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Abstract: A compilation of 290 zircon U–Pb ages of intrusive rocks indicates that the Gangdese Batholith in
southern Tibet was emplaced from c. 210 Ma to c. 10 Ma. Two intense magmatic pulses within the batholith
occur at: (1) 90 ± 5 Ma, which is restricted to 89–94° E in the eastern segment of the southern Lhasa subterrane;
and (2) 50 ± 3 Ma, which is widespread across the entire southern Lhasa subterrane. The latter pulse was fol-
lowed by a phase of widespread but volumetrically small, dominantly felsic adakitic intrusive rocks at 16 ±
2 Ma. The Linzizong volcanism in the Linzhou Basin was active from 60.2 to 52.3 Ma, rather than 69–
44 Ma as previously estimated. During 120–75 Ma, Gangdese Batholith magmatism migrated from south to
north, arguing against rollback of the downgoing, north-dipping Neo-Tethyan oceanic lithosphere for the gen-
eration of the 90 ± 5 Ma magmatic pulse. Petrological, geochemical and metamorphic data indicate that this
pulse was likely to have been generated through subduction of the Neo-Tethyan oceanic ridge lithosphere. Sub-
sequent Gangdese Batholith magmatism propagated both south and north during 70–45 Ma, and finally concen-
trated at the southernmargin of the Lhasa Terrane at 45–30 Ma. The enhancedmaficmagmatism since c. 70 Ma,
magmatic flare-up with compositional diversity at c. 51 Ma and increased magmatic temperature at 52–50 Ma
are interpreted as the consequences of slab rollback from c. 70 Ma and slab breakoff of the Neo-Tethyan oceanic
lithosphere that began at c. 53 Ma. The India–Asia convergence was driven by Neo-Tethyan subduction with a
normal rate of convergence at 120–95 Ma, ridge subduction at 95–85 Ma, then subduction of a young and buoy-
ant oceanic lithosphere after ridge subduction with rate deceleration at 84–67 Ma, Deccan plume activity and
slab rollback with rate acceleration at 67–51 Ma, slab breakoff for sudden drop of the convergence rate at c.
51 Ma, and finally the descent of the high-density Indian continental lithosphere beneath Asia since c. 50 Ma.

Supplementarymaterial:U–Pb age data of detrital zircons from the uppermost Shexing Formation sandstones
in Maxiang are available at https://doi.org/10.6084/m9.figshare.c.4267850

Convergence between the Indian and Asian conti-
nents is one of the major tectonic events that has
shaped the Earth since the Cretaceous. It involved
two main stages of contrasting tectonic processes,
including subduction of the Neo-Tethyan oceanic
lithosphere, which is expressed in the development
of a continental arc (termed the Gangdese arc in
southern Tibet, which is part of the Gangdese

magmatic belt) (Fig. 1a) (Allègre et al. 1984; Zhu
et al. 2013), and subsequent India–Asia collision
(Zhu et al. 2015), which resulted in the formation
of the Tibetan Plateau (Yin & Harrison 2000; Searle
et al. 2011). Reconstructions of the convergence
history have received much attention over the past
several decades (e.g. Dewey & Burke 1973; Allègre
et al. 1984; Yin & Harrison 2000; Zhu et al. 2013;
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Hu et al. 2016; van Hinsbergen et al. 2018). How-
ever, the details of mantle dynamics driving this
evolving convergence (e.g. Chung et al. 2005;
Kapp et al. 2007; Zhu et al. 2013), as well as the tim-
ing of the initial India–Asia collision (see Hu et al.
2016 for a review) are still intensely debated.

The Gangdese arc in southern Tibet (Fig. 1a),
which records the subduction of the Neo-Tethyan
oceanic lithosphere and subsequent India–Asia colli-
sion (Allègre et al. 1984; Yin & Harrison 2000;
Chung et al. 2005; Ji et al. 2009a; Zhu et al. 2011,
2015), provides an unprecedented opportunity to
address these scientific problems. This contribution
updates the comprehensive dataset on the age and
geochemistry of magmatic rocks from the Gangdese
arc, revealing spatial and temporal variations in the
composition of the magmatic activity, providing

important new insights into mantle dynamics during
the India–Asia convergence, and further constrain-
ing the timing of the initial India–Asia collision.

Definition of the Gangdese arc

The magmatism in the southern Lhasa subterrane
(i.e. the Gangdese magmatic belt) (Fig. 1a) was
active from the Middle Triassic to the middle Mio-
cene (c. 240–10 Ma), and consists mainly of the
voluminous Gangdese Batholith (Fig. 1b) and coeval
volcanic successions that include the Lower–Middle
Jurassic, the Cretaceous and the Paleocene–Eocene
Linzizong volcanosedimentary sequences (Allègre
et al. 1984; Yin & Harrison 2000; Pan et al. 2004;
Chung et al. 2005; Ji et al. 2009a; Zhu et al.
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Fig. 1. Tectonic framework of the Lhasa Terrane and location of the Gangdese magmatic belt. (a) Showing the
Gangdese magmatic belt in the context of the Tibetan Plateau. (b) The distribution of the Gangdese Batholith and the
Linzizong volcanic succession (adapted from Pan et al. 2004). (c) The distribution of intrusive rocks in the Gangdese
Batholith with host-rock crystallization ages (Zhu et al. 2015) showing the present-day variation of the Gangdese
magmatism in time and space, and the locations of the Great Counter Thrust and the Gangdese Thrust (Yin et al.
1994, 1999). In this contribution, the Gangdese magmatic belt consists of the Gangdese Batholith and associated
volcanic successions with ages of c. 240–10 Ma, and the Gangdese arc includes the Gangdese Batholith and
associated volcanic successions with ages of c. 140–10 Ma.
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2009c, 2011, 2013, 2015; C. Wang et al. 2016). The
Triassic–Jurassic magmatism is unlikely to be
related to the northwards subduction of the Neo-
Tethyan oceanic lithosphere as new palaeomagnetic
data suggest that the Lhasa Terrane drifted away
from Gondwana in the Late Triassic (Li et al.
2016), post-dating the oldest volcanic rocks docu-
mented in the southern Lhasa subterrane (237 ±
1 Ma: C. Wang et al. 2016). Instead, the Triassic–
Jurassic magmatism is most likely to be associated
with the southwards subduction of the Bangong–
Nujiang Tethyan oceanic lithosphere (Zhu et al.
2011). This is because the central Lhasa subterrane
was once an ancient microcontinent (e.g. part of
the Cimmerian continent) with juvenile crust not
only in its southern portion but also in its northern
edge, with the latter indicating development of a
south-dipping subduction zone (Zhu et al. 2011).
This is similar to the inference of Sengör (1979),
who proposed that the Neo-Tethyan Ocean may
have opened as a back-arc basin in response to the
southwards subduction of the Paleo-Tethyan oceanic
lithosphere north of the Cimmerian continent.

The timing of north-directed subduction initia-
tion of the Neo-Tethyan oceanic lithosphere beneath
the southern margin of the Lhasa Terrane remains
unclear. Previous studies suggested that whenmicro-
continents (or terranes or oceanic plateaus) collide
with a continent, subduction can jump from one
side of the terrane (or oceanic plateau) to the other
(Niu et al. 2003; Nair & Chacko 2008; Cawood
et al. 2009). This mechanism has been invoked by
Zhu et al. (2011, 2013) to explain the subduction ini-
tiation of the Neo-Tethyan oceanic lithosphere,
which may have been triggered by the Lhasa–Qiang-
tang collision at c. 140–130 Ma; the timing of which
is constrained by sedimentary, metamorphic, mag-
matic and structural geology data (Zhu et al.
2016a). This interpretation is supported by the pres-
ence of subduction-related high-Mg adakite-like
rocks (c. 137 Ma) in the Gangdese arc, which can
be interpreted as having been derived from the partial
melting of the Neo-Tethyan oceanic lithosphere at
depths of 70–85 km (Zhu et al. 2009c).

