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A B S T R A C T

Collision between the Indian and Eurasian plates formed the ~2500 km long Yarlung Zangbo Suture Zone and
produced the Himalaya mountains and Tibetan plateau. Here we offer a new explanation for tectonic events
leading to this collision: that the northward flight of India was caused by an Early Cretaceous episode of sub-
duction initiation on the southern margin of Tibet. Compiled data for ophiolites along the Yarlung Zangbo Suture
Zone show restricted ages between 120 Ma and 130 Ma, and their supra-subduction zone affinities are best
explained by seafloor spreading in what became the forearc of a north-dipping subduction zone on the southern
margin of Tibet. The subsequent evolution of this new subduction zone is revealed by integrating data for arc-
related igneous rocks of the Lhasa terrane and Xigaze forearc basin deposits. Strong slab pull from this new
subduction zone triggered the rifting of India from East Gondwana in Early Cretaceous time and pulled it
northward to collide with Tibet in Early Paleogene time.
1. Introduction

From the early days of continental drift investigations, scientists have
wondered why India suddenly rifted away from Eastern Gondwana ~130
million years ago and drifted rapidly north to collide with Asia 75million
years later. Here we use our new understanding of how new subduction
zones form to show that creation of a new subduction zone on the
southern margin of Tibet was responsible. Because subduction initiation
(SI) generally requires >1000 km lithospheric failure resulting in a long
region of simultaneous seafloor spreading above the sinking oceanic
lithosphere, belts of supra-subduction zone ophiolites formed during SI
have become keys for recognizing ancient sites of subduction zone for-
mation (Stern et al., 2012). Such a belt of Early Cretaceous SSZ-type
ophiolites is found along the Yarlung Zangbo Suture Zone between the
Lhasa terrane (Tibet) and India. In this paper, we integrate existing data
for Early Cretaceous rocks of the Lhasa terrane of southern Tibet,
including ophiolites, metamorphic soles, arc-related plutons and volcanic
rocks, and forearc basin deposits with paleomagnetic data. We use this to
document SI for this region and show how this new subduction zone
pulled India northward, causing the Himalayan collision that continues
today.
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2. Data

To document the formation of a new subduction zone on the S. flank
of the Lhasa Terrane and show how this led to the northward flight of
India from E. Gondwana, six independent lines of evidence are presented
below: (A) Formation of Early Cretaceous ophiolites as a result of seafloor
spreading above a sinking slab of Neotethys during SI; (B) Formation of
metamorphic soles by juxtaposition of hot mantle and cold downgoing
sediments during SI; (C) Paleomagnetic results consistent with the for-
mation of these ophiolites along the southern margin of the Lhasa
terrane; (D) The Indus-Xigaze forearc basin as a record of arc evolution;
(E) Evolution of a magmatic arc to the north of the ophiolite belt and
forearc basin; and (F) What we know about the northward drift of India.
These items are briefly discussed below. We also briefly comment on the
presence of UHP phases in these ophiolitic rocks as well.
2.1. Early Cretaceous ophiolites of the Yarlung Zangbo Suture Zone

Geologic studies since the late 1990’s have increasingly targeted
ophiolites of the Yarlung Zangbo Suture Zone (YZSZ) (H�ebert et al.,
2012). These ophiolites form an E–W-trending belt that can be traced for
about 2000 km from the central segment of the YZSZ to southern Ladakh
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Fig. 1. Simplified tectonic map of southern Tibet showing major ophiolitic massifs of the Yarlung Zangbo Suture Zone, Xigaze and Indus forearc basin and volcanic
belts of the Lhasa terrane. Indus forearc basin sources are from An et al. (2014), volcanic sources from Chiu et al. (2009) and Wei et al. (2017). Distributions of plutonic
rocks, ophiolitic diamonds and metamorphic soles are also shown. The map is modified after H�ebert et al. (2012).

