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ABSTRACT 25 

The question of whether subducted continental crust can be recycled into post-collisional 26 

magmatism in continental collisional zones remains controversial. Post-collisional mantle-27 

derived ultrapotassic rocks are widespread in western part of central Lhasa block (WCL) 28 

of the Tibet-Himalaya orogen and show arc-type trace-element signatures and very 29 

enriched Sr-Nd isotopes, which have been explained by the recycling of subducted Indian 30 

continental crust. However, due to the lack of late Cretaceous mafic magmatism in the 31 

WCL, the nature of the ancient subcontinental lithospheric mantle (SCLM) beneath the 32 

WCL has not been well constrained. It is therefore still unclear whether the enriched 33 

components of these ultrapotassic rocks were derived from subducted Indian continental 34 

crust or inherited from the ancient SCLM. Here we report the mafic dykes from the 35 

TangraYumco area in the WCL, which formed at ~90 Ma (whole-rock 40Ar-39Ar, and zircon 36 

and titanite U-Pb ages). The diabase-porphyrites and diorite-porphyrites are similar to 37 

intraplate Nb-enriched basalts and magnesium adakitic rocks, respectively. This rock 38 

association reveals the lithospheric foundering process. Furthermore, the diabase-39 

porphyrites generated by the interaction between the ancient SCLM and asthenosphere 40 

provide important constraints on the nature of the ancient SCLM, which shows distinct Nd 41 

isotopes to the post-collisional ultrapotassic rocks. In addition, the NW Lhasa block was in 42 

a rear-arc environment since the late Cretaceous and thus this SCLM was not significantly 43 

influenced by the ongoing northward subduction of the Indus-YarlungZangbu Neo-Tethys 44 

ocean. Finally, we propose that the post-collisional ultrapotassic rocks cannot be sourced 45 

from the ancient SCLM, but instead were derived from a relatively depleted mantle (e.g., 46 

juvenile lithospheric mantle) metasomatized by subducted Indian continental crust. Thus, 47 

this study confirms the recycling of subducted continental materials in continental 48 

collisional orogens. 49 

 50 
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 54 



1. Introduction 56 

Subduction zones are the primary locations where mass and energy are exchanged 57 

between the mantle and crust (e.g., Elliott, 2004; Tatsumi, 2005). Recycling of oceanic 58 

lithospheric materials in oceanic subduction zones has been widely studied and 59 

understood. The oceanic subduction factory processes raw materials (e.g., oceanic 60 

sediments and oceanic crust) and manufactures arc magmas as products. However, 61 

recycling of continental crust materials into the deep mantle by subduction in continental 62 

subduction zones is much less studied, and it remains unclear whether subducted 63 

continental crust can be recycled into post-collisional magmatism (e.g., Ducea, 2016). 64 

 65 

The Himalaya-southern Tibet collisional orogen formed during the early Cenozoic and is 66 

widely recognized as one of the most outstanding natural laboratories for studying 67 

continental subduction (Yin and Harrison, 2000; Tapponnier et al., 2001). The Lhasa block 68 

(the southernmost edge of the Tibetan plateau) includes abundant post-collisional mafic 69 

igneous rocks (i.e., ultrapotassic rocks) (e.g., Guo et al., 2019; Yakovlev et al., 2019). 70 

These ultrapotassic rocks provide unique insights into the compositions of the deep mantle 71 

and its thermal characteristics during the post-collisional stage (Liu et al., 2011) and have 72 

important implications for understanding Indian continental subduction (e.g., Chung et al., 73 

2005; Hao et al., 2018, 2022). These rocks are characterized by arc-type trace-element 74 

distribution patterns and markedly enriched Pb-Nd-Sr isotope compositions, and many 75 

studies have proposed that they have been derived from a mantle source metasomatized 76 

by subducted Indian continental crust (Ding et al., 2003; Zhao et al., 2009; Guo et al., 2013). 77 

However, this genetic model has not been widely accepted (e.g., Mahéo et al., 2009; Liu 78 

et al., 2015; Hao et al., 2022). The ultrapotassic rocks generally occur in the western part 79 

of central Lhasa block (WCL), which is considered to be a microcontinent underlain by an 80 

ancient SCLM (subcontinental lithospheric mantle) (Zhu et al., 2013; Wang et al., 2018). 81 

Such a SCLM could have evolved due to the oceanic subduction during the Mesozoic. 82 

However, due to the lack of late Cretaceous mafic rocks in the WCL, the nature of this 83 

ancient SCLM during ~90 Ma has not been well constrained. Lei et al. (2022) recently 84 



identified ~90 Ma gabbroic rocks from the Taruocuo area in the WLB, yet these rocks were 85 

considered to be derived from a metasomatized asthenosphere mantle, i.e., a juvenile 86 

lithospheric mantle formed during prior oceanic subduction. Thus, it is still unclear whether 87 

the enriched components of the post-collisional ultrapotassic rocks were derived from 88 

subducted Indian continental crust or inherited from the ancient SCLM beneath the WCL. 89 

