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Abstract

Quantitative analysis of the slip rate of active faults and their seismic parameters is important for seismic hazard analysis.
In this study, we first construct an elastic block model to obtain the slip rate of boundary faults based on the distribution
characteristics of active faults, seismicity, and global navigation satellite system (GNSS) observations in Sichuan—Yun-
nan, China. Then, the long-term seismic risks of the boundary faults are quantitatively evaluated based on the principle of
seismic moment balance. The Sichuan—Yunnan region can be divided into 17 relatively independent and stable subblocks.
There is clear zoning in the distribution and mechanisms of boundary fault movement and deformation. The boundary
faults exhibit an alternating dextral-sinistral-dextral—sinistral strike-slip pattern from northeast to southwest. Among these
boundary faults, the Xianshuihe—Xiaojiang fault zone has a high sinistral strike-slip rate, and the Jinshajiang fault plays
an important role in accommodating the movement and deformation of the subblocks in the Chuandian block. The dextral
strike-slip rate is approximately 10 mm/yr, which is diffusely transferred to the secondary boundary faults in the Chuandian
block. Comparison of the rates of moment accumulation and release reveals that the southern segment of the Xiaojiang fault,
the Longriba fault, the Daliangshan fault, and the Yuanmou fault exhibit significant moment deficits, with corresponding
moment magnitudes exceeding Mw 7.5. More attention should be given to the strong earthquake risks of these faults. The
Xianshuihe—Xiaojiang, Jiali-Lancangjiang, and Red River faults, which are arc shaped, dominate the regional deformation
and determine the motion and deformation model of the subblocks and secondary boundary faults within the Chuandian
block and the area southwest of the Red River fault.

Keywords Block division - Block motion - Slip rate - Earthquake hazard assessment - Global navigation satellite system
(GNSS)

Introduction

Since the Cenozoic, the northward collision between the
Indian and Eurasia plates has caused extensive uplift of the
Tibetan Plateau (Armijo et al. 1989; Fielding 1996; Tappon-
nier et al. 2001). As the crust shortens and thickens (England
and Molnar 2005), some of the plateau material is extruded
to the periphery because of lower crustal flow (Clark and

Edited by Dr. Rodolfo Console (ASSOCIATE EDITOR) / Prof.
Ramén Zatiga (CO-EDITOR-IN-CHIEF).

< Changyun Chen
chency @fmac.ac.cn

! The First Monitoring and Application Center, China

Earthquake Administration, Tianjin 300180, China

Published online: 17 March 2024

Royden 2000). Global navigation satellite system (GNSS)
data show that the southeastern segment of the Tibetan pla-
teau is rotating clockwise around the Eastern Himalayan
syntaxis (Wang et al. 2001; Gan et al. 2007). This large-
scale movement has caused complex crustal deformation and
intense seismic activity in and around the Tibetan Plateau.
The Sichuan—Yunnan region located southeast of the Tibetan
Plateau has become the front of the collision between the
Indian and Eurasian plates. This region has a complex struc-
ture with frequent strong earthquakes. Therefore, quantita-
tively studying the crustal movement and deformation char-
acteristics of the Sichuan—Yunnan region and the slip rates
of the main active faults is important for elucidating the
crustal deformation mechanism and analyzing the regional
seismic risk of the Tibetan Plateau.
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The late Cenozoic and modern tectonic deformations in
mainland China are characterized primarily by block motion,
and strong earthquake activity is controlled by active block
motion and concentrated at block boundaries (Zhang et al.
2003). The block motion characteristics in the Sichuan—Yun-
nan region are particularly prominent. Establishing a reason-
able block model and studying the coordination and dynamic
sources of the latest tectonic deformation characteristics for
each block are important prerequisites for obtaining an in-
depth understanding of regional crustal deformation pat-
terns, lateral differences in seismic structures, temporal and
spatial migration of strong earthquakes, regional earthquake
hazards, and other scientific problems. In several previous
studies, the Sichuan—Yunnan region was modeled with
different blocks (Xu et al. 2003; Shen et al. 2005; Wang
et al. 2008, 2001; Cheng et al. 2012; Li et al. 2021). These
block models can be roughly classified into two types: those
based on geological data and seismic activity (Xiang et al.
2000; Xu et al. 2003) and those based on fault geometry and
geodetic data ( Wang et al. 2001, 2017; Shen et al. 2005;
Cheng et al. 2012; Li et al. 2021). There are limitations
associated with both types of models. In the former type,
the large number of faults makes it difficult to select the
most reasonable fault as the boundary. In the latter type, the
primary consideration is the spatial distribution of GNSS
stations, with less consideration of structural factors. This
study provides a comprehensive analysis of the distribution
characteristics of regional active tectonics and seismicity to
propose a block partitioning scheme for the Sichuan—Yun-
nan region. An analysis of the stability and independence of
the partition results yields the latest block model. Based on
this latest block model, GNSS geodetic data and an elastic
block model are used to invert the motion characteristics of
block boundary faults, and an analysis is performed on the
long-term seismic hazards of the boundary faults, the distri-
bution characteristics of regional deformation, and the main
dynamic sources of current crustal deformation.

Tectonic setting

Strong earthquakes occur frequently in the Sichuan—Yun-
nan region in the southeastern part of the Tibetan Plateau
(Fig. 1). The ongoing northward push of the Indian plate
explains much of the modern crustal deformation and seis-
micity in the Sichuan—Yunnan region (Tapponnier et al.
2001). Active faults with various strike-slip rates, sizes, and
mechanical properties control the modern crustal deforma-
tion and distribution of large earthquakes (Xu et al. 2003;
Lee and Lawver 1995) and divide this region into several
tectonic terranes or subblocks (Xu et al. 2003).

The sinistral Xianshuihe—Xiaojiang fault zone forms
the boundary among the Bayan Har, Chuandian, and South
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China blocks. The Xianshuihe—Xiaojiang fault zone is com-
posed of three sections. The northern section is the Xian-
shuihe fault, the middle section features the Anninghe and
Zemubhe faults, and the southern section is the Xiaojiang
fault. The Daliangshan and Mabian faults lie east of the
Anninghe and Zemuhe faults (He et al. 2008). The strike-slip
rates decrease significantly along the Anninghe and Zemuhe
faults in the middle part of the Xianshuihe—Xiaojiang fault
zone. The Xianshuihe and Xiaojiang faults both have left-
lateral strike-slip rates of approximately 15 mm/yr (Allen
et al. 1991; He et al. 2006; He and Oguchi 2008), whereas
the slip rates along the Anninghe and Zemuhe faults are
approximately 3—7 mm/yr and 5-8 mm/yr (He and Oguchi
2008), respectively. The missing slip rate is thought to be
accommodated by the Daliangshan and Mabian faults, east
of the Anninghe and Zemuhe faults (He et al. 2008).

