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Closely-spaced receiver-function profiles in the east-central India–Tibet collision zone reveal drastic west–
east changes of the crustal and upper mantle structure. West of ∼91.5◦E, we show the Indian crust-
mantle boundary (Moho) extending subhorizontally from ∼50 km depth below sea level under the High 
Himalaya to ∼90 km under the central Lhasa terrane. Further north, this boundary transitions to become 
the top of the Indian lithospheric mantle and, becoming faint but still observable, it can be tracked 
continuously to ∼135 km depth near ∼31.5◦N. The top of the Indian lithospheric mantle is clearly 
beneath the Tibetan Moho that is also a conspicuous boundary, undulatory at 60–75 km depth from 
the central Lhasa terrane to the north end of our profile at ∼34◦N. This geometry is consistent with 
underthrusting of Indian lower crust and underplating of the Indian plate directly beneath southern Tibet. 
In contrast, east of ∼91.5◦E, the Indian Moho is only seen under the southernmost margin of the Tibetan 
plateau, and eludes imaging from ∼50 km south of the Yarlung-Zangbo suture to the north. The Indian 
lower crust thins greatly and in places lacks a clear Moho. This is in contrast to our observation west 
of ∼91.5◦E, that the Indian lower crust thickens northwards. A clear depression of the top of the Indian 
lower crust is also observed along west–east oriented profiles, centered above the region where the 
Indian Moho is not imaged. Our observations suggest that roll-back of the Indian lithospheric mantle has 
occurred east of ∼91.5◦E, likely due to delamination associated with density instabilities in eclogitized 
Indian lower crust, with the center of foundering beneath the southern Lhasa terrane slightly east of 
91.5◦E.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

The Tibetan Plateau is the spectacular consequence of the on-
going India–Eurasia continental collision beginning at ∼57 Ma 
(e.g., Argand, 1924; Tapponnier et al., 2001; Leech et al., 2005). 
The post-collisional convergence between the two continents likely 
exceeds 2000 km (Dupont-Nivet et al., 2010). Previous studies 
suggest that this convergence has been accommodated in part 
by underthrusting of Indian lower crust beneath the Himalaya 
(Zhao et al., 1993; Schulte-Pelkum et al., 2005) and for at least 
150 km north of the Yarlung Zangbo Suture (YZS) to at least 
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∼31◦N between longitudes 85◦E and 92◦E (Kind et al., 2002;
Nábělek et al., 2009; Shi et al., 2015). However, this amount of un-
derplating can only account for the convergence during the last 10 
Ma, given the modern underthrusting rate of 1.6 cm/yr of Indian 
lower crust under southern Tibet (Wang et al., 2001). How the 
Indian lower crust was accommodated before this time remains 
largely speculative. The underplating interpretation of Nábělek et 
al. (2009) suggests the Indian lithospheric mantle remains attached 
to the sub-horizontal Indian lower crust to ∼31◦N at ∼85◦E. In 
contrast, Kosarev et al. (1999) and Shi et al. (2015) show the In-
dian lithospheric mantle detaching from the crust ∼50 km north 
of the surface trace of the YZS at ∼90◦E, and ∼50 km south of the 
surface trace of the YZS at ∼92◦E, implying steep subduction may 
also play an important role in accommodating the vast amount of 
convergence. How and why the Indian lithospheric mantle tran-
sitions from almost horizontal underplating to steep subduction 
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Fig. 1. Gangdese and INDEPTH III seismometer locations superimposed on the to-
pography, east-central India–Tibet collision zone. Blue, pink and green triangles: 
Gangdese seismic stations deployed in 2011 (Gangdese 92◦E: Shi et al., 2015), 2012 
and 2014; white triangles: INDEPTH III seismic stations (Kind et al., 2002; Tilmann 
et al., 2003; Shi et al., 2004). (Open triangles were not used in constructing im-
ages in Fig. 2.) Black and white lines connect stations used to form profiles A, B, C, 
D, E, F, G and H. Dashed red lines mark the Yarlung Zangbo (YZS) and Banggong–
Nujiang (BNS) sutures. Red lines delineate the Main Frontal Thrust (MFT), South 
Tibet Detachment (STD) and the dextral Jiali fault (JF). Yellow lines show bound-
ing faults of the Yadong–Gulu (YGR) and the Cona–Sangri rift systems (CSR) (after 
Taylor and Yin, 2009). Yellow star symbol indicates a major center of ∼18–12 Ma 
porphyry deposits. Inset shows the extent of this map (white rectangle) and the Hi-
CLIMB main-profile seismic stations (black triangles) on the topographic map of the 
Tibetan plateau.