This significantly hinders our understanding of the recycling of subducted continental crust 90 

materials in this typical continental collisional zone. 91 

 92 

The late Cretaceous (~90 Ma) magmatism is intensive in the NW Lhasa block but 93 

dominated by intermediate-felsic igneous rocks. The mafic rocks are poorly studied, which 94 

limits the constraints on not only the nature of the ancient SCLM beneath the WLB but also 95 

the geodynamic processes responsible for this period of magmatism. For example, Ma and 96 

Yue (2010) ascribed this magmatism to the northward subduction of the Indus-97 

YarlungZangbu Neo-Tethys oceanic slab. However, many recent studies based on the 98 

occurrence of adakitic rocks (Sun et al., 2015; Lei et al., 2020) and magnesian andesite-99 

dacites (Wang et al., 2014) suggested that the late Cretaceous magmatism in the NW 100 

Lhasa block should be induced by the delamination of the thickened lithosphere after 101 

Lhasa-Qiangtang collision during the early Cretaceous (Kapp et al., 2007; Zhu et al., 2016; 102 

Hao et al., 2019b). However, in this model the interaction between the upwelling 103 

asthenosphere and surrounding lithospheric mantle which commonly occurred during the 104 

lithospheric delamination, has not yet been identified in this area. 105 

 106 

In this contribution, we study the late Cretaceous (~90 Ma) mafic dykes (including diabase-107 

porphyrite and diorite-porphyrite) from the TangraYumco area in central Lhasa block. 108 

Integrated studies of major, trace element, and Sr-Nd-Hf isotopes reveal that diabase-109 

porphyrite and diorite-porphyrite dykes have some affinities of intra-plate Nb-enriched 110 

basalts and magnesium adakitic rocks, respectively. Such a rock association indicate the 111 

lithospheric foundering. Moreover, the diabase-porphyrites are shown to be generated by 112 

the interaction between the asthenosphere and an ancient SCLM, which thus could provide 113 

important constraints on the nature of the ancient SCLM. A comparison of Sr-Nd isotopes 114 



between the post-collisional ultrapotassic rocks in the Lhasa block and the ~90 Ma ancient 115 

SCLM suggested that the former should originate from a juvenile lithospheric mantle 116 

metasomatized by subducted Indian continental slab, rather than from the ancient SCLM. 117 

 118 

2. Geological Background and Samples 119 

South-to-north, the Himalayan-Tibetan orogen is composed of the Himalaya, Lhasa, 120 

Qiangtang, and Songpan-Ganze blocks, which are separated by the Indus-YarlungZangbu, 121 

Bangong-Nujiang, and Jinsha suture zones, respectively (Fig. 1) (Yin and Harrison, 2000). 122 

The closure of the Bangong-Nujiang Tethys ocean (BNTO) (leading to the Bangong-123 

Nujiang suture zone, BNSZ) took place no later than the late Cretaceous (~100 Ma) (Zhu 124 

et al., 2016; Hao et al., 2019b). The northward subduction of the Indus-YarlungZangbu 125 

Neo-Tethys oceanic slab (IYZTO) occurred during the Mesozoic and its closure (leading to 126 

the Indus-YarlungZangbu suture zone, IYZSZ) happened in the early Cenozoic (Zhu et al., 127 

2013). The Lhasa block can be divided into southern, central, and northern Lhasa sub-128 

blocks (SL, CL, NL) by the Luobadui-Milashan fault (LMF) and Shiquanhe-NamTso 129 

mélange zone (SNMZ), respectively (Fig. 1) (Zhu et al., 2013). The central Lhasa sub-130 

block is considered to be a microcontinent comprising ancient lithospheric mantle and crust, 131 

whereas the northern and southern Lhasa sub-blocks have been interpreted as accreted 132 

arcs produced by southward subduction of the BNTO and northward subduction of the 133 

ITZTO, respectively (Zhu et al., 2011; Wang et al., 2018). 134 

 135 

After the initial collision between India and Eurasia (Himalaya-Lhasa), the ongoing syn-136 

collision (the Indian continental plate was still being dragged by subducted IYZTO slab), 137 

induced the breakoff of the oceanic slab from the continental plate at ~50-45 Ma (e.g., Ji 138 

et al., 2016; Zhu et al., 2015). The collision zone then evolved into a post-collisional intra-139 

continent setting (e.g., Mo et al., 2007). Cenozoic post-collisional igneous rocks are 140 

widespread in the Lhasa block and mainly consist of ultrapotassic, high-silica potassic, and 141 

felsic adakitic rocks (e.g., Hao et al., 2019a). The high-silica potassic and felsic adakitic 142 

rocks were generally considered to originate from the reworking of the lower crust beneath 143 



the Lhasa block (Hou et al., 2004; Hao et al., 2019a; Zhang et al., 2022). The ultrapotassic 144 

rocks were widely suggested to be derived from an enriched mantle source metasomatized 145 

by subducted Indian continental slab, given their very enriched Sr-Nd-Pb isotope 146 

signatures. However, they mainly occur in the western part of central Lhasa block (WCL) 147 

