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Abstract

Southeastern Tibet marks the site of presumed clockwise rotation of the crust due to the India–Eurasian collision and abutment
against the stable Sichuan basin and South China block. Knowing the structure of the crust is a key to better understanding of crustal
deformation and seismicity in this region. Here, we analyze recordings of teleseismic earthquakes from 25 temporary broadband
seismic stations and one permanent station using the receiver function method. We find that the crustal thickness decreases gradually
from the Tibetan Plateau proper to the Sichuan basin and Yangtze platform but that significant (intra-)crustal heterogeneity exists
on shorter lateral scales (<1000 km). Most receiver functions reveal a time shift of ∼0.2 s in the direct P arrival and negative
phases between 0 and 5 s after the first arrival. Inversion of the receiver functions yields S-velocity profiles marked by near-surface
and intra-crustal low-velocity zones (IC-LVZs). The shallow low-velocity zones are consistent with the wide distribution of thick
surface sedimentary layers. The IC-LVZ varies laterally in depth and strength; it becomes thinner toward the east and southeast and
is absent in the Sichuan basin and the southern part of the Yangtze platform. Results from slant-stacking analysis show a concomitant
decrease in crust thickness from ∼60 km in the Songpan-Ganze fold system to ∼46 km in the Sichuan basin and ∼40 km in the
Yangtze platform. High Poisson’s ratios (>0.30) are detected beneath the southeastern margin of Tibet but in the Sichuan basin and
southeastern Yangtze platform the values are close to the global average. Combined with high regional heat flow and independent

evidence for mid-crustal layers of high (electric) conductivity, the large intra-crustal S-wave velocity reduction (12–19%) and the
intermediate-to-high average crustal Poisson’s ratios are consistent with partial melt in the crust beneath parts of southeastern Tibet.
These results could be used in support of deformation models involving intra-crustal flow, with the caveat that significant lateral
variation in location and strength of this flow may occur.
Published by Elsevier B.V.
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1. Introduction
Geological structures suggest that deformation in the
central part of the Tibetan Plateau, directly north of
the Indian subcontinent, has largely been the result of
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north–south convergence (Molnar and Tapponnier, 1975;
Rowley, 1996). However, east of the Himalayan syntaxis,
the east–west trending structural features of central Tibet
bend southeastward as a consequence of the extrusion
of crustal elements from central Tibet, their abutment

against the Sichuan basin and South China block, and the
stress field caused by subduction under the Burma ranges
(King et al., 1997; Chen et al., 2000; Wang et al., 2001;
Lev et al., 2006). The left-lateral Xianshuihe–Xiaojiang
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ault system forms the eastern boundary of the clock-
ise rotation (Avouac and Tapponnier, 1993; Wang and
urchfiel, 2000).

Following Chen et al. (1987) and Wang et al. (2003)
e recognize four major geological units southeast of

he Tibetan Plateau proper: the Yangtze Platform, the
ongpan-Ganze fold system, the Sanjiang fold system,
nd the Bomi-Tengchong fold system (Fig. 1). The
ongpan-Ganze and Sanjiang fold belts are separated
rom the Yangtze Platform by the Longmen Shan fault
nd the Red River fault, respectively. The Sichuan basin
s located to the east of the Longmen Shan fault and
s part of the Yangtze platform. Surface sediments of
p to 10 km thickness are widespread throughout the
tudy region (Leloup et al., 1995; Song and Lou, 1995;
urchfiel and Wang, 2003). The Tengchong area belongs
o the Bomi-Tengchong fold system, with volcanic activ-
ty in the Cenozoic.

The crustal structure in Tibet has been debated. For
xample, previous shear-wave splitting studies (e.g.,

ig. 1. Location of seismic stations (red triangles) and cross-sections
blue lines) in the study region (boxed area on the inset map). Red
ross represents the Konga Shan area. The background shows the
opography of southeastern Tibet and the regional faults: (1) Long-

en Shan fault; (2) Xianshuihe fault; (3) Lijiang fault; (4) Zhongdian
ault; (5) Anninghe fault; (6) Xiaojiang fault; (7) Ailaoshan Red-River
ault. The main geological units are: SG, Songpan-Ganze fold system;
Z, Yangtze platform; SJ, Sangjiang fold zone; SC, Sichuan basin

modified from Chen et al., 1987 and Wang et al., 2003). The Bomi-
engchong fold system is located outside of the mapped area, starting
80 km to the west of station MC21.
tary Interiors 165 (2007) 176–193 177

McNamara et al., 1994; Sandvol et al., 1997) indicated
that the mantle anisotropy is aligned with surface struc-
tures. These results were interpreted by Silver (1996)
and Sandvol et al. (1997) to represent, at least in central
Tibet, a high degree of mechanical coupling between the
upper crust and the upper mantle, or, at least, that the
lower crust is strong enough to transfer shear stresses
between the crust and mantle over horizontal length
scales of tens of kilometers. In contrast, geologic and
GPS studies (Burchfiel et al., 1995; Chen et al., 2000;
Wang et al., 2001) showed little to no convergence across
a large part of eastern Tibet, implying that eastern Tibet
has been uplifted without appreciable shortening of the
upper crust, and that crustal thickening involved pri-
marily shortening within the deep crust. Royden and
co-workers explained this observation as well as the evo-
lution in shape of river streams with a channel flow model
in which the deep crust is weak and in which there is little
correlation between the crustal and upper mantle defor-
mation (Royden et al., 1997; Clark and Royden, 2000;
Roy and Royden, 2000a,b; Clark et al., 2005).

Regional shear-wave splitting measurements are con-
sistent with some level of decoupling of crust and upper
mantle beneath parts of the study region (Lev et al.,
2006). The interpretation of teleseismic shear-wave split-
ting measurements is often ambiguous, however. Indeed,
opposite conclusions have been reached from joint mod-
eling of shear-wave splitting and GPS results, using a thin
viscous sheet approach (Silver, 1996; Holt, 2000; Flesch
et al., 2005).

Receiver function studies in central Tibet (Kind et
al., 1996; Nelson et al., 1996; Yuan et al., 1997; Ozacar
and Zandt, 2004) presented evidence for a crustal low-
velocity zone. This could be, and has been, used in
support of the crust-mantle decoupling and middle/lower
crustal flow, but to date the observations have been too
sparse to determine whether this crustal low-velocity
zone extends into the southeastern part of the Tibetan
Plateau. Moreover, as we will show here, it is likely that
neither end-member model is correct and that signifi-
cant lateral variation exists in the nature of crust-mantle
coupling and – if present at all – in the depths where
intra-crustal flow might occur.

