, Q. J. (2010). Mineralogical and 

1168 geochemical constraints on the petrogenesis of post-collisional potassic and ultrapotassic 

1169 rocks from western Yunnan, SW China. Journal of Petrology 51, 1617–1654.

1170 Huang, H. Q., Li, X. H., Li, W. X. & Li, Z. X. (2011). Formation of high δ18O fayalite-bearing 

1171 A type granite by high-temperature melting of granulitic metasedimentary rocks, southern 

1172 China. Geology 39, 903–906.

1173 Huang, C, Y., Wang, H., Liu, J. P., Hu, J., Mu, S. L., Qiu, Z. W. (2014). Geological, 

1174 geochemical features and structure significance of Kegang ophiolite, West Kunlun. 

1175 Geochimica 43, 592–601 (In Chinese with English abstract).

1176 Jiang, Y. H., Rui, X. J., Hou, J. R., Guo, K. Y. & Yang W. Z. (1999). Tetonic type of Caledonian 

Page 105 of 140

http://www.petrology.oupjournals.org/

Manuscript submitted to Journal of Petrology



1177 granitoids and tectonic significance in the West Kunlun Mts. Acta Petrologica Sinica 15, 

1178 105-115 (In Chinese with English abstract).

1179 Jiang, Y. H., Jiang, S. Y., Ling, H. F., Zhou, X. R., Rui, X. J. & Yang, W. Z. (2002). Petrology 

1180 and geochemistry of shoshonitic plutons from the western Kunlun orogenic belt, Xinjiang, 

1181 northwestern China: implications for granitoid geneses. Lithos 63, 165–187.

1182 Jiang, Y. H., Liao, S. Y., Yang, W. Z. & Shen, W. Z. (2008). An island arc origin of 

1183 plagiogranites at Oytag, western Kunlun orogen, northwest China: SHRIMP zircon U–Pb 

1184 chronology, elemental and Sr–Nd–Hf isotopic geochemistry and Paleozoic tectonic 

1185 implications. Lithos 106, 323-335.

1186 Johnson, T., Yakymchuk, C. & Brown, M. (2021). Crustal melting and suprasolidus phase 

1187 equilibria: from first principles to the state-of-the-art. Earth-Science Reviews 221, 103778.

1188 Kemp, A. I. S., Hawkesworth, C. J., Foster, G. L., Paterson, B. A., Woodhead, J. D., Hergt, J. 

1189 M., Gray, C. M. & Whitehouse, M. J. (2007). Magmatic and crustal differentiation history 

1190 of granitic rocks from Hf–O isotopes in zircon. Science 315, 980–983.

1191 Kepezhinskas, P., McDermott, F., Defant, M. J., Hochstaedter, A., Drummond, M. S., 

1192 Hawkesworth, C. J., Koloskov, A., Maury, R. C. & Bellon, H. (1997). Trace element and 

1193 Sr–Nd–Pb isotopic constraints on a three-component model of Kamchatka arc 

1194 petrogenesis. Geochimica et Cosmochimica Acta 61, 577–600.

1195 King, P. L., White, A. J. R., Chappell, B. W. & Allen, C. M. (1997). Characterization and origin 

1196 of aluminous A-type granites from the Lachlan Fold Belt, southeastern Australia. Journal 

1197 of Petrology, 38, 371–391.

1198 King, P. L., Chappell, B. W., Allen, C. M. & White, A. J. R. (2001). Are A-type granites the 

1199 high-temperature felsic granites? Evidence from fractionated granites of the Wangrah 

1200 Suite. Australian Journal of Earth Sciences, 48, 501–514.

1201 Kinzler, R. J. & Grove, T. L. (1992). Primary magmas of mid-ocean ridge basalts. 1. 

1202 Experiments and methods. Journal of Geophysical Research: Solid Earth 97, 6885–6906.

1203 Kumar, S., & Pathak, M. (2010). Mineralogy and geochemistry of biotites from Proterozoic 

1204 granitoids of western Arunachal Himalaya: Evidence of bimodal granitogeny and tectonic 

Page 106 of 140

http://www.petrology.oupjournals.org/

Manuscript submitted to Journal of Petrology



1205 affinity. Journal of the Geological Society of India, 75, 715-730.

1206 Kushiro, I. (1974). Melting of hydrous upper mantle and possible generation of andesite magma. 

1207 An approach from synthetic systems. Earth and Planetary Science Letters 22, 294–299.

1208 Le Bas, M. J., LeMaitre, R. W., Streckeisen, A. & Zanettin, B. (1986). A chemical classification 

1209 of volcanic rocks based on the total alkali–silica diagram. Journal of Petrology 27, 745–

1210 750.

1211 Lee, C. T. A. & Bachmann, O. (2014). How important is the role of crystal fractionation in 

1212 making intermediate magmas insights from Zr and P systematics. Earth and Planetary 

1213 Science Letters 393, 266–274.

1214 Li, X. H., Long, W. G, Li, Q. L, Liu, Y, Zheng, Y. F, Yang, Y. H.Chamberlain, K. R, Wan, 

1215 D.F, Guo, C. H., Wang, X. & Tao, H. (2010). Penglai Zircon Megacrysts: a potential new 

1216 working reference material for microbeam determination of Hf-O isotopes and U-Pb age. 

1217 Geostandards and Geoanalytical Research 34, 117-134.

1218 Li, X. H., Tang, G. Q., Gong, B., Yang, Y. H., Hou, K. J., Hu, Z. C., Li Q. L., Liu, Y. & Li, W. 

1219 X. (2013). Qinghu zircon: a working reference for microbeam analysis of U–Pb age and 

1220 Hf and O isotopes. Chinese Science Bulletin 58, 4647–4654.

1221 Li, T. F. & Zhang, J. X. (2014). Zircon LA-ICP-MS U-Pb ages of websterite and basalt in Kudi 

1222 ophiolite and the implication, West Kunlun. Acta Petrologica Sinica 30, 2393–2401 (in 

1223 Chinese with English abstract).

1224 Li, Y. C., Xiao, W. J. & Tian, Z. H. (2018). Early Palaeozoic accretionary tectonics of west 

1225 Kunlun orogen: Insights from Datong granitoids, mafic–ultramafic complexes, and 

1226 Silurian–Devonian sandstones, Xinjiang, NW China. Geological Journal 54, 1505–1517.

1227 Li, X. Y. & Zhang, C. (2022). Machine Learning Thermobarometry for Biotite‐Bearing 

1228 Magmas. Journal of Geophysical Research: Solid Earth 127, e2022JB024137.

1229 Liang, Q., Jing, H. & Grégoire, D. C. (2000). Determination of trace elements in granites by 

1230 inductively coupled plasma mass spectrometry. Talanta 51, 507-513.

1231 Liang, X. R., Wei, G. J., Li, X. H. & Liu, Y. (2002). Rapid and precise measurement for 

1232 143Nd/144Nd isotopic ratios using a multi-collector inductively coupled plasma mass 

Page 107 of 140

http://www.petrology.oupjournals.org/

Manuscript submitted to Journal of Petrology



1233 spectrometer. Rock and Mineral Analysis 21, 247-251 (in Chinese with English abstract).

1234 Liao, S. Y., Jiang, Y. H., Jiang, S. Y., Yang, W. Z., Zhou, Q., Jin, G. D. & Zhao, P. (2010). 

1235 Subducting sediment-derived arc granitoids: evidence from the Datong pluton and its 

1236 quenched enclaves in the western Kunlun orogen, Northwest China. Mineralogy and 

1237 Petrology 100, 55–74.

1238 Liu, Z., Jiang, Y. H., Jia, R. Y., Zhao, P., Zhou, Q., Wang, G. C. & Ni, C. Y. (2014a). Origin 

1239 of Middle Cambrian and Late Silurian potassic granitoids from the western Kunlun orogen, 

1240 northwest China: A magmatic response to the Proto-Tethys evolution. Mineralogy and 

1241 Petrology 108, 91–110.

1242 Liu, D., Zhao, Z., Zhu, D., Niu, Y., Depaolo, D.J., Harrison, T. M., Mo, X., Dong, G., Zhou, 

1243 S., Sun, C., Zhang, Z. & Liu, J. (2014b). Postcollisional potassic and ultrapotassic rocks 

1244 in southern Tibet: Mantle and crustal origins in response to India-Asia collision and 

1245 convergence. Geochimica et Cosmochimica Acta 143, 207–231.

1246 Liu, C. J. (2015). Composition and tectonic evolution of west Kunlun Orogenic Belt and its 

1247 periphery in the early Paleozoic-early Mesozoic. Ph.D. thesis, Chang’an University, Xi’an, 

1248 p. 199 (in Chinese with English abstract).

1249 Liu, D., Zhao, Z., Zhu, D. C., Niu, Y., Widom, E., Teng, F. Z., DePaoloe, D. J., Ke, S., Xu, J. 

1250 F., Wang, Q. & Mo, X. X. (2015). Identifying mantle carbonatite metasomatism through 

1251 Os–Sr–Mg isotopes in Tibetan ultrapotassic rocks. Earth and Planetary Science Letters 

1252 430, 458–469.

1253 Liu, X. Q., Zhang, C. L., Ye, X. T., Zou, H. B. & Hao, X. S. (2019). Cambrian mafic and 

1254 granitic intrusions in the Mazar-Tianshuihai Terrane, West Kunlun Orogenic Belt: 

1255 Constraints on the subduction orientation of the Proto-Tethys Ocean. Lithos 350–351, 1–

1256 15.

