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Seismological studies of lithospheric structure and rheology can provide important information regarding the
lithosphere's interaction with the mantle plume and its successive deformation characterization. The Emeishan
Large Igneous Province (ELIP) in eastern Tibet was probably produced by a Late Permian Emeishan mantle plume
and experienced tectonically driven modifications during Mesozoic-Cenozoic, such as the eastward subduction
of the Indian Ocean plate and roughly north-southward tectonic escape or middle crustal flow. The crustal re-
sponses to the Emeishan mantle plume and its modification from successive tectonic activities are still unclear.
Here, we present the lithosphere rheology structure derived from seismic activity and the spatial distribution
of seismic energy release, which records the lithospheric deformation from the Late Permian mantle plume ac-
tivity and the Mesozoic-Cenozoic modifications. In addition, we estimate the crustal thickness and the average
crustal Vp/Vs ratio from wide-angle seismic profiling and receiver function imaging. Our results demonstrate
that the seismogenic layer thins away from the proposed center of the Emeishan mantle plume. The layer is ap-
proximately 24 km in depth beneath the center of the Emeishan mantle plume and approximately 10 km in
depth beneath the margin of the plume, with corresponding crustal thinning and spatial variations of the average
crustal Vp/Vs ratio. Distinctive patterns among crustal thickness, seismogenic layer and the average crustal Vp/Vs
ratio are observed both east and west of the Xiao Jiang Fault (XJF). These remarkable features are interpreted to
result from the modification of the Late Permian mantle plume, probably by tectonic escape in the west of the X]JF
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and by a north-southward middle crustal flow in the east of the XJF.
© 2011 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.

1. Introduction

The hypothesis of the mantle plume was proposed by geophysicist
W. Jason Morgan in 1971 and has been evaluated by laboratory experi-
ments (Whitehead and Luther, 1975), seismology (Zhao, 2004, 2007;
Zhao, 2009), geochemistry (Roy et al., 2002; Xu et al., 2004, 2007,
Ernst, 2006; Cheng and Kusky, 2007; Wang et al,, 2009; Chen et al,
2011; Su et al,, 2011; Yu et al,, 2011) and dynamical modeling (Yuen
et al,, 1993). A mantle plume is an upwelling of abnormally hot rock
within the Earth's mantle. As the tops/heads of mantle plumes can par-
tially melt when they reach shallow depths and pressure is reduced,
they are thought to be the cause of volcanic centers, known as hotspots,
and are the probable cause of flood basalts, which have catastrophic ef-
fects once the magma spills out onto the crust.

In the last 20 years, increasingly more evidence for lower-mantle
plumes has been found with seismic tomography studies (Goes et
al, 1999; Li et al, 2000; Zhao, 2001; Rhodes and Davies, 2001;
Romanowicz and Gung, 2002; Ritsema and Allen, 2003; Montelli et
al., 2004, 2006; Lei and Zhao, 2006; Zhao, 2009). When the top of a
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mantle plume meets the base of the lithosphere, it is expected to flat-
ten out against this barrier, uplift the lithosphere bottom and undergo
widespread decompression melting to form large volumes of basalt
magma. Thus, the activity of a mantle plume should be imprinted in
the lithosphere structure. However, the crustal responses to the mantle
plume and its modification from successive tectonic activities are still
unclear. The Emeishan mantle plume (featured in the Emeishan Large
Igneous Province — ELIP) is a unique place to study this phenomenon.

The ELIP is the only verified Large Igneous Province (LIP) in China.
The Late Permian Emeishan continental flood basalts in southwestern
China form a major part of the ELIP, which covers an area of
250,000 km? (Xu et al., 2001) from the eastern margin of the Tibetan
Plateau to the western margin of the Yangtze block (Fig. 1). The
Emeishan basalts in southwest China have attracted the attention of
the scientific community in recent years because of their possible
synchrony with the eruption of the Siberian traps and thus their pos-
sible relationship with the mass extinctions during the Late Permian
(Chung and Jahn, 1995; Chung et al.,, 1998; Xu et al,, 2001; Ali et al.,
2002; Lo et al.,, 2002; Zhou et al., 2002; Courtillot and Renne, 2003;
Wignall et al., 2009).

Chung and Jahn (1995) used the mantle plume model to explain
the eruption of the Emeishan flood basalts in China. More research
on a rigorous evaluation of the role of mantle plumes in the
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Fig. 1. ELIP distribution with geology, topography, earthquakes, and faults: F1 Longmenshan
Fault; F2 Xianshui River Fault; F3 Lijiang Fault; F4 Zemuhe Fault; F5 Jinhe Fault; F6 Xiao Jiang
Fault; F7 Ailao Shan-Red River Fault. SP-GZ Block: Songpan-Ganzi Block; CD Block: Chuan
Dian Block; YZ Block: Yangtze Block. Inner Zone, Intermediate Zone, and Outer Zone: the spa-
tial distribution of the ELIP, separated by the blue curve. Inset: the red square is the location of
the ELIP in China.

generation of this large igneous province has become available in the
last 10 years (He et al., 2003; Xu et al., 2004; Zhang et al., 2006). A re-
cent review of the Late Permian ELIP shows that 7 out of the 9 most
convincing arguments in support of mantle plumes are found in the
ELIP (Xu et al., 2007). In particular, sedimentology data show un-
equivocal evidence for a lithospheric doming event prior to the
Emeishan volcanism. In addition, the presence of high-temperature
magmas, the emplacement of an immense volume of magmas over
a short time span, and spatial variation in the basalt geochemistry
are all consistent with predictions of plume modeling. These observa-
tions strongly support the validity of the Late-Permian mantle plume
hypothesis (Xu et al., 2007).