To date, most estimates of crustal thickness for south-
eastern Tibet are derived from deep seismic sounding
profiles and from the coherence between gravity anoma-
lies and topography (e.g., Lin et al., 1993; Li and
Mooney, 1998; Wang et al., 2003). Previous receiver

function studies in the Yunnan province (Hu et al., 2003;
He et al., 2004) suggest that a crustal low-velocity zone
exists in the upper and/or lower crust of the western
Yangtze platform. Furthermore, the high average crustal
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Poisson’s ratio of >0.30 (Hu et al., 2003) for this area
suggests the existence of partial melt in the crust (Owens
and Zandt, 1997). Body-wave tomography (Huang et al.,
2002; Wang et al., 2003) revealed low-velocity anoma-
lies in the crust and upper mantle of various areas (e.g.,
the western Sichuan Plateau and the Panxi tectonic zone).
Such intra-crustal low-velocity zones (IC-LVZs) are also
apparent in results of high-resolution surface wave array
tomography (Yao et al., 2006, submitted). In combina-
tion, these previous studies suggest that the crust beneath
southeastern Tibet is highly heterogeneous.

In order to improve the characterization of this het-
erogeneity we analyze data from a regional network of
25 temporary broadband seismometers (Fig. 1). We use
receiver function analysis, which has been used previ-
ously to characterize the crust (including IC-LVZs) in a
variety of tectonic environments (e.g., Langston, 1979;
Gurrola et al., 1995; Owens and Zandt, 1997; Yuan et
al., 1997; Bostock, 1998; Zorin et al., 2002). We first
use a simultaneous deconvolution approach to obtain the
average crustal impulse response (Gurrola et al., 1995;
Bostock, 1998). Then, we use a slant-stacking method
to constrain simultaneously the crustal thickness (H) and
P-to-S wave velocity ratio (VP/VS) (Chevrot and van der
Hilst, 2000; Zhu and Kanamori, 2000). Finally, we derive
S-wave velocity profiles through least-squares inversion
of the receiver function waveforms and simplify the
derived models into fewer layered models (Owens et

al., 1984; Ammon et al., 1990; Kind et al., 1995). Such
inversions have been used in previous studies to image
low-velocity layers within the crust (e.g., Kind et al.,
1996; Frederiksen et al., 2003; Hetland et al., 2004) and

Fig. 2. A schematic representation of receiver functions: (a) simplified ray d
half-space, and (b) corresponding receiver function waveform. Vertical, radia
T, respectively. Except for the first arrival, upper case letters denote downgoi
indicates reflection from the interface (modified from Ammon et al., 1990).
etary Interiors 165 (2007) 176–193

can be used to estimate both the depth to and thicknesses
of the IC-LVZs.

2. Methodology

2.1. Receiver functions

The receiver function technique derives a source-
equalized teleseismic waveform, in which source,
far field path, and instrument effects are removed
by deconvolving the vertical component from the
radial/transverse components (Langston, 1979; Gurrola
et al., 1995; Bostock, 1998). The resulting receiver func-
tion waveform is an estimate of the ground’s impulse
response. For stations MC01-MC25, the gains were the
same on all channels, whereas for station KMI they dif-
fered by <3% between channels. No equalization before
rotation was performed for the latter due to the small
difference in gain, which we believe does not strongly
affect our results. In this study, the following processing
steps are applied to derive the receiver functions: rota-
tion, deconvolution, moveout correction, stacking, and
filtering. First, all teleseismic traces are rotated from an
E–N–Z coordinate system to an R–T–Z system (Fig. 2).
Second, we deconvolve the vertical components from
both the radial and transverse components to remove
the effects of the source and the instrument. During this
process, which is conducted in the frequency domain,

we apply a water level to stabilize the spectral division
(e.g., Langston, 1979; Bostock, 1998). The water level is
adjusted to the quality of the original seismogram and the
stability of the equalization; it varies from 10−3 to10−1.

iagram showing the main P-to-S converted phases for a layer over a
l, and transverse components of the wavefield are denoted Z, R, and
ng travel paths, lower case letters denote upgoing travel paths, and h
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hird, a Gaussian filter with width of 2.0 Hz is applied
n the frequency domain after deconvolution to remove
igh frequency noise in the seismogram. To improve the
verall signal-to-noise ratio and ensure stability of the
econvolution process, we simultaneously deconvolve
ll seismograms along moveout curves, which depend
n the horizontal slowness and the depth of phase con-
ersion (Bostock, 1998); this provides an average ground
mpulse response of the sampling area.

The lateral offset between the surface recording point
nd conversion point at depth is a function of the ray
arameter, the crustal thickness, and the average crustal
elocity. For example, for a ray parameter of 0.0586 s/km
P-wave from a source at 67◦ distance), crust thick-
ess of 40 km, and crust velocities VP = 6.2 km/s and
S = 3.6 km/s, the Pms phases sample the Moho ∼9 km

rom the stations, while multiples sample it ∼40 km
way.

.2. Slant-stacking method

Crust thickness H and average VP/VS of the crust can
e estimated from the relative timing of P-to-S conver-
ions and reverberations (see Fig. 2). Here, we follow the
pproach of Zhu and Kanamori (2000) and use the travel
imes of three phases relative to the direct P (see Fig. 2
or definitions): Phs, PpPhs, and PpShs (or PsPhs). The
ifferential travel-time equations depend on H, VP/VS,
he average crustal P-wave velocity, and the ray param-
ter (p). We determine the ray parameter from the event
epth and epicentral distance and use average crustal P-
ave velocities of 6.2 and 6.4 km/s (Lin et al., 1993; Li

nd Mooney, 1998; Wang et al., 2003). At each station,
e sum the amplitudes of the receiver functions at the
redicted differential travel times of the Ps, PpPs, and
pSs (or PsPs) phases for a given H and VP/VS(

H,
VP

VS

)
=

∑
N

[a(tP−Ps) + a(tP−PpPs) + a(tP−PpSs)]

(1)

here N is the number of receiver functions at each sta-
ion and a(t) is the amplitude of a receiver function at time
. We perform a grid search in the VP/VS − H parameter
pace, and take the optimum solution to be at the max-
mum of the amplitude stack surface. We use the 90%
ontour lines as an indication of uncertainty (Hetland et
l., 2004). In an isotropic medium, the Poisson’s ratio

ν) is given by

= 1

2

(
1 − 1

(VP/VS)2 − 1

)
. (2)
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The Poisson’s ratio is an important parameter for
determining crustal composition because it is sensitive to
mineralogy (e.g., Christensen, 1996) and the presence of
fractures, fluid content, and partial melt (e.g., O’Connell
and Budiansky, 1974; Mavko, 1980).

