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Abstract Survival of the Lhasa Terrane during its drift across the Tethyan Ocean and 

subsequent collision with Asia was likely maintained by mechanical coupling between its 

ancient lithospheric mantle and the overlying crust. Evidence for this coupling is 

provided by geochronological and geochemical data from high-Mg dioritic porphyrite 

dikes that intruded into granodiorites with dioritic enclaves within the Nixiong Batholith 

in the western segment of the central Lhasa subterrane, southern Tibet. Zircon 

LA-ICP-MS U-Pb dating indicates synchronous emplacement of dioritic porphyrite dikes 

(113.9 ± 2 Ma), dioritic enclaves (113.9 ± 1 Ma), and host granodiorites (113.1 ± 2 Ma). 

The hornblende-bearing granodiorites are metaluminous to weakly peraluminous 

(A/CNK = 0.95–1.05) and belong to high-K calc-alkaline I-type granite. These rocks are 

characterized by low Mg# (37–43), negative zircon εHf(t) values (6.8 to 1.2), and 

negative whole-rock εNd(t) values (8.1 to 5.4), suggestive of derivation through 

anatexis of ancient lower crust. The two least-mixed or contaminated dioritic porphyrite 

dike samples have high MgO (8.468.74 wt.%), high Mg# (6970), and high abundances 

of compatible elements (e.g., Cr = 673646 ppm, Ni = 177189 ppm), which are close to 

those of primitive magma. They are high-K calc-alkaline and show negative whole-rock 

εNd(t) values (1.9 to 1.2), indicating that these samples are most likely derived from the 

partial melting of ancient lithospheric mantle that was metasomatized by slab-derived 

fluids. The dioritic enclave samples are metaluminous high-K calc-alkaline and have 

varying negative whole-rock εNd(t) values (7.8 to 3.7), which are interpreted as the 

result of magma mixing between the ancient lower crust-derived melts and 

asthenospheric mantle- (rather than lithospheric mantle-) derived melts. The Nd isotope 

mantle model ages of the least-mixed or contaminated high-Mg dioritic porphyrite dike 
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samples (1.11.4 Ga) are close to the Nd isotope two-stage model ages (1.31.6 Ga) and 

the zircon Hf isotope crustal model ages (1.11.5 Ga) of the ancient lower crust-derived 

granodiorites, indicating that the lithospheric mantle of the western segment of the central 

Lhasa subterrane is mechanically coupled to the overlying crust at ~114 Ma. In 

combination with the Proterozoic crustal rocks documented in the central and eastern 

segments of the central Lhasa subterrane, we propose that this coupling enabled it to 

resist subduction during accretion to Asia. 

Keywords: high-Mg dioritic porphyrite dike, lithospheric mantle-derived melts, ancient 

lower crust-derived melts, crust-mantle coupling, Early Cretaceous, Lhasa Terrane. 
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1. Introduction 

Continental lithosphere is composed of continental crust and underlying continental 

lithospheric mantle. The continental crust is thought to have a calc-alkaline andesite to 

dacite bulk composition (Rudnick, 1995; Hacker et al., 2011) and thus is low-density. The 

continental lithospheric mantle is colder, stronger, more refractory, and more buoyant 

than the oceanic lithospheric mantle due to melt extraction. These features allow the 

survival of a continental plate in the form of a landmass or a microcontinent during its 

drift and collision (Jordan, 1975; Carlson et al., 2005; Scott et al., 2014). Existing studies 

indicate a general correspondence between the age of the continental crust and the age of 

its underlying continental lithospheric mantle (Lee et al., 2000; Pearson and Nowell, 

2002; Carlson et al., 2005). If such a temporal correlation is lacking, the continental 

lithospheric mantle may have decoupled from its overlying crust, i.e., the ancient 

lithospheric mantle is likely replaced by asthenospheric material due to lithospheric 

delamination or superposition of younger over older terranes through tectonic imbrication 

(Lee et al., 2000; Gao et al., 2002a; Zhang et al., 2003; Carlson et al., 2005). Thus, the 

presence or absence of consanguinity of continental crust and immediately underlying 

lithospheric mantle provides a first-order constraint on the tectonic development of the 

lithosphere (Lee et al., 2000; Zhang et al., 2003). 

The Lhasa Terrane in southern Tibet (Fig. 1a) is an important constituent of the 

Tibetan Plateau. It is generally considered to have separated from the northern margin of 

Gondwana in the Late Triassic, then drifted north, and eventually accreted to the southern 
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margin of the Asian continent during the Cretaceous (Yin and Harrison, 2000; Zhu et al., 

2011, 2013, 2016). The survival of this continental ribbon, which can be traced east-west 

for over 2000 km and has a length to width ratio of around 10:1, requires a mechanically 

strong lithosphere. Rock records from continental lithospheric mantle can provide direct 

clues for resolving this problem (Carlson et al., 2005). However, for the Lhasa Terrane, 

the continental lithospheric mantle-derived rock records are represented by Miocene 

ultra-potassic rocks and mantle xenoliths (Zhao et al., 2009), post-dating terrane accretion, 

rather than the earlier Mesozoic rocks. Ancient crustal rocks are only known to the 

central (Nam Tso) and eastern (Tongmai and Bomi) segments of the central Lhasa 

subterrane (Hu et al., 2005; Xu et al., 2013; Lin et al., 2013) (Fig. 1b), consistent with 

enriched zircon Hf isotopic compositions from Mesozoic felsic magmatic rocks, which 

indicate the presence of a Proterozoic-Archean basement (Zhu et al., 2009, 2011, 2013). 

However, the nature of the lithosphere (especially the lithospheric mantle) in the western 

segment of the central Lhasa subterrane, which is largely covered by extensive late 

Paleozoic-Mesozoic sedimentary rocks, remains unclear. 