(Liu et al., 2014), which likely has an ancient and enriched SCLM. The possibility that these 148 

enriched Sr-Nd isotope signatures likely originated from the ancient SCLM cannot be fully 149 

ruled out. 150 

 151 

Here we focus on the late Cretaceous mafic dykes in the TangraYumco area (Fig. 2-3) to 152 

clarify the nature of the ancient SLCM then. In this area, there are Carboniferous, Permian, 153 

Triassic, Jurassic, Cretaceous, and Cenozoic strata and the magmatic rocks mainly include 154 

Mesozoic-Paleocene granitoids and volcanic rocks, and Miocene post-collisional K-rich 155 

rocks. We collect the diabase-porphyrite dykes from the Yaqian and Ningguo villages and 156 

diorite-porphyrite dykes from the Daguo village (Fig. 2). Significantly, the mafic dykes are 157 

spatially closed with the post-collisional ultrapotassic rocks. The diorite-porphyrite rocks 158 

mainly comprise phenocrysts of plagioclase and amphibole set in a groundmass of 159 

amphibole, plagioclase and quartz (Fig. 3e). The diabase-porphyrite rocks have 160 

plagioclase and amphibole as phenocrysts (Fig. 3f). The groundmass has ophitic texture 161 

with (sub)euhedral plagioclase and anhedral clinopyroxene and amphibole.  162 

 163 

3. Analytical Methods and Results 164 

Whole-rock major- and trace-elemental and Sr-Nd isotope analyses were conducted at the 165 

State Key Laboratory of Isotope Geochemistry, Guangzhou Institute of Geochemistry 166 

(GIG), Chinese Academy of Sciences (CAS), Guangzhou. Bulk-rock 40Ar/39Ar dating was 167 

conducted at the Analytical Laboratory of Beijing Research Institute of Uranium Geology 168 

(BRIUG). Zircon and titanite U-Pb dating was conducted at the state Key Laboratory of 169 

Lithospheric Evolution, Institute of Geology and Geophysics (IGG), CAS, Beijing. Zircon Hf 170 

isotope measurements were performed at the Nanjing Hongchuang Geological Exploration 171 

Technology Service Co. Ltd. The detailed discussions of the methodology and analytical 172 



results can be found in the Appendix. 173 

 174 

3.1 Ages 175 

Four diabase-porphyrite samples (QT32-5 and QT32-6 from Yaqian, NG01-1 and NG01-2 176 

from Ningguo) were selected for 40Ar/39Ar dating (Fig. 4). Each sample gives a consistent 177 

plateau age and isochron age. Specifically, the Yaqian sample QT32-5 yields whole-rock 178 

40Ar/39Ar weighted mean and normal isochron ages of 90.1± 1.1 and 91.1± 1.4 Ma, 179 

respectively (Fig. 4a). Sample QT32-6 gives whole-rock 40Ar/39Ar weighted mean and 180 

normal isochron ages of 92.1± 1.0 and 93.8± 1.1 Ma, respectively (Fig. 4b). The Ningguo 181 

samples NG01-1 and NG01-2 yield whole-rock 40Ar/39Ar weighted mean ages of 88.0± 0.9 182 

and 85.4± 1.3 Ma, respectively, consistent with their corresponding normal isochron ages 183 

(87.0± 1.9, 88.1± 2.8 Ma, respectively) (Fig. 4c-d). Thus, we conclude that the 184 

TangraYumco diabase-porphyrites were emplaced in the late Cretaceous (ca. 92-85 Ma). 185 

 186 

Three diorite-porphyrite samples from Daguo (ZB105-1, ZB106-1, and ZB107-1) were 187 

selected for LA-ICP-MS zircon U-Pb dating. They all yield concordant 206Pb/238U ages with 188 

weighted mean ages of 88.3± 2.6, 84.4± 2.2, and 85.4± 1.3 Ma, respectively (Fig. 5a-c). 189 

Titanite grains from sample ZB107-1 also yield a lower intercept age of 87.6± 1.8 Ma on a 190 

Tera-Wasserburg diagram (mean square of weighted deviates = 2.9) (Fig. 5d). Collectively, 191 

the TangraYumco diorite-porphyrites were formed at ca. 86 Ma (late Cretaceous), coeval 192 

with the diabase-porphyrites in this area. 193 

 194 

3.2 Major and Trace Element 195 

The diabase-porphyrites have relatively low SiO2 (45.4-51.5 wt.%), MgO (5.1-8.1 wt.%), 196 

and TiO2 (1.1-1.5 wt.%) contents. They show variable Mg# [Mg2+/(Fe2++Mg2+)] (54-64) 197 

values, and Cr (78-489 ppm) and Ni (58-241 ppm) contents. They have variable and high 198 

loss on ignition values (LOI) of 1.4-9.0 wt.%, indicating that some samples could have been 199 

altered. Potential element mobility in altered igneous rocks limits the use of standard 200 

classification diagrams like total alkali-silica (TAS) and K2O vs. SiO2. Alternatively, we 201 



employ a plot of Co versus Th (Hastie et al., 2007) to show their basaltic affinities (Fig. 6a). 202 

