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ARTICLE INFO ABSTRACT

The crust and uppermost mantle beneath the southeastern (SE) margin of Tibetan Plateau record the lateral
expansion of Tibet and far-field effects from the ongoing continental collision and convergence. In order to
obtain constraints on the deep structure and the eastward expansion of the plateau, we synthesized Deep Seismic
Sounding (DSS) results in this region and constructed the P wave velocity models for each terrane. The principal
characteristics of the crustal velocity model and tectonic significance are: (1) Crustal thickness decreases from
53 km beneath the Songpan-Ganzi terrane (SGT) to 34 km in the south direction beneath Simao terrane (SMT),
and 42 km in the east direction beneath Chengdu area. The crust is dominantly felsic in upper crust, with a small
percentage of mafic composition in the lower crust. (2) The crustal structure is very heterogeneous in this region.
The Indochina Block is characterized by low seismic velocities in the upper crust, while the west Yangtze terrane
(WYZT) and SGT show higher velocities in the upper crust. The lower crust beneath WYZT is relatively thicker
than other terranes. (3) We deduce that the high velocity in the upper crust and relatively thick lower crust
beneath the SGT and WYZT can be associated with magmatic processes that generated the Emeishan flood
basalts which may have been triggered by rifting or mantle plume. The lateral variations of the crustal thickness
in SE Tibet may be due to lower crustal flow from the Tibetan Plateau to the SE direction after blocked by the
cold and rigid Yangtze craton in the east direction.
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in Fig. 2. It is evident that NW-SE and NS trending faults dominate this
area. The most significant fault is the Red River fault (RRF), which

1. Introduction

During the past 50 Ma, the collision between the Indian and
Eurasian plates has had a profound influence on the surrounding area of
the Tibetan Plateau, particularly the southeast of the Tibetan Plateau.
Four main models have been proposed to interpret the plateau forma-
tion and regional deformation: (1) the lateral extrusion model
(Tapponnier et al., 1982), (2) the vertically coherent deformation
model (England and Houseman, 1986), (3) the stepwise rise model
(Tapponnier et al., 2001) and (4) the lower crustal flow model (Royden
et al., 1997; Clark and Royden, 2000; Royden et al., 2008). The topo-
graphy in this area is highly variable (Fig. 1), ranging from an altitude
of nearly 5000 m in the northwest to less than 1000 m in the east and
the southeast. Major tectonic features and a geological map are shown
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starts at the east margin of the Tibetan Plateau and extends to the South
China Sea, separating the Indochina block and South China (Lei et al.,
2009; Zhu et al., 2009). Southwest China has a high level of seismic
activity. Some 238 moderate earthquakes (magnitude greater than 6.0)
have occurred since 1970, including the Wenchuan Ms. 8.0 earthquake
on 12 May 2008. Due to the high seismic hazard, it is vital to define the
crustal structure and related geodynamic processes in this area. Here
we summarize the crustal P wave velocity structure of different geo-
logical units and correlate this information with the tectonic evolution.

From 1982 to 2016, several Deep Seismic Sounding (DSS) profiles
were acquired in this region (Fig. 1). In addition, complementary stu-
dies, such as surface wave tomography (Sun et al., 2014; Wang et al.,
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0 Fig. 1. Location of seismic profiles in the study area. Red stars
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represent the shot points and black circles represent recording
stations. Grey lines indicate the 12 existing DSS profiles: (1)
Zhefang-Binchuan [Kan et al., 1986]; (2) Eryuan-Jiangchuan
[Kan et al., 1986]; (3) menglian-Malong [Kan et al., 1986];
(4) Chuxiong-Luoping [Wang et al., 2009]; (5) Zhenkang-Luxi
[Wang et al., 2014a]; (6) Puer-Luxi [Zhang et al., 2013al; (7)
Lijiang-Qingzhen [Xu et al., 2015]; (8) Yunxian-Ninglang
[Chen et al., 2016]; (9) Menghai-Lushui [Wang et al., 2015];
(10) Benzilan-Tangke [Wang et al., 2007]; (11) Zhubalong-
Zizhong [Wang et al., 2007]; (12) Suining-Aba [Jia et al.,
2014a]. Inset map shows the location of the study area. (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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2014b; Fu et al., 2017; Li et al., 2017), receiver function inversion (Bai
et al.,, 2010b; Chen et al., 2010; Wang et al., 2017; Yu et al., 2017;
Zhang et al., 2017), travel time tomography (Lei et al., 2009, 2014),
shear wave splitting (Huang et al., 2007), ambient noise interferometry
(Huang et al., 2010), and GPS measurements (Zhang et al., 2004; Shen
et al., 2005) have been reported, leading to new insights into the dy-
namics of southwest China. Low velocity zones (LVZ) and High velocity
zones (HVZ) were constrained at different depth by varying geophysical
methods, particular at the major faults and tectonically active region,
indicating very heterogeneous crust and uppermost mantle. The Simao-
Zhongdian DSS profile crosses through three main tectonic units in SE
Tibet and these data have a high signal-to-noise ratio, which is valuable
for the study of crustal structure. Although these data have been in-
terpreted by previous authors (Lin et al., 1993; Bai and Wang, 2003;
Zhang et al., 2006; Zhang and Wang, 2009), there is still some un-
certainty regarding the crustal velocity structure. For example, the
crustal velocity in the middle and lower crust shows big difference, and
the Moho geometry also presents some difference. In addition, they did
not give the uncertainty of the Moho depth. For these reasons, we re-
pick the travel times, processed the data by 3 common used methods
(Raytracing SEIS-83; finite-difference inversions; synthetic seismogram
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reflectivity) to constrain the model. We also present comparisons with
recently published DSS results, summarize the crustal P-wave seismic
velocity structure in different geologic terrains, discuss the composition
of the crust and tectonic significance in this region. Our re-analysis of
these high-quality data are justified by the more comprehensive geo-
logic and tectonic interpretation presented here.

