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SUMMARY

Surface waves recorded by the nine broad-band stations of the INDEPTH 11 experi-
ment are analysed to study the crustal structure of southern Tibet. Their frequency
range is between approximately 0.015 and 0.050 Hz (i.e. between 20 and 60 s period).
Phase velocity dispersion curves are calculated for the regions north and south of the
Tsangpo suture, using Wiener filtering of fundamental mode Rayleigh waves incident
upon the array with different backazimuths. The two dispersion curves are inverted
to obtain the S-wave crustal models north and south of the suture. They show that a
low-velocity layer is present in the lower crust north but not south of the Tsangpo
suture. To confirm these findings, variations in the amplitudes of the Rayleigh
waves across the suture are interpreted by numerical simulation. The strong amplitude
variations at a 30 s period are reproduced using a model with a low-velocity layer in the
lower crust north of the suture, a normal high-velocity layer to the south, and a sharp
transition between these layers.
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INTRODUCTION

The archetypal example of an active continent-continent
collision is that between Asia and India, which began at about
50 Ma and continues today, raising the Himalayan range and
the Tibetan plateau (e.g. McKenzie & Sclater 1971; Molnar &
Tapponnier 1975). The Himalayas are the highest range on
Earth, whilst Tibet has an average altitude of 5000 m and is
underlain by anomalously thick crust, approximately twice the
thickness of ‘normal’ continental crust.

Heterogeneities in the crustal thickness and lithospheric
velocity of the Tibetan plateau were identified by studying
surface waves. Romanowicz (1982) measured event-station
phase delays for pairs of events in order to study the area
between them. Tomographic images have also been used,
with either surface or Pn waves, to demonstrate velocity
anomalies (Bourjot & Romanowicz 1992; Wittlinger er al.
1996; McNamara et al. 1997; Wu et al. 1997). Levshin et al.
(1994) used the polarization anomalies of surface waves to
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determine the structure in central Eurasia, and, more recently,
Curtis & Woodhouse (1997) calculated interevent surface wave
phase velocities in order to find lithospheric models for Tibet.
All these studies provide large-scale velocity models of the
lithosphere beneath the Tibetan plateau, but little information
on variations inside the platcau.

Other types of seismological studies have revealed strong
lateral variations within the plateau. For example, anisotropy
and crustal thickness vary on a small scale (McNamara
efal. 1997; Ni & Barazangi 1983; Guilbert er al. 1996; Hirn et al.
1995; Sandvol er al. 1997), and Lg-wave propagation also
varies within the plateau (McNamara er al. 1996). Several
studies have determined the S-wave structure with variations
inside the plateau (e.g. Curtis & Woodhouse 1997), and Yuan
et al, (1997) have demonstrated lateral crustal variations in
southern Tibet using a receiver function analysis.

The analysis of surface waves recorded by densely spaced
stations makes it possible to study variations in S-wave velocity
on a regional scale. The INDEPTH 11 experiment was the
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first very densely spaced broad-band array within the Tibetan
plateau. The purpose of this experiment (Nelson er al. 1996)
was to investigate the structure of the lithosphere beneath
the southern part of the Tibetan plateau and across the
Tsangpo suture, which separates the Asian and Indian
plates. The experiments carried out during 6 months in 1994
within INDEPTH II included both active and passive seismic
experiments using broad-band and short-period stations.

There are two main results from the INDEPTH II experi-
ments. The first is the existence of bright spots, observed both
in the seismic reflection profiles (Makovsky ef al. 1996; Brown
et al. 1996) and by magnetotelluric surveying (Chen et al. 1996).
The existence of these bright spots was discussed by Zhao et al.
(1997) in terms of tectonics. The second result, which appears
to be the cause of the bright spots, is evidence of partial melt in
the middle crust, which may be related to the shortening of the
Asian plate (Nelson et al. 1996; Kind et al. 1996; Reese & Ni
1996). Such a layer has also been determined by other experi-
ments (e.g. Hirn er al. 1997). Kind er al. (1996) identified it
using surface wave analysis across the INDEPTH 11 array, but
their study was based on a single teleseismic event.

