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At least 13 active fault zones have developed in the Ya’an-Linzhi section of the Sichuan-Tibet transport
corridor, and there have been undergone 17 Mg >7.0 earthquakes, the largest earthquake is 1950 Chayu
Mg 8.5 earthquake, which has very strong seismic activity. Therefore, carrying out engineering
construction in the Sichuan-Tibet transport corridor is a huge challenge for geological technological
personnel. To determining the spatial geometric distribution, activity of active faults and geological safety
risk in the Sichuan-Tibet transport corridor. Based on remote sensing images, ground surveys, and
chronological tests, as well as the deep geophysical and current GPS data, we investigated the geometry,
segmentation, and paleoearthquake history of five major active fault zones in the Ya’an-Linzhi section of
the Sichuan-Tibet transport corridor, namely the Xianshuihe, Litang, Batang, Jiali-Chayu and Lulang-
Yigong. The five major fault zones are all Holocene active faults, which contain strike-slip components as
well as thrust or normal fault components, and contain multiple branch faults. The Selaha-Kangding
segment of the Xianshuihe fault zone, the Maoyaba and Litang segment of the Litang fault zone, the
middle segment (Yigong-Tongmai-Bomi) of Jiali-Chayu fault zone and Lulang-Yigong fault zone have
the risk of experiencing strong earthquakes in the future, with a high possibility of the occurrence of Mg
>7.0 earthquakes. The Jinsha River and the Palong-Zangbu River, which is a high-risk area for geological
hazard chain risk in the Ya’an-Linzhi section of the Sichuan-Tibet transport corridor. Construction and
safe operation Ya’an-Linzhi section of the Sichuan-Tibet transport corridor, need strengthen analysis the
current crustal deformation, stress distribution and fault activity patterns, clarify active faults relationship
with large earthquakes, and determine the potential maximum magnitude, epicenters, and risk range. This
study provides basic data for understanding the activity, seismicity, and tectonic deformation patterns of
the regional faults in the Sichuan-Tibet transport corridor.

©2024 China Geology Editorial Office.

1. Introduction

Chengdu city of Sichuan province in the east and reaching
Lasa city of Tibet in the west (Yang ZH et al., 2023; Peng C

The Sichuan-Tibet transport corridor (STTC) is located at et al., 2023). The Ya’an-Linzhi section of the STTC is from
the eastern margin of the Tibetan Plateau (TP), starting from  Ya’an, Kangding, Litang, Changdu, Bomi, to Linzhi (Fig. 1),
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which has the steepest terrain, the strongest endogenic and
exogenic geological processes, and extremely frequent
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et al., 2020). Presently, the Ya’an-Linzhi section of the STTC
is an area with the most complex deformation and well-

developed active blocks with numerous active faults (Guo CB
et al.,, 2020; Peng JB et al., 2020). At least 13 active fault
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Fig. 1. Distribution map showing major active faults and earthquake epicenters in the Ya’an-Linzhi section of the Sichuan-Tibet transport cor-

ridor.

zones have developed in the Ya ’an-Linzhi section of the
STTC, including 10 Holocene active fault zones (e.g.
Longmenshan, Xianshuihe, Yunongxi, Litang, Batang,
Lancangjiang, Nujiang, Bianba-Luolong, Jiali-Chayu, and
Lulang-Yigong) and three Late Pleistocene-Holocene active
fault zones (e.g. Daduhe, Jinshajiang, and Xiangdui-Luoni),
and these active faults are mainly of thrust, strike-slip, thrust-
strike-slip, and strike-slip-normal types and are dominated by
strike-slip faults (Fig. 1; Table 1). The Ya’an-Linzhi section
of the STTC has experienced many large earthquakes since
1948, including the 1948 Litang Mg 7'/, earthquake, the 1950
Chayu Mg 8.5 ecarthquake, the 1955 Zheduotang Mg 7.5
earthquake, the 2008 Wenchuan Mg 8.0 earthquake, and the
2013 Lushan Mg 7.0 earthquake, indicating very strong
seismicity. Active faults frequently cause earthquakes and
geological disasters, produce coseismic dislocations and creep
deformation, and form fault fracture zones, which directly
threaten the safety of cities and major projects (Zhong N et
al., 2022b). For example, emergency field observations after
2008 Wenchuan Mg 8.0 earthquake, which have found
obvious coseismic surface ruptures at Shenxigou village (Fig. 2a;
Li HB et al., 2008), a lots of landslides and barrier lakes at
Qingchuan city (Figs. 2b, c; Tang C and Westen CJV, 2018).
In addition, we also found a bridge was destroyed by the 2008
Wenchuan Mg 8.0 earthquake near Yingxiu town (Fig. 2d;
Tang C and Westen CJV, 2018), a significant number of
tensional ground fissures at Lingguan town which induced by
2013 Lushan Mg 7.0 earthquake (Fig. 2e; Hong HC et al.,
2013), crushing damage of buildings at Moxi town were
destroyed by the 2022 Luding Mg 6.9 earthquake (Fig. 2f).
Meanwhile, during the development of western China, many
national major projects were constructed in the Ya’an-Linzhi
section of the STTC, including the South-to-North Water
Diversion Project and numerous large-scale cascade
hydropower stations in the Sanjiang region (Liu FS et al.,

2014; Peng JB et al., 2020). Therefore, there is an urgent need
to ascertain the seismicity of the Ya’an-Linzhi section of the
STTC throughout the geological history, and to assess the
time, locations, and regional large earthquakes risks of future.
It is necessary to get the activity parameters of regional faults,
such as slip rates, paleoearthquake history, the recurrence
intervals of strong earthquakes, and the elapsed time of the
most recent earthquake events.

The Ya ’an-Linzhi section of the STTC crosses the
Minjiang, Dadu, Yalong, Jinsha, Lancang, Nujiang, Parlung
Zangbo, and Yigong Zangbo rivers from east to west (Fig. 1).
Its landforms are dominated by extremely high mountain
glaciers, high-mountain basins, and deeply incised canyons.
Geological disasters, such as collapses, landslides, debris
flows, and chain disasters are frequently occur in the Ya’an-
Linzhi section of the STTC (Guo CB et al., 2020). The alpine
and high-altitude areas in the Ya ’an-Linzhi section of the
STTC are difficult to access, and the survey and analyze
mainly using remote sensing and tectonic geomorphology.
Therefore, it is difficult to accurately determine the geometry
of the faults in the Ya’an-Linzhi section of the STTC. For
instance, it is controversial for the Zheduotang fault which
crosses the Zheduo mountain in the Xianshuihe fault zone,
whether consists of the eastern and western branch faults (Pan
JW et al., 2020; Bai MK et al., 2021), or only the eastern
branch fault (Liang MJ, 2019). Moreover, the activity of the
western branch (Zheduotang fault) remains controversial.
Besides, the following issues also directly affect the
understanding of the faults activity, and especially the
deformation process of the active faults in the Ya’an-Linzhi
section of the STTC under the lateral extrusion-induced
deformation of the TP: (1) the fault traces are unclear in the
densely vegetated areas of the high-mountain canyons; (2)
frequent disasters, such as collapses, landslides, and debris
flows, cause the erosion rate to be greater than the deposition
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rate, leading to a decrease in the quantity of the Quaternary sediments; (3) the lack of Quaternary dating which hinders the

sediments, and are dominated by coarse-grained clastic determination of the slip rate and the paleoearthquake. The

Table 1. Main active faults in the Ya’an-Linzhi section of the Sichuan-Tibet transport corridor.