2. Geologic setting

Our study region is mainly divided into four tectonic units: the
Indochina block to the southwest, the Yangtze craton and Cathaysian
block in the east, and the Songpan-Ganzi terrane to the north (Fig. 2).
Situated to the southeast of the Tibetan plateau and connected to the
South China Sea, the Indochina block has experienced extrusion and
clockwise rotation since 35 Ma (Steckler et al., 2016; Yu et al., 2017).
Three secondary terranes, the Tengchong, Baoshan, and Simao terranes,
belong to the Indochina block and are separated by two deep faults,
namely the Nujiang and Lancangjiang faults (LCJF). Northeast of the
Ailaoshan fault and Red River fault, Yangtze craton and Cathaysian
block constitute the South China plate, which represents a stable con-
tinental region (Calais et al., 2006; Zhang et al., 2009, 2013b). The
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| " | : | 2 | : | N Fig. 2. Tectonic features and Geologic map in the study re-
gion (modified from Akciz et al. (2008), Deng et al. (2014b)
and Zheng et al. (2017)). The black solid lines and the red
34°N — dotted lines represent major faults and tectonic division
boundaries, respectively. The names of faults and geological
units are as follow: F1: Nujiang fault; F2: Lancangjiang fault;
| F3: Ailaoshan fault; F4: Red River fault; F5: Xiaojiang fault;
F6: Anninghe fault; F7: Lijiang-Ninglang fault; F8: Jinshajiang
fault; F9: Xiangcheng fault; F10: Ganzi-Litang fault; F11:
32°N — Xianshuihe fault; F12: Longriba fault; F13: Longmenshan
fault; F14: Longquanshan fault; TCT: Tengchong terrane; BST:
Baoshan terrane; SMT: Simao terrane; WYZT: Western
| Yangtze terrane. (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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Songpan-Ganzi terrane occupies a large part of the eastern Tibetan
Plateau, and is bounded by the South China block to the east and the
Indochina block to the south.

The Tengchong and Baoshan terranes are land masses separated
from the Gondwana supercontinent during the late Paleozoic
(400-250 Ma) and have the same characteristics in terms of strati-
graphic sequence (Ma, 2002). The Simao terrane is covered by rela-
tively thick Mesozoic-Cenozoic sediments (Fig. 2), without much Pre-
cambrian basement and magmatic rock in outcrop. Ophiolite
complexes, which are composed of peridotites, gabbros and basalts,
were found distributed along the Nujiang, Lancangjiang and Red River
faults, representing the closure of the Paleotethyan Ocean (Deng et al.,
2014a). Moreover, Mylonitic granite rocks (30-20 Ma), composed by
gneisses with amphibolite enclaves, are mainly exposed along these
faults, demonstrating that intense deformation exists among these ter-
ranes during Cenozoic (Deng et al., 2014b). In the past 5Ma, Teng-
chong terrane has experienced some volcanic activity, exhibiting a
higher geothermal gradient and numerous hot springs (Lei et al., 2009;
Wang, 2001; Zhu et al., 1983).

The Yangtze craton is located in south China and formed during the
Archean era. It is surrounded by the North China craton, Tibetan

Plateau and Cathaysian block. Proterozoic rocks are widespread in the
Yangtze craton, with some Mesozoic-Cenozoic sediments distributed in
the west and associated with the Yanshan (200-65 Ma) and Indosinian
(250-200 Ma) orogenic movements (Li et al., 2015; Zhang et al., 2009,
2013b; Zheng et al., 2006). Although the Yangtze craton largely sta-
bilized after the Yangtze orogeny (825 Ma), tectonic activity continued
to affect the region. Multi-phase magmatism provided large volumes of
granite and gneissic granite in the craton, particularly in the western
part. The Emeishan Large Igneous Province (LIP) is located in the
western margin of the Yangtze craton and the Emeishan basalts are
exposed in a scope of 250,000km? formed in late Paleozoic era
(250 Ma). (Xu et al., 2001; He et al., 2003; Xu et al., 2015).

The Songpan-Ganzi terrane (SGT), which is a narrow and triangular
section in the eastern Tibetan Plateau, is characterized by a thick se-
quence of Triassic strata of deep marine deposits, at least several kilo-
meters thick, referred to as the Songpan-Ganzi flysch complex (Yin and
Harrison, 2000). The SGT has been interpreted as a remnant ocean
between the colliding south and north China blocks, a Permian-Triassic
rift basin and a back-arc basin (Enkelmann et al., 2007). In the south-
eastern SGT, where our study was conducted, strata are composed of
Triassic deposits and Proterozoic rocks according to the geological map
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Fig. 3. P-wave record sections and associated synthetic seismograms. (a) Shot point 1 (SP1) record section with black dashed lines indicating seismic phases: Pg is the
direct phase, P1P is a reflection from the bottom of the crystalline upper crust, PmP is the Moho reflection and Pn is refraction phase from the upper most mantle. (b)
Synthetic seismogram record section of SP1 (inset is the corresponding one dimensional (1D) seismic velocity-depth function). (c) Record section of SP8. P2P is a
reflection from the bottom of the crystalline middle crust. (d) Synthetic seismogram record section of SP8. P-wave record sections are reduced by a velocity of 6 km/s,
the positive offset corresponds to the north direction while the negative represents the south direction (inset is the corresponding one dimensional (1D) seismic

velocity-depth function).

