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Abstract

The co-existence of Cretaceous adakitic and A-type granitoids in southern Tibet can 

offer fundamental constraints on subduction of the Neo-Tethyan oceanic plate and 

associated crustal growth processes, if their petrogenetic relationships are understood. 

Here, we report whole-rock geochemistry, zircon U-Pb geochronology, in situ zircon 

Hf isotopes and zircon trace elements from the Chanang intrusive suite, including the 

Zeyu and Cuojielin plutons. The Cuojielin pluton is composed of A-type quartz syenites 

with high K2O+Na2O, FeOT, and Zr contents and distinct negative Eu anomalies, 

consistent with fractional crystallization of mafic magma in a reducing, low-pressure, 

high-temperature environment. The adakitic Zeyu pluton, by contrast, has a strikingly 

high density of mafic enclaves. The elemental and isotopic signatures of the Zeyu mafic 

enclaves indicate a hybrid origin by mixing of magmas derived from the mantle wedge 

and from juvenile lower crust. The adakitic Zeyu host rocks, with low MgO, Cr, and Ni 

contents, show typical characteristics which originate from residual or fractionated 

amphibole of juvenile lower crust. The co-existence of aluminous A2-type granites and 

adakitic rocks indicates an anomalous high-temperature and relatively H2O-rich 

environment. The synchronous regional occurrence of calc-alkaline magmatism, 

charnockites, granulite-facies metamorphism, back-arc extension, and generation of the 

two studied types of Chanang intrusive rocks can best be explained in the context of an 

episode of rollback of the Neo-Tethyan slab in the late Cretaceous.
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1. Introduction

The widespread late Cretaceous magmatic rocks exposed in southern Tibet offer a 

unique view into geodynamic and geochemical interactions between the mantle and the 

crust in a subduction environment (Zhu et al., 2009; Meng et al., 2020; Zhang et al., 

2020). However, the petrogenesis of these rocks was complex and, as a result, 

geodynamic models for their origin remain highly debated. Many such models have 

been proposed, including (i) steady northward subduction of the Neo-Tethyan oceanic 

plate (Jiang et al., 2012), (ii) subduction of a Neo-Tethyan mid-ocean ridge (Zheng et 

al., 2014), and (iii) episodic rollback of the trench and Neo-Tethyan slab (Ma et al., 

2013, 2015). In some cases, different interpretations of particular individual plutonic 

suites, such as adakitic rocks, have led authors to adopt slab rollback or ridge subduction. 

Slab rollback is generally driven by mantle flow pressure gradients or negative 

buoyancy anomalies (Nakakuki and Mura, 2013). With the down-going slab sinking 

vertically, the lithosphere commonly generates an upwelling of mantle wedge to 

compensate for the loss in volume in the mantle (Yin et al., 2017) and the overriding 

continental plate will passively follow the retreating trench, translating to extensional 

regime (Niu et al., 2014). The thermal anomaly caused by slab rollback will trigger the 

partial melting of asthenospheric mantle, oceanic slab, juvenile crustal materials, or 

thickened lower crust to produce the mafic rocks, I-type granite, A2-type granite, high-

Mg or low-Mg adakitic magmas (Schlunegger and Kissling, 2015; Ji et al., 2019; Xu et 

al., 2019). The extension of the overriding plate generally induces the formation of 

bimodal igneous rocks and mafic dykes (Ma et al., 2015). In addition, the migration of 

igneous rocks towards ocean with ages decreasing along the path is a typical process of 

slab rollback (Jiang et al., 2018; Lipman et al., 1971). As for ridge subduction, it leads 

to the formation of a slab window, in which hot asthenospheric mantle wells up in the 



gap created between the two diverging plates. There are several common geologic 

manifestations related to slab window migration, such as A-type rocks and adakitic 

rocks, OIB-type rocks in the volcanic arc, high temperature metamorphism (Brown, 

1998; Groome et al., 2009; Li et al., 2012, 2016) and migration of igneous rocks further 

away from ocean (Sisson, 2003).

In the late Cretaceous of southern Tibet, granitoids with very different 

geochemical affinities co-exist in close proximity. Suites with adakitic affinities (high 

SiO2, high Sr/Y, high La/Yb) can provide important insights into the mechanism of 

continental growth during the subduction of Neo-Tethyan oceanic plate (Ma et al., 2013; 

Xu et al., 2015; Zheng et al., 2014). On the other hand, A-type granitoids (high alkalis, 

high iron and high temperature) are generally attributed to extensional environments 

(Eby, 1992; Bonin, 2007) and so may attest to a change in the regional tectonic setting. 

Exploring the petrogenesis of both adakitic and A-type granitoids in the southern Lhasa 

terrane, and the temporal and genetic relationship between them, therefore offer the 

potential for valuable constraints on the tectonics and geodynamic of southern Tibet in 

the Late Cretaceous.

Numerous recent studies have focused on the ~90 Ma adakitic magmatism in 

southern Tibet, which have variously concluded that they were generated by partial 

melting of the subducted Neo-Tethyan oceanic slab or of thickened lower crust of the 

southern Lhasa Terrane (Ma et al., 2013; Wen et al., 2008; Zhang et al., 2010). The 

associated A-type granitoids, however, have rarely been sampled or studied. In this 

study, we present whole-rock analytical results and detailed studies of zircons (U-Pb 

geochronology, Hf isotopes, trace element abundances) from quartz syenites, granites 

and mafic microgranular enclaves (MMEs) in the Chanang area. Our goal is to 

characterize the petrogenesis of coexisting high-Sr/Y and A-type granitoids and any 



genetic relationship between them. Together with previously published data, this study 

highlights the critical role of slab rollback in generating late Cretaceous granitoids in 

southern Tibet and provides a detailed spatio-temporal pattern of the rollback process.

2. Geological setting and samples description

The Lhasa terrane of southern Tibet is separated on the northern side from the 

Qiangtang terrane by the Banggong-Nujiang suture zone (Yin and Harrison, 2000), and 

on the southern side from the Indian Plate by the Indus-Yarlung Zangbo suture zone 

(Fig. 1a). The Lhasa terrane can be subdivided by the Shiquan River–Nam Tso mélange 

zone and Luobadui–Milashan fault into the northern, central, and southern Lhasa 

subterranes (Zhu et al., 2011) (Fig. 1b). Mesozoic-Cenozoic magmatism is widespread 

in the southern Lhasa terrane (Mo et al., 2007). In previous studies, five magmatic 

episodes preserving different stages of the evolution of southern Tibet have been 

recognized: 366-252 Ma (Geng, 2007; Wang et al., 2020), 220-145 Ma (Ji et al., 2009; 

Zhu et al., 2011; Shui et al., 2017; Wei et al., 2020), 120-66 Ma (Zhang et al., 2010; Ji 

et al., 2014; Xu et al., 2015; Ma et al., 2013), 68-40 Ma (Mo et al., 2007, 2008; Ji et al., 

2014; Zhu et al., 2017), and 33-8 Ma (Hou et al., 2004; Chung et al., 2009; Wang et al., 

2020a).The tectonic settings with different stages of magmatism can be seen Table 1. 

