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We examine the Pn and Sn travel time data with long and short epicentral distance ranges separately and
obtain 2.5-dimensional tomographic models for the uppermost mantle velocity and the Vp/Vs ratio beneath
the Sichuan–Yunnan and adjacent regions. The tomographic models show that the average Vp and Vs of the
upper layer are approximately 8.10 km/s and 4.60 km/s and those of the deeper layer are 8.19 km/s and
4.65 km/s, respectively; the average velocity ratio is 1.76 under the study area. A comparison of the Pn and
Sn velocity distribution reveals that the high- and low-velocity anomalies are consistent. High velocity and
low Vp/Vs ratios exist in the Sichuan Basin and low velocity and high ratios distribute in the Myanmar–
Yunnan, Songpan–Ganzi, and Hainan regions, respectively. Ourmodels providemore evidence for the subduc-
tion of the Indian plate beneath the Myanmar–Yunnan region and the existence of the hot material upwelling
beneath the Hainan region. In our velocity model, there is a significant difference between the southern and
the northern parts of the Yunnan region (i.e. north and south of 26° N); we infer that these regions are con-
trolled by different dynamic processes. The velocity distributions at different depths are mainly similar in
most of the regions of the study area, and the differences between the upper layer and the deeper layer be-
neath the Yunnan region indicate that the heat flow from the upper mantle has complex characteristics.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The Sichuan–Yunnan and surrounding regions include the Sichuan
Basin, the Songpan–Ganzi fold belt, the Yungui Plateau, Hainan,
Myanmar, and other neighboring areas (Fig. 1). This complex region
has been the focus of several investigations (Chen et al., in press;
Hu et al., 2012; Lei et al., 2009a, 2009b; Liang et al., 2011; Molnar
and Tapponnier, 1975; Pei et al., 2011; Teng et al., 1994; Wu and
Zhang, 2012; Yao et al., 2008; Zhang and Klemperer, 2010; Zhang et
al., 2005, 2009, 2011, in press). The collision between the Indian and
Eurasian plates is the driver for the tectonics of this area. Observations
made using global positioning systems reveal that materials from the
Tibetan Plateau rotate around the eastern Himalayan syntaxis (Wang
et al., 2001). Teleseismic body-wave tomography research has revealed
large-scale velocity structure beneath this region (Huang and Zhao,
2006; Li et al., 2008).

Pn tomography can image lateral velocity variations in the upper-
most mantle (Al-Lazki et al., 2004; Cui and Pei, 2009; Hearn and Ni,
1994; Hearn et al., 2004; Liang et al., 2004; Pei et al., 2007; Phillips
rights reserved.
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et al., 2007; Ritzwoller et al., 2002). Variations in the composition,
temperature, pressure, and volatile content of the uppermost mantle
can contribute to the Pn and Sn velocity anomalies. The effect of the
temperature change is more pronounced on the S-wave velocity
(Vs) than on the P-wave velocity (Vp). In high-temperature regions
where partial melting occurs, the S-wave velocity decreases more sig-
nificantly than the P-wave velocity (Badal et al., 1996; Goes et al.,
2000; Nolet and Ziehuis, 1994; Thybo, 2006). Therefore, the Sn veloc-
ity and Vp/Vs ratio distribution provide better constraints of thermal
anomalies and possible partial melt in the study region.

Pn and Sn rays do not travel strictly at the surface of the mantle but
dive into the mantle caused by both the earth's curvature and the pos-
itive velocity gradients in the uppermost mantle. Most previous studies
have used data with only a short epicenter distance within 10° and de-
veloped only one 2D model. Hearn et al. (2004) attempted to use data
with different epicenter distances in order to obtain different models;
however, restricted by the limited data, he could obtain only the Pn ve-
locity model and not the Sn velocity and Vp/Vs models for different
depths. Here, we present the P-wave velocity, S-wave velocity and
Vp/Vs ratio tomographic models of layers at different depths for the
uppermost mantle beneath the Sichuan–Yunnan and adjacent
regions by using a large new dataset. This study provides a 2.5-
dimensional velocity structure for both P and S waves of the study area.
permost mantle beneath Sichuan–Yunnan and surrounding regions,
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Fig. 1. Simplified tectonic map of Sichuan–Yunnan and surrounding regions superimposed on topography. EHS, eastern Himalayan syntaxis; GD, Guangdong; HN, Hainan; IP, Indian
plate; LB, Lhasa Block; QTB, Qiangtang Block; SGFB, Songpan–Ganzi fold belt. Triangles denote volcanoes; black lines represent the tectonic line and the outline of Sichuan Basin;
thin gray lines indicate active faults. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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2. Data and method