The eastward motion of the Bayan Har block is obstructed
by the stable Sichuan Basin and is mainly partitioned into
uplift along the Longmenshan and Minshan faults, and dex-
tral motion across the Longriba and Longmenshan faults
(Ren et al. 2013). The elevation of the eastern margin of the
Bayan Har block is approximately 6500 km; to the east, the
elevation of the Sichuan Basin is no more than 500 m (Shen
et al. 2005). The extensive and rapid uplift of the eastern
margin of the Bayan Har block resulted from material flow
and extrusion from the interior of the Tibetan Plateau to the
east and southeast (Yan et al. 2010).

The dextral strike-slip Red River fault is the southeast-
ern boundary of the Chuandian and Dianmian blocks. This
fault with strong linear characteristics can be easily found in
satellite images (Allen et al. 1984; Tapponnier et al. 1990).
The dextral offset is estimated to be approximately 6-60 km
(Allen et al. 1984; Wang 1998). The northwestern end of
the Red River fault intersects with the Weixi—Qiaohou fault,
which trends NW; the Zhongdian—Daju fault, which trends
nearly north—south; and the Lijiang—Xiaojinhe fault, which
trends NE. The Lancangjiang and Nujiang faults lie west of
the Weixi—Qiaohou fault. The northern and southern ends of
the Nujiang fault intersect with the Jiali and Longling—Ruili
faults, respectively. The Nantinghe and Menglian faults are
parallel to the Longling—Ruili fault to the southeast. The
Jinshajiang fault lies north of the Zhongdian—-Daju fault
and is the boundary between the Qiangtang and Chuandian
blocks. In addition to several historical strong earthquakes
(Department of Earthquake Disaster Prevention, China
Earthquake Administration 1999), more than 15 M6 events
have occurred along these faults since 1976 (Department of
Earthquake Disaster Prevention, State Seismological Bureau
1995; The Working Group of M7 2012).

Over the past three decades, Earth observation technol-
ogy, including GNSSs, has developed at a rapid pace and can
provide efficient, reliable, and accurate observation results
for monitoring crustal deformation processes at different
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Fig.1 a Index map of the study area; b major active faults, strong
earthquakes, and seismic gaps in the Sichuan—Yunnan region. The
focal mechanism (My,>6.0) data were obtained from the Global
Centroid Moment-Tensor Project (GCMT; https://www.globalcmt.
org); the gray filled circles represent historical earthquakes of M >6.0
(Department of Earthquake Disaster Prevention, State Seismologi-
cal Bureau 1995; Department of Earthquake Disaster Prevention,
China Earthquake Administration 1999); the gray areas (1-19, where
details are provided in the Supporting Information Text S1) sur-
rounded by dashed lines represent seismic gaps (The Working Group
of M7 2012). ¢ GNSS horizontal velocity field in the Sichuan—Yun-
nan region (Kreemer et al. 2014; Wang and Shen 2020) with respect
to the Eurasian plate. Fault names: ANHF Anninghe fault, BTRYF

scales and for monitoring the motion and deformation char-
acteristics of active faults (Kong et al. 2019; Botsyo et al.
2020; Liu et al. 2021). Earth observation technology has
become an important technical means of studying plate
tectonics, regional crustal motion and deformation modes,
active fault activity characteristics, earthquake monitoring
and forecasting, etc. The valuable GNSS observations pro-
duced by the Crustal Movement Observation Network of

Batang—Riyu fault, CHF Chenghai fault, CXF' Chuxiong fault, DLSF
Daliangshan fault, DBFF Dian Bien Phu fault, HYF Huya fault,
GZYSF Ganzi-Yushu fault, GZLTF Ganzi-Litang fault, JLF Jiali
fault, JSJF Jinshajiang fault, LCJF Lancangjiang fault, LFF Lianfeng
fault, LIXJHF Lijiang—Xiaojinhe fault, LLRLF Longling—Ruili fault,
LMSF Longmenshan fault, LTF Litang fault, LRBF Longriba fault,
MBF Mabian fault, MJF Minjiang fault, MLF Menglian fault, NJF
Nujiang fault, NTFF Nantinghe fault, PDHF Puduhe fault, QJF Quji-
ang fault, RRF Red River fault, SPJSF Shiping—Jianshui fault, XJF
Xiaojiang fault, XSHF Xianshuihe fault, WLSF Wuliangshan fault,
WXF Weixi—Qiaohou fault, YMF Yuanmou fault, ZDDJF Zhongdian—
Daju fault, ZMHF Zemuhe fault, ZTLDF Zhaotong-Ludian fault

China (CMONOC) and the Continental Tectonic Environ-
ment Monitoring Network of China (CTEMNC) (Wang et al.
2001; Shen et al. 2005; Gan et al. 2007; Liang et al. 2013;
Zheng et al. 2017; Wang and Shen 2020; Tao et al. 2021;
Su et al. 2023) provide high-precision, high spatial-tem-
poral resolution, and highly reliable data for studying the
characteristics of regional crustal deformation and seismo-
genic processes of strong earthquakes (Wu et al. 2015). The
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GNSS velocities clearly show that the crustal motion in the
Sichuan—Yunnan region clockwise around the Eastern Hima-
layan syntaxis (Fig. 1c).

Block divisions and the independence test
Block divisions

Active blocks result from local deformation of the brittle
crust during neotectonics and are tectonic units that are
cut and bounded by late Quaternary active structures that
are still active today (Zhang et al. 2003). Active block
motion occurs through seismic or nonseismic fracturing
and frictional sliding of different types of active boundary
tectonic zones, especially active faults, as well as plastic
deformation within a narrow spatial range of the bound-
ary. Block boundary faults control the spatial distribution
of historical, present, and future damaging earthquakes.
(Nur et al. 1989; Xu et al. 2003). An independent active
block is a tectonic domain with well-defined size, con-
sistent kinematic characteristics, little internal deforma-
tion, and weak seismicity. An active block is surrounded
by different types of active faults or seismic zones that
are kinematically coordinated with each other (Nur et al.
1989). In this study, to obtain reasonable block partition-
ing results, active subblocks in the Sichuan—Yunnan region
are finely divided based on the geometric characteristics
of major active faults and seismicity. The stability of the
blocks was analyzed in terms of the residual distribution
characteristics determined using a rigid block model. The
independence between two neighboring blocks is analyzed
by the F test method (Wang et al. 2003).

