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ARTICLE INFO ABSTRACT

Keywords: The Xianshuihe fault on the southeastern margin of the Tibetan Plateau is one of the most active intracontinental

Xia“Sh“i'he fault faults worldwide. At least 16 strong earthquakes (M > 6.5) have occurred on this fault since 1327 CE. To

Is<1nemat1cs reasonably assess the future seismic hazard of this fault region, it is essential to gain a comprehensive knowledge
tress

of the fault kinematics and stress state. In this study, we developed a fine 3D geomechanical model of the
Xianshuihe fault and its adjacent area, and obtained a spatially continuous contemporary kinematics and crustal
background stress field of this region. Our modeled results show that the slip rate of the Xianshuihe fault is as
high as 11 mm/a on the northwestern segment and generally decreases to ~9 mm/a on the southeastern segment
(i.e. Moxi fault). The Yulongxi fault, a branch oblique to the Moxi fault, has different slip senses in different
segments with a very low horizontal slip rate (<0.6 mm/a). In terms of stress, the study area is dominated by a
transtensional faulting stress regime with E-W-trending maximum horizontal stress Sy, indicating the study area
is mainly subjected to an E-W compression and N-S extension. Localized normal and thrust faulting regimes
appear alternately along the Xianshuihe fault, showing an inhomogeneous stress state. The high normal stresses
on the Songlinkou-Selaha segment and the Moxi fault combined with their relatively high slip rates, make us
speculate that these two segments have the potential to produce strong earthquakes in the future. A relatively
high seismic hazard is also ascribed to the Yulongxi fault based on the analysis of its geological and geodynamic
environment.

Geomechanical model
Seismic hazard

caused 5 deaths and a direct economic loss of approximately 700 million
US dollars (Fang et al., 2015). However, some studies suggested that

1. Introduction

The Xianshuihe fault on the southeastern margin of the Tibetan
Plateau is one of the most active intracontinental faults in the world
(Fig. 1) (Allen et al., 1991). Geological and geodetic investigations show
that this fault is a left-lateral strike-slip fault moving at a high rate of
10-20 mm/a (Allen et al., 1991; Bai et al., 2018; Bai et al., 2021; Gan
et al., 2007; Shen et al., 2005), leading to frequent large earthquakes in
this area. Since the year 1327, over 16 strong earthquakes of M > 6.5
have been recorded on different segments of the Xianshuihe fault (see
Fig. 1), and 8 of these earthquakes reach a magnitude larger than 7.0
(Wen et al., 2008). The latest moderately strong earthquakes are the
Kangding Mg 6.3 and Mg 5.8 earthquakes that occurred in 2014, and

these two earthquakes did not fully release the energy accumulated in
the focal area (Bai et al., 2018; Jiang et al., 2015), and a strong earth-
quake with a magnitude of My 7.0 is still highly possible to strike the
Kangding area (Bai et al., 2021).

In recent years, the great area of the Xianshuihe fault has witnessed
an increasing number of key infrastructures being constructed, e.g.,
hydropower stations and the Sichuan-Tibet railway (Fig. 1), accompa-
nied by a growing population. The increased human activities and
properties greatly enhanced the demand for seismic hazard assessment
for the Xianshuihe fault and its neighboring area. Seismic hazard of a
region is often assessed based on knowledge of kinematics and stress
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state of dominating faults. Fault slip rates are commonly used to
investigate the seismic activities of faults and to calculate the recurrence
time of potentially damaging earthquakes; the distribution characteris-
tics of stress along a fault plane can be used to directly outline high-stress
zones, and provide useful information on the potential hypocenter area
of future large earthquakes. Past studies have mainly focused on using
fault slip rate (Bai et al., 2018; Bai et al., 2021; Chen et al., 2016;
Chevalier et al., 2016) or stress state (Papadimitriou et al., 2004; Parsons
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et al., 2008; Shan et al., 2013; Toda et al., 2008) to assess the seismic
hazard. For example, by using offset geomorphic features near Kangding
with 1%Be age date, Bai et al. (2021) obtained a Quaternary horizontal
slip rate of 8-13.4 mm/a on the southeastern segment of the Xianshuihe
fault and suggested that a high seismic hazard with an My 7.0 earth-
quake exists on that segment, especially near the Kangding city. Papa-
dimitriou et al. (2004) and Shan et al. (2013) calculated the changes of
Coulomb Failure Stress (ACFS) on the Xianshuihe fault caused by
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Fig. 1. Map of active faults, earthquakes, and stress measurements in the study area. Fault traces are modified from Deng et al. (2003), Taylor and Yin (2009), Xu
et al. (2005), and the China Seismic Experimental Site (CSES, www.cses.ac.cn); stress measurements are from World Stress Map (WSM) (Heidbach et al., 2018);

historical earthquake data are from Wen et al. (2008) and the National Earthquake

Data Center (https://data.earthquake.cn/). F1-Xianshuihe fault, F2-Longmen Shan

fault zone, F3-Litang fault, F4-Yulongxi fault, F5-Xiaojinhe fault, F6-Daliangshan fault, F7-Longriqu fault, F8-Maerkang fault, F9-Yalahe fault, F10-Zheduotang fault.
The inset shows the tectonic setting of the Tibetan Plateau; white arrows denote the kinematical pattern of the Tibetan Plateau; the box represents the location of the
study area. The red crosses (P1, P2) indicate the locations of two test sites for the comparison with the numerical model shown in Fig. 4b. The dashed box represents
the location of Fig. 11. This is also a map of the model region. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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historical earthquakes and suggested that in general, the southeastern
segment of the Xianshuihe fault has a high seismic hazard due to the
positive ACFS.

