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ABSTRACT 

The origin of the Eocene shoshonitic rocks within the upper part of the extensive 

Linzizong volcanic succession (i.e., the Pana Formation) in the Gangdese arc, southern 

Tibet remains unclear, inhibiting the detailed investigations on the crust-mantle 

interaction and mantle dynamics that operate the generation of the coeval magmatic 

flare-up in the arc. We report mineral composition, zircon U–Pb age and zircon Hf 

isotope, whole-rock element and Sr–Nd–Hf isotope data for the Pana Formation 

volcanic rocks from Pangduo, eastern Gangdese arc in southern Tibet. The Pana 

volcanic rocks from Pangduo include basalts, basaltic andesites, and dacites. SIMS and 

LA-ICPMS zircon U–Pb dating indicates that the Pangduo dacites were erupted at 50  

1 Ma, representing the volcanic equivalent of the coeval Gangdese Batholith that define 

a magmatic flare-up at 51  1 Ma. The Pangduo volcanic rocks are exclusively 

shoshonitic, differing from typical subduction-related calc-alkaline volcanic rocks. The 

basalts have positive whole-rock ƐNd(t) (+1.7) and ƐHf(t) (+3.8) with high Zr abundances 

(121–169 ppm) and Zr/Y ratios (4.3–5.2), most likely derived from the partial melting 

of an enriched garnet-bearing lithospheric mantle that was metasomatized by 

subduction-related components with input from asthenosphere. Compared to the basalts, 

similar trace elemental patterns and decreased whole-rock ƐNd(t) (–3.5 to –3.3) and ƐHf(t) 

(–2.5 to –1.6) of the basaltic andesites can be attributed to the input of the ancient 

basement-derived material of the central Lhasa subterrane into the basaltic magmas. The 

coherent whole-rock Sr–Nd–Hf isotopic compositions ((
87

Sr/
86

Sr)i = 0.7064–0.7069, 

ƐNd(t) = –6.0 to –5.2, ƐHf(t) = –5.6 to –5.0) and varying zircon ƐHf(t) (–6.0 to +4.1) of the 

dacites can be interpreted by the partial melting of a hybrid lower crust source (juvenile 

and ancient lower crust) with incorporation of basement-derived components. 

Calculations of zircon-Ti temperature and whole-rock zircon saturation temperature of 

the dacites, and clinopyroxene crystallization temperature of the basalts suggest that the 

Pangduo volcanic rocks are most likely derived from the high-temperature melting of 

the lithosphere (including lithospheric mantle and overlying continental crust) as a 

result of the slab breakoff of the Neo-Tethyan oceanic lithosphere. 
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1. Introduction 

Shoshonitic rocks are enriched in K with high K2O/Na2O ratios and in large ion 

lithophile elements (LILEs), as well as light rare earth elements (LREEs) (Morrison, 

1980). These rocks can occur at a variety of tectonic settings including magmatic arcs 

and post-collisional settings (Müller et al., 1992; Conticelli et al., 2009; Kirchenbaur et 

al., 2012; Pe-Piper et al., 2009) and are generally attributed to distinct mantle processes 

involving slab breakoff or lithospheric delamination under a thick lithosphere (Farmer 

et al., 2002; Pe-Piper et al., 2009). A general view is that the basaltic shoshonitic magma 

is derived from partial melting of the subcontinental lithospheric mantle (Kirchenbaur et 

al., 2012). However, the origin of silicic shoshonitic rocks is rather complicated, 

involving partial melting of the K-rich lower crust (Ferreira et al., 2015; Sen and Dunn, 

1994), differentiation of mantle-derived mafic K-rich magmas (Bucholz et al., 2014; 

Busby et al., 2008; Putirka and Busby, 2007), and incorporation of sediment-derived 

melts into mantle-derived melts (Castro et al., 2010; Wang et al., 2017) or hybridization 

of a lower continental crustal melt with more felsic crustal rocks (Ferreira et al., 2015). 

Such complexity leads to a considerable difficulty in constraining the origin of 

shoshonitic rocks from ancient orogenic belts. This is the case for the Eocene 

shoshonitic rocks from the Gangdese arc in southern Tibet. 

The Eocene shoshonitic rocks (5248 Ma) within the upper part of the extensive 

Linzizong volcanic succession (i.e., the Pana Formation) (Fig. 1a) in the Gangdese arc, 

southern Tibet have been documented for years (Mo et al., 2003, 2007, 2008; Lee et al., 

2012; Zhu et al., 2015). However, the origin of these rocks remains unclear. For 

example, the shoshonitic suite with varying SiO2 (5371 wt.%) has been exclusively 

attributed to the small-degree melting of the metasomatized lithospheric mantle (Lee et 

al., 2012) or the remelting of rocks equivalent to the lower Linzizong andesitic rocks 

with input of terrigenous sediments (Mo et al., 2008). These rocks are coeval with the 

magmatic flare-up at 51  1 Ma in the Gangdese arc (Zhu et al., 2015). In this case, 

deciphering reliably the origin of these rocks is central to understanding the 

crust-mantle interaction and mantle dynamics that trigger the magmatic flare-up. 
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This study reports zircon U–Pb age and zircon Hf isotope, whole-rock element and 

Sr–Nd–Hf data of the ca. 50 Ma Pana Formation volcanic rocks from the Linzizong 

volcanic succession, as well as geochemical data of the Carboniferous sandstones from 

Pangduo (Fig. 1b), plus electron-probe and LA-ICPMS data of clinopyroxene within the 

Linzizong volcanic succession with varying ages from Pangduo and Linzhou, eastern 

Gangdese arc in southern Tibet (Fig. 1b). Our new data, together with the data reported 

in the literature (e.g., Yue and Ding, 2006; Mo et al., 2007, 2008; Lee et al., 2007, 2012; 

Jia et al., 2013; Zhu et al., 2015), allow us to decipher the origin of the basaltic 

shoshonitic rocks from the low-degree partial melting of an enriched lithospheric mantle 

without input of sediment and the dacitic shoshonitic rocks from partial melting of a 

hybrid source region (including juvenile and ancient lower crust) followed by fractional 

crystallization and assimilation of basement-derived melts. Our work provides not only 

important insights into the crust-mantle interaction and mechanism responsible for the 

generation of the magmatic flare-up at 51  1 Ma in the Gangdese arc, but also a good 

example to constrain the origin of the shoshonitic volcanic rocks in post-collisional 

settings. 

 

2. Geological background and samples 

The Tibetan Plateau, from north to south, consists of the SongpanGanzi flysch 

complex, the Eastern Qiangtang Terrane, the Western Qiangtang Terrane, the Lhasa 

Terrane, and the Himalaya (Fig. 1a), which separated by the Jinsha (JSSZ), Longmu 

TsoShuanghu (LSSZ), BangongNujiang (BNSZ), and IndusYarlung Zangbo 

(IYZSZ) suture zones (Fig. 1a) (Zhu et al., 2013). According to the differences of 

basement rock and sedimentary cover, the Lhasa Terrane can be further divided into the 

northern, central, and southern subterranes, separated by the Shiquan RiverNam Tso 

Mélange Zone (SNMZ) and LuobaduiMilashan Fault (LMF), respectively (Fig. 1b) 

(Zhu et al., 2011, 2013). 

The northern Lhasa subterrane (except the Amdo microcontinent) is characterized 

by the presence of a juvenile crust (Zhu et al., 2011), which is covered by the Middle 

Triassic–Cretaceous sedimentary rocks, abundant Early Cretaceous volcanic rocks, and 
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associated granitoids (Pan et al., 2004; Zhu et al., 2013). The central Lhasa subterrane is 

interpreted as a microcontinental ribbon with a Precambrian basement (Dong et al., 

2011; Zhang et al., 2010; Zhu et al., 2009, 2011, 2013). This basement is covered by the 

abundant Permo–Carboniferous metasedimentary rocks and the Upper Jurassic–Lower 

Cretaceous sedimentary units with abundant volcanic rocks (Zhu et al., 2009, 2011, 

2013), as well as minor OrdovicianDevonian, and Triassic limestones (Pan et al., 2004) 

and rare Cambrian strata (Zhu et al., 2012). The southern Lhasa subterrane is also 

characterized by the existence of a juvenile crust (e.g., Ji et al., 2009; Mo et al., 2008; 

Zhu et al., 2011) with a Precambrian crystalline basement locally preserved in its 

eastern segment (Zhu et al., 2013). This subterrane is dominated by the 

Cretaceous–Tertiary Gangdese Batholith and Paleogene Linzizong volcanic succession 

(Mo et al., 2007; Ji et al., 2009; Zhu et al., 2011, 2013, 2015, 2017) with minor 

Triassic–Cretaceous volcano-sedimentary rocks (Pan et al., 2004; Zhu et al., 2013). 

The Linzizong volcanic succession extends > 1200 km along the southern Lhasa 

subterrane (Fig. 1a) and can be divided into the lower Dianzhong, middle Nianbo, and 

upper Pana formations (Mo et al., 2003, 2007; Dong et al., 2002, 2005; Zhu et al., 2015, 

2017). The well-defined stratigraphy of the Linzizong volcanic succession is located in 

the Linzhou basin, ~30 km north of the Lhasa city (Dong et al., 2005; Liu, 1993; Mo et 

al., 2003, 2007, 2008; Zhou et al., 2004; Yue and Ding, 2006; Zhu et al., 2015). In this 

basin, the lower Dianzhong Formation consists of 2351 m andesitic rocks, the middle 

Nianbo Formation comprises 500 m sedimentary rocks (limestone and mudstone) and 

345 m andesite rocks with volcanic breccia, and the upper Pana Formation is mainly 

composed of 2350 m rhyolites and rhyolitic ignimbrites (Fig. 1c) (Dong et al., 2005). 

Recent SIMS zircon U–Pb age data indicate that the Linzizong volcanism in the 

Linzhou basin was active during 60.1–52.3 Ma, i.e., 60.1–58.3 Ma for the Dianzhong 

Formation, 55.4–52.6 Ma for the Nianbo Formation, and 52.6–52.3 Ma for the Pana 

Formation, respectively (Fig. 1c) (Zhu et al., 2015). 

This study investigated the Pana Formation volcanic rocks (30°11.604′ N, 

90°20.631′ E) exposed at Pangduo (Fig. 1d), ~30 km north of the Linzhou basin in the 

eastern Lhasa Terrane (Fig. 1b). These rocks consist mainly of basalt, basaltic andesite, 
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and dacite (Figs. 2a–c), unconformably overlying the Carboniferous–Lower Permian 

slate, siltstone, sandstone, mudstone, and limestone and were intruded by Eocene 

granitoids (Fig. 1d). 