Our study area is located between 20°N and 35°N and between
95°E and 115°E. Seismic data from 10,378 events recorded by 141 sta-
tions between 5°N and 50°N, and 80°E and 130°E were used in the
study. These travel time data are from three sources, the International
Seismological Centre (1960–2007), the China Earthquake Data Center
(1990–2009), and the Annual Bulletin of Chinese Earthquakes (1985–
2011). Only the Pn and Sn ray pairs that have the same event and sta-
tion coordinates were used thus making the ray path coverage iden-
tical for both Pn and Sn waves. In total, 134,862 rays were used in
this study.

Fig. 2 shows the ray paths using a model with a positive P-wave
velocity gradient of 0.002 s−1 in the upper mantle by segmental iter-
ative ray tracing considering the earth's curvature (Phillips et al.,
2007; Xu et al., 2006, 2010). For the inversion, we used the Pn and
Sn data for which the epicenter distance ranged between 3° and 10°
Fig. 2. Ray paths used in a model with posi
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to obtain the velocity model of the upper layer of the uppermost man-
tle, and used data for which the epicenter distance ranged between
10° and 16° to obtain the velocity model of the deeper layer of the
uppermost mantle. The deeper layer model can represent the lateral
variations at the depth of approximately 30–50 km under the Moho
discontinuity. Initial models were obtained by a fit to the travel
time–distance curve considering the effect of the earth's curvature
(Helmberger, 1973; Zhao, 1993). The average Vp and Vs of the upper
layer are 8.10 km/s and 4.60 km/s and those of the deeper layer are
8.19 km/s and 4.65 km/s, respectively (Fig. 3). The travel time resid-
uals (difference between predicted and reported travel times) used
in the study were limited to a range of ±5 s. The source/station ray
paths are shown in Fig. 4. There are 85,173 rays with the epicenter dis-
tance ranged between 3° and 10° and 49,689 rays with the epicenter
distance ranged between 10° and 16°. Fig. 5 shows the rays hit counts
for cells with 0.5° × 0.5° size. The hit counts for most cells of the study
area are more than 50.
tive velocity gradient in upper mantle.

permost mantle beneath Sichuan–Yunnan and surrounding regions,
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Fig. 3. Distance–travel time curve of the Pn data. The red lines indicate the fitting lines, the blue lines are the quality standard lines, and the green lines indicate the epicenter
distance ranges for different layers. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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For each layer, we followed the tomography technique developed
by Hearn and Ni (1994). The uppermost layer of the mantle is divided
into a set of two-dimensional cells, in which the slownesses as same
as the inverse velocities are estimated. The travel time residuals are
described approximately by the perturbation equation

tij ¼ aiþ bjþ∑dijkSk ð1Þ

where tij is the travel time residual for event j and station i, ai is the static
delay for station i, bj is the static delay for event j, dijk is the travel dis-
tance of ray ij in mantle cell k, Sk is the slowness perturbation for cell.
The unknown quantities in Eq. (1) are the mantle slowness perturba-
tion Sk, the station and event delays ai and bj, respectively. The station
and event delays accommodate variations in crustal velocity and thick-

ness. The Poisson's ration can be obtained byσ ¼ Vp=Vsð Þ2−2
2 Vp=Vsð Þ2−1½ �. For the in-

version, we used a cell size of 0.5° × 0.5°. The slowness values in each
cell were resolved using the LSQR algorithm (Paige and Saunders,
1982; Yao et al., 1999).

While we attempted to resolve azimuthal anisotropy, we could not
obtain a sufficient resolution to tightly constrain azimuthal anisotropy
fast directions and magnitude. Thus, in this paper, we have focused
on the Pn and Sn velocity variations and the velocity ratio, assuming
a spatially varying isotropic velocity model. One of the difficulties in
measuring Pn and Sn azimuthal anisotropy is the difference in sam-
pling depths for different epicentral distances. Often this requires a
relatively narrow range of distances to be used to solve for Pn or Sn
anisotropy. Typically including the anisotropic terms, there is only a
marginal impact on the major velocity variations (Lü et al., 2011,
2012). Therefore, our tomography most likely can provide a reliable
uppermost mantle velocity structure of the study area.

