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Abstract

We have produced B-wave model of the upper mantle beneath Southeast (SE) Asia from reprocessed short period Internationa
Seismological Centre (IS@ andpP data, short perio@ data of the Annual Bulletin of Chinese Earthquakes (ABCE), and long
periodPP-P data. We used 3D sensitivity kernels to combine the datasets, and mantle structure was parameterized with an irregul
grid. In the best-sampled region our data resolve structure on scale lengths less than 150 km. The smearing of crustal anomalies
larger depths is reduced by a crustal correction using an a priori 3D model. Our tomographic inversions reveal high-velocity root:
beneath the Archean Ordos Plateau, the Sichuan Basin, and other continental blocks in SE Asia. Beneath the Himalayan Block \
detect high seismic velocities, which we associate with subduction of Indian lithospheric mantle. This structure is visible above the
410 km discontinuity and may not connect to the remnant of the Neo-Tethys oceanic slab in the lower mantle. Our images sugge
that only the southwestern part of the Tibetan plateau is underlain by Indian lithosphere and, thus, that the upper mantle benesz
northeastern Tibet is primarily of Asian origin. Our imaging also reveals a large-scale high-velocity structure in the transition zone
beneath the Yangtze Craton, which could have been produced in multiple subduction episodes.P-vail@welocities beneath
the Hainan Island are most prominent in the upper mantle and transition zone; they may represent counter flow from the surroundir
subduction zones, and may not be unrelated to processes beneath eastern Tibet.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction and Eurasian plates include the Tibetan Plateau, where
the continental crust has approximately doubled in thick-
Southeast Asia is a tectonically diverse and active ness fMolnar and Tapponnier, 1975; Tapponnier et al.,
region. Continental collision in the west and eastward 2001; Rapine et al., 20030ffshore, oceanic lithosphere
retreating slabs of subducting lithosphere in the eastis predominantly of early Cenozoic age, and there is
set up a large-scale clockwise rotation (black arrows in ongoing subduction of the Pacific, Philippine Sea, and
Fig. 1). The major large-scale features produced by the Indo Australian plates beneath Eurasiar{ der Hilst et
collision and post-collisional convergence of the Indian al., 1991; Fukao et al., 1992; Widiyantoro and van der
Hilst, 1996 with eastward slab roll back since Oligocene
times {an der Hilst and Seno, 1993; Northrup et al.,
"~ Corresponding author. Tel.: +1 617 324 0268: 1993. Betwgen these active pla_lte boundary zones the
fax: +1 617 258 9697 continental lithosphere was subjected to extension dur-
E-mail address: changli@mit.edu (C. Li). ing early Cenozoic timelapponnier and Molnar, 1977;
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Fig. 1. The main tectonic elements in the SE Asia. The dashed red lines are plate boundaries, according to ND&NEets €t al., 1990 The

thick purple lines denote main tectonic structures, where SoB-Songliao Basin, OB-Ordos Basin, SB-Sichuan Basin, KB-Khorat Basin, STB-Shan
Thai Block, YB-Youjiang Block, JGB-Junggar Basin, SGF-Songpan Ganzi Foldbelt, QB-Qiangtang Block, LB-Lhasa Block, HB-Himalayan Block,
KF-Kunlun Fault (modified froni, 1998 andTapponnier et al., 20Q1Black arrows show the continental collision in the west and slab roll back

in the east set up the clockwise rotation for the SE Asia. The blue thick line shows the horizontal limit of the Indian lithospheric mantle beneath the
Tibetan plateau. The positions of five cross-sectiorfSgn 9are shown by black lines with grey dots.