The residual velocities between the GNSS velocity and
model velocity can be used to analyze the rationality of
the block partitioning results (Wang et al. 2003; Shen et al.
2005; Chen et al. 2013). Randomly distributed residual
velocities represent permanent deformation in the region,
indicating reasonable block division. Regularly distributed
residual velocities inside a block indicate that further divi-
sion is needed. Wang and Shen. (2020) obtained relatively
abundant GNSS velocity field data in the study area by
deducing coseismic and postseismic deformations and
considering solutions from other studies (Kreemer et al.
2014). Therefore, in this study, a portion of the velocity
field of 528 GNSS stations (Fig. 1¢) in the Sichuan—Yun-
nan region was taken from Wang and Shen (2020) and
used to analyze the rationality of block division.

According to the aforementioned principles, we divided
the Sichuan—Yunnan region into two levels of active
blocks: first-grade blocks and subblocks within the first-
grade blocks. In previous studies, the boundaries of the
first-grade blocks were delineated and the Sichuan—Yunnan
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region was divided into five first-grade active blocks, i.e.,
Bayan Har, South China, Chuandian, Qiangtang, and
Dianmian (Xu et al. 2003; Zhang et al. 2003; Shen et al.
2005). The division of the subblocks within the Bayan
Har and South China blocks is relatively clear. The Bayan
Har block is bounded by the Longmenshan, Ganzi—Yushu
and Xianshuihe faults. The Longriba fault, parallel to the
Longmenshan fault, is located in the Bayan Har block and
divides it into the Aba and Maerkang subblocks (Xu et al.
2003; Shen et al. 2005; Chen et al. 2013). The South China
block is bounded by the Longmenshan, Anninghe, Zemuhe
and Xiaojiang faults. It can be divided into the Daliang-
shan, Mabian and Huanan subblocks (Wang et al. 2008).
The Daliangshan subblock, is bounded by the Daliang-
shan fault in the east, the Anninghe fault in the northwest
and the Zemuhe fault in the southwest. To the east is the
Mabian subblock, bounded by the Longmenshan fault to
the north, the Daliangshan fault to the west, the Lianfeng
fault to the south, and the Mabian fault to the east. The
Huanan subblock is bounded by the Longmenshan fault to
the north and the Mabian and Xiaojiang faults to the west.
The Chuandian block is divided into two subblocks by the
Lijiang—Xiaojinhe fault, i.e., the Dianzhong and Diannan
subblocks (Xu et al. 2003; Wang et al. 2008, 2021; Li
et al. 2021). The Dianzhong and Diannan subblocks can
be further divided considering internal faults and seis-
micity. In previous studies, the Dianzhong subblock was
divided into three subblocks by the Litang and Zhong-
dian—Daju faults, i.e., the Litang, Daocheng, and Weixi
subblocks (Xu et al. 2003; Shen et al. 2005). The Litang
subblock is bounded by the Xianshuihe fault on the east,
the Litang fault in the west, the Lijiang—Xiaojinhe fault in
the south, and the Batang—Riyu fault in the northwest. The
Daocheng subblock is located west of the Litang subblock;
and is bounded by the Jinshajiang, Zhongdian—Daju, Liji-
ang—Xiaojinhe and Litang faults. The Weixi subblock is
located west of the Daocheng subblock and is bounded by
the Zhongdian—Daju, Weixi—Qiaohou, and Lijiang—Xiao-
jinhe faults.

The division of subblocks within the Diannan subblock is
controversial. The major faults in the Diannan subblock are
the N-S-trending Chenghai, Yuanmou, and Puduhe faults
and the NW-trending Qujiang, Chuxiong, and Shiping—Jian-
shui faults (Fig. 1). No objections have been put forward
regarding assigning the Chenghai fault as the eastern bound-
ary of the Chenghai subblock, which has been supported
by many studies (Xu et al. 2003; Wang et al. 2008, 2021;
Li et al. 2021). However, there is debate about whether the
Yuanmou, Puduhe, Chuxiong, and Shiping—Jianshui faults
can be used as the boundaries of subblocks and whether it is
more reasonable to use the eastern or western branch of the
Xiaojiang fault as the block boundary. The residual distribu-
tion characteristics reveal clear deformation of the Diannan
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Fig.2 Block partitioning schemes for the region west of the Xiao-
jiang fault. CH, YR, XP, DY, YM, HL, KM, YY, HD, NH, and SP
represent the Chenghai, Yongren, Xinping, Dayao, Yimen, Huili,
Kunming, Yanyuan, Huidong, Nanhua, and Shipping subblocks,
respectively. a Using the Chenghai fault, southeastern segment of the
Lijiang—Xiaojinhe fault and northwestern segment of the Red River
fault as the boundaries of the CH subblock; b using the Chuxiong
fault, the Qujiang fault, southwestern segment of the Chenghai fault,
southern segment of the Xiaojiang fault, and the middle and south-
eastern segments of the Red River fault as the boundaries of the XP
subblock; and using the Chuxiong, Qujiang, Anninghe, Zemuhe,
Xiaojiang, Lijiang—Xiaojinhe, and Chenghai faults as the bounda-
ries of the YR subblock; ¢ using the Zemuhe fault, the eastern branch