Seismic investigations can trace mantle plumes in modern, active
hotspots, but are of limited benefit in identifying ancient plumes,
mainly because geophysics provides us with a present snapshot of
the structure of the Earth superposed on a long evolutionary history.
The present structure of the Earth, as described by geophysics, can
provide hints on whether the ancient plumes experienced any kind
of tectonically driven modifications.

The Late-Permian mantle plume beneath ELIP experienced multi-
phased large-scale deformation from tectonic activities, such as the In-
dian oceanic plate eastward subduction (Wang and Gang, 2004; Lei et
al., 2009) and/or tectonic escape (Molnar and Tapponnier, 1975; Yin
and Harrison, 2000) or crustal flow (Clark and Royden, 2000; Zhang et
al., 2009b; Bai et al., 2010a). These events would be expected to be
recorded in elevated heat flow and the consequent attenuated brittle
behavior of the lithosphere, i.e., the lower level of seismic energy release
and the shallower focal depth of seismic events (Panza and Raykova,
2008; Zhang et al., submitted for publication). Tremendously deep geo-
physical experiments in last 30 years in the research area (mainly initi-
ated with earthquake monitoring, Deng et al., 2011) have provided an
excellent opportunity to understand the lithospheric response to man-
tle plume activity and its subsequent deformation. In this paper, we
combine the lithospheric structure derived from deep seismic sounding
(Cui et al., 1987; Xiong et al., 1993; Zhang et al., 2007; Deng et al., 2011)
and receiver function imaging (Hu et al., 2003; Zhang et al., 2009a) with

the distribution versus depth of earthquakes to assess the brittle prop-
erties of the highly sensitive Earth. A synoptic representation of the me-
chanical properties of the uppermost 60 km is provided, along with the
seismicity, averaged over cells 1° by 1° in size. According to the rheology
and structure of the lithosphere under southwest China, we investigate
whether the lithosphere's structure with ancient plume activity was
maintained under the ELIP. If the structure was maintained, it would
mean that the lithosphere's structure was not superposed with promi-
nent tectonically driven modification occurring since the formation of
the ELIP, whereas if it was not maintained, then we need to determine
what occurred with the ancient plume after the formation of the ELIP
in the Late Permian. Our results show a systematic lateral variation of
the seismic layer (brittle layer) from the inner to outer zones of the pro-
posed Late Permian mantle plume (He et al., 2003; Xu et al., 2004). Our
observed lateral/azimuthal variations of crustal thickness, the average
crustal Vp/Vs ratio and the seismic layer thickness contradict the expected
characteristics from a classic mantle plume. We attribute the discrepancy
between the observed and the expected to the lithosphere enduring suc-
cessive tectonic activities: the eastward Indian Ocean plate subduction
and the nearly north-southward middle crustal flow or tectonic escape.
The paper is structured as follows: first, a brief description of the tectonic
setting is provided; then, the seismic rheology and lithosphere structure is
presented; and finally, the lateral/azimuthal variations of crustal thick-
ness, the average crustal Vp/Vs ratio, seismic layer thickness, and the cor-
responding tectonic implications are discussed.

2. Tectonic setting

The ELIP is located at the southwest of the Chinese continent.
Fig. 1 shows the tectonic framework and spatial distribution of the
topography and earthquake epicenters with magnitudes of Ms>7.0
since 1970 in the ELIP region. The ELIP is displayed as three sub-
zones (named the inner, intermediate and outer zones by Xu et al.,
2004) that are circular or semi-circular in shape corresponding to
the convergence belt of the three main sub-blocks, which are the
SP-GZ (Songpan-Ganzi) block, the Yangtze block, and the CD
(Chuan Dian) block. The Late Permian Emeishan basalts are erosional
remnants of the voluminous mafic volcanic successions that oc-
curred in the western margin of the Yangtze Craton, SW China.
These successions are exposed in a rhombic area of 250 000 km?
(Xu et al., 2001) bounded by the Longmenshan thrust fault in the
northeast and the Ailao Shan Red River (ASRR) slip fault in the south-
west (Fig. 1). The tectonic setting of the study area is highly complex,
with the distribution of seven main faults concentrated in the west of
the ELIP. The ELIP is one of the most active areas of earthquake activ-
ity in China, and nine strong earthquakes (Ms>7.0) have occurred
since 1970, including the disastrous Mw 7.9 Wenchuan Earthquake
(May 12, 2008) on the Longmenshan Fault, which result in an enor-
mous loss of life and property.