The Pangduo basalts are prophyritic with phenocrysts of clinopyroxene and 

plagioclase in an intergranular groundmass, which is composed of fine-grained 

plagioclase, clinopyroxene, and magnetite (Fig. 2d). Basaltic andesites experienced 

varying degrees of alteration, consisting mainly of altered plagioclase and chlorite (Fig. 

2e). Dacites contain phenocrysts dominated by euhedral–subhedral plagioclase, 

K-feldspar and biotite, minor quartz and amphibole, and groundmass consisting mainly 

of microlitic felsic minerals (Figs. 2f–h). Sandstones are characterized by abundant 

subangular–subrounded quartz with minor plagioclase and lithic fragments (Fig. 2i). 

 

3. Results 

3.1. U–Pb zircon age data 

One dacite sample (12PD07-1) collected from ~3 km NE of Pangduo (Fig. 1d) was 

selected for zircon SIMS (secondary ion mass spectrometry) U–Pb dating, two dacite 

samples (12PD02-1 and 12PD06-1) collected from ~10 km south and ~6 km west of 

Pangduo, respectively (Fig. 1d), were dated using zircon LA-ICPMS U–Pb method. The 

descriptions of analytical methods are given in Appendix A. The zircon SIMS and 

LA-ICPMS U–Pb isotopic data are given in Supplementary Table S1 and S2, 

respectively, and shown in Figs. 3a–c. 

The zircons from these samples are mostly euhedral to subhedral and show short to 

long prismatic forms (60–150 m long), with length-to-width ratios from 1:1 to 3:1, and 

exhibit clear oscillatory zoning (Figs. 3a–c). All of the analyzed zircons have varying 

Th (141–1556 ppm) and U (127–628 ppm) abundances, with Th/U ratios of 1.01 to 2.48, 

consistent with a magmatic origin (Hoskin and Schaltegger, 2003). The obtained data 

are interpreted to represent the timing of zircon crystallization and thus the timing of the 

magma emplacement. 

The analyses of 16 zircons from sample 12PD07-1 yield SIMS 
206

Pb/
238

U ages 

ranging from 51.2 to 48.1 Ma with a weighted mean age of 50.1 ± 0.4 Ma (MSWD = 
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0.73) (Fig. 3a). Eighteen analyses of zircons from the sample 12PD02-1 show nearly 

concordant ages (Fig. 3b). Excluding one analyse that yields an inherited age of ca. 131 

Ma, the other 17 analyses gave a range of LA-ICPMS 
206

Pb/
238

U ages of 5147 Ma with 

a weighted mean age of 48.8 ± 1 Ma (MSWD = 0.29) (Fig. 3b). A similar weighted 

mean age (49.7 ± 0.8 Ma) was also obtained for sample 12PD06-1 (MSWD = 0.43), 

which yield LA-ICPMS
 206

Pb/
238

U ages ranging from 52 to 48 Ma (16 analyses) (Fig. 

3c). 

 

3.2. Whole-rock geochemical data 

Analytical methods used in this study are presented in Appendix A. The 

whole-rock major and trace element data of the Pangduo volcanic rocks are given in 

Supplementary Table S3. 

Field and petrographical observations (Figs. 2d, e) and varying loss on ignition 

(LOI) values (Table S3) indicate that the basalts and basaltic andesites (mafic) (LOI = 

2.70–7.04 wt.%) experienced varying degrees of alteration, while the dacite samples 

(LOI = 0.40–1.98 wt.%) were relatively fresh. Thus, this study mainly focuses on high 

field strength elements (HFSEs), rare earth elements (REEs), and transitional elements 

(e.g., Ni, Cr, V, and Sc) for rock classification and petrogenetic discussion of the mafic 

samples. All the whole-rock major element data used in the following discussion are 

normalized to an anhydrous basis. The Pangduo volcanic samples consist of 

sub-alkaline basalt, basaltic andesite, andesite, and dacite/trachyandesite (Fig. 4a) 

(Winchester and Floyd, 1977) and are exclusively shoshonitic (Fig. 4b) (Pearce, 1982). 

One basalt sample (SiO2 = 48.95 wt.%) from Pangduo is characterized by higher 

Al2O3 (17.69 wt.%), K2O (2.85 wt.%), lower MgO (5.63 wt.%), Mg# (52), Fe2O3 (10.34 

wt.%), TiO2 (0.94 wt.%), P2O5 (0.6 wt.%), Cr (21 ppm), Ni (43.2 ppm), and Pb (9.5 

ppm) abundances (Figs. 5a–g) compared to primitive magmas (Leat et al., 2002). This 

sample is enriched in light rare earth elements (LREEs) [(La/Yb)N = 14.38, where N 

denotes normalized to chondrite values of Sun and McDonough, 1989] with weak 

negative Eu anomalies (Eu/Eu* = 0.86) and in Th, U, and depleted in Nb, Ta, Zr, Hf, 

and Ti (Figs. 6ab). It has geochemical compositions similar to those of coeval basaltic 
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rocks from the Linzhou basin (Figs. 6ab). Compared to those of the Andean arc-type 

basaltic rocks, the Pangduo basalt sample shows higher concentrations of strong 

incompatible element (e.g., Th = 9.15 ppm, U = 2.37 ppm, Nb = 13.4 ppm, La = 51.7 

ppm, and Zr = 169 ppm) (Fig. 6b). 

The Pangduo basaltic andesite samples contain 53.9754.80 wt.% SiO2 and 

17.51–17.73 wt.% Al2O3. These samples show low MgO (4.21–4.47 wt.%) with Mg# of 

48–51, and low compatible element abundances (e.g., Cr = 14–52 ppm, Ni = 24.2–26.4 

ppm). They exhibit geochemical signatures similar to those of the basalt sample as seen 

from the chondrite-normalized REE patterns ((La/Yb)N = 12.08–12.90, Eu/Eu* = 

0.87–0.90) (Fig. 6a) and primitive mantle-normalized spidergram (Fig. 6b). 

The Pangduo dacite samples (SiO2 = 64.38–69.92 wt.%) display low MgO 

(0.37–0.84 wt.%), varying Al2O3 (15.83–18.58 wt.%), and high K2O (5.96–6.59 wt.%) 

and K2O/Na2O (1.51–2.05). These samples are weakly peraluminous with A/CNK of 

1.011.05, significantly enriched in LREEs ((La/Yb)N = 15.88–20.37) with moderately 

negative Eu anomalies (Eu/Eu* = 0.48–0.84) (Fig. 6c) and are depleted in Nb, Ta, P, and 

Ti (Fig. 6d). 

 

3.3. Whole-rock Sr–Nd–Hf isotopic data 

Analytical methods are given in Appendix A. The whole-rock Sr–Nd–Hf isotopic 

data of the Pangduo volcanic rocks are presented in Supplementary Table S3. The Sr, 

Nd, and Hf isotopic data of all analyzed samples are calibrated to 50 Ma. 

One basalt sample (12PD01-1) has whole-rock (
87

Sr/
86

Sr)i of 0.7051, positive ƐNd(t) 

(+1.7) with young Nd isotope mantle model age (TDM) of 0.79 Ga, and shows positive 

whole-rock ƐHf(t) of +3.8, corresponding to Hf isotope TDM of 0.82 Ga (Figs. 7a–e). 

These isotopic compositions differ significantly from those of the four basaltic andesite 

samples that show coherent isotopic compositions, e.g., (
87

Sr/
86

Sr)i = 0.7061–0.7063, 

ƐNd(t) = –3.5 to –3.3 (TDM = 1.22–1.19 Ga), ƐHf(t) = –2.5 to –1.6 (TDM = 1.16–1.11 Ga) 

(Figs. 7a–e). Compared to the basaltic andesite samples, the dacite samples show 

similar whole-rock (
87

Sr/
86

Sr)i (0.70640.7069), lower ƐNd(t) (–6.0 to –5.2) and ƐHf(t) 

(–5.6 to –5.0) values, corresponding to older but identical two-stage Nd model ages 
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(TDM2) (1.35–1.28 Ga) and Hf isotope crustal model ages (TDM
C
) (1.45–1.41 Ga) (Figs. 

7a–e). Two Upper Carboniferous sandstone samples (12PD09-1 and 12PD11-1) yield 

whole-rock (
87

Sr/
86

Sr)i ratios of 0.7406 and 0.7269, and negative ƐNd(t) values of –19.8 

and –19.2, respectively. Sample 12PD11-1 has negative whole-rock ƐHf(t) value of 

–22.6 (Figs. 7b–e). 

 

3.4. Zircon Lu–Hf isotopic data 

In situ zircon Hf isotopic analytical methods are presented in Appendix A, and the 

zircon Hf isotopic data are listed in Supplementary Table S4. The 27 analyses of zircons 

from two dacite samples (12PD02-1 and 12PD06-1) have varying ƐHf(t) of –3.3 to +4.1 

and –6.0 to +2.8, yielding Hf isotopic crustal model ages (TDM
C
) of 1.3–0.83 Ga and 

1.48–0.92 Ga, respectively (Fig. 7e). 

 

3.5. Mineral compositions 

Clinopyroxenes are selected from three basaltic samples from the Pana Formation 

in Pangduo (12PD01-1) and Linzhou (12LZ17-1, 52 Ma, our unpublished data), the 

Nianbo Formation (13LZ15-1, 54 Ma, our unpublished data) and from one andesite 

sample from the Dianzhong Formation (12LZ06-1, 59 Ma, our unpublished data) in 

Linzhou to determine their chemical compositions using electron microprobe and 

LA-ICPMS methods. The detailed descriptions of analytical methods are given in 

Appendix A. The major oxide compositions analyzed by electron microprobe and 

LA-ICPMS are listed in Supplemental Tables S5 and S6, respectively. 

Clinopyroxenes from the Pangduo Pana Formation basalt exhibit compositional 

variation of Wo44–50En34–40Fs13–16 and thus are salite (Morimoto et al., 1988). These 

salite grains display high CaO contents (21.38–25.3 wt.%), and moderate Al2O3 

contents (3.75–7.08 wt.%), FeO contents (8.16–9.59 wt.%), MgO contents 

(11.98–13.72), and Mg# values (69.8–74.8). Clinopyroxenes in the Linzhou Pana 

Formation basalts are mostly of augite (Wo41–46En39–45Fs11–16) and have CaO = 

19.87–23.14 wt.%, Al2O3 = 2.19–5.11 wt.%, FeO = 7.17–9.67 wt.%, MgO = 13.65–16.2 

wt.%, and Mg# = 73.1–80, similar to those of the salite grains in the Pangduo basalt. 
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Clinopyroxenes in the Linzhou andesite (Wo46–51En37–42Fs8–14) show CaO contents of 

21.75–25.64 wt.%, Al2O3 contents of 4.42–8.23 wt.%, as well as FeO contents of 

4.97–8.19 wt.%, MgO contents of 12.22–15.38 wt.%, and Mg# values of 72.9–84.2, and 

thus are of salite. 