of the Xiaojiang fault, the Yuanmou fault and southeastern segment
of the Red River fault as the boundaries of the YM subblock; and
using the Yuanmou fault, the Chenghai fault, northeastern segment
of the Lijiang—Xiaojinhe fault and middle segment of the Red River
fault as the boundaries of the DY subblock; d using the Huili fault
to divide the YM subblock into HL and KM subblocks; e using the
Chuxiong fault to divide the DY and YM subblocks into the YY, HD,
and XP subblocks; f using the western branch of the Xiaojiang fault
as the boundary of the SP subblock; and using the Anninghe fault,
the Zemuhe fault and the western branch of the Xiaojiang fault as the
boundaries of the NH subblock. The fault abbreviations used here are
the same as those in Fig. 1
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subblock east of the Chenghai subblock (Fig. 2a). Therefore,
several different block models are proposed in this study to
explain these deformation characteristics. First, we consider
the Chuxiong and Qujiang faults as subblock boundaries to
divide the region east of the Chenghai subblock into two
subblocks, the Yongren and Xinping subblocks (Fig. 2b).
There are no significant changes in the residual characteris-
tics of these subblocks, especially for the Yongren subblock.
Then, we attempt to use the Yuanmou fault as a subblock
boundary to divide the region east of the Chenghai sub-
block into two subblocks, the Dayao and Yimen subblocks
(Fig. 2¢). To the northwest of Dongchuan city, the Xiaojiang
fault splits into two branches, one in the east and one in the
west. There has been significant improvement in areas other
than that between the two branches of the Xiaojiang fault.
We propose several block partitioning schemes to explain
the deformation characteristics of the residual distribution
in the southern section of the Xiaojiang fault. We attempt
to divide the Yimen subblock into two subblocks, i.e., Huili
and Kunming, by first using the Puduhe fault as the bound-
ary (Fig. 2d) and then using the Chuxiong and Qujiang
faults as subblock boundaries to divide the region east of the
Chenghai subblock into three subblocks: Xinping, Yanyuan,
and Huidong (Fig. 2e). In addition, the western branch of the
Xiaojiang fault could be used as the eastern boundary of the
Diannan subblock (Fig. 2f). All the aforementioned subblock
partitioning results show that the various considered block
division methods cannot effectively explain the local defor-
mation of the southern end of the Xiaojiang fault. Consider-
ing that the stations associated with large residual errors are
primarily distributed between two branches of the Xiaojiang
fault, we propose that this local deformation corresponds
to interior deformation of the Xiaojiang fault and that the
Yimen subblock should not be further divided. Our model
is consistent with the distribution of metamorphic belts and
main types of metamorphism in Yunnan Province (Bureau of
Geology and Mineral Resources of Yunnan Province, 1990).

Southwest of the Red River fault is the Dianmian block,
and the tectonic deformation and distribution of strong
earthquakes in the region are mainly controlled by the
Lancangjiang, Nujiang Longling—Ruili, Nantinghe, and
Menglian faults (Fig. 1). Among these faults, the NW-
trending Lancangjiang fault plays an extremely important
role in subblock division. The two sides of the Lancangji-
ang fault represented zones of subsidence and uplift in the
Cretaceous (Bureau of Geology and Mineral Resources of
Yunnan Province, 1990), and the tectonic features of the
two sides are obviously different; therefore, we divide the
Dianmian block into two subblocks separately by the Lan-
cangjiang fault. More faults are located south of the Lan-
cangjiang fault than north of it, including the NW-trending
Nujiang fault and a series of NE-trending faults, i.e., the
Longling—Ruili, Nantinghe, and Menglian faults (Fig. 1).
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Therefore, we use the Lancangjiang, Longling—Ruili,
Nantinghe, and Menglian faults as boundaries to divide the
Dianmian block into five subblocks, i.e., the Tengchong,
Baoshan, Jinggu, Menglian, and Simao subblocks (Fig. 3).
The Simao subblock is bounded by the Red River fault
to the north and the Lancangjiang fault to the south. The
Tengchong subblock is bounded by the Longling—Ruili
fault to the southeast, the Nujiang fault to the east, and
the Jiali fault to the north. Southeast of the Tengchong
subblock, bounded by the Longling—Ruili, Nantinghe, and
Lancangjiang faults, is the Baoshan subblock. The Jinggu
subblock is located southeast of the Baoshan subblock and
is bounded by the Nantinghe, Menglian, and Lancangji-
ang faults. The Menglian subblock is bounded by the Lan-
cangjiang and Menliang faults. The subblock model is in
good agreement with previous delineation results (Shen
et al. 2002; Liu et al. 2020).
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Fig.3 Block model of the Sichuan—Yunnan region. BH Bayan Har
block, AB Aba subblock, MK Maerkang subblock, SC South China
block, DL Daliangshan subblock, DN Diannan subblock, DZ Dian-
zhong subblock, MB Mabian subblock, HN Huanan subblock, CD
Chuandian block, DC Daocheng subblock, LT Litang subblock, WX
Weixi subblock, CH Chenghai subblock, DY Dayao subblock, YM
Yimen subblock, QT Qiangtang block, DM Dianmian block, 7C
Tengchong subblock, BS Baoshan subblock, JG Jinggu subblock, ML
Menglian subblock, SM Simao subblock. The fault abbreviations used
here are the same as those in Fig. 1
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Independence testing of active subblocks

Following the preliminary division of the active subblocks,
the F test was used to assess the independence between adja-
cent blocks (Wang et al. 2003). First, we compute the Euler
rotation poles of two neighboring blocks, and their fitting
residual Chi-squares are x% and x%. Then, we assume that
the neighboring two blocks are one, and the fitting residual
Chi-square is xfz. The F value can be calculated by the fol-
lowing formula:

F = F(xﬁ, 2n, +2n, =3, xf +x§, 2ny +2, — 6)

=x1,(2n, +2, - 6)/(x} +x3) (2n, + 2n, - 3), M
where n,, n, and n,, are the numbers of GNSS sites located
in the adjacent blocks and the merged blocks, respec-
tively. The significance level is evaluated by F X 100%.
We repeat the calculation of the F value for all neighbor-
ing pairs of blocks, until all of their significance levels are
above a criterion value of 100%. The testing process was
conducted in three steps. First, the mutual independence of
two neighboring first-grade blocks, i.e., Bayan Har, South
China, Chuandian, Qiangtang, and Dianmian, was tested.
The results (Table S1) show that the significance of mutual
independence between adjacent blocks is 100%, indicating
that the first-grade blocks are independent of each other.
The independence of the two neighboring subblocks of the
Chuandian block, i.e., the Dianzhong and Diannan sub-
blocks, was subsequently studied (Table S2). Finally, the
mutual independence among the subblocks of the Dianzhong
subblock, Diannan subblock, Dianmian block, and South
China block was tested and found to have a significance of
100% (Table S1). The F test results demonstrated that the
Aba and Maerkang subblocks within the Bayan Har block
are completely independent (Chen et al. 2013).

