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Key points

® The Tibetan Plateau did not get uplifted as a large entity or grow systematically
outward from the India—Asia suture (IAS), because lithospheric heterogeneities in
Asia imparted by pre-Cenozoic tectonic events created relatively weak and strong
zones that deformed differently during collision.

® C(Cretaceous tectonic events built embryonic mountains belts and weakened the
lithosphere in southern and central Tibet.

® Continental Asian detritus appeared in Indian continental margin sedimentary
rocks by 65—60 million years ago (Ma). The most conservative interpretation
based on available geologic constraints is that these sediments mark the initiation
of India—Asia collision.

® The quest to further quantify the history of surface elevation change across Tibet
spurred the field of quantitative palaeo-altimetry, such as measurement of oxygen
and hydrogen isotopes in palaeo-water proxies, carbonate clumped isotope
thermometry and fossil leaf physiognomy.

® (Quantitative palaco-altimetry suggests that high (>4 km) elevations were obtained
in southern Tibet by ~55Ma and in central Tibet by ~45Ma, whereas an
intervening valley remained at <2 km elevation until between ~38 and 29 Ma.
The IAS zone and Himalaya Mountains were rapidly uplifted from <3 km to
near-modern elevations at ~20 Ma.

® Subcrustal processes such as subduction, delamination and break-off of Indian
and Asian continental lithosphere were important tectonic events during the

formation of the Tibetan Plateau.



Abstract

The timing of the initial India—Asia collision and the mechanisms that led to the
eventual formation of the high (>5km) Tibetan Plateau remain enigmatic. In this
Review, we describe the spatio-temporal distribution and geodynamic mechanisms of
surface uplift in the Tibetan Plateau, based on geologic and palaco-altimetric
constraints. Localized mountain building was initiated during a Cretaceous
microcontinent collision event in central Tibet and ocean—continent convergence in
southern Tibet. Geological data indicate that India began colliding with Asian-affinity
rocks 65—60 million years ago (Ma). High-elevation (>4 km) east—west mountain belts
were established in southern and central Tibet by ~55 Ma and ~45 Ma, respectively.
These mountain belts were separated by <2 km elevation basins centred on the
microcontinent suture in central Tibet, until the basins were uplifted further between
~38 and 29 Ma. Basin uplift to =4 km elevation was delayed along the India—Asia
suture zone until ~20 Ma, along with that in northern Tibet. Delamination and
break-off of the subducted Indian and Asian lithosphere were the dominant
mechanisms of surface uplift, with spatial variations controlled by inherited
lithospheric heterogeneities. Future research should explore why surface uplift along
suture zones — the loci of the initial collision — was substantially delayed compared

with the time of initial collision.

Introduction

The Tibetan Plateau is Earth’s broadest and highest elevation collisional system,
with a mean elevation of ~5km north of the Indian subcontinent (Fig. 1). Plateau
formation profoundly influenced Asian climate dynamics', development of
modern-day water resources and large Asian rivers?, biodiversity’ and the carbon

cycle®>

through changes in the geographical distribution of land, sea and surface
topography and rock erosion and weathering. However, the mechanisms that deform
the continental lithosphere and change surface elevation temporally and spatially
during continental collision remain unclear. These unknowns are reflected by the

ongoing debates regarding Tibetan Plateau growth during the Cenozoic India—Asia



collision.

The Tibetan Plateau is geologically heterogeneous, being composed of several
adjoining terranes (Fig. 1) that collided with each other during the last ~300 million
years (Myr), owing to subduction of intervening ocean basins along southward
younging suture zones’*>’. These multiple subduction and collision events resulted in
the formation of heterogenous lithosphere and variable histories of crustal

deformation and surface elevation change across Tibet.

90°E 95°E 100°E 105°E 110°E
—_— 5 T
i e i I 40°N
s ‘_:-/(';ﬁ.ﬂ\(\k,
S Qilian Mes..
/( / EETachal?iarn o
_ ,Nwmaghf““ = qjg;jlmm
£ L " ’.
E M;‘\”\“_ —" KunllL_M'ts
k] 2 da°9°“ #Fenghu 35N
&
o
o1 L3000
N /1,, N T § 1 ] lEastern
Jf/;,:- kkhol‘a'Gs’zﬁeﬂg/;f Oua‘ u_A_n"&_._._. = ‘Tibet \
< Herei Tinatays 77N A g
INDIA j ol Cllandhya \I
25°N
N ‘ \\/\,J\
o
iz m
’B,,%(\
N
—_— -
Climate systems Palaeo-altimetric studies Volcanic rocks
=» Westerlies /% Himalaya and India-Asia suture M 60-30 Ma in southern Qiangtang
=P South Asian monsoon & Gangdese and eastern Tibet
=» East Asian monsoon ) Lhasa-Qiangtang suture valley (LQVY) M 40-26 Ma central Tibet
< Watershed @ 26-1 Ma northern Tibet
[} Northern Tibet 25-8 Ma southern Tibet
b
Hlmataya Mts Gangdese Mts LQV  Watershed Mts Kunlun Mts Qilian Mts
M \ e . ,
a M e SN = A /N a
V. nap AU T o e . O
/ Hlmalaya U Southern Tibet Central Tibet Northern Tibet | Sl e et VAaVAy
il LQS -— \
A — — T T Qaidam Basi .
A Kailas/Qiabulin Basin Nima-Lunpola Basin Hoh-Xil Basin aLamitasiy
: TMCT STD GCT ¥ 77GRTI% B ¥ TIB ¥ VFHTB EKTB _ QNTB
S 7 7= R 7 X7 DT o
=" =N N T < <_am
Lhasa gtang Hoh-Xil Kunlun-Qaidam-Qilian " Northern
Moho B ‘:ﬁ — s - Moho China

Fig. 1: Digital elevation map and cross-section of the Himalaya and Tibetan
Plateau. a | Major mountain crests, terranes and sutures along with locations of
palaeo-elevation reconstructions. From south to north, major terranes and mountain
belts include the Himalaya terrane and Himalaya Mountains, Lhasa terrane and
Gangdese Mountains in southern Tibet, Qiangtang terrane and Watershed Mountains
in central Tibet, and Hoh-Xil (equivalent to Songpan-Ganzi) terrane and Kunlun

Mountains in northern Tibet. Cenozoic potassic—adakitic—alkaline volcanic rocks are



most widely distributed in the vast internally drained plateau interior and
systematically decrease in age southward and northward from central Tibet.

Distributions of Cenozoic volcanic rocks taken from refs.''l!6117

. Present-day
moisture sources for the Tibetan Plateau (bold arrows) are dominated by the South
Asian monsoon, East Asian monsoon and westerlies. Better knowledge of past
sources and isotopic compositions of moisture throughout the Cenozoic is critical to
advancing palaeo-altimetric studies. b | Topographic profile and tectonic cross-section
along the transect a—a’' (north-east—south-west), displaying the geometry of main
Tibetan Plateau terranes and fault zones. Mesozoic assembly of juvenile terranes in
Tibet, and their bounding suture zones, strongly influenced the temporal—spatial
distribution of deformation, basin development and surface elevation change during
the India—Asia collision. EHS, eastern Himalayan syntaxis; EKTB, eastern Kunlun
thrust belt; FHTB, Fenghuoshan—Hoh-Xil thrust belt; GCT, Great Counter Thrust;
GRTB, Gangdese retroarc thrust belt; IAS, India—Asia suture; JS, Jinsha suture; KS,
Kunlun suture; LQS, Lhasa—Qiangtang suture; LQV, Lhasa—Qiangtang suture valley;
Ma, million years ago; MFT, Main Frontal Thrust; MBT, Main Boundary Thrust;
MCT, Main Central Thrust; QNTB, Qilian—Nanshan thrust belt; STD, south Tibetan
detachment; TTB, Tanggula thrust belt; WHS, western Himalayan syntaxis. Panel b
adapted with permission from ref.'*, American Journal of Science.