H. Hu, R.J. Stern Geoscience Frontiers 11 (2020) 1123–1131
in N. India; correlative Early Cretaceous intra-oceanic arc crust is found
in Kohistan in northern Pakistan (Fig. 1). We compiled available
geochronologic data for ophiolites from Luobusa in the east to Spontang
in the west, including those of the eastern segment (Luobusa, Zedang);
central segment (Dazhuqu, Bainang, Deji, Qunrang, Jiding, Buma,
Fig. 2. Plot of ophiolite ages along the Yarlung Zangbo Suture Zone versus longitud
ophiolite belt is apparent.
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Sangsang and Saga); western segment (Zhongba, Xiugugabu, Dangxiong,
Yungbwa, Kiogar, Dongbo, Baer) and south Ladakh segment (Nidar,
Spontang) (Figs. 2 and 3; Table 1). These ophiolites yield U–Pb zircon
ages indicating they mostly formed between 130 Ma and 120 Ma, except
for Luobusa, Zedang in the east, and Kiogar, Spontang in the western part
e, ages listed in Table 1. No systematic variation in age with location along the



Fig. 3. Cr# [ ¼ Cr/(Cr þ Al)] for spinels from harzburgite and lherzolite in Zedang (Xiong et al., 2016), Xigaze (Xiong et al., 2017), Sangsang, Saga (B�edard et al.,
2009), Zhongba (Dai et al., 2011), Xiugugabu (Bezard et al., 2011), Nidar and Spontang (Mah�eo et al., 2004) peridotite massifs. Means of spinel Cr# from each
location were calculated from published data in references with sample size (N) indicated on top of each location, and supplementary data listed in Supplementary
Table S1. Fields for N-MORB and boninites are taken from (Dick and Bullen, 1984).
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of the ophiolite belt, which also contain mid to Late Jurassic ophiolitic
remnants (Fig. 4A; Table 1). Dismembered metamorphic soles with
similar Early Cretaceous ages are found within ophiolitic melange from
the central segment (Guilmette et al., 2009, 2012).

Early Cretaceous YZSZ ophiolites are dismembered (Maffione et al.,
2015) but generally include an upper mantle sequence; a few complete
Penrose-type ophiolites are preserved in the central and south Ladakh
segments. These differ from Late Cretaceous SI ophiolite belt from the
eastern Mediterranean to SE Iran and Oman which often show more
complete Penrose-type ophiolite sequences (Whattam and Stern, 2011),
perhaps because of intense tectonism and erosion associated with
India-Tibet collision. Nevertheless, dismembered Early Cretaceous
ophiolites of the YZSZ show evidence of upper-plate extension and
geochemical fingerprints of arc tholeiitic and boninitic magmatism that
are similar to SI ophiolites and to Izu-Bonin-Mariana (IBM) forearc lith-
osphere (Shervais, 2001; Whattam and Stern, 2011; Maffione et al.,
2017). Ophiolitic basalts include N-MORB with small Ta–Nb negative
anomalies and more arc-like lavas including boninites, similar to SI se-
quences documented for the IBM forearc (Reagan et al., 2010). Dai et al.
(2013) reported that boninitic dikes in the Xigaze ophiolite gave U–Pb
zircon ages of ~125 Ma, and other boninites were also reported from the
Xigaze area (Chen et al., 2003; Malpas et al., 2003; Dubois-Côt�e et al.,
2005). Furthermore, Zhong et al. (2019) reported fore-arc basalt-like and
boninitic mafic rock in the western YZSZ.

