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hosphere under Eurasia plays an important role in the tectonic evolution of the
Tibetan plateau and surrounding regions. To improve our knowledge of pertinent mantle structures through
tomographic imaging we combine P-wave arrival time data from temporary arrays in Tibet and stations of
the Chinese Seismograph Network with reprocessed data from the International Seismological Centre. The
new images reveal considerable spatial variations in mantle structure along the collision zone, and the
horizontal distance over which presumed (continental) Indian lithosphere slides northward beneath the
plateau decreases from west (where it underlies the Himalayas and the entire plateau) to east (where no
indication is found for present-day underthrusting beyond the Himalayan Block and Indus–Tsangpo suture).
P-wavespeed appears low in the shallow mantle beneath much of central and eastern Tibet. These
observations suggest that Indian lithosphere underlies only the southwestern part of the plateau and that the
central and northeastern part is underlain by lithosphere of Asian origin. The (continental) parts of the Indian
plate that currently underthrust or subduct below the plateau appear generally detached from the (oceanic)
slab fragments that subducted longer ago and that have been detected deeper in the mantle, except perhaps
in the central part of the collision zone (80–90°E). This suggests that ongoing India–Eurasia collision must
increasingly be driven by other forces, such as subduction of the Indian plate further west and east (e.g.
beneath Indochina). Our images reveal structures associated with eastward subduction along the Burmese
arc southeast of the eastern Himalayan syntaxis. The Tengchong volcanic complex in southwest China is
marked by slow wave propagation to ~150 km depth, suggesting a causal link to subduction along the
Burmese arc; the low velocities beneath the Red River fault region extend to greater depth and may be
related to upper mantle processes further southeast.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

The Tibetan plateau, with an elevation of 4–5 km above sea level
and underlain by crust of ~70 km thick, was generated by the collision
and post-collisional intra-continental deformation of Indian and
Eurasian plates beginning ~50 Myr ago (e.g., Argand, 1924; Molnar
and Tapponnier, 1975; Yin and Harrison, 2000).

From geology and (kinematic) plate reconstructions (e.g., Besse
and Courtillot, 1988; Lee and Lawver, 1995), the post-collision
convergence between the Indian and Eurasian plates is estimated to
be at least 1000–1400 km (Yin and Harrison, 2000) but perhaps as
much as 2000–3000 km (Molnar et al., 1993; Rowley, 1998). How this
shortening has been accommodated is still not well known and
several scenarios have been proposed for the tectonic evolution of
Tibet. These include uniform thickening and shorting of Asian
lithosphere (England and Houseman, 1986; Dewey et al., 1988),
1 617 258 9697.
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block extrusion along major strike-slip faults (Tapponnier et al., 1982,
2001), southward subduction of Asian lithosphere under Tibet
(Willett and Beaumont, 1994; Kind et al., 2002), and thrusting of the
Indian lithospheric mantle under much (or all) of the plateau (e.g.,
Argand, 1924; Ni and Barazangi, 1984; Powell, 1986; Holt andWallace,
1990; Owens and Zandt, 1997).

There is no doubt that subduction of the Indian plate beneath Asia
has played a key role in the tectonic evolution of Tibet. Late Mesozoic
and early Cenozoic subduction of the Tethys ocean floor deep into
Earth's mantle has been reconstructed from seismic tomography and
plate reconstructions (Van der Voo et al., 1999; Replumaz et al., 2004;
Hafkenscheid et al., 2006) but the structure of the upper mantle
beneath Tibet has not been resolved in sufficient detail to understand
the transition from ancient subduction of oceanic lithosphere to the
more recent subduction of (presumably) continental lithosphere.
Consequently, even first-order questions have remained unanswered.

Seismic tomography has not yet provided unequivocal constraints
on the (present day) northward extent of the Indian lithosphere
underneath the plateau. Some surface wave studies reveal fast wave
propagation beneath much of Tibet (e.g., Shapiro and Ritzwoller,
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2002), and Priestley et al. (2006) suggest that the entire plateau is
underlain by a relatively cold lithospheric mantle (to 225–250 km
depth). From P-wave (travel time) tomography Zhou and Murphy
(2005) argue that the Indian plate underthrusts across the entire
plateau. Other studies report low upper-mantle S velocities beneath
the northern and central plateau (Brandon and Romanowicz, 1986;
Griot et al., 1998; Friederich, 2003; Raphine et al., 2003; Lebedev and
van der Hilst, 2008), which is consistent with inefficient Sn
propagation and low Pn velocities in the north (Barazangi and Ni,
1982; McNamara et al., 1995, 1997). Curtis and Woodhouse (1997)
conclude that regional surface wave dispersion is inconsistent with
large scale underthrusting of Indian lithosphere beneath the plateau
unless the plate is chemically altered or thin (b85 km).