1257 Liu, Z., Zhu, D. C., Jagoutz, O., Rezeau, H., Wang, Q. & Eyuboglu, Y. (2022). Magmatic 

1258 Evolution following Damp Tholeiitic and Wet Calc-alkaline Liquid Lines of Descent: an 

1259 Eastern Pontides (NE Turkey) Example. Journal of Petrology 62, egaa088.

1260 Loucks, R. R., Fiorentini, M.L. & Henríquez, G. J. (2020). New Magmatic Oxybarometer Using 

Page 108 of 140

http://www.petrology.oupjournals.org/

Manuscript submitted to Journal of Petrology



1261 Trace Elements in Zircon. Journal of Petrology 61, egaa034.

1262 Ludwig, K. R. (2003). User’s Manual for Isoplot 3.00: A Geochronological Toolkit for 

1263 Microsoft Excel. Berkeley Geochronology Center Special Publication, 4.

1264 Mayne, M. J., Moyen, J.-F., Stevens, G. & Kaislaniemi, L. (2016). Rcrust: a tool for calculating 

1265 path dependent open system processes and application to melt loss. Journal of 

1266 Metamorphic Geology 34, 663–682.

1267 Mayne, M.J., Stevens, G. & Moyen, J.-F. (2020). A phase equilibrium investigation of selected 

1268 source controls on the composition of melt batches generated by sequential melting of an 

1269 average metapelite. Geological Society London Special Publications 491, 223–241.

1270 Mcdonough, W.F. (1990). Constraints on the composition of the continental lithospheric mantle. 

1271 Earth and Planetary Science Letters 101, 1–18.

1272 McKenzie, D. & O’Nions, R. K. (1991). Partial melt distributions from inversion of rare-earth 

1273 element concentrations. Journal of Petrology 32, 1021–1091.

1274 Miller, C. F., McDowell, S. M. & Mapes, R. W. (2003) Hot and cold granites? Implications of 

1275 zircon saturation temperatures and preservation of inheritance. Geology 31, 529–532.

1276 Morimoto, N. (1988). Nomenclature of pyroxenes. Mineralogy and Petrology 39, 55–76.

1277 Müntener, O. & Ulmer, P. (2018). Arccrust formation and differentiation constrained by 

1278 experimental petrology. American Journal of Science 318, 64–89.

1279 Namur, O., Charlier, B., Toplis, M. J., Higgins, M. D., Hounsell, V., Liégeois, J. P. & Vander 

1280 Auwera, J. (2011). Differentiation of tholeiitic basalt to A-type granite in the Sept Iles 

1281 layered intrusion, Canada. Journal of Petrology 52, 487–539.

1282 Nandedkar, R. H., Ulmer, P. & Müntener, O. (2014). Fractional crystallization of primitive, 

1283 hydrous arc magmas: an experimental study at 0.7 GPa. Contributions to Mineralogy and 

1284 Petrology 167, 1015.

1285 Palin, R. M., Weller, O. M., Waters, D. J. & Dyck, B. (2016). Quantifying geological 

1286 uncertainty in metamorphic phase equilibria modelling; a Monte Carlo assessment and 

1287 implications for tectonic interpretations. Geoscience Frontiers 7, 591–607.

1288 Papoutsa, A., Pe-Piper, G. & Piper, D. J. (2016). Systematic mineralogical diversity in A-type 

Page 109 of 140

http://www.petrology.oupjournals.org/

Manuscript submitted to Journal of Petrology



1289 granitic intrusions: Control of magmatic source and geological processes. Geological 

1290 Society of America Bulletin 128, 487–501.

1291 Patiño Douce, A. E. & Johnston, A. D. (1991). Phase equilibria and melt productivity in the 

1292 pelitic system: Implications for the origin of peraluminous granitoids and aluminous 

1293 granulites. Contributions to Mineralogy and Petrology 107, 202–218.

1294 Patiño Douce, A. E. (1997). Generation of metaluminous A-type granites by low-pressure 

1295 melting of calc-alkaline granitoids. Geology 25, 743–746.

1296 Patiño Douce, A.E. & Beard, J.S. (1995). Dehydration-melting of biotite gneiss and quartz 

1297 amphibolite from 3 to 15 kbar. Journal of Petrology 36, 707–738.

1298 Pavan, M., Moraes, R. & Sawyer, E. (2021). Changes in the composition of anatectic melt and 

1299 its complementary residue by forward-modelling using THERMOCALC. Lithos 396–397, 

1300 106220.

1301 Pearce, J. A., Kempton, P. D., Nowell, G. M. & Noble, S. R. (1999). Hf–Nd element and isotope 

1302 perspective on the nature and provenance of mantle and subduction components in 

1303 Western Pacific arc–basin systems. Journal of Petrology 40, 1579–1611.

1304 Philpotts, J. A. & Schnetzler, C. C. (1970). Phenocryst-matrix partition coefficients for K, Rb, 

1305 Sr and Ba, with applications to anorthosite and basalt genesis. Geochimica et 

1306 Cosmochimica Acta 34, 307-322.

1307 Pilet, S., Baker, M.B., Müntener, O. & Stolper, E.M. (2011). Monte Carlo simulations of 

1308 metasomatic enrichment in the lithosphere and implications for the source of alkaline 

1309 basalts. Journal of Petrology 52, 1415-1442.

1310 Plank, T. & Langmuir, C. H. (1998). The chemical composition of subducting sediment and its 

1311 consequences for the crust and mantle. Chemical Geology 145, 325–394.

1312 Pourteau, A., Doucet, L. S., Blereau, E. R., Volante, S., Johnson, T. E., Collins, W. J., Li, Z. -

1313 X. & Champion, D. C. (2020). TTG generation by fluid-fluxed crustal melting: direct 

1314 evidence from the Proterozoic Georgetown Inlier, NE Australia. Earth and Planetary 

1315 Science Letters 550, 116548.

1316 Putirka, K. D. (2008). Thermometers and barometers for volcanic systems. Reviews in 

Page 110 of 140

http://www.petrology.oupjournals.org/

Manuscript submitted to Journal of Petrology



1317 Mineralogy and Geochemistry 69, 61–120.

1318 Qiao, G. B., Wang, P., Wu, Y. Z., Hao, Y. H., Zhao, X. J., Chen, D. H., Lv, P. R. & Du, W. 

1319 (2015). Formation age of ore bearing strata of the Zankan iron deposit in Taxkorgan 

1320 landmass of western Kunlun Mountains and its geological significance. Geology in China 

1321 42, 616–630 (in Chinese with English abstract).

1322 Raczek, I., Jochum, K. P. & Hofmann, A. W. (2003). Neodymium and strontium isotope data 

1323 for USGS reference materials BCR-1, BCR-2, BHVO-1, BHVO-2, AGV-1, AGV-2, GSP-

1324 1, GSP-2 and eight MPI-DING reference glasses. Geostandards and Geoanalytical 

1325 Research 27, 173–179.

1326 Rapp, R. P. & Watson, E. B. (1995). Dehydration melting of metabasalt at 8–32 kbar: 

1327 implications for continental growth and crust–mantle recycling. Journal of Petrology 36, 

1328 891–931.

1329 Rapp, R. P., Shimizu, N., Norman, M. D. & Applegate, G. S. (1999). Reaction between slab-

1330 derived melts and peridotite in the mantle wedge: Experimental constraints at 3.8 GPa. 

1331 Chemical Geology 160, 335–356.

1332 Rudnick, R. L. & Fountain, D. M. (1995). Nature and composition of the continental crust: a 

1333 lower crustal perspective. Reviews of Geophysics 33, 267–309.

1334 Rudnick, R.L. & Gao, S. (2003). The composition of the continental crust. In: Rudnick, R.L. 

1335 (Ed.), The Crust. Elsevier—Pergamon, Oxford, pp. 1–64.

1336 Sang, M., Xiao, W. J., Windley, B. F., Mao, Q. Q., Zhang, Z. Y., Wang, H., Yang, H., Ao, S. 

1337 J., Song, D. F., Gan, J. M., Zhang, Z. X. & Li, L. (2022). From Middle Neoproterozoic 

1338 Extension to Paleozoic Accretion and Collision of the Eastern Tiklik Belt (the Western 

1339 Kunlun Orogen, NW China). Minerals 12, 166.

1340 Sen, C. & Dunn, T. (1994). Dehydration melting of a basaltic composition amphibolite at 1.5 

1341 and 2.0 GPa: implications for the origin of adakites. Contributions to Mineralogy and 

1342 Petrology 4, 394-409.

1343 Scaillet, B., Holtz, F. & Pichavant, M. (2016) Experimental constraints on the formation of 

1344 silicic magmas. Elements 12, 109–114.

Page 111 of 140

http://www.petrology.oupjournals.org/

Manuscript submitted to Journal of Petrology



1345 Shaw, D. M. (1970). Trace element fractionation during anatexis. Geochimica et 

1346 Cosmochimica Acta 34, 237–243.

1347 Sisson, T. & Grove, T. (1993). Experimental investigations of the role of H2O in calc-alkaline 

1348 differentiation and subduction zone magmatism. Contributions to Mineralogy and 

1349 Petrology 113, 143–166.

1350 Sisson, T. W., Ratajeski, K., Hankins, W. B. & Glazner, A. F. (2005). Voluminous granitic 

1351 magmas from common basaltic sources. Contributions to Mineralogy and Petrology 148, 

1352 635–661.