The timing of the initial continental collision between India and Asia, which is
the youngest and most drastic collision event during Tibet’s assembly, is strongly
debated, with estimates ranging from >65 million years ago (Ma)*!? to ~25 Ma!l:12,
The controversy over the collision time stems, in part, from the modest amount of
documented upper-crustal deformation in Tibet between ~65 and 25 Ma and the
proposition that a Cenozoic ocean basin could have subducted between India and Asia
without leaving a definitive record in the surface geology'>!'®. Tighter constraints on
the timing of the initial India—Asia collision are critical for determining how much of
the >4,000km of convergence between India and Asia since ~60Ma was
accommodated by oceanic subduction versus deformation'* and recycling of

15,16

continental lithosphere into the mantle’>'®, as well as the land—sea geographical



distribution through time that influenced water vapour sources and palaeoclimate'’.

Tibet’s temporal—spatial distribution of surface elevation change and the geodynamic
mechanisms responsible are also difficult to quantify, but are necessary to assess how
topographic growth impacts climate'®!?, biotic and ecological evolution?’. General
perceptions are that Tibet grew outward from the India—Asia suture (IAS) since the
Eocene by either Indian continental underthrusting (Fig. 2a) or oblique continental
subduction?!"?? (Fig. 2b). However, phases of regional and rapid surface uplift during
the past 20 Ma in response to convective removal of mantle lithosphere have also
been invoked"®?* (Fig. 2c). Furthermore, most surface uplift in eastern Tibet is

purported to be <15 Ma and driven by flow of weak crust beneath it** (Fig. 2d).
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Fig. 2: Proposed geodynamic mechanisms of continental collisional deformation

Mantle lithosphere

and plateau formation. a | Indian lithosphere subducted horizontally northward
beneath the Tibetan crust’®. b | Subduction of continental lithosphere along sutures
led to stepwise northward growth of the Tibetan Plateau®!. ¢ | Uniform thickening of

Asian lithosphere followed by removal of its dense lower lithosphere has been



suggested to result in a phase of 1.0-2.5 km of surface uplift within a few million
years (Myr)'. d | Topographically driven flow of weak lower crust could have uplifted
eastern and south-eastern Tibet and has been suggested to explain the low topographic
gradient from the plateau interior to Southeast Asia®*. e | Dynamic surface subsidence
during dense slab break-off and surface uplift after slab break-off*’. f | Northward
advancing subduction of Indian lithosphere induced thickening and delamination of
the weaker Asian lithosphere?®. Rather than one mechanism alone, it is likely a
variable combination of geodynamic mechanisms in space and time are required to
explain geological evolution and growth history of the Tibetan Plateau. CLM,
continental lithospheric mantle; H, Hoh-Xil terrane; K, Kunlun terrane; L, Lhasa
terrane; Ma, million years ago; Q, Qiangtang terrane. Panel a adapted with permission
from refs.°*2%5 Wiley and Elsevier. Panel b adapted (to a simplified schematic, not to
scale) with permission from ref.?!, AAAS. Panel e adapted with permission from ref.?’,
GeoScienceWorld. Panel f adapted with permission from ref.?®, Geological Society of
America.

The accelerating generation of quantitative palaeo-altimetry data across Tibet has
resolved non-uniform surface uplift histories across Tibet, with parts being uplifted to
substantial elevations either earlier or later than previously speculated???>2%, These
unanticipated findings, along with increasingly well-resolved temporal—spatial records
of Cenozoic magmatism'?, have promoted additional geodynamic drivers of surface
elevation change, such as break-off of subducted continental slabs?’ (Fig. 2e) and
continental lithosphere delamination?® (Fig. 2f).

In this Review, we discuss Tibetan Plateau evolution and growth, and highlight
the role of Cretaceous tectonism in imparting lithospheric heterogeneities in Tibet, the
debates and constraints on the timing of initial India—Asia collision and the history
and geodynamic mechanisms of Cenozoic surface elevation change. Major findings
are that the surface uplift history was highly variable across Tibet, requiring
subcrustal mechanisms such as subduction, delamination and break-off of Indian and
Asian lithosphere, and was strongly influenced by lithospheric heterogeneities

inherited from precursor tectonic events.



Cretaceous tectonism and surface uplift

A holistic model of Tibetan Plateau development must consider topographic and
lithospheric heterogeneities in Asia that were inherited from tectonic events prior to
the India—Asia collision®?’. In this section, we discuss the Cretaceous events that
pushed parts of Tibet above sea level and weakened its lithosphere, including the
collision between the Lhasa and Qiangtang terranes in central Tibet and the
development of a Cordilleran or Andean-style continental margin in southern Tibet.
Lhasa—Qiangtang collision

The collision of the Lhasa terrane with the southern margin of the Asia ~120 Ma
resulted in initial growth of the Watershed Mountains®® (Fig. 1). Collisional
convergence occurred after northward and southward subduction of intervening
Meso-Tethys oceanic lithosphere along the Lhasa—Qiangtang suture (LQS) zone®!
(Fig. 1). Here we summarize the geological manifestations of the Lhasa—Qiangtang
collision and its inferred impacts on lithospheric architecture.

Deformation and uplift above sea level by ~120 Ma in central Tibet are recorded
by an angular unconformity between strongly deformed =150 Ma marine rocks and
overlying lesser deformed <120 Ma non-marine volcanic and clastic rocks®>¥. A
phase of rock cooling between 110 and 70 Ma, centred along the modern location of
the Watershed Mountains (Fig. 1), suggests that deformation and erosion were
protracted®*. The Watershed Mountains are aptly named as, at the largest scale, they
form a divide between rivers that flow southward into the Indian Ocean from those
that flow eastward into the Pacific Ocean. Sedimentologic studies of basins in
northern Tibet® and along the LQS zone®® suggest that this drainage divide is
inherited from Cretaceous tectonism.

Thrusting and non-marine deposition commenced along the LQS by ~120 Ma
and propagated southward into the northern Lhasa terrane after ~100Ma*%3’.
Foundering of Meso-Tethys oceanic lithosphere after initial Lhasa—Qiangtang
collision ignited an east-west 120-105 Ma magmatic belt in the northern Lhasa and
southern Qiangtang terranes®!. Cretaceous uplift of the Watershed Mountains is

attributed to northward underthrusting of Lhasa terrane lithosphere during the Lhasa—



Qiangtang collision*®32,

Neo-Tethys oceanic subduction

Cretaceous convergence between the Neo-Tethys oceanic and Asian continental
plates resulted in Cordilleran or Andean-style magmatism and mountain building in
southern Tibe**>°. Northward subduction of Neo-Tethys oceanic lithosphere beneath
southern Tibet, and associated growth of the Gangdese magmatic arc, was initiated
between ~240 and 190 Ma***!. Substantial mountain building did not occur
until >100 Myr later, however, as most of the Lhasa terrane experienced marginal to
shallow marine sedimentation prior to ~95Ma*’. Overlying <95 Ma non-marine
strata record southern Tibet’s rise above sea level****. In the southern Lhasa terrane,
Cretaceous strata were folded and eroded prior to deposition of overlying ~65—40 Ma

non-marine volcanic-bearing strata’$3%4

These geologic relationships provide
unambiguous evidence for shortening and surface uplift prior to the India—Asia
collision. The presence of ~65 Ma evaporites and eolianites in central Tibet suggests
that the Gangdese Mountains might have served as an effective orographic barrier to
Neo-Tethys Ocean moisture sources to the south?®.

Applications of empirically based geochemical proxies for crustal thickness to
Gangdese magmatic arc rocks yield contradictory results*®*484° Although all suggest
establishment of a moderately thick crust (~40-55km) at ~65 Ma, the estimated
crustal thicknesses variably increase*®*, decrease*” or remain steady*’ between ~90
and 65 Ma. Raising additional caution in these geochemical proxies are estimates of
thick crust in the northern Lhasa terrane at ~120-105 Ma*’ when it was near or below
sea level*.

