
American Journal of Science
MARCH 2019

MESOZOIC–CENOZOIC GEOLOGICAL EVOLUTION OF
THE HIMALAYAN-TIBETAN OROGEN AND WORKING

TECTONIC HYPOTHESES

PAUL KAPP*,† and PETER G. DeCELLES*,†

ABSTRACT. The Himalayan-Tibetan orogen culminated during the Cenozoic
India – Asia collision, but its geological framework and initial growth were fundamen-
tally the result of multiple, previous ocean closure and intercontinental suturing
events. As such, the Himalayan-Tibetan orogen provides an ideal laboratory to investi-
gate geological signatures of the suturing process in general, and how the Earth’s
highest and largest orogenic feature formed in specific. This paper synthesizes the
Triassic through Cenozoic geology of the central Himalayan-Tibetan orogen and
presents our tectonic interpretations in a time series of schematic lithosphere-scale
cross-sections and paleogeographic maps. We suggest that north-dipping subducting
slabs beneath Asian continental terranes associated with closure of the Paleo-, Meso-,
and Neo-Tethys oceans experienced phases of southward trench retreat prior to
intercontinental suturing. These trench retreat events created ophiolites in forearc
extensional settings and/or a backarc oceanic basins between rifted segments of
upper-plate continental margin arcs. This process may have occurred at least three
times along the southern Asian margin during northward subduction of Neo-Tethys
oceanic lithosphere: from �174 to 156 Ma; 132 to 120 Ma; and 90 to 70 Ma. At most
other times, the Tibetan terranes underwent Cordilleran-style or collisional contrac-
tional deformation. Geological records indicate that most of northern and central
Tibet (the Hoh-Xil and Qiangtang terranes, respectively) were uplifted above sea level
by Jurassic time, and southern Tibet (the Lhasa terrane) north of its forearc region has
been above sea level since �100 Ma. Stratigraphic evidence indicates that the northern
Himalayan margin of India collided with an Asian-affinity subduction complex –
forearc – arc system beginning at �60 Ma. Both the Himalaya (composed of Indian
crust) and Tibet show continuous geological records of orogenesis since �60 Ma. As
no evidence exists in the rock record for a younger suture, the simplest interpretation
of the geology is that India – Asia collision initiated at �60 Ma. Plate circuit,
paleomagnetic, and structural reconstructions, however, suggest that the southern
margin of Asia was too far north of India to have collided with it at that time. Seismic
tomographic images are also suggestive of a second, more southerly Neo-Tethyan
oceanic slab in the lower mantle where the northernmost margin of India may have
been located at �60 Ma. The geology of Tibet and the India – Asia suture zone permits
an alternative collision scenario in which the continental margin arc along southern
Asia (the Gangdese arc) was split by extension beginning at �90 Ma, and along with its
forearc to the south (the Xigaze forearc), rifted southward and opened a backarc
ocean basin. The rifted arc collided with India at �60 Ma whereas the hypothetical
backarc ocean basin may not have been consumed until �45 Ma. A compilation of
igneous age data from Tibet shows that the most recent phase of Gangdese arc
magmatism in the southern Lhasa terrane initiated at �70 Ma, peaked at �51 Ma, and
terminated at �38 Ma. Cenozoic potassic-adakitic magmatism initiated at �45 Ma
within a �200-km-wide elliptical area within the northern Qiangtang terrane, after
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which it swept westward and southward with time across central Tibet until �26 Ma. At
26 to 23 Ma, potassic-adakitic magmatism swept southward across the Lhasa terrane, a
narrow (�20 km width), orogen-parallel basin developed at low elevation along the
axis of the India – Asia suture zone (the Kailas basin), and Greater Himalayan
Sequence rocks began extruding southward between the South Tibetan Detachment
and Main Central Thrust. The Kailas basin was then uplifted to >4 km elevation by
�20 Ma, after which parts of the India – Asia suture zone and Gangdese arc
experienced >6 km of exhumation (between �20 and 16 Ma). Between �16 and 12
Ma, slip along the South Tibetan Detachment terminated and east-west extension
initiated in the northern Himalaya and Tibet. Potassic-adakitic magmatism in the Lhasa
terrane shows a northward younging trend in the age of its termination, beginning at 20
to 18 Ma until volcanism ended at 8 Ma. We interpret the post-45 Ma geological
evolution in the context of the subduction dynamics of Indian continental lithosphere
and its interplay with delamination of Asian mantle lithosphere.

Key words: Tibet, Himalaya, India – Asia Collision, suture

introduction

The scientific motivation for this paper is to better understand the process of
intercontinental suturing through synthesis of the geology of the archetype India –
Asia suture zone, together with that of older, Mesozoic suture zones in Tibet (fig. 1).
An intercontinental suture is the surface expression of the boundary between two
continental lithospheric terranes joined by collision following the subduction of
intervening oceanic lithosphere. Sutures are widespread, first-order tectonic elements
within all of Earth’s continents (Burke and others, 1977; Dewey, 1977; Moores, 1981).
Despite structural reactivation, sutures are resilient features that may be recognized by
regional structural, sedimentary, and petrologic patterns across thousands of kilome-
ters; in central Asia, sutures commonly occupy prominent valleys. Intercontinental
sutures separate a former continental-margin arc system from a former passive
continental margin, or two former continental-margin arc systems. Forearc basins,
subduction complex rocks, ophiolites, ocean plate stratigraphy, and intra-oceanic arc
fragments are commonly exposed along intercontinental suture zones, but they may
also be absent. Sutures may also be associated with high-pressure and/or ultra-high
pressure rocks that were subducted into the mantle and then exhumed before, during,
or after terminal suturing (for example, Hacker and Gerya, 2013). Post-suturing
magmatism is commonly widespread and highly variable in composition. In addition,
development of a suture zone is usually associated with marked changes in regional
plate kinematics.

Our current conceptions of suturing raise a number of outstanding questions in
tectonics. Sutures are sites of Earth’s greatest mountain ranges, yet they begin as deep
oceanic troughs. How do the paleogeography and paleoelevation of a suture zone
evolve with time? What geodynamic processes may cause regional plate kinematics to
change—breakoff/tearing of leading subducting slabs, buoyancy forces associated
with continental subduction, increased gravitational potential energy of the upper
plate in response to crustal thickening and/or lithospheric removal, and/or destruc-
tion of an intra-oceanic subduction zone via obduction? Is Mediterranean-style roll-
back of remnant oceanic lithosphere and opening of marginal oceanic basins a typical
precursor of intercontinental collision? When and by what processes are suture-zone
high-pressure and ultrahigh-pressure rocks subducted and exhumed? What happens
when a continent collides with a mature, Andean-style margin? At which stage in the
suturing process does arc-type magmatism shut off and why? What is the kinematic
evolution of the subducted/underthrust lower-plate continental lithosphere and how
is it similar to or different from that of oceanic subduction? Underthrusting of the
lower plate may require removal of upper-plate lower lithosphere. Does lithospheric
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removal occur during distinct, large-volume events or in a more continuous piecemeal
or dripping fashion? How much of the original crustal material is preserved within
suture zones and where and when during the suturing process does the remainder go
(subducted vs. underthrust vs. eroded)? Although we do not provide definitive answers
to any of these questions, we hope that a synthesis of Himalayan-Tibetan geology will
provide constraining parameters for tectonic interpretations and numerical simula-
tions, as well as new insights.

The second motivation for this synthesis is that it is timely. During the past two
decades, parts of the Himalaya and Tibetan Plateau have evolved from geological
frontiers to some of the most intensely investigated natural laboratories on Earth. In
places, the geological history has been resolved down to the one million-year time
scale. Research on this orogenic system is published with such high frequency that it is
impossible for a person with a casual interest in the region to stay current. Accompany-
ing the flurry of new information is a multitude of contrasting, if not diverging,
hypotheses. For example, perhaps the most scientifically important debate centers on
the timing of the final disappearance of oceanic lithosphere between Indian and Asian
continental lithospheres (the definition of intercontinental collision adopted here),
with estimates ranging from �65 Ma (Yin and Harrison, 2000; Ding and others, 2005,
2017a) to 25 to 20 Ma (van Hinsbergen and others, 2012). Knowledge of this timing is
required to determine: (1) the geological, plate kinematic, paleogeographic, and
climatic signatures of intercontinental suturing and subsequent orogenesis; (2) the
finite strain budget of continental lithosphere—how many thousands of kilometers of
north-south convergence by continental deformation and subduction have occurred;

Fig. 1. Map of the Himalaya, Tibet, and adjacent regions showing the locations of major terranes
and their bounding suture zones (purple lines with gray filled regions including subduction-complex
rocks), basins (stippled pattern), rivers, cities, and geographic features and localities noted in the text.
Abbreviations as follows: Mts., mountains; R., River. A and A’ indicate ends of topographic and
cross-section profiles in figure 2.
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and (3) the volume budget of continental lithosphere, with implications for its fate
during collisional tectonics (for example, how much is recycled back into the mantle;
Replumaz and others, 2010a; Ingalls and others, 2016). The timing of initial India-Asia
collision is only one of many significant questions that are debated in the context of the
longer term geological evolution of the Himalaya and Tibetan Plateau (fig. 1). Published
summaries tend to focus on the Late Cretaceous to Cenozoic history of the region
(Tapponnier and others, 1981, 2001; Burg and Chen, 1984; Harrison and others, 1992;
Hodges, 2000; Royden and others, 2008; Searle and others, 2011; Wang and others,
2014a), even though much of the geology was produced by earlier events (Şengör, 1984;
Chang and others, 1986; Dewey and others, 1988; Yin and Harrison, 2000).

The format of this paper is as follows. First, we provide an overview of the modern
Himalayan-Tibetan orogen (figs. 1, 2, and 3). We then present the geological evolution
from Triassic through late Cenozoic time, along with our working tectonic hypotheses
in temporally sequential lithosphere-scale cross-sections. We focus on the central part
of the orogen between 80°E and 92°E (figs. 3 and 4), in accord with our field research
during the past �20 years; this region is where the orogen is broadest in its north-south
dimensions, has its highest mean elevations, and exhibits geological features that
generally strike subperpendicular to plate convergence directions since at least Meso-
zoic time (fig. 1). A more holistic assessment of the Himalayan-Tibetan orogen would
broaden its aperture to the Himalayan syntaxes, Pamir, and farther beyond in all
directions, but is not attempted here. The synthesis starts during the Triassic to provide
a regional geological framework, insight about tectonic processes that occurred during
the consumption of older oceans (Paleo-Tethys and Meso-Tethys) and subsequent
inter-terrane collisional events, and to provide initial conditions for the Late Creta-
ceous through Cenozoic tectonic history of the region. For example, the India – Asia
suturing conundrum is based fundamentally on conflicting interpretations of the
suture zone geology that extends back to at least Jurassic time (Aitchison and others,
2000, 2007 versus Ding and others, 2005 and Hu and others, 2016a). We acknowledge
that the presented tectonic evolution is non-unique and under-constrained, and hence
should be considered as a time series of working, testable hypotheses, along with those
proposed by other researchers. One robust conclusion, however, is that the geological
history of the Himalaya and Tibet does not conform to monotonic models of
intercontinental collision and plateau growth in time and space; instead, a wide variety
of tectonic modes have operated over the past �220 Ma to produce this remarkable
orographic feature.

the modern himalayan-tibetan orogen

Topographic Expression
Terms employed to describe the Himalayan-Tibetan orogen consist of a mixture

of geological, political, and physiographical names that are used variably in the
literature. The problem is most acute in the transition from the Himalaya to the
Tibetan Plateau where all three types of terms are applied. Our approach is to use as
much as possible geologically defined terms to subdivide the orogen into its compo-
nents. We refer to rocks and mountains south of the suture zone between India and
Asia (the Indus-Yalu suture zone; see below; fig. 1) as the Himalayan thrust belt,
including the so-called Tethyan (or Tibetan) part of the Himalaya. Rocks and
physiographic elements north of the suture are referred to as parts of the Tibetan
Plateau. This approach ignores the fact that the topography of some regions between
the highest peaks of the Himalaya and the suture zone appears to be more plateau-like
than the remainder of the steeply southward sloping Himalaya (fig. 2A). However, this
northern part of the Himalaya is rugged and mostly externally drained, whereas the
Tibetan Plateau thus defined is mostly internally drained and has relatively lower relief,
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and the suture zone between Indian and Asian rocks is a conspicuous feature, both
geologically and physiographically (figs. 1, 2, and 3).

The near-sea-level Indo-Gangetic plain rims the northern Indian subcontinent
and laps up against the south flank of the Himalayan thrust belt (fig. 1). It is a
peripheral or pro-foreland basin, flexed downward by the weight of the thrust belt
(Lyon-Caen and Molnar, 1983), which forms a southward-convex salient extending for
�2400 km between the peaks of Nanga Parbat in the west and Namche Barwa in the
east (fig. 1). The Indo-Gangetic plain is underlain by a wedge of foreland basin
sediment that tapers southward from a maximum thickness of �7 km to a feather-edge
onlapping the northern Indian craton (Lyon-Caen and Molnar, 1983; Raiverman and
others, 1983; Burbank and others, 1996). The foreland basin is fed by the Brahmaputra
(Siang) and Indus Rivers, which bracket the Himalaya on the east and west, respec-
tively, and numerous other rivers that drain the southern flank of the thrust belt (fig.
1) and the northern flank of the Indian craton.

Over a horizontal distance of only �100 km, Himalayan topography rises in
elevation from near sea level to the highest peaks at elevations of �8.5 km along the
axial crest of the range (fig. 2A). The highland drainage basins of the Indus and
Brahmaputra Rivers abut each other �300 km west of the midpoint along the southern
arcuate flank of the Tibetan Plateau at Mt. Kailas [the Brahmaputra River becomes the
Yalu (or Yarlung) River in Tibet; fig. 1]. From Mt. Kailas, the Indus flows northwest-
ward and the Yalu eastward within prominent (�2-km-scale relief), narrow valleys that

Fig. 3. Digital elevation map of the Himalaya and Tibetan Plateau from Geomapapp.org with major
active faults superimposed (yellow � thrust; black � normal; white � strike-slip).
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parallel the arcuate Himalaya to the south. These valleys roughly demarcate the suture
zone between rocks of Indian affinity in the Himalayan thrust belt and the southern
continental margin of Asia (Lhasa terrane) to the north. Hence, the Indus-Yalu suture
zone, and its western (Indus) and eastern (Yalu) segments, are named after these rivers
(Gansser, 1964). The Himalayan thrust belt is divided geographically into the northern
Himalaya and southern Himalaya by the topographic crest of the range (Yin, 2006;
fig. 1).

The Tibetan Plateau extends �1000 km north of the Yalu suture zone (YSZ), and
�2000 km east to west. The plateau is divisible into relatively rugged, externally-
drained flanking areas and a vast, internally drained core region dominated by
hydrologically closed lake basins (figs. 1 and 3). The plateau’s northern boundary is
demarcated by the Altyn Tagh fault and the transition from the Nan Mountains (fig. 1)
to the Hexi Corridor (fig. 2A). The eastern margin of the plateau is more diffuse, as
elevation diminishes gradually toward northern Indo-China. To the west, the plateau is
separated from the Karakoram, Hindu Kush, and Pamir Mountains by the Karakoram
strike-slip fault (figs. 1 and 3).

Directly north of the YSZ, the southward-convex, �100-km-wide Gangdese (or
Transhimalaya) Mountains have relatively high relief (�1.5 km) on their southern
flank (figs. 2A and 3). West of Xigaze city, the Gangdese Mountains generally taper
northward, dropping �500 m in elevation into the southern part of the internally
drained plateau-proper, and their crest roughly follows the divide between internal
and external drainage (figs. 2A and 3). North of Lhasa city, the northeast-southwest-
trending Nyainqentanglha Mountains form a prominent divide between internal and
external drainage (fig. 3). Near and to the east of Xigaze, the Gangdese Mountains are
deeply incised by tributaries of the Yalu River.

Roughly 300 km north of the YSZ is an east-west trending topographic depression
that includes numerous closed basins from Bangong Lake in the west to near Amdo
city in the east (fig. 3). This depression roughly marks the position of the Mesozoic
Bangong (-Nujiang) suture zone between the Qiangtang and Lhasa terranes (figs. 1
and 2). Westernmost Tibet exhibits higher relief than central Tibet because of river
incision during prior phases of external drainage (Gourbet and others, 2017).

Mean elevation increases northward from the Bangong suture to the crest of the
northward-convex Tanggula Mountains (figs. 1 and 2A). The Tanggula Mountains
define the southern boundary of a region of permafrost, which extends northward
across the Hoh-Xil region to the eastern Kunlun Mountains (fig. 1). Permafrost partial
melting during summer, extreme cold during winter and spring, and scarce freshwater
(even stream water is salty in many places) make the Tanggula Mountains and Hoh-Xil
region west of the Lhasa-Golmud Highway (fig. 1) the most inhospitable and least
investigated part of Tibet.

Active Tectonics
Geodetic studies indicate that India is converging �N20°E relative to Eurasia at a

rate of �36 mm/yr, and about half of this convergence (18–20 mm/yr) is accommo-
dated in the Himalayan thrust belt by slip along the Main Himalayan Thrust and its
updip southward imbricates including the Main Frontal Thrust (figs. 1, 2B, and 3;
Bilham and others, 1997; Avouac, 2003; Jouanne and others, 2004; Bettinelli and
others, 2006; Ader and others, 2012; Stevens and Avouac, 2015). Seismic reflection
profiles image the Main Himalayan Thrust (or basal Himalayan décollement) dipping
10 to 20° northward beneath the northern Himalaya to depths of 45 to 55 km (fig. 2B);
its down-dip extent has not been resolved north of the YSZ (Nelson and others, 1996;
Hauck and others, 1998; Makovsky and others, 1999; Schulte-Pelkum and others, 2005;
Nábělek and others, 2009; Gao and others, 2016). Combined geodetic and seismic
reflection data demonstrate that the Indian lower continental crust and underlying
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lithospheric mantle are actively underthrusting northward. The remainder of the
geodetic convergence is accommodated in a distributed manner across the Tibetan
Plateau and tectonically active mountain ranges in central Asia (Shen and others, 2000;
Zhang and others, 2004c).

From the Main Frontal Thrust to approximately the Himalayan crest, most active
deformation is characterized by folding and thrust faulting (Nakata, 1989; Mugnier
and others, 1994; Lavé and Avouac, 2001; Bettinelli and others, 2006; Ader and others,
2012; Bollinger and others, 2014; Avouac and others, 2015; Hossler and others, 2016;
Whipple and others, 2016; Wesnousky and others, 2017). Seismic activity in the thrust
belt is concentrated at depths of 10 to 15 km beneath the medial part of the southern
Himalaya (Pandey and others, 1999; Cattin and Avouac, 2000). Most of this activity is in
the form of microseisms, but the 2015 Gorkha, Nepal earthquakes involved two Mw �
7.2 events on low-angle segments of the Main Himalayan Thrust (Whipple and others,
2016; Elliott and others, 2016; Duputel and others, 2016; Jouanne and others, 2017).
Large, surface-rupturing earthquakes seem to be confined to the Main Frontal Thrust
system (for example, Sapkota and others, 2013; Bollinger and others, 2014). Between
the Himalayan crest and the Kunlun Mountains, surficial and upper crustal deforma-
tion are dominated by strike-slip and normal faulting (fig. 3; Tapponnier and Molnar,
1976; Taylor and Yin, 2009). The northwestern Tibetan Plateau is bounded by the
northeast-striking, left-lateral Altyn Tagh fault and its more easterly-striking splay
within the Western Kunlun Mountains (Karakax fault, fig. 3). The Altyn Tagh fault also
feeds slip southwestward into the Longmu-Gozha fault system, which extends to the
trace of the northwest-striking right-lateral Karakoram fault (fig. 3; Raterman and
others, 2007; Van Buer and others, 2015; Chevalier and others, 2017). The Karakoram
fault feeds slip southeastward into the top-to-the west-northwest Gurla Mandhata
detachment system (Murphy and others, 2002), which in turn links with the diffuse,
northwest-striking, dextral Western Nepal fault system (fig. 3; Murphy and Copeland,
2005; Murphy and others, 2014).

Other active faults in the northern Himalaya are mostly orogen-perpendicular
normal faults that localize late Miocene to active extensional basins (for a review see
DeCelles and others, 2018), the most prominent of which include those bounding the
Leo Pargil massif/horst (Thiede and others, 2006; Saylor and others, 2010), Thakk-
hola graben (Colchen, 1999; Hurtado Jr. and others, 2001; Garzione and others,
2003), Ama Drime massif/horst (Jessup and others, 2008b; Langille and others, 2010),
and the Yadong graben (Burchfiel and others, 1991; Cogan and others, 1998) (fig. 3).
The Zhada basin in the western northern Himalaya (figs. 1 and 3) may have been
generated by orogen-parallel stretching and crustal thinning between Leo Pargil and
Gurla Mandhata, along with incision by the Sutlej River (Murphy and others, 2009;
Saylor and others, 2010). Collectively, active faulting within the northern Himalaya
accommodates �30 mm/yr of orogen-parallel extension (Styron and others, 2011).
This extension is balanced in part by orogen-perpendicular contraction across the
western and eastern Himalayan syntaxes (Burg and others, 1997, 1998; Seeber and
Pêcher, 1998); the remainder results in lengthening of the Himalayan arc (Klootwijk
and others, 1985).

Most short-wavelength (�50 km) topographic relief in Tibet is related to rifting
along northerly-striking normal faults (fig. 3; Armijo and others, 1986; Taylor and
others, 2003). Within the Bangong suture depression, rifts are less prominent and
kinematically linked with longer-strike-length conjugate strike-slip faults (northwest-
striking and right-lateral in the south and northeast-striking and left-lateral in the
north) that accommodate distributed north-south shortening and eastward extrusion
(fig. 3, central Tibet conjugate zone, the right-lateral part of which is the Karakoram-
Jiali fault zone; Armijo and others, 1989; Taylor and others, 2003; Yin and Taylor,
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2011). The rate of east-west extension between 79°E and 93°E longitude is �22 mm/yr
(Zhang and others, 2004c). The northernmost rifts in Tibet cut orthogonally across
the crest of the Tanggula Mountains (Kapp and Guynn, 2004). Farther north, the
Hoh-Xil region exhibits distributed left-lateral strike-slip faults oriented sub-parallel to
the Altyn Tagh fault; to the east, left-lateral displacement is localized along the Kunlun
fault (Van der Woerd and others, 1998; Li and others, 2005; Fu and Awata, 2007;
fig. 3).

Lithospheric Structure
The thickness of the Himalayan-Tibetan crust varies spatially, generally increasing

northward across the Himalaya from �40 km to 65 to 70 km near the YSZ (Hauck and
others, 1998; Schulte-Pelkum and others, 2005; Nábělek and others, 2009; Gao and
others, 2016). The thickest crust, up to 85 to 90 km, is present beneath western Tibet
and the Lhasa terrane (Kind and others, 2002; Wittlinger and others, 2004). Crustal
thickness decreases northward and eastward to 60 to 70 km beneath the Qiangtang and
Hoh-Xil – Songpan-Ganzi terranes (fig. 2B; Vergne and others, 2002; Tseng and
others, 2009; Karplus and others, 2011; Zhang and others, 2011c). Tibetan crust, at
least locally beneath the rifts, contains layers of low-viscosity, partially-molten or
brine-bearing mid-crust that may be flowing in response to regional topographic
gradients (Bird, 1991; Fielding and others, 1994; Nelson and others, 1996; Royden and
others, 1997; Makovsky and Klemperer, 1999; Clark and Royden, 2000; Beaumont and
others, 2001; Klemperer, 2006; Hetényi and others, 2011).

