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ABSTRACT

Magmatic arcs are the main environment where continental  crust is created on the

post-Archean Earth; however, how juvenile arc crust evolves into mature continental

crust  is  still  controversial.  In  this  study, we report  new bulk-rock major  and trace

elements, Sr–Nd isotopes, and zircon U–Pb ages and Hf isotopes from a large suite of

granites  collected from the eastern segment  of the Gangdese arc,  southern Tibetan

Plateau,  which  record  a  complete  history  of  arc  crust  evolution  from  Mesozoic

subduction to Cenozoic collision. These new data show that  Gangdese crust-derived

granites  generated  during  the  subduction  to  collisional  stages  record  significant

geochemical  changes  with  age,  indicating  that  the  bulk  composition,  lithological

makeup, and thicknesses of the arc crust evolved over time. Here, we propose that the

Gangdese  arc  had  a  thick  juvenile  crust  with  a  small  volume  of  ancient  crustal

components  during late-stage subduction of  the Neo-Tethys Ocean,  a  thin juvenile

crust with heterogeneously distributed ancient crustal materials during early collision,

and a thick juvenile crust with minor proportions of ancient rocks during late collision.

This implies that the arc experienced episodes of crustal thickening during the Late

Cretaceous and Eocene, interspersed by periods of thinning during the Paleocene and

Miocene.  This implies several discrete episodes of partial  melting in the lower arc

crust, and cycling or recycling of juvenile and ancient crustal materials within the arc

crust and between the crust and mantle. We suggest that shallow subduction of the

Neo-Tethys during the Late Cretaceous promoted tectonic thickening of the arc crust,

partial melting of lower crust, and formation of high Sr/Y granites. After the onset of

Indo-Asian collision, breakoff of the subducted Neo-Tethyan oceanic slab during the

Paleocene/Early Eocene allowed thinning of the overlying arc crust, and generation of

crust-derived granites derived from juvenile and ancient crustal sources. Continued

underthrusting  of  the  Indian  continental  crust  and  subsequent  delamination  of

thickened  lithospheric  mantle  led  to  thickening  and  thinning  of  the  arc  crust,

respectively, and partial melting of thickened lower crust and generation of high Sr/Y
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granites during the Oligocene and Miocene. Using the Gangdese as an analogue for

post-Archean continental margins, we suggest that cycles of repeated thickening and

thinning of arc crust, remelting of the lower arc crust, and multistage material cycling

or recycling within the crust and between the crust and mantle from subduction to

collision  is  a  common process  that  drives  geochemical  maturation  of  juvenile  arc

crust.

1. INTRODUCTION

It  has  long  been  known  that  magmatic  arcs  are  the  main  environment  where

continental  crust  is  created  on  the  post-Archean  Earth;  however,  major  questions

remain relating to the geological processes that drive the growth and reworking of

juvenile arc crusts (e.g., Hacker et al., 2011, 2015; Jagoutz et al., 2014; Ducea et al.,

2015; Lee and Anderson, 2015). For example, how do juvenile basaltic mantle-derived

melts evolve into mature andesitic continental crust, and over what timescales do these

processes operate? What is the contribution of arc-continent collision to the growth

and reworking of arc crust? Is the main mechanism for differentiation or stratification

of arc crust fractional crystallization of mantle-derived magmas or remelting of the

juvenile lower crust? How are the meta-sedimentary rocks and felsic igneous rocks in

the upper arc crust transported to the deep crust? Is decarbonation of lower arc crust an

important factor in the increase of atmospheric CO2 concentration? Answers to these

questions  have  wide-reaching  implications  for  understanding  the  formation  and

evolution of continental crust, and the regional-scale changes that have characterized

accretionary and collisional orogens throughout Earth history.

Continental  magmatic  arcs,  such  as  the  Cordillera  and  Gangdese  arcs,  were

widely developed on Earth during the Mesozoic (Fig. 1). The Cordilleran arc formed

during subduction of the Pacific oceanic plate beneath the North American continental

plate,  and  is  still  experiencing  ongoing  subduction  and  associated  juvenile  crustal

growth. By contrast, the Gangdese arc, southern Tibetan Plateau, preserves a complete

magmatic  record  from  Mesozoic  oceanic  lithosphere  subduction  to  Cenozoic
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continental collision, and therefore it is an ideal natural laboratory for studying the

growth and reworking of arc crust during the final stages of the Wilson Cycle (Fig. 1;

Ding et al., 2003; Chu et al., 2006, 2011; Mo et al., 2007, 2008; Ji et al., 2009; Zhu et

al., 2011, 2019, 2022; Niu et al., 2013; Hou et al., 2015; Zhang et al., 2020, 2022a; Ma

et al., 2022). In this paper, we report new, detailed geochemical and geochronological

data from Gangdese arc granites that were mostly derived from partial melting of the

lower arc crust during Late Mesozoic closure of the Neo-Tethys Ocean and subsequent

Cenozoic  continental  collision  between  India  and  Asia.  Our  results  show that  the

petrological  makeup,  composition,  and  thickness  of  arc  crust  continuously  vary

through time, and together act to refine and process juvenile arc crust  into mature

continental crust. The formation and evolution of the Gangdese arc, which is typical of

post-Archean continental arcs, may therefore represent an analogue for the growth and

maturation  of  juvenile  crust  in  magmatic  arcs  worldwide  since  the  onset  of  plate

tectonics c. 3 Gyr ago. Understanding the major controls on orogenesis is important

for  a  wide  range  of  fields  within  geoscience,  including  the  effect  on  climate

systematics  by  formation  of  high-elevation  landmasses,  the  influence  on  ocean

chemistry and bio-productivity by providing nutrients to coastal regions via focused

erosion,  and  the  controls  on  the  formation  of  critical  minerals  and  ores  that  are

essential for transitioning to a greener future.

2. GEOLOGICAL SETTING AND SAMPLES

The Tibetan Plateau, located at the eastern end of the Tethyan tectonic domain,

formed following the Cenozoic collision between the Indian and Asian continental

plates after terminal northward subduction of Neo-Tethyan oceanic lithosphere (Fig.

1). From north to south, the Tibetan Plateau consists of the Kulun, Songpan–Ganze,

Northern and Southern Qiangtang, and Lhasa terranes, and Himalayan orogenic belt,

which are separated by the Kunlun, Jinsha, Longmu Co–Shuanghu, Bongong–Nujing

and Yarlung–Tsangpo suture zones, respectively (Fig. 2A;  Yin and Harrison, 2000;

Pan  et  al.,  2012).  The  Gangdese  continental  magmatic  arc  is  located  within  the
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southern  Lhasa  terrane,  and  formed  during  Mesozoic  subduction  of  Neo-Tethyan

oceanic lithosphere and Cenozoic collision between the Indian and Asian continents

(Figs. 1 and 2). It preserves long-lasting – but episodic – magmatism from the Middle

Triassic to the Miocene, with three main magmatic pulses recorded during the Late

Mesozoic, Early Eocene, and Middle Miocene (e.g., Ding et al., 2003; Chung et al.,

2003, 2005, 2009; Chu et al., 2006, 2011; Mo et al., 2007, 2008; Ji et al., 2009; Guo et

al., 2011; Zhu et al., 2011, 2019, 2022; Wang et al., 2016; Ma et al., 2022; Zhang et

al., 2022a).

