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26 Abstract

27 Past geodynamic events can be reconstructed using the spatial and temporal patterns 

28 of geochemical variability in igneous rocks. Here we apply this principle to define the 

29 timing and geometry of breakoff of the Neo-Tethyan slab after the India-Asia 

30 collision. Two episodes of mafic magmatism (~53 Ma and ~48 Ma) are preserved in 

31 the Quxu area of the southern Lhasa terrane (SL). We present their whole-rock 

32 geochemistry, zircon U-Pb ages, and in situ zircon Hf isotope ratios. The early gabbro 

33 (~53 Ma) exhibits typical arc basalt characteristics, including enrichment of large-ion 

34 lithophile elements (LILEs), depletion of high-field strength elements (HFSEs), and 

35 radiogenic Nd and zircon Hf isotopes, implying that they were formed by partial 

36 melting of metasomatized lithospheric mantle. In comparison to the early gabbro, the 

37 late hornblende gabbro (~48 Ma) contains higher contents of HFSEs (e.g., Nb, Zr) 

38 and relatively less radiogenic Nd and zircon Hf isotopes, suggesting interaction 

39 between the enriched sub-continental lithospheric mantle and asthenospheric mantle. 

40 It is likely that upwelling asthenosphere reached the central SL around 50 Ma and that 

41 the Neo-Tethyan slab tore off under this area at this time. The spatial and temporal 

42 distribution of mafic rocks across the whole southern Lhasa terrane show that this 

43 geochemical transition and hence, presumably, the tearing off of the Neo-Tethyan 

44 slab, propagated eastward along the collision zone throughout Paleocene-Eocene 

45 time.

46
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51 1. Introduction

52 The Gangdese tectonic-magmatic belt, also known as the southern Lhasa terrane 

53 (SL), is 1600 kilometers long and 100-200 kilometers wide. It was formed as a result 

54 of the Neo-Tethys Oceanic slab being subducted northward and the subsequent India-

55 Asia continental collision (Dewey et al., 1988). The tectonic-magmatic belt exposes a 

56 significant volume of Mesozoic-Cenozoic arc volcanic rocks and contemporaneous 

57 intrusive rocks (Chung et al., 2005; Ji et al, 2008; 2009; Hou et al., 2015). The 

58 Paleocene-Eocene (66-41 Ma) was an India-Asian continental syn-collisional period, 

59 during which a large number of granitoids, mafic rocks, and the Linzizong volcanic 

60 sequence formed (Mo et al., 2007, 2008; 2009; Zhu et al., 2015, 2017). The research 

61 shows that the process of continental collision is essentially controlled by the driving 

62 force of plate tectonics, involving mantle dynamic processes such as slab rollback, slab 

63 breakoff, formation of slab windows, and lithosphere delamination, which is 

64 accompanied by distinct magmatic activities (Niu et al., 2013; Van Hunen and Miller, 

65 2015; Zhu et al., 2017). Thus, the spatial and temporal distribution, petrology, and 

66 mineralogy of these igneous rocks, as well as their geochemical and isotopic 

67 compositions, provide an ideal petrological-geochemical probe for tracing geodynamic 

68 mechanisms during continental collision, such as crustal growth, slab rollback, or slab 

69 breakoff (Chung et al., 2005; Ji et al., 2009; Zhu et al, 2011b, 2013, 2015, 2017, 2019; 

70 Hou et al., 2015).

71 However, the details of the geodynamic evolution of the system in this time period 

72 are still extensively debated, particularly the timing of slab breakoff and the 

73 corresponding magmatic activity. One hypothesis is that the India-Asia continental 

74 collision began around 55 Ma and that slab breakoff occurred in the Neo-Tethyan 

75 Ocean plate before 50 Ma (Zhu et al., 2015; Chung et al., 2005; Lee et al., 2009, 2011; 



76 Wang et al., 2015). By contrast, some scholars conclude that the breakoff of the Neo-

77 Tethyan slab occurred in the middle Eocene (46-42 Ma), precipitating anatectic 

78 magmatism and unroofing of ultrahigh-pressure rocks in the western Himalaya (45-55 

79 Ma) (Hou et al., 2012; Pullen et al., 2011; Zeng et al., 2011). In this later breakoff 

80 paradigm, the ocean island basalt (OIB) mafic activity (~45 Ma) in the East Tethyan 

81 Himalaya is regarded as another consequence of slab breakoff (Ji et al., 2016).

82 For the purpose of inferring mantle source characteristics, it is often best to focus, 

83 where possible, on mafic rocks, which usually are directly derived from the mantle and 

84 rarely experience significant crustal contamination, so they can more intuitively reflect 

85 the changes in mantle source and mantle geodynamic process. Such mantle source 

86 characteristics provide a wealth of geodynamic information (Turner et al., 1997). For 

87 example, metasomatism of mantle sources driven by slab-derived fluid or melt imparts 

88 a characteristic enrichment of large ion lithophile elements (LILEs) and relative 

89 depletion of high field strength elements (HFSEs) to subduction-related mafic rocks 

90 (Pearce and Peate, 1995). Slab breakoff, however, allows unmetasomatized 

91 asthenosphere to rise directly through the slab window and undergo partial melting, 

92 resulting in magma containing high contents of HFSEs and low abundance of LILEs 

93 (Ji et al., 2016). Thus, the spatial and temporal distribution of mafic rocks of particular 

94 geochemical character can be used to constrain regional geodynamic evolution models 

95 (Wang et al., 2019). There have been several previous studies of Paleocene-Eocene 

96 mafic rocks in the southern Lhasa terrane (SL), with most reports giving ages between 

97 approximately 57-50 Ma, which provide important clues to:(i) the crustal growth during 

98 India-Eurasian collision (Dong et al., 2005; Huang et al., 2017; Wen et al., 2021); (ii) 

99 the timing of the onset of slab breakoff (Xu et al., 2008; Huang et al., 2017; Ye et al., 

100 2021); (iii) the heterogeneity of lithosphere mantle underneath SL (Wang et al., 2019). 