The topography of Tibet is, at least partially, isostatically compensated by
lateral variations in the density of the lower crust and upper mantle. The lower part
of the thick crust of southern Tibet is interpreted to be eclogitized and underlain
by thick, cold lithosphere of the Indian plate (fig. 2B; Schulte-Pelkum and others,
2005; Hetényi and others, 2007; Nábělek and others, 2009). In contrast, the lower
part of the thinner northern Tibetan crust includes lower-density metasedimentary
rocks and is underlain by an anomalously hot mantle lithosphere as indicated by
inefficient S-wave propagation, low P-wave velocities, strong seismic anisotropy, and
very high-temperature lower crustal xenoliths in �3 Ma volcanic rocks (fig. 2B; Ni
and Barazangi, 1983; Brandon and Romanowicz, 1986; Owens and Zandt, 1997;
Hacker and others, 2000; Zhao and others, 2001; Pullen and Kapp, 2014). Most
geophysical images show the Indian mantle lithosphere to be underthrust subhori-
zontally beneath most or all of western Tibet (Zhou and Murphy, 2005; Nábělek
and others, 2009; Zhao and others, 2010). To the east, Indian mantle lithosphere
either underthrusts most of the Lhasa terrane (fig. 2B; Owens and Zandt, 1997;
DeCelles and others, 2002; Tilmann and others, 2003) or subducts more steeply
northward beneath a wedge of Asian mantle (Kosarev and others, 1999; Li and
others, 2008; Zhao and others, 2010). Potentially complicating seismic resolution is
that the Indian plate itself may be complexly deformed or torn beneath southern
Tibet (Yin, 2000; Liang and others, 2012, 2016; Razi and others, 2016). Despite the
evidence for northward underthrusting or subduction of Indian lithosphere, there
are no associated Benioff-like zones of intermediate-depth seismicity like those
beneath the Pamir (Roecker, 1982; Sippl and others, 2013; Kufner and others,
2016, 2017). Rather, the deepest seismicity is restricted to scarce events at near-
Moho depths beneath the southwestern Nyainqentanglha Mountains and to the
southwest beneath the northern Himalaya (Chen and Molnar, 1983; Jackson, 2002;
Chen and Yang, 2004). Given that fault plane solutions indicate �east-west
extension, Yin (2000) suggested that east-west extension may affect the entire
composite lithosphere, including the subducting Indian plate.
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Geological Framework
The Himalayan-Tibetan orogen is composed of a collage of continental crustal,

oceanic island arc, ophiolitic, and subduction-complex rocks separated by, or encom-
passed within suture zones along which former oceanic basins and substantial tracts of
continental lithosphere were subducted. The geological assemblages are lumped into
four first-order terranes—the Kunlun, Hoh-Xil, Qiangtang, and Lhasa—which are
bounded by the Kunlun, Jinsha, Bangong, and Indus-Yalu suture zones (fig. 1). The
sutures are generally younger southward and record the overall accretionary expan-
sion of the southern Asian continent during the Mesozoic – Cenozoic (Allègre and
others, 1984; Şengör, 1984; Chang and others, 1986; Dewey and others, 1988; Şengör
and Natal’in, 1996; Yin and Harrison, 2000). The most recent addition to the Asian
landmass is the Indian subcontinent, the upper crustal parts of which were shortened
and accreted within the Himalayan thrust belt as it drove into and beneath the Lhasa
terrane during the Cenozoic.

The Kunlun terrane is exposed in the western and eastern Kunlun Mountains (fig.
1). It consists of Archean to Proterozoic basement and Cambrian to Devonian and
Permian to Early Jurassic arc rocks (Şengör, 1984; Dewey and others, 1988; Matte and
others, 1996; Mattern and others, 1996; Cowgill and others, 2003; Roger and others,
2003). To the south of the Kunlun suture, the Tianshuihai – Hoh-Xil – Songpan-Ganzi
terrane (nomenclature from west to east) includes voluminous Triassic turbidite-
bearing strata (fig. 1; Nie and others, 1994; Zhou and Graham, 1996; Weislogel and
others, 2006; Enkelmann and others, 2007; Weislogel, 2008; Ding and others, 2013).
These rocks are interpreted as submarine fan deposits, the distal parts of which
accumulated on Paleo-Tethys oceanic lithosphere. The Triassic Paleo-Tethys ocean
basin included one or more intra-oceanic subduction zones and associated island arcs,
with the Yushu-Yidun arc in eastern Tibet being best documented (Reid and others,
2007; Yang and others, 2012; Wang and others, 2013). Triassic and older rocks in the
Hoh-Xil terrane are locally overlain by Upper Cretaceous through Miocene nonma-
rine strata (Pan and others, 2004; Wu and others, 2008; Staisch and others, 2014). The
Hoh-Xil terrane experienced major upper-crustal shortening during Late Triassic
through Middle Jurassic and Eocene through Oligocene time (Coward and others,
1988; Roger and others, 2008, 2010; Ding and others, 2013; Staisch and others, 2014,
2016).

The Qiangtang terrane has been divided into a northern Qiangtang terrane of
purported Cathaysian affinity, exposing mostly Triassic to Jurassic shallow marine and
nonmarine strata, and a southern Qiangtang terrane of Gondwana affinity, exposing
mostly upper Paleozoic to Jurassic marine strata (Metcalfe, 1988; Li and Zheng, 1993;
Li and others, 1995). Exposures of blueschist- and eclogite-bearing mélange define a
discontinuous, but enormous (up to 150-km-wide and �600-km-long) east-west trend-
ing belt of subduction complex rocks within the central part of the Qiangtang terrane
(figs. 1 and 4; Hennig, 1915; Li and others, 1995; Kapp and others, 2000, 2003b; Zhang
and others, 2006; Liang and others, 2017). Rare basement rocks in the southern
Qiangtang terrane consist of 476 to 471 Ma gneisses (Pullen and others, 2011b; Zhao
and others, 2014). The Qiangtang terrane has been above sea level since at least Early
Cretaceous time and experienced moderate shortening and syncontractional basin
development during Eocene – Oligocene time (fig. 5; for example, Kapp and others,
2003b, 2005).

Bangong suture-zone assemblages between the Qiangtang and Lhasa terranes
include Upper Triassic to Lower Cretaceous deep marine (turbiditic) strata, ophio-
lites, and mélanges (Girardeau and others, 1984a, 1985a; Pearce and Deng, 1988; Kapp
and others, 2003a, 2005, 2007a; Wang and others, 2008b; Baxter and others, 2009;
Dong and others, 2016; Zeng and others, 2016; Zhang and others, 2016b). The
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Fig. 5. Time-space-geology summary chart indicating timing of ophiolite generation, metamorphism,
magmatism, deformation, and sedimentation in the Himalayan-Tibetan orogen. Arrows indicate time
intervals of interpreted Neo-Tethyan trench advance and retreat.
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assemblages are intruded by Early Cretaceous granitoids and locally unconformably
overlain by marine or nonmarine Lower Cretaceous strata and uppermost Cretaceous
to Miocene nonmarine strata (fig. 5; for example, Kapp and others, 2003a, 2005,
2007a; DeCelles and others, 2007a). Jurassic to Early Cretaceous igneous and Lower
Cretaceous sedimentary rocks are widely exposed in the northern Lhasa terrane (Pan
and others, 2004). The Bangong suture zone and northern Lhasa terrane were
shortened and uplifted above sea level during Cretaceous development of the southward
younging northern Lhasa thrust belt (NLTB; figs. 2B, 4, and 5; Kapp and others, 2007a;
Volkmer and others, 2007, 2014; Rohrmann and others, 2012). The Bangong suture
zone and parts of the northern Lhasa terrane experienced thrust reactivation and
intermontane basin development during latest Cretaceous and Oligocene – early
Miocene time (fig. 5; Kapp and others, 2003a, 2007b; DeCelles and others, 2007a;
Volkmer and others, 2007, 2014).

The southern Lhasa terrane is dominated by the Gangdese (or Transhimalayan)
magmatic arc, composed predominantly of Mesozoic to Eocene intrusive and extrusive
igneous rocks (fig. 4; Maluski and others, 1982; Schärer and others, 1984; Coulon and
others, 1986; Debon and others, 1986). The arc edifice is represented by widely
exposed 69 to 44 Ma volcanic-bearing strata of the Linzizong Formation (figs. 2B and 4;
Coulon and others, 1986; He and others, 2007; Xu and others, 2015a; Zhu and others,
2015). The southern Lhasa terrane was uplifted above sea level by �100 Ma and
shortened by the Gangdese retroarc thrust belt (GRTB, figs. 2B, 4, and 5) that was
active (although possibly intermittently) between mid-Cretaceous and Eocene time
(Kapp and others, 2007b; Leier and others, 2007b; Pullen and others, 2008a).

Cenozoic “post-collisional” or “syn-collisional” (ultra)potassic and adakitic igne-
ous rocks are broadly distributed across Tibet (for example, Turner and others, 1996;
Ding and others, 2003; Chung and others, 2005; Chen and others, 2013; Ou and
others, 2017; figs. 2B and 4). The potassic-adakitic rocks are Eocene – Oligocene in the
Qiangtang terrane, late Oligocene – Miocene in the Lhasa terrane, and mostly
Miocene – Quaternary in the Hoh-Xil terrane (figs. 2B and 4; Ding and others, 2003).
All of the potassic-adakitic volcanic fields are flat-lying or gently tilted above angular
unconformities, indicating minimal upper-crustal shortening and exhumation since
their eruption.

The YSZ is marked by four belts of rocks that constitute, from north to south, the
Gangdese magmatic arc, Kailas basin, Xigaze forearc basin, and Xigaze accretionary
complex including ophiolites and mélanges (fig. 4). The Kailas basin is a narrow (�15
km) but extensive (�1300 km long) late Oligocene to early Miocene basin that onlaps
northward onto the Gangdese arc and rests in the footwall of the Miocene south-
dipping Great Counter thrust system to the south (figs. 2B and 4; Gansser, 1964; Yin
and others, 1999; Aitchison and others, 2002, 2009; Murphy and Yin, 2003; DeCelles
and others, 2011, 2016b; Leary and others, 2016a; Li and others, 2017c). In the central
part of the YSZ, the Great Counter Thrust carries the Xigaze forearc basin in its
hanging wall, whereas along strike to the west and east where the forearc basin is
absent, it carries other YSZ assemblages or Himalayan rocks in its hanging wall (fig. 4).
Miocene south-dipping thrust faults involve YSZ rocks to the south of, and locally
branch from the main trace of the Great Counter Thrust (Burg and others, 1987;
Ratschbacher and others, 1994; Yin and others, 1999). We refer to these faults
collectively as the Great Counter thrust system, and note that it and associated
north-vergent folds modified the primary structural architecture of the YSZ. South of
the Great Counter Thrust lies the Aptian – Eocene Xigaze forearc basin, a �6 km thick
upward-shoaling, mostly marine forearc basin that filled with detritus of mainly Lhasa
terrane affinity (Einsele and others, 1994; Dürr, 1996; Ding and others, 2005; Wang
and others, 2012; An and others, 2014; Orme and others, 2015; Hu and others, 2016b;
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Orme and Laskowski, 2016). Along its southern outcrop limit, the forearc basin is in
fault-, and locally depositional-, contact with the Xigaze accretionary belt, an assem-
blage of ophiolites, mélanges, and sedimentary rocks that represent the accretionary
prism that formed during Cretaceous – Paleocene northward subduction of Neo-
Tethyan oceanic lithosphere (Tapponnier and others, 1981; Burg and Chen, 1984;
Burg and others, 1987; Cai and others, 2012; Orme and Laskowski, 2016; An and
others, 2017).

The Himalayan thrust belt lies to the south of the Xigaze forearc basin and
accretionary belt, and consists of a southward verging orogenic wedge composed of
Paleo-Mesoproterozoic low-grade metasedimentary and metaigneous rocks (Lesser
Himalayan Sequence), Neoproterozoic-early Cambrian amphibolite-facies metasedi-
mentary rocks intruded by Cambrian-Ordovician plutons and Neogene leucogranites
(Greater Himalayan Sequence), Ordovician-Mesozoic sedimentary rocks (Tethyan
Himalayan Sequence), Cenozoic foreland basin deposits, and Neogene extensional
basin deposits (see reviews by Hodges, 2000; Martin, 2017; and DeCelles and others, in
review1). Although most Himalayan workers include Cambrian, or even upper Protero-
zoic, rocks in the Tethyan Himalayan Sequence, we restrict this term to rocks that are
above a prominent late Cambrian-early Ordovician unconformity, which is a preferred
allostratigraphic boundary (Wiesmayr and Grasemann, 2002; Gehrels and others,
2006a, 2006b; DeCelles and others, 2016a, in review2). Rocks below this unconformity
are commonly intruded by Cambrian-Ordovician plutons and dikes, whereas the rocks
above the unconformity are not, but typically contain detrital zircons derived from the
plutons below the unconformity. Cambrian rocks are known to be part of the Greater
Himalayan Sequence (for example, Parrish and Hodges, 1996; DeCelles and others,
2000; Steck, 2003), and a logical scheme would include all of the Cambrian rocks in the
same tectonostratigraphic package. We do not subscribe to schemes of Himalayan
tectonostratigraphy based on fault or shear zone locations (Searle and others, 2008) or
metamorphic grade (Goscombe and others, 2006, 2018; Searle and others, 2008). With
the exception of the Neogene extensional basins, all of the rocks in the Himalayan
thrust belt have been scraped off of India as it has underthrust the southern flank of
the Lhasa terrane. For purposes of brevity, in this paper we informally divide the
Himalaya into northern and southern parts on either side of the Himalayan topo-
graphic crest (figs. 1 and 4). Although this does not conform to the standard
geographical zonation used in many Himalayan studies (for examples, Hodges, 2000),
it is simple, does not require a lengthy explanation (as more commonly used alterna-
tives do), and yet sufficiently conveys critical geographic information. We are not
advocating abandonment of more commonly employed geographic zonations.

In the central part of the Himalaya, the brittle, top-to-the-north Miocene South
Tibetan Detachment fault is present more or less along the Himalayan topographic
crest (fig. 4), and juxtaposes Tethyan Himalayan Sequence strata or Neoproterozoic to
Cambrian Greater Himalayan Sequence rocks in the hanging wall against higher-grade
Greater Himalayan Sequence rocks in the footwall (Burg and Chen, 1984; Burchfiel
and others, 1992). We distinguish the brittle South Tibetan Detachment fault from the
underlying latest Oligocene to mid-Miocene top-to-the-north South Tibetan ductile
shear zone in footwall Greater Himalayan Sequence rocks (for example, Vannay and
others, 2004; Kellett and Grujic, 2012; timing summarized in Webb and others, 2017
and Goscombe and others, 2018). This is because the ductile shear zone is not limited

1 DeCelles, P. G., Carrapa, B., Ojha, T. P., Gehrels, G. E., and Collins, D., in review, Structural and
thermal evolution of the Himalayan thrust belt in Midwestern Nepal: Geological Society of America Special
Paper.

2 Ibid.
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to the Himalayan crest, but also crops out to the south within klippen in the southern
Himalaya (Kellett and Grujic, 2012; He and others, 2015, 2016; Soucy La Roche and
others, 2017; Kellett and others, 2019) and perhaps to the north in the northern
Himalayan gneiss domes (Larson and others, 2010; Wagner and others, 2010) (fig.
2B). Structurally lower, and to the south, the Greater Himalayan Sequence is juxta-
posed against the Lesser Himalayan Sequence by the top-to-the-south Main Central
Thrust (figs. 2B and 4; Heim and Gansser, 1939). Recent studies have documented a
number of mostly top-to-the-south “tectonometamorphic discontinuities” within the
lower part of the Greater Himalayan Sequence (for example, Carosi and others, 2018;
Goscombe and others, 2018). To simplify description, we henceforth refer to all
top-to-the-south shear zones in Greater Himalayan Sequence rocks as parts of the Main
Central Thrust system, and note that it was active at generally the same time as
top-to-the-north motion on the South Tibetan Detachment and shear zone (Main
Central Thrust system timing summarized in Goscombe and others, 2018). Surficial
thrusting subsequently propagated southward into Lesser Himalayan rocks, first as the
Ramgarh/Munsiari Thrust (�14–12 Ma) and then into a system of splay thrusts
(�11–5 Ma) that form a large duplex in Lesser Himalayan rocks beneath the Ramgarh
and Main Central Thrusts (DeCelles and others, 2001, 2016a; Mitra and others, 2010;
Long and others, 2011; Robinson and McQuarrie, 2012; Webb, 2013; Robinson and
Martin, 2014). Thrusting propagated southward to the Main Boundary Thrust system
by latest Miocene time (Meigs and others, 1995; Burbank and others, 1996; DeCelles
and others, 2001; Chirouze and others, 2013), juxtaposing the Lesser Himalayan
Sequence in the hanging wall against Miocene-Pliocene foreland basin strata of the
Siwalik Group in the footwall, and then to the Main Frontal Thrust since �2 Ma
(Powers and others, 1998; Chirouze and others, 2013; DeCelles and others, in review3)
(figs. 2B and 4). Both the Main Boundary and Main Frontal Thrusts are active during
the Holocene (Nakata, 1989; Mugnier and others, 1994; Lavé and Avouac, 2000;
Burgess and others, 2012; Hossler and others, 2016).

triassic -- early cretaceous tectonic evolution of northern tibet

In this section, we summarize the closure history of the Paleo-Tethys ocean
between the Kunlun and Qiangtang terranes and tectonic events that may have
occurred during the early stages of Meso-Tethys oceanic subduction between the
Qiangtang and Lhasa terranes and Neo-Tethys oceanic subduction northward beneath
the southern margin of the Lhasa terrane.

Paleo-Tethys Ocean Closure
Permian – Jurassic magmatism in the Kunlun terrane is attributed to northward

subduction of Paleo-Tethys oceanic lithosphere beneath the southern Asian margin
(Şengör, 1984; Dewey and others, 1988; Yin and Harrison, 2000; Roger and others,
2003). Tectonically, the closure style of the Paleo-Tethys may have been similar to that
of the Cenozoic Mediterranean, with Triassic continental collision between the North
and South China blocks to the east and coeval subduction zone retreat and opening of
marginal backarc ocean basins to the west as Gondwana-affinity terranes drifted
northward (fig. 6A; Pullen and others, 2008b). In addition to rapidly generating
accommodation for the thick, mostly Upper Triassic turbiditic strata within the
Hoh-Xil – Songpan-Ganzi basin, slab rollback may explain the broad distribution and
geochemical compositions of syndepositional igneous rocks that intruded the Triassic
strata (de Sigoyer and others, 2014; Zhang and others, 2014b).

3 Ibid.
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Fig. 6. Schematic paleogeographic and paleotectonic reconstructions from (A) 220 Ma to (H) 90 Ma.
Arrow-tipped dotted lines show sediment dispersal patterns that are consistent with sedimentary paleocur-
rent and/or provenance data. Abbreviations are as follows: GRTB, Gangdese retroarc thrust belt; GSBT,
Gerze-Siling backthrust; NLTB, north Lhasa thrust belt.
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Fig. 6. (continued).
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The southern part of the Paleo-Tethys was also subducting southward beneath the
Qiangtang terrane during Triassic – Early Jurassic time along the Jinsha suture (figs. 6A
and 7A). The Hoh-Xil – Songpan-Ganzi terrane was strongly shortened and uplifted
above sea level during the Late Triassic (in the east) to Middle Jurassic (in the west)
(Roger and others, 2008, 2010; Ding and others, 2013). Magmatic, sedimentary, and
thermochronologic records suggest a 200 to 190 Ma age for the final consumption of
oceanic lithosphere between the Kunlun and Jinsha sutures (figs. 5, 6B, and 7B; Dewey
and others, 1988; Roger and others, 2010; Yang and others, 2012; Ding and others,
2013; Zhang and others, 2014b).

High-Pressure Mélange Within the Qiangtang Terrane
Central Qiangtang mélange is dominated by a siliciclastic matrix and includes

blocks of Gondwanan-affinity Paleozoic – Triassic strata, Paleo-Tethys arc-affinity
sandstone, marble, ophiolitic rock, and amphibolite-, blueschist- and eclogite-facies
metabasite and schist (Hennig, 1915; Li and others, 1995; Kapp and others, 2000,
2003b; Zhang and others, 2006; Pullen and others, 2008b; Liang and others, 2017).

Fig. 6. (continued).
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The mélange was metamorphosed at high pressure between 244 and 230 Ma (Pullen
and others, 2008b; Zhai and others, 2011) and exhumed to upper-crustal levels
between 225 and 204 Ma (Kapp and others, 2000, 2003b; Liang and others, 2017). The
Qiangtang mélange has been interpreted to mark the trace of the Longmu Co –
Shuang Hu suture, along which the southern Qiangtang terrane was subducted
northward beneath the northern Qiangtang terrane (Li and others, 1995; Zhang and
others, 2006; Wu and others, 2015). Where mapped in detail, however, the mélanges
are structurally beneath Gondwanan-affinity continental margin strata in the footwalls
of 225 to 204 Ma domal, low-angle normal faults (Kapp and others, 2003b; Gehrels and
others, 2011; Pullen and others, 2011b). Given this structural setting, and the coeval
timing of mélange formation and exhumation and southward subduction along the
Jinsha suture, it was suggested that the rocks in the mélange were underthrust
southward beneath the Qiangtang continental margin from the Jinsha suture during a
phase of flat-slab subduction (Kapp and others, 2000). The mélange was subsequently
exhumed by extension in an intracontinental setting during northward rollback of the
Paleo-Tethys oceanic slab (figs. 6A and 7A; Kapp and others, 2000). Regardless of
which, if either, interpretation is correct, one conclusion can be made—if there is an
additional suture in the Qiangtang terrane, its trace must be located to the north of the
northernmost exposures of mélange, which in the west are as close as �25 km to the
Jinsha suture (fig. 1; Tang and Zhang, 2014). Additionally, widespread Jurassic strata in
the Qiangtang terrane probably obscure the full spatial extent of exhumed mélange.

Assembly of the Lhasa Terrane
The Lhasa terrane was located along the northern margin of Gondwana near

Greater India (Şengör, 1984; Metcalfe, 1988) or northwestern Australia (Audley-
Charles, 1983; Zhu and others, 2011a) during the late Paleozoic. The oldest rocks in
the central Lhasa terrane include �856 Ma orthogneisses that underwent amphibolite-
facies metamorphism between 690 and 660 Ma (Dong and others, 2011b) and �766 to
760 Ma gabbros (Hu and others, 2018). Cambrian to Devonian marine strata are
locally exposed, whereas Carboniferous – Permian strata are more widespread (Pan
and others, 2004). Permian volcanic-bearing sequences in the central Lhasa terrane
and an east-west-trending belt of Permian – Triassic eclogite-facies metabasites �120
km east-northeast of Lhasa city have been interpreted in the context of a south-facing
ocean-continent convergent margin and an additional suture within the Lhasa terrane
(the Luobadui-Mila suture; figs. 6A and 7A; Yang and others, 2009; Zhu and others,
2009c, 2010; Cheng and others, 2012; Zhang and others, 2014d; Weller and others,
2016). The central Lhasa terrane records high-grade metamorphism and S-type
magmatism between 225 and 192 Ma, attributed to crustal thickening during colli-
sional orogenesis following ocean closure along the Luobadui-Mila suture (figs. 5 and
6A, Pullen and others, 2008a; Dong and others, 2011a; Zhang and others, 2014d;
Weller and others, 2015, 2016; Zhou and others, 2017).

Meso-Tethys Oceanic Subduction and the Amdo Arc Terrane
Opening of the Meso-Tethys ocean commenced by the Permian (Fan and others,

2015) and continued throughout Triassic – Early Jurassic time (figs. 6A and 7A;
Schneider and others, 2003; Baxter and others, 2009). An unknown length of
Meso-Tethys oceanic lithosphere was consumed along the Bangong suture zone
between the Qiangtang and Lhasa terranes. Subduction of Meso-Tethyan oceanic
lithosphere initiated at �200 Ma along the central Bangong suture (Zhang and others,
2016b; Li and others, 2017b), coeval with final closure of the Paleo-Tethys ocean (fig.
5). Ophiolitic and boninitic (forearc-indicative) rocks within the Bangong suture zone
generally yield crystallization ages between 188 and 162 Ma (fig. 5; Shi and others,
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2004; Shi, 2007; Baxter and others, 2009; Liu and others, 2014b; Liu and others, 2016b;
Wang and others, 2016a; Huang and others, 2017a).