remains uncertain. Here we present new evidence for the rapid 
spatial transition between these two modes of convergence.

2. Data and method

Between September of 2011 and September of 2012, we de-
ployed our Gangdese-92◦E seismic array in southern Tibet. The 
results from this deployment suggest a steep subduction of the 
Indian plate in the east-central India–Tibet collision zone (Shi et 
al., 2015). In order to further clarify Tibet’s deep structure, espe-
cially how the Indian plate transitions from underplating to steep 
subduction, we deployed four shorter linear seismic arrays from 
2012–2014 (Fig. 1) in the area previously best studied by the IN-
DEPTH II and III arrays (1994 and 1998–1999) (Kosarev et al., 1999;
Kind et al., 2002; Tilmann et al., 2003; Shi et al., 2004) and 
the Gangdese-92◦E array. All our new arrays were equipped with 
Guralp 3ESPCD broadband seismometers, and operated for 12 
months. Wherever possible we deployed our new seismic arrays 
outside of the north–south trending rift systems (Fig. 1) in order 
to focus on the collisional structure between the two continents. 
Profiles (Figs. 2 and 3) combining the data acquired by our new 
Fig. 2. Seismic images and interpretations of crustal and upper-mantle structure 
along five closely-spaced, near south-to-north trending profiles showing abrupt 
west-to-east change in the east-central India–Tibet collision zone. The same images 
without interpretive lines are shown in Fig. S2. All images are constructed with 
P-receiver functions, using a fixed horizontal stacking bin width of 3.5 km. Hori-
zontal distances are relative to 29.25◦N (latitude of YZS), and depths are relative to 
sea level. Positive and negative amplitudes are plotted in red and blue, respectively 
marking interfaces with increasing and decreasing impedance with depth. Interfaces 
are shown by solid lines when the conversions are strong, and by dashed lines 
when the conversions are weak or less confidently interpreted. ‘1’, ‘2’ and ‘4’ in-
dicate the conversions from the crust-mantle boundary (or Moho). ‘d’ denotes the 
doublet conversion from the top of the Indian lower crust, ‘n’ the negative conver-
sion tracking above the doublet conversion, ‘3’ the top of Indian lithospheric mantle, 
‘y’ the Yarlung Zangbo converter (Shi et al., 2015). The crossing points of each pro-
file with other profiles are marked above the profiles.

arrays and those from the INDEPTH III and Gangdese-92◦E experi-
ments, all together comprising 198 seismometer locations, provide 
us with a better view of the east-central India–Tibet collision zone, 
from the High Himalaya, across the YZS, to the Banggong–Nujiang 
Suture (BNS) and central Tibet.

We obtained images of the crustal and upper-mantle struc-
ture of the east-central India–Tibet collision zone using common 
conversion point (CCP) stacks of P receiver functions (PRFs), a 
well-established method which has been applied in many sim-
ilar studies of the Tibetan plateau (e.g. Kosarev et al., 1999;
Kind et al., 2002; Nábělek et al., 2009; Zhao et al., 2011). This 
method enhances S waves converted from P waves of distant 
earthquakes that impinge on seismic interfaces. It detects inter-
faces and describes their properties based on the time delays be-
tween the direct and converted waves that are mainly proportional 
to the depths of the interfaces, and on the amplitudes of the con-
verted waves that depend on the magnitudes and signs of the 
velocity contrasts.
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Fig. 3. Seismic images (left) and interpretations (right) of crustal and upper-mantle 
structure along three west-to-east trending profiles showing abrupt change at 
∼91.5◦E in the east-central India–Tibet collision zone. All the images are con-
structed and annotated as for Fig. 2, but the horizontal distances are relative to 
91.5◦E (longitude of presumed transition boundary). Indian Moho (marked ‘1’) is 
present under the southern margin of Tibet (∼90 km south of the YZS) along the 
entire profile H, but eludes imaging to the east of ∼91.5◦E along the two northern 
profiles F and G, accompanied by a subsidence of the top of the Indian lower crust 
(delineated by converter ‘d’). We attribute all these features to a roll-back of Indian 
mantle lithosphere east of ∼91.5◦E, and a foundering of Indian lower crust between 
the Yadong–Gulu (YGR) and the Cona–Sangri rifts (CSR).