The  studied  area  is  located  at  the  eastern  Gangdese  arc,  and  includes  three

tectonic units: the southeastern Lhasa terrane (eastern Gangdese arc) in the north, the

Yarlung–Tsangpo suture zone in the center, and the Himalayan belt in the south (Fig.

2B).  The  Himalayan  belt  represents  the  buried  and  subsequently  exhumed  Indian

continental  crust,  and  includes  the  Tethyan  Himalayan  Sequences  and  Greater

Himalayan  Sequences.  The  former  underwent  greenschist-  to  amphibolite-facies

metamorphism,  whereas  the  latter  experienced  high-pressure  granulite-facies

metamorphism and anatexis (Zhang et al., 2020). The Yarlung–Tsangpo suture zone

preserves relics of subducted oceanic crust. The eastern Gangdese arc consists mainly

of  Late  Cretaceous  gabbroic  to  granodioritic  intrusions  and  granitic  intrusions,

Paleocene  to  Eocene  gabbroic  and  granitic  intrusions,  Oligocene  granites  and

sedimentary  rocks.  The  pre-Oligocene  rocks  experienced  different  degrees  of

metamorphism and differential exhumation, with metamorphic grade at the level of

exposure decreasing from a granulite-facies metamorphic belt in the southeast, to an

amphibolite-facies and greenschist-facies metamorphic belts in the northwest, which

represent the lower, middle and upper crustal levels of the Gangdese magmatic arc,

respectively (Fig. 2B; Zhang et al., 2020).  Miocene granites are absent in the most

eastern part of Gangdese arc, but are common in other segments of the arc (Chung et

al., 2003, 2005; Hou et al., 2004; Guo et al., 2007; Chen et al., 2011; Wang et al.,

2018; Ji et al., 2020).

In order to examine temporal patterns in the characteristics of Late Mesozoic and
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Cenozoic  granites  from  the  eastern  segment  of  Gangdese  arc,  we  collected  and

analyzed over one hundred samples from various locations throughout the study area

(Fig. 2B). Our geochronological and geochemical data comprise 102 samples newly

reported  in  this  study,  alongside  data  from 110  samples  that  have  been  reported

previously. This set of 212 unique samples reliably covers the compositional ranges of

granites  in the eastern Gangdese arc that  formed during late-stage subduction and

collision. These data, together with Sr–Nd isotopes of Late Cretaceous gabbros and

Miocene granites, and zircon Hf isotopes and whole-rock (La/Yb)N values of Miocene

granites, allow us to establish a complete overview of crustal evolution processes that

occur in a continental magmatic arc from subduction to collision.

3. RESULTS

3.1. Zircon U–Pb ages and trace elements

Zircon grains analyzed from 102 granites mostly show euhedral prismatic shapes

and oscillatory zoning (Fig. S1), which are typical of a magmatic origin. Grains from

some samples have inherited detrital  cores,  which are anhedral in shape and have

variable  zonation  patterns,  and  magmatic  rims  with  oscillatory  zoning,  such  as

samples  CZ20-10-4 and -10,  CZ20-22-14,  D024-1,  D110-1,  D112-1,  D123-1,  and

PM1-05  (Fig.  S1).  All  analyzed  spots  for  zircon  magmatic  domains  from  these

samples yielded concordant or near-concordant U–Pb ages, with weighted mean 206Pb/

208U ages ranging from 24 Ma to 81 Ma (Table S1). These spots mostly have relatively

high heavy rare earth element (HREE) contents and high Th/U ratios (mostly > 0.1;

Table S1), typical of a magmatic origin. These ages thus represent the crystallization

ages of the granites. Alongside previously reported age data from 17 other samples,

the studied granites can be divided into three groups: those that formed during the

terminal  stages  of  subduction  (81–77  Ma),  early  collision  (69–47  Ma),  and  late

collision (36–24 Ma) (Figs. 3 and 4). Early and late subduction of the Neo-Tethys

Ocean occurred during the Late Triassic to Early Cretaceous (~220–100 Ma) and Late

Cretaceous (~90–70 Ma), respectively (Zhang et al., 2022a). The early collision (soft
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collision or syn-collision) and late collision (hard collision or late- and post-collision)

between the Indian and Asian continents occurred during the Paleocene to Middle

Eocene (~70–45 Ma),  and after  Middle  Eocene,  respectively  (Chung et  al.,  2005,

2009; Mo et al., 2007, 2008; Hou et al., 2015).

3.2. Whole-rock major and trace elements

The 119 studied granite samples have variable whole-rock compositions, with

SiO2 of 60.49–77.18 wt. %, Mg# [molar MgO/(MgO+FeOT)] of 0.22–0.50, A/CNK

[molar Al2O3/(CaO + Na2O + K2O)] of 0.92–1.15, rare earth element (REE) contents

of  58–366 ppm, and are  mostly calc-alkaline and peraluminous,  with  some being

strongly peraluminous (A/CNK > 1.10;  Figs. 3 and 4; Table S2). Geochronological

data highlight the clear compositional difference between granites formed during late

subduction,  early  collision,  and late  collision  stages.  Granites  associated  with  late

subduction have a relatively limited range in SiO2, Na2O + K2O contents, low A/CNK

and Mg#, high Sr, and low Y, Zr, Rb, Ni, and REE contents, and high Sr/Y ratios and

moderate  La/Yb ratios  (Figs.  3  and 4A–4D).  Early collisional  granites  have  wide

compositional  ranges,  but  mostly  have  relatively  low  Sr,  and  high  Y and  HREE

contents, and low Sr/Y and La/Yb ratios (Figs. 3 and 4A–4D). By contrast, the late

collisional  granites  have  limited  compositional  ranges,  with  relatively  high  SiO2,

Na2O+K2O, and A/CNK, low Mg#, high Sr, and low Y and HREE, and variable but

high Sr/Y and La/Yb ratios (Figs. 3 and 4A–4D).