101 However, research on the changing patterns of their geochemical characteristics over 

102 time and along the strike of the terrane is still in its infancy, restricting the interpretation 

103 of the timing and detailed mechanism of mantle geodynamic process. Therefore, in this 

104 study, besides reporting the geochemical variation of mafic rocks in different geologic 

105 periods, we aim to reveal the detailed mantle dynamic processes during continental 

106 collision.

107 To better understand the geochemical characteristics of the two episodes of mafic 

108 rocks (~53 Ma and ~48 Ma) identified in the Quxu area in the central SL, we studied 

109 their chronology, geochemistry and isotopic character. Their mantle source 

110 composition was constrained by geochemical modeling and comparison with the 

111 geochemical characteristics of coeval mafic rocks in the central SL. These new data are 

112 interpreted in a broader context with the help of a new spatio-temporal compilation of 

113 the geochemical characteristics of Paleocene-Eocene mafic rocks along the whole SL, 

114 yielding a new interpretation of the timing and mechanism of slab breakoff that 

115 reconciles the previously inconsistent early and late breakoff hypotheses.

116 2. Geological setting and sample descriptions

117 The Lhasa terrane, host to the Gangdese batholith, is separated from the Qiangtang 

118 terrane in the north by the Banggong Nujiang suture zone, and from the Indian plate in 

119 the south by the India Yarlung Zangbo Suture Zone (IYZSZ) (Fig. 1a) (Yin and 

120 Harrison, 2000). The Lhasa terrane can be divided into northern, central, and southern 

121 subterranes (Fig. 1b), bounded by the Shiquanhe-Namucuo ophiolitic melange belt 

122 (SNMZ) and the Luobadui Mirashan fault zone (LMF) (Zhu et al., 2011). The southern 

123 Lhasa terrane, lying between the IYZSZ and the Lunggar Gongbogyamda fault uplift 

124 zone, hosts the largest granitoid outcrops of the Gangdese batholith and is dominated 

125 by large batholiths and plutonic complexes. It is possible that some areas of the southern 



126 Lhasa terrane contain Precambrian crystalline basement (Zhu et al., 2013), but this is 

127 still debated. The cover sequence of the southern Lhasa terrane is made up of the early 

128 Jurassic Yeba Formation's bimodal magmatic assemblage (190-175 Ma) (Wei et al., 

129 2017), the late Jurassic-early Cretaceous Sangri group's high Sr/Y andesite (193-137 

130 Ma) (Zhu et al., 2009), and the Paleogene Linzizong volcanic sequence (69-44 Ma) 

131 (Zhao et al., 2009; Liu et al., 2014). Five magmatic episodes in southern Tibet have 

132 been identified, each preserving a distinct geodynamic evolutionary stage; their ages 

133 are 366-252 Ma (Wang et al., 2020), 220-145 Ma (Wei et al., 2020), 120-66 Ma (Wang 

134 et al., 2021; Meng et al., 2020), 68-40 Ma (Zhu et al., 2017) and 33-8 Ma (Hou et al., 

135 2004; Zhu et al., 2009; Wang et al., 2014, 2020). They likely reflect activity driven, in 

136 sequence, by Paleo-Tethyan Ocean subduction, early and late Neo-Tethyan subduction, 

137 India-Asia collision, and post-collisional evolution.

138 The Quxu plutonic complex is located in the central SL (Fig. 1c). Its lithology is 

139 diverse, including gabbro, hornblende gabbro, diorite, granodiorite, and granite. 

140 Previous work has established that the intrusive age of the Quxu plutonic complex is 

141 dominantly Eocene (55-45 Ma). Field relations, however, clearly record two distinct 

142 populations of mafic rocks in the Quxu plutonic complex. Group 1 are gabbroic rocks 

143 forming a series of thick dikes, composed of pyroxene (20-30%; 0.2-1.2 mm), 

144 plagioclase (25-35%; 1-3 mm), amphibole (5-10%; 1-2 mm), biotite (5-10%; 1-2 mm), 

145 and accessory minerals including acicular apatite (3%; 0.05-2 mm) and magnetite (2%; 

146 0.01-0.1 mm). Group 2 are narrow dikes of hornblende gabbro that consist of 

147 plagioclase (45%-55%; 0.2-2 mm), amphibole (30%-40%; 0.2-2 mm), and minor 

148 pyroxene and titanite.