 

4. Discussion 

4.1. Volcanism at ca. 50 Ma in the southern Lhasa subterrane 

Our new SIMS and LA-ICPMS zircon U–Pb age data indicate that the Pangduo 

dacites of the Pana Formation were erupted between 50.3 to 48.8 Ma, slightly 

postdating the Pana Formation rhyolitic rocks in the Linzhou basin, ~30 km to the south 

of Pangduo (Fig. 1b) (52.6–52.3 Ma, Zhu et al., 2015). This age difference of the Pana 

Formation volcanic rocks from Pangduo and Linzhou is consistent with the result of 

geological mapping, which suggests that the quartz-trachytic rocks from Pangduo and 

the rhyolitic rocks from Linzhou represent the upper and middle–lower parts of the Pana 

Formation, respectively (Fig. 1c) (Dong et al., 2005). Recently, the ca. 50 Ma volcanic 

rocks of the Pana Formation were also identified by zircon U–Pb dating from Zhunuo 

(48.9  0.8 Ma, Liang et al., 2010), Salada (50.9  0.6 Ma, our unpublished data), and 

Sangsang (49.8  0.9 Ma, Xie et al., 2011) in the central segment of the southern Lhasa 

subterrane (Fig. 1b) and from southern Yagra (51.3  0.4 Ma; our unpublished data) and 

southeastern Shiquan River (53.9  0.5 Ma, Fu et al., 2014) in the western segment of 

the Lhasa Terrane (Fig. 1b). 

The Pangduo basalts and basaltic andesites were overlain by the Quaternary (Fig. 

1d), inhibiting a detailed investigation on the field relationship between basalts, basaltic 

andesites, and dated dacite samples. It should be noted that one altered basaltic andesite 

(ST055C) (LOI = 2.97 wt.%) from Pangduo was dated at 43.8  0.6 Ma by whole-rock 

40
Ar/

39
Ar method (Lee et al., 2009) (Figs. 1b, d). This indicates that the basaltic 

andesites are most likely coeval with the dacites (ca. 50 Ma) as whole-rock 
40

Ar/
39

Ar 

age is generally younger than the zircon U–Pb age due to Ar loss during alteration (Fig. 

8) (Kelley, 2002). This inference was reinforced by the presence of the basaltic rocks 

from Linzhou (Fig. 1b) that yielded a hornblende 
40

Ar/
39

Ar age of 52.9  0.4 Ma (Yue 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

12 

 

and Ding, 2006), which display geochemical features similar to those of the Pangduo 

basalts reported in this study (Figs. 4–7). This similarity enables us to conclude that 

basaltic magmatism was active both in Pangduo and Linzhou at 51  1 Ma. Moreover, 

variably altered mafic rocks of the Pana Formation from NW Lhasa, Namling, and 

Xigaze (Fig. 1b) (Lee et al., 2009) were also dated by whole-rock 
40

Ar/
39

Ar method at 

43.2  1.6 Ma, 44  0.8 Ma, and 49.3  1.2 Ma, respectively (Lee et al., 2009). 

Our new age data, together with the age data available in the literature, indicate the 

presence of ca. 50 Ma volcanic rocks along the length of the southern Lhasa subterrane 

(Fig. 1b). These rocks are dominated by silicic (dacitic and rhyolitic) rocks with minor 

mafic (basaltic and andesitic) varieties (Fig. 8), representing the volcanic equivalent of 

the coeval Gangdese Batholith that define a magmatic flare-up at 51  1 Ma (Zhu et al., 

2015). 

 

4.2. Evidence for high-temperature melting in generating the ca. 50 Ma volcanic 

rocks 

Available whole-rock geochemical data of the Linzizong volcanic succession in 

Pangduo and Linzhou (Lee et al., 2012; Mo et al., 2008; Zhu et al., 2015) suggest a 

significant increase of zircon saturation temperatures from the early Dianzhong 

(709–788 °C, 739 °C in average) and Nianbo formations (702–811 °C, 768 °C in 

average) to the late Pana Formation (744–900 °C, 811 °C in average) (Fig. 9a). This 

temperature anomaly has also been documented by the compositions of clinopyroxene 

that records temperature (T) and pressure (P) conditions of primary magma (Putirka et 

al., 2003). Examination of the Fe–Mg exchange coefficients [i.e., KD(Fe–Mg)cpx–liq] 

following the method of Putirka (2008) yields the KD values of 0.240.27 for the 

clinopyroxenes obtained in this paper (Table S5), consistent with the KD values obtained 

from experimental studies [KD(Fe–Mg)
cpx–liq

 = 0.28 ± 0.08] (Putirka, 2008). This 

consistency indicates that the compositions of clinopyroxene phenocrysts from the 

Linzizong volcanic rocks are in equilibrium with their host lavas and thus can be used to 

calculate the crystallization temperatures of the host lavas. The compositions of 

clinopyroxene from the host Linzizong volcanic rocks reveal an increase of 
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crystallization temperatures at ca. 50 Ma (up to ~1182°C with pressure of around 0.7 

GPa) (Fig. 9b), indicating that the source region of magma at ca. 50 Ma is hotter than 

the early stage of the Linzizong volcanism. The increased melting temperature at ca. 50 

Ma is also indicated by the Pangduo dacites, which yield high zircon-Ti temperatures 

(around 800 °C) (Fig. 9a) (Watson et al., 2006) and high whole-rock zircon saturation 

temperatures (850–879 °C) (Fig. 9a) (Watson and Harrison, 1983), which are 

comparable to the temperature conditions required for the generation of “hot” granitoid 

magma (> 800 °C, Miller et al., 2003). 

 

4.3. Petrogenesis 

4.3.1 Effects of crustal contamination and fractional crystallization on the 

compositions of the ca. 50 Ma basaltic magma 

As presented earlier, the basalt sample in Pangduo and the coeval basaltic rocks in 

Linzhou display geochemical similarity, both of them are shoshonitic (Fig. 4b) and are 

depleted in HFSEs (e.g., Nb, Ta, Ti, Zr, and Hf) and enriched in Th, U, and LREEs (Figs. 

6a and b). These geochemical features can be ascribed either to partial melting of an 

enriched mantle source that was metasomatized by subduction-related fluids and/or 

melts, or to significant crustal contamination during magma ascent (Ryerson and 

Watson, 1987; Zhu et al., 2012). The depleted Sr–Nd–Hf isotopic compositions (Figs. 

7a–c) and the absence of correlation between SiO2 and (
87

Sr/
86

Sr)i, ƐNd(t) (Figs. 7ab) 

observed from the Pangduo basalt and the coeval Linzhou basaltic rocks suggest that 

crustal contamination is insignificant for their generation. 

The low MgO (5.63 wt.%) (Fig. 5a), Mg# (52), Cr (21 ppm), and Ni (43.2 ppm) of 

the Pangduo basalt compared to primitive magma (Mg# > 64, Cr > 400 ppm, and Ni > 

200 ppm) (Leat et al., 2002) indicate a significant fractional crystallization of mafic 

minerals (e.g., olivine and clinopyroxene). This is clearly shown in Figs. 5a and e, 

which define a trend of fractional crystallization of clinopyroxene as it contains high 

CaO and MgO abundance as well as low Al2O3 abundance. MELTS simulations (Gualda 

and Ghiorso, 2015) indicate that the coeval basaltic rocks from Linzhou can be formed 

from parent magma represented by sample 12PD01-1 through clinopyroxene 
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crystallization at 0.7 GPa with bulk H2O of 4 wt.% (Figs. 5a, d, and e). This is 

reinforced by the presence of clinopyroxene phenocrysts within the Pangduo basalt. The 

positive correlation defined by SiO2 and Al2O3 (Fig. 5d) and the lack of Eu anomalies 

(Eu/Eu* = 0.86) (Fig. 6a) suggest a limited plagioclase fractionation for the Pangduo 

basalts and coeval Linzhou basaltic rocks. 

 

4.3.2 Basalts 

A distinct geochemical feature of the Pangduo basalts and Linzhou basaltic rocks is 

that these rocks are exclusively shoshonitic (Fig. 4b). It has been established that the 

reaction between lithospheric mantle peridotite and subduction-related fluids and/or 

melts during oceanic subduction is capable of producing abundant K-rick minerals (e.g., 

phlogopite and amphibole) (Foley, 1992; Kirchenbaur et al., 2012; Wyllie and Sekine, 

1982). Partial melting of such K-rich phlogopite-bearing metasomatized lithospheric 

mantle will result in the generation of K-rich basaltic magma (Kirchenbaur et al., 2012). 

Thus, the geochemical similarity between the Pangduo basalts and the Tengliang 

shoshonitic basaltic dykes in eastern Tibet (Figs. 4b, 6a, b) suggests that these 

shoshonitic basaltic rocks are most likely derived from the partial melting of an 

enriched lithosphere mantle (Xu et al., 2008). On the (Ta/La)PM vs. (Hf/Sm)PM diagram 

of La Flèche et al. (1998) (Fig. 10a), the Pangduo basalts and coeval Linzhou basaltic 

rocks plot within the volcanic arc basalts that originate from a hydrate mantle source. 

This indicates that the source region of these basaltic rocks has been metasomatized by 

subduction-derived fluids. 

As presented above, the Pangduo and coeval Linzhou shoshonitic basalts show 

fractionated REE patterns ([La/Sm]N = 3.2–4.0, [Sm/Yb]N = 4.3–5.1) (Fig. 6a), which 

are different from typical arc basalts from the Andes (Figs. 6a). High [La/Sm]N ratios 

can be ascribed to low-degree partial melting of source region (Foley, 1992), while high 

[Sm/Yb]N ratios can be explained by a source with garnet as a residual phase (Fig. 10b), 

because HREEs preferentially enter into garnet relative to LREEs (D’Orazio et al., 2001; 

Moyen, 2009). Quantitatively, these mafic samples can be generated by 3–4% modal 

batch melting of a garnet-bearing lherzolitic source with 55% olivine, 30% 
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orthopyroxene, 10% clinopyroxene and 5% garnet (Fig. 10b). Therefore, the depth of 

partial melting may exceed to the spinel to garnet transition zone at peridotite solidus, 

which is assumed at ~75 km (McKenzie and O’Nions, 1991). 

