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Little is known about the detailed processes associated with the transition from oceanic to continental litho-
sphere subduction in the Gangdese Belt of southern Tibet (GBST). Here, we report zircon U–Pb age, major and
trace element and Sr–Nd–Hf isotopic data for Late Cretaceous–Early Oligocene (~91–30 Ma) intermediate-acid
intrusive rocks in the Chanang–Zedong area immediately north of the Yarlung–Tsangpo suture zone. These
rocks represent five magmatic episodes at ~91, ~77, ~62, ~48, and ~30 Ma, respectively. The 91–48 Ma rocks
have slightly lower initial 87Sr/86Sr (0.7037 to 0.7047), and higher εNd(t) (+1.8 to +4.3) and εHf(t) (+3.5
to +14.7) values in comparison with those (0.7057 to 0.7062, −3.3 to −2.5 and +2.2 to +6.6) of the
~30 Ma intrusive rocks. The ~91, ~62 and ~30 Ma rocks are geochemically similar to slab-derived adakites.
The ~91 Ma Somka adakitic granodiorites were likely derived by partial melting of the subducting Neo-
Tethyan oceanic crust with minor oceanic sediments, and the ~91 Ma Somka dioritic rocks with a geochemical
affinity of adakiticmagnesian andesites likely resulted from interactions between adakiticmagmas and overlying
mantle wedge peridotite. The ~77Ma Luomu diorites were probably generated by partial melting of juvenile ba-
saltic lower crust. The ~62MaNaika and Zedong adakitic diorites and granodioriteswere likely generatedmainly
by partial melting of thickened juvenile mafic lower crust but the source region of the Zedong adakitic rocks also
contained enriched components corresponding to Indian continental crust. The ~48 Ma Lamda granites were
possibly generated by melting of a juvenile basaltic crust. The younger (~30 Ma) Chongmuda adakitic quartz
monzonites and minor granodiorites were most probably derived by partial melting of Early Oligocene north-
ward-subducted Indian lower crust beneath the southern Lhasa Block. Taking into account the regional tectonic
and magmatic data, we suggest that the Gangdese Belt of southern Tibet (GBST) underwent a tectonodynamic
transition from oceanic subduction to continental subduction between 100 and 30 Ma. It evolved through four
stages: 100–65 Ma roll-back of subducted Neo-Tethyan oceanic lithosphere; 65–60 Ma initial collision between
Indian and Asian continents; 60–40 Ma breakoff of subducted Neo-Tethyan oceanic lithosphere; and ~30 Ma
northward subduction of the Indian continent.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Collisional orogens can undergo three major stages: subduction of
oceanic lithosphere, continental collision, and continental subduction
(e.g., Chung et al., 2005). However, it is often difficult to identify the
processes associated with the transition from oceanic to continental
subduction during the evolution of such an orogen. The Tibetan Plateau,
a result of the largest active collisional orogen on Earth, is an outstand-
ing natural laboratory in which to study such processes (Chung et al.,
2005; Yin and Harrison, 2000).

The Gangdese Belt on the southernmost margin of the Asian conti-
nent contains voluminous Jurassic–Miocene magmatic rocks (Fig. 1a).
In recent years, these magmatic rocks have been used extensively to
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Fig. 1. (a)Map of southern Tibetan Plateau showingmajor blocks and temporal–spatial distribution of Cenozoicmagmatic rocks (modified fromChung et al., 2009). BNS: Bangong–Nujiang
suture; YTS: Yarlung–Tsangpo suture; MCT: Main Central Thrust; STDS: South Tibet Detachment System. The Zircon SHRIMP U–Pb age data (~262 Ma) of the Sumdo eclogites are from
Yang et al. (2009). (b) Simplified geologic map showing the outcrops of the magmatic rocks in the Chanang–Zedong area, southern Gangdese belt. (c) Simplified geologic map of the
Zhanang area. (d) Simplified geologic map of the Zedong area (modified from Harrison et al., 2000). Zircon U–Pb data are from these references (Chung et al., 2009; Harrison et al.,
2000; Jiang et al, 2012; Wen et al, 2008b).
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trace the geotectonic evolution of southern Tibet because they are
closely related to the prolonged subduction of the Neo-Tethyan oceanic
lithosphere, the subsequent collision between the Indian andAsian con-
tinents and subduction of the India continental lithosphere (e.g., Chu
et al., 2011; Chung et al., 2005, 2009; Ji et al., 2009a,b; Jiang et al.,
2011, 2012; Ma et al., 2013a,b,c; Wen et al., 2008a,b).

Details about the transition from Neo-Tethyan oceanic slab subduc-
tion to Indian continental subduction remain unclear. For instance, the
age of the initial India–Asia continent collision is still much debated.
This age is commonly considered to correspond to the closure of the
Neo-Tethys ocean basin and the first contact between the Indian and
Asian continents (e.g., Ding et al., 2005). However, the estimated timing
for the initial collision ranges from 70 to 25 Ma (Aitchison et al., 2007;
Cai et al., 2011; Chu et al., 2011; Ding et al., 2005; Hu et al., 2012; Lee
and Lawver, 1995; Mo et al., 2007; Najman et al., 2010; Sun et al.,
2012; van Hinsbergen et al., 2012; Yi et al., 2011). Continental subduc-
tion may have occurred following the initial collision, and would cause
crustal thickening. For example, geophysical data and tectonic studies
demonstrate that northward subduction of the Indian continent pres-
ently extends beneath the Bangong–Nujiang suture in central Tibet
(Nabelek et al., 2009; Tapponnier et al., 2001; Yin and Harrison, 2000;
Zhao et al., 2010). Owing to the uncertainties about the timing of initial
collision, however, the age of continental subduction initiation is also
disputed (Chu et al., 2011; Chung et al., 2009; Jiang et al., 2011; Kapp
et al., 2007; Tapponnier et al., 2001).

Adakitic rocks, which have intermediate to felsic compositions com-
bined with high Sr/Y and La/Yb ratios (Castillo, 2012; Defant and
Drummond, 1990), have been widely used for tracing various
geodynamic processes (e.g., melting of subducting oceanic or continen-
tal crust, or thickened crust) (Chung et al., 2003; Hou et al., 2004; Jiang
et al., 2012; Wang et al., 2008b). Experimental studies suggest that
adakitic magmas are generally derived by partial melting of basaltic
rocks with garnet as a major residual phase in their source, but with lit-
tle or no plagioclase, indicating that they are generated at high pres-
sures of 1.2–1.5 GPa and depths of N40–50 km (Rapp et al., 1999; Sen
and Dunn, 1994; Xiong et al., 2005).

In the Chanang–Zedong region, immediately north of the Yarlung–
Tsangpo Suture zone, there are abundant Late Cretaceous–Early Ceno-
zoic magmatic rocks (Fig. 1b), which provide excellent opportunities
for tracing in detail the processes associated with the transition from
oceanic subduction to continental collision and continental subduction.
In this study,we present geochronological results, combinedwithmajor
and trace element geochemical and Sr–Nd–Hf isotopic data for
Late Cretaceous–Early Oligocene (91–30 Ma) intrusive rocks in the
Chanang–Zedong area in order to unravel these processes.

2. Geological background

The Tibetan Plateau mainly consists of four east–west trending con-
tinental blocks. From north to south, they are the Songpan–Ganze,
Qiangtang, Lhasa and Himalaya blocks, separated by the Jinsha,
Bangong–Nujiang and Yarlung–Tsangpo suture zones, respectively
(Yin and Harrison, 2000). The Lhasa Block in southern Tibet is bounded
by the Bangong–Nujiang suture (BNS) to the north and the Yarlung–
Tsangpo suture (YTS) to the south (Fig. 1a) (Yin and Harrison, 2000).
The Lhasa Block can be subdivided into the northern, central, and south-
ern subterranes or blocks, separated by the Shiquan River–Nam Tso
Mélange Zone and Luobadui–Milashan Fault (Zhu et al., 2013). With
the exception of the Amdo microcontinent with Cambrian or
Neoproterozoic crystalline basement (e.g., Guynn et al., 2012),
the northern Lhasa subterrane mainly consists of a juvenile crust
covered by Middle Triassic–Cretaceous sedimentary rocks with early
Cretaceous volcanic rocks and associated granitoids (Zhu et al., 2011;
Zhang et al., 2013, 2014). The Precambrian basement in the central
Lhasa subterrane is represented by a part of the Nyainqêntanglha
Group (Dong et al., 2011; Zhu et al., 2013), covered by Cambrian to
Premain metasedimentary and Upper Jurassic–Lower Cretaceous sedi-
mentary units with abundant volcanic rocks (Zhang et al., 2013, 2014;
Zhu et al., 2013). A part of the Nyingchi Group in the eastern southern
Lhasa subterrane contains Precambrian metamorphic rocks (Zhang
et al., 2014; Zhu et al., 2013).

