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Рост Тибетского плато остается загадкой из-за его размера и большой высоты. На основе синтеза 
данных по предшествующим коллизиям, палеоальтиметрии, геохимии ультракалиевых лав и их редких 
мантийных источников в комбинации с реинтерпретацией данных томографии мы предполагаем, что 
рост Тибета происходил в два основных этапа. Изначально аккреция террейнов Гондваны к окраине 
Южной Азии, особенно в течение раннего триаса—мелового периода, привела к первому эпизоду роста 
плато, что оказало влияние на площадь, составлявшую около 2/3 современного плато. Мы предполагаем, 
что в течение позднего мела кора Тибета достигла мощности около 50—55 км, что является эквивалент-
ным высоте около 2500—3000 м с отдельными формами рельефа, которые могли превышать 4000 м. Еще 
одним важным последствием этих последовательных аккреций был сильный метасоматизм и смягчение 
верхней части чехла Тибета. Наблюдаемая в настоящее время низкоскоростная аномалия P-волн в цен-
тральной части Тибета соответствует не температурной, а вещественной аномалии. Начиная с 50 млн лет 
назад встречное движение Индии и Азии, которое оценивается в 1000 км со стороны Тибета, привело к 
сокращению плато примерно на 40 %. Мы предполагаем, что это дополнительное укорочение, которое 
привело к современной мощности земной коры в 70 км и средней высоте 4800 м, компенсировалось ре-
активацией континентальных слэбов вдоль предыдущих сутур и равномерным укорочением коры.

Континентальная субдукция, метасоматизированная литосфера, реология, протоплато, Тибет.

How and wHen did tHe tibetan Plateau Grow?

S. Guillot, F. Goussin, l. airaghi, a. replumaz, J. de Sigoyer, and C. Cordier
Due to its size and high altitude, the growth of the Tibetan Plateau remains an enigma. Based on a synthe-

sis of anterior collisions, paleoaltimetric data, geochemistry of ultrapotassic lava and their rare mantle enclaves, 
combined with a reinterpretation of tomographic data, we suppose that Tibet’s growth took place in two main 
stages. Initially, the accretion of Gondwana terranes to the margin of South Asia, especially during the Early 
Triassic–Cretaceous period, resulted in the first episode of plateau growth, which affected an area of about 2/3 of 
the current plateau. We suppose that during the Late Cretaceous, the Tibetan crust reached a thickness of about 
50–55 km, which is equivalent to an altitude of about 2500 to 3000 m, with local landforms that could have ex-
ceeded 4000 m. Another important consequence of these successive accretions was a strong metasomatism and 
a softening of the upper part of the Tibetan cover. The P wave low-velocity anomaly currently observed under 
the central part of Tibet would correspond not to a temperature anomaly but to a composition anomaly. From 50 
Ma onwards, the convergence between India and Asia, estimated at about 1000 km on the Tibetan side, led to a 
shortening of the plateau by about 40%. We suppose that this additional shortening, which has led to the current 
thickness of the Earth’s crust of about 70 km and an average altitude of 4800 m, has been compensated by the 
reactivation of the continental slabs along the previous sutures and by the homogeneous shortening of the crust. 

Continental subduction, metasomatized lithosphere, rheology, protoplateau, Tibet

introduCtion

The orogenic plateaus, covering a surface of thousands of square km, occupy a special place in the plate 
tectonics. In contrast with oceanic domains and subduction zones, where the deformation is localized along the 
10 to 100 km wide oceanic ridges and oceanic trenches respectively, the deformation of orogenic plateaus is 
distributed over thousands of kilometers, making the definition of plate boundaries more complex.

The processes that control the transition from a narrow orogenic belt to a plateau are poorly understood. 
Two different views are proposed: (1) a deformation localized along reactivated suture zones and/or lithospher-
ic strike-slip faults that migrates towards the margins of the plateau with a gradual transfer of compressive 
constraints (Tapponnier et al., 2001) and (2) a distributed deformation throughout the plateau followed by the 
delamination of the lithospheric root (Molnar et al., 1993). Among the plateaus on the Earth, the Tibetan Pla-
teau is not only the largest but also the most enigmatic.
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At the boundary between the Indian subcontinent and Asia, the Tibetan Plateau forms a relatively flat 
area of over 2 million km2 with an average altitude of 4500 m. The topographic gradients at its southern, eastern 
and northwestern margins (Himalaya, Longmen Shan and Kunlun, respectively) are extreme: altitudes fall from 
4500–5000 m within the plateau to less than 1000 m over a distance of 200 km (Fig. 1).

When compared to three of the major 
mountain ranges in the world, the Andes, the 

Fig. 1. a, topographic map of the tibetan Plateau and adjacent regions based on Globe and etoPo1 
deMs. 
The stars correspond to the location of recent large recent earthquakes. b, Topographic profiles. The upper curves correspond to the maxi-
mum altitude, the lower curves correspond to the mean altitude.

Fig. 2. topographic profiles of four major 
mountain ranges (etoPo1 deMs). 
The dashed line corresponds to the average altitude of the 
Tibetan Plateau.
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Rocky Mountains and the Alps, the Himalaya–Tibet orogen is not only wider, but significantly higher in its 
average altitude (Fig. 2). A correlation can be established between the size of mountain ranges and their geody-
namic evolution. The construction of a small mountain range like the Alps, for example, was triggered by the 
closure of only one oceanic domain, while the Rocky Mountains resulted from the successive accretion of ter-
ranes since the late Paleozoic to the present-day subduction of the Pacific Plate (Price, 1981). The Andes, half 
in size only to the Himalaya–Tibet system have also been built through the accretion of terranes from the Pa-
leozoic to the present-day as well as by the active subduction of oceanic plates to the west and the continental 
subduction of the Brazilian craton to the east (Cordani et al., 2000).

As the other major mountain ranges, the Tibetan Plateau is made up of continental terranes, progres-
sively accreted at the southern margin of Eurasia throughout the Mesozoic and the Cenozoic (Yin and Harrison, 
2000). However, whereas the successive episodes of accretion were responsible for the construction of a Proto-
Tibet, or if the plateau is the result of the sole collision between India and the southern margin of the Asian belt 
still remains unclear. Were the intra-Tibet suture zones reactivated during the Cenozoic, resulting in the local-
ization of the deformation? Or does the Tibetan Plateau experience an homogeneous thickening of the crust and 
the lithosphere? In this paper we discuss the pre-Himalayan history of Tibet and its Cenozoic evolution to 
propose a model for the formation of the Tibetan Plateau. We particularly focus on the paleoaltitudes, tectonic 
and magmatic evolution. Using geophysical and magmatic data, the rheological behavior of the Tibetan litho-
sphere will also be discussed. Finally, we will propose a scenario that attempts to take account of all the avail-
able constraints.

tHe CoMPoSite StruCture oF tHe tibetan Plateau and tHe Pre-CenoZoiC HiStorY

It is widely documented that the Tibetan Plateau is constituted of continental terranes progressively ac-
creted at the southern margin of Eurasia throughout the Mesozoic, from north to south: the Qilian Shan, the 
Qaidam Basin, the Songpan–Ganze, the Qiangtang, and the Lhasa terranes (Fig. 3). It is noticeable that the In-
dia–Asia collision built Tibet but also reactivated further north the Central Asian Orogenic belt from Baikal to 
the Stanovoi Range in Siberia (Molnar and Tapponnier, 1975; Dobretsov et al., 1996).