149 3. Analytical methods

150 Zircon U-Pb dating and trace elements analyses were conducted in the Mineral 



151 Lab at China University of Geosciences (CUGB) using a laser ablation plasma mass 

152 spectrometry (LA-ICP-MS). The in-situ Lu-Hf isotope of zircon samples was analyzed 

153 by the Neptune multi-collector (MC)-LA-ICP-MS in the Institute of Geology and 

154 Geophysics, Chinese Academy of Sciences (IGG-CAS), and the Thermal Fisher 

155 Neptune Plus (MC)-LA-ICP-MS in Mineral Lab at CUGB. The major elements were 

156 analyzed by the Prodigy full spectrum direct reading emission spectrometer (ICP-AES) 

157 in CUGB geoscience experiment center and the wavelength dispersive X-ray 

158 fluorescence (XRF) spectrometer (ZSXPrimus Ⅱ ) in Wuhan Shangpu Analysis 

159 Technology Co., Ltd. Agilent 7500a ICP-MS of the State Key Laboratory of geological 

160 processes and mineral resources (GPMR) of CUG-Wuhan and Agilent 7700e ICP-MS 

161 of Wuhan Shangpu Analysis Technology Co., Ltd were used to analyze the whole-rock 

162 trace elements. The detailed analytical methods — including characterization of zircons 

163 for trace element concentration, U-Pb dating, and in situ Hf isotope ratios, as well as 

164 whole-rock measurements of major and trace element concentrations and Sr and Nd 

165 isotope ratios — are given in Supporting information.

166 4. Results

167 4.1 Zircon geochronology and Hf isotope ratios

168 Zircon U-Pb age data are shown in Table S1. Zircons were extracted from three 

169 gabbro samples (15TQX11, 15TQX12 and 15TQX13) and dated by LA-ICP-MS U-Pb 

170 analysis (Figs. 3a-c). The zircons used for dating are typical mafic magmatic zircons 

171 with a short columnar or equant crystal habit and a length-width ratio of 1:1-3:1. 

172 Cathodoluminescence (CL) images of zircons reveal a well-developed banded 

173 oscillatory zone with a Th/U ratio greater than 0.1, which is consistent with typical 

174 magmatic zircons (Hoskin, 2003). Fig. 3 illustrates the zircon U-Pb concordia diagrams 



175 of the dated samples and the CL images of representative zircons. From sample 

176 15TQX11, we analyzed 18 zircons; the Th/U ratios range from 0.59-1.09 and the 

177 weighted average 206Pb/238U age of the 14 near-concordant zircons is 52.7 ± 1.5 Ma 

178 with an MSWD = 0.07. From sample 15TQX12, we analyzed 18 zircons; the Th/U 

179 ratios range from 0.59-0.86 and the weighted average 206Pb/238U age of 11 near-

180 concordant analyses is 52.1 ± 1.4 Ma with an MSWD = 0.07. Zircons in sample 

181 15TQX13 have Th/U ratios ranging from 0.63-1.00 and the 14 near-concordant analysis 

182 have a weighted average 206Pb/238U age of 53.2 ± 1.2Ma with an MSWD =0.04.

183 Zircons were also extracted from two hornblende gabbro samples (QX1701 and 

184 QX1801). Sample QX1701 contains two distinct populations of zircon crystals: dark 

185 zircons and bright zircons with a distinct oscillatory zone in CL imagery. The data from 

186 the bright zircons are more reliable, with a weighted average 206Pb/238U age of 47.2 ± 

187 0.4 Ma (MSWD = 0.9, n=10). The zircons from sample QX1801 have a Th/U ratio of 

188 0.56-1.03 and a weighted average 206Pb/238U age of 48.1 ± 1.2 Ma (MSWD = 3, n=11) 

189 (Figs. 3d-e).

190 Lu-Hf isotope analyses were collected from spots close to the U-Pb ablation pits 

191 in all five samples (Table S2). The zircon (176Hf/177Hf)I values of the gabbro samples 

192 varies between 0.282916 and 0.2883179, corresponding to εHf(t) values between +6.2 

193 and +15.6, mantle model ages (TDM) between 99 and 472 Ma, and crustal model ages 

194 (TDM
c) between 199 and 728 Ma. By contrast, the zircon (176Hf/177Hf)I values for 

195 hornblende gabbro samples range between 0.28303 - 0.28310, corresponding to εHf(t) 

196 values from +10.4 to +12.6, mantle model ages between 245 and 319 Ma, and crustal 

197 model ages between 315 and 476 Ma. The Zircon U-Pb age vs. εHf(t) diagram (Figs. 

198 6b-d) indicates that zircons in the hornblende gabbro contain more enriched Hf isotopes 

199 than those in gabbro samples.



200  4.2 Ti-in-Zircon thermometer

201 The titanium content of zircon may serve as a proxy for crystallization temperature 

202 (Watson et al., 2006). We conducted in situ trace element analysis of zircons in the 

203 Quxu mafic rocks (gabbro and hornblende gabbro) and estimated Ti-in-zircon 

204 crystallization temperatures. These results are shown in Table S3.

205 As illustrated in Figure 3f, the crystallization temperatures of zircons in Quxu 

206 samples range from 639 °C to 1000 °C. The crystallization temperatures of the majority 

207 of zircons are restricted to 710-830 °C, with a few notably exceeding 800 °C. This 

208 indicates that zircons in both gabbro and hornblende gabbro samples crystalized at 

209 relatively high temperatures compared to typical values from granitoid rocks.

210 4.3 Whole rock geochemical characteristics

211 Whole-rock major and trace elements concentrations and Sr-Nd isotope ratios for 

212 the Quxu mafic rocks are given in Table S4. The major element results are shown in 

213 Figure 4. The SiO2 content in the gabbro samples ranges from 50.5-52.4 wt.%, MgO 

214 content ranges from 4.31-5.47 wt.%, and Mg# ranges from 47.4-52.8. Their K2O content 

215 ranges from 0.35-0.88 wt.%, and Na2O + K2O content ranges from 3.97-4.53 wt.%. 