Therefore, the magmatic record in the southern
Lhasa subterrane can be divided into two separate
stages: the first is Triassic−Jurassic magmatism
(>140 Ma) that is likely to be related to the south-
wards subduction of the Bangong–Nujiang Tethyan
oceanic lithosphere; and the second is Cretaceous–
Cenozoic magmatism (<140 Ma) that is related to
the northwards subduction of the Neo-Tethyan oce-
anic lithosphere and subsequent India–Asia collision.
In this contribution, the Gangdese arc in southern
Tibet is defined sensu stricto as recording the mag-
matic activities (including the Gangdese Batholith
and associated volcanic successions) that occurred
in the southern Lhasa subterrane since c. 140 Ma.

The Gangdese arc and its equivalent in NW India
(i.e. the Ladakh–Kohistan arc) extend for over
2500 km across the SW Tibetan Plateau (Fig. 1a).
The southern margin of the arc is marked by the
Indus–Yarlung Zangbo suture (Fig. 1b). The north-
ern limit is equivocal and has been previously
extended to include the extensive Mesozoic gran-
itoids of the Nyainqentanglha Mountains in the cen-
tral Lhasa subterrane (e.g. Harris et al. 1988a, b;
Kapp et al. 2007). However, these rocks should
not be included in the Gangdese arc as they are
more likely to be associated with the southwards
subduction of the Bangong–Nujiang Tethyan oce-
anic lithosphere (Zhu et al. 2011; Li et al. 2018).
In this contribution, the northern limit of the arc is
approximately defined as the Luobadui–Milashan
Fault (LMF) (Fig. 1b) which separates the southern
and central Lhasa subterranes (Zhu et al. 2011).
This suggests that the magmatism associated with
the development of the Gangdese arc is mostly
located in the southern Lhasa subterrane (Fig. 1b).
This contribution focuses on the Gangdese arc mag-
matism younger than 120 Ma as the information
about the 140–120 Ma magmatic record is largely
limited to that retrieved from detrital zircons (e.g.
Wu et al. 2010) with only a sparse igneous record
(e.g. Zhu et al. 2009c).

Gangdese arc magmatism in time and space

The Gangdese Batholith

The Gangdese Batholith (also termed the Trans-
Himalayan Batholith) is linked with the Ladakh
and Kohistan batholiths to the west (Allègre et al.
1984; Schärer et al. 1984; Harris et al. 1988a, b;
Pan et al. 2004; Ji et al. 2009a) and the Lohit Bath-
olith to the east (Lin et al. 2013), extending over
1500 km along strike, and varying between 10 and
80 km in width along the southern Lhasa subterrane
(Fig. 1b, c). The batholith intrudes lower Paleozoic
metasedimentary rocks (Dong et al. 2010), early Car-
boniferous gneissic granites, Triassic–Cretaceous
volcanosedimentary rocks and the Paleocene–
Eocene Linzizong volcanic succession (Pan et al.
2004; Zhu et al. 2013).

A growing body of zircon U–Pb age data indi-
cates that the Gangdese Batholith was emplaced
from the Late Triassic (c. 210 Ma) to the late Mio-
cene (c. 10 Ma) (Fig. 2a), with two intense pulses
of magmatic activity at 90 ± 5 and 50 ± 3 Ma (peak
at c. 51 Ma), and a phase of widespread but volumet-
rically small, dominantly felsic adakitic, plutonism at
16 ± 2 Ma (Fig. 2b). The 90 ± 5 Ma magmatism is
restricted to longitude 89–94° E, whereas the 50 ±
3 Ma magmatism is widespread along the entire
southern Lhasa subterrane (Fig. 2a). As first docu-
mented by Zhu et al. (2015), the >72 Mamagmatism
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from longitude 85° E to 95° E of the batholith is con-
fined to a narrow belt in the south (blue dashed line
in Fig. 1c), shifting northwards at 72–65 Ma (red
dashed line in Fig. 1c), then south at 64–48 Ma to
spread over a broader area than the earlier activity
and, finally, in the period 47–38 Ma it is largely
restricted to the southern edge of the Lhasa Terrane.
Such spatial and temporal migration of the Gangdese
Batholith magmatism is further corroborated by
restoring the Cenozoic tectonic shortening that
occurred between the Yarlung Zangbo ophiolite and
the Gangdese arc.

Structural and stratigraphic studies indicate that
the original width of the Xigaze forearc basin was
c. 65 km (Einsele et al. 1994), and that the Gangdese
Thrust and Great Counter Thrust (Fig. 1b) have been
shortened by c. 66 km at longitude 88° E (e.g. Yin
et al. 1994, 1999; Murphy & Yin 2003) and c.
62 km at longitude 92° E (Quidelleur et al. 1997;
Harrison et al. 2000). These restorations of the

Cenozoic tectonic shortening allow us to quantita-
tively reconstruct the migration of the Gangdese
Batholith magmatism in time and space, as shown
in Figure 2c. It is evident that the 120–95 Ma mag-
matism was restricted to a narrow belt (c. 70–
60 km distance to the suture, which is inferred to
approximate the position of the trench), slightly
migrated northwards to c. 90 km at 95–70 Ma, and
then propagated towards both to the north and
south (c. 170–65 km) at 70–45 Ma, followed by a
progressively southwards migration from c. 130 to
65 km at 45–26 Ma (Fig. 2c). With the exception
of the 70–45 Ma magmatism that extends over a rel-
atively wider area (c. 170–65 km), the majority of
the Gangdese arc magmatism since 120 Ma was pri-
marily emplaced at a distance of c. 90–60 km (Fig.
2c) from the suture and inferred trench. This is closer
to the trench than typical arc–trench distances today,
which are of the order of 160 ± 60 km (Gill 1981;
Stern 2002).

Zi
rc

on
 U

-P
b 

ag
e 

(M
a)

78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96
0

10
20
30
40
50
60
70
80
90

100
110
120

Longitude (°E)

90 ± 5 Ma

50 ± 3 Ma

16 ± 2 Ma

N = 290

N
um

be
r

D
is

ta
nc

e 
to

 th
e 

tr
en

ch
 (k

m
)

Zircon U-Pb age (Ma)Zircon U-Pb age (Ma)
0 10 20 30 40 50 60 70 80 90 100 110 120130

0

10

20

30

40

50

60

0 10 20 30 40 50 60 70 80 90 100 110 120 130

50 ± 3 Ma
(peak at ca. 51)

90 ± 5 Ma16 ± 2 Ma

N = 290 N = 290

(a)

(b) (c)

50

100

150

200

Fig. 2. Zircon U–Pb ages of the Gangdese Batholith. (a) Plot of zircon U–Pb age v. longitude (°E) showing the
spatial variations of the Gangdese Batholith magmatism. (b) Histogram of crystallization ages of the Gangdese
Batholith showing two intense pulses of magmatic activity at 90 ± 5 and 50 ± 3 Ma (peak at c. 51 Ma). (c) Plot of
zircon U–Pb age v. original distance to the trench (i.e. the present-day distance between samples and ophiolites plus
the amount of tectonic shortening during the Cenozoic between them) showing the spatial migration of the Gangdese
Batholith magmatism. Data sources for the estimates of the Cenozoic tectonic shortening that occurred between the
Yarlung–Zangbo ophiolite and the Gangdese arc are Einsele et al. (1994), Yin et al. (1999), Murphy & Yin (2003),
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The pre-Late Cretaceous and Miocene intrusive
rocks occur as small relicts of varying size, whereas
the Late Cretaceous (90 ± 5 Ma) and early Paleogene
(60–45 Ma) rocks crop out as batholiths within the
Gangdese Batholith. The widespread intrusive
rocks that were emplaced at 50 ± 5 Ma contain abun-
dant mafic dykes and enclaves of similar age
(Fig. 3a–d) (e.g. Ji et al. 2009a; Zhu et al. 2011,
2013, 2015). Geochemically, the 90 ± 5 Ma magma-
tism is dominated by intermediate to gabbroic rocks
with the presence of coeval ultramafic cumulates
(including abundant hornblendite, and minor wehr-
lite and dunite) and highly fractionated leucogranite
dykes (Fig. 3e). This phase ofmagmatism is followed
by felsic rocks at c. 82–72 Ma (Fig. 3e). Subsequent
magmatism is characterized by the presence of sig-
nificant mafic magmatic rocks at 70–43 Ma, with
notable compositional diversity from mafic to felsic
rocks at 50 ± 3 Ma (Fig. 3e). Younger rocks (43–
10 Ma) are mostly felsic with sparse mafic enclaves
(c. 30 Ma) from Chongmuda (Figs 1c & 3e).