The INDEPTH project (Nelson et al., 1996) enabled high-resolution
imaging of the crust and upper mantle beneath central Tibet. Zhao
et al. (1993) showed that intact (continental) Indian lithosphere
underthrusts the Himalayas. Further north, however, the fate of this
lithosphere is ambiguous. Tilmann et al. (2003) argue that it
underthrusts the plateau as far as the Bangong–Nujiang suture,
central Tibet (Fig. 1), from where it may sink sub-vertically to at least
400 km depth (Fig. 2a). In contrast, Kosarev et al. (1999) suggest that
Indian lithosphere plunges northward near the Indus–Tsangpo (or
Indus–Yarlung or Yarlung–Zangbo) suture (Fig. 1) and is detached
from the surface beneath central Tibet (Fig. 2b).

Some of the differences in interpretation may reflect ambiguities
resulting from 2-D sampling (along the linear INDEPTH arrays) of
complex 3-D mantle heterogeneity. To increase 3-D data coverage, MIT
and Lehigh University, in collaboration with the Chengdu Institute of
Geology andMineral Resources (CIGMR), deployed broad-band seismo-
graph arrays in southeastern Tibet. Data from these deployments has
previously been used for high-resolution surface-wave array tomogra-
phy (Yao et al., 2006, 2008), crustal studies with receiver functions (Xu
et al., 2007), and to studyanisotropywith shear-wave splitting (Levet al.,
Fig. 1.Map of study region, including depth contours of the Indian plate beneath the Tibetan
slip faults (pink lines) around Tibet. Grey lines represent the tectonic boundaries and sutures
suture (Tapponnier et al., 2001). Dashed red lines are the plate boundaries, according to N
volcanic complex. The blue arrow marks the location of the cross section shown in Fig. 2. (Fo
the web version of this article.)
2006; Sol et al., 2007). Here we present tomographic images of 3-D
upper mantle heterogeneity beneath Tibet and surrounding regions
obtained from travel time tomography with data from these MIT and
Lehigh arrays as well as from other temporary arrays in the region
(including INDEPTH) and the Chinese SeismographNetwork. In total,we
used travel time data fromnearly 1500 seismograph stations in and near
mainlandChina (Fig. 3), andwe inverted thesedata alongwith theglobal
data base from the International Seismological Centre (ISC), as
reprocessed by Engdahl et al. (1998).

The images inferred from the combined data sets reveal significant
lateral variations in subduction-related mantle structure beneath the
collision zone and suggest that the horizontal distance over which the
Indian lithosphere slides northward beneath the plateau decreases
fromwest (where it underlies the Himalayas and the entire plateau) to
east (where no indication is found for underthrusting beyond the
Himalayan Block). Except perhaps in the center of the collision zone,
the (continental) parts of the Indian plate that currently underthrust
or subduct below the plateau appear detached from the (oceanic) slab
fragments detected deeper in the mantle. In addition to these first-
order results, we also describe the mantle structure pertaining to
subduction southeast of the eastern Himalayan syntaxis, along the
Burmese arc.

2. New data sets for seismic tomography

We use P-wave travel time data from three principal sources:
(1) regional (temporary) seismic arrays in Tibet and nearby area;
(2) national and provincial stations of the Chinese Seismograph
Network (CSN); and (3) the global EHB data base (Engdahl et al.,
1998). These data are inverted along with a global data set of ~22,000
differential travel time residuals of PP-P, which helps constrain the
upper mantle structure beneath regions with few earthquakes and
stations (e.g., western Tibet and Tarim Basin).
plateau inferred from tomography. The background shows topography (grey) and strike-
, where ITS— Indus–Tsangpo suture, BNS— Bangong–Nujiang suture, JRS— Jinsha River
UVEL-1 (DeMets et al., 1990). Red triangle (98°E, 25°N) is the center of the Tengchong
r interpretation of the references to colour in this figure legend, the reader is referred to



Fig. 2. Comparisonwith seismic imaging studies from INDEPTH projects beneath central
Tibet (in the range of [87°E, 90°E] and [29°N, 34°N]). (a) Teleseismic tomography based
on the INDEPTH II and III data (Tilmann et al., 2003); (b) Teleseismic receiver function
image from the INDEPTH II and Sino-American PASSCAL experiments (Kosarev et al.,
1999); (c) this study (location of this cross section is depicted in Fig. 1), where the blue
line shows the northern foremost edge of the subducted Indian plate. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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2.1. Regional array data

To improve the resolution of mantle structure beneath Tibet we
picked P-wave arrivals from local, regional, and teleseismic earthquakes
recorded at ~170 seismograph stations of the MIT-CIGMR, Lehigh-
CIGMR, and several previous seismic arrays on theplateau (blue symbols
in Fig. 3). Since the size of thesedatasets prohibitsmanual processingwe
used an automated phase picker (Aldersons et al., 2003). To calibrate (or
‘train’) the algorithm to our specific data, we manually picked ~20% of
the raw data and used comparisons with automatic picks to tune the
picking engine and ensure accuracy and consistency. In total, we
obtained ~35,000 P arrivals from the temporary array deployments.