TheGangdese Belt, located at the southernmargin of the Lhasa Block
(Fig. 1a), is dominated by the Gangdese batholith (Ji et al., 2009b; Wen
et al., 2008b). The batholithwasmainly emplaced from the Late Triassic
to the Eocene (205–40 Ma) with two age peaks at 100–80 and
65–40Ma (Ji et al., 2009b;Ma et al., 2013a;Wen et al., 2008b).Mesozoic
volcanic rocks include the Lower Jurassic Yeba Formation (190–174Ma)
and the Upper Jurassic–Lower Cretaceous Sangri Group (Zhu et al.,
2013). The Linzizong volcanic rocks (69–43 Ma) are widely distributed
in southern Tibet and consist of calc-alkaline andesitic flows, tuffs and
breccias, and dacitic to rhyolitic ignimbrites (e.g., Lee et al., 2012).
After a ~10Ma (i.e., 40–30 Ma) period of quiescence, a renewal of mag-
matic activity occurred between 30 Ma and 8 Ma (Chung et al., 2009;
Hou et al., 2004; Zhao et al., 2009). This renewed magmatic pulse in
the Gangdese Belt is mainly represented by post-collisional adakitic
and potassic–ultrapotassic rocks located close to N–S trending normal
faults, rifts, or grabens (Fig. 1a).

The Chanang–Zedong area in the southern Gangdese batholith belt
is adjacent to the Yarlung–Tsangpo suture (Fig. 1a). Intrusive rocks in
the Chanang–Zedong area were mainly generated during the Jurassic–
Oligocene (157–30 Ma) (Aitchison et al., 2000; Harrison et al., 2000;
McDermid et al., 2002; Wen et al., 2008b). Investigations along the
Yarlung–Tsangpo suture reveal that the Zedong area, termed the
“Zedong terrane” (Aitchison et al., 2000), represents fragmented rem-
nants of an intra-oceanic island arc, which developed with the opening
and closing of a Neo-Tethys ocean during the Late Jurassic–Early Creta-
ceous (Aitchison et al., 2000; McDermid et al., 2002). This fragmented
unit crops out over approximately 25 km2 near Zedong township, ex-
tending at least as far west as the Samye Ferry area and eastward to
near the Luomu area (Fig. 1b). It is in tectonic contact with ophiolitic
rocks to its south and the southern Gangdese arc to its north
(Aitchison et al., 2000) (Fig. 1b). It contains some Late Jurassic igneous
and volcaniclastic rocks including basaltic–andesitic pillow lavas, brec-
cias, tuffs, flows, cherty tuffs, dacites, rhyolites, gabbros, diorites and
quartz diorites (McDermid et al., 2002).

Six plutons in the Chanang–Zedong area were investigated in this
study (Fig. 1b). The Naika, Somka and Lamda plutons are located on
the north side of Yarlung Tsangpo River (Fig. 1b and c) where they in-
trude Jurassic strata. The Somka pluton has zircon U–Pb ages ranging
from 95.0 to 89.3 Ma (Wen et al., 2008b). The Zedong, Luomu and
Chongmuda plutons are located south of the Yarlung Tsangpo River
(Fig. 1b), intrude Jurassic sediments and Cretaceous volcaniclastics
and are overlain by Quaternary sediments (Fig. 1d). The Zedong grano-
diorites have biotite/hornblende 40Ar/39Ar and zircon U–Pb ages of
52.6–63.0Ma (Harrison et al., 2000;Wen et al., 2008b). The Chongmuda
granodiorites have zircon U–Pb and 40Ar/39Ar biotite/hornblende ages
of ~30 Ma (Chung et al., 2009; Hou et al., 2012; Jiang et al., 2011) and
27.8–33.2 Ma (Harrison et al., 2000), respectively.

3. Rock types and petrography

We collected 48 samples from the Somka, Naika, Lamda, Zedong,
Luomu and Chongmuda plutons (see Fig. 1b and c for sample locations).
The six plutons show similar rock assemblages. Sample names, locali-
ties, coordinates, and petrographic characteristics of the intrusive rock
samples are listed in Appendix 1. Field geological characteristics, photo-
micrographs and detailed petrographic characteristics of the intrusive
rocks and associated enclaves are shown in Appendices 2 and 3.

The Somka pluton is composed of granodiorites plus minor
granites and mafic dioritic rocks. The Naika pluton consists of mafic
enclave-bearing diorites. The Lamda pluton comprises diorites and
granodiorites. The Zedong pluton comprises granodiorites, minor



216 Z.-Q. Jiang et al. / Lithos 196–197 (2014) 213–231
granites and dioritic enclaves. The Luomu pluton consists mainly of dio-
rites. The Chongmuda pluton comprises quartz monzonites, minor
granodiorites and dioritic enclaves (Jiang et al., 2011).

4. Analytical results

Analytical methods used for the determination of whole-rock major
and trace element abundances and Sr–Nd isotope compositions, zircon
U–Pb ages and Lu–Hf isotope compositions are presented in Appendix
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Fig. 2. LA-ICP-MS (a–c and f–h) and SHRIMP (d–e) zirconU–Pb concordia diagrams and cathodo
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4, and related analytical data of studied samples with international
reference samples and replicate samples are listed in Appendices 5–9.

4.1. Zircon geochronology

Cathodoluminescence (CL) images of all zircon grains used for
SHRIMP and LA-ICP-MS U–Pb dating show that these zircon grains con-
tain micro-scale oscillatory zoning (Fig. 2). Moreover, they also have
high Th/U ratios (0.12–2.60), suggesting a magmatic origin (Belousova
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et al., 2002). U–Pb concordia diagrams of analyzed zircons are shown in
Fig. 2 and detailed geochronological descriptions are put in Appendix
10.

The Somka and Luomu intrusive rocks were generated in the Late
Cretaceous with ages of ~90 Ma and 77 Ma, respectively (Fig. 2a–c),
and the former was contemporary with the Kelu adakitic intrusive
rocks (~90 Ma) (Jiang et al., 2012) near Somka (Fig. 1c). The Naika,
Zedong, Lamda and Chongmuda intrusive rocks were generated in
the Paleogene. The host rocks and enclaves for both the Naika and
Zedong plutons were contemporary and generated at ~62 Ma
(Fig. 2d–e and g–h). The Lamda intrusive rocks were produced at
~48 Ma (Fig. 2f). Host rocks and enclaves for the Chongmuda pluton
Fig. 3. (a) SiO2 versus Na2O + K2O diagram (Middlemost, 1994). (b) A/NK (Al2O3 / (Na2O + K
(Peccerillo and Taylor, 1976). (d) Y versus Sr/Y diagram (Defant et al., 1993). Crystal fractionatio
(Wang et al., 2006b). (f) SiO2 versusMg# (100 ×Mg2+ / (Fe2++Mg2+)) diagram (Wang et al.,
et al. (2012) andWenet al. (2008a). Thedata for the 136–90Ma adakites in southernTibet are fr
for the ~30 Ma adakites of the Chongmuda Plutons in southern Tibet are from Jiang et al. (201
were also contemporaneous and generated at ~30 Ma (Jiang et al.,
2011).

