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ABSTRACT

Subduction of Indian continental litho-
sphere during the Asia-India collision played 
an important role in the formation and evolu-
tion of the Himalaya-Tibetan orogen. How-
ever, the geometry of early Indian continental 
subduction remains debated. Given that the 
Indian continent is characterized by enriched 
isotope ratios (87Sr/86Sr > 0.730, εNd(t) < −10), 
relative to those in subducted oceanic mate-
rials (87Sr/86Sr < 0.704, εNd(t) ≈ +8), changes 
in the composition of magmatic rocks with 
time, in particular their radiogenic isotope 
ratios, is used to constrain the timing and 
nature of continental subduction. This study 
reports the field relations, zircon U-Pb ages 
and geochemical composition of a syn-col-
lisional batholith that crosscuts the central 
Indus-Yarlung Zangbu suture in the Saga 
area of southern Tibet. Zircon U/Pb ages for 
the batholith mainly range from 50 to 46 Ma. 
Samples from the Lopu Range batholith have 
enriched zircon Hf (εHf(t) = −0.4 to −8.6) and 
whole rock 87Sr/86Sri = 0.7094–0.7121 and 
εNd(t) = −7.3 to −9.8, suggesting that they 
were derived from a mixture of juvenile 
Gangdese and isotopically enriched Indian 
crustal materials. This result indicates that 
subduction of Indian crustal rocks occurred 
before 50 Ma in the central Himalaya. The 
geochemical composition and distribution 
of high volume ca. 51 Ma magmatism in the 

Gangdese belt, combined with thermal mod-
els of the subduction zone, suggests a steep-
ening of the subducted Indian continental 
lithosphere occurred between the onset of 
India-Asia collision (59 Ma) and 46 Ma in the 
central-eastern Himalaya.

INTRODUCTION

The convergence of India and Asia, accom-
panied by Indian continental subduction, has 
resulted in the largest and highest recent oro-
gen: the Himalaya-Tibetan orogenic system 
(e.g., Dewey and Bird, 1970; Dewey, 1988; 
Allègre et al., 1984; Hodges, 2000; Yin and 
Harrison, 2000; Li et al., 2015). The current 
state of underthrusting of the Indian conti-
nental lithosphere beneath the Asian litho-
sphere is well documented in seismic images, 
which show spatial variations from west to 
east along the suture (e.g., Nelson et  al., 
1996; Li et  al., 2008; Nábělek et  al., 2009; 
Zhao et al., 2010; Chen et al., 2015; Li and 
Song, 2018). In the west, flat lying Indian 
lithosphere reaches the southern margin of 
the Tarim basin, and subducted Indian crust 
only reaches depths of ∼90 km (Van der Voo 
et al., 1999; Li et al., 2008; Zhao et al., 2010; 
Li and Song, 2018). At longitude 85°E, the 
flat-lying Indian lithosphere extends to the 
Bangong-Nujiang suture (Van der Voo et al., 
1999; Tilmann et  al., 2003; Nábělek et  al., 
2009; Zhao et al., 2010; Shi et al., 2015; Li 
and Song, 2018), whereas at 90°E longitude 
the Indian lithosphere appears to have been 
subducted vertically beneath the Indus-Yar-

lung Zangbu suture (IYZS, Li et al., 2008; Shi 
et al., 2015, 2016; Chen et al., 2015; Li and 
Song, 2018). However, the present geometric 
structure of the subducted Indian lithosphere 
does not reflect its initial state at the onset of 
India-Asia collision. In the western Himalaya, 
the ultra-high pressure (UHP) complexes, 
exposed in the Kaghan and Tso Morari areas, 
equilibrated at depths of 145–160 km at ca. 
50 Ma (de Sigoyer et al., 2000, 2004; Guil-
lot et al., 2008; Wilke et al., 2015), and they 
are thought to have resulted from early steep 
continental subduction before 51 Ma (Leech 
et al., 2005; Guillot et al., 2008; Donaldson 
et al., 2013). In the central Himalaya, colli-
sion-related high-pressure (HP) metamorphic 
complexes in the Lopu range area imply steep 
India continental subduction began after the 
India-Asia collision and continued until ca. 
38 Ma (Laskowski et al., 2016, 2017). The HP 
complexes in the Garhwal area indicate rela-
tively shallow (flat) subduction before 50 Ma 
in the eastern Himalaya (Guillot et al., 2008).

The focus here is to reconstruct the initial 
geometry of Indian continental subduction 
from changes in the composition of mag-
matic rocks. The initial India-Asia collision 
took place by ca. 59 Ma in the central-eastern 
Himalaya and by 54 Ma in the western Hima-
laya (from the age of Asia-derived materials 
deposited on the Indian plate, DeCelles et al., 
2014; Wu et al., 2014; Hu et al., 2015, 2016; 
Najman et al., 2017). The subsequent subduc-
tion of the Indian continent initiated UHP-HP 
metamorphism, and resulted in a change in 
the source materials for igneous rocks from †Corresponding author: wqiang@gig.ac.cn.
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 Asia-dominated to India-dominated along 
the continental margin. The northern edge of 
the Indian continent (the Tethyan Himalaya) 
 consists predominantly of mature crustal 
materials with radiogenic isotope composi-
tions (87Sr/86Sr > 0.730, εNd(t) < −10, Ahmad 
et  al., 2000; Richards et  al., 2005) that are 
enriched relative to those in subducted oceanic 
material (87Sr/86Sr < 0.704, εNd(t) ≈ +8, e.g., 
Miller et  al., 2003). When crustal materials 
are subducted to subarc depths (80–160 km), 
fluids and/or melts enriched in incompatible 
elements are released from the subducted 
crust and transferred into the overlying mantle 
wedge (Mahéo et al., 2009; Hermann et al., 
2013, Zheng and Chen, 2016). Shallow sub-
duction would transport enriched materials 
far from the suture zone area in contrast to 
steep subduction that delivers enriched mate-
rials only to area relatively near the suture 
zone. Thus, changes in the composition of 
magmatic rocks with time in southern Lhasa 
especially in their radiogenic isotope ratios, 
may further constrain the onset and style of 
continental subduction. In the Lhasa terrane, 
a ca. 51 Ma relatively high volume magmatic 
event occurred during Indian continental 
subduction (Zhu et al., 2019, and references 
therein), providing an excellent opportunity to 
constrain the geometry of early Indian conti-
nental subduction.