2.2. Chinese Seismograph Network (CSN)

From ~1000 national and regional stations of the CSN (red squares
on Fig. 3) we used about 1 million P phases from earthquakes
occurring between 1967 to 2004, which far exceed (but include) the
data from the Annual Bulletin of Chinese Earthquake (ABCE) used
before (e.g., Li et al., 2006).

2.3. Global data

From the global data processed by Engdahl et al. (1998), herein-
after referred to as EHB data, we use ~12 million P, Pg, pP, Pn and PKP
phases from 1964 to 2007. In EHB, by convention, Pn refers to P phases
with turning points less than 410 km; to select turning rays and
discard post-critical ‘head waves’ we require either that the focal
depth is larger than 80 km or that the turning point is deeper than
100 km. In our study region most EHB stations (yellow triangles in
Fig. 3) are located on the Indian plate, along the Himalayas, and in
Kyrgyzstan. This data has been described in detail by Engdahl et al.
(1998) and Li et al. (2006, 2008) and is not discussed further here.

Careful processing is required to combine the data from these
sources into an internally consistent data base for tomography. We first
associate the arrival times from each dataset with the corresponding
events. Duplicate stations, for which arrival time data are reported in
more than one of the datasets, are then subjected to special examina-
tion: obvious errors are discarded but if we have no reason to reject one
of themwe treatboth readings as independentdata. This concerns onlya
very tiny subset of the data, however. Finally, to insure that all of the
travel timedata are internally consistentwe relocate each eventwith the
combined arrival time data using a non-linear process of earthquake re-
location and phase re-identification (Engdahl et al., 1998) to produce
new travel time residualswith respect to the newcomputed hypocenter.
To compensate for the relatively small volume but high quality of the
datasets compared to the routinely processed global and regional data,
however, we apply larger weights to data from the Tibetan arrays.

The arrays represent a significant increase of data coverage on the
plateau and surrounding areas. In Fig. 4 we show travel time residuals
(computed by subtracting travel times calculated from the ak135
reference model, Kennett et al. (1995), and after elevation correction)
at each station as a function of back-azimuth. Formost of these stations
we havemore than 200 picks. Themean (positive) delay of ~2 s reflects
the thick Tibetan crust, which we account for upon inversion (see
below). The residuals show distinct direction dependence. For all
stations, arrivals from earthquakes north and northwest of the arrays
have large and positive residuals (that is, their travel times are larger
than in reference model ak135). In contrast, most arrivals from the
south and southeast appear relatively early. We assume that this
pattern is a manifestation of mantle heterogeneity, with slow P-wave
propagation beneath the plateau andhigher propagation speed further
south, but a contribution from large scale anisotropy cannot be
excluded.

3. Multi-scale travel time tomography

We perform global inversions but by adapting the parameterization
(by means of variable size 3-D blocks) to the sampling density (see
Kárason and van der Hilst, 2000) we obtain high resolution in regions of



Fig. 3. Stations and events in Tibet and surrounding regions. The pink lines mark the tectonic block boundaries in the region, where QDB-Qaidam Basin, KF-Kunlun Fault, SB-Sichuan
Basin, SGF-Songpan Ganze Foldbelt, QB-Qiangtang Block, LB-Lhasa Block, HB-Himalayan Block. The suture zones and plate boundaries are same as in Fig. 1. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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particular interest (andwith sufficient data coverage). The size of a block
is a multiple of 45 km×0.35°×0.35° in depth, latitude, and longitude
beneath the plateau and surrounding regions (down to 800 km depth)
Fig. 4. Rose histograms show travel time residuals for the Tibetan arrays, after elevation corre
time picks. The inset shows one station (MC13) of the MIT-CIGMR array as an example. The
colour in this figure legend, the reader is referred to the web version of this article.)
and 45 km×0.7°×0.7° elsewhere. The total number of free parameters
(the sampled irregular blocks and the event relocationparameters in the
global model) is about 0.5 million.
ction, as a function of back-azimuth. The ~170 stations contribute a total of 35,000 arrival
red number denotes the total number of picks. (For interpretation of the references to
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We use the iterative LSQR algorithm (Paige and Saunders, 1982) to
minimize

e ¼ jjGm−djj2 þ λ1jjmjj2 þ λ2jjLmjj2 þ λ3jjC−mcjj2: ð1Þ

Here, m represents the model vector, including the constant
slowness perturbation in each irregular grid cell as well as hypocenter
perturbation terms, G is the sensitivity matrix representing the
sampling by the data used, and the data vector d represents the travel
time residuals. The second and third terms represent the regulariza-
tion of the solution: a large value of λ1 puts more emphasis on
minimizing the amplitude of modelm, which biases the result toward
the reference model, and λ2 controls the smoothness of the models
(L is a first order differential operator).