4.2. Major and trace elements

4.2.1. The Somka intrusive rocks
The Somka samples plot in the fields of granites, granodiorites and

diorites on SiO2 vs. Na2O + K2O diagrams (Fig. 3a). The granodiorites
are high-K calc-alkaline and metaluminous rocks, and the granite sam-
ple is high-K calc-alkaline and weakly peraluminous (Fig. 3b–c). They
are characterized by high SiO2, K2O and K2O/Na2O values, and low
MgO, Mg# (100 × Mg / (Mg + Fetotal)), Cr and Ni values (Fig. 3;
2O)) versus A/CNK (Al2O3 / (CaO + Na2O + K2O)) diagram. (c) SiO2 versus K2O diagram
n paths of theprimaryminerals are fromCastillo et al. (1999). (e) SiO2 versusMgOdiagram
2006b). The data for the 84–38Ma adakites in southern Tibet are fromGuan et al. (2012), Ji
om Jiang et al. (2012),Maet al. (2013c), Zhang et al. (2010a) andZhu et al. (2009). Thedata
1).
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Appendix 8). In contrast, the diorites have distinctly lower SiO2 and
K2O/Na2O values, and high MgO, Mg# values (Fig. 3e and f), which are
similar tomagnesian andesites in arc settings (e.g., Escuder et al., 2007).

The Somka granodiorites and diorites display low concentrations of
heavy rare earth elements (HREEs) andY but high Sr contentswith high
Sr/Y and La/Yb ratios, indicating that they have adakitic affinities
(Fig. 3d) (Defant and Drummond, 1990). The granodiorites and diorites
show light rare earth element (LREE) enrichment and HREE depletion
with negligible to positive Eu anomalies whereas the granite sample is
characterized by a distinct depletion of the middle REEs (MREEs) and
negative Eu anomalies (Fig. 5a). All of these rocks are characterized by
enrichment of large ion lithophile elements (LILEs) and relative deple-
tion of high field strength elements (HFSEs) (Fig. 5b). Compared to
granodiorites and diorites, the granite sample exhibits strong negative
P and Ti anomalies.

4.2.2. The Luomu intrusive rocks
The Luomu samples plot in the field of diorites (Fig. 3a) with Mg#

values of 47–48 (Appendix 8). They are medium-K calc-alkaline and
metaluminous (Fig. 3b and c) and have enriched LREE but almost flat
HREE patterns, slightly negative Eu anomalies (Fig. 5c) and significant
Nb–Ta–Zr–Hf–Ti depletion (Fig. 5d).

4.2.3. The Zedong and Naika intrusive rocks
Samples of the Zedong and Naika intrusive rocks plot in the fields of

diorites, granodiorites and granites (Fig. 3a). They have lowMg# values
(Fig. 3) and are medium- and high-K calc-alkaline, most are
metaluminous (Fig. 3b and c). The mafic enclaves from the Zedong
and Naika intrusive rocks are slightly lower in SiO2 and higher in MgO
and Fe2O3

T contents relative to their host rocks (Appendix 8, Fig. 3).
The Zedong granodiorites exhibit LREE enrichment, HREE, Nb and Ti

depletion, negligible Eu anomalies, and positive Sr anomalies (Fig. 5e
and f). They are slightly depleted in MREEs relative to HREEs, indicating
that amphibole was a possible residual phase in the source region. The
Naika diorites also exhibit LREE enrichments, HREE, Nb and Ti depletion,
and positive Sr anomalies, similar to those of the Zedong granodiorites
(Fig. 5g and h). The Zedong and Naika intrusive rock samples plot in
thefield of adakites due to their relatively high Sr, Sr/Y and La/Yb values,
and low Y and Yb contents (Appendix 8, Fig. 3d).

The Zedong mafic enclaves show geochemical features similar to
those of the host rocks, e.g., slightly negative or positive Eu anomalies
(Fig. 5e). Compared to the granodiorites, the Zedong dioritic enclaves
have lower Th and U contents (Fig. 5f). They exhibit REE and trace ele-
ment patterns similar to those of the Naika host rocks, e.g., LREE enrich-
ment and HREE depletion, negligible Eu and positive Sr anomalies, and
Nb and Ta depletion (Fig. 5g and h). However, the enclaves have higher
Th and U contents than the Naika diorites.

4.2.4. The Lamda pluton
The Lamda pluton samples plot in the fields of granodiorite and

diorite. They are metaluminous and high-K calc-alkaline (Appendix 8,
Fig. 3) and show enriched LREE and slightly flat HREE patterns with
slightly negative Eu anomalies (Fig. 5i) and Nb–Ta–Ti depletions
(Fig. 5j).

4.2.5. The Chongmuda pluton
The Chongmuda intrusive rocks consist of quartz monzonites and

minor granodiorites and mafic microgranular enclaves. The host rocks
are high-K calc-alkaline (Fig. 3c), mostly metaluminous (Fig. 3b) and
geochemically similar to adakites (Appendix 8, Fig. 3d) (Jiang et al.,
2011). They also have slightly negative Eu anomalies, Nb–Ta–Ti deple-
tions (Fig. 5k and l), low MgO and Mg# (41–51) values and variable
K2O contents with K2O/Na2O ratios. The mafic microgranular enclaves
can be subdivided into low silica–Nb rich and high silica–high magne-
sian subtypes (Appendix 8) (Jiang et al., 2011). The low silica–Nb rich
subtype sample (07TB10b) has lower SiO2, MgO and Mg# values with
high Nb, Nb/La (0.68) and Nb/U values, geochemically similar to those
of Nb-enriched basaltic rocks (e.g., Wang et al., 2008a). The high
silica–high magnesian subtype sample (07TB13) has higher SiO2 and
MgO, Mg# values, Ni, and Cr compared to sample 07TB10b and is geo-
chemically similar to typical magnesian andesites (e.g., Escuder et al.,
2007). They have low Yb and Y contents, high Al2O3 contents and obvi-
ous Nb and Ta anomalies, similar to those of the Chongmuda host rocks
(Jiang et al., 2011).

4.3. Sr–Nd–Hf isotope compositions

The Late Cretaceous (91–77 Ma) Somka and Luomu intrusive rocks
have similar Sr–Nd–Hf isotopic compositions. The Somka intrusive
rocks have relatively homogeneous (87Sr/86Sr)i ratios and εNd(t) values
(Appendix 8, Fig. 6a) with relatively homogeneous zircon εHf(t) values
(Appendix 9, Fig. 7a and b). The Luomudiorites also have homogeneous
(87Sr/86Sr)i ratios and εNd(t) values (Fig. 6a)with slightly variable zircon
εHf(t) values (Fig. 7c).

The Early Cenozoic (~62Ma) Zedong andNaika plutons have slightly
different Nd–Sr–Hf isotope compositions. The Zedong intrusive rocks
have higher (87Sr/86Sr)i and lower εNd(t) and zircon εHf(t) than those
of the Naika intrusive rocks, respectively (Figs. 6a and 7d and g). Mafic
enclaves from the Zedong pluton also have higher (87Sr/86Sr)i
(0.7047), and lower εNd(t) (+1.7) and zircon εHf(t) (+6.4 to +13.4)
than respective compositions of mafic enclaves from the Naika pluton
(Figs. 6a and 7e and h).

The Eocene (~48 Ma) Lamda granites have homogeneous whole
rock (87Sr/86Sr)i ratios and εNd(t) (Fig. 6a) with zircon εHf(t)
values ranging from +9.7 to +12.0 (Fig. 7f). The Oligocene
(~30 Ma) Chongmuda intrusive rocks have more variable and
higher (87Sr/86Sr)i, negative εNd(t) and lower zircon εHf(t) values
(Appendix 8–9, Fig. 6a and c) (Jiang et al., 2011). Two types of mafic
enclaves from the Chongmuda pluton have similar (87Sr/86Sr)i
but more variable εNd(t) (Fig. 6a) and zircon εHf(t) values (+0.7
to +6.9) (Fig. 7i and j) (Jiang et al., 2011).