In this study we constrain the age of early 
Indian continent subduction in the central 
Himalaya by establishing the crystallization 
age of a syn-collisional batholith in the Lopu 
Range area that crosscuts the suture zone, and 
examine the style and geometry of subduction 
by tracing the changes in the isotope ratios 
of the igneous rocks in the region. The field 
relations indicate that the Lopu Range batho-
lith was emplaced into the Indus-Yarlung 
Zangbu suture that is the tectonic boundary 
between India and Asia after the major defor-
mation associated with collision. The zircon 
U-Pb ages and geochemical composition of 
the Lopu Range batholith highlight that sub-
duction of the Indian continent in the central 
Himalaya took place before 50 Ma. This is 
consistent with the ages of collision-related 
metamorphism in the Himalaya, suggesting 
that magmatism can be used to constrain the 
onset of continental subduction. Integrating 
numerical models of the thermal evolution, 
and the geochemical composition and loca-
tion of the ca. 51 Ma high volume magmatic 
event in the eastern Gangdese belt, we argue 
that steep subduction of the Indian continen-
tal plate continued to at least 46 Ma after the 
onset of India-Asia collision (59 Ma) in the 
central-eastern Himalaya.

GEOLOGICAL SETTING AND THE 
SAMPLES ANALYZED

Regional Setting

The Indus-Yarlung Zangbu suture (IYZS) 
contains remnants of Neo-Tethyan oceanic litho-
sphere, it separates India to the south from Asia 
to the north (Chang and Zheng, 1973; Allègre 
et  al., 1984; Dewey, 1988; Yin and Harrison, 
2000), and it consists of ophiolite massifs, an 
ophiolitic mélange, and subduction-accretion 
mélanges (Dai et al., 2012, 2013; Hébert et al., 
2012 and references therein). The ophiolite mas-
sifs formed at 177–150 Ma and 130–88 Ma and 
they were accreted onto the southern margin of 
Lhasa prior to the India-Asia collision (Guil-
mette et al., 2009, 2012; Hébert et al., 2012; Dai 
et al., 2013). The ophiolitic mélange occurs to 
the south of the ophiolite massifs and it con-
sists of deformed and metamorphosed, foliated 
amphibolite blocks derived from reworking of 
the ophiolites (Dai et  al., 2012; Hébert et  al., 
2012). The subduction-accretion mélanges have 
a Late Triassic to Early Cretaceous matrix with 
Permian to Cretaceous meter-to-kilometer scale 
blocks that include marine limestone, sandstone, 
chert, basalt, metabasite, and shale (Searle et al., 
1987; Zhu et al., 2005; Cai et al., 2012; An et al., 
2017; Metcalf and Kapp, 2017, 2019; Wang 
et al., 2017a, 2018). These subduction-accretion 
mélanges are thought to have formed in an oce-
anic subduction zone beneath the ophiolite belts 
(Searle et al., 1987; Cai et al., 2012; Metcalf and 
Kapp, 2017, 2019; Wang et al., 2017a, 2018).

North of the IYZS, the Lhasa Terrane, as the 
southern margin of the Asian continent, can be 
subdivided into the northern, central, and south-
ern terranes, characterized by ancient crust in 
the center and Mesozoic juvenile crust accreted 
along both its northern and southern margins 
(Zhu et al., 2011, 2013; Hou et al., 2015; Zhou 
et  al., 2017). The Gangdese magmatic belt in 
the southern Lhasa Terrane is dominated by the 
Cretaceous–Tertiary Gangdese Batholith and 
the Paleocene–early Eocene Linzizong volcanic 
succession (Fig. 1A, Allègre et al., 1984; Debon 
et al., 1987; Chung et al., 2005; Chu et al., 2011; 
Zhu et al., 2011, 2019). The Linzizong volcanic 
succession ranges from basalt to rhyolite and it 
can be divided into three formations: the Dian-
zhong (60–58 Ma), Nianbo (55–52 Ma), and 
Pana formations (52–49 Ma, Zhu et  al., 2015, 
2019; Liu et  al., 2018). The Jurassic to early 
Eocene components of the Gangdese belt have 
relatively depleted Sr-Hf-Nd isotope ratios, indi-
cating sources associated with the subduction 
of the Neo-Tethyan oceanic lithosphere (Chung 
et al., 2005; Chu et al., 2011; Zhu et al., 2019 
and references therein). Some studies (e.g., Hou 

et  al., 2015; Wang et  al., 2015) also proposed 
that the magmatic rocks from the western Gang-
dese belt have lower εHf values than those in the 
eastern Gangdese belt, suggesting that there was 
some ancient basement beneath the western 
Gangdese belt. To the south of the Gangdese arc, 
the Xigaze forearc basin consists of Cretaceous 
to lower Eocene clastic units that were mainly 
derived from the Gangdese arc (Wu et al., 2010; 
Orme et al., 2015; Orme and Laskowski, 2016; 
Wang et  al., 2017b). South of the IYZS, the 
Tethyan Himalaya Sequence (THS) represents 
the deformed remnant of the northern continental 
margin of the Indian subcontinent, which mainly 
consists of Cambrian–Eocene sandstone, mud-
stones, shales, and limestones (Liu and Einsele, 
1994; Ding et al., 2005; Zhu et al., 2013).

The study area is located northwest of Saga 
County, where the Lopu range (or Lopukangri) 
with an elevation up to 7095 m includes the 
main peak of the Gangdese mountains in south-
ern Tibet (Fig. 1). Extending to ∼50 km south of 
the Lopu range, the Sangdanlin section preserves 
the typical stratigraphic record after the India-
Asia collision, in which hypermature quartzose 
sandstones sourced from India are progressively 
replaced upward by immature volcanic-plutonic 
clastic sandstones derived from Asia (Ding et al., 
2005; DeCelles et  al., 2014; Wu et  al., 2014; 

Figure 1. A geological map of south Tibet 
showing the tectonic terranes and the loca-
tion of the Lopu Range batholith. (A) Sim-
plified geological map of southern Tibet. (B) 
Simplified geologic map of the Lopu Range 
area based on our 1:50,000 geological map-
ping and the maps of Laskowski et al. (2017) 
and Metcalf and Kapp (2017). (C) Histo-
gram of zircon U-Pb ages of the Lopu Range 
batholith, showing data from outcrops 
north and south of the IYSZ separately 
for comparison. The red line is the prob-
ability density curve. (D) The cross-section 
A–A′ in Figure  1B, original field informa-
tion is shown in Figure S1 (see footnote 1). 
In Figure 1B, 50L/48S show zircon U-Pb ages 
determined using both laser ablation–in-
ductively coupled plasma–mass spectrome-
try (L) and secondary ion mass spectrometry 
(S) methods. IYZS—Indus-Yarlung Zangbu 
suture; STDS—South Tibetan Detachment 
System; MCT—Main Central Thrust; 
MBT—Main Boundary Thrust; THS—
Tethyan Himalaya Sedimentary Sequences; 
GHC—Greater Himalayan Crystalline 
Complex; LHS—Lesser Himalayan Series; 
NLRB—the Lopu Range batholith north of 
the IYZS; SLRB—the Lopu Range batho-
lith south of the IYZS; Sil.—siliciclastic.
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Hu et al., 2015, 2016). The radiolarian and nan-
nofossil biostratigraphy, and the detrital zircon 
ages, indicate that the Asia-derived detritus was 
first deposited on the distal edge of India at ca. 
59 Ma in the central Himalaya (DeCelles et al., 
2014; Hu et al., 2015).