However, using only kinematic or ACFS analysis may fail to give a
reliable assessment of a fault’s seismic hazard. For example, before the
2008 Wenchuan Mg 8.0 earthquake, the Longmen Shan fault zone was
assigned to have a moderate-to-low seismic hazard due to its low slip
rate of 1-2 mm/a (Zhang et al., 1999). ACFS can only identify faults
moving toward or away from failure, and using it solely to evaluate the
potential of future earthquakes is known to have great uncertainty as the
absolute level of crustal stress is generally unavailable (Toda et al.,
2008). An important lesson learned from the Wenchuan Mg 8.0 earth-
quake is that enhancing seismic hazard evaluation requires multi-source
information about a fault from comprehensive observations (Zhang,
2013). However, so far the seismic hazard assessment for the Xianshuihe
area has been conducted mostly based on a single information source,
such as fault slip rate (Bai et al., 2018; Bai et al., 2021), ACFS (e.g., Shan
et al., 2013), or historical seismic activity (Wen et al., 2008). Little
attention has been paid to combining these information sources to give a
comprehensive seismic hazard assessment. In addition, the sparse
pointwise information on the fault slip rates (Bai et al., 2018; Bai et al.,
2021; Chen et al., 2016) and stress measurements (Hu et al., 2017)
distributed on the Xianshuihe fault also limits the reasonable seismic
hazard assessment.

To improve the seismic hazard assessment, spatially continuous ki-
nematics and stress information of the Xianshuihe fault is required.
Fortunately, numerical modeling is such a powerful tool that can obtain
the kinematics and stress of large regions simultaneously. In our previ-
ous study (Li et al., 2021, 2022), a large-scale 3D geomechanical model
that covers the eastern Tibetan Plateau was established. Based on the
first-order features of these simulations, we have identified that the
southeastern segment of the Xianshuihe fault has a stress environment
that can generate large earthquakes. However, the geometry of the
Xianshuihe fault implemented in the model was simplified as one almost
vertical surface, and other secondary faults in/near the fault zone were
ignored due to its low resolution. To test the inference of the seismic
hazard on the southeastern segment of the Xianshuihe fault, a refined
model that specifically focuses on the Xianshuihe fault and its adjacent
area is needed. The detailed fault data of the SE Tibetan Plateau recently
publicized by the China Seismic Experimental Site (CSES) (Lu, 2019)
provide a solid foundation for such refined modeling.

In this paper, we construct a more detailed three-dimensional (3D)
geomechanical model including the latest geometric data of the fault
system, inhomogeneous rock properties, tectonic forces, and gravity for
the Xianshuihe fault and its adjacent area. A higher resolution spatially
continuous kinematics and stress state of the study area is obtained and
calibrated by comparison with model-independent data. Finally, based
on the calibrated model results, we synthetically analyze the seismic
hazard in the study area. The geological background and model setup of
the study area is presented in Section 2. The modeled results and dis-
cussion of the seismic hazard potential in the study area are given in
Sections 3 and 4, respectively. The conclusions are drawn in Section 5.

2. Geological background and model setup

The study area is located on the southeastern margin of the Tibetan
Plateau, where active faults are extensively developed (Fig. 1). As the
most important fault in the study area, the Xianshuihe fault plays a key
role in understanding the tectonic evolution of the SE Tibetan Plateau.
This mainly NW-SE-trending fault has a total length of about 350 km
with a clockwise rotation of about 25° in the strike from northwest to
southeast (Bai et al., 2021) (Fig. 1). Deep seismic sounding results show
that the Xianshuihe fault offsets the Moho in the deep (Wang et al.,
2003) and can be treated as a lithospheric-scale block boundary fault. It
divides the Songpan-Ganzi terrane (Yin and Harrison, 2000) into the
Bayan Har block to the northeast and the Chuan-Dian block to the
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southwest. Under the continuous southeastward movement of the SE
Tibetan Plateau, the Chuan-Dian block moves faster than the Bayan Har
block due to the obstruction of the rigid Sichuan basin. This tectonic
environment and crustal kinematics make the Xianshuihe fault a large-
scale left-lateral strike-slip fault to accommodate the different move-
ment rates between the Chuan-Dian block and the Bayan Har block. As
the eastern margin of the Tibetan Plateau, the Longmen Shan fault zone
(F2), which is generally a thrust fault zone, separates the Bayan Har
block from the South China terrane (Sichuan basin). Large earthquakes
on these two block boundary faults (Fig. 1) imply that the current fault
activity in the study area is very high and an accurate seismic hazard
assessment is thus necessary, especially considering the construction of
the Sichuan-Tibet railway crossing the Xianshuihe fault in the Kangding
area (see Fig. 1).

Fig. 2 shows an overview of the model setup and workflow adopted
in this study. In general, the workflow involves five steps. In the
beginning, a geometry model with a more realistic 3D fault system and
crustal interfaces is constructed based on thorough geological and
geophysical investigations, then the geometry model is discretized into
finite elements. In this step, material properties were assigned to the
finite element model. Gravity and a pre-stress are also applied to the
model volume. Constrained by an appropriate displacement boundary
condition, the finite element model is subsequently calculated by the
commercial software Abaqus™. After obtaining the results, model-
independent data are used to calibrate the modeled results until a
good fit between them is reached. Finally, we analyze the modeled re-
sults and discuss their implications on the seismic hazard. More detailed
information about the model setup is presented below.

2.1. Model geometry

The dimensions of the model are approximately 433 km
(99.5°E-103°E) from north to south, 348 km (28.5°-32.5°N) from east
to west, and about 70 km thick (Fig. 3). From top to bottom, the model
contains a relief of topography and interfaces of the upper, middle, and
lower crust. The topology of the surface and the inner-crust interfaces
are taken from the GTOPO30 global digital elevation model (USGS) and
CRUST1.0 model (Laske et al., 2013), respectively.