No. Fault name Main branch ~ Fault property  Activity age Activity rate/(mm/a) Large earthquakes References
faults Horizontal ~ Vertical (Ms >6.5)
F, Longmenshan  Yingxiu- Thrust and/or ~ Holocene 1-3 2008 Wenchuan Mg 8.0  Li HB etal., 2008;
Beichuan Dextra Chen LC et al., 2014;
Shuangshi- Thrust and/or  Holocene 5.0 <0.5 2013 Lushan Mg 7.0 Xu XW etal., 2017
Dachuan Dextra
Yanjing- Thrust and/or ~ Late
Waulong Dextra Pleistocene to
Gengda- Thrust Holocene
Longdong
F, Daduhe Changchang Thrust Late Zhou RJ et al., 2000
Luding Pleistocen 0.73
Detuo
F; Xianshuihe Ganzi Sinistral Holocene 6-8 1854 Ganzi Mg 7.3; 1811 Bai MK etal., 2018,
Zhuwo Mg 7.5; 1967 2021; Pan JW et al.,
Zhuwo Mg 7.6 2021
Luhuo 811 1816 Luhuo Mg 7'/5;
1973 Luhuo Mg 7.6
Daofu 8-11 1904 Daofu Mg 7.0;
1923 Daofu Mg 7'/s;
1981 Daofu Mg 6.9
Qianning 11 1792 Daofu Mg 6°/;
1983 Daofu Mg 7.0;
Yalahe 0.6-2.2 1700 Kangding Mg >6.7;
Selaha 3.9-9.9 1748 Kangding M 6/,;
1725 Kangding Mg 7.0
south 8-12
Mugecuo
Zheduotang 34438 1955 Zheduotang Mg 7.5
Moxi 9.6-13.4 1786 Moxi Mg 73/4; 2022
Luding Mg 6.9
F4 Yunongxi Sinistral Holocene Gao SP, 2021
Fs Litang Cuopuhu Sinistral and ~ Holocene 2.71-3.67 1948 Litang Mg 7'/, Xu XW et al., 2005;
Maoyaba normal 2.23-2.97 Chevalier ML et al.,
Litang 3.05-4.99 2016
Kanga-Dewu  Sinistral and 3.83-4.58
thrust
F¢ Batang Batang Dextral and Holocene 24£03 1989 Batang Mg Zhou RJ et al., 2005;
Mangling thrust 2527 6.9;1870 Batang Mg 7'/, Xu XW et al., 2005
F,; Jinshajiang Songduo- Sinistral and ~ Late Zhou RJ et al., 2005
baiyu thrust Pleistocen
Batang-Deqin  Dextral and Holocene
thrust
Fg Xiangdui-Luoni Sinistral Late This study
Pleistocen
Fy Langchangjiang Bagqing- Sinistral and ~ Holocene 1.2+ 1.2+ Ren JJ et al., 2022
Leiwuqi thrust 0.5/-0.3 0.4/-0.2
Fio Nujiang Yangda-Yaxu Sinistral and ~ Holocene 22+ ~0.1 Ren JJ etal., 2022;
thrust 0.6/-0.5 Zhong N et al., 2022b;
Bangda Han MM, 2022
Fi Bianba- Sinistral and ~ Holocene 1642-1654 Luolong M Han MM, 2022
Luolong thrust >7.0; 1791-1804Bianba
Mg 6%,
Fi, Jiali-Chayu Jiali-Yigong  Dextral and Holocene 4.6-18.5 2-4 1950 Chayu Mg 8.5 Zhong N et al., 2021
Yigong-Bomi  thrust 13-2.0 25-2.9
Bomi-Chayu 5.1-6. 2-4
Fi3 Lulang-Yigong Sinistral and ~ Holocene 0.4 0.6 Xie C, 2018

normal
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Fig. 2. a—Fracture outcropped in the Shenxigou village, about 3.2 m uplifted road with the about 5 m dextral offset, which generated in the
2008 Wenchuan Mg 8.0 earthquake (Li HB et al., 2008); b— photo of Beichuan county showing the damage caused by the 2008 Wechuan Mg 8.0
earthquake (Tang C and Westen CJV, 2018) ; c—a lots of landslide and barrier lake at Qingchuan county induced by the 2008 Wenchuan Mg 8.0
earthquake (Tang C and Westen CJV, 2018); d—a bridge was destroyed by the 2008 Wenchuan Mg 8.0 earthquake near Yingxiu Town (Tang C
and Westen CJV, 2018); e—an arc tissue at Lingguan town generated in the 2013 Lushan Mg 7.0 earthquake around the rural building (Hong HC
et al., 2013); f—crushing damage of buildings at Moxi town were destroyed by the 2022 Luding Mg 6.9 earthquake.
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spatial geometric distribution and nature of the active faults in
the Ya’an-Linzhi section of the STTC (e.g., the central-south
segment of the Jiali-Chayu fault zone) are still controversial
(Armijo R, 1989; Shen J et al., 2003; Zhong N et al., 2021).
The aim of this study is to (1) reveal the Late Quaternary
activity and paleoearthquake records of the faults in the high-
mountain basins (the Xianshuihe and Litang fault zones), and
in the high-mountain canyons (the Batang, Jiali-Chayu, and
Lulang-Yigong fault zones); and (2) explore the deformation
mechanisms and tectonic attributes of active faults under the
condition of the lateral extrusion-induced deformation of the
TP. This study is expected to provide basic data for the
evaluation of seismicity and the geological safety of major
engineering in this Ya’an-Linzhi section of the STTC.

2. Late Quaternary activity and paleoearthquake history
of major fault zones

2.1. Xianshuihe fault zone

2.1.1. Late Quaternary activity of the Xianshuihe fault zone
The Xianshuihe fault zone is located at the boundaries of
the intensely active Bayan Har and Sichuan-Yunnan
subblocks within the TP (Fig. 3a). It is a large active sinistral
strike-slip fault formed by the uplift of the TP and the SE-
trending extrusion of the Sichuan-Yunnan block since the
Cenozoic (Bai MK et al., 2018, 2021). The Xianshuihe fault
zone extends from Kasu, Ganzi in the NW to southern
Tianwan, Shimian after passing through Luhuo and Kangding
in the SE direction (Fig. 3b), with a total length of
approximately 400 km (Li TS et al., 1995; Xiong TY et al.,
2010). The Xianshuihe fault zone is composed of nine branch
faults, namely the Ganzi, Luhuo, Daofu, Qianning, Yalahe,
Selaha, south Mugecuo, Zheduotang, and Moxi faults, which
have an en-echelon distribution, Holocene active epoch, and
slip rate of 810 mm/a (Bai MK et al., 2018; Pan JW et al.,
2020). The Yalahe, Selaha, south Mugecuo, Zheduotang, and
Moxi faults had slip rates of 0.6-2.2 mm/a, 3.9-9.9 mm/a
(9.6-9.9 mm/a for the NW segment and 3.9-4.9 mm/a for the
SE segment), 8—12 mm/a, 3.4—4.8 mm/a, and 9.6—13.4 mm/a,
respectively, during the Late Quaternary (Bai MK et al.,
2021). Ma J et al. (2020) found new evidences for the
Holocene activity of the NW-trending segment of the
Zheduotang fault through image interpretation, field
geological surveys and trenching, and shows that the last
paleoearthquake in the Zheduotang fault occurred at 5821+49
B.P., which extends for additional 15 km northwestward
compared with previous study results (Li TS et al., 1997).
Remote sensing and field investigation, we found two
branches faults of the Zheduotang fault in the Zheduotang
village, and forming a pull-apart structure (Fig. 4a). The
surface fracture formed by the 1955 Zheduotang Mg 7.5
earthquake was clearly visible (Figs. 4b, c). Through the
geological, geomorphic interpretations of high-resolution
satellite images and detailed tectonic geological mapping in
the field, Pan JW et al. (2020) found a new Holocene active
fault (south Mugecuo) with a length of about 24 km in the

Zheduoshan granite pluton between the Selaha and
Zheduotang faults (Fig. 3). They found that south Mugecuo
fault can be spatially divided into northern, central, and
southern segments in a (normal-slip) sinistral and right-
stepping en-echelon pattern (Pan JW et al., 2020). Since 1725,
the Xianshuihe fault zone has undergone nine Mg 7.0
earthquakes, one earthquake of Mg 6.9, and 15 earthquakes of
Mg 6.0-6.8, with a recurrence interval of large earthquakes of
about 30 years (Bai MK et al, 2021). The most recent
earthquake in the Xianshuihe fault zone is Luding Mg 6.8
earthquake, which occurred on September 5, 2022.