(Fig. 2). However, late Permian basaltic rocks present in this area, may
be distal members of the Emeishan continental flood basalts
(Enkelmann et al., 2007; Song et al., 2004).

3. Seismic data and phase analysis
3.1. Layout and observations

The Simao-Zhongdian DSS profile is 600 km in length and starts
near Simao city in the south, extends northward through the
Langcangjiang fault (LCJF), Red River fault (RRF) and Lijiang-Ninglang
fault (LNF) (Fig. 2), and terminates to the north at Zhongdian city. The
Simao-Zhongdian profile is the main profile of the “Dian-Shen 8687”
project. Eight shots were fired along the profile at an interval of about
40-140 km. The explosive charge of each shot varied from 1500 kg to
3000kg. One of the shots (SP3) was an underwater explosion and
others were multi-borehole explosions. The depth of the borehole ex-
plosions were emplaced in 17-25 m deep boreholes. Along the profile,
447 mobile seismographs were deployed with an interval of about
1-3km. The experiment data was acquired by eight institutes from
China Earthquake Administration from April to June 1987. The data
has a very high signal-to-noise ratio due to relatively low in-
dustrialization and sparse freeways in the 1980s.

3.2. Seismic phases on the record sections

Figs. 3 and 4 show the seismic record sections of SP1, SP8 and SP4,
with time reduced by distance divided by 6 km/s. On the record sec-
tions, Pg is the head wave or diving wave propagating in the crystalline
basement and is a clear phase that contains detailed information from
the sediment and the upper crust. PmP is the reflected wave from the
crust-mantle boundary and has strong amplitude. It usually appears at
80-120 km from the shot point and can be observed as far as 300 km
(Figs. 3c, 4c). Pn is refracted within the uppermost mantle and becomes
the first arrival at a distance greater than 170 km and 200 km (Figs. 3a,
¢, 4a, c). All three phases can be traced in all shots in our profile and
arrival times of these phases can be picked with high accuracy. In ad-
dition, one or two reflected phases, called P;P and P,P, from intra-
crustal interfaces, can be identified on individual record sections. These
two phases are distinctly weaker than PmP, which indicates that the
intra-crustal interfaces have a lower P-wave impedance contrast.

In the southern record section of our profile (Figs. 3a, 4a), the first
Pg arrivals can be traced at a distance up to 100 km at a reduced time of
about 0.5-1.0s. PmP arrivals are clear at 90-100 km and can be traced
to 200-250 km. The amplitude of Pn is strong and this phase can be
traced to 260 km, which may indicate a relatively high velocity gra-
dient in the uppermost mantle (Braile and Smith, 1975). Only one
group of intra-crust reflection P;P can be recognized, whose travel
times are obviously delayed with respect to the Pg phase. This indicates
that velocity of the upper crust is relatively low.

For the northern record section of the profile (Figs. 3c, 4c), Pg ar-
rivals can be traced up to a distance of 120 km and the travel times vary
drastically, indicating a heterogeneous upper crustal structure. Pg

113

phases from the north end section of the profile (Fig. 3c) show much
earlier travel times than other sections, indicating a high velocity in the
upper crust. PmP arrivals are quite late, with a reduced time of about
4s at 150km (Fig. 3c), and are 2s later than the SP1 record section
(Fig. 3a) for the same distance. This indicates a greater crustal thickness
in the northern section of the profile. Pn shows relatively weaker am-
plitude in the northern section than the southern section, with an ap-
parent velocity of about 7.9-8.0 km/s. Two groups of intra-crust re-
flection P;P and P,P can be recognized (Figs. 3c, 4c), indicating the
crystalline crust is divided into three layers.

4. Modeling methods

A more accurate upper crustal velocity model can be constrained by
first arrivals of Pg, which always have the highest signal to noise ratio,
and also can reduce the uncertainty of the velocity in middle-lower
crust. So the 2D finite-difference inversion method (Vidale, 1988, 1990;
Hole, 1992) was used to determine the upper crustal structure in our
paper. The inversion is based on the eikonal equation and the plane-
wave approximation. The grid nodes in our model have an equal hor-
izontal and vertical spacing of 0.5km. Travel times in every grid cell
can be calculated from the mean slowness of each grid by using the
finite-difference operator. This method is much faster than the two-
point ray tracing method and avoids the failure of the ray tracing in
highly heterogeneous media. A back-projection algorithm is used in the
inversion process, and the travel time perturbations of the slowness can
be added to the model during the iterations. The computational speed
of this scheme is related to the number of the grid nodes, but is not
affected by the complexity of the model. Therefore, this method is very
suitable for the modeling of heterogeneous upper crustal structure. The
spatial resolution of the resultant seismic velocity model can be esti-
mated by the number of rays in each grid node (Fig. 5) and regions
without ray coverage should be ignored.