1353 Smith, J. V. & Brown, W. L. (1988). Feldspar Minerals: 1. Crystal Structures, Physical, 

1354 Chemical, and Microtextural Properties. Berlin–Heidelberg–New York: Springer.

1355 Soder, C. G. & Romer, R. L. (2018). Post-collisional potassic–ultrapotassic magmatism of the 

1356 Variscan Orogen: implications for mantle metasomatism during continental subduction. 

1357 Journal of Petrology 59(6):1007–1034.

1358 Sui, Q. L., Chen, D. H., Zhao, X. J., Zha, X.F., Sun, J. M., Zhang, L. P., Gao, X. F. & Sun, W. 

1359 D. (2021). Diachronous subduction of the Proto-Tethys Ocean along the northern margin 

1360 of East Gondwana: Insights from SHRIMP and LA-ICP-MS zircon geochronology in the 

1361 West Kunlun Orogenic Belt, Northwestern China. International Geology Review 65,1-24.

1362 Sun, S.-S. & McDonough, W. F. (1989). Chemical and isotopic systematics of oceanic basalts: 

1363 implications for mantle composition and processes. Geological Society, London, Special 

1364 Publications 42, 313–345.

1365 Tang, W. K., Wang, S. F., Liu, Y. D., Yao, X. & Li, M. (2020). Origin of Carboniferous intra-

1366 oceanic arc granitoids from the eastern Pamir and implications for the Paleo-Tethyan 

1367 ocean. Journal of Asian Earth Sciences 204, 104558.

1368 Tao, Z. L., Yin, J. Y., Yuan, C., Xiao, W. J., Chen, W., Chen, Y. L., Wang, Y. M. & Yang, F. 

1369 (2022). Petrogenesis of Late Ordovician intrusive rocks in the West Kunlun orogenic belt: 

1370 Constraints on the subduction process of the Proto-Tethys Ocean. Acta Petrologica Sinica 

1371 38, 3321-3340 (in Chinese with English abstract).

1372 Tao, Z.L., Yin, J.Y., Spencer, C.J., Sun, M., Xiao, W.J., Kerr, A.C., Wang, T., Huangfu, P.P., 

Page 112 of 140

http://www.petrology.oupjournals.org/

Manuscript submitted to Journal of Petrology



1373 Zeng, Y.C. & Chen, W. (2024). Subduction polarity reversal facilitated by plate coupling 

1374 during arc-continent collision: Evidence from the Western Kunlun orogenic belt, 

1375 northwest Tibetan Plateau. Geology 52, 308-313.

1376 Turnbull, R., Weaver, S., Tulloch, A., Cole, J., Handler, M., Ireland, T. R. (2010). Field and 

1377 geochemical constraints on mafic-felsic interactions, and processes in high-level arc 

1378 magma chambers; an example from the Halfmoon Pluton, New Zealand, Journal of 

1379 Petrology 51, 1477-1505.

1380 Ulmer, P., Kaegi, R. & Müntener, O. (2018). Experimentally derived inter-mediate to silica-

1381 rich arc magmas by fractional and equilibrium crystallization at 1.0 GPa: an evaluation of 

1382 phase relationships, compositions, liquid lines of descent and oxygen fugacity. Journal of 

1383 Petrology 59, 11–58.

1384 Valley, J. W. (2003). Oxygen Isotopes in Zircon. Reviews in Mineralogy and Geochemistry 

1385 53, 343–385.

1386 Vervoort, J. D., Plank, T. & Prytulak, J. (2011). The Hf–Nd isotopic composition of marine 

1387 sediments. Geochimica et Cosmochimica Acta 75, 5903–5926.

1388 Wang, Z. H., Sun, S., Li, J. L. & Hou, Q. L. (2002). Petrogenesis of tholeiite associations in 

1389 Kudi ophiolite (western Kunlun Mountains, northwestern China): implications for the 

1390 evolution of back-arc basins. Contributions and Mineralogy Petrology 143, 471–483.

1391 Wang, Z. H. (2004). Tectonic evolution of the western Kunlun orogenic belt, western China. 

1392 Journal of Asian Earth Sciences 24, 153-161.

1393 Wang, H., Wu, Y. B., Li, C. R., Zhao, T. Y., Qin, Z. W., Zhu, L. Q., Gao, S., Zheng, J. P., Liu, 

1394 X. M. & Zhou, L. (2014a). Recycling of sediment into the mantle source of K-rich mafic 

1395 rocks: Sr–Nd–Hf–O isotopic evidence from the Fushui complex in the Qinling orogen. 

1396 Contributions to Mineralogy and Petrology 168, 1062.

1397 Wang, C., Wang, Y. H. & Liu, L. (2014b). The Paleoproterozoic magmatic-metamorphic 

1398 events and cover sediments of the Tiekelik Belt and their tectonic implications for the 

1399 southern margin of the Tarim Craton, NW China. Precambrian Research 254, 210–225.

1400 Wang, J., Hattori, K., Liu, J. G., Song, Y., Gao, Y. B. & Zhang, H. (2017). Shoshonitic- and 

Page 113 of 140

http://www.petrology.oupjournals.org/

Manuscript submitted to Journal of Petrology



1401 adakitic magmatism of the Early Paleozoic age in the Western Kunlun orogenic belt, NW 

1402 China: Implications for the early evolution of the northwestern Tibetan plateau. Lithos 

1403 286–287, 345–362.

1404 Wang, P., Zhao, G. C., Han, Y. G., Li, Q, Zhou, N. C., Yao, J. L. & Li, J. H. (2021a). 

1405 Petrogenesis of Ordovician granitoids in Western Kunlun, NW Tibet Plateau: insights into 

1406 the evolution of the Proto-Tethys Ocean. Geological Society of America Bulletin 133, 

1407 1071–1089.

1408 Wang, P., Zhao, G. C., Han, Y. G., Liu, Q., Yao, J. L. & Yu, S. (2021b). Position of the Tarim 

1409 Craton in Gondwana: Constraints from Neoproterozoic to early Paleozoic strata in South 

1410 Tarim, NW China. Tectonophysics 803, 228741.

1411 Wang, C., Liu, L., Yang, W. Q., Cao, Y. T. & Smithies, R. H. (2022a). Mafic magma-driven 

1412 magmatic processes and compositional variation in granitic pluton construction: The Buya 

1413 intrusion of West Kunlun, Northwestern China. Geosphere 18.

1414 Wang, P., Zhao, G. C., Liu, Q., Yao, J. L., Han, Y. G. & Li, J. H. (2022b). Effect of source 

1415 compositions on adakitic features: A case study from the Buya granite, in western Kunlun, 

1416 NW China. American Journal of Science 322, 828-850.

1417 Waters, L. E. & Lange, R. A. (2015). An updated calibration of the plagioclase-liquid 

1418 hygrometer-thermometer applicable to basalts through rhyolites. American Mineralogist 

1419 10, 2172-2184.

1420 Walter, M. J. (1998). Melting of garnet peridotite and the origin of komatiite and depleted 

1421 lithosphere. Journal of Petrology, 39, 29–60.

1422 Watson, E. B. & Harrison, T. M. (1983) Zircon saturation revisited: temperature and 

1423 composition effects in a variety of crustal magma types. Earth and Planetary Science 

1424 Letters 64, 295–304.

1425 Wei, G.J., Liang, X. R., Li, X. H. & Liu, Y. (2002). Precise measurement of Sr isotopic 

1426 composition of liquid and solid base using (LP)MC-ICPMS. Geochimica 31, 295-299 (in 

1427 Chinese with English abstract).

1428 Whalen, J. B., Currie, K. L. & Chappell, B. W. (1987). A-type granites: Geochemical 

Page 114 of 140

http://www.petrology.oupjournals.org/

Manuscript submitted to Journal of Petrology



1429 characteristics, discrimination and petrogenesis. Contributions to Mineralogy and 

1430 Petrology 95, 407–419.

1431 White, R. W, Powell, R., Holland, T. J. B. & Worley, B. (2000). The effect of TiO2 and Fe2O3 

1432 on metapelitic assemblages at greenschist and amphibolite facies conditions: mineral 

1433 equilibria calculations in the system K2O-FeO-MgO-Al2O3-SiO2-H2O-TiO-F2O3. Journal 

1434 of Metamorphic Geology 18, 497-511.

1435 White, R. W, Powell, R. & Clarke, G. L. (2002). The interpretation of reaction textures in Fe-

1436 rich metapelitic granulites of the Musgrave block, Central Australia: constraints from 

1437 mineral equilibria calculations in the system K2O-FeO-MgO-Al2O3-SiO2-H2O-TiO2-

1438 Fe2O3. Journal of Metamorphic Geology 20, 41-55.

1439 White, R. W., Powell, R. & Johnson, T. E. (2014). The effect of Mn on mineral stability in 

1440 metapelites revisited: new a–x relations for manganese-bearing minerals. Journal of 

1441 Metamorphic Geology 32, 809–828. 

1442 Wooden, J. L., Mazdab, F. K. & Barth, A. P. (2007). Hf and temperature (from Ti) variations 

1443 in zircon: a new tool to evaluate petrologic processes in magmas. Geological Society of 

1444 America, Abstracts with Programs 39, 406.

1445 Wu, K., Zhang, L. P., Jiang, X. Y., Chen, Y. X., Guo, J., Sun, W. D., Sui, Q. L. & Yuan, H. L. 

1446 (2021a). Continental crust growth during the evolution of accretionary orogens: insights 

1447 from the early Paleozoic granitoids in the Western Kunlun orogen, Northwest China. 