We used teleseismic events with magnitudes ≥5.5 and epicen-
tral distances between 30◦ and 90◦ . To ensure that only good-
quality waveforms were used, we also applied a visual selection 
process to all the data. After all these processes, we obtained 
1978, 4746, 2344, 2308, 4112, 1009, 722, and 606 RFs for the 
profiles A, B, C, D, E, F, G and H respectively, averaging about 
76 RFs per station. We performed time-domain iterative decon-
volution (Ligorria and Ammon, 1999) in the calculation of the 
RFs, in which the Gaussian filter factor was set to 2 to retain 
sufficiently high frequencies (from ∼0.02 Hz up to ∼1 Hz) to im-
age crustal and upper-mantle structure. We isolated the converted 
from the incident waves using the wave-vector method (Reading 
et al., 2003), which decomposes P- and S-waves and removes the 
effect of the free surface by multiplying the inverse matrix of free-
surface response with the observed vertical, radial and transverse 
components of the data. A free-surface response matrix, calculated 
for surface velocities of Vp = 5.31 km/s and Vs = 2.98 km/s, re-
moved most of the effects of the free surface. All the RFs were 
migrated from time to space in a 3-D volume by tracing the rays 
from the location of each seismic station through a layered ref-
erence model (Supplementary Table S1). Unless otherwise stated, 
all the RFs were finally projected due west or due east onto the 
profiles for the nearly south-to-north oriented profiles (lines A–E), 
and projected due south or due north onto the profiles for the 
nearly west-to-east oriented profiles (lines F–H), and stacked onto 
cross-sections formed along each profile, no matter how large the 
obliquity of any particular profile to true north or to true east 
(profile B trends ∼330◦ , profile D ∼030◦). Projection due west or 
due east is parallel to both the surface geological trends and most 
deep-seated structures (see Figs. 1, S3, S4 and S5) in the study 
region, so that our images along south-to-north oriented profiles 
should show the true dips of north-dipping structures. Because 
of the relatively steep dips we are imaging, we use dip-moveout 
(‘DMO’) to ensure proper imaging (Figs. S3, S4, S5). Because con-
verters within the mantle typically have very low amplitudes, we 
only interpret those features on our migrated images (Figs. 2 and 
3) that are coherent on DMO plots and that can be correlated or 
confirmed on adjacent profiles.

3. Results and interpretations

Our closely-spaced profiles show the crustal and upper-mantle 
structure of the east-central India–Tibet collision zone very clearly, 
but with surprisingly big differences between the nearly south-
to-north oriented profiles (Figs. 2, 4, S2), and clear west-to-east 
changes at ∼91.5◦E on the west-to-east oriented profiles (Fig. 3).

West of ∼91.5◦E, the Indian Moho (marked ‘1’ in Figs. 2, 3 and 
4) extends smoothly northwards from a depth of ∼50 km under 
the High Himalaya, across the YZS, to the southern Lhasa terrane 
(all depths are given below sea-level; surface elevation of ∼5 km 
on the Tibetan Plateau must be added to Moho depths to give 
crustal thickness). The Indian Moho is clearly imaged to ∼90 km 
depth at ∼30.3◦N along profile B. In contrast, east of ∼91.5◦E, the 
Indian Moho (Figs. 2 and 3) is only seen over a short distance un-
der the southern margin of the plateau, from ∼50 km depth under 
the High Himalaya to ∼80 km depth, ∼60 km south of the YZS, 
and then it eludes imaging further to the north. In addition to the 
sharp change at ∼91.5◦E, we also observe some small but marked 
variations of Moho dip under the High Himalaya, from ∼8◦ on the 
westernmost profile A (Fig. 2A), to ∼17.5◦ on profile D (Figs. 2D, 
S5), and then to ∼7◦ on the easternmost profile E (Fig. 2E; Shi et 
al., 2015). The steepest Indian Moho we observe (on profile D) is 
slightly west of, but close to, 91.5◦E.

