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Tibetan plate overriding the Asian plate in central
and northern Tibet
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Danian Shi1, Heping Su1, Guangqi Xue1, Marianne Karplus6 and Frederik Tilmann2,4

The southern boundary between India and the Tibetan Plateau
represents a classical case of continental subduction, where
the Indian continental lithosphere is subducted northwards
beneath the Tibetan Plateau1–6. At the northern boundary,
southward subduction of Asian lithosphere beneath the
Tibetan Plateau has also been proposed7, but imaging has
been hampered by inadequate data quality. Here we analyse
the plate tectonic structure of the northern boundary between
Tibet and Asia using the S receiver function technique.
Our passive source seismic data build on, and extend
further northwards, the existing geophysical data from the
International Deep Profiling of Tibet and the Himalaya
project8–10. We detect, beneath central and northern Tibet, a
relatively thin, but separate, Tibetan lithosphere overriding
the flat, southward subducting Asian lithosphere. We suggest
that this overriding Tibetan lithosphere helps to accommodate
the convergence between India and Asia in central and
northern Tibet. We conclude that the Tibetan–Himalayan
system is composed of three major parts: the Indian, Asian
and Tibetan lithospheres. In the south, the Indian lithosphere
underthrusts Tibet. In central and northern Tibet a separate,
thin Tibetan lithosphere exists, which is underthrust by the
Asian lithosphere from the north.

In the seismic experiment discussed here (International Deep
Profiling of Tibet and theHimalaya (INDEPTH) IV; ref. 11, see inset
in Fig. 1 for location), 32 German and 24 British seismic stations
have been operated from early summer 2007 until late summer 2008
in two dense linear profiles. The station spacing across two suture
zones was only about 4 km. The receiver function method, which is
applied for processing the seismic data, is especially useful to image
seismic discontinuities in the lithosphere. It is a well established
method and has been applied to Tibetan data in previous studies
(for example, refs 2,12,13). It uses waves converted (S-to-P or P-to-
S in the S- or P- receiver function technique, respectively) at seismic
discontinuities (for example, crust–mantle boundary–Moho; or
lithosphere–asthenosphere boundary (LAB)) for detecting these
discontinuities and describing their properties. The S receiver
function technique is especially useful for studies of upper mantle
discontinuities, mainly the LAB, because the multiply reflected
phases do not interfere with the direct converted phases. Multiple
reflections are sometimes a problem in P receiver functions.

Figure 2b shows P receiver function data along the INDEPTH
line (INDEPTH projects II, III and IV), the 1991/92 Sino-US
PASSCAL experiment14, data of the permanent station at Lhasa
and from some earlier projects (see Supplementary Information for
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Figure 1 | Topographic map and location of seismic profiles. Squares are
seismic stations (INDEPTH IV in inset). Yellow region is sampled at 410 km
depth; area with crosses at 120 km, blue area in inset at 70 km. Coloured
bars indicate LAB observations: blue= India, green=Asia, red=Tibet.
Region within red dashed line shows high attenuation of seismic waves8,9.
X and Y mark profiles towards the Tarim and Sichuan basins1,6. MBT=Main
Boundary Thrust, MCT=Main Central Thrust, BNS= Banggong Nujiang
Suture, JRS= Jinsha River Suture, NKTS=North Kunlun Thrust System,
QB=Qaidam basin.

location of all stations used). The global reference model IASP91
was used for the migration of seismograms from the time to depth
domain. The Moho is clearly visible along the entire profile (black
dashed line,marked ‘1’). A south dipping converter (a discontinuity
in material properties which converts seismic waves), already seen
in earlier work2, is also visible (black dashed line, marked ‘2’). We
interpreted this discontinuity as the Moho of the subducting Asian
crust2. The coloured thick dashed lines (in red, blue and green) are
LAB observations from S receiver functions taken from Fig. 2d. The
deeper part of the signal, marked ‘2’, seems to cut the Asian LAB
(marked green). However, the first Moho multiple interferes with
the signal from the ‘2’ discontinuity below∼160 km, such that this
effect is probably an artefact. The receiver functions of INDEPTH
IV alone do not show this effect (see Supplementary Fig. S6).