The last term in (1) is used to impose additional constraints on the
model or to force a solution in a certain direction. Later we use this
option to test the fit of P data to (scaled) S wave heterogeneity, but in
standard applications it is used to correct for effects of crustal
heterogeneity. C then represents an a priori, regional crustal model
Fig. 5. Checkerboard resolution test for target anomalies at different depths as indicated in l
subplot. Input pattern (2°×2°) is shown in (a). The green line is Chinese border and the blac
legend, the reader is referred to the web version of this article.)
(Sun et al., 2004) which is embedded in the global model Crust 2.0
(Bassin et al., 2000), and mc is the crustal part in model vector m.
Effectively, this forces the crustal part of the model to be close to the a
priori crust model unless the data constraints are strong enough to do
otherwise. The trade-off is controlled by Lagrangian multiplier λ3,
which is determined through tests with synthetic data. This approach
to crust correction is more tolerant for errors in prior crust models
than methods based on explicit (static) travel time correction. Li et al.
(2006) verified that with this approach the tomographic estimates of
upper mantle structure do not depend significantly on the choice of
crust model.

4. Results of the tomographic inversions

4.1. Image quality and resolution

Image accuracy is not easily quantified, but checkerboard tests
provide at least a qualitative measure of the ability of the data to
resolve the mantle structure beneath the area of interest. Travel time
eft upper corner in each subplot. The color scale is shown in the right up corner in each
k line shows the coast line. (For interpretation of the references to colour in this figur
e
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data computed for an input structure of ±1% velocity variation (Fig. 5a)
were inverted using the same inversion scheme and sampling (that is,
sensitivity matrix G) as in the inversion of observed data.

Fig. 5 illustrates the imprint of data coverage on image recovery at
different depths. At 100 km depth the input anomalies are poorly
recovered (or not at all) beneath Tarim basin, central India, and the Bay
of Bengal, but recovery is good in the areas of our particular interest,
such as the Himalayas, eastern Tibet, Sichuan Basin, and Burma
(Fig. 5b). At greater depths, structure at this scale can be resolved in
most of the study area. Due to regularization, only a fraction (30–50%)
of the amplitude of the input signals is resolved. The real velocity
anomalies in the upper mantle may thus be 2 or 3 times larger than
suggested by the tomographic images, but none of the interpretations
offered below are based on the absolute amplitude of the wavespeed
perturbations. We also tested the ability to resolve specific target
structures associated with the subduction of the Indian plate — see
Electronic supplement (Fig. ES2). These tests show that resolution is
Fig. 6. P-wavespeed anomalies beneath Tibet and surrounding regions at different depths as
triangle) and active faults around the plateau are same as in Fig. 1. The plate boundaries (da
significant structures have labeled as A, B, C, etc. (For interpretation of the references to col
variable but that the first-order features discussed below are
adequately resolved.

4.2. The upper mantle beneath Tibet and surrounding regions

Fig. 6 illustrates the regional variations in P-wavespeed beneath
Tibet and surrounding regions. To a depth of ~300 km the upper
mantle wavespeeds beneath Tibet are generally (but not uniformly)
slow compared to regions to the northwest (Pamirs), south and
southwest (Himalayas and southwestern Tibet), and east (Sichuan and
Ordos basins) of it (Fig. 6a–c). At larger depth the seismic anomalies
associated with the Precambrian Sichuan and Ordos basins vanish,
and the fast structure beneath the Himalayas becomes less pro-
nounced and (laterally)more fragmented (Fig. 6d). Prominent zones of
fast wave propagation appear in the transition zone beneath south-
west China, central Himalayas, and Hindu Kush (Fig. 6e, f). Slow wave
propagation marks the upper mantle beneath the Red River fault area
indicated on the left upper corner in each subplot. Tengchong volcanic complex (white
shed yellow lines) and the block boundaries (magenta lines) are same as in Fig. 3. The
our in this figure legend, the reader is referred to the web version of this article.)