The Amdo micro-terrane within the eastern Bangong suture zone (figs. 1 and
4) is bounded by belts of ophiolitic rocks and includes 920 to 820 Ma and 540 to 460
Ma orthogneisses (Xu and others, 1985; Coward and others, 1988; Guynn and
others, 2006, 2012; Zhang and others, 2012c). Amdo gneisses experienced high-
pressure (equivalent to �50-km-depth) granulite-facies metamorphism at �191
Ma, amphibolite-facies metamorphism between 181 and 178 Ma, granitoid intru-
sion between 190 and 170 Ma, and rapid exhumation to mid-crustal levels between
170 and 165 Ma (fig. 5; Guynn and others, 2006, 2012; Zhang and others, 2014d;
Yan and others, 2016; Liu and others, 2017).

We suggest that suturing of the Qiangtang – Hoh-Xil – Kunlun terranes at 200 to
190 Ma may have induced northward subduction of Meso-Tethys oceanic lithosphere,
along with underthrusting of the Amdo terrane beneath the Qiangtang terrane
(figs. 6B and 7B). Subsequent rollback of the Meso-Tethys slab may have led to
ophiolite generation in the upper plate (between �188 and 162 Ma) and rifting of the
Amdo terrane from the Qiangtang terrane (figs. 6C and 7C). The Amdo terrane is
interpreted to have accreted back to the Qiangtang terrane at 170 to 165 Ma,
synchronous with the beginning of arc magmatism and southward retreat of marine
facies within the southern Qiangtang terrane (figs. 6D, 7D, and 8A; Kapp and others,
2005; Guynn and others, 2006; Pullen and others, 2011b; Liu and others, 2014a, 2017;
Fan and others, 2016; Li and others, 2016a, 2016b; Wu and others, 2016; Ma and
others, 2018). A Jurassic igneous-metamorphic complex similar to the Amdo terrane is
exposed within the Bangong suture zone �500 km to the southeast near Basu (fig. 1;
500–492 Ma protolith, 186–174 Ma granitoid intrusions, �173 Ma metamorphism,
�165 Ma exhumation; Li and others, 2017a). Given this, together with the along-
strike consistency in the timing of ophiolite generation and magmatism in central
Tibet, it is likely that the Amdo terrane extended farther along strike of the orogen,
but has in most other places either been buried by sediment or underthrust
beneath the Qiangtang terrane (Guynn and others, 2006). No documented Ceno-
zoic analogs exist for the proposed history of induced subduction, coeval under-
thrusting, and subsequent rifting and ophiolite generation along a continental
margin (Stern, 2004). As such, the model described here is highly speculative and
alternatives should be considered.

Magmatism also initiated in the northern Lhasa terrane at �170 Ma (fig. 8A),
coeval with amalgamation of the Amdo and Qiangtang terranes. This may indicate
initiation of bivergent double subduction (northward and southward) of Meso-Tethys
oceanic lithosphere (figs. 6D and 7D; Zhu and others, 2011b, 2016). This interpreta-
tion contrasts with the widely held previous view that Jurassic (and Early Cretaceous)
magmatism in the northern Lhasa terrane was related to northward low-angle subduc-
tion of Neo-Tethys oceanic lithosphere on the southern side of the Lhasa terrane
(Coulon and others, 1986; Matte and others, 1996; Yin and Harrison, 2000; Kapp and
others, 2005, 2007a), which has been shown to be incompatible with the Jurassic –
Cretaceous Gangdese magmatic arc record (Zhu and others, 2009d).

Neo-Tethys Oceanic Subduction and the Zedong Arc Terrane
The oldest, Mesozoic Gangdese arc magmatic rocks interpreted to be related to

northward subduction of Neo-Tethys oceanic lithosphere are Middle to Late Triassic
in age (Ji and others, 2009; Wang and others, 2016b). Additional studies are needed to
determine the timing relations and potential geodynamic linkages between Triassic
collisional orogenesis along the Luobadui-Mila suture and initiation of Neo-Tethys
oceanic subduction. The Gangdese arc experienced bimodal volcanism between 195
and 174 Ma, possibly in an extensional setting, and a magmatic lull between 174 and
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156 Ma (figs. 5, 6C and 6D, 7C and 7D, and 8A; Zhu and others, 2008, 2011b; Ji and
others, 2009; Kang and others, 2014; Wei and others, 2017). The 174 to 156 Ma
Gangdese magmatic lull was coeval with the first of two major episodes of ophiolite
generation within the YSZ (for example, the Spontang, Kiogar, and Luobusa
ophiolites; Pedersen and others, 2001; Hébert and others, 2012) and magmatism in
the Zedong arc (Aitchison and others, 2000; McDermid and others, 2002; Zhang
and others, 2014a) (fig. 5), which is restricted to a small (�25 km by �2 km)
exposure within the eastern part of the YSZ (fig. 4). It is debated whether the
Zedong arc developed in an intra-oceanic setting (Aitchison and others, 2000;

Fig. 8. Temporal and spatial distribution of igneous rocks in Tibet between the longitudes of 81°E and
91.8°E. (A) Arc-normal distance of 200–40 Ma igneous rocks from the Yalu suture versus age. (B) Relative
probability curves of igneous rock ages in the Gangdese arc (0–100 km from suture), northern Lhasa terrane
(100–250 km from suture), and Qiangtang terrane (250–400 km from suture). The compiled data and their
sources are available online in the Tibetan magmatism database of Chapman and Kapp (2017). The vast
majority of the ages are weighted mean U-Pb zircon ages. Some 40Ar/39Ar ages are included, but only for
volcanic rocks, and they were filtered by removing analyses with complex age spectra and those potentially
compromised by argon loss due to burial or magmatic reheating. Igneous rocks of all types and compositions
were included; specific compositions are noted in text when relevant to tectonic interpretations. The age
distributions of intrusive and extrusive rocks are broadly similar and were combined to maximize resolution
of temporal-spatial patterns. The compilation is incomplete given the rapidly growing abundance of
published data, and biased toward Cretaceous and Cenozoic rocks. Age range of Sangri/Yeba volcanic rocks
is from Zhu and others (2008) and Kang and others (2014).
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McDermid and others, 2002) or represents a part of the Gangdese arc (Zhang and
others, 2014a).

We suggest that southward rollback of the Neo-Tethys oceanic slab accelerated at
�174 Ma and may have led to ophiolite generation in a forearc setting and rifting of
the Zedong arc from the Lhasa terrane margin (figs. 6D and 7D). The Zedong arc may
have accreted back to the Asian margin at �155 Ma, during which magmatism ceased
in the Zedong arc and reinitiated in the Gangdese arc (figs. 5, 6E, and 7E). Between
155 and 132 Ma, the central Lhasa terrane shortened across east-west striking thrust
faults (Murphy and others, 1997; Ding and Lai, 2003) and shed sediment northward
into the Meso-Tethys ocean (Zhang and others, 2011a) and southward into the
near-sea-level southern Lhasa terrane (Leeder and others, 1988; Leier and others,
2007b) (figs. 6E and 7E).

early cretaceous tectonics in the yalu suture zone and lhasa terrane
(132-120 ma)

The Lhasa terrane was fully consolidated by Early Cretaceous time, setting the
stage for the onset of subduction-related events along its southern margin that would
establish the geological foundation of what would eventually evolve into the India –
Asia collision zone. Key elements of this part of the story include the Gangdese
magmatic arc, Xigaze forearc basin, and ophiolitic rocks and structurally underlying
mélanges. The northern Lhasa terrane also experienced Early Cretaceous magmatic
and tectonic activity leading up to terminal Lhasa – Qiangtang collision.

The Gangdese-Xigaze Arc-Trench System
The Gangdese magmatic arc, which was already well developed by Jurassic time,

experienced a lull in activity during the Early Cretaceous until �120 Ma (figs. 5 and 8).
An explanation for this lull that is compatible with coeval events documented farther
south (see below) is that the Neo-Tethys oceanic slab rolled back southward relative to
Asia while ophiolitic rocks were created in a forearc extensional setting (figs. 6F and
7F; Dai and others, 2013b; An and others, 2014; Maffione and others, 2015; Griffin and
others, 2016; Xiong and others, 2016; Butler and Beaumont, 2017).

The Xigaze forearc basin is preserved in an east-west trending synclinorium (fig. 4;
Burg and Chen, 1984; Einsele and others, 1994; Orme and others, 2015). Despite the
fact that a depositional contact with the Gangdese arc rocks has never been docu-
mented, the Xigaze forearc basin is widely interpreted to have developed proximal to
the Gangdese continental margin arc (Tapponnier and others, 1981; Burg and Chen,
1984; Einsele and others, 1994; Dürr, 1996). The only allochthonous interpretation for
the Xigaze forearc is that of Aitchison and others (2011), who proposed that it was
translated to its current position in the YSZ from near Myanmar by dextral strike-slip
faulting during the Late Cretaceous. However, this is not supported by U-Pb detrital
zircon data from �85 Ma Xigaze forearc strata, which are consistent with a Lhasa
terrane provenance (fig. 9, to be discussed in a subsequent section).

The contact between the Xigaze forearc basin and suture-zone assemblages to the
south is in most places a south-dipping fault associated with the early Miocene Great
Counter thrust system (Burg and Chen, 1984; Ratschbacher and others, 1994; Ding
and others, 2005; Sanchez and others, 2013; Laskowski and others, 2017). There are
several localities along the length of the Xigaze forearc basin, however, where its basal
strata have been interpreted to sit depositionally on ophiolitic rocks (Nicolas and
others, 1981; Girardeau and others, 1984b, 1985b, 1985c; Einsele and others, 1994;
Wang and others, 2012; An and others, 2014; Huang and others, 2015; Maffione and
others, 2015; Orme and Laskowski, 2016; Laskowski and others, 2017). These deposi-
tional contacts would be impossible if the ophiolites formed above an intra-oceanic
subduction zone as suggested by Aitchison and others (2000, 2007) at sub-equatorial
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Fig. 9. Relative probability curves of igneous rock ages in the northern Lhasa terrane and Gangdese arc
between the longitudes of 81°E and 91.8°E (Chapman and Kapp, 2017) compared to those of U-Pb detrital
zircon ages in Xigaze forearc strata (Wu and others, 2010; Aitchison and others, 2011; An and others, 2014;
Orme and others, 2015; Hu and others, 2016b; Orme and Laskowski, 2016) and Paleocene – Eocene
northern Himalayan strata (Najman and others, 2010; Hu and others, 2012, 2015; DeCelles and others, 2014;
Wu and others, 2014; Li and others, 2015b).
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latitudes (based on a paleomagnetic study be Abrajevitch and others, 2005). With
respect to the Abrajevitch and others (2005) work, a more recent paleomagnetic study
yielded a paleolatitude of 16.5 � 4°N after correction for compaction-induced
inclination shallowing, indistinguishable from that of the Lhasa terrane during the
Early Cretaceous (Huang and others, 2015).

Ophiolites to the south of the Xigaze forearc basin (fig. 4) crystallized between
132 and 125 Ma (Malpas and others, 2003; Dai and others, 2012a, 2013b; Hébert and
others, 2012; Chan and others 2015; Zhang and others, 2016a), are locally overlapped
by 132 to 112 Ma chert-bearing strata (Ziabrev and others, 2003), and are underlain by
ophiolitic mélanges that include blocks of 132 to 123 Ma amphibolites interpreted as
remnants of a dismembered metamorphic sole (Guilmette and others, 2009, 2012).
Ophiolites of similar age are present along the Indus suture in Ladakh (fig. 1; for
example, the Nidar ophiolite; Zyabrev and others, 2008) and as far southeast as
Myanmar (Liu and others, 2016a). The contact at the base of the ophiolitic rocks is
assumed to have originally been the top of a north-dipping subduction channel,
referred to as the Yalu/Yarlung Zangbo (or Main) Mantle thrust (Tapponnier and
others, 1981; Burg and Chen, 1984; Burg and others, 1987; Ratschbacher and others,
1994; Ding and others, 2005).

The Early Cretaceous YSZ ophiolites likely formed in a forearc extensional setting
during slab rollback or subduction (re)initiation along the Asian margin (figs. 6F and
7F, Dai and others, 2013b; An and others, 2014; Maffione and others, 2015; Griffin and
others, 2016; Xiong and others, 2016; Butler and Beaumont, 2017). This tectonic
model explains: (1) the coeval generation of ophiolites and initial deposition of Xigaze
forearc strata; (2) anomalously thin or locally absent sections of oceanic crust (Pozzi
and others, 1984; Girardeau and others, 1985b, 1985c), with forearc strata sitting in
depositional contact on mantle rocks and ophiolitic mélanges in places (Huang and
others, 2015; Maffione and others, 2015; Orme and Laskowski, 2016; Laskowski and
others, 2017); (3) the sub-continental mantle signature of ultrahigh-pressure minerals
found in some YSZ ophiolites (Griffin and others, 2016); and (4) the coeval magmatic
lull in the Gangdese arc (Xiong and others, 2016; figs. 5 and 8). Furthermore, the two
episodes of forearc ophiolite generation along the southern margin of Asia (figs. 6D
through 6F and 7D through 7F) explain why some YSZ ophiolitic massifs exhibit both
Jurassic and Early Cretaceous crystallization ages (Griffin and others, 2016; Xiong and
others, 2017a, 2017b).

YSZ subduction-complex rocks are diverse in age and lithology. The most wide-
spread unit is a siliciclastic-matrix mélange that has been referred to as ‘wildflysch with
exotic blocks’, the Yamdrok mélange, or Bainang terrane, among other local names
(Gansser, 1964; Shackelton, 1981; Tapponnier and others, 1981; Burg and others,
1987; Searle and others, 1987, Liu and Einsele, 1996; Aitchison and others, 2000; Liu
and Aitchison, 2002; Cai and others, 2012; Metcalf and Kapp, 2017). Blocks in the
mélange are dominated by Neo-Tethys ocean plate stratigraphy, but also include
northern Himalayan strata as young as late Paleocene in age (Burg and others, 1987;
An and others, 2017; Metcalf and Kapp, 2017) and Deccan Trap-like intra-plate
volcanic rocks (Dupuis and others, 2005). The mélange is interpreted to have formed
before and during initial entry of the northern Indian continental margin into the
Asian trench (Burg and others, 1987) or an intra-oceanic trench (Aitchison and
others, 2000). Ophiolitic rocks are in places structurally interlayered with and under-
lain by imbricated thrust sheets of Triassic to Aptian chert-dominant strata, interpreted
as accreted Neo-Tethys ocean plate stratigraphy (Tapponnier and others, 1981;
Ziabrev and others, 2003, 2004; Cai and others, 2012). A southward-younging Aptian to
Paleocene accretionary complex is locally exposed south of the ophiolites (Cai and
others, 2012; Li and others, 2015a). YSZ accretionary complex rocks include sandstones
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with zircon U-Pb ages and εHf values that are similar to those of the Xigaze forearc
basin and igneous rocks in the Lhasa terrane, providing further evidence that the
ophiolites to the north formed adjacent to the Asian margin (figs. 6F and 6G and 7F
and 7G; Cai and others, 2012; Li and others, 2015a; An and others, 2017; Metcalf and
Kapp, 2017).

Considered in totality, the age of the Xigaze ophiolites, the age and provenance of
the basal Xigaze forearc basin fill, the locally exposed depositional contact between
them, and the age and provenance of subduction complex rocks to the south of the
ophiolites are all consistent with the Xigaze forearc-trench system having formed along
the southern margin of the Lhasa terrane (Tapponnier and others, 1981; Burg and
Chen, 1984), rather than far offshore in the Neo-Tethys ocean (Aitchison and others,
2000, 2007; Hébert and others, 2012; Gibbons and others, 2015; Jagoutz and others,
2015).

Lhasa Terrane Events (132–120 Ma)
In the northern Lhasa terrane, deposition of volcanic-bearing clastic marginal-

marine strata commenced at 138 to 131 Ma above a regional angular unconformity and
transitioned into shallow-marine limestones between 120 and 110 Ma (figs. 6F and 6G
and 7F and 7G; Zhang and others, 2004b; Volkmer and others, 2007; Ma and others,
2014). This subsidence has been attributed to initial Lhasa – Qiangtang collision
(Leeder and others, 1998; Leier and others, 2007b; Volkmer and others, 2007),
development of the Gangdese retroarc thrust belt (Zhang and others, 2011a), and
backarc extension (Zhang and others, 2004b, 2012a). The regional onset of deposition
may also signal termination of the prior phase of Lhasa terrane shortening. Geological
data are at present insufficient to distinguish among these and other possibilities.

lhasa -- qiangtang collision and cordilleran-style asian margin (120-90 ma)

Lhasa – Qiangtang Collision and Lhasa Terrane Tectonics
Deep-marine sedimentation continued along the central Bangong suture zone

until at least 125 to 121 Ma (Kapp and others, 2007a; Baxter and others, 2009). Lhasa –
Qiangtang continental collision occurred by �118 Ma at the longitude of Nima (figs. 1
and 4), when nonmarine strata began to accumulate on an angular unconformity
above transposed, marine turbiditic strata (fig. 5; Kapp and others, 2005, 2007a).
Suturing was diachronous along strike (Yin and Harrison, 2000), occurring earlier in
the east near Amdo at �130 Ma (fig. 6F; Guynn and others, 2006) and later in
westernmost Tibet at �100 Ma (Matte and others, 1996; Liu and others, 2014a). Early
Cretaceous calc-alkaline and high-K calc-alkaline magmatism spanned the northern
Lhasa terrane, Bangong suture zone, and southern Qiangtang terrane (figs. 6G and
8A). The 120 to 105 Ma (peaking at �111 Ma) high-flux magmatism in the northern
Lhasa terrane (fig. 8B) has been attributed to foundering of Meso-Tethys oceanic
lithosphere following initiation of Lhasa – Qiangtang collision (fig. 7G; Zhu and
others, 2016).

In the northern Lhasa terrane, �120 to 96 Ma shallow-marine limestone was
deposited in a foreland basin peripheral to the Lhasa – Qiangtang collision zone (figs.
6G and 7G; Leier and others, 2007b; BouDagher-Fadel and others, 2017 and refer-
ences therein). Within the Bangong suture zone, the northernmost exposures of
mid-Cretaceous limestone terminate against the south-dipping, north-vergent Gerze –
Siling backthrust (GSBT, figs. 2B, 4, 6G, and 7G). Footwall rocks include nonmarine
conglomerates of overlapping age (118–90 Ma; Kapp and others, 2007a; DeCelles
and others, 2007a). Similar-aged conglomerates are present in the footwall of a
north-dipping, south-vergent thrust system to the north, which defines the boundary
between the Qiangtang terrane and Bangong suture zone (figs. 6G and 7G). The
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Cretaceous nonmarine intermontane basin rocks in the Bangong suture zone experi-
enced �50 percent shortening, approximately two-thirds of which occurred prior to
the Cenozoic. Thrusting was demonstrably active between 120 and 90 Ma (Kapp and
others, 2007a).

North-dipping thrust faults propagated southward into the northern Lhasa thrust
belt by �105 Ma (Volkmer and others, 2007, 2014) and involve 96 to 91 Ma nonmarine
strata (Sun and others 2015b) (figs. 4, 5, 6H, and 7H). The absence of marine strata
younger than �96 Ma in Tibet, north of the Gangdese forearc, suggests that it has been
above sea level since this time. The southern Lhasa terrane was shortened by the
north-vergent Gangdese retroarc thrust belt (figs. 2B, 4, 6H, and 7H; Kapp and others,
2007b; Pullen and others, 2008a). Near Lhasa, nonmarine upward-coarsening clastic
red beds between 105 and 90 Ma with generally northward paleocurrent indicators
have been interpreted as retroarc flexural foredeep deposits (Leier and others,
2007a). Both the northern Lhasa and Gangdese retroarc thrust belts accommodated
�50 percent north-south shortening between �105 and 50 Ma (Kapp and others,
2003a, 2007b; Volkmer and others, 2007, 2014); whether shortening was continuous or
episodic during this time interval is unknown.

Cordilleran-Type Margin in the Southern Lhasa Terrane
Between 120 and 100 Ma, a Cordilleran-style orogen developed in southern Tibet

(Burg and others, 1983; Chang and others, 1986; England and Searle, 1986; Coward
and others, 1988; Ratschbacher and others, 1992; Kapp and others, 2007b; figs. 6G and
7G). Magmatism resumed within the Gangdese arc (fig. 8) and turbidites accumulated
in the Xigaze forearc basin. Detrital zircons in �85 Ma Xigaze forearc strata yield U-Pb
age populations with peaks at �158 Ma and 109 Ma (fig. 9; Wu and others, 2010;
Aitchison and others, 2011; An and others, 2014; Orme and others, 2015; Hu and
others, 2016b; Orme and Laskowski, 2016). The �158 Ma forearc population overlaps
with the age of the Zedong arc (fig. 9; McDermid and others, 2002; Zhang and others,
2014a), and may suggest that this arc was more extensive along strike in an inner
forearc setting (figs. 6G and 7G). Alternatively, or in addition, Jurassic igneous rocks in
the northern Lhasa terrane (figs. 8 and 9) could have provided detritus into the
forearc either directly or indirectly via sediment recycling (figs. 6G and 6H). The �109
Ma forearc age peak coincides with the �111 Ma high-flux magmatic event in the
northern Lhasa terrane (figs. 8 and 9; Zhu and others, 2009b, 2016). These data
reinforce the notion that the Xigaze forearc basin developed along the Lhasa terrane
margin before 85 Ma.

Cretaceous Deformation in the Qiangtang Terrane
The largest structure in the Qiangtang terrane is a �600 km long and up to

240-km-wide, east-plunging antiformal culmination, defined by Paleozoic strata and
mélange in its core (fig. 4; Yin and Harrison, 2000). Most of the growth and erosional
exhumation of the antiform occurred during the Cretaceous, as indicated by thermo-
chronologic studies and exposures of gently dipping Cretaceous volcanic rocks sitting
above angular unconformities (Kapp and others, 2003b, 2005; Li and others, 2010;
Rohrmann and others, 2012; Song and others, 2013). The youngest marine strata in
the Qiangtang terrane are �125 Ma near the eastern termination of the antiform (Li
and Batten, 2004). The Qiangtang culmination is interpreted as an anticline that
formed above a north-dipping mid-crustal thrust ramp-to-flat transition (figs. 6G
and 7G); accordingly, its north-south width (up to 240 km in the west and tapering
to the east) may provide an estimate for the magnitude of shortening required to
produce it.
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The Putative “Greater India Basin”
The relative motion between India and stable Asia is constrained by plate circuit

reconstructions (fig. 10; Molnar and Tapponnier, 1975; Patriat and Achache, 1984;
Besse and Courtillot, 1988; Dewey and others, 1989; Molnar and Stock, 2009; Copley
and others, 2010; van Hinsbergen and others, 2011b; White and Lister, 2012; Zahirovic
and others, 2012; Gibbons and others, 2015). Although differences exist among the
reconstructions because of the different rotation models, time scales, and interpolation
methods used, all reconstructions show �3000 km of convergence since 50 Ma and �4000
km since 60 Ma. If no oceanic lithosphere remained to be subducted at these times, then
all of this convergence must have been accommodated by deformation and subduction of
continental lithosphere. A similar convergence history is also suggested by the paleomag-
netically-determined apparent polar wander paths for Eurasia and India (Klootwijk, 1984;
Torsvik and others, 2012; Hu and others, 2016a). Present estimates of total shortening in
the Himalaya (DeCelles and others, 2002; Long and others, 2011; Webb, 2013) plus total
Cenozoic shortening in Asia (van Hinsbergen and others, 2011a, 2019) are �2000 km,
which leaves a roughly equal amount of convergence that is not accounted for by upper
crustal shortening if collision between Indian and Asian continental lithosphere was
underway by �60 Ma (Yin and Harrison, 2000; Ding and others, 2005; DeCelles and
others, 2014; Hu and others, 2016a).