The model also includes a complex 3D fault system (see Fig. 3). Some
of these fault geometries are determined from the latest China Seismic
Experimental Site (CSES, http://www.cses.ac.cn/) fault database, which
is compiled from extensive geological and geophysical data (Lu, 2019),
such as the Xianshuihe fault (F1), the Litang fault (F3), the Xiaojinhe
fault (F5) and the Daliangshan fault (F6). Other faults, including the
Longmen Shan fault zone (F2), the Maerkang fault (F8) and the Longriqu
fault (F7), are after our previous model (Li et al., 2021). Constrained by
earthquake relocation results (Li et al., 2020), the Yalahe fault (F9) and
Zheduotang fault (F10) are modeled as dipping toward each other and
forming a flower shape together with the Xianshuihe fault. The dip di-
rection of the Yulongxi fault (F4) is still under debate. Magnetotelluric
inversion results show that the Yulongxi fault is SE-dipping with a high
angle (Jiang et al., 2019), while both the geological map at 1:200,000
scale (Fig. S1) and field investigations (Huang et al., 2000) demonstrate
that the fault dips toward NW. Furthermore, field investigations also
show that the old Triassic rock on the NW sidewall thrust over the young
Cenozoic rock on the SE sidewall. Since only the NW-dipping fault can
produce this contact relation, in this model we portray the Yulongxi
fault as an NW-dipping fault with an angle of ~65° following previous
geological investigations (Huang et al., 2000; Ma, 2013). The Xian-
shuihe fault is a lithospheric-scale fault (Wang et al., 2003) and is thus
set to extend to the bottom of the model (~65 km), while all the
remaining faults are crustal-scale faults and are set to terminate at the
bottom of the upper crust (~20 km). Table 1 summarizes the geometric
characteristics of faults implemented in our model.
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Fig. 2. Model setup and workflow of the geomechanical modeling (modified from Hergert et al., 2015).

Bayan Har
Block

Fig. 3. Geometry of the implemented fault system in the 3D geomechanical numerical model. Different layer colors refer to different rock properties. The white

arrows and circles denote the boundary condition settings of the model.

2.2. Rock properties

In the model, the properties of rocks are assumed to be linear and
static elasticity, which are converted from the P wave velocity using
empirical relations (Brocher, 2005; Brotons et al., 2016). Although rocks
are not elastic throughout the entire crustal depth, previous studies
about the evolution of large faults show that the continental lithosphere
has a long-term elasticity and exhibits elastic-brittle behavior in millions
of years (Armijo et al., 2004; Hubert-Ferrari et al., 2003). The study area
includes the South China terrane and the Songpan-Ganzi terrane.
Table 2 summarizes the material parameters used in the model.

The faults considered in the model are simplified as pairs of contact
surfaces that can slide with each other and are constrained by the Mohr-

Coulomb friction law. The effective friction coefficient of all faults is set
as 0.06, which is the best value for the minimum misfit between the
measured velocities at the surface and the modeled kinematic results
(see Fig. 4a). This value is also consistent with the <0.08 effective
friction coefficient suggested by He and Lu (2007) for the Xianshuihe
fault.

2.3. Initial stress state

The initial stress state of the model refers to the force that the model
contains to balance with gravity when it is not subjected to any hori-
zontal tectonic forces. We use the calculation formula proposed by
Sheorey (1994) to determine the initial crustal stress, i.e.,
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Table 1
Geometry of the faults implemented in the model.
No. Fault name Dip direction/Dip (°)  Reference
F1 Xianshuihe F. —/90 Lu (2019)
F2 Longmen Shan F. NW/50 (listric) Li et al. (2021)
F3 Litang F. North: NE/70 Lu (2019)
Middle: SW/80
South: NE/85
F4 Yulongxi F. NW/65 Huang et al. (2000); Ma (2013)
F5 Xiaojinhe F. NW/60 Lu (2019)
F6 Daliangshan F. —-/90 Lu (2019)
F7 Longriba F. NW/45 Lu (2019)
F8 Maerkang F. NE/60 Gong et al. (1995)
F9 Yalahe F. SW/80 Li et al. (2020)
F10 Zheduotang F. NE/75 Li et al. (2020)
Note: the geometries of faults F1, F3, F5-7 is reconstructed from the scattered 3D
point data.
Table 2

Elastic parameters and densities in the 3D geomechanical model.

Layers

South China terrane (Sichuan

Songpan-Ganzi terrane (Bayan

basin) Har block, Chuan-Dian block)

E(GPa) p(g/em® v E(GPa) p(g/em® v
Upper crust 78.57 2.74 0.25 75.29 2.72 0.25
Middle crust 87.31 2.80 0.25 81.97 2.76 0.25
Lower crust 110.04 2.94 0.25 89.16 2.81 0.25
Upper mantle  199.25 3.34 0.28 174.72 3.26 0.28

E, p and v denote Young’s modulus, density, and Poisson’s ratio, respectively.

k =0.25+7E(0.001 +1/z) €h)
where k is the ratio between mean horizontal stress and vertical stress, E
is Young’s modulus (GPa), and z is the burial depth (m). This analytical
initial stress state has been widely used in crustal stress studies in Ger-
many (Ahlers et al., 2021), Canada (Reiter and Heidbach, 2014), and
Turkey (Hergert and Heidbach, 2011), and achieved good results. The
comparison in Fig. 4b shows a good consistency between the k value
predicted by Eq. (1) and the modeled k value at two test sites that are far
away from the faults and model boundaries (see Fig. 1).