Zhang et al., 1984; Li, 1998 The extensional features (Friederich, 200B These features can also be inferred
are usually regarded in the context of the Indian-Eurasian from global shear-wave velocity models (e .Brampert
collision (Molnar and Tapponnier, 1978However, both and Woodhouse, 1995; Ek8im et al., 1997; Shapiro and
the collision and the subduction processes, along with Ritzwoller, 2003. However, the relatively low frequency
their impact on mantle (return) flow beneath the region, of surface wave data put limits the structural wavelengths
must be taken into account in order to obtain a complete that can be resolved in the upper mantle.
understanding of the dynamics and the tectonic evolution  Inregions with good data coverage short-period travel
of SE Asia. It can be expected that this complex tecton- times can provide higher resolution than the surface
ics has produced significant structural heterogeneity in wave inversions. A number #wave tomographic stud-
the upper mantle. Understanding this relationship is the ies have concentrated on complex morphology of the
main long-term objective of our study; here we present subducting oceanic lithospheric slabs beneath the west-
preliminary results of seismic travel time tomography. ern Pacific, the Philippine Sea, and Indonesia (ean,
Southeast Asiais characterized by relatively high lev- der Hilst et al., 1991; Fukao et al., 1992; Widiyantoro
els of seismicity, but the distribution of seismological and van der Hilst, 1997 Using data from temporary
stations from which data are openly available is rather seismic arrays, receiver function studies have focused
sparse (red triangles iRig. 2). This puts restrictions  on the crust and shallow mantle beneath central Tibet
on the type of seismic imaging that can be performed (e.g.,Kind et al., 1996; Kosarev et al., 1999; Kind et
and the scale of the structure that can be resolved.al., 2003. Regional and locaP-wave tomography has
Surface wave tomography studies show pronounced focused on the crust and uppermost mantle (Sign et
high-velocity continental roots beneath several Precam- al., 2004; Hearn et al., 2004; Liang et al., 2004; Huang
brian tectonic units (e.g., Ordos Plateau, Songliao Basin, et al., 2002; Wang et al., 20R3Global tomography has
Sichuan Basin) of SE Asid_ébedev and Nolet, 2003; long been inadequate for detailed studies of the upper
Debayle et al., 2005; Lebedev et al., 2D@hd a seis- mantle beneath China and the broad realm of continen-
mically fast Indian lithosphere under southeastern Tibet tal collision. In part this is due to the paucity of data
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Fig. 2. The distribution of stations and earthquakes (black dots) in Southeast Asia and the irregular grids at 200 km depth. The irregulamegtid, depict

here with thin green lines for 200 km depth, allows us to resolve the fine structure in regions of dense sampling. Blue squares depict 107 stations

ABCE from which data were not previously reported to ISC. Red triangles depict the 1223 EHB stations in the area of interest, of which 44 station:
are located in the mainland China.