The northeastern active front of the Tibetan Plateau corresponds to the Nan Shan thrust, in the prolonga-
tion of the active Altyn Tagh fault. It marks the thrusting of the Qilian Shan over the southern margin of the 
North China Craton. South of that, the Qilian Shan consists of a fold-and-thrust belt of accreted Ordovician to 
Late Devonian arc systems (Yin and Harrison, 2000), imbricated with Precambrian continental slivers from the 
North China craton. 

The south Qilian Suture marks the major boundary with the Qaidam terrane. The Qaidam basin occupies 
most of this terrane: it is the largest intermountain depression inside Tibet, having an average elevation of 
~ 2000 m lower than the surrounding area. It preserves a complete 10 to 15 km-thick series of Cenozoic detrital 
sediments (Métivier et al., 1998). The basin has progressively expanded eastward since the initiation of the 
subsidence during the Late Cretaceous–early Eocene (Wang et al., 2006; Yin et al., 2008). An early Palaeozoic 
arc, superimposed by the two Permian–Triassic Kunlun batholiths, underlies the southern portion of the Qaidam 
terrane, defining the South Kunlun suture. Three almost complete ophiolitic sequences with Cambrian, Carbon-
iferous and Permian–Triassic ages have been identified within the Kunlun suture (Yang et al., 1996). The oldest 
two relate to the very long Paleozoic history of the southern margin of the Eurasian continent (e.g., (Wu et al., 
2016)), while the Permian–Triassic ophiolite probably represents the relicts of the northern margin of the Paleo-
Tethys that had closed between 260 and 210 Ma along a north-dipping subduction (Yin and Harrison, 2000; 
Roger et al., 2010).

The Songpan-Ganze terrane occupies a large portion of the central Tibetan Plateau and extends eastwards 
in the Longmen Shan (Fig. 3). Westward, this terrane is bounded and offset by the left-lateral strike-slip Altyn 
Tagh fault and the dextral Karakorum strike-slip fault. The Songpan-Ganze terrane is a peculiar geological area 
since it is characterized by a monotonous 10 to 15 km thick Triassic flysch (e.g., (Calassou, 1994)). The flysch 
complex was significantly deformed during the Late Triassic collision between the South and North China cra-
tons. P-wave velocities ranging from 6.6 to 6.9 km/s indicate an intermediate continental crustal composition 
rather than an oceanic one (Karplus et al., 2011). South of the Songpan-Ganze, the Jinsha suture marks the 
boundary with the Qiangtang terrane and the closure of the southern margin of the Paleo-Tethys. The ages of 
the ophiolites along the sutures of Jinsha and Ganze-Litang range from 292 to 232 Ma (Liu et al., 2016). The 
magmatic arcs of Yushu and Yidun record the two-phase closure of the Paleo-Tethys during the Triassic, one 
of which occurred between 244 and 224 Ma and the other between 219 and 195 Ma, ending with the southward 
subduction of the Songpan-Ganze terrane (de Sigoyer et al., 2014; Yang et al., 2014). 

The wide Hoh Xil Basin (83,000 km2) overlies the central and western parts of the Songpan-Ganze ter-
rane. It is bounded to the south by the Tanggula Shan and to the north by the Kunlun Shan. In the center of the 
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Hoh Xil basin, Permian to Quaternary rocks are exposed along the Fenghuoshan Range and in the surrounding 
regions. The continental sedimentary rocks exposed within the Hoh Xil Basin are from Late Cretaceous to 
Miocene (Staisch et al., 2016 and references therein). The Late Cretaceous (Cenomanian) to early Eocene 
(Ypresian) Fenghuoshan Group is the first record of continental sedimentation and uplift above sea level 
(Staisch et al., 2014). The basin development and the deposition of the Fenghuoshan Group was likely caused 
by the loading of the foreland basin and erosion of the rising Tanggula fold and thrust belt (TFTB). No evidence 
of postdepositional deformation has been recognized in the Fenghuoshan Group, suggesting that the crustal 
shortening did not propagate into the Hoh Xil basin after ~51 Ma (Staisch et al., 2016).

South of the Jinsha Suture, the Qiangtang terrane forms the most central terrane of the Tibetan Plateau 
(Figs. 3, 4). Westwards, it extends to the Central Pamir region, where it could correlate with the North Karako-
rum terrane (Searle and Tirrul, 1991). The northern Qiangtang terrane hosts Early Cretaceous to mid-Eocene 
continental volcanosedimentary basins, separated from Carboniferous to Triassic sedimentary series by south-
verging thrust systems. In the middle of the Qiangtang terrane, ultramafic and metamorphic rocks outcrop. The 
widest outcrop constitutes an anticline of more than 200 km long, in which a tectonic and metamorphic mélange 
is exhumed along faults detachments, and brought into contact with Carboniferous to Triassic overlying sedi-

Fig. 4. Cross-section from Himalaya (SSw) to the north China Craton (nne), along the line reported in 
Fig. 3 (modified from (Guillot and rep lumaz, 2013)).

Fig. 3. Simplified geological map of the tibetan Plateau showing the different accreted terrains separated 
by major suture zones (modified from (Guillot and replumaz, 2013)). 
The black line marks the emplacement of the cross section of Fig. 4.
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ments. This mélange locally preserves relicts of blueschist and eclogite-facies rocks of Middle Triassic age 
(Pullen et al., 2008; Zhang et al., 2018). This metamorphic belt was initially interpreted as an accretionary 
prism related to the southward subduction of the Songpan-Ganze terrane (Kapp et al., 2003; Pullen et al., 2008). 
Discovery of the oldest Tibetan ophiolites (between 501 and 437 Ma) along the Longmu Co-Shuanghu suture 
confirms that this belt corresponds to a remnant of the Longmu Co-Shuanghu Ocean separating the North and 
South Qiangtang terranes (Zhang et al., 2016).

Paleogene continental lacustrine basins are widely distributed across the Qiangtang terrane (e.g., (Ding 
et al., 2003)). They are bounded by north-dipping thrust faults (Kapp et al., 2005). This sedimentation indicates 
that west–central Tibet was above sea level since the mid-Cretaceous and experienced significant denudation 
prior to Paleogene. Early Cretaceous uplift is related to the south thrusting of the Qiantang terrane over the 
Lhasa terrane with 70 to 150 km of north–south displacement is estimated (Kapp et al., 2007). 

