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Abstract 17 

Although a critical part of reconstructing the dynamic evolution of the Neo-Tethyan 18 

ocean, the timing and mechanism of subduction initiation remains highly controversial. 19 

In this contribution, we report petrological and geochemical data for newly identified 20 

Late Triassic Aza biotite granodiorites and Chango basalts in southern Tibet. The Aza 21 

biotite granodiorites (ca. 236 Ma) display adakitic affinities. These granodiorites are 22 

characterized by high SiO₂ (62.8–68.6 wt.%), moderate MgO (1.3–3.1 wt.%), high Sr 23 

(444–546 ppm) and low Y (8.4–14.0 ppm) and Yb (0.87–1.48 ppm) contents, along 24 

with high Na₂O/K₂O (0.9–2.1), Sr/Y (35.3–59.0) and La/Yb (7.4–24.4) ratios and 25 

positive εNd(t) values of +6.1 to +6.7, similar to melts of subducting oceanic slab. The 26 

Chango basalts (ca. 219 Ma) have typical arc basalt features, such as enriched large ion 27 

lithophile elements (LILE) and depleted high field strength elements (HFSE) with εNd(t) 28 

of +6.4 to +7.2, suggesting derivation from a metasomatized asthenospheric mantle 29 

wedge source. The presence of these two suites of magmatic rocks provides solid 30 

evidence for the early subduction of the Neo-Tethys Ocean during the Late Triassic. 31 

Moreover, numerical modelling indicates that the closure of the Sumdo Ocean (ca. 240 32 

Ma) is the most likely potential candidate as the driving force for the subduction 33 

initiation of the Neo-Tethys Ocean. The closure of the Sumdo Ocean and the earliest 34 

magmatic rocks related to subduction in southern Lhasa jointly constrain the onset of 35 

Neo-Tethys subduction to around 240 Ma. 36 

 37 

Keywords: Subduction initiation timing, Subduction initiation mechanism, 38 



Geodynamics of plate convergence, Neo-Tethys, Southern Tibet 39 

 40 

1 Introduction 41 

The Tethys tectonic domain records the long-term evolution of Tethys oceans 42 

(Zhu et al., 2022) extending from northeastern Australia into the Alpine-Mediterranean 43 

mountain chains, via Tibetan and Iran Plateaus. This makes it a geologically complex 44 

region and one of the richest areas for mineral deposits and petroleum resources in the 45 

world (Zhu et al., 2022). The Tethys Ocean was located between the Gondwana and 46 

Laurasia supercontinents during the Phanerozoic, and its development was associated 47 

with the rifting and accretion of Gondwana-derived terranes to the Eurasia 48 

supercontinent (Wan et al., 2019). As one of the main branches of the Tethyan oceans, 49 

the Neo-Tethys opened during the Late Paleozoic due to the separation of the Lhasa 50 

block from Gondwana and finally closed during the Cenozoic, leading to the formation 51 

of the immense Tibetan Plateau (Dan et al., 2021; Zhu et al., 2023). However, the early 52 

tectonic evolutionary history of the Neo-Tethys Ocean, particularly the timing of its 53 

subduction initiation, remains unclear, and this hinders reconstruction of the tectonic 54 

evolution of this disappeared ocean. 55 

Initially, it was thought that the subduction initiation of the Neo-Tethys Ocean 56 

occurred in the Early Cretaceous, mainly based on the dating results of the Yarlung-57 

Zangbo ophiolite and the arc-like magmatism in southern Lhasa (e.g., Dai et al., 2013; 58 

Wen et al., 2008). However, our understanding of the timing of subduction initiation 59 

has changed with the subsequent discovery of many more Jurassic-to-Middle Triassic 60 



arc-like magmatic rocks in southern Lhasa (e.g., Kang et al., 2014; Wang et al., 2016, 61 

2022b; Zhu et al., 2023). Some have alternatively suggested that these Triassic-Jurassic 62 

arc-like magmatic rocks in southern Lhasa might be the result of the southward 63 

subduction of the Bangong–Nujiang Tethys slab (e.g., Huang et al., 2021; Zhu et al., 64 

2011, 2013). In addition, the most reliable petrological evidence for determining the 65 

onset of subduction, such as boninite and forearc basalt, are no longer present due to 66 

significant subduction erosion (Huang et al., 2022) and potential re-initiation of 67 

subduction during the Early Cretaceous (Xiong et al., 2016). Therefore, although 68 

crucial for understanding and reconstructing the evolution of the Neo-Tethys Ocean the 69 

timing and mechanism of subduction initiation in the Tibetan Plateau region remains a 70 

highly debated issue. It is worth noting that uncertainties in determining the timing of 71 

subduction initiation are not unique to the Tibetan region and are common issue for the 72 

reconstruction of ancient convergent orogens worldwide. 73 

In this contribution, we present petrological, geochronological, and 74 

geochemical data for newly identified biotite granodiorites and basalts in southern Tibet. 75 

Our results indicate that these Late Triassic biotite granodiorites and basalts were 76 

derived from subducted oceanic slab and metasomatized depleted mantle, respectively, 77 

which provides clear evidence for the subduction of the Neo-Tethys Ocean during the 78 

Late Triassic.  79 

 80 

2 Geological background and samples  81 

2.1 Geological background 82 



The Tethys evolved from a Paleozoic-Mesozoic ocean into three long-term 83 

evolving oceans: Proto-Tethys, Paleo-Tethys, and Neo-Tethys, and their life cycles span 84 

the entire Phanerozoic era (Wan et al., 2019). As an important part of the Tethys domain, 85 

the Tibetan Plateau preserves a complete record of this multi-stage Tethys evolution. 86 

Within the Tibetan Plateau, a series of east-west Tethyan closure sutures are preserved. 87 

From north to south, they are the Aemye Ma-chhen-Kunlun-Muzitag, Jinsha and 88 

Longmu Co-Shuanghu sutures formed by the closure of the Paleo-Tethys Ocean, and 89 

the Bangong–Nujiang, Sumdo and Yarlung–Zangbo sutures formed by the closure of 90 

the Neo-Tethys Ocean (Fig. 1a) (e.g., Hao et al., 2025; Liu et al., 2020; Yin and Harrison, 91 