from the numerous stations in China. But this situation (ii) use an irregular grid parameterization to enhance
is changing. There are promising signs that data from local parameter estimation; and we (iii) correct for the
Chinese networks may become more openly available, large regional variations in crustal structure using an a
and also data from temporary arrays will continue to fill priori 3D crustal model. As regards the latter, we present
in gaps in data coverage. For example, data from arraysa simple approach that reduces artifacts caused by errors
deployed by MIT in collaboration with the Chengdu in the a priori crust models.
Institute of Geology and Mineral Resources (CIGMR), The results presented here are a subset of thePhew
and by Lehigh University — CIGMRSol et al., 200% wave global model; compared to our previous results —
are now being processed and will soon be incorporated see, for instancd{arason and van der Hilst (2004}he
into the inversions. use of anirregular grid, the addition BP-P and ABCE
With a bette? wave velocity model of the upper man-  (P) data, and the crustal corrections combine to provide
tle beneath Southeast Asia we hope to answer specificmore detail in the upper mantle region of our current
guestions, for instance: How far does the Indian litho- interest. The global model will be presented elsewhere
spheric mantle underthrust beneath the Tibetan plateau?van der Hilst, Li, and Krason, in preparation) but is
What is the relationship between recent tectonic pro- freely available upon request.
cesses and structures deeper in the mantle? Which struc-
tures in the transition zone (TZ) are related to the under- 2. Data
thrusting of Indian lithosphere and which are due to
the subduction of the Pacific, Philippine Sea, and Indo-  The travel time data used in our study comes from
Australian plates? To improve the tomographic images three sources. The first is the International Seismo-
of mantle structure in this region we (i) combire logical Centre (ISC) data that have been reprocessed
data from the Annual Bulletin of Chinese Earthquakes by Engdahl et al. (1998)hereinafter referred to as
(ABCE) (a national earthquake catalog compiled by the EHB). Engdahl et al. used arrival times reported to
Institute of Geophysics, China Seismological Bure&u), the ISC and calculated travel-time residuals using a
andpP data fromeEngdahl et al. (1998andPP-P differ- non-linear process earthquake relocation and phase re-
ential travel time data frorBolton and Masters (2001)  identification scheme. In our global inversion we used
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ca. 9,400,00® and 680,00¢pP EHB residuals of well- of the high-frequency dataApers and Roecker, 1991
constrained regional and teleseismic earthquakes thatBijwaard et al., 1998Karason and van der Hilst, 2000
occurred between 01/01/1964 and 15/09/2004. Each block in the grid used in the inversion consists of
As a consequence of many Chinese stations notone or more base blocks of 45ka0.7° x 0.7°. The
reporting to ISC the station coverage of EHB is not total number of free parameters (that is, the sampled
very good in SE Asia, especially in China. In order to irregular blocks and the event relocation parameters)
improve data coverage, we augmented the EHB data withis slightly less than 0.5 million. As an examplgég. 2
Annual Bulletin of Chinese Earthquakes (ABCE) data. (green lines) displays the irregular grid at 200 km depth.
This database contains nearly 670,0@Qvave travel The relatively fine grid near the subduction zones of the
time residuals from 220 stations in China and surround- Indian and Philippine Sea plates, the Sichuan Basin, and
ing areas. Combining datasets has to be done with care.Tian Shan suggests that in these regions we can image
Relative to theik135 reference velocity modeKgnnett finer structures. In contrast, the grids beneath Mongo-
et al., 1995, the ABCE residuals have an offset of more lia, the Tarim Basin, and the center of Philippine Sea
than 2s. There are two contributions to this baseline is relatively coarse, which, of course, limits the spatial
problem. One is the effect of crustal structure in the resolution beneath these regions.
region. If the crust is thicker than that of the reference For the calculation of the sensitivity matrix associ-
model the arrival time will be greater than the reference ated with short period data we use a high-frequency
travel time, resulting in positive travel time residuals. For approximation and trace optical rays (in the radially strat-
example, the 0.5 s offset at Lhasa station is most likely ified reference model). We use weighted composite rays
due, in part, to the thick crust of Tibet. We account for (Karason and van der Hilst, 200tb better balance the
this in the inversion. The second and larger effect con- sampling and further reduce the size of the sensitivity
cerns the source locations used in the EHB and ABCE matrix. Because of noise in the data, we apply norm
catalogs; they can differ substantially, in particular for and gradient damping: norm damping favors a result that
events in the Wadati-Benioff zones beneath the north- is close to the reference model and thus tends to mini-
west Pacific island arcs. Calculating the ABCE residuals mize the amplitude of the model, while gradient damping
with respectto the EHB hypocenters reduces the baselinereduces the differences between adjacent blocks and thus
to less than 0.2 s. Prior to inversion we eliminated data produces smooth variations, both laterally and radially.
for the 113 ABCE stations that are already included in We perform experiments with synthetic data and known
EHB. The study area comprises 1223 EHB stations (44 input models to find appropriate values for the damp-

of which are mainland China, red trianglegHig. 2) and ing parameters, but the choice of the parameters remains
107 Chinese ABCE stations that have not been reportedsubjective. In our inversions, the norm damping is small.
to ISC (blue square iRig. 2). We use the iterative method LSQR4ige and Saunders,

The subset of the global model presented here also1982 to minimize
includes~22,000PP-P low frequency differential times 2 2 2
measured by waveform crogs-cor)r/elaticBDKton and &= llAm = dlI" + dallLm|”+ Az flm, (1)
Masters, 2001l We account for sensitivity to structure  whereA is the sensitivity matrix{ is the vector of travel
away from the optical ray path with 3D &chet deriva- time residuals, and: is the vector of model parameters
tives (sensitivity kernels) estimated from single forward (which include slowness perturbations and hypocenter
scattering; for details sei€arason (2002and van der mislocations)L is a smoothing operator, and andi»
Hilst et al. (in preparation). For the spatial resolution are the weights for gradient and norm damping, respec-
sought here these low frequency data may seem supertively. The results presented here were obtained after
fluous, but thePP-P differential times constrain large 200 iterations, but for LSQR most of the convergence is
wavelength variations in the region under investigation. achieved within a small number of iterations98% of

the total variance reduction is obtained within the first 25

3. Methodology iterations. In order to visualize the values determined for
the irregular blocks we projected and interpolated them
3.1. Adaptive grid on aregular (0.5x 0.5° x 50 km) grid.