The Bangong-Nujiang suture separates the Qiangtang terrane from the Lhasa terrane (Figs. 3, 4). It forms 
an intensely deformed accretionary complex composed of a dismembered ophiolitic sequences dated at 167–
132 Ma (Li et al., 2017 and references therein). Arc magmatism occurs along the southwestern Qiangtang 
margin and is dated from 185 to 84 Ma (e.g., (Li et al., 2017)). It marks the closure of the Meso-Tethys ocean 
along a north-dipping subduction. Metamorphic rocks are rare along the suture of Bangong-Nujiang. Amdo 
granulitic gneisses provided ages of 190–180 Ma suggesting thickening of the crust at that time (Guynn et al., 
2012). Kapp et al. (2005) described mid-Cretaceous nonmarine red beds and volcanic rocks lying unconform-
ably on the Jurassic suture zone rocks along the Bangong suture. One hundred km south of the Bangong suture, 
the Shiquanhe-Gaize-Amdo north-dipping thrust, active during the Eocene–early Oligocene, is attributed to the 
northward underthrusting of the Lhasa terrane beneath the Qiangtang terrane (Kapp et al., 2005).

The two-thirds of the southern Lhasa Block are occupied by the Gangdese batholith (120–40 Ma). In the 
east and in the middle of the terrane, Ordovician sediments and Permian shallow marine carbonates and volca-
niclastic deposits crop out. They are associated with ultramafic rocks and rare Permian eclogites (Yang et al., 
2009). The assemblage represents an intrasuture zone within the Lhasa terrane (Yang et al., 2009; Zhu et al., 
2011b) likely related to the opening and closure of back-arc basins along the northern margin of Gondwana 
(Zhu et al., 2011a). Triassic carbonate, turbidite and volcanoclastic deposits, rarely associated with magmatism, 
crop out in the southeastern part of the Lhasa terrane and have been related to the early subduction of the Neo-
Tethys under Lhasa (Wang et al., 2016). Jurassic sediments made of alternating sandstone, clay, carbonate and 
volcanic rocks occupy instead the entire northern half of the Lhasa terrane. Their thickness increases north-
wards, until forming a sequence of 15 km thick flyschs along the Bangong suture (Marcoux et al., 1987; Kapp 
et al., 2003). The Cretaceous is marked by a major marine regression: whereas the Lower Cretaceous middle 
marine carbonates are widely spread through almost the entire Lhasa terrane, the Late Cretaceous marine sedi-
mentation is restricted to deep flysch deposits at the north along the Bangong suture and south borders of the 
block, close to the Xigaze forearc basin (Yin and Harrison, 2000). The emersion is associated to an intense 
shortening along the Bangong suture. Syntectonic basins accommodate hundreds of kilometers of shortening 
between the Late Cretaceous and the early Cenozoic, In the Xigaze Basin, the Cenozoic sedimentation (up to 
the Oligocene) is characterized by fluvial facies (Dürr, 1996). In the rest of the terrane, Cenozoic continental 
sediments are rare, and the quasi-absence of deformation of the Paleocene–Eocene volcanic sequence of 
Linzinzong indicates that the southern upper crust of Lhasa did not experience significant shortening after the 
Cretaceous (Yin and Harrison, 2000)

The Lhasa terrane is separated from the Indian Plate by the Indus–Yarlung–Tsangpo suture (Figs. 3, 4). 
This suture, underlying the closure of the Tethys realm, is underlined by an intensely deformed radiolarite-rich 
sedimentary unit of Upper Jurassic–Middle Cretaceous and interpreted as an accretion prism. Several ophiolitic 
massifs, Early Cretaceous in age, are also present (Mahéo et al., 2004; Hébert et al., 2012; Buckman et al., 
2018), with the exception of the Zedong-Luobusa to the east, which is dated of Middle Jurassic. These ophiol-
ites are the remains of the Neo-Tethys Ocean, which closed along at least two north-dipping subduction zones: 
an intraoceanic subduction, at the origin of the Kohistan-Ladakh arc, and an Andean type ocean-continent sub-
duction beneath Lhasa which gave rise to the Gangdese batholith and Linzizong volcanism. Associated magma-
tism has gone through two major phases, between 100 and 80 Ma then between 65 and 45 Ma, but started as 
early as the Upper Triassic (210 Ma) and continued until the Miocene (10 Ma) following the subduction-colli-
sion of the Indian continent (Zhu et al., 2017 and references therein). The Indus suture shows some metamor-
phic record in the blueschist-facies, linked to the Cretaceous functioning of the accretionary prism. These rocks 
have metamorphic ages between 100 and 80 Ma (Guillot et al., 2008 and references therein). The continental 
eclogites of Stak, Kaghan and Tso Morari in the NW Himalaya have ages between 46 and 55 Ma and record the 
onset of subduction of the Indian margin beneath the intraoceanic-arc, then beneath the south Asian margin (de 
Sigoyer et al., 2000; Guillot and Replumaz, 2013).
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tHe eVolution oF tHe Paleoaltitude oF tHe tibetan Plateau

The timing of growth of the Tibetan Plateau is intimately related to its uplift. The stepwise subduction 
model of Tapponnier et al. (2001) imposes that the uplift of the Tibetan Plateau propagates northward since 50 
Ma. In contrast, the lithospheric root delamination model of Molnar (1988) constraints a rapid and general uplift 
of the plateau at about 10 Ma. An increasing amount of data suggests that a large part of the Tibet was already 
high before the India–Asia collision. Two types of indicators constrain the elevation of the Tibetan Plateau. On 
one hand, qualitative indicators deduce an elevation gain accordingly to major tectonic changes (compression 
extension transition), magmatic (appearance of shoshonitic and/or adakitic magmatism), sedimentary (late ma-
rine sedimentation, transition to internal continental drainage), metamorphic (acceleration of cooling, or on the 
contrary slow and continuous cooling which indicates an absence of thickening for a certain period) or topog-
raphy (incision rivers, distribution of fauna). On the other hand, quantitative indicators of paleoaltimetry of 
sedimentary basins have been developed in recent decades. They include: 

– paleobotany: a comparison with the current flora, the temperature of the air or the concentration of CO2 
(via the stomatal frequency on the leaves) are estimated;

– palynology: paleoelevations are calculated according to the mean annual temperature (MAT) estimated 
using specific pollen taxa. Microthermic trees inhabiting high elevation/high latitude zones, such as Abiesand 
Picea, represent the best indicators of elevated topography in the fossil pollen floras (Fauquette et al., 1999, 
2015);

– stable isotopes of oxygen in carbonates, possibly associated with stable isotope measurements of car-
bon in the “clumped isotope” (method of (Ghosh et al., 2006)) are compared to the present-day values in Hima-
laya;

– the stable isotope of hydrogen (deuterium) in the organic fraction of rocks (vegetable lipids n-alkanes).
These different paleoaltimetric methods can give altitudes differing from nearly 2500 m, the isotopic 

methods generally providing the highest altitudes. Furthermore, isotopic paleoaltimeters suffer of many as-
sumptions such as the effects of diagenesis and evaporation, the paleotemperatures, the distance to ocean basins 
and the type of atmospheric circulation at the time of the deposit. The monsoon system for example, increases 
the isotopic fractionation of oxygen and hydrogen. Paleoaltitudes deduced from the same isotopic ratio 18O/16O 
can thus vary from simple to double according to the initial hypotheses (Deng and Ding, 2015).