2000; Zhu et al., 2013). These sutures demarcate several Gondwana-derived blocks 92 

including the Songpan–Ganze, Qiangtang, Lhasa, and Himalaya blocks which have 93 

developed since the Early Paleozoic during the evolution of various Tethyan Oceans 94 

(Fig. 1a).  95 

The Indus-Yarlung Zangbo suture zone (IYZSZ) is one of the most important 96 

tectonic boundaries in the Tibetan Plateau. It marks the site where the Indus-Yarlung 97 

Zangbo Tethyan Ocean lithosphere was consumed at a subduction zone dipping 98 

northward beneath the Lhasa block (Yin and Harrison, 2000; Zhu et al., 2013). The 99 

igneous age of the diabases or gabbros from the ophiolite sequences along the IYZSZ 100 

has been estimated at 163–120 Ma (Dai et al., 2013; Zhu et al., 2013). In recent years, 101 

a number of Early Permian-Middle Triassic ophiolites have also been identified within 102 

the IYZSZ (Liu et al., 2020) and these suggest that the opening of the Neo-Tethys Ocean 103 

can be traced to as early as Early Permian (Liu et al., 2020). 104 



As the upper plate of the Neo-Tethys subduction zone, the Lhasa block can be 105 

further subdivided into the northern, central, and southern Lhasa subblocks, separated 106 

by the Shiquanhe-Namco ophiolite mélange zone and the Luobadui–Milashan Fault, 107 

respectively (Fig. 1b) (Zhu et al., 2011). Based on zircon in situ U–Pb and Lu–Hf 108 

isotopic and bulk‑rock geochemical data of Mesozoic–Early Tertiary magmatic rocks, 109 

the Lhasa block contains ancient basement rocks of Proterozoic and Archean ages (up 110 

to 2870 Ma) in central Lhasa and in the eastern part of southern Lhasa. Younger and 111 

more juvenile Phanerozoic crust was accreted toward both the northern and southern 112 

edges of the block (Ma et al., 2019; Zhu et al., 2011, 2013). The southern Lhasa 113 

subblock thus is likely to have been a microcontinent that underwent extensive 114 

Phanerozoic crustal reworking and growth (Ma et al., 2019). 115 

Southern Lhasa is the southernmost part of the Asian continent before India–116 

Asia collision and the leading edge of the Neo-Tethys subduction zone. The 117 

sedimentary cover in the southern Lhasa subblock is largely restricted to the eastern 118 

portion (Zhu et al., 2013). The Paleozoic Nyingchi Group (Dong et al., 2010) and the 119 

Middle–Late Triassic (ca. 237-212 Ma) Changguo Formation littoral-shallow marine 120 

sedimentary rocks (e.g., marble, conglomerate, siltstone) potentially represent the 121 

oldest cover unit of this subblock (Huang et al., 2021; Wang et al., 2022a). 122 

The Phanerozoic magmatic and metamorphic rocks record geodynamic 123 

evolution information of Lhasa, which is crucial for understanding the development of 124 

Tethys. Scarce Cambrian (~496 Ma) orthogneiss intrusive rocks with limited 125 

geochemical data have been reported from southern Lhasa (Dong et al., 2010). Late 126 



Devonian–Early Carboniferous Zhengga amphibolite and two‐mica gneissic granite 127 

(366–353 Ma, Ma et al., 2019) also occur in the southern Lhasa subblock. The Zhengga 128 

amphibolite has low SiO2 and high MgO, Cr, and Ni contents with positive εNd(t) of 129 

+3.3 to +8.0 and zircon εHf(t) of +0.9 to +11.2, and low zircon δ18O of 5.7±0.2‰, 130 

which are proposed to have formed by decompression melting of asthenosphere during 131 

intracontinental back‐arc extension (Ma et al., 2019). A Permo-Carboniferous (353-132 

264 Ma) magmatic gap occurs in southern Lhasa (Ma et al., 2022), coeval with the 133 

Pikang granites (~263 Ma, Zhu et al., 2009) and high-pressure Sumdo eclogite (∼262 134 

Ma, Yang et al., 2009) in central Lhasa. The Pikang peraluminous granite magmatism 135 

and Sumdo high-pressure metamorphism are coeval with the regional angular 136 

unconformity between the Middle and the Upper Permian, all of which have been 137 

linked to an orogeny referred to as the Permian Orogeny (Zhu et al., 2009). Middle 138 

Triassic–Early Jurassic magmatic rocks have been found in the central and southern 139 

Lhasa subblocks. Middle Triassic-Early Jurassic intrusive rocks in central Lhasa are 140 

silicic, metaluminous to peraluminous with negative εHf(t) values (−17.3 to −2.5), 141 

suggesting anatexis of ancient continental crust (Yu, 2020; Zhu et al., 2011, 2013). 142 

While in southern Lhasa, the Middle Triassic–Early Jurassic volcanic rocks exhibiting 143 

arc-like characteristics with depleted Sr-Nd-Hf isotope compositions are derived by 144 

partial melting of a heterogeneous mantle source (e.g., Wang et al., 2016; Zhu et al., 145 

2008).  146 

 147 

2.2 Samples collected for this study 148 



The samples in this study were collected close to the towns of Aza and Chango, 149 

located approximately 30-40 km southeast of Lhasa City (Figs. 1c, 2a-b; Table S1). The 150 

Aza biotite granodiorite intrudes into the lower section of the Middle-Late Triassic (ca. 151 

237-212 Ma) Changguo Formation that is a newly established stratigraphic unit (Wang 152 

et al., 2016, 2022a; Huang et al., 2021), while the Chango basalt is a shallow constituent 153 

unit of this volcanic-sedimentary sequence. The Aza biotite granodiorite samples 154 

display a massive structure with granular texture and generally consist (vol.%) of 155 

plagioclase (40-45%), quartz (20-25%), biotite (10-15%), amphibole (5-10%), and 156 

opaque minerals (5-10%) (Figs. 2c-d). The plagioclase, quartz, biotite and amphibole 157 

crystals in the Aza biotite granodiorites are mainly subhedral (Figs. 2c-d). The Chango 158 

basalt samples have massive structure with porphyritic textures. The phenocryst 159 

assemblage is dominated by plagioclase (10-15%) and clinopyroxene (15-20%) (Figs. 160 