2.1.2. Future seismic hazard segements of the Xianshuihe
fault zone

Based on surveys of active faults and paleoearthquake
studies, it has been found that the Selaha area in the Luhuo-
Kangding segment of the Xianshuihe fault zone is a seismic
gap (Liang MJ, 2019). As shown by the coseismic and
postseismic Coulomb stress disturbances of the 2014
Kangding Mg 6.3 earthquake, the Kangding segment of the
Xianshuihe fault zone is characterized by severe stress
accumulation (Li DH et al., 2015). Xu J et al. (2017) analyzed
the cumulative change in the Coulomb stress caused by the
coseismic and postseismic effects of the 19762017
earthquakes at the eastern margin of the TP, including the
2008 Wenchuan Mg 8.0 earthquake, the 2013 Lushan Mg 7.0
earthquake, and the 2017 Jiuzhaigou Mg 7.0 earthquake, and
found that the Coulomb stress increased significantly in the
south-central Xianshuihe fault zone, especially in the Selaha
segment, indicating the increased urgency of seismogenic
hazards. Although the 2014 Kangding Mg 6.3 earthquake
occurred in the Kangding segment, it did not completely
release the cumulative stress in this segment (Xiong W et al.,
2016). Since 1900, the TP has undergone three high-
frequency periods of earthquake clustering, with an active
period of strong earthquakes of approximately 30 years (Deng
QD et al., 2014). The current Kunlun-Wenchuan earthquake
series (e.g., the 2001 Kunlun Mg 8.1 earthquake and the 2008
Wenchuan Mg 8.0 earthquake) was mainly active in the Bayan
Har block. Deng QD et al. (2014) emphasized that special
attention should be paid to the possibility of the occurrence of
Mg 7-8 earthquakes in the Bayan Har block. In addition,
small earthquakes occurred frequently along the south-central
Xianshuihe fault zone from 2001 to 2022, especially after the
2014 Kangding Mg 6.3 earthquake (Yi GX et al., 2015) and
2022 Luding Mg 6.8 earthquake (Zhang L et al., 2022). The
Xianshuihe fault zone is located at the junction between the
Bayan Har block and the Sichuan-Yunnan block, which is the
part of the TP that is extruded southeastward. Moreover, the
Yalahe fault is in a transitional stage area, where the stress is
prone to accumulate. The Bayan Har block is a pivot area
where the direction of the crustal movement in the TP shifts.
In the north of the Bayan Har block, strong compressional
uplift generally occurs at the northeastern margin of the TP, in
contrast, the southern Bayan Har block is dominated by
eastward extrusion (Li HB et al., 2021). With such strong



610 Zhong et al. / China Geology 7 (2024) 605—629

101°30'E

102°00'E

b N

D

30°30'N
Ll

30°00'N
T

El
=
— o &
— Strike-slip fault M 5.0-5.9 S
[=}
Surface rupture M 6.0-6.9 >E
e Holocene active Fault M 7.0-7.9
Late Pleistocene Spri
active fault pring
— River O County
Isoseismal line of Cit
Zheduotang1955 M 7.5 =

el 3

o
=%

¥ 2 3
PT008.520 % 1997-11-18
Rk RIS
m@}% i e

nprd

i
. O Luding
v
VI ,
1 L
A
P
\ ©
2022 L
Vi ——c
ol
"\
3 e AT 20 km

Fig. 3. a-Distribution of M¢>7.0 earthquakes since 2001 in the Bayan Har block and its periphery; b—-map showing the spatial geometric distri-
bution and historical earthquakes in the Selaha-Kangding segment of the Xianshuihe fault zone and the isoseismal distribution of the 1955

Zheduotang Mg 7.5 earthquake (after Tang RC and Han WB, 1993).

crustal deformation, the fault zone around the Bayan Har
block is particularly active (Cheng J et al., 2018). It has been
298 years and 78 years since the occurrence of the 1725
Kangding earthquake and the 1955 Zheduotang earthquake,
respectively. With a slip rate of about 10 mm/a, the
Xianshuihe fault zone has a cumulative displacement of
0.78-2.98 m. Based on the relationship between coseismic
displacement (D) and magnitude expressed as M = 6.81 +
0.78 log (D) (Deng QD et al., 1992), it can be estimated that
the magnitude of the next earthquake will be Mg 6.7-7.2. It
has been 22 years since the 2001 Kunlun Mg 8.1 earthquake.
From the 30 years active period of the Kunlun-Wenchuan
earthquake series, it can be inferred that the Selaha area in the
Luhuo-Kangding segment has the conditions for the
occurrence of Mg 7.0 earthquakes in the future. Based on
investigation, historical earthquakes, the strike-slip rates of
the faults since the Late Quaternary, and empirical equations

for the maximum displacement and magnitude of earthquakes,
Bai MK (2022) proposed that the Selaha fault and Moxi fault
in the southeastern segment of the Xianshuihe fault zone are
at risk of experiencing earthquakes of M, 6.7-7.0, M,
7.0-7.1, respectively in the future. Bai MK (2022) also
suggested the Mugecuo-Selaha area in Kangding is prone to
form earthquake nucleation due to the presence of the
Mugecuo pull-apart structure. In particular, the 2021 Maduo
Mg 7.4 earthquake caused the strain release of the northern
boundary of the Bayan Har block, which may lead to a new
accumulation of strain at the southern boundary of the block
(Pan JW et al., 2021). The coseismic Coulomb stress in the
Kangding area has increased significantly since 2022 Luding
Mg 6.8 earthquake (Zhang L et al.,, 2022). Therefore, the
activity and risk of strong earthquakes in the Xianshuihe fault
zone have increased, especially Selah-Kangding segment.
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Fig. 4. Spatial geometric distribution of the Zheduotang fault, and surface ruptures caused by 1955 Zheduotang M, 7.5 earthquake.

2.2. Litang fault zone

2.2.1. Late Quaternary activity of the Litang fault zone

The Litang fault zone is a sinistral strike-slip active fault
in the central part of the Sichuan-Yunnan block, and is nearly
parallel to the Xianshuihe and Honghe fault zones (Figs. 5a,
b), which regulates the eastward extrusion of the southeastern
margin of the TP (Tang RC and Han WB, 1993; Zhang YZ et
al., 2015; Chevalier ML et al., 2016; Li HB et al., 2021). The
Litang fault zone starts Xiebacun at Baiyu county in the
northwest and ends in northern Muli county after extending
southeastward through the Cuopuhu, Maoyaba, Litang, Jiawa,
and Dewu areas, with a total length of approximately 465 km.
The Litang fault zone is a Holocene active fault composed of
five secondary faults, namely Cuopuhu, Maoyaba, Litang,
Kangga-Dewu and Shawan (Xu XW et al., 2005; Zhou RJ et
al., 2014; Chevalier ML et al., 2016). The Litang fault zone
exhibits significant Cenozoic activity, and its Paleogene-
Quaternary strata are generally subjected to folding or faulting
(Zhou RJ et al., 2014). It hosts linearly distributed hot springs,
as well as significant water streams and ridge offset (Zhao
GH, 2014) and noticeable earthquake surface rupture in the

Litang fault (Figs. 6a—d). The most recent earthquake in the
Litang fault zone is the 1948 Litang Mg 7', earthquake,
which ruptured the Litang segment and the Kangga-Dawu
segment simultaneously with a total length of about 36-70
km, and had maximum coseismic sinistral and vertical
displacements of 4.3 m and 1 m, respectively (Liu K et al.,
2021; Xu XW et al., 2005; Zhou CJ et al., 2015). During the
Holocene, the Litang fault zone had average horizontal slip
rates of 3.2-4.4 mm/a in Litang segment and 2.6-3.0 mm/a in
north of Litang, respectively, and an average vertical slip rate
of 0.1-1.8 mm/a (Xu XW et al., 2005). Moreover, the Late
Pleistocene-Holocene horizontal slip rates of the Cuopuhu
segment, the northern margin of Maoyaba, the Litang
segment, and the Kangga-Dawu segment were 2.71-3.67
mm/a, 2.23-2.97 mm/a, 3.05-4.99 mm/a, and 3.83-4.58
mm/a, respectively (Xu XW et al., 2005; Chevalier ML et al.,
2016).

2.2.2. Recurrence characteristics of paleoearthquakes of the
Litang fault zone

The Maoyaba Basin is the largest basin in the Litang fault
zone, with a length of about 30 km and a width of up to 10



612

Zhong et al. / China Geology 7 (2024) 605-629

99°30'E 100°00'E 100°30'E
T T
(b) ——— Strike-slip fault @  Spring
———— Normal fault O  Town
z Holocene active Fault @ City
=) .
& LaFe Plfelsltocene My 3-3.9
% active fault M4-4.9
O Qudeng Inferred fault VLGS
—+—+— Surface rupture U
R Mg 6-6.9
be <> Basin
Isoseismal line of M;7-7.9
Litang 1948 M 7.3
N
L4
onglong
Z _
=
S
o
)
o

Qiangtang block

Changdu
L]

1948.5.25
P Mg 7"
—=— Strike-slip fault 4
—wt— Thrust fault «9
Principal compressive 0 5 10 20 km ‘9‘)\ Dewu
stress direction 1 (7S . \ P

X
&
%

Fig. 5.

a—Distribution map showing major active faults and internal deformation pattern of subblocks in northwestern Sichuan (after Gao SP,

2021); b—map showing the spatial geometric distribution and historical earthquakes in the Litang fault and the isoseismal distribution of the