The 2D ray tracing method was used to model the structure of the
crust and uppermost mantle (Cerveny et al., 1977; Cerveny and Psencik,
1984). Even if this method is used more than 30 years, it is still a robust
ray tracing method helping us to discover the deep earth (Grad et al.,
2003; Wang et al., 2007; Wang et al., 2013). All of the recognizable
seismic phases (Pg, P,P, P,P, PmP and Pn) mentioned above were used
to determine the final model. First, the initial model was constrained by
using the x> — t*> method, 1D travel time fitting method and the 1D
reflectivity method (Giese et al., 1976; Fuchs and Muller, 1971; Braile
and Smith, 1975). The average crustal velocity above a reflector and the
depth of each interface can be calculated from the reflected waves. The
velocity contrast at an interface can be estimated from the amplitude
information using the reflectivity method (Fuchs and Muller, 1971).
Repeated modification of the crust-mantle velocity model was needed
to obtain an optimal fitting between the theoretical and observed travel
times. The 1D velocity model for each shot can then be obtained (Fig. 3
and Fig. 4). The 1D initial models were used to create an initial, lat-
erally-varying 2D model and, using the trial and error method, the
travel times were iteratively recalculated many times until the data
misfits were reduced to a level of 0.1s. The final 2D crustal model is
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Fig. 4. P-wave record sections and associated synthetic seismograms. (a) South branch record section of SP4. (b) South branch synthetic seismogram record section of
SP4 (Inset is the corresponding one dimensional (1D) seismic velocity-depth function). (¢) North branch record section of SP4. (d) North branch synthetic seismogram
of SP4 (inset is the corresponding one dimensional (1D) seismic velocity-depth function).
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Fig. 5. (a) Two-dimensional velocity structure of the upper crust along the Simao-Zhongdian DSS profile derived from finite difference travel time inversion of Pg
arrivals. Names of the depicted faults are: LCJF-Lancangjiang fault; LNF- Lijiang-Ninglang fault; RRF-Red river fault. The white dashed line shows the boundary of ray
coverage. (b) The distribution of ray density. Inverted red triangles represent shot points. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)

presented in Fig. 6. Adjustments to the 2D model followed the principle
of moving iteratively from shallow to deep levels in the model (Fig. 7).

Uncertainties of the final 2D velocity model mainly depend on the
correct identification of the seismic phases, the density of the rays, the
shot point interval, and the receiver spacing (Liu et al., 2006). We made
an uncertainty test about the Moho depth (Fig. 8). Maintaining the
velocity invariable, the uncertainty of the Moho depth is about + 1
km- + 2km. If the PmP phase is clear in the offset of 50-150 km, the
Moho uncertainty is less than = 1km or even * 0.5km. The un-
certainty of the velocity is about + 0.1km/s in a relatively simple
crustal structure and + 0.2 km/s for a complicated crustal model (Grad
et al., 2003; Jia et al., 2014b). We also made a comparison of Pg travel
times and upper crustal velocity in SP8 and SP1 record section, which
revealed that the north part of our DSS profile has a relatively higher
upper crustal velocity than the south part, and the difference value is
0.3km/s (Fig. 9).

5. Velocity models of crust and uppermost mantle
5.1. Upper crustal velocity structures

A total of 528 travel times of first arrivals, collected from 8 shots on
the Simao-Zhongdian DSS profile were used to invert the upper crustal
velocity. Upper crust model was parameterized by 37,231 square cells
with 0.5km length. There were 1201 square cells in the horizontal
direction and 31 in the vertical direction. The final model (Fig. 5) was
obtained after 20 iterations, and the root-mean-square (RMS) travel
time residual was reduced from 0.63s to 0.10s.

The velocity structure in the upper crust is quite heterogeneous, and
shows unique characteristics within each tectonic unit. If we use the
contour line of 5.8 km/s as the crystalline basement, the Simao terrane
has relatively thin sediments (1-2km) in the middle section and very
thick sediments (4-5km) in the north and south parts. In western



J. Lin, et al. Tectonophysics 755 (2019) 109-126
: Yangtze Songpan-Ganzi
Simao Terrane —{ Terrane ‘ Terrane
SSE L(|3JF RlR’F Lll\lF NNW
Il Il |
SP1 sP2 SP3 SP4 SP5 SP6 SP7 38
4.0 2.0 30 3.0 E 3
0 ;.8 59 B 6.0 6.1 0
; %
10 2> 6.2 10
69 c1 L 6.1 e
20 6.0 3 B 20
= .
=
< 30 30
Q.
) Moho-RF
9 40 N X 40
R —— 50
Velocity (km/s) |
60 60

5.0 6.0 7.0 8.0

100 200

300
Distance (km)

400

500 600

Fig. 6. Two-dimensional crustal P-wave velocity model along the Simao-Zhongdian profile from the Simao terrane in the south to the Songpan-Ganzi terrane in the
north. The top panel shows the tectonic units and faults which are crossed by the profile: LCJF-Lancangjiang fault; LNF-Lijiang-Ninglang fault; RRF-Red River fault.
Red inverted triangles indicate shot point locations. The top of the crystalline crust is indicated by “B” and the crust-mantle boundary by “M”. C1 and C2 are
interfaces within the crystalline crust. The yellow line named “Moho-RF” is Moho interface based on the receiver function results (Wang et al., 2017).