In the current work, we analyse surface waves from several
seismic events to determine phase velocities independently
north and south of the suture. We also analyse variations in the
amplitude of the Rayleigh wave fundamental mode across
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the suture, These amplitude anomalies cannot be interpreted
directly, but we show by numerical simulations that they
are consistent with the crustal model obtained by the phase
velocity analysis.

DATA SELECTION

Qur goal is to determine the S-wave velocity structure north
and south of the Tsangpo suture. The frequency contents of
the surface waves recorded by the broad-band stations of the
INDEPTH Il experiment are approximately between 0.015 and
0.050 Hz (i.c. between 20 and 60 s period), thus making it
possible to study the crustal structure. During the 6 months
of the experiment, nine broad-band stations equipped with
Guralp CMG-3T seismometers were installed along a line
crossing the suture, almost perpendicular to it. As shown in
Fig. 1, four of the broad-band stations were located north of
the suture, four were located south of it and one was located on
it. The length of the profile was approximately 200 km. The
station locations are listed in Table 1.

Only teleseismic events are used here, to ensure that surface
waves are well separated from body wave arrivals. Events with
an incidence from both the north and the south and with a
good signal to noise ratio between 20 and 60 s period are
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Figure 1. Locations of the broad-band stations used in the INDEPTH II experiment in southern Tibet. Black arrows show the arrival directions of

surface waves from the three events used in the analysis.
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Table 1. Locations of the broad-band stations of the INDEPTH 11
experiment. Stations BB0S5, BB08, BB10 and BB36 are located north of
the Tsangpo suture; station BBI4 is located on the suture; stations
BBI&, BB20, BB23 and BB34 are located south of the suture (see Fig. 1).

Station Longitude E  Latitude N

BBOS 90.911° 30.379°
BBOR 90.548° 30.130°
BBI1O 90.413° 29.991°
BB14 90.191° 29.376"
BBI8 89.742° 28.930°
BR20 89.663° 28.728°
BB23 89.659° 28.486°
BR34 89.256° 29.108°
BB36 90.757° 29.816°

selected. Records of the vertical component filtered between
0.01 and 0.10 Hz are shown for three of these events, which
will later be used in the amplitude analysis (Fig.2). The
backazimuths of the three events are indicated in Fig.1 by
arrows. For each event, the records in Fig. 2 are sorted by
epicentral distance, that is, from northeast to southwest for
the Californian and Kuril Islands events and from southeast
to northwest for the Indonesian event. The amplitudes of the
records are normalized to increase clarity, but relative ampli-
tudes between stations are respected for each event. Note that
the dominant phase is the Rayleigh fundamental mode.

DATA PROCESSING AND ANALYSIS

The data analysis is performed in two ways, First, the phase
velocities are calculated independently north and south of the
Tsangpo suture and the two dispersion curves are inverted to
obtain S-wave velocity variations with depth. Second, the
spectral amplitude variations are measured across the array for
the three events of Fig. 2.

Phase velocity analysis

The aim of this part of the study is to determine the shear wave
velocity structure north and south of the Tsangpo suture
independently. Only one event (the Californian event, see
Fig.1) is available with a great-circle path approximately
aligned with the profile. Consequently, it is difficult to estimate
errors on the phase velocity measurements using only this
single event. An additional problem is that the Californian
event shows significant polarization anomalies across the
array.

We therefore considered all teleseismic events for which at
least one pair of stations on the same side of the suture was
located approximately on the great-circle path through the
epicentre. For example, surface waves from the Kuril Islands
are incident with a 5° difference from the great-circle path
between stations BB05 and BB0S, and with an 8° difference
from the great-circle path between stations BB36 and BB14.
The small distances between the stations (e.g. 45 km between
BBOS and BBO8 and 74 km between BB36 and BB14) and
the shift between the interstation and great-circle paths to the
epicentre (up to 10°) make the uncertainties on the phase
velocity measurements rather large. On the other hand, we
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Figure 2. Vertical component of the fundamental mode of the
Rayleigh wave recorded for three events. Top: Californian event:
middle: Kuril Islands event; bottom: Indonesian event.
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use three different backazimuths in our measurements with
the Californian, five Kuril Islands, and Indonesian events. The
Indonesian event provides some assurance that no systematic
bias is introduced in the measurements as its incidence is from
the southeast.