Whattam and Stern (2011) summarized Late Jurassic and Late
Cretaceous volcanic sequences in Tethyan ophiolites to establish the
‘subduction initiation rule’, arguing that most ophiolites form during SI
and that the diagnostic magmatic chemostratigraphic progression for
such ophiolites is from less to more HFSE-depleted and LILE-enriched
compositions. Decompression melting of rising asthenosphere (Fig. 5B)
transitions into flux melting as the mantle source is increasingly influ-
enced by slab-derived fluids as SI progresses (Fig. 5C). This is reflected in
the evolution from early MORB-like to later arc-like (volcanic arc basalts
� boninites) as SI transitions into true subduction. Consequently,
MORB-like and arc-like ophiolite components are expected for SI
ophiolites. Cr# [ ¼ Cr/(Cr þ AL)] of spinels in YZSZ peridotites varies
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from moderate (0.4–0.6) to high (>0.8) (Fig. 3), as expected for forearc
peridotites associated with SI (Stern et al., 2012). Early Cretaceous YZSZ
ophiolites likely formed during a SI event lasting 5–10 million years
before the convergent margin matured into a N-dipping subduction zone
beneath the southern margin of the Lhasa Terrane (Fig. 5C).

2.2. Metamorphic soles

Metamorphic soles at the base of ophiolites are produced when
supracrustal rocks are juxtaposed with hot mantle during subduction
initiation (van Hinsbergen, 2015). Ophiolite metamorphic soles are thus
key indicators of SI and their radiometric ages constrain when this
occurred.

Highly foliated garnet-clinopyroxene-amphibolite blocks are docu-
mented from the Saga and Xigaze ophiolites (Fig. 1) within serpentinite
m�elange. This m�elange is interpreted as a part of the forearc accretionary
complex (Cai et al., 2012). Garnet-amphibolites are interpreted to
represent dismembered metamorphic soles and have similar 40Ar/39Ar
ages (123–132 Ma) to that of the ophiolite. These ages are thought to
reflect when high-grade metamorphism ended (Guilmette et al., 2008,
2009, 2012). P-T estimates of these amphibolites indicate these were
metamorphosed to pressures of 12 kbar and 850 �C in the Early Creta-
ceous during the inception of a subduction zone (Guilmette et al., 2012).
Younger amphibolites are also reported from S. Lhasa block ophiolites.
Malpas et al. (2003) reported 40Ar/39Ar ages of 80–90 Ma on amphibole
and biotite from Luobusa amphibolite (Fig. 1). They interpreted this as
when the ophiolite was obducted onto the Indian passive margin before
the collision.

2.3. Paleomagnetic constraints

Three paleomagnetic studies have been conducted on sedimentary
rocks overlying YZSZ ophiolites. Pozzi et al. (1984) measured about 100
samples from Cheujeon and Xigaze Group sediments near Xigaze,
concluding that this ophiolite and its cover formed at 10�

–20� N, near
where they are today (~30� N). Abrajevitch et al. (2005) measured chert,



Table 1
Synthesis of ages and tectonic setting of the Yarlung Zangbo Ophiolite and Xigaze Fore-arc Basin.

Ophiolites/
Locality

Rock type Method Age (Ma) Reference

Eastern Syntaxis Ultra mafic Clinopyroxene 40Ar–39Ar 200 � 4 Geng et al. (2006)
Luobusa Gabbroic dyke Zircon U–Pb 149.9 � 2.2 Chan et al. (2015)

Amphibolite (metamorphic sole) Hornblende 40Ar–39Ar 127.4 � 2.3 Guilmette et al.
(2009)

Gabbro dike Whole-rock Sm–Nd 177 � 31 Zhou et al. (2002)
Diabase Zircon U–Pb 162.9 � 2.8 Zhong et al. (2006)

Zedang Dolerite dyke Zircon U–Pb 128 � 2 Xiong et al. (2016)
Andesite dike, quartz diorite Hornblende 40Ar–39Ar 156.8 � 0.8 McDermid et al.

(2002)
Dazhuqu Dolerite dike Zircon U–Pb 126.1 � 1.3 Dai et al. (2013)

Radiolarian fauna Radiolarian 130–112 Ziabrev et al.
(2003)

Quartz diorite Zircon U–Pb 126 � 1.5 Malpas et al. (2003)
Bainang Amphibolite (metamorphic sole) Hornblende 40Ar–39Ar 127.4 � 2.3 Guilmette et al.