1448 Lithos 398-399, 106253.

1449 Wu, G. H., Chen, X., Ma, B. S., Chen, Y. Q., Tian, W. Z., Huang, S. Y. & Feng, X. J. (2021b). 

1450 The tectonic environments of the Late Neoproterozoic-Early Paleozoic and its tectono-

1451 sedimentary response in the Tarim Basin. Acta Petrologica Sinica 37, 2431-2441 (in 

1452 Chinese with English abstract).

1453 Xiao, W. J., Windley, B. F., Hao, J. & Li, J. L. (2002). Arcophiolite obduction in the Western 

1454 Kunlun Range (China): Implications for the Palaeozoic evolution of central Asia. Journal 

1455 of the Geological Society 159, 517–528.

1456 Xiao, W. J., Han, F. L., Windley, B. F., Yuan, C., Zhou, H. & Li, J. L. (2003). Multiple 

Page 115 of 140

http://www.petrology.oupjournals.org/

Manuscript submitted to Journal of Petrology



1457 accretionary orogenesis and episodic growth of continents: Insights from the western 

1458 Kunlun Range, Central Asia. International Geology Review, 45, 303–328.

1459 Xiao, W. J., Windley, B. F., Liu, D. Y., Jian, P., Liu, C. Z., Yuan, C. & Sun, M. (2005). 

1460 Accretionary tectonics of the western Kunlun orogen, China: A Paleozoic–Early Mesozoic, 

1461 long lived active continental margin with implications for the growth of southern Eurasia. 

1462 The Journal of Geology 113, 687–705.

1463 Xie, L. W., Zhang, Y. B., Zhang, H. H., Sun, J. F. & Wu, F. Y. (2008). In situ simultaneous 

1464 determination of trace elements, U-Pb and Lu-Hf isotopes in zircon and baddeleyite. 

1465 Chinese Science Bulletin 53, 1565-1573.

1466 Xu, J. H., Zhang, Z. W., Wu, C. Q., Li, X. Y., Jin, Z. R., Hu, P. C., Luo, T. Y. & Zhu, W. G. 

1467 (2021). Petrogenesis and tectonic implications of Early Paleozoic granitoids in the 

1468 Qiaerlong district of the West Kunlun orogenic belt: constraints from petrology, 

1469 geochronology, and Sr-Nd-Hf isotope geochemistry. International geology review 1-22.

1470 Xu, J. H., Zhang, Z. W., Wu, C. Q., Luo, T. Y., Zhu, W. G., Li, X. Y., Jin, Z. R. & Hu, P. C. 

1471 (2024). Early Ordovician–Middle Silurian Subduction-Closure of the Proto-Tethys Ocean: 

1472 Evidence from the Qiaerlong Pluton at the Northwestern Margin of the West Kunlun 

1473 Orogenic Belt, NW China. Journal of Earth Science 35, 430-448.

1474 Yang, J. H., Wu, F. Y., Chung, S.L., Wilde, S. A. & Chu, M. F. (2006). A hybrid origin for the 

1475 Qianshan A-type granite northeast China: geochemical and Sr–Nd–Hf isotopic evidence. 

1476 Lithos 89, 89–106.

1477 Yang, J. H., Wu, F. Y., Wilde, S. A., Xie, L. W., Yang, Y. H. & Liu, X. M. (2007). Tracing 

1478 magma mixing in granite genesis: in situ U–Pb dating and Hf-isotope analysis of zircons. 

1479 Contributions to Mineralogy and Petrology 153, 177–190.

1480 Yang, Q., Xia, X. P., Zhang, W. F., Zhang, Y. Q., Xiong, B. Q., Xu, Y. G., Wang, Q. & Wei, 

1481 G. J. (2018). An evaluation of precision and accuracy of SIMS oxygen isotope analysis. 

1482 Solid Earth Sciences 3, 81-86.

1483 Yang, C., Dong, Y. P., Wang, H., Lin, Z. Y., Liao, Y. Y., Zhang, S. P. & Liu, H. (2022). 

1484 Geochemistry and geochronology of early Palaeozoic seamount in Western Kunlun 

Page 116 of 140

http://www.petrology.oupjournals.org/

Manuscript submitted to Journal of Petrology



1485 orogenic belt and the tectonic implications. International geology review 64, 1393-1408.

1486 Ye, H. M., Li, X. H., Li, Z. X. & Zhang, C. L. (2008). Age and origin of high Ba–Sr appinite–

1487 granites at the northwestern margin of the Tibet Plateau: Implications for early Paleozoic 

1488 tectonic evolution of the Western Kunlun orogenic belt. Gondwana Research 13, 126-138.

1489 Yin, J. Y., Xiao, W. J., Sun, M., Chen, W., Yuan, C., Zhang, Y. Y., Wang, T., Du, Q. Y., Wang, 

1490 X. S. & Xia, X. P. (2020). Petrogenesis of Early Cambrian granitoids in the western 

1491 Kunlun orogenic belt, Northwest Tibet: Insight into early stage subduction of the Proto-

1492 Tethys Ocean. Geological Society of America Bulletin 132, 2221–2240.

1493 Yuan, C., Sun, M., Xiao, W. J., Zhou, H., Hou, Q. L. & Li, J. L. (2003). Subduction polarity of 

1494 the prototethys: insights from the Yirba pluton of the western Kunlun range, NW China. 

1495 Acta Petrol. Sin. 19, 399–408 (in Chinese with English abstract).

1496 Yuan, C., Sun, M., Zhou, M. F., Xiao, W. J. & Zhou, H. (2005). Geochemistry and petrogenesis 

1497 of the Yishak Volcanic sequence, Kudi ophiolite, West Kunlun (NW China): Implications 

1498 for the magmatic evolution in a subduction zone environment. Contributions to 

1499 Mineralogy and Petrology 150, 195–211.

1500 Yuan, C., Sun, M., Wilde, S., Xiao, W. J., Xu, Y. G., Long, X. P & Zhao, G. C. (2010). Post–

1501 collisional plutons in the Balikun area, East Chinese Tianshan: Evolving magmatism in 

1502 response to extension and slab break-off. Lithos 119, 269-288.

1503 Zellmer, G. F., Iizuka, Y., Miyoshi, M., Tamura, Y. & Tatsumi, Y. (2013). Lower crustal H2O 

1504 controls on the formation of adakitic melts. Geology 40(6), 487–490.

1505 Zeng, L., Gao, L.-E., Xie, K., & Liu-Zeng, J. (2011). Mid-Eocene high Sr/Y granites in the 

1506 Northern Himalayan gneiss domes: Melting thickened lower continental crust. Earth and 

1507 Planetary Science Letters 303, 251–266.

1508 Zha, X. F., Dong, Y. P., Gao, X. F., Ji, W. H., Liu, X. M., He, D. F., Li, P., Zhang, H. D. & 

1509 Yang, C. (2022). The Early Paleozoic Subashi ophiolite in the West Kunlun Orogenic Belt 

1510 (northwestern Tibetan Plateau): Implication for the tectonic evolution of the Proto-Tethys. 

1511 Journal of Asian Earth Sciences 238, 105388.

1512 Zhang, C. L., Lu, S. N., Yu, H. F. & Ye, H. M. (2007). Tectonic evolution of the Western 

Page 117 of 140

http://www.petrology.oupjournals.org/

Manuscript submitted to Journal of Petrology



1513 Kunlun orogenic belt in northern Qinghai-Tibet Plateau: Evidence from zircon SHRIMP 

1514 and LA-ICP-MS U-Pb geochronology. Science in China Series D: Earth Sciences 50, 825-

1515 835.

1516 Zhang, C. L., Yang, D. S., Wang, H. Y., Dong, Y. G. & Ye, H. M. (2010). Neoproterozoic 

1517 Mafic Dykes and Basalts in the Southern Margin of Tarim, Northwest China: Age, 

1518 Geochemistry and Geodynamic Implications. Acta Geologica Sinica (English Edition) 84, 

1519 549-562.

1520 Zhang, C. L., Zou, H. B., Santosh, M., Ye, X. T. & Li, H. K. (2014). Is the Precambrian 

1521 basement of the Tarim Craton in NW China composed of discrete terranes? Precambrian 

1522 Research 254, 226-244.

1523 Zhang, C. L., Ye, X. T., Zou, H. B. & Chen, X. Y. (2016). Neoproterozoic sedimentary basin 

1524 evolution in southwestern Tarim, NW China: New evidence from field observations, 

1525 detrital zircon U–Pb ages and Hf isotope compositions. Precambrian Research 280, 31-45. 

1526 Zhang, C. L., Zou, H. B., Ye, X. T. & Chen, X. Y. (2018a). Tectonic evolution of the NE section 

1527 of the Pamir Plateau: New evidence from field observations and zircon U-Pb 

1528 geochronology. Tectonophysics 723, 27–40.

1529 Zhang, C. L., Zou, H. B., Ye, X. T. & Chen, X. Y. (2018b). Timing of subduction initiation in 

1530 the Proto-Tethys Ocean: evidence from the Cambrian gabbros from the NE Pamir Plateau. 

1531 Lithos 314–315, 40–51.

1532 Zhang, C. L., Zou, H. B., Ye, X. T. & Chen, X. Y. (2018c). A newly identified Precambrian 

1533 terrane at the Pamir Plateau: The Archean basement and Neoproterozoic granitic 

1534 intrusions. Precambrian Research 304, 73–87.