2e-f). Subhedral-anhedral plagioclase crystals show albitization (Figs. 2e-f; Table S2), 161 

characterized by cellular and locally turbid textures. The subhedral-anhedral 162 

clinopyroxene crystals are commonly observed to be partially or completely replaced 163 

by actinolite, indicating that these rocks undergone varying degrees actinolitization.  164 

(Figs. 2e-f; Table S2). The groundmass dominantly consists of crypto-crystalline or 165 

glassy, and locally visible fine-grained plagioclase and clinopyroxene.  166 

 167 

3 Results 168 

Analytical methods are given in Text S1 in the supporting information. Mineral 169 

composition, zircon U-Pb geochronology, major and trace elements, Sr-Nd isotope, and 170 



zircon O isotope data for the samples are given in Tables S2–S6, respectively. 171 

 172 

3.1 Mineral compositions 173 

Representative mineral compositions from the samples are listed in Table S2. 174 

Plagioclase in the Aza biotite granodiorites mainly consists of albite (Ab91-175 

96An4-9Or0-1) and oligoclase (Ab76-89An11-23Or0-2). Plagioclase in the Chango basalts is 176 

predominantly labradorite (Ab31-44An56-69Or0) and bytownite (Ab23-27An73-76Or0), with 177 

a small amount of albite (Ab91-99An1-9Or0-1). 178 

Based on the amphibole classification of Leake et al. (1997), all of the 179 

amphiboles from this study belong to the calcic group (CaB > 1.5), which exhibit (Na + 180 

K)A < 0.5, CaA < 0.5, and all display high Si content (Si in formula > 6.5). The 181 

amphiboles in the Aza biotite granodiorites are mainly composed of 182 

magnesiohornblende, whereas those in the Chango basalts have characteristics of 183 

actinolite and magnesiohornblende. 184 

 185 

3.2 Zircon U-Pb ages 186 

One biotite granodiorite sample (21AZ05-1) and one basalt sample (21CG04-1) 187 

were selected for zircon dating. Zircon U-Pb isotopic data are given in Tables S3-S4. 188 

Zircons from the biotite granodiorite have crystal lengths of ~50–200 μm, 189 

length/width ratios from 1:1 to 3:1 and display oscillatory zoning of magmatic growth 190 

(Fig. 3a). The zircon crystals from biotite granodiorite (21AZ05-1) show variable U 191 

(247–798 ppm) and Th (82–831 ppm) contents with Th/U ratios ranging from 0.33 to 192 



1.07, indicating a magmatic origin (Hoskin and Black, 2000). Twenty-five analyses of 193 

zircons from sample 21AZ05-1 yield a weighted mean 206Pb/ 238U age of 235.8±2.5 Ma 194 

(LA‐ICP-MS; MSWD=0.8; Fig. 3a).  195 

According to the internal morphology shown in CL images (Fig. 3b), zircons 196 

from the basalt can be divided into two categories: magmatic and inherited zircons. The 197 

magmatic zircons have crystal lengths of ~50–100 μm, length/width ratios from 1:1 to 198 

2:1 and display oscillatory zoning of magmatic growth. The inherited zircon grains 199 

display round shapes, with average crystal lengths being 40–60 μm and length-to-width 200 

ratios of 1:1. The magmatic and inherited zircons have variable Th (85-485 ppm and 201 

42-1470 ppm, respectively) and U (286-1085 ppm and 58-1325 ppm, respectively) 202 

contents, with Th/U ratios of 0.30-1.09 and 0.33-1.11, respectively, indicating a 203 

magmatic origin for both. Four analyzed spots on inherited zircons gave old ages 204 

ranging from Paleoproterozoic to Early Permian (1951.6–293.1Ma) (Fig. 3b). The six 205 

magmatic zircons gave concordant 206Pb/238U ages of 223.4 to 213.2 Ma, with a 206 

weighted mean age of 219.2 ± 2.9 Ma (SIMS; MSWD = 1.09) (Fig. 3b). 207 

 208 

3.3 Major and trace element data 209 

Major and trace element compositions are given in Table S5. 210 

The Aza biotite granodiorites have high SiO2 (62.8–68.6 wt.%), MgO (1.3–3.1 211 

wt.%), Na2O (3.8-5.1 wt.%) contents and Na2O/K2O (0.9-2.1) values. On the SiO2 vs. 212 

Nb/Y diagram, the samples plot in the rhyodacite or dacite fields (Fig. 4a). They are 213 

characterized by high Mg# (46-58) values and low Cr (4-44 ppm) and Ni (3-26 ppm) 214 



contents. The Aza samples have calc-alkaline and metaluminous characteristics 215 

(A/CNK = molecular Al2O3/(CaO + Na2O + K2O) = 0.91-0.99; Figs. 4b-c). They have 216 

chondrite-normalized rare earth element (REE) patterns with negligible Eu anomalies 217 

(δEu = 0.92-1.03; Fig. 5a) and are enriched in light rare earth elements (LREEs) relative 218 

to heavy rare earth elements (HREEs) with (La/Yb)N of 5.3-17.5. The Aza samples are 219 

also characterized by enrichment in LILEs and depletion of HFSEs, with negative Nb-220 

Ta-Ti anomalies and positive Sr anomalies (Fig. 5b). It is worth noting that the biotite 221 

granodiorite samples show affinity of adakite with low Yb and Y (Yb = 0.87-1.48 ppm; 222 

Y = 8.9-14.0 ppm) and high Sr (444-546 ppm) contents and high Sr/Y (35.3-59.0) and 223 