3.3. Whole-rock Sr–Nd isotopic compositions

Whole-rock isotopic analyses of 65 new samples collected for this work and 26

samples previously reported in the literature show that granites formed during late

subduction  have  relatively  low (87Sr/86Sr)i  (0.7042–0.7053)  and  high  ɛNd(t)  values

(+3.20 to  +0.41),  granites  related  to  late  collision  have  relatively  high  (87Sr/86Sr)i

(0.7056–0.7106) and low ɛNd(t) values (–0.93 to –5.78), whereas granites that formed

during  early  collision  have  widely  variable  (87Sr/86Sr)i  (0.7049–0.7192)  and  ɛNd(t)
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values (+2.35 to –9.22) (Figs. 4E, 4F and 5; Table S3).

3.4. Zircon Hf isotopic compositions

Zircon  Hf  isotopic  analyses  of  the  119 granite  samples  show that  magmatic

zircons from late  subduction granites  have high and positive  ɛHf(t)  values  ranging

from +9.72 to +12.8 (Fig. 6A; Table S4). The magmatic zircons from early collision

granites have highly variable, or even negative  ɛHf(t) values of +9.90 to −10.43. By

comparison, the late collision Oligocene granite zircons have low and positive ɛHf(t)

values ranging from +0.75 to + 5.39 (Fig. 6A; Table S4).

4. DISCUSSION

4.1. Origin of the eastern Gangdese granites

Voluminous  Mesozoic  (>85  Ma)  magmatic  rocks  of  the  Gangdese  arc  have

geochemical  features  of  typical  arc  magmas,  were  therefore  likely  derived  from

depleted mantle during subduction of the Neo-Tethys ocean, and form juvenile arc

crust of the southern Lhasa terrane (Gangdese arc; Chu et al., 2006, 2011; Wu et al.,

2007, 2010; Ji et al., 2009; Zhang et al., 2010, 2022a; Zhu et al., 2011, 2019, 2022;

Ma et al., 2013, 2022; Zheng et al., 2014; Hou et al., 2015; Meng et al., 2016; Wang et

al., 2016). However, the late subduction granites studied here mostly have relatively

low A/CNK and Mg# values, high Sr and low Y, Zr, Rb, Ni and REE contents, high

Sr/Y and La/Yb ratios, low (87Sr/86Sr)i and high  ɛNd(t) values, and high zircon  ɛHf(t)

values (Figs. 3–6; Tables S2–S4). Therefore, most previous studies have interpreted

the granites to have been derived from anatexis of thickened juvenile lower crust (e.g.,

Wen et al., 2008; Tang et al., 2019; Ding and Zhang, 2019, Ding et al., 2022a, 2022b).

Low MgO (<1.88 wt. %), Ni (<5.4 ppm) and Yb (<1 ppm) contents, and low Mg#

values (<0.41) are typical features of high-Sr/Y granites derived from thickened mafic

lower  crust  (Wang  et  al.,  2006).  The  slightly  enriched  Sr–Nd–Hf  isotopic

compositions of the granites show that the thickened juvenile lower crust includes a

minor proportion of older crustal materials. These interpretations are consistent with
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previous conclusions that Late Cretaceous lower crust of the eastern Gangdese arc

consists of high-pressure (up to 15–17 kbar) and high-temperature (up to 850–880 C)

metamorphosed  and  partially  melted  arc-type  gabbros  (i.e.  garnet-rich  mafic

granulites)  and  sedimentary  rocks  (i.e.  kyanite-  and  garnet-bearing  schists  and

gneisses) (Zhang et al., 2014).  Further, early melts generated by  in situ anataxis of

these arc-type gabbros represent potential sources of high-Sr/Y granites in the upper

arc  crust  (Ding et  al.,  2022a;  Qin  et  al.,  2022).  The  late  subduction  granites  are

unlikely to  be  the  product  of  fractional  crystallization  of  mantle-derived magmas,

given the absence of coeval intermediate to mafic magmatic rocks in the study region

that experienced significantly exhumation during the Last Cenozoic (Cao et al., 2020;

Zhang et al., 2020), and zircons in the granites with slightly higher δ18O values than

normal mantle zircon, and inherited cores with Cretaceous and Late Paleozoic U–Pb

ages (Tang et al., 2019).

The early  collision  granites  have  widely  variable  major,  trace  and rare  earth

element compositions, Sr–Nd–Hf isotopes, and A/CNK and Mg# values, but mostly

have lower whole-rock Sr and  ɛNd(t), and zircon  ɛHf(t) values, and higher Y, Zr, Rb,

HREE and (87Sr/86Sr)i,  and  lower  Sr/Y and La/Yb ratios  than  the  late  subduction

granites (Figs. 3–6; Tables S2–S4). The relatively more enriched Sr–Nd–Hf isotopic

compositions indicate that ancient crustal materials also became incorporated into the

melt  source  region  during  generation  of  early  collisional  granites.  As  these  early

collision granites have relatively low A/CNK and (87Sr/86Sr)i, high Mg#,  ɛNd(t) and

zircon ɛHf(t) values, they were likely derived from partial melting of the juvenile lower

crust with minor contribution from ancient materials. By contrast, the early collision

granites with relatively high A/CNK and (87Sr/86Sr)i, low Mg#, low ɛNd(t) and zircon

ɛHf(t) values were derived from mixing of melts generated by partial melting of the

juvenile  and  ancient  lower  crustal  materials,  or  else  derived  solely  from  partial

melting of ancient  materials.  In addition,  a few granites with relatively high Mg#

(>0.4) and Ni (>10 ppm) contents, typical of felsic intrusions evolved from basaltic

rocks, probably represent the product of fractional crystallization of mantle-derived
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magmas, but underwent assimilation of ancient crustal materials. These considerations

are  consistent  with  recent  conclusions  that  the  eastern  Gangdese  lower  arc  crust

contains Paleocene high-grade metamorphic and anatectic mafic and felsic granulites,

which formed from Late Cretaceous and Early Paleocene arc-type magmatic rocks

and ancient sedimentary rocks (Zhang et al.,  2013; Palin et al.,  2014; Jiang et al.,

2022). As such, the Early Cenozoic granites of the Gangdese arc were mostly derived

from partial melting of both juvenile and ancient lower crusts (Chung et al., 2005,

2009; Chu et al., 2006, 2011; Guo et al., 2012; Zhang et al., 2013; Jiang et al., 2014,

2022; Wang et al., 2015, 2019; Ma et al., 2017; Li et al., 2019; Tang et al., 2022; Zhu

et al., 2022).