Block motion and boundary fault slip rate
Block motion

An analysis of the geometric distributions of active faults,
strong earthquakes, crustal deformation characteristics
reflected by GNSS observation data, geophysical field data,
etc., is used to construct a detailed subblock division scheme
for the Sichuan—Yunnan area. Assuming that each subblock
is approximately rigid, has little or no internal deforma-
tion, and has deformation that is mainly concentrated at the
boundary faults, the rigid motion characteristics of each
block are calculated using the GNSS velocity field under
the Eurasian framework. The results show that each block
rotates while undergoing translational motion (Fig. 4a). The

surface velocities produced by the rigid block model used in
this study agree well with the GNSS velocity fields (Fig. 4b).
Overall, the rotation rate of the subblocks decreases from
northwest to southeast. The results of the relative motion
among the subblocks show that the eastward component of
the translational motion rate of each subblock in the Chuan-
dian block is greater than those of the Dianmian blocks to
the southwest (Fig. 4c). The southward component of the
translational motion rate of each subblock in the Chuandian
block is clearly larger than those of the Baya Har, South
China and Dianmian blocks on both sides (Fig. 4d). The rate
of translational motion of the subblocks within the Chuan-
dian block decreases from the northwest to the southeast.

In the ideal case in which the medium properties of the
block can be neglected, the fitting residual of the active
block motion primarily comprises two parts: the observation
error corresponding to the block interior and the part reflect-
ing the block deformation characteristics after deducting the
observation error, namely, the degree of block deformation.
Data from singular stations are removed when calculating
block motion, such that the observation error can be treated
as a systematic error that does not affect the comparison
of relative deformation differences between subblocks.
The residual distributions are normal and relatively narrow
(Fig. 5a), indicating that each subblock interior is relatively
stable. In general, the velocity residual components follow a
normal distribution in the eastward and northward directions
(Fig. 5b, ¢), and approximately 81% of the residual velocity
magnitude is no more than 2 mm/yr.

Fault slip rate

A linear spherical block (Meade and Loveless 2009)
was developed to analyze the regional kinematics and
fault slip rates in the Yunnan-Sichuan region. Within
this model, all faults are assumed to be locked during an
interseismic period. The interseismic velocity V; is con-
strained by the GNSS velocities and can be defined as
Vi = V(Q) — Vgp(L2), where Q is the Euler vector for the
block rotation; Vj is the long-term relative block motion; and
Vegp 1s the deficit slip rate due to fault locking, which can be
obtained by using an elastic half-space model (Okada 1985)
and corresponds well to the long-term geological slip rate
of the fault (Savage and Burford 1973). The simulated rate
throughout the whole interseismic period at a point is equal
to the sum of the block rotation rate, the accumulation of
elastic strain at all faults, and the uniform elastic strain inside
the block (Meade and Loveless 2009). Within this model,
the rigid rotation and deficit slip rate of the fault during
the interseismic period are calculated based on GNSS data
(Savage and Burford 1973). A uniform dip of 90° has typi-
cally been used in previous studies (Meade 2007; Li et al.
2021; Wang et al. 2021) and is employed in our model. The
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Fig.4 a Translational and rotational motion of the active subblocks
in the Sichuan—Yunnan region with respect to the Eurasian plate. b
The modeled velocities and GNSS site velocities are indicated by

locking depth is an important parameter for the inversion
process. The locking depth is uniformly taken as 15 km by
considering seismic relocation results (The Working Group
of M7 2012), the depth of modern destructive earthquakes
(Lietal. 2012; Yi et al. 2017), and the optimal locking depth
of major faults in the Sichuan—Yunnan region (Wang et al.
2011, 2022; Zhao et al. 2020). Figure 6 shows the strike-
slip and compressive/tensile rates of the major faults in the
study area.

Slip rates along the Longmenshan and Longriba faults

The Longmenshan fault is located in the eastern part of the
Tibetan Plateau and generated the My, 7.9 Wenchuan earth-
quake on May 12, 2008 (Zhang et al. 2008). Preseismic
GNSS observations (Zhang et al. 2008), seismic and geo-
logical studies (Tang and Han 1993; Densmore et al. 2007,
Zhou et al. 2007; Wen et al. 2009, 2011; Xu et al. 2017), and

@ Springer

3 AB MK DL MB HN QT DC LT WX CH DY YM TC BS JG ML SM

blue and red arrows, respectively. The eastward ¢ and southward d
components of the translational motion rates of the subblocks in the
Sichuan—Yunnan region

historical seismic records (Wen et al. 2009, 2011) indicate
a very low strike-slip rate for the Longmenshan fault of no
more than 1 mm/yr (Ma et al. 2005; Densmore et al. 2007).
Our results show that the dextral strike-slip rate along the
Longmenshan fault is 0.3 +0.1 mm/yr, consistent with the
results of previous studies (Tang and Han 1993; Ma et al.
2005; Densmore et al. 2007; Zhou et al. 2007; Wen et al.
2011, 2009).

The Longriba fault is parallel to the NE-trending Long-
menshan fault and lies in the eastern part of the Tibetan
Plateau. Shen et al. (2005) analyzed the GNSS velocity
with respect to the Sichuan Basin and found clear gradients,
resulting in speculation about the existence of the Longriba
fault (Shen et al. 2005). Xu et al. (2008) verified the GNSS
results through a satellite field investigation and image
interpretation and determined a dextral strike-slip rate of
5.4+2.0 mm/yr in the northeastern section of the Longriba
fault since the late Pleistocene (Xu et al. 2008). The latest
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seismic survey results suggest that the dextral strike-slip rate
of the Longriba fault decreased from approximately 7.5 mm/
yr in the latest Pleistocene to 2.1 mm/yr in the Holocene
(Ren et al. 2013). The dextral strike-slip rate of the Longriba
fault determined in this study is 3.5 +£ 0.4 mm/yr, which is
slightly greater than the Holocene slip rate and less than the
Pleistocene slip rate.

Fault slip rates in and around the Chuandian block

The eastern boundary of the Chuandian block is composed
of the Ganzi—Yushu and Xianshuihe—Xiaojiang fault zones.
Geological studies based on low-resolution geomorphic
markers and imprecise or relative dating techniques yielded
a large range of 3 mm/yr to 14 mm/yr for the sinistral slip
rate along the Ganzi—Yushu fault (Wen et al. 2003; Peng
et al. 2006). Based on GNSS data, a short-term strike-slip
rate in the range of 10-16 mm/yr was reported (Shen et al.
2005). Our results show an increase in the sinistral strike-
slip rate from 7.8 +0.3 mm/yr in the northwestern segment
of the Ganzi—Yushu fault to 10.7 +0.3 mm/yr in the south-
eastern segment. Previous studies based on geomorphologic
offsets and dating techniques have shown that the strike-
slip rate of the Xianshuihe fault is approximately 15 mm/yr
(Allen et al. 1991; Xu et al. 2003). Geodetic studies yield
strike-slip rates ranging widely from 9-16 mm/yr (Love-
less and Meade 2011; Wang et al. 2017). Our results show
that the sinistral strike-slip rates from northwest to southeast
along the Xianshuihe fault are 11.5+0.2 mm/yr, 15.2+0.2
mm/yr, and 12.8 + 0.2 mm/yr. The slip rate along the north-
western segment of the Xianshuihe fault agrees well with the
InSAR-observed rate of approximately 10.5 mm/yr (Wang
et al. 2009), and the results for other segments are consist-
ent with those of recent GNSS studies (Li et al. 2021; Wang
et al. 2021).