La/Yb (7.4-24.4) ratios (Defant and Drummond, 1990; Martin, 1999) (Fig. 4d). 224 

The Chango basalts have variable SiO2 (42.9-52.3 wt.%), MgO (4.8-8.6 wt.%), 225 

Cr (14-349 ppm), Ni (22-92 ppm) contents and Mg# (51-72) values. On a SiO2 vs. Nb/Y 226 

diagram, the samples plot in the basalt field (Fig. 4a) and exhibit calc-alkaline 227 

geochemical characteristics (Fig. 4b). The Chango basalts are characterized by enriched 228 

chondrite-normalised LREE ((La/Yb)N = 2.11-6.03) and relatively flat HREE 229 

((Dy/Yb)N = 1.21-1.48) patterns without marked Eu anomalies (Eu/Eu* = 0.83-1.04) 230 

(Fig. 5c). They are also characterized by the enrichment of LILEs and depletion of 231 

HFSEs, with negative Nb, Ta, Ti concentration anomalies on primitive mantle-232 

normalised plots (Fig. 5d). 233 

 234 

3.4 Sr–Nd–O isotopic data 235 

The whole-rock Sr-Nd and zircon O isotopic compositions of representative 236 



samples are listed in Tables S5-S6. The initial Sr-Nd isotopic ratios are calculated based 237 

on their crystallization ages. As shown in the plot of εNd(t) vs. (87Sr/86Sr)i (Fig. 6), the 238 

biotite granodiorites have low initial 87Sr/86Sr ratios (0.7027-0.7035) and positive ɛNd(t) 239 

values (+6.1 to +6.7). The basalts have initial 87Sr/86Sr ratios from 0.7034 to 0.7048 and 240 

positive ɛNd(t) values (+6.4 to +7.2).  241 

Two Aza biotite granodiorite samples (21AZ05-1 and 24AZ03-7) have similar 242 

zircon δ18O values (5.36 to 6.04 ‰ and 5.55 to 6.40 ‰), which are comparable to or 243 

slightly higher than those (5.3 ± 0.3‰) of igneous zircons in equilibrium with mantle 244 

magmas (Valley, 2003). 245 

 246 

4 Discussion 247 

4.1 Petrogenesis 248 

4.1.1 Effects of alteration and crustal assimilation  249 

Alteration and crustal assimilation generally have impacts on the composition 250 

of magmatic rocks. Therefore, it is necessary to first assess the influence of these 251 

processes, before discussing the origin and evolution process of magmatic rocks using 252 

the bulk rock composition.  253 

For the Aza biotite granodiorites, low LOI (0.56-1.78 wt.%) values and lack of 254 

altered minerals (Figs. 2c-d) suggest insignificant impact of metamorphism or sub-255 

solidus alteration. On the other hand, based on the presence of albite and actinolite and 256 

variable LOI (0.5-7.2 wt.%), the Chango basalts may have undergone low-grade 257 

metamorphism or variable degrees of alteration after emplacement. Generally, Zr is 258 



considered immobile during low- to medium-grade alteration (Pearce et al., 1992; 259 

Wood et al., 1979). Hence, correlation of elements with Zr can be used to assess the 260 

mobility of elements (Polat et al., 2002). For the Chango basalts, HFSEs (e.g., Nb, Ta, 261 

Th, and Hf) and REEs show a good correlation with Zr, while LILEs (e.g., Rb, Ba, Sr 262 

and K) exhibit a scattered distribution (Fig. 7). The following discussion on the origin 263 

of the Chango basalts thus will focus on the HFSEs and REEs rather than LILEs.  264 

Crustal contamination is almost inevitable for mantle-derived melts during their 265 

ascent through continental crust or their evolution within a crustal magma chamber (e.g., 266 

Castillo et al., 1999). For the Aza biotite granodiorites, relatively uniform εNd(t) (+6.1 267 

to +6.7) values and decreasing (87Sr/86Sr)i with increasing SiO2 are inconsistent with 268 

expected trends of continental crustal contamination (Figs. 8a-b). For the Chango 269 

basalts, relatively uniform and positive εNd(t) (+6.4 to +7.2) values, as well as a lack of 270 

correlation between εNd(t) values and 147Sm/144Nd (Fig. 8c), also indicate insignificant 271 

crustal contamination (Vervoort and Blichert-Toft, 1999). Moreover, the constancy of 272 

εNd(t) values with changes in MgO contents further supports the above inference (Fig. 273 

8d).  274 

 275 

4.1.2 Origin of Aza biotite granodiorites 276 

The high Sr, low Y and Yb contents of Aza biotite granodiorites with high Sr/Y 277 

and La/Yb ratios show affinities to adakites (Fig. 4d). Adakitic rocks can be generated 278 

by a variety of mechanisms, such as melting of subducted young and hot oceanic crust 279 

(Defant and Drummond, 1990), partial melting of thickened basaltic lower crust (e.g., 280 



Liu et al., 2010), crustal assimilation and low-pressure fractional crystallization from 281 

parental basaltic magmas (Castillo et al., 1999), and high-pressure crystallization 282 

(involving garnet) of mafic magmas derived from mantle wedge peridotites 283 

(Macpherson et al., 2006). We evaluate these alternative processes in the following 284 

sections with specific reference to the Aza adakitic rocks.  285 

Depleted Nd isotope compositions (εNd(t) = +6.1 to +6.7) of the Aza biotite 286 

granodiorites, similar to those of the Yarlung Tsangpo ophiolites (εNd(t) = +3.3 to +9.8) 287 

(e.g., Zhang et al., 2005, 2020) and oceanic slab-derived adakites (εNd(t) = +3.6 to +6.4) 288 

(e.g., Tian et al., 2022; Wang et al., 2019, 2022c) (Fig. 6), suggest a potential source of 289 

depleted mantle, oceanic crust or juvenile continental crust. In addition, for adakitic 290 

magmas derived from the low-pressure (involving amphibole) or high-pressure 291 

(involving garnet) fractional crystallization of mantle-derived magma, a marked 292 

depletion of middle or heavy REE is expected, given the enrichment of MREE and 293 

HREE in amphiboles and garnets respectively (Castillo et al., 1999; Macpherson et al., 294 