Geology of the Lopu Area

The Lopu Range area spans the IYZS, and 
it comprises a number of lithotectonic units 
including, from north to south: (1) the Gangdese 
arc belt, (2) Oligocene–Miocene Kailas Forma-
tion, (3) Xigaze fore-arc basin strata, (4) IYZS 
mélange, and (5) Tethyan Himalaya sedimen-
tary Sequence (THS) (Fig. 1B). The granitoids 
in this area are post tectonic, they extend across 
the IYZS and are referred to here as the Lopu 
Range batholith (LRB).

The LRB north of the IYZS (NLRB) consists 
mostly of medium to fine grained quartz monzo-
nites and granites. Published zircon U-Pb ages 
indicate that these granitoids were emplaced 
at 49 Ma and 38 Ma (Laskowski et al., 2017). 
The quartz monzonites are composed of plagio-
clase (30–35 vol%), potassium-feldspar (35–30 
vol%), quartz (25–20 vol%), biotite (5 vol%), 
and amphibole (∼2 vol%), and the granites con-
tain potassium-feldspar (∼40 vol%), plagioclase 
(30–35 vol%), quartz (∼25 vol%), and minor 
biotite (∼2 vol%). The Oligocene–Miocene 
Kailas Formation (Tk) consists of interbedded 
cobble gravel pebble conglomerate, sandstone, 
and minor volcanic tuffs, and it forms a buttress 
unconformity on the NLRB. To the south, the 
south dipping Great Counter Thrust puts the 
Xigaze fore-arc basin strata in the hanging wall 
and the Oligocene–Miocene Kailas Formation in 
the footwall (Ding et al., 2005; Sanchez et al., 
2013; Orme et al., 2015, Laskowski et al., 2017, 
Fig. 1B). In the Lopu area the Xigaze Group con-
sists of a >4.5 km shoaling upward sequence of 
sandstone, conglomerate, and sandy limestone 
(Wu et al., 2010; Orme et al., 2015).

The IYZS in the Lopu Range area is repre-
sented by ophiolitic mélange (Oph) in fault con-
tact with the Xigaze fore-arc sequence, and a unit 
of greenschist facies siliciclastic matrix mélange 
(mlg) that is in fault contact with the ophiolitic 
mélange (Metcalf and Kapp, 2017) (Fig. 1B). 
The siliciclastic matrix mélange consists of 
decimeter to kilometer blocks in a shale matrix 
with occasional sandstone, and it was built on 
the southern margin of Asia during Neo-Tethyan 
oceanic subduction (Metcalf and Kapp, 2017). 
Further south, the THS strata consist of mus-
covite-quartz schists, limestone, quartzite, and 
phyllite, which typically underwent greenschist 
amphibolite facies metamorphism, forming the 
core of the Niuku anticline (Ding et al., 2005; 

Laskowski et al., 2017; Fig. 1B). Detrital zircon 
ages from these strata yield maximum deposi-
tional ages between 535 and 437 Ma, indicating 
that this unit consists of Cambrian–Silurian strata 
(COg, Laskowski et al., 2017). Our field map-
ping showed that the Dajiling fault juxtaposes 
THS strata in the hanging wall against siliciclas-
tic matrix mélange in the footwall on the north 
limb of the Niuku anticline (Figs. 1B and 1D; 
Fig. S11). The south limb of the Niuku anticline 
lies beyond our mapping area, but a previous 
study suggested that the Dajiling fault to the 
south dips south and juxtaposes Tethyan phyllite 
in the hanging wall against footwall paragneiss, 
quartzite, and schist (Laskowski et  al., 2017). 
According to the ages of undeformed leuco-
granite that intrudes into the core of the Niuku 
anticline, the timing of deformation within the 
THS in the Lopu Range area occurred prior to 
ca. 45 Ma (Ding et al., 2005). Our 1:5000 scale, 
20 km geological cross-section (A–A′ in Fig. 1D 
and detailed in Fig. S1) was constructed across 
siliciclastic matrix mélange and THS strata that 
form the core of the Niuku anticline.

The LRB south of the IYZS (SLRB) is 
mostly covered by glaciers, and the outcrops 
predominantly consist of medium-fine grained 
quartz monzonite (Figs. 1B, 2A, and 2B), simi-
lar to the main phase of the NLRB. Laskowski 
et al. (2017) reported that the contact between 
the SLRB and siliciclastic matrix mélange 
was intrusive along the northern boundary and 
partially faulted along the southern boundary. 
We mapped a contact metamorphic aureole 
(Figs. 2C–2E) and metapelite enclaves within 
the intrusion (Fig. 2F) along the southern con-
tact boundary between SLRB and siliciclastic 
matrix mélange. The contact hornfels contains 
quartz, muscovite, biotite and occasionally with 
andalusite porphyroblasts, and it is either mas-
sive (Fig. 2E) or with a slight lamination due to 
mimetic orientation of the mica (Fig. 2D). There 
is therefore an intrusive relationship between the 
SLRB and its country rocks. Some Neogene (ca. 
16 Ma) two-mica leucogranite dikes intrude the 
SLRB, the siliciclastic matrix mélange and THS 
strata (Fig. S1, Ding et  al., 2005; Laskowski 
et al., 2017).

ANALYTICAL RESULTS

Twenty-one samples were collected, nineteen 
from NLRB and two from SLRB. The analytical 
methods, the sample locations, the zircon U-Pb 

ages and Hf isotope compositions, and whole 
rock geochemical and Sr-Nd isotope ratios are 
presented in the Supplemental Material (Tables 
S1 and S2; see footnote 1).

Zircon U-Pb Ages and Hf Isotope 
Compositions

Six samples from the NLRB and two samples 
from the SLRB were selected for zircon U-Pb 
dating. The zircons in these samples are euhe-
dral and characterized by oscillatory zoning, 
with length-width ratios from 1:1–1:3 (Fig. 3). 
No inherited zircon grains were observed. Five 
samples of quartz monzonites from the NLRB 
yielded 206Pb/238U zircon ages of 47.9 ± 0.5 Ma, 
47.3 ± 0.4 Ma/47.8 ± 0.7 Ma (laser ablation–
inductively coupled plasma–mass spectrom-
etry/secondary ion mass spectrometry/[L/S]), 
49.6 ± 0.6 Ma, 48.4 ± 0.5 Ma, and 50.3 ± 0.5 Ma 
(Figs.  4A–4F). One granite sample from the 
NLRB yielded slightly younger 206Pb/238U ages 
of 46.6 ± 0.4 Ma (Fig. 4G). The two quartz mon-
zonite samples from the SLRB yielded 206Pb/238U 
zircon ages of 47.2 ± 0.7 Ma/48.1 ± 0.4 Ma 
(L/S) and 48.8 ± 0.5 Ma (Figs.  4H–4J), and 
these ages are similar to those of quartz mon-
zonites from the NLRB (Fig. 1C). Hf isotope 
ratios were determined on all of the dated zircon 
grains. Zircons from the NLRB have negative 
εHf(t) values (−0.4 to −8.6), similar to those (−1.1 
to −7.7) of zircons from the SLRB (Fig. 5).