Furthermore, an increasing number of indirect evidence (tectonic, thermochronology, metamorphism) 
indicate that the central part of the Tibet, from south Qiangtang to the Songpan Ganze was above the sea level 
since the Eocene and potentially since the Mesozoic (Fig. 5) due to the successive collision among the different 
terranes (Kirby et al., 2002; Dai et al., 2012; Jolivet, 2017). In the Longmen Shan (eastern Tibetan Plateau) 
petrochronological data demonstrate that the upper crust was already 30–35 km thick at the Late Triassic (Ai-
raghi et al., 2017a, 2018a,b; Zhang et al., 2018) and was reactivated by mid-Cretaceous time (Airaghi et al., 
2017b, 2018a; Xue et al., 2017). By considering a 20 km thick lower crust, it is thus possible to calculate a 
minimum altitude of 2000–2500 m at the Cretaceous times. This is consistent with clumped isotope tempera-
tures of Li et al. (2019) and Rohrmann et al. (2018) showing that before 50 Ma, the Nangqian basin in Central 
Tibet was at an altitude of 2700 m (+600/–400 m) above sea level. The hypsometric mean elevation of sur-
rounding mountains was 3000 ± 1100 km above sea level. Along the Bangong suture, Kapp et al. (2007) esti-
mated more than 100 km of shortening during mid-Cretaceous time, which also indicate continental crustal 
thickening and consequently relatively high elevation. The southern active margin of Lhasa was also relatively 
high (Andean type margin) during the Late Cretaceous (Kapp et al., 2005; Wang et al., 2014). Whole-rock La/
Yb ratios of intermediate intrusive rocks from the Gangdese arc indicates that the Southern Lhasa crust was of 
normal thickness prior to approximately 70 Ma (~37 km), the crust reached 58–50 ±10 km of thickness at 55–
45 Ma, extending over 400 km along the arc strike by magmatic underplating and 68 ± 12 km at c. 20–10 Ma, 
as a consequence of underthrusting of India and of the associated thrust faulting (Zhu et al., 2017). The same 
authors also suppose that the Gangdese attained an elevation of > 4000 m at approximately 55–45 Ma. In north-
eastern Tibet, low-T thermochronology data indicate the presence of intact surfaces since the beginning of the 
Mesozoic. 

This relatively high pre-collision elevation in Tibet is associated with evidence of crustal deformation 
from the Gangdese in the south to the Songpan-Ganze in the North, related to crustal shortening from c. 60–80 
to 40 Ma (Staitsch et al., 2016 and references therein; Horton et al., 2002) (Fig. 6). Between the Oligocene–
Miocene and the Pliocene (23–8 Ma), this Tibetan protoplateau spread north and south to the Kunlun Mountain 
and Himalaya while in the central Tibet the deformation ceased (Fig. 6). The flat-lying ~27 Ma basalts in the 
Hoh Xil Basin (Staisch et al., 2014), the 28 Ma old undeformed volcanic rocks in the Yulin Shan (Xu et al., 
2013) as well as the rarity of evidence for postcollisional deformation in the Lhasa and Qiangtang terranes 
(Burg et al., 1984; Murphy et al., 1997; Ding et al., 2007; Kapp et al., 2007; Wang et al., 2008) suggest that 
upper crustal shortening of the Tibetan Plateau was largely completed by the early Miocene (~20 Ma). The 
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continued convergence between India and Eurasia must have therefore been accommodated outboard of the 
Tibetan Plateau, in the Himalaya, in the Qilian Shan, and in the northeastern plateau margin (Staitsch et al., 
2016). In fact, the maximum height of mountains was reached in the Himalaya after 25 Ma, in Tien Shan after 
20 Ma, in Dzhungaria after 10 Ma, in Altai after 5 Ma, and in Cisbaikalia (Sobel et al., 2006; Glorie et al., 2010, 
2011, 2012; Delvaux et al., 2013; Jolivet, 2017).

tHe CenoZoiC MaGMatiC eVolution oF tHe tibetan Plateau

The pre-Himalayan history of the Proto-Tibet recorded a long-lived magmatic evolution related to the 
closure of oceanic domains and subsequent accretion of continental terranes giving birth to a Mesozoic Andean-
type magmatism. In this paragraph, we will focus on the Cenozoic (“postcollisional”) magmatism of the Ti-
betan Plateau, as it is the most likely to provide information on the composition of the source mantle at the time 
of the construction of the Tibetan plateau. 

At a first glance, the migration of postcollisional magmatism across the Tibetan Plateau during the Ceno-
zoic seems to reflect the growth of the Tibetan Plateau (Fig. 6). Different causes for magmatism have been 
proposed: for some authors, it is due to asthenospheric flow from the center to the plateau margins, assuming 
the asthenosphere as the necessary source of heat for the melting of the lithospheric mantle (Mo et al., 2006). 
For other authors, each phase of postcollisional magmatism testifies the reactivation of a suture (Ding et al., 
2007; Guillot and Replumaz, 2013). 

Postcollisional magmatism exhibits atypical chemical compositions and a complex distribution through 
time. The lavas of Linzizong (60–45 Ma), a part of the batholith of Gangdese in south Lhasa (Fig. 7), belong to 
a sodic calk-alkaline series, and are of basaltic to rhyolitic composition. Several types of mantle sources have 
been identified as contributing to the source of these lavas: the oceanic lithospheric mantle (DUPAL) of the 
Neo-Tethys, the continental lithospheric mantles of India and Lhasa, and the Lhasa crust, including the root of 

Fig. 5. Paleoaltimetry results in Central tibet (modified from (wang et al., 2014)).

Fig. 6. age of crustal shortening as a function of the latitude (from Himalaya to tibet). 
The southern and central Tibet were already involved into the deformation and uplifted prior to 50 Ma. After this period, deformation 
propagated northwards and southwards (modified after (Staitsch et al., 2016)).
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the batholith of Gangdese, partially re-melted during volcanism (Wang et al., 2016). A strong magmatic flare 
up is recorded at 52–51 Ma. It is interpreted as break-off of the subduction Indian Plate (Zhu et al., 2015) al-
though tectonic reconstruction constrains the age of the Indian break-off at 45 Ma (Replumaz et al., 2010). The 
shift of 6 Ma between magmatic and tectonic reconstruction will be due to the time difference between the 
magmatism that can occur from the initiation of the slab break-off while the complete break of the Indian slab 
image by tomography can occur later.

Along the northern edge of Qiangtang, small volumes of igneous material are emitted within intramon-
tane basins between 50 and 30 Ma, forming a ca. 2000 km long volcanic belt (Fig. 7). These mafic to felsic 
rocks are characterized by enrichment in potassium and belong to the potassium-rich calk-alkaline series 
(Fig. 8). The high potassium contents are associated with a strong relative enrichment in light rare earth ele-
ments and in LILE (large radius elements ionic, easily mobilized by fluids), a fractionation of heavy rare earth 
elements, and a poor content in HFSE (elements with high loads, hardly mobilized by fluids) generating an arc 
signature (Ding et al., 2007; Xu et al., 2017; Goussin, 2019). In central Qiangtang, some of these potassic rocks 
have an adakitic signature with high levels of Sr and low Y (Wang et al., 2008). In the southern Qiangtang a 
discontinuous calk-alkaline magmatism is observed between 60 and 28 Ma, comparable to the one documented 
in the northern Qiangtang, but enriched in sodium rather than in potassium (Ding et al., 2003, 2007).

