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Abstract

The lower-crustal flow model has become an interesting proposal to describe the growth and
expansion of eastern Tibet. To date, however, the geophysical results still remain poor or
partly reliable due to the non-uniqueness of the solutions found by inversion and the
resolution limitations. In this study we do not invert deliberately the seismic velocity
structure of the crust and upper mantle from receiver functions. Instead, we analyze the
polarity of converted P-to-S phases at the Moho and the PpPs and PsPs+PpSs reverberation
phases in order to get evidence of local low-velocity and lower-crustal flow in southeastern
Tibet. We have obtained P receiver functions (PRFs) and S receiver functions (SRFs) using
108 permanent seismic stations deployed in the Sichuan and Yunnan areas, and we have
determined the crustal thickness and Poisson’s ratio. The crustal thickness provided by PRFs

is consistent with the thickness given by SRFs. It varies from ~60 km in the Songpan-Ganzi
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(SG) fold system and the northern part of the Sichuan-Yunnan diamond-shaped block
(SYDSB), near the Eastern Himalayan Syntaxis, to ~33 km in southern Yunnan. The
Poisson’s ratio varies mostly from 0.24 to 0.30, although the highest values 0.28-0.30 are
found along the axis formed by the Longmenshan fault, the Lijiang-Jinhe fault and the
Jiali-Nujiang fault. The high value of ~0.28 in SYDSB and nearby zones is attributed to the
presence of a low-velocity zone in the lower crust and hot mantle uplift, while in Sichuan
Basin is attributed to the great sediment thickness. By analyzing the Ps-phase negative
polarity, we have detected local low-velocity in a wide region including the east and
southeast of Tibet and southern Yunnan, thus suggesting the existence of an intra-crustal
low-velocity zone of complex geometry in this region. The PpPs and PsPs+PpSs
reverberation phases in SYDSB and the SG fold system are clearly weaker than in the
Indochina block and eastern Yunnan, thus implying that SYDSB has a different tectonic
history from the Indochina block on its west side and eastern Yunnan on its east side. The
above results taken together provide seismological evidence of a lower crustal flow
spreading from the eastern Tibet, which in its advance southward has invaded widely

SYDSB, crossed the Lijiang-Jinhe fault and reached southern Yunnan.
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1. Introduction

The convergence and collision between the Indian and Eurasian plates over the past



50-65 million years (Molnar et al., 1993; Yin and Harrison, 2000; Tapponier et al., 2001) is
undoubtedly the most spectacular and youngest case of continental collision on Earth that
has given rise to the Tibet Plateau: a huge mass of nearly 2x10" km? with an average
elevation of 4500 m and a crustal thickness twice the normal of around 70 km or even more
(Chen et al., 2010). During this process the Tibetan Plateau has undergone a lifting of
somewhat less than 4 km (Molnar and Tapponnier, 1975; Armijo et al., 1986; England and
Molnar, 1997; Yin, 2000). Field observations and satellite geodesy indicate that the lifting of
the Tibet Plateau has been accompanied of a small crustal shortening from the center to the
southeastern margin since about 4 million years ago (Royden et al., 1997, 2008).

Global Positioning System (GPS) observations (Zhang et al, 2004; Gan et al., 2007)
suggest that the upper crust movement, which collides with the barrier of the cold and rigid
Sichuan Basin, is divided into two branches: one northeastward along the western boundary
of the basin, and another southeastward toward Yunnan, undergoing a clockwise rotation
around the Eastern Himalayan Syntaxis (EHS). These two ways account for the collision
between the escape flow of eastern Tibet and the Sichuan Basin (Zhang et al., 2010), and a
weak lower crust that flows over distances of 1000-2000 km from the central plateau, which
makes possible the deformation of the upper crust decoupled from the movement of the
underlying mantle (Royden et al., 1997; 2008).

Several models have been proposed to explain the mechanism of the surface
deformation in eastern Tibet: (1) lateral extrusion of rigid blocks, in which deformation is
primarily localized along strike-slip faults (Molnar and Tapponnier, 1975; Tapponnier et al.,

1982); (2) continuous deformation, in which deformation distributes through a continuously



deforming lithosphere (England and Houseman, 1988); (3) lower-crustal flow, in which the
strength of the lower crust is several orders of magnitude less than that of the upper crust
and the mass has been flowing through the lower crust from central Tibet to Yunnan
(Royden et al., 1997, 2008; Clark and Royden, 2000; Klemperer, 2006). The lower-crustal
flow model seems to be feasible and is generally accepted by many geoscientists because it
provides a satisfactory explanation for the topography variations and the lack of substantial
shortening of the young upper crust in the eastern margin of the Tibet Plateau. Nonetheless,
this model, despite its potentiality for a reasonable explanation of the regional geodynamics,
is still the subject of lively debate due to the lack of reliable evidence. For example, Meltzer
et al. (2007) suggested that the deformation of the lithosphere around the EHS is
mechanically coupled across the crust-mantle boundary and that the lower crust is
sufficiently strong to transmit stress.

Low-velocity zones in the lower crust beneath the southeastern margin of the Tibet
Plateau have been detected by deep seismic soundings (Zhang et al., 2005a, 2005b; Wang et
al., 2007a), body wave tomography (Wang et al., 2003; Li et al., 2008) and surface wave
tomography (Yao et al., 2008, 2010). However, these proofs are not consistent enough
because the reported low-velocity is relative to the global average (Yao et al., 2010). On the
other hand, studies based on receiver function inversion have revealed that a shear-wave
low-velocity layer, of about 10-15 km thick, extends widely in the middle-lower crust
beneath most of the seismic stations installed in the southeast margin of Tibet (Hu et al.,
2005; Xu et al., 2007; Wang et al., 2010; Zhang et al., 2009; 2010; 2011, 2013; Liu et al.,

2014), thus supporting the validity of the lower-crustal flow model. Nevertheless, resistivity



images obtained by magnetotelluric measurements (Bai et al., 2010; Rippe and Unsworth,
2010) have emphasized that the lower-crustal flow occurs only along the
Xianshuihe-Xiaojiang fault and the Jiali-Nujiang fault to the east and southeast of Tibet,
respectively (Fig. 1).

According to the mismatch between GPS velocity vectors and the fast wave polarization
directions of crustal anisotropy obtained by converted Ps-wave splitting analysis, Chen et al.
(2013) have suggested that the eastern margin of Tibet extrudes southeastward as a whole,
although the lower-crustal flow has arrived only to the Lijiang-Jinhe fault (Fig. 1). More
recently, Liu et al. (2014) have used seismic data recorded by a temporary array of some 300
stations deployed in western Sichuan to investigate the eastward expansion of the Tibetan
Plateau; they interpreted the crustal weak zones as crustal flow channels going beyond the
Xianshuihe fault in Sichuan and the Lijiang-Jinhe fault in Yunnan (Fig. 1).

The lower crustal flow model relies on an extensive intra-crustal low-velocity zone
(IC-LVZ). But a direct and firm evidence as to verify this assumption is missing due to the
non-uniqueness of the data inversion process, as noted by Ammon et al. (1990). At present,
the debate is focuses on two issues: (1) whether such IC-LVZ has a wide presence to the east
and southeast of Tibet, and (2) whether has crossed the Lijiang-Jinhe fault and reached
southern Yunnan. In this study, we have obtained P and S receiver functions from seismic
data recorded at 108 permanent broadband stations deployed since 2000, which we have
used to determine the crustal thickness and Poisson’s ratio. We deliberately do not make use
of the receiver functions to invert the velocity structure of the crust and upper mantle

because of the non-uniqueness of the inversion method. Instead, we have proceeded to



analyze the polarity of converted P-to-S phases at the Moho and the PpPs and PsPs+PpSs
reverberation phases on the stacked traces. Our target is to find clear seismological evidence

of southeastward extrusion of east Tibet and crustal flow and its fluency mode.