6 T T T T T 6 T T T
2 5 1S : f
1] o Ty Il B
o 2f "B08 000 0 4 e, - o 2f LS g8 ¥ - 4
13 “"::]N $11d goeR®
$ ols ™™ e L!.%::,m | s ok -ﬂ‘,‘.!“x‘"":éﬂ i ““PM:T& A TTS Y
Y Mﬂ‘h = e S
E -2r L 1 E £
[ %‘u,_ =
4 . 1 1 L
0 100 200 300
L T T T T T T T T T T T ]
— Lk 7 75 5 S
E 20F [”%2/74// / 1 E
= ,///////'///////// ER
o 40 - 17
[m] B B a
[ SP1-N i
60 1 L 1 1
Offset (km) Offset (km)
6 T T T ¥ T T T v T T T T T T T T T T T
S 4t p8% ° T
© el
1] g% -0 o a,ﬂ
= R R o ® Rxey F93%s, .
E 2 = o = P m@"“"%m‘?fﬁ%ﬂam:”"”':;'}zlgm;;;‘::h:"”‘--.,
= = gl L PR T
Z or ot g Faigbbbit L
o
E -2r
i
-4
-30
0F
i 20 F
= &
&aof
o L.

60

Offset (km)

Fig. 7. Ray tracing and travel time fitting diagrams of SP1, SP8 and SP4. Small circles in the top panels show the measured travel times, while other symbols show the

calculated travel times. The positive offset represents the north direction and negative represents the south.

116



J. Lin, et al.

Tectonophysics 755 (2019) 109-126

3 3
% $
X PIS =
L N 3z b
4 N 2 S <
= = S =
- Eiss =
o 3 = 3 GG 2
© = S5 ¢ ;
o 27 5=35% % ! 3
< i3 E-3¢ (2 :é
> : 3
< . 3 e S 3
eol3 | "0s
[= ’ E 3
Ln NId
4 f 4
_2_ 4 ~ o 3
’ i
A
a) k41
4 1 L ~
0 ," 50 100 150 200 250 T e.. 300
* ™ &
6 é? :
2 km
1 km
—([PmP i
-1 km
-2 km
\
4— 9 —
=) e
® s
o -
o | L
= 2
B S
£ R
= N
o— )T == |-
=
ib )
g \
50 100 150
Offset (km)

Fig. 8. (a) Resolution test of PmP arrival times for Shot point 1 (SP1). The arrival times of PmP phase reflected from Moho in the final model are shown by a dark line,
and the arrival times with the depth perturbed by = 1km and = 2km are shown by color lines. The grey belt extends across the uncertainty interval of + 0.1s
around the arrival times. (b) Inset shows zoomed parts of sections between offset 50 and 150 km.

Yangtze terrane (WYZT), the thickness of the sediments is 4-5km and
the velocity is relatively low on the surface due to some Cenozoic se-
dimentations. The isolines of the velocity vary within the terrane
strongly in the horizontal direction, which is likely a result of some
deformation that has occurred between different terranes. In the north
section of our DSS profile, sedimentary cover thickens from 2 km in the
south part to 4 km in the north. High velocity (6.2 km/s) materials exist
beneath the sediment in the Songpan-Ganzi terrane. A large variation in
velocity occurs beneath the fault zones, such as the LCJF, RRF and LNF,
which may absorb a significant amount of the tectonic deformation.

5.2. Crustal and uppermost mantle velocity structures

The modeling results (Fig. 6) revealed lateral variations of P-wave
velocity in the crust and uppermost mantle, as well as significant

variations in the Moho depth. The crustal thickness increases gradually
from 34 km beneath the Simao terrane in the south to about 53 km
beneath the Songpan-Ganzi terrane in the north.

In the southern part of our profile (Simao terrane), the Moho depth
deepens from 34km in the south to 45km beneath the RRF. The
average crustal thickness and the average crustal velocity are 38.2 km
and 6.10 km/s, respectively. Only one group of reflected interfaces can
be measured in the crystalline crust, with a depth of about 20 km. The
seismic amplitude information (Fig. 3 and Fig. 4) is matched by a model
with 6.0km/s and 6.3km/s above and below the C1 interface. The
upper crustal velocity is about 5.9 km/s at the depth of 5-15km, re-
latively lower than surrounding area, and the horizontal extent is about
200 km. There are no obvious reflected phases that can be identified
between the P;P and PP phases (Fig. 3 and Fig. 4), which indicates
that the C2 interface cannot be measured in the Simao terrane. The
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reader is referred to the web version of this article.)

velocity above the Moho is 6.85-6.90km/s and 7.8-7.9km/s in the
uppermost mantle.

The Yangtze terrane, in the middle of the profile, has a crustal
thickness of 48 km and a whole-crustal average velocity of 6.16 km/s.
Two of intra-crustal interfaces were detected at depths of about 20 km
and 30km. The seismic velocity increases gradually from 6.0 km/s
below interface B to 6.1 km/s above interface C1. Velocities between
interface C1 and C2 reveal a low velocity gradient feature in this layer,
while velocities between interface C2 and the Moho show a relatively
high velocity gradient, from 6.6 km/s to 6.9 km/s in a layer thickness of
about 15km. The velocity of the uppermost mantle is 7.9-8.0 km/s,
slightly higher than the south of RRF.

The north section of the Simao-Zhongdian DSS profile extends into
the Songpan-Ganzi terrane for a distance of about 150 km. The average
Moho depth is 52 km and crustal average velocity is 6.32 km/s, which is
9-37% deeper and 2-4% higher velocity than the other two tectonic
units. The sedimentary cover is much thinner between Shot Point 6
(SP6) and SP7, which agrees with the results from the finite difference
method (Fig. 5). Intra-crustal interfaces are similar to the Yangtze ter-
rane, but the C2 interface is slightly deeper. The upper crust velocity is
about 6.2km/s at a depth of 5-15km, which increases the crustal
average velocity. The velocity of the uppermost mantle is relatively
high (8.0 km/s).