216 Almost all gabbro samples fall within the gabbro field on the total alkali vs. silica (TAS) 

217 diagram, in the low-K calc-alkaline series field on the K2O-SiO2 diagram. The 

218 hornblende gabbro samples contain 49.9-52.4 wt.% SiO2 and 4.24-7.63 wt.% MgO, 

219 with Mg# from 47.9-59.8. Compared to the gabbro samples, the hornblende gabbros 

220 have higher K2O content (0.62-1.24 wt.%) and higher K2O/Na2O ratios (0.19-0.34). 

221 Almost all hornblende gabbro samples fall within the gabbro or monzogabbro range on 

222 the TAS diagram and the medium-K or high-K calc-alkaline series on the K2O-SiO2 

223 diagram.. TiO2, Fe2O3
T, MnO, MgO and CaO concentrations in both gabbro and 

224 hornblende gabbro samples exhibit clear negative correlations with SiO2, indicating 



225 that the measured compositions dominantly reflect normal magmatic evolution rather 

226 than hydrothermal alteration.

227 The chondrite-normalized rare earth element (REE) patterns of gabbro and 

228 hornblende gabbro samples all exhibit enrichment of light over heavy REEs (Figs. 5a) 

229 (gabbro: LaN/YbN = 3.85-5.96; hornblende gabbro LaN/YbN =3.52-6.42). The total REE 

230 contents of gabbro samples range from 47.6-70.1 g/g, with an average of 60.7 g/g. 

231 Hornblende gabbro is modestly more enriched in rare earth elements (∑REE = 63.0-

232 104.8 g/g, with an average of 80.9 g/g). Most gabbro and hornblende gabbro samples 

233 exhibit minor positive Eu anomalies. 

234 On a primitive mantle-normalized spider diagram (Figs. 5b), the gabbro and 

235 hornblende gabbro samples all exhibit enrichment of large ion lithophile elements 

236 (LILEs) such as Ba, U, Pb, and Sr alongside depletion of high field strength elements 

237 (HFSEs) such as Nb, Ta, Zr, and Hf. This pattern is considered characteristic of 

238 subduction-influenced magmas. Gabbro and hornblende gabbro samples both display 

239 positive Sr anomalies, indicating (like the positive Eu anomaly) that they have not 

240 undergone obvious plagioclase fractional crystallization. It is worth noting that 

241 hornblende gabbro has higher Nb-Ta contents and weaker negative Nb-Ta anomalies 

242 than gabbro; this may imply that the two groups have distinct magmatic sources (e.g., 

243 different amounts of subduction influence) or that they underwent distinct magmatic 

244 evolution processes (for example, the role of hornblende itself). 

245 The Sr and Nd isotope ratios (Fig. 6a) of the gabbro samples are relatively uniform, 

246 with εNd(t) ranging from +5.1 to +5.2 and (87Sr/86Sr)i ranging from 0.70396 to 0.70397. 

247 By contrast, the hornblende gabbro samples contain less radiogenic Nd, with εNd(t) 

248 values of +3.3 to +3.4, and more radiogenic Sr, with (87Sr/86Sr)i between 0.7042 and 

249 0.7051, (average 0.7047). 



250 5. Discussion

251 5.1 Evaluation of the effects of crystal accumulation, post-magmatic alteration and 

252 crustal contamination

253 The Quxu mafic rocks show a strong positive correlation between MgO and CaO, 

254 which is contrary to the trend imparted by different degrees of plagioclase accumulation 

255 (Wang et al., 2019). There are no associated ultramafic rocks and the exposures lack 

256 any layered structure at outcrop or hand-sample scale or any cumulate texture at thin-

257 section scale. It therefore seems unlikely that crystal accumulation had any significant 

258 effect on the geochemical characteristics of the Quxu mafic rocks.

259 Considering the role of crustal contamination, some amount of interaction between 

260 mantle-derived melts and the continental crust they ascend through and evolve in is 

261 almost inevitable (Castillo et al., 1999). Contamination by continental crust results in 

262 increases in SiO2 content and 87Sr/86Sr, while decreasing MgO content and εNd 

263 (Staudigel et al., 1995). The gabbro samples display homogeneous Sr and Nd isotope 

264 ratios with no obvious correlation with SiO2 or MgO, indicating insignificant crustal 

265 contamination (Fig. 7a). The hornblende gabbro samples, by contrast, show Sr and Nd 

266 isotope ratios that might reflect mixing towards a crustal component. However, a 

267 further and more sensitive test for crustal contamination may be found in Nb/Ta ratios 

268 — the Nb/Ta ratio of upper continental crust is 11.4 (Rudnick and Gao, 2003), whereas 

269 the mantle ratio is 17.4-18.3 (Sun and McDonough, 1989) (Fig. 7b). Hence shallow 

270 crustal contamination will result in a rapid decline in the Nb/Ta ratio. The hornblende 

271 gabbro samples have Nb/Ta ratios of 17.3-19.9, which are comparable to primitive 

272 mantle and do not support the presence of a significant crustal component.

273 Zr is thought to be highly immobile during low-degree metamorphism and hence 

274 the degree of correlation between Zr and other, potentially mobile, elements can help 



275 to identify the effects of post-magmatic alteration (Kerr et al., 1997). Almost all the 

276 Quxu samples have good correlations between Zr contents and other HFSEs (Nb, Ta, 

277 Hf, Y) as well as the LILEs (Rb, K) (Fig. 7c). Additionally, the REE and trace element 

278 patterns of the various Quxu mafic rocks (Figure 5) are nearly parallel to one another. 