The late Cretaceous episode is represented along much of the strike of the Himalayan 

orogen by the Gangdese batholith and associated volcanic successions (Fig. 1c).The 

Chanang intrusive suite forms a band of granitoid plutons parallel to and adjacent to the 

Indus-Yarlung Zangbo suture zone, in the southern Lhasa terrane. Two plutons in the 

Chanang area were investigated in this study, the Cuojielin and Zeyu plutons. The Zeyu 

pluton intruded into the Jurassic volcanic strata of the Sangri group (Fig. 1d) and 

consists of quartz syenites, granites, and mafic microgranular enclaves (MMEs). 

Throughout this paper, when we discuss the “host rocks” of the Zeyu pluton, this refers 



to the Zeyu quartz syenites and granites (i.e., the host of the MMEs), not to the country 

rock of the Sangri group. The smaller Cuojielin pluton intruded into both the Sangri 

group and the Zeyu pluton; it is mainly composed of quartz syenite.

The Cuojielin quartz syenite exhibits a fine-grained igneous texture and contains 

quartz (10-20% by volume), K-feldspar (60-65%), plagioclase (20-30%), amphibole 

(5-8%), biotite (5-10%) and minor accessory minerals (titanite, zircon, apatite, 

magnetite, etc.). The Zeyu quartz syenite is mainly composed of quartz (15-20%), K-

feldspar (55-60%), plagioclase (25-30 %), biotite (5-8 %), amphibole (3-5%) and minor 

accessory minerals (titanite, apatite, magnetite, etc.). The Zeyu granite mainly consists 

of quartz (25-35 %), K-feldspar (55-60 %), plagioclase (15-25 %), and biotite (5-10%). 

MMEs are abundant in the Zeyu pluton. They may be spheroidal or deformed to 

elongated shapes. they show medium- to fine-grained igneous textures and are 

composed of quartz (2-5%), plagioclase (40-50 %), K-feldspar (45–50 %), amphibole 

(10-25 %), biotite (3-10 %), and needle-like apatite (Fig. 2).

3. Analytical methods

3.1 Zircon U-Pb isotopes, trace elements and Hf isotopes 

Zircon grains were separated from the studied samples, mounted in epoxy resin, 

and polished to expose grain interiors. A Leo 1450VP scanning electron microscope at 

the Institute of Geology and Geophysics, Chinese Academy of Sciences (IGG-CAS), 

was used to obtain Cathodoluminescence (CL) images.

Laser ablation-inductively coupled plasma mass spectrometry (LA-ICPMS) was 

used for zircon U-Pb dating and trace element analyses at the State Key Laboratory of 

Geological Processes and Mineral Resources, China University of Geosciences at 

Wuhan (GPMR-CUG). The spot diameter was 32 μm. Zircon standard 91500 was used 



as the external standard for U-Pb dating (Wiedenbeck et al., 1995). Details of the 

instrumental operating methods, off-line selection and integration of background and 

sample signals, time-dependent drift correction and quantitative calibration are 

summarized in Liu et al. (2010). 

A Neptune multi-collector (MC)-ICPMS at the GPMR-CUG equipped with a 193-

nm excimer laser-ablation system was used for Zircon Hf isotope ratio measurements. 

The spot diameter was 60 μm and its pulse frequency was 8 Hz. The average176Hf/177Hf 

ratios for the Mud Tank and GJ-1 were 0.282489 ± 0.000005 (2SD, n = 36) and 

0.282013 ± 0.000005 (2SD, n = 40), respectively, agreeing with the recommended 

values (Woodhead and Hergt, 2005). The detailed operating conditions for MC-ICPMS 

and interference correction method were described by Hu et al. (2012a and 2012b).

3.2 Major and trace elements

For whole-rock geochemical analysis, fresh samples were crushed to 200 mesh in 

a clean agate jaw crusher and powdered in an agate ball-mill. Loss on ignition was 

calculated by difference of sample weight between before and after heating by muffle 

furnace. Major elements were analyzed by direct-reading inductively coupled plasma 

emission spectrometer (ICP-AES) at China University of Geosciences at Beijing. The 

analytical precision of SiO2, TiO2, Al2O3, Fe2O3, CaO, MgO, K2O, and Na2O is better 

than 3%, whereas the analytical precision of MnO and P2O5 is better than 5%. Whole-

rock trace element abundances were determined with an Agilent 7500a ICP-MS at 

GPMR-CUG. 50 mg splits of sample powder were digested in a mixture of HF and 

HNO3 by heating in Teflon bombs at 190 °C for 48 h. After evaporating to dryness at 

115 ℃, dried samples were refluxed by using 30% HNO3. The final solutions were 

diluted in polyethylene bottles to ~100 mL with 2% HNO3. The detailed sample-

preparation procedure and operating conditions have been described by Liu et al. (2008). 



3.3 Whole-rock Sr-Nd isotopes

A Thermo-Finnigan TRITON thermal ionization mass spectrometer (TIMS) at the 

Institute of Geology and Mineral Resources, Tianjin, was used for whole-rock Sr and 

Nd isotope ratio measurements. Chemical separations were performed using 

conventional ion exchange procedures. Measured Sr and Nd isotope ratios were 

normalized against 86Sr/88Sr=0.1194 and 146Nd/144Nd=0.7219, respectively. Analytical 

results for Sr and Nd standards, reported by Liu et al. (2017), are in agreement with the 

recommended values (Liu et al., 2017). The detailed sample preparation procedure and 

operating conditions have been described by Zhang et al. (2002). 

4. Results

4.1 Zircon geochronology and Hf isotopes

Zircon U-Pb dating results are provided in Table S2. Zircon grains from Zeyu 

samples are colorless and euhedral, with elongation ratios ranging from 1:1 to 2:1. 