Termination of marine deposition in northern Tibet

Non-marine sedimentary basins began to accumulate in northern Tibet by
~85 Ma*”, attesting to its rise above sea level. The youngest shallow marine strata in
westernmost Tibet are ~80 Ma and record a westward marine regression’!. Unlike
central and southern Tibet, northern Tibet did not experience substantial Cretaceous
crustal shortening or magmatism, and thus its lithosphere would have been

comparatively stronger at the time India collided with Asia'’.



Although there is evidence for Cretaceous growth of relatively narrow mountain
ranges in central and southern Tibet, the magnitude of surface uplift remains to be
quantified. The transformation of this pre-Cenozoic locally mountainous topography
into the modern plateau topography is a result of India—Asia collision, yet confidence
in the initiation age of this collision remains poor.

India—Asia suturing

Competing hypotheses for the closure history of the Neo-Tethys Ocean include
the opening and closing of the oceanic Greater India Basin (Fig. 3a), collision of India
with an intra-oceanic arc (Fig. 3b,c) and a single subduction-collision model (Fig. 3d).
These hypotheses make contrasting predictions about the size of continental Greater
India — the northern extension of the Indian subcontinent that has subducted since
collision began®? — and the initiation age of India—Asia intercontinental collision.
However, each of the models is based on the same evidence — that an early foreland
basin located north of the Tethyan Himalaya and sourced from a Gangdese affinity arc
loaded the subducted continental terrane at the time of the initial collision between
them at 65-59 Ma®. In the following sections, the constraints provided by the
geology of the IAS zone followed by the motivations, implications and challenges of
each of the hypotheses are summarized.

Geology of the India—Asia suture
The geology of the archetypal IAS zone in southern Tibet has been extensively

investigated since the 1980s%3°

and must be honoured in tectonic interpretations.
South of the IAS zone are Indian passive continental margin strata of the Tethyan
Himalaya®*. All rock units exposed north of the Tethyan Himalaya are most simply
interpreted as components of an ocean—continent convergent margin system along the
southern margin of Asia’>%*. From south to north, these rock units include ~160—
60 Ma subduction complex rocks, ~132—125 Ma ophiolites and overlying ~130—
50 Ma forearc basin strata (the Xigaze forearc), and the >190 Ma to ~40 Ma Gangdese
magmatic arc'’. This geologic framework led to the conventional view that India

collided with Asia following the northward subduction of a single Neo-Tethys oceanic

plate beneath the Lhasa terrane®®*°. If the conventional northward subduction model



was true, then the timing of the first appearance of Asian detritus in Tethyan Himalaya

strata would mark the initiation age of India—Asia collision.
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Fig. 3: Competing hypotheses for the history of India—Asia suturing. All panels
represent competing palacogeographic reconstructions at ~65 million years ago (Ma).
a | Greater India Basin model in which a Himalayan terrane rifted from India during
the Cretaceous and collided with Asia prior to subduction of the oceanic Greater India
12,60,61

Basin . b | Collision of Greater India with an intra-oceanic arc that developed

near the Equator, distal from the Asian margin!®%7 ¢ | Collision of Greater India
with the Xigaze forearc and arc, which rifted from the southern margin of Asia

between ~90 and 70 Ma'. d | Single-stage collision of Greater India with a north—



south extent of =2,400 km!'>!¢72, Age of initial India—Asia collision is oldest (=
60 Ma) in central Himalaya—Tibet and decreases to 55—-50 Ma along strike to west and
east>®’®. Competing models have profoundly different implications for the timing of
initial India—Asia collision and land—sea distribution during the early Cenozoic; none

of which are yet fully supported by all available data sets.

Arc detritus appeared in a central Tethyan Himalaya collision-related foreland
basin between 65 and 59 Ma>>-%. Arc-derived detrital zircons in Tethyan Himalayan
strata are indistinguishable in age and hafnium isotope compositions from those in
<85 Ma Xigaze forearc basin strata'®. Detrital zircons in >85 Ma Xigaze forearc basin
strata were, in large part, derived from isotopically evolved igneous rocks in the
Lhasa terrane'®. These findings suggest that the Xigaze forearc basin developed
adjacent to the Asian continental margin and collided with the Tethyan Himalaya by
59 Ma. A conventional interpretation of these findings would be that the India—Asia
collision was underway by 59 Ma, substantially earlier than the canonical 50-40 Ma
age for collision initiation®>’.

A compelling argument to question such an old (>59 Ma) collision is based on
the convergence history between India and Asia, which is well constrained from the
age of oceanic crust between continents and palacomagnetically determined apparent
polar wander paths®. If collision occurred at ~60 Ma, Indian and Asian continental
lithosphere must have absorbed an enormous amount (~4,000 km) of convergence in
an entirely continental setting since. Such a large convergence magnitude is more than
double the total amount of <65 Ma north—south crustal shortening that has been
estimated in Asia (<1,000km) and the Himalaya (<1,000km)'". This crustal
shortening deficit has helped fuel alternative hypotheses that involve rifting the
Tethyan Himalaya from India and colliding it with Asia or having India collide with
an intra-oceanic arc prior to the penultimate collision between India and Asia.
Oceanic Greater India Basin model

Motivated to resolve the crustal shortening deficit, and initially supported by



palacomagnetically determined palaeolatitude results, is the hypothesis that a =
2,000 km-wide oceanic Greater India Basin opened during Cretaceous rifting of the
Tethyan Himalaya from the Indian subcontinent!>>-66! (Fig. 3a). This hypothesis is
compatible with collision of the Tethyan Himalaya with Asia by 59 Ma. Closure of the
oceanic Greater India Basin and the ensuing India—Asia collision might not have
occurred until as recently as ~25Ma when crustal shortening estimates in the
Himalaya and Asia begin to match convergence magnitudes'?. Some of the initial
supporting palacomagnetic data, however, were shown to be compromised by
remagnetization®?. A statistically more rigorous analysis of the palacomagnetic data
also challenges their use as evidence in favour of an oceanic Greater India Basin®.
There is no geologic evidence that unequivocally supports the presence of such an
ocean basin, whereas there is a substantial amount of geologic evidence against it, for
example, stratigraphic continuity from the Tethyan Himalaya to continental India and
<45 Ma high-grade metamorphism in the Himalaya!'3->64,
Intra-oceanic arc model

Another model that reduces the crustal shortening deficit calls upon ~60 Ma
collision of India with a south-facing intra-oceanic arc-trench system that developed
near the Equator!!-*367 (Fig, 3b). In this model, penultimate India—Asia collision did
not occur until ~45 Ma closure of the back-arc Neo-Tethys ocean basin. The former
existence of the intra-oceanic subduction zone is supported by high-velocity seismic
anomalies in the lower mantle, which extend approximately north-west—south-east
from beneath modern Arabia to just south of the southern tip of the Indian
subcontinent®®. Collision of India with a juvenile intra-oceanic arc that developed far
south from Asia, however, cannot explain the appearance of the Xigaze forearc basin
and continental Asian detritus in Tethyan Himalaya strata between 65 and
50 Ma!0:69.70

A modified India—arc collision model"® (Fig. 3c) explains the appearance of
Asian detritus in Tethyan Himalaya strata by rifting a southern portion of the
Gangdese magmatic arc, along with the Xigaze forearc basin to the south, during a

~90-70 Ma phase of Neo-Tethys oceanic slab rollback. Slab rollback led to the



opening of a Japan Sea-like back-arc ocean basin and collision of the rifted Asian arc
with India near the Equator by ~60 Ma. The hypothetical ~45 Ma suture in this model
is located on the north side of the Xigaze forearc basin, which is everywhere bound by
the south-dipping Miocene (~20 Ma) Great Counter Thrust (GCT) (Fig. 1b), or within
the southernmost Gangdese magmatic arc. However, at present no direct geologic
evidence exists for the opening or closing of the Xigaze back-arc basin. No Cenozoic
oceanic crustal or deep marine rocks have been identified anywhere within the
Himalaya or Tibet.