5. Petrogenesis

5.1. Adakitic rocks and associated rocks

Except for the ~77 Ma Luomu and ~48 Ma Lamda intrusions, most
other intrusive rocks in the Chanang–Zedong area (e.g., Somka, Zedong,
Naika and Chongmuda) have affinities with adakitic rocks (Fig. 3d). In
general, adakitic rocksmay be generated by various different processes:
(a) melting of subducted young and hot oceanic crust (Mechanism A:
Defant and Drummond, 1990); (b) partial melting of delaminated
lower crust (Mechanism B: Wang et al., 2006a, b); (c) partial melting
of subducted continental crust (Mechanism C: Jiang et al., 2011; Wang
et al., 2008b); (d) partial melting of thickened basaltic lower crust
(Mechanism D: Chung et al., 2003; Hou et al., 2004; Wang et al.,
2005); (e) assimilation and fractional crystallization (AFC) or fractional
crystallization from parental basaltic magmas (Mechanism E: Castillo
et al., 1999; Castillo, 2012; Macpherson et al., 2006); and (f) magma
mixing between felsic and basaltic magmas (Mechanism F: Guo et al.,
2007b; Streck et al., 2007). The petrogenesis of multiple generations of
adakitic rocks in the Chanang–Zedong area is discussed in relation to
these mechanisms.

5.1.1. ~91 Ma

5.1.1.1. Mechanisms B–F. The geochemical characteristics of the Somka
adakitic granodiorites andmagnesian diorites are inconsistentwith par-
tial melting of delaminated or subducting continental lower crust
(MechanismB–C). Adakitic rocks derived by these processes usually ex-
hibit distinctly negative εNd(t) values (Fig. 6a) (e.g., Wang et al., 2006b,
2008b). In contrast, the Somka granodiorites have high positive εNd(t)
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values (Fig. 6a). In addition, adakitic rocks were formed by delaminated
or subducting continental lower crust that generally occur in within-
plate extensional or syn-collisional settings, respectively (e.g., Wang
et al., 2006b, 2008b). However, the Somka granodiorites were
generated in a Late Cretaceous arc setting (Jiang et al., 2012; Ma et al.,
2013a, b, c).

The Somka granodiorites are also difficult to explain by melting of
thickened lower crust (Mechanism D) because the resulting rocks gen-
erally have lowMgO orMg# values (Fig. 3e and f) similar to those of ex-
perimental melts from metabasalts and eclogites (mostly Mg# b 45)
(Rapp et al., 1999; Sen and Dunn, 1994). More specifically, previous
studies have shown that adakitic rocks generated by melting of thick-
ened lower crust beneath the GBST exhibit low Mg# values (36–43)
(Guan et al., 2012;Wen et al., 2008a), The Somka adakitic granodiorites
and magnesian diorites, however, have higher and more variable Mg#

values (44–58) than those of metabasaltic and eclogite experimental
melts.

Magmatic rocks generated by fractional crystallization processes
generally exhibit continuous compositional trends from basaltic rocks
derived from the mantle to felsic rocks derived from residual magmas
(Castillo et al., 1999; Macpherson et al., 2006). However, the Somka
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derived and crust-derived magmas, respectively. However, the Somka
adakitic granodiorites have slightly lower initial 87Sr/86Sr ratios (Fig. 4e
and f), which is difficult to explain by crustal assimilation or magma
mixing. In addition, the Somka granites andmagnesian diorites have ho-
mogeneous zircon εHf(t) (ΔεHf(t) b 5.0) values (Fig. 7a and b), indicating
that they could not be derived by magma mixing.

5.1.1.2. Partial melting of subducted oceanic crust (Mechanism A). We
argue that the Somka adakitic granodiorites weremost likely generated
by partial melting of the subducted Neo-Tethyan Oceanic crust. First,
studies on tectonics, sedimentation and magmatism in the Lhasa Block
demonstrate that the Somka intrusive rocks were formed in an arc set-
ting during the Late Cretaceous (Ji et al., 2009b; Jiang et al., 2012; Kapp
et al., 2005, 2007; Ma et al., 2013a,b,c; Wen et al., 2008b). Second, the
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subducted Neo-Tethyan oceanic crust (Jiang et al., 2012; Ma et al.,
2013c; Zhu et al., 2009) (Fig. 5a and b). They have relatively high Mg#

(44–51) values similar to those of slab-derived adakites in the GBST
and elsewhere (Fig. 3e and f), indicating the interaction between slab-
derived melts and mantle wedge peridotites during ascent. They have
εNd(t) and εHf(t) values similar to those of Cretaceous slab-derived
adakitic rocks in the GBST (Figs. 6a and 9a) (Jiang et al., 2012; Ma
et al., 2013c; Zhu et al., 2009). Moreover, they also have εNd(t) values
similar to those of Tethyan basalts (Fig. 6a) (Mahoney et al., 1998; Xu
and Castillo, 2004; Zhang et al., 2005), and εHf(t) similar to those of
Indian Ocean MORB (Fig. 6b) (Ingle et al., 2003).
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It is well documented that the composition of adakitic magmas in
subduction zones are mainly controlled by contributions from the
subducted oceanic crust, the overlying subducted sediments, and the
mantle wedge (Castillo, 2012, and references therein). The Somka
adakitic diorites have high Th/La ratios and Th contents and exhibit
Nd–Hf isotope decoupling (Fig. 6b), suggesting that the source of the
Somka granodiorites contained sedimentary components in addition
to basaltic oceanic crust components (e.g., Jiang et al., 2012). Based on
Sr–Nd isotopic composition model calculations, the Somka adakitic
granodiorites may have been generated by partial melting of ~90% ba-
saltic oceanic crust and ~10% oceanic sediments (Fig. 6a). Therefore,
all lines of evidence suggest that they were most probably produced
by partial melting of Neo-Tethyan basaltic oceanic crust and minor
sediments, and subsequently underwentminor interactionwithmantle
wedge peridotite.

The Somka diorites have lower SiO2 and higher MgO contents and
Mg# than those of the Somka adakitic granodiorites (Appendix 8) and
are similar to adakiticmagnesian andesites, which are generally consid-
ered to have been derived by the interaction between subducted ocean-
ic crust-derived adakitic melts and mantle wedge peridotites (Escuder
et al., 2007; Wang et al., 2008a).

5.1.1.3. Co-magmatic petrogenetic link between granodiorites and granites.
In the field, the Somka granites, granodiorites and diorites exhibit grad-
ual or transitional relationships, indicating that they formed coevally.
Zircon U–Pb dating confirms that they formed contemporaneously in
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the Late Cretaceous (~91 Ma). Geochemically, the granite sample
(09TB124) has distinctly higher SiO2 and lower MgO and Sr contents
than the granodiorites and displays significant negative P, Ti and Eu
anomalies (Fig. 5a and b). These features indicate that the granite may
have been produced by fractional crystallization (plagioclase + horn-
blende + apatite) (Castillo et al., 1999). The granite has lower Sc, Ti,
V, Cr and Ni concentrations and higher Zr/Sm ratios than the Somka
granodiorites. Due to the incompatibility of Zr and compatibility of
Sm, V, Sc, Cr and Ni in hornblende (Ewart and Griffin, 1994; Sisson,
1994), its fractional crystallizationwill cause an increase in Zr/Sm ratios
and a decrease in Sc, V, Cr and Ni in residual granitic magmas. In addi-
tion, the obvious MREE depletion in the granite (Fig. 5a) also indicates
fractional crystallization of hornblende (Castillo et al., 1999). Thus, dif-
ferentiation from granodioritic to granitic magmas was probably con-
trolled by fractional crystallization.

5.1.2. ~62 Ma

5.1.2.1. Mechanisms A–C and E–F. In general, adakitic rocks generated by
mechanisms A–C have highMg# values (N47–50) or are similar to high-
Mg andesites in that their MgO or Mg# values were increased by the in-
teraction of magmas derived from subducted oceanic, subducted conti-
nental crust or delaminated lower crust with mantle peridotites during
magma ascent (Fig. 3e and f) (Rapp et al., 1999; Wang et al., 2006a,b,
2008a,b). However, the Naika and Zedong adakitic rocks have low
Mg# (36–46) values (Fig. 3e and f), indicating that such interaction
was unlikely. In addition, they exhibit positive εNd(t) values (Fig. 6a)
that are also inconsistent with those (εNd(t) b 0) of adakitic
rocks derived from delamination or subducting continental lower
crust (e.g., Wang et al., 2006b, 2008b).