1948 Litang earthquake of Mg 7' (after Tang RC and Han WB, 1993).

km. The major boundary faults (i.e., the northern and southern
boundary faults) of the Maoyaba Basin are all Holocene
active faults (Zhao GH, 2014), and large earthquakes that
ruptured the surface have occurred in the major boundary
faults since the Late Holocene (Xu XW et al., 2005; Zhou RJ
et al., 2014; Chevalier ML et al., 2016; Guo CB et al., 2016).
For instance, a moderate-strong earthquake occurred in the
northern boundary fault at about 119+2 years, with surface
rupture traces still existing (Xu XW et al., 2005). It has been
widely accepted that the Luanshibao landslide was caused by
a seismic event (Fig. 6e), which due to active of the northern
boundary Maoyaba fault (Wang JT et al., 2023). The dating
results show that the Luanshibao landslide has strong
activities at 9400 B.P., 3510 + 346 B.P., 1980 + 30 B.P., 993 +
45-1057 + 45 B.P., and 125 + 25 B.P., respectively (Guo CB

et al.,, 2016; Zeng QL et al., 2020; Wang JT et al., 2023),
suggesting that the Luanshibao landslide have multiple stages
of activity, indicates that the area has strong seismic activity.
As shown by many previous studies, the northern boundary
fault of the Maoyaba Basin mainly exhibits sinistral strike-slip
components (Deng QD et al., 2009; Zhang D et al., 2019),
followed by normal fault components (Wu ZH et al., 2014;
Zhang YZ et al., 2015; Chevalier ML et al., 2016), with a
vertical rate of 0.6 £ 0.1 mm/a. What s more, some
researchers believed that the northern boundary fault of the
Maoyaba Basin has thrust components (Xu XW et al., 2005).
As for the southern boundary fault of the Maoyaba Basin, a
few studies have been conducted (Zhou RJ et al., 2005), and
its geometric distribution was yet to be investigated in detail.
According to the published data, three paleoearthquake
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Fig. 6. Surface ruptures caused by historical earthquakes in the Litang fault zone (a—d), and the spatial geometric distribution of the Maoyaba

fault (e).

trenches have been excavated at each of the northern and
southern boundary faults of the Maoyaba Basin. Six
paleoearthquake events have been identified in the trenches
excavated in the northern boundary fault, namely El
(10450-8895 B.P.), E2 (52604415 B.P.), E3 (3385-2905
B.P.), E4 (2180-1880 B.P.), E5 (528482 B.P.), and E6 (64
B.P.) (Fig. 7a); and three events have been identified in the
trenches of the southern margin fault, namely E1 (2180+49
B.P.), E2 (957+45 B.P.), and E3 (1890) (Zhou RJ et al., 2016;
Zhao GH, 2014; Ren JJ et al., 2021). Paleoearthquake studies
indicate that at least seven strong earthquake events might

have occurred in the Litang fault (Xu XW et al., 2005; Zhao
GH, 2014; Zhou CJ et al., 2015; Zhang KQ et al., 2020; Gao
SP, 2021), namely E1 (10680-10250 B.P.), E2 (9483-9191
B.P.), E3 (5358-4750 B.P.), E4 (3418-3307 B.P.), ES5
(2030-1930 B.P.), E6 (1380-483 B.P.), and E7 (AD 1729 or
1948), with recurrence intervals of 1128 years, 4283 years,
1692 years, 1382 years, 1271 years, and 798 years,
respectively (Fig. 7b). At least five paleoearthquake events
have occurred in the Kangga-Dewu fault (Gao SP, 2021),
namely E1 (8800-7242 B.P.), E2 (6680-5706 B.P.), E3
(50994482 B.P.), E4 (1567-665 B.P.), and E5 (AD1948)
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Fig. 7. Paleoearthquake events in the northern boundary fault of the Maoyaba Basin, the Litang fault, and the Kangga-Dewu fault since the

Holocene.

(Fig. 7¢). The paleoearthquake data on the northern boundary
fault of Maoyaba Basin, the Litang fault, and the Kangga-
Dewu fault since the Holocene indicate the non-characteristic
rupture behavior of the rupture events in the Litang fault zone
(Fig. 7). Gao SP et al. (2022) also believed that the rupture
events in the Litang fault zone showed non-characteristic
rupture behavior and continuous migration of the fault zone
along the rupture. Besides, Gao SP et al. (2022) believed that
the three faults (northern boundary fault of Maoyaba Basin,
Litang fault and Kangga-Dewu fault) underwent roughly the
same number of rupture events, leading to an even stress
release. The paleoearthquake data since the Holocene show

that the time spans of the northern boundary fault of Maoyaba
Basin, the Litang fault, and the Kangga-Dewu fault in the
Litang fault zone have been rapidly reduced from about 6000
to 1800 years and then to 520 years, and this result indicates
that the activity of the Litang fault zone has continuously
increased (Gao SP, 2021). In addition, the Litang fault may
have a quiet period of about 4000 years during 5000 to 9000
years. After 5000 years, the Litang fault entered a new round
of earthquake clustering, and the recurrence intervals of
strong earthquakes gradually decreased, indicating an
accelerating trend. Therefore, special attention should be paid
to the risk of strong earthquakes on the Litang fault.
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2.2.3. Future seismic hazard segements of the Litang fault
zone

Since 1900, the TP has experienced earthquake clustering
peaks three times, namely Haiyuan-Gulang in 1920-1937,
Chayu-Dangxiong in 1947-1976, and Kunlun-Wenchuan
from 1995, which primarily occurred in the Bayan Har block
(Deng QD et al., 2014). Therefore, in the next few years
following the last earthquake clustering, attention should be
paid to the possibility of the occurrence of Mg 7.0 earthquakes
at the eastern margin of the TP, especially in the Bayan Har
block and the south-central parts of the northern and southern
earthquake belts (Deng QD et al., 2014). The seismicity
around and within the Bayan Har block has attracted
increasing attention, especially with the occurrence of the
2013 Lushan Mg 7.0 earthquake, the 2017 Jiuzhaigou Mg 7.0
earthquake, and the 2021 Maduo Mg 7.4 -earthquake.
Moreover, both the 2021 Maduo Mg 7.4 earthquake (Zhan Y
et al., 2021) and the 1947 Dari Mg 7°,, earthquake (Liang MJ
et al., 2020) occurred within the Bayan Har block, and formed
significant coseismic surface rupture zones 151 km and 70
km, respectively. This result indicates that significant
deformation also occurred within the Bayan Har block when
the block was extruded eastward overall. According to Gai
HL et al. (2021), the Bayan Har block is an atypical rigid
block, some of its deformations were absorbed and regulated
by its internal diffuse deformations, although its movement
and deformations were mostly regulated by the major
boundary faults. Therefore, the Bayan Har block is the
combined result of rigid block extrusion and diffuse
deformation. The 1948 Litang Mg 7', earthquake occurred in
western Sichuan, which is the largest strike-slip earthquake in
the rhombic Sichuan-Yunnan block in nearly a century, with
an existing surface rupture length of 36-70 km (Liu K et al.,
2021; Xu XW et al., 2005; Zhou CJ et al., 2015). Based on the
seismic stress drop is significantly higher in the northwestern
segment of the Litang fault than in its southeastern segment,
and the frequency of small earthquakes is higher in the former
than in the latter, Wu WW et al. (2017) suggested the Litang
fault zone weakens gradually from the northwest to the
southeast, and that the relatively closed NW segment
(Maoyaba) of the banded fault structure is more prone to
accumulate strain and poses greater seismic risks than its
other segments. Based on the rupture gaps of strong
earthquakes determined using seismogeological data, the
segments with locked fault movement revealed using geodetic
surveys, the segments with sparse medium-small earthquakes
determined using earthquake activity, and the segments with
significantly enhanced Coulomb stress determined using
numerical  simulations, Shao ZG et al. (2022)
comprehensively concluded that the boundary zones of the
active blocks in China continent may lie in the major fault
segments during the late interseismic periods. Moreover, they
also preliminarily believed that the Maoyaba segments of the
Litang fault zone have high risk coefficients of earthquakes
(Shao ZG et al., 2022).