2.3. Least-squares inversion and velocity modeling

A least-squares inversion of receiver function wave-
forms is performed to estimate the crustal velocity
structure (Ammon et al., 1990). This technique is more
sensitive to velocity contrasts than to the absolute mag-
nitude of the velocities, but it requires a starting velocity
model that is close to the actual velocities (Owens et al.,
1984; Ammon et al., 1990). Here, we accommodate this
requirement by using the seismic refraction results of
Zhu et al. (personal communication, 2003) as our start-
ing velocity models. We invert for velocity structures
consisting of horizontal layers with fixed thicknesses of
2 km, not because we expect to resolve such detail, but
because the receiver functions are dominated by shear-
converted phases with a typical wave length of ∼8 km
and layers as thin as 2 km may influence the inverse mod-
eling. Furthermore, we fix the Poisson’s ratios and Moho
depths at the values derived from the slant-stacking
method. We invert only for the S-wave velocity; the
P-wave velocity is derived from these results in con-
junction with the VP/VS ratio. Approximate densities
(ρ) throughout the model are derived using the equation
ρ = 0.32VP + 0.77 (Berteussen, 1977).

The inversion seeks to minimize the difference
between the observed and model-generated receiver
function waveforms. A distribution of possible solutions
is built by running the inversion for a range of starting
models based on perturbations to the prescribed initial
model (see Ammon et al., 1990), and the preferred solu-
tion is computed by averaging the solutions that fit the
data within data uncertainty using a χ2-test with 95%
confidence (Lodge and Helffrich, 2006; see Appendix I
in Supplementary data for details). At each station, we
apply varying levels of smoothing until we can model
the dominant phases and avoid over-complexity in the
resultant model.

Since the inversion tends to overfit the data and pro-
duce solutions that may contain too much structure, we
proceed by simplifying the preferred crustal model to
obtain a model that is more realistic and, therefore, eas-
ier to interpret (see, e.g., Lodge and Helffrich, 2006).

Simplified models are constructed by investigating the
effects of isolated portions of the least-squares solution
on the receiver function waveform. Velocity gradient are
replaced by single, sharp discontinuities, and adjacent
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Fig. 3. Azimuthal projection centered on MC08 (black triangle) show-
ing distribution of events used in this study and recorded over the period
of September 2003 to October 2004. Small circles mark epicentral

◦ ◦ ◦
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model layers exhibiting similar velocities are grouped to
form a coarser model. Once the minimum structure has
been identified, the solution to this “simplified model”
is found by performing a grid-search over its parameters
and computing the average of all the models that fit the
data within 95% confidence (Lodge and Helffrich, 2006;
see Appendix I in Supplementary data for details).

3. Data

We use data from a network of 25 temporary broad-
band seismometers operated by MIT and the Chengdu
Institute of Geology and Mineral Resources (CIGMR)
for 1 year between September 2003 and October 2004.
The station distribution is shown in Fig. 1. We ana-
lyze waveforms from seismic events that are selected
based on the following criteria: (1) body-wave magni-
tude mb > 5.6 to insure high signal-to-noise ratio, (2)
epicentral distances (Δ) between 30◦ and 100◦ to avoid
wavefield complexities due to upper mantle disconti-
nuities or diffraction at the core-mantle boundary. In
order to get relatively simple source functions, earth-
quakes with vertical waveforms containing two or more
obvious pulses are avoided. In addition, data with poor
signal-to-noise ratios are discarded. This includes, for
example, data with no obvious first-P arrivals and/or
large-amplitude surface waves in the observing time win-
dow.

With a deployment period of 1 year only, our array
recorded data from a relatively narrow range of back-
azimuths. A total of 147 events, mostly from the
circum-Pacific seismogenic belt (Fig. 3), were used to
produce 1329 individual receiver function waveforms.
However, due to equipment failure, periods of high noise
levels, and variable durations of station operation, only
a subset of the total number of events were recorded at
a particular station. In addition, we used data recorded
between 1990 and 2002 at KMI (Kunming), a station of
the China Digital Seismograph Network (CDSN). The
number of events selected for analysis at each station is
given in Table 1.

4. Results

4.1. Receiver functions from 25 temporary stations

At most stations, P-to-S conversions from the Moho
are clearly identified on both individual and stacked

receiver functions. Other prominent phases are observed
after the direct P arrival, indicating the presence of sig-
nificant intra-crustal structure. We illustrate our analysis
with data from stations MC22 and MC05 (Fig. 4).
distance of 30 , 60 , and 90 from MC08. Two red circles (A and B)
indicate regions that saw frequent seismic activity during the recording
period (see also Fig. 4).

Station MC22 (24.5◦N; 100.2◦E) was located in the
Sanjiang tectonic unit, to the south of the Red River
fault. The 29 receiver functions obtained for this sta-
tion are plotted in Fig. 4a, for backazimuths between 8◦
and 253◦. Visual inspection reveals a clear Pms arrival
at ∼5 s on all 29 radial receiver functions. Subsequent
arrivals include a strong positive one at ∼16 s and a weak
negative one at ∼22 s (Fig. 4a). Based on their polarity
and relative arrival time, these arrivals could be the free-
surface multiples of the Moho, i.e., PpPms and PpSms (or
PsPms) phases, respectively (see Fig. 2). In some receiver
functions, positive arrivals observed between 9 and 11 s
may correspond to P-to-S conversions from upper mantle
discontinuities or multiples from intra-crustal disconti-
nuities. Since there are no obvious phases corresponding
to P-to-S conversions from an intra-crustal discontinuity,
we interpret the arrivals at 9–11 s as P-to-S conversions
from structure in the upper mantle (∼80 km). The pos-
itive arrival at ∼7 s in the transverse receiver function
(thin blue line in Fig. 4b) is likely due to P-to-S con-
version from an anisotropic and/or tilted layer, either
in the mantle (direct arrival) or in the crust (multiple).
There are no prominent phases observed before Pms
(i.e., 5 s) in the transverse receiver function, which indi-

cates that there are no significant effects of anisotropy
or tilted layers at shallow depth (Zhang and Langston,
1995; Savage, 1998), which – in turn – implies that our
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Table 1
Station information and receiver function results

Station Latitude
(◦N)

Longitude
(◦E)