Single subduction-collision model

From a geologic perspective, the simplest and most conservative interpretation
remains a single subduction-collision model in which India first collided with Asia in
southern Tibet by 65-59 Ma>>3%%"! (Fig. 3d). The single subduction-collision model
requires a very large continental Greater India, with palacomagnetically determined
estimates in the range of 2,700-1,900 km’?. The age of India—Asia collision initiation
decreases to 55-50 Ma towards the western and eastern Himalayan syntaxes®®’37475
(Fig. 1). The single collision model initiating along the central IAS zone challenges a
previous paradigm’®’’ that India—Asia collision initiated in the north-western
Himalaya at ~55-50 Ma and decreased in age eastward to ~38 Ma in the Indo-Burma
Range (Fig. 1).

Since ~60 Ma, Greater Indian lithosphere has been impinging northward into and
subducting beneath Asian lithosphere. A rapidly growing amount of palaco-elevation
reconstructions and geologic data demonstrates that the temporal—spatial distribution
of surface uplift, magmatism and deformation was highly variable across Tibet, and
highlights a strong influence of inherited lithospheric strength heterogeneities on the
geodynamic evolution.

Palaeo-altimetry in Tibet

The quest to resolve Tibet’s wuplift history catapulted the field of
palaeo-altimetry’®”°. Quantitative reconstructions of palaeo-elevation (Box 1, Fig. 4
and Supplementary Table 1) provide critical constraints on the timing and geodynamic

mechanisms of continental deformation and plateau growth. Palaecoenvironmental



data, such as flora and fauna, proxies of temperature and isotopic composition of
precipitation, and sedimentary facies and their associations, provide quantitative and
qualitative constraints on palaco-elevation. These palaeo-elevation constraints, when
cross-checked with the geologic history of crustal deformation and magmatism,

elucidate the geodynamic processes responsible for surface uplift.
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Fig. 4: History of surface elevation change across Tibet. The Himalaya and India—
Asia suture (IAS) zone constrained by the youngest marine strata in the Xigaze
forearc basin (~54 million years ago (Ma))’"!% and Tethyan Himalaya (~50 Ma!%-107),
Liuqu, Qiabulin, Dazhuqu and Kailas basins!°"1%*15°  Mount Everest"!>? and

Thakkhola!>® and Zhada'>*!3%!%6 basins. Gangdese Mountains constrained by the

25,99 85,90,99,108,109 basins

youngest (~95 Ma) marine strata* and Linzhou?**° and Namling
Northern flank of Gangdese Mountains constrained by Tangra Yum Co Basin'®.
Lhasa—Qiangtang suture valley (LQV) constrained by youngest (~95Ma) marine
strata*? and Bangor®!, Lunpola®?%¢ and Nima'®’ basins. Gerze Basin in western Lhasa—
Qiangtang suture (LQS) zone might have been at low elevation until as recently as
~39 Ma®®. Watershed Mountains constrained by the Heihuling Basin®®. Eastern Tibet

constrained by the Nanggian'?®, Gonjo'?® and Markam'?’ basins. References

corresponding to each numbered study — Himalaya and IAS zone: 1 (ref.!%), 2



(refs.196107) 3 (ref.10%), 4 (ref.2%), 5 (ref.!%?), 6 (refs.!V1%), 7 (refs.!1°1:152), 8 (refs.’®15%),
9 (ref.’?), 10 (ref.!>*), 11 (ref.'>®), 12 (ref.2°7), 13 (ref.'*); Gangdese Mountains: 14
(ref.*?), 15 (ref.?®), 16 (ref.®”), 17 (ref.®), 18 (ref.?%®), 19 (ref.!??), 20 (ref.”?), 21
(ref.'1%); LQV: 22 (ref.#?), 23 (ref.?!), 24 (ref.'*?), 25 (ref.¥7), 26 (ref.!3¢), 27 (ref.??), 28
(ref.??), 29 (ref.!37), 30 (ref.!*®), 31 (ref.?%°); eastern Tibet: 32 (ref.!%%), 33 (ref.’’!), 34
(ref.219), 35 (ref.!?%), 36 (ref.'?”), 37 (ref.2!!); and Watershed Mountains: 38 (ref.”®). All
data supplied in Supplementary Table 1. Available palaeo-altimetric results have large
uncertainties but are generally internally consistent where available. Additional
multi-proxy palaeo-altimetric investigations coupled with isotope-enabled general
circulation climate models are needed to further resolve the spatio-temporal history of

surface elevation change in Tibet.

Carbonates, leaf lipids (waxes) and hydrous minerals in the rock record have the
potential to record surface water compositions at the time of their formation. Modern
moisture in the Himalaya and southern Tibet is mostly derived from southerly Indian
Ocean moisture sources and experiences strong isotope fractionation by Rayleigh
distillation as a function of elevation. Southern Tibet is thus ideal for stable isotope
palaeo-altimetry under the assumption that moisture sources have been similar since
initial uplift of an orographic barrier to moisture, such as the Gangdese Mountains. In
contrast, modern water isotopic compositions in northern Tibet are influenced by
mixing of different moisture sources (for example, southerly, westerly and recycled
surface water) and complex atmospheric processes, and thus do not correlate well
with surface elevation®*-8!,

Another factor to consider in stable isotope palaeo-altimetry is the extent to
which primary carbonate oxygen isotope compositions are reset during sedimentary

13283 or hydrothermal perturbations®, which can be challenging. The ideal

buria
approach is to conduct multi-proxy palaco-altimetry and evaluate the degree of
consistency among the proxies®>#%’ Carbonate clumped isotope thermometry®®* has

potential to quantify the temperatures at which carbonates precipitated or

recrystallized in the case of burial. If primary temperatures of carbonate precipitation



are obtained, they can be used to increase the precision of oxygen isotope
palaeo-altimetry and as an independent palaco-altimeter given an estimation of the
past thermal lapse rate. Palaeo-elevation reconstructions based on fossil leaf
characteristics (Climate Leaf Analysis Multivariate Program (CLAMP)90; (Box 1))
are also gaining importance in Tibet as vigorous exploration unearths more fossils®'.

Collectively, palaeo-altimetric approaches are limited by uncertainties about past
climate conditions, such as sea and land surface temperatures, sources and isotopic
compositions of moisture, atmospheric circulation, isotope and thermal lapse rates,
and mean annual temperature. High-resolution isotope-enabled general circulation
models of modern and past climate can simulate these quantities and provide an
exciting tool for advancing the field of palaeo-altimetry®?. Idealized models that only
consider uniform reductions in the elevation of the Tibetan Plateau suggest that the
assumption of water isotope fractionation by Raleigh distillation is valid in monsoonal
high-elevation regions but breaks down at lower elevations and under weakened
monsoonal conditions®***. Nevertheless, the model trends in Tibet are towards one of
less water isotope depletion with decreasing elevation, suggesting that any
reconstructed highly depleted water isotopic values require high elevations.

An outstanding question is the extent to which water isotope fractionation by
Rayleigh distillation operated during the earlier stages of India—Asia collision, when
the Earth was in a warmer greenhouse world and the land—sea—topography
distribution was drastically different. The assumption of Rayleigh distillation was
invalidated by a set of Eocene (~42 Ma) specific isotope-enabled climate models of
large-scale circulation in Asia®®, which indicated widespread aridity in Tibet and
lateral variations in water isotope compositions, including a reversed relationship
between oxygen isotope composition and elevation across Tibet’s southern margin.
By contrast, an Eocene simulation with a high-elevation Tibetan proto-plateau yielded
water isotope compositions broadly consistent with Rayleigh distillation’®. Further
inter-comparisons between different models that combine multiple proxies are needed
to advance understanding of Eocene atmospheric circulation and palaeco-elevation

distribution in the Himalaya-Tibetan realm®’.