2.3. Batang fault zone

2.3.1. Late Quaternary activity of the Batang fault zone

The Batang fault zone is located at the junction between
western Sichuan. Starting near Moxi in the northeast, the
Batang fault zone extends southwestward through Songduo,
Moduo, Huangcaoping, Batang, and continues to extend
southwestward through Zhubalong and Mangling after
passing the Jinsha River, and finally wedges out along the
Lanchang River (Fig. 8). The Batang fault zone has a total
length of about 200 km, an overall strike of NE30°, a dip
direction toward the NW, and a steep dip angle. Moreover, the
Batang fault zone is dominated by dextral strike-slip motions
and obliquely intersects the Jinshajiang fault zone over a
length of about 20—30 km. Hot springs are densely distributed
along the Batang fault zone, such as the Chaluo hot springs
are well known as the largest high-temperature gas spring
group in Sichuan (Zhou RJ et al., 2005). A series of
paleoearthquake landslides are developed along the Batang
fault zone, such as the Chashushan landslide (Zhang YS et al.,
2023) and the Songduoxiang landslide (Fig. 9a—c; Yang ZH et
al., 2021), showing strong activity of the Batang fault zone.
The Batang fault zone has exhibited significant activity since
the Late Quaternary, which underwent the 1870 Batang Mg
7!, earthquake, the surface rupture traces are still faintly
visible on the modern proluvial fan in the Huangcaoba area in
northern Batang, such as some reverse fault scarps with a
height of only 0.6 + 0.2 m (Xu XW et al., 2005). Moreover,
the 1870 Batang Mg 7'/, earthquake had a coseismic dextral
strike-slip displacement of about 1.5 m (Xu XW et al., 2005,
2017). The 1989 Batang and Litang Mg 6.7 earthquake
swarms are also closely related to the activity of the Batang
fault zone (Zhou RJ et al., 2005). In addition, in the fault
profile encountered at a tunnel portal of the Lala Mountain in
Moduo, Batang, the fault offsets the layer U3 composed of
gabbros and cataclasites, the sandy mudstone layer U2, and
the overlying humus layer (U1) until the surface. This offset
phenomenon may represent the surface rupture caused by the
1870 Batang Mg 7' 4 earthquake (Figs. 9d, ¢).

Based on the gully offsets and thermoluminescence dating
of the proluvial fans in Mangling, Mangkang and Batang in
TP, Zhou R1J et al. (2005) found that the Mangling and Batang
segments of the Batang fault zone had a slip rate of 2.5-2.7
mm/a and 1.3-1.9 mm/a, respectively, since the Late
Quaternary. According to the analysis of offset landforms, Xu
XW et al. (2005) constrained the average Holocene dextral
strike-slip and vertical slip rates of the Cuosanglong area in
the northern segment of the Batang fault zone to be 6.7 + 1.8
mm/a and 2.4 £ 0.3 mm/a, respectively. Overall, the activity
of the Batang fault zone appears to be gradually weakening
from SW to NE. This finding may be related to the following
two facts (Zhou RJ et al., 2005): (1) The southwestern
segment of the Batang fault zone is located in the eastern TP
block, which had a higher slip rate than the western Sichuan
block; (2) there were very complex intersection relationships
between the northeastern segment of the Batang fault zone
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and the Jinshajiang fault zone, and thus a part of the motion 2.3.2. Paleoearthquakes history of the Batang fault zone
potential of the former may have been absorbed by the latter. A layer of pseudonodules deformation structures has been
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found in the lacustrine sediments at a portal of the
Huangcaoping No. 1 Tunnel in Batang. This layer is
sandwiched between the upper and lower undeformed layers
and extends laterally for more than 10 m. A sample for dating
by optically stimulated luminescence (OSL) was collected
about 10 cm below the bottom of this layer, and its age was
constrained to 5.93 ka (Figs. 9f-g; Table 2). No deformation
structures caused by landslides or slope gravity (Zhong N,
2017) or flooding (Zhong N et al., 2020) are visible in the
profile. Based on the identification criteria for the seismic
origin of the soft—sediment deformation structure (SSDS), the
pseudonodules were considered to be caused by the falling of

(b) Longba landslide

light-gray silty mud into light-yellow fine-grained sands under
strong seismic vibration (Zhong N et al., 2019), thus
representing an earthquake event after 5.93 ka. According to
the characteristics of the pseudonodules, including its
deformation type, morphology, and intensity change, as well
as its distance from the seismogenic fault (Zhong N, 2017;
Zhong N et al., 2017a, 2022a), it can be determined that the
pseudonodules indicate an earthquake with a magnitude of
about M 7.0. In addition, faults F5, F4, and F2 encountered in
the Huangcaoping trench in Batang all offset the layer U3,
revealing a paleoearthquake event that occurred at about 5110 +
30 B.P. (Fig. 9h; Gao SP, 2021). Xiang W (2023) excavated
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Fig. 9. a—Characteristics of typical seismic landslides in the Batang fault zone (modified from Yang ZH et al., 2021); b—Longba landslide;
c—Langduoercun landslide; d, e-Fault profile at a tunnel of the Lala mountain tunnel in Batang; f, g—deformation of seismogenic SSDS recor-
ded by lacustrine deposits at one portal of the Huangcaoping No. 1 Tunnel; h-Huangcaoping paleoearthquake trench (after Gao SP, 2021).
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Table 2. OSL dating results for the Huangcaiping, Tongmai, Bitongcun and Dongjiucun sections.

Sample Site Depth U Th K/% Water Grainsize  Method Equivalent Doserate  Age/ka

/m /(ng/g) /(ng/g) content /% /um dose /(Gy/ka)

/(Gy/ka)

B20-14 Huangcaoping 3.4 2.52+0.06 11.7+0.07 1.89+0.01 5.27 90-125 SAR 3.31+0.13  19.62+1.22 5.93+0.44
*SCZ01-04 Tongmai 6 3.08+£0.09 14.5£0.44 2.73+0.08 16.89 90-125 SAR 4.63£0.31  70.97+5.54 15.33+1.58
*B2019-2  Bitongcun 4.6 2.05 18.8 2.23 90-125 SAR 4.11£0.18  35.48+1.93 8.63+0.6
B2019-21  Dongjiucun 7.2 1.77 12.3 2.23 90-125 SAR 3.5+0.16 68.52+6.31 19.58+2.01
Note: * OSL dating from Zhong N et al. (2021).
two trenches in Huangcaoping, and identified three Chayu fault zone is still controversial. According to the GPS

paleoearthquake events (E3: 44664282 B.P., E2: 357-3264
B.P, El: 1283 B.P.-present). In summary, a paleoearthquake
event with a magnitude greater than M 7.0 occurred in the
Batang fault zone at 5930-5110 years. Based on the
paleoearthquake results obtained through trenching in Moxi
(E2, before 844 AD; E3, 839-1405 AD; E4, after 1448 AD),
Dangba (E3, before 5489 BC; E4, after 1700 AD),
Huangcaoping (E1, before 3716 BC; E2, after 3671-1203 BC;
E3, 488-1250 AD; E4, 1585 AD), and Mangling (E3,
11856-7136 BC; E4, after 1426 AD), Gao SP (2021)
concluded that the activity of the Batang fault zone was weak
during the Early Holocene and then became intensified and
transitioned to the clustering stage since the beginning of the
AD period, with the earthquake recurrence interval shortening
to about 830 years.

2.4. Jiali-Chayu fault zone

The Jiali-Chayu fault zone is the eastern segment of the
Karakorum-Jiali fault zone and its eastern extension, starting
from southern Naqu in the northwest, extends southeastward
through Sangdi, Maidi Zangbo, Azha and then reaches
Tongmai along the Yigong-Zangbo River, and then continues
to extend southeastward through Chayu along the Gongri-
Gabuqu until it leaves China. The Jiali-Chayu zone is
considered the southern boundary of the part of the main body
of the TP, and extruded substantially eastward, which can be
roughly divided into three parts by the Eastern Himalayan
Syntaxis (EHS), namely the northwestern segment to the west
of the syntaxis, the central Yigong-Tongmai-Bomi segment at
the top of the syntaxis, and the southeastern Bomi-Chayu
segment to the southeast of the syntaxis (Fig. 10). Based on
remote sensing images and geological surveys of the central-
south Jiali-Chayu fault zone, as well as research on offset
landforms (Figs. 1la—f) and the SSDS of Late Quaternary
lacustrine  sediments, paleoecarthquake trenching and
geological dating (Figs. 11g, h), Zhong N et al. (2021)
identified two new paleoearthquake events, whose occurrence
time were constrained to be 16.13 + 1.06 ka to 15.66 + 0.92
ka, and 8630 + 600 B.P. to 9561 + 37 B.P.. From the data of
Song J et al. (2013), Wang H et al. (2020), and Zhao YF et al.
(2021), it can be inferred the south-central Jiali-Chayu fault
zone may have experienced five paleoearthquake events since
the Late Quaternary, which occurred at 16130-15660 years,
11060 + 940 years, 8630-9561 B.P., 2780-2160 B.P., and
650 B.P., respectively, with a recurrence interval of about
20005000 years. The Late Quaternary slip rate of the Jiali-

data (Song J et al., 2011; Wang M and Shen ZK, 2020; Zhang
L et al., 2021), the central and southeastern segments of the
Jiali-Chayu fault zone have a horizontal slip rate of 1.3-2.0
mm/a and 2—4 mm/a, and a compression rate of 2.5-2.9 mm/a
and 5.1-6.2 mm/a (Table 3), respectively, indicating dextral
and compression (Zhong N et al., 2021).