Previous  studies  have  shown  that  the  Gangdese  arc  and  Himalayan  orogen

underwent melting of thickened lower crust during the Oligocene to Miocene (e.g.,

Chung et al., 2003, 2005; Hou et al., 2004; Zhang et al., 2004, 2022b; Zheng et al.,

2012; Ding et al., 2019; Ji et al., 2020; Wu et al., 2020). We also interpret that late

collision Oligocene high Sr/Y granites in the eastern Gangdese arc resulted from the

partial melting of lower crust based on the following evidence: (1) the granites have

relatively high SiO2, Na2O, K2O, Rb and A/CNK, and low Mg#, Zr and Ni (Fig. 3),

and relatively enriched Sr–Nd–Hf isotopic compositions, characterized by relatively

high (87Sr/86Sr)i,  and low  ɛNd(t)  and zircon  ɛHf(t)  values (Figs. 4–6; Tables S2–S4),

which are distinct  from granites formed by fractionated crystallization of depleted

mantle-derived magma. The low MgO (<1.91 wt. %), Ni (<11 ppm) and Yb (mostly <

1 ppm) concentrations, and low Mg# values (<0.47) are typical of high Sr/Y granites

that were derived from partial melting of mafic rocks at high pressures representative

of  the  thickened  lower  crust  (Wang  et  al.,  2006);  (2)  the  granites  have  limited

compositional ranges in major and trace elements, and lightly variable Eu/Eu* values,

and  therefore  are  unlikely  to  be  products  of  fractional  crystallization  of  mantle-

derived magma. This also is consistent with the lack of coeval intermediate to mafic

rocks in the study area; (3) some of the Oligocene granites have relatively high SiO2,

Na2O+K2O and A/CNK (>1.10), and contain magmatic zircons with inherited detrital
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cores (such as samples D024-1, D110-1, D112-1, D123-1, and PM1-05; Fig. S1), and

therefore were sourced from the partial melting of ancient sedimentary rocks in the

lower  arc  crust;  (4)  the  exposed lower  crustal  rocks  of  the  eastern  Gangdese  arc

widely overprinted the Oligocene high-grade metamorphism and partial melting, and

the generated melts provide potential sources of the upper crustal granites (Palin et al.,

2014; Zhang et al., 2015; Yi et al., 2022). The last two lines of evidence provide direct

constraints  for the anatexis of lower arc crust  during the late stages  of collisional

orogeny.

4.2. Evolution of components and compositions of the lower arc crust over time

The Gangdese arc experienced intense mantle-derived magmatism and juvenile

crustal  growth  during  the  Mesozoic.  However,  our  results  show  that  the  Late

Mesozoic to Cenozoic crust-derived granites are widespread throughout the eastern

Gangdese arc (Fig. 2b). Moreover, the granites from different tectonic stages show

significantly  different  major,  trace  element  and  isotopic  compositions  (Figs.  3–6;

Tables S2–S4). These show that the juvenile crust  of the magmatic arc underwent

intense reworking, and its components and compositions evolved over time, through

the late subduction and early to late collision stages.

The  late  subduction  granites  have  depleted  mantle-like  geochemistry,  limited

compositional ranges in major and trace elements, and Sr–Nd–Hf isotopes (Figs. 3–6),

and  lower  whole-rock  ɛNd(t)  and  higher  whole-rock  (87Sr/86Sr)i  than  those  of  the

slightly early gabbros and diorites (Figs. 4e, 4F and 5). These compositional features

indicate that juvenile lower arc crust, which formed the source region of the granites,

contained a small volume of homogenously distributed ancient crust (Figs. 5 and 7A).

This  is  consistent  with  the  field  observations  of  minor  upper  amphibolite-  and

granulite-facies  meta-sedimentary  rocks  that  occur  throughout  the  exposed  Late

Cretaceous lower crust of the eastern Gangdese arc (Qin et al., 2022).

The  widespread  early  collisional  granites  show  highly  variable  whole-rock

chemical  compositions  (Figs.  3  and  4);  some  of  which  have  depleted  Sr–Nd–Hf
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isotopic compositions, whereas others have enriched isotopic compositions (Figs. 4e,

4F, 5 and 6A). These characteristics indicate that the juvenile lower crust contains

voluminous ancient crustal materials that are likely heterogeneously distributed (Figs.

5,  6A and  7B).  This  is  consistent  with  previous  studies  showing  that  the  latest

Cretaceous to  Eocene (67–44) granites  of  the  Gangdese  arc  were derived from a

remarkably  heterogeneous  source  (Ji  et  al.,  2017),  and  with  field  observations

showing abundant meta-sedimentary rocks occur in exhumed Early Cenozoic lower

crust of the eastern Gangdese arc (Jiang et al., 2022). The mechanisms that allow for

incorporation or cycling of silica-rich, surficial sediments into the lower arc crust is

still  under debate, although in the Gangdese these units were likely transported to

such depths via tectonic shortening and underthrusting rather than subduction-related

underplating, as has been proposed for other continental arcs worldwide (Fig. 7; Jiang

et  al.,  2022;  Li  et  al.,  2022).  Moreover,  some  studies  proposed  that  the  Indian

continental crust was underthrusted into the Gangdese lower crust during the early

collision, and may have formed one of the sources of granites (Chu et al., 2011; Tang

et  al.,  2022;  Zhang  et  al.,  2022b; Fig.  7B).  In  addition,  the  occurrence  of  Early

Cenozoic  mantle-derived  and  subducted  oceanic  crust-derived  magmatic  rocks

indicates growth of juvenile crust during the early collision (Mo et al., 2007, 2008;

Zhu et al., 2011; Niu et al., 2013; Hou et al., 2015; Fig. 7B).

The Oligocene granites have restricted ranges in major and trace elements (Figs.

3 and 4), and similar but relatively enriched isotopic compositions (Figs. 4E, 4F, 5 and

6A), indicating that the lower crust during late collision consisted mainly of juvenile

crustal materials with minor amounts of homogenously distributed ancient rocks (Fig.

7C). Rare occurrences of Oligocene mantle-derived magmatic rocks imply that the

Gangdese arc underwent limited growth by addition of juvenile crust during that time

(Shang et al., 2016).

The Miocene granites show similar Sr–Nd isotopes to the Oligocene granites

(Figs. 4E, 4F and 5), but mostly have higher zircon ɛHf(t) values than the latter (Fig.

6A). We suggest that the lower crustal source region of the Miocene granites contains
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similar lithological components to the Oligocene one, but is dominated by juvenile

crustal materials and only has minor and heterogeneously distributed ancient materials

(Figs.  6A and  7D).  The  Miocene  mantle-derived  ultrapotassic  rocks  have  more

enriched Sr–Nd–Hf isotopic compositions than the Miocene granites, indicating that

the  Gangdese  arc’s  lithospheric  mantle  has  been  enriched  due  to  pervasive

metasomatism of the subducted Indian crust (e.g., Zhao et al., 2009; Liu et al., 2014;

Yang  et  al.,  2015). Therefore,  the  depleted  Hf  isotopic  features  of  the  Miocene

granites  are  inherited  from  pre-existing  juvenile  crust  that  generated  during

subduction and early collision, implying that the arc did not experience significant

growth of juvenile crust during the Miocene.