2. The scenario: geodynamic framework and fault system

The agents that tectonically control the eastern and southeastern margins of Tibet are the
northward subduction of the Indian plate and its movement eastward along the Burma arc
and the resistance of the Sichuan Basin against the eastward extrusion of the Tibetan Plateau.
Tapponnier et al. (1982, 1986) suggested that the northward motion of the India plate with
respect to the Eurasia plate provoked the extrusion of large continental fragments
southeastward of South China. The faults bounding these large fragments extend from
eastern Tibet to southeast of Asia and connect with the opening of the South China Sea
(Briais et al., 1993). During the last 4 m.y., the displacement of the crust in the southeast
region of Tibet, west of the Xianshuihe-Xiaojiang fault system, has undergone a clockwise
rotation around EHS due to the trench rollback of the Indian plate (Wang et al. 1998). The
east-west structures in Tibet have rotated southeastward, even in north-south direction, as
consequence of the extrusion of large continental fragments from central Tibet. In contrast to
the southern margin of the Himalayas that is characterized by steep topographic gradients,
the southeastern margin of Tibet exhibits a gradual change in topographic elevation. In the
eastern margin, however, the topographic relief becomes an abrupt wall of 4 km across the

Longmenshan fault.



From about 9 to 13 million years ago, lower crustal material began to flow toward the
southeast margin of Tibet, inflating the crustal thickness and causing passive surface uplift
(Clark and Royden, 2000; Clark et al., 2005). This material continued moving to the
southeast during the Pliocene and the weak underlying lower crust reached the
Xianshuihe-Xiaojiang fault system. This process, which has contributed to the continuous
deformation of the lithosphere (England and Houseman, 1988), assumes the presence of
weak lower crust that flows in response to lateral pressure gradients and is driven from
beneath Tibet to the adjacent regions (Clark and Royden, 2000). When the flow is blocked
by strong lithosphere, as happens in Sichuan basin, then a steep topographic margin arises.

A series of Cenozoic strike-slip faults, such as the Longmenshan fault, Xianshuihe fault,
Lijiang-Jinhe fault, Xiaojiang fault, Jinshajiang-Red River fault, Lancangjiand fault,
Jiali-Nujiang fault and Sagaing fault (Fig. 1), divide the eastern margin of Tibet into several
tectonic blocks, which accommodate the collision strain. Sichuan and Yunnan are two areas
located in the east and southeast margins of Tibet, respectively, where tectonics is indeed
very active, as evidenced by strong seismicity and large strike-slip faults.

The Longmenshan fault (F1 in Fig. 1) in northeast direction is the boundary separating
the Songpan-Ganzi fold system from the Sichuan Basin in the Yangtze Craton (Burchfiel et
al., 1995). Just at the edge of this fault took place the catastrophic Ms 8.0 Wenchuan
earthquake on May 12, 2008 that provoked a high number of casualties and damages. The
fault extends southward from the north of Longmenshan and crosses the Xianshuihe fault
(F2) up to connect with the Lijiang-Jinhe Fault (F3). The Longmenshan fault is dominated

by dextral strike-slip motion in the course of a long geological evolution (Burchfiel et al.,



1995, 2008). However, the average slip rate over the past 10000 years is quite low: 0.3-0.6
mm/yr of reverse motion and ~1.0 mm/yr of right-lateral strike-slip (Zhang, 2013).

The Xianshuihe fault is one of the most important strike-slip faults in the southeast of
Tibet whose orientation is N40-50°W (Zhang, 2013). It extends from the SG fold belt and
connects with the Xiaojiang fault (F4) to the south. The long-term slip rate of this fault is 7.5
to 11.1 mm/yr on average (Zhang, 2013). Four strong earthquakes with magnitude Ms > 7.0
have occurred on the fault in the last 300 years (Allen et al., 1991), and the most recent
event was the 1979 Ms 7.6 Luhuo earthquake that gave rise to a rupture surface ~90 km
long.

The Jinshajiang-Red River fault (F5) is a primary fault in east Tibet that consists of
several segments with northwest tendency. It starts on the east side of EHS and extends
southeastward to Vietnam. The left-lateral Xianshuihe-Xiaojiang fault and the right-lateral
Jinshajiang-Red River fault bound the Sichuan-Yunnan diamond-shaped block (hereafter
named by its acronym SYDSB), which is regarded as the main escape block from central
Tibet (Wang and Burchfiel, 2000; Tapponnier et al., 1982, 1986). Several geological studies
(Wang and Burchfiel, 2000; Copley and McKenzie, 2007; Copley, 2008) make clear that the
Jinshajiang-Red River fault and the Xianshuihe-Xiaojiang fault are the major tectonic
boundaries that play a key role in the geodynamics of southeastern Tibet. GPS observations
(Zhang et al., 2004; Gan et al., 2007) have confirmed that SYDSB moves more rapidly
toward the southeast than the adjacent crust. Furthermore, SYDSB is one of the most
seismically active areas in China: 169 earthquakes with magnitude 6.0<Ms<6.9, 49

earthquakes with 7.0<Ms<7.9 and 2 earthquakes with Ms > 8.0 occurred in the block during



the period 500 to 2014 (Hu et al., 2015). Geographically, the Lijiang-Jinhe fault is the
longest transverse fault that divides the block into two parts: one to the north and another
further south (also diamond-shaped) (Fig. 1). This fault shows a tendency in northeast
direction and a slip rate of about 3 mm/yr (Zhang, 2013).

In southeast Tibet, the Indochina block is bounded by the Jinshajiang-Red River fault
and the Lancangjiang fault (F6) on the northeast side, and the Sagaing fault (F8) on the west
side. The block began to extrude southeastward already in the early stages of the collision
between the Indian and Eurasian plates (Tapponnier et al., 1982, 2001). The Indochina block
has a high risk of earthquakes, besides volcanos and hot springs. The famous Tengchong
volcano (Fig. 1) caused by the eastward subduction of the Indian plate (Lei et al., 2009),
started to erupt since the Late Pleistocene, and the most recent eruption occurred about

0.01Ma ago (Wang et al., 2007b).

3. Data and method
3.1 Data selection

We collected abundant data generated by 180 teleseismic events with Ms > 6.2 and
epicentral distances between 30° and 95° (Fig. 2) for further computation of P receiver
functions (PRFs). A sufficient number of earthquakes provided a large amount of seismic
data, which were recorded by 108 permanent broadband stations deployed in the Sichuan
and Yunnan areas to the southeast of Tibet, since 2000. To ensure receiver functions with

high sign-to-noise ratio (SNR), we selected original seismic signals with a clear direct



P-wave, and discarded the waveforms with SNR< 10.0 taking the initial peak as reference.
Waveforms were cut to 100 s before the phase of interest up to 20 s after.

In the same way, we followed a similar procedure for selecting seismograms for further
computation of S receiver functions (SRFs). We collected S, SKS and ScS phases generated
by 60 teleseismic events with Ms > 6.2 and epicentral distances between 60°-85° and
85°-150° (Fig. 2), making use of traveltime tables (Kennett and Engdahl, 1991) and applying
the same SNR criterion. Once made this, we cut the waveforms from 100 s before the
reference phase up to 20 s after. Then the time axis was reversed such that the Sp conversion

has a positive arrival time.

3.2 Data processing and receiver functions

Theoretically, effects due to the seismic source and path followed by the transmitted
waves can be effectively removed from the seismogram by deconvolution, thus resulting a
receiver function that mainly containing information about the crust and upper mantle
beneath the recording station (Vinnik, 1977; Langston, 1977, 1979). We isolated the
converted Ps phase by applying the receiver function technique (Vinnik, 1977; Langston,
1977, 1979) with 100 iterations, which originally was developed for deconvolution in time
domain (Ligorria and Ammon, 1999). The set of operations aimed at getting PRFs and SRFs
is similar in both cases: We practiced the rotation of the ZNE displacement components (Fig.
3). First, the north (N) and east (E) components are transformed into the radial (R) and
transversal (T) components in the horizontal plane, where R is aligned with the P-wave
direction and pointing to the event epicenter and T is perpendicular to R (Fig. 3a, inset in the

lower right corner). Second, the radial (R) and vertical (Z) components, which lie in a same

10



vertical plane aligned with the incident P wave, are transformed into the L and Q
components, such that the longitudinal Pp wave is polarized on the L component and the
transversal Ps wave is mainly polarized on the Q component (Fig. 3a). L and Q are
orthogonal in the rotated LQ system. Third, the L component is deconvolved from the Q
component in time domain to thus obtain PRF and isolate the converted Ps phase.

Since the bandwidth of the sensors is in the range 0.15-25.0 Hz, we used a low-pass
Gaussian filter with a width of 1.0 Hz to remove the high-frequency noise in the frequency
domain after deconvolution. Then we removed all tilted waveforms and receiver functions
with unclear Ps or Sp phases by visual inspection. Finally, by following the steps described
up to here, we achieved 13080 PRFs from the 180 events mentioned above.