The Linzizong volcanic succession

The Linzizong volcanic succession extends for more
than 1000 km along the southern Lhasa subterrane
(Figs 1b & 4a). Some volcanic rocks in the central
Lhasa subterrane (Fig. 1b) that were previously
included in the Linzizong volcanic succession (Yin
& Harrison 2000) are part of an older succession,

as these rocks are Early Cretaceous in age (142–110
Ma) (Zhu et al. 2009a, 2011; L.Y.Wang et al. 2016).

The Linzizong volcanic succession is composed,
from bottom to top, of the Dianzhong, Nianbo and
Pana formations (Liu 1993) that are typically
exposed in Linzhou Basin (Fig. 4b, c). The Dia-
nzhong Formation is dominated by thick andesitic
rocks (Fig. 4b), which unconformably overlie
strongly folded Upper Cretaceous Shexing Forma-
tion siltstone andmudstone (Fig. 4c, d). The andesitic
breccias from the uppermost part of the Dianzhong
Formation are unconformably overlain by the
Nianbo Formation consisting of siltstone, marl and
limestone (Fig. 4b), interbedded with andesitic
rocks, and intruded by diabase dykes dated at 52.9
± 0.4 Ma (Yue & Ding 2006) (Fig. 4e, f). The Pana
Formation is characterized by the presence of thick
rhyolite and rhyolitic ignimbrite (Fig. 4b) with
columnar jointing (Fig. 4g). These varying litholo-
gies from different formations of the Linzizong vol-
canic succession in the Linzhou Basin serve as the
reference for stratigraphic division and correlation
of the Linzizong volcanic succession elsewhere
along the southern Lhasa subterrane (Fig. 1a).

The geochronological framework of the Linzi-
zong volcanic succession in the Linzhou Basin has
received much attention over the past decade (e.g.
Zhou et al. 2004; He et al. 2007; Huang et al.
2015; Chen et al. 2016). Early Ar–Ar dating sug-
gested that the volcanic rocks of the Dianzhong,
Nianbo and Pana formations were 64–60, 54 and

(e)

(a) (d)(c)(b)12DJ15-1 11NM01-1 11LS01-1

Fig. 3. (a)–(d) Field occurrences of the Gangdese Batholith showing abundant mafic dykes and enclaves in
granitoids. (e) Plot of zircon U–Pb age v. SiO2 content of the Gangdese Batholith showing the compositional changes
of the Gangdese Batholith with time.
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50–44 Ma, respectively (Fig. 4c) (Zhou et al. 2004).
However, the presence of excess argon in the plagio-
clase from the lowermost Dianzhong Formation
andesite (64.4 ± 0.6 Ma) (Zhou et al. 2004), and
the alteration observed in the youngest Pana Forma-
tion shoshonitic rock (43.9 ± 0.4 Ma), indicates that
these ages are questionable. Subsequently, the laser
ablation inductively coupled plasma mass spectrom-
etry (LA-ICPMS) zircon U–Pb dating for a rhyolite
at the base of the Dianzhong Formation (Fig. 4c)
yielded an age of 68.7 ± 2.4 Ma. However, this age
data display a large mean square weighted deviation
(MSWD) of 3.6 (He et al. 2007), suggesting that the
zircons were not from a single age population and,

hence, this age should be used with caution in con-
straining the base of the Linzizong volcanic succes-
sion (He et al. 2007). Recently, the duration of the
Dianzhong, Nianbo and Pana formations in the Linz-
hou Basin have been precisely calibrated to be 60.2–
58.3, 55.4–52.6 and 52.6–52.3 Ma, respectively, by
secondary ion mass spectrometry (SIMS) zircon
U–Pb dating of volcanic rocks from the lower and
upper stratigraphic boundaries of each formation
(Zhu et al. 2015). Such high-precision calibration
indicates that: (1) the duration of volcanism in the
Linzhou Basin is some 8 myr (i.e. from 60 to
52 Ma), differing significantly from the previous
estimates of up to 25 myr (i.e. from 69 to 44 Ma)
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(Fig. 4c) (Zhou et al. 2004; He et al. 2007; Chen
et al. 2016); and (2) the tectonic event documented
by the angular unconformity between the Nianbo
Formation and the underlying Dianzhong Formation
lasted for c. 3 myr.

The duration of the angular unconformity
between the Dianzhong Formation and the underly-
ing strongly folded Upper Cretaceous Shexing For-
mation is not well constrained. Previously, this
unconformity was proposed to have developed
between 90 and 69 Ma based on the age of the youn-
gest Shexing Formation red beds (c. 90 Ma) and the
oldest Dianzhong Formation volcanic rocks (68.7 ±
2.4 Ma, He et al. 2007) in the Linzhou Basin (Kapp
et al. 2007). However, this duration should be cali-
brated to 90–60 Ma in the Linzhou Basin as the low-
ermost Dianzhong Formation andesite was erupted
at c. 60.2 Ma (Zhu et al. 2015). A further c. 45 km
west to the Linzhou Basin at Maxiang (Figs 4h &
5a), andesite from the lowermost Dianzhong Forma-
tion has yielded an age of 68.9 ± 0.6 Ma (Zhu et al.
2017b) and the youngest age group of detrital zircons
from the uppermost Shexing Formation sandstone is
dated at 85 ± 1 Ma (Fig. 5b), suggesting that the
strong folding and deformation of the Upper Creta-
ceous Shexing Formation at Maxiang took place
between 85 and 69 Ma.

Geochemical data available for the Linzizong
volcanic succession in Linzhou Basin (Yue & Ding
2006; Mo et al. 2007, 2008; Lee et al. 2012; Zhu
et al. 2015; Liu et al. 2018) suggest the presence
of a calc-alkaline andesite–dacite association in the
Dianzhong Formation and shoshonitic bimodal vol-
canic suite in both the Nianbo and Pana formations
(Fig. 6a, b). Calculations of both the whole-rock zir-
con saturation temperature (Watson & Harrison
1983) and clinopyroxene geothermometry (Putirka
et al. 2003) for the Linzizong volcanic succession

reveal a significant increase in the melting tempera-
ture of the magma-source region at 52–50 Ma from
the early Dianzhong and Nianbo formations to the
late Pana Formation (Fig. 6c, d) (Zhu et al. 2015;
Liu et al. 2018).