Fig. 7. Lateral variations in the Indian subduction along the collision boundary. In each cross section, gray circles are earthquakes, magenta dash lines display the Moho, gray shadow
on the top of each subplot is the topography, and black dash lines are the 410 km and 660 km discontinuities. See the Electronic supplement 1 (Fig. ES1) for detail. The suture zones
(ITS, BNS, and JRS) are same as in Fig. 1.
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and, on a more local scale and at shallow depth (~150 km), the
Tengchong volcanic complex.

4.2.1. Mantle structure beneath western and central Himalayas
Between 70 and 75°E the seismically fast structure in the mantle

transition zone beneath the Hindu Kush is connected to high velocity
Fig. 8. The horizontal distance over which the Indian lithosphere slides northward beneath th
is shown in Fig. 7. The thick blue lines show the northern leading edge of the Indian subd
interpretation of the references to colour in this figure legend, the reader is referred to the
anomalies beneath the Pamirs, which is consistent with observations
by Kumar et al. (2005) and Negredo et al. (2007).

Further east, near 75°E, a high velocity anomaly structure is detected
beneath the entire Tibetan plateau and reaches as far north as the
western margin of the Tarim basin (structure A, Fig. 6a, b). Tests with
synthetic data show that due to paucity of seismograph stations the
e plateau rapidly decreases fromwest to east. The location of the cross sections B, E, and J
uction, where HB-Himalayan block; LB-Lhasa Block; QB-Qiangtang Block (Fig. 1). (For
web version of this article.)
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spatial resolution is rather poor but that the fast structures beneath the
plateau cannot be explained by lateral smearing of the strong anomalies
beneath the Himalayas (section B, Fig. ES2).

Progressing eastward along the collision boundary, the northern
extent of the fast structure beneath the Tibetan plateau, which we
associate with (continental) Indian lithosphere, decreases (Fig. 7).
Between 80 and 85°E there is no evidence for underthrusting of the
Indian plate far beyond the Lhasa Block (section E, Fig. 8). Here the fast
structure is spatially close to the high velocity anomalies in the mantle
transition zone that connect to the large, fast structures (presumably
formed by subducted oceanic lithosphere) in the lower mantle beneath
the Indian plate (structure C, Fig. 6e, f; sections E–G, Fig. 7). The precise
relationship between the shallow and deep structures cannot yet be
established, but the cross sections suggest that the Indianplate has begun
to override (in northward direction) the deeper, south dipping structures.

4.2.2. Mantle structure beneath eastern Himalayas
East of 85°E our tomography does not reveal prominent, seismically

fast structures (in the upper 200 km of themantle) north of the Indus–
Fig. 9. P-wave velocity variations at four cross sections along the Burmese arc from
Tsangpo suture (Figs. 1 and 6a, b). Near 87–90°E the high velocity
anomaly dips from the foreland basin on the Indian plate to 200–
300 km depth beneath the Himalayas, and low P-wave velocities
characterize the uppermost mantle beneath most of the Tibetan
plateau (Fig. 6c). A high velocity anomaly is visible beneath the
Himalayas in the lower mantle, but there is no evidence for a
connection to shallow structure (section I, Fig. ES1).

Near (90°E, 31°N)moderately high velocity anomalies are visible from
300 to 500 km depth beneath the Lhasa block of Tibet (structure B in
Figs. 2 and 6c–e). Resolution tests suggest that structure at this depth is
well resolved and not connected to shallowmantle structure (section H,
Fig. ES2).

Between 90–95°E the high velocity anomalies are confined to
shallow depth beneath the foreland basin of the Indian plate and the
Himalayas; these fast structures appear disconnected from the high
velocity anomalies in the lower mantle (section J, Fig. 8). At this
longitude there are - in our model - no prominent high velocity
anomalies beneath the plateau. This is in general agreement with
recent results of receiver function analysis (Oreshin et al., in press).
north to south, where EHS-eastern Himalayan syntaxis, TV-Tengchong volcano.



165C. Li et al. / Earth and Planetary Science Letters 274 (2008) 157–168
Recent Pn studies (Liang and Song, 2006) also inferred average to
slow Pn propagation in this region.

4.2.3. Mantle structure southeast of the eastern Himalayan syntaxis
(EHS)

Beneath Burma, linear, seismically fast structure can be distin-
guished from the high velocities beneath the eastern Himalayas
(structure D, Fig. 6b, c). Indeed, cross sections reveal a pronounced,
east-dipping structure extending far beyond regional seismicity into
the upper mantle and transition zone beneath the Indo-Burma ranges
(Fig. 9). In the north it dips with an angle of ~60° to a depth of 300 km
(Fig. 9A); further south it dips almost sub-vertically in the upper
mantle and then spreads over a large area in the transition zone
between the Burmese arc and the Red River fault (Fig. 9C, D). In the
upper mantle the fast structure parallels both the shallow seismicity
zone as well as the structural geological trends at the surface.
However, in the transition zone beneath the Red River fault system the
fast anomaly follows a northwest–southeast trend in a larger region
(structure E, Fig. 6f).