Between 26 and 10 Ma, the magmatic activity of the Tibetan Plateau is located in the southern Lhasa 
Block, along a 1500 km long band (Fig. 7). This magmatism is associated with extensive northsouth oriented 
rifts. The compositions of the Lhasa igneous rocks can be divided into two groups. The ultrapotassic calk-alka-
line rocks, mafic to intermediate, presenting trace elements enrichment similar to the ultrapotassic lavas of 
Qiangtang are found in the western part of the block (<87° E). They are interpreted as related to the second 
break-off of the Indian slab (Mahéo et al., 2002). The second group of igneous rocks is intermediate to felsic, 
calk-alkaline and potassium-rich and exhibit an adakitic signature symptomatic of the melting of the lower crust 
(Gao et al., 2007). 

From the Miocene to the present day (the last recorded eruption on the Tibetan Plateau took place in 
1951), a resumption of magmatic activity took place in the western Songpan-Ganze Block (Hoh Xil Basin). 
Two types of rocks are emitted: calk-alkaline intermediate rocks in the Hoh Xil basin, slightly depleted in po-
tassium than their Eocene analogues and peraluminous leucogranites (so-called S-type: fusion products of a 
sedimentary source) in the Ulugh Muztagh region.

The northeastern and southeastern edges of the Tibetan Plateau (Fig. 7) are affected by potassic lavas 
with postcollisional ultrapotassic compositions called “kamafugites”. They are accompanied by carbonatitic 
lavas, composed by 60% of calcite (Yang and Woolley, 2006). The two main carbonatitic provinces bordering 

Fig. 7. Map of the potassic to ultrapotassic Cenozoic magmatism of the tibetan Plateau (modified from 
(wang et al., 2014)).
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the Tibetan Plateau are that of Lixian in the western belt of Qiling (23–7 Ma) (Xu et al., 2014), and that of 
Maoniuping in Sichuan (40–31 Ma) (Xu et al., 2003). These occurrences of carbonatites in a compressive set-
ting are rare as this kind of rocks is more frequently encountered in rifting conditions and related to deep plume 
activity (e.g., Ol Doinyo Lengai in Tanzania, Kaiserstuhl in Germany). Tibetan carbonatites are similar to the 
carbonatites found in the Pleistocene magmatic province of the Apennines (Italy), interpreted as due to a strong 
metasomatism of the lithospheric mantle wedge by the CO2 released from subducted sediments, or to later 
crustal interactions with the host carbonates (Peccerillo, 2004).

Chemical, experimental studies and modelling of the behavior of trace elements indicate that magmas 
come from a low degree of partial melting of a metasomatized lithospheric mantle phlogopite and/or amphi-
bole, in the stability field of garnet (>100 km) (Turner et al., 1996; Miller et al., 1999; Ding et al., 2003; Guo et 
al., 2006). The contrast between the homogeneity of rare earth elements spectra and the high variability of 
isotopic signatures (Nd–Sr, Hf) between the different magmatic sequences suggests however, that their respec-
tive sources had a specific metasomatic history, at different times, that involves different metasomatic agents in 
terms of nature and ages. The compositions of rocks of the Lhasa Block highly-enriched in 86Sr/87Sr are ex-
plained for example by a hybridization between mantle and crustal melt liquids (Wang et al., 2016; Stepanov et 
al., 2017). The special case of sodium-rich magmas of South Qiangtang has been interpreted instead as reflect-
ing interactions with an igneous crust rather than metasediments (Ding et al., 2007). The “adakitic” signature 
observed in some Tibetan rocks generally reflects the implication of a deep melting of oceanic crust in the 
genesis of magmas. Two sources have been supposed for Tibetan adakites: the lower mafic crust, in the context 
of a thickened crust (Chung et al., 2005); or the metasomatized mantle (Gao et al., 2007). 

Finally, the carbonatite and kamafugite associations at the borders of the Tibetan Plateau have long been 
seen as products of interaction between the asthenospheric and the lithospheric mantle (Lai et al., 2014 and 
references therein). In fact, carbonatites in association with ultrapotassic kamafugites are usually interpreted as 
the surface expression of deep mantle plume (Maruyama, 1994; Ernst and Buchan, 2002; Dobretsov et al., 
2008). However recent studies have re-evaluated Sichuan carbonatites as melting products from a lithospheric 
mantle intensely metasomatized by marine subducted sediments rather than originated from a mantle plume 
(Xu et al., 2003; Lai et al., 2014).

At present, the mantle xenoliths and xenocrysts sampled on the Tibetan Plateau are rare and come from 
two sites: the Miocene volcanic rock pool (26–8 Ma) of Sailipu, in the Lhasa Block (Liu et al., 2011; Cheng 
and Guo, 2017) and from the Eocene Nangqian igneous rocks in the Qiangtang Block (Goussin et al., 2017). At 
Sailipu, Cheng and Guo (2017) described websterites and harzburgites containing 3 to 5 vol.% of phlogopite. 
The harzburgites show a high content potassium (0.1–0.5 wt.%) and iron (10–11 wt.%). The occurrence of 
phlogopite confirms the metasomatism of the Tibetan lithospheric mantle identified in the composition of the 
associated igneous rocks. Their equilibration temperatures (1069–1248 °C) indicate a hot mantle geotherm dur-
ing the Miocene under the Lhasa Block (Liu et al., 2011). In the Nangqian area, only xenocrysts of large (mm) 
zoned phlogopites enriched in MgO are found inside an ultra-potassic syenite. Interestingly, massive potassic 
lavas also contain aggregates with coarse-grained cumulate textures consisting of finely zoned clinopyroxene 
crystals, rare resorbed magnesian phlogopite and calcite that fills the grain boundaries and cracks, often in as-
sociation with apatite, ilmenite and rarely barite. Stable isotopes demonstrate that the calcite derived from the 
mantle (Goussin et al., 2017). This confirms that the Tibetan mantle was metasomatized by hydrous and carbon-
rich fluids.

SeiSMiC toMoGraPHY oF tHe tibetan Mantle

Seismic tomography is an important source of information on the structure, composition and/or thermal 
state of the Tibetan mantle. P-wave tomography highlights several areas of high velocities, located at different 
depths. These anomalies are interpreted as lithospheric slabs colder than the surrounding mantle. Some are re-
lated to active subductions. This is the case for the Indian slab that dips shallow beneath South Tibet up to the 
Bangong suture, and then dives vertically (Koulakov and Sobolev, 2006). Other deeper anomalies could cor-
respond to fragments detached during previous subductions: an anomaly at 1000 km depth is interpreted as the 
Neo-Tethyan ocean slab, another at the transition zone as a detached Indian continental lithospheric slab, and a 
last, rather diffuse (Fig. 9), as an “Asian” lithospheric slab (Van der Voo, 1999; Guillot and Replumaz, 2013).