It is our view that integrated isotope-enabled climate modelling and
palaeo-altimetric investigations have a promising future but are currently too nascent
to argue strongly for or against the assumption of water isotope fractionation by
Rayleigh distillation. In the following sections, palaco-elevation and
palaeoenvironmental investigations in Tibetan basins are summarized together with
other Cenozoic geological events and our geodynamic interpretations. The cited
palaeo-elevations and uncertainties are those interpreted in the original studies.
India—Asia collision and surface uplift

How the Late Cretaceous locally mountainous topography of Tibet (Fig. 5a)
evolved during the ~60—40 Ma stage of India—Asia collision is strongly debated.
Competing hypotheses include systematic northward plateau growth from the
Gangdese Mountains??, the development of a proto-plateau spanning southern and
central Tibet by ~45Ma?** and no substantial plateau by ~40 Ma®. The studies
summarized here suggest that none of these hypotheses are accurate. Instead, >4 km
elevations were achieved in the Gangdese and Watershed mountains by ~55 and

~45 Ma, respectively?>%%

, whereas the intervening LQS zone region remained warm,
wet and at <2 km elevation until between ~38 and 29 Ma®"“11% (Fig. 4). Interpreted
geodynamic events to explain geologic and palaeo-altimetric data include break-off of

the Neo-Tethys oceanic slab between 55 and 45 Ma (Fig. 5b) followed by northward
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underthrusting of Indian lithosphere!® and induced subduction and

delamination®® of Asian lithosphere between ~45 and 29 Ma (Fig. 5c,d).
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Fig. 5: Lithosphere-scale tectonic processes and corresponding changes in
surface elevation and climate. a | 100-65 million years ago (Ma): northward
subduction of Neo-Tethys oceanic lithosphere resulted in development of the
Cordilleran or Andean-style Gangdese Mountains. b | 5545 Ma: Neo-Tethys oceanic
slab break-off resulted in magmatic flare-up and further surface uplift within
Gangdese Mountains. Crustal shortening and mountain building localized in central
Tibet. ¢ | 45-40 Ma: northward underthrusting of Indian lithosphere terminated
Gangdese arc magmatism and induced continental subduction along reactivated suture
zones in central Tibet. Lhasa—Qiangtang suture valley (LQV) remained at low
elevation with a warm monsoonal climate. d | 40-30 Ma: delamination and break-off
of Lhasa terrane lithosphere and southward subduction of Asian lithosphere generated
east-west belts of magmatism in central Tibet. LQV uplifted to high elevation during
this time, resulting in formation of a regional proto-plateau. e | 30-25 Ma: continued
northward Indian underthrusting and outward plateau growth. f | 25-15Ma:
delamination and break-off of Indian and Asian lithosphere resulted in magmatism
within southern and northern Tibet, respectively, and rapid surface uplift within the
Himalaya, northern Tibet and Kunlun Mountains. Black arrows indicate tectonic plate
motion, blue arrows show inferred climate moisture pathways. Spatio-temporal
distribution of deformation, magmatism and surface uplift across Tibet was
non-uniform, implicating the importance of suture-zone reactivation and lateral
variations in lithospheric strength. CAV, calc-alkaline volcanism; KV, potassium-rich
volcanism; NCV, sodium-rich calc-alkaline volcanism.
Neo-Tethys slab break-off

Between ~60 and 50 Ma, the rapidly northward drifting Indian continental plate®®
subducted steeply beneath Asia'®®, and the IAS zone and Tethyan Himalaya were
raised above sea level but remained at low elevation104. Non-marine strata within the
IAS zone (Fig. 1, Liuqu) were deposited at ~1 km elevation (Fig. 4) in a hot and wet
tropical climate at ~56 Ma'®. The Xigaze forearc basin and central Tethyan Himalaya

105

to the south transitioned from marine to non-marine deposition at ~54 Ma' and

~50 Ma®>106:107 " regpectively.



The Cenozoic Linzhou and Namling basins provide archives of palaco-elevation
along the modern axis of the Gangdese Mountains (Fig. 1). The Linzhou Basin was at
4-5km elevation between ~58 and 48 Ma based on oxygen and clumped isotope
data®> (Fig. 4) and developed coeval with shortening in the Gangdese retroarc thrust
belt to the north* (Fig. 1b). Multi-proxy results including hydrogen, oxygen and
clumped isotopes show that the Namling Basin has been at =4 km ¢levation since at
least ~30 Ma and might have been ~1 km higher than its modern elevation of ~4.5 km
at ~15 Ma$5909%:108,109.110 (Bjo 4.

Neo-Tethys slab break-off at 55-45 Ma has been interpreted to ignite a ~50 Ma
magmatic flare-up within the Gangdese arc!>#®!!1:112 (Fig. 5b). The reduction in slab
pull force due to break-off can explain the reduction in the India—Asia convergence
rate from >14 cm year-1 at 55-50 Ma to <6 cm year at ~45 Ma’®!13114 " and uplift of
the Gangdese Mountains to =4 km elevation (Figs. 4 and 5b).

Indian underthrusting and Asian continental subduction

Following Neo-Tethys slab break-off, northward underthrusting of more buoyant
Indian lithosphere terminated Gangdese arc magmatism at ~40 Ma'®“!15 (Fig. 5c).
Initial collision and Indian underthrusting induced intra-continental subduction along
reactivated suture zones in central Tibet?!%? (Fig. 5c). Approximately 46-27 Ma
ultrapotassic magmatism in the northern Qiangtang terrane and sodium-rich
magmatism in the southern Qiangtang terrane are attributed to southward subduction
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of Asian lithosphere and northward subduction and delamination of Lhasa

28,117

terrane lithosphere , respectively (Fig. 5c,d). Alternatively, or in addition,

Qiangtang terrane magmatism might be a manifestation of delamination or dripping
of its underlying dense mantle lithosphere!>%.

The syncontractional Heihuling Basin in the northern Qiangtang terrane (Fig. 1)
might have been at =5 km elevation at some time between 51 and 28 Ma, based on
oxygen isotope palaeo-altimetry®® (Fig. 3). The assumption of water isotope
fractionation by Rayleigh distillation is invalid in the deep interior of Tibet today®!,

but might have been at ~50-30 Ma when the Watershed Mountains were bounded by

low-elevation regions in northern Tibet and along the LQS zone'® (Fig. 5¢,d). The



Watershed Mountains experienced major thrusting and folding''®

and rapid rock
cooling®* between ~60 and 45Ma, consistent with substantial surface uplift by
~45 Ma. The observation that ~46-27 Ma volcanic rocks in central Tibet are flat-lying
on top of angular unconformities, together with thermochronologic evidence for
limited erosion (<2 km) since ~45 Ma, suggest that low-relief (and plateau-like if at
high elevation) conditions were established in central Tibet at ~45 Ma**!"" (Fig. 5c).

A combination of three factors can explain why crustal deformation, surface
uplift and proto-plateau development were localized in central Tibet during the early
stage of the India— Asia collision. The first is that central Tibet is bounded by two
Mesozoic sutures (Fig.1), which are major lithospheric heterogeneities that would be
prone to reactivation during subsequent collisional tectonism?!'. The second factor is
that the Qiangtang terrane was underthrusted by a large volume of
metasedimentary-matrix mélange when it sutured to Asia during the early Mesozoic,
making it weaker than adjacent terranes'?*!?! (Fig. 5a,b). The last factor is that
Watershed Mountains mark the northernmost extent of major Cretaceous tectonism

and associated lithospheric weakening in Tibet!?