This paper reports the presence of the ~114 Ma dioritic enclaves and host 

granodiorites, as well as the occurrence of the coeval high-Mg dioritic porphyrite dikes 

with distinct geochemical signatures in the Nixiong Batholith of the western segment of 

the central Lhasa subterrane (Fig. 1c). The zircon Hf isotope, whole-rock geochemical 

and Sr-Nd isotopic data indicate that the high-Mg dioritic porphyrite dikes are most likely 

derived from the partial melting of an ancient lithospheric mantle, whereas the coeval 

host granodiorites probably originate from the anatexis of an ancient lower crust. The 

similar Mesoproterozoic whole-rock Nd isotope and zircon Hf isotope model ages 
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between the high-Mg dioritic porphyrite dikes and the coeval host granodiorites suggest 

that the lithospheric mantle is mechanically coupled to the overlying lower crust by ~114 

Ma. This coupling, together with the occurrence of Proterozoic crustal rocks documented 

in the central (Nam Tso) and eastern (Tongmai and Bomi) segments of the central Lhasa 

subterrane (Fig. 1b), allow us to infer that the basement of the central Lhasa subterrane 

was old and stable, making it possible to resist subduction and maintain its coherency 

during its accretion to Asia in the Cretaceous. 

 

2. Geological background and samples 

The Tibetan Plateau is divided from north to south into the Songpan-Ganzi flysch 

complex zone, East Qiangtang, West Qiangtang, Lhasa Terrane, and Himalaya, which are 

separated by the Jinsha River, Longmu Tso-Shuanghu, Bangong-Nujiang, and 

Indus-Yarlung Zangbo suture zones, respectively (Zhu et al., 2013). The Lhasa Terrane is 

located between the Bangong-Nujiang suture zone to the north and the Yarlung Zangbo 

suture zone to the south (Fig. 1a). Based on differences in the character of sedimentary 

cover and nature of basement, the Lhasa Terrane is further subdivided into northern, 

central, and southern subterranes by the Shiquanhe-Nam Tso ophiolitic mélange zone 

(SNMZ) and the Luobadui-Mila Mountain fault zone (LMF) (Fig. 1a) (Zhu et al., 2009, 

2011, 2013). 

The northern Lhasa subterrane (not including the Amdo microcontinent) is 

characterized by the presence of juvenile crust covered by extensive Jurassic-Cretaceous 

volcano-sedimentary rocks, minor Triassic sedimentary rocks, and Cretaceous granitoids 
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(Pan et al., 2004; Zhu et al., 2011, 2013, 2016). The southern Lhasa subterrane is mainly 

composed of the Gangdese Batholith (21010 Ma), the Linzizong volcanic succession 

(6050 Ma) (Ji et al., 2009; Zhu et al., 2011, 2015, 2017), and the Triassic-Cretaceous 

volcano-sedimentary rocks that mainly crop out in the east (Pan et al., 2004; Zhu et al., 

2013). This subterrane is dominated by the presence of juvenile crust (Zhu et al., 2011) 

but with Precambrian crystalline basement in the east (Dong et al., 2010; Zhu et al., 

2013). The central Lhasa subterrane consists mainly of extensive Carboniferous-Permian 

metasedimentary rocks, Lower Jurassic-Lower Cretaceous volcano-sedimentary rocks, 

and Early Cretaceous granitoids (Zhu et al., 2009, 2011, 2013), with minor Paleozoic 

strata (Pan et al., 2004; Zhu et al., 2013). Precambrian crystalline basement rocks locally 

crop out within the subterrane and underwent multi-stage metamorphism during the 

Neoproterozoic (720650 Ma; Zhang et al., 2010a, 2012a; Dong et al., 2011a), Late 

Triassic (225–213 Ma; Dong et al., 2011b), and Cenozoic (Xu et al., 1985; Kapp et al., 

2005). The subterrane is inferred to be a microcontinent based on the presence of 

enriched zircon Hf isotopic compositions from Mesozoic felsic magmatic rocks (Zhu et 

al., 2009, 2011, 2013). 

The Nixiong Batholith with an areal extent of ~180 km
2
, and investigated in this 

paper, is located ~60 km southeast of Coqen County (Fig. 1b) (Xie et al., 2002). The 

batholith intruded into Permian metasedimentary rocks (Fig. 1c) and is mainly composed 

of granodiorite, monzogranite, monzogranitic porphyry, and minor dioritic porphyrite 

dikes and diabase dikes. Both sets of dikes display widths of 0.53.0 m and are emplaced 

in the granodiorite in a nearly south-north direction extending over several meters to 

several hundred meters (Figs. 2a and 2b). The granodiorite contains angular and elliptical 
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dioritic enclaves (Figs. 2c and 2d). 

The dioritic porphyrite dike samples were collected from two subparallel dikes as 

shown in Fig. 2a. These samples display porphyritic texture with the phenocryst content 

of ~10%, and the main phenocryst minerals include altered plagioclase with 

polysynthetic twins, and a small amount of hornblende and quartz (Figs. 2eh). The 

quartz phenocrysts show corroded and embayed texture (Figs. 2fh). The dioritic enclave 

has hypautomorphic granular texture, consisting of plagioclase (3040%), K-feldspar 

(1020%), quartz (1020%), hornblende (510%), and biotite (510%), as well as 

needle-like apatite (Fig. 2i). The host granodiorite is of medium- to coarse-grained 

inequigranular texture, containing zoned plagioclase (Fig. 2j) (3040%), K-feldspar 

(510%), quartz (2030%), biotite (510%), and hornblende (510%). 

 

3. Analytical data 

Analytical methods for zircon U-Pb dating, zircon Hf isotopes, whole-rock major 

and trace elements, and whole-rock Sr-Nd isotopes are given in the appendix. 

3.1 Zircon U-Pb age data 

A dioritic porphyrite dike sample (11CQ05-6), a granodiorite sample (11CQ05-1), 

and a dioritic enclave sample (11CQ05-10) are dated by LA-ICP-MS zircon U-Pb dating 

and the data are listed in Table S1. 

Zircon grains from the granodiorite sample (11CQ05-1) are composed of inherited 
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cores and clear growth rims with oscillatory zoning (Fig. 3a). These grains have varying 

Th (111697 ppm) and U (166582 ppm) abundances, with Th/U ratios of 0.621.2, 

which are indicative of magmatic origin (Hoskin and Schaltegger, 2003). Eighteen 

analyses of the rims yield 
206

Pb/
238

U ages of 112115 Ma with a weighted mean age of 

113.1 ± 2 Ma (MSWD = 0.2) (Fig. 3a). 