On a chondrite-normalized REE (rare earth element) plot (Fig. 6c), they are characterized 203 

by enrichment of light REE (LREEs) and depletion of heavy REEs (HREEs) with 204 

normalized La/Yb values (La/Yb)N of 7.8-16.1, and negligible Eu anomalies (Eu/Eu* = 0.86-205 

0.98). They show subparallel primitive mantle-normalized trace-element patterns but with 206 

more-variable large ion lithophile elements (LILEs, e.g., Rb, Ba) (Fig. 6d). These diabase-207 

porphyrites exhibit some arc-like geochemical features, e.g., enrichment of LILEs, 208 

depletion of HREEs and high field strength elements (HFSEs, e.g., Nb, Ta), and positive 209 

Pb anomalies. However, compared to normal arc basalts, they contain more Nb (8.0-16.4 210 

ppm) and Zr (115-217 ppm), similar to Nb-enriched arc basalts (Nb contents of 5-20 ppm, 211 

Hastie et al., 2011). In a plot of Zr vs. Zr/Y, they classify as within-plate basalts (Fig. 7a). 212 

Additionally, these rocks exhibit distinctly lower Zr/Nb ratios than subduction zone lavas 213 

(Fig. 7b). These geochemical features are very similar to those of the Gaoligong Eocene 214 

basaltic dykes in the SE Tibetan plateau (Xu et al., 2008) (Fig. 7b). The latter is considered 215 

to be derived from the interaction between the lithospheric mantle and asthenosphere (Xu 216 

et al., 2008).  217 

 218 

The diorite-porphyrites are relatively fresh and have low LOI (0.7-1.4 wt.%) contents. They 219 

have high SiO2 (60.3-62.4 wt.%) but low total-alkaline (Na2O+ K2O) (6.2-6.7 wt.%) contents, 220 

and are sub-alkaline (Fig. 6b). They have relatively high MgO (2.5-3.4 wt.%) and Ni (32-43 221 

ppm) contents, and Mg# (49-53) values. They show significant fractionation between 222 

LREEs and HREEs with (La/Yb)N = 19.6-35.5 and weakly negative Eu anomalies (Eu/Eu* 223 

= 0.78-0.89) (Fig. 6c). Their primitive mantle-normalized trace-element distribution patterns 224 

are characterized by enrichment of LILEs and Pb, depletion of HREEs and HFSEs, and no 225 

Sr anomalies (Fig. 6d). They have high Sr (656-753 ppm) but low Y (13.8-15.3 ppm) and 226 

Yb (1.15-1.33 ppm) contents, and thus high Sr/Y (45-53) and La/Yb (27-50) ratios (Fig. 8a-227 

b). These geochemical features, combined with their high Al2O3 (16.1-15.8 wt.%; > 15.0 228 

wt.%) contents indicate their close adakitic affinity (Castillo, 2012). 229 

 230 



3.3 Sr-Nd-Hf Isotopes 231 

The diabase-porphyrites have a wide range of initial 87Sr/86Sr values (0.7082-0.7108), 232 

initial 143Nd/144Nd ratios (0.512116-0.512345) and initial εNd values [εNd(t)] of -7.92 to -233 

3.45 (Fig. 9a). The diorite-porphyrites have relatively uniform Sr-Nd isotopes (87Sr/86Sr(i) = 234 

0.7090-0.7092, 143Nd/144Nd(t) = 0.512200-0.512217, and εNd(t) = -6.28 to -5.95, Fig. 9a). 235 

 236 

The Hf isotopes of zircon grains were analyzed in the same domains where the U-Pb ages 237 

were determined. A total of 27 syn-magmatic zircon grains from three diorite-porphyrite 238 

samples were analyzed for 176Hf/177Hf isotopic ratios (Fig. 9b). These three samples yield 239 

similar and overlapped zircon εHf(t) values. Specifically, zircons of sample ZB105-1 yield 240 

initial 176Hf/177Hf ratios of 0.282538-0.282568, corresponding to εHf(t=86 Ma) values of -241 

6.37 to -5.31. The zircons from sample ZB106-1 give 176Hf/177Hf(t) and εHf(t) values of 242 

0.282562-0.282603 and -5.55 to -4.10, respectively. Analyses of zircons from sample 243 