279 This is consistent with the systematic behavior of related suites of fresh igneous rocks 

280 but is not consistent with the influence of variable degrees of deuteric alteration.

281 Differences in the bulk partition coefficients or REEs between residual mantle 

282 assemblages and fractionating assemblages lead to a useful diagnostic for interpreting 

283 the source of variation within a suite of rocks. Progressive partial melting results in 

284 positive correlations between La content and both La/Sm and La/Yb ratios, whereas 

285 La/Sm and La/Yb ratios remain nearly invariant during fractional crystallization of 

286 mafic suites (Aldanmaz et al., 2000). Hence the correlations shown in Figure 7d 

287 indicate that the differences among the gabbro and hornblende gabbro samples 

288 dominantly reflects variables degrees of partial melting. To summarize, we find that the 

289 geochemical properties of the Quxu gabbro and hornblende gabbro likely preserve 

290 information about their magmatic source and certain degrees of magmatic evolution. 

291 Their geochemical characteristics, especially HFSEs (Nb, Ta, Zr, Y, etc.) are little 

292 affected by post-magmatic alteration, crustal contamination, fractional crystallization, 

293 or crystal accumulation.

294 5.2 Characteristics of the subduction system

295 The Quxu mafic rocks exhibit typical arc magma characteristics (Kelemen et al., 

296 1990), with enrichment of large ion lithophile elements (LILEs) and depletion of high 

297 field strength elements (HFSEs) in the primitive mantle-normalized diagram. In various 

298 arc settings, though, the signature of the subducting slab may be transferred to the 

299 mantle wedge either by aqueous fluids or by silicate melts, which in turn may be derived 



300 dominantly from subducted sediment or from oceanic basalt (or, in some cases, from 

301 serpentinite). Aqueous fluids tend to transport high concentrations of LILEs (such as 

302 Rb, Sr, Ba, Pb, and U) into the mantle. Thus, mantle metasomatized by subduction-

303 related fluids typically contains high Ba contents, and elevated Ba/La, Ba/Th, and Rb/Y 

304 ratios. In comparison, melts of slab components are thought to be enriched in Th and 

305 Nb. Hence sediment melts lead to metasomatized mantle with elevated Nb/Y, Th/U, 

306 and Th/Sr ratios (Hawkesworth et al., 1997). Examining plots of Ba/Th vs. Th/Nb and 

307 Sr/Ta vs. Th/Yb, then, we find that the gabbro samples appear to have been derived 

308 from mantle primarily affected by slab fluids, whereas the hornblende gabbro samples 

309 reflect a strong influence of sediment melts (Fig. 8a). Additionally, the hornblende 

310 gabbro samples (QX1701, QX1801) contain numerous inherited zircons with 

311 206Pb/238U ages ranging from 997 to 101 Ma, presumably derived from metasomatized 

312 enriched lithosphere or the continental basement beneath of the southern Lhasa terrane. 

313 Based on Re-Os isotopic data from post-collisional ultrapotassic rocks in the Lhasa 

314 terrane, enriched continental materials from the Indian Plate did not subduct beneath 

315 the Lhasa terrane until the Miocene (Huang et al., 2015). Thus, oceanic sediment of the 

316 Neo-Tethyan slab is the likely source of the melts that metasomatized the lithospheric 

317 mantle beneath the southern Lhasa terrane, which subsequently influenced the parental 

318 magma of the hornblende gabbro.

319 5.3 Mixing of asthenospheric mantle and metasomatized lithospheric mantle

320 Mafic rocks may be formed by melting of lithospheric or asthenospheric mantle. 

321 Rocks derived from the lithospheric mantle are normally enriched in LILEs and LREEs 

322 but depleted in HFSEs (Sklyarov et al., 2003). On the other hand, the hornblende gabbro 

323 is marked by higher HFSE contents than the gabbro, which points towards a greater 

324 influence of asthenospheric mantle material in the hornblende gabbro source. The full 



325 suite of elemental and isotopic data from the Quxu mafic samples can be applied to 

326 testing this idea. 

327 We modeled the data in Sr-Nd isotope ratio space with simple binary mixing of 

328 plausible end-member components. Tibet's Xigaze ophiolite represents the local 

329 depleted mantle isotopic composition. Global average subducting sediment (GLOSS) 

330 and sub-continental lithospheric mantle (SCLM) represent of subducting materials and 

331 enriched mantle, respectively. The Eocene OIB suite represents the asthenospheric 

332 mantle underneath the Lhasa terrane. At these components are needed to explain the 

333 full range of Sr-Nd isotope ratios of the Quxu mafic rocks — Neo-Tethyan MORB, 

334 lithospheric mantle, OIB, and GLOSS (Fig. 6a). The gabbro suite requires about 10% 

335 admixture of SCLM. On other hand, the hornblende gabbro samples apparently requires 

336 either ~ 20% SCLM or ~5% GLOSS. However, on the La/Nb vs. La/Ba plot, the 

337 hornblende gabbro shows a typical trend of asthenospheric contribution to SCLM (Fig. 