Zircon grains from the dioritic porphyrite dike sample (11CQ05-6) are mostly long 

columnar in shape (100250 μm) with aspect ratios of 2:14:1 and clear oscillatory 

zoning (Fig. 3b). These grains have relatively uniform Th (84229 ppm) and U (117300 

ppm) abundances, with Th/U ratios of 0.570.87, indicating a magmatic origin (Hoskin 

and Schaltegger, 2003). Eighteen analyses give 
206

Pb/
238

U ages ranging from 111 to 116 

Ma with a weighted mean age of 113.9 ± 2 Ma (MSWD = 0.3) (Fig. 3b). 

Zircon grains from the dioritic enclave sample (11CQ05-10) are also long columnar 

in shape with aspect ratios of 2:13:1, and are black in color (Fig. 3c). These zircon 

grains display high Th (200312390 ppm), U (17553513 ppm) abundances, and high 

Th/U ratios (0.983.26), which are consistent with a magmatic origin (Hoskin and 

Schaltegger, 2003). Sixteen analyses yield 
206

Pb/
238

U ages of 113115 Ma with a 

weighted mean age of 113.9 ± 1 Ma (MSWD = 0.4) (Fig. 3c). 

 

3.2 Geochemical data 

Data for whole-rock major and trace elements and Sr-Nd isotopes of the samples are 

shown in Table S2. 
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3.2.1 Host granodiorite 

The data in this paper and the published data for the Nixiong Batholith (Zhang et al., 

2010b) are incorporated for presentation and discussion. One sample (11CQ05-1) (Fig. 4a) 

displays low K2O content, belonging to the low-K calc-alkaline series (Fig. 4b). Its high 

Mg# (= 64) is likely caused by its low total Fe2O3 content (1.77 wt.%) possibly due to 

fractionation of Fe-Ti oxide. The remaining host granodiorite samples (Fig. 4a) show a 

narrow range of Al2O3 (14.0715.51 wt.%) (Fig. 5a), MgO (0.671.56 wt.%) (Fig. 5b), 

and Mg# (3743) (Fig. 5c). These samples are metaluminous to weakly peraluminous 

(A/CNK = 0.95–1.05) and high-K calc-alkaline (Fig. 4b), defining a clear negative 

correlation in the SiO2 vs. P2O5 diagram (Fig. 5d). They show varying enrichment of light 

rare earth elements (LREEs) ([La/Yb]n = 6.411.9, where N denotes normalized to 

chondrite values of Sun and McDonough, 1989) and slightly negative Eu anomalies 

(Eu/Eu* = 0.64–0.82) (Fig. 6a). These samples are depleted in high field strength 

elements (HFSEs) (e.g., Nb, Ta, P, and Ti) and enriched in radioactive heat-generating 

elements (e.g., Th, U, K, and Pb). In comparison with the high Ba abundances of other 

samples (4261280 ppm), the low K2O content and Ba abundance (98 ppm) of sample 

11CQ05-1 (Table S2) are most likely related to a higher degree of fractional 

crystallization of K-feldspar. 

The eighteen analyses of sample 11CQ05-1 have zircon εHf(t) values of 4.4 to +1.2, 

yielding Hf isotope crustal model ages of 1.11.5 Ga (Table S3). 
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3.2.2 Dioritic porphyrite dike 

Petrographical observations indicate that quartz crystals with corroded shapes in the 

dioritic porphyrite dike samples (Fig. 2h) are most likely xenocrysts from the host 

granodiorite. With the exception of sample 11CQ05-8 that shows a relatively high SiO2 

content (65.85 wt.%), the remaining samples are dioritic with SiO2 contents of 

56.0057.89 wt.%. These samples have high and varying K2O contents (K2O = 1.836.23 

wt.%), MgO (5.308.74 wt.%), and Mg# (4570), belonging to high-K calc-alkaline to 

shoshonitic series (Fig. 4b). Two samples (11CQ05-7 and 11CQ05-9) display high MgO 

contents (8.74 wt.% and 8.46 wt.%), resembling high-magnesium andesite (McCarron 

and Smellie, 1998) (Fig. 5b). Their high Cr (673 ppm and 646 ppm) and Ni (177 ppm and 

189 ppm) abundances are close to primitive magma composition (Cr = 300500 ppm, Ni 

= 300400 ppm) (Frey et al., 1978). In addition to sample 11CQ05-11 that is significantly 

enriched in LREEs ([La/Yb]n = 14.0) with positive Eu anomaly (Eu/Eu* = 1.37) (Fig. 6c) 

and also enriched in Pb (Fig. 6d), the remaining dioritic porphyrite dike samples are 

moderately enriched in LREEs ([La/Yb]n = 6.912.0) with slightly Eu anomalies 

(Eu/Eu* = 0.850.94) (Fig. 6c) and significant depletion in HFSEs (e.g., Nb, Ta, P, and Ti) 

(Fig. 6d). 

The eighteen analyses of sample 11CQ05-6 give zircon εHf(t) values of 5 to +3.7, 

corresponding to Hf isotope mantle model ages (TDM) of 0.71.0 Ga. Sample 11CQ05-11 

shows similar Sr-Nd isotopic compositions to the other three samples. These samples 

give (
87

Sr/
86

Sr)i of 0.71020.7140 and εNd(t) of 4.1 to 1.2, corresponding to Nd isotope 

mantle model ages of 1.11.4 Ga (Table S3). 
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3.2.3 Dioritic enclave 

Two dioritic enclave samples (SiO2 = 58.0862.90 wt.%) are characterized by low 

MgO (2.043.68 wt.%) and Mg# (4248) and relatively high K2O (2.603.14 wt.%), and 

are metaluminous (A/CNK = 0.820.98), high-K calc-alkaline rocks (Fig. 4b). These 

samples are enriched in LREEs ([La/Yb]n = 4.78.2) with moderately negative Eu 

anomalies (Eu/Eu* = 0.730.74) (Fig. 6c) and are depleted in HFSEs (e.g., Nb, Ta, P, and 

Ti) (Fig. 6d). 