2.4. Kinematic boundary conditions

For the kinematic boundary conditions, we used the Global Position
System (GPS) data obtained by Wang and Shen (2020) and Wang et al.
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(2017) to drive the horizontal movement of the model and simulate the
tectonic loadings (Fig. 5). The velocities at nodes located on the
boundary of the model are interpolated from the GPS observations (see
the black arrows in Fig. 5). The model bottom is vertically fixed but
horizontally movable (see Fig. 3). The model surface is free to move. To
compare with the GPS-derived velocities, the faults are set to be locked
in the upper crust to represent the interseismic velocities. The model
time is set to be 200 ka to allow the accumulated displacements at the
boundaries to propagate into the model thus generating a proper
contemporary state of stress and deformation.

Finally, the volume of the 3D model is discretized into ~4 million
linear tetrahedral elements. The element size is 1-2 km on the faults and
~5 km near the model boundaries. We used the commercial finite
element software Abaqus™ for the calculation. The modeled displace-
ment and stress results are compared and calibrated with the model-
independent data, such as the GPS observations, fault slip rates, focal
mechanism solutions, and Sy orientations. Finally, we obtain a 3D
geomechanical model that can well match the kinematic and dynamic
observations in the study area.

3. Results
3.1. Crustal horizontal velocities and fault slip rates

As mentioned in Section 2.4, in the beginning, the faults in the upper
crust are set to be locked with an infinite effective friction coefficient.
After a good fit between the modeled velocities and GPS measurements
is achieved, the faults are changed to be unlocked with a low effective
coefficient of friction, then the same boundary conditions as in Fig. 5 are
imposed to finally obtain the long-term kinematics and stress evolution.
We then compare the modeled results with model-independent data in
terms of kinematics and stress field. For the kinematics, the surface
motion rates and fault slip rates are extracted from the model to compare
with GPS measurements and geological fault slip rates, respectively. For
the stress field, the simulated maximum horizontal stress azimuth Sy is
compared with the data from the World Stress Map (WSM), and the
modeled stress regime is compared with the regime revealed by the focal
mechanism solution. These comparisons allow us to evaluate the accu-
racy of the modeled results and hence ensure the reliability of subse-
quent seismic hazard analyses.

Fig. 6a presents the results of horizontal crustal movement in the
study area. In general, the crust moves southeastward. Taking the
Xianshuihe fault as a boundary, the study area involves two distinct
kinematic patterns: the slow Bayan Har block on the northeast side and

+—t - t———
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< -10 L
Q
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'20 T T T T
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Fig. 4. (a) Crustal velocity misfits between the modeled results and GPS measurements when using different effective friction coefficients. The value 0.06 is selected
as the best friction coefficient. The GPS measurements within ~5 km of faults are excluded in the calculation. (b) Comparison of the initial k values at two test sites
(P1 and P2) with the theoretical curve (black dashed line) proposed by Sheorey (1994). The locations of P1 and P2 are given in Fig. 1.
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Fig. 5. Setting of boundary conditions applied on the model and comparison
between the GPS observations and our modeled horizontal velocities. The
black, red, and blue arrows represent the lateral boundary movements, the
modeled velocities at the surface, and the GPS measurements, respectively. The
black dashed line represents the main area of interest, to which the model
boundary shrinks inward by approximately 50 km to reduce possible boundary
effects. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

the fast Chuan-Dian block on the southwest side. The movement rate of
the Chuan-Dian block decreases from ~21 mm/a in the north to
~16-17 mm/a in the south, and it is much higher than that of the
corresponding locations in the Bayan Har block, which is ~16 mm/a in
the northwest corner of the model and gradually decreases to 9-10 mm/
a toward the southeast. The obvious rate difference between the Chuan-
Dian block and the Bayan Har block leads to a high left-lateral slip rate of
the Xianshuihe fault.

Fig. 6b shows the distribution of modeled fault slip rate in the study
area. The maximum slip rate on the Xianshuihe fault is about 10-11
mm/a, which is located in the Luhuo-Daofu-Bamei segment. As the fault
terminates northwestward in the west of Zhuwo, the slip rate on the fault
also decreases to ~2 mm/a correspondingly. To the southeast, the slip
rate gradually decreases from 10-11 mm/a to 6-7 mm/a in Shimian.
Nearly parallel to the Xianshuihe fault, the left-lateral Litang fault slips
at 2.2-2.4 mm/a on the northwestern segment and decreases to 1.2-1.4
mm/a toward the southeast. The horizontal slip rate on the Yulongxi
fault (F4) is as low as <0.7 mm/a since it intersects with the direction of
crustal movement at a high angle. The modeled sense of slip on the
Yulongxi fault is not uniform along its strike. The northeastern segment
is left-lateral while the southwestern segment is right-lateral. The slip
rates on the Yalahe (F9) and Zheduotang (F10) branches are both low
(<1.2-1.4 mm/a).