The Late Permian Emeishan mantle plume model is proposed initially
from unambiguous evidence for a rapid crustal doming prior to the
Emeishan flood volcanism (258-254 Ma) in southwest China (He et al.,
2003). From the middle Permian-late Permian sedimentology and geo-
chemistry of the volcanic successions (Xu et al., 2004), He et al. (2003)
claimed a lithospheric uplift prior to the Emeishan volcanism, which
was responsible for (1) the rapid sea-level fall recorded by a regression
at the boundary between the middle Permian and upper Permian rocks
in the western Yangtze craton and (2) the generation of clastic deposits
surrounding the apex of the domal structure during the Permian. They
divided the domal structure associated with the Emeishan Large igneous
province into inner, intermediate and outer zones regarding the extent
of erosion of the Maokou Formation. The boundary between the inner
and the intermediate zones is the XJF (F6 in Fig. 1) to the east, the
Zemuhe Fault (F4) to the northeast, and the Jinhe Fault (F5) to the north-
west. These faults controlled the rapid deposition of clastic deposits in
canyons and on alluvial fans. The extent of erosion is most apparent (at
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the impact site of the rising plume head, He et al., 2003) in the interior
zone but is modest in the intermediate zone and generally minor in the
outer zone. Spatial variation in the basalt geochemistry would result
from the spatial zonation of mantle temperature, which would lead to
systematic variations in the degree of melting (Campbell and Griffiths,
1990). In general, the domed region of the ELIP comprises thick
(2000-5000 m) sequences of dominant low-Ti volcanic rocks and subor-
dinate picrites (Chung and Jahn, 1995). The application of rare-earth el-
ement inversion techniques (McKenzie and O'Nions, 1991) reveals that
the low-Ti lavas that originated at 60-140 km required 16% melting
and a mantle temperature of >1500°. In contrast, the high-Ti lavas
were generated at 75-100 km during events of much smaller degrees
of melting (1.5%) and a lower mantle temperature (<1500°). The pre-
dominance of the thick low-Ti lavas in the inner zone suggests that the
mantle beneath the core of the domal structure underwent a larger ex-
tent of partial melting than that under the marginal area. This suggestion
combined with the occurrence of picrites in the inner zone is consistent
with a hotter mantle beneath the dome center than beneath the dome
periphery. A likely scenario is that a plume head was present underneath
the inner zone.

However, some basalts and mafic complexes exposed in the Simao
Basin, northern Vietnam (west of the ASRR Fault, F7), and in the
Qiangtang terrain, the Lijiang-Yanyuan Belt and the Songpan active
fold belt (northwest of the Longmenshan Fault, F1) make possible
an extension of the ELIP (Chung et al., 1998; Xiao et al., 2003;
Hanski et al., 2004). Some Emeishan-type basalts traced in southwest
Yunnan and northern Vietnam may be related to the mid-Tertiary
continental extrusion of Indochina relative to South China along the
ASRR Fault (Tapponnier et al., 1990; Chung et al., 1997). The geolog-
ical and geochemical evidence may suggest a successive deformation
from a nearly southward tectonic escape/crustal flow around the
eastern axis of the Tibetan plateau or the eastward subduction of In-
dian Ocean plate.

3. Seismic rheology and lithosphere structure

Most data on the ELIP are from geochemistry (Xu et al., 2007) and
limited geophysical datasets. However, geophysics can provide im-
portant information about the velocity, temperature, electricity, and
anisotropy of the deep Earth. To determine the present rheology
and lithospheric structure of the ELIP, we offer three kinds of geo-
physical research for evaluating the ELIP: seismicity from events
recorded by permanent stations; lithospheric structure from deep
seismic sounding; and crustal composition from receiver function im-
aging in the studied area.

3.1. Lithosphere rheology structure: Seismic energy release pattern

The presence of a plume beneath the ELIP would be expected to be
recorded in an elevated heat flow and the consequent attenuated brittle
behavior of the lithosphere, i.e., the lower level of seismic energy release
and shallower focal depths of seismic events (Panza and Raykova,
2008). To construct lithosphere rheology structure, we separate the
ELIP, covering the area 100°-110°E, 22°-32°N, into 100 1° by 1° cells.

All the seismic events reported during the thirty-year period from
1980 to 2010 in the catalog of the China Earthquake Network Center
(CENC) were characterized by considering a total of 100 contiguous
cells. We compiled 8 profiles (profiles 1-8) in the area at different direc-
tions and shapes considering the spatial distribution of the ELIP (Fig. 2).
The national seismic network commonly uses the Geiger method
(Geiger, 1912) to locate the events while the hypo2000 (Klein, 2002)
and hypoDD (Waldhauser and Ellsworth, 2000) codes are used by the re-
gional seismic networks. The precision of the location of seismic events is
commonly scaled either as level A (having an uncertainty of focal depth
of 6d <5 km), B (5<dd <15 km), C (15<6d <30 km), or D (6d>30 km).
We herein limit our analysis to events of level A. Statistically, there are a

100°0°
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Profile 3
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roan 104°0°

Fig. 2. ELIP profile distribution with three circular or semi-circular profiles, 1 (Fig. 3a), 2
(Fig. 3b), 3 (Fig. 3¢), and five radial profiles, 4 (Fig. 4a), 5 (Fig. 4b), 6 (Fig. 5), 7 (Fig. 6a),
and 8 (Fig. 6b).

total of 37,757 seismic events recorded within the scope of 100°~110°E,
22°-32°N, and there are 18,518 seismic events with depth parameters in
the same area. The abilities of seismic location could be different for dif-
ferent periods, and even not quite accurate during the earlier period;
however, the main trend of the focal depth distribution is not obviously
changed. Thus, the uncertainty of the hypocenters of some events does
not affect the understanding of the evolution of the ancient Emeishan
mantle plume.

We used the catalog from CENC during the 1980-2010 period,
and, using the relation of Richter LogE=1.5Ms+ 11.4 (Richter,
1958) for each cell, we computed the total energy released by the
earthquakes, grouping hypocenters in 4-km intervals. The value of
Ms is either directly taken from the CENC catalog or computed from
currently available relationships between Ms and M;. As the focal
depths did not exceed 60 km, the lower limit of the event depth dis-
tribution is 60 km (Figs. 3-6). The earthquake distribution versus
depth is shown at the second row for each cell in Figs. 3-6. The earth-
quake energy distribution versus depth (LogE-h) is shown at the third
row for each cell in Figs. 3-6. The logarithm of the energy for the
grouped hypocenters was normalized to the maximal value l0gE,ax
for each cell, which is labeled as LogE/max(LogE), and the max(LogE)
of each cell is marked at the bottom of each cell.

