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gredo, Antonio Villaseñor

PII: S1342-937X(14)00104-X
DOI: doi: 10.1016/j.gr.2014.04.003
Reference: GR 1246

To appear in: Gondwana Research

Received date: 3 October 2013
Revised date: 7 April 2014
Accepted date: 11 April 2014

Please cite this article as: Replumaz, Anne, Capitanio, Fabio A., Guillot, Stéphane,
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Abstract 

 In order to understand the potential controls on Asian tectonics during the subduction of 

the Tethys and Indian lithospheres, we reconstruct the coupled subduction-continent 

deformation history using tomographic imaging, kinematics constraints and numerical 

modeling.  

The global P-waves tomographic images of the mantle below the India-Asia collision zone 

provide constraints on the deep structure of continents and subduction history. Linking the 

slab positions in the mantle to the Asian tectonics reconstructions and the Indian plate 

kinematics, we reconstruct the timing and location of successive subduction and breakoff 

events, showing one major breakoff occurred between India and the Tethys Ocean ~45 Ma. In 

the western syntax, a vertical slab continuous to the continent is shown to override the deeper 

detached Tethys slab. In the central region similar structure is found with a detached slab, yet 

closer to the Tethys slab. In the eastern syntax, no slab is imaged. It is inferred that after 

Tethys slab had broke off, subduction only resumed in the center of the margin, while 

underthrusting took place at both extremities of the convergent margin. During following 

convergence, a second breakoff event detached the central Indian slab from the margin ~15 

Ma ago, which renewed Indian lithosphere underthrusting below Asia. This most probably 

occurred when the Tibetan Plateau was already uplifted, implying that uplift is not a direct 

result of underthrusting. 
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Numerical models of breakoff during subduction illustrate the controls of slab detachment 

on the complexities of the Indian margin. In these models the subduction of continental 

lithosphere resumes after breakoff only where this is entrained by the mantle flow associated 

with the long lasting oceanic slab sinking, that is in the centre of the margin, while converging 

continent edges underthrusts the upper plate. Furthermore, the breakoff during subduction has 

profound implications on the Asian intra-plate tectonics. In the models, the breakoff is rapidly 

followed by large stresses in the upper plate interiors, propagating at large distance from the 

margin, along a belt oriented at ~45˚ from the trench. The long-term evolution of the Asian 

continental tectonics shows drastic changes in the fault pattern, with successive strike-slip 

faulting across the Asian continent, which are in agreement with the mechanisms illustrated 

by the models. Transient large coupling at the trench caused by the breakoff events during 

India-Asia convergence offers an explanation for episodic nucleation of lithospheric faults 

within the Asian continent and their link to deep processes. 

 

1. Introduction 

Since almost one century, field observations in Tibet have been interpreted to infer the 

deep structure of the India/Asia collision zone, and to constrain models of continental 

deformation during collision. The first model by Emile Argand in 1924 proposed that the 

Indian continent stamps the Asian one and slides below it, uplifting the Tibetan Plateau 

(Argand, 1924). Since then, a large amount of data has been collected, that has revealed many 

complexities in the system and has led to controversial interpretations. Numerous analog and 

numerical models have been proposed, but no consensus has been reached upon the behavior 

of the continental lithosphere leading to the Tibetan Plateau formation (figure 1).  

One kind of models focuses on the uniform altitude of the Plateau (Fielding et al., 1994). 

Analog models using silicone, and numerical models of viscous continental lithosphere 

successfully reproduce a viscous uniform thickening migrating northward of the Asian 

continent due to its indentation by the Indian continent (e.g. England and Molnar, 1997), or a 

uniform thickening of only the lower crust (Royden et al., 2008). The deformation of such 

viscous lithospheres has been successfully coupled to the subduction process in a Newtonian 

viscous mantle (e.g. Funicello et al., 2003). The subduction of the Indian continent, pulled 

down in the mantle by the still attached Tethys oceanic slab has been simulated unless India is 

scraped off its upper crust and part of its lower crust (Capitanio et al., 2010). The subduction 
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in these conditions generates the advance of the trench and the indentation of the upper plate, 

which thickens and spreads laterally homogeneously (Bajolet et al., 2013).  

Another kind of model focuses on the large thrusts observed in the Himalaya and the 

Tibetan Plateau, and the large strike-slip faults in Tibet. Analog models using sand, and 

numerical models of elasto-plastic continental lithosphere have successfully reproduced the 

building of a wedge with periodic localized thrusts thickening the crust, over a subduction 

zone, like observed in the Himalaya, or over a wide sub-horizontal intracrustal decollement, 

like the Northern Tibet’s (e.g. Malavieille, 1984; Smit et al., 2003; Buiter et al., 2006). 

Analog models using plasticine, of plastic continental lithosphere have succeeded to 

reproduce wide strike-slip faults crossing the whole Asian continent, allowing for large 

horizontal motion of continental blocks. Yet, they do not address the thickening of Tibet, 

prevented by a glass on top of the plasticine (Peltzer and Tapponnier, 1988). Multi-layered 

sand-silicone (rigid/ductile) models of the crust generate strike-slip faults and thrusts, either 

homogeneously distributed or localized depending on the brittle-to-ductile strength ratio, but 

do not generate large horizontal motion nor reproduce northward propagation of thickening, 

which is instead occurring only in front of the indenter (Schueller and Davy, 2008). No 

numerical model has addressed the large strike-slip faulting accommodating hundreds of 

kilometers of displacement along thousands of kilometers long fault zones, due to the 

localization and high amplitude of the deformation on a very thin zone compared to a wide 

continent. To date, few models have explored the link between such intra-continental strike-

slip faulting and the subduction process (Capitanio and Replumaz, 2013; Li et al., 2013). 

Models have inferred different implications on the deep structure of the collision zone (e.g. 

Willett and Beaumont, 1994; Johnson, 2002). The global P-waves tomographic images of the 

mantle below the collision zone have been intensely used during the last 15 years to constrain 

such deep structure. Positive P-wave anomalies have been interpreted as mapping the slab 

position below the collision zone, which has been useful to constrain the subduction history of 

the Tethys ocean and northern part of Indian plate (van der Voo et al., 1999; Hafkenscheid et 

al., 2006; Negredo et al., 2007; Replumaz et al., 2010a; Li et al., 2008). The interpretations 

have been used to constrain models of continental subduction and breakoff (e.g. Wortel and 

Spakman, 2000; Negredo et al., 2007; Capitanio et al., 2010). Yet, the interactions between 

the continental subducting plate and the upper plate deformation during the collision between 

Asia and India have been relatively less investigated. In this paper, we relate the deep 

tomographic observations to Asian tectonics reconstructions (Replumaz and Tapponnier, 

2003) and Indian plate kinematics (Patriat and Achache, 1984). On the basis of recent 
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numerical models (Capitanio and Replumaz, 2013), we discuss the evolution of the Asian 

tectonics as the result of the upper plate coupling with the Indian subduction during the 

collision period.  

 

2. Tomography constraints on subduction and breakoff 

2.1.  Mantle structure 

High wavespeed anomalies are commonly interpreted as remnants of slabs, with deeper 

anomalies representing older subduction events (e.g. van der Hilst et al., 1997; Bijwaard et al., 

1998; van der Meer et al., 2010). We use the P-waves global tomographic model of Bijwaard 

et al. (1998) to elucidate the 3D mantle seismic structure beneath the collision zone (figure 2). 

This model has been updated by Villaseñor et al. (2003) by including arrival times of 

earthquakes from 1995 to 2002 listed in the bulletins of the International Seismological 

Centre and reprocessed using the EHB methodology (Engdahl et al., 1998). Synthetic 

checkerboard tests estimate the resolving power of the travel time dataset at different depths 

(Replumaz et al., 2010b) showing that the size and location of the anomalies interpreted in 

this study are sufficiently well resolved. However, travel time tomography is known to show a 

vertical smearing and a partial loss of visibility of slabs as they penetrate into the lower 

mantle, as well as underestimating the seismic velocity anomaly values (e.g. van der Hilst, 

1995; Bijwaard et al., 1998; Ricard et al., 2005). Therefore, for the interpretations in this 

study we will rely on the geometry of the high-velocity seismic anomalies, and not account 

for their amplitudes. 

Several high wavespeed anomalies are observed beneath the collision zone (figures 2 and 

3). The long high wavespeed anomaly labeled as TH trends NW–SE and appears laterally 

continuous along the entire plate boundary from at least 1600 km to 1100 km depths. Above 

the TH anomaly and north of it, there are several distinct high wavespeed anomalies labeled 

as IN, HK, BU, AN, PA, TI and AS. These anomalies appear laterally unconnected, 

suggesting a complex subduction history during India/Asia collision, with succession of 

subduction and breakoff events (Chemenda et al., 2000). The position and geometry of the 

significant anomalies shown in different P-waves tomographic models are very similar (Van 

der Voo et al., 1999; Replumaz et al., 2004; Hafkenscheid et al., 2006; Negredo et al., 2007; 

Richards et al., 2007; Li et al., 2008). Considering no stagnation of the slabs in the mantle, the 

P-waves positive anomaly depth can be related to the timing of subduction events. Under the 

assumption that lateral advection during subduction is negligible, the positive anomaly 
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position indicates the approximate location where the slab impinged into the mantle, showing 

the position of the trench. Therefore the position and depth of the mantle P-waves positive 

anomalies have been correlated to the Indian plate kinematics reconstruction and to the Asian 

tectonics reconstruction, to infer the complex subduction history during India/Asia collision. 