Unlike the Indian Moho, the Tibetan Moho (marked ‘2’ in 
Figs. 2B, E) is either horizontal or deepens slightly to the south, 
and is clearly separated vertically above the top of the Indian litho-
spheric mantle (ILM) that we will address below. Along profile B, 
‘2’ is strong and shallows northwards from ∼70 km to ∼60 km 
south of the JF, but becomes weaker and deeper, ∼70 km depth, 
between the JF and the Banggong–Nujiang suture (BNS). The Ti-
betan Moho becomes strong again north of the BNS with the 
southern margin of this segment depressed towards the south.

At mantle depths, we also observe some positive north-dipping 
conversions (marked ‘3’, ‘?’ and ‘PpPmp?’ in Fig. 2). ‘PpPmp?’ and 
‘?’ are possible crustal and intra-crustal multiples (see Fig. S6), be-
cause they dip north, the same direction as the overlying Moho 
and intra-crustal structure. But north-dipping converters marked 
‘3’ cannot be simple multiples because the overlying Moho and 
intra-crustal structures are flat or dip south. These conversions 
are similar to those previously observed along the Hi-CLIMB pro-
file at 85◦E, and interpreted by Nábělek et al. (2009) as related 
to diffuse deformation within the ILM. In our images, ‘3’ project 
downwards, albeit discontinuously, from the northern end of the 
Indian Moho on three different profiles (Figs. 2B, D, E). Along pro-
file B, conversion ‘3’ can be traced from ∼90 km at the northern 
limit of the Indian Moho to ∼135 km depth beneath the Jiali 
fault (JF), with its dip increasing from ∼8◦ to ∼20◦ (Fig. S4). We 
interpret this conversion ‘3’ to be the top of the Indian litho-
spheric mantle (ILM), beneath Tibetan mantle, and suggest the 
resulting smaller impedance change makes converter ‘3’ (mantle 
over mantle) weaker than ‘1’ (crust over mantle) (Fig. 4b). Con-
version ‘3’ is close to the location where Kosarev et al. (1999)
previously interpreted the top of the ILM, and is sub-parallel to 
the Indian lithosphere-asthenosphere boundary (I-LAB) imaged by
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Fig. 4. Three-dimensional view of observed (a) and interpretive (b) cross-sections B and D concatenated with the northern part of profile E, with viewing azimuth towards 
N105◦W and elevation angle down 30◦ . India-Asia convergence is currently accommodated by underplating of Indian lower crust and lithospheric mantle along profiles A 
and B to the west of ∼91.5◦E, but by foundering of Indian lower crust and steep subduction of Indian lithospheric mantle along profiles D and E. The undulating portions 
of converter ‘d’ are interpreted as thrust growing above the MHT to form ramp-and-flat structures (Fig. S7). Diagonal ruling shows the accumulated shear zones of the MHT, 
characterized by a low-velocity region between converters ‘n’ and ‘d’. The eclogitized Indian lower crust is shown in dark blue, mainly beneath the horizontal portion of 
converter ‘d’. The triangular area with colors transitioning from blue to khaki in the top panel of Fig. 4b denotes the Tibetan lithospheric mantle contaminated by materials 
scraped from the underplating Indian plate. Dashed grey lines mark the Indian lithosphere-asthenosphere boundary (I-LAB) (Zhao et al., 2011) and the top of the Tibetan 
lithospheric mantle (TLM) (Shi et al., 2004) obtained on the INDEPTH profiles. Other annotation as in Figs. 1 and 2.
Zhao et al. (2011) (see Shi et al., 2015). Our interpretation is also 
consistent with P-wave arrival-time tomography showing subduc-
tion of the Indian lithospheric mantle at moderate angle beneath 
the Himalaya in our study region (Li et al., 2008). Along profiles D 
and E, the conversions ‘3’ are even weaker and further separated 
from the northern edge of the Indian Moho. We interpret them as 
the top of the ILM as on Profile B, and speculate that their presence 
north of 30◦N relates to a local velocity decrease atop the ILM, and 
their absence further south is due to the lack of impedance con-
trast there.
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Our older results showed marked southeast-dipping conver-
sions on the northern end of Profile B (INDEPTH-III), from the 
Moho at ∼32.7◦N, north of the BNS, down to ∼135 km depth 
beneath the JF (Shi et al., 2004). However, on our current im-
age (Fig. 2B), there are only faint and diffuse patches of south-
dipping energy when the seismic data are projected, as here, onto 
a north–south line (cf. Shi et al., 2004). This change of appear-
ance with orientation can be explained by southeastward (rather 
than southward) subduction of the TLM along the BNS. Profile B 
also shows faint north-dipping positive converters beneath conver-
sion ‘3’ (dashed black lines without labels in Fig. 2B) (cf. Shi et 
al., 2004), possibly all representing deformation structures result-
ing from interaction between the ILM and the TLM beneath the JF.