2006). However, the Aza biotite granodiorites show uniform (Dy/Yb)N (0.9-1.2) (Fig. 295 

S1) and flat HREE patterns with negligible Eu anomalies, which indicate minimal 296 

fractional crystallization of amphibole, garnet and plagioclase (Fig. 5a) and inconsistent 297 

with the mantle origin model. 298 

Continental crust and its melts are generally potassium-rich (Rudnick and Gao, 299 

2003), whereas oceanic crust and its melts usually show moderate sodium and low 300 

potassium (Martin, 1999). High Na2O (3.8-5.1 wt.%) and MgO (1.3-3.1 wt.%) contents 301 

with Na2O/K2O (0.9-2.1) and Mg# (46-58) values of the Aza biotite granodiorites, like 302 



those of slab-derived adakitic melts (Na2O ≥ 3.5 wt.%, Mg# > ~ 47; Figs. 9a-b) (Martin, 303 

1999), indicate that they were likely derived from oceanic slab rather than thickened 304 

continental lower crust. Furthermore, melts derived from oceanic crust and thickened 305 

lower continental crust both show high Sr/Y and (La/Yb)N ratios due to residual garnet 306 

in their source. However, thickened lower continental crust-derived melts typically 307 

exhibit higher Sr/Y (~30-1300) and (La/Yb)N (~20-300) ratios than oceanic crust-308 

derived melts (Sr/Y = ~25-350, (La/Yb)N = ~5-30) (Fig. 9c) (e.g., Liu et al., 2010), due 309 

to the lower continental crust having higher Sr/Y (22) and La/Yb (6) ratios than the 310 

oceanic crust (Sr/Y = 3, La/Yb = 0.8) (Rudnick and Gao, 2003; Sun and McDonough, 311 

1989). The low Sr/Y (35.3–59.0) and (La/Yb)N ratios (5.3–17.5) of the Aza biotite 312 

granodiorites thus further support derivation from partial melting of subducted oceanic 313 

slab (Fig. 9c).  314 

In summary, we suggest that the Aza biotite granodiorites were derived from the 315 

partial melting of the subducted oceanic slab 316 

 317 

4.1.3 Origin of the Chango basalts 318 

The Chango basalts have high εNd(t) values (+6.4 to +7.2), similar to those of 319 

the Yarlung Tsangpo ophiolites (εNd(t) = +3.3 to +9.8) (Fig. 6; Zhang et al., 2005, 2020), 320 

suggesting a depleted mantle source. In addition, calculations using PRIMELT3 321 

(Herzberg and Asimow, 2015) and PRIMACALC2 (Kimura and Ariskin, 2014) 322 

software for Chango basalt samples with MgO > 6 wt.% yield high potential 323 

temperatures of 1270-1377 °C and 1349-1393 °C (Table S5) respectively, also 324 



supporting a source of asthenosphere with high potential temperatures of 1400 ± 200 °C 325 

(McKenzie et al., 2005).  326 

Compared to MORB, the Chango basalts are characterized by negative Nb-Ta 327 

anomalies (Fig. 5d). Such negative Nb-Ta anomalies are commonly attributed to crustal 328 

contamination (Rudnick and Gao, 2003), crystallization of Ti-bearing minerals (e.g., 329 

rutile and Ti-bearing amphibole) (Huang et al., 2010), metasomatism by recycled 330 

terrigenous sediments (Hawkesworth et al., 1993), metasomatism by slab-derived melts 331 

(e.g., Xu et al., 2020) or hydrous fluids (e.g., Donnelly et al., 2004). The previous 332 

discussion has ruled out the influence of significant crustal contamination. Constant 333 

TiO2 contents as MgO changes are also inconsistent with marked fractional 334 

crystallization of Ti-rich minerals (Fig. 9d). In addition, the Chango basalts have low 335 

Nb (0.86-1.47), Th (0.51-1.69 ppm) contents and Nb/La (0.08-0.16), Th/La (0.1-0.16) 336 

and Th/Yb (0.28-0.94) ratios, which suggest insignificant contribution of slab melts 337 

(Nb > 2 ppm and Nb/La > 0.5, Kepezhinskas et al., 1996) and sediment melts (Th/Yb 338 

ratios≥2, Nebel et al., 2007; Woodhead et al., 2001) (Fig. 9e). Slab-derived hydrous 339 

fluids thus represent a potential candidate. In comparison with basalts from modern arc 340 

magmatic systems, low Th/Ce (0.04-0.06) and high 143Nd/144Nd (0.5129-0.5130) ratios 341 

of the Chango basalts are similar to those of fluid-metasomatized mantle-derived arc 342 

magmatic rocks, such as the Marianas and South Sandwich Islands (Fig. 9f; 343 

Hawkesworth et al., 1997).  344 

In summary, the Chango basalts most probably originated from asthenospheric 345 

mantle metasomatized by slab-derived hydrous fluids. 346 



 347 

4.2 Constraints on the timing of subduction initiation of the Neo-Tethys from 348 

magmatic rocks 349 

Although Middle-Late Triassic magmatic rocks with arc-like composition have 350 

been identified in the southern Lhasa subblock (e.g., Huang et al., 2021; Wang et al., 351 

2016, 2022b; Zhu et al., 2023), the timing of subduction initiation of the Neo-Tethyan 352 

slab is still controversial. This is due to the lack of typical petrological evidence for 353 

subduction initiation (e.g., boninite and fore-arc basalt), and different geodynamic 354 

models have been proposed to explain the origin of these Middle-Late Triassic arc 355 

magmatic rocks, including (1) the southward subduction of the Bangong-Nujiang 356 

Ocean (Huang et al., 2021; Zhu et al., 2011, 2013), (2) melting of previously 357 

metasomatized mantle (Dong and Zhang, 2013), and (3) the northward subduction of 358 

the Neo-Tethys Ocean (Wang et al., 2016; Zhu et al., 2023).  359 

The Bangong-Nujiang Ocean did not subduct southwards because: (1) There is 360 

a gap in magmatic rock distribution between Qiangtang and southern Lhasa (Fig. 1b). 361 