3. Results and discussion

3.1. Resolution tests

Velocity resolution tests were performed in order to determine the
size of features that can be reliably imaged, and therefore interpreted.
Checkerboard tests were conducted to evaluate the effects of ray cov-
erage on spatial resolution. A test checkerboard velocity model was
Please cite this article as: Lü, Y., et al., 2.5-Dimensional tomography of up
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created by assigning sinusoidal velocity anomalies to the cells of the
model domain simultaneously. Synthetic arrival timeswere calculated
for the test model under different checkerboard sizes with the same
number of earthquakes, stations, and ray paths that were used for ac-
tual tomographic inversion. Gaussian noise with a standard deviation
equal to the rms residuals after inversion was added to the synthetic
travel times and Gaussian location errors with a standard deviation
of 15 kmwere added to both the latitude and longitude of event loca-
tions to simulate the pick errors, hypocenter mislocations, and other
noises (Lei et al., 2011). We performed tests using different cell sizes
for the sinusoidal velocity anomalies. Fig. 6 shows the checkerboard
test results. The spatial resolution is considered to be good for the re-
gions in which the checkerboard pattern is recovered. The tests indi-
cate that, for most of the study region, velocity anomalies with a size
of 2.7° × 2.7° can be well resolved, at the western part of the study
area, the spatial resolution there can reach 2.0° × 2.0° or even better.

3.2. Upper layer

Fig. 7 shows the Vp and Vs models of the study area by using rays
with an epicenter distance of 3°–16° by the traditional way. The aver-
age Vp and Vs for the study area are 8.14 km/s and 4.62 km/s, respec-
tively. Low velocities are found to be distributed under the Myanmar–
Yunnan region, Hainan region, and the Songpan–Ganzi fold belt; high
velocity values are observed beneath the Sichuan Basin. From this in-
tegrated model, the main features are the same as the previous result
(e.g., Cui and Pei, 2009; Li and Lei, 2012), which can provide 2D veloc-
ity information of the uppermost mantle beneath our study area, but
cannot provide any depth constraint for the velocity of the uppermost
mantle.

Fig. 8 shows the Pn and Sn velocity variations of the upper layer by
rays with an epicenter distance of 3°–10°. The average Vp and Vs of
this layer for the study area are 8.10 km/s and 4.60 km/s, which are
lower than our integrated models (Fig. 7) and reflect the velocity gra-
dient of the uppermost mantle. The average Vp/Vs ratio and Poisson's
ratio are approximately 1.76 and 0.262 beneath the study area (Fig. 9).
The RMS residuals of the P-wave travel times decreased from 2.0 s to
1.1 s after inversion (Fig. 10A, B), and the residuals of S-wave travel
times decreased from 2.2 s to 1.3 s. In general, the variations of the
Pn and Sn velocities are similar. High velocity values are observed
permost mantle beneath Sichuan–Yunnan and surrounding regions,
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Fig. 4. Ray paths with an epicenter distance ranging between 3° and 10° (A) and with an epicenter distance ranging between 10° and 16° (B). The black crosses represent events,
and the red stars indicate stations. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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beneath the Sichuan Basin. Clear low velocities are found under the
Myanmar–Yunnan region, Hainan region, and the Songpan–Ganzi
fold belt.

The model shows that the lithospheres of Sichuan Basin are cold
and stable. The stable lithospheres block the material flow from the
Tibetan Plateau to the east and change the flow direction to the
south. In the Myanmar–Yunnan region, low velocities are distributed
around some volcanoes (Lei et al., 2009a). The low velocities in the
Myanmar–Yunnan region provide evidence of subduction of the Indian
Please cite this article as: Lü, Y., et al., 2.5-Dimensional tomography of up
Tectonophysics (2013), http://dx.doi.org/10.1016/j.tecto.2013.03.008
plate eastward and associated back-arc upwelling (Li et al., 2008). In the
Hainan region, plume-like low-velocity feature was found in a body-
wave tomographic model (Lei et al., 2009b). Our present models also
support this observation. The velocity under the Songpan–Ganzi fold
belt is significantly low, which has also been observed in previous
studies (Lei and Zhao, 2009; Li and Lei, 2012; Li et al., 2010; Liang et
al., 2004; Pei et al., 2007, 2010). This low velocity can be primarily
attributed to high temperatures, and secondarily to compositional var-
iations due to water (Hearn et al., 2004).
permost mantle beneath Sichuan–Yunnan and surrounding regions,