Geochemical  characteristics  that  differ  significantly  between  Mesozoic  and

Cenozoic magmatic rocks clearly indicate that the lower crust of the eastern Gangdese

arc evolved from a depleted juvenile lower crust during the subduction stage into a

more fertile lower crust during the collisional stage. Therefore, the lower arc crust has

an increasing contribution of mantle-derived juvenile crustal components from early

to late subduction (>85 Ma), and an increasing proportion of ancient crustal materials

as late subduction transitioned to collision (Figs. 5, 6A and 7). The lower arc crust

magma source became progressively more heterogeneous from the late subduction

stage to the early collisional period, remained homogeneous between the early and

late collisional periods, and then became more heterogeneous from the Oligocene to

the Miocene (Figs. 5, 6A and 7). Therefore, the eastern Gangdese arc is characterized

by the growth of juvenile crust and associated reworking (i.e., the accretion of mantle-

derived magmas and remelting of the juvenile and ancient crustal materials) during

the late subduction and early collision stages, but by the reworking of juvenile and

ancient lower crusts, and limited growth of juvenile crust during the late collision

stage.

4.3. Evolution of the arc crustal thickness over time

The modern Gangdese arc has a crustal thickness of 60-80 km, which is twice as
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thick  as  average  continental  crust,  but  there  is  still  great  controversy  about  the

mechanisms and timing of this crustal thickening (Harrison et al., 1992; Zhao et al.,

1993; Willett and Beaumont, 1994; Yakovlev and Clark, 2014; Kapp and DeCelles,

2019). Some studies argued that the Gangdese arc crust underwent thickening during

Mesozoic subduction (England and Searle, 1986; Murphy et al., 1997; Ding and Lai,

2003;  Ding  et  al.,  2003,  2014;  Kapp et  al.,  2005,  2007a,  2007b;  Ji  et  al.,  2012),

whereas other workers have proposed that the majority of crustal thickening occurred

after around 50 Ma as a direct result of continental collision and ongoing convergence

(Molnar et al., 1993; Yin and Harrison, 2000;  Williams et al., 2001; Chung  et al.,

2003, 2005, 2009; Hou et al., 2004, 2015; Mo et al., 2008; Wang et al., 2014a, 2014b;

Yang et al., 2015, 2016a, 2016b; Zhu et al., 2017). High Sr/Y granites can form via

anatexis of garnet-bearing mafic granulites or eclogites in the thickened lower crust

(e.g., Chung et al., 2003; Hou et al., 2004), and therefore their Sr/Y and La/Yb ratios

can be used to estimate minimum crustal  thicknesses (e.g.,  Chapman et al.,  2015;

Profeta et al., 2015; Hu et al., 2017; Zhu et al., 2017; Sundell et al., 2021). Our work

indicates that the late subduction granites have high Sr/Y ratios (mostly >50), early

collision granites  have low Sr/Y ratios (mostly <40),  and late  collision Oligocene

granites have high Sr/Y ratios (mostly >60; Fig. 3g). These suggest that the minimum

crustal thickness of the eastern Gangdese arc changed over time. In order to eliminate

the  effect  of  fractional  crystallization  on  whole-rock  compositions,  chondrite-

normalized (La/Yb)N values of high Sr/Y granites with SiO2 = 60–70 wt.%, MgO < 4

wt.% and Rb/Sr = 0.04–0.2 were used to estimate the minimum crustal thickness. In

this  case,  the  (La/Yb)N values  of  the  late  subduction,  early  and  late  collision

(Oligocene) granites are 12–37, 6–31, and 30–56, respectively (Fig. 6B). According to

the calculation method of Hu et al. (2017) and average (La/Yb)N ratios (23, 14 and 44)

of  the  three  stages  of  granites,  the  Late  Cretaceous,  Early  Eocene and Oligocene

minimum crustal thickness are estimated at ~55 km, ~40 km and ~75 km, respectively

(Fig. 6B).

Previous  studies  have  documented  that  crust-sourced  high  Sr/Y granites  are
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absent in the Gangdese arc during the Cretaceous (i.e. older than 85 Ma;  Zhu et al.,

2017; Zhang et  al.,  2022a),  implying that the arc had a  normal  continental  crustal

thickness (<40 km) at that time. Widespread Miocene high Sr/Y granites mostly have

lower  (La/Yb)N ratios  than  the  Oligocene  granites  (Fig.  6B),  suggesting  that  the

Miocene arc crust  was probably thinner  than during the Oligocene.  Therefore,  the

Gangdese  arc  underwent  its  first  phase  of  crustal  thickening  during  the  Late

Cretaceous, subsequent crustal thinning during the Late Cretaceous to Early Eocene

(~75–50  Ma),  a  second  stage  of  crustal  thickening  during  the  Middle  Eocene  to

Oligocene  (~50–25  Ma),  and  a  final  stage  of  crustal  thinning  during  the  Late

Oligocene to Miocene (Figs. 6B and 7).

Our estimation of the changes of arc crustal thickness over time is supported by

previous  works:  (1)  Southern  Tibet  had  a  normal  crustal  thickness  during  the

Paleocene and Early Eocene, and a thickened crust during the Oligocene and Middle

Miocene (Chung et al., 2009), (2) the Gangdese arc underwent crustal thickening in

the early Late Cretaceous, and thinning in the latest Late Cretaceous (Ji et al., 2014),

(3) the eastern Gangdese arc crust experienced the most significant thickening during

the Late Eocene (Zhang et al., 2015), (4) the eastern Gangdese arc crust experienced

thickening and reworking during the Eocene to Oligocene (Ding and Zhang, 2019).

Moreover, the alternate crustal thickening and thinning of the arc crust is temporally

consistent with (1) Late Cretaceous and Oligocene high-pressure and high-temperature

metamorphism and anatexis of the Gangdese lower arc crust (Zhang et al., 2013, 2015;

Palin et al., 2014; Ding et al., 2022a, 2022b; Qin et al., 2022), (2) Late Cretaceous, and

Late Eocene to Oligocene contractional deformation and crustal shortening (Murphy et

al.,  1997; Ding and Lai,  2003;  Kapp et  al.,  2005,  2007a,  2007b;  Mo  et  al.,  2007;

Chung  et  al.,  2009),  and  (3)  Late  Cretaceous  to  Early  Eocene,  and  Miocene

extensional deformation and sedimentation in the Gangdese arc (Meng et al., 2017;

Kapp and DeCelles, 2019).