1535 Zhang, C. L., Ma, H. D., Zhu, B. Y., Ye, X. T., Qiu, L., Zhao, H. X., Liu, X. Q., Ding, T., 

1536 Wang, Q. & Hao, X. S. (2019a). Tectonic evolution of the Western Kunlun—Karakorum 

1537 Orogenic Belt and its coupling with the mineralization effect. Geological Review 65, 

1538 1077–1102 (in Chinese with English abstract).

1539 Zhang, C. L., Ye, X. T., Ernst, R. E., Zhong, Y., Zhang, J., Li, H. K. & Long, X. P. (2019b). 

1540 Revisiting the Precambrian evolution of the Southwestern Tarim terrane: Implications for 

Page 118 of 140

http://www.petrology.oupjournals.org/

Manuscript submitted to Journal of Petrology



1541 its role in Precambrian supercontinents. Precambrian Research 324, 18-31.

1542 Zhang, C. L., Zou, H. B., Ye, X. T. & Chen, X. Y. (2019c). Tectonic evolution of the West 

1543 Kunlun Orogenic belt along the northern margin of the Tibetan Plateau: Implication for 

1544 the assembly of the Tarim terrane to Gondwana. Geoscience Frontiers 10, 973–988.

1545 Zhang, Q. C., Wu, Z. H., Chen, X. H., Zhou, Q. & Shen, N. P. (2019d). Proto-Tethys oceanic 

1546 slab break-off: Insights from early Paleozoic magmatic diversity in the West Kunlun 

1547 Orogen, NW Tibetan Plateau. Lithos, 346–347, 1–15.

1548 Zhang, Q. C., Wu, Z. H., Li, S., Li, K., Liu, Z. W. & Zhou, Q. (2019e). Ordovician Granitoids 

1549 and Silurian Mafic Dikes in the Western Kunlun Orogen, Northwest China: Implications 

1550 for Evolution of the Proto‐Tethys. Acta Geologica Sinica (Beijing) 93, 30-49.

1551 Zhang, C. L., Ye, X. T., Ernst, R. E., Zhu, G. Y., Liu, X. Q., Zhang, J., Zhong, Y. & Hao, X. S. 

1552 (2019f). A fragment of the ca. 890 Ma large igneous province (LIP) in southern Tarim, 

1553 NW China: A missing link between São Francisco, Congo and North China cratons. 

1554 Precambrian Research 333, 105428.

1555 Zhang, X. B., Guo, F., Zhang, B., Zhao, L., Wu, Y. M., Wang, G. Q. & Alemayehu, M. (2020). 

1556 Magmatic evolution and post-crystallization hydrothermal activity in the early Cretaceous 

1557 Pingtan intrusive complex, SE China: records from apatite geochemistry. Contributions to 

1558 Mineralogy and Petrology 175, 1–18.

1559 Zhang, Q. C., Li, Z. H., Wu, Z. H., Chen, X. H., Zhang, J. E. & Yang, Y. (2021). Subduction 

1560 initiation of the western Proto-Tethys Ocean: new evidence from the Cambrian 

1561 intraoceanic forearc ophiolitic mélange in the western Kunlun Orogen, NW Tibet Plateau. 

1562 Geological Society of America Bulletin 134, 145–159.

1563 Zheng, Y. F. (2012). Metamorphic chemical geodynamics in continental subduction zones. 

1564 Chemical Geology 328, 5–48.

1565 Zheng, Y.-F. & Hermann, J. (2014). Geochemistry of continental subduction-zone fluids. Earth, 

1566 Planets and Space 66, 93.

1567 Zhu, J., Li, Q. G., Wang, Z. Q., Tang, H. S., Chen, X. & Xiao, B. (2016). Magmatism and 

1568 tectonic implication of Early Cambrian granitoid plutons in Tianshuhai Terrane of the 

Page 119 of 140

http://www.petrology.oupjournals.org/

Manuscript submitted to Journal of Petrology



1569 Western Kunlun Orogenic Belt, Northwest China. Northwestern Geology 49, 1–18 (in 

1570 Chinese with English abstract).

1571 Zhu, Y. S., Yang, J. H., Sun, J. F. & Wang, H. (2017). Zircon Hf-O isotope evidence for 

1572 recycled oceanic and continental crust in the sources of alkaline rocks. Geology 45, 407-

1573 410.

1574 Zhu, J., Li, Q. G., Chen, X., Tang, H. S., Wang, Z. Q., Chen, Y. J., Liu, S. W., Xiao, B. & Chen, 

1575 J. L. (2018). Geochemistry and petrogenesis of the lower Palaeozoic appinite–granite 

1576 complex in the Western Kunlun Orogenic Belt, NW China: Implications for Palaeozoic 

1577 tectonic evolution. Geological Magazine 155, 1641–1666.

1578 Zhu, G. Y., Liu, W., Wu, G. H., Ma, B. S., Nance, R. D., Wang, Z. C., Xiao, Y. & Chen, Z. Y. 

1579 (2021a). Geochemistry and U-Pb-Hf detrital zircon geochronology of metamorphic rocks 

1580 in terranes of the West Kunlun Orogen: Protracted subduction in the northernmost Proto-

1581 Tethys Ocean. Precambrian Research 363, 106344.

1582 Zhu, R. Z., Słaby, E., Lai, S. C., Chen, L. H., Qin, J. F., Zhang, C., Zhao, S. W., Zhang, F. Y., 

1583 Liu, W. H. & Fowler, M. (2021b). High-K calc-alkaline to shoshonitic intrusions in SE 

1584 Tibet: implications for metasomatized lithospheric mantle beneath an active continental 

1585 margin. Contributions to Mineralogy and Petrology 176, 85.

1586

1587 Figure captions

1588 Fig. 1. (a) Tectonic map of eastern Pamir region in Western Tibet, showing the distribution of 

1589 the main suture zones and faults (modified after Tang et al. (2020)), (b) Geological map of West 

1590 Kunlun orogenic belt (WKOB; modified after Li et al., 2018), showing the main tectonic units 

1591 and sample locations of compiled ages, (c) Zircon U-Pb geochronological framework of 

1592 Paleozoic magmatism in the WKOB (modified after Tao et al., 2024).

1593

1594 Fig. 2 (a) Simplified distribution map of plutons in the Datong area, WKOB (after Li et al., 

1595 2018); (b) Simplified distribution map of plutons in the Pushou area, WKOB.

1596
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1597 Fig. 3. Field and microscope photographs of (a, b) the Pushou gabbro; (c, d) Datong 

1598 monzogranite, and (e, f) Datong syenite from the southern Kunlun terrane in the WKOB. 

1599 Mineral abbreviations: Px, pyroxene; Amp, amphibole; Bt, biotite; Pl, plagioclase; Kf, potassic 

1600 feldspar; Q, quartz.

1601

1602 Fig. 4 Mineral composition and classification diagrams for Pushou gabbro and Datong 

1603 monzogranite. (a) Clinopyroxenes from the Pushou gabbro plotted on the enstatite–ferrosilite–

1604 diopside–hedenbergite quadrilateral (Morimoto, 1988); (b) Classification of biotite (Foster, 

1605 1960); (c) Plots of feldspar compositions (Smith & Brown,1988); (d) Plots of Cl vs. F of apatite 

1606 (Zhang et al., 2020).

1607

1608 Fig. 5 U–Pb isotope data for representative samples. (a) Pushou gabbro (sample 21DW04); (b) 

1609 Datong monzogranite (sample WK1610); (c) Datong syenite (sample WK1612). (d) Th/U–Age 

1610 diagram of zircons for the representative samples.

1611

1612 Fig. 6. Magmatic zircon trace element plots; (a) Eu/Eu* vs. Hf content; (b) Yb/Gd ratio vs. Hf 

1613 content; (c) Th/U ratio vs. Hf content; (d) Ti vs. Hf content.

1614

1615 Fig. 7. Petrochemical classification and geochemical characteristics of samples from the 

1616 southern Kunlun terrane; (a) TAS classification diagram (Le Bas et al., 1986); (b) K2O vs. SiO2 

1617 diagram (Gill, 1981); (c) A/NK vs. A/CNK diagram (Frost et al., 2001); (d) (Na2O+K2O)/CaO 

1618 ratios vs. Zr+Nb+Ce+Y contents diagram (Whalen et al., 1987). Southern Kunlun Terrane: 

1619 SKT; Northern Kunlun Terrane: NKT. The literature data for the Ordovician mafic rocks in the 

1620 southern Kunlun terrane are from Zhang et al. (2019e); (2021) and Wang et al. (2021a); 

1621 Ordovician granitic rocks in the northern Kunlun terrane are from Zhang et al. (2019d); the 

1622 Datong shoshonitic rocks are from Liao et al. (2010); Wang et al. (2017); Zhu et al. (2018); 

1623 Zhang et al. (2021).

1624
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1625 Fig. 8. Chondrite-normalized REE patterns and primitive mantle-normalized multi-element 

1626 patterns for the southern Kunlun terrane samples. Normalization values from Sun & 

1627 McDonough (1989) for chondrite and primitive mantle. Background data sources are consistent 

1628 with those in Fig. 7.