image of Fig.�4
http://dx.doi.org/10.1016/j.tecto.2013.03.008


Fig. 5. Hit counts for cells of rays with an epicenter distance ranging between 3° and 10° (A) and with an epicenter distance ranging between 10° and 16° (B). Red and blue cor-
respond to the number of the rays hit counts. The isopleths are pointing 50, 100, 200, 500 and 1000 count number. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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3.3. Deeper layer

Fig. 11 shows the Vp and Vs variations of the deeper layer by rays
with an epicenter distance of 10°–16°. The average Vp of this layer for
the study area is 8.19 km/s, and the average Vs is 4.65 km/s, which
are higher than the upper layer (Fig. 8) and the integrated models
(Fig. 7). It is clear that as longer epicentral distance data are used,
the ray paths sample deeper uppermost mantle, which is the reason
why we see a velocity increase for the average velocity of the upper
Please cite this article as: Lü, Y., et al., 2.5-Dimensional tomography of up
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and lower layers and a neutral average velocity for the integrated
model. The RMS residuals of P-wave travel times decreased from
2.5 s to 1.5 s after inversion (Fig. 10C, D), and the residuals of
S-wave travel times decreased from 2.8 s to 1.7 s.

In general, the Vp and Vs variation patterns are similar to the
upper layer model and the integrated model discussed above. High
velocity values are observed beneath the Sichuan Basin; low veloci-
ties are found to be distributed under the Myanmar–Yunnan region,
Hainan region, and the Songpan–Ganzi fold belt. Four independent
permost mantle beneath Sichuan–Yunnan and surrounding regions,
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Fig. 6. Checkerboard resolution results for the upper (A) and deeper (B) layers of the model with a cell size of 2.7° × 2.7°.
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datasets of the inversion of the Pn and Sn travel time data yielded
similar results that are consistent with each other and this confirms
the credibility of the inversion results.

A previous study involving an SKS analysis revealed that the fast
direction of the shear wave splitting turns from almost N-S direction
to W-E direction from north to south around 26° N (Sol et al., 2007).
In our model, there is a clear velocity difference between the southern
and the northern parts of 26° N in the Yunnan region. Low velocities
are found in the southern part of 26° N. Considering the previous SKS
splitting and Pn anisotropy results (Cui and Pei, 2009; Li and Lei,
Please cite this article as: Lü, Y., et al., 2.5-Dimensional tomography of up
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2012), we infer that the southern and the northern parts of 26° N in
the Yunnan region are controlled by different dynamic processes.
The southern part is mainly affected by the eastern forward subduc-
tion of the Indian plate; the northern part is controlled by the material
flow from the Tibetan Plateau (Bai et al., 2010; Zhang et al., 2010).

Fig. 12 shows the Vp/Vs ratio distribution. The average Vp/Vs ratio
and Poisson's ratio are approximately 1.76 and 0.262 beneath the
study area. The velocity ratio distributions are generally similar for
both the Vp and the Vs models. The velocity ratio is low in the Sichuan
Basin. The very low Vp/Vs ratio beneath the Sichuan block is typical for
permost mantle beneath Sichuan–Yunnan and surrounding regions,
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Fig. 7. Lateral Vp (A) and Vs (B) variations inferred from the data with an epicenter distance of 3°–16°. Average Vp is 8.14 km/s, and the average Vs is 4.62 km/s. Red and blue areas
correspond to velocities lower and higher than the average, respectively. Triangles denote volcanoes, and the black line represents the tectonic line. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of this article.)
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many cratonic regions and can be attributed in part to a depleted litho-
spheric mantle (Dorbath andMasson, 2000). The average Vp/Vs ratio of
our study area is less than the global average for the uppermost mantle
which is approximately 1.79 (Christensen, 1996; Rossi et al., 2006), this
may be caused by the very low ratio value of the Sichuan region.