Uneven data coverage can produce significant lateral 3.2. Crust correction
variation in resolution of tomographic models. We mit-
igate effects of uneven data coverage by means of an The small incidence angles of the-waves may
adaptive parameterization based on the sampling densitycombine with strong crustal heterogeneity to cause
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crustal anomalies to be ‘smeared’ (mapped) to larger at least 70 km thick compared to just several kilometers
depths in the model. This could be a significant prob- for the oceanic crust in the Philippine Sé&ag. 3a, from
lem if the actual crust is very different from that in (59°E, 35N) to (134E, 14N)). As an estimate of the
the 1D reference model, as is the case here. Appli- 3D crustal structure we embed the regional model by
cation of crustal correction in global surface wave Sun et al. (2004into the global CRUST 2.0Bassin et
tomography is common practice, see, eBpschi and al., 2000, calculate the difference in wavespeed with
Ekstidbm (2002) but such corrections are not yet rou- respect taik/35, and project this a priori crustal model
tinely considered in regional and global travel time onto our grid Fig. 3b). In order to evaluate if and how
tomography. this crustal heterogeneity would “smear” into the model
In SE Asia, the lateral variation in crustal thickness is  if unaccounted for, we use a resolution experiment with
considerable. Forinstance, crust of the Tibetan plateau issynthetic data. The response to such a crustal model,
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Fig. 3. Regularization for 3D crust. (a) Three layers of crust through the Tibetan plateau and Philippine Sea (flEo&5{H9to (134E 14N)).

P wavespeeds of input model (in km/s) for each layer is shown. (b) Vertical projection of 3D crust on irregular grid. (c) The recovery model using
same inversion scheme and sampling as in the construction of the final model. (d) The recovery model using the regularization in the model spa

for crust. After regularization, the big velocity variation of the crust can be confined in crustal blocks. Moho depth (red line) and irregulaegrid (bl
line) are shown in b, ¢, and d.
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including all its artifacts, is shown iRig. 3c. Obviously, tion of the ABCE data, and concomitant adjustment of
the crust cannot be resolved by the data used, and crustathe grids, increases our ability to resolve the small-scale
structure may be smeared to depths of at least 200 km.structure Fig. 4B1 and B2). In the mainland of China,
Moreover, the retrieved anomalies are much smaller than where the extra ABCE stations are located, more detail
those in the input models. We try to remedy this with a is recovered than before. For example, we now begin to
crustal correction. observe a high-velocity structure beneath the eastern part
Crustal corrections can be done in several ways. of the Sichuan Basin and the Songliao Basin and a low
One could calculate travel times through the 3D crustal velocity structure beneath the Songpan Ganzi Foldbelt
model, subtract these from the observed times, ray-trace(Fig. 4B1 and B2). As expected, outside the mainland
to the bottom of the 3D crust, and then solve for the struc- of China, for instance beneath the Indian continent and
ture beneath the crust while leaving the crustal model the Philippine Sea, the improvements are small. The
unchanged (e.g\Waldhauser et al., 2002; Weidle and crustal thickness of central Tibet-f0—90 km) differs
Widiyantoro, 200%. While straightforward and intuitive,  significantly from the 35km iruki35, but the appli-
without an explicit method for confining crustal anoma- cation of our crust correction reduces the smearing of
lies to the crust, the relatively large anomalies of the 3D unresolved shallow structures (compare, &gy, 4C2
crust can still smear into the upper mantle. Moreover, and B2).
artifacts due to errors in the crustal models are not mit-
igated. A practical drawback is that later data addition 4.2. Resolution tests
and (crustal) model updates require repeated ray trac-
ing, which comes at considerable computational cost.  Resolution test with synthetic data confirm that the
Furthermore, calculating explicit time corrections is not addition ofthe ABCE data increases our ability to resolve
straightforward for phases with complicated sampling 3D structure. InFigs. 5 and 6we show the retrieved
properties, such aRP. structure from a checkerboard resolution test at different
In view of these disadvantages, we correct for crustal depths for box sizes of°5x 5° and 3 x 3°, respec-
structure by means of regularization; this is accom- tively. The input structure of:1% velocity variation

plished through a simple modification ¢if): (Figs. 5.0 and 6.0yvas computed one layer at a time,
and noiseless synthetic travel times were created and
e = ||AM — d||? + MIILM|? + ro|| M|? inverted using the same inversion scheme and sampling
that is, sensitivity matrix) as used in the inversion of
+23llC = Mcl%, @ | y matrx

the earthquake data. In the shallow mantle, spatial reso-
lution remains a concern. At 200 and 300 km depth the
pattern is smeared beneath Philippine Sea, South China
Sea, and most of Mongolia, but in areas of our particu-
lar interest, such as mainland China, and the Himalayas
the recovery is somewhat betteFig. 6.3 and 6.3