These zircons display clear oscillatory zoning in CL images and have high Th/U (0.73 

– 1.14) (Table S4). Sample SK1303 yielded a weighted mean 206Pb/238U age of 95.0 ± 

0.5 Ma (MSWD = 0.8, fig. 3a). Sample SK1308 yielded a weighted mean 206Pb/238U 

age of 96.2 ± 0.6 Ma (MSWD = 1.1, fig. 3b). Sample SK1310 yielded a weighted mean 

206Pb/238U age of 98.7 ± 1.0 Ma (MSWD = 1.4, fig. 3c).

Zircon grains from a Cuojielin quartz syenite are colorless and euhedral, with 

elongation ratios of 1:1 to 3:1. These grains have oscillatory CL zoning and variable 

concentrations of U (118 - 731 g/g) and Th (81 - 784 g/g). Sample SK1314 yielded 

a weighted mean 206Pb/238U age of 92.1 ± 1.1 Ma (MSWD = 1.3, fig. 3d).

Zircon Hf isotope data are provided in Table S3. Zircons from the Zeyu pluton 

have a wide range of Hf isotopic composition, with 176Hf/177Hf ranging from 0.282996 



- 0.283144 and εHf(t) varying +9.9 between +15.0. According to the calculation of 

Mišković and Schaltegger (2009), the percentage mantle contribution to the Zeyu 

pluton could be as high as 94% (Fig. 6b).

4.2 Major and trace element geochemistry

The whole-rock major and trace element results are given in Table S1. 

The host rocks of the Zeyu pluton have high SiO2 (65.5 - 70.3 wt.%) and K2O (3.5 

- 4.6 wt.%) contents but low MgO (0.7 - 1.4 wt.%), Mg# (43.1 - 46.4), Cr (2.5 - 4.1 

g/g), and Ni (3.4 - 5.4 g/g). They are high-K calc-alkaline, metaluminous rocks 

(A/CNK= 0.90 - 0.96) (Figs. 4a-c). The MMEs in the Zeyu pluton have much lower 

SiO2 (53.5 - 54.8 wt.%) and K2O (1.6 – 2.0 wt.%) contents but high MgO (3.5- 3.6 

wt.%), Mg# (47.7- 49.6), Cr (7.0 - 26.2 g/g), and Ni (10.6 - 18.9 g/g). They are 

metaluminous (A/CNK= 0.66 - 0.72) and range from calk-alkaline to high-K calc-

alkaline. On a chondrite-normalized rare earth element (REE) distribution diagram (Fig. 

5a), all Zeyu host rocks are significantly enriched in light REEs (LREEs) relative to 

heavy REEs (HREEs) and exhibit negligible Eu anomalies (Eu/Eu* = 0.88 -1.07; Eu/

). The REE patterns of MMEs are approximately parallel Eu * ≡ (Eu)𝑁/ (Gd)𝑁(Sm)𝑁

to those of host rocks but, surprisingly given their more primitive major element 

composition, are more enriched in REE. On a primitive mantle-normalized trace 

element distribution diagram (Fig. 5b), the Zeyu host rocks and MMEs show relative 

enrichment of large ion lithophile elements (LILEs) (e.g., Rb, Ba, Th, and U) and 

depletions of high field strength elements (HFSEs) (e.g., Nb, Ta, P, Ti). 

The Cuojielin quartz syenites contain moderate SiO2 (60.4 – 66.2 wt.%), low MgO 

(1.2 – 1.8 wt.%), and low compatible element (e.g., Cr and Ni; Table S1) concentrations, 

but high K2O (4.6 – 5.3 wt.%) and Na2O (3.9 – 4.2 wt.%) contents. Although 

metaluminous, they plot with the shoshonite series. The Cuojielin quartz syenites have 



higher total REE contents than the Zeyu quartz syenites, with moderate LREE 

enrichment distinctly negative Eu anomalies (Eu/Eu* = 0.58 - 0.72) (Fig. 5c). On a 

primitive mantle-normalized trace element distribution diagram (Fig. 5d), the Cuojielin 

quartz syenites show slight depletions of some HFSEs (e.g., Nb, Ta, Ti) but enrichments 

Zr and Hf.

4.3 Whole rock Sr-Nd

Whole-rock Sr–Nd isotopic compositions are provided in Table S1.

The host rocks and MMEs in the Zeyu pluton all have relatively homogeneous Nd 

isotope ratios (143Nd/144Ndi = 0.512720 - 0.512736 and εNd(t) = +4.1 - +4.3; Table 1). 

The Cuojielin quartz syenites, similarly, have homogeneous Nd isotopic composition 

(143Nd/144Ndi = 0.512717 - 0.512732 and εNd(t) = +3.9 - +4.2; Table 1). As shown in 

Fig. 6a, the initial Sr-Nd isotopic compositions of Zeyu and Cuojielin intrusive rocks 

are comparable with those of the Jurassic volcanic rocks from the Yeba Formation.

4.4 Zircon trace elements

We studied trace elements in zircon in two quartz syenite samples, one from the 

Zeyu pluton (sample SK1310) and one from the Cuojielin pluton (sample SK1314). 

Their zircon trace elements concentrations, Ti-in-zircon crystallization temperatures, 

and oxygen fugacity calculated from trace elements are listed in Table S4.

Zircons in the quartz syenite of the Zeyu pluton are characterized by high total 

REEs (327-2206 g/g), averaging 1074 g/g. Their LREE/HREE ratios (0.03-0.05) 

indicate that they are all typical magmatic zircons. For zircons in sample SK1310, Ti 

contents are 4.1-10.7 g/g, Hf contents are 6647-9765 g/g and Eu/Eu* is 0.20-0.58 

(average 0.26), showing obvious negative Eu anomalies. In the chondrite-normalized 

REE patterns, zircons in sample SK1310 show depletion of LREEs, enrichment of 



HREEs, negative Eu anomaly and positive Ce anomaly (Fig. 7a).

The total REE content of zircons in quartz syenite (SK1314) in the Cuojielin 

pluton (sample SK1314) is high, 327-2206 g/g (average 745 g/g). LREE/HREE is 

0.02-0.04, with an average of 0.03. The contents of Ti and Hf are 7.2-74.9 and 8523-

11264 g/g, respectively. Eu/Eu* is 0.15-0.46 (average 0.22). In the chondrite-

normalized REE patterns, zircons in sample SK1314 show depletion of LREEs and 

enrichment of HREEs, as well as negative Eu anomaly and positive Ce anomaly (Fig. 

7b). Trace elements of zircons can reflect the nature of magma source. Most zircons in 

samples SK1310 and SK1314 plot in the field of syenites in, e.g. Nb vs. Ta (Fig. 7c).