We review in the following sections the timing of different subduction episodes beneath the 

collision zone (Replumaz et al., 2004, 2010a&b, 2013; Negredo et al., 2007), using the Indian 

plate kinematics of Patriat and Achache (1984), and the Asian tectonics reconstructions of 

Replumaz and Tapponnier (2003). We compare our results with other reconstructions leading 

to a different timing of events (e.g. Stampfli and Borel, 2002; van Hinsbergen et al., 2011). 

 

2.2. Upper mantle positive anomalies related to on-going subductions, HK, PA, BU 

High wavespeed anomalies labeled as HK, PA and BU, are related to on-going continental 

subduction underlined by seismicity describing a well-defined Wadati-Benioff zone down to 

the fragile/ductile transition depth, shallower than the tomographic slab image (Negredo et al., 

2007). 

The HK anomaly (beneath Hindu Kush) occurs from the surface down to 600 km depth, 

with a very steep geometry, underlined by seismicity down to 300 km, by far the most active 

area of intermediate-depth intracontinental seismicity (figure 3a). This deep seismicity has 

been first interpreted as an indication for the subduction of a trapped oceanic basin, based on 

seismological arguments (Chatelain et al., 1980). But considering that there has not been 

oceanic crust in the entire area of the western syntaxis since the Late Cretaceous, it is now 

widely accepted that the deep seismicity and the corresponding tomographic anomaly HK 

indicates the ongoing subduction of the Indian continental lithosphere under the Hindu Kush 

mountains (figures 3a and 5a) (e.g. Burtman and Molnar, 1993; Guillot et al., 2003; Koulakov 

and Sobolev, 2006; Negredo et al., 2007). To the south, the HK anomaly is in continuity with 

the anomaly labeled CR, related to the thick Indian craton (horizontal section at 200 km depth 

in Figure 2).  

The anomaly PA (beneath PAmir) dips southward with a shallower dip than HK anomaly. 

It is observed from the surface down to 400 km depth and is underlined by seismicity down to 

200 km (figure 3b). This anomaly has been interpreted as the ongoing subducting Asian 

lithosphere under the Pamir range (e.g. Burtman and Molnar, 1993; Fan et al., 1994; Negredo 

et al., 2007; Mechie et al., 2012; Sippl et al., 2013).  

The BU anomaly (beneath Burma) is related to the ongoing eastward subduction of a 

microplate (Ni et al., 1989; Li et al., 2008), reaching a depth of about 400 km, with seismicity 
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down to 200 km depth. Due to the direction of subduction perpendicular to the convergence, 

this anomaly has been interpreted as a piece of Indian lithosphere pushed eastward during the 

extrusion of Indochina, then subducted parallel to the eastern Indian plate boundary (figure 2; 

Replumaz et al., 2010a). The AN anomaly (beneath Andaman) is found between 300 and 600 

km depth, and is curved below Andaman and northern Sumatra. It has been related to an early 

episode of southeastward extrusion followed by subduction, similar to the one related to the 

BU anomaly (figure 2; Replumaz et al., 2010a).  

 

2.3. Lithospheric structure, comparing global tomography and seismic profiles 

Beneath India, the P-waves tomographic cross-sections show a strong positive anomaly 

(+2-3%), marking the thick and cold lithospheric mantle of the Indian craton (anomaly 

labelled CR, figure 3). Such anomaly extends mostly flat beneath Tibet, instead it connects to 

deeper vertical anomalies beneath the Hindu Kush and central Tibet (figure 3a&f). Elsewhere, 

the CR positive anomaly starts dipping northward south of the Tsangpo suture to become flat 

lying northward (figure 3). P-waves global tomography provides constraints to the northern 

limit of the Indian continent below Tibet (Li et al., 2008; De Celles et al., 2002; Replumaz et 

al., 2013). To the west of the Tibetan Plateau, the CR positive deep anomaly reaches the 

Tarim basin, whereas it extends beneath the Bangong suture in the central Tibet, and beneath 

the Tsangpo suture in eastern Tibet. The northern extent of the CR anomaly also constrains 

the amount of Indian lithosphere underthrusting beneath Asia, which is largest in the west and 

decreases eastward (figure 3).  

Beneath Tibet, global tomography has been compared to seismic profile obtained using the 

receiver function method, enhancing converted S waves from P waves of distant earthquakes 

impinging on interfaces beneath the recording stations (e.g. Li et al., 2008; Replumaz et al., 

2013). Such methods give very accurate depth of interfaces down to ~150km, while global 

tomography shows the lateral and vertical continuity of lithospheric blocks at greater depth. 

Along the TIPAGE profile beneath Pamir, the Indian Moho remains flat at shallow depth, 

reaching the area of deep crustal seismicity related to the southward subduction of Asian 

lithosphere beneath Pamir (Mechie et al., 2012; Sippl et al., 2013). The CR anomaly has a 

similar geometry (figure 3b).  

Along the Hi-Climb seismic profile at longitude ~85°E, the Indian Moho bends south of 

the Tsangpo suture and continues flat-lying (Nabelek et al., 2009). The Moho is duplicated 

from the Tsangpo suture to 31°N latitude, and has been related to the top and bottom of the 

Indian lower crust which eclogitized during bending (Hetenyi et al., 2007). Nabelek et al. 
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(2009) interpreted the Indian Plate to extend as far north as 31°N, where the double Moho 

vanishes into a single interface lying between 60 and 70 km depth, north of 31°N, and 

inferred to be the Tibetan Moho. The positive anomaly related to the Indian Craton (CR) 

bends consistently with this seismic profile, but continues horizontally north of the Bangong 

suture to 34°N, farther than inferred from the Hi-Climb seismic profile (figure 5d) (De Celles 

et al., 2002; Replumaz et al., 2013). 

Along the Indepth profile at longitude ~90°E, the existence of a south dipping interface has 

been revealed, interpreted as a steep subduction of the Asian Lithospheric Mantle extending 

to ~300 km (ALM; Kind et al., 2002) or as a shallower Asian Lithospheric Mantle extending 

only down to ~150 km (Yue et al., 2012), facing the northward subduction of the Indian 

lithospheric mantle (Tilmann et al., 2003; Yue et al., 2012). Both slabs have been observed in 

the P-wave tomography used here. The plunging CR positive anomaly in this area is 

consistent with the Indian lithospheric mantle interface (Figure 3f&g) (Li et al., 2008; 

Replumaz et al., 2013). The plunging TI positive anomaly is compatible with a flat Asian 

Lithospheric Mantle, observed only down to 200 km (Figure 5f&g), consistent with Yue and 

co-authors conclusions (Yue et al., 2012), and with the interpretation of De Celles and co-

authors (De Celles et al., 2002). Less agreement is found in local tomography, with no 

positive anomaly corresponding to the ALM interface (Liang et al., 2012). 

 

2.4.  positive anomaly across the transition zone, IN: Indian continental slab? 

The IN anomaly (beneath INdia) extends between ~900 km up to ~500 km depth, with a 

vertical extent increasing from west to east and a pronounced dip southward (figure 3c and d). 

It is the most prominent anomaly observed at intermediate mantle depths (figure 2), and is 

clearly visible on the different P-waves tomographic models, with variable geometry 

depending on the velocity anomaly amplitude chosen to contour (e.g. van der Voo et al., 1999 

(named II anomaly); Hafkenscheid et al., 2006 (named Hi); Li et al., 2008 (named C); 

Replumaz et al., 2010 (named IN); van Hinsbergen et al., 2012 (named GIB)). However, the 

interpretation of this anomaly is the most controversial, with the nature of the subducted 

lithosphere, whether oceanic or continental, being matter of debate.  

Our interpretation is that the IN anomaly corresponds to a slab of continental lithosphere, 

related to the subduction of a large portion of the northwestern margin of India (Replumaz et 

al., 2010b), in agreement with the interpretation of De Celles and co-authors (De Celles et al., 

2002). Then, the length of the Indian continent is the addition of the length of the shallow 

horizontal anomaly related to the thick Indian craton (CR anomaly), stopping less than 500 
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km north of the Tsangpo suture, and the length of the IN anomaly (figures 3b-d). This length 

of the Indian continent is similar to length of the slab observed beneath the Hindu Kush, 

continuous down to 600 km depth (figure 3a), and comparable to the size of the Indian 

continent deduced from its original position in Gondwana, constrained between the Australian 

and Antartica continents (Gibbons et al., 2012; Zahirovic et al., 2012). By comparing the 

position of the IN anomaly with the position of India through time (Patriat and Achache, 

1984), we estimated that the subduction process responsible for the anomaly IN initiated at 

35±5 Ma (Replumaz et al., 2010b). It ended with a progressive slab break-off process (figure 

5c) that started most probably around 25 Ma at the western end of the slab, where the slab 

length is short (figure 3b), and propagated eastwards, where the slab length is longer (figure 

3c&d), until complete break-off around 15 Ma. The breakoff has been correlated with high-

grade metamorphism from 28–15 Ma in the gneiss domes in north Himalaya and in the Pamir 

(Stearns et al., 2013). The IN anomaly is located north of the Asian margin at the onset of 

collision reconstructs by Replumaz and Tapponnier (2003). According to our interpretation, it 

is related to a subduction event during the indentation of Asia, beginning at ~45Ma.  