Based on analysis of paleomagnetic data, van Hinsbergen and others (2012)
suggested the mismatch between convergence and shortening can be explained with a
model in which the northern Himalaya rifted �2000 km northward from India as a
microcontinent during the mid-Cretaceous, accompanied by opening of an interven-
ing oceanic “Greater India basin.” In this model, the northern Himalayan microconti-
nent collided with Asia during Paleocene-Eocene time (fig. 11A), after which the
Greater India basin subducted northward beneath Asia until continental India collided at

Fig. 10. Reconstructions of India – Eurasia convergence (black dashed and solid lines; van Hinsbergen
and others, 2011b; Gibbons and others, 2015) and the rate of oceanic spreading between India and Africa
(red line; Cande and Patriat, 2015).
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25 to 20 Ma along a cryptic subduction zone located within the Greater Himalayan
Sequence or along the Main Central Thrust (figs. 2B and 4). Subsequent research has
shown that the investigated northern Himalayan rocks experienced post-depositional
remagnetization, and thus cannot be used to provide robust paleolatitude estimates
(Huang and others, 2017b); this removes the evidence for, but does not disprove the
hypothesis of a Greater India basin (van Hinsbergen and others, 2019). In any case,
significant paleolatitudinal separation between India and the northern Himalaya during
the Cretaceous is expected—it should have been roughly equivalent to the total subse-
quent shortening within the Himalayan thrust belt, which could reasonably be on the
order of �1000 km (DeCelles and others, 2002; Long and others, 2011; Webb, 2013).

A number of geological observations and plate-kinematic problems challenge the
validity of the Greater India basin hypothesis. For example, uppermost Cretaceous to
lower Paleocene sandstones in the northern Himalaya have detrital zircon U-Pb ages
that are either (1) similar to those of Lower Cretaceous and older northern Tethyan
Himalayan Sequence strata, with prominent Cambrian and 0.8 to 1.2 Ga age popula-
tions (Hu and others, 2010; Gehrels and others, 2011; DeCelles and others, 2014) or
(2) a mix of those characteristic of the Tethyan Himalayan Sequence and Indian-
affinity Lesser Himalaya Sequence (with a dominant age population between 1.7 and
2.0 Ga) (Garzanti and Hu, 2015). The former suggests no major change in provenance
before and after the proposed Cretaceous opening of the Greater India basin whereas
the latter is at direct odds with its existence. Northern Himalayan strata also record an
increase in siliciclastic supply and accumulation rates during the latest Cretaceous,
followed by progradation of coastal quartzarenites during the early Paleocene (Gar-
zanti and Hu, 2015). Garzanti and Hu (2015) interpreted these observations, together
with detrital spinel in latest Cretaceous through Paleocene northern Himalayan strata
with compositions similar to those of the Deccan Traps, in the context of dynamic
uplift and erosion of cratonic India and its inner passive continental margin during the
Deccan flood basalt event. It is furthermore unclear how Eocene – Oligocene high-
grade metamorphism and anatexis of the Greater Himalayan Sequence metasedimen-
tary rocks (see Kohn, 2014 and Goscombe and others, 2018 for recent reviews) could
have occurred in the hanging wall of the purported suture megathrust, proximal to the
hypothesized northward subducting Greater India basin oceanic lithosphere where
depressed thermal gradients would be expected. In contrast, this metamorphic record
is in accord with detrital records of Himalayan orogenesis within Eocene – lower Miocene
central Himalayan foreland basin strata in the Lesser Himalaya (on continental India,
which would have been on the opposite side of the Greater India basin, if present)
(DeCelles and others, 1998, 2004, 2014; Najman and others, 2005; Jain and others, 2009;
Ravikant and others, 2011), which van Hinsbergen and others (2019) instead attribute to
ophiolite emplacement along the western margin of India (fig. 11A). Finally, the Greater
India basin model also requires that the Indian plate was largely surrounded by oceanic
spreading centers, which is not compatible with its rapid northward migration during
Cretaceous time (fig. 10). In our view, until geological evidence for an actual suture zone
of mid-Cenozoic age is found within the central part of the Himalayan thrust belt, the
Greater India basin should be regarded with skepticism. As discussed later in this paper,
however, the India – Asia convergence problem remains a significant issue for all models
explaining the Cenozoic collision event(s).

90 to 70 ma: neo-tethys flat slab subduction or opening and closing of a xigaze
backarc basin?

The Lhasa terrane experienced major tectono-thermal activity between �94 and
80 Ma (fig. 5). Adakitic igneous rocks of this age are present in the eastern Gangdese
magmatic arc, along with 90 to 81 Ma granulite-facies (moderate pressure to near-
ultrahigh temperature) metaigneous and metasedimentary rocks (Zhang and others,
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2010a; Jiang and others, 2012; Guo and others, 2013; Zheng and others, 2014). Late
Cretaceous (94–80 Ma) adakitic rocks, along with tholeiitic basalts, are also present
within the northern Gangdese arc and Lhasa terrane (Meng and others, 2014; Wang
and others, 2014b; Chen and others, 2015; Ma and others, 2015; Sun and others,
2015c). There are no well-documented 90 to 70 Ma sedimentary basins in the Lhasa
terrane, nor is there demonstrable evidence of upper-crustal shortening or extension
between �90 and 70 Ma (fig. 5). The Xigaze forearc basin experienced a decrease in
accumulation rate between 88 and 78 Ma (Wang and others, 2012; Orme and
Laskowski, 2016). Some amphibolite blocks within YSZ ophiolitic mélanges record a
phase of exhumation between 90 and 80 Ma (Malpas and others, 2003; Bao and others,
2013). The Gangdese arc exhibits a magmatic lull between 78 and 72 Ma (figs. 5
and 8).

The relatively sparse geological information available for the 90 to 70 Ma time
interval permits two end-member tectonic scenarios that place profoundly different
constraints on the latest Cretaceous paleogeography of the southern Asian margin and
interpretations of subsequent geological events. 90 to 70 Ma Scenario 1 follows most
previously published interpretations, which call upon continued Cordilleran-style
orogenesis along the southern Asian margin (fig. 12A). 90 to 70 Ma Scenario 2 raises
the possibility for a phase of rifting along the southern Asian margin and the opening
of a backarc ocean basin (fig. 13B).

90 to 70 Ma Scenario 1: Continued Cordilleran Style Orogeny in Southern Asia?
One interpretation attributes the �94 to 80 Ma tectono-thermal event in the

Lhasa terrane to the subduction of a Neo-Tethys oceanic ridge (figs. 7H and 12A;
Zhang and others, 2010a; Guo and others, 2013). Oceanic ridge subduction could
potentially explain uplift of the Xigaze forearc basin and exhumation of subduction
complex rocks between 88 and 78 Ma. The 78 to 72 Ma magmatic lull within the
Gangdese arc has been widely attributed to northward flat-slab subduction of Neo-
Tethys oceanic lithosphere beneath the Lhasa terrane (Ding and others, 2003; Chung
and others, 2005; Wen and others, 2008; Guo and others, 2013), which in turn may
have been caused by subduction of relatively younger and more buoyant oceanic
lithosphere that formed adjacent to the ridge (fig. 12A).

90 to 70 Ma Scenario 2: Rifting of the Xigaze Terrane From Asia?
The geology of the broader Neo-Tethyan realm motivates an alternative, Neo-

Tethys oceanic slab rollback scenario to explain the 90 to 70 Ma geological evolution of
the southern Asian margin. The �95 to 90 Ma Oman/Semail ophiolite was rotated
clockwise and translated southward above a retreating subduction zone prior to its
obduction onto the Arabian margin at �75 Ma (Searle and others, 2015; Morris and
others, 2016). Ophiolites within the suture zone between India and the Helmand/
Afghan block in Pakistan were generated between �80 and 65 Ma (Beck and others,
1995, 1996; Gnos and others, 1997; Kakar and others, 2012). Southward rollback of a
northward subducting slab beneath the Kohistan arc (fig. 1), beginning at 90 to 80 Ma,
was proposed to explain intra-arc rifting, high-flux magmatism, arc crustal thinning,
exhumation of amphibolite- and granulite-facies arc rocks, and blueschist exhumation
within the Indus suture zone to the south (Khan and others, 1993; Treloar and others,
1996; Burg and others, 2006; Bouilhol and others, 2010; Burg, 2011). The intra-
oceanic Spong arc in the northwestern Himalaya (fig. 1) was active between �90 and
80 Ma (Corfield and others, 2001; Pedersen and others, 2001). These Late Cretaceous,
retreating oceanic subduction zones within the western Neo-Tethys may have ex-
tended eastward and transitioned into the north-dipping subduction zone beneath the
continental margin Gangdese arc. A second interpretation of the �94 to 80 Ma
tectono-thermal event in the Lhasa terrane attributes it to asthenospheric upwelling
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induced by rollback of the Neo-Tethys oceanic slab (fig. 13A; Ma and others, 2013,
2015; Xu and others, 2015b). Decreased coupling along the subduction interface
during slab rollback could also potentially explain Xigaze forearc basin uplift and
exhumation of YSZ subduction complex rocks between 88 and 78 Ma.

We raise the possibility that the northward subducting Neo-Tethys slab beneath
Tibet began to rollback at �90 Ma, thereby inducing upper-plate extension (fig. 13A).
This may have led to rifting of a composite terrane consisting of the Xigaze subduction
complex, Xigaze forearc basin, and the southern part of the pre-existing Gangdese
magmatic arc (henceforth referred to as the Xigaze arc) from the Asian margin and
opening of a backarc ocean basin (henceforth referred to as the Xigaze backarc basin)
to the north of the Xigaze arc (fig. 13A). Our use of the term “backarc basin” follows
Ingersoll (2012), who also reiterates that many extensional backarc ocean basins
originate from intra-arc rifting. The newly formed backarc oceanic plate may be
equivalent to the Kshiroda plate of Jagoutz and others (2015). The 90 to 80 Ma
intra-oceanic Spong arc (fig. 1; Corfield and others, 2001; Pedersen and others, 2001)
may be a vestige of the broader Xigaze arc, which developed in an intra-oceanic setting
after rifting (figs. 11C and 13A). The Xigaze forearc basin was inundated by detrital
zircons with an age population peaking at �92 Ma (and overlapping with the age of the
Spong arc) from �85 Ma until the end of deposition at �54 Ma (fig. 9). The Lhasa
terrane Gangdese arc also includes �92 Ma igneous rocks, but these rocks were being
buried by the 69-44 Ma volcanic-bearing Linzizong Formation (figs. 2B and 4; He and
others, 2007; Zhu and others, 2017) during Paleocene – Eocene Xigaze forearc
deposition.

Northward Acceleration of India and Renewed Orogenesis in Tibet (�70 Ma)
The northward motion of the Indian plate accelerated at �70 Ma, resulting in

India – Asia convergence rates of �120 mm/yr (fig. 10). Magmatism resumed in the
Gangdese arc at �70 Ma, along with shortening and rapid exhumation in the
Gangdese retroarc and northern Lhasa terrane thrust belts (figs. 5 and 8; Matte and
others, 1996; Kapp and others, 2003a, 2007b; Volkmer and others, 2007; Hetzel and
others, 2011; Rohrmann and others, 2012; Haider and others, 2013). Along the
Lhasa-Golmud Highway, �45 km northwest of Lhasa, folded Cretaceous strata are
unconformably overlain by the weakly deformed 69 to 44 Ma Linzizong Formation
(Burg and others, 1987; Kidd and others, 1988; Pan, ms, 1993). Timing of deformation
at this locality is bracketed by �72 Ma volcanic flows within the youngest folded
Cretaceous strata (Sun and others, 2012) and a �69 Ma andesite at the base of the
Linzizong Formation above the unconformity (Zhu and others, 2017). The forces that
caused rapid motion of the Indian plate may have accelerated the rate of Neo-Tethys
subduction and trench advance in the case of 90 to 70 Ma Scenario 1 (fig. 12B) and/or
induced northward subduction of the Xigaze backarc ocean basin beneath the Lhasa
terrane in the case of 90 to 70 Ma Scenario 2 (fig. 13B); either scenario could explain
the �70 Ma rejuvenation of Gangdese arc magmatism and Asian upper-crustal
shortening.

70 to 45 ma: development of the lhasaplano, initiation of himalayan orogenesis,
and alternative collision scenarios

70 to 45 Ma: The Tibetan Record
The Gangdese arc experienced high-K, calc-alkaline intrusive and extrusive

magmatism between �70 and 40 Ma (fig. 8; Maluski and others, 1982; Xu and others,
1985, 2015a; Coulon and others, 1986; Pearce and Mei, 1988; Harris and others, 1988;
Chung and others, 2005; He and others, 2007; Zhu and others, 2015). The arc
experienced a high-flux magmatic episode centered at �51 Ma (fig. 8B) with broad
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compositional (basaltic to rhyolitic) and isotopic variations (moderately evolved to
juvenile) (Mo and others, 2007, 2008; Lee and others, 2009; Ma and others, 2014; Zhu
and others, 2015). Temporal shifts to more isotopically evolved magmatism have been
used to infer the age of India – Asia suturing, but the timing of the shifts varies from
study to study (Ji and others, 2009, 2012; Lee and others, 2009; Chu and others, 2011;
Bouilhol and others, 2013; Jiang and others, 2014) and there is nothing observed
isotopically in the Gangdese arc that has not been documented in other continental
margin arcs which formed above oceanic subduction zones (Ducea and others 2001,
Haschke and others, 2006; DeCelles and others, 2009; Cecil and others, 2011; Pepper
and others, 2016). There is also a spatial trend toward more evolved isotopic values
northward across the Gangdese arc and into the central Lhasa terrane (for example, a
decrease of �30 zircon εHf units over a north-south distance of only �75 km, or �0.4
εHf/km; Chapman and others, 2017). This spatial isotopic trend was established prior
to Cenozoic time and thus any study attempting to attribute igneous isotopic variations
to tectonic processes must focus on suites of igneous rocks at a single locality.

The Gangdese retroarc thrust belt was reactivated from at least 70 to 52 Ma (fig. 5;
Kapp and others, 2007b; Pullen and others, 2008a). Angular unconformities within the
Linzizong Formation indicate synkinematic deposition (Pan and others, 2004; Kapp
and others, 2007b; Zhu and others, 2015, 2017). Lhasa terrane metasedimentary rocks
along the northwestern flank of the eastern Himalayan syntaxis (fig. 1) experienced
amphibolite- to granulite-facies metamorphism and migmatization between 71 and 50
Ma (Guo and others, 2012; Zhang and others, 2013; Palin and others, 2014). Paleoalti-
metric studies of the Linzizong Formation suggest that the axis of the Gangdese arc
may have been at elevations of �4 km by 60 to 54 Ma (fig. 14; Ding and others, 2014;
Ingalls and others, 2018), while its northern part was at moderate elevation (�2.6 km
at �46 Ma; fig. 14; Xu and others, 2015a). The geological evidence points to the
development of an elevated “Lhasaplano” in the Gangdese arc region during Paleo-
cene – Eocene time (figs. 12B and 12C and 13B and 13C; Kapp and others, 2005,
2007b).

Large parts of the northern Lhasa and Qiangtang terranes experienced rapid
exhumation between �70 and 45 Ma, followed by minimal erosion (less than a few
kilometers; Matte and others, 1996; Kapp and others, 2003a; Wang and others, 2008a,
2014a; Hetzel and others, 2011; Rohrmann and others, 2012; Haider and others, 2013;
Song and others, 2013). The transition to slow erosion rates may indicate the
establishment of low-relief, plateau-like conditions by �45 Ma (Rohrmann and others,
2012). Conversely, the 70 to 45 Ma phase of rapid exhumation has been attributed to
the planation of a low-elevation peneplain by rivers that transported sediment south-
ward across the Gangdese arc, beveling the angular unconformity at the base of the
Linzizong Formation (Hetzel and others, 2011; Haider and others, 2013). Apart from
the difficulty of explaining rapid erosion by peneplanation at low elevation, the main
problem with this interpretation is that Linzizong Formation deposition was coeval
with, not younger than the timing of rapid exhumation in the plateau interior.
Additionally, no deeply incised paleo-river channels that dissect the Gangdese arc have
been documented.

The Qiangtang terrane was a relative topographic high between 70 and 45 Ma,
shedding detritus northward into the nonmarine Hoh-Xil basin and southward into
intermontane basins along the Bangong suture zone (figs. 12B and 12C and 13B and
13C; DeCelles and others, 2007a; Dai and others, 2012b; Staisch and others, 2014).
Latest Cretaceous to Eocene basins along the Bangong suture, and �800 km to the east
near Nanqian (fig. 1), consisted of narrow, topographically partitioned fluvio-
lacustrine depocenters (Luo and others, 1996; Ai and others, 1998; Horton and others,
2002; DeCelles and others, 2007a). The Tanggula thrust belt (figs. 2B and 4; �89 km
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shortening over 59 km; �60%) and Nanqian-Yushu thrust belt (�61 km shortening
over 83 km; �43%) to the east were both north-vergent and active by at least 51 Ma and
until �38 Ma (fig. 5; Spurlin and others, 2005; Wang and others, 2008a; Li and others,
2012). The upper-crustal shortening history, paleogeographic constraints, basin archi-
tecture and facies, and minimal regional post-45 Ma exhumation in central Tibet are
consistent with net elevation gain and a decrease in topographic relief (with material
eroded from topographic highs filling adjacent fluvio-lacustrine depocenters)—
perhaps reflecting the establishment of a proto-plateau (fig. 15A).

Shortening also initiated farther north within mountain ranges bounding the
Qaidam basin at 50 to 45 Ma (Jolivet and others, 2001; Yin and others, 2002; 2008;

Fig. 14. Temporal-spatial distribution of (ultra)potassic, adakitic, and leucogranitic igneous rocks in
Tibet with ages indicated by shaded regions: 46–38 Ma (blue); 37–32 Ma (green); 31–27 Ma (gray); 26–18
Ma (pink); �18 Ma (yellow). Compiled data and their sources from database of Chapman and Kapp (2017).
Paleoaltimetric results are indicated at the white starred localities: (1) Ding and others, 2014; (2) Ingalls and
others, 2018; (3) Xu and others, 2015a; (4) Xu and others, 2013a; (5) Rowley and Currie, 2006; (6) Wei and
others, 2016; (7) DeCelles and others, 2007b; (8) Jia and others, 2015; (9) Wu and others, 2017; (10) Currie
and others, 2016; (11) Ding and others, 2017b; (12) DeCelles and others, 2011; (13) Xu and others, 2018.
Yellow stars indicate xenolith localities and ages of the volcanic host rocks (Hacker and others, 2000; Ding
and others, 2007).
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Clark and others, 2010; Duvall and others, 2011; Wang and others, 2015c). Even the
Longmen Mountains along the eastern margin of the Tibetan Plateau record �65 Ma
high-grade metamorphism and Late Cretaceous to Eocene exhumation (Wallis and
others, 2003; Yan and others, 2011; Tian and others, 2016). This far-field deformation
in Asia may reflect a combination of: a highly compressional southern Asian plate
boundary; the establishment of thick crust and substantial surface elevation (high
gravitational potential energy) in the Lhasa and Qiangtang terranes; and the presence
of a vast region of tectonically preconditioned, weak Asian continental lithosphere.

The Himalayan Record
Appearance of arc-derived detritus in the northern Himalaya.—The northern Indian

passive margin (preserved in strata of the northern Himalaya) experienced an increase
in accumulation rates and siliciclastic supply beginning at �72 Ma and was character-
ized by deposition of southerly-derived, hyper-quartzose sandstones during the latest
Cretaceous (Ding and others, 2005; DeCelles and others, 2014; Garzanti and Hu, 2015;
Hu and others, 2016a). The increased sediment accumulation rates and northward
progradation of quartzose sandstone have been attributed to surface uplift above the
Deccan plume and post-plume thermal subsidence of the northern Himalaya (Gar-
zanti and Hu, 2015). Uppermost Cretaceous to Paleocene northern Himalayan passive
margin quartzose sandstones are disconformably overlain by northerly-derived arkosic
sandstones containing Cretaceous to Paleocene arc-derived detritus (fig. 9). The age of
this stark compositional change provides a minimum age constraint on the collision
between India and either the Gangdese continental margin arc (90 to 70 Ma Scenario
1; fig. 12C) or an intra-oceanic Xigaze arc (90–70 Ma Scenario 2; fig. 13C). This
provenance change occurred at �60 Ma in a deep-water section (Sangdanlin section)
directly south of the YSZ, and farther south in shelfal deposits at �51 Ma (Tingri and
Gamba sections) (figs. 4, 5, 12C, and 13C; Ding and others, 2005; Zhu and others,
2005; Najman and others, 2010; Wang and others, 2011; Hu and others, 2012, 2015,
2016a; DeCelles and others, 2014; Li and others, 2015b). Additionally, southward
younging disconformities in northern Himalayan sections between �68 Ma and 56 Ma
have been attributed to the development of a collisional flexural forebulge, signaling
the initial downflexure of the north Indian passive margin as it entered the trench
along the south flank of Asia (Garzanti and others, 1987; Beck and others, 1995, 1996;
Ding and others, 2005, 2016b; Zhang and others, 2012b; Hu and others, 2012, 2016a;
DeCelles and others, 2014). In this context, the southward younging in appearance of
arc detritus across the northern Himalaya (from �60–51 Ma) records the southward
propagation of the nascent northern Himalayan thrust belt and its associated foredeep
depozone (Ding and others, 2005, 2016b; Zhang and others, 2012b; DeCelles and
others, 2014). Arc detritus appeared in the lower Indus basin on the Indian plate at
�50 Ma (Zhuang and others, 2015).

Still up for debate is whether the appearance of arc detritus within northern
Himalayan strata marks collision with an intra-oceanic arc that was isolated within the
Neo-Tethys throughout its evolution (Aitchison and others, 2000, 2007; Hébert and
others, 2012; Bouilhol and others, 2013; Chatterjee and others, 2013; Baxter and
others, 2016) or with the continental margin forearc of southern Asia (Hu and others,
2016a and references therein). The compiled U-Pb detrital zircon age spectrum for
the arc-derived Paleocene – Eocene northern Himalayan strata exhibits a dominant
population with a peak at �90 Ma and a trough between 75 and 70 Ma, similar to that
of �85 Ma Xigaze forearc strata (fig. 9). Ages �200 Ma (not shown on fig. 9) compose
a significant percentage of the total ages determined for both the Xigaze forearc
(28–24%) and northern Himalayan (34%) strata. Both assemblages also exhibit an age
population at �215 Ma, overlapping with the ages of igneous rocks in the central Lhasa
terrane (Chu and others, 2006; Wang and others, 2016b), and Precambrian age
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distributions characteristic of peri-Gondwanan terranes (Gehrels and others, 2011).
Furthermore, the northern Himalayan sandstones include �160 to 110 Ma zircons
with relatively evolved εHf values similar to those within the Xigaze forearc and coeval
igneous rocks in the northern Lhasa terrane (Zhu and others, 2009b, 2011b; Wu and
others, 2010, 2014; Hu and others, 2012, 2016b).