Figure 2c shows details of the INDEPTH IV data across the
Kunlun fault (KF) system. The Moho shallows from about 70 to
50 km within about 100 km towards the north, confirming other
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Figure 2 | Receiver function data along the INDEPTH profiles. a, Topography b, P receiver functions. 1=Moho ‘doublet’, 2=Asian Moho, 410,
660= discontinuities at these depths (theoretical location= longer dashes). Coloured dashed lines copied from d. c, Zoom across KF (black squares in
Fig. 1 inset). 3= dipping structure within the crust (Supplementary Information). d, S receiver functions. Moho= black dashed line; lower black dash
line=weak indication of Moho of Asian lithosphere. Blue, red and green dashed lines= LAB of Indian, Tibetan and Asian plates, respectively. Same data
without marked features can be seen in Supplementary Fig. S1. e, Cartoon of resulting model. IP= Indian, TP=Tibetan, AP=Asian plates, respectively;
NKTS=North Kunlun Thrust System25 (Supplementary Information).

results (refs 15–18). Indications of Tibetan lower crust indenting
across the KF system into the Qaidam crust18,19 are not observed
in our data owing to their relatively long periods. We also see
no direct connection between the Qaidam Moho and signal ‘2’
in Fig. 2b, which was interpreted as subducting Asian Moho. This
might be due to a true gap in the subducting crust or an effect of
the interference of relatively long-period seismic signals. A negative
(blue, meaning velocity decrease downwards) inclined structure
within the crust is also observed (marked ‘3’ in Fig. 2c). This can be
interpreted as low-velocity Qaidam crustal material underthrusting
higher-velocity northern Tibetan crust. No comparable structure is
seen in receiver function data at the boundary between the Indian
and Tibetan crusts, the Zangbo-Yarlung Suture (ZYS). A much
more complicated structure was found there—the so-called ‘Moho
doublet’20–22, which was interpreted as being caused by Indian lower
crust not participating in the subduction of the mantle lithosphere
but continuing to the north at a deep crustal level. The Moho
structure thus exhibits three different regimes along the INDEPTH
profiles across Tibet. South of the ZYS we see an increase of the
Moho depth from about 40 km in India to about 80 km in Tibet.
From the ZYS to the KF system we see a relatively homogeneous

but slightly shallowing Moho. The Banggong Nujiang Suture and
the Jinsha River Suture do not significantly influence the Moho
depth. At the KF systemwe see a rapidMoho shallowing from about
70 km–50 km in the Qaidam basin.

Figure 2d shows S receiver function data along the INDEPTH
line. The Moho (marked red) is clearly visible and confirms the
corresponding P receiver function observations. Negative (blue)
signals are observed above and below the Moho. They indicate
velocity reductions downwards. Crustal low-velocity zones have
been observed previously (for example, refs 2,20). Mainly based on
the recent INDEPTH IV data is the new observation of a negative
structure between the Moho and the Asian LAB (green dashed
line) in central and northern Tibet at 100–120 km depth (marked
by a red dashed line in Fig. 2d). This phase is interpreted as the
LAB of the Tibetan terranes. It is relatively close to the Moho
signal; therefore side-lobe problems should be discussed. In the
Supplementary Information we have done this. Side-lobe signals
should, with increasing periods, move further away from the main
signal. We have filtered our data with different main periods and
found the LAB signal remaining stable at the same time. This makes
us very confident that the observed Tibetan LAB is a real signal
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Figure 3 | Waveform forward modelling. a, Waveform comparison of observed and theoretical S receiver functions; grey= observed, black= theoretical.
Blue area marks the±2 standard error. b, Models used for computation of theoretical seismograms. Coloured bars: blue= Indian, green=Asian and
red=Tibetan LABs, respectively (colours as in Fig. 2); black=Tibetan Moho, brown=weak Asian Moho (see Fig. 2d). Velocity jump at the Moho resulting
from amplitude fitting is∼17.7±2.5% in all models. The contrast across the Indian LAB is 9.1±2.2%, across the Tibetan LAB is 5.5± 1.3% and across the
Asian LAB it ranges between 6.7 and 8.9± 1.5%. The±2 standard error in time is estimated to be 0.5 s. All errors are obtained using bootstrapping. The
resulting depth error of the LAB is about±5 km.

and not a side lobe. It is visible over a distance of 400–500 km.
As the Moho is located at 70–90 km depth, the mantle lithosphere
of the Tibetan plate has a thickness of only ∼30 km. The Tibetan
LAB is only observed south of the KF system, where the Asian LAB
suddenly deepens (see Supplementary Fig. S2, for further images in
the time domain). The Indian LAB (blue dashed line) and parts of
the Asian LAB (green dashed line) have been observed previously2.
Subduction of the Qaidam basin below northern Tibet has already
been suggested on the basis of crustal shortening and northeastward
propagation of south-dipping thrust fault systems at the northern
edge of Tibet7,23,24. Here we clearly image this subduction with
seismic data (green dashed line in Fig. 2d).