Number of
traces

Moho depth #1
(km)a

VP/VS ratioa Poisson’s ratioa Moho depth
#2b

Moho depth
#3c

Categoryd

MC01 31.0 102.3 70 64.0 ± 1.0 1.66 ± 0.03 0.21 ± 0.01 58.6 54.0 2
MC02 30.4 103.4 51 46.0 ± 1.0 1.76 ± 0.08 0.26 ± 0.03 54.2 47.0 1
MC03 30.0 102.5 65 62.0 ± 2.0 1.96 ± 0.05 0.32 ± 0.01 56.6 52.0 2
MC04 30.1 101.5 57 58.0 ± 1.0 1.90 ± 0.06 0.31 ± 0.02 61.0 58.0 2
MC05 30.0 100.2 88 (42)e 59.0 ± 1.0 1.76 ± 0.03 0.26 ± 0.01 62.5 60.0 2
MC06 28.9 99.8 57 (24)e 64.0 ± 1.0 1.74 ± 0.03 0.25 ± 0.01 61.5 58.0 2
MC07 29.0 100.4 65 58.5 ± 3.5 1.76 ± 0.15 0.25 ± 0.06 61.5 58.5 2
MC08 29.0 101.5 57 52.0 ± 1.0 1.92 ± 0.05 0.31 ± 0.01 56.9 56.0 2
MC09 29.0 102.8 32 49.0 ± 1.0 1.93 ± 0.08 0.31 ± 0.02 51.3 50.0 2
MC10 29.0 103.9 54 40.5 ± 1.5 1.84 ± 0.10 0.29 ± 0.03 48.7 44.0 2
MC11 28.3 103.1 78 (30)e 44.0 ± 1.0 1.95 ± 0.07 0.32 ± 0.02 48.2 47.0 2
MC12 27.7 102.2 29 – – – 56.7 49.0 3
MC13 27.7 100.8 87 57.0 ± 2.0 1.80 ± 0.05 0.27 ± 0.02 58.5 53.0 2
MC14 27.9 99.7 69 58.0 ± 2.0 1.73 ± 0.07 0.25 ± 0.03 58.6 54.0 2
MC15 26.8 100.0 52 47.0 ± 2.0 1.87 ± 0.08 0.30 ± 0.02 55.1 49.0 2
MC16 27.2 103.6 24 48.5 ± 1.5 1.66 ± 0.07 0.21 ± 0.04 50.9 45.0 2
MC17 26.5 101.7 39 48.5 ± 0.5 1.79 ± 0.06 0.27 ± 0.02 53.0 45.5 2
MC18 26.1 103.2 24 – – – 52.6 44.5 3
MC19 25.7 101.9 30 – – – 53.0 43.5 3
MC20 25.8 100.6 35 45.5 ± 1.5 1.79 ± 0.08 0.27 ± 0.03 48.1 45.0 2
MC21 25.5 99.6 51 46.0 ± 1.0 1.70 ± 0.06 0.23 ± 0.03 41.3 45.0 2
MC22 24.5 100.2 29 37.5 ± 1.5 1.74 ± 0.10 0.25 ± 0.04 41.3 43.0 1
MC23 24.9 101.5 62 48.0 ± 1.0 1.77 ± 0.07 0.26 ± 0.03 50.9 43.0 2
MC24 24.2 102.8 62 37.0 ± 5.0 1.90 ± 0.18 0.30 ± 0.05 41.6 41.5 1
MC25 24.9 103.7 59 43.5 ± 1.5 1.68 ± 0.10 0.22 ± 0.05 44.6 42.0 2
KMI 25.1 102.7 70 (22)e – – – 48.4 43.0 3

a Moho depth, VP/VS ratio, and Poisson’s ratio from this receiver function study.
b Moho depth from seismic refraction profiles (Zhu et al., personal communication, 2003).
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ssumption of a 1D crustal velocity structure is ade-
uate.

Station MC05 was located at (30.0◦N; 100.2◦E),
hich is in the Songpan-Ganze fold zone. Fig. 4c and
show the processed receiver functions at this sta-

ion. The initial P-wave pulse is time shifted by ∼0.2 s.
uch shifts, which have also been observed elsewhere
e.g., van der Meijde et al., 2003), can be attributed
o the presence of a low-velocity layer near the sur-
ace (i.e., sediments) directly below the station. The
rrivals at ∼5 and ∼7–8 s may correspond to P-to-S
onversions from intra-crustal and Moho discontinuities,
espectively. Stacking events over all backazimuths can
roduce slightly broader peaks for Pms and its multiple
hases because of the dependence of the arrival time
n backazimuth. Therefore, we stack 42 events from

ack azimuth range of 104.5◦–156.7◦ (Fig. 4d). For the
ame reason we bin events for stations MC06, MC11,
nd KMI (see Table 1). The small-amplitude phases that
rrive before the Pms phases represent P-to-S conver-
et al., 2003).
ng analysis; 1 is highest and 3 is lowest, see text for details.
station.

sions within the crust. There is a clear positive phase at
∼23 s, corresponding to the arrival of PpPms, and a neg-
ative phase at ∼30 s, which corresponds to PpSms (or
PsPms) (Fig. 4c). No prominent phase appears on the
transverse receiver function of station MC05 (Fig. 4d).

In contrast to stations MC22 and MC05, some sta-
tions have no strong crustal Pms conversions (Fig. 5). The
observation of time delays of the first pulse in receiver
functions at most stations indicate that a near-surface
low-velocity layer is widely distributed in our study area.
The first pulses are complicated due to interference with
P-to-S conversions from the bottom of the surface layers,
which arrive within ∼2 s after the first pulse, e.g., MC02
and MC11 (Fig. 5). At station MC03, which is located
just east of the Longmen Shan fault, the radial receiver
function waveform has several low-amplitude, positive

phases within ∼10 s after the first-P arrival. The 10.2-s
phase is most probably the Pms phase because it does
not depend on backazimuth and because it is consistent
with a Moho depth of ∼60 km inferred from refrac-
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tion studies (Zhu et al., 2003, personal communication),
which corresponds to a Pms phase at >7.0 s assuming
an average crustal velocity VP of < 6.8 km/s and a Pois-
son’s ratio of ≥ 0.25. At station KMI, which is located

Fig. 4. Receiver functions calculated at stations MC22 (a–b) and MC05 (c–
functions in the time range spanning 5 s before to 40 s after the direct P arr
azimuths and epicentral distances for each event shown in the right column. A
respectively (see Fig. 3). (b and d) Radial (thick black line) and transverse (thin
of all high-quality traces recorded at each station (see Table 1). The traces ar
500 km depth underneath the stations, with a reference ray parameter of 0.058
they are filtered using a Gaussian filter with a width of 2.0 Hz.
etary Interiors 165 (2007) 176–193
near N–S trending strike-slip faults (Fig. 1), large-
amplitude positive phases are observed at ∼5 s after the
main pulse, which could be Pms. The large variation
in the radial receiver functions with backazimuth indi-

d). (a and c) Waveform sections showing individual, radial receiver
ival. The events are ordered by increasing back azimuth, with back
and B denote clusters of events from Japan and the Fiji-Tonga Islands,
blue line) receiver functions obtained by simultaneous deconvolution

e moveout corrected for P-to-S conversions occurring between 0 and
6 s/km corresponding to earthquakes at ∼67◦ epicentral distance, and
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ates a laterally heterogeneous structure beneath station
MI.