Together with previously discussed evidence linking the Xigaze forearc basin and
ophiolites to the southern flank of Asia during Early Cretaceous time, the abundance
of �200 Ma zircons (including Precambrian zircons) and presence of Mesozoic zircons
with negative εHf values in northern Himalayan strata exclude the possibility that the
collided arc developed throughout its entire history in an isolated, intra-oceanic
setting. Instead, all evidence supports collision of the northern Himalaya with the
Xigaze forearc and an arc of Lhasa terrane affinity beginning at �60 Ma. The western
Xigaze forearc basin transitioned from marine to nonmarine deposition between 58
and 54 Ma, and the youngest strata are �51 Ma (fig. 5; Orme and others, 2015; Hu and
others, 2016b), providing additional evidence for its Paleocene collision with the
northern Himalaya. Dispersal of large mammals and insects between India and Asia
was also underway by �54 Ma, requiring a semi-continuous land bridge between the
two continents during that time (Gingerich and others, 1997; Clyde and others, 2003;
Rust and others, 2010; Clementz and others, 2011).

60 to 45 Ma Himalayan record of deformation and metamorphism.—The northern
Himalayan thrust belt is exposed between the YSZ and the South Tibetan Detachment
(Burg and Chen, 1984; Burg and others, 1984; Burchfiel and others, 1992; Ratsch-
bacher and others, 1994; Murphy and Yin, 2003) (fig. 4). The northernmost, oldest
record of the thrust belt consists of �59 Ma siliciclastic-matrix mélange with blocks of
northern Himalayan strata that formed during initial subduction of the Indian
continental margin (Burg and others, 1987; Metcalf and Kapp, 2017). In the northern
Himalaya east of Xigaze, the north-dipping Lunzhe thrust (LT; fig. 4) carries in its
hanging wall Triassic strata that were penetratively shortened and variably metamor-
phosed between 51 and 44 Ma (Ratschbacher and others, 1994; Dunkl and others,
2011); undeformed �44 Ma granitoids cross-cut the deformation fabric (Aikman and
others, 2008). The structurally underlying Yardoi (or Yala-Xiangbo) gneiss dome (fig.
4) experienced metamorphic zircon growth between 48 and 45 Ma (Ding and others,
2016a). The Kangmar and Mabja domes to the west (fig. 4) yielded Lu-Hf garnet dates
between 54 and 49 Ma (Smit and others, 2014).

Eocene northern Himalayan shortening and metamorphism were contemporane-
ous with ultrahigh-pressure (UHP) metamorphism of Indian continental margin rocks
adjacent to the Indus suture in the northwestern Himalaya (Khagan and Tso Morari,
fig. 1). Khagan UHP metamorphism occurred between 47 and 45 Ma (Kaneko and
others, 2003; Parrish and others, 2006; Wilke and others, 2010; Rehman and others,
2013). Tso Morari UHP metamorphism may be as old as 55 to 51 Ma (de Sigoyer and
others, 2000; Leech and others, 2005; St-Onge and others, 2013) or as young as �47
Ma (Donaldson and others, 2013). Metamorphism of Greater Himalayan Sequence
rocks (figs. 2B and 4) initiated at �45 Ma (oldest population of Cenozoic monazite
dates; Catlos and others, 2002; Martin and others, 2007; Carosi and others, 2010;
Iaccarino and others, 2015; Larson and Cottle, 2015; Gibson and others, 2016; Braden
and others, 2017) and continued through Miocene time (Vannay and Hodges, 1996;
Guillot, 1999; Guillot and others, 1999; Godin and others, 2001; Harris and others,
2004; Martin and others, 2007; Cottle and others, 2009; Kellett and others, 2014; Kohn,
2014; Goscombe and others, 2018).

Working Tectonic Hypotheses for India – Asia Collision
Consistent with our analysis of the period 90 to 70 Ma, we present two collision

scenarios to explain the geological records of continuous orogenesis in Tibet and the
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Himalaya between 60 and 45 Ma. Collision Scenario 1 invokes collision of India with
the southern margin of Asia at �60 Ma (figs. 11B and 12C). Collision Scenario 1 is
compatible with a large body of geological data, but is challenged by plate circuit (fig.
10) and apparent polar wander path reconstructions that place India �4000 km south
of the Lhasa terrane during Paleocene time (fig. 11). Collision Scenario 2 invokes
collision of the hypothetical rifted Xigaze ophiolite-forearc-arc terrane with India at
�60 Ma followed by closure of the Xigaze backarc ocean basin and terminal India –
Asia suturing at �45 Ma (figs. 11C and 13C). Collision Scenario 2 is similar to other
Asian arc-rifting models that are more consistent with the high-velocity seismic
tomographic anomalies in the lower mantle south of the continental portion of the
Indian plate and the India – Asia convergence history (Hafkenscheid and others, 2006;
Zahirovic and others, 2012, 2016; Gibbons and others, 2015), except arc rifting
occurred at �90 Ma instead of during Jurassic – Early Cretaceous time. The largest
shortcoming of Collision Scenario 2 is a lack of demonstrable geological evidence for
the former existence of the Xigaze backarc ocean basin. We suggest, however, that if a
post-60 Ma suture is required to explain other non-geological datasets (plate circuits,
paleomagnetic data, mantle tomography), then its most geologically plausible location
would be within or structurally buried at depth beneath the Gangdese arc (by the
Great Counter Thrust and/or an older Cenozoic north-dipping thrust to the north;
figs. 2B, 4, and 15A). Both scenarios are discussed at more length in the following text.

Collision Scenario 1: 60 Ma India – Asia collision.—Advocates of a �50 Ma India –
Asia collision interpret Gangdese arc magmatism in the context of subduction of
Indian continental lithosphere followed by breakoff of the leading Neo-Tethyan
oceanic slab (ranging from 55–45 Ma) (Chemenda and others, 2000; Yin and Harri-
son, 2000; DeCelles and others, 2002, 2011; Negredo and others, 2007; Lee and others,
2009; Jiang and others, 2014; Zhu and others, 2015, 2017). There is a perception
among some that ‘arc-type’ magmatism should cease following the initiation of
intercontinental collision (for example, Aitchison and others, 2007). Yet some young
intercontinental collisional orogens are associated with significant calc-alkaline ‘arc’
rocks that were emplaced tens of millions of years after the consumption of intervening
oceanic lithosphere (for example, the Lesser Caucasus and Turkish-Iranian Plateau,
Carpathians, and Alps; Tiepolo and others, 2002, 2014; Seghedi and others, 2004;
Dilek and others, 2010). The observation that hydrous supracrustal assemblages have
experienced UHP conditions (Hacker and Gerya, 2013) demonstrates that continental
subduction can provide volatiles to the mantle wedge. However, volatile-fluxed melting
may not be the most important factor for generating voluminous arc magmas as
high-flux events in Cordilleran-style arcs may be fueled primarily by underthrusting
melt-fertile foreland crust beneath the arc (Ducea and others 2001, 2015; DeCelles and
others, 2009). Finally, there are simply no well-documented examples of other intercon-
tinental collisions involving long-lived, large-magnitude, continental subduction against
which the Cenozoic Gangdese arc may be compared. Here, we provide more specific
interpretations about the timing and diversity of tectonic processes that may have acted
during the 60 to 45 Ma stage of intercontinental collision.

Collision Scenario 1 (figs. 11B and 12C) posits that India – Asia intercontinental
collision led to subduction and UHP metamorphism of Himalayan supracrustal rocks
beneath Asia (Tso Morari and Kaghan; Guillot and others, 1997; O’Brien and others,
2001) and continued upper-crustal shortening within the Gangdese retroarc and
northern Lhasa terrane thrust belts (Kapp and others, 2007a, 2007b; Volkmer and
others, 2007; Pullen and others, 2008a). Rapid retroarc thrusting may have fed
melt-fertile crust beneath, and rejuvenated magmatism within the Gangdese arc at �70
to 60 Ma (fig. 8B). Magmatic differentiation, combined with sub-arc lithospheric
thickening, may have generated a dense eclogitic root (fig. 12C; DeCelles and others,
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2007a). Foundering of the lithospheric root is interpreted to have ignited the �51 Ma
Gangdese arc high-flux magmatic event (fig. 8B) and increased gravitational potential
energy that terminated shortening within the Gangdese retroarc thrust belt (at �51
Ma) and accelerated farther-field shortening within the Tanggula-Nanqian-Yushu
thrust belt and along the northeastern margin of Tibet (Kapp and others, 2007b).

The Himalayan foreland basin record youngs southward (fig. 12C), from �60 Ma
continental trench (proximal foredeep) strata in the northernmost Himalaya, a �56
Ma forebulge disconformity and overlying �51 Ma distal foredeep strata in the
southern northern Himalaya, to the appearance of northern Himalayan detritus on
top of the Lesser Himalayan Sequence in a back-bulge to distal forebulge depozone at
�45 Ma (DeCelles and others, 1998, 2004, 2014; Ding and others, 2005, 2017a; Najman
and others, 2005; Jain and others, 2009; Ravikant and others, 2011; Hu and others,
2016a). The timing of Himalayan crustal shortening and prograde metamorphism also
youngs southward from �59 Ma along the YSZ (Burg and others, 1987; Metcalf and
Kapp, 2017), between 54 and 45 Ma within the northern Himalaya (Ratschbacher and
others, 1994; Aikman and others, 2008; Smit and others, 2014; Ding and others,
2016a), and beginning at �45 Ma within the Greater Himalayan Sequence (Catlos and
others, 2002; Martin and others, 2007; Cottle and others, 2009; Carosi and others,
2010; Iaccarino and others, 2015; Gibson and others, 2016).

Collision Scenario 2: 60 Ma India – Xigaze arc collision and 45 Ma closure of the Xigaze
backarc basin.—In this scenario, the Xigaze backarc basin continued to open above the
southward retreating Neo-Tethyan oceanic trench until �70 Ma (fig. 13A). Continu-
ous arc magmatism would be expected during slab retreat, but the Xigaze forearc and
Paleocene – Eocene northern Himalayan foreland basin strata show a paucity of 75 to
70 Ma detrital zircons (fig. 9). Many retreating oceanic subduction zones, however, are
characterized by volcanic centers within the physiographic backarc basin and are
topographically or bathymetrically isolated from the outer forearc basin and subduc-
tion complex (for example, the Hellenic, Calabrian, eastern Banda, Marianas, Oki-
nawa, and Tonga subduction zones). The renewed influx of �70 Ma and younger
zircons into the Xigaze forearc basin (fig. 9) may signal a transition to Neo-Tethyan
slab advance in response to the northward acceleration of Indian plate motion at that
time (figs. 10 and 13B).

The southern flank of the composite Xigaze ophiolite belt – forearc basin – arc
began colliding with the northern Himalayan margin of India at �60 Ma (fig. 13C).
Collision occurred at 10-5°N paleolatitude, corresponding to the latitude of seismic
high velocity anomalies in the lower mantle (anomaly III of Van der Voo and others,
1999) whereas the southern margin of Asia was located at 19° � 4°N at 52 � 4 Ma (fig.
11C; Lippert and others, 2014; Hu and others, 2016a). The Xigaze arc terrane may
have had a southward convex geometry, with a more northerly westernmost extent that
served as a land bridge from India to Asia to facilitate early Eocene faunal exchange
(Gingerich and others, 1997; Clyde and others, 2003, Rust and others, 2010; Clementz
and others, 2011). A modern analogue is the eastward convex Japan arc, which has
nearly continuous land bridges with the Korean Peninsula in the south, and eastern
Russia in the north.

The pre-45 Ma history of Himalayan foreland basin sedimentation, deformation,
and metamorphism can be explained in the context of Collision Scenario 2. Arc-
continent collisional orogenesis commonly persists for �10 Myr and can result in UHP
continental margin metamorphism, several hundreds of kilometers of crustal shorten-
ing, and crustal thickening and anatexis within the continental lower plate (Cloos and
others, 2005; Searle and Treloar, 2010; Tate and others, 2015). Early Cretaceous and
older detrital zircons of “Lhasa terrane affinity” in Paleocene – Eocene Himalayan
strata could have been reworked from �85 Ma Xigaze forearc basin strata (fig. 8)
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during collision of the Xigaze terrane. The interpretation of 70 to 45 Ma tectonism in
Tibet is similar in both Scenarios, with Tibetan shortening driven by rapid conver-
gence of Xigaze backarc basin lithosphere in Scenario 2 (figs. 13B and 13C) and
intercontinental collision in Scenario 1 (figs. 12B and 12C). Given that India – Xigaze
terrane collision (if it occurred) continued until the Xigaze backarc basin was
consumed, there are no resolvable temporal gaps in the geological records of Himala-
yan and Tibetan orogenesis.

In Collision Scenario 2, the vast majority of the Xigaze – Spong arc was subducted
or underthrusted beneath the Gangdese arc following closure of the Xigaze backarc
ocean basin (fig. 15A). The location of the �45 Ma suture between the northern
Himalaya and the Xigaze – Spong arc would be approximately along the northernmost
strand of the Great Counter thrust system (figs. 2B and 4). Tectonic slivers of ophiolitic
rock and paragneiss are present within the Great Counter thrust zone bounding the
northern margin of the Xigaze forearc basin (Laskowski and others, 2017). Future
investigations of these and other ‘exotic’ rocks along the Great Counter Thrust, along
with metasedimentary rocks within the southernmost Gangdese arc (some of which
have Eocene maximum depositional ages; Xu and others, 2013b), have potential to test
this hypothesis.

45 to 26 ma: advance of greater india and asian mantle delamination

45 to 38 Ma Slab Breakoff Followed by Low-Angle Subduction of Greater Indian Lithosphere
A number of researchers have proposed �45 Ma breakoff of the leading part of

the northward subducting Indian slab to explain Eocene metamorphism and UHP
rock exhumation in the Himalaya, magmatism in Asia and the northern Himalaya,
deceleration of India – Asia convergence (fig. 10), and the latitudinal positions and
depths of interpreted slabs in seismic tomographic images (for example, Guillot and
others, 1997, 2003; Van der Voo and others, 1999; Chemenda and others, 2000;
DeCelles and others, 2002, 2011; Kohn and Parkinson, 2002; Replumaz and others,
2010b; Ji and others, 2016). In the �60 Ma Collision Scenario 1, the leading Indian
slab was attached to Neo-Tethyan oceanic lithosphere (fig. 12C), whereas in �45 Ma
Collision Scenario 2, it consisted of Xigaze backarc basin lithosphere (fig. 13C).

As slab breakoff is widely invoked but challenging to demonstrate (see Garzanti
and others, 2018 for a recent discussion), we explore the extent to which the Eocene
geology in the central sector of the Himalayan-Tibetan orogen may be consistent with
it. Assemblages within the YSZ and northern Himalaya are intruded by 45 to 40 Ma
igneous rocks, some of which are adakitic leucogranites and asthenosphere-derived
gabbros (Ding and others, 2005, 2016a; Aikman and others, 2008, 2012; Pullen and
others, 2011a; Zeng and others, 2011, 2014; Hou and others, 2012; Liu and others,
2014c; Ji and others, 2016). To permit this magmagenesis, we interpret the hinge in
the subducting Indian slab to have retreated to the south relative to the surface trace of
the YSZ at �45 Ma (fig. 15A), perhaps owing to anchoring of the deeper part of the
slab in the lower mantle.

Within the Lopu Range, �700 km southeast of Tso Morari and �600 km west of
Lhasa (figs. 1 and 4), a dome of meta-Himalayan (probably upper Greater Himalayan
Sequence) rocks is exposed structurally beneath YSZ rocks (Ding and others, 2005;
Sanchez and others, 2013; Laskowski and others, 2016, 2017). The rocks experienced
pressures of �1.5 GPa at temperatures of � 600 °C (relatively high pressure/
temperature conditions consistent with subduction), prograde metamorphism at
40.4 � 1.4 Ma (Lu-Hf garnet date), and exhumation to mid-crustal levels between 39
and 27 Ma in the footwall of a domal, top-to-the-north shear zone (Laskowski and
others, 2016). Gangdese arc granites to the north of the meta-Himalayan rocks (and
locally elsewhere along strike) are as young as �38 Ma (Sanchez and others, 2013;
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Laskowski and others, 2017). Termination of Gangdese arc magmatism at �38 Ma is
interpreted to mark a transition to northward, low-angle subduction of Indian continen-
tal lithosphere beneath Tibet (fig. 15B). Whatever caused the hinge in the subducting
Indian plate to first retreat southward relative to the surface position of the YSZ, and
then advance back northward (slab breakoff?), is tentatively constrained to have
occurred between �45 and 38 Ma.

Northern Himalayan Thrust Belt and Greater Himalayan Sequence Metamorphism
The structural style of the northern Himalayan fold-thrust belt is different from

that of the Miocene and younger southern Himalayan thrust belt that involves Greater
Himalaya and Lesser Himalayan sequence rocks. In most places away from the
northern Himalayan gneiss domes and the South Tibetan Detachment fault where
Paleozoic (meta)sedimentary rocks are exposed, the northern Himalayan thrust belt
involves low-grade to unmetamorphosed Mesozoic strata. These strata are deformed by
south-vergent upright to recumbent folds at scales from tens of meters to several tens
of kilometers (synclinoria and anticlinoria), where not overprinted by north-vergent
structures associated with the Great Counter Thrust and South Tibetan Detachment
fault (Fuchs, 1975, 1987; Burg and Chen, 1984; Ratschbacher and others, 1994;
Wiesmayr and Grasemann, 2002; Godin, 2003; Murphy and Yin, 2003; Carosi and
others, 2007; Aikman and others, 2008; Kellett and Godin, 2009; Antolı́n and others,
2011). No major thrust sheets at the �10-km-scale have been documented in the
northern Himalaya south of the Lunzhe thrust (labeled ‘LT’ on fig. 4, south of Lhasa).
Continuous Paleozoic through Cretaceous stratigraphic sections compose the cara-
paces of northern Himalayan gneiss domes (Lee and others, 2000, 2006). Although
these rocks are internally deformed by folding and thrusting, there is no structural
repetition at regional scale. Rather, the thrust faults generally terminate within tens of
kilometers along strike into folds. This contrasts with other major Miocene and
younger Himalayan faults like the northernmost Great Counter Thrust, South Tibetan
Detachment, Main Central Thrust, Ramgarh Thrust, and Main Boundary Thrust,
which can be traced continuously for 2000 km along strike of the orogen. A north-
dipping Gyirong-Kangmar thrust was previously interpreted to be present to the south
of the northern Himalayan domes and kinematically linked with dome formation
(Burg and others, 1984; Ratschbacher and others, 1994; Hauck and others, 1998).
More recent Chinese 1:200,000 scale geological maps (unpublished) do not show this
fault, however; nor were we able to identify it in the vicinity of Tingri or south of the
Lhagoi dome (fig. 4).

The timing of shortening in the northern Himalaya is poorly constrained south of
the Lunzhe thrust (fig. 4). Locally within the southern part of the northern Himalaya,
synkinematic illite analyses were interpreted to indicate metamorphic recrystallization
between 46 and 42 Ma (Wiesmayr and Grasemann, 2002) and there is detrital
thermochronologic evidence for a phase of rapid cooling between 41 and 37 Ma (Shen
and others, 2016). The timing of northern Himalayan shortening also can be inferred
from the history of prograde metamorphism in structurally underlying Greater Hima-
layan Sequence rocks (Hodges, 2000; Kohn, 2014). The Greater Himalayan Sequence
includes Neoproterozoic – Cambrian medium- to high-grade metasedimentary rocks
and Cambrian-Ordovician intrusive granites/orthogneisses that were unconformably
overlapped by Tethyan Himalayan strata after Early Ordovician time (DeCelles and
others, 2000, 2016a; Wiesmayr and Grasemann, 2002; Gehrels and others, 2006a,
2006b; Myrow and others, 2010). The structurally upper part of Greater Himalayan
Sequence rocks in general record an early phase of kyanite-zone peak-pressure
(�1–1.4 GPa) metamorphism followed by higher-temperature sillimanite-zone meta-
morphism and near-isothermal decompression (Pêcher, 1989; Vannay and Hodges,
1996; Godin and others, 2006; Jessup and others, 2008a; Kohn, 2014; Chakraborty and
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others, 2016). The oldest high-pressure (�1.3 GPa) metamorphism is recorded in the
structurally highest part of the Greater Himalayan Sequence and dated at 39 to 36 Ma
(fig. 5; Hodges and others, 1996; Godin and others, 2001; Cottle and others, 2009;
Corrie and Kohn, 2011; Kellett and others, 2014; Regis and others, 2014; Goscombe
and others, 2018). Major Eocene Himalayan orogenesis is consistent with (1) the
appearance of Himalayan detrital zircons and a �45 Ma population of detrital zircon
fission track ages in �45 to 40 Ma distal foreland basin strata (DeCelles and others,
2004; Najman and others, 2005), and (2) an increased flux of sand with short detrital
thermochronologic lag times into the Bengal Basin at �38 Ma (Najman and others,
2008).

Attempts to quantify the magnitude of shortening in the northern Himalaya
through construction of structural cross sections have yielded minimum values of 85 to
180 km in the northwestern Himalaya (Searle, 1986; Searle and others, 1988; Steck and
others, 1993; Corfield and Searle, 2000; Murphy and Yin, 2003). In the central
northern Himalaya, Ratschbacher and others’ (1994) “first and speculative” cross
sections yielded minimum shortening values of 130 to 140 km. These are probably bare
minimum values because the cross sections do not capture smaller-scale penetrative
deformation or the portion of the thrust belt that has been eroded up-dip of the
modern trace of the South Tibetan Detachment. It is noteworthy that southerly
klippen of Greater Himalayan Sequence rocks in Nepal and northern India were
metamorphosed at depths of �25 to 20 km (Johnson and others, 2001; Soucy La
Roche and others, 2017), yet almost all of the tectonically thickened Tethyan Himala-
yan Sequence overburden has been eroded. The important consideration of erosion
level is underscored at the Eastern Himalayan Syntaxis, where Greater Himalayan
Sequence rocks are juxtaposed against the deepest exposed roots of the Gangdese arc
with minimal intervening Tethyan Himalayan Sequence rocks (fig. 1). Shortening
must have been sufficient to generate a �45 km thick orogenic wedge within the
Himalaya by 39 to 36 Ma (as suggested by the Greater Himalayan Sequence metamor-
phic record) from an initially �20-km-thick sequence of Cambrian and younger
sedimentary rocks. Thus, existing estimates of total shortening in the northern
Himalaya (and that which involves Tethyan Himalayan Sequence strata more broadly)
should be considered as bare minima.

Ductile shear, metamorphism, and partial melting within Greater Himalayan
Sequence rocks continued during Oligocene through Miocene time, and generally
youngs toward the south, although some out-of-sequence shear zones have been
documented locally (Hodges and others, 1996; Vannay and Hodges, 1996; Godin and
others, 2001, 2006; Grujic and others, 2002; Daniel and others, 2003; Kohn, 2008,
2014; Carosi and others, 2010, 2016; Warren and others, 2014; Larson and others,
2015; Iaccarino and others, 2015; Goscombe and others, 2018). Several northern
Himalayan gneiss domes also record metamorphism and leucogranite emplacement
between �37 and 33 Ma (fig. 5; Lee and Whitehouse, 2007; Larson and others, 2010;
Pullen and others, 2011a; Liu and others, 2014c; Horton and others, 2015). We suggest
that while the Indian upper crust thickened and accreted in front of and structurally
beneath the YSZ, the Indian lower crust and underlying mantle lithosphere subducted
northward beneath the Gangdese arc, initially steeply and then at a lower angle by �38
Ma based on the termination of Gangdese arc magmatism (figs. 15A and 15B).