The high Zr abundance (121–169 ppm) and Zr/Y ratios (4.3–5.2), as well as the 

similar Sr–Nd–Hf isotopic compositions documented by the Pangduo basalt ((
87

Sr/
86

Sr)i 

= 0.7051, ƐNd(t) = +1.7, ƐHf(t) = +3.8) and the coeval Linzhou basaltic rocks (Jia et al., 

2013; Yue and Ding, 2006) (Figs. 7a–c) suggest that these coeval shoshonitic basaltic 

rocks may originate from metasomatized lithospheric mantle with involvement of the 

asthenospheric materials. Taking the ~ 45 Ma Langshan OIB-type gabbro (Fig. 1b) 

((
87

Sr/
86

Sr)i = 0.7031, ƐNd(t) = 5, Sr = 635 ppm, Nd = 25 ppm, Ji et al., 2016) as an 

asthenosphere-derived melt and the ~ 64 Ma pseudoleucite phonolitic rock from 

Rongniduo in the central Lhasa subterrane ((
87

Sr/
86

Sr)i = 0.7064, ƐNd(t) = –0.6, Sr = 985 

ppm, Nd = 60 ppm; Qi et al., 2018) as a pre-collisional lithospheric mantle-derived melt, 

the results of quantitative modeling indicate that the Sr–Nd isotopic compositions of the 

basaltic rocks from Pangduo and Linzhou match the mixing line defined by these two 

end-members (Fig. 7d), corroborating that asthenospheric mantle-derived material may 

have been involved in the generation of these basaltic rocks. 

In summary, the Pangduo and the Linzhou shoshonitic basaltic rocks are most 

likely derived from low-degree partial melting of an enriched garnet-bearing 

lithospheric mantle, which was metasomatized by subduction-related fluids, 

accompanied with contributions from asthenosphere, and followed by clinopyroxene 

fractionation during magma ascent. 

 

4.3.3 Basaltic andesites 

Scattered plots of SiO2 vs. MgO, Fe2O3, TiO2, Al2O3, and CaO of the Pangduo and 

the coeval Linzhou basaltic samples (Figs. 5a–e) indicate that the basaltic andesites 

cannot be produced by the basaltic magmas through fractional crystallization of 

clinopyroxene, plagioclase, and Ti-bearing phases. Considering that the Pangduo 

basaltic andesites display coherent REE and trace element patterns with the Pangduo 

and the coeval Linzhou basaltic samples (Figs. 6a, b), we interpret that the basaltic 
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andesites and the basalts may originate from a common mantle source. However, the 

basaltic andesites show much higher Pb abundances (Pb = 17.6–72.1 ppm) than the 

basaltic samples (Pb = 3.6–14.2 ppm), requiring an input of sediments or middle-upper 

crust-derived materials. It should be noted that the strongly peraluminous granite 

(08DX17), which represents the basement-derived materials of the central Lhasa 

subterrane, has high Pb abundance (Pb = 66.6 ppm, Zhu et al., 2011) and the 

Carboniferous sandstones (Pb = 4.5–27.0 ppm), which can be accepted as the wall rocks 

of the Pana Formation dacitic rocks in the region display low Pb abundance (Pb = 

4.5–27 ppm) (Table S3). This difference of Pb abundance between the basement-derived 

materials and the wall rocks in the region enables us to interpret that the high Pb 

abundances of the Pangduo basaltic andesite rocks are most likely associated with the 

involvement of the basement-derived materials rather than the components of the 

Carboniferous wall rocks. Such an interpretation for the Pangduo basalt and basaltic 

andesites was supported by the Nd–Hf isotopic compositions, which are not sensitive to 

alteration. Results of modeling indicate that the whole-rock Nd–Hf isotopic 

compositions of the basaltic andesites can readily be interpreted by the involvement of 

approximately 30% basement-derived materials rather than the assimilation of wall 

rocks in the region (Fig. 7e). 

 

4.3.4 Dacites 

Two hypotheses have been proposed to explain the origin of the extensive Pana 

Formation silicic rocks, including (1) re-melting of the rocks equivalent to the andesites 

of the Dianzhong Formation with mantle isotopic signatures inherited from the 

Neo-Tethyan oceanic crust (Mo et al., 2008), and (2) the calc-alkaline and shoshonitic 

suites of the Pana Formation are derived from partial melting of the mantle wedge and 

the metasomatized lithospheric mantle followed by assimilation and crystallization 

(AFC) processes (Lee et al., 2012). Experimental petrology studies indicate that partial 

melting of the low-K basaltic rocks resembling the upper oceanic crust will produce 

silicic melts with low-K calc-alkaline affinity (Wolf and Wyllie, 1994). Thus, the 

shoshonitic affinity of the Pangduo dacites suggests that these rocks can not be derived 
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directly from partial melting of the subducted Neo-Tethyan oceanic crust. The 

shoshonitic silicic rocks with SiO2 > 65.0 wt.% from the Pana Formation cannot be 

generated by the small-degree melting of metasomatized lithospheric mantle as 

suggested by Lee et al. (2012). This is because, based on experimental studies, magmas 

produced by partial melting of mantle peridotite are exclusively basaltic to andesitic (cf. 

Kushiro, 2007). The negative correlation defined by Sr vs. Rb/Sr (Fig. 11a) and the 

positive correlation defined by Sr vs. Ba (Fig. 11b) suggest that the Pangduo dacites 

experience significant fractional crystallization of plagioclase and K-feldspar. 

Quantitative modeling reveals that the Ba, Sr, and Rb abundances in the fractionated 

sample (12PD06-1, SiO2 = 69.92 wt.%) can be generated by ca. 25% fractional 

crystallization of 50% plagioclase + 50% K-feldspar from the assumed parent magma 

composition represented by the least fractionated dacite sample (12PD07-1, SiO2 = 

64.38 wt.%) (Figs. 11ab). 

The weakly peraluminous nature (A/CNK = 1.011.05) of the dacites is 

inconsistent with the strongly peraluminous nature of experimental melts formed during 

reaction between continent-derived sediment and mantle peridotite (Castro et al., 2010; 

Wang et al., 2017), suggesting that contributions from sediments are insignificant for the 

generation of the dacites. The varying zircon ƐHf(t) (–6.0 to +4.1), negative ƐNd(t) (–6.0 

to –5.2), and ƐHf(t) (–5.6 to –5.0) (Figs. 7de) of the Pangduo dacites indicate that these 

rocks are most likely derived from partial melting of an ancient crust with varying 

contributions from juvenile crust. Such hybrid-source interpretation is well consistent 

with the geographical distribution of the Pangduo dacites, which are exposed in the 

transitional region between the central Lhasa subterrane with ancient basement and the 

southern Lhasa subterrane that is juvenile (Fig. 1b). Assuming that the Pangduo basalts 

reported in this paper (12PD01-1) can be used to represent isotopically the compositions 

of a juvenile lower crust and the ca. 122 Ma I-type granodiorite from Coqen ((
87

Sr/
86

Sr)i 

= 0.7136, ƐNd(t) = –12.3, Sr = 209 ppm, Nd = 49 ppm; Zhang, 2012) can be considered 

as proxy of an isotopically enriched composition from the ancient lower crust-derived 

melt in the central Lhasa subterrane, the Sr–Nd–Hf isotopic compositions of the 

Pangduo dacites can readily be explained by mixing between the ca. 50% juvenile lower 
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crust-derived and the ca. 50% ancient lower crust-derived melts (Figs. 7de). 

Experimental melts from amphibolite in basaltic composition with K2O = 0.8 wt.% 

under 1.52.0 GPa and 9001150 °C are high-K and silicic (Sen and Dunn, 1994), in 

which the pressure is similar to the thickened crustal conditions (~60 km) of the 

Gangdese arc at ca. 50 Ma (Zhu et al., 2017). Although experimental melts overlap with 

the composition of the Pangduo dacites on most Harker plots (Figs. 5a–f), the K2O 

contents of experimental melts at 1.52.0 GPa are too low in relative to the Pangduo 

dacites (Fig. 5f). This discrepancy can be attributed to the low K2O contents in the 

experimental starting material or the involvement of K-rich component during magma 

ascent. The absence of granulites in the central Lhasa subterrane inhibits us to evaluate 

the contribution of the ancient Lhasa lower crust-derived melts in the generation of the 

Pangduo dacites. The predominantly low K2O contents (~ 80% samples < 0.8 wt.%; Fig. 

5f) of basaltic granulites worldwide (www.Georoc.com) and the relatively low K2O 

contents of the Carboniferous sandstones (K2O = 3.543.92 wt. %; Table S3) in 

Pangduo indicate that the K-rich nature of the Pangduo dacites can not be attributed to 

the involvement of basaltic lower crust- and/or Carboniferous wall rock-derived 

components. Instead, we tentatively argue that such K-rich nature could be the result of 

assimilation of K-rich central Lhasa basement-derived melt as represented by the 

strongly peraluminous granite (Zhu et al., 2011). This is because although the K2O 

content of such granite (K2O = 5.99 wt.%) is lower than the Pangduo dacites, the 

fractionated nature of the granite (differentiation index = 86) indicates that the primary 

magma of the granite would have high K2O content comparable to or higher than that of 

the Pangduo dacites. 

A question is that why the Pangduo dacites did not show a garnet signature (e.g., 

high Sr/Y and low HREE abundances) if the Gangdese arc crust has been thickened to 

~60 km at 5545 Ma (Zhu et al., 2017)? Such observation is also present in the Central 

Andean orocline, where the present crustal thickness ( 65 km; Yuan et al., 2002) is 

similar to the early Eocene Gangdese arc. However, the arc magmas younger than 3 Ma 

did not show a “garnet signature”, which is attributed to the assimilation and 

differentiation of magmas at shallow crustal levels (Mamani et al., 2010). Meanwhile, 
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experimental petrology study suggests that the amount of garnet in the residue decreases 

with increasing temperature (Castro et al., 2010). Both cases can be invoked to interpret 

the absence of a garnet signature in the Pangduo dacites as these rocks were generated 

through high-temperature melting (Figs. 9ab) followed by assimilation and 

differentiation (Figs. 11ab) during magma ascent. 

To sum up, the generation of the Pangduo dacites may have experienced two-stage 

processes, including the partial melting of a hybrid lower crust source region, followed 

by fractional crystallization and assimilation of the basement-derived melts at upper 

crust level. 

 

4.4. Geodynamical interpretation 

Previously, the Linzizong volcanic succession was considered as active continental 

margin magmatism prior to the India-Asia collision (Pearce and Mei, 1988) or 

syn-collision magmatism in response to the India-Asia collision (Mo et al., 2003, 2007, 

2008). Recently, a comprehensive synthesis of geological, geochronological, and 

geochemical data reveals that the Gangdese magmatism migrates northward from > 72 

Ma to 71–65 Ma and then sweeps out to the south at 64–48 Ma accompanied with a 

magmatic flare-up at ca. 51 Ma (Zhu et al., 2015). These observations led Zhu et al. 