The other interpretation is that the IN anomaly corresponds to a slab of oceanic lithosphere 

(e.g. van der Voo et al., 1999; Hafkenscheid et al., 2006; van Hinsbergen et al., 2012; 

Zahirovic et al., 2012), related to the subduction of the Spongtang oceanic back-arc basin, 

located between the Neo-Tethys and Eurasian continental margin (Stampfli and Borel, 2002). 

Such interpretation and the related paleogeographic reconstruction imply a much younger 

collision time that could be as young as ~20 Ma, occurring after the subduction of the oceanic 

back-arc basin, which has a shape corresponding fortuitously to the shape of the Indian 

indenter (figure 4). 

 

2.5. Lower mantle positive anomaly below 1100 km, TH: Tethys Ocean slab 

The high wavespeed anomaly TH observed beneath India from depths of ~1100 km down 

to at least 1600 km has been related to the continuous subduction of Tethys Ocean beneath 

Southeast Asia since at least the Cretaceous (Van der Voo et al., 1999; Replumaz et al., 2004; 

Hafkenscheid et al., 2006; Negredo et al., 2007; Richards et al., 2007). The TH anomaly 

vanishes at depths shallower that ~1100 km (figure 2), where vertical continuity between 

positive high wavespeed anomalies at shallower depths and the TH anomaly lacks (Figure 3). 

This is inferred to be a slab break-off. 

The outline of the TH anomaly at this depth allows tracing the likely location and 

morphology of the northern boundary of India at the time of break-off (Negredo et al., 2007). 
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We constrained the size of the Indian continent after breakoff by the length of the Indian slab 

as it is presently subducting beneath the Hindu Kush (figure 3a). The absence of positive 

anomaly in between HK and TH (located about 10º south of HK) at this longitude shows that 

no subduction occurrred during the time elapsed between slab breakoff and the onset of 

subduction responsible for HK anomaly.  The inferred contour outlining the Indian continent 

at the time of the break-off has been drawn accordingly (figure 4). Our estimate is remarkably 

similar to the size and shape of the Greater Indian continent deduced from its original position 

in Gondwana, located between the Australian and Antartica continents (Gibbons et al., 2012; 

Zahirovic et al., 2012). A wide greater India geometry (e.g. van Hinsbergen et al., 2011) is not 

compatible with such Gondwana geometry, and implies that the breakoff detached a large part 

of the northern boundary of such wide continent.  

The match of paleogeographic Indian position and TH anomaly position, provides a 

relative estimate of the time of break-off. By using the paleo-position of India by Patriat and 

Achache (1984), which is very robust, Negredo and co-authors (2007) estimated an age of 

break-off between 44 and 48 Ma, when the convergence rate dropped drastically. The 

uncertainty is due to the width of the positive anomaly, a breakoff at 44 Ma fits the northern 

outline of the anomaly, while a break-off at 48 Ma fits the southern outline of the anomaly 

(figure 4). Paleogeographic reconstruction of Müller and co-authors (2008) shows a more 

progressive drop between 50 and 40 Ma, in agreement with a break-off age between 45 and 

40 Ma, compatible with our timing. Reconstructions with a slower drop of the Indian velocity 

(drop between 50 and 30 Ma, break-off age between 40 and 35 Ma (van Hinsbergen et al., 

2011); drop between 70 and 20 Ma, break-off age between 25 and 20 Ma (Molnar and Stock, 

2009)) lead to a more recent collision, in disagreement with onset of continental volcanism 

and continental sedimentation observed in southern Tibet (Ding et al., 2007; Najman et al., 

2010). 

Under the assumption that lateral advection during subduction is negligible, the TH 

anomaly at 1100 km depth indicates the location where Tethys lithosphere impinged in the 

mantle. According to this interpretation, the TH anomaly indicates the position of the trench 

before the collision. This location is consistent with the last stage of the Asian tectonic 

reconstruction of Replumaz and Tapponnier (2003; see paragraph 3), which provides a 

relevant constraint on the position and geometry of the Asian upper plate convergent margin.  

In the lower mantle, the TH anomaly extends to the east, around South-East Asia. To the 

east, the slab is continuous to the surface and no breakoff occurs (figure 2). In the upper 

mantle, a continuous positive anomaly follows the oceanic trench around Southeast Asia, 
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marking the Indian oceanic slab (figure 2). This geometry drastically changes at depth, 

showing a linear structure beneath 1000 km. The change in the oceanic slab contours has been 

interpreted as matching the progressive deformation of Asia’s margin, including India’s 

indentation and Indochina’s extrusion moving about 700 km eastward (Replumaz et al., 2004; 

Hall et al., 2008). 

 

2.6. Lower mantle positive anomaly north of TH, AS: Asian slab? 

Between 1100 and 900 km depth, north of and parallel to the TH anomaly, the low 

amplitude high-wavespeed anomaly AS has a length of ~3000 km (figure 2). It is a weak 

anomaly observed in the lower mantle, visible on different P-waves tomographic models (e.g. 

Hafkenscheid et al., 2006 (named PT); Replumaz et al., 2010c (named AS)).  

Assuming no stagnation of the slabs in the mantle, its elongated geometry, running rather 

parallel to the plate boundary at the onset of collision, underlined by the TH anomaly located 

further south, suggests that this anomaly is the remnant of an episode of Asian continental 

subduction post-dating the OCT break-off event (Replumaz et al., 2013). The AS anomaly has 

been correlated with volcanism dated between 45 and 30 Ma located between the Jinsha and 

the Bangong sutures (Ding et al., 2007; Guillot and Replumaz, 2013). It could be equivalent 

to an Asian slab as present-day observed beneath Pamir (Figure 3b), detached from the 

continent and sinking into the lower mantle (figure 5). Considering a long stagnation of this 

slab at shallow depth, Hafkenscheid and co-authors (2006) interpreted this positive anomaly 

as an oceanic slab corresponding to the PaleoTethys slab (PT anomaly) in between Asian 

continental blocks, subducted long before the collision, but detached from the continent only 

between 80 and 60 Ma and since then sinking in the mantle. 

 

3. Asian tectonics constraints on the over-riding plate deformations 

The deformation of the Indian crust is to the first order that of a crustal wedge over a 

subducting lithosphere (e.g. Lavé and Avouac, 2000; Johnson, 2002). Such a crustal wedge is 

composed of successive thrusts rooting on an intra-crustal sub-horizontal decollement, the 

Main Himalayan Thrust, which thickened the entire brittle upper crust and part of the lower 

crust, forming the Himalaya range (Bollinger et al., 2006). It has been successfully 

reproduced by numerical and analogue experiments by the shortening of a sand layer above a 

sliding flat surface, mimicking lithospheric subduction (e.g. Malavieille, 1984; Smit et al., 

2003; Buiter et al., 2008). However, the deformation of the Asian continent is more complex 
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and extends over a much wider zone, making the intra-continental tectonics here unique. 

Because of the large and long-lasting deformation within the Asian continent the geometry of 

the Asian margin prior to collision is not easily inferred from its present-day shape. A first 

estimate is provided by the matching of the present-day geometry and the indentation-related 

structures, allow inferring a linear geometry between Sumatra and the mouth of Indus 

(Tapponnier et al., 1986; Le Pichon et al., 1992). More recently, the Asian margin geometry 

has been inferred from reconstructions of the Asian continent deformation. We synthetize 

here the data used and the results of the first complete reconstruction done (Replumaz and 

Tapponnier, 2003). By comparing this reconstruction at different time steps with tomographic 

sections at different depths, we constrain the major events in relation to the deep lithospheric 

processes (figure 6). We also constrain the initial geometry of the Asian margin and compare 

it with other studies (figure 4) (Royden et al., 2008; van Hinsbergen et al., 2011). 

 

3.1.   Asian tectonic reconstruction 

The first time steps of the backward in time reconstruction of Replumaz and Tapponnier 

(2003) restore the present-day thickening of Tibet, occurring to the north of the Plateau 

(figure 6a). The northernmost thrusts in the Qilian Shan are active since at least 10Ma (Fang 

et al., 2004; Hetzel et al., 2013), earlier than previously estimated by Metivier et al. (1998). 

The thrusts in the north of the Plateau are branching on the Altyn Tagh fault (Meyer et al., 

1998). This strike-slip fault runs on thousands of km, bounding the Tarim basin (figure 1). It 

extends on the entire lithosphere thickness (Wittlinger et al., 1998) and eases the eastward 

sliding of the North China block shown by GPS results (e.g. Zhang et al., 2004). From 

present-day to 15 Ma, the deformation is very similar (figure 6a), with migration of the 

deformation to the north of the Tibetan Plateau, along successive parallel faults, which 

propagate to the north along the Altyn Tagh fault (Metivier et al., 1998; Meyer et al., 1998; 

Liu-Zeng et al., 2008).  