Similar to the appearance of the Moho across Tibet, we also
observe three regimes in the LAB structure. In the south we see
the subducting Indian LAB reaching just to the north of the ZYS.
Between the ZYS and KF system we see two LABs, which we
interpret as a surprisingly homogeneous Tibetan LAB overriding
the Asian LAB. North of the KF system we see a normal cratonic
LAB, similar to the Indian LAB.Unfortunately our data do not reach
very far north of the KF system.

Northern Tibet with the Tibetan lithosphere stacked on top of
the Asian lithosphere is also a region where Sn (travelling in the
mantle lid) does not propagate effectively and Pn (travelling also
in the mantle lid) has a low velocity25–27 (see marked region in
Fig. 1). These observations indicate that the Tibetan lithosphere in
this area may also have a higher temperature than, for example,
the subducting Indian lithosphere further south. Low average
velocities in the upper mantle in the northern part of the profile
are also indicated by about 20 km (5%) deepened signals from both
discontinuities at 410 and 660 km depth (Fig. 2b).

Figure 3a shows a comparison of observed and computed S
receiver functions at three locations along the INDEPTH line. The
velocity–depth models used are shown in Fig. 3b. Average crustal
velocity is taken from ref. 10 and the Vp/Vs ratios from ref. 20.
Velocity ratios at the Moho and LAB were obtained from fitting the
Moho andLAB amplitudes. The velocity in the asthenosphere seems
low below the Asian and Indian LAB, but they could be confined to
the vicinity of the LAB. The velocity in the thin piece of astheno-
sphere below the Tibetan LAB seems more normal. This could be a
hint that much of the reduced upper mantle velocities in northern
Tibet25–27 are located below the Asian LAB. Therefore, the general
low velocities in the upper mantle in northern Tibet would not
influence the LAB depth. The velocity models in Fig. 3b illustrate

the essential differences in the mantle models of southern, central
andnorthernTibet, which is the lithospheric doubling in the north.

In conclusion, an important observation in the INDEPTH IV
data concerning deep lithospheric structure is the identification of
a shallow (100–120 km) negative discontinuity in the central and
northern Tibetan mantle. We interpret this discontinuity as the
Tibetan LAB. The lithosphere in Tibet (crust andmantle part) along
the INDEPTH lines shows a surprisingly clear division into three
different parts: south of the ZYS we see only the underthrusting
Indian lithosphere; north of the KF system we see the Asian
lithosphere of the Qaidam basin; in between two LABs indicate a
Tibetan lithosphere overriding the Asian lithosphere. It is justified
to call this entire region ‘Tibetan lithosphere’; although it crosses
two suture zones, the BanggongNujiang Suture and the Jinsha River
Suture, it is surprisingly homogeneous.

As the Asian LAB is observed at 140–180 km depth under
central–northern Tibet, the Tibetan lithosphere is overriding the
Asian lithosphere as India–Eurasia convergence is accommodated
in northern Tibet. The observed thin lid of the Tibetan mantle
lithosphere could also explain the poor Pn and Sn propagation
observed previously in the same region25–27. Late arrivals from the
410 and 660 discontinuities also confirm exceptionally slow upper
mantle beneath northern Tibet. A similar thin lithospheric mantle
lid is also observed below eastern Tibet, but without an Asian LAB
beneath. In contrast, the mantle lithosphere in northwestern Tibet,
where the LAB occurs at about 220 km depth, is much thicker. This
means that the boundary between the lithosphere of the Tibetan
plateau and the Asian lithosphere is very different along the three
profiles (Fig. 1). Maybe these three structures could be seen as a
sequence where first thickening of the Tibetan lithosphere occurs
(north-west Tibet), followed by delamination of the lower part of
the Tibetan lithosphere (east Tibet) and finally overriding of the
Asian lithosphere by the thin Tibetan lithosphere (south of Qaidam
basin). However, validity of such a sequence would need confirma-
tion bymodellingwhich is beyond the scope of the present paper.
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