The Naika and Zedong adakitic rocks could also not have been gen-
erated by high- or low-pressure factional crystallization from parental
basaltic magmas (Mechanisms E). Given that high-pressure fractional
crystallization involving garnetwill cause a decrease in HREE and Y con-
tents while the Sr/Y and Dy/Yb ratios in the residual magmas increase
with increasing SiO2 contents (Macpherson et al., 2006). However,
these samples do not show such trends in their chondrite-normalized
rare earth element patterns (Fig. 5e and g) or on a Dy/Yb vs. SiO2 dia-
gram (Fig. 4c). During low-pressure fractional crystallization involving
olivine and pyroxene, the derivedmagmas should show a clear decrease
in Cr, Ni contents and Mg# values with increasing SiO2 (Castillo et al.,
1999), but their Mg# values are relatively constant and inconsistent
with either fractional crystallization or AFC processes (Fig. 3f). More-
over, both the Naika and Zedong adakitic rocks and their respective as-
sociated enclaves have similar Sr–Nd isotopic compositions, which is
inconsistent with a crustal assimilation model (Castillo et al., 1999). In
addition, a plot of La/Yb vs. La shows that partial melting rather than
fractional crystallization played a key role in their formation (Fig. 4d).
It is also unlikely that they were generated by magma mixing between
felsic and basaltic magmas (Mechanism F). The adakitic host rocks and
mafic enclaves have similar Sr–Nd–Hf isotopic compositions (Figs. 6a
and 7d and h), inconsistent with the magma mixing model (Yang
et al., 2007).

5.1.2.2. Partial melting of juvenile thickened lower crust (Mechanism D).
The Naika and Zedong adakitic rocks were most probably generated
by partialmelting of a thickened lower crust, based on the following ev-
idence. First, they haveMgOcontents andMg# values, similar to those of
experimental melts of metabasaltic rocks in equilibrium with eclogitic
melts at high pressures of 1.0–4.0 GPa (Fig. 3e and f) or adakitic rocks
Fig. 6. (a) εNd(t) vs. (87Sr/86Sr)i diagram for the Chanang–Zedong intrusive rocks. Data sources: Y
Zhang et al., 2005), Gangdese calc-alkaline rocks (Wen et al., 2008a), Linzizong volcanic rocks (
2007a;Hou et al., 2004), subducted continental crust-derived adakitic rocks in theQiangtang Blo
Yangtze Block (Wang et al., 2006a,b). The data for the Gangdese adakites are the same source a
Indian MORB is from Ingle et al. (2003). The mantle and crustal array are from Vervoort et al. (
derived from thickened lower crust (Chung et al., 2003, 2009). Second,
their arc-like element patterns (Fig. 5e and g) and positive εNd(t)
(Fig. 6a) values with relatively young Nd model ages (0.49 to 0.70 Ga)
suggest that they originated from younger arc-type crustal rocks
(Ji et al., 2009b; Wen et al., 2008a). The Gangdese Belt is a part of the
southern Lhasa Block, which is dominated by juvenile crust resulting
from underplating of mantle-derived mafic magmas (Ji et al., 2009a,b;
Ma et al., 2013b). The Sr–Nd isotopic compositions of the Naika and
Zedong rocks are very similar to the Late Cretaceous (~83–80Ma) thick-
ened lower crust adakites (Wen et al., 2008a) and Cretaceous granitoids
(Ji et al., 2009a) in the GBST (Fig. 6a). In addition, the εHf(t) values of
their ~62 Ma zircons are also consistent with those of Cretaceous gran-
itoids in the GBST (Ji et al., 2009a,b) (Fig. 9a). These observations sug-
gest that they were most likely derived by partial melting of juvenile
thickened lower crust.

Experimental studies have suggested thatmelting ofmaficmaterials
produces adakitic magma at high-pressure or deep crustal levels
(N1.2 GPa, corresponding to N40 km), with a residual phase containing
garnet but no plagioclase (Rapp and Watson, 1995; Rapp et al., 1999).
The presence of residual garnet in the source will result in a strong
HREE depletion in resultant magmas. If amphibole is also a residual
phase, then it will induce concave-upward patterns between middle
and heavy REE because of its high partition coefficients for these ele-
ments in intermediate to felsic melt (Huang et al., 2009). The lack of
strongly HREE-depleted patterns for the Naika and Zedong adakitic
rocks (Fig. 5e and g) is thus indicative of dominant amphibole with
minor garnet in the residue (Gromet and Silver, 1987), indicating that
garnet amphibolite rather than eclogite is a more likely source rock.
Their zircon εHf(t) values deviate from the whole-rock εNd(t) values
of the average mantle and crust Hf–Nd isotope evolution arrays
(Vervoort et al., 1999) (Fig. 6c), suggesting some Hf–Nd isotope
decoupling. The deviation between Hf and Nd isotopes in granites is
generally attributed to high Lu/Hf ratios in magmas formed by melting
in the presence of garnet or by garnet fractional crystallization during
magma emplacement (Vervoort et al., 2000; Zhao et al., 2008). Alterna-
tively, such Hf–Nd isotopic deviation could also be due to refractory zir-
cons that preserve their initial Hf isotope compositions (Wu et al.,
2006).

As noted above, the Naika and Zedong adakitic rocks are mainly
derived from partial melting of juvenile thickened lower crust. Howev-
er, a detailed comparison between them reveals some differences
(Figs. 3, 6 and 7). The major geochemical differences are summarized
in Appendix 11.

(1) The Zedong adakitic granodiorites (ZDAG) have high K2O and
their K2O/Na2O ratios vary from 0.87 to 1.32 (with most N1)
(Fig. 8). The high K2O/Na2O ratios, coupled with relatively
low Al2O3 contents (14.8–16.2 wt.%), are generally consistent
with adakitic rocks generated by old and water-absent or
sediment-bearing thickened lower crust (Wang et al., 2008b).
In contrast, the Naika adakitic diorites have distinctly lower
K2O and K2O/Na2O ratios varying from 0.38 to 0.73, similar to
those of GBST adakites derived from thickenedwater-bearing ju-
venile lower crust (Wen et al., 2008a). Fractional crystallization
of amphibole (Rapp and Watson, 1995; Sen and Dunn, 1994)
can cause a decrease of K concentration in the melt and produce
low-K silicic melts. On a Zr/Sm vs. SiO2 diagram (Fig. 4b),
the Zedong and Naika adakitic rock samples show obvious
linear trends, indicating that fractional crystallization of amphi-
bole might have taken place, which would imply that the
arlung Tsangpo ophiolites (Guilmette et al., 2009;Miller et al., 2003; Xu and Castillo, 2004;
Mo et al., 2007, 2008), post-collisional adakites in the Lhasa Block (18–13 Ma) (Guo et al.,
ck (Wang et al., 2008b), and delaminated lower crust-derived adakitic rocks in the eastern
s in Fig. 3. (b) and (c) Zircon εHf(t) vs. whole-rock εNd(t) diagram. Field of Hf–Nd data for
1999).
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Fig. 7. Histogram of initial Hf isotope ratios for the intrusive rocks in the Chanang–Zedong area, southern Tibet.
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resulting residual melts should have relatively low K2O contents
and K2O/Na2O ratios. The Zedong adakitic rocks, however, have
higher SiO2 and higher K2O and K2O/Na2O ratios compared to
the coeval Naika adakitic rocks. Thus, the compositional differ-
ences between the two suites most plausibly resulted from dif-
ferences in their sources, rather than amphibole fractional
crystallization in a common parental magma.