An independent check on these results derived from (La/Yb)N ratios is provided

by the  Eu/Eu*-in-zircon crustal  thickness  proxy.  When applying this  barometer  to
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detrital  zircons  separated  from  modern  river  sands  sourced  from  the  Gangdese

granites,  Tang et al. (2021) revealed that the Gangdese arc experienced two episodes

of crustal thickening (to 60–70 km) since the Cretaceous, with the first  thickening

event  dated  at  90–70  Ma,  and  the  second  at  50–30  Ma.  Our  data  show  that  the

magmatic zircons with Th/U > 0.1 and La < 1 (spots = 1299) from the granites studied

here have highly variable Eu/Eu* values (Fig. 6C). Although zircon grains from late

subduction and late collision granites mostly have higher Eu/Eu* values than the early

collision granites,  and a  trend of  early  crustal  thinning and late  crustal  thickening

seems to be visible, the estimated crustal thicknesses are likely all less than 55 km

based on average Eu/Eu* values (Fig. 6C). An irresolvable problem when applying the

Eu/Eu*-in-zircon  crustal  thickness  proxy  to  detrital  zircons  is  that  the  effect  of

fractional  crystallization,  assimilation  and  mixing  on  chemical  compositions  of

granitic  zircons  cannot  be  evaluated,  as  whole-rock chemical  compositions  of  the

detrital zircon-sourced granites are unknown. Nonetheless, the results suggested here

for zircon Eu/Eu* values match those suggested from average (La/Yb)N ratios, which

would  be  unexpected  unless  both  signatures  were  coherently  and  independently

measuring changes in crustal architecture through time.

4.4. Geodynamics for the arc crustal evolution

The Gangdese arc experienced Mesozoic accretionary orogeny, and overprinted

the Cenozoic collisional orogeny, together with the Himalayan Range situated along

the northern margin of India (Fig. 1; Yin and Harrison, 2000; Ding et al., 2003; Zhu et

al.,  2011;  Pan  et  al.,  2012).  Some studies  have  suggested  that  the  Gangdese  arc

underwent the following tectonic evolution: normal subduction of the Neo-Tethyan

lithosphere  from  the  Jurassic  to  the  Early  Cretaceous,  early  Late  Cretaceous

subduction of its mid-oceanic ridge, late Late Cretaceous flat subduction of the young

oceanic slab, Early Cenozoic continental collision and breakoff of subducted oceanic

lithosphere,  Late  Eocene  to  Oligocene  underthrusting  of  Indian  continent,  and

delamination of thickened lithospheric mantle during the Miocene (e.g., Chung et al.,
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2003, 2005; Hou et al., 2004; Lee et al., 2009; Zhao et al., 2009; Zhang et al., 2010,

2022a; Guo et al., 2011; Ma et al., 2014; Ji et al., 2016; Zhu et al., 2019; Ding et al.,

2022a, 2022b). Our new data and key insights into changes in Gangdese arc crustal

compositions and thicknesses over time can be combined with this tectonic model to

constrain the geodynamic history of the arc’s crustal evolution.

The Late Cretaceous (~85–75 Ma) Gangdese arc contains voluminous high Sr/Y

granites in the upper arc crust and high-pressure granulite-facies migmatites in the

thickened lower crust (Wen et al., 2008; Zhang et al., 2014, 2022a; Tang et al., 2019;

Ding et al., 2022a). This metamorphic and magmatic association is probably related to

shallow subduction of young oceanic lithosphere following subduction of the Neo-

Tethyan mid-oceanic ridge, which occurred at ~100 Ma (Zhang et al., 2010; Guo et

al., 2011, 2013; Zheng et al., 2014; Zhu et al., 2019). Low-angle subduction induced

compressional  deformation  and  tectonic  thickening  of  the  arc  crust,  and

underthrusting of upper crustal rocks (intracrustal material cycling), as shallow-angle

subducted slabs are more closely coupled with the overlying continental plate than

subducted slabs that descend at high angles. This drove anatexis of thickened juvenile

lower crust with minor ancient crustal rocks and formation of dense mafic residues,

which were probably recycled into mantle (Fig. 7A). This melting was mostly driven

by the  breakdown of  hydrous  minerals  (amphibole  and biotite)  at  granulite-facies

temperatures of 850–880  C, catalyzed by the addition of water into the thickened

lower crust provided from devolatilizing oceanic lithosphere and subducted sediments

(Ding et al., 2022a, 2022b).

Following continental  collision at ~65 Ma, the Indian plate crustal  rocks were

progressively underthrusted below the Gangdese arc crust (Chung et al., 2009; Chu et

al.,  2011;  Tang  et  al.,  2022;  Zhang  et  al.,  2022b).  This  addition  of  older  crustal

material increased the isotopic and geochemical heterogeneity of the lower arc crust,

and  caused  crustal  thickening  of  the  Himalayan  orogen  (Fig.  7B).  Rollback  and

breakoff of subducted oceanic lithosphere induced the upwelling  of asthenosphere,

and extension and thinning of arc crust during the early stage of collision (Figs. 6B
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and  7B).  The  lower  arc  crust  and  lithospheric  mantle  were  intensely  heated  and

partially melted to generate mantle-sourced rocks, juvenile and ancient crust-derived

granites in the Gangdese arc and Himalayan orogen (Fig. 7B;  Aikman et al., 2008;

Zeng et al., 2011; Hou et al., 2012; Zhang et al., 2013, 2022b; Ma et al., 2017; Wu et

al.,  2020).  These  granites  have  notably  different  petrological  and  geochemical

signatures  to  pre-collision  intrusions  (see above),  given the differences  in  pressure

(depth) and the mixture of protoliths that experienced anatexis.

With  continued  underthrusting  of  the  Indian  continent,  the  arc  crust  and

lithospheric  mantle  underwent  strong  contraction  and  thickening,  and  intracrustal

material  cycling from the Eocene to the Oligocene (Figs.  6B and 7C).  High-grade

metamorphism and anatexis of the strongly thickened lower crust produced Oligocene

high Sr/Y granites in the Gangdese arc, and leucogranites in the Himalayan orogen,

and dense mafic residues that were probably foundered (recycled) into the mantle (Fig.

7C).  Miocene  magmatism  in  the  Gangdese  arc  and  Himalayan  orogen,  and  the

thinning  of  thickened  arc  crust  are  probably  related  to  the  convective  removal  or

delamination of thickened lithospheric mantle and induced upwelling of asthenosphere

(Chung et al., 2005; Zhao et al., 2009; Fig. 7D). Roll-back, break-off or tearing of the

subducted Indian lithosphere are also plausible models that have been proposed for

Miocene magmatism (Guo et al., 2011, 2015; Zhu et al., 2019; Ji et al., 2020; Wang et

al., 2022). The partial melting of enriched lithospheric mantle that was metasomatized

by dewatering subducted Indian crust generated potassic to ultrapotassic magmas; the

remelting of thickened lower crust generated the high Sr/Y granites in the Gangdese

arc (Fig. 7D; Chung et al.,  2003; Hou et al., 2004; Zhao et al., 2009). Finally, the

anatexis  of  ancient  crust  produced  leucogranites  that  are  now exposed  within  the

Himalayan orogen.