1629

1630 Fig. 9. (a) Zircon Hf isotopic characteristics for igneous rocks in the WKOB; (b) Plot of δ18Ovs. 

1631 εHf(t) for zircons of igneous rocks from the southern Kunlun terrane. The blue curve represents 

1632 the mixing between enriched mantle peridotite and subducted sediments, and black curve 

1633 represents the mixing between enriched mantle peridotite and depleted mantle. The enriched 

1634 mantle source is represented by εHf(t) = −5.4; δ18O = 7.5 ‰ and oceanic sediment is represented 

1635 by εHf(t) = −12; δ18O = 20 ‰. (c) (87Sr/86Sr)i vs. εNd(t) (t = 485 Ma) diagram; The curve 

1636 represents mixing between depleted mantle-derived melts (as represented by the Qimanyute 

1637 ophiolitic rocks) and subducted sediments (as represented by the global oceanic sediments 

1638 (GLOSS) ((87Sr/86Sr)i = 0.7161; ɛNd (480 Ma) = −4.62) from Plank & Langmuir (1998); (d) 

1639 Plot of εHf(t) vs. εNd(t) for the igneous rocks from the southern Kunlun terrane. Literature data 

1640 for the Qimanyute Ophiolitic mélange rocks in the southern Kunlun terrane are from Zhang et 

1641 al. (2021); the Ordovician mafic rocks in the southern Kunlun terrane are from Wang et al. 

1642 (2021a), Zhang et al. (2019e) and Zhang et al. (2021); Neoproterozoic mafic rocks in the Tarim 

1643 Craton from Zhang et al. (2019b) and Zhang et al. (2019f); ca. 1.8~1.2 Ga granitic rocks in the 

1644 SW Tarim Craton are from Zhang et al. (2019b) and ca. 0.8 Ga tonalites in the Tianshuihai are 

1645 from Zhang et al. (2018c). Other data sources as in Fig. 7.

1646

1647 Fig. 10. (a) La/Sm vs. La (ppm); (b) (La/Sm)N vs. SiO2 (wt.%); (c) (87Sr/86Sr)i vs. SiO2 (wt.%); 

1648 (d) εNd(t) vs. SiO2 (wt.%). Background data sources are as in Fig. 7.

1649

1650 Fig. 11. Variations of selected major and trace elements and ratios vs. SiO2 and MgO for the 

1651 magmatic rocks from the southern Kunlun terrane. (a) Representative modeled residual liquids 

1652 formed by equilibrium crystallization of dry and hydrous parental basalts, using Rhyolite-
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1653 MELTS (Lee & Bachmann, 2014); (b) Schematic illustration showing the effects of magmatic 

1654 H2O on the liquid line of descent (LLD; after Deng et al., 2019); (c-f) The Rhyolite-MELTS 

1655 (Gualda et al., 2012; Ghiorso & Gualda, 2015) modeling of LLDs for fractional crystallization 

1656 illustrates the effects of initial H2O content, pressure, and oxygen fugacity buffers on magma 

1657 differentiation; (g–i) Trace element ratios vs. SiO2; Background data sources as in Fig. 7.

1658

1659 Fig. 12. (a) Rb/Nb vs. Th/Yb diagram; (b) Rb/Y vs. Th/Yb diagram; (c) Dy/Yb vs. La/Yb 

1660 diagram; (d) Trace-element modeling results for nonmodal batch melting of spinel-garnet 

1661 peridotite. The enriched lithosperic mantle (Tarim mafic dyke vs. Tianshuihai gabbro) mixed 

1662 with ~5% subducted sediments to produce the metasomatized mantle wedge source of the 

1663 Pushou gabbro. The melting curve for spinel-garnet stability field and spinel field, in terms of 

1664 Dy/Yb vs. La/Yb ratios, was modeled as nonmodal batch melting using the trace element 

1665 partition coefficients as those in Pilet et al. (2011). The average compositions of sub-continental 

1666 lithospheric mantle as starting compositions (McDonough, 1990). See Supplementary Table 

1667 S12 for details of the mixing and melting model as well as different end-member compositions 

1668 on the mixing lines. Background data sources are as in Fig. 7.

1669

1670 Fig. 13. (a) Rhyolite-melts software modeling illustrating fractional crystallization of 

1671 Ordovician mafic rocks in the southern Kunlun terrane; (b) Modeling trace element patterns for 

1672 parental magmas from the Tianshuihai terrane and SW Tarim Craton, respectively.

1673

1674 Fig. 14. Simplified P-T phase diagram for the composition of (a, b) Mesoproterozoic 

1675 granodiorites (Sample 2016KL09H10; SW Tarim Craton; Zhang et al., 2019b) and (c, d) 

1676 Neoproterozoic tonalites (Sample 15D070H6; Tianshuihai terrane; Zhang et al., 2018c), 

1677 calculated with water contents of 2 wt.% and 4 wt.%, corresponding to water-deficient and 

1678 water-fluxed melting, respectively.

1679

1680 Fig. 15. Major and trace element patterns of granitic melts calculated at different P–T–X(H2O) 
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1681 conditions for the (a, b) Mesoproterozoic granodiorites (Sample 2016KL09H10; Zhang et al., 

1682 2019b) and (c, d) Neoproterozoic tonalites (Sample 15D070H6; Zhang et al., 2018c) from the 

1683 SW Tarim Craton and the Tianshuihai terrane, respectively. Individual mineral Kd values are 

1684 from Bédard, (2006), Philpotts & Schnetzler (1970) and Bea et al. (1994).

1685

1686 Fig. 16. Schematic block diagrams illustrating the Early–Late Ordovician tectonic evolution of 

1687 the southern Proto-Tethys Ocean in the WKOB. OKOB: Oytag-Kudi Ophiolitic Belt; PQOB: 

1688 Pushou-Qimanyute Ophiolitic Belt. See the text for details.

1689
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Table 1 Summary of sample localities and  ages of the intrusions in the West Junggar oceanic arc

Samples Locality Longitude (E) Latitude (N) Lithology Age (Ma) error

ZK003-233 Baogutu - - Diorite 321 2

BCK2-1 Baogutu - - Granodiorite porphyry 310 2

XMST08 Xiemisitai Mts   85º31'07" 46º42'39" K-feldspar granite 419 2

XMST14 Xiemisitai Mts 85º31'07" 46º42'39" Diorite 422 2

XMST02 Xiemisitai Mts  85º31'07" 46º42'39" Alkaline granite 417 4

XMST01 Xiemisitai Mts  85º30'25" 46º35'05" K-feldspar granite 420 4

XMST03 Xiemisitai Mts  85º29'09" 46º34'44" Rhyolite-Porphyry 420 5

HZ Xiemisitai Mts  85º52'28 46º36'42" Rhyolite-Porphyry 414 5

XGSL03 Xiemisitai Mts  85° 29′09" 46° 34′44" Rhyolitye-porphyry 420 5

TW1 Xiemisitai Mts 83°57′43" 46°19′11" Granodiorite 411 3

HLSL Saier Mts  85º48'44" 46º44'16" Felsite 405 4

CGKL Saier Mts  85º53'39" 46º45'56" K-feldspar granite 410 3

HBK Saier Mts  85º40'42" 46º46'32" K-feldspar granite 417 5

TLG Hebukesaier 85° 10′26" 46° 47′11" Granite 263 6

KLMS Wuerkashier  Mts 84°07′00" 46°1758" K-feldspar granite 302 2

SLK Wuerkashier  Mts  84°34′52" 46° 22′45" K-feldspar granite 290 4

LST Sawur Mts 85°54" 47°11′15" K-feldspar granite 321 5

ZQS Tarbgatay Mts  83° 00′30"  47°06′07" Granodiorite 325 3

DYS Tarbgatay Mts   84° 21'16" 46° 53'50" Pyroxene diorite 333 2

BEG Tarbgatay Mts  83°04'58" 47°04'23" Granodiorite 332 3

ABDL Tarbgatay Mts 83°16'58" 46°59'12" Monzonitic granite 332 3

QS-1 Xiemisitai Mts quartz syenite 418 5

D-1 Xiemisitai Mts diorite 424 5

MG-1 Xiemisitai Mts monzogranite 418 5

S-1 Xiemisitai Mts syenite 392 6

HG-1 Xiemisitai Mts hornblende gabbro 422 5

12XJ37-A Xiemisitai Mts  85°07′20" 46°38′30" monzogranite 429 1

12XJ05-B Xiemisitai Mts  85°10′10" 46°36′40" Quartz diorite 440 3

12XJ14-A Xiemisitai Mts  85°10′15" 46°34′20" Quartz monzodiorite 445 6

KM-9918-3 Keramay   83°45'05"  45°39'06" K-feldspar granite 296 7

AK154-2 Akebastaw   84° 45'33"  45° 24'39" K-feldspar granite 305 4

MG 164-2 Miaoergou   83°57'00"  45°31'3" Chamockite 305 3

MG9811-1 Miaoergou   84° 01'45" 45° 32'45" Chamockite 296 3

MG 123-2 Miaoergou  83°52'20"  45°30'55" Chamockite 305 3

MG136-1 Miaoergou   83° 56'26"  45° 29'25" K-feldspar granite 308 6

MG9951-1 Miaoergou  83°52'33" 45°31'57" K-feldspar granite 298 4

Gn-71 Sawur Mts K-feldspar granite 338 4

Gn-40 Tarbgatay Mts Granodiorite 325 4

Gn-14 Tarbgatay Mts K-feldspar granite 303 4

KLMY21 Keramay  K-feldspar granite 295 6

KLMY3 Keramay  Granite 318 5

KLMY16 Akebastaw   K-feldspar granite 276 5

MEG5 Miaoergou  Granite 327 7

TGL1 Taergen  K-feldspar granite 287 5

KL-19 Keramay  Quartz diorite 316 3

ALT-49 Barleik Mts diorite 324 2

ALT-87 Barleik Mts diorite 321 2

ALT-52 Barleik Mts diorite 320 2

ALT-74 Barleik Mts quartz syenite 314 5

ALT-130 Barleik Mts quartz syenite 282 2

ALT-36 Barleik Mts quartz syenite 272 2

ALT-101 Barleik Mts granitic porphyry 274 2

ALT-116 Barleik Mts granitic porphyry 270 2

ALT-84 Barleik Mts granitic porphyry 259 5

9LB-50 Saleinuohai Mts     82°56′37.7" 45°22′42.3" plagiogranite 515 3

09LB-53 Saleinuohai Mts    82°58′43.9" 45°22′20.0" plagiogranite 514 3

09LB-77 Saleinuohai Mts     82°50′17.4" 45°21′41.6" plagiogranite 509 2

Table 1 Click here to access/download;Table (Editable version);Table 1
Summary of sample localities and  ages.xlsx
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SLN-19 Saleinuohai Mts    82°55′43.0" 45°23′21.2" plagiogranite 511 4