(2009)
Amphibolite (metamorphic sole) Hornblende 40Ar–39Ar 123.6 � 2.9 Guilmette et al.

(2007)
Quartz diorite dike Zircon U–Pb 123.3 � 1.5 Guilmette et al.

(2009)
Deji Dolerite dike Zircon U–Pb 124.9 � 1.1 Dai et al. (2013)

Dolerite sheeted dike Zircon U–Pb 126.5 � 4.7 Dai et al. (2013)
Qunrang Gabbro Zircon U–Pb 125.6 � 0.8 Li et al. (2009)
Xigaze Gabbro Zircon U–Pb 131.8 � 1.3 Chan et al. (2015)
Jiding Gabbro Zircon U–Pb 126 � 1.5 Wang et al. (2006)

Gabbro dike Zircon U–Pb 127.1 � 3.5 Dai et al. (2013)
Buma Amphibolite (metamorphic sole) Hornblende 40Ar–39Ar 127.7 � 2.2 Guilmette et al.

(2009)
Sangsang Dolerite Zircon U–Pb 125.2 � 3.4 B�edard et al. (2009)
Saga Amphibolite (metamorphic sole) Hornblende 40Ar–39Ar 123.5 � 2.6 Guilmette et al.

(2012)
Zhongba Dolerite Zircon U–Pb 125.7 � 0.9 Dai et al. (2012)

Diabase Zircon U–Pb 127.2 � 1.1 Dai et al. (2011)
Xiugugabu Dolerite Zircon U–Pb 122.3 � 2.4 Bezard et al. (2011)

Micro-gabbro Zircon U–Pb 122.3 � 2.4 Wei et al. (2006)
Micro-gabbro Bulk rock Sm–Nd 126.2 � 9.1 Xu et al. (2008)

Dangxiong Gabbro Zircon U–Pb 126.7 �
0.50

Chan et al. (2015)

Gabbro Zircon U–Pb 123.4 � 1.0 Chan et al. (2015)
Yungbwa Gabbro Zircon U–Pb 123.8 � 1.1 Chan et al. (2015)

Gabbronorite Zircon U–Pb 123.4 � 1.1 Chan et al. (2015)
Tholeiitic dike Hornblende 40Ar–39Ar 152 � 33 Miller et al. (2003)
Gabbro Zircon U–Pb 123.4 � 0.9 Chan et al. (2007)

Kiogar Gabbronorite dike Zircon U–Pb 159.7 � 0.5 Chan et al. (2015)
Dongbo Pyroxenite dike Zircon U–Pb 130.0 � 0.5 Xiong et al. (2011)

Gabbro dike Zircon U–Pb 128.0 � 1.1 Xiong et al. (2011)
Baer Dolerite dike Zircon U–Pb 125.6 � 2.4 Zheng et al. (2017)

Dolerite dike Zircon U–Pb 126.3 � 2.4 Zheng et al. (2017)
Nidar Basaltic andesite 39Ar/40Ar in amphibole 130–110 Mah�eo et al. (2004)

Gabbro Clinopyroxene, plagioclase and whole
rock Sm–Nd

140 � 32 Ahmad et al. (2008)

Spontang Diorite 40Ar/39Ar in amphibole 130–110 Mah�eo et al. (2004)
Diorite K–Ar in hornblende 140–125 Reuber et al. (1989)
Plagiogranite Zircon U–Pb 177 Pedersen et al.