The phase velocities are measured by Wiener filtering
(Wiener 1949; see also Nakanishi 1979, Taylor & Toksoz 1982
and Hwang & Mitchell 1986) performed in the frequency
domain. The advantage of Wiener filtering as compared to
measuring the phase difference of smoothed spectra is the
minimization of the influence of random noise. Phase velocities
are only measured for frequencies with a coherence greater
than 0.9.

The phase velocities north and south of the Tsangpo suture
are shown in Fig. 3(a). Although the scatter is significant, the
two curves tend to be of a different shape. North of the suture,
the phase velocity is constant between 20 and 40 s period, and
increases between 40 and 60 s, whereas to the south the phase
velocity increases over the whole period interval of 20-60 s.
This difference reveals that the crustal structure is not the same
north and south of the suture. However, the large scatter in the
measurements makes it crucial to investigate whether models

for which the phase velocity dispersion curve falls within the
observed phase velocities north and south of the suture are
significantly different. To this end, we adapted the two-step
inversion method suggested by Shapiro et al. (1997).

The two average dispersion curves and their standard
deviations were calculated using the following procedure.
(1) The average dispersion curve was inverted through a
classical, linearized dispersion scheme (e.g. Herrmann 1987)
to find the simplest possible shear wave model for which the
theoretical dispersion curve fits the observations. The choice to
search for a model with a small number of layers is to ensure
that the solution is stable, and not a secondary minimum. In
this simple configuration, the final velocity models were similar
for very different starting models. The downside of our pro-
cedure is the neglect of models with a rapidly varying velocity
structure, or with a smooth velocity gradient, but such a model
would not be resolved by the data. (2) Random variations
were then applied to this ‘average’ model to obtain a set of
possible models, out of which we retained those for which the
theoretical dispersion curve fell within the standard deviation
of the observed one. This second step was repeated 1000 times
to give a large population of models with theoretical dispersion
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Figure 3. (a) Phase velocity dispersion curves calculated from INDEPTH 11 data. Dashed line: average velocity. (b) Models of shear wave velocity
variations with depth obtained by inversion of phase velocities north (left) and south (right) of the Tsangpo suture. Dashed line: average
velocity model. The grey shaded zone shows the range of shear wave velocity models compatible with the measured dispersion curves. The results
provided by the receiver function method (Yuan et al. 1997) are plotted as thin black lines (1 model for cach station).
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curves fitting the observation within the uncertainties of
measurement. Finally, average and standard deviations of the
population were calculated.

Fig.3(b) shows the result of this analysis applied to the
two observed dispersion curves plotted as shaded zones. Whilst
possible differences in the upper crustal structure are not
resolved, a low-velocity layer is present in the lower crust north
of the Tsangpo suture, but no such layer appears to be present
south of it. Superimposed onto the two models are the results
of the receiver function analysis conducted on each of the
broad-band stations of the INDEPTH II experiment by Yuan
et al. (1997).

The fit between our models and those obtained by the
receiver function analysis is very good south of the suture,
wherecas to the north the results are very different. The receiver
function models show a thin, very strong low-velocity layer at
15-20 km depth, whilst our analysis shows a thick low-velocity
layer in the lower crust.