P-wave tomography also reveals a low-velocity anomaly below the Qiangtang and Songpan-Ganze ter-
ranes (Liang and Song, 2006). This anomaly has often been interpreted as the replacement of the root of the 
lithosphere by asthenosphere (Molnar, 1988; Tunini et al., 2016); but it could also represent a metasomatized 
lithosphere (Zhang et al., 2014; Tunini et al., 2016). The hypothesis of lithospheric delamination is challenged 
by other types of seismological studies, imaging the lithosphere-asthenosphere boundary (LAB). Receiver func-
tion profiles suggest that the LAB is between 180 and 200 km depth below the Tibetan Plateau, only 50 km 
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shallower than the Indian LAB, that does not show any trace of large-scale delamination (Zhao et al., 2010, 
2011). On the contrary, the easternmost profile shows the existence of a thick Asian lithosphere subducting 
southward, creating an Asian LAB symmetrical to the Indian LAB (Kind et al., 2002; Zhao et al., 2010) 
(Fig. 10).

Furthermore, since the S-waves velocities (Vs) are more sensitive to temperature variation than P-waves, 
the LAB can be interpreted in terms of change of thermal transfer, from conductive to convective. This results 
in a large increase of the thermal gradient. Thus, regional variations of Vs can be related to variations in litho-
spheric thickness (Priestley and McKenzie, 
2006, 2013). It has been proposed that VS 
profiles under Tibet are very similar to that 
of cratons characterized by a lithosphere up 
to 300 km thick (Priestley and McKenzie, 
2013, fig. 1.31; Priestley et al., 2006). 
However, their poor lateral resolution does 
not rule out small-scale delamination 

Fig. 9. a, P-wave tomography of the tibetan mantle along two cross sections at two different longitudes. 
At 81° E of latitude, we distinguish the deep rapid anomalies corresponding to the slabs detached from the Neo-Tethys (TH), the Indian 
continental margin (IN), and a diffuse Asian lithospheric slab interpreted as the detached Songpan–Ganze Asian slab (SG). b, At latitude 
90° E, we distinguish the current Indian slab dipping vertically beneath the suture of Bangong, as well as a slow anomaly often interpreted 
as an asthenospheric rising under a thinned Tibetan lithosphere. TS, Tethyan Suture; BS, Bangong suture; JS, Jinsha suture; ATF, Altyn 
Tagh fault; Qd, Qaidam. Figures modified after (Replumaz et al., 2014).

Fig. 10. receiver functions profile across 
the tibetan Plateau showing the ex-
istence of a south-dipping asian slab 
without evidence of delamination of the 
tibetan lithosphere (from (Zhao et al., 
2010)). 
MBT, Main Boundary Thrust; MCT, Main Central 
Thrust; YZS, Yarlung Suture Zone, BNS, Bangong 
suture zone; JRS, Jinsha River suture; KF, Kunlun 
fault; QBF, Qilian Shan North Margin Fault.
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Fig. 11. Seismic tomography of the northeast tibetan Plateau resulting from the joined inversion of sur-
face and volume waves. 
Contrasts of Vp (in%). The LAB is indicated with a dashed lines. IYS, Indus Yarlung suture, BNS, Bangong suture; JS, Jinsha suture; 
NKTS, North Kunlun Thrust system; QTS, Qiangtang Thrust System; QSTB, Qilian Shan Thrust belt (modified from (Nunn et al., 2014)).

(Priestley et al., 2006). The poor lateral resolution of S- and P-wave tomography has been greatly improved in 
jointly reversing the surface wave data (which provides a crustal correction) and shear volume waves. This type 
of tomography confirms the existence of a thick lithospheric root beneath the entire Tibetan Plateau formed by 
a “stacking”of noncratonic lithospheres (110 km thick) (Feng et al., 2011). In high-resolution tomographic im-
ages, a slow anomaly zone (B) is visible under the northwest Qiangtang and west Songpan-Ganze, between the 
middle crust and 120 km depth (Fig. 11) (Nunn et al., 2014). 

This anomaly, strictly limited to the northwest of the Tibetan Plateau seems to affect only the first ten 
kilometers of the lithospheric mantle and could just be the consequence of a warming by overthickened radio-
genic overlying crust (Nunn et al., 2014) leading to the local partial melting of the upper mantle (Feng et al., 
2011). The presence of asthenospheric material cannot however be discarded (Fig. 12). 

Goussin et al. (2017) show that the addition of phlogopite and carbonate (magnesite) to the Tibetan litho-
spheric mantle along a normal geotherm reproduces the present-day VP anomaly (Guillot and Replumaz, 2013), 
shear wave velocity profile (Vozar et al., 2014), and low mantle density inferred from the topography and grav-
ity data of the Tibetan Plateau (Tunini et al., 2016). A normal thickness of a metasomatized and buoyant litho-
spheric mantle in Central Tibet can thus explain the geophysical observations without recourse to a thermal 
anomaly associated with a thinned lithosphere and asthenosphere upwelling. It would also be consistent with 
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the scarce measurements of a relatively low heat flow in Central Tibet (45 mW/m2; (Vozar et al., 2014)). Gous-
sin (2019) also show that the subcontinental mantle of Central Tibet in Eocene times would have weakened by 
one order of magnitude by the presence of phlogopite and carbonates. 

The present-day position of the low-velocity P-waves anomaly beneath Central Tibet would correspond 
to the Lhasa and Qiangtang fossilized mantle wedges, squeezed and indented by the rigid Indian lithosphere to 
the south and the Songpan-Ganze lithosphere to the North (Fig. 13).

Fig. 12. S-wave velocity transects crossing the Ganze–Yushu–Fenghuoshan Fault. black circles: historic 
earthquakes, black dashed line: 
Moho discontinuity, BNS, Bangong–Nujiang suture; JS, Jinsha suture; EKF, East Kunlun fault; GYFF, Ganze–Yushu–Fenghuoshan fault. 
The low-velocity S-waves anomaly beneath Central Tibet is either interpret as velocity as occurrence of melt at the Moho level or mantle 
upwelling (from (Feng et al., 2011)). 

Fig. 13. reinterpretation of the low Vp anomaly beneath tibet (Section d of (replumaz et al., 2013)) in 
term of metasomatized lithosphere rather than in term of asthenospheric upwelling. 
In this interpretation, the moderate anomalies beneath Jinsha (SG) and the Altyn Tagh fault (NCC) corresponds to intracontinental low 
dipping subduction slab. The Qiangtang metasomatized lithosphere squeezed between the Indian slab and the Songpan–Ganze slab is push 
downward. The location of the LAB (Lithosphere Asthenosphere Boundary) at 200 km depth is similar to that in Zhao et al. (2010) and 
Nunn et al. (2014). The age of the Ultra-K magmatism is mentioned atop. MBT, Main Boundary Thrust; MCT, Main Central Thrust; IYTS, 
Indus Yarlung Thrust system; BS, Bangong suture; JS, Jinsha suture; KF, Kunlun Fault; ATF, Altyn Tagh fault; NCC, North China Craton.
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diSCuSSion

In the last decade, structural and paleoaltimetric studies have revealed that the southern margin of Eur-
asia, formed by the Lhasa terrane and the southern part of the Qiangtang Block, was already deformed before 
the onset of the India–Asia collision, due to a long lasting pre-Cenozoic history of continental accretions. 
A “Proto-Tibetan Plateau” had covered nearly 50% of the present-day surface of the plateau at the end of the 
Cretaceous (Kapp et al., 2007; Wang et al., 2008, 2014; Staisch et al., 2014). Considering that the Songpan-
Ganze terrane was also already thickened at the Triassic and the Cretaceous (e.g., (Airaghi et al., 2017b, 
2018a,b; Zhang et al., 2018)), the Proto-Tibetan Plateau was likely to represent two-thirds of the present-day 
Tibetan Plateau. Although it is difficult to estimate the paleoaltitude of this protoplateau, by assuming that the 
Moho depth was at ~50 ± 5 km as indicated by metamorphic and magmatic records, a paleoaltitude of 2500–
3000 m can be expected before the India–Asia collision. Altitude values have locally reached >4000–4500 m, 
as in South Lhasa or along the Jinsha suture zone (Staish et al., 2016; Zhu et al., 2017). The shape and size of 
the Proto-Tibetan Plateau was therefore probably similar to the present-day Rocky Mountains or the Andes 
(Fig. 1), maintained by continuous subduction/accretion all along the Mesozoic.