The negative-polarity (seismic wavespeed decreases down-
wards) Yarlung-Zangbo converter (YZC), which was clearly imaged 
on the 92◦E profile (profile E, Fig. 2E) and interpreted as a mani-
festation of the YZS in the crust and the top of an asthenospheric 
wedge in the mantle (Shi et al., 2015), can be partly seen on pro-
file D (marked ‘y’ in Fig. 2D, and also Fig. 3, profiles F and G) but 
is not visible on profile B. Based on the crustal and upper-mantle 
structure resolved by our west–east profiles (Figs. 3F, G), we in-
fer that an asthenospheric mantle wedge exists under profile D 
north of the YZS, and ascribe the lack of negative conversions in 
the mantle on profile B to the lack of, or closure of, an astheno-
spheric mantle wedge there. Similarly, the absence on profile B of 
a crustal converter analogous to the YZC on profiles D and E may 
suggest faulting on the YZS is less active along profile B than fur-
ther east, or that the YZS has been inactive since 23 or 18.3 Ma 
(Yin et al., 1994) and then obscured by post-collisional magmatism 
that continues to more recent times younger in the west (profile 
B) than in the east (profile D) (Zhang et al., 2014).

The most prominent feature in the crust is the positive con-
verter marked ‘d’ (Figs. 2 and 3), which can be seen on all the 
profiles. It lies 20–25 km above the Indian Moho on profile B in 
the region of the YZS, and is equivalent to the doublet phase ob-
served on the INDEPTH and Hi-CLIMB profiles (Kind et al., 2002;
Nábělek et al., 2009). We interpret ‘d’ as continuing upwards to 
the south in a ramp-flat-ramp geometry, with an average dip of 
∼15◦ , but locally as steep as 40◦ . Additionally, a negative interface 
(marked ‘n’ in Fig. 2) can be seen clearly on profiles A and E, but 
diffusely on profiles B, C and D, apparently tracking the positive in-
terface ‘d’. This negative-over-positive pair of interfaces as should 
represent top and bottom of a low-velocity zone.