Whole Rock Geochemical and Sr-Nd 
Isotopic Compositions

In the NLRB, the quartz monzonite samples, 
have SiO2 (64.4–68.6 wt%), A/CNK (Al2O3/
(CaO + Na2O + K2O) = 0.86–0.94), and MgO 
(1.57–2.23 wt%) values (Table S2) that are 
magnesian calc-alkalic to alkali-calcic (Fig. 6). 
The granite samples from the NLRB have higher 
SiO2 (72.6–75.7 wt%), A/CNK (0.91–1.13), and 
lower MgO (0.22–1.12 wt%) (Table S2), and 
they are magnesian calc-alkalic to ferroan alkali-
calcic (Fig. 6). The quartz monzonites from the 
SLRB have SiO2 (64.3–64.9 wt%), A/CNK 
(0.88–0.90), and MgO (2.00–2.16 wt%) (Table 
S2), similar to those in the NLRB (Fig. 6). All 
samples are K-rich (K2O/Na2O = 1.31–1.92), 
with negative correlations between SiO2 and 
MgO, CaO, TiO2, and P2O5 contents (Figs. 
S2B–S2E; see footnote 1), and significant posi-
tive correlations between SiO2 and A/CNK and 
K2O + Na2O (Figs. S2A and S2F).

The quartz monzonite samples from the NLRB 
have restricted (La/Yb)N ratios of 15.7–28.8, in 
contrast to the larger variation (7.5–77.6) in the 
granite (Table S2). The quartz monzonite  samples 
from the SLRB have similar (La/Yb)N ratios 

1Supplemental Material. Analytical methods, field 
geological cross-section, and analytical results for 
the Lopu Range batholith from southern Tibet. Please 
visit https://doi .org/10.1130/GSAB.S.12746846 
to access the supplemental material, and contact 
editing@geosociety.org with any questions.
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(22.5–23.5) to those in the NLRB (Table S2). 
All rocks have low (Gd/Yb)N ratios (0.9–2.7), 
negative Eu anomalies (Eu/Eu* = 0.28–0.65), 
and variable Sr/Y ratios (3.3–30.9) (Table S2). 
They have relatively flat heavy rare earth element 

patterns (Fig. 7A), and they are enriched in large 
ion-lithophile elements relative to the high field 
strength elements (Fig. 7B). The Zr saturation 
temperatures calculated from whole rock com-
positions vary from 678 to 746 °C (Table S2).

Samples with 87Rb/86Sr > 10 were omit-
ted from the discussion of the Sr isotope 
ratios simply because it causes a large 
uncertainty in the calculated initial Sr ratios 
(Wu et  al., 2002). The rocks in the NLRB 

A B

C

E F

D

B

Figure 2. (A–C) Photographs of selected outcrops of the Lopu Range (Tibet) batholith (south) and its country rock (greenschist facies 
metapelite); (D and E) photomicrograph of the andalusite-bearing mica schist and two mica hornfels in plane polarized (left) and crossed 
polars (right) light, respectively. (F) A metapelite enclave in the Lopu Range batholith (south). SLRB—the Lopu Range batholith south 
of the IYZS.
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Figure 4. Zircon U-Pb concordia diagram for the Lopu Range batholith, Tibet (Table S1; see footnote 1). SIMS—secondary ion mass 
spectrometry; LA-ICP-MS—laser ablation–inductively coupled plasma–mass spectrometry; n—Number of zircon grains; MSWD—mean 
square weighted deviation; NLRB—the Lopu Range batholith north of the IYZS; SLRB—the Lopu Range batholith south of the IYZS.

Figure 3. Cathodoluminescence images for representative zircon grains from the Lopu Range batholith, Tibet. Solid and dashed circles 
indicate the spot locations of U-Pb age and in situ Hf isotope analyses, respectively. SIMS—secondary ion mass spectrometry; LA—
laser ablation.
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have more enriched Sr and Nd isotopic 
ratios (87Sr/86Sri = 0.70944–0.71213 and 
εNd(t) = −7.3 to −9.8) than other Jurassic 
to Eocene Gangdese rocks (Fig.  8A). The 
samples from the SLRB have 87Sr/86Sri = 
0.71200–0.71226, and εNd(t) values (−8.2 
to −8.0), which are similar to those of the 
NLRB (Fig. 8A). Given that all of the sam-
ples analyzed have relatively high 87Rb/86Sr 
values (typically >2), the calculated errors 
on the initial 87Sr/86Sr values are shown in 
Figure 8B.

DISCUSSION

Source Characteristics of the Lopu Range 
Batholith (LRB)

The published zircon U-Pb ages (Laskowski 
et al., 2017), together with our new results, indi-
cate that the LRB is dominated by 50–47 Ma 
granitoids, with minor 38 Ma granite, and 
16 Ma two-mica leucogranite dikes (Fig. 1B). 
Our study focused on the 50–47 Ma rocks in the 
LRB. The field investigation and zircon U-Pb 

data indicate that the NLRB was emplaced into 
the southern Lhasa terrane at 50–47 Ma, and 
the SLRB intruded into the siliciclastic matrix 
mélange strata at 49–47 Ma. These results are 
analytically indistinguishable and they are taken 
to confirm that the different analyzed portions of 
the batholith represent a single magmatic event.

High SiO2 (>64 wt%) and low Mg# (17–52) 
are generally considered to reflect partial melting 
of crustal materials or assimilation and fractional 
crystallization (AFC) of basaltic magmas. We 
suggest that the LRB were not generated by AFC 

A B

Figure 5. (A) Plot of εHf(t) versus U-Pb ages for zircon. The results on 200–40 Ma zircons from granitoids to basaltic rocks in the eastern 
Gangdese belt, Tibet and whole rock Hf isotope of early Eocene granite in the Himalaya are presented for comparison. Data sources are 
listed in Data 1 and supplementary file (see footnote 1). (B) εHf(t) plotted against the latitude of the samples analyzed in the eastern Gangdese 
belt. The detailed GPS data for the sampling localities are listed in Data 2 (see footnote 1). CHUR—chondritic uniform reservoir; THS—
Tethyan Himalaya Sedimentary Sequences; IYZS—Indus-Yarlung Zangbu suture; NLRB—the Lopu Range batholith north of the IYZS; 
SLRB—the Lopu Range batholith south of the IYZS.