Figs. 3-6 show the seismic rheology and lithospheric structure of
eight profiles, in which there are three profiles in a circle or semi-
circle (Fig. 3), and there are five radial profiles (Figs. 4-6).

3.2. Lithosphere structure from deep seismic sounding

Lithosphere structure can provide important constraints on the de-
formation from a mantle plume. Numerous studies of mantle plumes:
the Deccan traps in India, the Siberian traps of Asia, the Karoo-Ferrar
basalts/dolerites in South Africa, Antarctica, the Parana and Etendeka
traps in South America and Africa (formerly a single province separated
by opening of the South Atlantic Ocean), and the Columbia River basalts
of North America all show the common feature that the crust beneath
mantle plume will be thinned. When a plume head encounters the
base of the lithosphere, it is expected to flatten out against this barrier
and undergo widespread decompression melting to form large volumes
of basalt magma. The plume head may then erupt onto the surface. Nu-
merical modeling predicts that melting and eruption will occur over
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Fig. 4. a: On the left of the figure is a map showing the location of profile 4; the others are the same as Fig. 3a. b: On the left of the figure is a map showing the location of profile 5;

the others are the same as Fig. 3a.

several million years. These eruptions have been linked to flood basalts,
although many of these erupt over much shorter time scales (less than
1 million years). The mantle plume and its interaction with the under-
lying lithosphere should be recorded in the lithosphere structure.
Seismic data provide insights into the nature of the lithosphere, par-
ticularly regarding the transition between the crust and upper mantle.
Deep seismic sounding methods can provide velocity, Moho depth and
LAB depth along the profiles. Since 1980, numerous wide-angle seismic

profiling studies have been conducted to understand the relationship be-
tween the crust structure and earthquake occurrence in Yunnan (Zhang
et al,, 2005a, b, 20104, b; Zhang and Wang, 2009; Bai et al., 2010b). Fur-
thermore, seismic surface wave tomography (Li et al.,, 2008a, b; Lei et al.,,
2009) and receiver function imaging (Hu et al., 2003; Zhang et al., 2009a)
have been carried out in the last 30 years. These results suggest that the
crust thickness increases from the south to the north and that the crust-
al composition shows prominent heterogeneity in Yunnan.

Fig. 3. a: On the left of the figure is a map showing the location of profile 1, and the three rows beside the map are: 1) the Vp/Vs ratio; 2) seismic distributions; 3) seismic energy distri-
butions normalized as LogEmax, the maximum energy is shown at the bottom of each sub-block. More details about the calculation of the Vp/Vs ratio, seismic distribution, and seismic
energy are in the text. The seismic layer, Moho depth from DSS (Deng et al., 2011), and Moho depth from RF (Hu et al., 2003; Zhang et al., 20093, b) are shown in different colors at the
proper positions in each map. b: On the left of the figure is a map showing the location of profile 2; the others are the same as Fig. 3a. c: On the left of the figure is a map showing the

location of profile 3; the others are the same as Fig. 3a.
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Fig. 5. On the left of the figure is a map showing the location of profile 6; the others are the same as Fig. 3a.

Here, we compile the crustal depth from 57 profiles (Cui et al.,
1987; Xiong et al., 1993; Zhang et al., 2007; Deng et al., 2011). In ad-
dition, we used Moho depths obtained from receiver function imag-
ing in south China (Hu et al., 2003; Zhang et al., 2009a). The Kriging
method is used in the spatial interpolation of the Moho depth. The
Kriging method provides an estimate of the error and confidence in-
terval for every one of the unknown points, an asset not provided
by other interpolation methods. Figs. 3-6 show that the spatial distri-
bution of Moho depths from deep seismic sounding (Deng et al., in
press) is consistent with that from receiver function imaging (Hu et
al., 2003; Zhang et al., 2009a).

Here, we observe that the crustal thickness changes from approx-
imately 60 km to 25 km in the whole ELIP. In detail, from Fig. 3a-c,
the circular or semi-circular profiles show that the crustal thickness
changes in the scope of 45-60 km at profile 1 (Fig. 3a), in the scope
of 38-50 km at profile 2 (Fig. 3b), and in the scope of 35-45 km at
profile 3 (Fig. 3¢). The average crustal thickness change of the above
three profiles is 12.3 km. In addition, from the five radial profiles
(Figs. 4-6), it can be seen that the crustal thickness varies between
45 and 60 km at profile 4 (Fig. 4a), between 45 and 62 km at profile
5 (Fig. 4b), between 36 and 55 km at profile 6 (Fig. 5), between 25
and 55 km at profile 7 (Fig. 6a), and between 35 and 50 km at profile
8 (Fig. 6b). The average crustal thickness change of the above five
profiles is 19.2 km. Comparing the averages of crustal thickness
from the two kinds of profiles in the ELIP, it is seen that the crustal
thickness change is much more prominent in the east-west direction
than the north-south direction.