This apparent discrepancy can be explained by taking the
resolution capacity of the two methods into account. Due to
the sampling of surface waves over quite large depth intervals,
the surface wave analysis gives a good estimate of the overall
velocity profile in the crust, but does not resolve a thin low-
velocity layer in the upper crust. Our average model still agrees
with the observed dispersion curve even after adding a thin
low-velocity layer in the upper crust. On the other hand, the
receiver functions north of the suture are dominated by the
thin low-velocity layer which is well resolved by this method.
However, the presence of such a layer at a shallow depth
significantly decreases the resolution of the receiver function
analysis in the lower crust because the shallow low-velocity
layer creates reverberations that mask converted phases from
deeper crustal velocity variations. Note that only two out of
the five receiver function models computed at stations located
north of the suture extend beyond 40 km depth. The surface
wave models, on the other hand, are well resolved in the lower
crust. We verified this by using different starting models in the
second step of the inversion procedure, for example by using
the average ‘north’ model as input to the ‘south’ inversion and
vice versa. We also tested the influence of layer thicknesses
and upper crustal velocities.

The surface wave analysis therefore reveals a significant
change in the lower crustal structure across the suture, with the
presence of a low-velocity layer in the lower crust north of it
and no such layer south of it. In the next subsection we show
how this interpretation is supported by the analysis of spectral
amplitudes of the surface waves.

Spectral amplitude variations across the Tsangpo
suture

A difference in the crustal structure north and south of
the Tsangpo suture as described above may induce ampli-
tude variations across the suture. Such amplitude variations
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are clearly present on the record of the Kuril Islands event
(see Fig.2) but a spectral analysis is necessary to determine
whether such variations are present for other events, and in
which frequency range.

In Fig. 1, the backazimuths of the three events used for the
spectral analysis are shown as black arrows. The locations
of these events are given in Table 2. Surface waves from
the Californian and Kuril Islands events are incident from the
northeast with backazimuths of approximately 30° and 60°
respectively. Surface waves from the Indonesian event are
incident from the south with a backazimuth of approximately
120°.

For these three events a spectral analysis was performed,
with the purpose of studying amplitude variations across the
array. Seismograms were selected between 3000 and 3800 s for
the Californian event, between 1425 and 1975 s for the Kuril
Islands event and between 1500 and 1900 s for the Indonesian
event (see Fig.2). Figs 4(a), (c) and (e) show spectral ampli-
tudes of the Rayleigh fundamental mode between 0.02
and 0.05 Hz (i.e. between 20 and 50 s period) for the vertical
component of these events. For each event, the spectra are
normalized by the maximum amplitude between 0.030 and
0.036 Hz (shown by grey shading). Consequently, the relative
amplitude between stations for the same event is respected.

The Californian event (Fig.4a) shows a nearly constant
amplitude level across the array and in the whole frequency
range. The main lateral change in amplitude is observed for the
Kuril Islands event (Fig.4c) between 0.030 and 0.036 Hz
(i.e. approximately 30 s period), for which the spectral ampli-
tudes increase steadily across the array from north to south.
The amplitude ratio between stations BB23 and BB14 is 1.7 at
0,033 Hz. We also observe a similar amplitude anomaly in
this frequency range for the Indonesian event (Fig. 4e), with
amplitudes larger to the south than to the north of the suture,
as for the Kuril Islands event. However, for the Indonesian
event, the spectra vary rapidly inside the 0.03-0.036 Hz interval,
and the main amplitude variations are located between 0.030
and 0.033 Hz. To focus on frequencies around 0.033 Hz, we
show in Figs 4(b), (d) and (f) the average amplitude between
0.030 and 0.036 Hz for cach station versus the distance to the
suture, normalized so that the global maximum for each event
is 1. For the Californian event, amplitude variations are small.
For the Kuril Islands event, the stations located south of the
Tsangpo Suture (white sguares) show a significantly larger
amplitude than the stations north of the suture (black squares).
The same trend is observed for the Indonesian event. The
amplitude increase between 0.030 and 0.033 Hz is somewhat
hidden by the rapidly oscillating spectra and the averaging over
a wider frequency interval.

The amplitude increase along the array for the Kuril Islands
event indicates that these variations cannot be explained
by geometrical spreading or anelastic attenuation (Fig. 4d),
because the epicentral distance increases from the north to the
south. Even though the waves generated by these two events

Table 2. Locations of the three events used in the spectral analysis.