Similarly, we deconvolved the Q component from the L component by the receiver
function technique (Farra and Vinnik, 2000; Yuan et al., 2006) to thus obtain SRF and isolate
the converted Sp phase. SRFs have the advantage that the converted Sp wave travels faster
than the incoming S wave and therefore are contamination-free by the energy associated to
multiples waves. In this way, after low-pass filtering and removing indistinguishable phases,
we obtained 2800 SRFs from S and SKS phases generated by the 60 teleseismic events
mentioned above, with epicentral distances between 60°-85° and 85°-150°.

Fig. 3b shows a schematic view of converted P-to-S phases at the Moho and Fig. 3c
shows a theoretical receiver function waveform in which Ps, PpPs and PsPs+ PpSs represent
converted waves at the Moho. The time delay between these seismic phases depends on the
incidence angle of the incoming wave, the velocities characterizing the medium, the number

of reverberations and the depth of the discontinuity. In theory, once is known the incidence
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angle, the velocity field and the number of reverberations, the time delay measurement can

be used to determine the depth of the discontinuity.

3.3 Moveout correction and depth estimation

For a given discontinuity, the arrival time of a converted wave is a function of the
incidence angle that is controlled by the slowness. This forces to remove the dependence of
the arrival time on the epicentral distance or slowness, which is known as moveout
correction (Dueker et al., 1997, 1998).

The time delay of the converted Ps phase from a discontinuity at depth d, is given by

(Dueker et al., 1997, 1998)

Tow = [GV7 = p? = V2 - )z, (1)

where Vp and Vs denote the velocities of the P and S waves, respectively, z is depth, and p is
the ray parameter. The depth of the discontinuity corresponds with the time delay associated
to an incoming ray that arrives under a particular incident angle. So, before stacking
waveforms, it is necessary to moveout all energy arrivals to a reference epicentral distance,
e.g. a reference distance of 67° corresponding to the ray parameter or slowness p = 6.4 s/deg.

For an incident ray with slowness p, the traveltime moveout correction for the Ps phase is

0
ATPds = J-(\/V;Z - p2 _\/V,;Z - pz)dz _TPOds (2)
“d

being

0
TF?ds:J.(\/Vsiz_pj_\/ng_pj)dz’ (3)
S
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In this expression Ty is the time delay of the converted Ps phase from a discontinuity at

depth d, coming from a reference epicentral distance of 67°. All waveforms were moveout to
the epicentral distance of reference of 67° before undertaking the stacking process. This
correction makes all Ps waves almost parallel to the incident direct P-wave.

Given an earth velocity model, eq. (1) quantifies the time delay as a function of d and p.
However, we still need to transform traveltime into depth. For a given value of the ray
parameter, we make a table that is essentially a mapping of the Ps time delay versus the
conversion depth. Thus, the amplitude of the Ps phase generated by a discontinuity at depth
dis

A(d)=A(T), (4)
where A (d) and A (T)) are the amplitudes in the depth and time domains for the i th
receiver function, respectively, and T\ is the time delay for the i th receiver function for a
discontinuity at depth d. This mapping helps to convert a receiver function in time domain
into depth domain. The above procedure for SRFs is quite similar. Furthermore, the
dominant period of the SRFs is longer than 5 s, corresponding to a wavelength of ~20 km,
so that theoretically the spatial resolution may optimally reach ~6 km vertically and ~60 km

horizontally (Fresnel zone at a depth of 70 km) (L.i et al., 2007).

Previous results primarily obtained from seismic profiles (Zhang et al., 2009, 2010) and
teleseismic receiver functions (Yang et al., 2011) indicate that the variation in crustal
thickness is very sharp across the Longmenshan fault. It is indeed difficult to establish
regionalized earth models for each area based on these previous results due to the absence
either of P- or S-wave velocity information. For this reason, since the crustal thickness

13



varies largely in the study region, we considered up to three 1-D velocity models modified
from the 1ASP91 model (Kennett and Engdahl, 1991) to convert time series into depth
domain. So, to carry out all the above operations we used a first reference model for the
Songpan-Ganzi fold belt and the northern part of the Sichuan-Yunnan diamond-shaped block
(Fig. 1), hereafter called model A, in which the crustal thickness is 60 km. The second is for
Sichuan Basin, called model B, in which the crustal thickness is 45 km. The third is for
southern Yunnan, called model C, in which the crustal thickness is 35 km. In each of these
models, the seismic velocity may vary slightly from the IASP91 model here adopted,
without this small discrepancy can potentially affect the estimation of the thickness of the

crust.

3.4 Stacking

To enhance the information contributed by weak converted phases and so increase the
signal-noise ratio, an effective method consists of stacking a large amount of waveforms.
Zhu and Kanamori (2000) proposed the H-k algorithm to determine the thickness and
Poisson’s ratio in the crust, in which the amplitudes of the receiver functions at the predicted
traveltimes of the Ps, PpPs, and PsPs+PpSs phases, for given values of depth H and ratio

Vp/Vs, are summed according to the expression

S(H ) k) = Wls(tPs _tP) + WZS(thPs _tP ) - WSS(tPsPs+PpSs _tP) (5)

where s(t) is the amplitude of a receiver function at the predicted time t, and wy = 0.7, w, =
0.2 and w3 = 0.1 are weighing factors. The algorithm depends on the incidence mode of the

wave and the depth at which the velocity discontinuity lies.
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The distance to the receiver sampled by a receiver function depends on how far the
signal comes and how deep the velocity discontinuity is (see Fig. 3). The multiple PpPs
phases sample the structure over a distance slightly greater than the depth of the interface of
interest (Ammon et al., 1990). If the Moho is the depth of interest, it means that the lateral
resolution or distance swept by PRFs is roughly the crustal depth. Moreover, PRFs have the
capacity to resolve even layers from 2 to 5 km thick, while the multiple reverberations allow
exploring about 1 to 1.5 times the depth of the reflective interface, depending on the

incidence angle to the interface (Cassidy, 1992).

4. Results
4.1 Examples of PRFs and SRFs

Here we present the results at a particular measurement point such as the TEC
broadband seismic station near Tengchong (Fig. 1), where the crustal thickness is ~40 km
and seems to exist a significant 1C-LVZ in the crust (Yang et al., 2013). This station was
installed in late 1998 as one more of the Yunnan Seismic Network, and is geographically
close to the border between China and Myanmar, a zone rich in hot springs and volcanoes.
After processing all seismic records generated by teleseismic events with epicentral
distances ranging from 30° to 95°, we obtained 128 PRFs at the measurement point (Fig. 4a,
lower panel). Before stacking, to avoid the effects derived from the different incidence of the
waves, all individual seismic traces were moveout to a reference distance of 67° using the
model C. Then the traces were stacked properly to increase the signal-noise ratio (Fig. 4a,

top panel). The converted Pms phase at the Moho, identified at the arrival time 5.5 s, is

15



clearly visible whether in the stacked trace or in the individual traces. Also, multiple
reverberated phases such as PpPms and PsPms+PpSms are visible. Observing Fig. 4a
carefully, we can appreciate two converted phases at intra-crustal interfaces with distinct
polarity, one negative at 2.0 s and the other positive at 3.6 s. Previous studies have
demonstrated that the depth of the lithosphere-asthenosphere boundary (LAB) is only about
80 km, besides the existence of two to three magmatic chambers in the interior of the crust
(Hu et al., 2012; Yang et al., 2013). The aforementioned negative polarity at 2.0 s implies a
velocity decrease with depth, which is consistent with this tectonic setting (Lei et al., 2009;
Yang et al., 2013). We applied the H-k algorithm (Zhu and Kanamori , 2000) to the
individual receiver functions to determine the thickness and the velocity ratio in the crust.
An average P-wave velocity value of 6.2 km/s for the crust (Wang et al., 2003) was applied
to all stacking calculations. Fig. 4b shows the contour diagram of Vp/Vs ratio versus
conversion depth at intervals of 0.5; the maximum amplitude value 8.2 at the point (39.0,
1.95) marked by a cross indicates that the crustal thickness is 39.0+1.5 km and the Poisson’s
ratio 1.95+0.02 at the test place.