Arc magmatic rocks, SSZ-type ophiolites, and forearc-basin sedimentary successions 362 

(Sewa Formation) all are found in Qiangtang block (Fig. 1b) (Hao et al., 2025; Ma et 363 

al., 2017). However, the northern Lhasa subblock, located south of the Bangong-364 

Nujiang suture zone, lacks Late Triassic to Early Jurassic magmatic records related to 365 

subduction. (2) Previous studies indicate that arc magmas tend to exhibit increasingly 366 

enriched isotopic compositions as they move away from the trench, due to the increased 367 

contribution of enriched components (e.g. in U.S. Cordillera and Andes; Chapman et 368 



al., 2017). The isotopic composition of the Middle Triassic-Early Jurassic magmatic 369 

rocks in southern Lhasa shows the characteristics of gradual enrichment from south to 370 

north (Figs. 10a-b; Tables S5, S7), which is inconsistent with southward subduction of 371 

the Bangong-Nujiang Ocean. 372 

The lithospheric mantle metasomatized by recycled materials can be preserved 373 

for up to ~150 Myr (e.g., Lee et al., 2025). Such non-subduction-related magmatic rocks 374 

with arc-like features can therefore still be present after the closure of ocean (e.g., Mo 375 

et al., 2007), which poses a challenge for identifying past subduction events through 376 

identification of arc-like magmas. As mentioned above, the occurrence of Late 377 

Devonian-Early Carboniferous back-arc mafic magmatic rocks suggest coeval potential 378 

metasomatized mantle beneath southern Lhasa (Ma et al., 2019, 2022). 379 

On the other hand, previous studies indicate that the period of small-scale 380 

mantle convection in subduction zones is usually less than 20 Myr (Zhou et al., 2013). 381 

Mantle convection can effectively reduce or eliminate heterogeneities of various scales 382 

within the asthenosphere (Kellogg and Turcotte, 1987; Workman and Hart, 2005). 383 

Given that asthenospheric mantle-derived Chango basalts formed 100 million years 384 

after the Late Carboniferous (353 Ma) metasomatized mantle, they are more likely to 385 

have originated from the mantle metasomatized by the subducted Neo-Tethys Ocean-386 

derived fluids during the Late Triassic rather than earlier inherited mantle. Similarly, 387 

metasomatized depleted mantle-derived Renbu gabbro-diorites (ca. 244-238 Ma) have 388 

also been identified in southern Lhasa (Zhu et al., 2023). Therefore, the oceanic slab-389 

derived Aza biotite granodiorites provide strong independent evidence for early 390 



subduction of Neo-Tethys Ocean. 391 

In conclusion, above magmatic evidence indicates that the Neo-Tethys Ocean 392 

had subducted beneath the southern Lhasa subblock during the Middle-Late Triassic 393 

(ca. 244-236 Ma). A coeval sudden change in magmatic component from alkaline to 394 

calc-alkaline and significant increases in the water content of magma and oxygen 395 

fugacity (Figs. 10c-d, 11; Tables S8-S9) are all consistent with early subduction of Neo-396 

Tethys. However, existing studies indicate that the onset of subduction may be as much 397 

as ~1-7 Myr earlier than the earliest records of arc magmatic rocks (Reagan et al., 2023; 398 

Wang et al., 2022b), which makes it difficult to determine the precise onset of 399 

subduction. 400 

 401 

4.3 The subduction initiation mechanism of Neo-Tethys Ocean 402 

Determining how new subduction zones form has important implications for 403 

our understanding of the driving force of plate tectonics, and Earth's tectonic history. 404 

Two modes of subduction initiation (SI) are identified in both nature and models, 405 

spontaneous and induced (Stern and Gerya, 2018). Any newly initiated subduction zone 406 

must overcome an initial mechanical resistance (Stern and Gerya, 2018 and references 407 

therein). The dynamics simulation indicates spontaneous subduction initiation is 408 

intrinsically difficult, and external forces may be a necessary condition for driving 409 

oceanic subduction (Crameri et al., 2020). 410 

The “Tethyan one-way train ”  model was proposed to explain subduction 411 

initiation of Neo-Tethys Ocean based on research in southern central Iran (Wan et al., 412 



2019). In this model, the closure of the previous ocean basin (e.g., Paleo-Tethys Ocean) 413 

provides the driving force for subduction initiation of the succeeding ocean (e.g., Neo-414 

Tethys Ocean) (Wan et al., 2019; Zhong and Li, 2020). In Iran, subduction initiation of 415 

the Neo-Tethys Ocean and the closure of the Paleo-Tethys Ocean are thought to have 416 

occurred at the end of Triassic, based on the coupling of the earliest (200-187 Ma) arc 417 

magmas and non-conformity between continental and marine strata (228-201 Ma) (Wan 418 

et al., 2019).  419 

However, given the vast extent (stretching 4800 km from east to west) and 420 

complex evolution of the Neo-Tethys Ocean, its subduction initiation was not 421 

necessarily synchronous. In addition, the Tibetan Plateau was formed by the 422 

amalgamation of multiple terranes different from the Zagros Plateau of Iran, which 423 

provides an opportunity to verify the “Tethyan one-way train” dynamic mechanism in 424 

a more complex system. 425 

In Tibet, the Longmu Co-Shuanghu Ocean represents the main ocean basin of 426 

Paleo-Tethys Ocean. Existing evidence suggests that it may have closed in the Late 427 

Triassic (ca. 233-225 Ma). (1) Paleomagnetic research supports that the southern and 428 

northern Qiangtang subblocks were located at nearly the same palaeolatitudes at ca. 429 

230 Ma (Wei et al., 2025). (2) The Upper Triassic Wanghuling Formation 430 

unconformably overlies the ophiolitic mélange (Li et al., 2007). (3) The oceanic crust 431 

eclogites in the northern part of the southern Qiangtang underwent peak metamorphism 432 