Geodynamic processes related to the
India–Asia convergence

Continental convergence is the natural consequence
of plate tectonics involving the closing of ocean
basins and subsequent continent–continent colli-
sion, and is essentially driven by a variety of forces,
most notably the descent of oceanic lithosphere at
subduction zones (i.e. slab pull) (Forsyth & Uyeda
1975; Conrad & Lithgow-Bertelloni 2002). It is
commonly accompanied by a series of geodynamic
processes, including mid-oceanic ridge subduction,
slab rollback and the breakoff of the subducting
oceanic plate (Davies & von Blanckenburg 1995;
Coulon et al. 2002; van Hunen & Miller 2015).
Outlined below is an analysis of the potential
role of these processes in the evolution of the
Gangdese arc.

90 ± 5 Ma magmatism by slab rollback or
oceanic ridge subduction

This phase of extensive magmatism is followed
by the development of the angular unconformity
(85–69 Ma) between the Dianzhong and Shexing
formations, as seen in Maxiang (Figs 4h & 5a).
Two popular hypotheses have been proposed to
explain the generation of the extensive 90 ± 5 Ma
magmatism: slab rollback (Ma et al. 2013a, b; Xu
et al. 2015) and oceanic ridge subduction (Zhang
et al. 2010, 2011; Guo et al. 2013; Zhu et al. 2013).
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Slab rollback hypothesis. Arguments in support of
the slab rollback hypothesis include: (1) the south-
wards migration of the Cretaceous magmatism in
the Lhasa Terrane, which was active earlier in
the central and northern Lhasa subterranes (140–
110 Ma), and later in the southern Lhasa subterrane
(100–80 Ma); and (2) the minor occurrence of the
Early Cretaceous magmatic rocks in the present-day
southern Lhasa subterrane (Ma et al. 2013a, b).
However, this hypothesis is not consistent with the
following lines of evidence.

First, restoration of the c. 50% Late Cretaceous
and Cenozoic shortening in the Lhasa Terrane
(Burg et al. 1983; Kapp et al. 2007) suggests that
the entire terrane and the incorporated igneous
rocks were >600 km wide during the Early Creta-
ceous (Zhu et al. 2009a; Li et al. 2018), which is
broader than the arcs above the present-day low-
angle subduction zone in the Andes (c. 420 km)
(Trumbull et al. 2006).

Second, the presence of 137–100 Ma magmatic
rocks in the southern Lhasa subterrane (including
c. 137 Ma high-Mg adakitic andesites and c.
122 Ma high-Mg diorites) (Zhu et al. 2009c, 2013;
Wang et al. 2013; Li et al. 2018) and of the abundant
130–100 Ma Gangdese arc-derived detrital zircons
(peak at c. 110 Ma) with positive εHf(t) values
from the Xigaze forearc basin sedimentary rocks
(Wu et al. 2010; An et al. 2014) indicate that Early
Cretaceous magmatism is more extensive in the
southern Lhasa subterrane than previously docu-
mented (Coulon et al. 1986; Kapp et al. 2007).

Third, recent petrological, geochemical and
palaeomagnetic studies of the Xigaze ophiolites
reveal an extensional setting that may be associated
with high-angle (rather than low-angle) subduction
of the Neo-Tethyan oceanic lithosphere during the
Early Cretaceous (Dai et al. 2013; Maffione et al.
2015; Xiong et al. 2016). Therefore, the Early Creta-
ceous magmatic rocks in the central and northern
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Lhasa subterranes cannot be linked with the low-
angle subduction of the Neo-Tethyan oceanic litho-
sphere that forms the basis for the slab rollback
hypothesis (Ma et al. 2013a, b; Xu et al. 2015).
Rather, these magmatic rocks are most likely to
be associated with the subduction of the Bangong–
Nujiang oceanic lithosphere and subsequent Lhasa–
Qiangtang collision (Zhu et al. 2009a, 2011,
2016a, b; Li et al. 2018).

Our compilation of age data reveals that the
120–75 Ma magmatic activity in the Gangdese arc
did not migrate southwards but remained stationary
through this time period (Fig. 2c), suggesting that
the extensive 90 ± 5 Ma magmatism cannot be
attributed to the slab rollback of the Neo-Tethyan
oceanic lithosphere.

Oceanic ridge subduction hypothesis. The presence
of c. 122 Ma oceanic crust-derived adakitic high-Mg
diorites (Wang et al. 2013) and other 122–100 Ma
magmatic rocks in the Gangdese arc (see Zhu et al.
2013; Li et al. 2018 for reviews) indicates that the
Neo-Tethyan oceanic lithosphere was subducting
northwards beneath the southern Lhasa subterrane
during this period (Fig. 7a). Given that the Neo-
Tethyan Ocean was c. 6900 km wide during the
Early Cretaceous (Ma et al. 2016) and that the
India–Asia collision commenced at 60–55 Ma (see
Zhu et al. 2015; Hu et al. 2016 a for review), subduc-
tion of the Neo-Tethyan oceanic ridge is inevitable.
Petrological, geochemical and metamorphic studies
reveal the occurrence of the 90 ± 5 Ma non-adakitic
and adakitic rocks, the high-temperature charnock-
ites with high-density and dry CO2-rich fluid inclu-
sions, and the high-temperature granulite-facies
metamorphism of the country metamorphic rocks
of charnockites, all of which point to an anomalously
high heat supply that can be linked with ridge sub-
duction (Zhang et al. 2010, 2011; Guo et al. 2013).

Assuming that the Neo-Tethyan spreading ridge
was orientated approximately parallel or subparallel
to the trench, as suggested by the palaeogeographical
reconstructions of Seton et al. (2012), then its sub-
duction would have been likely to have resulted in
the opening of a slab-window at the ridge axis
(Fig. 7b). Thus, the oceanic crust north of the spread-
ing ridge could have been detached and continued to
sink into the mantle due to slab pull (negative buoy-
ancy), whereas the young and hot (thus buoyant)
oceanic crust immediately south of the spreading
ridge would have led to increased coupling (Marti-
nod et al. 2010) with the overriding Lhasa litho-
sphere (Fig. 7c). Such coupling could explain the
significant folding and deformation of the Upper
Cretaceous strata (Fig. 4h) in the southern Lhasa sub-
terrane between 85 and 69 Ma (Fig. 5a, b). Partial
melting of the young and hot oceanic crust after
ridge subduction can account for the c. 80 Ma

adakitic granodiorites with low MgO (<1.0 wt%)
and Mg# (37–31) observed in the Gangdese Batho-
lith (Wen et al. 2008).

Generally, if the oceanic ridge is parallel or sub-
parallel to the trench, then there would be no slab
pull to maintain ongoing subduction because the
oceanic ridge lithosphere is young and buoyant
(Thorkelson 1996; Niu 2017). However, this may
not have been the case for the oceanic ridge of the
Neo-Tethys as its continued subduction can be
driven by: (1) the slab pull from the active north-
wards subduction of the same neighbouring Neo-
Tethyan oceanic plate beneath the southern margin
of Eurasia (Seton et al. 2012); and (2) the ridge
push from the South Indian Ocean spreading due
to the complete separation of the Indian Plate from
Australia–Antarctica supercontinent at c. 102 Ma
(Hu et al. 2010).

50 ± 3 Ma magmatic flare-up by slab breakoff

Did the slab breakoff occur in the India–Asia colli-
sion zone? Slab breakoff is defined from the Euro-
pean Alps as ‘the buoyancy-driven detachment of
subducted oceanic lithosphere from the light conti-
nental lithosphere that follows it during continental
collision’ by von Blanckenburg & Davies (1995,
p. 120). It has received much attention over the last
two decades (see Niu 2017; Garzanti et al. 2018 for
reviews) as the favoured mechanism to account
for the generation of syncollisional magmatism and
the exhumation of high-pressure metamorphosed
rocks in collision zones. However, this hypothesis
has recently been challenged in the European Alps
based on high-resolution seismic data that demon-
strate the continuity of the Alpine slab (Zhao et al.
2016), arguing against evidence for slab breakoff.
As a result, this raises a question of the validity of
invoking the slab breakoff hypothesis to interpret
the generation of a syncollisional magmatism and
the exhumation of high-pressure metamorphosed
rocks in the India–Asia collision zone in southern
Tibet.