The comparison in Fig. 5 shows that the modeled crustal velocities in
most places have good agreement with the GPS measurements except for
a few individual sites. In addition, we also collect the long-term slip rates
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obtained based on geological methods in the study area (Table 3) and
plot them in Fig. 6b. The geological slip rate of the northwestern
segment of the Xianshuihe fault is 15 + 5 mm/a (Allen et al., 1991), and
gradually decreases to ~9 mm/a in the southeastern segment (Chen
et al., 2016; Yan and Lin, 2017), which is consistent with our simulated
fault slip rate. However, our results seem to be contradictory to the in-
vestigations in Bai et al. (2018, 2021), in which the long-term slip rate of
the Xianshuihe fault increases from northwest to southeast. Bai et al.
(2021) suggested that this increasing trend in slip rate is caused by the
decreased eastward movement rate of the Bayan Har block, which is the
result of the obstruction of the rigid Sichuan basin. However, our
simulation indicates that the rate of the southeastward movement of the
Chuan-Dian block also gradually decreases (Fig. 6a). Therefore, it is
difficult to conclude that the slip rate of the Xianshuihe fault increases
toward the southeast. In fact, the southeastern segment of the Xian-
shuihe fault, namely the Moxi fault, is under strong lateral compression
and in a transpressional environment, which is not only shown by our
modeled results (Fig. 7b), but also evident from the widespread thrust
faults and folds, as well as the thrust faulting focal mechanism solutions
in the east of the Moxi fault (Fig. 7b). Physically, high normal stress
means high friction and makes the fault more difficult to slip. Therefore,
we consider that the slip rate of the Moxi fault should be lower than that
on the northwestern segment of the Xianshuihe fault. The slip deficit on
the Moxi fault is inferred to be converted into the uplift of the Gongga
Mountain (Xu et al., 2003; Tan et al., 2010). For the Litang fault,
although our simulated 2.0-2.4 mm/a fault slip rate is lower than the
~4 mmy/a slip rate shown in Xu et al. (2005), it is approximate to the ~2
mm/a reported by Chevalier et al. (2016). The slip rate of the Yulongxi
fault revealed by our model is as low as <0.7 mm/a, and the sense of
fault slip is different in different segments. These features are inconsis-
tent with the 3 + 0.3 mm/a left-lateral strike-slip rate obtained in Chen
et al. (2016) but are well consistent with the field observations of Huang
et al. (2000) and Zhang et al. (2011). Future fieldwork on the long-term
slip rate and slip sense of this fault should therefore be conducted
carefully. For the Longriba fault zone and the Longmen Shan fault zone,
only a small part of them is included in our model. More detailed
comparsion of the modeled slip rates with those determined by
geological methods for these two faults is referred to Li et al. (2021),
which indicates good consistency between them.

3.2. Stress orientation and stress regime

To investigate the stress state in the study area, we extract stress
tensors at the 5 km depth below sea level (BSL) from the numerical
model. This selected depth for slicing the model is the average depth of
earthquakes in this area when the ~5 km average altitude is considered.
The orientation of the maximum horizontal stress (Sy) is calculated
according to the method of Lund and Townend (2007).

Fig. 7a shows that the Sy in the study area is generally in the E-W
direction. Near the Xianshuihe fault, the Sy orientation changes signif-
icantly, deflecting from near E-W to nearly perpendicular or nearly
parallel to the fault strike. On the Bamei-Kangding segment in the
middle of the Xianshuihe fault, the Sy orientation changes drastically,
forming a local circle Sy trajectory (Fig. 7a), which is thought to be due
to the complex fault system in this segment and its vicinity. In this area,
the Xianshuihe fault is split into three branches, i.e., the Yalahe fault
(F9), the Selaha fault segment and the Zheduotang fault (F10), and an
obvious releasing bend (Mugecuo bend) is developed on the Selaha fault
(Fig. 7b). In addition, both the northern end of the Yulongxi fault and the
southwestern end of the Longmen Shan fault zone are also terminated in
this area (Fig. 1). These complex fault geometries and the intersection of
multiple faults play a key role in the formation of dramatic changes in
the stress orientation at this location.

The modeled stress regime at the 5 km depth BSL in the study area is
visualized by the Regime Stress Ratio (RSR) (Simpson, 1997) (Fig. 7b).
Overall, the study area is dominated by a strike-slip faulting stress
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regime. The northern part of the Bayan Har block is dominated by
transpression, while the southern part of the Bayan Har block and the
Sichuan-Yunnan block are dominated by transtension. Obvious varia-
tions of stress regime are observed along faults. For example, on the
Xianshuihe fault, the Zhuwo-Luhuo-Daofu segment and north of
Kangding are in a normal faulting stress regime, while Bamei and Moxi
segments are in a thrust faulting stress regime.

The comparison in Fig. 7a shows that our modeling results are in
good agreement with the WSM data of quality A-C. The average angle
difference between the two is about 27° and is only slightly higher than
the +25° error of Sy orientation derived from focal mechanism solutions
(Heidbach et al., 2018). We have also collected the focal mechanism
solutions of earthquakes located in the study area from previously
published literature and datasets and classified them into normal, strike-
slip, thrust, and mixed-type events in terms of the tectonic regime
(Zoback, 1992) (Fig. 7b). Based on the earthquake focal mechanism
solutions, the dominant stress regime in the study area is revealed to be
strike-slip to normal faulting. Comparing our modeled stress regime and
the earthquake type revealed by the focal mechanism solutions shows
that the two are roughly in agreement. Although the local modeled
normal or thrust faulting stress regimes along the Xianshuihe fault seem
to conflict with the strike-slip motion of this fault, it should be noted that
the RSR value only describes the slip pattern of an optimally oriented
fault in the given stress field. The near-vertical Xianshuihe fault is not
optimally oriented in the stress field, thus the discrepancy between our
modeled stress regime and the fault kinematics is reasonable.

3.3. Stress states along important faults

In this study, the normal stress distribution on the fault surface is
derived from the modeled stress tensors. Higher normal stress hinders
fault sliding, and can thus accumulate higher strain energy to produce

large earthquakes. On the contrary, lower normal stress is conducive to
fault sliding, allowing it to release energy in time, thereby having less
potential to incubate large earthquakes.