The upper mantle is anomalously slow in the top 150 km of the
upper mantle beneath the Tengchong volcanic complex and to
greater depth beneath the Red River fault system. Eastward the latter
anomaly connects to a widespread region of low seismic velocities
beneath south China and the South China Sea (Fig. 6a–c). There does
not seem to be a connection with the low wavespeeds beneath
southeastern Tibet. In fact, in map view, the slow upper mantle
beneath eastern Tibet is separated from the slow anomalies beneath
the Red River by a seismically fast upper mantle structure between
the Sichuan Basin and the Indo-Burma ranges. This fast anomaly
extends from a depth of ~100 km to well into the transition zone
(Fig. 6).
Fig. 10. Model comparison beneath the Tibetan plateau. (a1) and (a2): this study (filtered); (
(2008).
5. Discussion

The combined data from global, regional, and local seismograph
networks enable high-resolution imaging of the (elastic) structure of
the upper mantle beneath the Tibetan plateau, the Himalaya, and
northwest Indochina. This provides new insight into the subduction of
the Indian plate beneath Tibet and Burma, but it also raises new
questions.

5.1. Upper mantle beneath the Tibetan plateau

Our findings of fast P-wave propagation in the continental
lithosphere of western Tibet and low P-wavespeeds beneath the
northernmost part of the plateau are consistent with a range of
previous seismological studies. However, in view of high shear
wavespeed inferred from surface wave tomography (Shapiro and
Ritzwoller, 2002), the propositions of sub-horizontal underthrusting
of India beneath much of Tibet (e.g., Ni and Barazangi, 1984; Powell,
1986), and the suggestion that the entire plateau could be underlain
by a relatively cold lithospheric mantle (Priestley et al., 2006) it was
surprising to find slow P-wave propagation in the upper mantle
beneath most of the central and, in particular, eastern parts of Tibet
(Fig. 6a, b).

In Fig. 10 we compare our P model (top) with the S model (bottom)
derived from fundamental and higher mode surface wave tomography
(Lebedev and van der Hilst, 2008). For this comparison we low-pass
filtered our model to suppress structural details that are not resolved by
surface waves, and we display the wavespeed perturbations relative to
the same 1-D reference model (ak135, Kennett et al., 1995). At 100 km
depth, the Smodel is generally consistent with our Pmodel. Indeed, the
long-wavelength structures surrounding the plateau (including the
b1) and (b2): Shear wavespeed perturbations of model from Lebedev and van der Hilst
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wavespeed anomalies beneath India, the Red River region, and the
Precambrian basins east of the plateau) are remarkably similar (see also
Fig. ES4a). Beneath eastern Tibet, however, shear wave propagation is
neutral to fast whereas P-wave propagation seems to be slow. With
increasing depth this discrepancy becomesmore pronounced. At 200 km
depth the P- and S-wavespeed perturbations beneath the plateau east of
90°E are effectively anti-correlated. We emphasize that the P- and S-
wavespeeds are – generally –positively correlated away from theplateau
(Fig. ES4b). The upper mantle beneath East Tibet thus seems anomalous.

Solutions of tomographic inversions are non-unique but we
conducted two tests to verify that the low seismic wavespeeds are
required by the P-wave data. In one test we inverted P data with a 3-D
starting model derived from surface wave tomography (that is, with a
pronounced fast structure beneath eastern Tibet, Fig. ES3a). For this
test we used Eq. (1), above, with C now representing a P-wave model
obtained by scaling from an S-wave model (from surface wave
tomography) and with a large value of λ3 to force the solution toward
the starting model. Within a few iterations, however, the solution
converges to a model with low P-wavespeeds beneath the plateau
(Fig. ES3b), similar to the original P model (Fig. ES3c). In a second test
we used (1) with large λ3 to let the crust absorb as much signal as
possible. For reasonable data fits, however, the resulting models still
display anomalously low P-wavespeeds beneath eastern Tibet. These
tests demonstrate that the low wavespeeds (east of 95°E) and around
(90°E, 30°N) are required to fit the P-wave data.

The P–S discrepancymay result from differences in sampling – that
is, the sensitivity to Earth's structure – by body waves and surface
waves. Indeed, lateral resolution is usually better with travel time
tomography whereas radial resolution is often better with surface
waves (at least to a depth of 200 kmor so). On the one hand, travel time
inversion may overestimate the depth range where low wavespeeds
prevail, even with the improved resolution of P-wave heterogeneity
beneath east Tibet resulting from the use of data from ~170
seismograph stations of regional networks (see Fig. 5 and section B
in Fig. ES2). On the other hand, surface wave tomography (with lateral
resolution of ~500–1000 km) may fail to resolve a slow structure
surrounded by seismically fast structures. Furthermore, some of the
discrepancy could be due to seismic (radial) anisotropy and an
unfortunate choice of reference values. If real, however, the discre-
pancy would imply (very) anomalous Vp/Vs ratios, which could
perhaps reflect the presence of volatiles (e.g., water).