The active fault network changes drastically before 15 Ma (figure 6b). From approximately 

15 to 30Ma, the deformation is driven by the eastward extrusion of the Indochina block, 

sliding along the Red River fault (RRF) (Tapponnier et al., 1986; Peltzer and Tapponnier, 

1988) for 700+/-200 km (Leloup et al., 2001). Such large motion has opened the South China 

Sea pull-apart basin, at the eastern end of the Red River fault. The magnetic anomalies of the 

South China Sea show that the basin opened between 32 and 16 Ma and constrain the rotation 

pole of the Indochina peninsula during this period (Briais et al., 1993).  This pole is key to this 

reconstruction, as it constrains the position of Indochina before extrusion, representing the 
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eastern boundary of the collision zone (figure 6b). Additional motion occurred along the Red 

River fault between 40 and 30 Ma, closing smaller pull-apart basins as observed in the Tonkin 

Gulf (Replumaz et al., 2001), and in SE Asia (e.g. Hall et al., 2008). It anneals the total offset 

along the Red River Fault (Leloup et al., 2001), and restores the linearity of the eastern coast 

(figure 6c). More eastward motion occurs along faults present-day located south of Indochina, 

the Wang Chao and 3 pagodas faults (WF and PF, figure 1; Lacassin et al., 1997, 1998). The 

restoration of the thickening in Tibet also anneals the curvature of the Bangong and Jinsha 

sutures around the eastern syntaxis, and makes them in continuity with the Red River fault 

(figure 6c). 

Before 40 Ma, the motions were confined to the front of the indenter, and directed 

northward (figure 6d). The eastern boundary of the deformed zone was most probably the 

Dien Bien Phu fault, connecting with the Ranong fault in Malaysia (DF and RF, figure 1). 

West of this fault, the Indochina crust was thickened, while east of the fault the crust was little 

affected by thickening. This eastern boundary was preserved for further deformation as the 

Indochina block was extruded eastward. The western boundary of this frontal deformation 

zone is less clear, as it has been over-printed by intense thickening in the following 

indentation process. The northern boundary of this early frontal deformation zone has been 

suggested to be localized along the Bangong suture (Replumaz and Tapponnier, 2003). Yet 

the volcanism dated between 45 and 30 Ma located between the Bangong and the Jinsha 

sutures (figure 1) has been considered as an evidence of early deformation north of the 

Bangong suture, related to early Asian continental subduction (Ding et al., 2007; Guillot and 

Replumaz, 2013). 

The last stage of the reconstruction provides a relevant constraint on the position and 

geometry of the upper plate of the Asian convergent margin (figure 6e). It also matches the 

position and geometry of the Tethys trench at the onset of indentation, deduced from the 

position of the TH anomaly at depth, providing a coherent geometry of both continents in 

contact at the beginning of the indentation (figure 4).  

One key constrain of this reconstruction is the position of the Indochina block at the onset 

of the collision, constraining the eastern boundary of the collision zone and the amount of 

shortening in central Tibet. A large motion along the Red River fault (700+/-200 km; Leloup 

et al., 2001; Briais et al., 1993), anneals the offset of the eastern Asian coast, the eastern 

syntaxis deformation around the Indian indenter corner and implies a large amount of 

shortening in central Tibet, by inserting the Indochina peninsula in its middle (figure 6d). By 

considering a similar amount of motion along the Red River fault, the schematic 
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reconstruction of Royden and co-authors restores a similar geometry of the eastern Asian 

margin prior to collision, but a more oblique trench corresponding to a dissymmetric shape of 

India (Royden et al., 2008). Such trench is not corresponding to the TH anomaly geometry 

(figure 4). By considering a much smaller amount of motion along the Red River fault (250 

km), the reconstruction of van Hinsbergen and co-authors shows an eastern Asian coast with a 

residual offset along the Red River fault, a residual curvature of the eastern syntaxis 

deformation and a smaller amount of shortening in central Tibet (van Hinsbergen et al., 2012). 

The resulting southern Asian margin shows a residual indentation mark, corresponding to the 

inferred shape of the Indian indenter, which does not align with the TH anomaly geometry 

(figure 4). Such reconstruction is compatible with the paleogeographic reconstruction of 

Stampfli and Borel, (2002), where an oceanic back-arc basin is located between the Neo-

Tethys and Eurasian continental margin.  

 

3.2.   Asian crustal mass budget 

The consistency of the reconstructed Asian margin geometry can be checked through a 

comparison with a first order budget of the Asian crust. The inferred crustal mass of the Asian 

continent at the onset of collision has been compared with the present-day mass, after the 

Asian continent has been thickened and its contour modified during the collision (figure 7). 

The present-day Asian crustal volume has been measured by adding the volume between the 

Moho (Villasenor et al., 2001) and the topographic surface north of the Tsangpo suture, 

except below 60 km depth where Indian crust underthrusts Asia (Nabelek et al., 2009; Mechie 

et al., 2012), and the volume of erosion (Metivier et al., 1999), multiplied by a mean crustal 

density of 2700 kg/m
3
, using a simplified depth/density profile (Replumaz et al., 2010c). This 

present-day measured Asian crustal mass has been restored over the Asian continent area at 

the onset of the collision (figure 7). The obtained thickness represents the crustal mass that 

has been stored within the thickened crust or redistributed by extrusion, but spared from 

subduction and not recycled in the mantle. For the Asian continent, the estimated crustal 

thickness accommodated during collision is about 32 km. This value is close to a standard 

initial Asian crustal thickness, similar to what present-day observed for the Indochina 

peninsula, not affected by the thickening (figure 1). It is in agreement with an Asian continent 

not thickened before indentation, as presently observed along the Southeast Asian margin 

(figure 1). 

Albeit simplified, the crustal balance shows that only a negligible amount of the Asian 

crust that has been recycled into the mantle (figure 7). It is in agreement with the inferred 
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limited amount of Asian lithospheric mantle slabs, related to the AS and PA anomalies (figure 

5). This suggests that the Asian crust has been either deformed by lateral motions along 

strike-slip faults, absorbing about 30% of the convergence (Replumaz & Tapponnier, 2003), 

or by crustal thickening, yet preserved from recycling in the mantle.  

Such crustal budget is dependent upon the geometry and the mean altitude of the Asian 

continent at the onset of collision, leading to a non-unique interpretation. Alternatively, a 

reduced area of the Asian continent at the onset of collision (figure 4) (Stampfli and Borel, 

2002; van Hinsbergen et al., 2012) but with a thick Asian crust before indentation similar to 

the Andean Plateau (Kapp et al., 2007), should also be compatible with such a crustal budget. 

 

4. Numerical models constraints on subducting-upper plates 

interactions 

Global tomography has revealed a complex Indian slabs geometry, corresponding to 

successive episodes of subduction and breakoff (figures 2&3). The Indian continental 

lithosphere has subducted down to the lower mantle, detached from the dense oceanic Tethys 

slab (figure 5). This interpretation is consistent with models showing than the recovered 

continental lithospheric buoyancy can drive subduction, thus no attached dense oceanic slab 

(Capitanio et al., 2010). To model the Indian continent subduction during the collision, one 

has to take into account the breakoff process, which separates the deep oceanic Tethys slab 

from the Indian continental plate. The rupture mechanics has been extensively studied in the 

last decades. Such rupture has been shown to occur at the OCT (Chemenda et al., 2000; 

Regard et al., 2005), caused by an excess of tensile stress during the bending due to the deep 

oceanic slab pull (e.g. Wong A Ton and Wortel, 1997; Duretz et al., 2012), and by thermal 

weakening (Gerya et al., 2004). Geophysical observable implication of such rupture has been 

quantified, as dynamic topography (Buiter et al., 2002). Lateral propagation of slab 

detachment likely occurs by stress focusing on the rupture tip, triggering further rupture 

(Yoshioka and Wortel, 1995; Wortel and Spakman, 2000), which can reach very high rates 

(Burkett and Billen, 2010; van Hunen and Allen, 2011).  

In this paper, we do not address the details of rupture mechanics and we focus on the 

implications of slab loss. The rupture is modeled by varying the yield strength of the 

subducted oceanic plate, leading to spontaneous localization of large stresses and rupturing at 

the OCT. Here, we summarize the outcomes of recent numerical modeling that addressed the 

role of slab breakoff on continental subduction (Capitanio and Replumaz, 2013), as revealed 
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by tomography analysis (figure 5). We show the link between such deep processes and 

continental tectonics during convergence, especially the drastic changes in the fault network 

shown by kinematic reconstruction of the Asian tectonics (Replumaz and Tapponnier, 2003).  

 

4.1.  Modelling approach 

Subduction is modeled as the viscous Stokes flow of an infinite Prandtl number fluid and 

very low Reynolds number, neglecting the effect of temperature. Under these approximations, 

the force balance is governed by the conservation of mass, enforcing the incompressibility 

condition, and momentum equations. Linearised rheological profiles are used for the plates 

and the mantle. To model the continental lithosphere, we used a parameterised slab buoyancy 

variation (Capitanio et al., 2010), and do not vary the rheology of the plates. Thus, continental 

subduction is modeled as the entrainment of the lighter plate following a denser one.  

The ambient mantle is a Newtonian fluid of viscosity 2.10
20

 Pa s. The subducting 

lithosphere has a 70 km thick top layer with a viscosity 1000 times larger than the mantle 

viscosity, and a 30 km thick bottom layer with a viscosity 10 times larger and a composite 

visco-plastic rheology. The subducting plate-mantle density contrast is 80 kg m
-3

 for the 

oceanic domain, and is reduced to 1/3 in the continental domains. The resulting integrated 

buoyancy values are compatible with that of continental lithospheres with an 

eclogitic/amphibolitic crust (Cloos, 1993). The upper plate has no density contrast with the 

mantle, and is fixed in the far-field. It has either a Newtonian viscosity 1000 or 100 times 

larger that the mantle, or a composite visco-plastic rheology to address the role of upper plate 

deformation during convergence. 