As another application example of the H-k stacking algorithm, we present the results
concerning MDS station, which is located at the western margin of the Sichuan Basin on the
east side of the Longmenshan fault (Fig. 1). We obtained 99 PRFs at this new measurement
point. These results can be seen in Fig. 4c (lower and top panel) in which the traces were
stacked to increase the signal-noise ratio. The Pms phase and the PpPms phase, occurring at
6.0 s and 18.14 s, respectively, are clearly visible whether in the individual receiver

functions or in the stacked waveform. However, the PsPms+PpSms phase from the Moho is
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invisible either on the single receiver functions or the stacked waveform. After applying the
H-k algorithm, the largest amplitude value 0.20 is found at the point (39.0, 1.962), but a
second maximum with amplitude 0.198 occurs at the point (60.0, 1.601) in the H-k space
(Fig. 4d). The cause of arising two optimum points with so close amplitude values is
attributable to the weak amplitude of the PsPms+PpSms phase. In cases like this it is not
easy to choose the optimum solution supplied by the H-k algorithm. To greater uncertainty,
Xu et al. (2007) described two velocity discontinuities beneath MCO03 station (near to MDS
station), one at 44 km depth and another at 64 km, and concluded that the Moho depth
should be 64 km at this location. In order to discriminate the solution provided by the H-k
stacking algorithm in the case of weak multiple seismic phases when two extreme points are
very close each other, we picked the delay time of converted phases such as Pms and PpPms
to estimate an approximate value of the crustal thickness. In this way, based on the delay
times of the Ps and PpPs phases at 6.0 s and 18.14 s, respectively, we calculated a crustal
thickness of 37 km (Zandt and Ammon, 1995; Yang et al., 2011). According to this value
nearer to one of the extreme point with larger amplitude, we chose the solution 40.0+3.1 km
for crustal thickness and 1.96+0.03 for Poisson's ratio, which is consistent with previous
results (Wang et al., 20073, 2010; Zhang et al., 2010).

To quantify the error on any stacked trace we used the bootstrap method (Efron and
Tibshirani, 1991) as routine procedure. If one station recorded a number N of receiver
functions, we randomly chose 1-1/e (= 63%) independent receiver functions from the
original data set (Liu and Gao, 2006). Then, we duplicated about the 60% of the chosen

functions, so that the total number of receiver functions of the new set is the same as that of
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the original set. The new receiver functions were stacked to produce images of
discontinuities. We repeated this resampling process 100 times to thus generate the same
number of stacked receiver functions with which compute the standard error. The black strip
along each of the traces represented in Figs. 4a and 4c (top panels) gives the +2c error
bounds (o is standard deviation).

Due to the absence of reverberation phases in the SRFs, the H-k algorithm cannot be
applied to estimate the crustal depth. Fortunately, for a given reference earth model, eq. (1)
can help us to convert delay time into depth. The Tau-P method (Crotwell et al., 1999) was
employed to get the ray parameter according to the epicentral distance. To compare the
crustal thickness obtained by PRFs with that determined by SRFs, we show the 22 SRFs
recorded at TEC and MDS stations (Fig. 5, lower panels), all of them after being shifted
from time domain to depth domain using the model C. Of course, to avoid the effects
derived from the different incidence of the waves, all individual seismic traces were
previously moveout to a reference distance of 67° using the model C, and then stacked to
increase the signal-noise ratio (Fig. 5, top panels). The £2c error bounds calculated by the
bootstrap method described above come given by the black strip along each of the traces
represented in Figs. 5a and 5b (top panels). One positive phase in the stacked trace (Fig. 5a),
occurring at 42.0+£3.5 km, is labeled as Syp and interpreted as the converted phase at the
Moho, while another negative phase, occurring at 80.0+6.0 km, is labeled as S, p and is
interpreted as the converted phase at the LAB. In this example, the Moho depth deduced
from SRFs (42.0£3.5 km) is close to the depth determined from PRFs (39.0£1.5 km).

Similarly, the crustal thickness and lithospheric thickness beneath MDS station such as they
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are deduced by the SRF technique are 52.0£4.0 km and 146.0£10.0 km, respectively (Fig.
5b). The crustal thickness given by PRFs is quite consistent with the thickness obtained from
SRFs beneath TEC, but it is slightly smaller that the thickness obtained from SRFs beneath
MDS. The deviation may be attributed to the low resolution and poor coherency of the SRFs,

although the effect arising from the reference model on the results cannot be excluded.

4.2 Moho topography and Poisson’s ratio

To delineate the Moho topography and the distribution of Poisson’s ratio in the crust, we
made use of the H-k algorithm (Zhu and Kanamori, 2000) on the PRFs recorded beneath
each station. In this process we considered the average value of 6.2 km/s as P-wave velocity
through the crust in the study area (Wang et al., 2003), and used the prediction equation
(Yang et al., 2011) as a means for choosing the correct solution when there are more than
one extreme points as possible solution given by the H-k algorithm (Zhu and Kanamori,
2000). In the case of SRFs, the available waveforms were shifted from the time domain to
the depth domain and then stacked in the depth domain to obtain the Moho depth. In the
following, we adopted the bootstrap method (Efron and Tibshirani, 1991) to evaluate the
error in any stacked trace as well as the errors associate to the crustal thickness and
Poisson’s ratio.

We present the results about crustal thickness in two contour maps (Fig. 6), in which the
contour lines were drawn by spline interpolation using GMT software (Wessel and Smith,
1998). The values next to the margins may not be reliable and thus are discarded for analysis.
The results obtained from PRFs (Fig. 6a) and SRFs (Fig. 6b) indicate that the crust thickness

varies from ~33 km in southern Yunnan to ~66 km in east Tibet. In particular, the Moho
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depth decreases rapidly across the Longmenshan fault (F1 in Fig. 1), from 54-60 km beneath
eastern Tibet to 36-40 km in Sichuan Basin, which highlights this fault as the natural
boundary between these two regions. Also, the Lijiang-Jinhe fault (F3 in Fig. 1) marks a
gradient variation zone where the Moho depth increases from 42-54 km in northern Yunnan
to 57-60 km in east Tibet. Although the crustal thickness obtained by the SRF technique (Fig.
6b) depends on the reference earth model, the true is that it is very close to the thickness
estimated by the PRFs technique (Fig. 6a). This consistency confirms that the reference
earth model is good enough at least at the first-order approximation. The greatest
discrepancy in crustal thickness does not exceed ~5 km at the southwest margin of Sichuan
Basin, where the thickness varies very rapidly. The cause may be that the SRFs sample a
wider lateral structure than the PRFs and lose coherency to the detriment of the individual
traces. In general, the crustal thickness obtained with SRFs is 1-4 km deeper than that
provided by PRFs.

Error maps based on standard deviation allow us to assess the uncertainty in crustal
thickness. The errors given by PRFs (Fig. 6¢) are smaller than those obtained by SRFs (Fig.
6d). The first ones are in the range 0.5-2.0 km in the Indochina block and eastern Yunnan
(on the east side of the Xiaojiang fault), but they increase from 2.0-2.5 km in southern
SYDSB to 3.5 km in east Tibet, and take a mean value of 3.0 km in Sichuan Basin. The
second ones are in a range of 3.0-3.5 km in the Indochina block and eastern Yunnan, but
they increase from 3.0-3.5 km in southern SYDSB to 5.0-5.5 km in east Tibet, and reach a

moderate value of 4.0-4.5 km in Sichuan Basin. In general, the error in crustal thickness is
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systematically smaller in the Indochina block and eastern Yunnan, although larger in east
Tibet, while it takes a mean value in Sichuan Basin.

Poisson’s ratio ranges between 0.24 and 0.32 (Fig. 7a) with standard deviation from
0.005 to 0.025; the largest deviation of 0.020-0.025 occurs in northern SYDSB, the SG
block and Sichuan Basin (Fig. 7b). These Poisson's ratio values fall within the interval for
common rocks, which extends from 0.20 to 0.35, depending on the mineral composition of
the sample (Zandt and Ammon, 1995). The ratio decreases with the silica content, but
increases with the content of mafic rock. The strong lateral variation of Poisson’s ratio is
completely reasonable in the study region because of its complex tectonics manifested in
large faults and basins. Along the Longmenshan fault, Xianshuihe-Xiaojian fault,
Lijiang-Jinhe fault and Jiali-Nujiang fault, the Poisson’s ratio takes the highest values
0.28-0.30, clearly above the global average 0.24-0.25 (Zandt and Ammon, 1995). The high
value (~0.28) in SYDSB and nearby zones is attributed to the presence of a low velocity in

the lower crust. We will return on this issue later.