Time (UT) Latitude Longitude Depth(km) M, M,

Date
California 01 Sept. 94 15:15:53,2 40.41° —125.65° 10 66 7.0
Kuril Islands 04 Oct. 94 13:22:58,3 43.71° 147.33° 33 74 81
Indonesia 04 Aug. 94 22:15:378 —6.32° 131.54° 33 6.1 5.6
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Figure 4. (a), (c), (¢) Spectral amplitude for the Californian, Kuril Islands and Indonesian events recorded by broad-band stations of the
INDEPTH 11 experiment. (b), (d), () Average amplitude between 0,030 and 0.036 Hz versus the distance to the Tsangpo suture for the three events.
North is on the left and south is on the right. White squares are for stations located south of the suture, and black squares are for stations located
north of the suture. The amplitudes are normalized as explained in the text.
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are incident from opposite sides of the suture (see Fig. 1),
records of the southernmost stations are always amplified with
respect to records from the northern stations at a 30 s period.
However, the amplitude variations are strongly dependent on
backazimuth, as no amplitude variations are observed for the
Californian event. A systematic observation of the azimuth
dependence is not possible due to the lack of events from other
backazimuths.

The amplitude variations are another indication of differences
in crustal structure north and south of the Tsangpo suture but
they cannot be directly inverted to obtain a velocity model. In
the next section we therefore interpret these observations using
forward modelling.

NUMERICAL SIMULATIONS

To investigate whether the structures found by phase velocity
analysis north and south of the Tsangpo suture can explain the
observed amplitude anomalies, we perform forward modelling
using the indirect boundary element method (IBEM) in the
formulation of Pedersen er al. (1996), where a plane and
single mode surface wave is incident upon a multilayered
and laterally heterogeneous 2-D) structure. The wave can be
obliquely incident upon the structure, so the wavefield is 3-D
with coupling of all wave types. The calculations are per-
formed in the frequency domain and synthetic seismograms
are obtained by multiplication with a source function followed
by an inverse Fourier transform,

The direction of the incident wave is defined by its ‘azimuth’,
that is, the angle between the direction of propagation and the
axis perpendicular to the structure. As the Tsangpo suture
strikes E-W, the azimuth is 0° for a wave incident from the
north and 180° for a wave incident from the south. The azimuth
does, therefore, in the case of the Tsungpo suture, correspond
to the backazimuth of the observed data.

The structure chosen for the simulations is based on phase
velocity analysis. It includes a uniform upper crust and a low-
velocity layer in the lower crust between 40 and 70 km north of
the suture. The choice of a uniform upper crust is debatable,
because the phase velocity analysis shows a difference in the
upper crustal structure. We encountered numerical problems
when incorporating this upper crustal variation in the model,
probably due to the exponential increase of the reference
solution (see Pedersen ef al. 1996). The structure parameters are
given in Table 3. As we have no information on the transition
at the suture, two different models are used. As shown in
Fig. 5, where the lower crustal low-velocity layer is indicated
by grey shading, model 1 has a smooth transition under the
suture (42 km wide), whilst model 2 has a sharp transition
(3 km wide). According to our phase velocity analysis and to
Chen ei al. (1993) and Yuan et al. (1997), there is no indication
of a change in Moho depth in this area.

All the numerical simulations are performed for the
Rayleigh fundamental mode incident upon the suture. No
anelastic attenuation is introduced (Qp=0s=20000). As
the array north of the suture is approximately equal to the
Rayleigh wavelength at a 30 s period, even a low quality factor
in the low-velocity layer cannot produce significant amplitude
effects within the array. Ground displacement is calculated
between 0.01 and 0.1 Hz for 101 stations located between 1300
and 1700 km epicentral distance with a constant interstation
distance of 4 km. The epicentral distance in the numerical

© 1999 RAS, GJI 138, 809-819
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Table 3. Velocity and density parameters used for the crust north
and south of the suture in the numerical simulations. d: thickness in
km; ¥pand Vy: P-and S-wave velocities in km s~'; p: density in gem 1,
Qp and Qg quality factors for P and § waves.