Tibetan Record
Cenozoic (ultra)potassic and adakitic igneous rocks are widely distributed across

the Tibetan Plateau (figs. 4 and 14). The oldest potassic-adakitic volcano-plutonic
complex (46–38 Ma; referred to here as ‘Dogai’) is also the largest, exposed over an
area of �6500 km2 in the northeastern Qiangtang terrane along the northern crest of
the Tanggula Mountains (figs. 1, 4, and 14; Wang and others, 2008a; Chen and others,
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2013; Ou and others, 2017). The Dogai igneous complex covers an elliptical area, with
a long axis of �200 km (figs. 4 and 14), similar in geometry and scale to proposed
Rayleigh-Taylor-type ‘drips’ of lithosphere beneath the Sierra Nevada and central
Andes, among other orogens (Houseman and others, 1981; Zandt and others, 2004;
Göğüs and Pysklywec, 2008; Beck and others, 2015; DeCelles and others, 2015; Wang
and others, 2015a; Smith and others, 2017). Smaller exposures of similar age and
younger (as young as 27 Ma) potassic-adakitic volcanic rocks and north-striking dikes,
are also present over a distance of �300 km along strike to the west of the Dogai field
(figs. 4 and 14; Liu and others, 2008; Wang and others, 2010; Chen and others, 2013).

Volcanic rocks of the Dogai complex lie flat and unconformably on top of strongly
shortened Mesozoic strata at modern elevations of 5000 to 5200 m. This demonstrates
that shortening ceased, and that low-relief topographic conditions were achieved in
this region by 46 Ma. Paleogene alluvial fan and fluviolacustrine strata are locally
exposed proximal to the western margin of the Dogai complex over an approximately
150 km by 150 km area (fig. 4; Xu and others, 2013a). The Paleogene strata are
constrained to be younger than �51 Ma and older than �28 Ma and include interbeds
of gypsum; the lower parts of the successions are tightly folded while their upper parts
are gently folded, suggesting syncontractional deposition (Xu and others, 2013a).
Stable isotope studies suggest that the strata may have been deposited at �5 km
elevation under arid conditions (fig. 14; Xu and others, 2013a). The flat-lying nature of
the Eocene – Oligocene volcanic rocks versus the adjacent, shortened and syncontrac-
tional Paleogene strata presents an apparent enigma about the temporal-spatial
distribution of crustal shortening in the region. Rocks in the Tanggula thrust belt to
the southeast (fig. 4) experienced rapid cooling between 60 and 40 Ma (Wang and
others, 2008a; Song and others, 2013). Within the Hoh-Xil basin, shortening com-
menced after 51 Ma but probably no later than �47 Ma, continued until at least 34 Ma,
and largely ceased by 27 Ma (fig. 5; Staisch and others, 2014, 2016). The magnitude of
Hoh-Xil shortening is estimated at �50 percent (Coward and others, 1988) or �26
percent (Staisch and others, 2016). Paleoaltimetric studies suggest that the Hoh-Xil
region underwent 1700 to 2600 m of surface uplift during the Paleogene, but the
estimates of absolute paleoelevation are highly uncertain (Polissar and others, 2009;
Quade and others, 2011).

The ages of potassic-adakitic volcanic rocks decrease across the Qiangtang terrane
from the northeast (46–38 Ma) to the west and south (37–27 Ma) (fig. 14; Ding and
others, 2003, 2007). Studies of xenoliths in Qiangtang volcanic rocks (yellow stars on
fig. 14) indicate temperatures of 980 to 1260 °C at near-Moho depths by �28 Ma (Ding
and others, 2007) and until at least �3 Ma (Hacker and others, 2000). Cenozoic
shortening in the Qiangtang terrane, south of the Tanggula Mountains, is character-
ized by mostly north-dipping thrust faults with Paleogene (dominantly Eocene –
Oligocene?) fluviolacustrine strata in their footwalls (Kapp and others, 2003b, 2005).
Hanging-wall and footwall cut-offs limit displacement on individual thrust faults to a
few kilometers. Folds in Paleogene strata are generally kilometer-scale in wavelength
and amplitude and have moderate inter-limb angles, except in the proximal footwalls
of thrust faults where overturned synclines are ubiquitous. The magnitude of Cenozoic
shortening across the central Qiangtang terrane is �25 percent (Kapp and others,
2003b, 2005), but it may have been localized to the modern outcrop extents of the
Paleogene basins. For example, the Nading volcanic fields in the southern Qiangtang
terrane (figs. 4 and 14) are �36 to 28 Ma and sit flat at relatively high modern
elevations (generally �5 km) atop a basement of shortened Paleozoic – Mesozoic rocks
(Ding and others, 2007). In contrast, approximately 50 km along strike to the east,
coeval fluviolacustrine strata (with a �35 Ma interbedded tuff) are folded and
repeated by thrust faults (Kapp and others, 2005).
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Paleoaltimetric studies suggest that the Lunpola basin along the Bangong suture
was at an elevation of �4 km by 35 Ma (fig. 14; Rowley and Currie, 2006), although the
age assignments of the investigated strata remain in question. In contrast, a stable
isotope study of 39 to 36 Ma lacustrine carbonate strata within the Bangong suture
zone �400 km to the west yielded near-sea-level paleoelevations (fig. 14), along
with the presence of putative warm-water marine foraminifera (interpreted to be
transported inland during storm surges although they could also be eolian) (Wei and
others, 2016). Marine water had withdrawn from central Asia via the Tarim and Tajik
basins by �39 Ma (Sun and Jiang, 2013; Bosboom and others, 2014; Carrapa and
others, 2015), so the plausibility of this occurrence of marine foraminifera is in
question.

It can be concluded that Eocene – Oligocene magmatism in central Tibet was: (1)
transient within a given �100 km by 100 km region, lasting over a time interval of �10
Myr; (2) spatially diachronous, initiating in the northeast Qiangtang terrane and
decreasing in age toward the west and south across central Tibet (figs. 14 and 16); (3)
coeval with nearby but localized and moderate-magnitude upper-crustal shortening;
the bulk of regional shortening predated magmatism; (4) coeval with or shortly
pre-dated establishment of �4 km elevation within a given region; and (5) contempo-
raneous with very high temperatures at near-Moho depths (Ding and others, 2007).
Collectively, these observations are consistent with potassic and adakitic magmatism
being associated with removal of negatively buoyant Asian mantle lithosphere (Molnar
and others, 1993; Turner and others, 1993, 1996) rather than intracontinental
subduction (Deng, 1991; Arnaud and others, 1992; Tapponnier and others, 2001; Ding
and others, 2003; Lai and Qin, 2013). Furthermore, most Paleogene volcanic fields in
central Tibet sit outside of, at higher modern elevations, and are much less shortened
than adjacent sedimentary basins of coeval age. This suggests that Paleogene shorten-
ing and subsidence were spatially localized, proximal to the modern outcrop extents of
the basins.

We propose that individual Paleogene basins in central Tibet may have developed
initially as �100-km-wide ovaloid depocenters above negatively buoyant lithospheric
drips (figs. 15A and 15B), and experienced accelerated subsidence and intrabasin
shortening during progressive growth of the drips. The larger volcanic fields were
emplaced atop basin-bounding topographic bulges above areas of maximum litho-
spheric thinning. Similar “bobber” basins have been interpreted in the high elevation
hinterlands of the central Andes (DeCelles and others, 2015; Wang and others, 2015a)
and North American Cordilleran thrust belt (Smith and others, 2017). Initial dripping
and progressive southward removal of Asian lithosphere is predicted in numerical
models of India – Asia collision that include a weak, metasomatized lithosphere in the
upper plate (retro-plate) between India and stronger Asian lithosphere to the north
(see fig. 4 of Kelly and others, 2016 and fig. 9 of Li and others, 2016c). Within the
rheologic context, it makes sense that mantle removal initiated beneath the axis of the
Tanggula Mountains, as they mark the northernmost extent of major Jurassic to �45
Ma magmatism and upper-crustal deformation in Tibet (figs. 5 and 8). The modern
Tanggula Mountains may be a topographic relict of the northern topographic margin
of the �45 Ma proto-Tibetan Plateau (fig. 15A).

The magnitude of 45 to 26 Ma upper-crustal shortening in the southern Lhasa
terrane is minimal based on the widespread preservation of the angular unconformity
beneath the Linzizong Formation (figs. 2B and 4). Deeper crustal levels of the
Gangdese arc, however, record Eocene – Oligocene metamorphism due to tectonic
thickening and/or magmatic underplating. The easternmost Gangdese arc experi-
enced upper-amphibolite-facies metamorphism, metamorphic zircon growth, and
crustal anatexis between 44 and 26 Ma (Dong and others, 2010; Zhang and others,
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Fig. 16. Temporal-spatial distribution of 50–0 Ma (ultra)potassic, adakitic, and leucogranitic igneous
rocks in Tibet between the longitudes of 81°E and 91.8°E (references in online Tibetan magmatism database
of Chapman and Kapp, 2017). Down-pointing arrows indicate possible southward sweeps in magmatism and
their rates. Left-pointing arrows highlight the post-20 Ma northward younging in the age of magmatic
termination. These trends are apparent at narrower longitudinal windows (for example, where igneous
rocks have been dated along and adjacent to individual north-south trending rifts), albeit defined by fewer
data. The cut-off at 91.8°E was determined by iteratively including or excluding data near that longitude and
assessing whether they served to blur or better resolve the temporal-spatial trends. To the east (between
91.8°E and the longitude of the eastern Himalayan syntaxis), Cenozoic potassic volcanic fields are rare,
including in central Tibet, and the ages of adakitic rocks in the Gandgese arc increase eastward from �20 Ma
to �30 Ma as noted by Zhang and others (2014c).
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2010b; Palin and others, 2014; Zhang and others, 2015). Some metasedimentary rocks
include Gangdese-arc-aged detrital zircons as young as 46 to 41 Ma with 38 to 23 Ma
metamorphic rims, interpreted to represent Gangdese forearc basin strata that were
underthrust beneath the arc shortly after deposition (Xu and others, 2013b). The
north-south width of Gangdese forearc lithosphere (�300 km for most continental
margin forearcs) was likely intact until �38 Ma, when arc magmatism ceased. The
Gangdese forearc (which may have included the hypothetical, accreted Xigaze-Spong
arc) may have underthrust beneath the Gangdese arc as Indian lithosphere subducted
at a lower angle beneath the Lhasa terrane (figs. 15A and 15B). In the Ayi Mountains of
far western Tibet (fig. 1), Gangdese arc orthogneisses in the footwall of a domal
normal fault experienced metamorphic zircon growth between 40 and 32 Ma (Zhang
and others, 2011b).

oligocene-miocene lithospheric delamination and indian slab anchoring
(26-21 ma)

After 26 Ma, the locus of potassic-adakitic magmatism swept southward across the
Lhasa terrane (Nomade and others, 2004; Chung and others, 2009), reaching the
position of the YSZ first in the west at �24 Ma and then east of 86°E at �20 Ma (figs.
15C and 16). Delamination of Asian mantle lithosphere is predicted to have increased
surface elevation on the order of 1 to 2 km (Molnar and Stock, 2009; Kelly and others,
2016; Li and others, 2016c). Initial stable isotopic studies suggested that the Lunpola
and Nima basins were arid and at near-modern elevations by �35 Ma (?) and 26 Ma,
respectively (fig. 14, Rowley and Currie, 2006; DeCelles and others, 2007a, 2007b;
Polissar and others, 2009). Subsequent palynological and isotopic studies place the
Lunpola basin at �3 km elevation between 26 and 22 Ma (Sun and others, 2014; Jia
and others, 2015). Late Oligocene subtropical fossil plants and fish from the Nima and
Lunpola basins have also been used to argue for low (�1 km) surface elevation (Wu
and others, 2017), but a reassessment of paleoelevation based on stable isotopes
suggests that at least the Nima basin was at modern elevations by 26 Ma (Huntington
and others, 2015). Regardless of uncertainties about absolute elevation, it is intriguing
that Lunpola basin leaf-wax records suggest a �900 m elevation reduction between
25.5 and 21.6 Ma, followed by 500 to 1000 m of surface uplift between 21.6 and 20.4 Ma
(Jia and others, 2015). These results could be interpreted within the context of
subsidence above delaminating/dripping lithosphere followed by its detachment and
surface uplift (Wang and others, 2015a), or they could be an artifact of climate change.
Paleoaltimetric studies of the Oiyug basin in the southern Lhasa terrane suggest that it
was at near-modern elevation throughout Oligocene – Miocene time (fig. 14; Currie
and others, 2016; Ingalls and others, 2018).

To the south, the YSZ was warm, wet, and at relatively low elevation during Late
Oligocene – early Miocene time (DeCelles and others, 2011, 2016b; Leary and others,
2017; Ding and others, 2017b). Along its entire �1300 km outcrop extent in southern
Tibet, the Kailas Formation is (1) depositional in buttress unconformity atop Gangdese
arc rocks to the north, (2) regionally south-dipping, (3) in the footwall of the
northernmost strand of the Great Counter Thrust, and (4) characterized by a
Gangdese arc provenance and an overall upward-fining succession in its lower part and
the appearance of suture-zone and/or northern Himalayan detritus in its coarser-
grained upper part. The Kailas Formation is in most places exposed over a north-south
distance of �10 km and filled a basin that was also narrow (�20 km), based on
lithofacies along both the southern and northern flanks of the Kailas basin that require
close proximity to sediment sources (DeCelles and others, 2011, 2016b). The initiation
of basal Kailas deposition may decrease in age eastward from �26 Ma near Mt. Kailas to
�23 Ma near Lhasa, mirroring the eastward younging trend in the initiation of
potassic-adakitic magmatism across the Lhasa terrane (Leary and others, 2016a). A
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middle member of the Kailas Formation includes turbiditic strata that were deposited
in deep (�100 m), warm (�25 °C), and probably meromictic lakes, as well as
lake-marginal coal beds and deltaic facies (Wang and others, 2013; DeCelles and
others, 2016b). Near Xigaze, paleoaltimetric studies of the Kailas Formation (locally
referred to as the Qiabulin Formation) suggest a basin elevation of 2 to 2.3 km between
24 and 21 Ma (fig. 14; Ding and others, 2017b; Xu and others, 2018).

Some workers attribute Kailas basin development to slip on the bounding Great
Counter Thrust (Yin and others, 1999; Aitchison and others, 2002; Wang and others,
2015b). This interpretation, however, cannot explain: (1) the dominance of a northerly/
footwall Gangdese arc provenance for most of the Kailas basin fill; (2) the rapid
generation of sediment accommodation over a narrow north-south distance; (3) the
absence of contractional growth structures associated with the Great Counter Thrust;
(4) the rapid, brief, and nearly linear subsidence history of the basin; (5) the classic
“lacustrine sandwich” pattern of extensional basin stratigraphy in which fine-grained
lacustrine deposits are underlain and overlain by coarse-grained intervals (Lambiase,
1990; Schlische, 1992); and (6) why the suture zone region was at relatively low
elevation tens of millions of years after initial intercontinental collision (DeCelles and
others, 2011, 2016b). An alternative is that the Kailas basin developed initially as a
narrow, low-elevation half-graben basin, bounded on the south by a north-dipping
normal fault and onlapping onto the Gangdese arc in the north (fig. 15C; DeCelles
and others, 2011). The hypothesized normal fault has not been documented, and
would not be expected to be exposed because of its structural burial in the footwall of
the younger Great Counter Thrust. A possible exception is where late Cenozoic
�north-striking rifts cut across the YSZ and expose deeper structural levels beneath the
Great Counter Thrust; detailed future mapping in these regions has potential to test
for the existence of the inferred Kailas basin-bounding normal fault. Putative growth
strata within the Kailas Formation exhibit southward fanning bedding attitudes to
shallower angles, consistent with the extensional interpretation (documented and
suggested to be syncontractional by Wang and others, 2015b, but reinterpreted by
Leary and others, 2016a). Also noteworthy is recognition of an Oligocene – Miocene
phase of top-to-the-north reactivation of the Indus suture zone in Pakistan (Treloar
and others, 1991; Burg and others, 1996; Vince and Treloar, 1996; Anczkiewicz and
others, 2001).

The 26 to 23 Ma time interval marks a number of other kinematic transitions
within the southern Tibetan – Himalayan orogen. Roughly orogen-parallel extension
and vertical crustal thinning initiated at �23 Ma within deeper levels of the southwest-
ern Gangdese arc in the Ayi Mountains (Zhang and others, 2011b) and in Himalayan
rocks within the Leo Pargil Range (fig. 1; Langille and others, 2012; Jessup and others,
2016). We attribute the orogen-parallel extension in westernmost Tibet to initial
development of the adjacent right-lateral Karakoram fault system (fig. 1), and thus
distinguish it from the younger onset of �E-W extension in the northern Himalaya and
Tibet to the east (to be presented in a subsequent section). The northern Himalayan
domes experienced vertical crustal thinning and north-south stretching between 26
and 23 Ma (Lee and others, 2004, 2006; Lee and Whitehouse, 2007; Larson and others,
2010; Wagner and others, 2010; King and others, 2011). Ductile shearing and thinning
in the northern Himalaya were likely kinematically linked with the top-to-the-north
South Tibetan Detachment shear zone to the south, which also initiated between 26
and 23 Ma (Hodges and others, 1992, 1996; Searle and others, 1997; Godin and others,
2006; Chambers and others, 2011; Carosi and others, 2013; Kellett and others, 2013;
Stübner and others, 2014; Leloup and others, 2015; Webb and others, 2017), coeval
with top-to-the-south shear zones within the Greater Himalayan Sequence (Hodges
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and others, 1996; Godin and others, 2006; Carosi and others, 2010; Imayama and
others, 2012; Montomoli and others, 2013; Wang and others, 2016c).

Our working hypothesis is motivated by the observation that Oligocene – Miocene
magmatism swept southward across the Lhasa terrane at a rate of �60 to 75 mm/yr
(�60 mm/yr in the east where the trend is better defined; fig. 16A), comparable to the
rate of India – Asia convergence during this time (fig. 10). This may be explained by
anchoring of the leading portion of the subducting Indian slab in the mantle transition
zone at �26 Ma, which in turn slowed or stopped northward migration of the up-dip
slab hinge (Replumaz and others, 2010b; Leary and others, 2016a; Webb and others,
2017). The trailing Indian plate and Himalayan-Tibetan orogen continued to translate
northward relative to the anchored portion of the slab, such that the position of the
suture at the surface moved northward with respect to the hinge in the subducting
Indian slab (fig. 15C). In other words, the Indian mantle lithosphere and lower crust
may have peeled or delaminated from beneath the orogen (Bird, 1978).

The kinematic response to Indian slab anchoring as presented does not require
extension in the upper plate. However, simulations of oceanic subduction zones show
transient changes in plate kinematics in response to interactions with the mantle
transition zone (for example, alternating trench advance and retreat; Di Giuseppe and
others, 2008; Schellart, 2008; Capitanio and others, 2010; Stegman and others, 2010;
Magni and others, 2012). We speculate that the Indian slab hinge may have experi-
enced a transient deceleration or tug back toward the overridden portion of the slab
upon anchoring. An associated decrease in the �north-south horizontal collisional
stress, together with replacement of Indian lithosphere by asthenosphere, may have
resulted in a vertical greatest compressive stress (�1) direction and an approximately
north-south least compressive stress (�3) direction. This, in turn, may have reactivated
the YSZ as a north-dipping normal fault, above which the relatively low-elevation and
short-lived (�5 Myr at a given locality) Kailas basin developed, and initiated the South
Tibetan Detachment shear zone within the Himalaya (fig. 15C).

underthrusting of indian lithosphere (21 -- 0 ma)
North-south upper-crustal shortening resumed along the YSZ in the early Mio-

cene, first in westernmost Tibet at 23 to 20 Ma near Shiquanhe (fig. 1; Kapp and others,
2003a; Gourbet and others, 2017). Great Counter Thrust motion occurred by �21 Ma
near Mt. Kailas (DeCelles and others, 2011, 2016b), �20 Ma near Xigaze (Leary and
others, 2016b), and �19 to 18 Ma east of Xigaze (Ratschbacher and others, 1994; Yin
and others, 1994; Quidelleur and others, 1997). Paleoaltimetric studies suggest that
the Kailas basin was rapidly uplifted to high elevation (4–5 km) by 21 to 19 Ma (fig. 14;
DeCelles and others, 2011; Xu and others, 2018). We attribute early Miocene shorten-
ing and surface uplift of the YSZ to a return to northward advancement of the hinge in
the subducting Indian lithosphere after it tore free of the deeper, anchored portion of
the Indian slab (figs. 15C and 15D). Top-to-the-north shearing and vertical thinning
within the South Tibetan Detachment shear zone continued in the central Himalaya
between 23 and 18 Ma (and later in places; Webb and others, 2017; Kellett and others,
2018). This may suggest that �1 remained vertical in the High Himalaya and continued
to drive southward ductile flow of melt-weakened Greater Himalayan Sequence rocks
above structurally lower underthrusting crust.

The northward younging trend in the age of magmatic termination in the Lhasa
terrane, beginning at �20 to 18 Ma (figs. 16A and 16B), is interpreted to record
underthrusting of Indian lithosphere to the north of the YSZ at sufficiently shallow
depths to extinguish partial melting of Asian mantle (figs. 15D and 15E). All of the
Kailas basin, and much of the Gangdese arc and YSZ experienced �6 km of exhuma-
tion between 20 and 16 Ma (Copeland and others, 1987, 1995; Harrison and others,
1992, 1993; Dai and others, 2013a; Carrapa and others, 2014, 2017). Potassic-adakitic
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magmatism peaked in the Lhasa terrane between 16 and 13 Ma (fig. 16C), and may
mark accelerated removal of Asian lithosphere induced by the impinging Indian
lithosphere. The timing of cessation of significant slip on the South Tibetan Detach-
ment varies from 16 to 12 Ma in the central Himalaya (Hodges and others, 1996;
Edwards and Harrison, 1997; Godin and others, 2006; Cottle and others, 2009, 2011;
Kellett and others, 2013; Nagy and others, 2015; Wang and others, 2016c) and
occurred at least locally at elevations of � 5000 m (Gébelin and others, 2013, 2017).
Minor slip may have occurred as recently as Pliocene-Pleistocene time (Hodges and
others, 2001; McDermott and others, 2013; Cooper and others, 2015). Orogen-parallel
extension within the northern Himalaya (for example, at Gurla Mandhata, Thakkhola,
Gyirong, and Ama Drime; fig. 3) and Lhasa and Qiangtang terranes initiated at 13 � 3
Ma in most places (Garzione and others, 2000; Blisniuk and others, 2001; Murphy and
others, 2002; Murphy and Copeland, 2005; Kali and others, 2010; Langille and others,
2010; Lee and others, 2011; Sundell and others, 2013; Woodruff Jr. and others, 2013;
McCallister and others, 2014; Styron and others, 2015; Laskowski and others, 2017),
along with southeastward propagation of the right-lateral Karakoram fault (Murphy
and others, 2000, 2009; Phillips and others, 2004; van Hinsbergen and others, 2011a).
The rift basins that have been investigated using paleoaltimetry (Zhada, Thakkhola,
Oiyug; fig. 1) developed at elevations similar to, or perhaps even higher than their
modern elevations (Garzione and others, 2000, 2003; Rowley and others, 2001; Spicer
and others, 2003; Currie and others, 2005, 2016; Saylor and others, 2009; Khan and
others, 2014; Huntington and others, 2015). The northern Himalayan domes were
exhumed coeval with east-west extension, mostly at 12 � 4 Ma (Lee and others, 2000,
2006; Zhang and others, 2004a; Quigley and others, 2006; Kawakami and others, 2007;
Lee and Whitehouse, 2007; King and others, 2011; Aikman and others, 2012), likely by
vertical ductile thinning or extrusion of melt-weakened crust above a ductile thrust
ramp or duplex at depth (Hauck and others, 1998; Yin and others, 1999; Beaumont
and others, 2004; Lee and others, 2006; King and others, 2011; Gao and others, 2016).