338 8b). We interpret this apparently paradoxical result — that the hornblende gabbro has 

339 both lower εNd(t) and greater asthenospheric influence than the gabbro — by appealing 

340 to a significant contribution of subducted sediment to the mixture of sources that 

341 produced hornblende gabbro. According to Ormerod et al. (1988), mafic magmas 

342 derived from the asthenosphere mantle usually have Zr/Ba ≥ 0.2, whereas melts derived 

343 from the lithospheric mantle usually have Zr/Ba < 0.2. The Zr/Ba ratios of the gabbro 

344 samples are 0.08-0.17, whereas those in the hornblende gabbro samples are 0.21-0.42, 

345 verifying the simulation results above. 

346 Some trace element ratios in mafic magmas are less sensitive to slab-derived 

347 metasomatism and are commonly used to address the residual mineralogy and hence 

348 depth during partial melting. Melting of garnet lherzolite leads to significant elevation 

349 of Sm/Yb due to the compatibility of Yb in garnet. Spinel lherzolite is less effective in 



350 fractionating the light from the heavy REEs (D'orazio et al. 2001; Xiao and Pan 2004, 

351 2016). We modeled the behavior of REE ratios using two source compositions (N-

352 MORB and OIB-influenced E-MORB mantle sources), garnet and spinel lherzolite 

353 residual mineralogies, and variable degrees of partial melting (Figs. 8c-d) (Hofmann, 

354 1997; Niu, 2009; Humphreys and Niu, 2009). The results indicate that the gabbro can 

355 be formed by 1-5 % partial melting of an N-MORB mantle source, whereas the 

356 hornblende gabbro can be formed by much higher degrees of partial melting (15 -20%) 

357 of an E-MORB like mantle sources. In both cases, the residual mineral assemblage is 

358 0.5Ol + 0.34Opx + 0.25Cpx + 0.01Grt/0.01Sp, and the data do not distinguish in this 

359 case between garnet and spinel lherzolite residues.

360 In summary, we believe that the hornblende gabbro is derived from a multi-

361 component source formed by interaction between asthenospheric mantle and enriched 

362 sub-continental lithospheric previously mantle metasomatized by melts of subducted 

363 sediments (Gao et al., 2008; Xu et al., 2008; Ma et al., 2015). On the other hand, the 

364 gabbro has a simpler source composition, derived exclusively from a region of 

365 lithospheric mantle metasomatized by hydrous fluid from the subducted slab.

366 5.4 Tectonic setting

367 In the section 5.1, we have evaluated the effects of crystal accumulation, post-

368 magmatic alteration and crustal contamination on Quxu gabbro and hornblende gabbro, 

369 which indicate that high field strength elements likely preserve information about their 

370 magmatic source and evolution process. Besides, the SiO2 contents of gabbro and 

371 hornblende gabbro has no obvious correlation with Nb/Y, Zr/Y, Zr, Nb and La /Nb, 

372 indicating that the magmatic evolution process (partial melting or fractional 

373 crystallization) has no significant effect on their high field strength elements. Thus, 

374 these geochemical proxies can be used to decode their tectonic setting.



375 We have emphasized that the LREE and LILE enrichments and HFSE depletions 

376 in the Quxu mafic rocks are typical signatures of arc-related magmas. More 

377 quantitatively, the La/Nb ratios of typical arc-related rocks range from 1 to 8 (Condie, 

378 1999). The Quxu gabbro samples La/Nb ratios ranging from 4.2 to 6.9, with an average 

379 of 5.7. The hornblende gabbro samples have La/Nb ratios ranging from 3.3 to 3.6, with 

380 an average of 3.5. In general, then, both groups of Quxu samples appear to have formed 

381 an arc setting.

382 Compared to typical arc magmatic rocks, however, the hornblende gabbro samples 

383 exhibit some unusual characteristics. Typical arc magmatic rocks have Nb < 2 g/g and 

384 Zr < 50 g/g (Xu et al., 2008), whereas the Quxu hornblende gabbro contains 2.95-4.97 

385 g/g Nb and 41.5-111 g/g Zr. The Zr/Y ratio of hornblende gabbro (2.4-5.7, average 

386 3.8) is also higher than that of typical arc magma. Indeed, several tectonic 

387 discrimination diagrams that evaluate the relative concentrations of different HFSEs 

388 (Ti/100-Zr-Y*3, Nb*2-Zr/4-Y; Fig. 9) place both the new Quxu hornblende gabbro 

389 results and literature data on other late (~48 Ma) mafic rocks of the Central SL in the 

390 MORB and Within-Plate Basalt fields. Additionally, these samples have a high Nb/Ta 

391 ratio (17.4-19.9), which agrees well with the OIB and MORB average values (17.8-

392 19.5) (Sun and McDonough, 1989). This indicates that the tectonic setting at ~48 Ma 

393 had at least begun to change from a typical subduction setting, taking on characteristics 

394 seen in extensional tectonic settings.

395 Over the time span between emplacement of the Quxu gabbro samples at ~53 Ma 

396 and the hornblende gabbro samples at ~48 Ma, then, it seems that the typical arc setting 

397 of Neo-Tethyan subduction changed into an extensional tectonic regime, such as might 

398 be expected, for example, after ridge subduction or above a slab window.