6. Discussion
6.1. Comparison with other DSS profiles' results

We chose four high-quality DSS profiles (Fig. 10a), which were
acquired during the period 2009-2015, to compare the crustal structure
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of different tectonic units in our study area. This study area is divided
into three major tectonic domains: the Indochina block, Yangtze craton
and Tibetan Plateau. We calculated the average thickness and average
velocity in each layer for these crustal models. The crust was sub-di-
vided into four layers, sediments (V, < 5.7km/s), upper crust
(5.7 < V, < 6.4km/s), middle crust (6.4 < V, < 6.8km/s) and
lower crust (6.8 < Vp < 7.3km/s), according to the high-pressure
laboratory measurements for felsic, intermediate and mafic rock types
(Christensen and Mooney, 1995). Considering the high heat flow in this
region, 72-82mW/m? (Hu et al., 2000; Wang, 2001), the compres-
sional wave velocities will decrease about 0.05-0.2 km/s for the same
lithology in a relatively high temperature (Christensen and Mooney,
1995, Table 4). Therefore we modified the criterion to be: sediments
(Vp, < 5.7km/s), upper crust (5.7 < V, < 6.3km/s), middle crust
(6.3 < V, < 6.7km/s) and lower crust (6.7 < Vp < 7.2km/s). The
velocity columns in Fig. 10b were arranged by numbers with round
brackets, according to the tectonic units they transected.

The Indochina block has a similar crustal structure within different
sub-terranes. Velocities in the upper, middle and lower crust are
5.9-6.0 km/s, 6.4-6.5 km/s and 6.8 km/s. Columns 1 and 2 in Fig. 10b
intersect each other (Fig. 10a) and have almost the same velocities and
interfaces depth in the intersection (Fig. 11). Crust thickens from
32km beneath Simao to 42km beneath RRF and 37-39 km beneath
Baoshan terrane (BST) and Tengchong terrane (TCT). In addition, the
Simao terrane (SMT) and TCT reveal relatively lower crustal velocities
than the BST, suggesting that they may experience different tectonic
processes. Volcanic activities in the TCT and more felsic composition
in the SMT may be responsible for this relatively low velocity crustal
structure (Deng et al., 2014a, 2014b; Lei et al., 2009). The lower crust
is very thin and almost does not exist in the Indochina block, sug-
gesting only a small volume or almost missing the mafic rocks in this
block.

Velocity columns show distinct differences within the western
Yangtze terrane (WYZT). All four columns (columns 5-8 in Fig. 10b) are
located to the west of the Xiaojiang fault, which is considered to be an
important fault in southwest China. It is likely to cut through the whole
crust (Wang et al., 2009; Xu et al., 2015). Moho depth increases from
40 km in the south (columns 5 and 6 in Fig. 10b) to about 50 km in the
west and north of the WYZT (columns 7 and 8 in Fig. 10b). Thicknesses
of each layer inside the crystalline crust varies greatly from 16 to 21 km
in the upper crust, 5-21 km in the middle crust and 2-10km in the
lower crust. Lower crustal thicknesses in columns 6 and 8 are distinctly
larger than columns 5 and 7 in Fig. 10b, and velocities in columns 6 and
8 are relatively higher than columns 5 and 7. Xu et al. (2015) argued
that the inner zone of the Emeishan large igneous province (LIP) has a
high velocity crustal structure (column 8 in Fig. 10b) due to volcanism
during the late Permian period and possible crustal intrusions, which
may be a result of a mantle plume. Our comparisons demonstrate that
the inner zone of the WYZT experienced higher levels of magmatism
than the marginal areas.

The Songpan-Ganzi terrane (SGT) has the thickest crust in this re-
gion, about 52 km. Upper crustal thickness is 19 km, with an average
velocity of about 6.15 km/s, which resembles the northern part of the
WYZT (column 8 in Fig. 10b). The middle and lower crust present si-
milar characteristics as the west WYZT (column 7 in Fig. 10b). Pro-
terozoic rocks, Permian basaltic rocks and Triassic deposits are all
distributed in the SGT, which reflects the active tectonics of this area
(Enkelmann et al., 2007; Song et al., 2004). High velocity upper crust
beneath SGT may indicate that the basalts derived from Emeishan
magmatism are overlain by Permian marble and slate, and then over-
lain by Triassic clastic rocks (Song et al., 2004).

To the north of our profiles (lines 10-12 in Fig. 12e), three previous



J. Lin, et al.

28°

26°

24°

N

N

100

[km]
T

200

Tectonophysics 755 (2019) 109-126

98°E  100°'E  102°E  104°E 106°E  108°E
. Tibetan
—— IndoChina Block |—— Yangtze Craton —lPIateau
SMT SMT BST TCT  WYZTWYZT WYZT WYZT  SGT
(1) (2) (3) (4) (5) (6) (7) (8) (9)
4.50 B4.98 |95.38 5.1 5.280 I5.00 420 5.2 4.9
10 | -
5.95
5.95 |6, 5.90 6.15
6.00 6.05 |6.05| |6.05/ [6.10
20 .
= 6.40
= 6.40| 16.50| |6.50 6.50
X 30 f .
= 6.50 6.50
= 6.50
e [ 6.80 6.90 6.50
Q 2 Moho
4 (o) Moho Moho
0F BN 79 800 hooe |
2 6.80 790 %00 800 7.05
50 b || Sediments [ | Middlecrust Moho Moho [6.90!
7.90
8.00
| | Uppercrust [ Lower crust Moho
8.00
60 L (b) .