In the Myanmar–Yunnan and Hainan regions, the velocity ratio is
high, indicating that the uppermost mantle had a high temperature. In
the southern part of the Yunnan region, the Vp/Vs ratio distributions
Please cite this article as: Lü, Y., et al., 2.5-Dimensional tomography of up
Tectonophysics (2013), http://dx.doi.org/10.1016/j.tecto.2013.03.008
are different between the two layers. The velocity ratio at the deeper
layer of this region is significantly high nearly 1.80 but which is just
around 1.76 at the upper layer. From the heat flow observation (Hu
et al., 2001;Wang andHuang, 1990) and crust velocity structure studies
(Gao et al., 2009;Wuand Zhang, 2012; Xu et al., 2012), we infer that the
hot material upwelling is not straight but more complex beneath the
Yunnan region, and the deeper layer is affected by the hot material up-
welling considerably seriously.
permost mantle beneath Sichuan–Yunnan and surrounding regions,
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Fig. 8. Lateral Vp (A) and Vs (B) variations for the upper layer. Average Vp is 8.10 km/s, and the average Vs is 4.60 km/s. Red and blue areas correspond to velocities lower and
higher than the average, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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4. Conclusions

We examine the Pn and Sn travel time data with long and short
epicentral distance ranges separately and obtain 2.5-dimensional to-
mographic models for the uppermost mantle velocity and the Vp/Vs
ratio beneath the Sichuan–Yunnan and adjacent regions. The major
conclusions include:

1. In the back-arc region around Myanmar, significant low Vp and Vs
are distributed around volcanoes. This is strong evidence to prove
Please cite this article as: Lü, Y., et al., 2.5-Dimensional tomography of up
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that the lithosphere of the Indian plate subducted into the mantle
beneath Myanmar and caused the hot material upwelling at the
back arc. The high temperature or even partial melting in the
uppermost mantle caused the low velocity and the high Vp/Vs
ratio.

2. The uppermost mantle velocities of the Sichuan Basin and the
Songpan–Ganzi fold belt are considerably different. The high ve-
locities of the Sichuan Basin implied that the lithosphere in this
region is stable and cold, which blocked the weaker and likely
more ductile material beneath the Songpan–Ganzi terranes
permost mantle beneath Sichuan–Yunnan and surrounding regions,
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Fig. 9. Vp/Vs ratio variations for the upper layer. Average velocity ratio is 1.76. Red and blue areas correspond to ratios higher and lower than the average, respectively. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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flow moving to the east and changed the flow direction to the
south. The low velocity in the Songpan–Ganzi region is consis-
tent with that obtained in the previous studies. The very low
Vp/Vs ratios beneath the Sichuan block are typical for many
Fig. 10. Distribution of residuals versus epicenter distance before and after inversion for up
residuals is 2.0 s and 2.5 s for the original data; it decreases to 1.1 s and 1.5 s after inversio
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cratonic regions and can be attributed in part to a depleted lith-
ospheric mantle.

3. There are significant velocity differences between the southern
and the northern parts of 26° N in the Yunnan region. We infer
per layer (A, B) and deeper layer (C, D). The standard deviation of the Pn travel time
n.

permost mantle beneath Sichuan–Yunnan and surrounding regions,
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Fig. 11. Lateral Vp (A) and Vs (B) variations for the deeper layer. Average Vp is 8.19 km/s, and the average Vs is 4.65 km/s. Red and blue areas correspond to velocities lower and
higher than the average, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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that these parts are controlled by different dynamic processes. The
southern part is mainly affected by the eastern forward subduction
of the Indian plate, and the northern part is controlled by the ma-
terial flow from the Tibetan Plateau.

4. The Vp and Vs are low and the Vp/Vs ratio is high in the Hainan re-
gion, which is further evidence of the possible mantle plumes be-
neath the Hainan region. The differences in the velocity ratio
distributions between the models of the two layers in the Yunnan
region indicate that the hot material upwelling is not straight but
Please cite this article as: Lü, Y., et al., 2.5-Dimensional tomography of up
Tectonophysics (2013), http://dx.doi.org/10.1016/j.tecto.2013.03.008
more complex and the deeper layer is affected by the hot material
upwelling considerably seriously.
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Fig. 12. Vp/Vs ratio variations for the deeper layer. Average velocity ratio is 1.76. Red and blue areas correspond to ratios higher and lower than the average, respectively. (For in-
terpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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