The 5 x 5° pattern can be recovered beneath China
(Fig. 5.1 and 5.2, but smaller anomalies are not likely

to be resolved beneath the Tarim Basin and the northern

. part of Tibet Fig. 6.1 and 6.2 At depths below 400 km,
These methods of crust correction produce the SaMey it the 5 x 5° and 3 x 3° input patterns are recovered

result, but t_)ecguse of the ease of |m_plem¢ntat|o_n W€ USCheneath most parts of our study regidfigs. 5.5-5.9
the regularization approach for the inversions discussed and 6.5-6.9

where C is the a priori 3D crustal model and. is

the crustal part of the model spake We determiné.s
through tests with synthetic data. Through such regu-
larization in the model space we can balance the crust
and upper mantle contribution to misfitand recover
the a priori crustal modelr{g. 3d). Later addition of
data sets does not require further calculations since all is
accounted for in the model space.

below. The near vertical incidence of rays reduces the
radial resolution in the shallow mantle. The checker-

4. Results board tests of two input patterns (400 kn#00 km and
280 kmx 280 km) inFig. 7 help us evaluate the verti-

4.1. Model improvements cal resolution of structure in the five slices that will be

discussed later. These slices are about 4000 km long and
The addition of the ABCE data and the correction extend from Earth’s surface to 1700 km depth. In gen-
for the crust improve the 3D mantle moddiiq. 4). eral, the recovery of the input models is adequate below
For 60 and 200 km deptlfig. 4A (1 and 2) depicts the 400 km depth. At shallower depth, small-scale structure
model derived from the EHB and PP data. The addi- cannotbe recovered wellin many areas beneath the study
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Fig. 4. Effects of data addition and crust correction; for illustration purposes we only display the models at 60 and 200 km depth. (A) Model basec
on EHB andPP data only. (B) EHB + PP + ABCE data. (C) EHB + PP + ABCE + 3D crust correction. Regularization in the model space not only
recovers the big anomaly in the crust, it can also balance the crust and upper mantle to best fit the travel time residuals. C1 depicts the 50, 60, a
70km depth contours of the 3D crust model used; within these contours the wavespeed is much lower than in the referenod ¥8useg

Fig. 3.

region, but larger scale variations can be recovered rea-Basin and the north part of Tibet, the estimated lat-

sonably well. eral resolution is ca. 200knFig. 6.2. The vertical
From our lateral checkerboard test we conclude that resolution length is about 150 km below 400 km depth

below 200 km depth most of the® X 3° input signal (Fig. 7).

could be recovered, so the average resolution length

at these depths is the half of input signal dimension 4.3. Structure of the upper mantle beneath SE Asia

(Lebedev and Nolet, 20Q3that is, about 150 km. At

shallow depths, the smaller scale pattern is only recov-  We show theP-wave velocity variations in map view

ered beneath a few densely sampled regions, such asrom the surface to about 700 km depffid. 8 and in

the Yangtze Craton, the Sino-Korean Craton, and the five vertical cross-sectionfig. 9). For presentation pur-

Himalayas Fig. 6.1), where we estimate the resolu- pose we label the major structures as 1, 2, 3 and so on.

tion length to be of the order of 100 km. At the Tarim The major features of the model are discussed below.
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Fig. 5. Checkerboard resolution test for target anomalies at different depths. Input patter {3s shown in 5.0.