Tomographical images beneath southern and
central Tibet have revealed the Indian Plate as either
continuous (Zheng et al. 2007) or discontinuous
(Replumaz et al. 2010; Liang et al. 2016). These
present-day seismic anomalies are interpreted as evi-
dence of the subducting Indian continental litho-
sphere (Liang et al. 2016; Zhao et al. 2017) rather
than the Neo-Tethyan oceanic lithosphere. There-
fore, such tomography, regardless of its continuity,
cannot be used as evidence arguing against the
occurrence of slab breakoff during the early stage
of the India–Asia collision. As the initial India–
Asia collision is most likely to have occurred at
60–55 Ma (Zhu et al. 2015; Hu et al. 2016) and 21
± 4° N (Lippert et al. 2014), and the collision zone
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is nowadays located at c. 29° N, if the slab breakoff
did occur then the broken slab fragments of volumet-
ric significance should be seismically detected in

mantle sections beneath the present-day Indian
Plate. Seismic tomography across the Pamir–Hindu
Kush in the western Himalayan syntax has detected
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high-velocity anomalies at depths of between 1100
and 1600 km under the Indian Plate (van der Voo
et al. 1999). These anomalies are interpreted as the
remnants of subducted Tethyan oceanic lithospheric
slabs that have sunk into the lower mantle and subse-
quently were overridden by the northwards-moving
Indian Plate (van der Voo et al. 1999; Replumaz
et al. 2004). These anomalies are absent at depths
shallower than c. 1000 km (van der Voo et al.
1999), consistent with the occurrence of slab break-
off (Replumaz et al. 2010).

When did the slab breakoff occur in the India–Asia
collision zone? Previous studies speculated that
the breakoff of the Neo-Tethyan oceanic lithosphere
occurred at 50–40 Ma (Davies & von Blanckenburg
1998), and that the Linzizong volcanic succession
and the coeval Gangdese Batholith are likely to be
the products of oceanic lithosphere breakoff (Davies
& von Blanckenburg 1998; Yin & Harrison 2000).
Subsequently, the timing of the slab breakoff of the
Neo-Tethyan oceanic lithosphere has been inten-
sively investigated over the last 20 years with sug-
gested timings presented below:

• c. 45 Ma – according to the ages of eclogite from
the Western Himalaya (c. 45 Ma) and the K-rich
magmatism from SE Tibet (inferred to be
c. 40 Ma), Kohn & Parkinson (2002) inferred
that the breakoff of the Neo-Tethyan oceanic lith-
osphere occurred at c. 45 Ma. Although this age of
eclogite is subsequently supported by the age data
of zircons from eclogites at Tso Morari and the
Kaghan Valley in Western Himalaya (Donaldson
et al. 2013), the Eocene K-rich magmatism in SE
Tibet inferred by Kohn & Parkinson (2002) is
actually Cretaceous–Early Tertiary in age (Chung
et al. 2003). Chung et al. (2005) also argued that
the breakoff occurred at c. 45 Ma based on the
timing of metamorphic events from the Hima-
layas (Kohn & Parkinson 2002) and the timing
of the onset of the ‘hard’ India–Asia collision
(c. 44 Ma: Lee & Lawver 1995). Negredo et al.
(2007) estimated that the breakoff in the Western
Himalaya is likely to have occurred at c. 48–
44 Ma by measuring the tomographically inferred
length of the Indian continental lithospheric plate
under the Hindu Kush region and by comparison
with palaeomagnetic reconstructions. Recently,
Ji et al. (2016) proposed that the breakoff of the
Neo-Tethyan oceanic lithosphere occurred at c.
45 Ma according to the identification of ocean
island basalt (OIB)-type gabbro that was dated
at c. 45 Ma by titanite U–Pb dating from Lang-
shan on the northern margin of the Tethyan Hima-
laya (Fig. 1c). However, it is more reasonable to
conclude that the slab breakoff indicated by the
Langshan OIB-type gabbro should happen a little
bit earlier (>c. 45 Ma) as the U–Pb age of titanite

is generally younger than the zircon U–Pb age due
to its lower closure temperature relative to zircon.

• c. 50 Ma – the inferred low-angle subduction of
the Neo-Tethyan oceanic lithosphere during the
Cretaceous (Coulon et al. 1986) and the system-
atic results of whole-rock Ar–Ar dating led sev-
eral studies to propose that the magmatic activity
migrated southwards during the Early Cenozoic
and that the extensive magmatic activity with
diverse compositions was the result of the break-
off of the Neo-Tethyan oceanic lithosphere at
c. 50 Ma (Yue & Ding 2006; Lee et al. 2009,
2012). Subsequent studies have also suggested
that the extensive magmatism recorded in the
Gangdese Batholith at 51–46 Ma was the product
of the breakoff of the Neo-Tethyan oceanic litho-
sphere (Ma et al. 2014).

• c. 53 Ma – as shown in Figure 2b, zirconU–Pb age
data from the Gangdese Batholith indicates the
presence of a magmatic flare-up at c. 51 Ma. This
event is coevalwith the Pana Formation ignimbrite
and dacite (52–50 Ma) with an increased mag-
matic temperature (Fig. 4c, d) in Linzhou Basin
and Pangduo (Zhu et al. 2015; Liu et al. 2018).
Similar observations, including the increase in
magmatic temperature and the heterogeneity of
magma composition at 53–50 Ma, have also been
identified in the Gangdese Batholith (Wang et al.
2015). If there was no change in the mechanisms
of magma generation (e.g. adding fluids, increas-
ing temperature and decreasing pressure) triggered
by distinct deep processws, the steady-state sub-
duction of the Neo-Tethyan oceanic lithosphere
cannot explain the magmatic flare-up and the in-
crease in the magmatic temperature at 52–50 Ma.
In this case, any hypothesis for interpreting the
generation of the extensive 70–45 Mamagmatism
should address the distinct observations elaborated
above. Considering that the magmatic activity
propagated both to the south and north at 70–
45 Ma, and finally concentrated on the southern
margin of the batholith at 45–30 Ma (Fig. 2c), we
argue that the enhanced mafic magmatism since c.
70 Ma (Fig. 3e) and the magmatic flare-up with
increased magmatic temperature at 52–50 Ma
(Fig. 4c, d) can readily be interpreted as the result
of slab rollback (Fig. 7d–f) since c. 70 Ma, fol-
lowed by slab breakoff (Fig. 7g, h) (Zhu et al.
2015). Given that themagmatic flare-upwith com-
positional diversity and the increase in the mag-
matic temperature at 52–50 Ma are related to the
complete breakoff of the Neo-Tethyan oceanic
lithosphere, it is reasonable that the breakoff is
likely to have initiated at c. 53 Ma (Zhu et al.
2015). This is because numericalmodelling of slab
breakoff indicates a duration of less than 2 myr
from the onset of thinning to complete breakoff
at depth of 35–200 km (Duretz et al. 2012).
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A c. 53 Ma time for slab breakoff of the Neo-
Tethyan oceanic lithosphere can also account for
other tectonomagmatic events in the India–Asia col-
lision zone. This is because the mantle-derived mafic
magmatism associated with slab breakoff will last for
several million years, whereas crust-derived felsic
magmatism can proceed over a considerably longer
period (van de Zedde & Wortel 2001). These events
include: (1) the occurrence of abundant 52–47 Ma
mafic magmatism (including enclaves and dykes)
(Fig. 3a–d) that suggests significantly increased
contributions from the mantle; (2) the presence of
c. 52.5 Ma bimodal volcanic rocks (Fig. 6a) that
points to the partial melting of enriched metasomatic
layers within lithospheric mantle and to crustal melt-
ing caused by thermotectonic effects as a result of
slab breakoff (Davies & von Blanckenburg 1995);
and (3) the identification of c. 50 Ma diabase dykes
that intrude into serpentinitized peridotite within
the Yarlung–Zangbo Suture Zone (Fig. 1c) and the
occurrence of the c. 45 Ma Langshan OIB-type gab-
bro (Ji et al. 2016), both of which can be attributed to
the decompression melting of asthenosphere after
slab breakoff.