399 6. Geodynamic implications

400 Subduction of an oceanic plate located between two continental masses generally 

401 ends in a continental collision. This leaves a slab of previously subducted, high-density 

402 oceanic lithosphere hanging from a low-density segment of continental lithosphere on 

403 the downgoing plate; the resulting tensile stress may result in the tearing of the oceanic 

404 slab and slab breakoff during the early stages of continental collision (Von 

405 Blanckenburg and Davies, 1995). Determining exactly when and how the Neo-Tethyan 

406 oceanic slab in the India-Asia collision zone broke up has remained a contentious issue 

407 for scientists (Chung et al., 2005; Ma et al., 2014, 2016; Ji et al., 2016). Combining 

408 published data from Paleocene-Eocene mafic rocks across the southern Lhasa terrane 

409 with results presented here, we hypothesize that breakoff of the Neo-Tethyan slab began 

410 beneath the western SL at ~57 Ma and propagated progressively towards the eastern 

411 SL. The slab window opened underneath the central SL at ~50 Ma. Here we detail 

412 several lines of evidence for this interpretation.

413 First, the gabbro in Quxu formed at ~53 Ma in a typical arc tectonic setting. By 

414 contrast, the hornblende gabbro formed at ~48 Ma and exhibits weaker subduction 

415 influence with more asthenospheric components. When an oceanic slab breaks off, 

416 asthenospheric material from beneath the slab, carrying enrichment in HFSEs, flows 

417 upwards and mixes with metasomatized lithospheric mantle. Partial melting of this 

418 mixed source resulting in magmas with higher HFSE contents than active arc magmas 

419 (Ferrari, 2004; Von Blanckenburg & Davies, 1995; Xu et al., 2008; Huang et al., 2017). 

420 Second, statistical analysis of zircon U-Pb ages of Paleocene-Eocene mafic rocks 

421 in the southern Lhasa terrane reveals that the onset of the mafic magmatic ‘‘flare-up’’ 

422 in the western SL, central SL, eastern SL happened at roughly 56 Ma, 53 Ma, and 50 

423 Ma, respectively (Fig. 10a). In each segment of the SL, Zr and Nb contents are mostly 



424 higher in mafic rocks postdating the flare-up than in those that formed earlier (Figs. 

425 10b-c). Thus, the temporal and spatial distribution and geochemical characteristics of 

426 Paleocene-Eocene mafic magmas reveal a thermal anomaly that propagated 

427 progressively from the western SL to the eastern SL. The arrival of the thermal anomaly 

428 coincided, in each segment of the terrane, with an increased role for asthenospheric 

429 source components. We take this as evidence of a slab tear and expanding slab window, 

430 growing from west to east. There is a further fingerprint of the Neo-Tethyan slab 

431 apparent in the Hf isotope ratios in zircons in these mafic magmas. The mafic rocks in 

432 the western and eastern SL have more enriched mantle sources than those in the central 

433 SL (Fig. 10d). This is thought to be inherited from ancient recycled continental mantle 

434 and recycled arc mantle wedge, which are restricted to the eastern and western segments 

435 of the Yarlung Zangbo ophiolite (Liu et al., 2021). The temporal evolution from typical 

436 arc basalts to intraplate basalts and the restriction of zircons with enriched Hf isotope 

437 ratios to the western and eastern SL are each consistent with tearing and breakoff of the 

438 Neo-Tethyan slab beneath the SL in Paleocene-Eocene time.

439 Third, the severe thermal disturbance resulting from asthenospheric upwelling and 

440 a mafic magmatic flare-up can also trigger partial melting of the edges of the oceanic 

441 slab or of the upper-plate continental crust. Co-eval with the hornblende gabbro suite, 

442 there are ~48 Ma intermediate adakitic rocks in the Quxu area (Mg#> 47)) that likely 

443 reflect partial melting of the Neo-Tethys slab (Ji et al., 2012). Mafic enclaves of various 

444 shapes and sizes are extensively distributed in the Quxu plutonic complex, pointing to 

445 mingling of the mafic magmas described here with felsic melts due to partial melting 

446 of the crust of the central SL at 46-48 Ma.

447 Fourth, reconstructions of plate motions reveal two distinct episodes of 

448 deceleration in the convergence velocity between India and Eurasia, at approximately 



449 52-50 Ma and 45 Ma. Subducted slab breakoff tends to decrease the driving force for 

450 convergence and lead to reduced convergence velocity (Bercovici et al., 2015). 

451 Geologists typically consider that the first deceleration marks the initial collision of 

452 India and Asia, while the second deceleration is due to the Neo-Tethyan oceanic slab 

453 breakoff (White and Lister, 2012). Magmatism in the southern Lhasa terrane peaked at 

454 50-45 Ma and then experienced a magmatic hiatus from 45 to 30 Ma, indicating the end 

455 of Neo-Tethyan subduction (Chung et al., 2005). The early Eocene Neo-Tethyan slab 

456 breakoff is also associated with major topographic uplift in southern Tibet (Kohn and 

457 Parkinson, 2002), which is reflected in the deposition of large volumes of early Eocene 

458 sediments in the Bangladesh basin (Alam et al., 2003).

459 To summarize, the southern Lhasa terrane is believed to have undergone slab 

460 breakoff in the early Cenozoic. This event began in the west at ~57 Ma and propagated 

461 eastward, passing beneath the central segment of the terrane at around 50 Ma. 

462 Upwelling of asthernosphere through the slab window created a thermal anomaly 

463 beneath the southern Lhasa terrane and allowed mixing of asthenosphere with 

464 metasomatized lithospheric mantle. This triggered partial melting of the edges of the 

465 slab, of the mixed mantle sources, and of the Tibetan crust, resulting in the assemblage 

466 of mafic and felsic rocks observed in the Quxu area and across the southern Lhasa 

467 terrane. 