(2015, 2017) and Wang et al. (2015) to propose that the Neo-Tethyan oceanic 

lithosphere may have rolled back since 70 Ma followed by the slab breakoff initiated at 

ca. 53 Ma. 

However, this initiation of slab breakoff seems to be inconsistent with the 

identification of the ca. 45 Ma OIB-type gabbros from Langshan immediately to the 

south of the IYSZS (Fig. 1b), which were interpreted to mark the full-scale detachment 

of the subducted Neo-Tethyan slab at ca. 45 Ma (Ji et al., 2016). It should be noted that 

the Langshan OIB-type gabbroic body was dated by titanite U–Pb method that generally 

gives younger U–Pb age as the closure temperature of titanite U–Pb system 

(650700 °C) is lower than zircon U–Pb system (usually higher than 850 °C) 

(Aleinikoff et al., 1993; Frost et al., 2000). This means that the slab breakoff should 

occur before ca. 45 Ma. Numerical modeling indicates that mafic magmatism generated 
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by partial melting of the asthenosphere and the overriding metasomatized lithosphere 

can proceed for several millions of years (van de Zedde and Wortel, 2001). Therefore, 

we argue that the Langshan OIB-type gabbros can also be interpreted as the magmatic 

response to the slab breakoff of the Neo-Tethyan oceanic lithosphere initiated at ca. 53 

Ma. 

In this case, the Pana Formation volcanic rocks investigated in this study and the 

coeval basaltic rocks from Linzhou (Yue and Ding, 2006; Jia et al., 2013) can also be 

interpreted as the magmatic expression in response to the slab breakoff of the 

Neo-Tethyan Oceanic lithosphere (Fig. 12a) under a post-collisional setting following 

the definition of Zhu et al. (2015, 2017). Arguments for this interpretation include (1) 

the increased temperature at ca. 50 Ma as indicated by the zircon-Ti temperature (Fig. 

9a) and whole-rock zircon saturation temperature (Fig. 9a) of the Pangduo dacites and 

clinopyroxene crystallization temperature (Fig. 9b) hosted by the basalts, and (2) the 

asthenosphere-derived signatures as exemplified by the high Zr contents and Zr/Y ratios 

of the basaltic rocks from Pangduo and Linzhou (Table S3). 

Thermomechanical modeling indicates that if the depth of slab breakoff does not 

exceed the bottom of the overlying lithosphere, the thermal structure of the overlying 

lithosphere will be strongly affected by the upwelling asthenospheric materials (which 

can increase the temperature by 500 °C) (van de Zedde and Wortel, 2001). As a result, 

the partial melting of the overlying lithospheric mantle is capable of generating high-K 

basaltic magma as represented by the Pangduo and coeval Linzhou basaltic rocks (Fig. 

12b). Such basaltic magma can convect vast amounts of heat beneath the overriding 

continental crust (Ferrari et al., 2001; Best et al., 2016), resulting in the partial melting 

of a hybrid lower crust source region and the generation of silicic magmas parent to the 

Pangduo dacites (Fig. 12b). 

 

5. Conclusions 

(1) The Pangduo Linzizong Pana Formation volcanic rocks in the eastern 

Gangdese arc (including basalts, basaltic andesites, and dacites) were emplaced at ca. 50 

Ma, representing the volcanic equivalent of the coeval magmatic flare-up (51  1 Ma) 
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identified in the Gangdese Batholith. 

(2) Ti-in-zircon temperature and whole-rock zircon saturation temperature of the 

dacites, and clinopyroxene crystallization temperature of the basalts indicate a 

high-temperature condition for the generation of the Pangduo Pana Formation volcanic 

rocks at ca. 50 Ma. 

(3) The shoshonitic nature of the Pangduo Linzizong Pana volcanic rocks is related 

to the low-degree partial melting of an enriched garnet-bearing lithospheric mantle and 

a hybrid source region (including juvenile and ancient lower crust) followed by 

fractional crystallization and assimilation of basement-derived melts at upper crust. 

(4) The Pangduo Pana Formation volcanic rocks can be interpreted as the result of 

the slab breakoff of the Neo-Tethyan oceanic lithosphere. 

 

Acknowledgments 

This research was financially co-supported by the MOST of China 

(2016YFC0600304 and 2016YFC0600407), the Chinese National Natural Science 

Foundation (91755207, 41602059, 41472061, and 41225006), the National Key Project 

for Basic Research of China (Project 2015CB452604), and the 111 project (B18048). 

We thank Shi-Min Li, Ying Xia for helping with whole-rock major and trace element 

analyses and Yin-Huai Lu, Li-Juan Xu for helping with the whole-rock Sr–Nd–Hf 

isotopic analyses. We thank two anonymous reviewers for constructive comments that 

have improved the quality of this paper and Editor Xian-Hua Li for comments and 

editorial handling. This is CUGB petrogeochemical contribution No. PGC2015-0028. 

 

References 

Aleinikoff, J.N., Moore, T.E., Walter, M., Nokleberg, W.J., 1993. U–Pb ages of zircon, 

monazite, and sphene from Devonian metagranites and metafelsites central Brooks 

Range, Alaska. U.S. Geological Survey Bulletin B2068, 59–70. 

Arth, J.G., 1976. Behaviour of trace elements during magmatic processes—a summary 

of theoretical models and their applications. Journal of Research of the U.S. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

22 

 

Geological Survey 4, 41–47. 

Best, M.G., Christiansen, E.H., de Silva, S., Lipman, P.W., 2016. Slab-rollback 

ignimbrite flareups in the southern Great Basin and other Cenozoic American arcs: 

A distinct style of arc volcanism. Geosphere 12(4), 1097–1135. 

Bucholz, C.E., Jagoutz, O., Schmidt, M.W., Sambuu, O., 2014. Phlogopite- and 

clinopyroxene-dominated fractional crystallization of an alkaline primitive melt: 

petrology and mineral chemistry of the Dariv Igneous Complex, Western Mongolia. 

Contributions to Mineralogy and Petrology 167, 994, 

doi:10.1007/s00410-014-0994-6. 

Busby, C.J., Hagan, J.C., Putirka, K., Pluhar, C.J., Gans, P.B., Wagner, D.L., Rood, D., 

DeOreo, S.B., Skilling, I., 2008, The ancestral Cascades arc: Cenozoic evolution of 

the central Sierra Nevada (California) and the birth of the new plate boundary, in 

Wright, J.E., and Shervais, J.W., eds., Ophiolites, Arcs, and Batholiths: A Tribute 

to Cliff Hopson: Geological Society of America Special Paper 438, 331–378. 

Castro, A., Gerya, T., Garcia-Casco, A., Fernandez, C., Diaz-Alvarado, J., 

Moreno-Ventas, I., Low, I., 2010. Melting Relations of MORB-Sediment Melanges 

in Underplated Mantle Wedge Plumes; Implications for the Origin of 

Cordilleran-type Batholiths. Journal of Petrology 51, 1267–1295. 

Conticelli, S., Guarnieri, L., Farinelli, A., Mattei, M., Avanzinelli, R., Bianchini, G., 

Boari, E., Tommasini, S., Tiepolo, M., Prelević, D., Venturelli, G., 2009. Trace 

elements and Sr–Nd–Pb isotopes of K-rich, shoshonitic, and calc-alkaline 

magmatism of the Western Mediterranean Region: Genesis of ultrapotassic to 

calc-alkaline magmatic associations in a post-collisional geodynamic setting. 

Lithos 107, 68–92. 

Dong, G.C., 2002. Linzizong Volcanic Rocks and Implications for Probing 

India-Eurasia Collision Process in Linzhou Volcanic Basin, Tibet, China 

University of Geosciences, PhD Thesis (in Chinese), 150 pp. 

Dong, G.C., Mo, X.X., Wang, L., Zhou, S., 2005. A new understanding of the 

stratigraphic successions of the Linzizong volcanic rocks in the Linzhou basin, 

northern Lhasa, Tibet, China. Geological Bulletin of China 24(6), 549–557 (in 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

23 

 

Chinese with English abstract). 

Dong, X., Zhang, Z.M., Santosh, M., Wang, W., Yu, F., Liu, F., 2011. Late 

Neoproterozoic thermal events in the northern Lhasa terrane, south Tibet: zircon 

chronology and tectonic implications. Journal of Geodynamics 52, 389–405. 

D'Orazio, M., Agostini, S., Innocenti, F., Haller, M.J., Manetti, P., Mazzarini, F., 2001. 

Slab window-related magmatism from southernmost South America: the Late 

Miocene mafic volcanics from the Estancia Glencross Area (~52°S, 

Argentina–Chile). Lithos 57, 67–89. 

Farmer, G.L., Glazner, A.F., Manley, C.R., 2002. Did lithospheric delamination trigger 

late Cenozoic potassic volcanism in the southern Sierra Nevada, California? 

Geological Society of America Bulletin 114, 754–768. 

Ferrari, L., Petrone, C.M., Francalanci, L., 2001. Generation of oceanic-island 

basalt–type volcanism in the western Trans-Mexican volcanic belt by slab rollback, 

asthenosphere infiltration, and variable flux melting. Geology 29(6), 507–510. 

Ferreira, V.P., Sial, A.N., Pimentel, M.M., Armstrong, R., Guimarães, I.P., Filho, 

A.F.D.S., Lima, M.M.C.D., Silva, T.R.D., 2015. Reworked old crust-derived 

shoshonitic magma: The Guarany pluton, Northeastern Brazil. Lithos 132, 

150–161. 

Foley, S., 1992. Petrological characterization of the source components of potassic 

magmas: geochemical and experimental constraints. Lithos 28, 187–204. 

Frost, B.R., Chamberlain, K.R., Schumacher, J.C., 2000. Sphene (titanite): phase 

relations and role as a geochronometer. Chemical Geology 172, 131–148. 

Fu, W.C., Kang, Z.Q., Pan, H.B., 2014. Geochemistry, zircon U–Pb age and 

implications of the Linzizong Group volcanic rocks in Shi-quan River area, 

western Gangdise belt, Tibet. Geological Bulletin of China 33(6), 850–859 (in 

Chinese with English abstract). 

Gualda, G.A.R., Ghiorso, M.S., 2015. MELTS_Excel: A Microsoft Excel-based 

MELTS interface for research and teaching of magma properties and evolution. 

Geochemistry Geophysics Geosystems 16, 315–324. 

Hoskin, P.W.O., Schaltegger, U., 2003. The composition of zircon and igneous and 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

24 

 

metamorphic petrogenesis. Reviews in Mineralogy and Geochemistry 53, 27–62. 