The rupture in the slab is induced by reducing locally the plate’s plastic limit. The rupture 

occurs at the OCT, where spontaneous localization of large stresses occurs (Wong A Ton and 

Wortel, 1997). For the yield strength chosen, the breakoff occurs at a depth of ~100 km, when 

the tensile stresses are maximised (Duretz et al., 2012). The width of the slab detachment is 

either limited to a portion of the slab or the slab is completely removed.  

We solve equations in their non-dimensionalised form using a Particle-in-cell finite 

element method, Underworld, where Lagrangian integration points (40 particles/element) are 

embedded in a three-dimensional Eulerian mesh of 96x96x64 elements (Moresi et al., 2003; 

Stegman et al., 2006). 

 

4.2.  Complete and partial slab breakoff 
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In the simple models where subduction is ongoing, the oceanic slab eventually extends to 

the base of the upper mantle. In this steady-state subduction stage the slab accumulates atop 

the upper-lower mantle boundary. This is then perturbed by continental plate subduction, 

which is entrained into the mantle and eventually subducting at smaller rates.  

When a partial breakoff occurs at the OCT, the continental lithosphere still attached to the 

oceanic slab follows subduction, while where it is detached, the deep oceanic slab sinks and 

splits from the stalled continental slab above the breakoff.  

Slab deformation accommodates the different dips along the trench. For the reduced 

continental buoyancy, the integrated pull of the stalled continental slab tip above the breakoff 

is not enough to drive self-sustaining subduction and lower plate remains at shallow depths, 

underthrusting the overriding lithosphere (figure 8). The detached tip of the lithosphere has 

progressively overridden both the detached deeper slab and the position of the original trench, 

whereas laterally, the slab is continuous. At surface, the subduction margin bends, with 

increasing curvature with convergence (figure 8), as the underthrusting stalled tip further 

separates from the subducting margin. The underthrusting is rather independent on the 

modality of breakoff, either instantaneous or propagating, and on the upper plate rheology, 

which is shown to only affect the curvature (Capitanio and Replumaz, 2013).  

With a total slab break-off at the OCT, the subduction evolution of the continental plate is 

very similar (figure 8). The breakoff affects the continuity of the slab but not the poloidal 

mantle flow in the center of the slab, where the vertical convective cell extends throughout the 

upper mantle (figure 9). Although the slab vertical continuity is lost, stresses still propagate 

from the sinking slab to surface through the mantle viscous coupling. Instead, at the slab edge, 

the toroidal flow does not effectively drag the shallow lithospheric tip into the mantle 

(Funicello et al., 2003). Above the slab breakoff, the downgoing plate is dragged to the 

convergent margin by lateral stress propagated through the plate, resulting in the indentation 

of the upper plate (figure 9).  

The most striking difference between partial and complete breakoff is the drop in the 

velocity of convergence (figure 9). The occurrence of partial breakoff does not change much 

the velocity evolution of the entrainment of continental slabs, as large pull is still applied 

through the lithospheric slab. The driving force progressively reduces as lighter lithosphere 

arrives to the trench and the convergence rate decreases to stabilize to a lower value as 

sustained continental subduction occurs. With the continental buoyancy drop tested, the 

subduction rate decreases to ~1 cm/yr within ~30 Ma. With a complete breakoff, the 
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convergence rate drops much more rapidly (< 5 Ma) with all the continental buoyancies 

tested, to reach the same lower terminal velocity of the partial breakoff model of ~1 cm/yr.  

 

4.3.  Localized upper plate stresses due to breakoff 

The coupling between the upper plate and the subducting slabs occurs through shear 

traction propagated by the ambient mantle, where flow is sustained by the downgoing slab 

(Capitanio et al., 2010; Capitanio et al., 2011). One striking result is that the upper plate 

stresses are rather small and diffuse in the models with a coherent slab at depth, and are 

instead large and strongly localised in the upper plate interiors when breakoff occurs 

(Capitanio and Replumaz, 2013). In the models with a coherent slab, shearing at the interplate 

boundary accommodates the stress at surface. No localisation is observed within the upper 

plate, and the stress measured is representative of an average over the whole upper plate. 

Instead, in the models where the breakoff occurs, the distribution of the stress in the upper 

plate is strongly localised, increasing largely above the tip of the slab breakoff at depth. In this 

case, all the models show the same pattern of a stress belt propagating largely into the upper 

plate for ~1200 km at an angle with the trench of 45˚±5˚ (figure 8). This is the result of stress 

coupling gradients at the trench, which to the first order reflect the distribution of slab mass at 

depth, and are thus less dependent on the simplified rheologies used. Similar stress belt 

allowing for lateral extrusion has been modelled by Li et al. (2013). 

The upper plate stress is transient and decays within ~5 Ma for the oceanic plate 

subduction and more slowly in the lighter continent, where stress can be large for ~10 Ma. 

Peak stresses rapidly increase as the subduction rates decrease. Following further entrainment 

of less negatively buoyant continent, available pull forces progressively decrease, and the 

upper plate stress decreases. Similar peak stresses are found in the complete slab breakoff 

model, where a rapid drop in the upper plate stresses follows the pull force removal, with a 

duration similar to the convergence rate drop, ~5 Ma. Then, the upper plate transition to low 

stress regime occurs almost instantaneously. 

 

5. Discussion: Linking Asian tectonics to deep lithospheric processes 

We further show here that the global P-waves tomographic images of the mantle below the 

collision zone are useful to constrain the deep structure of the continents and their subduction 

history. By linking the slab positions shown by tomography to Asian tectonic reconstructions 

(Replumaz and Tapponnier, 2003) and Indian plate kinematics (Patriat and Achache, 1984), 
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we infer successive subduction and breakoff events, and give an estimate of the timing of 

these events (figure 5). Such temporal evolution of deep processes allows discriminating 

between different models of continental deformation during collision (e.g. Willett and 

Beaumont, 1994; Johnson, 2002). First, tomography shows that part of the lithosphere of both 

continents has sunk into the mantle during the collision process, thus ruling out the occurrence 

of homogeneous thickening of both lithospheric mantle and crust (e.g. England and Molnar, 

1997). Second, seismic tomography illustrates a discontinuous continental subduction 

process, with several breakoffs occurring during collision. The major one most likely 

occurred at the OCT between India and the Tethys Ocean, at about 45 Ma, showing that India 

is not pulled into the mantle attached to the deeper denser Tethys slab, as considered in 

simplified models (e.g. Capitanio et al., 2010; Bajolet et al., 2013). The dynamics of the 

rupture has been extensively studied during the last 20 years (Yoshioka and Wortel, 1995; 

Wong A Ton and Wortel, 1997; Wortel and Spakman, 2000; Gerya et al., 2004; Buiter et al., 

2002; Burkett and Billen, 2010; van Hunen and Allen, 2011; Duretz et al., 2012), but the 

implications of such deep rupture on the Asian tectonics has been only recently modelled 

(Capitanio and Replumaz, 2013; Li et al., 2013). Third, global P-waves tomography shows 

that the deep lithosphere evolution during the collision is very heterogeneous along the 

Himalayan range, in contrast with its relatively homogeneous surface shape. This shape, the 

curvature and syntaxis appearance, has been successfully reproduced by a continuous 

continental subduction of India (Bajolet et al., 2013), suggesting that deep breakoffs did not 

affect the building of the Himalayan shape. On the contrary the deep heterogeneous processes 

are likely relevant for the emergence of heterogeneous deformation style affecting the Asian 

tectonics as strike-slip faulting, underthrusting and resumed subduction (e.g. Peltzer and 

Tapponnier, 1988; Copley et al., 2011). 

In this section we describe the different implications of the deep structure of the collision 

zone deduced from tomography, upon Indian lithospheric mantle mass budget, the timing and 

implications of the underthrusting of India below Tibet, the link between Indian slab breakoff 

and Asian lithosphere tectonics, the subduction of Asian lithospheric mantle, and the driving 

force of the collision. 

 

5.1.  Underthrusting of Indian lithosphere since Middle Miocene  

Underthrusting of the Indian lithosphere beneath the entire Tibetan Plateau was the first 

mechanical process proposed to link the wide deformation of the Asian crust to deeper 
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lithospheric processes (Argand, 1924). Global P-waves tomography and seismic profiles 

support the occurrence of underthrusting of the Indian continent beneath Asia, although this 

does not extend beneath the entire Tibetan Plateau. To the west of the collision zone, at 75°E 

longitude, the TIPAGE seismic profile shown that the Indian lithosphere is flat lying, and 

reaches Central Pamir (Mechie et al., 2012). Along the Hi-Climb profile at 85°E longitude, 

flat-lying Indian lithosphere is also imaged, extending to the Bangong suture in Central Tibet 

(Nabelek et al., 2009; Hetenyi et al., 2007). P-waves global tomography has been used to 

follow more continuously the northern limit of the Indian continent below Tibet (Figure 10) 

(Li et al., 2008; Replumaz et al., 2013). The thick Indian craton is clearly visible on 

tomographic sections as a ~200 km thick prominent positive anomaly (CR anomaly, figure 2). 