ZB107-1 show 176Hf/177Hf(t) ratios of 0.282557-0.282616, which correspond to εHf(t) 244 

values of -5.71 to -3.62. Collectively, the diorite-porphyrites have enriched zircon Hf isotope 245 

compositions with εHf(t) = -6.37 to -3.62 (Fig. 9b), overlapping with the coeval (~88 Ma) 246 

Coqen granites (εHf(t)= -11 to -4) in the WLB (Lei et al., 2020). 247 

 248 

4. Discussion 249 

4.1 Petrogenesis of Diabase-porphyrite Dykes 250 

4.1.1 Alteration, Fractional crystallization and Crustal Contamination  251 

Many LILEs are mobilized during weathering, hydrothermal, and low-grade metamorphism 252 

(e.g., Pearce, 2014). Thus, the alteration effects on elemental mobility should be assessed 253 

before discussing the geochemical data. Representative variation diagrams for the 254 

diabase-porphyrites are presented, plotting incompatible elements against immobile Nb 255 

(Fig. DR1). On log-log plots, positive linear vectors should form if the elements are 256 

immobile (e.g., Hastie et al., 2011). The bivariate diagram of Ba vs. Nb shows a large 257 

scatter without a pre-alteration positive linear trend, indicating Ba is mobile (Fig. DR1a). 258 



Conversely, elements including Rb, Pb, and Sr in most samples have tight correlations with 259 

Nb, suggesting their immobility (Fig. DR1b-d). Furthermore, contents and isotope ratios of 260 

Sr show no systematic correlations with increasing LOI contents (Fig. DR1e-f). Thus, these 261 

values can be used to discuss the genesis of the diabase-porphyrites. 262 

 263 

La/Sm ratios of the diabase-porphyrites show a positive correlation with La contents (Fig. 264 

10a), suggesting that partial melting and source compositions are more important than 265 

fractional crystallization. The correlation between CaO/Al2O3 ratios and MgO is 266 

insignificant (Fig. 10b), indicating negligible clinopyroxene fractionation. Besides, the 267 

weakly negative Eu anomalies remain nearly constant with decreasing MgO (Fig. 10c), 268 

arguing against significant plagioclase fractionation during magma evolution. However, a 269 

positive correlation between MgO and Ni contents (Fig. 10d) indicates minor olivine 270 

fractionation. 271 

 272 

Mantle-derived mafic magmas can experience crustal contamination when they rise from 273 

their mantle sources through the continental crust. A negative correlation between SiO2 274 

and ɛNd and a positive correlation between Nb/La and ɛNd (Fig. 11a-b) appear to be 275 

consistent with crustal contamination. However, the continental crust generally has low 276 

Sm/Nd and MgO values (Xu et al., 2008). Thus, it is expected that the most contaminated 277 

samples (with lowest ɛNd) should also have the lowest Sm/Nd and MgO. These trends 278 

have not been observed in the TangraYumco diabase-porphyrites (Fig. 11c-d). Therefore, 279 

crustal contamination cannot adequately explain their geochemical compositions. Notably, 280 

these diabase-porphyrites have broadly similar Nb/La ratios regardless of MgO and SiO2 281 

contents (Fig. 11e-f). This suggests that negative Nb-Ta anomalies in the diabase-282 

porphyrites are derived from the mantle sources rather than the crustal contamination. 283 

 284 

Conclusively, the TangraYumco diabase-porphyrite dykes were generated by partial 285 

melting of a mantle source and experienced insignificant fractional crystallization, crustal 286 

contamination, or post-emplacement alteration. 287 



 288 

4.1.2 Diabase-porphyrites Generated by Lithosphere Mantle-Asthenosphere 289 

Interaction 290 

As discussed above, the TangraYumco diabase-porphyrites exhibit high Zr and Nb 291 

contents and Zr/Y and Nb/Zr ratios and thus have a similar composition to Nb-enriched 292 

and intra-plate basalts. They were most likely connected to the asthenospheric upwelling 293 

rather than oceanic subduction (Xu et al., 2008). However, the TangraYumco diabase-294 

porphyrites have well-developed Nb-Ta depletions, enriched Sr-Nd isotopes, and arc-like 295 

features (e.g., Pb enrichment). Having already ruled out crustal assimilation, a contribution 296 

from a metasomatized lithospheric mantle may explain the compositions of these rocks. 297 

The lithospheric mantle can preserve various geochemical heterogeneities generated by 298 

prior oceanic or continental subduction and typically displays enriched and fertile 299 

geochemical signatures (Tang et al., 2012). The ~90 Ma gabbroic rocks from the Taruocuo 300 

area in the WLB were considered to be derived from a juvenile lithospheric mantle (Lei et 301 

al., 2022). Such a mantle domain does not significantly contribute to the formation of the 302 

TangraYumco diabase-porphyrites given that the former has more depleted Sr-Nd isotopes 303 

than the latter (Fig. 9a). Instead, the arc-like geochemical characteristics of the diabase-304 

porphyrites originate from an ancient and fertile lithospheric mantle beneath the WLB. The 305 

positive correlation between Nb/La and Nd isotope compositions (Fig. 11a) can be 306 

accorded for by the source mixing between such a SCLM and the asthenospheric mantle. 307 