A B

Figure 6. (A) FeOT/(FeOT + MgO) vs SiO2 diagram, and (B) (Na2O + K2O – CaO) against SiO2 diagram (after Frost et al., 2001). For com-
parison, the fields for the ca. 51 Ma Gangdese rocks and Linzizong volcanic rocks (Tibet) are from Mo et al. (2008), Lee et al. (2012), Bouil-
hol et al. (2013), Wang et al. (2015), Zhu et al. (2015), and Liu et al. (2018). NLRB—the Lopu Range batholith north of the Indus-Yarlung 
Zangbu suture; SLRB—the Lopu Range batholith south of the Indus-Yarlung Zangbu suture.
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of basaltic magmas for a number of reasons. 
Fractional crystallization experiments of basal-
tic melts indicate that evolved melts become 
peraluminous (A/CNK > 1) at SiO2 contents of 
54–65 wt% (Grove et al., 2003; Pichavant and 
Macdonald, 2007; Ulmer et al., 2018). Our sam-
ples are metaluminous (A/CNK < 1) with SiO2 
ranging from 64 to 73 wt% (Table S2), suggest-
ing that they were not derived by fractional crys-
tallization of basaltic magmas. There is also no 
correlation between SiO2 contents (64–76 wt%) 
and εNd(t) values (−7.3 to −9.8) (not shown), 
further indicating that the LRB were not be pro-
duced by AFC of basaltic magmas.

If the LRB were derived by partial melting 
of the crustal materials, its high K2O contents 
(4.1–5.3 wt%) and K2O/Na2O ratios (1.31–1.92) 
indicate its source rocks had relatively high K 
contents (Sisson et  al., 2005), since low-K 
source rocks tend to produce low K2O melts 
(K2O < 4 wt%, Rapp and Watson, 1995; Gao 

et  al., 2016). The inverse correlation between 
SiO2 and P2O5 indicates that the LRB is an I-type 
granitoid (Figs. S2A and S2E) (Chappell and 
White, 1992). All samples have low (Gd/Yb)N 
(0.9–2.7) ratios and relatively flat heavy rare 
earth element (REE) patterns (Fig.  7A; Table 
S2), indicating that garnet, which would result 
in strong depletion of heavy REE relative to mid-
dle REE, was not a major residual mineral and 
that melting pressure was probably <1.5 GPa 
(Pertermann et al., 2004). Systematic variation 
of different elements versus SiO2 (Fig. S2) sug-
gests that the high SiO2 granite was produced 
by fractional crystallization of low SiO2 quartz 
monzonite. For example, the negative correla-
tion between SiO2 and Eu/Eu* (Fig. S2G), and 
the positive correlation between SiO2 and Rb/Sr 
ratios (Fig. S2H) are consistent with fractional 
crystallization of plagioclase. Zircon fraction-
ation might in turn be responsible for the low Zr/
Hf ratios in the granites (Fig. S2I) (Linnen and 

Keppler, 2002). Therefore, we propose that the 
LRB resulted from partial melting of a relatively 
K-rich crustal source, consistent with its elevated 
initial Sr isotope ratios (87Sr/86Sri = 0.70944–
0.71213), followed by fractional crystallization. 
The source Rb/Sr values = 0.17–0.25, calculated 
by the method of Dhuime et al. (2015).

Ages of Early India Continental 
Subduction in the Central Himalaya

The high-pressure to ultrahigh-pressure (HP-
UHP) complexes in the Himalaya provide robust 
geologic evidence for subduction of Indian con-
tinental material. The UHP complexes, with 
peak pressures of 4.4–4.8 GPa at ∼560–760 °C, 
are only known from the Kaghan area in Paki-
stan and the Tso Morari areas of India adjacent 
to the western Himalaya syntaxis (e.g., Guillot 
et  al., 2008; Wilke et  al., 2015). The Kaghan 
Valley UHP event is dated by U-Pb dating of 
zircon rims containing coesite inclusions at 
46.2 Ma (Kaneko et al., 2003), consistent with 
initial Indian continent subduction by 51 Ma or 
soon thereafter (Donaldson et al., 2013). For the 
Tso Morari rocks, although the timing of UHP 
metamorphism is still uncertain, in that there are 
age peaks at 53–51 Ma (de Sigoyer et al., 2000; 
Leech et al., 2005; St-Onge et al., 2013) and at 
47–46 Ma (Donaldson et al., 2013), it appears 
that the Indian continent began to subduct prior 
to 50 Ma. These results therefore indicate that 
subduction of Indian continental crust had 
commenced before 51 Ma across the west-
ern Himalaya. In contrast UHP complexes are 
absent in the central and eastern Himalaya, and 
the HP metamorphic rocks show unexpectedly 
young ages of peak metamorphism (≤40 Ma) 

A B

Figure 7. (A) Chondrite-normalized rare earth element and (B) primitive-mantle normalized trace element patterns for Lopu Range batho-
lith, Tibet (Normalizing values are from Sun and McDonough, 1989), data sources of ca. 51 Ma Gangdese rocks and Linzizong volcanic 
rocks are the same as Figure 6.

Figure 8. Whole rock 
Sr-Nd isotope ratio dia-
gram for Lopu Range 
batholith, Gangdese belt 
and Tethyan Himalaya 
Sedimentary (the data 
are listed in Data 3; see 
footnote 1). The Sr-Nd 
isotope ratios with calcu-
lated errors are shown in 
Figure 8B.A

B
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 compared with those from the western Hima-
laya (e.g., Zhang et al., 2015; Laskowski et al., 
2016). In the central Himalaya, HP rocks were 
largely retrogressed after ca. 42 Ma, but relict 
assemblages (Phe + Chl ± Sta ± Grt-bearing) 
indicate a peak pressure of >1.4 GPa at <600 
°C in the Lopu Range area (Laskowski et al., 
2016). In the eastern Himalaya, the HP granu-
lites from the eastern Himalaya Syntaxis experi-
enced peak-metamorphism of 1.3–1.6 GPa and 
840–880 °C at 40–30 Ma (zircon U-Pb ages, 
Zhang et al., 2015). Although these results sug-
gest that Indian crust was also subducted after 
the initial India-Asia collision (at 59 Ma in the 
central-eastern Himalaya, DeCelles et al., 2014; 
Hu et al., 2015, 2016 and references therein), 
we do not yet have other geological evidence 
for any older (>40 Ma) continental subduction 
in the central-eastern Himalaya.