(ca. 233 Ma) and retrograde metamorphism (ca. 220 Ma) during the Late Triassic (Dan 433 

et al., 2018). The timing of the eclogite retrograde metamorphism is synchronous with 434 



that of the post-collisional bimodal magmatic rocks (ca. 225-205 Ma), implying that 435 

the eclogites may have experienced post-collisional exhumation during this period (Dan 436 

et al., 2018). Thus, the closure of the Longmu Co-Shuanghu Ocean should have 437 

occurred during the interval of 233-225 Ma (Dan et al., 2018). Accordingly, the closure 438 

of the Paleo-Tethys Ocean represented by the Longmu Co-Shuanghu Ocean is later than 439 

the subduction initiation of the Neo-Tethys Ocean. Furthermore, between the main 440 

basins of the Paleo-Tethys Ocean and the Neo-Tethys Ocean, there are the southern 441 

Qiangtang, the Lhasa blocks, and two branch ocean basins (Bangong Co-Nujiang 442 

Ocean and Sumdo Ocean) (Fig. 1b). This distance makes it difficult for the closure of 443 

the Longmu Co-Shuanghu Ocean to provide a remote driving force for the subduction 444 

initiation of the Neo-Tethys Ocean. Numerical modeling also demonstrates that such 445 

convergent force-induced subduction initiation is more likely to occur between two 446 

adjacent ocean basins (Zhong and Li, 2020), as observed in Iran and Sibumasu (Wan et 447 

al., 2019; Zhong and Li, 2020).  448 

Based on this understanding, closure of the Sumdo Ocean, located between the 449 

central and southern Lhasa subblocks, is most likely driving force for subduction of the 450 

Neo-Tethys Ocean. The closure time of the Sumdo Ocean was constrained to the Middle 451 

Triassic (ca. 240 Ma) by the following evidence: (1) The Sumdo eclogites in the central 452 

Lhasa subblock underwent retrograde metamorphism and synchronous syn-tectonic 453 

compressional deformation with their country rocks at ca. 240 Ma, indicating that they 454 

probably experienced syn-collisional exhumation at this time (Li et al., 2012). (2) The 455 

syn-collisional S-type granites began to form in the central Lhasa subblock at ca. 240 456 



Ma (Fig. 11) (e.g., Yu, 2020). (3) The Upper Triassic Xionglai Formation 457 

unconformably overlies the Late Paleozoic greenschist (Wang et al., 2024). 458 

From the above, we can see that the closure of Sumdo Ocean (ca. 240 Ma) is 459 

essentially contemporaneous with the earliest magmatic rocks related to subduction in 460 

southern Lhasa (ca. 244-236 Ma) (Fig. 11), and this helps us to constrain subduction 461 

initiation of the Neo-Tethys in Tibet. However, all these crucial magmatic rocks, such 462 

as Renbu gabbros (ca. 244-238 Ma) (Zhu et al., 2023) and Aza biotite granodiorites (ca. 463 

236 Ma), were dated using LA-ICP-MS with uncertainty around ~4% (2RSD) (Li et al., 464 

2015). These uncertainties might be responsible for the slight temporal differences in 465 

the closure of the Sumdo Ocean and the early subduction of the Yarlung Zangbo Ocean. 466 

In this case, the peak age of the normal distribution may better represent the main stage 467 

of rock formation, thereby avoiding the influence of individual discrete ages. As a result, 468 

we have used the method of Dan et al. (2021) to determine the peak ages for the Renbu 469 

gabbros and Aza biotite granodiorites. The results indicate that the Renbu gabbros and 470 

the Aza biotite granodiorites were formed around 240 Ma and 236 Ma, respectively 471 

(Fig. S2). Therefore, the earliest appearance of arc-like mafic rocks and the melt of 472 

subducting slabs are well aligned with the timing of closure of the Sumdo Ocean, which 473 

suggests that Neo-Tethyan subduction initiation most likely occurred in the Middle 474 

Triassic (ca. 240 Ma) (Fig. 12).  475 

Our study supports and validates the dynamic model that the closure of an 476 

adjacent ocean basin can provide the initial driving force for the initiation of the 477 

subduction of the next ocean, especially for a multiple microcontinent system, like 478 



Tibetan Plateau. In addition, the timing of initiation of Neo-Tethys Ocean subduction 479 

has been re-constrained and updated to 240 Ma, which is earlier than the reported onset 480 

time of subduction in other areas within the Neo-Tethys region. Subduction initiation 481 

of the Neo-Tethys Ocean thus may be diachronous. In future research, high-precision 482 

dating will help to constrain and understand the evolution and geodynamic processes 483 

of the Neo-Tethys. Our research also provides a reference case for the geodynamic 484 

reconstruction of other ancient subduction zones worldwide. 485 

 486 

5 Conclusions 487 

(1) The Aza biotite granodiorites (~236 Ma) and the Chango basalts (~219Ma) 488 

in the southern Lhasa were generated by melting of subducted oceanic slab and 489 

metasomatized asthenospheric mantle, respectively. 490 

(2) The Neo-Tethys Ocean may have begun to subduct northward around 240 491 

Ma and formed widespread Middle-Late Triassic magmatic rocks distributed 492 

throughout southern Tibet.  493 

(3) The convergent force generated by the closure of the Sumdo Ocean may 494 

well have provided the driving force for the subduction initiation of the Neo-Tethys 495 

Ocean.  496 
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 824 

Figure captions 825 

Fig. 1. (a) Tectonic framework of the Tibetan Plateau showing the major tectonic 826 

subdivisions, and distribution of suture zones; (b) Geological map of the central‐827 

southern Tibetan Plateau (modified after Ma et al., 2019). A compilation of locations of 828 

the Permian-Triassic magmatic rocks in the central‐southern Tibetan Plateau is given 829 

in Table S1. (c) Simplified geological map of the study area (modified from 1:250,000 830 



geologic map). Abbreviations: KF = Karakorum Fault; KKF = Karakax Fault; ATF = 831 

Altyn Tagh Fault; NQSZ = North Qilian Suture Zone; SQSZ = South Qilian Suture 832 