4.3.1. Upper mantle structure beneath India and of the Precambrian Indian continerfig. 8a—d). In

central Tibet cross-section this structure appears to dip northeastward
A pronounced high-velocity anomaly (labeled as 1) with the flexure starting near the foreland basin about

is visible to a depth of~300km beneath the region 200km to the south of the Himalaya Frontal Thrust



188 C. Li et al. / Physics of the Earth and Planetary Interiors 154 (2006) 180-195

Depth 400 km

|0
80 :0.49- %

50
N E
ba -

30
20

60

X 50
- D@ - y
" ..'.".' ’ CC o'k a1 40lg
'.‘.’.':‘. .‘.. ' 30-._" .‘... Y ; ) 2

) ™ » - '\:%' - i.‘:- L

60 80 100 120 140 60 80 100 7 120 140

Fig. 6. Checkerboard resolution test for target anomalies at different depths. Input patter8{3s shown in 6.0.

(Figs. 1 and 8). Even though it is not yet well resolved, sphere, the northern limit of Indian lithosphere beneath
we interpret this dipping structure as the subducting Tibet is marked by the thick blue line iRig. 1 Our
slab of Indian continental lithosphere, and perhaps part result is consistent with the image presentedbgpiro

of the Tethyan oceanic lithosphere in front of it. From and Ritzwoller (2002)but since they used fundamental
Figs. 8b—e and 9we infer that only the southwestern mode surface waves they could only map the structure
part of the Plateau, the Himalayan Block and the western to ca. 200 km depth. In our images the dipping struc-
Lhasa Block, is directly underlain by the Indian litho- ture is detected to at least 400 km depth, and possibly
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Fig. 7. Vertical checkerboard resolution tests at five slices, as depickeg.ih For each slice we use the same input pattern (show at the top) with
target anomalies of 400 ki 400 km (left) and 280 knx 280 km (right).

(£1.0%) 1700 km

continues to~660km depth. At depths greater than discontinuity to deep in the lower mantle with a south-
about 660 km another high-velocity anomaly is observ- dipping angle, where it forms part of the large scale
able beneath north-central India (structure Fig. 8h). structure that has been interpreted as a remnant slab of
In Fig. 9a, this structure extends just near the 660 km late Mesozoic Tethys oceanic lithosphere prior to the
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Fig. 8. LateralP wavespeeds perturbation at different depths as indicated on the left corner. The blue and red represent fast and slow perturbatio
respectively. The perturbation scale is shown on the right upper corner. The significant structures have labeled as 1,2, 3, etc.
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Fig. 9. Vertical cross-sections through some of the main features of the velocity model down to 1700 km depth. The locations of cross-sections AA
BB’, CC, DD/, and EE are indicated irFig. 1

India-Eurasia collisionv@an der Hilst et al., 1997; Van this slow velocity structure extends beyond the eastern
der Voo et al., 1999; Replumaz et al., 200fhe spatial margin of Tibet and to depths well in excess of the thick
resolution of the current data coverage does not yet allow crust. In fact, our images suggest that these slow struc-
us to establish the structural relationship between the tures connectto the slow wavespeeds in the upper mantle
northward dipping structure 1 and the southward dipping beneath South China Sea coast and, in particular, Hainan
structure 2. Island Fig. 8d—e).

4.3.2. Upper mantle structure beneath eastern Tibet 4.3.3. Tian Shan and Tarim basin

Our results suggest that the shallow mantle beneath  Slow velocities beneath the Tian Shan and western
the southeastern part of Songpan Ganzi Foldbelt andpart of the Tarim Basin seem to continue to at least
eastern parts of the Tibetan Plateau is marked by 300km depth (Structure 4 iRigs. 8a—d and 9c In
very slow P wavespeeds (structure 3 kFig. 8). The this depth range, no prominent high wavespeed feature
wavespeeds would be artificially low if the actual crust is detected beneath the Tarim Basin, but the resolu-
is even slower than that in the a priori model used, but tion beneath Tarim Basin is relatively poor. The shallow
the resolution of shallow mantle structure is adequate mantle beneath the Junggar Basin is marked by high
(Fig. 6.2—6.4 so that leakage to large depths is unlikely. P wavespeeds propagation (Structure S-ig. 8—d).
The slow velocity structure continues to 300—400km Fig. 9a suggests that this structure may be dipping to the
depth Figs. 8b—d and 9d These results suggest that south.
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4.3.4. Mantle structure beneath the Archean cratons detected beneath the Hainan Island and the southern
Beneath the Sino-Korean Craton the most promi- coast of China (structure 9 Figs. 8d—g and 9d and.e
nent feature is the high-velocity root extending down Near 660 km depth, the wavespeed is not significantly
to 200 km beneath the Archean nucleus of the Ordos different than the reference wavespeed according to