Several hypotheses have been raised to explain the initiation of �east-west
extension. These include gravitational spreading of weak crust (Molnar and Tappon-
nier, 1978; Dewey, 1988), an increase in gravitational potential energy as a result of
removal of Asian lithosphere (England and Houseman, 1989; Molnar and others,
1993; Molnar and Stock, 2009), growth/expansion of the Himalayan arc (Seeber and
Armbruster, 1984; Klootwijk and others, 1985; Molnar and Lyon-Caen, 1989; Murphy
and others, 2009; Styron and others, 2011), northward insertion or underthrusting of
Indian lithosphere which simultaneously maintained high gravitational potential
energy and forced weak Asian crust and mantle lithosphere out of the way (Zhao and
Morgan, 1985, 1987; DeCelles and others, 2002; Kapp and Guynn, 2004; Bendick and
others, 2008; Sundell and others, 2013; Styron and others, 2015), basal shear stress
related to underthrusting Indian lithosphere (McCaffrey and Nabelek, 1998; Liu and
Yang, 2003; Copley and others, 2011), the onset of rapid (�70 mm/yr) eastward flow
of deep crust from central Tibet into eastern Tibet (Clark and others, 2005; Royden
and others, 2008), and/or a change in plate boundary conditions in East Asia (Yin,
2000). In our view, the observation of coeval northward younging magmatic termina-
tion in the Lhasa terrane (figs. 16A and 16B) and east-west upper-crustal extension,
together with a northward younging pattern in the timing of subsequent rift accelera-
tion (Styron and others, 2015), emphasizes the importance of Indian underthrusting
as a driver for extension, northward and eastward crustal flow, and removal of Asian
lithosphere (fig. 15E).

Extensive lake basins developed in the Hoh-Xil region between 24 and 14 Ma (Wu
and others, 2008). The lacustrine strata are flat-lying to gently folded above a regional
angular unconformity and exposed at modern elevations of �4.6 km near the
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Lhasa-Golmud Highway. Stable isotope studies suggest that these Miocene lakes were
at minimum elevations of 3.4 km (Polissar and others, 2009) while paleobotanical
studies place them at 1.4 to 2.9 km (Sun and others, 2015a). To the west of the
Lhasa-Golmud Highway, �19 Ma to Quaternary potassic-adakitic volcanic rocks are
distributed within the higher (generally �5000 m elevation) and internally-drained
part of the Hoh-Xil region (fig. 9; Wang and others, 2005). They may be attributed to
lithospheric removal or decompression melting associated with lithospheric-scale
transtensional faults in this region (fig. 15E; Cooper and others, 2002).

Beginning at �11 Ma, the southern part of the Himalayan thrust belt transitioned
from emplacement of large, long-distance-slip, low-taper thrust sheets to internal
duplexing within the Lesser Himalaya, as well as to slower rates of shortening and
forward propagation (Long and others, 2012; McQuarrie and others, 2014; DeCelles
and others, 2016a). If duplexing is a signal of a thrust belt trying to build taper by
internal shortening (Mitra and Boyer, 1986; DeCelles and Mitra, 1995; Malavieille,
2010), the 11 Ma transition may represent a period of increased erosion in the thrust
belt and/or a general decrease in rock strength within the orogenic wedge. The latter
is consistent with kinematic reconstructions showing that rocks involved in active
thrusting since 11 Ma were predominantly Lesser Himalayan fine-grained sedimentary
rocks, in contrast to the high-grade gneissic rocks that dominated the volume of the
orogenic wedge during Main Central Thrust activity (Schelling, 1992; Long and
others, 2011; DeCelles and others, 2016a). Slip on the Main Boundary Thrust occurred
largely between �9 and 3 Ma (Meigs and others, 1995; Burbank and others, 1996;
DeCelles and others, 1998; Powers and others, 1998). The Main Frontal Thrust is
presently active and has experienced slip events that generated large-magnitude
earthquakes (Avouac, 2003; Bollinger and others, 2014). Recent (2015) major earth-
quakes in north-central Nepal took place along the basal Himalayan décollement, but
did not propagate to the surface (Elliott and others, 2016; Bollinger and others, 2016).

discussion
Tibet was amalgamated by the successive Mesozoic – Cenozoic northward drift of

continental crustal fragments away from Gondwanaland in the Southern Hemisphere
and their subsequent collision with the southern margin of Asia in the Northern
Hemisphere (Şengör, 1984; Dewey and others, 1988). This first-order tectonic history
provides a number of repeated continental breakup and suturing experiments with
broadly similar boundary conditions to investigate for potential common behaviors.
These include Asian continental margin rifting events, punctuated by episodes of
contraction/collision, and tectonically-induced plate kinematic reorganizations. Re-
cent advances in our understanding of the geological and paleoenvironmental evolu-
tion of the Himalayan-Tibetan system, and in some cases with very high temporal
resolution down to the one million-year timescale, also permit a fresh assessment of the
history of Tibetan Plateau development.

Rifted Asian Arcs and Their Demise
Our interpretations of the post-220 Ma tectonic history call upon episodic

southward trench retreat events that led to Asian margin forearc extension and
ophiolite generation and/or rifting of a continental margin arc and opening of a
backarc ocean basin prior to terminal intercontinental suturing. The proposed rifted
arcs included the Paleo-Tethyan Triassic Yidun arc, the Meso-Tethyan Jurassic Amdo-
Basu arc, and the Neo-Tethyan Jurassic Zedong and Late Cretaceous Spong (and
hypothetical Xigaze) arcs. The Amdo and Zedong arcs accreted back to the Asian
margin prior to terminal suturing, whereas the Yidun arc collided first with the
northward-drifting Gondwanan Qiangtang terrane prior to final closure of the Paleo-
Tethys ocean. It remains to be tested whether the hypothetical Xigaze arc rifted from
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Asia to open a backarc ocean basin during the Late Cretaceous and collided with the
northern margin of India at �60 Ma prior to terminal India – Asia suturing (figs. 11C
and 13).

The history of arc rifting along the southern margin of Asia is expected consider-
ing the comparatively stationary paleolatitude of Asia since the Mesozoic (Torsvik and
others, 2012; Van der Voo and others, 2015) and the tendency of oceanic trenches to
retreat because of the negative buoyancy of subducting lithosphere (Isacks and
Molnar, 1971; Karig, 1974; Hamilton, 1988; Billen, 2010; Stegman and others, 2010).
Trench advance is favored in scenarios where slab pull forces associated with two
simultaneously active and similarly facing subduction zones combine (Čı́žková and
Bina, 2015; Jagoutz and others, 2015). In our interpretations, trench advance and
Asian margin contraction occurred, although not exclusively, when two north-dipping
oceanic subduction zones were active, such as the 155 to 132 Ma (fig. 7E) and 70 to 45
Ma (Scenario 2, fig. 13) time intervals, and during intercontinental collision events
such as the Lhasa – Qiangtang (120–90 Ma) and India – Asia collisions.

The geology is consistent with all of the rifted Asian arcs having originally been
laterally extensive along strike (for example, the regional along-strike age similarities
exhibited by ophiolites and detrital and igneous records of magmatism), yet their
modern exposures are geographically limited (figs. 1 and 4). We thus infer that rifted
arc terranes are inherently subductable, at least to lower crustal levels, such that locally
exposed remnants are fortuitous exceptions. Candidate locations where oceanic
lithosphere may be consumed during convergence without leaving a geological
trace—‘cryptic’ sutures—are most likely to be found within already recognized suture
zones, or within arc complexes because of the tendency of rifting and oceanic
spreading to localize along the weakest, central axis of an arc (for example, Molnar
and Atwater, 1978).

Causes of Plate Kinematic Reorganizations
In an overall convergent tectonic setting, terrane accretion results in the demise

of subduction and may induce initiation of oceanic subduction elsewhere to accommo-
date continued convergence (for example, induced subduction by transference of
Stern, 2004). The final consumption of Paleo-Tethys oceanic lithosphere at 200 to 190
Ma may have induced initiation of northward Meso-Tethys subduction, forearc spread-
ing, and rifting of the Amdo arc along the southern Qiangtang continental margin
(figs. 7B and 7C). Accretion of the Amdo arc back to the Qiangtang terrane at �170
Ma may have induced southward subduction of the Meso-Tethys beneath the northern
Lhasa terrane (fig. 7D). The Indus-Yalu suture zone records ophiolite generation at
174 to 156 Ma, 132 to 123 Ma, and �90 Ma. At least the latter two episodes were coeval
with emplacement of global large igneous provinces (Zhu and others, 2009a; van
Hinsbergen and others, 2011b; Bryan and Ferrari, 2013; Chatterjee and others, 2013).
The renewal of Gangdese arc magmatism at �70 Ma was contemporaneous with
emplacement of the Deccan Traps and India’s northward acceleration and rifting from
the Seychelles (Cande and Stegman, 2011; van Hinsbergen and others, 2011b; Cande
and Patriat, 2015). Hence, the geodynamic evolution of the Neo-Tethyan realm may
have been modulated by mantle upwelling and plume-push that drove the breakup of
Gondwanaland. Establishment of this whole-mantle convection engine provides an
explanation for India’s continued northward motion, and more broadly, for supercon-
tinent assembly (Gurnis, 1988; Zhong and others, 2007; Becker and Faccenna, 2011;
Yoshida and Santosh, 2011; Faccenna and others, 2013).

Most plate circuit reconstructions of India – Eurasia convergence show a decelera-
tion (from �100 mm/yr – �80 mm/yr) over a time-scale of �10 Myr during the
Eocene (fig. 10). India’s velocity relative to Africa shows a similar pattern, with gradual
slowing from 63 to 47 Ma, followed by a rapid slowdown at �47 Ma and a marked
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change in azimuth at �43 Ma (fig. 10; Cande and Patriat, 2015). The period of gradual
slowing is consistent with the geological records of continuous orogenesis in both the
Himalaya and Tibet during this time interval while the more abrupt changes during
the Middle Eocene may be related to slab breakoff (fig. 15A). A younger, less profound
but resolvable deceleration of India – Asia convergence occurred between 20 and 11
Ma (Molnar and Stock, 2009). This is potentially attributable to �21 to 20 Ma Indian
slab breakoff and the subsequent rise in elevation and gravitational potential energy of
the southern Himalayan-Tibetan orogen as a combined result of dynamic rebound
(Husson and others, 2014; Webb and others, 2017), Indian underthrusting, and
removal of Asian lithosphere (figs. 15C and 15D).

History of Plateau Growth and Surface Elevation Change
The central Qiangtang terrane was a relative topographic high throughout the

Cretaceous (figs. 6E through 6H). The central axis of the Gangdese arc may have been
at high elevation (�4 km) by Paleocene – Eocene time, consistent with paleoaltimetric
studies of the Linzizong Formation at one locality near Lhasa (fig. 14; Ding and others,
2014; Ingalls and others, 2018) and �50 percent upper-crustal shortening within the
Gangdese retroarc thrust belt (Kapp and others, 2007b). A relatively high-elevation
proto-plateau may have been established in parts of central Tibet by �45 Ma as a result
of Late Cretaceous to Eocene shortening in the northern Lhasa terrane and Tanggula
thrust belts (fig. 2B; Kapp and others, 2005; Wang and others, 2008a, 2014a; Rohrmann
and others, 2012). The Himalayan metamorphic record requires a thickened crust
(�50 km), and by inference substantial surface elevation in the Himalaya, by �40 Ma.
Collision-induced dripping/delamination of Asian lithosphere, together with moder-
ate crustal shortening, likely further uplifted the Qiangtang terrane and Bangong
suture zone during Eocene to Oligocene time (figs. 15A and 15B). Some paleoaltimet-
ric studies on Eocene – lower Miocene basins in central Tibet yield elevations of 3 to 5
km, consistent with the geological history, while others place the Bangong suture
region within �1 km of sea level (Rowley and Currie, 2006; DeCelles and others,
2007b; Xu and others, 2013a, Jia and others, 2015; Wei and others, 2016; Wu and
others, 2017; fig. 14). More paleoaltimetric studies are needed here and elsewhere
within the Himalayan-Tibetan orogen to better understand why there are conflicting
results, as well as to better resolve temporal-spatial variations in paleoelevation. The
�50 to 26 Ma paleoelevation history of the YSZ is unknown. Based on the Eocene to
Oligocene history of deep burial and subsequent exhumation of Himalayan rocks in
the Lopu Range (figs. 1 and 4; Laskowski and others, 2016, 2017), we infer significant
surface uplift during this time. The most abrupt and drastic changes in surface
elevation are recorded in the Kailas basin along the YSZ, which paleoaltimetric studies
suggest was at 2 to 2.3 km elevation, or perhaps even lower (DeCelles and others,
2016b) between 26 and 21 Ma and was subsequently uplifted to 4 to 6 km elevation
between 21 and 19 Ma (DeCelles and others, 2011; Ding and others, 2017b; Xu and
others, 2018; fig. 14). Again, paleoaltimetric studies are still in their infancy, but the
preliminary results are consistent with the sedimentary facies and paleoclimatic
indicators in the Kailas basin (DeCelles and others, 2011, 2016b). Unlike the central
and southern parts of Tibet, the Hoh-Xil region did not experience any significant
upper-crustal shortening or magmatism during the Cretaceous. Eocene – Oligocene
crustal shortening was insufficient to generate the modern crustal thickness (Staisch
and others, 2016) and paleoaltimetric studies suggest that only moderate elevation was
achieved by mid-Miocene time (Polissar and others, 2009; Sun and others, 2015a). This
implicates lithospheric removal and/or crustal flow to generate surface uplift in
northern Tibet since mid-Miocene time (Staisch and others, 2016).

Some conceptual and numerical models predict that the past elevation of the
Tibetan Plateau was higher than its modern elevation. One general concept invokes
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initial crustal thickening and surface elevation gain, followed by radiogenic heating,
melt-weakening of the mid-crust, and crustal flow driven by topographic gradients.
Crustal flow leads to net crustal thinning and elevation loss in regions at higher
elevation and crustal thickening and elevation gain in adjacent regions (Beaumont
and others, 2004; Royden and others, 2008). Mid-Miocene to Recent east-west exten-
sion in the northern Himalaya and Tibet can also be viewed in the context of
contributing to net crustal thinning and thereby elevation loss, with estimates on the
order of �1 km (Ge and others, 2015). Previously cited paleoaltimetric studies on
Himalayan-Tibetan rift basins are permissive, if not supportive, of this. The continued
influx of Indian crust beneath the Main Himalayan Thrust, however, should not be
neglected. This serves to balance crustal thinning as a result of extension, crustal flow,
and erosional loss in externally drained parts of the orogen. We argue that the current,
mean elevation state (rising, falling, or steady) of the northern Himalaya and Tibetan
Plateau has yet to be demonstrated.

Implications for Paleoclimate and Climate-Tectonic Linkages
A combination of paleogeographic, climatic, and tectonic factors can help explain

why the Tibetan Plateau has grown to such extreme heights. Inasmuch as erosion
competes against tectonically-induced surface uplift, the latter is more efficient in
regions of drier climate and lower relief (Montgomery and others, 2001; Montgomery
and Brandon, 2002). Most of Tibet has been located at northern, subtropical latitudes
since the Cretaceous (Lippert and others, 2014), where aridity is enhanced because of
the dry, descending Hadley cell. Late Cretaceous to Paleocene growth of the Gangdese
Mountains likely generated an orographic barrier to Tethyan ocean moisture sources
to the south, further contributing to arid conditions in Tibet to the north. Evidence of
aridity includes the presence of eolianites in strata as old as latest Cretaceous to
Paleocene within the Nima basin (DeCelles and others, 2007a) and evaporative
lacustrine facies in all documented Paleocene – Miocene basins in central Tibet (for
example, Horton and others, 2002; Kapp and others, 2005; DeCelles and others,
2007a; Xu and others, 2013a). Widely distributed outcrops of flat-lying to gently-tilted
Eocene through Miocene volcanic rocks at similar modern elevations in central Tibet,
together with the abundance of Eocene and older low-temperature thermochrono-
logic dates and absence of exhumed Cenozoic metamorphic rocks away from late
Cenozoic rifts, are consistent with relatively low erosion rates and topographic relief
since Paleogene time.

The competing hypotheses for terminal India – Asia suturing (fig. 11) make
markedly different predictions for land-sea distribution and oceanic circulation during
the Paleogene, with uncertain but likely significant implications for paleoclimate
(Lippert and others, 2014). Until these hypotheses are fully vetted, it will be challeng-
ing to confidently assess potential linkages among the Paleogene history of India – Asia
suturing, associated chemical weathering, and changes in regional and global climate
(for example, Raymo and Ruddiman, 1992; Zachos and others, 2001; Kent and
Muttoni, 2008; Jagoutz and others, 2016). On the other hand, there is compelling
evidence for India-Asia suturing and establishment of high elevations in the Himalaya
(as inferred from its metamorphic record) and Tibetan Plateau by �45 to 40 Ma.
Inasmuch as the modern Asian monsoon is largely driven by the presence of an
orographic barrier that insulates warm, moist air over low-land India by blocking
southward flow of cool, dry air from the north (Boos and Kuang, 2010; Molnar and
others, 2010), it is not surprising that the Asian monsoon may have been established by
Eocene time (Licht and others, 2014).

An outstanding question is how the post-Eocene waxing and waning of the Asian
monsoon and associated precipitation-driven erosion were caused by, or exerted a
control on, the kinematic evolution of the Himalayan thrust belt. Intense monsoon
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rainfall may not have initiated until �24 Ma (Clift and Webb, 2018). This was roughly
coeval with the onset of slip along the South Tibetan Detachment and Main Central
Thrust shear zones in the central Himalaya, and at first glance appears to support the
idea that southward extrusion of Greater Himalayan Sequence rocks was triggered by
focused monsoon precipitation and erosion along the southern Himalayan front (for
example, Beaumont and others, 2001). However, it is not clear how monsoon
intensification alone can explain along-strike variations in the timing of South Tibetan
Detachment activity (Webb and others, 2017; Kellett and others, 2018) or why
significant slip along the South Tibetan Detachment terminated roughly at the same
time as monsoon precipitation peaked at �15 Ma (Clift and Webb, 2018). Further-
more, a geodynamic mechanism seems necessary to link Oligocene – Miocene Himala-
yan and Tibetan (Kailas basin development and potassic-adakitic magmatism) tecton-
ics more broadly, and their along-strike and across-strike temporal variations, such as
changes in the dynamics of the subducting Indian slab (figs. 15C through 15E;
DeCelles and others, 2011; Leary and others, 2016a; Webb and others, 2017). Indian
slab anchoring followed by its breakoff, and associated dynamic subsidence and uplift,
may have significantly altered the elevation and taper of the Himalayan orogenic
wedge, which in turn may have modulated the strength of the Asian monsoon (Webb
and others, 2017; Clift and Webb, 2018). It is difficult to advance beyond mere
speculation, however, until major uncertainties about the Cenozoic kinematic and
paleoelevation history of the Himalayan thrust belt and YSZ are resolved; some specific
examples are provided in the concluding section.

The Question of Cenozoic Strike-Slip Shear Zones Along the Bangong and Yalu Suture Zones
This synthesis does not mention any Cenozoic strike-slip shear zones with displace-

ments of more than a few tens of kilometers within the central parts of the Bangong
and Yalu suture zones (as earlier proposed by Tapponnier and others, 1982) because
none has been documented. Despite this fact, there have been rekindled suggestions
of large-scale eastward extrusion of Asian lithosphere from in front of the Indian plate
along the Bangong suture (Royden and others, 2008) or YSZ (Replumaz and Tappon-
nier, 2003; Replumaz and others, 2010a). Cenozoic extrusion of upper crustal material
along the Bangong suture is precluded by the preservation of intact thrust belts of
demonstrable Cretaceous age across the Bangong suture and northern Lhasa terrane.
The YSZ was modified by the Miocene Great Counter Thrust such that older shear
zones have been structurally buried in its footwall. Yet, there is no evidence of
subvertical shear zones within the Gangdese arc, nor evidence of major strike-slip
shearing within or between any of the YSZ assemblages. Rather, ductile north-dipping
shear zones have been documented within and structurally beneath Gangdese arc
rocks (for example, the Gangdese Thrust of Yin and others, 1994, which is locally
exposed in the footwall of the Great Counter Thrust). Furthermore, no lithotectonic
assemblages are ‘missing’ in the central part of the orogen. Instead, this is where the
YSZ assemblages are most completely preserved and where the Lhasa terrane exhibits
its largest north-south width (figs. 1 and 4). Additionally, paleomagnetic studies are
inconsistent with significant vertical-axis rotations in southern and central Tibet
required by some kinematic models of extrusion (Lippert and others, 2014).

conclusions and future directions
1. The Qiangtang terrane includes a large volume of block-in-sedimentary-

matrix mélange (over large lateral distances and likely depths) that formed
during Permian – Triassic time. This mélange does not demarcate a discrete
suture, but rather a broad subduction complex (or multiple subduction
complexes) that underplated Gondwanan-affinity continental margin rocks
in many places. The structural setting of Qiangtang mélanges is analogous to
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that of the Pelona-Orocopia-Rand subduction-complex schists in the southwest-
ern United States, which underplated the North American continental mar-
gin over trench-normal distances of �300 km during latest Cretaceous to
Paleogene northeastward flat-slab subduction of the oceanic Farallon plate
(Jacobson and others, 1988, 2017). Future studies should aim to better
document the location and petrogenesis of assemblages that comprise the
Jinsha suture within the remote Hoh-Xil region to the north, along with the
geology exposed between it and the northernmost exposures of Qiangtang
mélange to the south.

2. Final closure of the Paleo-Tethys ocean at 200 to 190 Ma may have been
synchronous with, and thus may have induced, initial northward subduction
of the Meso-Tethys (Bangong) oceanic lithosphere beneath the Qiangtang
terrane (fig. 7B). Future studies of the Jurassic Bangong suture zone ophi-
olitic rocks, Amdo terrane, and geology of the southern Qiangtang terrane
may provide a rare opportunity to assess the viability and geological manifesta-
tions of induced subduction by transference. The Amdo arc terrane is
inferred to have rifted southward from and then accreted back to the
Qiangtang terrane during the Jurassic, prior to Lhasa – Qiangtang continen-
tal collision (figs. 7C and 7D).

3. Jurassic ophiolites along the YSZ are interpreted to have formed proximal to
the southern Asian (Lhasa terrane) margin in a forearc (fig. 7D) or intra-
oceanic arc extensional setting. The Jurassic Zedong arc may have rifted from,
and subsequently rejoined, the southern Asian margin (figs. 7D and 7E).

4. Late Jurassic – Early Cretaceous magmatism in the southern Qiangtang
terrane and northern Lhasa terrane is tentatively attributed to bivergent
double subduction of Meso-Tethyan oceanic lithosphere, similar to the mod-
ern tectonic setting of the Molucca Sea (figs. 7D through 7F; Zhu and others,
2016). Bangong suture assemblages are exposed over a broad north-south
distance (�100 km in many places; figs. 1 and 4) and have recently become a
target of intensive study. A northwest-southeast trending belt of Mesozoic
ophiolites is also exposed to the south within the Lhasa terrane, approxi-
mately midway between the cities of Lhasa and Nima (fig. 4), but has received
relatively little attention since the early Chinese-British expeditions (Gi-
rardeau and others, 1985a; Pearce and Deng, 1988). The ophiolite belt has
been proposed to represent a klippe that was thrust southward from the
Bangong suture zone (Girardeau and others, 1985a, 1985b, 1985c; Coward
and others, 1988) or an additional suture within the Lhasa terrane (for
example, Hsü and others, 1995). Future investigations of ophiolites and their
adjacent rocks within the Bangong suture and Lhasa terrane have strong
potential to reshape our understanding of the history of Lhasa – Qiangtang
suturing.

5. The preponderance of geological data suggests that Early Cretaceous ophio-
lites along the YSZ were generated proximal to the Lhasa terrane in a forearc
extensional setting (and locally within the Jurassic ophiolites) during subduc-
tion (re)initiation or Neo-Tethyan slab rollback (fig. 7F). The Xigaze forearc
basin developed on top of ophiolitic basement and was filled with sediment
derived from the Lhasa terrane. This conclusion aligns with that of the
Chinese-French team during the 1980’s but conflicts with subsequent argu-
ments that the YSZ ophiolites formed in an intra-oceanic setting thousands of
kilometers away from the southern Asian margin.