Beneath the Hindu Kush, the Indian lithosphere bends and subducts vertically (figure 3a), 

north of the Tsangpo suture, whereas it instead remains flat at shallow depth beneath Pamir 

(figure 3b), extending to the area of the deep crustal seismicity related to the southward 

subduction of Asian lithosphere (figure 10) (Mechie et al., 2012). Beneath Western Tibet, the 

Indian lithosphere remains flat at shallow depth (figure 3c) and reaches the thinner (~100 km) 

positive anomaly related to the Tarim craton, whereas beneath Central Tibet, the flat lying 

Indian lithosphere (figure 3d) reaches the Bangong suture (figure 10). Its northern limit has a 

sharp contrast with the negative velocity anomaly of the Tibetan lithosphere, which is related 

either to the presence of hydrated minerals (Billen and Gurnis, 2001) or to hotter temperature 

(Jiménez-Munt et al., 2008). To the east of the Tibetan Plateau, the Indian lithosphere 

northern limit is close to the Tsangpo suture (figure 3f and g), showing that little 

underthrusting occurs there (figure 10). 

The northern extent of the Indian lithosphere beneath the Asian continent is shorter than 

the minimum size of the Indian continent prior to collision (dashed green line on figure 10 

showing the size of the Indian continent at the time of the breakoff from Negredo et al. 

(2007), similar to the Indian shape deduced by Gibbons et al. (2012)). It implies that 

underthrusting is not the only way convergence has been accommodated since the beginning 

of the collision. The interpretation of tomographic cross-sections leads us to conclude that 

subduction of the Indian lithosphere occurred in the middle part of the northern margin of 

India at the beginning of the collision, then the slab break off occurred at 25-15 Ma and 

underthrusting began at about 15 Ma (figure 5).  

The variation of the Indian lithospheric mantle northern limit from west to east of the 

collision zone contrasts with the continuity of the Tibetan Plateau (figure 1). The relatively 

homogeneous altitude of the Plateau is in contrast with underthrusting limited to the southern 
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part. The underthrusting of the Indian plate below Asian lithosphere occurs late in the 

collision time, since middle Miocene (figure 5). It most probably began when the Plateau was 

already uplifted, which implies that the Tibetan uplift is not a direct result of Indian Plate 

underthrusting (Chemenda et al., 2000; DeCelles et al., 2002). Yet the northern edge of the 

Indian underthrusting has been considered to coincide with the limit between dominantly 

strike-slip faulting in northern Tibet and dominantly normal faulting in southern Tibet 

(Copley et al., 2011), which occurs at the Jiali fault zone running between the eastern and 

western Himalayan syntaxes (figure 1). This contrast in tectonic regime is not likely to be due 

to lateral variations in topographically induced stresses, given the uniform elevation of the 

plateau, and has been linked to underthrusting (figure 10). Where underthrusting occurs, to 

the south of the Tibetan Plateau, the Indian lower crust acts in a rigid manner, the surface 

motions are accommodated by the shearing of the upper crust over the rigid lower crust, so 

that the Asian lithosphere at the surface is mechanically coupled to the Indian one at depth, 

leading to east–west extension of the upper crust (Copley et al., 2011). Although the northern 

edge of the Indian underthrusting does not exactly coincide with the Jiali fault zone, as this 

fault is visible in the middle of the CR anomaly to the west, and far north of the anomaly to 

the east (figure 10), the overlapping of extension and underthrusting suggests that 

underthrusting could affect the tectonics of the Tibetan Plateau, since the Middle Miocene, 

even if it is not the main mechanism to build the Plateau. 

 

5.2.  Indian lithospheric mantle and crust mass budget 

The area comprised between the Indian northern boundary at the time of the break-off  and 

the present-day northern boundary of underthrusted India (figure 10), provides an estimate of 

the total amount of Indian lithosphere involved in the indentation process that was consumed 

by subduction or extrusion. The anomalies HK, IN, BU and AN have been interpreted as the 

result of successive continental subduction episodes, which successively removed a portion of 

the Indian lithosphere northern margin (Replumaz et al., 2010a). The HK and IN anomalies 

have been interpreted to represent the subducted Indian lithosphere to the west of the collision 

zone. The BU and AN anomalies, presently trending north-south along the eastern border of 

India, have been interpreted as portions of the Indian lithosphere initially located to the north 

of the Indian continent, and extruded to the east where they subducted. This balance shows 

that the continental subduction, the extrusion and underthrusting processes inferred from the 

analysis of tomographic anomalies, accommodated the entire lithosphere of the northern 

Indian margin since the onset of indentation (figure 11).  
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The geometry of the Indian continent at the onset of indentation has been inferred from the 

geometry of the lower mantle positive anomaly TH, and from the length of the present-day 

slab beneath the Hindu Kush (figure 4). The geometry of the Asian continents at the onset of 

indentation has been deduced from tectonic reconstruction (figure 6). It matches the position 

of the TH anomaly at depth (figure 4). The inferred area of the two continents at the onset of 

collision has been compared with their present-day crustal mass after they have been 

thickened and their contours modified during the collision (figure 7). The results have been 

presented for the Asian continent in section 3.2. For the Indian continent, we add the volume 

between the Moho and the topographic surface south of the Tsangpo suture, the volume below 

60 km depth north of the suture, where Indian crust underthrusts Asia, and the volume of 

erosion, and we use a simplified depth/density profile to estimate the crustal mass (Replumaz 

et al., 2010c). This present-day measured crustal mass has been spread over the area of the 

blocks at the onset of the collision, which give the thickness of India that has been stored 

within the thickened crust, spared from subduction and not recycled in the mantle (figure 7). 

For the Indian continent, this spared thickness is ~22 km, about half of the present-day 

average crustal thickness of the Indian craton, ~38 km. It implies that 40% of Indian crust was 

recycled into the mantle by continental subduction, with a mean decoupling level at 15 km 

depth. This depth corresponds approximately to the present-day depth of the Main Himalayan 

Thrust underlying the Himalayan mountain belt (e.g., Schulte- Pelkum et al., 2005; Nabelek et 

al., 2009). This large estimated amount of crust that has been recycled in the mantle is in 

agreement with the large amount of Indian lithospheric mantle subducted, related to the 

anomalies HK, IN, BU and AN (figure 11), with a part of the lower crust attached (Johnson, 

2002; Hetenyi et al., 2007).  

On the contrary for the Asian continent, as already discussed in section 3.2, the crustal 

thickness preserved from subduction during collision is about 32 km. This value is in 

agreement with a standard Asian continent not thickened before indentation as observed 

present-day along the Southeast Asian margin (figure 1). It is in agreement with a negligible 

amount of the Asian crust recycled into the mantle (Sobel et al., 2013), corresponding to few 

Asian slabs inferred from tomography, related to the AS and PA anomalies (figure 11), and 

possibly a larger amount of underthrusting of Asian lithosphere beneath north and central 

Tibet (Guillot and Replumaz, 2013). 

 

5.3. Breakoff and Asian Tectonics inception 
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The inception of Asian tectonics and its relation to subduction remain poorly understood 

(figure 6). The numerical models presented here support the idea that slab breakoff caused 

stress accumulation in the upper plate that potentially produced or reactivated lithospheric 

yielding along structure oriented at ~45˚ from the trench and intersecting it near the slab 

(figure 8).  

The OCT breakoff is associated with a frontal deformation delimited by two faults 

departing at an angle of about 45° from both Indian continent edges, to the east the Dien Bien 

Phu fault connecting with the Ranong fault, to the northwest the Bangong suture reactivated 

(figure 6D). The geometry of the faults is compatible with the geometry of the stress 

accumulation in the upper plate due to slab breakoff, suggesting that breakoff could have 

caused the lithospheric yielding necessary to activate such discontinuities (figure 12). The 

breakoff probably initiated to the west and propagates to the east along the entire OCT. 

After the onset of indentation, the reactivated Bangong suture, departing from the 

subducting trench located to the north of the Indian continent, accommodated the incipient 

Asian extrusion (figure 6C), thus relevant stress propagated to this area. The partial slab 

breakoff occurring as the slab related to anomaly IN subducted steeply beneath Central Tibet 

while the slab related to the anomaly HK underthrusted beneath western Tibet, could have 

provided the cause for the large coupling and activation of such fault (figure 12). Likely, the 

Bangong suture provided a weaker inherited heterogeneity allowing for the localization of 

strain.  

The Altyn Tagh fault also departs from the subducting trench located to the north of the 

Indian continent, and accommodated the propagation of the Asian deformation towards the 

north-east (figure 6). Similarly to what discussed before, relevant stress had to propagate to 

this portion of the Asian plate and thus could have been consequences of the second slab 

breakoff occurring between 25 and 15 Ma (figure 12). 

The stress accumulation in the upper plate that follows the slab breakoff potentially leads 

to or reactivate the lithospheric shearing at ~45˚ from the trench. This model is in agreement 

with the evolution of Asian tectonics, thus we infer that localized stress following breakoff 

provide a potential explanation for the inception of the Asian tectonics (figure 12). 

 

5.4. Continental subduction of Asian lithospheric mantle  

The subduction of the Asian continental lithosphere has been suggested to occur at depth 

as the overlying crust thickened (Mattaeur, 1984; Tapponnier et al., 2001). A clear evidence 

of such a process is given by the on-going subduction of the Asian lithosphere beneath the 
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Pamir (Chatelain et al., 1980; Burtman and Molnar, 1993; Fan et al., 1994; Negredo et al., 

2007; Sobel et al., 2013; Mechie et al., 2012). This slab has a shallow dip, underlined by 

seismicity down to 200 km, and traced by tomography down to 400 km depth (figure 3b). 