3.3.1. The Xianshuihe fault

Fig. 8a shows the modeled normal stress on the Xianshuihe fault
surface above the depth of 20 km BSL, which approximately corresponds
to the thickness of the seismic layer in this area (Fang et al., 2015). The
fault normal stress increases downward with considerable lateral
changes (Fig. 8a). Roughly bounded by Songlinkou, the Xianshuihe fault
can be divided into the northwestern segment (Zhuwo-Songlinkou) and
the southeastern segment (Songlinkou-Shimian). The normal stress on
the northwestern segment is significantly lower than that on the
southeastern one. For example, at the 10 km depth BSL, the normal
stress on the northwestern segment is about 100-300 MPa, much lower
than the 400-600 MPa on the southeastern segment. Two releasing
bends, i.e., the Mugecuo bend and the relatively small bend near Shi-
mian on the southeastern segment, with significantly low normal stress,
are also revealed in Fig. 8. These relatively higher and lower normal
stresses on the fault surface are in line with the local stress regimes in
which the corresponding fault segments are located. For example, the
northwestern segment has lower normal stress, and it is also dominated
by a normal faulting stress regime; the fault normal stress increases
significantly on the southeastern segment where a predominated
thrusting stress regime can be observed (see Fig. 7b).

3.3.2. The Litang fault and the Yulongxi fault

Fig. 8b and c show the normal stress distribution on the Litang fault
and the Yulongxi fault, respectively. Vertically, the normal stress in-
creases with depth. Different from the Xianshuihe fault, the distribution
of normal stress on these two faults has a weaker lateral change. This is
due to their relatively simple geometry, e.g., no apparent bendings. The
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Table 3
Compilation of reported geological fault slip rates and comparison with our
modeled results in the study area.

No. Name Location (Long. This Geological Reference
Lat.) study slip rate”
(mm/a) (mm/a)
F1 Xianshuihe 100.54 31.48 L9-10 L18 Allen et al.
F. 100.67  31.37 19-10 >19.6 (1991)
101.34  30.73 L10-11 L10-20
101.58  30.55 L10.2-0.4 L0.8
101.72 30.23 L9-10 L7.2
101.93  30.07 19-10 L4.6
101.97 29.98 19-10 L4.7
101.67  30.31  L9-10 L7.6(+2.3/ Bai et al.
-1.9) (2018,
101.72  30.24 19-10 L9(+1.1/ 2021)
—-0.9),
L10.7
(+1.3/
-1.1)
101.93  30.05 L9-10 L4.4+05
101.85 30.00 L0.6-0.8 L4.1+0.7
102.01  29.88 19-10 L11.4
(+2.0/
-1.8)
102.09 29.69 L8-9 L9.3 £ 1.0 Chen et al.
(2016)
F3 Litang F. 99.54 30.48 - 12.3 £ 0.6 Chevalier
100.26 29.96 L2.0-2.2 L2.1 +£0.2 etal.
(2016)
100.00 30.18 L12.0-2.2 L4.1 + 0.9 Xu et al.
100.18 30.01 L2.0-2.2 L3.8 £ 0.8 (2005)
100.20  30.00 L12.0-2.2 L4.1 + 1.0
100.45  29.64 L1.8-2.0 L4.3 £ 1.0
F4 Yulongxi F. 100.59 29.45  North: L3.0 £ 0.3 Chen et al.
L0.2-0.6 (2016)
South:
R0.2-0.4

" The letter “L” and “R” in front of the slip rate indicates the left-lateral and
right-lateral slip senses, respectively.

normal stress of the northwestern segment of the Litang fault is slightly
smaller than that of the southeastern segment, which is consistent with
the normal fault stress regime of the northwestern segment (Fig. 7b). On
the contrary, the lateral change of normal stress on the Yulongxi fault is
not obvious. However, at the same depth, the normal stress value on the
Yulongxi fault is notably higher than that of the Litang fault, indicating
that the former has suffered from a stronger lateral compression.

4. Discussion

From Bamei to Kangding, the Xianshuihe fault is divided into three
branch faults, namely the Yalahe fault, the Selaha fault (the main active
branch), and the Zheduotang fault (Fig. 9a). In our previous study (Li
et al., 2021, 2022), the first-order modeled results showed that the
normal fault stress regime exists in the entire area between Bamei and
Kangding, which is attributed to the clockwise rotation of the Xian-
shuihe fault. In this study, we constructed a smaller but more detailed
model focusing on the Xianshuihe fault and its adjacent area using the
latest fault geometry data. The new model results show that the extent of
the normal faulting stress regime is smaller than that in our previous
findings, mainly existing between Salaha and Kangding, and extending
eastward to the southwestern end of the Longmen Shan fault zone
(Fig. 9a).

4.1. Normal faulting stress regime on the Mugecuo bend

The Selaha fault and the Moxi fault in the south form a left-stepping
strike-slip fault system and these two faults are linked by the Mugecuo
bend located between Seraha and Kangding (Fig. 9a). Due to the left-
lateral strike-slip motion of the Xianshuihe fault, the Mugecuo bend
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appears as a releasing bend, which is consistent with our modeled stress
results showing that the Mugecuo bend is dominated by the normal
faulting stress regime (RSR < 1) (Fig. 9a). The Sichuan-Tibet railway
crosses this segment and is threatened by potential earthquakes on this
segment (Bai et al., 2021).

Obviously, this normal fault stress regime is caused by the extension
of the Mugecuo bend under the left-lateral strike-slip of the Xianshuihe
fault. The Mugecuo lake located on this bend represents a pull-apart
basin formed in this tectonic environment (Allen et al., 1991). Bai
et al. (2021) suggested that the Mugecuo pull-apart basin was mainly
controlled by the SE Selaha fault (southeastern part of the Mugecuo
bend) and the Zheduotang fault. However, the kinematic results of our
model show that the Zheduotang fault has a very low slip rate (Fig. 6b)
and is hard to act as the boundary strike-slip fault for the pull-apart
basin. In fact, field investigations suggested that the Zheduotang fault
is a transtensional fault dominated by vertical displacement (Zhao,
1987). In addition, it should be noted that the Zheduotang fault and the
NW Selaha fault form a right step-over at Selaha (Fig. 9a). Assuming that
the Zheduotang fault had a high enough slip rate and could act as a
boundary strike-slip fault of the pull-apart basin, the crust in the right
step-over would be pushed together by the left-lateral fault slip and
should form contractional structures near Selaha. However, this infer-
ence contradicts the existed normal secondary faults there (Pan et al.,
2020). Therefore, we consider that the Zheduotang fault did not play an
important role in the formation of the Mugecuo pull-apart basin, which
implies that the slip rate of the Zheduotang fault may not be high.
Instead, we consider the boundary strike-slip faults of the Mugecuo pull-
apart basin should be the Selaha fault and the Moxi fault.