Basin (Structure 6 irFigs. 8a—d and 9b and).eThis akl35 (Figs. 8h and 9d and)gin the top of the lower
anomaly seems to be confined within the Ordos Basin mantle a slow velocity feature appears again. This deeper
boundary. Another high-velocity root, extending down structure is much weaker than the upper mantle and tran-
to 200km, underlies the eastern half of the Sichuan sition zone anomalies, and it is not distinctly slower
Basin (structure 7 ifrigs. 8a—c and 9cBelow 200 km, than nearby slow anomalies. Other studies have argued
this high-velocity root fades and changes to slow veloc- for a lower mantle origin of the Hainan structure (e.qg.,
ity structures. The resolution in the Sichuan and Ordos Montellietal., 2004, butthe observations presented here
Basin is high Fig. 6.2 and 6.8 so the high-velocity =~ suggest that the most prominent part is confined to the
roots are not artifacts. Eastern migration of high-velocity upper mantle and transition zone.

root beneath the Sichuan Basin is probably effected by

the coIIi_sion betvyeen Indian and Euragia pIateg_. Alarge 4 4 Comparison to the other global model in the

scale high-velocity anomaly appears in transition zone region

(410-660 km) beneath the Yangtze Craton (structure 8

in Figs. 8f-g and 9c and)cand the resolution in the The model byMontelli et al. (2004)s more similar

transition zone is goodHg. 6.5-6.3. to our results than any oth&models that are publicly
available. For this comparison we use their latest model

4.3.5. South East China, Hainan Island (Montelli et al., in preparation), which has a different

Beneath Southern and Southeastern China, andcrust correction and, therefore, a better upper mantle
beneath Hainan Island, in particular, tRevelocity is structure than the one used for their 2004 publication.
very low. At shallow depths the slow anomaly may con- Fig. 10a and b depicts the anomalies at 140 and 400 km
nect westward, across the Youjiang Block, to the low depth, andirfrig. 10c and d we show it for cross-sections
wavespeeds beneath the Red River fault and the south-BB’ and DD. The long wavelengths patterns agree quite
eastern part of the Songpan Ganzi Foldbeit)( 8a—c). well, although there are substantial differences in ampli-
At larger depth, a pronounced slow velocity feature is tude (with our amplitudes almost certainly too low). At

Depth 140 km +1.20%

Depth 400 km +1.00%

o

80 90 100 110 120 130 140

(+1.0%) 1700 km (+1.0%) 1700 km

siow [T T fast

Fig. 10. (a and b) Laterd wavespeeds perturbation of model from Montelli et al. (in preparation) at 140 and 400 km depth. (c and d) Vertical
cross-sections along BRnd DD.
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shallow depth Eigs. 8b and 10awe recognize simi-  Tethys oceanic lithospher@gn der Hilst et al., 1997;
lar fast anomalies beneath the boundary of Indian and Van der Voo et al., 1999; Replumaz et al., 2RGkems
Eurasian plates, north-eastern and central China, andto be separated from the subducted Indian lithosphere as
to the north of Japan, and slow anomalies beneath theit sinks below 660 km discontinuity, but this relationship
Tibetan Plateau, Hainan Island, and the coast of the Southwill be subjected to further study.

China Sea and to the south of Japan. At larger depth

(Figs. 8e and 10bboth models shows fast anomalies 5.2. Fast velocity structure within the TZ

around western Pacific plate boundaries, but differences(410-660 km) beneath Yangtze Craton

occur that could be due to the different types of regu-

larization employed in these studies. These difference  Our images show that there is a significant high-
merit further investigation, but since our main interestis velocity anomaly beneath the Yangtze Craton in the
in the sub continental mantle this is beyond the scope of transition zone (structure 8 irig. 8—h, Fig. 9 and d),
this paper. On smaller length scales our model reveals which spans almost 2000 km from northeast to south-
more detail than the model by Montelli et al., which we west Fig. 8). The high resolution at this depth ensures
attribute in part to our use of ABCE data and a higher that this fast velocity anomaly is not artifacts. This large-
resolution model for regional variations in crust struc- scale high velocity structure may have a complex origin.

ture. The eastern part of these anomalies has been well doc-
umented in tomographic studies (e.gan der Hilst et