The range in Sr-Nd isotope signatures of the diabase-porphyrites indicate variable 308 

contamination by the lithospheric mantle with the samples plotting on a mixing curve 309 

between the sample NG01-2 and the N-MORB (Fig. 9a). NG01-2 can be considered as an 310 

end-member that represents the isotopic composition of the ancient SCLM beneath the 311 

WLB. 312 

 313 



4.2 Petrogenesis of Diorite-porphyrite Dykes: Partial Melting of Delaminated 314 

Lower Crust 315 

As shown above, the TangraYumco diorite-porphyrites show close adakitic affinity. A range 316 

of genetic models for the formation of adakitic rocks have been proposed, e.g., high-317 

pressure fractional crystallization from the basaltic magmas (Macpherson et al., 2006); 318 

partial melting of subducted oceanic slab (Defant and Drummond, 1990), thickened (Chung 319 

et al., 2003) or delaminated (Xu et al., 2002) lower continental crust. 320 

 321 

Adakitic rocks formed by high-pressure fractional crystallization of garnet from basaltic 322 

magmas usually display a positive trend on a Dy/Yb (or La/Yb) versus SiO2 diagram 323 

(Macpherson et al., 2006), which is not the case for the TangraYumco diorite-porphyrites 324 

(Fig. 8c). In addition, the TangraYumco diorite-porphyrites have enriched Sr-Nd isotopes, 325 

arguing against their derivation from an oceanic slab. Their isotopic signatures are also 326 

distinct from those of these juvenile crust-derived adakitic rocks (e.g., Azhang and 327 

Gaerqiong) in the WLB (Sun et al., 2015; Lei et al., 2020) (Fig. 9a). Instead, their Sr-Nd 328 

and zircon Hf isotope compositions are similar to those of the early Cretaceous ancient 329 

crust-derived felsic rocks (Fig. 9a) (Wang et al., 2018; Lei et al., 2020). Furthermore, they 330 

have relatively high MgO and Ni contents and Mg# (> 49) values, which are higher than 331 

the lower crust-derived adakitic rocks (e.g., Azhang), but similar to the coeval Zhuogapu 332 

magnesian andesite-dacites (Fig. 8d-e). They appear to be most similar to delaminated 333 

lower crust-derived adakites rather than thick lower crust-derived adakites (Fig. 8d). Thus, 334 

we suggest that the TangraYumco diorite-porphyrites were most likely generated by partial 335 

melting of the delaminated, thickened ancient lower crust beneath the WLB. Lei et al. (2020) 336 

proposed crustal thickening of the NW Lhasa block during 110-90 Ma. At ~90 Ma the crust 337 

is likely to have reached a > 50 km thickness, and can be delaminated into the 338 

asthenosphere (Gao et al., 2004).  339 

 340 

4.3 Late Cretaceous Lithospheric Delamination in NW Lhasa Block 341 

Previous studies have shown the intensive magmatism in the SE Lhasa block (e.g., Milin-342 



Langxian areas) during the late Cretaceous (Fig. 1). These magmatic rocks contain 343 

substantial basaltic rocks (e.g., Ma et al., 2013). They occurred near the Indus-344 

YarlungZangbu suture zone and their generation was widely considered to be related to 345 

the northward subduction of the Neo-Tethys ocean, though the detailed geodynamic 346 

settings remain highly debated (e.g., oceanic ridge subduction, oceanic slab roll-back). 347 

 348 

This study combined with literature data revealed that the coeval (late Cretaceous) 349 

magmatism also intensively developed in the NW Lhasa block (Fig. 1). These magmatic 350 

rocks, different from those in the SE Lhasa block, are dominated by intermediate-felsic 351 

rocks with minor basaltic rocks. The intermediate-felsic rocks contain low-Mg# adakitic 352 

rocks (Sun et al., 2015), magnesian adakitic rocks (Chen et al., 2015; this study), and 353 

magnesian but non-adakitic rocks (Wang et al., 2014), which are related to partial melting 354 

of the lower crust or delaminated lower crust. The basaltic rocks were generated by partial 355 

melting of a juvenile SCLM (Lei et al., 2022) or by the interaction between the 356 

asthenosphere and an ancient SCLM (this study). The magmatism is far away from the 357 

Indus-YarlungZangbu suture zone but instead distributed in central and northern Lhasa 358 

sub-blocks. Given such differences in magmatism between the NW and SE Lhasa, we 359 

suggested that the magmatism in the NW Lhasa block should not be linked to the Neo-360 