The India–Asia convergence since 120 Ma

Marine geophysical data from the Indian Ocean
indicate an increase in the India–Asia conver-
gence rate from c. 50 mm a−1 during 120–90 Ma to
c. 140 mm a−1 during 90–84 Ma, which has been
attributed to the Morondova mantle plume activity
(van Hinsbergen et al. 2011). The convergence rate
between India and Asia between 110 and 50 Ma
can be directly interpreted as the subduction velocity
of the Neo-Tethyan oceanic lithosphere. This is
because the palaeolatitude of the southern margin
of the Lhasa Terrane (21 ± 4° N) did not change
from 110 to 50 Ma (Lippert et al. 2014) and the
ridge spreading of the Neo-Tethyan Ocean may
have terminated at c. 120 Ma, as indicated by the
lack of ophiolites younger than c. 120 Ma within
the Yarlung–Zangbo Suture Zone (Zhu et al.
2016a). In this case, the decrease in convergence
rate of the Indian Plate from c. 140 mm a−1 at 90–
84 Ma to 80–90 mm a−1 at 84–67 Ma (van Hinsber-
gen et al. 2011) can be linked with the subduction
of a young and buoyant oceanic crust after ridge
subduction, due to its increased coupling with the
overriding Lhasa lithosphere (Fig. 7c).

As noticed by van Hinsbergen et al. (2011), the
67–51 Ma convergence rate (150–160 mm a−1)
was too high to have been driven solely by the Dec-
can plume head. 3D laboratory experiments indicate
that a long history of prior subduction, steep dip
angle and old age of the subducted slab can cause
an increase in slab-pull force and thus accelerate
plate motion at subduction zones (Schellart 2004).

It can be envisaged that, at 84–67 Ma (Fig. 7c),
subduction of the young and hot Neo-Tethyan litho-
sphere was followed by progressively older oceanic
slab. This change may have been accompanied
by progressive steepening and rollback of the
descending slab (Fig. 7d–f), which is suggested by
the southwards propagation of the Gangdese mag-
matism from 70–65 to 65–45 Ma (Fig. 2c), and
which is likely to have contributed to the prominent
increase in the net convergence rate from 67 to
51 Ma.

Existing reconstructions have collectively
revealed a significant slowdown of the Indian Plate
at c. 51–50 Ma (Patriat & Achache 1984; Besse
et al. 1984) from 150 to 100 mm a−1 (van Hinsber-
gen et al. 2011). Such a slowdown is traditionally
attributed to the increased resistance to subduction
and is interpreted to be a result of the initial India–
Asia collision (Patriat & Achache 1984; Besse
et al. 1984). This interpretation is, however, ques-
tionable as under such an initial collisional regime
no appropriate mechanisms (e.g. adding fluids,
increasing temperature and decreasing pressure)
can be invoked to cause the magmatic flare-up
(Fig. 2b) and the increase in the temperatures of mag-
matism during emplacement (Fig. 6c, d) at 52–
50 Ma as documented in the Gangdese arc. We
note that the sudden drop in the convergence rate
at c. 51 Ma is coincident with the rapid eruption of
thick rhyolitic ignimbrite (c. 52.5 Ma) in the Linzi-
zong volcanic succession and intense magmatism
(c. 51 Ma) in the Gangdese Batholith, suggesting
that the slowdown of the Indian Plate is largely the
consequence of slab breakoff (Fig. 7h). This is
because slab breakoff will result in the loss of the
slab-pull force (Davies & von Blanckenburg 1995;
Duretz et al. 2012), which exerts a dominant influ-
ence on the velocity of the subducting plate and
will cause a drastic change in plate motion (Forsyth
& Uyeda 1975; Conrad & Lithgow-Bertelloni 2002;
Austermann et al. 2011).

Inferred complete breakoff of the Neo-Tethyan
oceanic lithosphere at c. 51 Ma together with the
relatively high rate of India–Asia convergence rate
at 51–45 Ma (80–100 mm a−1: van Hinsbergen
et al. 2011), raises the question of why didn’t the
subduction of the c. 600 km-wide continental litho-
sphere of the Indian Plate prevent the generation of
the widespread magmatism observed in the Gangd-
ese arc at 51–45 Ma? 2D numerical modelling indi-
cates that when the lower crust of the subducting
plate has a moderate viscosity, both delamination
of the continental lithospheric mantle from the con-
tinental crust and breakoff of the oceanic plate can
occur in continental collision zones (Magni et al.
2013). In the case of the India–Asia collision
zone, Greater India is located on the northern mar-
gin of the Indian Plate and thus its lower crust
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should have a relatively high viscosity. However,
such a high viscosity may have been decreased
due to the extensive underplating of the Comei man-
tle plume-type basaltic magma during the Early Cre-
taceous (Zhu et al. 2009b). As a result, the viscosity
of the lower crust is most likely to have been mod-
erate, and thus would facilitate the breakoff of the
Neo-Tethyan oceanic lithosphere and the delamina-
tion of the continental lithospheric mantle of Greater
India from the lower crust (Fig. 7h–j) (Magni et al.
2013). A combination of these deep processes pro-
vides space, materials and heat for the mantle, and
crustal melting to trigger the extensive magmatism
with the compositional diversity observed in the
Gangdese arc at 51–45 Ma (Fig. 7h, i). These pro-
cesses are also capable of causing the decompres-
sion melting of the asthenosphere to generate the
c. 45 Ma Langshan OIB-type gabbro (Ji et al. 2016)
and the partial melting of the eclogitized lower crust
of Greater India to produce the c. 43 Ma high Sr/Y
granite (Zeng et al. 2011) (Fig. 7j) in the Tethyan
Himalaya.

The broken slab of the Neo-Tethyan Ocean will
continue sinking through a fixed slot into (and thus
stacking within) the mantle beneath the Indian Plate
due to negative buoyancy (Fig. 7i) as the locus of
the trench is relatively fixed at 21 ± 4° N from
110 and 50 Ma (Lippert et al. 2014). Such a slab-
stacking hypothesis can be invoked to explain the
present-day seismic anomalies in the mantle at
depths of between 1100 and 1600 km (van der
Voo et al. 1999; Replumaz et al. 2004, 2010).
Both the thickened lower crust and the delaminated
lithospheric mantle of Greater India continued to
subduct and sink into (and thus stacking within)
the mantle (Fig. 7j) (Ingalls et al. 2016), providing
a significant driving force to drag the Indian Plate
northwards (Capitanio et al. 2010) since c. 50 Ma.
The northwards movement of the Indian Plate
since c. 45 Ma can probably explain the horizontal
compression of the Lhasa Terrane as expressed by
the Gangdese Thrust that was active at 30–24 Ma
(Yin et al. 1999) and the weakening magmatism
in the Gangdese arc during 40–25 Ma (Fig. 2b).
The subducting continental lithosphere of Greater
India was likely to have been overturned (Fig. 7j, k)
and ultimately broken off at c. 25 Ma (Mahéo et al.
2002; Replumaz et al. 2010) due to the north-
wards dragging of the Indian Plate (Fig. 7k). These
interpretations are seismically supported by the
south-dipping anomaly extending from the top of
the transition zone to the uppermost lower mantle
beneath India (Replumaz et al. 2010) (Fig. 7k)
and the presence of a 15 km-thick strong velocity–
depth gradient layer above the Moho in the south-
ern Lhasa subterrane that indicates the underplating
of lower Indian crust developed since 25–20 Ma
(Nábělek et al. 2009).