2.5. Lulang-Yigong fault zone

The Lulang-Yigong fault zone is located at the western
boundary of the EHS, which is a juvenile strike-slip tectonic
belt that cuts the Yarlung-Zangbo fault zone. The Lulang-
Yigong fault consists of multiple diagonally distributed
secondary faults, and some of its segments develop along the
Yarlung-Zangbo fault zone. The Lulang-Yigong fault zone
was active during the Early Cenozoic, followed by the Early-
Middle Miocene, and underwent the last uplift during the Late
Miocene (Dong HW et al., 2018). This fault zone has been
struck by numerous earthquakes, the most active during the
Holocene, and primarily subjected to sinistral strike-slip and
tension components and has a vertical slip rate of about
0.17-0.27 mm/a (Xie C, 2018). The landforms along the
Lulang-Yigong fault zone are dominated by deeply incised
canyons and grooves on a slope or scarps (Figs. 12a, b). A
third alluvial-proluvial terrace T3 has developed in the Lulang
River in Sicun village, which offset by faults, forming a fault
scarp with high continuity, and two small gullies on the
terrace exhibit a synchronous sinistral offset of 6 m (Xie C,
2018). Through trenching across the fault scarp, Xie C (2018)
revealed a faulting event that offset the Holocene gravel layer
by up to 3.1 m. Lulang-Yigong fault zone also includes
earthquake-induced SSDS (Figs. 12¢, d), which are visible in
Zhaxigang, Sicun, and Dongjiu villages along the Lulang-
Yigong fault zone and include load structures, flame
structures, liquefied deformation structures, and micro-faults
(Wang HY et al., 2021). These SSDS are all interlaminar
deformations with a small scale (2-10 cm), and most of them
occur in the liquefiable clayey, silty sands and silty sand
layers and are characterized by vertical repeatability and
lateral continuity, which are mostly triggered by earthquakes
(Zhong N et al., 2017, 2022a). From the OSL dating results, it
can be concluded that the paleocarthquake events recorded in
the lacustrine deposits in Dongjiu occurred before 19.58 +
2.01 ka (Fig. 12d; Table 2). The trench on the terrace in
northern Zhaxigang also revealed one paleoearthquake event,
which occurred at 8640-5460 B.P. according to '*C dating
(Figs. 12e, f). Earthquake-induced liquefied diapir
deformation structures have been discovered in the lacustrine
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deposits in  Sicun village, possibly attesting to a
paleoearthquake event of 8.8 + 1.2 to 9.4 + 0.5 ka (Wang HY
et al., 2021). Interestingly, the south-central Jiali-Chayu fault
zone also records a paleoearthquake event that occurred at
8630-9561 B.P. (Zhong N et al., 2021). Therefore, further
research is needed to determine whether a major earthquake
(Mg > 8.0) occurred in the EHS before 8 ka.

3. Regional fault activity and tectonic deformation
patterns

3.1. Tectonic deformation patterns indicated by nature of
active faults

According to the nature of the fault activities in the Ya’an-
Linzhi section of the STTC, the faults in the Longmenshan
(e.g. the Longmenshan and Daduhe fault zones) and those in
the EHS (e.g. the Jiali-Chayu zone) primarily exhibit thrust

1991).

motions. In contrast, faults in the Qiangtang block (e.g. the
Yunongxi, Litang, Batang, Jinshajiang, Xiangdui-Luoni,
Lancangjiang, Nujiang, and Bianba-Luolong fault zones)
exhibit mainly strike-slip motions (Fig. 1; Table 1). As shown
by the current tectonic deformation zoning of the TP (Fig. 13),
a series of piedmont thrust fault zones formed in the EHS was
obliquely subducted beneath the Indian Plate. Accordingly,
the EHS is a strongly compressional uplift area where peaks
with elevations exceeding 7000 m, such as the Namcha Barwa
Peak and the Gyala Peri Peak have developed. Therefore,
under rapid uplift and compression, the Jiali-Chayu fault zone
exhibit dextral strike-slip and thrust components, while the
Lulang-Yigong fault zone show sinistral strike-slip and
tension components. Similarly, the collision and compression
between the Bayan Har block and the Yangtze block in the
east formed a series of imbricated thrust fault zones in the
Longmenshan, and also a strongly compressional uplift area
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Table 3. List of activity rate of Jiali-Chayu fault.

Reference Fault property Activity age Sections Activity rate/(mm/a)
Armijo et al., 1989 Dextral Late Quaternary Horizontal 10-20
Ren JW et al., 2000 Dextral Late Quaternary Horizontal 4
Shen J et al., 2003 Dextral Late Quaternary Horizontal <2-3
Meade, 2007 Dextral thrust GPS Horizontal 3
Vertical 15
Tang FT et al., 2010 Dextral GPS West Horizontal 4-6
Middle Horizontal 1-2
Southeast Horizontal 3-5
Song J et al., 2011 Dextral or sinistral thrust GPS West Horizontal 4-5.8
Middle Horizontal 1.3-2.0
Vertical 2.5
Southeast Horizontal 3.7-4.0
Vertical 6.2
Zhu Z and Meng GJ, 2012 Dextral thrust GPS Horizontal 7.1%1
Langstaff and Meade, 2013 GPS Horizontal <2
Wang M and Shen ZK, 2020 Dextral GPS Horizontal ~3
Zhang L et al., 2021 Dextral GPS West Horizontal 5.0£0.5
Middle Horizontal 2.440.8
Southeast Horizontal 3.840.9
Zhong N et al., 2021 Dextral thrust Late Quaternary West Horizontal 2-4
Middle Horizontal 1.3-2.0
Vertical 2.5-2.9
Southeast Horizontal 2.04.0
Vertical 5.1-6.2

with significant topographic elevation differences. For
instance, the horizontal distance between the Sichuan Basin
with an altitude of 600 m and mountains with an altitude of
over 5000 m within the plateau is less than 50 km (Zhong N
et al., 2017b). The lateral extrusion area of the southeastern
margin of the TP is also a tectonic zone formed by the rapid
eastward extrusion of the Qiangtang block, which starts at a
longitude of about 90°E in the west and is bounded by the
Yushu-Xianshuihe and Jiali-Nujiang fault zones in the north
and south, respectively (Han S et al., 2019). During the rapid
eastward and southeastward migration of materials in the east
of the Qiangtang block, the materials in the west are
discontinuously driven eastward. As a result, many
conjugated strike-slip faults and nearly-SN-trending normal
faults were formed during the stretching process in the lateral
extrusion area. The western and eastern Qiangtang blocks in
this area show diffuse deformation and rigid block
deformation, respectively (Li HB et al., 2021). Moreover, this
area hosts many large rivers, such as Nujiang, Lancang, and
Jinsha (Fig. 1), and consists primarily of deeply incised
canyons or intermountain basins.

Based on the activities of the active fault zones, the
current crustal deformation field revealed by GPS data,
historical earthquakes, surface ruptures, and the types of focal
mechanism solutions, Cheng J et al. (2012) subdivided the
southeastern margin of the Tibet Plateau into 11 subblocks.
The Litang fault zone is a boundary fault between the Yajiang
and Zhongdian subblocks, and the Batang fault zone is a
boundary fault between the eastern Qiangtang and Zhongdian
subblocks. The eastward movement of the Qiangtang

subblock was blocked by the Zhongdian subblock, generating
significant compressive stress. As a result, the Batang fault
zone should have certain thrust components, in addition to
strike-slip components. This can be confirmed by the fact that
the Jinshajiang fault zone to the south of Batang contains both
strike-slip and thrust-slip components (Zhou RJ et al., 2007).
It is noteworthy that the Litang fault zone exhibits significant
segmentation, which a number of basins are distributed (Fig. 5).
The Cuopuhu, Maoyaba, and Litang segments of the Litang
fault zone show strike-slip and normal fault components,
while the Kangga-Dawu segment contains strike-slip and
thrust components (Chevalier ML et al., 2016). This result
indicates that the Litang fault zone is not only controlled by
the lateral extrusion-induced deformation structures at the
southeastern margin of the TP, but also affected by the
differential movement of the Yajiang and Zhongdian
subblocks, and has complex tectonic deformations and
tectonic assemblage patterns. Regionally, the NW-trending
Litang fault zone (sinistral) and the NE-trending Batang fault
zone (dextral) constitute an X-shaped conjugated fault system
with strong EW-trending compressive stress. Seismic
waveform data have also verified that the shear waves in the
northwestern part of the rhombic Sichuan-Yunnan block show
a polarization direction of nearly EW (Shi YT et al., 2013).
Based on the above characteristics of active fault zones,
Cheng J et al. (2012) considered that the compression
between the eastern Qiangtiang and Yajiang subblocks and
between the Yajiang and central Yunnan subblocks is the
most significant at the southeast margin of the TP.