North
dikm) Vp(kms') Vikms™') plgem™®) @ Os
40.0 6.0 35 275 20000 20000
0.0 56 3.2 275 20000 20000
s 8.1 4.6 3.20 20000 20000
South
d(km) Vp(kms") Fgikms'} plgem?) O Os
40.0 6.0 3.5 2.75 20000 20000
30,0 6.5 1.8 2.75 20000 20000

w0 8.1 4.6 3.20 20000 20000

simulations is the distance to the line source which produces
the plane incident waves. We choose the source location so
that we obtain well-dispersed waves whilst keeping the time
window sufficiently short so as to avoid excessive CPU times.
The measurements of spectral amplitude presented below are
independent of this distance. The diffraction effects (reflection,
refraction, wave conversions, etc.) and the spectral amplitudes
are independent of this distance, which can therefore be chosen
arbitrarily. The source function is a Ricker wavelet with a
centre period of 30 s,

Fig.6 shows the synthetic seismograms computed for the
vertical component for the model with a smooth transition
zone (model 1) and the model with a sharp transition zone
(model 2). We simulated a Rayleigh wave incident with
azimuths of 30° (Figs 6a and b), 60° (Figs 6c and d) and 120°
(Figs 6¢ and f) to compare with the records of the Californian,
Kuril Islands and Indonesian events respectively. For 30° and

N Model 1 8

100 T T T T T
1350 1400 1450 1500 1550 1600  165C

N Model 2 S

100 T T T T T
1350 1400 1450 1500 1580 1600 165¢
Distance (km)

Figure 5. Models used in the numerical simulations. The grey shading
shows the location of the low-velocity layer in the lower crust. Model 1
has a smooth transition (42 km wide) between the northern and
southern flat-layered crusts while model 2 has a sharp transition
(3 km wide).
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Figure 6. Synthetic seismograms (vertical component) for the fundamental mode of the Rayleigh wave incident from the north, with azimuths 30°
and 60° for both models. The black rectangles correspond to the location of the transition between the northern and southern parts of the model.

60° azimuths, the Rayleigh wave is incident from the north-
east, and for a 120° azimuth it is incident from the southeast.
The transition between the southern and northern parts is
approximately located in the middle of the array, as indicated
by the black rectangles on the left of Fig. 6. With an azimuth of
30° neither of the two models yields significant reflections by
the suture. With an azimuth of 60° or 120° both models of the
suture induce reflections, indicated by black arrows, although
the reflected waves have larger amplitudes with the 60° azimuth
than with the 120° azimuth, Due to these reflected waves,
amplitude variations of the Rayleigh wave are observed on the
synthetic seismograms between the northern and southern
parts of the suture.

The wvariations in the spectral amplitude of the vertical
component, measured at a 30 s period for the time intervals
represented in Fig. 6, are plotted as a function of epicentral
distance in Fig.7. This is the frequency where significant

variations in spectral amplitude were observed across the
suture (Fig.4). The spectral amplitudes are averaged in
the frequency domain using a Gaussian filter with a half-
bandwidth between 0.030 and 0.036 Hz. For both models,
the results for the 30° and 60° azimuths for a Rayleigh wave
incident from the northeast are shown in Figs 7(a)—(d), whilst
Figs 7(e) and (f) correspond to an azimuth of 120° and a
wave incident from the southeast. The grey shading shows
the location and the width of the transition, zones and the
distances are measured as indicated in Fig. 5. Each amplitude
curve is normalized by its maximum.