Studies have demonstrated that the incorporation of Ti into zircon depends on 

crystallization temperature, and that Ti concentration of zircon can therefore be used to 

estimate the magma crystallization temperature (Ferry and Watson, 2007). The 

calculated Ti-in-zircon temperatures of sample SK1310 are 639-725 ℃ (average 680 ℃) 

(Fig. 7d), and the calculated Ti-in-zircon temperatures of sample SK1314 are 684-933 ℃ 

(average 803 ℃). The Ce(IV)/Ce(III) ratio in zircons is sensitive to oxidation state 

during magma formation (Ballard et al., 2002) and so an estimate of the Ce(IV)/Ce(III) 

ratio in zircon based on the magnitude of the positive Ce anomaly constrains magmatic 

fO2. Ce(IV)/Ce(III) ratios of zircons from sample SK1310 vary from 23-96 (average 

48), whereas zircons in sample SK1314 have Ce(IV)/Ce(III) between 2.3 and 19 

(average 6.7). It can be inferred that the Zeyu pluton formed in a low temperature and 

high oxygen fugacity environment, while the Cuojielin pluton formed in a relatively 

high temperature and reducing environment (Fig. 7d).



5. Discussion

5.1 Genetic types 

Granites can be divided into M-type, I-type, S-type and A-type granites, a 

classification intended to separate them by the nature of their magma sources. M-type 

granites are considered to be mantle-derived, and show elevated contents of compatible 

elements, such as Cr and Ni (White, 1979). I-type granites are metaluminous, calc-

alkaline, and typically show positive εNd(t), εHf(t) due to their derivation from partial 

melting of juvenile crust in island arc settings (Chappell and White, 1992). S-type 

granites are peraluminous, with high Al2O3 and enriched isotopic characteristics 

associated with melting of metasedimentary material in mature continental crust 

(Chappell and White, 1992). Finally, A-type granites are a diverse group rich in alkalies, 

iron and HFSEs (Bonin, 2007) that are associated with melting in low-water-activity, 

high-temperature, anorogenic settings such as extensional zones. 

5.1.1 Zeyu Pluton: affinity to adakite 

The host quartz syenites, granites, and mafic microgranular enclaves of the Zeyu 

pluton are metaluminous and calc-alkaline with positive εHf(t) and εNd(t), low 

concentrations of Cr and Ni, and low Mg#. The P2O5 contents of felsic Zeyu samples 

in the Harker diagram decrease with increasing SiO2 content, which is characteristic of 

I-type granites. Indeed, the Zeyu pluton is classified as I-type granite. The Zeyu host 

rocks, quartz syenites and granites have high SiO2 (≥56 wt.%), high Sr (≥ 400 g/g) 

and low Y (≤ 18 g/g) contents. In the defining discrimination diagrams for adakites 

(Defant and Drummond, 1990), all the Zeyu host rocks fall into the range of adakite 

(Figs. 8a-b).



5.1.2 Cuojielin Pluton: A-type granitoid affinity

Several lines of evidence presented in this study indicate that the Cuojielin quartz 

syenite pluton is an A-type granitoid; positive εHf(t) and εNd(t), low Cr and Ni contents, 

low Mg#, and metaluminous calc-alkaline affinity. S-type (peraluminous) and M-type 

(high Cr, Ni, and Mg#) affinities can be ruled out right away. The high concentrations 

of alkalies, iron and HFSEs, place the Cuojielin samples uniformly in A-type fields on 

I-S-A discrimination diagrams (Figs. 8c-d) (Whalen et al., 1987). Although the (10000 

x Ga)/Al ratios of Cuojielin quartz syenite are lower than 2.6, the elevated alkali 

concentrations nevertheless place the samples in the A-type field in Fig. 8c. King et al. 

(1997) studied the A-type granites in the Lachlan fold belt of Australia and found that 

most of them had Zr contents greater than 301 g/g, while those of evolved and 

primitive I-type granites averaged 151 g/g and 116 g/g Zr, respectively. The Zr 

contents in Cuojielin quartz syenites are all higher than 301 g/g (average 373 g/g), 

which is further evidence supporting the A-type classification. Moreover, the average 

value of (Zr + Nb + Ce + Y) in Cuojielin samples is 488 g/g, which exceeds the lower 

limit (350 g/g) for A-type granites (Fig. 8d) (King et al., 2001).

Since trace element concentrations are easily affected by crystallization and can 

push highly-evolved I-type granitoids into A-type fields, we check the affinity of the 

Cuojielin samples using the new method proposed by Frost et al. (2001) and Frost and 

Frost (2011), in FeOT/(FeOT + MgO) and (Na2O+K2O-CaO) vs. SiO2 plots (Figs. 8e-f). 

The Cuojielin quartz syenites consistently fall into the area indicating A-type granite. 

The geochemistry of the Cuojielin pluton is similar to that of the A-type granite in the 

Banshiling area of South China (Li et al., 2012).

Lastly, previous studies have distinguished granite types by zircon saturation 



temperature: S-types average 764 °C, I-types average 781 ℃ (King et al., 2001), and 

A-types range from 882 °C to 903 °C, with an average of 893 °C (Miller et al., 2003). 

Ti-in-zircon temperatures of zircons in Cuojielin samples (which should be lower than 

the zircon saturation temperature, as zircon continues to grow over a substantial 

temperature range of magmatic evolution) are mostly higher than 781 °C (Fig. 7d), with 

a maximum of 933 ℃ and an average of 803 ℃, consistent with the high-temperature 

origin of A-type granites.

To sum up, it can be concluded that the Cuojielin quartz syenite is an A-type 

granitoid.

5.2 Petrogenesis

5.2.1 Evidence for magma mixing in generating MMEs in Zeyu pluton

The abundance and ubiquity of mafic microgranular enclaves (MMEs) is striking 

in the Zeyu pluton (Figs. 2a and 2c). Several interpretations of MMEs in granitoids are 

offered in the literature: e.g., they may be remnants of incomplete binary mixing of 

felsic and mafic magmas (Feeley et al., 2008), cumulates from early in the 

crystallization sequence (Bonin, 2004), or restites left after partial melting of the source 

(Chen et al., 1989).