Ji, W.Q., Wu, F.Y., Chung, S.L., Li, J.X., Liu, C.Z., 2009. Zircon U–Pb chronology and 

Hf isotopic constraints on the petrogenesis of Gangdese batholiths, southern Tibet. 

Chemical Geology 262, 229–245. 

Ji, W.Q., Wu, F.Y., Chung, S.L., Wang, X.C., Liu, C.Z., Li, Q.L., Liu, Z.C., Liu, X.C., 

Wang, J.G., 2016. Eocene Neo-Tethyan slab breakoff constrained by 45 Ma 

oceanic island basalt-type magmatism in southern Tibet. Geology 44, 283–286. 

Jia, L.L., Wang, Q., Zhu, D.C., Chen, Y., Liu, S.A., Zheng, J.P., Zhao, T.P., 2013. 

Rethinking the geodynamical implications of the basic rocks from Linzhou Basin, 

Tibet. Acta Geologica Sinica 29(11), 3671–3680 (in Chinese with English 

abstract). 

Kelley, S., 2002. K–Ar and Ar–Ar dating. Reviews in Mineralogy & Geochemistry 47, 

785–818. 

Kinzler, R.J., 1997. Melting of mantle peridotite at pressures approaching the spinel to 

garnet transition: Application to mid-ocean ridge basalt petrogenesis. Journal of 

Geophysical Research:Solid Earth 102, 853–874. 

Kirchenbaur, M., Münker, C., Schuth, S., Garbe-Schönberg, D., Marchev, P., 2012. 

Tectonomagmatic constraints on the sources of Eastern Mediterranean K-rich lavas. 

Journal of Petrology 53, 27–65. 

Kushiro, I., 2007. Origin of magmas in subduction zones: a review of experimental 

studies. Proceedings of the Japan Academy series B 83, 1–15. 

La Flèche, R., Camiré, G., Jenner, G.A., 1998. Geochemistry of post-Acadian, 

Carboniferous continental intraplate basalts from the Maritimes Basin, Magdalen 

islands, Québec, Canada. Chemical Geology 148, 115–136. 

Leat, P.T., Riley, T.R., Wareham, C.D., Millar, I.L., Kelley, S.P., Storey, B.C., 2002. 

Tectonic setting of primitive magmas in volcanic arcs: an example from the 

Antarctic Peninsula. Journal of the Geological Society 159, 31–44. 

Lee, H.Y., Chung, S.L., Wang, Y.B., Zhu, D.C., Yang, J.H., Song, B., Liu D.Y., Wu, 

F.Y., 2007. Age, petrogenesis and geological significance of the Linzizong 

volcanic successions in the Linzhou basin, southern Tibet: Evidence from zircon 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

25 

 

U–Pb dates and Hf isotopes. Acta Petrologica Sinica 23(2), 493–500 (in Chinese 

with English abstract). 

Lee, H.Y., Chung, S.L., Lo, C.H., Ji, J., Lee, T.Y., Qian, Q., Zhang, Q., 2009. Eocene 

Neotethyan slab breakoff in southern Tibet inferred from the Linzizong volcanic 

record. Tectonophysics 477, 20–35. 

Lee, H.Y., Chung, S.L., Ji, J., Qian, Q., Gallet, S., Lo, C.H., Lee, T.Y., Zhang, Q., 2012. 

Geochemical and Sr–Nd isotopic constraints on the genesis of the Cenozoic 

Linzizong volcanic successions, southern Tibet. Journal of Asian Earth Sciences 

53, 96–114. 

Li, S.M., Zhu, D.C., Wang, Q., Zhao, Z.D., Sui, Q.L., Liu, S.A., Liu, D., Mo, X.X., 

2014. Northward subduction of Bangong–Nujiang Tethys: Insight from Late 

Jurassic intrusive rocks from Bangong Tso in western Tibet. Lithos 205, 284–297. 

Liang, Y.P., Zhu, J., Ci, Q., He, W.H., Zhang, K.X., 2010. Zircon U–Pb ages and 

geochemistry of volcanic rock from Linzizong group in Zhunuo area in middle 

Gangdise Belt, Tibet plateau. Earth Science 35(2), 211–223 (in Chinese with 

English abstract). 

Liu, H.F., 1993. Division of Linzizong volcanic rock system and belong to time in 

Lhasa area. Tibet Geology 2, 59–69 (in Chinese with English abstract). 

Mamani, M., Wӧrner, G., Sempere, T., 2010. Geochemical variations in igneous rocks 

of the Central Andean orocline (13°S to 18°S): Tracing crustal thickening and 

magma generation through time and space. Geological Society of America Bulletin 

122, 162–182. 

McKenzie, D.P., O'Nions, R.K., 1991. Partial melt distributions from inversion of rare 

earth element concentrations. Journal of Petrology 32, 1021–1091. 

Miller, C.F., McDowell, S.M., Mapes, R.W., 2003. Hot and cold granites? Implications 

of zircon saturation temperatures and preservation of inheritance. Geology 31, 

529–532. 

Mo, X.X., Zhao, Z.D., Deng, J.F., Dong, G.C., Zhou, S., Guo, T.Y., Zhang, S.Q., Wang, 

L.L., 2003. Response of volcanism to the India-Asia collision. Earth Science 

Frontiers 10(3), 135–148 (in Chinese with English abstract). 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

26 

 

Mo, X.X., Hou, Z.Q., Niu, Y.L., Dong, G.C., Qu, X.M., Zhao, Z.D., Yang, Z.M., 2007. 

Mantle contributions to crustal thickening during continental collision: evidence 

from Cenozoic igneous rocks in southern Tibet. Lithos 96, 225–242. 

Mo, X.X., Niu, Y.L., Dong, G.C., Zhao, Z.D., Hou, Z.Q., Zhou, S., Ke, S., 2008. 

Contribution of syncollisional felsic magmatism to continental crust growth: a case 

study of the Paleogene Linzizong volcanic Succession in southern Tibet. Chemical 

Geology 250, 49–68. 

Morimoto, N., Fabries, J., Ferguson, A.K., Ginzburg, I.V., Ross, M., Seifert, F.A., 

Zussman, J., Aoki, K., Gottardi, G., 1988. Nomenclature of pyroxenes. American 

Mineralogist 73(9–10), 1123–1133. 

Morrison, G.W., 1980. Characteristics and tectonic setting of the shoshonite rock 

association. Lithos 13, 97–108. 

Moyen, J. F., 2009. High Sr/Y and La/Yb ratios: The meaning of the “adakitic 

signature”. Lithos 112, 556–574. 

Müller, D.G.D., Rock, N.M.S., Groves, D.I., 1992. Geochemical discrimination 

between shoshonitic and potassic volcanic rocks in different tectonic settings: A 

pilot study. Mineralogy and Petrology 46, 259–289. 

Pan, G.T., Ding, J., Yao, D.S., Wang, L.Q., 2004. Guidebook of 1:1,500,000 geologic 

map of the Qinghai–Xizang (Tibet) plateau and adjacent areas. Chengdu 

Cartographic Publishing House, Chengdu, China, pp. 1–48 (in Chinese). 

Pearce, J.A., 1982. Trace element characteristics of lavas from destructive plate 

boundaries. In Andesites, Orogenic Andesites and Related Rocks, edited by Thorpe, 

R.S. John Wiley, New York, pp. 525–548. 

Pearce, J.A., Mei, H.J., 1988. Volcanic rocks of the 1985 Tibet Geotraverse: Lhasa to 

Golmud. Philosophical Transactions of the Royal Society of London A327, 

169–201. 

Pe-Piper, G., Piper, D.J.W., Koukouvelas, I., Dolansky, L.M., Kokkalas, S., 2009. 

Postorogenic shoshonitic rocks and their origin by melting underplated basalts: 

The Miocene of Limnos, Greece. Geological Society of America Bulletin 121, 

39–54. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

27 

 

Putirka, K., Mikaelian, H., Ryerson, F., Shaw, H., 2003. New clinopyroxene-liquid 

thermobarometers for mafic, evolved, and volatile-bearing lava compositions, with 

applications to lavas from Tibet and the Snake River Plain, Idaho. American 

Mineralogist 88, 1542–1554. 

Putirka, K., Busby, C.J., 2007. The tectonic significance of high-K2O volcanism in the 

Sierra Nevada, California. Geology 35, 923–926. 

Putirka, K.D., 2008. Thermometers and Barometers for Volcanic Systems. Reviews in 

Mineralogy and Geochemistry 69(1), 61–120. 

Qi, Y., Gou, G.N., Wang, Q., Wyman, D.A., Jiang, Z.Q., Li, Q.L., Zhang, L., 2018. 

Cenozoic mantle composition evolution of southern Tibet indicated by Paleocene 

(~ 64 Ma) pseudoleucite phonolitic rocks in central Lhasa Terrane. Lithos 302–303, 

178188. 

Rollinson, H.R., 1993. Using Geochemical Data: Evaluation, Presentation, 

Interpretation. Longman Scientific &Technical, London, pp. 1–352. 

Ryerson, F.J., Watson, E.B., 1987. Rutile saturation in magmas: implications for 

Ti–Nb–Ta depletion in island-arc basalts. Earth and Planetary Science Letters 86, 

225–239. 

Sen, C., Dunn, T., 1994. Dehydration melting of a basaltic composition amphibolite at 

1.5 and 2.0 GPa: Implications for the origin of adakites. Contributions to 

Mineralogy and Petrology 117, 394–409. 

Sun, S.S., McDonough, W.F., 1989. Chemical and isotope systematics of oceanic 

basalts: implications for mantle composition and processes. In: Saunders, A.D. 

(Ed.), Magmatism in Ocean Basins. Geological Society Publication 42, pp. 

313–345. 

van de Zedde, D.M.A., Wortel, M.J.R., 2001. Shallow slab detachment as a transient 

source of heat at midlithospheric depths. Tectonics 20, 868–882. 

Vervoort, J.D., Patchett, P.J., Blichert-Toft, J., Albarede, F., 1999. Relationships 

between Lu–Hf and Sm–Nd isotopic systems in the global sedimentary system. 

Earth and Planetary Science Letters 168, 79–99. 

Walter, M.J., 1998. Melting of garnet peridotite and the origin of komatiite and depleted 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

28 

 

lithosphere. Journal of Petrology 39, 29–60. 

Walter, M.J., Presnall, D.C., 1994. Melting Behavior of Simplified Lherzolite in the 

System CaO-MgO-Al2O3-SiO2-Na2O from 7 to 35 kbar. Journal of Petrology 35, 

329–359. 