For a 30° azimuth (Figs 7a and b), amplitude variations are
small (less than § per cent) and quite similar for both models.
For a 60° azimuth (Figs 7c and d), amplitudes increase across
the transition zone by 15 per cent for model 1 and 17.5 per cent
for model 2. Strong amplitude variations due to the inter-
ferences between the incident and diffracted wavefields are
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Figure 7. Amplitude variations of the vertical component at 30 s period across the array (101 stations). The grey shading shows the location of
the transition between the northern and southern parts of the Tsangpo suture. (a) Model 1: 30° azimuth; (b) model 2: 30° azimuth; (¢) model 1:
60° azimuth; (d) model 2: 60° azimuth; (e) model 1: 120° azimuth; (f) model 2: 120° azimuth,

also clearly visible. For a 120° azimuth (Figs 7¢ and f), both
models give similar results. The amplitudes are larger south
of the suture than north of it, like for the 60° azimuth, with
an increase of approximately 20 per cent. The interference
patterns have weaker amplitudes than for the 60° azimuth.
The numerical simulations show that the S-velocity model
resulting from the phase velocity analysis and including a
low-velocity layer in the lower crust north of the suture can
qualitatively explain the spectral amplitude variations observed
on the record of three events with very different backazimuths.
With a 30° azimuth, the amplitude is quite constant across the
array, as observed in data from the Californian event with a 30°
backazimuth (Fig. 4a). With a 60° or 120° azimuth, amplitudes
are significantly higher south of the suture than north of it, as
observed in data from the Kuril Islands and Indonesian events.
The amplitude profiles of Figs 4(b), (d) and (f) do not coincide
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with Figs 7(b), (d) and (f). However, the tendencies in the
amplitude variations are the same in the numerical simulations
and the observations. The amplitude difference between the
southern and the northern stations is larger in the data
(ratio 1.7) than in the simulations (ratio 1.2), but the variations
are qualitatively the same. Finally, a comparison between a
smooth transition model and a sharp transition model shows
that the latter leads to higher amplitude variations, indicating
that the transition beneath the suture may be as sharp as a few
kilometres.

To verify that the uppermost crustal structure cannot induce
significant amplitude variations at a 30 s period, we carried
out another series of numerical simulations. First, we used a
model with upper crustal velocities lower south than north of
the suture between the surface and 6 km depth, and a homo-
geneous lower crust, to verify that the amplification observed



818 N Corre et al.

south of the suture is not produced by the upper crust, The
numerical simulations showed that no significant amplification
at a 30 s period was induced, independent of the geometry of
the transition zone. Second, we used the upper crustal model
as suggested from the receiver function method (Fig. 3b; Yuan
et al. 1997) with a low-velocity layer between 15 and 20 km
depth and a homogeneous lower crust. We found that the
structure of the upper crust does not induce amplification
south of the suture at a 30 s period. Lateral changes in the
upper crust alone, therefore, do not seem to induce strong
amplitude variations at the periods when amplification is
observed in the data. Indeed, such a thin layer would hardly
affect the amplitude because the wavelengths we use are of the
order of 100 km. On the other hand, our results do not exclude
the presence of lateral heterogeneities in the upper crust, but
such structures cannot be resolved by our analysis duc to the
long periods (20-60 s) of the surface wave analysis.

In summary, numerical tests show that lateral changes in the
upper ¢rust cannot explain the observed amplitude variations.
The structure determined by the phase velocity analysis with
a low-velocity layer in the lower crust north of the suture
reproduces qualitatively the behaviour of the spectral ampli-
tude variations observed for three events with very different
backazimuths. Furthermore, to fit the large spectral amplitude
variations observed in the data, a sharp transition, of a few
kilometres, between the northern and southern parts of the
lower crust beneath the suture is expected, as shown by
the comparison between the modcls.

DISCUSSION AND CONCLUSIONS

OQur surface wave analysis reveals the existence of a low-
velocity layer in the lower crust north of the Tsangpo suture.
The dispersion curves have large error bars, but the inver-
sion clearly shows that all the possible models north of the
Tsangpo suture have a low-velocity layer exclusively located in
the lower crust. Kind er al. (1996) found such a layer in the
middle crust, but they used only one surface wave record of
the INDEPTH II experiment, whereas we use seven events
incident with different backazimuths, selected for their good
signal-to-noise ratio.