. Numerical geodynamic models of
India—Asia collision that include lateral variations in Asian lithosphere strength,
namely with central Tibet being the weakest, best simulate the non-uniform growth
and complex geologic history of the Tibetan Plateau®®.
Surface uplift in eastern Tibet

Palaco-altimetric studies challenge the paradigm that most surface uplift in
eastern Tibet was generated by flow of crust beneath it (Fig. 2d) since the ~15 Ma
onset of deep river incision’*'?2. The =51 to ~37 Ma lake-dominated Nanggian
Basin (Fig. 1) developed coeval with north-east-south-west shortening!'?*!2*, Oxygen
and clumped isotope palaeo-altimetry suggests that the Nangqian Basin region had
achieved a mean elevation of ~3.0 km by ~37 Ma!% (Fig. 4). The Gonjo Basin to the
south-east (Fig. 1) evolved from an arid low-elevation (~0.7 km) basin at ~52 Ma into
a high-elevation (~3.8 km) forested environment at ~42 Ma'?® (Fig. 4). CLAMP and

oxygen isotope palaco-altimetry suggest that the surface elevation of the Markam

Basin increased from ~2.9 to ~3.9 km between 36 and 33 Ma'!?’ (Fig. 3). In the Deqin



and Weixi basins, rapid rock exhumation at 60—40Ma and syncontractional
sedimentation are consistent with surface uplift initiating prior to ~40 Ma!2312%:130,
Near-modern elevations by ~38 Ma have also been reconstructed in lower elevation
(<3.0 km) parts of the south-eastern Tibetan Plateau'!.

The consensus among palaeo-altimetric studies is that substantial surface uplift
occurred in eastern Tibet =20 Myr prior to the onset of deep river incision. This
relatively early timing of surface uplift raises the possibilities that parts of eastern
Tibet were characterized by internal drainage similar to that in the modern plateau
interior prior to river incision®* or that river incision was a response to enhanced
monsoonal precipitation'*2, or both.

Lhasa—Qiangtang suture uplift and lithosphere delamination

Knowledge of the uplift history of the region between the Watershed and
Gangdese mountains is critical for assessing when and how a regionally contiguous
proto-plateau was established in Tibet. At the centre of this region is the LQS, which
parallels a modern east-west topographic depression at ~4.5 km elevation (Fig. 1).
The LQS was a topographic low relative to the Gangdese and Watershed mountains
throughout the India—Asia collision, as evidenced by a series of Cenozoic basins that
developed along it and within the northern Lhasa terrane’*323¢, From west to east,
those investigated for palaeo-altimetry include the Gerze, Tangra Yum Co, Nima,
Lunpola and Bangor basins (Figs. 1 and 4).

The LQS region was at low elevation between ~50 and 39 Ma (Fig. 4). Oxygen
isotope palaeo-altimetry, together with the presence of marine foraminifera, suggest
that the Gerze lake basin in the west might have been near sea level until as recently
as ~39 Ma®. The Tangra Yum Co Basin developed along the northern flank of the
Gangdese Mountains at ~2.5 km elevation between 50 and 46 Ma'*. The Bangor
Basin to the north-east records a humid monsoonal climate and was at ~1.5km
elevation at ~47 Ma’!. The age of low-elevation tropical palm and fish fossils in the
Lunpola Basin was initially purported to be ~25 Ma?®!3*, but has since been revised to
~40 Ma®”135 Integrated carbonate clumped isotope thermometry and climate

modelling confirm a ~1.7km elevation of the Lunpola Basin between ~50 and



40 Ma®’. The presence of the Lhasa—Qiangtang suture valley (LQV) between the
Watershed and Gangdese mountains could have permitted south-easterly monsoonal
moisture-bearing winds to penetrate into central Tibet’! (Fig. 5c). However, the
potentially humid ~40 Ma climate is at direct odds with isotope-enabled general
circulation models that simulate arid conditions across Tibet during this time®>.

The LQV experienced =2 km of surface uplift between ~38 and 29 Ma®’ (Fig.
4). Assessment of extensive isotopic-based data yields palaco-elevations of 4.5-4.7 km
for the Lunpola Basin (Fig. 1) since at least ~36 Ma?>8%136 (Fig. 4). The Nima basin to
the west was relatively dry and at near-modern elevations by 26 Ma'*7 (Figs. 1 and 3).
The coexistence approach on fossil pollen records, however, suggests that the Lunpola
Basin could not have been higher than ~3.2 km elevation at ~25 Ma!*%, Additional
integrated palaeo-altimetric and climate modelling studies are needed to further
explore discrepancies among different proxies and refine palaeo-elevation
reconstructions®”-13,

Cenozoic shortening by folding and thrusting was localized along the LQS zone,
but the degree of shortening is of insufficient magnitude to uplift the region from
<2km to =4km elevation between ~38 and 29 Ma>**". An additional component of
surface uplift is attributed to delamination of Lhasa terrane lithosphere and associated
upwelling of less dense asthenosphere®” (Fig. 5d). Delamination can explain the
coeval generation of mantle-derived volcanism in the southern Qiangtang terrane and
along the LQS (Fig. 1). Southward delamination of Asian lithosphere is simulated in
numerical geodynamic models of the India—Asia collision that include one or more
Tibetan terranes with weak lithosphere between northern Tibet and India?®!4* (Fig.
2f).

In summary, the palacogeography of southern and central Tibet evolved from the
relatively high and narrow Gangdese and Watershed mountains at ~55-40 Ma into a
regional proto-plateau between ~40 and 30 Ma. After ~30Ma, the Tibetan
proto-plateau began to grow outward.

Outward plateau growth

The Himalayan fold—thrust belt comprises Indian upper crust that was deformed



and thickened along the southern margin of Asia as the Greater Indian lower crust and
mantle lithosphere were displaced northward beneath Tibet'*!. Consistent with
intuition, numerical geodynamic models generally simulate substantial surface uplift
initiating along the IAS at the time of collision initiation and propagating southward
along with the Himalaya fold—thrust belt?®!4%142 Himalayan surface elevation change
related to the downward pull and subsequent break-off of dense Indian lithosphere has
also been suggested?”-!*. In this section, we summarize unanticipated findings along
the IAS zone, as well as geologic and palaeo-elevation constraints on when and how
the Himalaya and northern Tibet achieved near-modern elevations.
Southward delamination and Indian slab break-off

Southward delamination and break-off of Indian lithosphere!>?7-101L.117.144 (Fjg 5f)
is invoked to explain onset of mantle-derived magmatism in the Lhasa terrane at
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~26 Ma, <25 Ma exhumation of Greater Himalayan continental eclogites and

~25-20 Ma intrusion of leucogranites in the Himalaya'#"-14%,

The surface response of slab break-off is archived in a narrow, east—west belt of
~26 to 18 Ma non-marine strata along the IAS zone (Fig. la, Qiabulin and Kailas).
The non-marine strata rest unconformably on the southern flank of the Gangdese
magmatic arc to the north and in the footwall of the south-dipping GCT to the south
(Fig. 1b), which runs along the entire length of the suture in southern Tibet'®. These
strata were deposited in warm, wet and moderate (~2.3 km) to low-elevation basins
that were rapidly raised to near-modern elevations between ~23 and 19 Ma!01:104.149,150
(Fig. 4).

Indian continental slab break-off and renewed northward underthrusting
triggered uplift of the Himalaya Mountains. The Mount Everest area (Fig. 1a) attained
a mean elevation of >5km by ~17Ma (Fig. 3) based on 6D values of hydrous
minerals in the South Tibetan detachment (STD) (Fig. 1b) shear zone rocks'>!!3,
Oxygen isotope palaeo-altimetry of the synextensional Thakkhola and Zhada basins
(Fig. 1a) suggest that the Himalaya Mountains might have been higher than their
modern elevation at ~9 Ma!>»134135.156 (Fjg_4) Tt is possible that rapid ~20 Ma uplift

of the Himalaya Mountains effectively blocked southerly moisture-bearing winds,



leading to further aridification in Tibet and intensification of monsoonal precipitation
and rock erosion in the southern Himalaya!*157:158,
Asian slab delamination and break-off

Northward delamination and break-off of the southward subducting Asian slab is
inferred to generate mantle-derived volcanism in northern Tibet between ~25 and
<1 Ma, and substantial surface uplift in northern Tibet and the Kunlun Mountains
since ~25 Ma'%>!7 (Fig. 5f).