Dating the initial India–Asia collision
through the magmatic record

Estimates of the timing of initial India–Asia collision
range from 70 to 20 Ma (Molnar & Tapponnier
1975; Garzanti et al. 1987; Rowley 1996; Yin &
Harrison 2000; Aitchison et al. 2007; van Hinsber-
gen et al. 2011; Hu et al. 2015, 2016). These uncer-
tainties reflect, in part, the differing approaches used
to define collision.

Previous estimates based on the magmatic
record

The youngest calc-alkaline magmatic rocks (c.
40 Ma) in the Gangdese Batholith have been used
to argue that the India–Asia collision did not
occur until 40 Ma (Allègre et al. 1984; Aitchison
et al. 2007). However, new geochronological and
geochemical data indicate that the calc-alkaline
magmatism in the Gangdese Batholith also occur-
red from 21 to 10 Ma (Fig. 8a) and displayed arc
signatures on the commonly used tectonic discrimi-
nation diagrams (e.g. Fig. 8b). These ‘arc-type’
calc-alkaline rocks are younger than the youngest
proposed age of the India–Asia collision (c.
20 Ma: van Hinsbergen et al. 2012), indicating that
the termination of arc-type calc-alkaline magmatism
cannot be used to constrain the timing of the colli-
sion (Harrison et al. 2000; Chung et al. 2005; Ji
et al. 2009b).

St-Onge et al. (2010) proposed that the India–
Asia collision occurred in the early Eocene (c.
49 Ma) based on the observations that the I-type
granodiorite (c. 57.7 Ma) is intruded by an S-type
leucogranite dyke (i.e. the Chumatang dyke; c.
47.1 Ma) in the Ladakh Batholith. All of these gran-
ites are truncated by the unconformity along the base
of the Indus molasse basin, providing a minimum
age constraint on the initial India–Asia collision at
this locality (Searle 2018). However, White et al.
(2011) suggested that the presence of amphibole
and magnetite in the Chumatang leucogranite dyke
indicates that this dyke has I-type affinities and
thus cannot be used to indicate the termination of
subduction-type magmatism. Instead, White et al.
(2012) proposed that the subduction of the Neo-
Tethyan oceanic lithosphere continued until at least
31 Ma, and that the collision between India and
Asia is constrained by the transition from amphibole-
bearing I-type granodiorite (c. 31.4 Ma) to S-type
granite (c. 18 Ma) identified in the Karakorum Bath-
olith. However, we consider that this is less reliable
as the presence of amphibole in the granite is primar-
ily related to melting conditions (e.g. water content)
and magmatic processes, and cannot be used as an
effective discriminant of the tectonic setting of
magma generation. For example, some of the
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21–9 Ma granites in the Gangdese Batholith (e.g. the
granodiorite of c. 17 Ma: Xu et al. 2016; Yang et al.
2016) also contain amphibole, but these granites are
definitely post-collisional.

Several studies have shown that if there is a sig-
nificant difference in isotopic compositions between
the overriding plate ( juvenile and, thus, depleted)
and the underlying subducting plate (ancient and
thus enriched) in collision zones, the timing of colli-
sion can be backdated by constraining the age of the
change in the isotopic composition of the overlying
plate from depleted to enriched (Elburg & Foden
1998; Elburg et al. 2002). In this case, the decrease
in zircon εHf(t) values at c. 50 Ma (Ji et al. 2009a)
or c. 55 Ma (Chu et al. 2011) documented in the
Gangdese Batholith can be interpreted to be the
result of the involvement of crustal materials from
the Indian continent, indicating that the India–Asia
collision occurred prior to c. 50 Ma or c. 55 Ma.
However, this interpretation does not take into
account the influence of ancient basement-derived
materials in the central Lhasa subterrane (Zhu et al.
2011, 2013) indicated by variations in the isotope
compositions. Likewise, the negative changes in
the whole-rock εNd(t) values and zircon εHf(t) values
at 50.2 ± 1.5 Ma documented in the Kohistan–
Ladakh Batholith are interpreted to indicate that the
Kohistan–Ladakh intra-oceanic arc collided with
the Indian continent at c. 50 Ma (Bouilhol et al.
2013). However, this change to more negative values
is based on only one granodiorite sample, and
whether it represents the earliest record of a compo-
sitional change requires further validation.

New magmatic approach to date the initial
India–Asia collision

In an ocean–continent convergence zone, with con-
tinuous subduction of the oceanic plate, initial colli-
sion is defined as commencing when the lithosphere
of the lower-plate passive continental margin arrives
at the trench and contacts directly with the continen-
tal crust of the overriding-plate active continental
margin. But collision is an ongoing process and
can be broken into three phases, with associated
magmatic activity:

• Initial collision – in which a remnant sea may be
present between the opposing continental blocks,
notably in continental margin re-entrants, and the
oceanic plate is still subducting. Normal
calc-alkaline andesitic magmatism, induced by
the dehydration of the subducting oceanic plate,
is still continuing (Fig. 9a).

• Ongoing collision – which includes two cases. In
the first, the oceanic plate continues to sink, fol-
lowed by rollback due to the presence of the slab-
pull force (Niu 2014), which enhances mantle
convection in the wedge mantle (➊ in Fig. 9b)
and leads to the propagation of the dehydration
zone toward the trench. As a result, the magma-
tism intensifies and migrates toward the trench.
The second case develops as a result of crustal
shear heating (Harris et al. 1986) and convective
heat from small-scale mantle flow (Magni et al.
2012) (➋ in Fig. 9b), and results in only small
crust-derived peraluminous magmatism.
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• Tectonic transition – during which extensive mag-
matic activity with diverse compositions develops
as a result of slab breakoff (Fig. 9c). After slab
breakoff, oceanic subduction weakens rapidly
(even stops), the convergence rate decreases rap-
idly and the collisional zone develops into an
intracontinental zone as the slab-pull force on
the subducting oceanic plate disappears (Duretz
et al. 2012).

According to this sequence of collisional events, if
the timing of oceanic slab breakoff can be con-
strained, the convergence rate, depth of slab breakoff
and subduction angle can be used to calculate the
timing of the initial collision. The age and depth of
ultrahigh-pressure metamorphism have previously
been used to calculate the timing of the initial colli-
sion (Leech et al. 2005; Donaldson et al. 2013).
However, ultrahigh-pressure rocks do not necessar-
ily represent the fragment of the continent that
subducted to the greatest depths because the shallow-
est subducted rocks generally exhume to the surface
first, while the most deeply subducted rocks are gen-
erally the last to exhume to the surface (Zheng et al.
2015). Consequently, the timing of collision that is
calculated using the age and depth of ultrahigh-
pressure metamorphism is most likely to be less
than the actual timing of the initial collision. In con-
trast, the collision age that is calculated from the
age and depth of slab breakoff is likely to be closer
to the actual initial collision age. This is because
slab breakoff generally occurs preferentially at the
location with the largest difference in density in
the ocean–continent transition zone, which repre-
sents the deepest subducted continental lithosphere.
Therefore, Zhu et al. (2015) replaced the age and

depth of the ultrahigh-pressure metamorphism (cf.
Leech et al. 2005; Donaldson et al. 2013) with the
age and depth of slab breakoff, and proposed the
revised equation (1) to calculate the timing of the ini-
tial collision. The angle of subduction is assumed to
vary from 30° to 60°, corresponding to a slab rollback
process. This provides a method of using magmatic
data to quantitatively date the initial continental col-
lision:

age of initial collision

= depth of slab breakoff
convergence rate× sin(subduction angle)

+ age of slab breakoff. (1)

Application of a new magmatic approach to the
initial India–Asia collision

Timing of the initial India–Asia collision using mag-
matic data from southern Tibet. Calculations of the
geochemical parameters indicate that the Gangdese
crust is likely to have thickened to c. 60 km at 60–
45 Ma due to magma underplating (Zhu et al.
2017a). As a result, the lithospheric mantle that
was isostatic with this eclogitized crust must also
have thickened (Lustrino 2005; McKenzie & Priest-
ley 2008). Therefore, the depth of slab breakoff (c.
130 km: Leech et al. 2005) is likely not to have not
significantly exceeded the bottom of the lithosphere,
making it possible to generate extensive magmatism
after slab breakoff (van de Zedde & Wortel 2001).