5. Discussion al., 1991; Fukao et al., 1993and has been interpreted as
“slab deflection” at the 660 km discontinuity as a result

5.1. The seismic evidence for subduction of Indian of slab roll back ocean ward/ién der Hilst and Seno,

lithosphere 1993. The strong anomalies in the transition zone east

of ~120°E can probably be explained as the subducted

The regional tomographic image of the upper man- ocean lithosphere of the western Pacific and Philippine
tle beneath central Tibet from the INDEPTH array has Sea platesKig. & and g). It has been suggested that
revealed a subvertical high-velocity zone from 100 to also the western part of the anomaly, betweddO’E
400 km depth Tilmann and Ni, 2008 which has been  and~120°E, has been produced by subductiosbedev
interpreted as the downwelling Indian lithosphere. This and Nolet (2003)nterpreted the higts-wave velocity
regional image covers the area frontR3o 33.5N, and beneath the Sino-Korean Craton as the subducted con-
therefore does not completely image the whole under- tinental lithosphere of the Yangtze Craton beneath the
thrusting Indian lithosphere beneath the Himalayan Sino-Korean Craton. But perhaps the anomaly between
Frontal Thrust and the Tibetan plateau. In our model, ~110°E and~120°E is related in part to the Philip-
the high wavespeeds associated with what is presum-pine Sea subduction and the anomaly betwe&60E
ably subducted lithosphere is clearly visible beneath and~110°E might be associated with the eastward sub-
the boundary of Indian and Eurasian plates at 140 and duction of the Indian plate. We thus suggest that the
200 km depths (structure 1 fig. 8 and c). At larger explanation of this transition zone structure may involve
depths, it trends further northward and mainly under- other subduction systems than subduction of continental
lies beneath the western part of Himalayan Block and lithosphere alone.
Lasha block Fig. 8d and e). This is also visible in
AA’ (Fig. 9). Although the relatively poor resolution  5.3. Slow velocity structure beneath Eastern Tibet
beneath the northern Tibet leaves some room for alter- and South China Sea
nate interpretations, our images suggest that the Indian
lithosphere subducts from the foreland basin and under-  In the image of the upper mantle beneath eastern
lies only the southwestern margin of the Tibet Plateau Tibet, the most prominent feature is the large-scale low
(thick blue line inFig. 1), implying that much of the Tibet ~ velocity structure (structure 3 Frigs. 8b and c and 9b}d
Plateau is not underlain by Indian but by Asian litho- in the depth above 200 km. This structure is probably
sphereTapponnier etal., 20Q1This conclusionmay be  not an artifact of the thick crust since this contribution
refined by analysis of the data from the MIT-CIGMR and is corrected for, although it is possible that the crustal
Lehigh-CIGMR arrays, but if confirmed it has impor- velocities are even slower than in the crustal model used
tant implications for evolutionary models of the Tibetan for the correction. Preliminary results of receiver func-
plateau. The southward dipping high-velocity structure tion and surface wave analysis of the MIT-CIGMR array
2 inthe lower mantleKig. 9a and b), interpreted as Neo- data suggest the presence of slow velocity channels in
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the crust below the Sichuan and Yunnan provineasi(  is thought to be sufficiently hot to undergo large-scale
der Hilst et al., 200p The location of slow wave propa-  flow (Clark and Royden, 20Q0This slow anomaly may
gation also coincided with areas of local volcanism and extend across the western boundary of the Yangtze Cra-
high heat flow; for instance, the wavespeed beneath ton and connect with the low velocity structures deeper
the Tengchong volcano (2N, 98°E), one of the few in the mantle beneath the Youjiang Block and Hainan
recently active volcanoes in mainland China, is anoma- Island. If confirmed by further study, our results per-
lously low. Interestingly, this is also the area where the taining to the subduction of Indian lithosphere and the
lower crust is thought to be sufficiently hot to undergo possible connection between shallow mantle structures
large-scale horizontal flonQJlark and Royden, 2000 beneath eastern Tibet and the south coast of China may
Our preliminary results suggest that the low change views about the tectonic evolution of SE Asia.
wavespeeds are not confined to the crust but extend
much deeper _mto the upper mantle. The _slow_ velocity Acknowledgements
asthenospheric mantle beneath eastern Tibet is perhaps
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