Along the TIPAGE seismic profile at 75°E longitude, the Indian lithosphere underlies the 

Central Pamir, and reaches the deep crustal seismicity related to the Asian subduction 

(Mechie et al., 2012). Such geometry suggests the penetration of the Indian lithosphere in 

between the Asian crust and lithospheric mantle. This decoupling allows for the ablation of 

the Asian lithospheric mantle, which sinks in the mantle (Sobel et al., 2013). Such a process 

likely preserves the Asian crust from recycling, as supported by no crustal deficits in the 

Asian crustal mass balance. The AS anomaly is found north of and shallower than the TH 

anomaly related to the oceanic subduction of the Tethys, and beneath the Asian continent, 

thus suggests that this lithospheric slab likely belonged to the Asian continent and began to 

sink when Indian continental lithosphere impinged in the trench (Replumaz et al., 2010c, 

2013). By combining tomographic sections with the Asian tectonic reconstruction, the 

position of the wide AS anomaly matches the reconstructed position of the Bangong and 

Jinsha sutures to the south of the collision zone at the onset of indentation (Figure 6d), and 

likely related to the subduction of Asian lithospheric mantle bending beneath the Jinsha suture 

and sinking below the Bangong suture (Guillot and Replumaz, 2013). This episode has been 

constrained by the widespread K-rich lavas and subordinate Na-rich basalts, consistent with a 

source derived from melting of enriched lithospheric mantle, dated between 45 and 33 Ma, 

located between the Bangong and the Jinsha sutures (Roger et al., 2000; Ding et al., 2007). A 

magmatic episode related to subduction between ~50 and ~40 Ma has been also described in 

Kohistan (Bouillol et al., 2013), which could also be associated with this episode.  

In the present-day, the thickening of Tibet occurs in the Qilian Shan north of the Plateau 

(figure 1), along thrusts rooting on an intra-crustal decollement merging beneath the Kunlun 

range (Meyer et al., 1998; Liu-Zeng et al., 2008). It has been related to Asian lithosphere 

subduction beneath the Kunlun suture (Tapponnier et al., 2001), but no evidence of such slab 

is found in tomography. A subduction of Asian lithosphere plunging southwards down to 

about 300 km has been observed along the Indepth profile (Kind et al., 2002). Nevertheless, 

the lateral extend of this slab is reduced, less than 200 km (TI anomaly, figure 2; Replumaz et 

al., 2013), and cannot be considered as a major ongoing process. It has been proposed that 

present-day the Asian lithosphere is partly underthrusting the Asian crust (Guillot and 

Replumaz, 2013), as suggested by the shape of the negative tomographic anomaly, lying flat 

at shallow depth (figure 3f and g).  
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5.5 Tethys and Indian subduction as a driving force of indentation 

The forces driving convergence during continental collision are not fully understood. The 

Indian continental lithosphere has long been considered too buoyant to actively drive 

subduction, and external forcing, as large-scale mantle flow or pull of neighbouring slabs has 

been invoked (Li et al., 2008; Alvarez, 2010; Capitanio et al., 2011; Becker and Facenna, 

2011). Recent numerical models have shown that a continent lithosphere as the Indian one has 

the ability to subduct under its own pull, as it is separated from its upper crust and part of its 

lower crust (Capitanio et al., 2010). Continental subduction of such lithosphere reduces the 

convergence rate by a factor 3, similar to that observed for India-Asia relative motions 

(Guillot et al. 2003, Zahirovic et al., 2012, van Hinsbergen et al., 2011b, White and Lister, 

2012), but still provides enough force to drive the convergence process. However, this model 

assumed that large stresses propagated from an oceanic slab to the sinking Indian lithosphere. 

The complex Indian slab geometry revealed by global tomography, with successive episodes 

of breakoff (figure 5), shows that the correlation between convergence and deep subduction is 

less simple.  The model presented here shows than even after a partial or a complete break-off 

at the OCT, the mantle flow generated by the long lasting subduction of the Tethys ocean, and 

the deeper Tethys slab sinking into the mantle, is strong enough to allow Indian continent 

resuming subduction (figure 8, Capitanio and Replumaz, 2013; Li et al., 2013). This is in 

agreement with the force balance around the present-day Indian motion, which requires the 

propagation of stresses from deep mantle flow to the surface around the Indian slab (Becker 

and Faccenna, 2011). 

The IN anomaly has been related to an early subduction episode of the Indian lithosphere, 

occurring soon after the break-off of the Tethys oceanic root, similar to the complete breakoff 

model presented here. The model-predicted terminal velocity of ~1 cm/yr after complete 

breakoff, is far lower than the velocity of the Indian plate. This requires external forcing to 

partially sustain convergence, as Indian Ocean ridge push, large-scale mantle flow active by 

that time, plume interactions or pull transmitted from neighbouring slabs (e.g. Li et al., 2008; 

Capitanio et al., 2010, van Hinsbergen et al., 2011, Becker and Faccenna, 2011).  

The breakoff of the slab related to the IN anomaly at about 15 Ma represents the end of 

large scale subduction in the collision zone. The slab observed at 90°E along the Indepth 

profile (Kind et al., 2002), and along corresponding tomographic cross-section (Figure 3f; Li 

et al., 2008; Replumaz et al., 2013), still attached to the Indian craton, could correspond to a 

more recent episode of subduction assisted by the mantle flow generated by the subduction of 
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the Indian lithosphere (figure 8). Nevertheless, the small lateral extend of this slab (less than 

200 km), together with the absence of intermediate depth seismicity, suggest that present-day 

subduction of Indian lithosphere occurs only locally, and therefore plays a secondary role as a 

mechanism presently accommodating plate convergence.  

 

6. Conclusion 

We explore the coupling between the deep subduction of the Indian continent and the 

tectonics of the Asian continental upper plate interiors. The long-term evolution of both 

lithospheres during convergence has been deduced from remnants of slabs in the mantle 

shown by P-waves global tomography. Successive episodes of subduction and breakoff have 

been evidenced (figures 2&3). A complete breakoff most likely occurred at about 45 Ma at 

the transition between the Tethys Ocean and the Indian continent, detaching the Tethys slab, 

clearly visible in the lower mantle as a prominent positive anomaly (TH). According to us, 

this anomaly shows the position of the trench at the onset of collision, showing the northern 

boundary of the Indian continent after the OCT breakoff, and the southern Asian margin. 

Such margin is in agreement with the Asian tectonics reconstruction of Replumaz and 

Tapponnier (2003) showing a linear margin, not with reconstructions showing a complex 

margin (figure 4) (Royden et al., 2008; van Hinsbergen et al., 2011).  

Subsequently the evolution of the Indian lithosphere varies with time and space (figure 5). 

To the west of the collision zone, tomographic cross-sections show a continuous vertical slab 

(HK), interpreted as the subduction of the Indian continent down to 600km depth, far north of 

the deep detached Tethys slab. It is facing a shallower Asian continental slab beneath Pamir 

(PA), in agreement with seismic profile (Mechie et al., 2012; Sippl et al., 2013). In the central 

region a prominent deep slab is detached from the continent (IN), and reaches north of, yet 

closer to, the detached Tethys slab. It used to be interpreted as an oceanic slab (van der Voo et 

al., 1999; Hafkenscheid et al., 2006; van Hinsbergen et al., 2012). According to us it is a piece 

of the Indian continent, allowing to reconstruct the shape of the Indian continent prior to the 

OCT breakoff (figure 4a), which is very similar to the shape of the Indian continent deduced 

from its original position in Gondwana (Gibbons et al., 2012; Zahirovic et al., 2012). To the 

east no slab is imaged in the upper mantle. It has been deduced that soon after the breakoff of 

the Tethys slab, the Indian plate resumed subduction in the central part of its northern margin, 

while underthrusting beneath Asia occurred at both extremities of the continent. In the 

following indentation process, a second slab breakoff process, ending at about 15 Ma, 
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detached the central slab from the continent. It implies that the present-day underthrusting 

observed under South Tibet occurs late in the collision history, most probably when the 

Plateau was already uplifted. Thus the Tibetan uplift is unlikely a direct result of Indian Plate 

underthrusting (Chemenda et al., 2000; DeCelles et al., 2002), in agreement with the contrast 

between the homogeneous altitude of the Plateau and the limited amount of underthrusting, 

shown by the thick shallow positive anomaly (figure 10). Yet the overlapping of South Tibet 

extension and underthrusting  (Copley et al., 2011) suggests that underthrusting could affect 

the tectonics of the Tibetan Plateau since the Middle Miocene, even if it is not the main 

mechanism to build the Plateau. To the west, subduction of the Indian plate resumed less than 

10 Ma ago beneath the Hindu Kush (Negredo et al., 2007), while to the east pieces of the 

Indian northern margin were extruded eastward.  

Crustal mass budget implies that almost half of the Indian crust has been recycled into the 

mantle during the successive episodes of continental subduction (figure 7), attached to the 

lithospheric mantle (Hetenyi et al., 2008). On the contrary, crustal mass budget suggests that 

the Asian crust has been mostly preserved from recycling in the mantle, and deformed either 

by horizontal motions along strike-slip faults or by crustal thickening, as shown beneath 

Pamir (Sobel et al., 2013). 

Numerical models help exploring the dynamics of continental lithosphere subduction. 