We conclude that the LRB records the sub-
duction of Indian continental crust in the central 
Himalaya before ca. 50 Ma based on the follow-
ing evidence: field investigations confirm that the 
LRB intruded into the IYZS, indicating that our 
samples were emplaced at the India-Asia colli-
sional boundary. Given that the ages of the LRB 
are younger than the age of initial collision of 
India and Asia in the central Himalaya (59 Ma, 
DeCelles et al., 2014; Hu et al., 2015, 2016 and 
references therein), the southern Lhasa terrane 
and subducted Indian crust are both potential 
source materials for the LRB. In the Lopu Range 
area, detrital zircon U-Pb ages from the Xigaze 
fore-arc basin were dominated by Mesozoic and 
53 of the 77 zircons analyzed have positive zircon 
εHf(t) values (Fig. 5A). The Sangdanlin section in 
the Tethyan Himalaya, which is close to the Lopu 
area, has a typical stratigraphic section used to 
constrain the timing of the India-Asia collision. It 
contains Paleocene positive zircon εHf(t) values, 
similar to the Gangdese batholith (DeCelles et al., 
2014; Wu et al., 2014). In addition, a 57 Ma gran-
ite, located 20 km west of the Lopu Range area, 
has 87Sr/86Sri = 0.7056, εNd(t) = −0.1 and zircon 
εHf isotope values of 0.1–3.9 (Zhang, 2018), 
overlapping the Sr-Nd-Hf isotope compositions 
of the Gangdese batholith and the Linzizong 
volcanic succession (Figs. 5A and 8). Thus the 
Lopu Range area was characterized by juvenile 
crust prior to the India-Asia collision, consistent 
with the results of previous studies, highlighting 
that the southern Lhasa terrane is mostly juve-
nile crust with depleted Sr-Nd-Hf isotopic values 
(Chu et al., 2011; Zhu et al., 2011, 2013; Hou 
et al., 2015; Zhou et al., 2017).

The THS crustal basement, in contrast, has 
enriched isotopic compositions that differ from 
those of the southern Lhasa terrane (Figs. 5 and 
8). If the LRB was derived from the southern 
Lhasa terrane or the THS, then the granitoids 

should display corresponding isotopic composi-
tions. However, all our samples have similar Sr-
Nd-Hf isotope compositions that are intermediate 
between those of the southern Lhasa terrane and 
the THS (Figs. 5 and 8). Therefore, neither the 
southern Lhasa terrane nor the THS crust appears 
to have been the sole source of the LRB. Rather, 
we argue that the LRB was generated by partial 
melting of a mixed source containing both Indian 
continental material and southern Lhasa terrane 
juvenile crust. A simple two end-member mix-
ing calculation between the average composition 
of Gangdese belt and THS middle-lower crust 
(represented by Eocene granite in the Himalaya) 
(Fig. 8A) indicates that the LRB could have been 
derived from a mixture of 50%–70% enriched 
Indian crust and 30%–50% juvenile southern 
Lhasa middle-lower crust. This highlights that 
Indian continental crust had already been sub-
ducted beneath the mid to lower crust of southern 
Lhasa terrane when the partial melting occurred, 
supporting the view that Indian continental sub-
duction took place before 51 Ma.

Geodynamic Processes Responsible for the 
Lopu Range Batholith (LRB)

Some continental arcs appear to be character-
ized by high volume magmatic episodes sepa-
rated by magmatic lulls (DeCelles et al., 2009, 
2015 and references therein). The Gangdese arc 
rocks resulted from the northward subduction of 
the Neo-Tethyan oceanic slab and subsequent 
India-Asia collision and Indian continental sub-
duction along the southern margin of the Lhasa 
terrane (Chang and Zheng 1973; Allègre et al., 
1984; Debon et al., 1987; Chung et al., 2005; Chu 
et al., 2011; Zhu et al., 2011, 2015, 2019). The 
52–48 Ma rocks (here termed the ca. 51 Ma high 
volume event) appear to have been the largest 
and most widespread magmatic episode within 
the Gangdese arc. They are pre-dominantly 
I-type intrusive granites with minor mafic rocks, 
together with the Linzizong subduction-related 
volcanic successions, and the magmas were 
largely derived from within the continental litho-
sphere (Guo et al., 2007; Wang et al., 2015; Zhu 
et al., 2015, 2019). The age of the initial India-
Asia collision, constrained by the Asia-derived 
sediments deposited on the Indian plate, is 59 Ma 
in the central-eastern Himalaya and 54 Ma in the 
western Himalaya (DeCelles et  al., 2014; Hu 
et al., 2015; Najman et al., 2017). The ca. 51 Ma 
high volume event, therefore, reflects a pulse of 
increased magmatic activity after continental 
collision and presumably while both Indian con-
tinental material and Neo-Tethyan oceanic crust 
were being subducted. It also appears that the ca. 
51 Ma high volume event occurred during the 
period of Indian continental subduction and that 

it was shorter than magmatic pulses associated 
with oceanic subduction (10–30 Ma, DeCelles 
et  al., 2009, 2015). The majority of magmas 
were derived from within the lithosphere, and 
published data sets further demonstrate that ca. 
51 Ma intermediate-acid rocks in the Gang-
dese belt tend to have higher and greater varia-
tions in whole rock zircon saturation tempera-
tures (TZr = 680–900 °C) than those generated 
between 55 and 70 Ma (600–770 °C, Wang et al., 
2015; Zhu et al., 2015; Liu et al., 2018). In the 
eastern Himalaya, a 45 Ma (Titanite U-Pb age) 
oceanic island basalt (OIB)-type gabbro has been 
reported with a high magmatic temperature (1380 
°C, Ji et  al., 2016). The high volume of mag-
matic rocks (including minor mafic rocks) with 
relatively high magma temperatures, is therefore 
thought to have been linked to increased mantle 
heat into the lithosphere (Zhu et al., 2015). The 
ages of the LRB place it within the ca. 51 Ma 
high volume event of the Gangdese belt, indicat-
ing that generation of the LRB was associated 
with this large-scale magmatic event.

Along destructive plate margins, upwelling of 
asthenosphere can be triggered by oceanic slab 
break-off (Davies and von Blanckenburg, 1995; 
Zhu et al., 2015; Ji et al., 2016) and by founder-
ing of segments of thickened lithosphere mantle 
from the overlying plate (Kapp et  al., 2007; 
DeCelles et  al., 2009, 2015), and the thermal 
consequences are likely to be different. Thermal 
anomalies resulting from slab break-off tend to 
be related to the depth of break-off (Davies and 
von Blanckenburg, 1995; van de Zedde and Wor-
tel, 2001; Baumann et al., 2010; Freeburn et al., 
2017). Whereas break-off at depths shallower 
than the base of overlying lithosphere plate is 
more likely to generate magmas in the overlying 
plate (Davies and von Blanckenburg, 1995; van 
de Zedde and Wortel 2001), deeper slab break-
off may not lead to a significant thermal pertur-
bation and hence not result in significant mag-
matism (Davies and von Blanckenburg, 1995; 
Baumann et  al., 2010; Freeburn et  al., 2017). 
Between 68 and 51 Ma, the India-Asia conver-
gence rate was around 15 cm/yr (Patriat and 
Achache, 1984; van Hinsbergen et al., 2011). If 
the initial India-Asia collision occurred at 59 Ma 
(e.g., DeCelles et al., 2014; Hu et al., 2015), then 
a constant India-Asia convergence rate between 
59 and 51 Ma would suggest that the subducted 
Indian lithosphere provided a negative buoyancy 
similar to a downgoing oceanic slab, in order to 
maintain the velocity of the Indian plate (Capi-
tanio et al., 2010). For such convergence rates, 
the leading edge of the Indian continent would 
have reached depths of 300 km, 425 km, and 
520 km with subduction dips of 30°, 45°, and 
60°, respectively, 4 Ma after the India-Asia col-
lision. If oceanic slab break-off then occurred 
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at such depths, it is likely that there was little 
thermal perturbation and hence no magmatism 
(Freeburn et al., 2017). Overall, there is therefore 
little reason to invoke slab break-off as a cause 
of the ca. 51 Ma high magma volume episode.