With these caveats in mind, and with recognition that further
analysis of the P–S discrepancy is warranted, we conclude from our
P-wave tomography that it is unlikely that a thick, cold lithosphere
exists beneath central, northern, and eastern Tibet. This result agrees
with Curtis and Woodhouse (1997) but seems inconsistent with
Priestley et al. (2006). That the Indian plate does not, at present-day,
slide far north under the central and eastern plateau corroborates
the interpretation that the continental upper mantle here is not of
Indian but of Asian origin (Yin and Harrison, 2000; Tapponnier et al.,
2001). Further research is needed to establish if and how the
anomalous upper mantle structure is causally related to the
geological evolution of the eastern Tibetan plateau in the past
15 million year (Royden et al., in press).

5.2. Subduction of the Indian plate beneath the Tibetan plateau

Issues that are closely related to the nature of the upper mantle
beneath the plateau, and which are of key importance for under-
standing the tectonic evolution of the Tibetan plateau, are (i) the
lateral variations in structure and process along the collision zone and
(ii) the connection – or absence thereof – between shallow structures
(related to present-day processes) and deep structures (related to
more ancient, presumably Mesozoic processes).

Our results suggest that underthrusting of Indian lithosphere far
beneath the Tibetan plateau is restricted to the western part of the
collision zone, and that the horizontal distance over which the Indian
plate slides northward decreases from west to east (Fig. 8). East of
~85°E the Indian plate subducts deeper into the mantle and – as
discussed in the previous section – most of the plateau proper is
underlain by low velocity anomalies (Kumar et al., 2006).

From tomography with INDEPTH data, Tilmann et al. (2003)
proposed that the Indian plate underthrusts the plateau as far as the
Bangong–Nujiang suture (BNS) in central Tibet before plunging
vertically into the mantle (Fig. 2a). We also find fast structures at
~400 km depth beneath south of the BNS (Fig. 2c), but not shallower,
even though this would have been resolved by our data (section H, Fig.
ES2). Instead of vertical subduction beneath central Tibet our results
suggest northward dipping subduction starting at the Indus–Tsangpo
suture, well south of BNS (Figs. 1 and 2c). This is consistent with the
interpretation by Kosarev et al. (1999) (Fig. 2b), with slow inter-event
surface wave propagation in central Tibet (Curtis and Woodhouse,
1997), and with joint inversion of P and S receiver functions that
reveal low wavespeeds between 160–230 km depth beneath Lhasa
and between 110–200 km near BNS (Oreshin et al., in press).

The relationship between ongoing subduction of the Indian plate
and deep mantle processes associated with the subduction of ancient
Tethyan lithosphere is enigmatic. Van der Voo et al. (1999) suggested
that Tethyan slabs pull the Indian lithosphere into the mantle directly
beneath the Indus–Tsangpo suture. Figs. 7 and 8 suggest, however,
that the spatial relationship between deep and shallow slab structures
varies significantly along the collision boundary. There is no evidence
from our tomography for a (structural) connection beneath the
western and eastern Himalayas (Fig. 8, left, right), but the relationship
between shallow and deeper structure is more ambiguous beneath
the central Himalayas (25–30°N, 80–87°E). The structural complexity
revealed in Fig. 7e–g cannot be explained by smearing (section E,
Fig. ES2). We speculate that the central Himalayas may be the only
place where deep and shallow structures are still (spatially) close. But
also here the (northward) subducting Indian plate may have begun to
override the (south dipping) deeper part of the slab (structure C in
Fig. 6d–f). While such details are, as yet, unresolved, the present-day
situation may represent a late stage of slab pull from subducted
Tethyan lithosphere. By implication, further India–Eurasia collision
must be driven by other forces, such as (far field) ridge push and
subduction of the Indian plate further west and east (e.g., along, the
Sunda arc).