With the continuous compression of the Indian Plate
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toward the Eurasian Plate, the western and central parts of the traction of the materials in the east. Moreover, the upper crust
Qiangtang block slowly shift and passively deform under the in the eastern Qiangtang block escape and is extruded
north-south compression and the eastward or southeastward southeastward along the Xianshuihe fault zone and blocks
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Fig. 13. Current tectonic deformation zoning of the Tibet Plateau (Li HB et al., 2021).

sandwiched by the Nujiang and Honghe fault zones,
appearing as a rapidly extruded structure of rigid blocks
(Leloup PH et al., 2007; Bai MK et al., 2018; Han S et al.,
2019; Li HB et al., 2021). With the northward movement of
the Indian Plate, a series of sinistral motions along NW-
trending faults occurred within the TP. Moreover, the
Kunlunshan-Xianshuihe fault zone divides the TP into the
southern and northern blocks, with the southern block moving
northward and northeastward. As a result, a northward,
eastward, and southeastward fan-shaped radial pattern of the
crustal movement centered on the TP was formed (Ding GY
and Lu YC, 1986). During the northward movement of the
Indian Plate, the blocks of the TP changed their direction and
slipped toward the SSE direction since they were blocked by
the Kunlunshan-Xianshuihe fault zone. Owing to the push
force in the NNE direction from the Indian Plate, a thrust zone
was generated at the margin of the plate, the Sagaing dextral
shear zone was formed in the east, and then a push force in
the NEE direction was generated in the TP. For example, in
addition to strike-slip components, significant thrust
components have been discovered in both the Nujiang fault
zone (the Bangda fault) (Zhong N et al., 2022b) and the
Lancangjiang fault zone (Ren JJ et al., 2022). As indicated by
the focal mechanism solutions, the horizontal compressive
stress in the NNE or NE direction from the Indian Plate
controls the lithospheric stress field of the TP and its
surrounding areas (Xu JR and Zhao ZX, 2000).

3.2. Tectonic deformation patterns and dynamics indicated by
deep geophysics

Schoenbohm LM et al. (2005) suggested that the early

tectonic deformation at the southeastern margin of the TP was
mainly reflected in the lateral extrusion of the Indosinian
block along the Ailaoshan fault zone, the rotation of the crust
in the eastern TP drove the ductile flow of the lower crust,
causing the Xianshuihe-Xiaojiang fault zone to active at 9-13
Ma. As a result, the upper crust rotated clockwise around the
EHS, while the middle and lower crusts were extruded
southeastward, leading to the decoupling between the upper
and lower crusts (Schoenbohm LM et al., 2005). As indicated
by broadband seismic surveys and magnetotelluric sounding,
there may be east- and southeast-trending escape pathways of
ductile, free-flowing materials at the southeastern margin of
the TP (Jiang M et al, 2012). The magnetotelluric
observations show that there indeed exist two weak material
flows (low-resistivity anomaly zones) in the middle and lower
crusts of the southeastern TP. One weak material flow extends
eastward from the Lhasa block along the Yarlung Zangbo
suture zone and then turns southward around the EHS, and the
other extends southeastward from the Qiangtang block along
the Jinshajiang and Xianshuihe fault zones and finally passes
through the rhombic Sichuan-Yunnan block between the
Xiaojiang and Honghe fault zones (Bai DH et al., 2010). The
deep part of the southeastern TP is mainly characterized by
the rapid plastic deformation of these two weak material
flows, the brittle upper crust deformed and decoupled from
the lower crust, with the upper crust primarily showing the
strike-slip deformation of the blocks of the northern and
southern boundary faults of the Maoyaba Basin in Litang (Bai
DH et al., 2010). Based on the observational data of seismic
arrays deployed in the southeastern TP, Liu QY et al. (2015)
verified that the plateau spreads eastward through the flow of
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lower crustal materials and the slip of the upper crust along
fault blocks. Peng M et al. (2017) obtained images of the
crustal structure below the EHS using the teleseismic receiver
functions and the common conversion point (CCP) stacking
imaging method, which shows the crustal uplift and thinning
of the EHS and the presence of the partial melting in the crust
are probably related to the upwelling of mantle-derived
thermal materials, while the upwelling of the asthenospheric
mantle may be caused by the rifting of the Indian Plate.

As revealed by the geometry and motion images of active
structures, the sinistral strike-slip motions of the Xianshuihe
fault zone at the northern boundary of the active Sichuan-
Yunnan block were decomposed and absorbed by the nearly-
SN-trending faults (e.g., the Anninghe and Daliangshan fault
zones), leading to strong earthquake activity in these faults in
the southeastern TP. Therefore, the southeastern margin of the
TP has the following tectonic deformation characteristics: the
collision between the Indian and Eurasian Plates and its
aftereffects led to the strong uplift of the TP. As a result, the
Sichuan-Yunnan block escaped (was extruded) in the SEE
direction, which drove the middle and lower crustal flow and
the rapid slip of large brittle faults in the upper crust in the
southeastern TP, with strike-slip or thrust motions occurred.
Given the significant rotation of the eastern TP, Yajiang,
Zhongdian, and central Yunnan subblocks in the Sichuan-
Yunnan block and the most significant compression among
these subblocks, the extrusion of rigid blocks and
gravitational slumping may coexist, which may be primarily
caused by the dragging effect of the pipe flow in the lower
crust (Cheng J et al., 2012). The middle and lower crusts on
the western Sichuan Plateau have lower rheological intensities
than normal crusts. Moreover, the differences in crustal
thickness and landform elevation between the western
Sichuan Plateau and its adjacent Sichuan Basin and South
China block are up to 20-30 km and 3000-4000 m,
respectively (Zhang PZ, 2008). All these allow for the
formation of a lateral pressure difference, which could drive
the flow of the weak layers in the middle and lower crusts.
The lateral pressure difference may push the upper brittle
crust cut by faults upward from the bottom, resulting in
deformation and movement dominated by sinistral strike-slip
motions, as well as strain accumulation and release on various
faults, and strong earthquakes were formed. The deformation
pattern transitioning from NWW-trending (e.g., the
Xianshuihe fault zone) sinistral shear to nearly-NS-trending
sinistral shear and compression is of significance across the
China continent (Zhang PZ, 2008).

3.3. Tectonic deformation patterns indicated by geodetic
survey

Based on 553 GPS observational data of the TP and its
surrounding areas, Zhang PZ et al. (2004) concluded that the
eastward extrusion of the TP is the clockwise rotation of
crustal materials around the EHS under the push of the Indian
Plate, the blocking of surrounding rigid blocks, and the

current tectonic deformations are continuous. Chang LJ et al.
(2015) found that the strike of the surface structures in the
EHS is consistent with the movement trend of the GPS-
derived surface movement velocity field. This finding
indicates that the surface deformations in this zone are
consistent with the deformations of the upper mantle, and the
lithospheric deformations in this zone are vertical and
consistent. Based on geological data and rock mechanical
properties, Sun YJ et al. (2017) established a corresponding
finite element numerical model, the results show that a series
of arcuate faults with the EHS as the center of rotation in the
southeastern TP exhibit the highest strain rate, relatively high
slip rates (e.g., the Xianshuihe, Litang, Batang, and Jiali-
Chayu fault zones), principal compressive stress with
constantly varying direction, and dominant tensile stress, with
active faults primarily exhibiting tensile and extrusive
deformations. The results from GPS indicate that, relative to
the stable Eurasian Plate, the internal materials of the TP
rotate clockwise around the EHS when they migrate eastward
as a whole, with the intensity of movement gradually
increasing from north to south. Moreover, the TP has two
boundary fault systems, namely Xianshuihe-Anninghe-
Zemuhe-Xiaojiang fault zones system as the outer boundary
and the Jiali-Chayu-Nujiang fault zones system as the inner
boundary (Wang M and Shen ZK, 2020). In particular, the
movement of crustal materials at the southeastern margin of
the plateau shifts from the nearly-EW direction to the nearly-
SN direction relative to the stable Eurasian Plate, exhibiting a
lateral extrusion trend toward the southeast (Wang Q et al.,
2001; Zhang PZ et al., 2004; Gan W/ et al., 2007; Liang SM
et al., 2013; Wang M and Shen ZK, 2020).