Instead we employed a numerical model 
from Huangfu et al. (2018), that focuses on the 
thermal evolution from oceanic to continental 
subduction, to investigate the source of addi-
tional heat for the high-volume magmatic event 
during continental subduction (Fig. 9; Fig. S3 
[see footnote 1], from Mode-II in Huangfu 
et al., 2018). The setup parameters and methods 
are as in Huangfu et al. (2018) and their supple-
mentary files. In this model, once continental 
subduction was initiated (from 11 to 40 m.y. 
after commencement of the model, Figs. 9A 
and 9B; Fig. S3), the temperature in the over-
lying plate crust remained constant and it was 

still lower than the TZr of the LRB (678–746 
°C) and other Gangdese rocks (680–900 °C). 
This suggests that subduction of the Indian 
lithosphere resulted in little heating within the 
orogen, and it is an unlikely cause of extensive 
partial melting of lithosphere in the overly-
ing plate. However, if a portion of the overly-
ing plate lithosphere were to founder at, say 
53 m.y. after the model started (Figs. 9C and 
9D), then the temperature of the crust would 
increase significantly in a relatively short time 
(1–2 m.y.). Thus, if lithosphere delamination 
occurred beneath the Gangdese arc belt, this 
would have resulted in extra heating from the 
upwelling asthenosphere. Recent seismic stud-
ies have observed the high-V structure beneath 
the Lhasa terrane, which was attributed to 
foundering continental lithosphere (e.g., Chen 
et al., 2017). We conclude that the removal of 

the Lhasa lithosphere mantle was initiated in 
the Eocene, and that this resulted in upwell-
ing of asthenosphere, which is the main source 
of additional heat for the ca. 51 Ma high vol-
ume magmatism in southern Tibet. The Lhasa 
terrane experienced more than 50% crustal 
shortening between 90 and 69 Ma, resulting in 
a thickened and gravitationally unstable litho-
sphere before the India-Asia collision (Kapp 
et  al., 2007). After the India-Asia collision, 
subduction of the India continent continued to 
compress the thickened lithosphere, facilitating 
detachment from the base of the lithosphere, 
and eventually contributing to lithosphere 
delamination. This resulted in the ca. 51 Ma 
magmatism, including the OIB-type mafic 
rocks (Ji et  al., 2016), and it contributed to 
uplift of the Gangdese belt during the Eocene 
(Kapp et al., 2007; Li et al., 2015).

A

C

B

D

Figure 9. A thermal model for the transition from oceanic to continental subduction from Huangfu et al. (2018). The model result is shown 
in Figure S3 (see footnote 1). The Time captions in the figure represent the run times in the model. When T < 11 Ma, oceanic subduction 
was occurring, and at T ≥ 11 Ma, continent collision occurred and continental subduction started. (A–D) Illustrate the thermal state before 
and after the lithosphere thinning during continental subduction, and the black lines are the 700 and 800 °C isotherms. The illustrations on 
the left are images of the continental subduction and those on the right show the corresponding isothermal state. The setup parameters and 
methods are listed in Huangfu et al. (2018). P-CC—Pro-continental crust; P-CLM—Pro-continental lithospheric mantle; R-CC—Retro-
continental crust; R-CLM—Retro-continental lithospheric mantle.
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Implications for the Initial Geometry of 
Indian Continental Subduction

According to the HP-UHP metamorphic 
records, initial Indian continental subduction 
was shallow (flat) in the eastern Himalaya but 
steep in the western Himalaya (Guillot et  al., 
2008). Here, the composition and the distribu-
tion of the ca. 51 Ma magmatism in the eastern 
Gangdese belt (85°E to 94°E) and the results of 
our study on the LRB are used to constrain the 
geometry of Indian continental subduction in the 
central-eastern Himalaya.

Subduction of Indian crustal materials with 
enriched isotopic compositions (Figs. 5 and 8) to 
subarc depths after 59 Ma along a shallow sub-
duction zone, would have released fluids and/or 
melts enriched in incompatible elements from the 
subducted crust into the Asia lithosphere (Mahéo 
et al., 2009; Hermann et al., 2013, Zheng and 
Chen, 2016). This resulted in an enriched mantle 
source, that was different from that metasoma-
tized by the Neo-Tethyan oceanic slab which 
had depleted Sr-Nd-Hf isotope ratios, beneath 
the Lhasa terrane (Mahéo et al., 2009). Previ-
ous studies suggest that the zircon εHf values of 
granitoids ranged toward negative values in the 
ca. 51 Ma magmatic rocks of southern Lhasa, 
and that this reflects either (1) the mixing of 
Himalaya sediments with the mantle wedge fol-
lowing the convergence between India and Asia 
(Chu et al., 2011; Zhu et al., 2015) or (2) the re-
working of ancient Lhasa basement (e.g., Zhang 
et al., 2019). The former model stresses that the 
basalts from mixed sources remelted and in turn 
differentiated to form the Gangdese granitoids 
with negative zircon εHf values. However, the ca. 
51 Ma basaltic rocks in the eastern Gangdese belt 
have positive zircon εHf values, while the inter-
mediate-felsic rocks have widely variable εHf val-
ues and there is no correlation between εHf values 
and their latitude (Fig. 5B). This suggests that the 
mantle source of ca. 51 Ma basaltic rocks did not 
contain contributions from the subducted Indian 
materials. We note that the ca. 51 Ma rocks occur 
north of the IYZS in the eastern Gangdese belt, 
and the granites with negative zircon εHf values 
outcrop in the adjacent Linzhi area (Chu et al., 
2011) and Dajiacuo area (Zhang et al., 2019), 
where ancient Lhasa basement was present (Zhu 
et al., 2013; Zhang et al., 2019).

In the Lupo Range and adjacent areas, only the 
LRB intruded into the IYZS has enriched zircon 
Hf isotope ratios, while other ca. 51 Ma rocks, 
distributed north of the IYZS, have zircon εHf(t) 
values of −2 to +5 (Zhu et al., 2011; Hou et al., 
2015). In the western Gangdese belt, ca. 51 Ma 
granitoids also occurred north of the IYZS, and 
they have positive zircon εHf(t) and whole rock 
εNd(t) values (Bouilhol et al., 2013; Wang et al., 

2015). These results indicate that over most of 
the area the magmatic rocks of the Gangdese belt 
maintained a juvenile crustal signature after the 
India-Asia collision. Thus, the negative zircon 
εHf values in the volumetrically minor ca. 51 Ma 
felsic rocks north of the IYZS are thought to have 
been inherited from the ancient Lhasa crust (Xu 
et al., 2013; Zhang et al., 2019), rather than from 
a mixture that included Indian continental mate-
rials. The removal of Asian lithosphere would 
have triggered the melting of juvenile and ancient 
Lhasa crust, contributing to the large variation of 
zircon εHf values in the felsic rocks (Fig. 5B).