(2001)
Kohistan Region Kohistan batholith Zircon U–Pb 111.52 �

0.40
Heuberger et al.
(2007)

Jijal Complex Sm–Nd 118–117 Dhuime et al.
(2007)

Bulk of Kohistan 134–90 Petterson (2010)
Yasin sediments Orbitolina fossils 123–99 Pudsey et al. (1986)

Fore-arc Basin Main rock types Facies Age (Ma) Reference

Gyalaze Foraminiferal wackestone and packstone interbedded with sandstone and
conglomerate

Shallow marine Wang et al. (2012)

Qubeiya Mudstone, limestone, sandstone Shallow marine 78–65 Wu et al. (2010)
Padana Mudstone, siltsone, sandstone, coarse-grained sandstone, with interlayers of

limestone
Shallow marine 84–78 Wu et al. (2010)

Ngamring Upper: Shale, siltstone, with interlayers of sandstone and limestone Deep sea flysch 107–84 Wu et al. (2010)
Middle: Coarse-grained sandstone, with thin layers of limestone
Lower: Shale, sandstone, with interlayers and lenses of limestone

Chongdui Radiolarian-bearing silicalite, coarse-grained sandstone, siltstone, mudstone
with limestone in upper part

Pelagic 116–107 Wu et al. (2010)
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Fig. 4. (A) Histogram of compiled age data for ophiolites along the Yarlung
Zangbo Suture Zone, data sources listed in Table 1. (B) Histogram of compiled
age data for metamorphic soles within the melange, data sources from Malpas
et al. (2003) and Guilmette et al. (2012). (C) Stratigraphic framework of Xigaze
forearc basin, modified after Wang et al. (2012). (D) Histogram of compiled age
data of plutonic and associated volcanic rocks in the Lhasa terrane, data sources
listed in Supplementary Table S2. (E) Paleolatitudes of a reference site (29�N,
88�E) located on the present-day position of the Indus Yarlung Suture Zone, data
sources listed in Supplementary Table S3. Northward paleolatitude of India is
also shown. See text for further discussion.
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siliceous mudstones and volcaniclastic rocks from Donglha, Qunrang and
Dazhuq, which yielded consistent sub-equatorial paleolatitudes. Abraje-
vitch et al. (2005) noted that sediments on top of the ophiolite are faulted
against the Xigaze Group, suggesting that the Dazhuqu and Xigaze ter-
ranes were unrelated before faulting. Huang et al. (2015) measured
radiolarites and Xigaze Group turbiditic sandstones unconformably
overlying ophiolitic peridotites at Chongdui, Bainang, and Sangsang,
obtaining results similar to those of Pozzi et al. (1984). In addition, Chen
et al. (2012) carried out a paleomagnetic study of Early Cretaceous vol-
canic rocks in the central Lhasa terrane, yielding a paleolatitude of 19.8�

� 4.6� N (Fig. 4D). Clearly more paleomagnetic studies are needed to
better understand where YZSZ ophiolites formed relative to the Lhasa
terrane, but existing paleomagnetic data are consistent with formation
along the southern margin of the Lhasa terrane. The northward motion of
India is also shown in Fig. 4D.