However, the uplift history of northern Tibet remains poorly constrained due to
scarce palaeo-elevation data and uncertainties in moisture sources and processes>**-8!,
Stable isotope palaco-altimetric studies suggest that northern Tibet (Fig. 1, Erdaogou
and Fenghuoshan) might have been at low (<2km) elevations between 72 and
37 Ma®%15%180_ Crustal thickening by folding and thrusting between ~47 and 27 Ma in
northern Tibet is estimated to have resulted in <1.6km of surface uplift’®!®!. The
coexistence approach on a single leaf fossil and stable isotope palaco-altimetry on
~17 Ma northern Tibetan strata yield conflicting results ranging from 1.4-2.9 km'®? to
near-modern elevations®*!36,

Collectively, palaco-elevation constraints suggest that northern Tibet was likely
uplifted from moderate to high elevations after 27 Ma. The presence of vast and
undeformed ~24—14 Ma lake basins in northern Tibet'®* requires that surface uplift
occurred by inflow of buoyant lower crust or sinking of dense lithosphere such as by
northward delamination (Fig. 5f), or some combination of the two'¢!.

The comparable stratigraphy and sedimentary provenance of the northern
Tibetan and Qaidam basins suggest that these basins were contiguous from ~65 to
25 Ma’>164165 The presence of a large composite Tibetan—Qaidam basin implies that
substantial surface uplift of the intervening Kunlun Mountains occurred after ~25 Ma,
which is supported by thermochronologic records of accelerated rock cooling since
~25 Ma!®-167 Post-25 Ma rapid uplift and exhumation of the Kunlun Mountains are
tentatively attributed to break-off of the Asian slab (Fig. 5f).

In summary, a vast and contiguous modern-like Tibetan Plateau, from the

Himalaya Mountains in the south to the Kunlun Mountains to the north, was



established after ~25 Ma and likely by ~15 Ma.
Present-day Indian underthrusting

Break-off of the leading, dense part of the Indian slab (Fig. 2e) permitted
renewed northward underthrusting of India at 20-15Ma!*»**!%! (Fig. 6). Indian
underthrusting can explain major ~15 Ma geologic events in Tibet and heralds the
final chapter in the tectonic evolution of the plateau.

Mantle-derived magmatism peaked at ~15 Ma in southern Tibet in response to
accelerated removal and partial melting of Asian lithosphere as India converged
northward'3. Northward insertion and duplexing of Indian crust thickened Tibet’s
crust to the extent that it started collapsing eastward under its own weight, as
manifested by approximately north—south trending rifting in the northern Himalaya
and southern Tibet from 13+3 Ma to today!'>'%®!® (Fig. 1a). The termination of
volcanism in southern Tibet by 8 Ma is explained well by underthrusting of relatively
cold Indian lithosphere!!! (Fig. 6). Northward insertion of Indian crust also helped

drive the northward and eastward flow of weak lower crust needed to thicken the crust
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Geophysical images vary widely among studies but are suggestive of substantial
lateral variations in modern behaviours of Indian and Asian lithosphere. From east to
west, Indian lithosphere is underthrusting Tibet at an increasingly shallower angle and
extends progressively farther to the north. Onset of east—west extension across north—
south rifts (dashed lines) in northern Himalaya and southern Tibet is attributed to
northward underthrusting of Indian lithosphere. The rifts might have preferentially
formed above north—south vertical tears in underthrust Indian lithosphere. EHS,
eastern Himalayan syntaxis; IAS, India—Asia suture; JS, Jinsha suture; KS, Kunlun
suture; LQS, Lhasa—Qiangtang suture; MFT, Main Frontal Thrust; P, Pamir; WHS,
western Himalayan syntaxis. Figure adapted from ref.?!?, Springer Nature Limited.
Although some geophysical images indicate the Indian lithosphere to be
underthrusting beneath Tibet and as far north as the LQS!7%!7L172173 (Fig. 6), others

image it to be subducting more steeply northward!'’+175:176

. There is a general
consensus, however, that the Indian lithosphere is underthrusting beneath Tibet at an
increasingly steeper angle from western to eastern Tibet!’>!”* Underthrust Indian
lithosphere might also be deformed by north-south-oriented vertical tears!’”!7%179
(Fig. 6), which, if present, could complicate seismic resolution. Images of southward
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subduction of Asian lithosphere beneath the Tibetan Plateau
are similarly variable.

There are major along-strike differences in the modern behaviours of Indian and
Asian lithosphere. For example, the Hindu Kush—Pamir (Fig. 1) exhibits globally
unique discrete zones of intermediate-depth (down to ~300 km) earthquakes'®*. Indian
lithosphere is subducting nearly vertically northward beneath the Hindu Kush to =
550 km depth, whereas Asian lithosphere is displaced south-eastward beneath the
Pamir!83-184185 (Fig. 6). East of the Hindu Kush, Indian lithosphere has underthrust
~400 km northward beneath the Pamir whereas Asian lithosphere to the north
delaminates northward because of India’s northward impingement!$*1%¢ (Fig. 6).

Due to the northward motion of the Indian Plate, broken-off portions of the

Neo-Tethys oceanic and Indian continental slabs are located beneath the Indian

subcontinent and have been imaged using seismic tomography®®!8’. The Neo-Tethys



slab is in the lower mantle beneath the southern Indian subcontinent, roughly along a
line that connects the modern Makran and Sumatran subduction zones. If the slab
sank vertically into the mantle, this line provides an estimate for where the southern
edge of the Asian active continental margin was located prior to the India—Asia
collision. Seismic tomography has imaged the Indian slab to be overturned (dipping to
the south) in the mid-mantle beneath the northern Indian subcontinent®®!¥7 (Fig. 6).

Properties of the Tibetan lithosphere show substantial spatial variations. Crustal
thickness is >70 km, reaching up to 85-90 km in western and southern Tibet and
decreases northward to 60-70 km in central Tibet!’%!72180.188 'The Jower part of the
thick crust of southern Tibet is eclogitized!”>!3%1°1°! The thinner crust in central and
northern Tibet is underlain by a hotter, partially molten uppermost mantle as indicated
by lower seismic-wave velocities and stronger seismic anisotropy!’%19%193194 Depth
estimates to the lithosphere—asthenosphere boundary beneath central Tibet vary from
~200 km!'8! to ~100 km'7*!°, High-velocity anomalies sitting on top of and within the
mantle transition zone beneath the southern Qiangtang and Lhasa terranes are
interpreted to be composed of Asian mantle lithosphere that was removed from
beneath central and northern Tibet!"S.

In summary, there is geophysical evidence for a wide variety of geodynamic
behaviours of converging continental lithosphere, including sub-horizontal
underthrusting to steep subduction, slab tearing and break-off, and delamination.
Similar processes are called upon throughout the Cenozoic India—Asia collision to
explain the non-uniform temporal—spatial distribution of deformation, magmatism and
surface uplift in Tibet (Fig. 5).

Summary and future perspectives

Since the 1980s, the Tibetan Plateau evolved from a mysterious frontier to one of
the most investigated orogens on Earth. Geologic and surface uplift histories are being
resolved at the million-year timescale in places and require more complicated
geodynamic scenarios than originally inferred.

Cretaceous tectonism weakened the southern and central Tibetan lithosphere

relative to the northern Tibetan lithosphere. Suture zones are also lithospheric



heterogeneities as they localized deformation and basin development within the wide
zone of the India—Asia collision; however, the surface uplift of the suture zones to
high elevations was substantially delayed (by =40 Myr) with respect to the timing of
the initial collisions along them. The Tibetan Plateau did not rise as a single entity, nor
did it rise progressively outward from the IAS, because of lithospheric heterogeneities
inherited from precursor tectonic events.