The sixteen analyses from the dioritic enclave sample (11CQ05-10) give zircon εHf(t) 

values ranging from 1.5 to +5.6, corresponding to Hf isotope mantle model ages of 

0.70.9 Ga (Table S3). This sample has whole-rock (
87

Sr/
86

Sr)i of 0.7066 and εNd(t) of 

3.7, yielding Nd isotope mantle model age of 1.2 Ga (Table S2). 

 

4. Discussion 

4.1 Magmatism at ~110 Ma in the Coqen region 

The new LA-ICP-MS zircon U-Pb age data (~114 Ma) from the Nixiong Batholith 

for the dioritic porphyrite dike (113.9 ± 2 Ma), host granodiorite (113.1 ± 2 Ma), and 

dioritic enclave (113.9 ± 1 Ma), in combination with the age data reported for the host 

granodiorite (109  1 Ma) and dioritic enclave (108  1 Ma) from the literature (Zhu et 

al., 2009), indicate that the batholith was emplaced at approximately 110 ± 3 Ma. To the 

west, coeval magmatism has also been documented from a monzogranite (107  1 Ma) 

~30 km north of Coqen (Zhou et al., 2008), as well as from a rhyolite (111  1 Ma) ~5 
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km southwest of Coqen (Zhu et al., 2009) (Fig. 1b). Further to the west, monzogranite 

(113  1 Ma), syenogranite (112  1 Ma), and dioritic enclave (115  1 Ma) from the 

Maiga Batholith (Fig. 1b) were also emplaced at 113  3 Ma (Zhang et al., 2012b). This 

phase of magmatism in Coqen, along with the coeval magmatism in Xainza, Yanhu, 

Nyima, and Nagqu (Fig. 1b), collectively constitute part of a 113 ± 3 Ma magmatic 

flare-up in the central and northern Lhasa subterranes (Zhu et al., 2009, 2011). 

 

4.2 Petrogenesis 

4.2.1 Host granodiorite 

The presence of hornblende, the negative SiO2 vs. P2O5 correlation, and the 

metaluminous to weakly peraluminous characteristics (A/CNK = 0.951.05) of the 

granodiorite samples from the Nixiong Batholith indicate an I-type high-K calc-alkaline 

affinity. Three hypotheses have been proposed to account for the generation of I-type 

granites: (1) partial melting of intracrustal mafic to intermediate igneous rocks (Chappell 

and Stephens, 1988; Sisson et al., 2005); (2) assimilation and fractional crystallization 

(AFC) of basaltic to basaltic andesitic magmas (Grove et al., 1997); and (3) incorporation 

of mantle-derived material into melts of sediments (Kemp et al., 2007). It has been shown 

that the zircon εHf(t) values of I-type granite formed by the addition of mantle-derived 

material into melts of sediments generally display a large variation (up to 10  units 

within an individual sample) (Kemp et al., 2007). This is clearly not the case for the 

zircon εHf(t) values (6.8 to 1.2) of the host granodiorites in this study, indicating that 

these samples are unlikely to have formed through re-melting of sediments modified by 
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mantle-derived material. Due to the incompatibility of elements, the abundances of 

LREEs in melts generally increase with fractional crystallization of parental magma from 

a common source. However, the host granodiorite samples have LREEs abundances 

lower than those of the dioritic enclaves and the high-Mg dioritic porphyrite dike samples 

(Figs. 6a and 6b). This observation, together with the absence of fractional crystallization 

trends of hornblende (Fig. 5e), plagioclase (Fig. 5a), and apatite (Fig. 5d) defined by the 

granodiorite, dioritic enclave, and dioritic porphyrite dike samples, indicate that the 

granodioritic melts did not from mafic parental magma through fractional crystallization. 

Studies of experimental petrology indicate that dehydration melting of mafic lower 

crustal rocks can produce granitic melts (Rapp and Watson, 1995; Sisson et al., 2005) and 

that the partial melting of low-K basaltic rock will produce low-K and low-K2O/Na2O 

melts (< 0.25) (Rapp and Watson, 1995), whereas the partial melting of medium- to 

high-K hornblende gabbro under hydrous conditions (1.7–2.3 wt.% H2O) will generate 

K-rich melts (K2O/Na2O > 1) (Sisson et al., 2005). Melts produced by the partial melting 

of basaltic rock under amphibolite-facies conditions generally have relatively low Mg# (< 

40) (Rapp and Watson, 1995). The granodiorite samples from the Nixiong Batholith are 

high-K calc-alkaline (Fig. 4b) with low Mg# (3743), indicating that these samples are 

most likely derived from the partial melting of medium- to high-K basaltic rock (e.g., 

hornblende gabbro) under amphibolite-facies conditions. 

The negative whole-rock εNd(t) values (–8.9 to –5.4) (Fig. 7), ancient Nd isotope 

two-stage model ages (TDM
2
 = 1.31.6 Ga) (Zhu et al., 2009), negative zircon εHf(t) 

values (–6.8 to –1.2), and ancient zircon Hf isotope crustal model ages (TDM
C
 = 1.01.5 

Ga) (Table S3) of the granodiorite samples from the Nixiong Batholith indicate that these 
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rocks probably originate from the partial melting of an ancient lower crust. The presence 

of the coeval dioritic enclave (Fig. 2c), carlsbad twin-like K-feldspar and needle-like 

apatite within the enclave (Fig. 2i), and the development of plagioclase zoning within the 

granodiorite (Fig. 2j) (Sisson et al., 1996; Sun et al., 2010) indicate that mantle-derived 

melts are most likely involved in the generation of the host granodiorites from the 

Nixiong Batholith through magma mixing. 