Chen er al. (1993) presented velocity structures for different
areas along and adjoining the 1991-1992 Sino-US PASSCAL
experiment profile. Their results show highly varying velocity
structures within southern Tibet. They find (1) a low-velocity
lower crust beneath a profile located towards the northeast,
(2) no low-velocity layer to the southeast beneath a profile
that crosses the Tsangpo suture, and (3) no low-velocity layer
beneath a profile parallel to our array, but significantly longer,
sampling well into the Qiangtang terrain. Curtis & Woodhouse
(1997) did not find crustal low-velocity layers in southern Tibet,
but their source-station configuration did not allow for the
investigation of small-scale structures.

A study of the amplitude of the Rayleigh wave fundamental
mode for three different events confirms the velocity model that
we have inferred from phase velocities. With a 30° backazimuth
(Californian event), we do not observe amplitude variations at
a 30 s period across the array. On the other hand, significant
lateral variations in amplitude arc observed within the array
with 60° and 120° backazimuths (Kuril Islands and Indonesian
events). The spectra of these records have larger amplitudes

to the south than to the north of the suture, even though the
incident waves come from opposite sides. As these observations
cannot be directly inverted, we performed numerical simulations
of 3-D diffraction with a 2-D model. Using the §-velocity model
determined from the phase velocity inversion, we succeeded
in simulating the main features of the observed amplitude
variations measured at a 30 s period for 60° and 120° back-
azimuths. Furthcrmore, a sharp transition between the low-
velocity lower crust north of the Tsangpo suture and the
‘normal” lower crust south of it better explains observed large
amplitude variations, even though the level of amplification is
not fully explained. Other possible models, for example, those
with lateral variations in the upper crustal velocity structure,
fail to account for the observed amplitude variations.

The higher amplitudes south of the Tsangpo suture as com-
pared to north of it can in the case of waves incident from the
north be explained by destructive interference to the north
between the incident waves and waves reflected on the suture
(see Fig. 7b). The interference patterns are much stronger for
waves incident with an angle of 60° than for those incident
at 30°. However, for a wave incident from the south, the
cause of the amplitude variation must be different because no
strong destructive interference is produced in the numerical
simulation.

To explain the large amplitudes observed south of the
Tsangpo suture we therefore calculated the Eigen functions for
the fundamental mode of Rayleigh wave at 30 s period for each
side of the suture. They clearly show that the low-velocity layer
in the lower crust north of the suture is not a trap for guided
waves, so the lack of large amplitudes north of the Tsangpo
suture is not explained by a guided Rayleigh wave propagating
in the lower crust, Furthermore, tests on numerical simulations
presented in the last section indicated that the large amplitudes
south of the suture were not due to a low-velocity layer in the
upper crust.

The amplitude variations for the vertical component
were not due to an elliptical change of the Rayleigh wave
particle motion, as no energy transfer was observed between
the vertical and radial components during the propagation,
and the ellipticity was the same across the array.

Although numerical simulations using the model proposed
for southern Tibet explain the existence of the large-amplitude
variations observed in the data, no satisfactory explanation has
been found as to why large amplitudes appear exclusively south
of the Tsangpo suture.

We have presented two independent arguments which
indicate that there is a low-velocity layer in the lower crust
north of the Tsangpo suture, and a ‘normal’ crust south of it.
The simplest explanation for this low-S-wave-velocity layer
(3.2 km s™! between 40 and 70 km depth) is the presence of
partial melt, because § waves are very sensitive to the presence
of fluids, and their velocity decreases rapidly as the amount
of fluid increases. Other seismological studies of southern
Tibet (c.g. Nelson et al. 1996; Hirn er al. 1997) have also found
evidence of a partially molten layer north of the Tsangpo
suture, although located in the middle crust. Partial melting
can be interpreted as a consequence of the anomalous thick-
ness of the Tibetan plateau crust, induced by the shortening
between the Asian and Indian plates. South of the Tsangpo
suture a thermal screen due to the underthrusting of the Indian
crust can be evoked to explain why there is no corresponding
low-velocity anomaly south of it (Guillot & Allemand 1997).
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