Noting the absence of either cumulate textures or inherited zircons in the Zeyu 

MMEs, we focus on testing the interpretation that MMEs in the Zeyu Pluton represent 

products of incomplete magma mixing. The following lines of evidence support this 

interpretation. First, most MMEs in the Zeyu Pluton exhibit elongate or spheroid shapes 

(Fig. 2a), consistent with plastic deformation in a partially crystallized convecting 

magma (Yang et al., 2015a). Second, we observe K-feldspar megacrysts that cross the 

boundaries between MMEs and their host rocks, which may indicate exchange of 



crystals during magma mixing (Fig. 2a). Third, abundant acicular apatites in MMEs 

point to partial quenching of the MMEs as small volumes of hot mafic melt encountered 

cooler felsic magma (Vernon, 1984) (Fig. 2c). Fourth, in a number of variation 

diagrams, the Zeyu pluton host rock and MME samples cluster along opposite ends of 

a single linear trend (Figs. 4c-f), which is what would result if their compositional 

variations were the result of binary mixing. Finally, Zeyu MMEs and Zeyu host rocks 

show nearly parallel chondrite- and primitive mantle-normalized patterns, which may 

reflect the efficiency of elemental diffusion and homogenization in the liquid and 

partially molten states (Figs. 5a-b).

It is noteworthy that Zeyu MMEs show the typical trace-element pattern of island-

arc igneous rocks, enriched in LILEs and slightly depleted in HFSEs (Fig. 5b). It is 

generally accepted that LILE enrichment in island-arc magmas is due to transfer of 

components from a subducted slab, through the mantle wedge, and into the upper plate 

arc crust. However, in detail subducted slabs contain multiple lithologies and each can 

contribute a distinctive geochemical signature to arc rocks by either melting or 

dehydrating. In diagrams aimed at separating the contributions of slab-derived melts 

from those of slab-derived fluids (Figs. 9a-b), the Zeyu MMEs generally lie closer to a 

fluid-addition trend.

The various samples of the Zeyu MMEs yield fairly homogeneous Sr-Nd isotope 

ratios. The range of εNd(t) and 87Sr/86Sr(i) values are +4.1-4.2 and 0.703220 -0.703371, 

respectively. Plotting εNd(t) vs. 87Sr/86Sr(i) (Fig. 6a), we see that the Zeyu MMES lie 

within the moderately depleted field defined by normal island arc magmatic rocks in 

the southern Lhasa terrane and overlap the field of early Jurassic volcanic rocks in the 

Yeba Formation. We conclude that the parental magma of the Zeyu MMEs likely 

originated from partial melting in the mantle wedge after metasomatism by subduction-



related fluids.

5.2.2 Adakitic signature of Zeyu host rocks from residual or fractionated 

amphibole

As described above, the host rocks, quartz syenites and granites of the Zeyu pluton 

show uniformly adakitic affinities. This signature, defined by high silica, Sr/Y and 

La/Yb, was originally proposed to be a unique diagnostic for partial melting of 

subducted oceanic crust with garnet-bearing residues (Defant and Drummond, 1990). 

However, alternative mechanisms for generating adakitic rocks have been proposed by 

subsequent studies, including (i) partial melting of garnet-bearing amphibolitic lower 

crust (Atherton and Petford, 1993); (ii) fractional crystallization of garnet and 

amphibole from mafic magmas (Macpherson et al., 2006), and (iii) magma mixing 

(Wang et al., 2020a). As illustrated in Fig. 10a, 87Sr/86Sri of Zeyu quartz syenites and 

granites decrease with the increase of SiO2 contents, indicating that only a minor crustal 

component, but considerable mantle-derived melts (e.g., magma resembling MMEs), 

were involved in the evolution of Zeyu host rocks. Here we present geochemical 

evidences supporting that the adakitic signature of Zeyu host rocks, quartz syenites and 

granites, originate from residual or fractionated amphibole.

The Zeyu quartz syenites and granites are characterized by low MgO, Cr, and Ni 

contents and low Mg# (< 42.5). Due to reaction with mantle wedge peridotite along the 

path from slab to arc, adakitic rocks derived from melts of delaminated lower crust or 

subducted oceanic crust usually have Mg#> 47 (Rapp et al., 1999). Low MgO contents 

(Fig. 4d), low Mg# and low compatible element contents of the Zeyu quartz syenites 

and granites strongly argue against the possibility that the magma migrated through 

peridotite, a corollary of an origin from delaminated lower crust or subducted oceanic 



crust (Wang et al., 2004). Second, compared with the Miocene adakitic rocks formed 

by partial melting of the thickened crust in Lhasa terrane, the Zeyu quartz syenites and 

granites have relatively lower K2O content and higher εNd(t) (Figs. 4c and 6a), 

indicating that the Zeyu quartz syenites and granites are derived from juvenile crust 

with few involvements of enriched mantle and/or upper crust components, similar to 

late Cretaceous adakitic rocks. In the discrimination diagrams of magma source, Zeyu 

quartz syenites and granites are consistent with the trend of 7%-Grt amphibolite, while 

more Miocene adakitic rocks corroborate the eclogite or 30%-Grt amphibolite trend 

(Fig 8b). Experimental determinations of partition coefficients appropriate for hydrous, 

felsic melts have consistently shown garnet is very strongly enriched in HREEs, 

whereas amphibole more effectively concentrates middle rare earth elements (MREEs) 

(Davidson et al., 2007). Thus, either varying degrees of partial melting with residual 

garnet or varying degrees of fractional crystallization of garnet would create positive 

correlation between (La/Sm)N and (Dy/Yb)N of melts. By contrast, residual or 

fractionated amphibole leads to increasing (La/Sm)N while (Dy/Yb)N decreases or 

remains constant. The Zeyu quartz syenites and granites show that (Dy/Yb)N decreases 

with increasing (La/Sm)N (Fig. 10b), an amphibole signature. The chondrite-normalized 

REE patterns for Zeyu quartz syenites and granites are visibly U-shaped (Fig. 5a), with 

minima in the MREEs, consistent with the influence of amphibole and not garnet. The 

La/Sm vs Sm/Yb discrimination diagram again indicates pyroxene and amphibole-

bearing residue, and the absence of garnet (Fig. 10c). 

Because La is more incompatible than Yb during partial melting (especially with 

residual amphibole or garnet), the correlation between La/Yb and La is thought to be 

able to distinguish between partial melting and fractional crystallization processes 

(Allègre and Minster, 1978). As illustrated in Fig. 10d, in the adakitic Zeyu quartz 



syenites, La/Yb ratios are positively correlated with La contents, suggesting that the 

REE patterns preserve a signature of progressive partial melting and are not simply 

related to one another by fractional crystallization from a single primitive parent. 