 

4.2.2 Dioritic porphyrite dike 

The dioritic porphyrite dike samples contain a small amount of quartz xenocrysts 

with corroded and embayed texture (15 %) (Figs. 2f, 2g, and 2h). Such petrographical 

observation, along with the large variation of zircon εHf(t) values (5 to +3.7) (Fig. 7a), 

indicate that magma mixing or assimilation and contamination by the surrounding 

granodioritic rocks (Sisson et al., 1996; Sun et al., 2010) could have played a role in the 

generation of the dioritic porphyrite dikes. However, the mixing or contamination by 

granitic magma with low MgO (0.671.56 wt.%) would reduce the MgO, Mg#, and 

compatible elemental abundances in the present-day samples. This means that the 

parental magma of the high-Mg dioritic porphyrite dike samples should have higher MgO, 

Mg#, and compatible elemental abundance or the degree of mixing or contamination by 

granitic magma is insignificant. The low Sr/Y ratios (2.816.2) and high abundances of 

heavy rare earth elements (HREEs) for the samples (e.g., Yb = 1.752.27 ppm) indicate 

that there was no garnet in their source region, excluding the possibilities that these 

high-Mg dioritic porphyrite dike samples come from the interaction of delaminated lower 

crust-derived melts and mantle peridotites or of subducted oceanic crust-derived melts 
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and mantle peridotites (Kelemen et al., 2003; Xu et al., 2002; Gao et al., 2004). 

Although quartz xenocrysts are a minor component of the dioritic porphyrite dikes, 

the high MgO contents, Mg#, and high compatible elemental abundances (Table S2) of 

samples 11CQ05-7 and 11CQ05-9, resembling primitive magma, indicate that these 

samples experienced insignificant magma mixing or assimilation and contamination. 

Therefore, the high-K calc-alkaline nature (Fig. 4b) and the ancient Nd isotope mantle 

model ages (1.11.4 Ga; Table S2) for these two samples are consistent with an origin of 

phlogopite-bearing ancient lithospheric mantle (Wyllie and Sekine, 1982; Zhang et al., 

2011). The large ion lithophile elements (LILEs) and light rare earth elements (LREEs) 

are fluid-mobile elements and are readily removed and transported in aqueous fluids, 

whereas the high field strength elements (HFSEs) and heavy rare earth elements (HREEs) 

are fluid-immobile elements and are transported mainly in slab-derived melts (Tatsumi et 

al., 1986; Keppler, 1996). As a result, mantle-derived magmas metasomatized by 

slab-derived fluids often have high Th/Zr and Rb/Y ratios, whereas rocks metasomatized 

by slab-derived melts generally show high HREEs abundances and high Nb/Zr and Nb/Y 

ratios (Brenan et al., 1994; Kepezhinskas et al., 1997). The low and constant Nb/Zr 

(0.050.06) and Nb/Y (0.180.32) ratios (Fig. 8a) and large variations of Th/Zr (0.10.16) 

and Rb/Y (613) ratios of the dioritic porphyrite dike samples (Fig. 8b) indicate that the 

magma source region of these samples was most likely metasomatized by slab-derived 

fluids rather than slab-derived melts. 

It is well established that ancient lithospheric mantle is refractory due to melt 

extraction (Jordan, 1975; Carlson et al., 2005; Lee et al, 2011). Consequently, if there is 

no addition of heat, it is difficult for ancient lithospheric mantle to partially melt. Because 
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of the absence of asthenospheric mantle-derived rocks of Mesozoic age in the central 

Lhasa subterrane, the 130125 Ma N-MORB-type basaltic rocks from the Yarlung 

Zangbo suture zone (Zhang et al., 2016) are selected to represent the asthenospheric 

mantle-derived material beneath the Lhasa Terrane at ~110 Ma. Quantitative modeling 

indicates that the Sr-Nd isotopic compositions of the two least-mixed or contaminated 

dioritic porphyrite dike samples (11CQ05-7 and 11CQ05-9) match the mixing line 

defined by this assumed asthenospheric material and the other two mixed or 

contaminated samples (Fig. 7b), implying that asthenospheric mantle-derived material 

may have been involved in the generation of the dioritic porphyrite dike samples. 

It should be noted that sample 11CQ05-8, which was collected from the central 

portion of a ~3 m-wide dike (Fig. 2a), has high SiO2 content (65.85 wt.%) and low 

abundances of compatible elements (Cr = 168 ppm, Ni = 49.6 ppm) that are significantly 

lower than the other four dike samples (Table S2). Such high SiO2 content can be 

attributed to magma mixing or assimilation and contamination by the surrounding 

granodioritic rocks as indicated by the presence of quartz xenocrysts (Fig. 2h). However, 

the contribution of this process should be minor as the SiO2 content of the sample is very 

close to, and the abundances of compatible elements are significantly higher than, the 

host granodiorite samples (Table S2). Instead, the enhanced amount of hornblende 

phenocryst observed in this sample (Fig. 2h) indicates that the fractional crystallization of 

hornblende may have contributed significantly as this process can drive the derivative 

magmas towards more felsic compositions (Jagoutz, 2010). Quantitative modeling 

suggests that such high SiO2 content can readily be explained by fractional crystallization 

of 52 % olivine + 48 % hornblende from sample 11CQ05-7 that is closest to the 
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compositions of primitive magma (Fig. 5e). An identical degree of fractional 

crystallization of olivine and hornblende can also be used to account for the low 

abundances of compatible elements of this sample (Fig. 5f). 

 

4.2.3 Dioritic enclave 

Several hypotheses have been proposed to explain the generation of dioritic enclaves, 

which include (1) xenoliths of wall rocks (Maas et al., 1997); (2) residue of partial 

melting in the source region (White et al., 1999); (3) cumulates (Donaire et al., 2005); 

and (4) products of magmas mixing (Chappell et al., 1991; Sisson et al., 1996). The 

fine-grained magmatic texture with K-feldspar xenolithic crystals observed in the dioritic 

enclave (Fig. 2h), together with the identical zircon U-Pb ages between the enclave and 

the host granodiorite (Fig. 3), exclude the possibilities that the enclaves are xenoliths of 

the surrounding rocks, magmatic residues, or cumulates. Instead, the presence of the 

coeval dioritic enclaves and host granodiorites indicates an origin of magma mixing for 

the generation of the enclaves (Didier, 1984). Other lines of evidence for this 

interpretation include: (1) the presence of needle-like apatite within the dioritic enclaves 

(Fig. 2h) that suggests a rapid cooling and crystallization of mafic magma during mixing 

(Reid et al., 1983; Barbarin, 2005; Sun et al., 2010); and (2) the development of 

plagioclase zoning within the host granodiorite that indicates the turbulence of 

crystallization environment of plagioclase possibly due to the injection of mafic globules 

(Hattori and Sato, 1996). 