Tethys oceanic subduction. Alternatively, such rock associations in the NW Lhasa block 361 

can be readily reconciled with a geodynamic model whereby a thickened lithosphere 362 

foundered into the asthenosphere mantle (Fig. 12). During the lithospheric delamination, 363 

the available space would have been filled by the hot, rising asthenospheric mantle. The 364 

hot mantle triggered melting in the overlying domains (i.e., the remaining lithospheric 365 

mantle, and the lower crust) (Turner et al., 1992). In the case of the NW Lhasa block, given 366 

the occurrence of delaminated lower crust-derived adakitic rocks, we suggested that the 367 

lithospheric mantle and partial lower crust could sink into the asthenosphere mantle (Fig. 368 

12). The interactions between the lithospheric mantle and asthenosphere, and between 369 

the delaminated lower crust-derived melts and mantle peridotite produced the diabase-370 

porphyrites and diorite-porphyrites, respectively (Fig. 12). 371 

 372 



4.4 Implication for Recycling of Subducted Indian Continental Crust 373 

Cenozoic post-collisional ultrapotassic rocks are widespread in the WCL and are probably 374 

derived from a mantle source enriched by Indian continental subduction and thus record 375 

the recycling of subducted Indian continental crustal materials (Ding et al., 2003; DeCelles 376 

et al., 2011). However, the possibility that the enriched geochemical features of the 377 

ultrapotassic rocks were inherited from the ancient SCLM beneath the WLB cannot be fully 378 

ruled out. This hinders our understanding of the recycling of subducted Indian continental 379 

materials in the Himalaya-Tibet collisional orogen. 380 

 381 

This study identifies the late Cretaceous diabase-porphyrite dykes in the WCL that were 382 

generated by the interaction between asthenospheric and ancient lithospheric mantle. 383 

Thus, they can provide important constraints on the nature of the ancient SCLM beneath 384 

the WCL. In a Sr-Nd isotope plot (Fig. 9a), the diabase-porphyrites form a trend extending 385 

from the depleted asthenospheric mantle to an enriched SCLM. Moreover, since the late 386 

Cretaceous the NW Lhasa block was no longer affected by the BNTO and in a rear-arc 387 

(refer to IYZTO) environment. So, this ancient SCLM can be independent of the oceanic 388 

subduction and preserve its geochemical features, until the beginning of the Indian 389 

continental subduction. Though the late Cretaceous ancient SCLM shows similar Sr 390 

isotope ratios to post-collisional primitive ultrapotassic rocks (i.e., the Konglong 391 

ultrapotassic enclaves, Hao et al., 2018), the SCLM has less enriched Nd isotopes than 392 

the ultrapotassic rocks. Thus, it is unlikely that the post-collisional ultrapotassic rocks were 393 

derived from the ancient SCLM, let alone an ancient SCLM metasomatized by the 394 

subducted Indian continental crust, which would have more enriched Sr-Nd isotopes (Fig. 395 

9a). Instead, we suggest that the post-collisional ultrapotassic rocks were derived from a 396 

relatively depleted mantle (e.g., juvenile lithospheric mantle formed during prior oceanic 397 

subduction) metasomatized by subducted Indian continental crust. Simple mixing modeling 398 

between the two end-members of the juvenile lithospheric mantle (Lei et al., 2022) beneath 399 

the WCL and the Indian continental crust (Guo et al., 2013) can well reproduce the Sr-Nd 400 

isotopes of the post-collisional ultrapotassic rocks (Fig. 9a). This study therefore confirms 401 



the recycling of subducted continental materials during Indian continental subduction, and 402 

so can promote our understanding of other continental collisional zones on Earth. 403 

 404 

5. Conclusions 405 

The TangraYumco diabase-porphyrite and diorite-porphyrite dykes in central Lhasa block 406 

of southern Tibet were generated at ~90 Ma, and show close affinity to intra-plate, Nb-407 

enriched basalts and adakitic rocks, respectively. The diabase-porphyrites were produced 408 

by the interaction between the ancient lithospheric mantle and asthenosphere, and the 409 

diorite-porphyrites were generated by partial melting of the delaminated, thickened lower 410 

continental crust. The diabase-porphyrites constrain the nature of the latest pre-collisional 411 

ancient sub-continental lithospheric mantle (SCLM) beneath the WLB. The post-collisional 412 

ultrapotassic rocks show different Nd isotopes to the ancient SCLM, and should be derived 413 

from the juvenile lithospheric mantle metasomatized by subducted Indian continental crust. 414 

This study therefore confirms the recycling of subducted continental materials in 415 

continental collisional orogens. 416 
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Figure Captions 564 

Fig. 1. Geological map of southern Tibet (Lhasa block) showing the main tectonic units and 565 

Mesozoic magmatism, modified from Zhu et al. (2013). The insert shows the Lhasa block 566 

in the context of the Tibetan Plateau. Abbreviations: JSSZ= Jinsha suture zone; LSSZ= 567 

Longmuco-Shuanghu suture zone; BNSZ= Bangong-Nujiang suture zone; SNMZ= 568 

Shiquanhe-NamTso mélange zone; LMF= Luobadui-Milashan fault; IYZSZ=Indus-569 

YarlungZangbo suture zone; STDS= South Tibet Detachment System; MCT= Main Central 570 