Therefore, we infer that the Zeyu adakitic quartz syenites were formed by partial 

melting of juvenile lower crust enriched in amphibole. It is noteworthy that La/Yb ratios 

are relatively constant in Zeyu granites. This trend may suggest that fractional 

crystallization played an important role in the evolution of Zeyu granites (Fig. 10d). 

Associated with higher La/Sm ratios and Eu/Eu* in Zeyu granites than those in Zeyu 

quartz syenites (Figs. 10c, e), we propose that extensive fractionation of amphibole, 

rather than plagioclase, has taken place during the magma evolution of Zeyu granites, 

causing higher SiO2 contents and Sr/Y ratios than Zeyu quartz syenites. Furthermore, 

constant CaO/Na2O ratios and variable Al2O3/TiO2 can be seen in Fig.10f, reflecting 

negligible fractionation of plagioclase but obvious fractionation of biotite in Zeyu 

granites (Sylvester, 1998). 

To sum up, the adakitic signature of Zeyu quartz syenites are induced by the partial 

melting of juvenile lower crust with amphibole as major residual phase, and the adakitic 

signature of Zeyu granites was then enhanced by further fractionation of amphibole and 

biotite. 

5.2.3 Fractional crystallization of Cuojielin pluton

A range of genetic models for A-type granitoids with metaluminous or weakly 

peraluminous nature (King et al., 1997) have been proposed: (1) residual granitic melts 

produced by differentiation of originally alkaline mantle-derived magmas (Eby, 1992); 

(2) low-degree partial melts or products of extensive fractional crystallization of 

tholeiitic basalts (Frost and Frost, 2011); (3) anatexis of F-rich lower crustal granulites 



(Whalen et al., 1987) or intermediate igneous rocks (tonalite and granodiorite) (Creaser 

et al., 1991) driven by heat supplied from underplating of mantle magma (Frost and 

Frost, 1997); and (4) hybrid origins with magmatic contributions from both mantle and 

crust (Yang et al., 2006).

The low compatible element concentrations and low Mg# in the Cuojielin quartz 

syenites indicate that they are derived from an evolved source and are not primary 

products of mantle melting (Baker et al., 1995; Litvinovsky et al., 2015). However, as 

pointed out by Litvinovsky et al. (2015), peralkaline granites and syenites with high 

K2O and Na2O contents may in fact be derived from fractionation or originally mantle 

derived K-rich basaltic or andesitic magma, with little crustal contribution.

The four analyzed samples of Cuojielin quartz syenites cover a very small range 

in trace element composition, but shows increasing La at constant La/Yb, which is most 

consistent with the two more evolved Cuojielin samples (~66 wt.% SiO2) being derived 

from the two more primitive Cuojielin samples (~61 wt.% SiO2) mainly by fractional 

crystallization rather than distinct degrees of partial melting. However, it is difficult, 

given the evolved composition of the Cuojielin pluton and the absence of MMEs, to 

trace the fractionation back further to a uniquely constrained mantle-derived K-rich 

basaltic or andesitic magma. Nevertheless, we can infer from features that all the 

Cuojielin samples share (low Cr and Ni contents, high Rb/Sr ratios, distinctly negative 

Eu anomalies in the REE patterns, and negative P and Ti anomalies in the trace element 

patterns) that before emplacement the magma experienced fractionation of olivine, 

biotite, plagioclase, apatite, and a Ti-rich phase such as ilmenite. On the other hand, 

within the range of evolution captured by the available samples, Harker diagrams (Fig. 

4) show decreases in FeOT, MgO, CaO, TiO2, and P2O5 contents with increasing SiO2 

content, suggesting continuing fractionation of pyroxene or amphibole, ilmenite or 



titanite, and apatite.

Here, we construct a model to test whether the Zeyu MMEs (e.g., sample SK1306) 

might represent a primitive K-rich magma that could have evolved by fractional 

crystallization to form the Cuojielin quartz syenite compositions (Fig. 11). We assume 

a fractionating phase assemblage of 0.5 plagioclase, 0.15 clinopyroxene, 0.1 

orthopyroxene, 0.1 biotite and 0.15 other accessory minerals. Key trace element 

features of the Cuojielin samples, including Rb/Sr ratio, Eu anomaly, level of REE 

enrichment, and LREE/HREE slope, can be reproduced by 30-60% fractional 

crystallization starting with a magma resembling the Zeyu MMEs. The development of 

negative Eu anomalies by plagioclase fractionation requires relatively reducing 

conditions for the proposed fractionation process.

 5.3 Geodynamic implications

The southern Lhasa terrane experienced a magmatic peak in the late Cretaceous 

(100-80 Ma) during which a large volume of island arc magmatic rocks was emplaced, 

including gabbro, diabase, diorite and granite (Ji et al., 2009; Meng et al., 2019, 2020; 

Tang et al., 2019). The early portion of the flare-up period was dominated by basic and 

intermediate magma with a limited range of isotopic compositions, but the period from 

95-90 Ma is marked by a wide range of SiO2 contents (from ultramafic cumulates to 

high-SiO2 granites) and extremely diverse isotopic compositions (Fig. 12a-b). A variety 

of unusual rocks with special properties — including high-Sr/Y adakitic rocks, upper 

crustal gabbros, A-type granites, and charnockites — were emplaced simultaneously in 

this period in the southern Lhasa terrane, indicating an unusual geodynamic 

environment. 

Authors have suggested that the late Cretaceous (100 - 80 Ma) record in the 

southern Lhasa terrane preserves evidence of either (i) normal northward subduction of 



the Neo-Tethyan oceanic slab (Jiang et al., 2012), (ii) an episode of mid-ocean ridge 

subduction (Zhang et al., 2010), or (iii) a period of rapid rollback of the trench and Neo-

Tethyan oceanic plate (Meng et al., 2019). Here we consider these models in light of 

our results from the Chanang area.

Adakitic magmas are widespread in the late Cretaceous, along an extensive belt 

parallel to the Indus Yarlung-Zangbo Suture Zone. Ongoing normal subduction 

throughout the late Cretaceous does not explain the development of adakites. Moreover, 

oblique subduction of a mid-ocean ridge would likely affect only a local area of the 

southernmost Lhasa terrane at a given time, possibly producing local source of adakitic 

rocks, whereas the adakite belt extends all along the strike of the orogen with no obvious 

trend of age vs. longitude. Based on several lines of evidence discussed below, we 

suggest that the rollback of the Neo-Tethyan oceanic plate is the most reasonable 

geodynamic mechanism for southern Lhasa terrane in the late Cretaceous.