The initial Sr isotopic compositions of the dioritic enclave samples (0.70660.7088) 

are significantly lower than those of the two least-mixed or contaminated high-Mg quartz 
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dioritic porphyrite samples (0.7102 and 0.7108) (Table S2), indicating that the mafic 

end-member during magma mixing is less likely derived from the partial melting of the 

lithospheric mantle. Taking the 130125 Ma N-MORB-type basaltic rocks from the 

Yarlung Zangbo suture zone (Zhang et al., 2016) to represent the mafic end-member from 

asthenospheric mantle, and the 122 Ma Maiga monzogranite (Zhang et al., 2012b) that is 

not modified by mantle-derived melts from ~150 km to the west of the Nixiong Batholith 

(Fig. 1b) to represent the felsic end-member from lower crust, the modeling results 

indicate that the Sr-Nd isotopic compositions of the dioritic enclave samples reported in 

this paper and in the literature (Zhu et al., 2009) can be interpreted as the result of mixing 

between these two end-members as these samples are distributed along the mixing line 

(Fig. 7b). 

 

4.3. Causes for survival of the Lhasa Terrane during its history of drift and collision 

The Lhasa Terrane has long been considered as a microcontinent rifted away from 

the northern margin of Gondwana and represents an integral part of the Cimmerian 

continent (Sengör, 1979). Geological data indicate the presence of Precambrian basement 

within the terrane. The Nyainqentanglha Group is thought to represent the Precambrian 

crystalline basement of the Lhasa Terrane (Li, 1955; Allègre et al., 1984) and the 

Paleoproterozoic inherited zircons from the Yangbajain gneiss are considered as 

important evidence for this explanation (Allègre et al., 1984). Although not all the 

components of the Nyainqentanglha Group may be Precambrian crystalline basement 

(Dong et al., 2011b), the presence of the Neoproterozoic trondhjemitic mylonite (~787 
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Ma) and the intruded mylonitized granite (~748 Ma) (Hu et al., 2005), as well as the 

720650 Ma granulite facies metamorphism (Dong et al., 2011b; Zhang et al., 2012a) 

identified on the western bank of Nam Tso (Fig. 1b), suggest that the group contained 

some Neoproterozoic crustal rocks. Other studies have demonstrated the presence of 

Mesoproterozoic granitic gneiss (13431276 Ma) and biotite gneissic rocks (~1250 Ma) 

in the Bomi Complex (Xu et al., 2013) from the eastern segment of the Lhasa Terrane 

(Fig. 1b). The most ancient crustal rocks currently documented in the Lhasa Terrane were 

represented by the Paleoproterozoic gneisses (~1780 Ma), which experienced the late 

Mesoproterozoic granulite facies metamorphism (1117 ± 29 Ma) and late Neoproterozoic 

amphibolite facies metamorphism (618  3 Ma), from Dongjiu and Tongmai (Fig. 1b) of 

the eastern segment of the Lhasa Terrane (Lin et al., 2013). These Proterozoic crustal 

rocks verify the concept of the central Lhasa subterrane as a microcontinent (with 

Proterozoic and Archean ancient basement rocks). 

In comparison with the record of these ancient crustal rocks documented in the 

eastern segment of the central Lhasa subterrane, no Precambrian crustal rocks have been 

reported in the western segment of the central Lhasa subterrane, which is covered by the 

extensive Carboniferous-Permian metasedimentary rocks and Jurassic-Cretaceous 

volcano-sedimentary rocks (Pan et al., 2004; Zhu et al., 2013). The existing information 

of ancient crustal rocks in this segment is currently limited and is only provided by the 

negative Hf(t) value of zircons from the Mesozoic felsic magmatic rocks, which suggest 

Middle Mesoproterozoic-Paleoproterozoic crustal model ages (1.02.2 Ga) (Zhu et al., 

2011). The relatively young Mesoproterozoic crustal model ages (1.11.5 Ga) provided 

by Hf(t) values of zircons from the host granodiorite (sample 11CQ05-1) investigated in 
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this paper are most likely related to the addition of mantle- or juvenile crust-derived melts. 

This is because both the magma mixing indicated by the host granodiorite and the coeval 

dioritic enclave obtained in this paper and the significant increase of zircon Hf(t) values 

of felsic magmatic rocks at ~113 Ma from the central and northern Lhasa subterranes 

point to an enhanced input of mantle- or juvenile crust-derived materials at ~113 Ma in 

the central Lhasa subterrane (Zhu et al., 2009, 2011, 2013), which process inevitably 

results in the decrease in the crustal model ages. 

It is important to note that the Nd isotope mantle model ages (1.11.4 Ga) of the two 

least-mixed and -contaminated high-Mg dioritic porphyrite dike samples (11CQ05-7 and 

11CQ05-9) identified from the western segment of the central Lhasa subterrane in this 

study are close to the Nd isotope two-stage model ages (1.31.6 Ga; Table S2) and the Hf 

isotope crustal model ages (1.11.5 Ga; Table S3) of zircons from the ancient lower 

crust-derived granodiorite. Such age correspondence indicates that the lithospheric 

mantle is most likely coupled to the overlying crust in Coqen at ~114 Ma and thus the 

western segment of the central Lhasa subterrane constitutes an integral part of an ancient 

microcontinent. 

Continental lithospheric mantle is widely accepted to be composed of melt-depleted 

and dehydrated peridotites and thus is considerably more viscous than the “wetter”, 

convecting mantle (Pollack, 1986; Lee et al., 2011). Such melt- and water-depleted 

mantle will create compositional buoyancy and increase its strength, causing the thick 

sections of mantle to remain stable and coupled with the overlying crust of similar age. 