2.4. Xigaze-Indus forearc basin

Forearc basin successions displaying a shallowing upward trend from
pelagic sediments to turbidites to shelfal and fluvial-deltaic sediments are
well developed all along the YZSZ in the Indus forearc basin (Ladakh, India)
and the Xigaze forearc basin (south Tibet). Depositional and chronostrati-
graphic relationships show that Xigaze ophiolite is basement to overlying
sediments interpreted as forming in a late Early Cretaceous to Early
Paleogene forearc basin (Wang et al., 2017), further supporting the inter-
pretation of YZSZ ophiolites as forming in a forearc during SI. These forearc
basin sediments provide a way to reconstruct the arc magmatic history of
this convergentmargin. The Indus-Xigaze forearc basin lies just north of the
ophiolite belt, can be traced~550 km fromXigaze in the east to Zhongba in
the west and is up to ~22 km wide (Wu et al., 2010; Wang et al., 2012).
Clastic sediment deposition began with older deep-sea fan flysch of the
Xigaze Group (Ngamring and Chongdoi formations) followed by shallow
marine terrigenous and carbonate rocks of the Cuojiangding Group
(Padana, Qubeiya, Quxia, and Gyalaze formations). Xigaze and Cuo-
jiangding Groups filled the Xigaze forearc basin in Albian to Ypresian time.
Volcaniclastic sedimentation of the Ngamring Formation began with thick
turbiditic sandstones and interbedded shales in late Albian time and tran-
sitioned upwards into shelfal, deltaic, and fluvial strata of the Padana For-
mation in Santonian time as the forearc basin filled (Wu et al., 2010; Wang
et al., 2012). Wang et al. (2012) suggested that Xigaze forearc basin clastic
sediments were derived from older Jurassic–Early Cretaceous arc-volcanic
sedimentary rocks (Yeba Formation and Sangri Group) south of the
Gangdese arc based on provenance analysis; they noted that sediment
transportwas along the forearcbasin axis during its early and late stagesand
across it during its middle stage. Zircon εHf(t) values of tuffs from the
Chongdoi Formation suggest two distinct magmatic sources: (1) large
positive εHf(t) values (þ12 to þ17), and (2) negative to slightly positive
εHf(t) values (�4.5 to þ1), both interpreted as derived from the eroded
Cretaceous volcanic rocks in the Gangdese arc (Wu et al., 2010; Dai et al.,
2015). An et al. (2014) concluded that there was limited unroofing of the
Gangdese arc prior to collision because Ngamring sandstones do not show
the expected trend from feldspathic volcaniclastic to quartzo-feldspathic
plutoniclastic compositions with time.

2.5. Lhasa Terrane arc igneous rocks

The Transhimalayan batholith crops out north of the Yarlung-Zangpo
suture, can be traced WNW-ESE for ~2500 km across the Lhasa terrane,
and has long been recognized as the product of Neotethys subduction.
These granitoids can be divided into two suites: (1) in the south, the
Gangdese Batholith, consisting of Late Cretaceous to Eocene I-type
granitoids, and (2) in the north, an Early Cretaceous plutonic belt (Chiu
et al., 2009). Gangdese batholith rocks are mostly younger than
India-Tibet collision (Fig. 4C) and these magmas were likely related to
collision, not subduction (Fig. 4C). Igneous rocks older than ~55 Ma are
related to subduction and these mostly lie north of the ophiolite belt and
1127



Fig. 5. Schematic reconstructions of the Southern Lhasa Terrane margin from Early Cretaceous to Paleocene time (modified after subduction initiation figure in
Whattam and Stern (2011); and Xigaze forearc basin figure in Wang et al. (2017)). (A) Jurassic to Early Cretaceous, a lithospheric weakness is present on the southern
margin of the Lhasa terrane, but no convergence between Neo-Tethys and Lhasa terrane during this period; (B) ca. 130 Ma subduction initiation on the southern
margin of the Lhasa terrane, decompression melting of upwelling asthenosphere generates ophiolitic magmas that follow the subduction initiation rule (Whattam and
Stern, 2011); (C) 120–107 Ma, true subduction begins, with reversal of mantle flow and slow deposition of pelagic sediments in the Xigaze Forearc Basin; (D) 107–55
Ma, main depositional stage of the Xigaze Forearc Basin, which fills with volcaniclastic turbidites eroded from the growing arc to the north. This episode ends when
India collides with Eurasia. See text for further discussion.
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forearc basin, about where a magmatic arc above a N-dipping subduction
zone would be expected; these are the rocks of interest here. Zhu et al.
(2009) investigated the genesis of Early Cretaceous igneous rocks of the
central Lhasa Terrane, identifying a long magmatic episode (~143–102
Ma) with a flare-up around 110 Ma. Early Cretaceous silicic rocks in the
central Lhasa subterrane are metaluminous to peraluminous, enriched in
Rb, Th, and U, and depleted in Ba, Nb, Ta, Sr, P, and Ti. These rocks have
variably high initial 87Sr/86Sr (0.7073–0.7209), negative εNd(t) (�13.7 to
�4.6), and negative to positive εHf(t). These signatures indicate an
increased mantle component in the generation of the Early Cretaceous
melts in the central Lhasa subterrane at ~110 Ma.