The N-S-trending Anninghe fault lies south of the Xian-
shuihe fault and is approximately 160 km long. Our model
results indicate a strike-slip rate of 6.7 +0.3 mm/yr for the
Anninghe fault. The Zemuhe fault lies south of the Anninghe
fault and has a sinistral strike-slip rate of 3.5 +0.3 mm/yr.
The Daliangshan and Mabian faults lie east of the Anninghe
and Zemubhe faults and absorb the remaining sinistral strike-
slip motion, resulting in rates of approximately 6.1 mm/
yr and 1.4 mm/yr, respectively. These results are in good
agreement with previous geodetic (Shen et al. 2005; Li et al.
2021) and geological (Tang and Han 1993; Ren 1994; Xu
et al. 2003; He and Oguchi 2008; Wei et al. 2012) studies.
The Xiaojiang fault lies south of the Zemuhe and Daliang-
shan faults. The sinistral strike-slip rate of the Xiaojiang
fault is 10.5+0.1 mm/yr, which is consistent with the geo-
logical result of 10 +2 mm/yr (Song et al. 1998).

@ Springer

Our model was used to divide the Red River fault into
six segments with dextral strike-slip rates from northwest
to southeast of 4.9+0.5, 3.2+0.2, 2.4+0.2, 0.8 +0.2,
1.5+0.1, and 1.2 +0.1 mm/yr. The average slip rates of the
three segments in the southeastern part of the Red River
fault are close to previous values (Allen et al. 1984; Xu
et al. 2003; Trinh et al. 2012). The segment northwest of
the intersection between the Red River and Xiaojiang faults
exhibits a high shortening rate of 7.2+ 0.2 mm/yr. The
Zhongdian—Daju fault lies north of the Red River fault and
has a dextral strike-slip rate of 2.3 + 0.3 mm/yr, which is in
good agreement with the Quaternary slip rate determined by
geological studies (Replumaz and Tapponnier 2003). The
Jinshajiang fault lies north of the Zhongdian—Daju fault, and
comprises several secondary faults, with a dextral strike-
slip rate of 3.5-7 mm/yr (Tang and Han 1993; Chang et al.
2015). In our model, the Jinshajiang fault is divided into two
segments with dextral strike-slip rates of 11.1 +0.3 mm/yr
and 9.3 +0.2 mm/yr.

The Chuandian block contains the Litang, Lijiang—Xiao-
jinhe, Chenghai, and Yuanmou faults. Earlier field investi-
gations have shown that the Litang fault produces sinistral
strike-slip and thrust motion (Xu et al. 2017) with a strike-
slip rate of approximately 2.3 mm/yr (Chevalier et al. 2016),
which is consistent with the rate of 2.7 +0.3 mm/yr deter-
mined using our model. The sinistral strike-slip rate of the
Lijiang—Xiaojinhe fault is approximately 2.3 mm/yr, which
is consistent with that determined by a geological study (Xu
et al. 2003). The left-lateral strike-slip Chenghai fault lies
southwest of the Lijiang—Xiaojinhe fault. The Chenghai fault
plays a key role in regulating the eastward extrusion of mate-
rial from within the Tibetan Plateau and controls the distri-
bution of strong earthquakes. A previous study showed that
the fault has a sinistral strike-slip rate ranging from 2.0 to 4.0
mm/yr (Huang et al. 2018). Our results indicate a slip rate
of 1.8 +0.4 mm/yr, on the Chenghai fault, which is consist-
ent with previously reported values. The sinistral strike-slip
rate of the Yuanmou fault based on geomorphic offset and
dating measurements, is approximately 0.45-2.6 mm/yr (Lu
et al. 2009), which is slightly lower than the strike-slip rate
of 3.2+0.2 mm/yr determined in our study.

Fault slip rates in western Yunnan and eastern Tibet

Southwest of the Red River fault, a series of faults can
be divided into two types based on orientation: the Jiali,
Nujiang, and Lancangjiang faults trend northwest, and the
Longling—Ruili, Nantinghe, and Menglian faults trend north-
east. The Jiali fault is the southeastern part of the Karako-
rum-Jiali dextral strike-slip fault system and has been sug-
gested to be important for regulating crustal deformation
and strain partitioning in the southeastern Tibetan Plateau
(Tapponnier et al. 2001). The average dextral strike-slip rate
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of the Jiali fault is approximately 4 mm/yr (Ren et al. 2000).
Our results indicate a right-lateral slip rate of 5.24+0.3 mm/
yr for the Jiali fault. We determined an average slip rate
of 3.5+ 0.3 mm/yr for the Lancangjiang fault. This result
is lower than the previously reported geologically-based
result of approximately 5.3 mm/yr and consistent with
the geodesy-based result of 2+2 mm/yr (Xu et al. 2003;
Shen et al. 2005). Since the Holocene, the Nantinghe fault
has experienced left-lateral strike-slip motion with a well-
defined vertical component. The sinistral strike-slip rate of
the Nantinghe fault, as determined by geomorphological
dislocation and dating, is 3.6 + 0.4 mm/yr (Sun et al. 2017,
Shi et al. 2022), which is slightly greater than the rate of
2.6+0.5 mm/yr determined by our model.

Long-term seismic hazard assessment

Reid (1910) proposed an elastic rebound theory for large,
recurring earthquakes and posited quasi-periodic recurrence
based on the accumulation and release of seismic energy. By
considering the fault slip rate in conjunction with the occur-
rence of large earthquakes along a fault, we can estimate the
seismic hazard by comparing the moment deficit between
the moment accumulation and moment release.

Moment accumulation rate

The moment accumulation rate can be calculated by formula
M; = M, + M,,, where M,, = ,uLd|v ‘, and M, = uLd|v,|, in
which y denotes the shear modulus of the crustal medium,
which is usually taken as 3 X 10'° Pa; L denotes the fault
length; d denotes the locking depth of the fault, which is
equal to that used to calculate the slip rate; v, denotes the
sinistral or dextral strike-slip rate of the fault; and v, denotes
the compressive or tensile rate of the fault.