Considering the geometry of the oceanic slab 
and compositional variation of Gangdese rocks, 

we propose a steep (or vertical) subduction of 
Indian continent lithosphere around 50 Ma in 
the central-eastern Himalaya. Zhu et al. (2019) 
reconstructed the geometry of the Neo-Tethyan 
oceanic subduction since 120 Ma. In the Gang-
dese belt, the southward propagation of Gangdese 
magmatism after 70 Ma suggests that there was 
subduction roll-back with associated steepen-
ing of the Neo-Tethyan oceanic slab (Fig. 10A). 
The Xigaze forearc basin, which was deposited 
on an ophiolite basement, received terrigenous 
detritus from the Gangdese belt and transitioned 
from underfilled to filled between 89 and 59 Ma 
(Wu et al., 2010; Orme et al., 2015; Orme and 
Laskowski, 2016). The sedimentary mélange 

Figure 10. Schematic 
cross sections illustrat-
ing the transition from 
Tethyan oceanic slab sub-
duction to early India con-
tinental subduction. (A) 
Roll-back of the Tethyan 
oceanic slab after 65 Ma 
(Chung et al., 2005; Wang 
et  al., 2015; Zhu et  al., 
2015, 2019). (B) After the 
initial India-Asia collision, 
the sedimentary mélange 
was thrusted southward 
( Z h o n g b a - G y a n g z e 
Thrust system, ZCT) onto 
the northern Indian con-
tinental margin, and the 
Tethyan Himalaya Sedi-
mentary Sequences (THS) 
started to receive Asian 
derived detritus, forming 
the Sangdanlin strata. 
Subduction of Indian 
continental lithosphere 
started at this stage. (C) 
The ongoing convergence 
between Asia and India 
resulted in the contrac-
tion of THS and Lhasa 
strata and the formation 
of the Niuku anticline. 
Lithosphere delamination 
at ca. 53 Ma induced par-
tial melting in the mantle 
lithosphere and the crust, 
producing the ca. 51 Ma 
high volume magmatic 
event including the Lopu 
Range batholith. “X” 
represents the inferred 
crustal source of the Lopu 
Range batholith.

A

B

C
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formed along the southern margin of Asia by 
accretion of rocks from the oceanic plate mixed 
with terrigenous detritus from the Xigaze forearc 
basin (Searle et al., 1987; Zhu et al., 2005; Cai 
et al., 2012; An et al., 2017; Metcalf and Kapp, 
2017, 2019; Wang et al., 2017a, 2018).

After the India-Asia collision at ca. 59 Ma in 
the central-eastern Himalaya (Hu et  al., 2016 
and references therein), the Zhongba-Gyangze 
Thrust emplaced the sedimentary mélange in 
the hanging wall southward onto the THS of 
the northern Indian continental margin in the 
footwall (Fig.  10B, Ding et  al., 2005; Wang 
et al., 2017a). The THS started to receive Asian 
derived detritus as recorded in the Sangdanlin 
sediments (Ding et  al., 2005; DeCelles et  al., 
2014; Wu et al., 2014; Hu et al., 2015). The sub-
ducted Indian crust was readily subducted after 
its mid-upper crust was scrapped off (duplexing) 
(Fig. 10C, Capitanio et al., 2010), and exhuma-
tion of subducted Indian mid-crust recorded 
HP metamorphism that was ongoing by 40 Ma 
(Zhang et al., 2015; Laskowski et al., 2016). The 
continuing convergence between Asia and India 
resulted in compaction of the THS and IYZS 
strata, with south-directed thrusting and the for-
mation of the Niuku anticline before 45 Ma in 
the Lopu Range area (Figs. 1D and 10C, Ding 
et al., 2005). The rate of India-Asia convergence 
did not change significantly between 59–51 Ma 
(Patriat and Achache, 1984; van Hinsbergen 
et al., 2011), suggesting that the subducted Indian 
continent would have advanced the steepening 
process with roll-back rather than underplating. 
During this stage, the Indian continent was not 
subducted beneath the Lhasa lithosphere, and so 
the depleted mantle modified by Neo-Tethyan 
oceanic subduction beneath the southern Lhasa 
would have retained its geochemical features 
during Indian continental subduction (Fig. 10C).

Around ca. 53 Ma (presumed age), litho-
sphere delamination occurred beneath the Lhasa 
terrane, triggering partial melting of the overly-
ing lithosphere from the Himalaya to the Lhasa 
terrane at ca. 51 Ma (Fig. 10C). Melting in the 
different tectonic units would have generated 
distinct geochemical compositions. Melting 
of juvenile and ancient Lhasa crust produced 
intermediate-felsic rocks with both depleted 
and evolved Sr-Nd-Hf isotopic compositions, 
whereas the mantle-derived mafic rocks main-
tain their depleted Sr-Nd-Hf isotopic values 
(Figs. 5B and 8). In the Lopu Range region, par-
tial melting of mixed crust produced the LRB 
that intruded into the sedimentary mélange, 
displaying intermediate isotope ratios between 
those of the southern Lhasa terrane and the India 
continent (Figs. 5 and 8 and “X” in Fig. 10C). 
While Indian continental material was sub-
ducted at a steep angle, little subducted Indian 

crust would have been added to the Asia litho-
sphere (Fig. 10C). Therefore, we conclude that 
early, steep angle continental subduction took 
place between the onset of India-Asia collision 
(59 Ma) and 46 Ma along the central-eastern 
India-Asia boundary.

CONCLUSIONS

We report new geochemical data on a syn-
tectonic, post-collisional batholith that crosscuts 
rocks on both sides of the central Indus-Yarlung 
Zangbu suture zone. On the basis of the new data 
and the geochemical composition and distribu-
tion of high volume ca. 51 Ma magmatism in the 
Gangdese belt, our conclusions are summarized 
as follows:

(1) The Lopu Range batholith was emplaced 
into the Indus-Yarlung Zangbu suture between 
50.3 ± 0.5 and 46.6 ± 0.4 Ma.

(2) The magma source of the Lopu Range 
batholith was a mixture of juvenile Gangdese 
and isotopically enriched Indian crustal materi-
als highlighting that Indian crustal material had 
been subducted by 50 Ma.

(3) The removal of Asian lithospheric mantle 
triggered the ca. 51 Ma high volume event along 
the Gangdese belt.

(4) Steeply dipping Indian continental sub-
duction occurred along the central and eastern 
Himalaya between 59 and 46 Ma.
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