3.3. Crustal composition revealed by the Vp/Vs ratio and Poisson's ratio

The crustal composition is expected to vary systematically with
the corresponding temperature decreasing from the inner zone to
the outer zone of the mantle plume. Usually, both the Poisson's
ratio and the Vp/Vs ratio can depict the physical and chemical state
of the Earth so that the crustal composition can be predicted by either

ratio (Christensen and Mooney, 1995; Zhang et al., 2009b). Experi-
mental results show that the Poisson's ratio in the crust could be affect-
ed by geophysical and geochemical factors. The mineral constituents in
the rock are quite influential on the change of Poisson's ratio (Tarkov
and Vavakin, 1982; Christensen and Mooney, 1995). Similarly, Vp/Vs
ratios can increase with the increasing degree of partial melting
(Watanabe, 1993). Here, we evaluate the crustal composition from
Vp/Vs ratio beneath the ELIP in the southeast margin of Tibet. The Vp/
Vs ratio is derived from the H-K scanning of receiver functions beneath
25 temporary stations (23°-32°N, 97°-106°E) from one year's seismic
records (Zhang et al., 2009a) with reference to the Moho depth and
Poisson's ratio distribution in the similar research area beneath 23
permanent stations (21°-29°N, 97°-106°E) with three years' seismic
records (Hu et al., 2003).

Fig. 7 displays the spatial distribution of average crustal Vp/Vs.
Figs. 3-6 also show the radial and azimuthal variation of the average
crustal Vp/Vs (the first column of Figs. 3-6). From these figures, we
can observe that within 150 km of the center of the proposed mantle
plume, the Vp/Vs ratio increases from 1.73 to 1.82. At a distance of
150-400 km from the suggested mantle plume center, the Vp/Vs ratio
increases from 1.72 to 1.84, and 400-700 km from the proposed mantle
plume center, the Vp/Vs ratio increases from 1.64 to 1.75 (Zhang et al,
2009a; Fig. 7). Beneath the mantle plume region, the crustal composi-
tion should display a systematic variation from beneath the plume
head to its margins. From the receiver function imaging, the average
Vp/Vs ratio or Poisson's ratio clearly decreases consistently with the dis-
tance from the center of the ELIP in the radial profiles in Figs. 4-6.

4. Discussion

4.1. Lateral variation of crustal thickness and seismogenic layer beneath
the ELIP region

To estimate the crustal response and its possible modification to
the mantle plume, we discuss the azimuthal and radial variations of
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the others are the same as Fig. 3a.

the lithosphere structure and seismic layer thickness beneath the
ELIP. We discuss the azimuthal variation from three circular or
semi-circular profiles in the inner, intermediate and outer zones as
proposed by Xu et al. (2004) (Figs. 3a-c), and we discuss the radial
variation from the five profiles extending from the inner to outer
zones (Figs. 4-6). Along each profile, we estimate the seismogenic

layer thickness (brittle layer), the seismic energy, and the Moho
depths (Figs. 3-6).

4.1.1. Azimuthal variation of lithospheric structure and seismogenic layer
Figs. 3a-c display the azimuthal variation of lithospheric structure
among the inner, intermediate, and outer zones of the ELIP. From the
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studies of the Emeishan basalt, it is proposed that the crustal thick- From Fig. 3a, the inner zone of the ELIP, the Moho depths range with-
ness is nearly constant in the azimuthal direction at the same distance in 45-60 km, and the seismogenic layer ranges from 20 to 24 km. Cor-
from the center of the mantle plume (He et al., 2003; Xu et al., 2004). respondingly, the maximum focal depth is approximately 40 km,
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most events occurred at 0-30 km, and the max(LogE) of the 4-km
vertical interval is 2969 at the first cell. From Fig. 3b, the intermediate
zone of the ELIP, the Moho depth is between 38 and 50 km, the seis-
mogenic layer is between 12 and 24 km, the maximum focal depth is
approximately 50 km at the first cell, most events occurred at 0-
20 km, and the max(LogE) of the 4-km vertical interval is 2220 at
the first cell, mainly caused by the Longmenshan Fault. From Fig. 3c,
the outer zone of the ELIP, the Moho depth is between 35 and
45 km, the seismogenic layer is distributed between 10 and 24 km,
and the maximum focal depth is approximately 60 km at the third
column, most events occurred at 0-15 km, and the max(LogE) of
the 4-km vertical interval is 436 at the tenth cell.

In the above three profiles (Fig. 3a-c), the Moho depth, the seismo-
genic layer, the focal depth, and the energy, they all decrease from west
to the east (from the inner to the outer zone) of the ELIP. For the mantle
plume, the focus area should be the hottest, and it should cool with dis-
tance from the focus area. Similarly, the seismic layer should be the
shallowest under the focus area and should deepen with distance
from the focus area, as should the Moho depth. In the ELIP, however,
the common trend of the seismic layer and brittle crust cannot be ob-
served. Rather, the inner zone shows the deepest, coldest and most brit-
tle crust among the three zones, and the outer zone has a much more
plastic nature. Thus, the Late Permian ELIP experienced some kind of
prominent modifications after the Late Permian period, which resulted
in the current, new brittle-plastic characteristics.

4.1.2. Radial variation of lithospheric structure and seismogenic layer

Figs. 4-6 illustrate the radial variation of the lithospheric structure
and the seismogenic layer from the inner to the outer zones of the
mantle plume. From Fig. 5, the profile that crosses the ELIP from
west to east and from the inner zone to the outer zone directly
shows that the Moho depth decreases from the inner zone to the
outer zone (from 55 km to 36 km), the seismogenic layer from 24 km
to 10 km, the focal depth from 40 km to 5 km, and the max(LogE)
of the 4-km vertical interval from 2808 to 0. All of these decreases
show that the Late Permian plume has radically changed.