Sediments of Asian continental affinity appeared in central Tethyan Himalaya
collisional foreland basin strata by 59 Ma. Geologic records of ~60—40 Ma orogenesis
in both Tibet and the Himalaya'** and the absence of <60 Ma oceanic lithosphere
or ocean plate stratigraphy are consistent with the appearance of Asian sediment
marking the initial India—Asia collision. A large amount of the required convergence
since collision initiation, however, remains unaccounted for.

The Gangdese Mountains were at >4 km elevation and helped drive a monsoonal
climate by ~55 Ma. The Watershed Mountains were established as a drainage divide
during the Cretaceous and were uplifted to high elevation by ~45 Ma. Parts of eastern
Tibet were uplifted to =3 km elevation before ~30 Ma. The LQS and IAS zones
were warm, wet and at low elevation before their rise to near-modern elevations
between ~38 and 29 Ma and ~23 and 19 Ma, respectively. Northern Tibet experienced
magmatism but no major upper-crustal deformation during its <25 Ma rise to high
elevation.

Crustal shortening and lower crust flow contributed to crustal thickening in Tibet,
but subcrustal processes are equally or more important in building the plateau.
Subduction, delamination and break-off of Indian and Asian lithosphere can explain
the non-uniform temporal—spatial distribution of deformation, magmatism and surface
elevation change across Tibet. The lower plates of suture zones might be kept at low
elevation when they are attached to a dense subducting slab and get rapidly uplifted to
high elevation after slab break-off. Large collisional systems recycle enormous
volumes of continental lithosphere into the deeper mantle.

All current India—Asia suturing models have weaknesses. The community must



continue to seek more certainty, such as if a <60 Ma oceanic basin existed between
India and Asia, it is possible that scraps of it will be found, either in situ, as erosional
remnants in the sedimentary record, or as xenoliths.

The history of Cenozoic upper-crustal deformation is poorly constrained for
much of Tibet, making comparisons between crustal shortening and plate convergence
histories tenuous. Progress is predicated upon more rigorous geologic mapping, age
control on deformation and sedimentation, and construction of cross-sections.

Palaco-elevation estimates are lacking in Tibet over large areas and time
intervals. For example, high-grade metamorphism at ~45-25 Ma within the Tethyan
and High Himalaya imply crustal thickening!*!'%, but no palaeo-elevation estimates
are available in this region for this time. Given uncertainties in past land—sea—
topography distributions, thermal lapse rates and atmospheric circulation, further
advancements in palaeo-altimetry will require integration with time-specific and
geologically robust isotope-enabled general circulation models®?.

Whether the present-day Tibetan Plateau is rising or falling remains to be
demonstrated. Palaeo-altimetric studies suggest that the Gangdese and Himalayan
mountains were up to 1 km higher in elevation during the Miocene (Fig. 3), implying
that east—west extension thinned the crust. This 1 km decrease in elevation contradicts
inferences that southern Tibet’s surface elevation is in a steady state or increasing
based on palaeo-crustal thickness estimates*, Global Positioning System datal97 and
models attributing extension to an influx of Indian crust'®’.

The modern architecture of the mantle beneath Tibet, such as the geometries of
subducted or delaminated continental lithosphere, remains ambiguous. Additional
geophysical imaging of the mantle is much needed to illuminate the processes and
volume of continental lithosphere recycling. Analysis of data generated during
previous and future seismic experiments across Tibet!*®!*? has the potential to reveal
crustal shortening and sutures for which there is no rock record at the surface’”, along
with rheology and mechanisms of continental lithosphere deformation more broadly.

An exciting avenue of future research, afforded by geologically consistent

numerical geodynamic simulations and seismic images of subducted and/or sunken



lithosphere, is exploring how large continental collisions both influence and are

201202 and by global-scale

influenced by tectonism along adjacent plate boundaries
mantle convection®®.
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Glossary

Tibetan Plateau

The vast high-elevation plateau extending north of the Himalayan Mountains.
Terranes

Fault-bounded crustal fragments, or composites of crustal fragments, with a
distinctive geological history.

Suture zones

Locations at the surface where a former oceanic basin subducted and disappeared
between two terranes.

Initial continental collision

The time of final disappearance of oceanic lithosphere at the surface between two
converging continents, equivalent to the time when a continent enters the trench.
Eastern Tibet

Referred to here as any part of the physiographic Tibetan Plateau that extends east of
the eastern Himalayan syntaxis (EHS).

Delamination

Peeling away (downward) of dense mantle lithosphere from the overlying crust.
Rayleigh distillation

The heavy isotopes of precipitation are successively removed from the vapour as it



condenses with rising elevation.
Thermal lapse rate
The change in surface temperature with elevation; can be divided into dry adiabatic,

saturated adiabatic, environmental and terrestrial lapse rates.

Box 1 Quantitative palaeo-altimetric techniques and uncertainties

Geoscientists are advancing a growing number of techniques to quantitatively
reconstruct continental surface elevation back through time. To better quantify the
palaeo-elevation, integration of multi-proxy stable isotope and fossil-based
palaeo-altimeters and geological data is recommended.

Stable isotopes of water

Oxygen stable isotopes from carbonates and hydrogen stable isotopes from leaf lipid
n-alkanes and hydrous minerals record meteoric water compositions. At increasing
elevations, decreasing temperatures cause condensation of atmospheric water vapour
to form precipitation (rain or snow), preferentially removing heavy isotopes ('*O and
D). Palaeo-elevation is constrained from empirical and theoretical modelling of the
systematic decrease in 8'%0 and D of precipitation versus elevation’®”. In regions
dominated by Rayleigh distillation, 2c uncertainties derived from stable isotope
palaeo-altimetry range from ~0.3 to ~1.1 km!3!-13,

Climate Leaf Analysis Multivariate Program (CLAMP)

CLAMP is a statistical method that decodes climatic signals (mean annual
temperature, precipitation, enthalpy and so on) of 31 leaf characteristics represented
in the physiognomy of woody dicotyledonous plants®!*2!°>. The moist static energy of
an air mass, consisting of moist enthalpy and potential energy, remains constant as it
traverses a mountain region, hence elevation can be calculated from the difference in
enthalpies between the site of interest and sea level:

h=H+gZ

7= (Hsea level-Hunknown elevation)/g

h is moist static energy, H is enthalpy, g is gravitational acceleration.Uncertainty in

elevation for CLAMP with more than 20 morphotypes of leaves is ~0.9 km?'°.



Glycerol dialkyl glycerol tetraethers

Glycerol dialkyl glycerol tetraethers (GDGTs) are lipid molecules from microbial
membranes that correlate with temperature?'®?!”. The use of GDGTs to calculate
palaeo-elevation relies on an understanding of the overland thermal lapse rate and sea
level temperature in the past. The 1o uncertainty of GDGTs is 2-5°C or ~0.4 to
~1.1 km.

Carbonate clumped isotope thermometry

A 47 values of CO, from dissolved carbonate (enrichment of 3C'®0'°0 isotopes
relative to the random distribution of heavy isotopes) are measured to determine the
carbonate formation temperature, which in turn can be used to calculate the §'80
value of palaeo-water®®°. Carbonate clumped isotope thermometry is applied in two
ways, first through changes in mean annual temperature relative to overland thermal

218 and, second, through oxygen isotope palaeo-altimetry?!’”. Typical lo

lapse rate
uncertainty is 2-5 ° C with =3 replicates per sample.

The coexistence approach

Fossil flora and fauna are assigned to their nearest living relatives to constrain
palaeoclimate parameters (temperature, precipitation, relative humidity and so on) to
an interval in which all nearest living relatives coexist*?’. Palaco-elevation can be
estimated after calibrating the effects of temperature difference and thermal lapse

rate'3#2%, Uncertainty in the coexistence approach depends on determination of

nearest living relatives and their existent climate condition and thermal lapse rate.
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