Zone; KSZ = Kunlun Suture Zone; KLF = Kunlun Fault; XFS = Xianshuihe Fault 833 

System; JSSZ = Jinshajiang Suture Zone; LSSZ = Longmu Co-Shuanghu Suture Zone; 834 

BNSZ = Bangong-Nujiang Suture Zone; SNMZ = Shiquanhe Namco ophiolite 835 

Mélange Zone; LMF = Luobadui-Milashan Fault; YZSZ = Yarlung–Zangbo Suture 836 

Zone; IBR = Indo‐Burmese Ranges; RRF = Red River Fault; SF = Sagaing Fault. 837 

 838 

Fig. 2. Representative field photographs of (a) the Aza biotite granodiorites and (b) the 839 

Chango basalts; Photomicrographs of (c and d) biotite granodiorites and (e and f) 840 

basalts. Mineral abbreviations: Cpx—clinopyroxene; Pl—plagioclase; Qz—quartz; 841 

Amp—amphibolite; Bt—biotite; Act—actinolite. 842 

 843 

Fig. 3. LA-ICP-MS and SIMS zircon U‐Pb concordia diagrams with 844 

cathodoluminescence images for (a) 21AZ05-1 (biotite granodiorite) and (b) 21CG04-845 

1 (basalt). Figure b shows inherited zircons (left) and magmatic zircons (right). LA‐846 

ICP‐MS = Laser ablation inductively coupled plasma mass spectrometer; SIMS = 847 

secondary ion mass spectrometer. 848 

 849 

Fig. 4. (a) SiO2 vs. Nb/Y diagram (after Winchester and Floyd, 1977). (b) Th vs. Co 850 

diagram (after Hastie et al., 2007). (c) A/NK vs A/CNK diagram (after Maniar and 851 

Piccoli, 1989). (d) Sr/Y vs. Y diagram (after Defant and Drummond, 1990). Data 852 



sources: Sangri Group basalts (Kang et al., 2014; Wang et al., 2016).  853 

 854 

Fig. 5. Chondrite-normalized REE and primitive-mantle-normalized trace element 855 

patterns for samples: (a) and (b) are Aza biotite granodiorites, (c) and (d) are Chango 856 

basalts. Normalised data are from Sun and McDonough (1989). The data for Sangri 857 

Group basalts are from Kang et al. (2014); Wang et al. (2016).  858 

 859 

Fig. 6. Plot of initial εNd(t) vs. 87Sr/86Sr for samples. Data sources are as follows: Neo-860 

Tethys ophiolites (Zhang et al., 2005, 2020). Subducted Neo-Tethys oceanic slab-861 

derived adakites (Tian et al., 2022; Wang et al., 2019, 2022c). Sangri Group basalts 862 

(Kang et al., 2014; Wang et al., 2016). Yeba Formation basalts (Zhu et al., 2008).  863 

 864 

Fig. 7. Elements versus Zr correlation diagrams for Chango basalts.  865 

 866 

Fig. 8. (a) Whole-rock εNd (t) vs. SiO2 diagram. (b) Whole-rock (87Sr/86Sr)i vs. SiO2 867 

diagram. (c) Whole-rock εNd (t) vs. 147Sm/144Nd diagram. (d) Whole-rock εNd (t) vs. 868 

MgO diagram.  869 

 870 

Fig. 9. (a) MgO vs. SiO2 diagram. (b) Mg# vs. SiO2 diagram. Mantle assimilation curve 871 

is after Rapp et al. (1999) (Curve 1); the proportion of assimilated peridotite is also 872 

shown. The crustal AFC curve is after Stern and Kilian (1996). The starting point of 873 

Curve 1 represents the composition of a metabasaltic or eclogite experimental melt, 874 



which is not hybridized with peridotite (Rapp et al., 1999). The fields of subducted 875 

oceanic crust-, subducted continental crust-and thickened lower crust-derived adakites 876 

are after Wang et al. (2006). Data for metabasalt and eclogite experimental melts (1–4 877 

GPa) are from Rapp et al. (1999) and references therein. (c) Sr/Y vs. (La/Yb)N diagram 878 

(after Liu et al., 2010). (d) TiO2 vs. MgO diagram. (e) Th/La vs. Th diagram. (f) Th/Ce 879 

vs. 143Nd/144Nd diagram (after Hawkesworth et al., 1997). The data for marine 880 

sediments are from Plank and Langmuir (1998). MORB data are from Niu and Batiza 881 

(1997).  882 

 883 

Fig. 10. (a) Latitude vs. εHf(t) diagram. (b) Latitude vs. εNd(t) diagram. (c) H2Omelt vs. 884 

Age diagram. (d) ΔFMQ vs. Age diagram. The εHf(t) data of ~244-201 Ma intermediate-885 

felsic rocks are provided in Table S7. The εNd(t) data of ~244-174 Ma mafic rocks are 886 

provided in Table S5. The calculation results of water content and oxygen fugacity of 887 

magmatic rocks are provided in Table S8. The calculation methods of water content 888 

and oxygen fugacity of magmatic rocks are from Ge et al. (2023) and Ridolfi et al. 889 

(2010). 890 

 891 

Fig. 11. (a) Age histograms of Permian-Triassic magmatic rocks and collisional 892 

metamorphic rocks in the central Lhasa subblock. (b) Age histograms of Permian-893 

Triassic magmatic rocks in the southern Lhasa subblock. The age data for magmatic 894 

and metamorphic rocks are provided in Table S9. 895 

 896 



Fig. 12. Schematic illustrations of early evolution of the Neo-Tethys Ocean. The 897 

process can be summarized as follows: The closure of the Sumdo Tethyan Ocean during 898 

the Middle Triassic (ca. 240 Ma) resulted in the collision between the central and 899 

southern Lhasa subblocks. Meanwhile, the continuously generated convergent forces 900 

during the collision were released along the weak zone (e.g., the ocean-continent 901 

transition zone) on the southern margin of the southern Lhasa subblock, leading to the 902 

formation of the Neo-Tethys Ocean subduction zone and thus triggering extensive 903 

Middle-Late Triassic magmatism in southern Lhasa. 904 

 905 
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