Figs. 4 and 6 show the radial profiles of the lithospheric structure
and seismogenic layer in different azimuth directions. Except for pro-
file 4 (Fig. 4a), which passes through the Longmenshan thrust fault,
all the other profiles show decreases in focal depth, Moho depth,
and seismic energy from the inner zone to the outer zone, corre-
sponding to the results from Figs. 3 and 5. The systematic variation
of the seismogenic layer and the Moho depth suggests that the brittle
layer decreases from the inner zone to outer zone of the postulated
Emeishan mantle plume. However, the ductile layer thickens, which
contradicts the expected variation trend of the brittle and ductile
layers from the mantle plume: the brittle layer thickens from the
inner to outer zone whereas the ductile layer thins from the inner
to outer zone.

The Longmenshan Fault is located in the northwest border of the
ELIP. The above seven profiles (excluding profile 4, Fig. 4a) demon-
strate that the Late Permian ELIP developed into a new distribution
since the Late Permian, resulting in the present brittle-plastic defor-
mation. Figs. 3, 4b, 5, and 6 show that the focal depth and the energy
decrease from the inner zone to the outer zone. A similar trend in
brittle-plastic distribution is not shown in the northwestern border
of the ELIP. It appears that the ELIP experienced some kind of promi-
nent tectonically modifications since the Late Permian period, while
the Longmenshan Fault (northwestern border of the ELIP) exhibits a
different behavior from the whole ELIP.

4.2. The relationships among the seismogenic layer thickness, the Vp/Vs
ratio and the Moho depth beneath the ELIP

The above discussion demonstrates that the mantle plume activity
cannot explain our observation of radial/azimuthal variations of the

seismogenic layer and the crustal thickness, which should represent
the deformation from unclarified tectonic activities. To understand
the modification of the mantle-plumed region, we summarize the lat-
eral variation of crustal thickness (Zhang et al., 2009a), the average
crustal Vp/Vs ratio (Zhang et al., 2009a) and the seismogenic layer
thickness in the ELIP, as shown in Fig. 7. From the figure, we can ob-
serve that the X]JF (F6 in Fig. 1) acts as the boundary fault between
the inner zone and the intermediate/outer zone. Tectonically, the
XJF is a geologic border between the Middle-Yunnan and East-
Yunnan blocks and is a gradient zone of the Moho depth, the Vp/Vs
ratio, and the Poisson's ratio (Hu et al., 2003; Zhang et al., 2009a).

The following phenomenon can be observed from Fig. 7: within
150 km from the center of the proposed mantle plume, the crust
thickens from 45 km to 53 km, the seismogenic layer thins slightly
from 24 km to 20 km, and the Vp/Vs ratio increases from 1.73 to
1.82. Within a distance of 150-400 km from the suggested mantle
plume center, the crust thins from 50 km to 38 km, the seismogenic
layer thins from 24 km to 12 km, and the Vp/Vs ratio increases from
1.72 to 1.84. At 400-700 km from the proposed mantle plume center,
the crust thins from 45 km to 34 km, the seismogenic layer thins from
24 km to 10 km, and the Vp/Vs ratio increases from 1.64 to 1.75.

In summary, crustal thickness has a positive correlation with the
Vp/Vs ratio within 150 km of the center of the suggested mantle
plume. However, there is a reverse correlation outside the central
150 km radius from the ELIP. The positive relation within 150 km of
the ELIP center indicates that the Vp/Vs ratio increases with crustal
thickening, which may have resulted from the addition of mafic ma-
terials from the mantle. The increases of both the crustal and seismic
layer thicknesses from the center to the margin of the inner zone
(Fig. 7) suggest that the mafic material from the mantle to the crust
increases from the center to the outer margin of the inner circle,
which may have resulted from the lateral flow of a basalt flood or
from the fault (a channel of upwelling mafic material) at the outer
margin of the inner circle. The first possibility suggests that the litho-
sphere structure beneath the inner circle of the speculated mantle
plume can represent the result from mantle plume activity. The sec-
ond possibility suggests that the lithosphere structure beneath the
inner circle underwent the deformation from tectonic escape
(Tapponnier et al., 1982). However, 150-700 km from the ELIP, the
reverse correlation shows that the thinning crust corresponds to
higher Vp/Vs ratios, which suggests that the middle crust beneath
the ELIP could flow. The felsic middle crustal flow (with Vp/Vs less
than 1.75) leads to crustal thinning and, consequently, an increasing
average crustal Vp/Vs ratio. The middle crustal flow can be further
supported from interpretation results of related wide-angle seismic
profiling in the research area (Zhang et al., 2005a, b; Zhang and
Wang, 2009) and the low electric resistance distribution in the mid-
dle crust from MT imaging (Bai et al., 2010a).

4.3. Understanding the thickness relationship between the crust and
seismic layer

The Late Permian Emeishan mantle plume was proposed by Xu et
al. (2004) (with the spatial distribution of the Emeishan mantle
plume as shown in Fig. 1) and is divided into the inner, intermediate
and outer zones of the plume (Xu et al., 2004). Numerous studies
have demonstrated that a mantle plume can be characterized by
high heat flow, active volcanism, variable topographic height depend-
ing on plume depth, and hotspot tracks with the age of magmatism
and deformation increasing with distance from a hotspot (Condie,
2001). With the mantle plume model in our studied area, the litho-
sphere and crust should display systematic thickening from the
inner zone to the intermediate and outer zones. Correspondingly,
the temperature should decrease from the inner to outer zones. The
lithospheric rheology structure should have a consistent pattern
with lithosphere thickness or crustal thickness, which means the
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Fig. 9. The geodynamic model beneath the ELIP. The tectonic escape at the west of the XJF and the north-southward middle crustal flow at the east of the XJF (to the Late Permian

mantle plume); the earthquake distribution is from profile 6 (Fig. 5).

brittle layer thickness of the lithosphere should be the thinnest be-
neath the central zone and the thickest beneath the outer zone.