(2) The Zedong adakitic rocks have lower εNd(t) and εHf(t) values
than the Naika adakitic rocks (Figs. 6a and c and 8b and c). Juras-
sic–Cretaceous granitoids of the Gangdese area commonly have
high and positive εNd(t) (mostly N3.0) and εHf(t) (mostly
N10.0) (Ji et al., 2009a,b; Zhu et al., 2011), indicating that the
Gangdese Belt mainly consists of juvenile crust. Aitchison et al.
(2000) and McDermid et al. (2002) proposed that rocks of the
Zedong area correspond to a Late Jurassic–Early Cretaceous
intra-oceanic island arc setting. Based on the studies of Late Ju-
rassic (~160 Ma) adakitic rocks with high εNd(t) in the Zedong
area (Fig. 8b and c), Wei et al. (2007) inferred the existence of
a Zedong intra-oceanic island arcwithin Tethys. Recent petrolog-
ical and geochemical data from the Zhongba ophiolite reveal the
presence of a large intra-oceanic subduction systemwithin Neo-
Tethys during the Early Cretaceous between the Indian and Lhasa
blocks (Dai et al., 2011). Therefore, the Zedong area should con-
tain juvenile Jurassic–Cretaceous intraoceanic arc crust. The rela-
tively low εNd(t) and εHf(t) values of the ~62Ma Zedong adakitic
rocks (Fig. 8b), however, suggest that their source included
enriched crustal components. We propose that these compo-
nents were most likely derived from old Indian continental
crust material. As the Zedong pluton occurs closer to the
Yarlung–Tsangpo suture zones than the Naika pluton (Fig. 1b),
we suggest that the formerwas probably derived by partial melt-
ing of the mixture of juvenile southern Lhasa continental crust
and old Indian continental crust.

5.1.2.3. Co-magmatic petrogenetic link between the host rocks and en-
claves. Although the dioritic enclaves and their host rocks have consis-
tent whole-rock initial 87Sr/88Sr and εNd(t) values (Fig. 6a and c), their
zircon εHf(t) values are distinct, indicating that they may have been de-
rived from different sources. Mafic microgranular enclaves (MMEs of
Didier and Barbarin, 1991) are common in most granitoids, and genetic
models applied to them include origins as: (1) residues after partial
melting of crust, which is the source of granitic magma (Chappell
et al., 1987), (2) xenoliths of the country rocks or accumulations formed
by early crystallization of mantle-derivedmagma that evolved into gra-
nitic magma by fractional crystallization (FC) (Shellnutt et al., 2010),
and (3) the products ofmixing between felsic andmaficmagmaderived
from crustal and mantle sources, the mafic enclaves thus representing
inclusions of mafic magma, albeit extensively modified (Yang et al.,
2007 and references therein). Generally, country rock xenoliths should
have different zircon U–Pb ages from their host rocks. However, our zir-
con U–Pb dating for themafic enclaves and Naika and Zedong host plu-
tons show that they have coeval emplacement ages (Fig. 2d and e and g
and h). The mafic enclaves and granitoids, however, also have different
Hf isotopic compositions, precluding the fractional crystallization and
restite model. In addition, garnet is absent in these enclaves but is a
common residual mineral in the sources of adakitic magma (Defant
and Drummond, 1990). Here, we suggest that the mafic enclaves from
the Naika and Zedong pluton reflect hybridization between mantle-
derived mafic and crust-derived felsic magmas. The igneous texture of
the mafic enclaves, including needle-like apatite in the matrix, growth
of plagioclase phenocrysts with oscillatory-zoning, and local K-
feldspar megacrysts, indicate that the mafic microgranular enclaves
represent external magmatic globules that were injected into the felsic
host magmas before they solidified (e.g., Yang et al., 2007).

5.1.3. ~30 Ma
Harrison et al. (2000) first reported ~ 30Mamagmatism in the Yajia

area, which is adjacent to the Chongmuda pluton (Fig. 1d). Detailed
studies of the Yajia and Chongmuda intrusive rocks have demonstrated
that they both have geochemical affinities with adakitic rocks and neg-
ative εNd(t) and low zircon εHf(t) values (Chung et al., 2009; Hou et al.,
2012; Jiang et al., 2011; Zheng et al., 2012). It has been proposed that
theseOligocene (~30Ma) rockswere derived by partialmelting of juve-
nile thickened lower crust beneath the Gangdese arc (Chung et al.,
2009; Zheng et al., 2012). However, our earlier work suggested that
they were more plausibly derived from partial melting of subducted
Indian continental lower crust (MechanismC) (Jiang et al., 2011), rather
than from the juvenile lower crust under the GBST. Recently, Hou et al.
(2012) also proposed that the source of these adakitic rocks is thickened
Indian mafic lower crust. We suggest that Mechanism C for ~30 Ma
adakitic rocks is supported by the following lines of evidence.

(1) Geophysical data reveal that the Indian lithosphere was under-
thrust beneath the Lhasa Block as far north as the Bangong–
Nujiang suture, following the India–Eurasian continental colli-
sion in the early Paleocene. Thus, tectonic events make feasible
the possibility that the Chongmuda adakitic rocks could have
been derived by partial melting of the northward subducted
Indian mafic lower crust during the Oligocene (Nabelek et al.,
2009; Schulte-Pelkum et al., 2005; Tapponnier et al., 2001).

(2) Late Jurassic to early Eocene granitoids of the Gangdese Belt are
commonly characterized by positive εNd(t) (N+3.0), which indi-
cates that the Gangdese lower crust was dominated by juvenile



0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
14

15

16

17

18

19

K2O/Na2O

juvenile thickened lower
crust-derived adakites in
southern Gangdese Belt
(~83-80 Ma)

old thickened lower
crust-derived adakites in
Himalaya Block (~43 Ma)

A
l2

O
3(

w
t.

%
)

Zedong granitoids
Naika enclaves
Naika diorites

Zedong enclaves

Fig. 8.Al2O3 vs. K2O/Na2O. Thefields for juvenile thickened lower crust-derived adakites in
southern Gangdese Belt and old thickened lower crust-derived adakites in the Himalayan
Block are constructed in terms of data from Wen et al. (2008a) and Zeng et al. (2011).

226 Z.-Q. Jiang et al. / Lithos 196–197 (2014) 213–231
crustal materials derived by underplating of mafic mantle-
derived magmas (Ji et al., 2009b; Ma et al., 2013b). In contrast,
the Oligocene (~30 Ma) Chongmuda adakitic rocks emplaced in
the southern Gangdese Belt have significantly more negative
εNd(t) (Fig. 6a) and low εHf(t) (Figs. 6c and 7i and j). The most
reasonable interpretation of such an enriched component is
that the Chongmuda rocks were derived from northward
subducted old Indian continental lower crust with negative
εNd(t) and low εHf(t) values (Jiang et al., 2011). Compared, how-
ever, to the Eocene thickened-crust adakitic rocks in the North-
ern Himalayan Block (εNd(t) values of −8.9 to −15.0) (Hou
et al., 2012; Zeng et al., 2011), the Chongmuda adakitic rocks
have relative high εNd(t) values. Collectively, the evidence sug-
gests that the Indian lower crust-derived Chongmuda magmas
were contaminated by the overlying depleted mantle beneath
the southern Lhasa Block during ascent (Jiang et al., 2011).

(3) Geochemical characteristics of the Chongmuda mafic enclaves
also support the northward subduction of Indian continental
crust. The enclaves include both high silica–high magnesian
and low silica–Nb rich rocks. This combination of adakitic rocks,
magnesian andesites (or diorites) and Nb-enriched basaltic
rocks is a common arc rock assemblage (Escuder et al., 2007;
Wang et al., 2008a). The adakites, magnesian andesites and Nb-
enriched basaltic rocks have, respectively, been interpreted as
subducted slab-derived magmas, hybridization magmas of
adakitic melts with mantle peridotite, and magmas originating
from slab melt-metasomatized mantle wedge peridotites
(Castillo, 2012; Defant and Drummond, 1990; Escuder et al.,
2007). The high silica–high magnesian enclaves in the
Chongmuda adakitic rocks have geochemical affinitieswithmag-
nesian andesites andwere probably generated by the interaction
of subducted old Indian continental crust-derived adakitic melt
and mantle peridotites. The low silica–Nb rich enclaves in the
Chongmuda adakitic rocks are similar to Nb-enriched basaltic
rocks, and therefore may have been produced frommantle peri-
dotites metasomatized by subducted Indian continental crust-
derived adakitic melts (Jiang et al., 2011).