4.5. Implications for the evolution of continental arc crust

Juvenile arc magmas extracted from the mantle have a basaltic bulk composition,

whereas mature Phanerozoic continental crust has an overall andesitic composition

18

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505



(Rudnick and Gao, 2003; Hacker et al., 2011; Jagoutz and Kelemen, 2015). Proposed

mechanisms  of  transforming  juvenile  arc  crust  into  continental  crust  include

foundering of dense mafic rocks of lower arc crust (Arndt and Goldstein, 1989; Kay

and Kay, 1991), crustal formation from primary mantle-derived or subducted oceanic

crust-derived  andesitic  magmas  (Kelemen,  1995;  Niu  et  al.,  2013),  or  mixing  of

basaltic rock with silicic magma derived by partial melting of mafic, subducting crust

(Martin, 1986), or  relamination of buoyant, subducted silica-rich sediments that can

increase the bulk-SiO2 content of the lower crust as a whole (Hacker  et  al.,  2011,

2015;  Kelemen  and  Behn,  2016). Fractional  crystallization  of  mafic  magma  is

commonly  suggested  to  be  a  key  mechanism  of  intracrustal  differentiation  and

foundering of  dense  lower  arc  crustal  rocks  (Jagoutz,  2014;  Keller  et  al.,  2015;

Jagoutz and Klein, 2018). However, partial melting within lower arc crust is likely

necessary  for  juvenile  arc  crust  to  vertically  differentiate  and  be  refined  into

chemically mature continental crust (Kay and Kay, 1993; Brown and Rushmer, 2006;

Garrido et al., 2006; Brown, 2007, 2010; Stern and Scholl, 2010; Jagoutz and Behn,

2013; Ducea et al., 2015).

As described above, the Gangdese arc consists mainly of Mesozoic and Early

Cenozoic  arc-type  magmatic  rocks  with  the  depleted  mantle-like  Sr,  Nd  and  Hf

isotopic compositions, and therefore represents a juvenile crust that extracted from the

mantle (Chu et al., 2006; Zhu et al., 2011; Zhang et al.,  20114; Hou et al.,  2015).

However, the Oligocene lower crust of the eastern Gangdese arc contains not only

mafic granulites, but also voluminous felsic granulites, with minor meta-sedimentary

and meta-ultramafic rocks, and has an overall intermediate composition (Zhang et al.,

2020). Moreover, as the upper crust of the Gangdese arc contains voluminous granitic

and andesitic rocks and minor mafic magmatic rocks (Chung et al., 2005; Mo et al.,

2007, 2008; Zhu et al., 2011, 2019; Niu et al., 2013), we speculate that the whole crust

of eastern Gangdese arc has an overall andesitic composition, and therefore resembles

mature continental crust, rather than juvenile mafic arc crust.

Previous  studies  have  argued  that  Late  Cretaceous  granites  (e.g.  the  Lilong
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batholith) represent a product of fractional crystallization of mantle-derived rocks, and

thus forms a juvenile arc crustal section (Zhang et al., 2014; Guo et al., 2020). This

implies  that  the  Gangdese  arc  underwent  intracrustal  differentiation  via  fractional

crystallization during late subduction. The present study, as well as the occurrence of

multistage  high-grade  metamorphic  and  anatectic  rocks  in  the  exposed  arc  root,

indicate that the lower crust of the eastern Gangdese arc underwent at least four stages

of high-temperature metamorphism and partial  melting to  generate  the widespread

Late Cretaceous, Paleocene to Early Eocene, Oligocene and Miocene granites in the

upper crust.  In addition,  we speculate that the dense residues of garnet-rich mafic

granulite or eclogite produced by the anatexis of the thickened lower crust have partly

foundered into the less-dense underlying mantle, suggesting multistage of recycling of

juvenile and ancient crustal materials into mantle (Fig. 7). Therefore, we suggest that

repeated partial melting within the thickened lower crust is one of key mechanisms for

refining  mafic  arc  crust  into  andesitic  continental  crust  for  magmatic  arcs  with  a

complete evolutionary history from subduction to collision.

Early collisional granites in the eastern Gangdese arc mostly display significant

enrichment  of  Sr–Nd–Hf  isotopic  compositions,  indicating  an  addition  of  ancient

continental  crustal  materials  to  the  juvenile  lower  crust.  This  isotopic  enrichment

event  is  temporally  consistent  with  the  early  stages  of  the  Indo-Asian  collision.

Therefore,  it  is  likely that  the  Indian  continental  crust  was underthrusted  into  the

Gangdese arc  juvenile  crust  to  form fertile  material  source  for  the early collision

granites  (Fig.  7B; Chu  et  al.,  2011;  Zhang  et  al.,  2022b).  The  subducted  and

subsequently  exhumed  Indian  continental  crust  contains  voluminous  felsic  rocks,

including high-grade metamorphosed granites, pelites and graywackes (Kohn, 2014;

Zhang et al., 2022b). In addition, the felsic intrusive rocks and supracrustal rocks from

the Gangdese upper crust were transported to the lower crust by subduction erosion

and arc  crustal  underthrusting  during  the  late  subduction  and collisional  orogeny,

indicating multiple periods of intracrustal material cycling (Zhang et al., 2013, 2020;

Jiang et al., 2022; Li et al., 2022; Qin et al., 2022). Transporting these felsic rocks to
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the lower arc  crust  can  significantly modify the components  and compositions  of

juvenile lower arc crust and even the whole arc crust, and therefore is an additional

mechanism for compositionally modifying arc crust. These processes are similar to

relamination of buoyant, subducted rocks to the lower crust of magmatic arcs, which

is  considered  to  be  a  key  mechanism for  refining  arc  crust  into  continental  crust

(Hacker et al., 2011, 2015; Kelemen and Behn, 2016). 

The  above-described Gangdese  magmatic  arc  crust  preserves  a  complex

evolutionary  history  from  subduction  to  collision,  and  an  overall  andesitic

composition that resembles mature continental crust; therefore, the temporal changes

in magmatism, crustal component, thickness, and architecture are proposed here to be

common processes for arc crustal evolution since the onset of plate tectonics.

5. CONCLUSIONS

1. The eastern Gangdese magmatic arc contains widespread crust-sourced granites,

which formed during Late Cretaceous subduction, and Early and Late Cenozoic

collision,  and  show  significantly  different  major,  trace  element,  and  isotopic

compositions,  indicating  that  the  components,  compositions,  thicknesses  and

architecture of the arc crust have changed over time.