Some authors supposed that the Proto-Tibetan Plateau underwent very limited deformation following the 
onset of the India–Asia collision (DeCelles et al., 2007; Kapp et al., 2003, 2005, 2007). However, 40% of 
horizontal shortening are required north of the Indus suture zone during the India-Asia collision in order to ac-
commodate the ~1000 km of Ce nozoic convergence on the Asian side that were estimated from paleomagnetic 
data and tectonic reconstructions (Dupont-Nivet et al., 2010; Guillot and Replumaz, 2013). This postcollisional 
deformation may have initiated in the central part of the present-day plateau (Fig. 6), in two fold-and thrust 
systems bordering the Jinsha suture zone. The Fenghuo Shan fold-and-thrust belt was shortened by 24% from 
45 to 27 Ma (Staisch et al., 2016), and the Yushu-Nangqian fold-and-thrust belt was shortened by 40%, mainly 
from bet ween ca 60 Ma to 35 Ma, with some resumption in the Neogene (Spurlin et al., 2005). These two belts 
may thus have accounted for 100 to 200 km of postcollisional shortening (Spurlin et al., 2005; Staisch et al., 
2016). How this shortening was accommodated at depth remains however controversial. 

Only homogeneous thickening of the whole lithosphere (Fig. 14) can be excluded on the basis of iso-
static considerations: whatever the initial thickness conditions, the counterbalance between the buoyant thick 
crust and the less buoyant lithospheric mantle buffers the final elevations around 4000 m (Jiménez-Munt and 
Platt, 2006; Staisch et al., 2016). Moreover, as discussed above, P-wave tomography images the local preserva-
tion of continental slabs beneath Tibet (Figs. 9, 10, 13) rather than a thick and cold lithospheric root (Fig. 15). 

In order to achieve the present-day mean elevations of 4500–5000 m, and the present-day crustal thick-
ness of 70 km (Mechie et al., 2011), the alternative at the homogenous lithospheric thickening is the intracon-
tinental subduction with underthrusting of the lower crust below the proto-Tibetan Moho (Tapponnier et al., 
2001; DeCelles et al., 2002; Guillot and Replumaz, 2013; Maierová et al., 2016; Replumaz et al., 2016). The 
intracontinental subduction hypothesis in central Tibet is supported by the syncontractional emplacement of the 
northern Qiangtang Eocene–Oligocene postcollisional magmatism (Spurlin et al., 2005), forming an arcuate belt 
along the Mesozoic Jinsha suture zone. In fact, Bajolet et al. (2013) show by analog modelling that if the viscos-
ity of the trench is low (<35 Pa·s), the subduction interface is highly lubricated. A more efficient lubrication of 
the trench allows more continent to subduct. The slab pull increases continuously, and when it approaches a 
positive value, the trend reverses and the curvature amplified forming an orocline convex opposite to the subduc-
tion polarity. Moreover, the magmatism has an arc-like geochemical signature and was likely derived from a 
metasomatized mantle source (Roger et al., 2000, Ding et al., 2003, 2007; Guo et al., 2006; Wang et al., 2008; 

Fig. 14. Schematic cross-section across tibet supposing a homogeneous thickening of 40% of the whole 
Qiangtang and Songpan–Ganze lithospheres (from (Goussin, 2019)). 
The age of the Ultra-K magmatism is mentioned above IYTS, Indus Yarlung Thrust system; BNS, Bangong suture; LSS, Longmucuo–Sh-
uanghu suture; JS, Jinsha suture; KS, Kunlun suture, SQS, South Qilian suture.



1221

Goussin, 2019). It has indeed been often attributed to the continental subduction of the Songpan-Ganze litho-
sphere beneath the Qiangtang terrane (Roger et al., 2000; Ding et al., 2003, 2007; Guo et al., 2006; Wang et al., 
2008). 

Accordingly to analog modelling, Replumaz et al. (2016) and Pitard et al. (2018) supposed that at the 
lithospheric scale, the horizontal tectonic force is higher than the resisting forces (buoyancy of the upper plate, 
bending of the slab, lithosphere/lithosphere interface resistances). As soon as the Indian continental slab entered 
the mantle, it changes the mantle circulation in particular below the upper plate. Assuming a lower viscosity for 
the upper plate than for the lower plate, such differential viscosity generates a smaller convective cell below the 
upper plate, favoring the initiation of continental subduction within the upper plate (Fig. 15).

Fig. 15. Velocity magnitude recorded in glucose syrup modelling showing convective cells development 
below and front of the lower plate (1a and 1b) and below the upper plate (2a and 2b). 
The development of convective cells 2a and 2b at the stage 2 initiated subduction collision processes in the upper plate that could be an 
equivalent of the Eocene continental subduction of the Songpan–Ganze slab along the Jinsha suture (Pitard et al., 2018).
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The continental subduction scenario encounters two main caveats: no Cenozoic reactivation of the Jinsha 
Suture could be identified with argon geochronometers (Goussin, 2019), and no simple scenario with a single 
south-directed or north-directed reactivation of a Tibetan suture matches the migration patterns of both the 
tectonic and magmatic activities across central Tibet (Goussin, 2019). Concerning the absence or the scarcity 
of Cenozoic thermochronological data recording the crustal thickening, this is a general problem throughout 
Tibet (Rohrmann et al., 2012; Airaghi et al., 2018b). There is little or no resetting of HT geochronometers. Two 
complementary processes can explain this observation. Unlike the Himalaya, where the exhumation of deep 
rocks is accompanied by a strong coupling between tectonic and erosion processes, deep rocks are not exhumed 
in Tibet due to the absence of erosion processes. Secondly, the thickening of Tibetan crust occurs from below, 
by underthrusting of crustal material along reactivated suture zones (Meyer et al., 1998; Yin et al., 2008; Re-
plumaz et al., 2016) and consequently, the upper crust was passively uplifted without erosion. This implies a 
high decoupling at the Proto-Tibetan Moho level (Spurlin et al., 2005; Karplus et al., 2011; Guillot and Re-
plumaz, 2013, Maierová et al., 2016) equivalent to the Main Himalayan Thrust beneath the Himalaya. More-
over, it has been demonstrated by numerical and analog modelling that for a highly buoyant upper mantle, the 
upper crust cannot support an important horizontal stress and the deformation shifts from localized and planar 
deformation (mainly oriented thrusting) to homogeneous and horizontal flattening without steep relief forma-
tion, the lower crust flows instead laterally (Duclaux et al., 2007; Gapais et al., 2009; Bajolet al., 2013; Pusok 
and Kaus, 2015). This situation is very similar to the one observed in Central Tibet (Qiangtang and Songpan 
Ganze) where major intracontinental thrusts are hardly observed and north or south oriented thrusts are only 
locally recognized (Spurlin et al., 2005, Staitsch et al., 2016).