.2. Slant-stacking
We classify stations into three categories depending
n the reliability of the derived crustal properties. The
rst category corresponds to stations for which the Pms
nd PpPms phases are clearly visible in the radial receiver
nued ).

functions, and for which a clear maximum in the VP/VS
versus H diagram can be observed even if phase identi-
fication is difficult. The second category corresponds to
stations with multiple maxima in the VP/VS versus H dia-
gram. When identification in the stacks of the maxima

corresponding to Moho is ambiguous we use indepen-
dent estimates of crustal thickness (Wang et al., 2003;
Zhu et al, personal communication, 2003) and restrict
the average crustal Poisson’s ratio to reasonable values
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Fig. 5. Radial receiver functions from 25 temporary stations and sta-

tion KMI obtained by simultaneous deconvolution. P-to-S conversions
from the Moho discontinuities are indicated by downward red triangles.

(∼0.25–0.30). The third category corresponds to stations
for which the records are too complex or too noisy to
determine VP/VS and H with sufficient confidence. In
this study, we only use stations in the first two categories
for further S-wave velocity analysis (Table 1).

Fig. 6a and b show the slant-stacking results from

station MC22. The following phases are visible: the Pms
phase at ∼5 s after the first-P arrival, the PpPms phase
at ∼16 s, and (more tentatively) the PpSms (or PsPms)
phases at ∼22 s. Travel time curves of these phases (thick
etary Interiors 165 (2007) 176–193

lines in Fig. 6a) are derived using the combination of
H and VP/VS that gives the maximum amplitude of the
stack. There is only one global maximum in the VP/VS
versus H diagram, which corresponds to the optimum
solution. Therefore, this station is classified in the first
category. We obtain a crustal thickness of 37.5 ± 1.5 km
and an average crustal Poisson’s ratio of 0.25 ± 0.04
beneath this station (Fig. 6b). The inferred crustal thick-
ness of 37.5 km is slightly less than the values of 43
and 41.3 km from previous studies (Wang et al., 2003;
Zhu et al., personal communication, 2003; see Table 1).
The receiver function study using data from the Yun-
nan regional seismic network (Hu et al., 2003) yielded a
crustal thickness of 36.0 ± 1.0 km at nearby station YX
(24.3◦N, 100.1◦E). Hu et al. (2003) also derived a Pois-
son’s ratio of 0.31 ± 0.01, which is larger than but not
incompatible with our estimate of 0.25 ± 0.04.

Station MC05 has local maxima in addition to a global
maximum in the VP/VS–H diagram (Fig. 6c–d). One of
the local maxima yields H = 42.5 km and Poisson’s ratio
of 0.33, whereas the global maximum corresponds to a
crustal thickness of 59.0 ± 1.0 km and average crustal
Poisson’s ratio of 0.26 ± 0.01. Because seismic refrac-
tion data suggest a thickness of ∼62.5 km (Zhu, 2003,
personal communication) we select the latter values for
crustal thickness (i.e., 59.0 ± 1.0 km) and Poisson’s ratio
(i.e., ∼0.26) at station MC05.

The receiver function waveforms from stations
MC12, MC18, and MC19 are too noisy to identify the
Pms phase among several pulses with similar amplitude
(Fig. 5). They are in the third category and thus not
included in further analysis.

The slant-stacking analysis reveals that the depth
to the Moho changes gradually across our array, from
∼37 km in Yunnan province to ∼64 km below eastern
Tibet. The average crustal Poisson’s ratio varies between
0.21 and 0.32 and is the lowest in the southern Yangtze
platform. The Poisson’s ratio is the highest, with val-
ues consistently above 0.30, below the eastern margin
of the Tibetan Plateau just west of the Sichuan basin
(below the latter the Poisson’s ratios are generally less
than 0.29). The Songpan-Ganze fold zone, the region of
high average elevation (∼4 km), has a thick crust. Station
MC01, situated between the Xianshuihe and Longmen
Shan faults, has the thickest crust (i.e., 64 ± 1.0 km) and
a small Poisson’s ratio (i.e., 0.21 ± 0.1). On the Yangtze
platform, MC02 and MC10 sample the western Sichuan
basin (Fig. 1). Here, the crust thickness is between ∼46

and 41 km, and the Poisson’s ratio is between ∼0.26 and
0.29. The crust-mantle boundary of the Yangtze platform
deepens northwestward from ∼40 to 56 km. The Pois-
son’s ratio generally decreases eastward from ∼0.30 to
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Fig. 6. Slant-stacking results for stations MC22 and MC05. (a and c) Receiver functions ordered by ray parameter (p) for station MC22 and MC05,
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espectively, along with predicted travel time curves estimated from t
VP = 6.2 km/s). These curves (dashed for arrivals that are more tentat
nd d) Solution surfaces constructed by a direct search over VP/VS v
paced at intervals of 0.1. Scale is normalized and all solutions with n

.22. The Sanjiang fold zone, west of the Red River fault,
as a crustal thickness of ∼38–46 km and Poisson’s ratio
f ∼0.23–0.25.