Clearly, the younger ages of slab breakoff at c. 45
or c. 50 Ma cannot explain the magmatic flare-up
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and the increase in temperature calculated for mag-
matic activity that is documented for the Gangdese
Batholith and the Linzizong volcanic rocks at around
52–51 Ma. We therefore adopt the hypothesis that
the slab breakoff began at c. 53 Ma to backdate the
timing of the initial India–Asia continental collision.
Assuming that the intermediate depth of slab break-
off (c. 130 km; Leech et al. 2005) did not exceed the
bottom of the lithosphere, the subduction angle
increased from 30° to 60° in response to slab rollback
and the convergence rate was high (150 mm a−1: van
Hinsbergen et al. 2011), the initial India–Asia colli-
sion can be quantitatively constrained at 54.7–
54.0 Ma using equation (1) assuming that the lower-
plate margin was parallel to the upper-plate margin.

This timing of the initial India–Asia collision is in
good agreement with multidisciplinary estimates on
collision ages (see Hu et al. 2016 for a review), indi-
cating the applicability of the method. The timing
suggests that the slab breakoff of the Neo-Tethyan
oceanic lithosphere is likely to have occurred soon
after (less than 2 myr) the initial India–Asia colli-
sion, rather than later as implied by geodynamic sim-
ulations (30–5 Ma: see van Hunen &Allen 2011 and
references therein). A key reason for this difference
is that the convergence rate is too fast (110 mm a−1:
Molnar & Stock 2009; 150 mm a−1: van Hinsbergen
et al. 2011).

New tectonic interpretation of the Linzizong volcanic
succession. Existing studies have proposed three
tectonic interpretations for the Linzizong volcanic
succession: (1) arc-typemagmatism at the active con-
tinental margin, which predates the initial India–Asia
collision that occurred at 40 Ma or later (Allègre
et al. 1984; Xu et al. 1985; Coulon et al. 1986; Harris
et al. 1988a, b; Pearce & Mei 1988; Aitchison et al.
2007); (2) syncollision magmatism assuming that the
initial India–Asia collision occurred at 70–65 Ma
(Mo et al. 2003, 2008); and (3) the result of a steep-
ened subduction angle at 70–50 Ma and the breakoff
at c. 50 Ma of the Neo-Tethyan oceanic lithosphere
(Ding et al. 2003; Chung et al. 2005, 2009; Yue &
Ding 2006; Lee et al. 2009, 2012).

Clearly, these different tectonic interpretations of
the Linzizong volcanic succession depend heavily on
the timing of the initial India–Asia collision. A time
of c. 55 Ma (Zhu et al. 2015), as discussed above,
is consistent with the development of the angular
unconformity between the Nianbo Formation and
the underlying Dianzhong Formation in the Linzhou
Basin (Liu 1993; Dong et al. 2005; Huang et al.
2015) (58–55 Ma: Zhu et al. 2015) and the termina-
tion of the Xigaze forearc deposition (58–54 Ma:
Orme et al. 2015). Therefore, it is possible that the
angular unconformity between the Nianbo Forma-
tion and the Dianzhong Formation (although the
scale is minor), which lasted for only c. 3 myr, is

likely to be the tectonic signature of the initial
India–Asia collision. In this case, the new tectonic
interpretation for the Linzizong volcanic succession
is that the Dianzhong Formation calc-alkaline volca-
nic rocks are likely to have formed from the late-stage
subduction of the Neo-Tethyan oceanic lithosphere
to the initial stage of the India–Asia collision. The
lower part of the of the overlying Nianbo Formation,
which is dominated by terrestrial sediments, was
deposited during the ongoing India–Asia collision,
and the shoshonitic volcanic rocks in the upper
Nianbo and Pana formations are the result of slab
breakoff (Zhu et al. 2015).

Concluding remarks and future work

The Gangdese Batholith in southern Tibet was
emplaced from c. 210 to c. 10 Ma and shows two
intense pulses of magmatic activity. The earlier
pulse at 90 ± 5 Ma is confined to the east of longi-
tude 89° E. The second pulse at 50 ± 3 Ma (peak at
c. 51 Ma) extends for more than 1500 km (longitude
80–95° E) along the southern Lhasa Terrane. The
Linzizong volcanic succession in the Linzhou
Basin was active during 60–52 Ma, rather than 69–
44 Ma as previously interpreted. The Gangdese
Batholith magmatism was collectively restricted
to the southern portion of the southern Lhasa subter-
rane from 120 to 70 Ma (although it migrated
slightly northwards at 95–70 Ma), and then propa-
gated both south and north with enhanced mantle
input at 70–45 Ma, before finally being restricted
to the southern edge of the southern Lhasa subter-
rane at 45–26 Ma. Normal northwards subduction
of the Neo-Tethyan oceanic lithosphere at 120–
95 Ma, ridge subduction at 95–85 Ma, subduction
of a young and buoyant oceanic lithosphere at 84–
67 Ma, Deccan plume activity and slab rollback at
67–51 Ma, complete slab breakoff at c. 51 Ma, and
descent of the high-density Indian continental litho-
sphere since 50 Ma are suggested to have operated
and impacted on the India–Asia convergence since
120 Ma. The significant deceleration of the conver-
gence rate at 51–50 Ma is likely to have been the
result of slab breakoff rather than initiation of the
India–Asia collision.

Reasons why the 90 ± 5 Ma magmatic rocks are
confined to longitude 89–94° E (Fig. 2a) remains
unclear − is it simply a function of sampling bias or
does it reflect a geodynamic control? These rocks
are tentatively linked with the ridge subduction of
the Neo-Tethyan oceanic lithosphere, but its validity
needs further evaluation, especially data fromwest of
longitude 89° E. Other possibilities, including the
subduction of a Neo-Tethyan oceanic plateau or a
distinct subduction geometry and kinematics (Thor-
kelson 1996), should also be tested in future work.
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It is worthwhile to reiterate that the widely used
tectonic discrimination diagrams for magmatic rocks
are ineffective, or even misleading, in constraining
the setting of the Gangdese arc, exemplifying that
geochemical data of magmatic rocks should be
used with caution in discriminating tectonic settings
in the ancient rock record. The timing of the initial
India–Asia collision (c. 55 Ma) obtained using our
proposed petrological approach is consistent with
the collision ages obtained by other disciplines (see
Hu et al. 2016 for a review). However, our approach
is proposed on the basis of the identification of slab
breakoff; and whether slab breakoff occurred, either
here or in other collision zones, remains a topic of
discussion (see Niu 2017; Garzanti et al. 2018 for
reviews). If slab breakoff does occur and our model
is correct, then the relationships documented for the
India–Asia collision zone provides a solution for
determining the occurrence of slab breakoff in
other zones. Our approach depends primarily on a
combination of reconstructing the spatial and tempo-
ral variation of magmatic records through geochro-
nological and geochemical methods, as well as
detecting the detached oceanic lithosphere in deeper
mantle using high-resolution seismic tomography.
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