Wang, R., Richards, J.P., Hou, Z.Q., An, F., Creaser, R.A., 2015. Zircon U-Pb age and 

Sr-Nd-Hf-O isotope geochemistry of the Paleocene–Eocene igneous rocks in 

western Gangdese: Evidence for the timing of Neo-Tethyan slab breakoff. Lithos, 

224–225, 179–194. 

Wang, Y., Foley, S.F., Prelević, D., 2017. Potassium-rich magmatism from a 

phlogopite-free source. Geology 45, 467–470. 

Watson, E.B., Harrison, T.M., 1983. Zircon saturation revisited: temperature and 

composition effects in a variety of crustal magma types. Earth and Planetary 

Science Letters 64, 295–304. 

Watson, E.B., Wark, D.A., Thomas, J.B., 2006. Crystallization thermometers for zircon 

and rutile. Contributions to Mineralogy and Petrology 151, 413–433. 

Winchester, J., Floyd, P., 1977. Geochemical discrimination of different magma series 

and their differentiation products using immobile elements. Chemical Geology 20, 

325–343. 

Wolf, M.B., Wyllie, P.J., 1994. Dehydration-melting of amphibolite at 10 kbar: the 

effects of temperature and time. Contributions to Mineralogy and Petrology 115, 

369–383. 

Wu, Z.H., Meng, X.G., Hu, D.G., Ye, P.S., Jiang, W., 2002. 1:250, 000 geological 

report of Damxung County with geological map. Chinese Academy of Geological 

Sciences, Beijing (in Chinese). 

Wyllie, P.J., Sekine, T., 1982. The formation of mantle phlogopite in subduction zone 

hybridization. Contributions to Mineralogy and Petrology 79, 375–380. 

Xie, K.J., Zeng, L.S., Liu, J., Gao, L.E., Hu, G.Y., 2011. Timing and geochemistry of 

the Linzizong Group volcanic rocks in Sangsang area, Ngamring County, southern 

Tibet. Geological Bulletin of China 30(9), 1339–1352 (in Chinese with English 

abstract). 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

29 

 

Xu, Y.G., Lan, J.B., Yang, Q.J., Huang, X.L., Qiu, H.N., 2008. Eocene break-off of the 

Neo-Tethyan slab as inferred from intraplate-type mafic dykes in the Gaoligong 

orogenic belt, eastern Tibet. Chemical Geology 255, 439–453. 

Yuan, X., Sobolev, S.V., Kind, R., 2002. Moho topography in the central Andes and its 

geodynamic implications. Earth and Planetary Science Letters 199, 389–402. 

Yue, Y.H., Ding, L., 2006. 
40

Ar/
39

Ar geochronology, geochemical characteristics and 

genesis of the Linzhou basin dikes, Tibet. Acta Petrologica Sinica 22(4), 855–866 

(in Chinese with English abstract). 

Zhang, X.Q., 2012. Geochronology and geochemistry of the Maiga batholith in Coqen, 

Tibet—Constraints on petrogenesis of Early Cretaceous granitoids in central Lhasa 

Terrane. China University of Geosciences, Master Thesis (in Chinese with English 

abstract). 

Zhang, Z.M., Zhao, G.C., Santosh, M., Wang, J.L., Dong, X., Shen, K., 2010. Late 

Cretaceous charnockite with adakitic affinities from the Gangdese batholith, 

southeastern Tibet: evidence for Neo-Tethyan mid-ocean ridge subduction? 

Gondwana Research 17, 615–631. 

Zhou, S., Mo, X.X., Dong, G.C., Zhao, Z.D., Qiu, R.Z., Wang, L.L., Guo, T.Y., 2004. 

40
Ar–

39
Ar geochronology of Cenozoic Linzizong volcanic rocks from Linzhou 

Basin, Tibet, China and their geological implications. Chinese Science Bulletin 

49(20), 1970–1979 (in Chinese). 

Zhu, D.C., Mo, X.X., Niu, Y.L., Zhao, Z.D., Wang, L.Q., Liu, Y.S., Wu, F.Y., 2009. 

Geochemical investigation of Early Cretaceous igneous rocks along an east–west 

traverse throughout the central Lhasa Terrane, Tibet. Chemical Geology 268, 

298–312. 

Zhu, D.C., Zhao, Z.D., Niu, Y.L., Mo, X.X., Chung, S.L., Hou, Z.Q., Wang, L.Q., Wu, 

F.Y., 2011. The Lhasa Terrane: record of a microcontinent and its histories of drift 

and growth. Earth and Planetary Science Letters 301, 241–255. 

Zhu, D.C., Zhao, Z.D., Niu, Y., Dilek, Y., Wang, Q., Ji, W.H., Dong, G.C., Sui, Q.L., 

Liu, Y.S., Yuan, H.L., 2012. Cambrian bimodal volcanism in the Lhasa Terrane, 

southern Tibet: record of an early Paleozoic Andean-type magmatic arc in the 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

30 

 

Australian proto-Tethyan margin. Chemical Geology 328, 290–308. 

Zhu, D.C., Zhao, Z.D., Niu, Y.L., Dilek, Y., Hou, Z.Q., Mo, X.X., 2013. The origin and 

pre-Cenozoic evolution of the Tibetan Plateau. Gondwana Research 23, 

1429–1454. 

Zhu, D.C., Wang, Q., Zhao, Z.D., Chung, S.L., Cawood, P.A., Niu, Y.L., Liu, S.A., Wu, 

F.Y., Mo, X.X., 2015. Magmatic record of India-Asia collision. Scientific Reports 

5, 14289 (http://dx.doi.org/10.1038/srep14289). 

Zhu, D.C., Wang, Q., Cawood, P.A., Zhao, Z.D., Mo, X.X., 2017. Raising the Gangdese 

Mountains in southern Tibet. Journal of Geophysical Research: Solid Earth 122, 

214–223. 

 

Appendix A. Descriptions of analytical methods 

Zircon UPb dating 

Zircon from the Pangduo dacites were selected 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 check their internal structures and to 

select positions for zircon isotopic analyses.  

A dacite sample (12PD07-1) was conducted using the Cameca IMS–1280 SIMS for 

the zircon U–Pb isotopic analyses at the Institute of Geology and Geophysics, Chinese 

Academy of Sciences in Beijing. Zircon Th and U concentrations were calibrated 

relative to the 1065 Ma standard zircon 91500 (Th = 29 ppm and U = 81 ppm, 

Wiedenbeck et al., 1995), and U–Th–Pb isotopic ratios were determined relative to the 

standard zircon Plésovice (337 Ma, Sláma et al., 2008). Detailed operating methods and 

data processing procedures are similar to those described by Li et al, (2009). A 

long-term uncertainty of 1.5% (1 RSD) for 
206

Pb/
238

U measurements of the TEMORA 

standard was propagated to the unknowns, despite that the measured 
206

Pb/
238

U error in 

a specific session is generally around 1% (1 RSD) or less (Li et al., 2010). The 

measured Pb isotopic compositions were corrected for common Pb using 
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non-radiogenic 
204

Pb (Li et al., 2010). Uncertainties for individual analyses are reported 

as 1σ in data tables, and calculated weighted mean ages are within 95% confidence 

limits. Data reduction was carried out using the ISOPLOT (ver 3.0) (Ludwig, 2003). 

The zircon U–Pb isotopic analyses of the dacite samples (12PD02-1 and 12PD06-1) 

were performed using the laser ablation-inductively coupled plasma mass spectrometry 

(LA-ICPMS) housed at the State Key Laboratory of Geological Processes and Mineral 

Resources, China University of Geosciences (Wuhan). The detailed analytical methods 

and procedure are followed those described in Liu et al. (2010), and off-line analyses 

were accomplished by ICPMSDataCal (Liu et al., 2010). The common Pb was corrected 

followed the ComPbCorr#3-151 procedure (Andersen, 2002). Uncertainties of 

individual analyses are reported as 1 and mean ages for pooled 
206

Pb/
238

U results are 

reported as 2. Age calculations and plotting of concordia diagrams were using the 

ISOPLOT (ver. 3.0) (Ludwig, 2003). 
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Major and trace element, and whole-rock Sr Nd Hf isotopic analysis 

Whole-rock major element analyses were determined by X-ray fluorescence (XRF) 

method using a Rigaku
®
 RIX 2000 spectrometer at the Department of Geosciences, 

National Taiwan University. The analytical uncertainties are generally better than 5%. 

The trace element compositions of whole-rock were measured by inductively coupled 

plasma-mass spectrometry (ICP-MS) with an Agilent
®
 7500cx spectrometer in the same 

Department. The precision and accuracy are generally better than 3%. Detailed 

analytical information has been reported in Lin et al. (2012). 

The whole-rock Sr–Nd–Hf isotopic compositions of the Pangduo volcanic rocks 

were measured using a Neptune Plus multi-collector-inductively coupled plasma mass 

spectrometer (MC-ICPMS) at the State Key Laboratory of Geological Processes and 

Mineral Resources China University of Geosciences, Beijing. Measured 
87

Sr/
86

Sr and 

143
Nd/

144
Nd ratios were normalized to 

86
Sr/

88
Sr = 0.1194 and 

146
Nd/

144
Nd = 0.7219 for 

mass fractionation. The mean values of standards SRM 987 and AlfaNd were 
87

Sr/
86

Sr 

= 0.710275 ± 12 (2) and 
143

Nd/
144

Nd = 0.512952 ± 10 (2), respectively, the geology 

standard BHVO-2 were 
143

Nd/
144

Nd of 0.512952 ± 10 (2) and 
87

Sr/
86

Sr of 0.703484 ± 

12 (2). The average 
176

Hf/
177

Hf ratio of the standard GSP-2 was 0.281946  2. 

Detailed analytical information is given in Lu et al. (2007). 
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179
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Zircon Hf isotopic analysis 

In-situ Hf isotope measurements were conducted on the dated spots within the 

zircons using the Nu PlasmaⅡ MC-ICPMS, coupled with a New Wave UP193FX 

Excimer laser system at Department of Geosciences, National Taiwan University. 

Ablation time was ca. 120 s for each measurement with a beam diameter of 50 μm, a 

4–6 Hz repetition rate, and energy of ca. 12–13 J/cm
2
. Long-term weighted average 

176
Hf/

177
Hf value of the international zircon standard Mud Tank is 0.282537 ± 45 (n = 

515). The details of the instrumental conditions and data acquisition are similar to those 

described by Wu et al, (2006). The initial 
176

Hf/
177

Hf ratios and εHf(t) values were 

calculated relative 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 

(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

Hf/
177

Hf ratio of 0.015 for the average continental crust (Griffin et al., 

2002) 
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composition of CHUR: constraints from unequilibrated chondrites and implications 

for the bulk composition of terrestrial planets. Earth and Planetary Science Letters 

273, 48–57. 