468 Conclusions

469 (1) A suite of gabbro intruded at ~53 Ma in the Quxu area; these rocks are typical mafic 

470 arc magmas, reflecting partial melting of lithospheric mantle metasomatized by fluids 

471 derived from the Neo-Tethyan oceanic slab.

472 (2) A later suite of hornblende gabbro intruded at ~48 Ma; these rocks resulted from 

473 partial melting of a mixture of sources asthenospheric mantle and enriched lithospheric 



474 mantle metasomatized by subducted sediment melts.

475 (3) The eastward propagation of Paleocene-Eocene mafic rocks in the southern Lhasa 

476 terrane testifies to the geometry and timing of the breakoff of the Neo-Tethyan slab, 

477 extending from the western SL at ~57 Ma, through the central SL at ~50 Ma, and 

478 reaching the eastern SL by ~45 Ma. The two members of the Quxu mafic suite bracket 

479 this transition in the central Southern Lhasa terrane.

480
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714 Figure Caption

715 Figure 1 (a) Tectonic framework of Tibetan Plateau, after Zhu et al. (2011); (b) 

716 Tectonic subdivision and magmatic rock distribution of the Lhasa terrane, after Chung 

717 et al. (2009); (c) Simplified geological map of the sampling area, with sample locations 

718 marked. 

719

720 Figure 2 Field photographs (a-b) and photomicrographs under cross-polarized light (c, 

721 -f) of the Quxu mafic rocks. Mineral abbreviations: Cpx, clinopyroxene; Pl, plagioclase; 

722 Bt, biotite; Amp, amphibole; Mt., magnetite.



723

724 Figure 3 Zircon U-Pb age diagrams (a-e) and distribution of Ti-in-zircon temperatures 

725 (f) of the Quxu mafic rocks. The locations of U-Pb analysis spots and corresponding 

726 Hf isotope analyses are illustrated as small white circles and large yellow dashed circles, 

727 respectively.

728

729 Figure 4 (a) Na2O + K2O vs. SiO2, after Middlemost (1994); (b) K2O vs. SiO2, after 

730 Peccerillo (1976). The published major element contents of Central SL Eocene mafic 

731 rocks (SiO2=45-53%) are given in Table S5.

732

733 Figure 5 Chondrite-normalized REE patterns (a, c) and primitive mantle-normalized 

734 spider diagrams (b, d) for the Quxu mafic rocks, compared to averages of published 

735 Central SL Eocene mafic rocks (Table S5). Chondrite values are from Boynton (1984). 

736 Primitive mantle values are from Sun and McDonough (1989). Av.: average.

737

738 Figure 6 (a) Plots of εNd(t) vs. (87Sr/86Sr)i for the Quxu mafic rocks and published 

739 Central SL Eocene mafic rocks (Table S5), modified from Wang et al. (2021), including 

740 calculated mixing trends between selected end members, the data of MORB, OIB,  

741 Tibet lithosphere mantle and average Gloss are from Zhao et al. (2021), Ji et al. (2016), 

742 Liu et al. (2014), Plank and Langmuir (1998), respectively; (b) zircon εHf(t) vs. U-Pb 

743 ages, with contours of calculated mantle contribution to the Hf isotope budget, modified 

744 from Zhu et al. (2011); (c-d) Histograms and kernel density estimates of zircon εHf(t) 

745 for the two groups of Quxu mafic rocks. 

746 Figure 7 Plots of (a) εNd(t) vs. MgO, (b) Nb/Ta vs. SiO2, (c) Rb vs. Zr, and (d) La/Sm 

747 vs. La for the Quxu mafic rocks and published Central SL Eocene mafic rocks (Table 



748 S5).

749

750 Figure 8 Plots of (a) Ba/Th vs. Th/Nb and (b) La/Ba vs. La/Nb, after Abdurrahman et 

751 al., (2019). (c-d) Trace element modelling results. E-MORB data are from Sun and 

752 McDonough, (1989), N-MORB data are from Gale et al. (2013). Mineral partition 

753 coefficient from https://earthref.org/KDD/. The batch melting equation is assumed and 

754 bulk partition coefficients are constructed from the assumed modal proportions of: Ol, 

755 olivine; Cpx, Clinopyroxene; Opx, Orthopyroxene; Grt, Garnet; and Spl, spinel.

756

757 Figure 9. Tectonic discrimination diagrams: (a) Ti/100-Zr-Y*3, (b) Nb*2-Zr/4-Y for 

758 the Quxu mafic rocks and published Central SL Eocene mafic rocks (after Pearce and 

759 Cann, 1973; Meschede, 1986). Abbreviations, VAB: Volcanic arc basalt; IAT: Island-

760 arc tholeiite; WPB: Within-plate basalt. CAB: Continental arc basalt. MORB: Mid 

761 ocean ridge basalt. N-MORB: Normal MORB. E-MORB: Enriched MORB.

762

763 Figure 10. The Paleocene-Eocene mafic flare-up in the southern Lhasa terrane is 

764 revealed by (a) the number and relative probability of Zircon U-Pb ages, (b) Nb vs. 

765 zircon U-Pb age, (c) Zr vs. Y, and (d) zircon εHf(t) vs. U-Pb age. The published whole-

766 rock major element, trace element, and Sr-Nd isotope data are given in Table S5. The 

767 published zircon U-Pb and Hf isotope data are given in Table S6.

768

769 Figure 11. The proposed tectonic context for the southern Lhasa terrane (SL) in 

770 Paleocene-Eocene time.

771
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