Two episodes of volcanism in the Lhasa terrane mirror the
Cretaceous-Paleogene intrusive record. These include (1) a more wide-
spread Cretaceous episode (ca. 120–65 Ma) occurring in both the
northern and southern magmatic belts, and (2) an intense Paleogene
episode (ca. 64–43 Ma) that only took place only in the south. The
southward migration and intensification of Lhasa terrane volcanism at
ca. 50 Ma is related to collision with India. Prior to collision, widespread
Cretaceous volcanism reflected northward subduction underneath the
southern margin of the Lhasa terrane.

2.6. Northward drift of India and subduction of Neotethys

Breakup of the Gondwana supercontinent began in the Early Jurassic,
with first rifting between S America-Africa-India (W. Gondwana) and
Antarctica-Australia (E. Gondwana; Jokat et al., 2003). This was followed
by the Cretaceous breakup of eastern Gondwana, resulting in the
northward drift of India and culminating in the India-Asia collision.
Subduction of Neotethys beneath Tibet was central to these events.
1128
Seafloor spreading started northwest of Australia around 136 Ma and
propagated SW, reaching the southern tip of India at around 126 Ma
(Gibbons et al., 2013). The apparent polar wander path for India suggests
that northward drift started around 140 Ma to 130 Ma (Fig. 4D; van
Hinsbergen et al., 2012). Separation of India fromMadagascar took place
in Late Cretaceous time, at 85 Ma to 90 Ma (Gibbons et al., 2013).

2.7. Ultra-high pressure phases

Diamond, coesite and other ultrahigh-pressure minerals have been
found in podiform chromitites hosted in several ophiolitic peridotites,
such as Kangjinla, Luobusa, Zedang, Xigaze, Dangqiong, Purang and
Dongbo (Bai et al., 1993; Yang et al., 2007, 2011; Griffin et al., 2016;
Xiong et al., 2016). Unlike diamonds associated with kimberlites, di-
amonds in these ophiolites are small, mostly from 100 to 200 μm in size.
These highly reduced UHP minerals are interpreted to have formed at
pressures >4 GPa, corresponding to depths >130 km. It is unclear how
these high-P phases became incorporated in the SI ophiolites. Some
workers argue that these were transported by plumes (Yang and Dilek,
2015) or otherwise rose from the mantle transition zone (Xiong et al.,
2016). Further work is needed to better understand the relationship
between UHP phases and Early Cretaceous SI in southern Tibet.

3. Discussion

There are igneous rocks in the southern Lhasa terrane that formed
prior to Early Cretaceous subduction initiation. These include Early to
Middle Jurassic volcanic rocks of the Bima Formation and Yeba Forma-
tion within the Gangdese arc. Because of this, some researchers suggested
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that northward subduction underneath the southern margin of the Lhasa
terranemight have begun in the Early Jurassic or Late Triassic (Guo et al.,
2013; Kang et al., 2014; Kapp and DeCelles, 2019). There are also Late
Jurassic Zedong ophiolite and arc remnants in the eastern Yarlung
Zangbo Suture Zone, and an ophiolite of similar age has also been found
in the western segment at Kiogar, although during this time the Gangdese
arc experienced a lull in magmatic activity. These assemblages indicate
that tectonic and magmatic activity occurred on the southern margin of
the Lhasa terrane prior to Early Cretaceous SI. However, the scattered
nature of pre-Early Cretaceous igneous rocks is not consistent with the
existence of a robust convergent margin. We do not address whether or
not subduction occurred beneath S. Tibet before Cretaceous time, only
the strong evidence that a new, north-dipping subduction zone formed
here in Early Cretaceous time.