First, slab rollback causes major thermal anomalies more or less simultaneously 

along the strike of a subduction zone. The accelerated downwards motion of the 

subducted plate draws additional hot asthenospheric material upwards and into the 

mantle wedge, causing accelerated partial melting and underplating of the upper plate 

crust. Melting of the juvenile lower crust is followed by mixing between mantle- and 

crustally-derived melts at mid-crustal depths. The Zeyu pluton preserves evidence 

consistent with this series of processes: Zeyu MME’s representing K-rich mantle-

derived melts and adakitic Zeyu host rocks representing partial melts of juvenile lower 

crust were mixed to from the composite Zeyu pluton. A few million years later, the 

Cuojielin A-type granite was formed in a relatively high temperature environment. The 

average Ti-in-zircon temperature (802 ℃) and the average zircon saturation 

temperature (893 ℃) are both much higher than those in middle and upper-crustal 



granites formed in normal arc settings (Ti-in-zircon temperatures average 781 ℃ in I-

type granites and 764 °C in S-type granites). This is evidence that the severe thermal 

disturbance reached upper crustal levels in the southern Lhasa terrane by around 90 Ma. 

A variety of other rocks characteristic of a strongly elevated crustal geotherm at this 

time, including HT charnockitic magmatism and HT granulite faces metamorphism 

(Wang et al. 2009; Zhang et al., 2010; Ma et al., 2013) are found all along the strike of 

the southern Lhasa terrane and have likewise been attributed to the thermal anomaly 

induced by an episode of slab rollback and induced upwelling of asthenosphere.。

Moreover, ridge subduction would produce a high-temperature and relatively H2O-poor 

magmas above the slab window (Xu et al., 2015), which is inconsistent with 

requirement of the residual or fractionated amphibole of Zeyu host rocks, as well as the 

existence of amphibole bearing A2-type rocks.

Second, slab rollback can give rise to back-arc extension (Heuret and Lallemand, 

2005). In most cases, A-type granites are associated with extensional tectonic settings. 

Eby (1992) divided A-type granites into A1 and A2 subgroups. A1-type granites are 

associated with continental rifts or intraplate environments, which generally exist in 

ridge subduction setting and absent from slab rollback scenario. A2-type granites 

mainly derive from post-orogenic periods of continental collision zones or continental 

arc settings. The Cuojielin quartz syenites plot with A2-type granites, indicating a 

subduction-related extensional environment. The abundant late Cretaceous basic dikes 

throughout the southern Lhasa terrane have also been interpreted as evidence of a period 

of back-arc extension behind the Gangdese arc in the late Cretaceous (Tang et al., 2019). 

According to van Hinsbergen et al. (2011), changes in the trench position and dip angle 

of the subducting Neo-Tethyan slab correlate with globally significant plate tectonic 

events; the episode of rollback in the late Cretaceous likely drove sudden increase in 



the convergence rate across the India-Asia collision at about 90 Ma.  

Third, slab rollback and retreat of the volcanic front explains the migration of 

magmatic activity from north to south across the southern Lhasa terrane. Previous 

studies have shown a similar pattern at larger geographic and temporal scale: Late 

Jurassic and Early Cretaceous magmatic rocks are widely distributed in the central and 

northern terranes of the Lhasa block, while Late Cretaceous magmatic rocks are widely 

distributed only in the southern Lhasa terrane (Zhu et al., 2013). We tested for 

correlation between the ages and latitudes of dated late Cretaceous magmatic rocks 

using Pearson correlation analysis after deleting outliers with Mahalanobis distance >11 

(Table S5). There is significant positive correlation between latitude and age (a 2-tailed 

significance test yields p＜0.01), suggesting that along the whole magmatic front, over 

500 km east-to-west, there is an apparent migration of late Cretaceous magmatic 

activity from north to south (Fig. 12c). Above all, we conclude that Neo-Tethyan slab 

rollback in late Cretaceous are responsible for the production of adakitic rocks, A2-type 

rocks and tectonic extension, as well as the oceanwards-receding of magmatic rocks.                                                                                                                                                                                                                                                                                                                                                                                                    

Conclusions:

(1) Geochronological data from the Chanang area indicate that the adakitic Zeyu  

pluton was emplaced in the late Cretaceous at 99-95 Ma and later intruded by the A-

type Cuojielin quartz syenite at 92 Ma.

(2) The Zeyu adakitic quartz syenites were formed by partial melting of juvenile 

crust enriched in amphibole, and Zeyu adakitic granites originated from fractionation 

of amphibole and biotite. Zeyu adakitic magma mixed with a mantle-derived alkaline 

mafic magma preserved in part by the mafic enclaves (MMEs) found throughout the 



Zeyu pluton. The Cuojielin A-type quartz syenites, on the other hand, could be 

generated as residual liquids after 30-60% fractional crystallization of a primitive 

magma with geochemical characteristics akin to those of the Zeyu MMEs.

(3) Lower crustal melting and ascent of K-rich mantle melts at ~95 Ma, followed 

by emplacement of high-temperature A-type granitoids at 92 Ma, along with the 

widespread along-strike development of adakitic rocks, charnockites, high-

temperature metamorphism, and gradual southward migration of the locus of 

magmatism across the southern Lhasa terrane are all consistent with an episode of 

rollback of the Neo-Tethyan subduction system around 95-90 Ma.
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Figure Captions

Figure 1. Maps of the research area. (a) Lhasa terrane in the context of the Tibetan 

Plateau after Zhu et al. (2011). (b) Tectonic subdivision of Lhasa terrane, southern 

Tibetan Plateau with study area, after Zhu et al. (2011). (c) Distribution of the Gangdese 

Batholith outcrop area in the Lhasa terrane, modified from Ma et al. (2013). Locations 

of dated late Cretaceous (~100–80 Ma) adakitic rocks are indicated; Data sources: U-

Pb ages of late Cretaceous adakitic rocks in southern terrane (Wen et al., 2008; Zhang 

et al., 2010, 2019; Jiang et al., 2012; Ma et al., 2013; Zheng et al., 2014; Chen et al., 

2015a, 2015b; Xu et al., 2015; Meng et al., 2019; Yin et al., 2019; Huang et al., 2020). 

(d) Simplified geological map of the Zeyu-Cuojielin are near Chanang; sample 

locations are marked. Abbreviations: BNS = Bangong–Nujiang suture zone; IYS = 

Indus–Yarlung Zangbo Suture Zone; SL = Southern Lhasa terrane, CL = Central Lhasa 

terrane; and NL = Northern Lhasa terrane.