.3. S-wave velocity profiles

S-wave velocity profiles derived from least-squares
nversion and grid search through simplified mod-
ls are show in Fig. 7 (for eight stations) and in
ig. A11, Appendix II in Supplementary data (all sta-

ions). Low-velocity zones are identified as velocity
inima on smoothed crustal velocity models beneath
any stations in the southeastern part of the Tibetan
lateau. The thickness of the near-surface low-velocity

ayer (S-LVL) varies from ∼0 to 10 km. An intra-crustal
ow-velocity layer (IC-LVZ) is mostly observed in the
ongpan-Ganze fold zone and the western Yangtze plat-
orm. On average, the S-wave velocity in the IC-LVZ
s ∼0.5–0.8 km/s lower than that of its overlying layer.
oth S-LVL and IC-LVZ are robust features: S-LVLs

re well constrained by a ∼0.2-s time shift of the inci-
ent P-wave pulse; IC-LVZs are only assigned to stations
here a low-velocity layer is required both in the least-

quares solution and in the simplified model to fit the
um solution of H and VP/VS, determined by slant-stacking analysis
re generated using a simple, flat-Earth, and one-layer crust model. (b
ace. The optimum solution is indicated by a cross; contour lines are
sum are shaded black.

measured receiver function waveform (see Appendix I
in Supplementary data).

4.3.1. Songpan-Ganze fold zone (SG)
At station MC01, the receiver function synthe-

sized from the derived S-wave velocity profile matches
the observed data within the observational uncertainty
(Fig. 7). The 68-km thick crust has a 20-km thick upper
crust with S-wave velocity of ∼3.7 km/s and a 30-km
lower crust with S-wave velocity of 3.9 km/s. There is
a low-velocity zone at ∼20–40 km which is necessary
to explain the negative arrival at ∼2.6 s in the receiver
function waveform. Our results are consistent with previ-
ous S-wave tomography, which yielded a small negative
velocity anomaly at ∼50 km beneath this station (Wang
et al., 2003). Stations MC04 and MC08 have similar
velocity structures: there are no obvious low-velocity
layers near the surface and the S-wave velocities in the
upper and middle crust are more or less constant. The 57-
km thick crust at MC04 consists a ∼32-km upper crust

with S-wave velocity of 3.2 km/s and 25-km lower crust
with S-wave velocity of 3.5 km/s.

Stations MC05-07 have very similar S-wave veloc-
ity profiles. These stations are marked by an IC-LVZ
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Fig. 7. Least-squares inversion and grid-search (i.e. simplified modeling) results for eight stations. Results for each station are shown in two panels.
, its stan
e right p
rid-sea
The left panel shows the observed receiver function (thick black lines)
function corresponding to the grid-search solution (thin black line). Th
(thin black lines) from many-layered least-squares inversion, and the g
Figure A11 in Supplementary data.

with S-wave velocity of ∼3.3 km/s. The IC-LVZ extends
between ∼15 and 38 km depth at station MC05 (Fig. 7),
which is necessary to explain the negative phases at ∼2
and 6 s in the receiver function waveform (see Appendix

I in Supplementary data). In the same region, MT stud-
ies show a high conductive layer below ∼10 km (Sun et
al., 2003), and S-wave tomography shows a low-velocity
anomaly between ∼10–30 km depth (Wang et al., 2003).
dard deviation (±σ) bounds (grey shading), and the synthetic receiver
anel shows the initial model (thin dashed lines), the preferred solution
rch solution (thick black line). Results for all stations are presented in

The positive velocity gradient at ∼30 km corresponds to
the 5-s arrival in the receiver function waveform, which
can be related to the Conrad discontinuity (i.e., ∼25 km
depth) inferred from deep seismic sounding (Wang et

al., 2003). We note that the strong Moho multiples that
appear near ∼23 and ∼31 s in the synthetic waveforms
calculated from the preferred velocity model are not
clearly visible in the stacked receiver functions (Fig. 7).
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his discrepancy is due in large part to the fact that
eceiver functions are stacked using moveout curves that
ccount for variations in relative travel time of direct
onversions, but that do not stack multiples coherently.

.3.2. Yangtze platform (YZ)
Two stations sample the crust of the western Sichuan

asin. Beneath station MC02, the S-LVL is ∼5 km thick,
hich is consistent with the layers of Mesozoic sed-

ments in the Sichuan basin (Kirby et al., 2000). The
rust there has a thickness of 48 km and exhibits a fairly
niform S-wave velocity (average ∼3.7 km/s) below the
-LVL. In contrast, station MC10 has an IC-LVZ at
10–20 km with S-wave velocity of ∼3.1 km/s.
In the western Yangtze platform, stations MC17,

C20, and MC23 have similar S-wave velocity profiles,
ithout obvious IC-LVZs. Stations MC13 and MC15
ave IC-LVZs with S-wave velocities of ∼3.1 km/s. A

imilar IC-LVZ has been inferred from other receiver
unction studies (Hu et al., 2003; He et al., 2004), except
or a station at (26.9◦N, 100.2◦E), which is close to
tation MC15, where an IC-LVZ has not been previ-

ig. 8. Contour map of crustal thickness (in km) from this receiver
unction study. The orange line denotes the region of high Poisson’s
atio (>0.30). The red triangles represent stations with an obvious IC-
VZ, the blue ones represent stations without obvious IC-LVZ, and
he black ones represent stations without sufficient data quality. The
ichuan basin is outlined by a thin blue line. Tectonic labels are the
ame as in Fig. 1.
tary Interiors 165 (2007) 176–193 187

ously observed (Hu et al., 2003). Stations MC03, MC09,
MC11, MC16, MC25, and MC24 sample the Yangtze
platform from north to south. Their S-wave veloc-
ity profiles are significantly different. Station MC03,
located near the Longmen Shan fault, reveals an IC-
LVZ at ∼20–44 km and two velocity discontinues at
∼44 and 64 km (corresponding to the arrivals at ∼5.2
and 10.1 s in the receiver function waveform). These
can be interpreted as intra-crustal and Moho disconti-
nuities, respectively. Station MC09 has an IC-LVZ at
∼15–30 km, with an S-wave velocity of ∼3.2 km/s. Sta-
tions on the southern Yangtze platform do not show
evidence for IC-LVZs. Our results generally agree with
previous receiver function studies in southern Tibet (Hu
et al., 2003; He et al., 2004).

4.3.3. Sanjiang fold system (SJ)
Stations MC21 and MC22 sample the Sanjiang fold

system, west of the Red River fault. MC21 is located
to the east of the Tengchong volcanic area. The crust
deepens northward by ∼9 km from station MC22 to sta-
tion MC21. There is no obvious IC-LVZ and intra-crustal
discontinuities at both stations. Similar receiver function
results were observed by Hu et al. (2003) in the Sanjiang
fold system.

5. Discussion

5.1. Crustal thickness

The crustal thickness varies between 37 and 64 km in
SE Tibet and its surrounding area (Fig. 8). The thickness
of the crust is large beneath the Songpan-Ganze fold zone
(∼60 km) and decreases eastward to the western Sichuan
basin (∼46 km) and southeastward to the Yangtze plat-
form (∼40 km). The crust beneath the Sanjiang fold zone
has a thickness of ∼38–46 km.