5.2. Other intrusive rocks

5.2.1. ~77 Ma and ~48 Ma
The Luomu (~77 Ma) and Lamda (~48 Ma) intrusive rocks are not

adakitic in composition, but they have similar major and trace element
(Figs. 3 and 5) and Sr–Nd isotopic compositions (Fig. 6a), indicating that
they were derived from comparable sources. We propose that both the
Luomu and the Lamda magmas were probably generated by partial
melting of juvenile arc crust beneath the GBST.

(1) The Luomu and Lamda intrusive rocks have moderate SiO2 and
low MgO, Mg#, Cr and Ni contents, similar to GBST Jurassic–
Early Eocene calc-alkaline granitoids considered to have been
derived from juvenile continental crust (Ji et al., 2009a). Trace el-
ement and REE patterns of the Luomu and Lamda intrusive rocks
are also similar to those of classic arc-type granitoids, i.e.,
enriched large ion lithophile elements (LILEs: Rb, Ba, Th, U, K)
and light rare earth elements (LREEs: La, Ce) and relatively
depleted high field strength elements (HFSEs: Nb, Ta, Ti). The de-
pletion of Eu can be explained either by the fractional crystalliza-
tion of plagioclase or the retention of residual of plagioclase in
the source, while the depletion of P might reflect the crystalliza-
tion of apatite. The Luomu and Lamda intrusive rocks exhibit rel-
atively flat HREE patterns in most samples (Fig. 5c and i),
suggesting that amphibole played an important role during par-
tial melting as a residual phase in the source.

(2) Both the Luomu and Lamda intrusive rocks have (87Sr/86Sr)i and
εNd(t) values with young Nd model ages (620–770 Ma), consis-
tent with those of the Jurassic–Cretaceous calc-alkaline granit-
oids in the GBST. In particular, they have (87Sr/86Sr)i, εNd(t) and
Nd model age (510–750 Ma) values similar to those of Late Cre-
taceous (83–80 Ma) adakitic granodiorites originating from par-
tial melting of newly underplated mafic lower crust (Wen et al.,
2008a). This suggests that the Luomu and Lamda plutons also
originated from the melting of juvenile arc-type crustal rocks
(Chu et al., 2011; Wen et al., 2008a; Zhu et al., 2011 and refer-
ences therein).

6. Geodynamic processes

6.1. ~100–65 Ma slab roll-back

Previous studies indicated that an early Late Cretaceous (ca.
100–80 Ma) magmatic “flare-up” occurred in the southern Lhasa
Block (Ji et al., 2009b; Ma et al., 2013a,b,c; Wen et al., 2008b). The pro-
posed triggering mechanisms for these magmatic events include nor-
mal-angle subduction (100–85 Ma) and subsequent low-angle or flat
oceanic slab subduction (85–80 Ma) (Wen et al., 2008a, b), oceanic
ridge subduction (Zhang et al., 2010a) and roll-back of subducted oce-
anic slab (Ma et al., 2013a,c).

The most recent studies suggest that early Late Cretaceous slab roll-
back following low-angle or flat-slab subduction in the Early Cretaceous
can best account for the contemporary Gangdese magmatic “flare-up”
and subsequent underplating of mafic magmas (Ma et al., 2013a,c).
First, extensive zircon U–Pb dating shows that most of the Late
Jurassic–Early Cretaceous magmatic rocks occur in the central and
north Lhasa Block (Zhu et al., 2013 and references therein) while Late
Cretaceous magmatic rocks occur widely in the southern Lhasa Block
(Zhu et al., 2013). The development of magmatism in the Lhasa Block
suggests that the magmatic front moved farther north due to flat or
low-angle subduction in the Early Cretaceous (Kapp et al., 2005;
Zhang et al., 2012). Second, high-temperature (up to 1340 °C) norites
in theMilin areawere derived from asthenosphere–lithosphere interac-
tion that was most plausibly due to asthenospheric upwelling resulting
from the roll-back of subducted Neo-Tethyan oceanic slab (Ma et al.,
2013a). The upwelling would also have provided enough heat for
the partial melting of subducted oceanic slab, which generated adakitic
rocks in the Somka and Milin areas (Ma et al., 2013c). For example, the
calculated zircon-derived magma temperatures (TZr = 708–764 °C) for
the Somka adakitic rocks are consistent with the requirements for slab
melting (Sen andDunn, 1994). The coeval occurrence of granulite-facies
metamorphism (Zhang et al., 2010b) in the Milin area provides addi-
tional strong evidence for an early Late Cretaceous regional thermal
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event, consistent with asthenospheric upwelling as a result of slab roll-
back (Ma et al., 2013a,c).

Late Cretaceous (90–77 Ma) magmatic rocks (Ji et al., 2009b; Wen
et al., 2008b; Zhang et al., 2012; this study) occur in the GBST and
weremainly derived by remelting of juvenile Gangdese arc crust during
Neo-Tethyan oceanic crust subduction (Ji et al., 2009a,b; Wen et al.,
2008a,b). Based on zircon U–Pb age data, Wen et al. (2008b) suggested
that Gangdese magmatism was active in the Late Cretaceous (ca.
103–80 Ma) and Early Paleogene (ca. 68–43 Ma), but with a magmatic
gap or quiescent period between ca. 80 and 68 Ma. However, detrital
zircon U–Pb age data from the Xigaze fore-arc basin suggests that this
magmatic gap did not exist and that continuous magmatism actually
did occur during the Late Cretaceous (Wu et al., 2010). Our identifica-
tion of the ~77 Ma Luomu diorites further supports the continuous na-
ture of magmatism in the region.

The Cretaceous–Early Tertiary Gangdese arc in southern Tibet is gen-
erally attributed to the northward subduction of Neo-Tethyan oceanic
lithosphere prior to India–Asian collision (Ji et al., 2009b; Kapp et al.,
2007; Wen et al., 2008b). Some authors have also proposed that
Cretaceous–Tertiary crustal shorting, basin development and volcanism
in the Lhasa Block were mainly associated with the northward subduc-
tion of the Neo-Tethyan oceanic lithosphere (Kapp et al., 2005, 2007).
During the Late Cretaceous to Eocene, the convergence rate between
the Indian and Asian plates exceeded 10 cm/year (e.g., Lee and
Lawver, 1995) and coincided with the onset of prolonged rollback
(Fig. 10a) and steepening of the Neo-Tethyan oceanic slab during the
Late Cretaceous (Lee et al., 2009, 2012; Ma et al., 2013c).

6.2. 65–60 Ma initial collision between Indian and Asian continents

The Yarlung–Tsangpo suture zone formed when the Indian conti-
nental landmass collided with the southern flank of Eurasia during the
early Cenozoic (Yin and Harrison, 2000). However, the timing of initial
collision remains a topic of debate (70–34 Ma) (Aitchison et al., 2007;
Najman et al., 2010; Yi et al., 2011; Yin and Harrison, 2000). Many
workers believe that the initial collision took place at ~65–60 Ma,
based on studies of paleomagnetic data, sedimentation andmagmatism
in southern Tibet (Cai et al., 2011; Chu et al., 2011; Ding et al., 2005; Hu
et al., 2012; Mo et al., 2007; Yi et al., 2011). For instance, based on the
study of latest Paleocene sedimentary rocks from the TethyanHimalaya
on the northernmargin of the Indian Plate and Lhasa Block, Patzelt et al.
(1996) suggested that initial contact of the northern Indianmarginwith
the Lhasa Block occurred at 65–60Ma. A similar conclusionwas reached
by Yi et al. (2011), who proposed that the initial contact between the
Tethyan Himalaya and Lhasa blocks took place before ca. 61 Ma based
on paleomagnetic data from Early Paleogene marine sediments in
southern Tibet. Based on evidence for uppermost Cretaceous to Eocene
marine sedimentary sequences both to the south and north of the
Yarlung–Tsangpo suture, and the record of ophiolite obduction, Ding
et al. (2005) and Cai et al. (2011) tentatively supported initial collision
between India and Asia at ~65 Ma rather than 65 Ma intra-oceanic arc
subduction followed by later collision. In addition, based on combined
stratigraphic, sedimentological, subsidence and provenance data for
the Cretaceous–Paleogene succession from the Zhepure Mountain of
southern Tibet, Hu et al. (2012) suggested that the collision of India
with Asia occurred before the Late Danian (ca. 62 Ma). Mo et al.
(2007) also suggested that the unconformity between the Linzizong
volcanic sequence and the underlying Cretaceous rocks at ~65 Ma rep-
resents the initial India–Asia collision. Based on the studies of Paleogene
granitoids exposed in the Gangdese batholith, Chu et al. (2011) also
concluded that the continental collision of India with Asian should
have started up to 5–6 m.y. earlier than 55 Ma.