After slab breakoff at the OCT, either partial or complete, the edge of the continent 

underthrusts the upper plate, while along the centre subduction resumes, entrained by the 

mantle flow generated by the long lasting subduction of the ocean (figure 9), and sustained by 

its own buoyancy, negative enough to resume subduction after breaking off. Numerical 

modeling results also show that slab breakoff is rapidly followed by large stresses in the upper 

plate interiors, propagating at large distance from the margin, which potentially produced or 

reactivated lithospheric yielding along structure oriented at ~45˚ from the trench and 

intersecting it near the slab (figure 8). The long-term evolution of the Asian continental 

tectonics show drastic changes in the fault pattern, with successive strike-slip faulting across 

the Asian continent, with a trend similar to model-predicted orientations. We propose that 

successive Indian slab breakoff episodes have resulted in successive localized stress pulses 

which provide the conditions for the formation of Central Asian intra-continental faults. 

Transient coupling gradients at the trench caused by the breakoff events during India-Asia 

convergence offer an explanation for episodic nucleation of lithospheric faults within the 

Asian continent and their link to deep processes (figure 12). 
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Figure legend 

Figure 1 : topographic map of the collision zone between India and Asia, showing faults 

(fine black lines; F fault; RRF: Red River; DF: DienBienPhu; WF: WangChao; PF: 3 

Pagodas; RF: Ranong; SF: Sagaing; AT: Altyn Tagh; QSF: QilianShan; KuF: Kunlun; KaF: 

Karakorum; CF: Chaman; MFT: Main Frontal Thrust; JF : Jiali), sutures (yellow TS Tsangpo; 

pink BS Bangong; blue JS Jinsha) and subduction trench (thick black lines with triangle; from 

Hall et al., 2008). 

 

Figure 2 : (a) Horizontal sections at different depths of the P-waves global tomography 

model of A. Villasenor (described in Replumaz et al., 2010b). Pink dashed lines: cross-

sections of figure 3. (b) contour of the positive anomalies interpreted as slabs; TH is related to 

the Tethyan oceanic slab; IN, HK, BU and AN to Indian continental slabs; CR to the Indian 

craton; AS, PA and TI to Asian continental slabs. Green lines show the geometry of 

continental India after the breakoff of the oceanic root (Negredo et al., 2007), rotated at 

different time using the poles given by Patriat and Achache (1984). 

 

Figure 3 : tomographic north-south cross-sections (see figure 2 for localisation) showing 

geometric lateral variations and relative position at depth of anomalies TH, related to the 

Tethyan oceanic slab, IN and HK to the Indian continental slabs, AS and TI to Asian 

continental slabs, CR to the Indian craton. Arrows indicate sutures (yellow TS Tsangpo; pink 

BS Bangong; blue JS Jinsha). A/ Dotted orange line shows the equivalent horizontal extend of 

the vertical Indian slab related to anomaly HK. 

 

Figure 4 : a/ The positive anomaly TH below 1000km depth is related to the Tethys slab 

detached from the Indian continent. It shows the position of the trench at the onset of collision 

and draws the geometry of the northern boundary of India at the time of break-off. The length 

of the Indian continent has been constrained by the length of the Indian slab (dashed lines) as 

it is present-day subducting beneath the Hindu Kush (figure 3A). It is very similar to the size 

of the Indian continent deduced from its position in between Australia and Antartica (Gibbons 

et al., 2012; Zahirovic et al., 2011). Using the paleo-position of India by Patriat and Achache 

(1984), a breakoff at 45 Ma fits the north of the anomaly (red contour), while a breakoff at 

50Ma fits the south of the anomaly (pink contour) (Negredo et al., 2007).  
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b/ The TH anomaly (dotted blue contour) also shows the southern Asian margin geometry 

at the onset of collision. Such margin is in agreement with the Asian tectonics reconstruction 

of Replumaz and Tapponnier (2003) showing a linear margin (pink contour), not with 

reconstructions showing an asymmetric margin (light blue contour) (Royden et al., 2008), or a 

margin with a residual indentation (green contour) (van Hinsbergen et al., 2011). 

 

Figure 5 : Subduction processes occurring during the collision, since the breakoff of the 

Tethyan oceanic root (TH anomaly) at ~45 Ma. The Asian lithosphere subducted soon after 

the OCT breakoff along a wide part of the collision front (AS anomaly). A/ To the west, India 

resumes subducting far north of the Tethys trench, beneath the Hindu Kush (HK anomaly), 

late in the collision history at ~10 Ma. B/ It faces the Asian lithosphere, subducting beneath 

Pamir (PA anomaly). C/ In the middle of the collision zone, India resumes subducting soon 

after the breakoff (IN anomaly) between 40 and 30 Ma, which ends by a second breakoff 

ending at ~15Ma. D/ To the east, the northern margin of India is extruded eastward 

(anomalies BU and AN, not visible at these longitudes, see figure 2). Asian lithosphere 

underthrusts Tibet (TI anomaly). 

 

Figure 6 : (left) successive steps of tectonics reconstruction, showing the position of India 

and Indochina constrain by paleomagnetic anomalies, the evolution of fault pattern and of the 

suture positions (pink: Bangong suture, blue: Jinsha suture, yellow: Tsangpo suture), the 

northern limit of Indian lithosphere (thick black line, with triangle for subduction, dashed for 

breakoff and solid for underthrusting) and Asian subductions (thick black line with triangle). 

(right) corresponding P-waves global tomographic sections at different depth, showing the 

positions of the slabs with time and space.  

 

 

Figure 7 : (a) area at the onset of indentation of India (dark orange) and Asia (light grey) 

to be compare to (b) the present-day area of Himalaya (light orange) and Asia (dark grey). (c) 

The present-day crustal mass (volume measured between the Moho and the topography 

surface, adding the volume of erosion, crustal mass estimates using a simplified depth/density 

profile, see Replumaz et al., 2010c for more details) spreads over the present-day area gives a 

present-day mean thickness of 65 km for the Himalaya and 44 km for Asia. The same mass 

spreads over the initial area of the blocks, gives a thickness of ~19 km for India and 33 for 
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Asia. This estimates the thickness that has been stored within the thickened crust or 

redistributed by extrusion, but spared from subduction. It shows that about half of the Indian 

crust has been recycled in the mantle and only a negligible amount of the Asian one. 

 

 

Figure 8 : Numerical models of complete (left) and partial (right) breakoff at OCT. Top: 

frontal view of the breakoff evolution through time. Middle: top view of the margin geometry 

evolution. Bottom: top view of stress generated by the breakoff (white dotted line) in the 

upper plate. 

 

Figure 9 : 3D view of the density model. Velocity field at the trench (black to white 

arrows depending on the y component) shows horizontal motion to the side of the model, 

related to underthrusting of the upper plate, and vertical motion in the middle, related to steep 

subduction, whatever the size of the breakoff, complete (top) or partial (bottom). Stream lines 

on the middle symmetric plane shows two independant convective cells on both part of the 

slab, even with a complete breakoff. It shows that the mantle flow is sufficient to pull the 

continental plate down and drive continental subduction. 

 

Figure 10 : Tomographic section at 52.5 km depth showing a prominent positive anomaly 

below the Indian craton (CR), which prolongates below the Southern Tibetan Plateau. It 

corresponds to the present-day northern boundary of the Indian lithosphere (thick green line) 

below Asia. To the west it stops where the Indian continent subducts beneath the Hindu Kush, 

beneath Pamir it reaches the Asian slab subducting to the south, beneath Western Tibet it 

reaches the Tarim basin, and to the east it reaches only the Tsangpo suture (yelow line). The 

area comprised between the Tsangpo suture and the northern boundary of the Indian 

lithosphere represents the amount of Indian underthrusting beneath Asia. The area comprised 

between the northern boundary of the Indian lithosphere and the contour of the India 

continent at the time of the break-off rotated to its present-day position (dashed green line, in 

agreement with the length of the Indian slab beneath the Hindu Kush rotated to horizontal 

shown by the orange dotted line as on figure 3A) provides an estimate of the total amount of 

Indian lithosphere involves in the indentation process consumed by subduction or extrusion. 
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Figure 11 : (a) Geometry and position of the slabs observed in the mantle as deep positive 

tomographic anomalies, projected on the earth surface. (b) The area comprised between the 

Indian northern boundary at the time of the break-off (in light orange) and the present-day 

northern boundary of underthrusting India (green line), provides an estimate of the total 

amount of Indian lithosphere involved in the indentation process. The anomalies HK, IN, BU 

and AN (black dashed lines) have been interpreted as the result of successive continental 

subduction episodes, which successively removed a portion of the northern margin of Indian 

lithosphere. This balance shows that the continental subduction, the extrusion and 

underthrusting processes accommodated the entire lithosphere of the northern Indian margin 

since the onset of indentation. On the contrary, the anomalies PA and AS (pink dashed lines) 

removed a limited amount of the Asian lithosphere, which could not account for the entire 

Asian lithosphere north of the Tsangpo suture.  

 

Figure 12 : (left) 3D view of the successive events occurring along the northern margin of 

India showing the complex long term evolution of the system. (middle) stress generated in the 

upper plate by partial or complete breakoff. (right) Fault pattern reconstructed for Asian at 

different time steps. Our models show that successive Indian slab breakoff episodes have 

resulted in successive localized stress pulses which provide the conditions for the formation of 

Central Asian intra-continental faults. Transient coupling gradients at the trench caused by the 

breakoff events during India-Asia convergence offer an explanation for episodic nucleation of 

lithospheric faults within the Asian continent and their link to deep processes. 
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Highlights 

Global tomography evidences Indian continent subduction and breakoff  

After complete breakoff at the OCT, Indian continent subduction resumes 

Mantle flow generates by oceanic subduction drags the Indian continent in the mantle 

Indian slab breakoff generated localized stress pulses in Asian continent 