Moment release

The seismic moment (M) released by one earthquake
can be estimated by the moment magnitude (My,):
My, =(2/3)logM, —6.03. Liu et al. (2006) used the
orthogonal regression method to determine the relationship
between the surface wave magnitude (M) and the moment
magnitude (My,) (Liu et al. 2006). As the difference between
the two magnitudes is small, the seismic moment release
can be approximated by the surface wave magnitude (Wang
et al. 2011).

Earthquakes of M > 6.0 and M >7.0 have different com-
plete records, with the latter usually having a longer period
than the former. Therefore, the moment release for a fault is
obtained by calculating the moment release for earthquakes
7.0>M2>6.0 and M >7.0. The moment release of M >7.0

earthquakes can be directly calculated using the afore-
mentioned equation. The moment release of 7.0 >M >6.0
earthquakes is calculated by using the aforementioned equa-
tion and the period of the complete record of 7.0>M >6.0
earthquakes. First, the annual mean moment release rate is
calculated, and then multiplied by the full recording period
of M >7.0 earthquakes.

Moment deficit and earthquake hazard assessment

The M > 6.0 earthquake records for the Sichuan—Yunnan
region are complete dating back to A.D. 1900. The com-
plete record of M >7 earthquakes varies for different faults
(Qin et al. 1999; Huang et al. 2011). According to histori-
cal regional strong earthquake data (Department of Earth-
quake Disaster Prevention, State Seismological Bureau
1995; Department of Earthquake Disaster Prevention, China
Earthquake Administration 1999; The Working Group of M7
2012) and modern strong earthquake data (https://news.ceic.
ac.cn/), relatively complete records have been collected for
the M >7 and 7.0 > M > 6.0 earthquakes that have occurred
on major faults (Fig. 7, Table S3).

The accumulation and release of seismic moments on
one fault tend to be balanced during an interseismic period.
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Yunnan region. The fault abbreviations used here are the same as
those in Fig. 1

@ Springer


https://news.ceic.ac.cn/
https://news.ceic.ac.cn/

Acta Geophysica

The moment accumulation and moment release for the
respective faults were estimated by considering the motion
rate, locking depth, active block boundary fault geometric
distribution in the Sichuan—Yunnan region, and the strong
earthquakes that occurred on each boundary fault (Fig. 8).
The moment deficits of the corresponding boundary faults
(Fig. 9a) were obtained, and the potential seismic magni-
tude was calculated by using a seismic moment calculation
formula (Fig. 9b). The southern segment of the Xiaojiang
fault and the Yuanmou fault were found to have relatively
high moment accumulations. The largest moment release
occurs in the middle segment of the Longmenshan fault and
followed by the northern segment of the Xiaojiang fault.
The boundary faults with relatively large moment deficits
include the Daliangshan fault (2.89 x 10%° N-m), Longriba
fault (2.65x 10%° N-m), southern segment of the Xiaojiang
fault (3.98 x 10%° N-m), Yuanmou fault (2.94 x 10?° N-m),
Jiali fault (1.82x 10%° N-m), and southwestern segment of
the Jinshajiang fault (2.28 x 10%° N-m), with corresponding
moment magnitudes of My, 7.6, 7.6, 7.7, 7.6, 7.5, and 7.5
(Fig. 9b). All 19 seismic gaps, except for the Nantinghe and
Mabian seismic gaps, are associated with the risk of earth-
quakes with moment magnitudes larger than 6.5.

Discussion

The fault slip rate refers to the average velocity of a fault
dislocation during a specific period (Wallace 1987; Deng
et al. 2004). This parameter can reflect the accumulation
rate of strain energy for a fault and can be used to quanti-
tatively compare the relative activities of different faults
or one fault during different periods. The motion rates of
the boundary faults of each subblock were obtained based
on the elastic block model (Fig. 6). Most of the slip rates
of the boundary faults determined using the block model
agree well with those obtained based on geology and chro-
nology through a comparative analysis of the slip rates
since the late Quaternary (Fig. 10). Thus, the fault slip
rates reported in this paper can essentially represent the
long-term motion characteristics of individual faults. Fault
motion properties have distinct zoning characteristics. The
Sichuan—Yunnan region can be roughly divided into four
regions according to the strike-slip motion properties of
the boundary faults (Fig. 11a). The Xianshuihe—Xiaojiang
fault zone and the secondary faults in the Chuandian block
are dominated by left-lateral strike-slip motion; the west-
ern Jinshajiang and Zhongdian—Daju faults of the Chuan-
dian block, the Red River fault on the southwest boundary,
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Fig.8 Long-term moment accumulation (a) and moment release (b). The fault abbreviations used here are the same as those used in Fig. 1
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Fig. 10 A comparison of the strike-slip rates of the block model
(blue) and previous geological (red) results. The numbers next to the
red diamonds represent references as follows: 1 (Wen et al. 2003); 2
(Peng et al. 2006); 3 (Xu et al. 2003); 4 (Allen et al. 1991); 5 (Ren
1994); 6 (Song et al. 1998); 7 (Wei et al. 2012); 8 (Trinh et al. 2012);

and the Lancangjiang and Jiali faults are dominated by
dextral strike-slip motion; the NE-trending Longmenshan
and Longriba faults on the east side of the Xianshuihe

9 (Ren et al. 2000); 10 (Tang and Han 1993); 11 (Ren et al. 2013); 12
(Ma et al. 2005); 13 (Zhou et al. 2007); 14 (Chevalier et al. 2016); 15
(Shi et al. 2022); 16 (Sun et al. 2017); 17 (Replumaz and Tapponnier
2003); 18 (Huang et al. 2018); 19 (Lu et al. 2009); and 20 (Huang
et al. 2010)

fault exhibit prominent dextral strike-slip motion; and the
NE-trending faults southwest of the Lancangjiang fault
are dominated by sinistral strike-slip motion. Considering
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«Fig. 11 The strike-slip characteristics of the boundary faults and
deformation model for the Sichuan—Yunnan region (a), where the
red and blue arrows indicate dextral and sinistral strike-slip motions,
respectively. The principal strain rates for the Sichuan—Yunnan region
(b), where the red and blue arrows show the principal compressive
strain and principal tensile strain, respectively. (¢) Sketch of the

topography

that the motion properties are perpendicular to the bound-
ary faults, no prominent zoning is observed in the tensile/
compressive properties.