The studied area is approximately 100 km east of the Tengchong
volcano (TCV in Fig. 8a and b). We can observe that between the
TCV and XJF (in the inner zone of the Late Permian Emeishan mantle
plume), the seismogenic layer maintains an approximately 20-km
thickness with slight thickening whereas the aseismic layer (ductile
layer) in the crust remains at a relatively constant 30 km (Fig. 8a
and b). Further eastward from the XJF (from the intermediate to the
outer zone of the proposed Late Permian Emeishan mantle plume),
we find the seismogenic layer thins from 24 km to 0 km (Fig. 8a and
b) whereas the ductile layer thickens from 24 to 38 km. The litho-
spheric rheology structure in the present form may not support the
existence of the mantle plume centered at the proposed inner zone
(Figs. 1, 8a and b) and may have undergone successive deformations,
such as deformation from the eastward subduction of the Indian
Ocean plate or from the nearly north-southward tectonic escape/
crustal flow. The later deformation to the lithosphere structure be-
neath the mantle plume should have different modification mecha-
nisms in the inner and intermediate/outer zones.

Our observations of the crustal thickness and seismogenic layer
(Figs. 3-6) confirm this general relationship between the crustal
thickness and seismogenic layer thickness beneath the Emeishan
mantle plume, which may have resulted from the successive defor-
mation of the following geodynamic activities, such as the eastward
subduction of the Indian Ocean plate or the southward tectonic es-
cape/crustal flow to accommodate the collision between the Indian
and Eurasian plates. This successive modification to the mantle
plume may be supported by geochemical observations that require
complexity in this simple thermal-zonation model. Specifically, with-
in the inner zone sections, high-Ti-HT1 and HT2-HT3-lavas occur in
the uppermost sequence of evolved alkaline lava (hawaiite to phono-
lite) between the high-Ti lavas in the Miyi section. These high-Ti and
alkaline lavas may be relatively young compared with low-Ti lavas
and may reflect the waning of plume-related volcanism (Xu et al.,
2001). Low-Ti, HT2-HT3, and alkaline lavas occur exclusively in the
inner zone, and they were subject to significant crustal contamination
(Xu et al,, 2001). These factors may be largely related to the thermal
remobilization of the lithosphere above the plume head compared
with that above the plume periphery (Xu et al., 2004).

4.3.1. Eastward subduction of the Indian Ocean plate?

Tectonically, the studied region is closely related to the eastward
subduction of the Indian Ocean plate compared with the nearly
northward subduction of Indian plate beneath the Himalayas (Hirn
et al, 1984; Teng et al., 1985; Zhao et al., 1993; Makovsky et al.,

1996; Zhang and Klemperer, 2010). The spatial distribution of earth-
quake foci from the International Seismological Catalogue (ISC)
shows the earthquake belt as an eastward-dipping belt beneath
Burma (Verma et al., 1980; Zhang and Zang, 1986). Geochemical
and isotopic data show that the main (most voluminous) series of
lavas were derived by partial melting of a metasomatized and hetero-
geneous mantle source, with crustal and possibly seawater compo-
nents probably related to the previous subduction beneath Asia
(Zhu et al., 1983). The content of Rb and Sr and other geochemical
data suggest that these volcanic rocks belong to the high-K calc-
alkaline series of magma formed in the collision zone (Mu et al.,
1987). The Cenozoic TCV activity shows the geochemical features of
island-arc or active continental margins (Cong et al., 1994).

TCV and the other deepening patterns of earthquake occurrence
are attributed to oceanic plate subduction. There are two kinds of
models: one (Fig. 8a) is based on interpretational results of the
deep seismic sounding profiles (Wang and Gang, 2004; Zhang et al.,
20054, b; Zhang and Wang, 2009) and another (Fig. 8b) is proposed
from local and teleseismic travel time tomography (Li et al., 20083,
b; Lei et al., 2009). In the first case (Fig. 8a), the volcanic activities be-
neath Burma and TCV are attributed to the dehydration fluid proces-
sing from the subducted Indian Ocean plate (Wang and Gang, 2004).
In the model, the Indian Ocean plate subducts with a constant slip
angle to a depth of approximately 200 km beneath the Nujiang Su-
ture. In the second case (Fig. 8b), the volcanic activity beneath the
Burma arc and the TCV are derived from different depths of seismic
sources (Lei et al., 2009). In the model, the Indian Ocean plate hori-
zontally subducts beneath the Burma arc and then turns to steepen
slowly to the mantle transition zone, acting as a stagnant slab in the
MTZ beneath the western margin of southeast Tibet. The Burma arc
volcanic activity is directly related to the dehydration of the sub-
ducted Indian Ocean plate, and the TCV activity is related to the up-
welling of asthenosphere at a depth of 410 km heated by the
stagnant slab.