10

20

30

40

50

60
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legend, the reader is referred to the web version of this article.)

DSS profiles provide us with an opportunity to compare the crustal
structure and the relation to tectonics in a more extensive region. On
our line and line 10 ((a) and (b) in Fig. 12), the Moho deepens from
30 km in the south to 60 km in the middle, and then decreases to 50 km
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at the north end. The thickness of the crust decreases from nearly 60 km
in the west to about 40 km in the east ((c) and (d) in Fig. 12). The
crustal velocity beneath Yangtze terrane (YZT) reveals much higher
than Songpan-Ganzi terrane (SGT), which exhibits a rigid cratonic
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structure in the east and a relatively plastic structure northwest of
Longmenshan fault (LMSF).

We also compare our result with those of Lin et al. (1993) and Zhang
et al. (2009) for the same profile (Fig. 13). These three studies share the
same characteristics of the Moho, deepening from the south to the
north, although Lin et al.'s (1993) Moho depth is 1-2km deeper than
ours and that of Zhang et al. (2009). Velocities inside the crust show the
same pattern in the upper crust, being relatively lower beneath Simao
terrane (SMT) and higher beneath Songpan-Ganzi terrane (SGT), al-
though there are some discrepancies in the lower crust. Interfaces
within the crust are quite different for these three studies due to dif-
ferences in the identification of reflected phase. The main differences
are that we did not recognize the interface at the depth of 15 km along
the whole profile, nor the interface at the depth of 25 km beneath SMT.
The results of Zhang et al. (2009) show that the interfaces inside the
crust are discontinuous features beneath SMT, which is due to the fact
that the reflected phases are not always clear. We also collected
earthquakes that occurred during the 11year time period
2008.01-2018.01, with a magnitude larger than 3.0, and project these
events on the Simao-Zhongdian profile at a distance less than 40 km
(Fig. 13a). The seismic events mainly occur in the south within the
Simao and Yangtze terranes above interface Cl. This indicates that
interface C1 marks the transition from brittle to ductile materials, and
the ductile layer thins from north to south.

6.2. Comparison with other seismological results

Passive seismological tomography can provide constrains for crustal
thickness, S wave velocity, Poisson's ratio, anisotropy and seismic wave
attenuation (Chen et al., 2013; Zhao et al., 2013; Sun et al., 2014; Wang
et al., 2014b; Fu et al., 2017; Li et al., 2017; Wang et al., 2017). The
crustal thickness derived from receiver function method reveals that the
crustal thickness in the margin of SE Tibet shallows from 60 to 65 km
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Fig. 11. Interpreted crustal cross sections for our line (a) and
line 5 (b) in Fig. 1. Major faults, velocities, and main crustal
boundaries are indicated. The names of faults are as follow:
LCJF-Lancangjiang fault; LNF-Lijiang-Ninglang fault; RRF-Red
River fault. The grey inverted triangles represent shot point
locations. The top of the crystalline crust is indicated by “B”,
and the crust-mantle boundary by “M”. C1 and C2 are inter-
faces within the crystalline crust. Inset map shows the loca-
tion of the DSS lines.

(M) H1d3a

(M) HLd3a

beneath the northeast part to the east, the southeast, and the south
direction, with the value of about 30-35km (Bai et al., 2010b; Chen
et al.,, 2010; Wang et al., 2017; Yu et al., 2017; Zhang et al., 2017).
These results show the same pattern with our results from DSS method.
We also transected the receiver function results (Wang et al., 2017)
along our profile, where the Moho depth based on receiver function
method (Moho-RF) shows the same trend with “M” (Fig. 6). The dif-
ferences of these two Moho depths in localized region may be caused by
the distribution of the broadband seismographs. S wave velocity reveals
relatively lower in SE margin of Tibet, according to joint inversion of
receiver functions and Rayleigh wave dispersion, especially beneath
Songpan-Ganzi terrane (SGT), western Yangtze terrane (WYZT) and
Tengchong terrane (TCT). From the P wave velocity columns (Fig. 10b),
we only observe the upper crustal velocity is relatively lower beneath
TCT and SMT, and the lower crust is very thin beneath this region,
except beneath WYZT. By comparing these results, the S wave velocity
in the crust decreases significantly, while the P wave velocity does not.
Consequently, the Poisson's ratio increases to 0.26-0.28 beneath WYZT,
or even higher than 0.28 beneath SGT, 0.32 beneath TCT, which may
indicate more mafic compositions or even partial melting (Wang et al.,
2017). Seismic anisotropy from shear wave splitting evidence demon-
strates the deformation within the crust and upper mantle are de-
coupled in this region, and the fast polarization directions for Pms are
approximate along NW-SE, which may indicate the direction of lower
crustal flow (Chen et al.,, 2013). High seismic wave attenuation
(Qrg = 200) in this region also indicate high temperatures and even
partial melting, which may decrease the viscosity of the rocks and cause
flow (Zhao et al., 2013).