2. The eastern  Gangdese  arc  had a  thick  juvenile  crust  with  a  small  volume of

homogenously distributed ancient crust during the late subduction stage, a thin

crust  consisting  of  heterogeneously  distributed  juvenile  and  ancient  crustal

materials  during  the  early  collision  stage,  a  thick  juvenile  crust  with  minor

amounts  of  homogenously  distributed  ancient  rocks  during  the  late  collision

(Oligocene),  and  a  thick  juvenile  crust  with  minor  and  heterogeneously

distributed ancient materials during the late collision (Miocene). 

3. The eastern  Gangdese  arc  crust  experienced the  Late  Cretaceous  and Eocene

crustal thickening, Paleocene and Miocene thinning, and at least four stages of

anatexis of the lower arc crust, and associated cycling or recycling of juvenile and

ancient crustal materials within the arc crust and between the crust and mantle.
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4. Shallow  subduction  of  Neo-Tethys  oceanic  lithosphere  promoted  tectonic

thickening  of  the  Gangdese  arc  crust  and  led  to  anatexis  of  lower  crust  and

formation of high Sr/Y granites during the Late Cretaceous. Immediately after the

onset of Indo-Asian collision,  the deeply subducted oceanic slab breakoff and

rollback-driven  extension  temporarily  allowed  thinning  of  the  arc  crust,  and

generation  of  juvenile  and  ancient  crust-derived  granites  during  the  Early

Cenozoic. Continued underthrusting of the Indian continent crust and subsequent

delamination of thickened lithospheric mantle led to thickening and thinning of

the arc crust, respectively, and anatexis of thickened lower crust and generation of

high Sr/Y granites during the Oligocene and Miocene. 

5. The eastern Gangdese arc is characterized by the growth of juvenile crust and

associated reworking during the late subduction and early collision stages, but by

the reworking of juvenile and ancient lower crusts, and limited growth of juvenile

crust  during  the  late  collision  stage.  The prolonged  and alternate  growth and

reworking processes that were related to changing dynamics of subduction and

collision are considered to be a common mechanism for maturation of juvenile

crust of continental magmatic arcs.
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Figure captions:

Figure 1. Paleogeographic reconstruction of the Gangdese magmatic arc during the

Late  Mesozoic  and  Cenozoic.  (A)  Gangdese  crustal  growth  during  the  Late

Cretaceous  subduction  of  Neo-Tethys  Ocean  beneath  the  Asian  continent.  (B)

Gangdese crustal growth and reworking during the Early Eocene collision between

India and Asia. (C) Formation of the Tibetan Plateau and reworking of Gangdese arc

crust  during  the  Late  Oligocene  ongoing  continental  convergence.  The

paleogeographic map is after Scotese (2014).

Figure  2.  Geological  map  of  the  Tibetan  Plateau  (A)  and  the  eastern  Gangdese

magmatic arc (B), showing the distribution of metamorphic belts, and locations of

some of the studied granite samples.

Figure 3. Plots of zircon U–Pb ages versus whole-rock major (A, B), A/CNK (C),

Mg# (D) and trace elements (E-J) of the granites, with a division of tectonic stages.
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Data sources are listed in Table S2.

Figure 4. Plots of zircon U–Pb ages versus whole-rock REE (A), HREE (B), La/Yb

(C), Eu/Eu*(D), (87Sr/86Sr)i (E) and εNd(t) values (F) of the granites and gabbros, with a

division of tectonic stages. Data sources are listed in Tables S1 and S3.

Figure 5. Plot of (87Sr/86Sr)i versus εNd(t)  values of the granites and gabbros,  with

descriptions of components and natures of the lower arc crust in different tectonic

stages. Data sources are listed in Table S3.

Figure  6.  Plots  of  zircon  U–Pb  ages  versus  zircon  εHf(t)  values  (A),  whole-rock

(La/Yb)N (crustal  thickness;  B)  and  zircon  Eu/Eu*  (crustal  thickness,  C)  of  the

granites,  with  descriptions  of  components  and  natures  of  the  arc  crust  (A),  and

thickening and thinning processes of the arc crust (B, C) in different tectonic stages.

Data sources are listed in Tables S1, S2 and S4, except for the Miocene granites from

Chu et al. (2011).

Figure 7. Geodynamic model of crustal evolution of the Gangdese magmatic arc. (A)

Shallow  subduction  of  the  Neo-Tethyan  lithosphere  during  the  Late  Cretaceous

resulted in the thickening of arc crust, and partial melting of thickened juvenile lower

crust with minor and homogenously distributed ancient crustal rocks to generate high

Sr/Y granites and dense mafic residues. (B) Rollback and breakoff of the subducted

Neo-Tethyan lithosphere, underthrusting of ancient Indian crust beneath the Gangdese

arc  crust,  and  thinning  of  the  thickened  arc  crust  during  the  Late  Cretaceous  to

Paleocene. Upwelling of asthenosphere induced the intense partial melting of mantle

and heterogeneously distributed juvenile and ancient lower crustal rocks to generate

the mafic magmatic rocks, and granites in the Gangdese arc and Himalayan orogen.

(C)  Underthrusting  of  Indian  lithosphere  beneath  the  Asian  lithosphere  induced

significant crustal thickening, and partial melting of thickened juvenile lower crust
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with minor and homogenously distributed ancient crustal rocks to generate high Sr/Y

granites  and  dense  mafic  residues  in  the  Gangdese  arc,  and  leucogranites  in  the

Himalayan  orogen  during  the  Late  Eocene  to  Oligocene.  (D)  Delamination  of

thickened lithospheric mantle and associated upwelling of asthenosphere induced the

thinning of thickened crust, and partial melting of the lithospheric mantle and juvenile

lower  crust  with  minor  and  heterogeneously  distributed  ancient  rocks  to  generate

ultrapotassic  magmatic  rocks,  high  Sr/Y granites  and dense  mafic  residues  in  the

Gangdese arc, and leucogranites in the Himalayan orogen during the Miocene.

Supplemental Material:

Supplemental Text S1: Analytical Methods.

Figure  S1.  Zircon  cathodoluminescence  images  of  the  granites  from  the  eastern

Gangdese arc, with U-Pb dating locations and ages (in Ma).

Table  S1.  Zircon  U-Pb  dating  and  trace  element  data  of  the  Late  Mesozoic  and

Cenozoic granites of the eastern Gangdese arc.

Table S2. Whole-rock chemical  compositions  of the Late Mesozoic and Cenozoic

granites of the eastern Gangdese arc.

Table S3. Whole-rock Sr and Nd isotopic compositions of the Late Mesozoic and

Cenozoic magmatic rocks of the eastern Gangdese arc.

Table S4. Zircon Hf isotopic data of the Late Mesozoic and Cenozoic granites of the

eastern Gangdese arc.
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