Figs. 4-6 show that the Vp/Vs ratio decreases gradually along the
profiles. Furthermore, the Moho depth and seismogenic depth both
gently thin. Fig. 8b shows a sharp subduction angle beneath the
Burma arc, which could result in the response of the crustal composi-
tion or velocity structures; however, we do not observe similar sharp
changes in the Vp/Vs ratio, the Moho depth, or the seismogenic depth.
Both models in Fig. 8a and b should lead to the thickening of the duc-
tile layer, at least in the inner zone, which conflicts with our observa-
tions. Thus, we speculate that our results of lithosphere rheology in
the studied area may suggest that the Indian Ocean plate subduction
does not provide a strong contribution to the deformation super-
posed upon the mantle plumed lithosphere.
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4.3.2. Southward tectonic escape or crustal flow?

Several major strike-slip faults are present on the Tibetan Pla-
teau, including the Altyn Tagh, Kunlun, Xianshuihe, Jiali, Red River,
and Karakoram fault systems. In eastern Tibet, left-and right-lateral
faults translate Tibetan terranes eastward, although the magnitudes
of translation versus rotation and distributed motion are still debat-
ed (Tapponnier et al., 1982, 1990; Yin and Harrison, 2000; Wang et
al.,, 2001). The left-lateral Altyn Tagh Fault, which forms the north-
western boundary of the Tibetan Plateau, has accommodated a
280-550 km (Peltzer and Tapponnier, 1988; Yin and Harrison,
2000) or 375425 km (Yue et al., 2001) slip since the Oligocene.

The studied area is located at the northeastern edge of the colli-
sion zone between the Indian and Eurasian plates. The long-distance
tectonic escape of large crustal fragments accommodated by strike-
slip faulting is required by the rigid indentation model (Tapponnier
et al., 1982) compared with models that require mantle dynamics, in-
cluding lamination-induced isostatic rebound in combination with
crustal thickening by pure shear (Molnar et al., 1993) and models
that inflate the crust by significant amounts of magmatic underplat-
ing (Powell and Conaghan, 1973; Molnar, 1988; Bird, 1991). The tec-
tonic escape model has been supported by recent studies of the
geology of the Tibetan Plateau and by neotectonic studies of fault
slip rates, even though the actual amounts of lateral escape versus
distributed shortening and rotation are still debated (Yin and
Harrison, 2000). Yunnan (at the southeast margin of Tibetan plateau)
is the key area influenced by tectonic escape (Tapponnier et al., 1982)
or crustal flow (Royden et al., 1997; Zhang and Wang, 2009; Bai et al.,
2010a; Chen et al., 2010; Zhang and Klemperer, 2010).

From Fig. 7, we observe the distinctive difference of crustal prop-
erties between the west and east of the XJF. In the west of the fault,
the crustal thickness has a positive correlation with the Vp/Vs ratio
within 150 km of the center of the suggested mantle plume. However,
there is a reverse correlation in the east of the fault outside of the cen-
tral 150 km scope in the ELIP.

The thinning seismogenic layer and the thickening ductile layer in
the crust beneath the intermediate/outer zones of the ELIP and the
relatively constant seismogenic and ductile layers beneath the inner
zone of the ELIP (Fig. 5) hint that the geodynamic models could be
different in the east and west of the XJF, the border between the
inner and intermediate/outer zones. The positive relation within
150 km in the inner zone may have resulted with the lateral flow of ba-
saltic flooding or from the fault (a channel of upwelling of mafic mate-
rial) at the outer margin of the inner circle. However, 150-700 km from
ELIP, the reverse correlation shows that the thinning crust corresponds
to higher Vp/Vs ratios, which suggests that the middle crust beneath the
ELIP could flow. The above inference is consistent with our observation
of the lateral/azimuthal variation of the seismogenic layer. Our results
allow us to postulate that the ELIP (the Late Permian mantle plume) en-
dured successive deformation from the north-southward tectonic es-
cape beneath the west of the XJF and from the middle crustal flow
beneath the east of the XJF (Fig. 9).

5. Conclusion

In this paper, we obtain three kinds of geophysical results: (1) seis-
micity from events recorded and located by permanent seismic net-
works, (2) crustal structure from deep seismic sounding, and (3)
crustal composition structure from receiver function imaging. Our re-
sults demonstrate that the seismogenic (brittle) layer thins away from
the proposed center of the Emeishan mantle plume (approximately
24 km in depth beneath the center of Emeishan mantle plume and
only approximately 10 km in depth beneath the margin of the
plume), and the aseismic (ductile) layer thickens from the proposed
center of the Emeishan mantle plume (relatively constant in thickness
beneath the inner zone of the ELIP approximately 24 km, increasing in
thickness from 24 km to 38 km beneath the intermediate/outer zones

of the ELIP). Correspondingly, the crustal thickness decreases from the
inner zone to the outer zone. The average crustal Vp/Vs ratio increases
at three zones.

Seismological studies mentioned above support that the litho-
spheric structure and rheology of the Permian Emeishan mantle
plume have tectonically modified during Mesozoic-Cenozoic. Fur-
thermore, the thinning seismogenic layer and the thickening ductile
layer in the crust beneath the intermediate/outer zones of the ELIP
and the relatively constant seismogenic and ductile layers beneath
the inner zone of the ELIP mean that the tectonic models could be dif-
ferent in the east and west of the XJF, the border between the inner
and intermediate/outer zones. Considering the geologic and geo-
chemistry observations in ELIP and its adjacent area, these remark-
able features are interpreted as the modification of tectonic escape
at the west of the XJF and a north-southward middle crust flow at
the east of the XJF (to the Late Permian mantle plume).
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