Assuming a soft Tibetan lithosphere, the total shortening was not accommodated along a single suture 
zone but by a combination of short-lived intracontinental subduction events and homogeneous deformation 
(Replumaz et al., 2016), partly overlapping in time, with opposite dips, and with low strain to explain the lack 
of strong tectonic record at the surface (Guillot and Replumaz, 2013, fig. 16; Goussin, 2019). The timing of the 
Cenozoic magmatism is a good proxy of the age of the reactivation of the suture zone (Fig. 16). The oldest 
magmatism is recorded along the Indus and Bangong suture zones suggesting that continental collision initiated 
here followed by magmatism along the Jinsha suture (2) then Kulun suture (2ʹ). The Qaidam basin records in-
stead no magmatism but a northward propagation of the sedimentation since the Late Cretaceous (Yin et al., 
2008, Wu et al., 2016). The Qilian Shan also recorded initiation of deformation during the Late Cretaceous 
(Clark et al., 2010; Zhang et al., 2018) suggesting a possible earlier (Paleocene) south dipping activation of the 
North China slab then during the Miocene (3) (Molnar and Stock, 2009).

To summarize, we propose a new three-step scenario for the construction of the Tibetan Plateau (Fig. 17). 
First, during the Mesozoic, successive accretion of the Gondwana terranes to the southern margin of Eurasia 
leaded to the formation of the Proto-Tibetan Plateau extending from southern Tibet to the Songpan-Ganze. This 

Fig. 16. Schematic cross-section across tibet supposing reactivation of all the continental slabs through 
time. 
1, Northward continental subduction along the Longmu Co-Shuanghu Suture led to Paleocene deformation and magmatism in the Tang-
gula Range (Roger et al., 2000; Rohrmann et al., 2012; Wang et al., 2008). Meanwhile, the Himalayan fold-and-thrust belt accommodated 
the continental subduction of the Indian Plate at the southern edge of the Plateau, the North Qilian suture at its northern edge was reacti-
vated by the southward subduction of the North China lithosphere (Yin et al., 2008). 2, From mid-Eocene to Oligocene, the reactivation 
of the Jinsha and Kunlun sutures triggered a jump of the deformation northward, to the the Fenghuo Shan and Yushu-Nangqian belts, and 
resulted in a south-younging syncontractional magmatism from the Fenghuo Shan (Staisch et al., 2014) to the Nangqian basin (Spurlin et 
al., 2005). 3, In the early Neogene, the deformation was localized at the very southern and northern borders of the plateau, with the activa-
tion of the South Tibetan Detachment and main Himalayan thrusts (see synthesis by (Staisch et al., 2016)) and the southward subduction 
of the North China lithosphere along the North Qilian Shan–Nan Shan suture (Yin et al., 2008). Same legend as Fig. 14.
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Fig. 17. Schematic evolution of the Himalaya–tibet orogenic system at the lithospheric scale showing the 
timing and location of the potassic to utrapotassic magmatism (Guillot and replumaz, 2013) and the con-
vective cells in the upper mantle (Pitard et al., 2018). 
This model takes the tomographic and geophysical data into account, as well as the tectono-metamorphic and magmatic evolution and the 
estimates of the shortening discussed in the text. LH, Lhasa Block; QI, Qiangtang Block; SG, Songpan–Ganze Block; QA, Qaidam basin; 
QS, Qilian Shan; TH, Tethyan slab; IN, Indian slab; As, Asian slab.
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protoplateau covered a surface of 2/3 of the present-day Tibet, with an average altitude of 2000 to 2500 m. 
Then, at the onset of the India-Asia collision, the reactivation of the suture zones with underthrusting of crustal 
material and lithospheric mantle along décollement levels probably at the Moho level resulted in crustal short-
ening (Bajolet al., 2013; Replumaz et al., 2016), crustal uplift and coeval magmatism. Suture reactivations al-
ternately skipped from the edges to the core of the plateau (Goussin, 2019 and references therein). Finally when 
the central part of the Tibetan Plateau reached a crustal thickness close to the present one, probably between the 
late Eocene–early Oligocene, the buoyancy forces becoming higher than the horizontal forces, the deformation 
propagates outwards of the plateau (Fig. 17). The crustal thickening of the central part of Tibet also triggered 
the large crustal-scale faulting that lead to the lateral extrusion of Tibet (Tapponnier and Molnar, 1976).

ConCluSionS

How and when did the Tibetan Plateau grow? The answer is not trivial as the Tibetan Plateau results from 
a long-lasting tectonic evolution starting during the early Mesozoic by the accretion of successive continental 
terranes deriving from Gondwana. In this paper, we show that this 200 Myr-long history characterized by the 
closure of oceanic domains followed by continental docking had consequences at the lithosphere and crustal 
scales. At lithospheric mantle level, the successive subductions “polluted” the initial south Asian lithosphere by 
introducing fluids and metasediments. At crustal level, accretionary prism formation, thickening of the succes-
sive basins and magmatic injection in an arc- or Andean-type margin allowed the Proto-Tibetan crust to be 
thickened. As a consequence, by the late Cretaceous, just before India–Asia collision, a Proto-Tibetan Plateau 
existed and extended from the Lhasa Block to the Songpan-Ganze, covering between 50% and 75 % of the 
present-day surface of the Tibetan Plateau, with an average estimated altitude of 2000–2500 m (locally reaching 
up to 4000 m along reactivated suture zones).

During the India–Asia collision, half of the 2200 km of convergence was accommodated on the Tibetan 
side. We suppose that the soft metasomatized Tibetan lithosphere accommodated the underthrusting of continen-
tal slab by reactivation along or close to the previous intracontinental suture zones. Each slab accommodated 
limited north–south convergence of a maximum of 100 to 200 km. We suppose that the low seismic velocity 
zone beneath central Tibet does not correspond to the asthenosphere replacing a delaminated lithosphere but 
represents the buoyant preserved metasomatized lithosphere. In this scenario, the initial Tibetan lithosphere was 
squeezed between the Indian slab (at the south), the North China Craton (at the north) and the Sichuan Craton (at 
the east), while north–south convergence was sustained by far-field forces. This is because the Indian collision is 
part of a wider convergent system, namely the Tethyan subduction zone, from the Mediterranean to the Banda 
arc, driving the dynamics of the global system and constraining the force balance at the boundary between India 
and Eurasia (Pitard et al., 2018). At the crustal level, shortening was accommodated along intracrustal décolle-
ments either at mid-crustal level or at the Moho level, preserving the upper crust of strong deformation.
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