Figure 2. Field and petrographic photos. (a) Field photograph of Zeyu granite SK1307 

with K-feldspar phenocrysts and dark microgranular mafic enclave (MME). (b) Hand-

sample photograph of Cuojielin quartz syenite SK1315. (c) Needle-like apatite in Zeyu 

MME (SK1302) (Plane-polarized light). (d) Photomicrograph of Zeyu granite SK1307 

(crossed polars). (e) Photomicrograph of Cuojielinquartz syenite SK1313 (crossed 

polars). (f) Photomicrograph of Cuojielin quartz syenite SK1314 (crossed polars). 

Abbreviations: Q = quartz; Pl = plagioclase; Kfs = K-feldspar; Mc = microcline; Amp 

= amphibole; Bt = biotite; Ttn = titanite; Ap = apatite; Mt = magnetite.

Figure 3. Representative CL images and U-Pb zircon concordia diagrams. Small red 



circles show the locations of LA-ICP-MS U-Pb analysis spots. Large white dashed 

circles show the locations of corresponding Lu-Hf isotope analyses.

Figure 4. Whole-rock geochemistry diagrams. (a) Na2O + K2O versus SiO2, after 

Middlemost (1994). (b) A/CNK vs. A/NK [ A/CNK = molar Al2O3 / (CaO+K2O+Na2O); 

A/NK = molar Al2O3/(K2O+Na2O)] diagram, after Maniar and Piccoli (1989). (c) K2O 

vs. SiO2, after Peccerillo (1992). (d) MgO vs. SiO2 diagram; thickened lower crust-

derived adakites after Petford and Atherton (1996); subducted oceanic slab-derived 

adakites after Stern and Kilian (1996) and references therein. (e) TiO2vs. SiO2 diagram. 

(f) P2O5 vs. SiO2 diagram. Data sources: late Cretaceous adakitic rocks in southern 

Lhasa terrane (Zheng et al., 2014; Chen et al., 2015a, 2015b; Dai et al., 2018; Wu et al., 

2018; Liu et al., 2019; Meng et al., 2019; Tang et al., 2019; Huang et al., 2020; Shi et 

al., 2020); Miocene adakitic rocks in southern Lhasa terrane (Hou et al., 2004; Li et al., 

2011, 2017; Hu et al., 2017; Sun et al.,2018). 

Figure 5. Trace element results. (a) Chondrite-normalized rare earth element patterns 

of Zeyu samples; (b) primitive mantle-normalized trace element patterns of Zeyu 

samples; (c) REE patterns of Cuojielin samples; (d) primitive mantle-normalized 

patterns of Cuojielin samples. Chondrite normalization from Boynton (1984); 

primitive mantle normaliztion from Sun and McDonough (1989). 

Figure 6. Isotopic data. (a) Sr and Nd isotopic compositions of the Zeyu-Cuojielin 

intrusive rocks in southern Tibet, modified from Wu et al. (2018) and Wang et al. 

(2020a). (b) Percentage contribution of mantle material, calculated by zircon Hf 

isotopes, to late Cretaceous adakite-like magmatic rocks, plotted against zircon ages, 



modified from Zhu et al. (2011). Data sources are same as in Fig. 4.

Figure 7. Zircon trace elements. (a) Chondrite-normalized rare earth element patterns 

of zircons in Zeyu host rocks. (b) Chondrite-normalized rare earth element patterns of 

zircons in Cuojielin quartz syenite. (c) Trace element correlations for zircons from 

different rock types, after Belousova et al. (2002). (d) Ti-in-Zircon temperature vs. 

Ce(IV)/Ce(III) of Zeyu host rocks and Cuojielin quartz syenite. 

Figure 8. Discrimination diagrams for adakite and A-type granites. (a) Sr/Y vs Y, after 

Defant and Drummond (1990); (b) (La/Yb)N vs. YbN after Petford and Atherton (1996) 

and Liu et al. (2017) . (c) Na2O+ K2O vs. 10000Ga/Al, after Whalen et al. (1987). (d) 

(Na2O+ K2O)/CaO vs. Zr+Nb+Ce+Y, after Whalen et al. (1987). (e) K2O+Na2O-CaO 

vs. SiO2. (f) FeO*/(FeO*+MgO) vs. SiO2, modified from Frost et al. (2001) and Frost 

and Frost (2011). Data sources are same as in Fig. 4.

Figure 9. Petrogenetic diagrams. (a) Ba vs. Nb/Y. (b) Sr/Nd vs. Th/Yb.

Figure 10. Diagrams that address influence of residual or fractionated minerals. (a) 

(87Sr/86Sr)i vs SiO2; (b) (Dy/Yb)N vs (La/Sm)N. (c) La/Sm vs Sm/Yb, modified from 

Kay and Mpodozis (2001); (d) La/Yb vs La; (e) Eu/Eu* vs SiO2; (f) CaO/Na2O vs 

Al2O3/TiO2, modified from Sylvester, (1998). Data sources are same as in Fig. 4.

Figure 11. Trace element modelling. (a) Eu/Eu* vs. Rb/Sr. (b) modelling of REEs (30-

60% fractionation of MMEs). Partition coefficients from https://earthref.org/KDD/.



Figure 12. Temporal and spatial distribution of late Cretaceous magmatic rocks (100-

80 Ma) in the southern Lhasa terrane. (a) Histogram of SiO2 contents. (b) SiO2 contents 

and εNd(t) vs. ages. (c) Latitudes vs. ages. Data of late Cretaceous magmatic rocks in 

southern Lhasa terrane are from Wen et al. (2008, 2008a), Zhang et al. (2010, 2014, 

2019), Chu et al. (2011), Tafti et al. (2011), Zhu et al. (2011), Jiang et al. (2012, 2014, 

2015), Ma et al. (2013, 2013a, 2013b, 2015), Ji et al. (2014), Zheng et al. (2014), Chen 

et al. (2015a, 2015b), Xu et al. (2015, 2019), Ye et al. (2015), Gao et al. (2017), Dai et 

al. (2018), Wu et al. (2018), Liu et al. (2019), Meng et al. (2019, 2020), Tang et al. 

(2019), Yin et al. (2019), Huang et al. (2020). 



 Adakitic signature originated from residual or fractionated amphibole 

 Coeval A-type quartz syenites were produced from fractional 



crystallization

 Neo-Tethyan subduction system underwent rollback during late 

Cretaceous.
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