Fig. 9a shows that the normal faulting stress regime that initiated on
the Mugecuo bend extends eastward to the southwestern end of the
Longmen Shan fault zone, which was also noted in our previous study (Li
et al., 2022). To verify the effect of the Mugecuo releasing bend on the
normal faulting stress regime, we further conduct another test model
within which the Xianshuihe fault is locked, while other model settings
remain unchanged. The test results show that the normal faulting stress
regime in the Mugecuo bend and its east disappears (Fig. 9b).
Comparing Fig. 9a and b indicates that the normal faulting stress regime
is indeed attributed to the slip on the Mugecuo releasing bend and it has
already extended to the southwestern end of the Longmen Shan fault
zone. The predominant occurrence of normal faulting earthquakes at the
southwestern end of the Longmen Shan fault zone (Long and Zhao,
2000) provides direct evidence for our model results.

4.2. Seismic hazard potential of the Xianshuihe fault

Seismic hazard generally describes the potential for a damaging
earthquake in a region within a specific period of time (McGuire, 2004;
Field and WGCEP, 2018). Seismic hazard analysis can provide infor-
mation on the location, time and magnitude of a potential earthquake, as
well as the associated expectable ground motions (Hergert, 2009),
although uncertainties exist in each step of the whole process. Many
studies of seismic hazard assessment have been conducted worldwide
due to the strong demands from society and the construction of new
critical facilities. For example, to obtain a reasonable assessment of
seismic hazard in Istanbul (Turkey), threatened by the high activities of
the North Anatolian Fault, especially after the occurrence of the 1999
Izmit Myy 7.4 earthquake, Parsons (2004) calculated the time-dependent
occurrence probability of earthquakes beneath the Marmara Sea region,
in front of Istanbul, by incorporating stress changes caused by the 1999
Izmit Myy 7.4 earthquake and suggested that the probability of having an
M > 7 earthquake is as high as 53 + 18% in the next 30 years
(2004-2034). For California (USA), the third Uniform California
Earthquake Rupture Forecast (UCERF3) has been developed by the
Working Group on California Earthquake Probabilities (WGCEP) and is
thought to be the most advanced model of its kind to date (Field et al.,
2015; Field and WGCEP, 2018). The model consists of four main
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components (i.e., fault model, deformation model, earthquake-rate
model and probability model) and can provide time-dependent self-
consistent estimates of magnitude, location and likelihood of potential
earthquakes in the California region (Field et al., 2015). In the frame-
work of the current seismic hazard assessment, fault slip rates and fault
geometries as well as segmentation schemes play key roles in calculating
the final probabilities of earthquake occurrence (Hergert, 2009),
whereas epistemic uncertainties inevitably exist in determining these
parameters. To help minimize these uncertainties, this paper provides
the spatially continuous fault stress states and long-term slip rates in the
southeastern Tibetan Plateau and gives indications for the potential
rupture segments in this region in the future.

As mentioned in the Introduction section, many studies have focused
on the seismic hazard of the Xianshuihe fault. These studies have used a
series of methods including ACFS (e.g., Parsons et al., 2008; Shan et al.,
2013; Toda et al., 2008), seismic gap analysis (e.g., Wen et al., 2008),
geodetic surveys (e.g., Jiang et al., 2015) and long-term fault slip rate (e.
g., Bai et al., 2018; Bai et al., 2021) to assess the potential rupture
segment in the Xianshuihe fault. Fig. 10 shows a compilation of reported
potential rupture segments. It can be seen that all the inferred dangerous
segments are located in the southeastern part of the Xianshuihe fault
(south of Songlinkou), although different authors prefer different
segments.

Most ACFS studies suggested that the northern portion of the
southeastern part of the Xianshuihe fault has a high seismic hazard, such
as the Bamei-Selaha segment (Papadimitriou et al., 2004), the longer
Songlinkou-Selaha segment (Shan et al, 2013), or the longest

Songlinkou-Kangding segment (Parsons et al., 2008; Toda et al., 2008)
(Fig. 10). The difference in length is probably related to the use of
different model settings or historical earthquakes in these calculations.
For example, in Papadimitriou et al. (2004), the rock property was set as
elastic, while Shan et al. (2013) adopted a multi-layered elastic-visco-
elastic rock property; Toda et al. (2008) and Parsons et al. (2008) mainly
concerned the impact of the 2008 Wenchuan Mg 8.0 earthquake on the
Xianshuihe fault located 170 km west of the epicenter and therefore
neglected the effects of historical earthquakes in this area. Other studies,
such as seismic gap analysis (Wen et al., 2008) and using fault slip deficit
inverted from geodetic data (Jiang et al., 2015) respectively identified
high seismic hazard on the Bamei-Selaha and Songlinkou-Selaha seg-
ments, which are consistent with the results of ACFS.

Only a few studies pointed out the segment of the Xianshuihe fault
located south of Kangding, namely the Moxi fault, is dangerous. Based
on the long-term fault slip rate on the Moxi fault, Bai et al. (2021)
assigned an My 7.0 earthquake seismic hazard to this segment consid-
ering the accumulated fault slip deficit since its last strong earthquake.
Consistent with Bai et al. (2021), in our previous work (Li et al., 2021,
2022), the first-order features of the model results showed that the Moxi
fault is under stronger compression and has a relatively high slip rate,
indicating its high potential to generate strong earthquakes in the future.