We conclude that no subduction occurred beneath the southern
margin of the Lhasa terrane for a significant time prior to lithospheric
collapse about 130 Ma. The continent-ocean transition may have been a
passive continental margin that likely contained a lithospheric weakness
needed to nucleate a new subduction zone (Fig. 5A; Stern and Gerya,
2018). This weakness may have been associated with Jurassic igneous
rocks and ophiolites scattered along the southern Lhasa terrane margin
(Figs. 1 and 4A). This weakness may have allowed a new subduction zone
to form following the final assembly of Tibet in Late Jurassic to Early
Cretaceous time when the Lhasa terrane accreted to the Qiangtang
terrane, forming the Banggong-Nujiang Suture (Li et al., 2019).
Lhasa-Qingtang collision occurred shortly before south Lhasa SI and
might have allowed strain to accumulate south of the Lhasa terrane,
leading to SI.

Whatever the cause, by 128 Ma Neotethys oceanic lithosphere had
sunk sufficiently to allow asthenosphere to flow over it, leading to sea-
floor spreading above the sinking slab (Fig. 5B). SI spreading continued
for 5–10 million years until the sinking slab started to move down-dip
and true subduction began (Fig. 5C). After this time, a normal conver-
gent margin developed and a magmatic arc formed farther north,
resulting in widespread Cretaceous igneous activity in the northern and
southern magmatic belt (Fig. 5D).

Sedimentary rocks of the Indus-Xigaze fore-arc basin record the
evolution of the S. Lhasa terrane convergent margin. After an early stage
of slow deposition of pelagic sediment (ca. 120�107 Ma), the fore-arc
basin started to fill with volcaniclastic turbidites eroded from the
growing arc to the north. As arc volcanoes grew above sealevel, they shed
more and more detritus into the forearc basin. This basin gradually
evolved from accumulating pelagic sediments to deep sea flysch to
shallow marine sediments in Santonian time (83–86 Ma). Eventually the
basin became a carbonate platform dominated by limestone interlayered
with terrigenous sediments until India collided with Eurasia in Early
Paleogene time.

Also during Early Cretaceous time, the northward motion of India
began. This is readily explained as a result of slab pull by sinking Neotethys
oceanic lithosphere. India’s northward motion from Early Cretaceous time
until collision was unusually rapid, requiring strong slab pull from a sub-
duction zone (Forsyth and Uyeda, 1975; Chatterjee et al., 2013) in asso-
ciation with push from the Kerguelen plume (Storey, 1995). Kerguelen
plume thinned the lithospheric root of the supercontinent (Kumar et al.,
2007), which allowed slab pull together with push force provided by
plume head to start thr northward drift of India. This unusually rapid
northward motion has been explained by multiple mechanisms, including
plume head arrival (van Hinsbergen et al., 2011), spontaneous develop-
ment of cold mantle downwellings inducing mantle drag force underneath
India (Yoshida and Hamano, 2015; Yoshida and Santosh, 2018), and two
parallel northward-dipping subducting slabs (Jagoutz et al., 2015). The
beginning of India’s northward flight coincides with Early Cretaceous
subduction initiation along the southern Lhasa terrane margin, and this
newly formed subduction system could have provided the slab pull needed
to separate India from plume-weakened eastern Gondwana and start the
northward motion of India.
1129
In brief, taking into account the evidence considered in previous
sections, we think that it is useful to apply the subduction initiation
model to explain the Early Cretaceous evolution of the southern margin
of the Lhasa terrane and the rapid northward flight of India.

4. Conclusion

(1) Andean-type subduction zone initiated along southern margin of
Lhasa terrane around 130 Ma, and fore-arc ophiolites and meta-
morphic soles were generated during the subduction initiation
event.

(2) Neotethys seafloor subducted underneath the southern Lhasa
terrane until the final collision between India and Eurasia
occurred in Paleogene time. A fore-arc basin was progressively
filled by sediment sourced from the growing magmatic arc.

(3) Formation of this new subduction zone provided the force needed
to separate India from plume-weakened eastern Gondwana and
pull it north to collide with Tibet.
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