4.3 P-to-S phases within the crust

The Moho and the intra-crustal interfaces are often characterized by strong contrasts of
seismic impedance, i.e. abrupt jumps in P- and S-wave velocity, as well as in density. The
identification of converted phases and their multiples such as PpPs and PsPs+PpSs on the
receiver functions can provide clues on the structural features of the medium. Both
amplitude and time-delay of the converted phases depend on the incident angle of the
perturbation and the transmission velocity in the crust, however its polarity only reflects the

sign of the velocity gradient at the interface.
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In order to discuss later the polarity of the converted phases, we gathered together the
stacked traces according to the tectonic units that conform the study area, namely, SG fold
system, Sichuan Basin, northern SYDSB, southern SYDSB, Indochina block and eastern
Yunnan (on the east side of the Xiaojiang fault). In Fig. 8 we show the normalized receiver
functions at different locations where we can observe the arrivals of the Ps, PpPs, and
PsPs+PpSs phases, although not always the polarities of these two last phases are clear
enough. The delay time among all these seismic phases satisfies the prediction equation
(Yang et al., 2011). The converted phase Ps at the Moho appears clearly with positive
polarity at 4-9 s behind the direct P-wave. But some of the multiple reverberations PpPs
arriving later are too weak as to be identified at many stations, especially in those installed
in SYDSB (Figs. 8a, 8c), the SG fold system (Fig. 8b) and Sichuan Basin (Fig. 8d). In these
regions, however, there are other converted phases at intra-crustal interfaces that have
positive and negative polarities. Not the case in other regions as the Indochina Block and
eastern Yunnan (Figs. 8e, 8f) where the PpPs phases having positive polarity are very clear.

We will return on this topic later.

5. Discussion

The receiver function technique removes the common factors of instrument response
and source function from the seismogram, and is more sensitive to velocity contrasts than to
the absolute magnitude of the seismic velocities (Ammon et al., 1990). It is applied to the
delay time of the conversion phase at a discontinuity to determine its depth. However, the

dip of the layer and anisotropy of the medium produce a response both on the arrival time
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and amplitude of the conversion phase that varies with the backazimuth (Hayes and Furlong,
2007). For instance, the amplitude of the converted Ps phase is maximum when the
backazimuth is aligned with the up-dip direction, and minimum if the wave arrives in
down-dip direction, and the arrival times also vary in the two cases. This effect is most
pronounced for structures with a dip angle greater than 30° (Cassidy 1992). Nonetheless, this
hardly influences our case because we work with teleseismic events that cover a wide range
of azimuthal values and whose epicentral distances are generally larger than 45° (Fig. 2), so
that generate almost vertical energy arrivals. Although previous studies indicate that the
Moho depth varies strongly in the southeast margin of Tibet (Hu et al., 2005; Xu et al., 2007;
Zhang et al., 2009, 2010; Wang et al., 2010), the dip angle of the Moho is significantly
smaller than 30°. Therefore, the effects derived from the aforementioned factors are

effectively reduced and still more after summation of individual waveforms.

5.1 Crustal thickness

The elevated topography of the eastern margin of Tibet has been explained as a direct
result of the crustal thickening by lower-crustal flow evacuated from beneath central Tibet
(Royden et al., 1997; Clark and Royden, 2000). Despite the lack of significant shortening
observed in the upper crust (Burchfiel et al., 1995; Wang and Burchfiel, 2000), the
topographic elevation gradient is interpreted to be the effect of the driving force that
maintains such crustal flow (Royden et al., 1997; Clark and Royden, 2000). The comparison
of the crustal thickness obtained from P and S receiver functions (Fig. 6) with the
topographic elevation (Fig. 1) allows us to observe the same variation tendency, although the

thickness deduced from SRFs is generally 1 to 4 km (in some sites even a bit more) thicker
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than that obtained from PRFs. An important structural feature is that the crustal thickness of
36-40 km under Sichuan Basin becomes 54-60 km when passing to SG fold system in
eastern Tibet, confirming that the Longmenshan fault is the natural boundary separating
eastern Tibet from the Yangtze Craton.

The Moho depth determined from this study is consistent with other previous results
deduced from PRFs (Hu et al., 2005; Xu et al., 2007; Zhang et al., 2009, 2010; Wang et al.,
2010); the difference to emphasize is that these latter come from linear profiles or temporary
stations and thus are limited spatially or in amount with respect to the ours. In Yunnan region,
the crustal thickness varies from ~33 km in southern Yunnan to ~60 km in the northwest
(Fig. 6a); these results are consistent with those deduced from deep seismic soundings
(Zhang et al., 2005a, 2005b; Zhang and Wang, 2009). The Lijiang-Jinhe fault, which divides
the Sichuan-Yunnan diamond-shaped block into two parts (F3 in Fig. 1), is another
geological boundary with a notable variation in the topographic relief on both sides: the
topographic elevation of 3500-4000 m in the eastern margin of Tibet decreases to 2000-2500
m south of the fault. Our results also indicate an equivalent gradual variation in the thickness
of the crust.

Previous gravity measurements have revealed a NE-SW Bouguer anomaly belt of some
150 km wide and 900 km long approximately, extending along the Longmenshan fault and
the Lijiang-Jinhe fault in the interior of Yunnan (Wang et al., 2003). The Bouguer anomaly
decreases from -200 mGal in southeastern Yunnan to -460 mGal in east Tibet. This gravity
pattern fit well with our results about crustal thickness that also show a more or less similar

strong gradient (Fig. 6a).

24



5.2 1C-LVzZ

The 108 permanent broadband stations deployed in Sichuan and Yunnan region (Fig. 9)
are installed on bedrock and hard soil, so that the recorded data are hardly affected by the
human activity. So, the sign-to-noise ratio on seismograms is higher than with temporary
stations for the same events (Xu et al., 2007), which facilitates the polarity analysis of the
phases on the stacked traces (Fig. 8). The polarity of the Moho converted Ps phases provides
information on the velocity contrast on both sides of this important discontinuity (Hazarika
et al., 2012). Generally, a positive polarity of Ps indicates a positive velocity gradient with
depth and conversely if the polarity is negative. However, the response of the P-to-S
multiples (PpPs, PsPs+PpSs with negative polarity) to a dipping structure is more
complicated than that of the direct converted Ps wave and greatly depends on the dip and
depth of the interface, ray parameter and back azimuth. Because of these complications with
real data and to minimize such uncertainties, our analysis on the polarity of P-to-S phases is
confined to the first seconds of the receiver functions.

Based on the polarity of the converted phases, we have identified numerous
low-velocity sites spread all over the study area (Fig. 9, red circles) together with other ones
with a weak PpPs phase (Fig. 9, blue circles). These sites are found west of Sichuan Basin,
but not in the basin itself, and some low-velocity points are located east of the major
Xianshuihe-Xiaojiang faults and west of the Jinshajiang-Red River fault, besides in the
interior of SYDSB. Xu et al., (2007), by inversion of S velocity from PRFs at 25 temporary
broadband seismic stations deployed in the southeastern margin of Tibet, found six stations

with local IC-LVZ (Fig. 9, red squares, with MCO prefix), in agreement with our results.
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This means that low velocities have a wide presence to the east and southeast of Tibet, and
in southern Yunnan after crossing the Lijiang-Jinhe fault. Our results are also consistent
with other previous results obtained from receiver function migration and inversion profiling
across the Longmenshan belt (Zhang et al., 2009; Wang et al., 2010), as well as with results
from joint inversion of receiver functions and surface waves (Liu et al., 2014). Surface wave
inversion has revealed that shear-wave speed is relatively low in the entire crust, even
anomalously low in the deep crust in comparison with the average crust beneath
southeastern Tibet (Yao et al., 2010). This seems to indicate a rather heterogeneous
distribution of the IC-LVZ in the region.

The presence of local low-velocity all over the study region has its correlation with the
existence of a mechanically weak middle-lower crust in the southeastern margin of Tibet
supported by wide-angle seismic profiling (Zhang et al., 2005a, 2005b; Wang et al., 20073,
Zhang and Wang, 2009), low electrical resistivity (Bai et al., 2010), high heat flow (Hu et al.,
2000) and high Vp/Vs ratio (Xu et al., 2007), which are indicators of the existence of partial
melt and viscosity reduction in the middle-lower crust and evidence of crustal flow.