6.3. Crustal composition

Crustal composition can be constrained by making comparisons
with laboratory measurements of seismic velocity for a wide range of
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(e)

rocks that are found in the crust (Christensen and Mooney, 1995). The reference, we acquired the crustal composition along the Simao-

P-wave seismic velocity intervals that correspond to the crustal com- Zhongdian DSS profile (Fig. 14). The whole profile is characterized by a

position are: sedimentary and basement rocks (V, < 5.7 km/s), felsic thick upper and middle crust and very thin lower crust, which indicates

rocks (5.7 < V, < 6.3km/s), intermediate rocks (6.3 < V, that a significant proportion of the crust consists of felsic materials,
< 6.7 km/s) and mafic rocks (6.7 < Vp < 7.3km/s). Based on this while just a small percentage of mafic rocks in the lower crust.
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The Simao terrane (SMT) exhibits a relatively low P-wave velocity
layer (5.9 km/s) in the upper crust (Fig. 6). This layer is inferred to be
rich in silicic rocks, which may have resulted from granitic intrusions
during the collision of the Simao terrane, Baoshan terrane and Yangtze
craton in the late Variscan-Indosinian stage (Deng et al., 2014a,
2014b; Ma, 2002). By comparison, a relatively high velocity layer
(6.2 km/s) exists beneath the Songpan-Ganzi terrane (SGT). We infer
that these higher velocity rocks may be due to the presence of some
basaltic rocks, which were affected by the Emeishan LIP. The lower
crust along the profile is a thin layer and almost disappears in some
regions. The high heat flow of 72-82 mW,/m? (Hu et al., 2000; Wang,
2001) in this region could indicate high temperatures in the lower
crust. Lithospheric delamination and asthenospheric upwelling are
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considered to be processes that have reduced the thickness of the li-
thosphere in the North China Craton (Gao et al., 2002). Geochemical
evidence show the Songpan-Ganzi terrane's lithosphere was delami-
nated after Triassic period due to the collision of Songpan Ganzi ter-
rane and Yangtze block (Zhang et al., 2007). Likewise, delamination
may have reduced the thickness of the lower crust in our study area
(Zhai et al., 2007).

6.4. Tectonic activity
Accompanied by the closure of the Paleo-Tethys Ocean in the

Permo-Triassic (290-205 Ma), Gondwana-derived micro-continental
blocks and arc terranes coalesced and formed what is now called
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South China continent. Two sub-parallel ophiolite complexes are
distributed along the Lancangjiang fault, Jinshajiang fault and Red
River fault, which are considered to be suture zones (Fig. 2). In ad-
dition, Emeishan flood basalts and their intrusive equivalents, trig-
gered by rifting or mantle plume eruption in the latest Permian
(250 Ma), changing the crust significantly, and increasing the average
P wave velocities in the crust (Xu et al., 2001; He et al., 2003; Xu et al.,
2015).

Since Cenozoic period, the continental collision between India and
Eurasia result the thickening of the crust and uplift of the Tibetan
Plateau, and make great changes to the margin of Tibet. In our study
area, many geological and geophysical observations provided various
types of evidence to support the lower crustal flow model (Royden
et al., 1997; Clark and Royden, 2000; Enkelmann et al., 2006; Wang
et al., 2007; Royden et al., 2008; Bai et al., 2010a; Zhao et al., 2013; Liu
et al., 2014). High electrical conductivity, high heat flow, low S wave
velocity and high Poisson's ratio in SE Tibet suggest that the weak and
ductile material exists in the lower crust. Crustal thickness in SE Tibet,
constrained by DSS and receiver function results (Wang et al., 2010), is
about 60 km in Songpan-Ganzi terrane and is 42km beneath Yangtze
craton in the east, with a gradient belt beneath Longmenshan (LMS)
Mountain, and reaches 34 km beneath Simao terrane in the southern
direction with a relatively smooth variation (Figs. 12, 15). According to
the distributions of earthquakes along the DSS profiles (Fig. 15), the
ductile layers (the areas without earthquakes) thins from the north to
the south, and from the west to the east, may indicate the ongoing
deformation in the middle-lower crust. Synthesizing all geophysical and
geological results, we infer that this variation of Moho depth and
ductile layers are due to viscous crustal flow from the Tibetan plateau
to the Indochina block in the south, whereas flow is stopped when
encountering the rigid Yangtze craton along the LMS Mountain. Simi-
larly, apatite fission-track thermochronology data demonstrate that the
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crustal materials flow to the north of Yangtze craton, which belongs to
western Qinling Mountain, resulting a smooth Moho as well
(Enkelmann et al., 2006; Wang et al., 2010). Meanwhile, seismic ani-
sotropy observations demonstrate the deformation with the crust and
upper mantle are decoupled in SE margin of Tibet, which consistent
with the canonical crustal flow model according to Royden's argument
(Royden et al., 1997; Chen et al., 2013). High attenuation evidence
from Lg-wave Q tomography also shows two channel flows exist in this
region (Zhao et al., 2013).

7. Conclusions

In this paper, together with available geological and geophysical
constraints, we made some comparisons with the crustal P wave ve-
locity, S wave velocity, Poisson's ratio, seismic anisotropy and at-
tenuations in the SE margin of Tibetan Plateau. We identified the
different characteristics of crustal structure in each geologic terrane.
The upper crust presents a relatively lower velocity in the Indochina
Block and much higher velocity in the SGT and northern WYZT, which
may related to the collision process and Emeishan LIP. The lower crust
is thinned distinctly beneath the Indochina Block and the surrounding
area of the WYZT, which we speculate affected by delamination. The
crustal thickness of the SE margin of Tibet is about 60 km beneath
SGT, thinning to 42 km in the east direction, and reaching a low value
of 34km beneath Simao city in the south. The variation in crustal
thickness is distinct, changing sharply beneath Longmenshan
Mountain, and much smoother in the south direction, and the middle-
lower ductile layer also thins distinctly, which we speculate that it is
related to the lower crustal flow from Tibetan Plateau to the Indochina
block, after encountering the rigid Yangtze craton during the Cenozoic
period.
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