In general, the Moho depths derived in our study are
consistent with previous results (e.g., Li and Mooney,
1998; Hu et al., 2003; Wang et al., 2003; He et al.,
2004). Specifically, Fig. 9 (also Table 1) shows that for
realistic values of the average crustal P-wave velocity
(6.2–6.4 km/s) our results agree well with estimates from
seismic refraction profiles (Zhu et al., personal commu-
nication, 2003) or Bouguer gravity anomaly and deep
seismic sounding profiles data (Wang et al., 2003). The
correlation coefficients between our Moho depth values
and their estimates are 0.88 and 0.86, respectively. The

only significant outliers are stations MC01 and MC03,
for which we obtained thicker crust (Table 1). When
we include these outliers, the root mean square of the
differences between our results and those from the inde-
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Fig. 9. Comparison between crustal thicknesses obtained in this study,

HRF, and those from previous seismic refraction, HSR, and gravity
anomaly and deep seismic sounding profile data, HGRA (Zhu et al.,
2003, personal communication; Wang et al., 2003). Correlation coef-
ficients are 0.88 between HRF–HSR and 0.86 between HRF–HGRA.
pendent studies are about 4 km. Some of this difference
can be due to the fact that the receiver function anal-
ysis and the seismic refraction study sample the crust
at different locations and that the spatial resolution of

Fig. 10. Elevation and velocity cross-sections along Line 1 in Fig. 1. Top: topo
and major fault zones. Bottom: S-wave velocity models (IC-LVZ = intra-crus
analysis) is indicated by black arrows.
etary Interiors 165 (2007) 176–193

two methods is different (Chevrot and van der Hilst,
2000).

Fig. 10 shows the S-velocity profile along an
east–west cross section (line 1 in Fig. 1) beneath the
northern part of our study region, adjacent to the Sichuan
basin; the topographic slope across the east margin of the
Tibetan Plateau (Fig. 10, top) is steep and the elevation
decreases by ∼3500 m over a lateral distance of 150 km.
The steep topographic gradient in the western Sichuan
basin was interpreted by Clark et al. (2005) to be a result
of crustal material flowing around the strong lithosphere
of the Sichuan block in the channel flow model. From
station MC05 – on the plateau proper – to station MC02
– in Sichuan basin – the base of the crust shallows by
9.5 ± 2.0 km and the elevation decreases by ∼3500 m.
An Airy isostatic model predicts a change in crustal
thickness of ∼24 km (Braitenberg et al., 2000), which
suggests that crustal material may still be piling up at
the east margin of the Tibetan Plateau. Along Line 2
(Fig. 11), which transects the southeastern margin of the

Tibetan Plateau, the average topographic slope is smaller
than that across the eastern margin (line 1). The crust
shallows southeastward by 19.7 ± 6.0 km with a change
in elevation of ∼2300 m, in agreement with an Airy iso-

graphy profile and (projected) locations of the stations (red triangles)
tal low-velocity zone). The Moho depth (inferred from slant-stacking
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Fig. 11. Same as Fig

tatic model. Our result of Moho compensation using
he Airy isostatic model (Braitenberg et al., 2000) is
onsistent with previous gravity anomaly studies, which
ndicated that the topography of the southeastern part of
he Tibetan Plateau is locally compensated except for the
astern margin across the Longmen Shan fault on to the
estern Sichuan basin (Jiang and Jin, 2005; Jordan and
atts, 2005).

.2. Poisson’s ratio and (average) crustal
omposition

Poisson’s ratios can help constrain crustal mineral-
gy and chemical composition. Mineral physics and field
onstraints indicate that (1) the Poisson’s ratio increases
ore-or-less linearly with decreasing SiO2 content for

ontinental crust and (2) high ratios (>0.30) suggest the
xistence of partial melt (Christensen, 1996; Owens and
andt, 1997), especially if the perturbation in Poisson’s

atio is localized to an intra-crustal layer (see Appendix
II in Supplementary data). We interpret the large range

f observed Poisson’s ratio (0.22–0.32) in the south-
astern part of the Tibetan Plateau to be a result of
eterogeneity in crustal composition and, locally, the
xistence of partial melt.
for Line 2 in Fig. 1.

Most of our study region has an intermediate-to-
high Poisson’s ratio (>0.25) except for a few stations
in the southern Yangtze platform. The ratio is highest
(>0.30) in the eastern margin of the Tibetan Plateau, just
west of the Sichuan basin (Fig. 8). In the Yangtze plat-
form, Poisson’s ratios generally decrease eastward, from
∼0.30 to 0.22. The normal-to-high values in the west-
ern Yangtze platform (∼0.26–0.30) are consistent with
a mafic/ultramafic lower crust as inferred from recent
geophysical surveys (Xu et al., 2001), and may indicate
the presence of partial melt in the crust, whereas low-
to-intermediate values suggest a felsic-to-intermediate
composition in the southern Yangtze platform. The ratios
in the Sanjiang fold system (∼0.23–0.25) are consistent
with results from seismic refraction studies and suggest
an “average” crustal composition (Kan et al., 1986; Li
and Mooney, 1998).

Hu et al. (2003) estimated Poisson’s ratios – using
Eqs. (1) and (2) – from differential travel times of Pms
and PpPms phases at 23 temporary stations in Yunnan
province. They showed that the western Yangtze plat-

form has Poisson’s ratios of 0.30–0.35, which are higher
than our values of 0.26–0.30. This discrepancy may, in
part, be due to differences in data and methodology. Our
results are consistent with Zurek et al. (2007, personal
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communication), who used a slant-stacking method sim-
ilar to the one deployed here.

5.3. Low-velocity zones

Our results suggest the presence of complex 3D het-
erogeneity in the crust beneath SE Tibet. The most
prominent features in the S-wave velocity profiles
presented here are the near-surface and intra-crustal low-
velocity zones (Figs. 7, 10, and 11). The quasi-ubiquitous
S-LVL can be related to the surface sedimentary
basins (Leloup et al., 1995; Song and Lou, 1995;
Burchfiel and Wang, 2003). The IC-LVZ is widely
observed in the study region, but with significant lat-
eral variation in its depth and strength. In some places
the IC-LVZ corresponds to the middle crust, but in
other places it marks the lower crust. In general,
it becomes thinner toward the Sichuan basin and is
absent in the southern part of the Yangtze platform
(Fig. 8). Compared to the shallow crust, the reduc-
tion of the S-wavespeed in IC-LVZ is in the range of
∼12–19%.