09LB-81 Saleinuohai Mts     82°50′4.3" 45°21′29.0" quartz plagioclasite 500 2

LBD-09 Saleinuohai Mts     83°03′36.7" 45°20′35.3" plagiogranite 493 2

HJK-13 Saleinuohai Mts   82°52′28.8" 45°20′53.7"  carbonated felsic rock 495 9

HJK-14 Saleinuohai Mts    82°58′20.7" 45°19′13.4" gabbro 498 2

HJK-18 Saleinuohai Mts     82°56′42.1" 45°17′45.0" porphyritic granite 492 2

D07057 Taergen   83°32'35" 45°45'55" K-feldspar granite 296 3

AS3 Akebastaw   K-feldspar granite 303 3

Ml Miaoergou  K-feldspar granite 305 2

06XJ145 Baogutu  84°2710"  45°29,57" Quartz dioritic porphyry 315 4

06XJ153 Baogutu  84°26'25" 45°23'54" Dioritic porphyry 314 4

06XJ156 Baogutu  84°26'14" 45°23'24" Dioritic porphyry 310 3

06XJ182 Keramay  Granodiorite 316 3

12WJ08 Xiemisitai 85°08'31" 46°41'21" Syenitic porphyry 412 4

11WJ70 Xiemisitai 85°33'45" 46°41'11" Granite 412 5

11WJ85 Xiemisitai 85°30'01" 46°42'48" Alkali granite 416 5

12WJ03 Xiemisitai 85°07'46" 46°41'16" Syenitic granite 418 7

11WJ94 Xiemisitai 85°27'31" 46°42'30" Syenitic granite 424 6

11WJ07 Miaoergou  83°54'32" 45°30'25" Aalkali-feldspar granite 294 3

11WJ23 Miaoergou  83°57'00" 45°31'04" Charnokite 297 4

11WJ26 Hatu 84°32'45" 46°06'39" Biotite granite 298 4

11WJ06 Miaoergou  83°57'00" 45°30'54" Charnokite 298 2

11WJ16 Miaoergou  83°51'18" 45°32'31" Aalkali-feldspar granite 300 5

11WJ12 Miaoergou  83°51'03" 45°32'50" Charnokite 305 7

06XJ136 Keramay  84°39'43" 45°40'26" Diorite 306 5

06XJ138 Baogutu  84°27'02" 45°29'56" Diorite 310 4

06XJ120 Keramay  84°50'54" 45°43'40" Aalkali-feldspar granite 311 4

06XJ148 Keramay  84°32'25" 45°28'25" Granodiorite 312 4

15XJ07 Keramay  85°13'33" 46°18'04" Diorite 315 5

15XJ01 West Keramay 84°31'59" 45°39'33" Diorite 316 7

06XJ143 Baogutu  84°27'05" 45°29'56" Gabbro 332 4

WJ2009 Mayile Mts 83°01'27" 46°01'39" Quartz Monzonite 270 2

19BLK03 Mayile Mts 83º23'08.03" 45º47'43.87" Granodiorite 432 4

WJ1103 Alashankou 82º44'43" 45º18'33" Alkali granite 269 2

WJ1115 Bieluagaxi 84º24'52.3" 46º02'56.4" Granodiorite 299 2

WJ1603 Suyunhe 82°29'13" 45°47'20" Monzonitic granite 302 2

18BGT02 Baogutu 84º28'07.06" 45º29'51.43" Diorite 315 2

18EK01 Keramay 84º42'40.62" 45º40'26.45" Monzonitic granite 311 1

18MG03 Miaoergou  83º56'58.85" 45º31'03.32" Charnockite 306 1

18MG04 Miaoergou  83º52'18.98" 45º30'54.84" Charnockite 306 1

WJ1309 Xiemisitai 85º28'23.6" 46º36'6.6" A-type granite 307 1

WJ1315 Sawur Mts 86º15'21.7" 47º26'36.6" A-type granite 293 1

WJ1325 Sawur Mts 86º07'45.7" 47º08'4.9" I-type granite 336 1

WJ1326 Sawur Mts 86º10'32.0" 47º13'27.8" A-type granite 298 1

WJ2001 Xiemisitai Mts 86°06'45.33" 46°45'31.56" Rhyolite 425 5

WJ2002 Xiemisitai Mts 86°05'26.09" 46°44'33.85" Rhyolite 418 4

WJ2004 Xiemisitai Mts 86°02'06.51" 46°42'17.51" Diorite Porphyry 438 4

WJ2005 Xiemisitai Mts 86°22'57.28" 46°38'23.69" Alkali granite 304 3

WJ1118 Tarbgatay Mts 84º35'38.05" 46º45'27.26" Alkali granite 277 1

WJ1121 Tarbgatay Mts 84º21'17.0" 46º41'18.4" Alkali granite 277 5

WJ1142 Xiazijie 86º10'45.2" 46º34'32.4" Granodiorite 315 2

09BGT-18 Baogutu Quartz diorite 313 3

09MYL-19 Mayile Mts  83°13′22" 45°34′09" Diorite 501 3

09MYL-145 Mayile Mts  83°11′46" 45°34′26" Gabbro 493 5

09MYL-147 Mayile Mts  83°12′16" 45°34′31" Granite 493 5

08MYL-10 Mayile Mts  83°16′32" 45°40′55" Diorite 488 5

08MYL-19 Mayile Mts  83°16′24" 45°40′48" Diorite 485 2

09AEST-8 Mayile Mts  83°23′15" 45°47′47" Granodiorite 444 2

09AEST-9 Mayile Mts  83°23′15" 45°47′47" Granodiorite 439 3



09MYL-56 Mayile Mts  83°15′51" 45°40′22" Diorite 318 4

08MYL-53 Mayile Mts  83°19′16" 45°40′57" Granodiorite 308 2

08MYL-54 Mayile Mts  83°20′36" 45°41′43" Granodiorite 313 3

09MYL-37 Mayile Mts  83°16′49" 45°36′45" Granodiorite 307 2

09JBL-4 Mayile Mts  83°30′01" 45°38′56" Granodiorite 311 1

09JBL-3 Mayile Mts  83°27′33" 45°40′43" K-feldspar granite 309 2

08TLG-1 Taergen  K-feldspar granite 309 4

09TK-18 Barleik Mts  83°12′19" 45°52′24" Trondhjemite 503 3

10TK-84 Barleik Mts   83°13′14" 45°51′36" diorite 509 3

10TK-88 Barleik Mts   83°13′26" 45°51′56" diorite 503 3

10TK-3 Barleik Mts   83°11′59" 45°53′13" Granodiorite 372 2

10TST-2 Barleik Mts   82°44′22" 45°55′15" K-feldspar granite 277 2

10QE-3 Barleik Mts   82°27′05" 45°43′52" Granodiorite 311 2

WJ1107 Tarbgatay Mts 84º21'21" 46º53'52" Gabbro 343 2

WJ1109 Tarbgatay Mts 84º40'54" 46º56'38" Biotite Granite 329 2

WJ1133 Hongguleleng 86º15'20.7" 46º40'41.3" Quartz Monzonite 297 3

WJ1135 Hongguleleng 86º31'22.9" 46º41'48.8" Quartz Monzonite 282 2

WJ1143 Xiazijie 86º14'0.7" 46º34'22.3" Alkali granite 302 2

WJ1122 Xiemisitai Mts  85º32'20.2" 46º41'36" Gabbro 420 3

WJ1125 Xiemisitai Mts  85º30'20.0" 46º42'38.3" K-feldspar granite 420 1

WJ1126 Xiemisitai Mts  85º27'34.9" 46º42'28.7" Syenitic granite 418 2

WJ1128 Xiemisitai Mts   85º28'30.0" 46º34'44.3" Rhyolite 419 2

WJ1132 Xiemisitai Mts  85º36'60" 46º39'32.4" Granodiorite 420 2

WJ1311 Xiemisitai Mts  85º06'54.7" 46º42'23.9" Granodiorite 419 2

WJ1312 Xiemisitai Mts  85º19'36.6" 46º42'56.1" K-feldspar granite 420 2

WJ1136 Saier Mts   85º53'18.5" 46º45'43" Syenitic granite 407 3

WJ1314 Xiemisitai Mts   85º47'36.1" 46º38'41.2" monzogranite 414 3

18AK01 Akebasitao 84º21'37.80" 45º43'09.21" A-type granite 305 1

18HATU Hatu 84º14'24.52" 46º01'06.60" A-type granite 302 1

18TCG01 Tiechanggou 84º31'16.54" 46º08'19.97" A-type granite 307 2

18NKM01 Northern Keramay 84º50'42.84" 45º43'56.67" A-type granite 305 1

WJ1144 Miaoergou 83º54'44.5" 45º31'51.8" A-type granite 302 2

WJ1117 Wuerkashier 84º03'57.26" 46º17'44.75" A-type granite 298 2

18MY01 Mayile Mts 83º13'22.36" 45º34'09.57" Alkali granite 502 2

18MY02 Mayile Mts 83º16'13" 45º40'47" Diorite 488 2

18MY03 Mayile Mts 82º50'02.08" 45º21'37.99" Diorite 507 2

19BLK01 Mayile Mts 83º13'05.88" 45º51'33.46" Diorite 502 3