The undulation of converter ‘d’ is clearly imaged on profile A, 
under the High Himalaya and immediately north of the South 
Tibet Detachment (STD) (Fig. 2A). However, only the northern 
ramp is fully imaged by all our near south-north profiles, with 
depths deepening clearly from west to east from profile A, to 
profile D, and then to profiles B and E (Fig. 2). Analogous ramp-
flat-ramp geometry of the MHT has been seismically imaged in 
the western Himalaya (Caldwell et al., 2013; Gao et al., 2016). 
A geodetically-constrained inversion of denudation data at 90◦E in 
western Bhutan near our study region has argued for a ramp as 
steep as 40◦ immediately north of the STD (Le Roux-Mallouf et al., 
2015) implying that our imaged dip of up to 40◦ is not unreason-
able. A recent near-vertical incidence seismic-reflection profile at 
81◦E resolves a ramp north of the STD that dips ∼19◦ north to 
∼60 km depth (Gao et al., 2016). Gao et al. (2016) suggest this 
active ramp of the MHT underlies a thick duplex (up to 30 km 
thick) of thrust slices of Indian middle crust bounded by former 
traces of the MHT. According to their results, our observation of 
the ramp-flat-ramp geometry can also be interpreted as resulting 
from sequential thrusting on or close to the MHT (see Fig. S7). In 
this scenario, the undulating portion of converter ‘d’ represents the 
top of Indian lower crust, or the base of an earlier shear zone of 
the MHT while the converter ‘n’ represents the top of the duplex 
of Indian middle crust and an older MHT shear zone. The current 
faulting on the MHT may reside fully inside the Indian lower crust. 
The lack of an impedance contrast across it and the small width of 
the fault zone may prevent it from being imaged by receiver func-
tions at lower frequencies (see Fig. S7), but not from being imaged 
by the Gao et al. (2016) reflection profile at higher frequencies.

The sub-horizontal portion of converter ‘d’ (colored green in 
Figs. 2 and 3) continues north to ∼30.3◦N, roughly tracking the 
Moho on profile B. On profiles D and E, this portion of ‘d’ is 
also horizontal north of the YZS and can be traced to the vicin-
ity of the Jiali fault at ∼30.8◦N. An intriguing distinction be-
tween the profiles B and D is that on profile D we cannot rec-
ognize a separate Moho, or base to the doublet, for ∼50 km 
north of the YZS (Fig. 2D). This absence of a Moho converter is 
clearly confirmed on the west–east oriented profiles (Figs. 3F, G). 
On all our profiles we interpret ‘d’ as the top of Indian lower 
crust, but the Indian lower crust may have already, at least partly, 
transitioned through the metamorphic phase-change boundary of 
eclogitization (Hetényi et al., 2007) in its northern sub-horizontal 
portion (see Fig. 4b). The Indian lower-crustal doublet is similar 
thickness or somewhat thicker along profile B (20 km) than fur-
ther west – 15–20 km observed at ∼85◦E (Nábělek et al., 2009;
Wittlinger et al., 2009) and northwest of Lhasa (Kind et al., 2002). 
The ∼20 km-thick Indian lower crust is also present under nearby 
profile A, along ∼89◦E, although the Indian Moho appears more 
complicated along this profile. However, the lower-crustal doublet 
along profiles A and B is significantly thicker than to the east, 
where the Indian lower crust thins to 10–15 km along profile E at 
∼92◦E (Fig. 2E; Shi et al., 2015) and ∼10 km at 93–94◦E (Zurek, 
2008), above the presumed asthenospheric mantle wedge east of 
∼91.5◦E.

Along west–east profiles, we observe a smooth variation of the 
depth of converter ‘d’ (Figs. 3F, G). On profile F, from west to east, 
the depth of converter ‘d’ changes from ∼52 km beneath profile B, 
to ∼62 km beneath profile D, then to ∼55 km beneath profile E. 
On profile G, the depth changes from ∼55 km beneath profile B 
to ∼65 km beneath profile E. These observations suggest that a 
depression of the top of the Indian lower crust is present in our 
study region, with a center approximately where the Indian Moho 
does not produce a conversion.