Our study of the Early Paleogene (~62 Ma) adakitic rocks in the
Zedong–Naika area leads to a new constraint on Tibetan tectonic evolu-
tion. As mentioned above, the Zedong and Naika plutons are located on
the north side of the Yarlung–Tsangpo suture (Fig. 1c and d). Both were
derived by partial melting of juvenile thickened lower crust. However,
the Zedong adakitic rocks, located closer to the Yarlung–Tsangpo suture,
have more enriched Nd–Hf isotopic compositions than the Naika
adakitic rocks located slightly farther from the suture (Fig. 9), indicating
that the source materials for the Zedong adakitic magmatism probably
contained some old Indian continental crust components. Therefore,
based on the combined evidence from the variable isotopic composi-
tions of the Zedong and Naika adakitic magmas and previous studies,
we suggest that the initial contact between the northern margin of the
Indian Plate and the Lhasa Block most likely occurred at around
~65–62 Ma, rather than at ca. 50 Ma (e.g., Najman et al., 2010;
Sun et al., 2012). This conclusion is also supported by previous
studies on zircon Hf isotopes of Gangdese granitoids (Chu et al., 2011;
Ji et al., 2009b). The zircon Hf isotopic compositions of Paleogene
(ca. 55–50 Ma) Gangdese granitoids (Fig. 9a) exhibit obvious negative
εHf(t) values, contrasting strongly with those of Jurassic/Cretaceous
magmatic zircons. The marked decrease in εHf(t) values for the Paleo-
gene zircons was interpreted as a result of source contamination by
subducted Himalayan sediments, requiring that the India–Asia collision
commenced before, and possibly up to 5–6m.y. earlier than, 55Ma (Chu
et al., 2011; Ji et al., 2009b).

However, the heat source required for the partial melting of thick-
ened lower crust required to generate the Early Paleogene Naika and
Zedong adakitic rocks remains unresolved. The Linzizong volcanic suc-
cessions show a geographical distribution, ages and geochemical fea-
tures similar to the early Tertiary Gangdese granitoids, suggesting that
both may have been products of the same transition from northward
subduction of the Neo-Tethyan oceanic slab to collision between India
and Asia (Mo et al., 2007). Lee et al. (2009, 2012) suggested that the
early stages of Linzizong volcanism resulted fromNeo-Tethyan slab roll-
back (Fig. 10b). Furthermore, the model of slab rollback is consistent
with regional geologic data such as the Cretaceous–Tertiary shortening
history of the central Lhasa Block (Kapp et al., 2005; Lee et al., 2009).
Other potential mechanisms, however, such as the beginning of slab
breakoff, could also provide the required heat source. If slab breakoff
started at ca. 62 Ma, then melting of thickened lower crust beneath
southern Tibet could have been triggered by the initial asthenospheric
upwelling through the slabwindow. The time interval (~15–12Ma) be-
tween initial continental collision (~65–62 Ma) or initial slab breakoff
(~62 Ma) and completed breakoff (~50 Ma) (Lee et al., 2009, 2012) is
consistent with numerical simulations that suggest oceanic slab
breakoff generally occurs 10–20 Myr after continental collision (van
Hunen and Allen, 2011).

6.3. 60–40 Ma slab break-off

We suggest that the ca. 50 Ma magmatic flare-up in the Gangdese
belt was most probably related to slab break-off (Fig. 10c) following
Neo-Tethyan oceanic slab rollback as suggested by Lee et al. (2009).
The detailed evidence is as follows: (1) slab break-off can readily ex-
plain the diverse geochemical characteristics of the Linzizong volcanic
rocks that likely resulted from multiple magma source regions (e.g.,
Lee et al., 2012). (2) Geological mapping and geochronological data
show that Early Tertiarymagmatic rocks crop out in a linear distribution
across the southern Lhasa Block. This distribution is consistent
with magmatism developed after slab break-off (Chung et al., 2005).
(3) Slab break-off can also explain why there was a decrease in the
India–Asian convergence rata during the Eocene (Lee and Lawver,
1995) given that break-off would have eliminated slab pull from the
existing Neotethyan subduction zone and consequently prevented sub-
duction of the Indian continental lithosphere beneath southern Tibet.
(4) Ultrahigh-pressure rock occurrences are consistent with Eocene
slab break-off, as has been proposed by previous workers based on
Himalayan metamorphic records (Guillot et al., 2003; Kohn and
Parkinson, 2002). Leech et al. (2005) suggested that the ~53 Ma
ultrahigh-pressure rocks in the NW Himalaya result from early, steep
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continental subduction, and proposed that oceanic slab break-off broad-
ly coincided with exhumation of the ultrahigh-pressure rocks in this re-
gion. (5) Eocene slab break-off also could explain topographic uplift in
southern Tibet (Lee et al., 2009).
6.4. ~30 Ma continental subduction

Asmentioned above, the Chongmuda adakitic rocks contain a crustal
component from the northward-subducted old Indian continental
crust. Moreover, the Chongmuda adakitic rocks have significantly
higher La/Yb ratios (47–68) than those (15–36) of the Late Cretaceous
crust-derived adakitic rocks (Wen et al., 2008a), indicating that the
Chongmuda occurrences may have originated from a deeper crustal
source. In addition, Zhang et al. (2010b) suggested that Oligocene
(37–32 Ma) high-P (1.8–1.4 GPa) rocks of the High Himalayas and coe-
val medium-P (0.8–1.1 GPa) rocks of the Lhasa Block represent paired
metamorphic belts that resulted from northward subduction of the
Indian continent beneath Asia. DeCelles et al. (2011) proposed that
the Oligocene–Miocene Kailas basin in southwestern Tibet was likely
an extensional feature caused by southward rollback of underthrusting
Indian continental lithosphere, following slab breakoff. Therefore, the
presence of the ~30 Ma Chongmuda adakitic rocks strongly indicates
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7. Conclusions

Sampled Late Cretaceous–Early Oligocene (~91–30 Ma) intrusive
rocks in the Chanang–Zedong area correspond to five distinct time pe-
riods during the evolution of the GBST, i.e., ~91, ~77, ~62, ~48, and
~30 Ma. Except for the ~77 and ~48 Ma plutons, the other three stages
of intrusive rocks are mostly geochemically similar to slab-derived
adakites. The ~91 Ma Somka adakitic rocks were derived by partial
melting of subducted Neo-Tethyan oceanic crust with minor oceanic
sediments. The ~62 Ma Naika and Zedong adakitic rocks were likely
generated mainly by partial melting of thickened mafic juvenile lower
crust but the source region of the Zedong pluton also contained
enriched components from the Indian continental crust. The ~30 Ma
Chongmuda adakitic rocks were most probably derived by partial melt-
ing of northward subducted Indian lower crust beneath the Lhasa Block.
Both the ~77 Ma Luomu diorites and ~48 Ma Lamda granites were
likely derived by partial melting of juvenile basaltic lower crust. The
tectonodynamic transition fromoceanic to continental lithospheric sub-
duction in the GBST took placed between 100 and 30 Ma.
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