19BLK02 Mayile Mts 83º13'14.04" 45º51'53.66" Granodiorite 503 3

19SLH07 Mayile Mts 82º56'39.13" 45º22'41.84" Trondhjemite 511 3

19MYL01 Mayile Mts 83º14'34.04" 45º34'28.12" Gabbro 490 4

19SLH02 Mayile Mts 82º58'21.48" 45º19'12.85" Gabbro 503 2

OK-4 Sawur Mts  86° 17'51" 47°  01'01" Adamellite 324 6

STS-1 Sawur Mts  86° 01'41"  47° 04'23" Adamellite 328 6

KE-18 Sawur Mts 86° 21'20" 47° 12'33"  K-feldspar granite 303 8

KY-5 Sawur Mts  86°17′32"  47°13'28" Alkali granite 298 5

QQH-14 Sawur Mts 86° 15'22" 47°26'38" Alkali granite 291 9



Method Data sources

LA-ICPMS Cao et al., 2016

LA-ICPMS Cao et al., 2016

SHRIMP II Chen et al., 2010

SHRIMP II Chen et al., 2010

SHRIMP II Chen et al., 2010

SHRIMP II Chen et al., 2010

SHRIMP II Chen et al., 2010

SHRIMP II Chen et al., 2010

SHRIMP Chen et al., 2010

LA-ICP-MS Chen et al., 2010

LA-ICP-MS Chen et al., 2010

SHRIMP II Chen et al., 2010

SHRIMP II Chen et al., 2010

SHRIMP Chen et al., 2010

SHRIMP Chen et al., 2010

SHRIMP Chen et al., 2010

LA-ICP-MS Chen et al., 2010 

SHRIMP Chen et al., 2010 

SHRIMP Chen et al., 2010 

SHRIMP Chen et al., 2010 

SHRIMP Chen et al., 2010 

LA-ICP-MS Chen et al., 2015

LA-ICP-MS Chen et al., 2015

LA-ICP-MS Chen et al., 2015

LA-ICP-MS Chen et al., 2015

LA-ICP-MS Chen et al., 2015

LA-ICP-MS Chen et al., 2019

LA-ICP-MS Chen et al., 2019

LA-ICP-MS Chen et al., 2019

LA-ICP-MS Geng et al., 2009 

LA-ICP-MS Geng et al., 2009 

LA-ICP-MS Geng et al., 2009 

LA-ICP-MS Geng et al., 2009 

SHRIMP Geng et al., 2009 

SHRIMP Geng et al., 2009 

LA-ICP-MS Geng et al., 2009 

SHRIMP Han et al., 2006 

SHRIMP Han et al., 2006 

SHRIMP Han et al., 2006 

SHRIMP Han et al., 2006 

SHRIMP Han et al., 2006 

SHRIMP Han et al., 2006 

SHRIMP Han et al., 2006 

SHRIMP Han et al., 2006 

SHRIMP He and Chen, 2011 

LA-ICP-MS Liu et al., 2017

LA-ICP-MS Liu et al., 2017

LA-ICP-MS Liu et al., 2017

LA-ICP-MS Liu et al., 2017

LA-ICP-MS Liu et al., 2017

LA-ICP-MS Liu et al., 2017

LA-ICP-MS Liu et al., 2017

LA-ICP-MS Liu et al., 2017

LA-ICP-MS Liu et al., 2017

LA-ICP-MS Ren et al., 2014

LA-ICP-MS Ren et al., 2014

LA-ICP-MS Ren et al., 2014



SIMS Ren et al., 2014

LA-ICP-MS Ren et al., 2014

LA-ICP-MS Ren et al., 2014

SIMS Ren et al., 2014

LA-ICP-MS Ren et al., 2014

LA-ICP-MS Ren et al., 2014

SHRIMP Song et al., 2011 

LA-ICP-MS Su et al., 2006 

LA-ICP-MS Su et al., 2006 

LA-ICP-MS Tang et al., 2010 

LA-ICP-MS Tang et al., 2010 

LA-ICP-MS Tang et al., 2010 

LA-ICP-MS Tang et al., 2012 

SIMS Tang et al., 2019

SIMS Tang et al., 2019

SIMS Tang et al., 2019

SIMS Tang et al., 2019

SIMS Tang et al., 2019

SIMS Tang et al., 2019

LA-ICPMS Tang et al., 2019

LA-ICPMS Tang et al., 2019

SIMS Tang et al., 2019

SIMS Tang et al., 2019

SIMS Tang et al., 2019

SIMS Tang et al., 2019

SIMS Tang et al., 2019

SIMS Tang et al., 2019

SIMS Tang et al., 2019

SIMS Tang et al., 2019

SIMS Tang et al., 2019

SIMS Tang et al., 2019

LA-ICPMS this study

LA-ICPMS this study

LA-ICPMS this study

LA-ICPMS this study

LA-ICPMS this study

LA-ICPMS this study

LA-ICPMS this study

LA-ICPMS this study

LA-ICPMS this study

LA-ICPMS this study

LA-ICPMS this study

LA-ICPMS this study

LA-ICPMS this study

LA-ICPMS this study

LA-ICPMS this study

LA-ICPMS this study

LA-ICPMS this study

LA-ICPMS this study

LA-ICPMS this study

LA-ICPMS this study

SHRIMP Wei et al., 2011 

LA-ICP-MS Xu et al., 2012

SIMS Xu et al., 2012

SIMS Xu et al., 2012

SHRIMP Xu et al., 2012

LA-ICP-MS Xu et al., 2012

LA-ICP-MS Xu et al., 2012

LA-ICP-MS Xu et al., 2012



SIMS Xu et al., 2012

LA-ICP-MS Xu et al., 2012

SHRIMP Xu et al., 2012

LA-ICP-MS Xu et al., 2012

LA-ICP-MS Xu et al., 2012

LA-ICP-MS Xu et al., 2012

LA-ICP-MS Xu et al., 2012 

LA-ICP-MS Xu et al., 2013

LA-ICP-MS Xu et al., 2013

LA-ICP-MS Xu et al., 2013

LA-ICP-MS Xu et al., 2013

LA-ICP-MS Xu et al., 2013

LA-ICP-MS Xu et al., 2013

LA-ICPMS Yin et al., 2013b

LA-ICPMS Yin et al., 2013b

LA-ICPMS Yin et al., 2013b

LA-ICPMS Yin et al., 2013b

LA-ICPMS Yin et al., 2013b

LA-ICP-MS Yin et al., 2017

LA-ICP-MS Yin et al., 2017

LA-ICP-MS Yin et al., 2017

LA-ICP-MS Yin et al., 2017

LA-ICP-MS Yin et al., 2017

LA-ICP-MS Yin et al., 2017

LA-ICP-MS Yin et al., 2017

LA-ICP-MS Yin et al., 2017

LA-ICP-MS Yin et al., 2018

LA-ICPMS Yin et al., 2021

LA-ICPMS Yin et al., 2021

LA-ICPMS Yin et al., 2021

LA-ICPMS Yin et al., 2021

LA-ICPMS Yin et al., 2021

LA-ICPMS Yin et al., 2021

LA-ICPMS Zhang et al., 2022

LA-ICPMS Zhang et al., 2022

LA-ICPMS Zhang et al., 2022

LA-ICPMS Zhang et al., 2022

LA-ICPMS Zhang et al., 2022

LA-ICPMS Zhang et al., 2022

LA-ICPMS Zhang et al., 2022

LA-ICPMS Zhang et al., 2022

SHRIMP Zhou et al., 2008

SHRIMP Zhou et al., 2008 

SHRIMP Zhou et al., 2008 

SHRIMP Zhou et al., 2008 

SHRIMP Zhou et al., 2008 



Declaration of interests 

  

☒ The authors declare that they have no known competing financial interests or personal 

relationships that could have appeared to influence the work reported in this paper. 

  

☐ The authors declare the following financial interests/personal relationships which may be 

considered as potential competing interests: 

 

 

Declaration of Interest Statement



  

 Supplementary Table S1

Click here to access/download
Supplementary Material

Table S1 A summary of the zircon U-Pb, Hf-O isotope
data.xlsx

https://www2.cloud.editorialmanager.com/earth/download.aspx?id=221328&guid=39c18409-8ccc-445e-b77e-6165589ebbad&scheme=1


  

 Supplementary Table S2

Click here to access/download
Supplementary Material

Table S2 In situ zircon Hf-O isotopes.xlsx

https://www2.cloud.editorialmanager.com/earth/download.aspx?id=221329&guid=04c25f4f-7197-4b55-aecc-b9604205e762&scheme=1

	 
	965378c973e87bbe29c7143d85895f3f0c578407b996d9294f0ff18364c4b07b.pdf