We infer that east of ∼91.5◦E in our study region, Indian 
lower crust has been thinned by delamination of density instabil-
ities due to the widely inferred eclogitization (Kind et al., 2002;
Schulte-Pelkum et al., 2005; Hetényi et al., 2007; Nábělek et al., 
2009; Wittlinger et al., 2009; Shi et al., 2015) above a subducting 
Indian slab that is rolling back. We attribute the depression of con-
verter ‘d’ (Fig. 3) to foundering of Indian lower crust, the absence 
of a Moho converter above the mantle wedge along profile D to di-
rect contact of the Indian lower crust with asthenosphere (Fig. 4b), 
and we infer the brightening northwards again of this converter 
above the wedge along profiles D and E (‘4’ in Fig. 2) marks a thin 
mantle lid formed from the cooling of asthenospheric material. We 
observe some similar conversions along profile C (‘4’ in Fig. 2C). As 
the corresponding portion of profile C is located between profiles 
D and E (Fig. 1), we interpret these conversions along profile C 
to correspond to a newly formed thin mantle lid as for profiles 
D and E. The steeper Moho observed along profile D under the 
High Himalaya may also be associated with the roll-back of Indian 
lithospheric mantle, although it resides a little west of the ∼91.5◦E 
transition boundary.

4. Discussion and conclusions

Recent body-wave tomography has found low velocities be-
neath the Yadong–Gulu rift system (YGR) at ∼90.5◦E and the 
Cona–Sangri rift system (CSR) at ∼92◦E, interpreted as astheno-
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spheric upwelling due to lithospheric delamination beneath the rift 
(Ren and Shen, 2008) or upwelling around a fragmenting subduct-
ing Indian slab (Liang et al., 2012, 2016). However, our seismic 
images, that have higher resolution than the tomography, show 
that thinner Indian lower crust is clearly observed away from these 
two rift systems, and thus thinning of the Indian lower crust can 
not be accounted for only by erosion of upwelling asthenosphere 
associated with the formation of these rift systems. Nor can lower-
crustal erosion by asthenosphere account for the steeper Indian 
subduction observed along profile D than along profiles B and E.

The cratonic Indian lithosphere (crust and mantle) is thought 
to be less dense than the underlying mantle so that Indian litho-
sphere may underplate horizontally immediately beneath the crust 
of the overlying plate (Argand, 1924) after the break-off of the In-
dian oceanic slab at ∼45 Ma (Powell and Conaghan, 1973) or at 
∼30 Ma (DeCelles et al., 2002). Both our profiles A and B and 
the HiCLIMB profile (Nábělek et al., 2009) are consistent with the 
underplating model. However, after removal of the Indian upper 
crust, and part or all of the Indian lower crust, the remaining 
Indian lithosphere is denser than the deeper upper mantle, and 
lithospheric subduction is favored (Capitanio et al., 2010). Our pro-
files D and E are consistent with roll-back and steeper subduction 
of the Indian lithospheric mantle. The transition from underplat-
ing to steeper subduction occurs at ∼91.5◦E. The transition may 
be explained, on a larger scale, by eastward subduction and west-
ward retreat of the Burmese arc during clockwise rotation of the 
Sunda block (e.g. Li et al., 2008; Russo, 2012). The thinned In-
dian lower crust directly above the asthenospheric mantle wedge 
suggests that this transition may have a causal link to the thin-
ning of Indian lower crust. Taking all our observations together, we 
conjecture that the transition from underplating to steeper sub-
duction may be due to the dense, eclogitized Indian lower crust 
counteracting the buoyancy of the underlying Indian lithosphere. 
The upwelling of asthenosphere and roll-back of the Indian litho-
spheric mantle may result from eclogitization-induced foundering 
of parts of the Indian lower crust triggered by density instabili-
ties along the collision zone (Fig. 4b). The depression of the top 
of Indian lower crust along profiles F and G and the steeper In-
dian Moho observed along profile D than along profiles A, B and 
E probably suggests a local foundering center of the Indian lower 
crust somewhere around 18–12 Ma where intensive magmatism 
and metallogenesis (Hou and Cook, 2009) has been observed (yel-
low star symbols in Figs. 1, 3). However, we do not know whether 
the system is recovering from a former episode of roll-back or de-
veloping a new roll-back of Indian lithospheric mantle.