This coupling will cause a similar dynamic behavior between the continental lithospheric 

mantle and overlying crust, both of which resist subduction and thus maintain its 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 

long-time survival (Carlson et al., 2005). Therefore, the coupling between the ancient 

lithospheric mantle and ancient lower crust in Coqen at ~114 Ma revealed by the 

high-Mg dioritic porphyrite dikes and coeval host granodiorites indicates that the western 

segment of the central Lhasa subterrane has potential to survive as a microcontinent 

during its accretion to Asia in the Cretaceous. Although the Mesozoic lithospheric 

mantle-derived rocks are still lacking in the remaining central Lhasa subterrane, the 

presence of the Proterozoic crustal rocks (Hu et al., 2005; Xu et al., 2013; Lin et al., 2013) 

and Proterozoic crustal model ages (Zhu et al., 2009, 2011) documented in the central and 

eastern segments of the central Lhasa subterrane indicate that the cause for the survival of 

the lithosphere in Coqen could be applicable to the entire central Lhasa subterrane. 

Although the Lhasa Terrane originated along the northern margin of Gondwana, it 

lacks substantial evidence for the Archean crustal rocks associated with regions further 

inboard of this segment of the supercontinent. Instead, it contains sporadically 

outcropping Proterozoic crustal rocks (Hu et al., 2005; Xu et al., 2013; Lin et al., 2013) 

and widely-documented Paleoproterozoic crustal model ages (Chu et al., 2006; Zhu et al., 

2009, 2011). We infer that the Paleoproterozoic crustal model ages are possibly related to 

the modification by multi-stage subduction-related mantle-derived magmas (Sengör, 

1979; Zhu et al., 2011, 2013, 2015) during the Carboniferous-Cretaceous northward 

drifting of the Lhasa Terrane after its separation from Gondwana. This is because 

mantle-derived magmas would induce anatexis of ancient crustal rocks and result in 

young crustal model ages of the resultant melts (Zhu et al., 2009, 2011). 
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5. Conclusions 

(1) The high-Mg dioritic porphyrite dikes, host granodiorites, and dioritic enclaves from 

the Nixiong Batholith at Coqen in the western segment of the central Lhasa 

subterrane were synchronously emplaced at ~114 Ma. 

(2) The high-Mg dioritic porphyrite dikes are derived from the partial melting of ancient 

lithospheric mantle that was metasomatized by slab-derived fluids; the host 

granodiorites originate from the anatexis of ancient lower crust; and the dioritic 

enclaves represent mixing between ancient lower crust-derived melts and 

mantle-derived melts that probably result from the asthenospheric mantle rather than 

the lithospheric mantle. 

(3) The similar age and linked petrogenetic interpretation for the granodiorite, dikes and 

enclaves at Nixiong indicate that the ancient lithospheric mantle below Coqen is most 

likely mechanically coupled to the overlying lower crust in the western segment of 

the central Lhasa subterrane during the middle Early Cretaceous, enabling the 

lithosphere to resist subduction during subsequent collision with Asia. This could be 

the critical reason for the survival of the Lhasa Terrane as a microcontinent during its 

history of drift across the Tethys Ocean and collision assembly into Asia. 
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Appendix: Descriptions of analytical methods 

Zircons were separated for each sample by heavy-liquid and magnetic methods in 

the Laboratory of the Geological Team of Hebei Province, China. Cathodoluminescence 

(CL) images were taken at the Institute of Geology, Chinese Academy of Geological 

Sciences (Beijing) to inspect internal structures of individual zircons and to select 

positions for zircon isotope analyses. Zircon U-Pb dating with a beam size of 32 m was 

conducted by laser ablation-inductively coupled plasma mass spectrometry (LA-ICPMS) 

at the State Key Laboratory of Geological Processes and Mineral Resources, China 

University of Geosciences (Wuhan). The detailed operating conditions for the laser 

ablation system, the ICP-MS instrument and data reduction are the same as those 

described by Liu et al. (2010). 

Off-line selection and the integration of background and analyse signals, time-drift 
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correction, U-Pb dating, and quantitative calibration for trace element analyses were 

performed by ICPMSDataCal (Liu et al., 2010). Trace element compositions of zircons 

were calibrated against multiple-reference materials (BCR-2G and BIR-1G) combined 

with internal standardization (Liu et al., 2010). The common Pb correction followed the 

ComPbCorr#3-151 procedure (Andersen, 2002). ISOPLOT (version 3.0) (Ludwig, 2003) 

was used to plot concordia diagrams and for age calculations. Uncertainties of individual 

analyses are reported as 1 (Table S1); mean ages for pooled 
206

Pb/
238

U results are 

reported as 2 (Fig. 3). 

Whole-rock samples were crushed, hand-picked, and then powdered using a jaw 

crusher and a corundum mill. Concentrations of major elements were determined by the 

X-ray fluorescence (XRF) method using a Rigaku
® 

RIX 2000 spectrometer at the State 

Key Laboratory of Geological Processes and Mineral Resources, China University of 

Geosciences (Wuhan). The analytical uncertainties are generally better than 5% for all 

elements (Yang et al., 2005). Loss on ignition (LOI) was determined by routine 

procedures. Trace elements were measured by inductively coupled plasma-mass 

spectrometry (ICP-MS) using an Agilent
®
 7500a spectrometer also at the State Key 

Laboratory of Geological Processes and Mineral Resources, China University of 

Geosciences (Wuhan). The analytical accuracy and precision are generally better than 3%. 

During analysis, data quality was monitored by repeated analyses of USGS rock 

reference materials (BHVO-1 and AGV-1). Detailed analytical information has been 

reported in Gao et al. (2002b). 