The existence of IC-LVZs as inferred here is generally
consistent with results from seismic sounding, seismic
tomography, and previous receiver function analyses
(e.g., Li and Mooney, 1998; Huang et al., 2002; Wang
et al., 2003; Hu et al., 2003; He et al., 2004; Yao et
al., submitted). Along line 1 (Fig. 10), the IC-LVZ also
coincides with one or more intra-crustal layers of high
(electric) conductivity inferred from MT data (Sun et al.,
2003).

5.4. Partial melt?

Earthquake focal depths and heat flow studies both
indicate a relatively high geothermal gradient in the
southeastern part of the Tibetan Plateau (Sun et al.,
2004; Wu et al., 1988; Hu et al., 2000). In crystalline
continental crust, seismic velocities generally increase
with increasing depth. However, wavespeed reductions
can occur in regions with steep geothermal gradients
(e.g., Kern and Richter, 1981; Kono et al., 2006) and,
in particular, in regions of partial melt (Meissner, 1986).
In view of (i) the magnitude of the reduction in shear
wavespeed in the IC-LVZs, (ii) the high average Pois-
son’s ratios of the crust and their possible translation
into vertically localized perturbations (see Appendix III
in Supplementary data), (iii) the correlation with a zone

of high conductivity inferred from the inversion of MT
data, and (iv) the association with high heat flow, we sug-
gest that crustal partial melt exists beneath parts of the
eastern margin of the Tibetan Plateau, possibly with con-
etary Interiors 165 (2007) 176–193

tinuation into the northwesternmost part of the Yangtze
platform.

In general, the S-wave velocity decreases and Pois-
son’s ratio increases drastically when the temperature
approaches and exceeds the solidus. Mueller and
Massonne (2001) suggested that for typical mid-crustal
pressures, granite starts to melt at ∼650 ◦C. If we sup-
pose a similar composition, the inferred Poisson’s ratio
of > 0.30 and S-wave velocity of ∼3.0–3.2 km/s in the
IC-LVZ (∼10–30 km in depth) indicate a temperature of
∼700–800 ◦C and an amount of melt less than 4%. This
interpretation is consistent with inferences from receiver
function studies in northern Tibet (Zhu et al., 1995) and
with Roger et al. (1995), who suggested that the young
Konga Shan granite (∼10 Ma) at the southern segment of
the Xianshuihe fault (Fig. 1) might have originated from
partial melting of continental crust. However, our results
suggest that partial melt is restricted to certain geograph-
ical regions (that is, the data do not require it for large
parts of our study region) and that it involves the middle
or the lower crust, and perhaps, in some locations, both
(see also, Yao et al., submitted).

Previous geological and experimental studies (Leloup
et al., 1995; Rabinowicz and Vigneresse, 2004) sug-
gested that crustal partial melt may be partly due to
shear heating in southeastern Tibet. Another contribu-
tion may come from the upper-mantle decompression
melting which also contributed to the young volcanism
(Wang et al., 2001). Intra-crustal zones of partial melt in
northern Tibet have been attributed to the extrusion of
mantle-derived magma (e.g., Zhu et al., 1995; Nelson et
al., 1996; Kind et al., 2002). Furthermore, a shallow IC-
LVZ (∼10–20 km) around the Tengchong volcano was
interpreted by Wang and Gang (2004) to be the result
of upper-mantle magma activity and heat conduction
through the near vertical fault.

Since the viscosity of crustal rocks decreases with
increasing fraction of partial melt (Bagdassarov and
Dorfman, 1998), it is tempting to associate the IC-
LVZ with a mechanically weak zone. This would be
consistent with a model in which crustal shortening is
accommodated by channel flow in the mid-to-lower crust
(Royden et al., 1997; Clark and Royden, 2000; Roy and
Royden, 2000a,b; Clark et al., 2005). Insofar, as the
association of IC-LVZs with layers of weaker rheology
is correct, the results from receiver function analysis
(this study) and from surface wave array tomography
(Yao et al., submitted) suggest that there is substan-

tial lateral variation in existence, strength, and position
(i.e., depth range) of such zones. In turn, this sug-
gests a complex 3D geometry of intra-crustal channel
flow.
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. Summary

By analyzing receiver functions from 25 temporary
eismograph stations, we estimated the crustal veloc-
ty structure in the southeastern margin of the Tibetan
lateau. The crust varies in thickness from ∼60 km in the
ongpan-Ganze fold system to ∼40 km in the southern
angtze platform. The gradient of the Moho discontinu-

ty is the greatest in the eastern margin of Tibet toward
he western Sichuan basin. The crustal thickness gen-
rally follows the Airy isostatic model except toward
he western Sichuan basin, which indicates that crustal

aterial may still be piling up at the eastern margin
f the Tibetan Plateau. Poisson’s ratio varies greatly in
ur study region. The western Yangtze platform exhibits
ntermediate-to-high Poisson’s ratios (>0.26), which can
e related to the existence of high-velocity lower crust
ith a mafic/ultramafic composition and, locally, to the
resence of partial melt. In general, the overall crustal
hemical composition varies between felsic and inter-
ediate.
Arguably, the most conspicuous features in the veloc-

ty profiles derived here are the pronounced low-velocity
ones in the crust. The geometry may not be well
esolved, but these IC-LVZs are required by the data
the starting models used for the inversions do not have
lear low-velocity structures in the crust (Fig. 7)). An
C-LVZ is widely observed in the study region, but with
ignificant lateral variation in its depth and strength. It
ecomes thinner toward the Sichuan basin and is absent
n the southern part of the Yangtze platform (Fig. 8).
he S-wavespeed reduction in IC-LVZ is ∼12–19% rel-
tive to the shallow crust. As seismic velocities generally
ncrease with increasing depth in crystalline continental
rust, we infer the possible existence of crustal partial
elt in IC-LVZ. Our interpretation is supported by obser-

ations of crustal high-conductivity layers and high heat
ow values in our study area (e.g., Wang and Huang,
988; Hu et al., 2000; Sun et al., 2003) and by infer-
nces from high-resolution surface wave tomography
Yao et al., submitted). Collectively, these observations
ndicate that the low-viscosity zone in the crust of the
entral Tibetan Plateau probably extends into south-
astern Tibet. The substantial lateral variations in the
xistence, character, strength, and position of IC-LVZ
ay point to intra-crustal channel flow but with a com-

lex 3D geometry.
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