4. Risk of future large earthquakes and disasters in the
Ya’an-Linzhi section of the STTC

4.1. Large earthquake risk in the Ya an-Linzhi section of the
STTC

The Zheduotang fault was the seismogenic fault which
triggered the 1955 Zheduotang Mg 7.5 earthquake, and the
surface rupture was still clearly (Figs. 4b, c). Field
investigations have found that two branches faults of the
Zheduotang fault in the Zheduotang village, which forming a
pull-apart structure (Fig. 4a). Through analysis of historical
seismic gaps, current slip rates, Coulomb stress, frequent
small earthquakes, tectonic stepover, and block boundary
faults, it is confirmed that the Selaha-Kangding segment is a
future strong earthquake risk zone. As a boundary fault of the
Bayan Har and Sichuan-Yunnan blocks, the Xianshuihe fault
zone has a slip rate of nearly 810 mm/a and a short
earthquake recurrence interval, and its Sehala-Kangding
segment is likely to undergo earthquakes of Mg>7 in the
future (Bai MK et al., 2018). The Litang and Batang fault
zones are Holocene active faults which can trigger strong
earthquakes, with the non-characteristic rupture behavior of
the rupture events. The Litang and Batang fault zones are not
only controlled by the lateral extrusion-induced deformation
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structures at the southeastern margin of the TP, but also
affected by the differential movement of the Yajiang and
Zhongdian subblocks. Moreover, Litang and Batang fault
zones earthquake activity tends to increase since the Holocene
(Gao SP, 2021). In addition, it is worthwhile to further
investigate the stress and strain distribution in the Litang fault
zone, which is nearly parallel to the Xianshuihe fault zone,
during the lateral extrusion of the southeastern margin of the
TP and the clockwise rotation of the southeastern margin
around the EHS.

Field investigations have found that there are two north-
south branch faults in the middle-south segments of the Jiali-
Chayu fault zone, characterized by dextral slip and thrust
components (Fig. 10). The central and southeastern segments
of the Jiali-Chayu fault zone have a horizontal slip rate of
1.3-2.0 mm/a and 2—4 mm/a, a compression rate of 2.5-2.9
mm/a and 5.1-6.2 mm/a, respectively, and the
paleoearthquake recurrence interval of about 2000-5000
years. The Lulang-Yigong fault zone exhibits both sinistral
slip and normal fault components, with a vertical slip rate of
about 0.17-0.27 mm/a, and paleoecarthquake events have
occurred between 8630 to 9561 years and 8640 to 5460 years.
The GPS monitoring data show that the Jiali-Chayu fault zone
has a movement rate of 3-5 mm/a, and is currently in the
locking stage (Zhang L et al., 2021). Therefore, there is a
possibility of the occurrence of large earthquakes in Jiali-
Chayu fault zone in the future (Tang FT et al., 2010; Wang
XN et al., 2018). In particular, both the Jiali-Chayu (Zhong N
et al., 2021) and Lulang-Yigong fault zones (Xie C, 2018)
have low slip rates and a long earthquake recurrence interval.
Earthquakes occur frequently near the EHS, such as the 2017
Milin Mg 6.9 earthquake and small earthquake swarms in
Yigong Lake, Bomi (Fig. 10). Based on the analysis of GPS
observational data and seismic data, Gupta TD et al. (2015)
concluded that earthquakes with Mg 8.0 and above have a
recurrence interval of about 200 years near the top of the
EHS. Therefore, the earthquake activity of the EHS cannot be
ignored. Currently, the top of the EHS is still subjected to
high tectonic compression, and the metamorphic geological
bodies continue to move northeastward, resulting in the
shortening and deformation of blocks within the EHS, and the
continuous accumulation of stress (Jiang M et al., 2012). As a
result, there is a possibility that the Jiali-Chayu fault and
Lulang-Yigong fault zones might undergo Mg > 7
earthquakes in the future. Therefore, the seismicity of the
EHS and the Xianshuihe, Litang, and Batang fault zones
cannot be ignored.

4.2. Earthquake disaster risk in the Ya an-Linzhi section of
the STTC

Large earthquakes or faults activities often trigger
landslides, block rivers and form dammed lakes,
subsequently, the dammed lakes break-out and cause flood
disasters, and form a geological hazard chain risk (Xu C et al.,
2014; Zhuang Y et al, 2020;Yang ZH et al., 2023), especially
in active area on the southeastern TP. For example, the

Mogangling landslide in Luding county induced by the 1786
Moxi My 7°/, earthquake blocked Dadu river and formed huge
barrier lake (Yang ZH, et al., 2023). 1950 Chayu Mg 8.6
earthquake in the TP induced a large number of avalanche, ice
collapse, rockfall and landslide disasters, and accumulated a
large number of loose accumulation materials in the long and
steep Guxiang gully of Bomi county, which seriously
increased the development intensity and frequency of debris
flow in the Guxiang gully (Yang ZH, et al., 2023). 1933 Mg
7.5 Diexi earthquake destroyed Diexi town, which induced
many huge landslides blocked the Min River and formed
several dammed lakes (Ren JJ et al., 2017). After two months,
the break-out of dammed lakes killed at least 2500 peoples
from Maoxian, Wenchuan, to Dujiangyan counties along the
middle and lower reaches of the Min River (Tang RC et al.,
1983). In 2018, two landslides happened successively on the
right bank of the upper reaches of Jinsha River in Jinshajiang
fault zone (Zhang Y'S et al., 2020), which dammed the river at
Baige village, eastern TP. After the dammed lakes break-out,
and their breaching flood brought about severe disaster to
local residents and their production and life facilities along the
river (Deng JH et al., 2019). Therefore, the Ya ’an-Linzhi
section of the STTC crossing (or nearby) this faults need to
strengthen fault resistance, seismic design and earthquake
disaster risk prevention, especially the Jinsha River and the
Palong-Zangbu River.

In addition, the Ya ’an-Linzhi section of the STTC is
composed mostly of bedrock mountainous areas and deeply
incised canyons. In particular, there is a lack of studies on the
Batang, Jiali-Chayu and Lulang-Yigong fault zones, resulting
in a small amount of paleoearthquake data, which hinder the
understanding of the fault activity and the recurrence patterns
of paleoearthquakes. More efforts should be paid to the
application of new methods and techniques, especially high-
precision InSAR, LiDAR, UAV (unmanned aerial vehicle)
and GPS data, strengthen microseismic monitoring, to the
investigation and evaluation of active faults in high-mountain
valley areas, and it is necessary to enhance the identification
and determination of paleoearthquake events recorded in
lacustrine deposits in deeply incised canyons. Furthermore,
also need analysis the current crustal deformation, stress
distribution and fault activity patterns, clarify their
relationship with large earthquakes, and determine the
potential maximum magnitude, epicenters, and risk range.

5. Conclusions

(i) The Ya’an-Linzhi section of the STTC is from Ya’an,
Kangding, Litang, Changdu, Bomi, to Linzhi, which is a high-
risk area for earthquakes and geological disasters in the TP.
At least 17 large earthquakes (Mg >7.0) occurred in the Ya’
an-Linzhi section of the STTC, and three large landslides
(Mogangling landslide in Luding county induced by the 1786
Moxi Mg 7°/, earthquake; Yigong landslide in Bomi county
and Baige landslide in Jiangda county) blocked river and
formed huge barrier lake.

(i) At least 13 active fault zones have developed in the
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Ya’an-Linzhi section of the STTC, including 10 Holocene and
three Late Pleistocene-Holocene active fault zones, and five
faults zones (Xianshuihe, Litang, Batang, Jiali-chayu and
Lulang-Yigong) have large threaten the safety of cities and
major projects. The Xianshuihe and Jiali-Chayu fault zones
are primarily controlled by the lateral extrusion of the
southeastern margin of the TP and its clockwise rotation
around the EHS. The Litang and Batang fault zones are not
only controlled by the lateral extrusion-induced deformation
structures at the southeastern margin of the TP but also
affected by the differential movement of the Yajiang and
Zhongdian subblocks.

(iii) Based on remote sensing images, ground surveys, and
chronological tests, as well as the deep geophysical and
current GPS data, the Selaha-Kangding segment of the
Xianshuihe fault zone, the Maoyaba and Litang segment of
the Litang fault zone, the middle segment (Yigong-Tongmai-
Bomi) of Jiali-Chayu fault zone and Lulang-Yigong fault
zone have the risk of experiencing strong earthquakes in the
future, with a high possibility of the occurrence of Mg >7.0
earthquakes. The Jinsha River and the Palong-Zangbu River,
which is a high-risk area for geological hazard chain risk in
the Ya’an-Linzhi section of the STTC.

(iv) More efforts should be paid to the application of new
methods and techniques (InSAR, LiDAR, UAV, GPS et.),
strengthen micro-seismic monitoring, and to the investigation
and evaluation of active faults in high-mountain valley and
bedrock areas. Strengthen analysis the current crustal
deformation, stress distribution and fault activity patterns,
clarify their relationship with large earthquakes, and
determine the potential maximum magnitude, epicenters, and
risk range. Engineering construction should avoid active fault
as much as possible, and need to strengthen fault resistance,
seismic design and earthquake disaster risk prevention.
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