The direction of the regional tectonic force acting on a
fault is in accord with the principal strain calculated from
GNSS data (Chen et al. 2013). The axial direction of the
regional compressive strain (Fig. 11b) indicates that the east-
ern boundary fault of the Chuandian block is subjected to
compressive stress in the NW—SE direction, under which
the Xianshuihe—Xiaojiang fault zone exhibits clear sinis-
tral strike-slip characteristics. The difference between the
motions of adjacent blocks distinctly reflects the magnitude
of the boundary fault slip rate (Chen et al. 2013). Figure 4
shows the relative motions between each block and the adja-
cent blocks. Among the blocks, significantly greater rela-
tive motions are found between the Litang subblock and the
Maerkang and Aba subblocks on either side of the Xian-
shuihe fault, between the Dayao and Daliangshan subblocks
on either side of the Anninghe fault, between the Yimen and
Daliangshan subblocks on either side of the Zemuhe fault,
and between the Yimen and Huanan subblocks on either side
of the Xiaojiang fault (Fig. 4c, d). The relative motion of
these blocks results in the Xianshuihe—Xiaojiang fault zone
having a higher slip rate than the other faults.

Under continuous pushing from the Indian plate colliding
with the Eurasian plate, the Tibetan Plateau exhibits north-
ward, northeastward, eastward, and southeastward motion
and diffusion (Clark and Royden 2000; Zhang et al. 2004;
Gan et al. 2007). Many models or hypotheses have been
proposed to explain the tectonic deformation and dynamic
mechanisms of the plateau, but a consensus has not been
reached regarding which model best explains the deforma-
tion characteristics. The Sichuan—Yunnan region is located
in the area with the most intense eastward extrusion of the
Tibetan Plateau. Magnetotelluric imaging results more
clearly show lower crustal flow in the Sichuan—Yunnan
region than in other regions of the Tibetan Plateau (Zhao
et al. 2008; Bai et al. 2010). Shen et al. (2005) proposed
that this crustal flow strongly depends on regional crustal
deformation. The continuous southward movement of the
Qiangtang block, the Bayan Har block, and the subblocks in
the Chuandian block from northwest to southeast indicates
that the dynamic force of the tectonic deformation in the
Sichuan—Yunnan area north of the Red River fault derives
from the eastward motion of material in the Tibetan Plateau
associated with lower crustal flow. The southward movement

of the Bayan Har block is blocked by the Sichuan Basin
which caused the Aba and Maerkang subblocks to rotate
clockwise and counterclockwise, respectively. The Jinshaji-
ang fault between the Qiangtang block and the Litang and
Daocheng subblocks in the Dianzhong subblock absorbs
the eastward slip of the Qiangtang block and transfers the
remaining slip to the interior of the Dianzhong subblock,
which continues moving eastward. After absorbing the
eastward slip of the Litang and Daocheng subblocks, the
Xiaojinhe fault in Lijiang transfers the remaining slip to the
Chenghai, Dayao, and Yimen subblocks inside the Diannan
subblock, and the plateau material migrates southeastward
or south southeastward, causing the subblocks in the Dian-
nan subblock to undergo clockwise rotation and southeastern
translation. The crustal deformation characteristics, south-
west of the Red River fault, are mainly controlled by two
large dextral strike-slip faults, i.e., the Red River and Lan-
cangjiang faults (Xu et al. 2003). Nur et al. (1989) proposed
a model for the sinistral strike-slip motion of secondary
faults under dextral shear deformation and clockwise rota-
tion of the surrounding blocks, which effectively explains
the clockwise rotation of the subblocks in the southwest
area of the Lancangjiang fault and the sinistral strike-slip
motion of the Longling—Ruili and Nantinghe faults (Fig. 11).
Combining the analysis results for the motion characteristics
of each active block and the motion properties of bound-
ary faults with the characteristics of the regional strain field
leads to the conclusion that the crustal deformation in the
Sichuan—Yunnan area strongly depends on the eastward or
southeastward extrusion of plateau materials, lower crustal
flow, and gravitational collapse within the background of the
collision between the Indian and Eurasian plates.

Conclusions

The Sichuan—Yunnan region is divided into 17 subblocks
based on a comprehensive analysis of various types of data.
The slip rate of the boundary fault of each subblock is cal-
culated based on an analysis of the independence and stabil-
ity of each block, and the medium- and long-term seismic
hazards of each fault are investigated. The main conclusions
of this study are given below.

1. The F test results, residual distribution characteristics,
and RMS error results show that the 17 subblocks are
relatively independent. Under clockwise or anticlock-
wise rotation, each subblock translates to the east,
southeast, or southwest. All the subblocks inside the
Chuandian block have higher translation rate than the
subblocks on either side of this block.

2. The motion properties of the boundary faults in each
subblock exhibit distinct zoning characteristics. The
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eastern boundary of the Chuandian block and its internal
subblocks are dominated by sinistral strike-slip motion,
the NW-trending fault east of the Chuandian block is
dominated by left-lateral strike-slip motion, and the NE-
trending fault is dominated by right-lateral strike-slip
movement. In contrast, the southwestern boundary of
the Chuandian block and a series of NW-trending faults
west of the Chuandian block are dominated by right-
lateral strike-slip movement, whereas the NE-trending
faults are dominated by left-lateral strike-slip movement.
The slip rates of each fault determined using the elas-
tic block model are consistent with those from previous
geological studies, and the inversion results represent
the long-term motion characteristics of each fault.

3. The most prominent moment deficits for the major
faults in the Sichuan—Yunnan region are located along
the Daliangshan and Longriba faults, and the southern
segments of the Xiaojiang and Yuanmou faults with cor-
responding moment magnitudes of 7.6, 7.6, 7.6, and 7.7,
respectively. Seventeen of the 19 seismic gaps have high
seismic moment deficits, and attention should be given
to the strong earthquake risks associated with these
seismic gaps, especially in the southern segment of the
Xiaojiang fault seismic gap.

4. The subblocks in the Sichuan—Yunnan region have
clearly different dynamic sources. The subblocks in
the region northeast of the Red River fault are primar-
ily caused by the southeastward deflection of plateau
material in the process of eastward movement due to
blocking of the Sichuan Basin. In contrast, the subblocks
southwest of the Lancangjiang fault and the subblocks
between the Red River fault and Lancangjiang fault, are
affected mainly by the interaction of two large dextral
faults.
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