Magnetotelluric profiles performed by Bai et al. (2010) in the region have revealed
some high conductivity sites in the crust (Fig. 9, blue ellipses) that correlate with some of
our stations where we have detected IC-LVZ; for example at TEC station near the
Tengchong volcano area, in western Yunnan, where there are several low-velocity sites (Fig.
9). Nevertheless, these low-velocity points in western Yunnan should be attributed to the
eastward subduction of the Indian plate (Lei et al., 2009), which certainly impinges on the

mantle dynamics and suggests a large-scale IC-LVZ spreading out from eastern Tibet.
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Recently, Fan et al. (2015) have found Rayleigh-wave group velocity (in the range
30-48 s) 0.2 to 0.3 km/s higher in southwestern Yunnan, i.e. on the west side of the
Jinshajiang-Red River fault (F5 in Fig. 1), than on the east, in southern SYDSB. Also
recently, Bao et al. (2015), using data recorded in more than 300 stations under the
ChinArray program, and by joint inversion of Rayleigh-wave dispersion and receiver
functions, have got a high-resolution 3D image that reveals the distribution of low velocity
zones in the study area. The prominent features are two low-velocity channels A and B (Fig.
9, highlighted in yellow) bounded by major strike-slip faults around the EHS and in the
southeastern margin of Tibet, the latter (channel B) extending a bit beyond the Xiaojiang
fault. This is consistent with resistivity imaging by magnetotelluric measurements (Bai et al.,
2010; Rippe and Unsworth, 2010), but not with other previous results (Hu et al., 2005; Xu et
al., 2007; Yao et al., 2010). As can be seen, many of the stations (not all) in which we have
detected IC-LVZ are included within those two channels A and B, but also numerous
stations are outside, and this leads us to suggest the existence of a wide IC-LVZ that reaches
the south part of the SYDSB block. It is very possible that it is a reliable clue of
lower-crustal flow that even would go beyond the Xiaojiang fault (F4 in Fig. 1) according to
our observations of low velocity points (Fig. 9). But if so, such crustal flow would have
exceeded the Xiaojiang fault by very little, if we just look at that very few earthquakes have
occurred in eastern Yunnan (Fig. 1). Not so in western Yunnan where seismicity is associated
to the eastward subduction of the Indian plate and the resulting rollback westward at the

LAB (Lei et al., 2009).
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Since the Pms phase is generated at the Moho and the wave paths are confined within
the crust only, Pms splitting can provide the most direct constraints on the anisotropy and
deformation of the crust. Chen et al. (2013) have studied the seismic anisotropy by
analyzing Pms-phase splitting in the explored area: a minimum part of anisotropy can be
attributed to the upper crust, while the primary source of the anisotropy strength has its
origin in the middle-lower crust as consequence of the stress field and deformation within
these crustal layers. Sun et al. (2013) selected high-quality Pms phases from PRFs recorded
at 21 temporary seismic stations deployed in southwestern Yunnan and obtained 283
splitting parameters. Their results indicate that the average fast wave polarization direction
points southeastward (Fig. 10). In the northernmost Indochina block, the directions of the
GPS velocity vectors (Zhang et al, 2004; Gan et al., 2007) differ largely from those of the
crustal anisotropy which, makes clear that likely the upper crust and middle-lower crust are
mechanically decoupled, unlike the interpretation of Bai et al. (2010) and Bao et al. (2015).
These results based on Pms-phase splitting measurements come to support the existence of
material flow southeastward across the deepest layers of the crust, rather than the clockwise
rotation of the lower crust around the EHS (Bai et al., 2010; Bao et al., 2015). The reason is
that the Pms phase splitting measurements primarily reflect the deformation mechanism of

the lower crust (Chen et al., 2013).

5.3 Poisson’s ratio
Two areas show a high Poisson ratio of 0.28-0.30 near Sichuan, one is roughly
distributed along the Longmenshan fault and the other along the Xianshuihe fault (Fig. 7).

Previous results also obtained from receiver functions give Poisson’s ratio values of
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0.29-0.32 along the Longmenshan fault (Zhang et al., 2009; Wang et al., 2010), clearly over
the global average (Christensen and Mooney, 1995; Christensen, 1996). Xu et al. (2007)
estimated a ratio of 0.29-0.32 in the west of Sichuan Basin, near the Xianshuihe fault, which
are somewhat higher values than ours. Sichuan Basin is an ancient and intact part of the
Yangtze Craton that remains relatively stable despite several orogenic episodes around it
during the Mesozoic and Cenozoic epochs (Schoenbohm et al., 2006). The high Poisson’s
ratio observed in the northwest of the basin may be attributed to sediments ~10 km thick.
This has its correlation in the stacked traces in Fig. 8d, where a clear converted phase is very
close to the direct P-wave at stations IMG, BZH, JJS and XCO.

In Yunnan the Poisson's ratio is high, 0.28-0.30, and is distributed along the
Lijiang-Jinhe fault and the Nujiang fault, and also along the north segment of the Xiaojiang
fault (Fig. 7). In central Yunnan a north-south trending belt shows a Poisson’s ratio of
0.24-0.26, close to the global average value (Christensen and Mooney, 1995; Christensen,
1996). The Tengchong volcano area in western Yunnan has a very high Poisson ratio of 0.30
(Fig. 7). These values keep some correlation with the heat flow (Hu et al., 2000), which also
varies greatly in Yunnan. The heat flow changes from 50-80 m\W/m? near the Sichuan area
and the basin itself to 40-50 mW/m? in southern Yunnan; and from 100 mW/m? in western
Yunnan, where there are volcanoes and hot springs, to 60-80 mW/m? in the south part of the
SYDSB block (Hu et al., 2000).

The variation of the Poisson's ratio may be caused by differences in composition of the
materials, temperature, or even by the faulting regime (allowing for shear motion). The

relatively high values (0.28-0.30) observed along the Longmenshan-Lijiang-Jinhe faults
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could be attributed to ultramafic rocks or eclogites (thrusting upwards the Tibetan lower
crust). The high Poisson’s ratio (0.28-0.30) in SYDSB and around may result from the
presence of fluids in the lower crust (Yuan et al., 1997).

Lei et al. (2014) have made a P-wave velocity map of the uppermost mantle in the east
and southeast of Tibet. Fig. 10 shows this map for a reference velocity of 8.0 km/s that to
some extent resembles the Poisson’s ratio pattern (Fig. 7). It can be observed a low-velocity
anomaly, as low as ~7.7 km/s, running from the SG block, along the Lijiang-Jinhe fault, and
reaching the southern part of SYDSB. The consistency with the spatial distribution of high
Poisson’s ratio suggests the presence of hot upper mantle material that would reduce the

seismic wave velocity in the crust.

5.4 Polarity modeling of converted phases

In principle, the minimum velocity difference on both sides of an interface to generate
an observable Ps phase depends on the receiver function noise level and the incidence angle
of the incoming wave on the boundary (Ammon, 1991). Previous results already have
demonstrated that the minimum detectable velocity contrast should be within the range 0.2
to 0.4 km/s (Cassidy, 1992). We have alluded earlier to the polarity of the converted phases
to discern about the existence or not of an IC-LVVZ. We have assumed that if the first phase
arriving behind the direct P-wave has negative polarity it implies the presence of an IC-LVZ.
But now we wonder to what extent a seismic phase with negative polarity reasonably
indicates an IC-LVZ. With this purpose we chose some representative seismic stations that
show phases with and without negative polarity to directly invert radial PRFs for shear wave

velocity. We started from moveout correction waveforms to a reference distance of 67° and
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then stacked in only one average trace, and used the linearized inversion technique in time
domain (Ammon et al.,, 1990) with each of these stacked traces. In any case the
parameterization of the initial model was based on known velocity data and was performed
by thin, homogeneous and horizontal layers of equal thickness (2 km). Fig. 11 shows the
S-wave velocity models obtained by receiver function inversion at some stations, namely:
HUP and YIM in the Sichuan-Yunnan diamond-shaped block; JMG in Sichuan Basin; YOD
in the Indochina block and LOP in eastern Yunnan. The dotted lines show the respective
initial models for inversion. To have a measurement of the reliability of these results, we
calculated the adjustments between radial and synthetic waveforms computed by forward
modeling. In the lower panels can be seen the adjustments between radial and synthetic
waveforms computed by forward modeling. All these fits can be seen in the lower panels in
Fig. 11 and all of them are above the 90%.