Griffin, W.L., Pearson, N.J., Belousova, E., Jackson, S.E., van Achterbergh, E., O'Reilly, 

S.Y., Shee, S.R., 2000. The Hf isotope composition of cratonic mantle: 

LAM-MC-ICPMS analysis of zircon megacrysts in kimberlites. Geochimica et 

Cosmochimica Acta 64, 133–147. 

Griffin, W.L., Wang, X., Jackson, S.E., Pearson, N.J., O'Reilly, S.Y., Xu, X., Zhou, X., 

2002. Zircon chemistry and magma mixing, SE China: in-situ analysis of Hf 

isotopes, Tonglu and Pingtan igneous complexes. Lithos 61, 237–269. 

 

Mineral compositions analysis 

Major element compositions of clinopyroxenes were determined using a JEOL 

JXA-8100 electron probe, with an accelerating potential of 15 kV and a 10 nA beam 

current at the Institute of Geology and Geophysics, Chinese Academy of Sciences. 

Major and trace element analyses of clinopyroxenes were conducted with LA–ICP–MS 

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

University of Geosciences (Wuhan). Detailed operating conditions for the instrument 

and data acquisition can be found in Liu et al. (2010). 

 

References: 

Liu, Y.S., Gao, S., Hu, Z.C., Gao, C.G., Zong, K.Q., Wang, D.B., 2010. Continental and 

Oceanic Crust Recycling-induced Melt-Peridotite Interactions in the Trans-North 

China Orogen: U–Pb Dating, Hf Isotopes and Trace Elements in Zircons from 

Mantle Xenoliths. Journal of Petrology 51, 537–571. 

 

Figure captions 

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

major tectonic subdivisions and the spatial distributions of the Linzizong 

volcanic succession and Gangdese Batholith; (b) Simplified tectonic units of the 
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Lhasa Terrane showing (Zhu et al., 2011) spatial and temporal distributions of the 

ca. 50 Ma Pana Formation volcanic rocks; (c) Stratigraphic column of the 

Linzizong volcanic succession in Pangduo and Linzhou (Dong et al., 2005); (d) 

Geological map of the Pangduo area (Wu et al., 2002). Abbreviations: JSSZ = 

Jinsha 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. 

Literature data: Fu et al. (2014), Lee et al. (2009), Liang et al. (2010), Xie et al. 

(2011), Yue and Ding (2006), Zhu et al. (2015), and our unpublished data. 

Fig. 2. (a–c) Field photos of the Pangduo volcanic rocks (including basalts, basaltic 

andesites and dacites) and (d–i) photomicrographs showing the texture of the 

Pangduo volcanic and sedimentary rocks. Abbreviations: Cpx = clinopyroxene, 

Chl = chlorite, Pl = plagioclase, Kfs = K-feldspar, Bi = biotite, and Qz = quartz. 

Fig.3. Cathodoluminescence (CL) images of representative zircons, and concordia 

diagrams of the Pangduo dacites. Solid and dashed circles indicate the locations 

of U–Pb dating and Hf analyses, respectively. 

Fig. 4. (a) Nb/Y vs. Zr/TiO2 diagram (Winchester and Floyd, 1977) for classification of 

rock type; (b) Ta/Yb vs. Ce/Yb diagram (Pearce, 1982) showing the 

compositional variation of the samples. Literature data: Pangduo volcanic rocks 

(Lee et al, 2012), Linzhou basaltic rocks (Jia et al., 2013), and Tengliang basaltic 

dykes (Xu et al., 2008). 

Fig. 5. (a–g) Selected plots of the Pangduo volcanic rocks. (g) The K2O contents, 

histogram of K2O of basaltic granulites worldwide (www.Georoc.com) are shown 

(see inset) for comparison. Demonstrating: (1) grey solid lines are MELTS 

simulations of sample 12PD01-1 to the Linzhou basaltic rocks evolution, 

showing equilibrium crystallization of clinopyroxene (Cpx), (2) small solid green 

and red circles with shaded areas represent experimental melts derived from 

dehydration melting of basaltic composition amphibolite at 2.0 and 1.5 GPa, 

respectively (Sen and Dunn, 1994). Data sources are same as in Fig. 4. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

36 

 

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

patterns for the Pangduo volcanic rocks. Data of the Andean arc rocks are from 

GEOROC (www.Georoc.com). Data for normalization and plotting are from Sun 

and McDonough (1989). Data sources are same as in Fig. 4. 

Fig.7. Plots of whole-rock (a) SiO2 vs. (
87

Sr/
86

Sr)i, (b) SiO2 vs. ƐNd(t), (c) SiO2 vs. ƐHf(t), 

(d) (
87

Sr/
86

Sr)i vs. whole-rock ƐNd(t), and (e) whole-rock ƐNd(t) vs. ƐHf(t) of the 

Pangduo volcanic rocks. The compositions of end-members used for mixing 

calculations: the asthenospheric mantle-derived melt (represented by ~ 45 Ma 

Langshan OIB-type gabbros): (
87

Sr/
86

Sr)i = 0.7031, ƐNd(t) = 5, Sr = 635 ppm, Nd 

= 25 ppm (Ji et al., 2016); the Central Lhasa sub-continental lithospheric mantle 

(SCLM)-derived melt (represented by the ~64 Ma Rongniduo pseudoleucite 

phonolitic rocks): (
87

Sr/
86

Sr)i = 0.7064, ƐNd(t) = –0.6, Sr = 985 ppm, Nd = 60 

ppm (Qi et al., 2017); the Lhasa basement-derived melt (represented by a 

strongly peraluminous granite sample of 08DX17): (
87

Sr/
86

Sr)i = 0.7479, ƐNd(t) = 

–16.2, ƐHf(t) = –13.9, Sr=131 ppm, Nd = 43.4 ppm, Lu = 0.1 ppm, Hf = 4.3 ppm 

(Zhu et al., 2011); the wall rock (represented by a sandstone sample 12PD11-1): 

(
87

Sr/
86

Sr)i = 0.7269, ƐNd(t) = –19.2, ƐHf(t) = –22.6, Sr = 270 ppm, Nd = 36.3 ppm, 

Lu = 0.6 ppm, Hf = 5.6 ppm (Table S3). The terrestrial array in Fig. 7e is from 

Vervoort et al. (1999). Data sources are same as in Fig. 4. 

Fig. 8. Histogram of SiO2 (wt.%), zircon U–Pb, and Ar–Ar age data of the Pana 

Formation volcanic rocks showing that the magmatism at ca. 50 Ma is dominated 

by silicic compositions and Ar–Ar age is generally younger than zircon U–Pb age. 

Bars represent the errors as reported in the original references. Data sources are 

same as in Fig. 1. 

Fig. 9. (a) Zircon-Ti temperature (°C) (Watson et al., 2006) and zircon saturation 

temperature (°C) (Watson and Harrison, 1983) of silicic rocks, and (b) 

clinopyroxene crystallization temperature (°C) (Putirka et al., 2003) of the 

basaltic rocks from the Linzizong volcanic succession in Pangduo and Linzhou. 

The literature data of the Linzizong volcanic rocks: Lee et al. (2012) and Mo et al. 
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(2008). 

Fig. 10. (a) Plot of (Ta/La)N vs. (Hf/Sm)N (La Flèche et al., 1998) and (b) (La/Sm)N vs. 

(Sm/Yb)N diagrams of the Pangduo basaltic rocks, where N denotes normalized 

to the primitive mantle values of Sun and McDonough (1989). (La/Sm)N vs. 

(Sm/Yb)N diagram showing batch melt curves of spinel (Sp) and garnet (Grt) 

lherzolite. Source compositions correspond to the 70% primitive mantle (PM) 

(Sun and McDonough, 1989) mixed with 30% sub-continental lithospheric 

mantle (SCLM) (McDonough, 1990). Olivine (Ol) and orthopyroxene (Opx) are 

produced during the reaction clinopyroxene (Cpx) + Opx + Sp = melt + Ol for 

spine lherzolites and Cpx + Grt +Ol = melt + Opx for garnet lherzolite (Kinzler, 

1997; Walter, 1998; Walter and Presnall, 1994). Mineral partition coefficients are 

from Rollinson (1993) and references therein and the Geochemical Earth 

Reference Model (GERM) (http://www.earthref.org). Data sources are same as in 

Fig. 4. 

Fig. 11. (a) Sr vs. Rb/Sr and (b) Sr vs. Ba plots showing fractionation crystallization of 

plagioclase and K-feldspar. Partition coefficients are from Arth (1976). 

Abbreviations: Pl = plagioclase, Kfs = K-feldspar. 

Fig. 12. Schematic illustrations showing (a) the geodynamical evolution of the 

India-Asia collision zone during ca. 52–45 Ma and (b) polybaric multi-stage 

differentiation history of magmas. Abbreviations: LMF = Luobadui–Milashan 

Fault, IYZSZ = Indus–Yarlung Zangbo suture zones ALC = ancient lower crust, 

JLC = juvenile lower crust, and SCLM = sub-continental lithospheric mantle. 

Modified from Zhu et al. (2015) and Li et al. (2014). 

 

Table captions 

Table S1. Zircon SIMS U–Pb age data of the Linzizong volcanic succession from 

Pangduo in the eastern Lhasa Terrane. 

Table S2. Zircon LA-ICPMS U–Pb age data of the Linzizong volcanic succession from 
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Pangduo in the eastern Lhasa Terrane. 

Table S3. Whole-rock major, trace element and Sr–Nd–Hf isotopic data of the 

Linzizong volcanic succession and sandstones from Pangduo in the eastern 

Lhasa Terrane. 

Table S4. Hf isotopic data for zircons from the Linzizong volcanic succession from 

Pangduo in the eastern Lhasa Terrane. 

Table S5. Electron microprobe major element data for clinopyroxene from the 

Linzizong volcanic succession from Pangduo and Linzhou, and calculation 

results of temperature. 

Table S6. LA-ICPMS major element data for clinopyroxene from the Linzizong 

volcanic succession from Pangduo and Linzhou, and calculation results of 

temperature. 

Table S7. Measured and recommended trace element data (ppm) of USGS rock 

standards. 
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Liu and Wang et al.’s Research Highlights 

 

►Presence of the 50 ± 1 Ma shoshonitic Linzizong Pa’na volcanic rocks (basalts, 

basaltic andesites, and dacites). 

►High-temperature melting of the lithospheric mantle and its overlying transitional 

(juvenile and ancient) lower crust. 

►Magmatic response to the slab breakoff of the Neo-Tethyan oceanic lithosphere. 

►Origin of the shoshonitic volcanic rocks in post-collisional settings 
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