Thrust; MBT= Main Boundary Thrust. SL, CL, NL= southern, central, and northern Lhasa 571 

sub-blocks, respectively. The studied area is located in western part of CL. 572 

 573 

Fig. 2. Simplified geological map of the TangraYumco-Xuruco area showing the main 574 

distribution of Mesozoic-Cenozoic magmatic rocks (after Huang et al., 2015). We collect 575 

the diabase-porphyrite dykes from Garwa and Ningguo and diorite-porphyrite dykes from 576 

Daguo. 577 

 578 

Fig. 3. Representative field photographs and photomicrographs of the mafic dykes in the 579 

TangraYumco area. (a, b, e) for diorite-porphyrite dykes and (c, d, f) for diabase-porphyrite 580 

dykes. Amp, amphibole; Pl, plagioclase; Cpx, clinopyroxene; Qtz, quartz. 581 

 582 

Fig. 4. (a-d) 40Ar/39Ar normal isochron ages (whole-rock) for TangraYumco diabase-583 

porphyrites. The insert shows the corresponding plateau ages. 584 

 585 

Fig. 5. (a-c) LA-ICPMS zircon U-Pb Concordia plots for TangraYumco diorite-porphyrites; 586 

(d) Titanite U-Pb dating for diorite-porphyrite sample ZB107-1. The insert shows the 587 

representative CL images for zircon and BSE images for titanite and the red line represents 588 

100 um. 589 

 590 

Fig. 6. (a) Co vs. Th; and (b) TAS diagrams for TangraYumco diabase-porphyrites and 591 

diorite-porphyrites. The Gaoligong basaltic dykes are from Xu et al. (2008). The ~90 Ma 592 



Zhuogapu magnesian andesites-dacites and Azhang adakitic rocks in the NW Lhasa block 593 

are from Wang et al. (2014) and Sun et al. (2015), respectively. (c) Chondrite-normalized 594 

REE (rare earth element) diagram; and (d) Primitive mantle-normalized trace element 595 

distribution patterns. The normalized values are from Sun and McDonough (1989).  596 

 597 

Fig. 7. (a) Zr/Y versus Zr; and (b) Zr/Nb vs. La/Nb plots for TangraYumco diabase-598 

porphyrites. The base diagram is after Xu et al. (2008). WPB: within-plate basalt; IAB, VAB: 599 

subduction-related basalt. 600 

 601 

Fig. 8. (a) Sr/Y vs Y; and (b) La/Yb vs. Yb diagrams (Castillo, 2012) showing the adakitic 602 

affinity of TangraYumco diorite-porphyrites. (c) SiO2 vs Dy/Yb. (d) SiO2 vs. MgO, modified 603 

after Wang et al. (2006). (e) SiO2 vs Ni. 604 

 605 

Fig. 9. (a) Sr-Nd isotope plot. Post-collisional ultrapotassic rocks and enclaves are from 606 

Hao et al. (2018) and references therein. Laguoco basalt (Zhang et al., 2010) is used to 607 

represent the asthenosphere-derived melt (87Sr/86Sr(i)= 0.70634, εNd(t)= 4.5, Sr= 196 ppm, 608 

Nd= 4.5 ppm). The blue curve shows mixing between Laguoco basalt and sample NG01-609 

2. The insert shows the mixing between the relatively depleted juvenile lithospheric mantle 610 

and the subducted Indian continental crust (Guo et al., 2013), which can well reproduce 611 

the Sr-Nd isotopes of ultrapotassic rocks. (b) Zircon Hf isotope plot for diorite-porphyrites. 612 

 613 

Fig. 10. (a) La/Sm vs La; (b) MgO vs. CaO/Al2O3; (c) MgO vs Eu anomalies; and (d) MgO 614 

vs Ni plots for the TangraYumco diabase-porphyrites. 615 

 616 

Fig. 11. (a-d) εNd(t) vs. Nb/La, SiO2, MgO, and Sm/Nd, respectively, for the TangraYumco 617 

diabase-porphyrites. (e-f) Nb/La vs SiO2 and MgO, respectively. 618 

 619 

Fig. 12. A schematic illustration showing lithospheric delamination beneath the central and 620 

northern Lhasa sub-blocks within the Qiangtang-Lhasa collisional zone at ~90 Ma, 621 

modified from Wang et al. (2014). Abbreviations: SNMZ= Shiquanhe-NamTso mélange 622 



zone, BNSZ= Bangong-Nujiang suture zone, SCLM= sub-continental lithospheric mantle. 623 

①, delaminated lower crustal melt-peridotite interaction yields TangraYumco diorite-624 

porphyrite dykes. ②, asthenosphere-ancient SCLM interaction generates TangraYumco 625 

diabase-porphyrite dykes. 626 
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