We recognize at least two possible causes for foundering of 
Indian lithospheric material. Delamination sensu stricto, or peel-
ing off, rolling back and subduction of lower lithosphere while 
the upper lithosphere continues to be underplated or incorporated 
into the Himalayan thrust wedge removes a portion of the In-
dian plate with horizontal dimensions far greater than its thickness 
(Bird, 1978). Formation of Rayleigh–Taylor instabilities due to den-
sity anomalies such as eclogitization removes lower lithospheric 
material with a complicated planform of viscous blobs with lat-
eral dimension of the order of, or less than, the vertical dimen-
sion (e.g. Conrad and Molnar, 1997). Our current study area covers 
too small an area of lithospheric foundering for us to confidently 
choose between delamination and de-blobbing, so here we focus 
on reporting observational results, though for convenience we use 
‘delamination’ in the broadest sense possible to include all mecha-
nisms for loss of the lower lithosphere.

Delamination of the Indian lower crust and roll-back of the 
Indian lithospheric mantle as suggested by our results helps to 
unravel the puzzle of accommodation of the post-collisional con-
vergence between India and Asia. The post-collisional conver-
gence is estimated to be ≥2000 km (Dupont-Nivet et al., 2010)
but previous studies indicate that Indian lower crust has under-
thrust only ∼150 km north of the YZS (Nábělek et al., 2009;
Shi et al., 2015). The time required for this amount of underthrust-
ing is less than 10 Ma based on an underthrusting rate of ∼1.6 
cm/yr (Wang et al., 2001), or about one fifth of the time elapsed 
since continental collision. Our results suggest that – at least in 
eastern Tibet – much of the convergence may have been accommo-
dated by delamination of the Indian lower crust and the steep sub-
duction of the Indian lithospheric mantle. Since the onset of India–
Tibet collision, the delamination of the Indian lower crust and roll-
back of the Indian mantle lithosphere has probably occurred more 
than once (DeCelles et al., 2002, 2011). High-wavespeed anomalies 
in the deep mantle beneath India observed tomographically (Li et 
al., 2008; Replumaz et al., 2010) can be explained as remnants of 
this process. The post-collisional ∼26–10 Ma adakitic magmatism 
(Chung et al., 2005) and ∼18–12 Ma intensive porphyry metalloge-
nesis (Hou and Cook, 2009) observed in the southern Lhasa terrane 
may also be attributed to previous episodes of delamination of 
the Indian lower crust. A link between delamination and Miocene 
adakitic/ultrapotassic magmatism would further imply that delam-
ination, like the magmatism, has occurred along the entire length 
of the Himalayan arc (Chung et al., 2005).

The north–south trending rifting is a marked phenomenon as-
sociated with the east–west extension in southern Tibet. Many 
models have been proposed to explain the rifting mechanism, such 
as gravitational collapse (England and Houseman, 1989), oblique 
convergence along an arcuate margin (McCaffery and Nábělek, 
1998), delamination of mantle lithosphere beneath the rifts (Ren 
and Shen, 2008), or tearing of subducting Indian mantle litho-
sphere (Liang et al., 2012, 2016). Receiver-function and vertical 
deep-seismic-sounding profiling across the west flank of the YGR 
observed a 5-km step in the Moho consistent with down-to-the-
east normal faulting and associated lower-crustal flow (Zhang et 
al., 2013; Tian et al., 2015). Our results presented here suggest that 
west–east extension of the Yadong–Gulu graben and the Cona–
Sangri graben can be explained as resulting from delamination 
between, but perhaps not beneath, the grabens (cf. Tian et al., 
2015), instead of the loss of lower-crustal material through east-
ward flow suggested by Zhang et al. (2013).

In summary, our closely spaced receiver-function profiles re-
veal dramatic west–east changes of the crustal and upper-mantle 
structure in the east-central India–Tibet collision zone. These re-
sults are consistent with a transition from underplating to steep 
subduction at ∼91.5◦E. Our results suggest that the vast conver-
gence between the Indian and Eurasian continents may have been 
accommodated not only by underplating, but also by the delami-
nation of the Indian lower crust and steep subduction of the Indian 
mantle lithosphere, consistent with modern estimates of a sub-
stantial mass deficit between original and modern crustal volumes 
in the orogen (e.g. Yakovlev and Clark, 2014).
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