5.3. Subduction beneath Burma

At the corner between the Sumatra–Andaman and the Indian
subduction zones, the Indo-Burma ranges are structurally complex
and seismically active (to a depth of ~150 km). The Indian plate is
subducting northward whereas the Burmese microplate descends
eastward beneath the Eurasian plate (Ni et al., 1989). Previous
tomographic studies revealed an east-dipping high velocity anomaly
along the Burmese arc (e.g., Huang and Zhao, 2006). The subducted
slab beneath the Burmese arc is well resolved by the data used in this
study. In the northern part of this system, close to the eastern
Himalayan syntaxis (EHS), the subduction is confined to the upper
mantle with the dip angle of ~60° (Fig. 9A, B). In the south, the
Burmese plate seems to sink into the transition zone at a dip angle that
is steeper than the seismic zone (~60°) (Fig. 9C, D). The images show
that at depths larger than 200 km the subduction beneath Burma is
separated from subduction of the Indian plate across the EHS
(structure D, Fig. 6b). Most of the subduction seems aseismic. The
upper mantle part of the slab is parallel to the structural (surface)
trends of the present-day arc (structure D, Fig. 6b, c), but in the
transition zone it cannot be distinguished from the large, fast anomaly
beneath South China (structure E, Fig. 6e, f).

The upper mantle structure may be explained by eastward
subduction and westward retreat of the Burmese arc during
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clockwise rotation of the Sunda block. The northeast–southwest
orientation of the large, fast transition zone anomaly beneath south
China (structure E, Fig. 6f) suggest that this deep structure is
related to subduction along a different arc, for instance the late
Mesozoic South China Trench (Honza and Fujioka, 2004). At the
southwestern edge of this vast anomaly, beneath the Red River
fault area, a structure with a southeast–northwest trend becomes
apparent (Fig. 6f). This NW-SE trend would be consistent with the
orientation of the convergent margin of south Asia prior to collision
of India (Replumaz et al., 2004).

Tengchong (98°E, 25°N) is an active volcanic and geothermal
complex east of the Indo-Burma arc (Fig. 1). Its most recent eruption
occurred in 1609 (Qin et al., 1996). A negative gravity anomaly and
high local heat flow have been used to postulate the presence of a
magma chamber in the crust beneath Tengchong (Kan et al., 1996).
The deeper structure of the lithosphere beneath Tengchong has not
yet been well resolved (Huang et al., 2002). Our images reveal a
pronounced low velocity anomaly in the shallow upper mantle
beneath the Tengchong volcanic complex (Figs. 6a and 9A–C). The low
velocity anomalies are confined to a depth of ~150 km, suggesting that
Tengchong volcanism is related to the subduction beneath the
Burmese arc. In contrast, the low velocity structure beneath the Red
River fault region (Fig. 6a) continues into much greater depth (e.g.,
Fig. 6b–d). We speculate that this may suggest a connection between
the lithospheric structure and processes beneath the Red River region
and the upper mantle processes beneath Indochina, Hainan Island,
and the South China Sea.

6. Conclusions

P-wavespeed variations in the upper mantle beneath the Tibetan
plateau and surrounding regions have been investigated with seismic
tomography using data from Tibetan arrays, CSN, and EHB.

Our observations argue against significant underthrusting of the
Indian lithospheric mantle beneath the eastern plateau. By implica-
tion, most of the lithosphere beneath the central and eastern part of
the plateau is of Asian origin. This interpretation is consistent with
Tapponnier et al. (2001), but we do not resolve south dipping
subduction zones beneath Tibet suggested by their study.

Even if the spatial resolution is not good enough to unravel the
detailed structure associated with subduction of the Indian plate
beneath the Himalayas, our tomography reveals significant lateral
variations: subhorizontal subduction beneath the entire plateau in the
west (Fig. 8, left); high velocities extending no further than the Lhasa
block (LB) in central Tibet (Fig. 8, center); and underthrusting no
further than the Himalayan Block (or the ITS) east of 90°E (Fig. 8,
right).

In the center of the collision zone the shallow structure is either
still connected to or in the process of overriding the deeper structure
associated with subduction of the Tethyan slabs into the lower mantle
(Fig. 8, center). In the eastern and western Himalayas our images do
not provide evidence for a structural connection between present-day
lithospheric structure and the deep Tethyan slabs (Fig. 8, left, right).
This may suggest that the present-day situation represents a late stage
in the collision controlled by slab-pull associated with Mesozoic
subduction of Tethys Oceanic slabs and that collision will only
continue if driven by far-field forces (e.g., subduction beneath
Indochina).

At depths larger than 200 km, the subduction under Indo-
Burma range appears separated from the subduction beneath the
eastern Himalayas. A pronounced low velocity anomaly dominates
in the top ~150 km mantle beneath Tengchong volcanic complex.
Volcanism in this region is probably related to the Burma
subduction. The low velocities beneath the Red River fault region
extend to greater depth and may be related to the upper mantle
processes further southeast.
Results from our P tomography are generally consistent with
results from surface wave tomography but the discrepancy beneath
east Tibet (fast shear wavespeed, slow P wavespeed) calls for further
study.
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