First, we selected three stations located in two very different sites and far away from
each other, where a negative phase has been observed after the direct P-wave in the PRFs
waveforms: JMG in the Sichuan Basin (Fig. 8d); HUP and YIM in the Sichuan-Yunnan
diamond-shaped block (Fig. 8c). The respective initial models for these blocks are taken
from deep seismic profiles (Wang et al., 2007a) and inversion results (Liu et al., 2014). After
viewing the S-wave velocity models obtained by receiver functions inversion, it can be seen
a significant 1IC-LVZ of about 20 km thick beneath HUP and YIM (Figs. 11a, 11c). However,
despite having negative polarity after the direct P-wave at JMG station, no IC-LVZ is now
observed in the corresponding model (Fig. 11b). The reason is none other than Sichuan

Basin is a stable and rigid craton (Burchfiel et al., 1995; Schoenbohm et al., 2006).
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Nonetheless, a low-velocity sediment layer of 1.5-2.5 km/s is found beneath JMG. When a
sediment layer is introduced, the first significant negative polarity behind the direct P-wave
does not represent any IC-LVZ because multiple reverberations between the surface and the
bedrock cause this polarity. In fact, the peak of the first arrival (Fig. 8d) looks wider due to
the effect of the sediment, i.e. a positive arrival at ~1 s coming from the bedrock is
superposed causing a greater width of the peak of the first arrival (Hazarika et al., 2012).
Similar cases can be found in the stacked traces at other stations, for example at BZH and
3JS (Fig. 8d).

Second, we selected other two stations YOD and LOP, the former located in the
Indochina block and the latter in eastern Yunnan; in neither of them is observed a negative
phase after the direct P-wave in the corresponding waveforms. (Figs. 8e, 8f). In relation to
these two regions, the initial models for S-velocity inversion are based on surface wave
array tomography in SE Tibet (Yao et al., 2008, 2010) and receiver functions (Hu et al., 2005;
Wang et al., 2010; Liu et al., 2014). As expected, the inversion results indicate now that
there is no IC-LVZ beneath the two selected stations (Figs. 11d, 11e), which agrees with the
absence of a negative polarity phase after the direct P-wave. Furthermore, the average
crustal velocity beneath the Indochina block is less than in Yunnan, and the Moho is not as
sharp as in eastern Yunnan, which may be due to the heating of the upper mantle in
Indochina (Lei et al., 2014).

The results obtained after modeling the polarity of some phases indicate that only the
first converted phase after the direct P-wave is reliable for interpretation due to the

interference of multiple reverberations (Hazarika et al., 2012). Unlike the Indochina block
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(on the west side of the Jinshajiang-Red River fault) and eastern Yunnan, where the PpPs
reverberation phases are very clear (Figs. 8e, 8f), these phases appear masked in SYDSB
(Figs. 8a, 8c) and the SG fold system (Fig. 8b) and also in Sichuan Basin (Fig. 8d), probably
by negative phases coming from the top of a not very thick intra-crustal interface, and
therefore are too weak as to discern whether there is or not a sediment layer or a LVZ in the

crust. We pay more attention to this in the next section.

5.5 Reverberation phases and implications

Be a model consisting of a crust with P-and S velocities of 6.0 km/s and 3.5 km/s,
respectively, and density of 2.8 g/cm®; and a mantle with velocities of 8.0 km/s and 4.6 km/s,
and density of 3.3 g/cm®. Supposing an incoming P wave coming from a distance of 67°, the
computation of theoretical converted phases, Ps, PpPs and PsPs+PpSs, gives amplitudes
equal to 0.15, 0.14 and -0.14, respectively, which obviously are very close each other. But
this is not so evident in practice. Cassidy (1992) conducted a thorough analysis of the effects
of tilted layers on receiver functions, and noted that these layers produce an effect on the
amplitude and delay time of multiple reverberations, and that this effect is more pronounced
for structures with a dip angle greater than 30°.

For northern SYDSB, southern SYDSB and the SG block, a prominent feature is that
the Ps phase is clearly visible, but the PpPs phase is too weak to be identified (Figs. 8a-c).
We have 19 stations with weak or invisible multiple reverberations in SYDSB and the SG
block, although we have estimated an IC-LVZ in 11 of them. The PpPs phase refers to an S
wave that travels once within the crust and it samples a longer radial distance than the

PsPs+PpSs phase (see Fig. 3), so that its amplitude in the stacked trace may be easily
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influenced by factors such as a tilted layer or partial melt within the crust. The PsPs+PpSs
phase refers to an S wave that travels twice within the crust, by which it may be easily
affected by partial melt around the station. The weak PpPs phase recorded at those 11
stations is probably the result of a complex structure of the crust that contains a
mechanically weak layer. The remaining 8 stations with weak multiples waves, which do not
reveal any IC-LVZ, are all on a crustal thickness gradient belt, and the reason of the weak
multiple reverberations may be attributed to a tilted Moho (Fig. 6). However, both GZA and
SMI are stations showing weak reverberations (Figs. 8b, 8d) besides an IC-LVZ, by which is
difficult to ignore the hypothesis of a low velocity layer along with a tilted Moho, since the
two stations are located on a crustal thickness gradient belt.

A soft shallow structure can mask P and S waves and provoke the decreasing of their
amplitudes (Cassidy, 1992). The hardly visible PpPs phases related to Sichuan Basin (Fig.
8d), which is a cold rigid block of the Yangtze Craton (Copley, 2008, Li et al., 2008), should
be attributed to sediment, rather than to a low-velocity zone in the crust. Interestingly, the
stacked traces show clear Ps phases, except for WCH station at the edge of the basin, where
the Ms 8.0 Wenchuan earthquake occurred on May 12, 2008. The Ps phase at this station
presents small amplitude and a certain width (Fig. 8b), implying that the Moho is a gradual
discontinuity, or partial melt within the lower crust, rather than a sharp velocity jump.

In contrast, the PpPs and PsPs+PpSs phases are very sharp in the Indochina block on the
west side of the Jinshajiang-Red River fault (Fig. 8e) and in eastern Yunnan on the east side
of the Xiaojiang fault (Fig. 8f). These phases are free from contamination by other phase,

and reflect a structure of the crust simpler than in SYDSB. Although an IC-LVZ exists
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around the Tengchong volcano area (see TEC station in Fig. 9), the lateral extension of this
zone is perhaps too small to affect multiple reverberations. The typical features of the PRFs
provide a clue that the Indochina block and eastern Yunnan have a crustal structure that
largely differs from that of SYDSB and the SG block have. Such difference may be the
result that these two large regions have undergone a different tectonic history. Xu et al.
(2007) drew the attention on a negative phase between 0 and 5 s immediately after the direct
P-wave that they interpreted as an IC-LVVZ in SYDSB. This block would have been directly
extruded from the central Tibet (Molnar and Tapponnier, 1975; Tapponnier et al., 1982) and
after a flow of ductile material would have been injected into the lower crust below SYDSB,
as described by Clark and Royden (2000) and Clark et al. (2005). In this regard, Liu et al.
(2014) concluded that a rigid block motion and crustal flow are not irreconcilable modes of
crustal deformation in southeastern Tibet.

Limiting ourselves to the distribution map of negative polarity and the many sites where
we have observed low velocity, we suggest that the lower-crustal flow coming from eastern
Tibet is widely spread and has reached southern Yunnan. This conclusion differs from that of
Chen et al. (2013) that the lower-crustal flow has reached only the Lijiang-Jinhe fault; and
also from that of Bai et al. (2010) and Bao et al. (2015) that the flow is constrained within
two arc-shaped low-velocity channels along the Xianshuihe-Xiaojiang fault and the

Jinshajiang-Red River fault.

6. Conclusions
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We have analyzed PRFs and SRFs from 108 permanent seismographic stations
deployed in Sichuan and Yunnan, with the target of getting seismological evidence of the
low-velocity distribution and eventually of the lower-crustal flow in the southeastern margin
of Tibet. We have obtained important results concerning the lithosphere structure and
Poisson’s ratio. The crustal thickness is consistent with the Bouguer gravity anomaly and the
Moho topography varies from ~60 km in the Songpan-Ganzi fold system and northern
SYDSB to ~33 km in southern Yunnan. The Poisson’s ratio varies between 0.24 and 0.30 in
the southeast Tibet-Yunnan area, but it takes the highest values (>0.28) along the large faults
of Longmenshan, Xianshuihe-Xiaojian, Lijiang-Jinhe and Jiali-Nujiang, coinciding with a
Pn-wave high-velocity zone. High values (~0.28) in SYDSB and nearby zones may be the
result from an intra-crustal low-velocity zone and the presence of hot upper mantle. To this
respect we can say that there is a good correlation between Poisson's ratio and heat flow in
Yunnan; this latter varies noticeably passing from 40-50 mW/m? in southern Yunnan to 100
mW/m? in western Yunnan.