Zircon Hf isotope analyses were subsequently done on the same spots using 

LA-ICPMS with a beam size of 60 μm and laser pulse frequency of 8 Hz at the Institute 
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of Geology and Geophysics, Chinese Academy of Sciences (Beijing). Details of 

instrumental conditions and data acquisition were given in Wu et al. (2006). During the 

analysis, 
176

Hf/
177

Hf ratios of the zircon standard (91500) were 0.282286 ± 12 (2n, n = 

28), consistent with the values (0.282307 ± 31, 2σn, n = 44) obtained previously in this 

laboratory (Wu et al., 2006). Initial 
176

Hf/
177

Hf ratios and εHf(t) values were calculated 

with the reference to the chondritic reservoir (CHUR) at the time of zircon growth from 

magmas, the chondritic 
176

Hf/
177

Hf ratio of 0.282785 and 
176

Lu/
177

Hf ratio of 0.0336 are 

from Bouvier et al. (2008). Depleted mantle model ages (TDM) were calculated with 

reference to the depleted mantle at a present-day 
176

Hf/
177

Hf ratio of 0.28325, and 

176
Lu/

177
Hf = 0.0384 (Griffin et al., 2000). Crustal model ages (TDM

C
) were calculated 

assuming a 
176

Lu/
177

Hf = 0.015 for the average continental crust (Griffin et al., 2002). 

Whole-rock Nd and Sr isotopic compositions were determined using a Finnigan 

MAT-261 mass spectrometer operated in static mode at China University of Geosciences 

(Wuhan). Analytical details were given in Liu et al. (2004). Sr and Nd isotopic 

fractionation was normalized to
 86

Sr/
88

Sr = 0.1194 and 
146

Nd/
144

Nd = 0.7219, respectively. 

The average 
143

Nd/
144

Nd ratio of the BCR-2 standard measured during the sample runs is 

0.512612 ± 6 (2), and the average 
87

Sr/
86

Sr ratio of the NBS987 standard is 

0.710236±16 (2). Total procedural Sr and Nd blanks are <1 ng and <50 pg, respectively. 
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Figure Captions 

Fig. 1. (a) Tectonic framework of the Tibetan Plateau (Zhu et al., 2013) showing the 

major tectonic subdivisions; (b) Simplified tectonic units of the Lhasa Terrane showing 

the spatial and temporal distributions of the Mesozoic magmatic rocks (modified from 

Zhu et al., 2011) and the location of the Nixiong Batholith; (c) Geological map of the 

Nixiong Batholith (Xie et al., 2002). Abbreviations: JSSZ = Jinsha River suture zone, 

LSSZ = Longmu Tso–Shuanghu Suture Zone, BNSZ = Bangong–Nujiang suture zone, 

SNMZ = Shiquan River–Nam Tso mélange zone, LMF = Luobadui–Milashan Fault, 

IYZSZ = Indus–Yarlung Zangbo suture zone. 

 

Fig. 2. (a–d) Field observations of the Nixiong Batholith and (e–j) photomicrographs 

showing the texture of the samples. Abbreviations: Hb = hornblende, Pl = plagioclase, 

Kfs = K-feldspar, Ap = apatite, and Q = quartz. 

 

Fig. 3. Cathodoluminescence (CL) images of representative zircons from the Nixiong 

Batholith. Solid and dashed circles indicate the locations of U–Pb dating and Hf analyses, 

respectively. 

 

Fig. 4. (a) R2 vs. R1 diagram (De la Roche et al., 1980) for classification; (b) K2O vs. 

SiO2 (Rickwood, 1989). Literature data: Zhang et al. (2010b). 
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Fig. 5. Selected plots of the samples from the Nixiong Batholith. The fields of high-Mg 

andesites and normal arc in Fig. 5b are from McCarron and Smellie (1998). Sc vs. SiO2 

and Ni vs. Cr plots showing fractionation of 52% olivine and 48% hornblende from 

sample 11CQ05-7, which can produce the compositions of sample 11CQ05-8 with high 

SiO2 content. Partition coefficients are from Rollinson (1993). Abbreviations: Ol = 

olivine; Cpx = clinopyroxene; Hb = hornblende. 

 

Fig. 6. Chondrite-normalized REE and primitive-mantle-normalized trace element 

patterns for the samples from the Nixiong Batholith. Data for normalization and plotting: 

Sun and McDonough (1989). Literature data: Zhang et al. (2010b). 

 

Fig. 7. (a) Plot of εHf(t) vs. ages of the samples from the Nixiong Batholith. The 

sub-horizontal lines are Hf “crustal” model ages (TDM
C
), which are calculated by 

assuming its parental magma to have been derived from an average continental crust 

(with 
176

Lu/
177

Hf=0.015) that originated from the depleted mantle source (Griffin et al., 

2002). Literature data are from Zhu et al. (2011). (b) Plot of (
87

Sr/
86

Sr)i vs. whole-rock 

Nd(t) of the samples from the Nixiong Batholith. The compositions of end-members used 

for mixing calculations include the N-MORB from the Yarlung-Zangbo suture (130–125 

Ma) (Zhang et al., 2016) with (
87

Sr/
86

Sr)i = 0.70497, Nd(t) = 8.38, Nd = 4.24 ppm (mean 

value of four samples), and Sr = 90 ppm (Sun and McDonough, 1989) and the ancient 

lower crust-derived monzogranitic melt in the central Lhasa subterrane (ca. 122 Ma) with 

(
87

Sr/
86

Sr)i = 0.71474, Nd(t) = -12.04, Sr = 209 ppm, Nd = 48.8 ppm (sample 08CQ35) 

(Zhang et al., 2012b). 
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Fig. 8. Plots of Nb/Zr vs. Th/Zr (a) and Rb/Y vs. Nb/Y (b) for the dioritic porphyrite 

dikes from the Nixiong Batholith. Trends for increasing hydrous metasomatism, slab-melt 

interaction, increasing degree of partial melting, fluid- and melt-related enrichment 

(Kepezhinskas et al., 1997), and MORB (Hofmann et al., 1986; Sun and McDonough, 

1989). 
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Highlights 

 Presence of the ~114 Ma high-Mg dioritic porphyrite dike and coeval dioritic enclave 

and host granodiorite. 

 

 Ancient lithospheric mantle- and lower crust-derived magmas. 

 

 Coupling between lithospheric mantle and overlying crust at ~114 Ma enabled the 

Lhasa Terrane to resist subduction during accretion to Asia. 
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