6. A 120 to 105 Ma high-flux magmatic belt spans the northern Lhasa terrane,
Bangong suture zone, and southern Qiangtang terrane (fig. 8). Peak
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magmatism post-dates initial Lhasa – Qiangtang collision, at least locally, and
was coeval with shallow marine limestone deposition across the Lhasa terrane.
A correlative 120 to 100 Ma belt of igneous rocks is exposed west of the
Karakoram fault, where it also spans terrane boundaries in the Karakoram
and South and Central Pamir (Schwab and others 2004; Robinson, 2015;
Chapman and others, 2018). Foundering of Meso-Tethys oceanic lithosphere
is called upon as a tentative explanation (Zhu and others, 2016; fig. 7G).

7. The Lhasa terrane experienced granulite-facies metamorphism, adakitic and
basaltic magmatism, and an apparent cessation of sedimentation between
�90 and 80 Ma, coeval with exhumation of amphibolites along the YSZ,
development of the intra-oceanic Spong arc in the northwestern Himalaya,
and rifting of the Kohistan arc. This was followed by a magmatic lull within the
Gangdese arc between 78 and 72 Ma (fig. 8). We raise the possibility that a
portion of the Gangdese arc, along with the entire Xigaze forearc, may have
rifted from the southern margin of Asia at �90 to 80 Ma in response to
southward rollback of the Neo-Tethyan oceanic slab (fig. 13A). This in turn
may have led to the opening of a backarc ocean basin between the Xigaze
forearc in the south and the Asian margin to the north (fig. 13B). Nothing in
the known geology, however, requires the former existence of the hypotheti-
cal backarc ocean basin. An alternative interpretation attributes the 90 to 80
Ma tectonothermal event in the Lhasa terrane to subduction of a Neo-
Tethyan oceanic ridge, and the subsequent magmatic lull to northward
flat-slab subduction of Neo-Tethyan oceanic lithosphere (figs. 12A and 12B).
Distinguishing between these two alternatives is of fundamental importance
given the very different constraints they would place on the subsequent
history of India – Asia suturing (figs. 11A and 11B versus 11C).

8. The Gangdese magmatic arc experienced intra-arc to retro-arc shortening,
high-grade metamorphism, and a high-flux magmatic event peaking at �51
Ma during the 70 to 45 Ma time interval. At the same time, the northern Lhasa
terrane and parts of the Qiangtang terrane experienced major upper-crustal
shortening and accelerated exhumation. The 70 to 45 Ma tectonism may have
led to the development of a high-elevation Lhasaplano along the axis of the
Gangdese arc, and a proto-plateau within large parts of central Tibet. It
remains to be tested whether this tectonism was driven in part by initial India –
Asia collision (fig. 12C) or was exclusively Cordilleran in style during north-
ward subduction of a hypothetical Xigaze backarc ocean basin (fig. 13C) or a
hypothetical Greater India ocean basin (fig. 11A).

9. The northern Himalaya began colliding with the Xigaze forearc at �60 Ma.
Both the Himalaya and Tibet record a continuous history of orogenesis since
60 Ma. As there is no direct evidence in the rock record for a post-60 Ma
suture anywhere within the central Himalayan-Tibetan orogen, the simplest
interpretation of the geology is that India – Asia collision initiated at �60 Ma
(Collision Scenario 1; figs. 11B and 12C). Alternatively, a rifted portion of the
Gangdese arc (the Xigaze terrane) collided with India at �60 Ma prior to final
closure of the hypothetical Xigaze backarc ocean basin at �45 Ma (Collision
Scenario 2; figs. 11C and 13C).Collision Scenario 2 is not as well supported by
the geology, but is in better agreement with plate motion reconstructions and
seismic tomographic anomalies in the lower mantle.

10. Yalu suture zone and northern Himalayan rocks were intruded by 45 to 40 Ma
granitoids, prior to termination of magmatism within the Gangdese arc (and
the initiation of �1.3 Ga metamorphism in Greater Himalayan Sequence
rocks) between 40 and 38 Ma. We attribute this history to �45 Ma southward
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retreat of the hinge of the subducting Indian plate (relative to the surface
YSZ) and a return to northward hinge advance beneath the Gangdese arc by
�38 Ma (figs. 15A and 15B).

11. Potassic-adakitic magmatism initiated at �45 Ma within an �200 km by �100
km elliptical area in the northern Qiangtang terrane and then expanded
westward and southward across the Qiangtang terrane and Bangong suture
zone during Eocene – Oligocene time (fig. 14). We attribute Paleogene
magmatism and basin subsidence and intrabasin shortening in central Tibet
to dripping/delamination of Asian lithosphere (figs. 15A and 15B).

12. Between 26 and 20 Ma, potassic-adakitic magmatism swept southward across
the Lhasa terrane at a rate comparable to that of India – Asia convergence
(figs. 16A and 16B). This magmatic sweep was coeval with development of the
narrow, orogen-parallel, warm, wet, and probably low-elevation Kailas basin
along the southern flank of the Gangdese arc and the initiation of vertical
ductile crustal thinning and north-south stretching in the northern Himalaya
and the South Tibetan Detachment shear zone. At �21 to 19 Ma, the Great
Counter Thrust system became active along the YSZ and the Kailas basin was
uplifted to elevations of �4 km. Parts of the YSZ and Gangdese arc experi-
enced �6 km of exhumation between 20 and 16 Ma, coeval with the
beginning of a northward younging termination in Lhasa terrane magmatism.
Potassic-adakitic magmatism peaked in the Lhasa terrane between 16 and 13
Ma, roughly coeval with termination of the South Tibetan Detachment and
initiation of east-west extension in the northern Himalaya and Tibet. Initial
�26 Ma retreat, and subsequent advance of the hinge in the subducting
Indian plate relative to the surface YSZ, perhaps as a consequence of Indian
slab anchoring and subsequent breakoff, might link Himalayan and Tibetan
Miocene tectonism (figs. 15C through 15E). Interpretations could be refined
by addressing the following questions and issues: (i) Did the Kailas basin in
fact develop initially in the hanging wall of a north-dipping normal fault? If
the normal fault interpretation proves valid, then this would suggest that at
least parts of the orogen were thrown into north-south extension, even if
locally short lived (�3 Myr) and of small magnitude. The Pamir gneiss domes
were exhumed by north-south extension during net Miocene convergence
between India and Asia (Stübner and others, 2013a, 2013b; Rutte and others,
2017a, 2017b), suggesting that the possibility of local north-south extension in
the Himalayan-Tibetan orogen should not be dismissed. Furthermore, a
normal fault interpretation for early Kailas basin development suggests that
the Great Counter Thrust was not active until after �21 Ma, and thus could
not have been kinematically linked to the South Tibetan Detachment shear
zone until this time. This in turn would preclude kinematic models of the
Himalaya which balance top-to-the-north slip within the South Tibetan Detach-
ment shear zone with shortening in the Great Counter Thrust system (Yin,
2006; Webb and others, 2007, 2017), at least until �21 Ma. (ii) What was the
kinematic and P-T history of northern Himalayan middle to lower crust?
Granulitized eclogites have been documented in the High Himalaya near
Ama Drime and in Bhutan, with proposed ages of eclogite-facies metamor-
phism ranging from �38 Ma to 14 Ma (for example, Lombardo and Rolfo,
2000; Guillot and others, 2008; Corrie and others, 2010; Grujic and others,
2011; Kellett and others, 2014; Wang and others, 2017). Additional studies on
these rocks may further constrain lithosphere-scale tectonic interpretations.
(iii) Why did slip on the South Tibet Detachment terminate, and how
diachronous was it along strike (see Webb and others, 2017, for their
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interpretation)? (iv) East-west extension initiated roughly synchronously across
most of the northern Himalaya and Tibet at 13 � 3 Ma. Did a change in
far-field plate boundary conditions contribute to this (Yin, 2000), or was the
extension related to northward underthrusting of India and removal of Asian
lithosphere?

13. Spatial variations in the age and strength of the Asian lithosphere predeter-
mined the modern spatial extent of the Tibetan Plateau (Molnar and
Tapponnier, 1981). Tibet exposes basement rocks that are Neoproterozoic or
younger and experienced a protracted history of orogenesis and magmatism
throughout Phanerozoic time. The northern Himalayan margin of India is
also composed of relatively juvenile crust that experienced Cambrian –
Ordovician tectonism (DeCelles and others, 2000; Gehrels and others, 2003;
Cawood and others, 2007) and Early Cretaceous intra-plate magmatism
(Jadoul and others, 1998; Zhu and others, 2009a; Hu and others, 2010). The
relatively young age and tectonic preconditioning of the Himalayan-Tibetan
lithosphere made it more susceptible to strain localization during the India –
Asia collision than the cratonic blocks that bound the plateau margins. The
vast expanse of extremely high ground in the Tibetan Plateau interior, on
the other hand, may in part be attributed to its relatively dry climate since the
Cretaceous. It is exciting to speculate about the future fate of the Tibetan
Plateau physiography. Major rivers have incised headward into formerly
internally-drained parts of the eastern Tibetan plateau since mid-Miocene
time (Wu and others, 2008; Craddock and others, 2010; Rohrmann and
others, 2012; Nie and others, 2018). Conversely, the area of internal drainage
in parts of more arid western Tibet appears to have increased since the
Miocene due to tectonic damming by the Karakoram fault (Murphy and
Burgess, 2006; Gourbet and others, 2017). Which of these processes—rock
uplift or river incision—will win in the future, and where?

broader future issues
1. Major gains in our understanding of subduction zone initiation, ophiolite

generation, and intercontinental suturing in general, along with the amalgama-
tion history of Tibet in specific, would be gained if all Paleozoic – Mesozoic
suture zones and associated orogenic belts in Tibet were scrutinized at a level of
detail that the India – Asia suture zone has experienced in recent years.

2. Large parts of Tibet and the northern Himalaya remain poorly investigated in
terms of rigorous geological mapping, structural-stratigraphic analysis, and
construction of structural cross-sections and kinematic restorations. In a sense,
a regional geological infrastructure has yet to be established; instead, it is
extrapolated or inferred from a handful of relatively well-studied localities.

3. The history of India – Asia suturing and the timing of terminal intercontinental
collision remain outstanding issues. All existing interpretations present
challenges—we are missing evidence for either a large amount of Cenozoic
shortening in the Himalaya and Asia or one or more Cenozoic suture zones.
The search and the debate will continue until this issue is resolved.

4. The concept of slab breakoff (and its associated dynamic topographic effects)
is increasingly called upon in tectonic interpretations of geological data from
orogenic systems globally (for example, Garzanti and others, 2018). Although
the process is consistent with numerical modeling results, a challenge remains
in testing the concept through generation and synthesis of multi-disciplinary
data sets, while simultaneously disproving or developing alternatives.

5. Paleoaltimetry in the Himalaya and Tibet is still in its infancy in both temporal and
spatial coverage, along with an understanding of the uncertainties and limitations
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in the various proxies used. The unparalleled high elevation and protracted
growth history of the Himalayan-Tibetan orogen make it ideal for continued
application and advancement of paleoaltimetric techniques. The possibility that
parts of Tibet have undergone one or more phases of elevation loss during
Cenozoic collisional orogenesis also warrants further consideration.

6. The Cenozoic paleodrainage evolution of the Himalaya and Tibet remains
poorly understood. When were the Yalu and Indus rivers established and did
parts of them formerly flow in opposite directions and/or merge with south-
ward flowing Trans-Himalayan rivers? Were large parts of eastern Tibet inter-
nally drained prior to Miocene river incision? What parts of the internally
drained Tibetan interior were previously externally drained and when? Which
regions may have been episodically internally and externally drained? Studies
that integrate basin analysis, low-temperature thermochronologic, cosmogenic
nuclide erosion rate, and geomorphologic approaches may help to advance
progress on this issue.

7. There is a need to synthesize and interpret geological data in the context of
three-dimensional, internally consistent kinematic reconstructions of the en-
tire Himalayan-Tibetan-Pamir orogenic system and beyond. GPlates may pro-
vide a platform for doing this, but the plethora and variety of data involved will
require a broader community effort. Such kinematic reconstructions would
permit assessment of along-strike variations, help identify inconsistencies in
interpretations, and provide kinematic constraints for geodynamic models and
bathymetric/topographic boundary conditions for oceanic circulation and
climate models.

8. Previous deep seismic reflection profiling studies were successful at imaging
the Main Himalayan Thrust, the middle to upper crustal structure of the
northern Himalaya, melt or fluids at depths of 15 to 20 km, dipping lower-
crustal reflections in southern Tibet, and the Moho (for examples, Nelson and
others, 1996; Alsdorf and others, 1998; Gao and others, 2016). This knowledge
about the structure of the deeper crust provided strong constraints on, and
raised novel hypotheses about Himalayan-Tibetan orogenesis. Future seismic
reflection profiling, and its expansion northward across Tibet, will likely lead to
additional leap advances.
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DeCelles, P. G., Castañeda, I. S., Carrapa, B., Liu, J., Quade, J., Leary, R., and Zhang, L., 2016b,
Oligocene-Miocene Great Lakes in the India-Asia Collision Zone: Basin Research, v. 30, n. S1, p. 1–20,
https://doi.org/10.1111/bre.12217

DeCelles, P. G., Leary, R. J., and Kapp, P., 2018, Cenozoic basin evolution in the Indus-Yarlung suture zone
and High Himalaya, in Ingersoll, R. V., Lawton, T. F., and Graham, S. A., editors, Tectonics,
Sedimentary Basins, and Provenance: A Celebration of William R. Dickinson’s Career: Geological
Society of America Special Papers, v. 540, p. 1–33, https://doi.org/10.1130/2018.2540(30)

Deng, W., 1991, Cenozoic volcanism and intraplate subduction at the northern margin of the Tibetan
Plateau: Chinese Journal of Geochemistry, v. 10, n. 2, p. 140 –152, https://doi.org/10.1007/
BF02837714

Dewey, J. F., 1977, Suture zone complexities: A review: Tectonophysics, v. 40, n. 1–2, p. 53–67, https://doi.org/
10.1016/0040-1951(77)90029-4

–––––– 1988, Extensional collapse of orogens: Tectonics, v. 7, n. 6, p. 1123–1139, https://doi.org/10.1029/
TC007i006p01123

Dewey, J. F., Shackleton, R. M., Chang, C., and Yiyin, S., 1988, The tectonic evolution of the Tibetan Plateau:
Philosophical Transactions of the Royal Society of London, Series A, v. 327, p. 379–413, https://doi.org/
10.1098/rsta.1988.0135

Dewey, J. F., Cande, S., and Pitman III, W. C., 1989, Tectonic evolution of the India/Eurasia collision zone:
Eclogae geologicae Helvetiae, v. 82, n. 3, p. 717–734.

Di Giuseppe, E., van Hunen, J., Funiciello, F., Faccenna, C., and Giardini, D., 2008, Slab stiffness control of

228 P. Kapp and P.G. DeCelles—Mesozoic–Cenozoic geological evolution of the

https://doi.org/10.1130/0091-7613(2000)28<487:DTICSA>2.0.CO;2
https://doi.org/10.1130/0091-7613(2000)28<487:DTICSA>2.0.CO;2
https://doi.org/10.1016/j.jseaes.2014.01.010
https://doi.org/10.1093/petrology/27.1.219
https://doi.org/10.1093/petrology/27.1.219
https://doi.org/10.1130/0016-7606(1995)107<0454:HOTSOW>2.3.CO;2
https://doi.org/10.1029/98TC02598
https://doi.org/10.1126/science.288.5465.497
https://doi.org/10.1126/science.288.5465.497
https://doi.org/10.1029/2000TC001226
https://doi.org/10.1029/2001TC001322
https://doi.org/10.1029/2001TC001322
https://doi.org/10.1016/j.epsl.2004.08.019
https://doi.org/10.1130/B26074.1
https://doi.org/10.1016/j.epsl.2006.11.001
https://doi.org/10.1038/NGEO469
https://doi.org/10.1130/B30258.1
https://doi.org/10.1002/2014TC003522
https://doi.org/10.1130/2015.1212(18)
https://doi.org/10.1130/2015.1212(18)
https://doi.org/10.1002/2016TC004298
https://doi.org/10.1111/bre.12217
https://doi.org/10.1130/2018.2540(30)
https://doi.org/10.1007/BF02837714
https://doi.org/10.1007/BF02837714
https://doi.org/10.1016/0040-1951(77)90029-4
https://doi.org/10.1016/0040-1951(77)90029-4
https://doi.org/10.1029/TC007i006p01123
https://doi.org/10.1029/TC007i006p01123
https://doi.org/10.1098/rsta.1988.0135
https://doi.org/10.1098/rsta.1988.0135


trench motion: Insights from numerical models: Geochemistry, Geophysics, Geosystems, v. 9, n. 2,
Q02014, https://doi.org/10.1029/2007GC001776

Dilek, Y., Imamverdiyev, N., and Altunkaynak, S., 2010, Geochemistry and tectonics of Cenozoic volcanism in
the Lesser Caucasus (Azerbaijan) and the peri-Arabian region: Collision-induced mantle dynamics and
its magmatic fingerprint: International Geology Review, v. 52, n. 4–6, p. 536–578, https://doi.org/
10.1080/00206810903360422

Ding, H., Zhang, Z., Dong, X., Tian, Z., Xiang, H., Mu, H., Gou, Z., Shui, X., Li, W., and Mao, L., 2016a, Early
Eocene (c. 50 Ma) collision of the Indian and Asian continents: Constraints from the North Himalayan
metamorphic rocks, southeastern Tibet: Earth and Planetary Science Letters, v. 435, p. 64–73,
https://doi.org/10.1016/j.epsl.2015.12.006

Ding, L., and Lai, Q., 2003, New geological evidence of crustal thickening in the Gangdese block prior to the
Indo-Asian collision: Chinese Science Bulletin, v. 48, n. 15, p. 1604–1610, https://doi.org/10.1007/
BF03183969

Ding, L., Kapp, P., Zhong, D., and Deng, W., 2003, Cenozoic volcanism in Tibet: Evidence for a transition
from oceanic to continental subduction: Journal of Petrology, v. 44, n. 10, p. 1833–1865, https://doi.org/
10.1093/petrology/egg061

Ding, L., Kapp, P., and Wan, X., 2005, Paleocene - Eocene record of ophiolite obduction and initial
India-Asia collision, south-central Tibet: Tectonics, v. 24, n. 3, TC3001, https://doi.org/10.1029/
2004TC001729

Ding, L., Kapp, P., Yue, Y., and Lai, Q., 2007, Postcollisional calc-alkaline lavas and xenoliths from the
southern Qiangtang terrane, central Tibet: Earth and Planetary Science Letters, v. 254, n. 1–2, p. 28–38,
https://doi.org/10.1016/j.epsl.2006.11.019

Ding, L., Yang, D., Cai, F. L., Pullen, A., Kapp, P., Gehrels, G. E., Zhang, L. Y., Zhang, Q. H., Lai, Q. Z., Yue,
Y. H., and Shi, R. D., 2013, Provenance analysis of the Mesozoic Hoh-Xil-Songpan-Ganzi turbidites in
northern Tibet: Implications for the tectonic evolution of the eastern Paleo-Tethys Ocean: Tectonics,
v. 32, n. 1, p. 1–15, https://doi.org/10.1002/tect.20013

Ding, L., Xu, Q., Yue, Y., Wang, H., Cai, F., and Li, S., 2014, The Andean-type Gangdese Mountains:
Paleoelevation record from the Paleocene-Eocene Linzhou Basin: Earth and Planetary Science Letters,
v. 392, p. 250–264, https://doi.org/10.1016/j.epsl.2014.01.045

Ding, L., Qasim, M., Jadoon, I. A. K., Khan, M. A., Xu, Q., Cai, F., Wang, H., Baral, U., and Yue, Y., 2016b, The
India-Asia collision in north Pakistan: Insight from the U-Pb detrital zircon provenance of Cenozoic
foreland basin: Earth and Planetary Science Letters, v. 455, p. 49-61, https://doi.org/10.1016/
j.epsl.2016.09.003

Ding, L., Maksatbek, S., Cai, F. L., Wang, H. Q., Song, P. P., Ji, W. Q., Xu, Q., Zhang, L. Y., Muhammad, Q.,
and Upendra, B., 2017a, Processes of initial collision and suturing between India and Asia: Science
China Earth Sciences, v. 60, n. 4, p. 635–651, https://doi.org/10.1007/s11430-016-5244-x

Ding, L., Spicer, R. A., Yang, J., Xu, Q., Cai, F. L., Li, S., Lai, Q. Z., Wang, H., Spicer, T. E. V., Yue, Y., Shukla,
A., Srivastava, G., Ali Khan, M., Bera, S., and Mehrotra, R., 2017b, Quantifying the rise of the Himalaya
orogen and implications for the South Asian monsoon: Geology, v. 45, n. 3, p. 215–218, https://doi.org/
10.1130/G38583.1

Donaldson, D. G., Webb, A. A. G., Menold, C. A., Kylander-Clark, A. R. C., and Hacker, B. R., 2013,
Petrochronology of Himalayan ultrahigh-pressure eclogite: Geology, v. 41, n. 8, p. 835–838, https://
doi.org/10.1130/G33699.1

Dong, X., Zhang, Z. H., and Santosh, M., 2010, Zircon U-Pb chronology of the Nyingtri Group, southern
Lhasa terrane, Tibetan Plateau: Implications for Grenvillian and Pan-African provenance and Mesozoic-
Cenozoic metamorphism: The Journal of Geology, v. 118, n. 6, p. 677–690, https://doi.org/10.1086/
656355

Dong, X., Zhang, Z., Liu, F., Wang, W., Yu, F., and Shen, K., 2011a, Zircon U-Pb geochronology of the
Nyainqentanglha Group from the Lhasa terrane: New constraints on the Triassic orogeny of the south
Tibet: Journal of Asian Earth Sciences, v. 42, n. 4, p. 732–739, https://doi.org/10.1016/j.
jseaes.2011.01.014

Dong, X., Zhang, Z., Santosh, M., Wang, W., Yu, F., and Liu, F., 2011b, Late Neoproterozoic thermal events
in the northern Lhasa terrane, south Tibet: Zircon chronology and tectonic implications: Journal of
Geodynamics, v. 52, n. 5, p. 389–405, https://doi.org/10.1016/j.jog.2011.05.002

Dong, Y.-L., Wang, B.-D., Zhao, W.-X., Yang, T.-N., and Xu, J.-F., 2016, Discovery of eclogite in the Bangong
Co-Nujiang ophiolitic melange, central Tibet, and tectonic implications: Gondwana Research, v. 35,
p. 115–123, https://doi.org/10.1016/j.gr.2016.03.010

Ducea, M., 2001, The California Arc: Thick granitic batholiths, eclogitic residues, lithospheric-scale
thrusting, and magmatic flare-ups: GSA Today, v. 11, p. 4–10, https://doi.org/10.1130/1052-
5173(2001)011�0004:TCATGB�2.0.CO;2

Ducea, M. N., Paterson, S. R., and DeCelles, P. G., 2015, High-volume magmatic events in subduction
systems: Elements, v. 11, n. 2, p. 99–104, https://doi.org/10.2113/gselements.11.2.99

Dunkl, I., Antolı́n, B., Wemmer, K., Rantitsch, G., Kienast, M., Montomoli, C., Ding, L., Carosi, R., Appel, E.,
El Bay, R., Xu, Q., and von Eynatten, H., 2011, Metamorphic evolution of the Tethyan Himalayan flysch
in SE Tibet, in Gloaguen, R., and Ratschbacher, L., editors, Growth and Collapse of the Tibetan Plateau,
Geological Society, London, Special Publications, v. 353, p. 45–69, https://doi.org/10.1144/SP353.4
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