The first converted phase having negative polarity and arriving immediately behind the
direct P-wave is interpreted to be a qualitative indicator of the existence of a low-velocity
zone in the crust. In this way, the converted Ps phase immediately behind the direct P-wave
at most of stations in the western Songpan-Ganzi block and SYDSB is interpreted that
comes from an IC-LVZ beneath the stations. Our results reveal that a wide IC-LVZ underlies
beneath this region, and that is not constrained within two arc-shaped low-velocity channels
along the Xianshuihe-Xiaojiang fault and the Jiali-Nujiang fault, as has been noted.

Nonetheless, the strong lateral heterogeneity in the region implies a complex geometry of
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this IC-LVZ, which is difficult to image because of the small number of stations near
latitude 29°N. The PpPs and PsPs+PpSs reverberation phases are very clear in the Indochina
block and also in eastern Yunnan, and seem to directly exclude the existence of an IC-LVZ
in these two areas.

In contrast to the sharp PpPs and PsPs+PpSs phases on the west side of the
Jinshajiang-Red River fault and on the east side of the Xiaojiang fault, the weak PpSs+PsPs
phases in SYDSB are a clear evidence in support of a crustal flow coming from the Tibetan
Plateau, which in its advance southwards has invaded widely the Sichuan-Yunnan
diamond-shaped block, crossed the Lijiang-Jinhe fault and reached southern Yunnan. In this
framework, the Xianshuihe-Xiaojiang fault and the Jinshajiang-Red River fault, eastern and
western boundaries of SYDSB, seem to channel the movements of ductile material
southeastward and southwestward, respectively, thus playing a key role in the rigid extrusion

and accommodation of the lithospheric deformation during the expansion of eastern Tibet.
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Figure captions

Figure 1. Topography, major active faults (brown solid lines), earthquakes with Ms > 6.0
since 500 AD to 2014 (circles), and broadband stations (red triangles) in east and southeast
Tibet. Key to symbols: F1- Longmenshan fault; F2-Xianshuihe fault; F3- Lijiang-Jinhe fault;
F4- Xiaojiang fault; F5- Jinshajiang-Red River fault; F6- Lancangjiang fault;
F7-Jiali-Nujiang fault; F8-Sagaing fault; SG-Songpan-Ganzi block; TEC-Tengchong
volcano area; EHS-Eastern Himalayan Syntaxis; SY-Sichuan-Yunnan. Red arrows are GPS
velocity vectors relative to stable Eurasia (Zhang et al., 2004; Gan et al., 2007) whose
respective lengths are not strictly proportional to the velocity value. White arrows indicate
possible crustal flow channels (Bai et al., 2010). The inset in the top left corner shows a
geographic map of south Asia where the study region is contoured by a rectangle, and where
the elevation contours in Tibet and nearby areas are drawn at intervals of 1000 m (red thin

continuous lines).

Figure 2. Locations of the earthquakes used in this study on a worldwide map. The events
with epicentral distance between 30° and 95° are used for computation of P receiver
functions, while those events with epicentral distance between 60° and 150° are used for
computation of S receiver functions. The small triangle in the center of the figure marks the

location of the study region.

Figure 3. Rotation scheme of the displacement components, converted seismic phases and
receiver functions waveforms: (a) Incident rays and different coordinate systems. The north
(N) and east (E) components are rotated to the radial (R) and transversal (T) components,
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where R is pointing to the event epicenter and T is perpendicular to R (inset in the lower
right corner). These two components are then projected onto the orthogonal L and Q
components (both in the same vertical plain) with the help of the vertical (Z) component.
BAZ is the back azimuth of the event-station pair with respect to the north direction. The
angle i is the incidence angle of the incoming P-wave. (b) Schematic representation of
converted P-to-S phases at the Moho. (c) Theoretical receiver function waveforms (standard

notation) recorded at surface.

Figure 4. P receiver functions recorded at stations TEC (a) and MDS (c) (see Fig. 9) after
moveout corrected to the reference distance of 67° (ordered randomly). The top panels show
the respective stacked traces from phases coming from the Moho (Pms, PpPms,
PpPms+PpSms). The black strip along each of these traces gives the +2c error (o is standard
deviation). On the right, contour diagrams of Vp/Vs ratio versus depth (b, d) at intervals of
0.5 constructed by applying the H-k algorithm. The point marked by a cross indicates the

solution both for depth and velocity.

Figure 5. S receiver functions recorded at stations TEC (a) and MDS (b) after moveout
correction to a reference distance of 67° (in sequential order), and respective stacked traces
(upper panels) in depth domain, where the SyP and S, P phases stand out clearly. The black

strip along each of these traces gives the +2c error (o is standard deviation).

Figure 6. Contours of crustal thickness (in km) obtained from PRFs (a) and SRFs (b) and
standard deviation maps (c, d). The dashed lines represent the regional faults and the small

triangles indicate the locations of the broadband stations used in this study.
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Figure 7: Contours of the Poisson’s ratio obtained from PRFs (a) and standard deviation map
(b). The gray shaded area shows Poisson’s ratio values above the global average of

0.24-0.25. The dashed lines represent faults and the triangles indicate station locations.

Figure 8. Stacked PRFs traces at stations located at: (a) northern SYDSB; (b) SG fold
system; (c) southern SYDSB; (d) Sichuan Basin; (e) Indochina block (on the west side of
Jinshajiang-Red River Fault); (f) eastern Yunnan (on the east side of the Xiaojiang Fault).
The thin red strip along each of these traces gives the +2c error (o is standard deviation).
The three-letters codes allow the identification of the stations used in this study (see Fig. 9):
stations with IC-LVZ are highlighted in red letters, while stations with weak multiple
reverberations are highlighted in blue letters. The dashed lines indicate arrivals of the Ps,

PpPs and PsPs+PpSs phases each with its own polarity.

Figure 9. Positions of broadband stations in the study area (circles or triangles, three-letter
codes), and mapping of sites where either low velocity (red circles) or weak multiple
reverberations in PRFs waveforms (blue circles) are observed. Xu et al. (2007) also detected
local IC-LVZ at temporary stations (with MCO prefix, red squares). The yellow shaded areas
(A and B) indicate low-velocity channels detected by joint inversion of Rayleigh waves and
receiver functions (Bao et al., 2015). Straight lines P1-P4 represent magnetotelluric profiles
performed in the area (Bai et al., 2010), while blue ellipses indicate the positions of high

conductivity in the crust along these profiles. The dashed lines represent the regional faults.

Figure 10. Pn-velocity tomography (modified from previous results, Lei et al., 2014).

Pms-phase splitting vectors indicate the fast wave polarization direction at 21 temporary
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seismic stations in Yunnan (Sun et al., 2013) (lower left quadrant). The scale for splitting

time delay is shown in the lower right corner. The dashed lines represent faults.

Figure 11. S-wave velocity models obtained by receiver function inversion at some stations:
HUP, Sichuan-Yunnan diamond-shaped block; JMG, Sichuan Basin; YIM, Sichuan-Yunnan
diamond-shaped block; YOD, Indochina; LOP, eastern Yunnan (top panels). The dotted lines
show the respective initial models for inversion. In the lower panels can be seen the
adjustments between radial and synthetic waveforms computed by forward modeling. All

fits are above the 90%.

52



100°E 102°E 104°E 106°E 108°E
34°N

32°N

30°N

28°N

26°N

24°N

22°N

94°E 96°E 98°E 100°E 102°E 104°E 106°E 108°E

- Elevation(m)

0 1000 2000 3000 4000 5000

Figure 1

53



Figure 2
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Highlights

« Based on P and S receiver functions we have determined the crustal thickness and

Poisson’s ratio in southeastern Tibet.

« By analyzing the polarity of converted P-to-S phases and crustal reverberation
phases we describe the growth and expansion of eastern Tibet.

* Low velocity has been locally detected in a wide region including the east and
southeast of Tibet and southern Yunnan.

* We provide seismological evidence of a lower crustal flow advancing southward
from the eastern Tibet.

»  This flow has invaded widely the Sichuan-Yunnan diamond-shaped block, crossed
the Lijiang-Jinhe fault and reached southern Yunnan.
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