Compared with our previous work, the results of this study, in which
the geomechanical model is refined with higher resolution and updated
fault geometries, show that not only the Kangding-Shimian (Moxi fault)
segment but also the Songlinkou-Selaha segment are located in thrust
faulting stress regimes and are separated by the normal faulting stress
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regime of the Mugecuo releasing bend (Fig. 10). Due to the two clock-
wise rotations (~10°, from NW to SE) of the strike of the Xianshuihe
fault at Songlinkou and Kangding (see Fig. 7b), the angle between the
fault strike and the movement direction of the Chuan-Dian block in-
creases. On a large scale, these changes in the fault strike make the
whole southeastern part of the Xianshuihe fault (Songlinkou-Shimian) a
large restraining bend that is subjected to the compression from the
Chuan-Dian block. Due to this compression, the normal stress on the
fault surface of the Songlinkou-Selaha segment and the Moxi fault in-
creases (Fig. 8a) and forms a thrust faulting stress regime in these two
segments (Fig. 10). Higher normal stress on a fault means that a stronger
friction force needs to be overcome before the fault can slip, and it also
means that higher energy can be accumulated on the fault. Once the
shear stress reaches the strength of the rock, the accumulated energy
will be rapidly released through rock fracture, forming a large earth-
quake. Therefore, we believe the Songlinkou-Salaha segment and the
Moxi fault are of high seismic hazard, especially when considering the
high slip rates (~9 mm/a) of these segments (Fig. 6b). Proofs from
historical earthquake records and investigations of paleoseismic events

10

on the Moxi fault indicate that its average recurrence interval of strong
earthquakes is about 300 years (Yan and Lin, 2017; Zhou et al., 2001).
When comparing the time elapsed from the previous 1786 M 7.75
earthquake (236 years) and the average earthquake recurrence interval
on this segment, the Moxi fault is approaching rupture and of high
seismic hazard. For the Songlinkou-Selaha segment, paleoseismic in-
vestigations reveal that five strong earthquakes have occurred during
the past 9000 years (Li et al., 2017). This segment has been identified as
a seismic gap since no strong earthquakes occur again after the 1893 M 7
earthquake (Qian et al., 1988; Allen et al., 1991; Wen et al., 2008), and
the energy accumulated in this fault segment is capable to produce an
My > 6.9 earthquake in the near future (Qian et al., 1988; Allen et al.,
1991; Xiong et al., 2010). These seismic hazard analyses based on his-
torical earthquake records and paleoseismic investigations are consis-
tent with the inferences from our modeled results.

Furthermore, our modeled results show that the normal stress on the
Xianshuihe fault varies significantly laterally and reaches the peak value
in the north of Selaha and southwest of Moxi (Fig. 8a). Areas along the
fault plane that have peaks of normal stress may act as barriers that halt
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the propagating earthquake rupture. Therefore, we consider that the
Xianshuihe fault tends to have segment-wise ruptures rather than an
entire rupture along the whole 350 km long fault, which is consistent
with previous studies (Cheng et al., 2020). However, it is difficult for us
to conclude whether the rupture nucleated on the Songlinkou-Salaha
segment or the Moxi fault in the future could pass through the Muge-
cuo releasing bend to form a larger earthquake. On one hand, field in-
vestigations showed that historical ruptures produced by the 1786
Kangding M 7.75 earthquake on the Moxi fault (Fig. 1) terminated at the
Mugecuo bend (Wen et al., 2008). Dynamic models of earthquakes on
the North Anatolian fault zone, which can be comparable to the Xian-
shuihe fault zone, also showed that the rupture nucleating near the
releasing bend cannot pass through the bend (Oglesby et al., 2008). On
the other hand, in Oglesby’s earlier work, his conceptual dynamic
models showed that the releasing bend was more prone to through-
going rupture (Oglesby, 2005). The b-value analysis also suggested
that the multi-segment rupture in the Bamei-Kangding segment is
possible (Cheng et al., 2020). Therefore, it is appealed for the Xianshuihe
fault, that the simulation of its scenario earthquake dynamic rupture
propagation should be conducted, by considering a more realistic fault
geometry model and stress state, rather than using simple fault geometry
and an over-simplified stress state.

4.3. Potential of the Yulongxi fault for strong earthquakes

The Yulongxi fault (also known as “Yunongxi fault” in many previous
publications), about 150 km long and NW-dipping, is the western
boundary of Gongga Mountain (elevation is 7556 m), which is the
highest peak in the eastern Tibetan Plateau. Roughly divided by the
Yulongxi, the southern segment of the Yulongxi fault trends in NNE-
SSW, and the northern segment trends S-N (Fig. 11). The sense of slip
on the Yulongxi fault is currently under debate. Chen et al. (2016) used
offset geomorphic features with their age data and determined that the
Yulongxi fault is a left-lateral strike-slip fault with a slip rate of 3 mm/a.
Jia et al. (1991) used the two-dimensional finite element method to
simulate the kinematics of the Yulongxi fault and found that it is also a
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left-lateral strike-slip fault with a slip rate of 1.3-1.7 mm/a. Huang et al.
(2000) found that the Yulongxi fault did not obviously offset the alluvial
fan, which is characterized by thrusting motion. Based on field surveys
and combined with the striations on the fault surface, Zhang et al.
(2011) divided the Yulongxi fault into two segments at Elie: the northern
segment is thrusting with a left-lateral strike-slip component, while the
southern segment is thrusting with a right-lateral strike-slip component
(see Fig. 11). Our modeled results show that the slip rate of the Yulongxi
fault is as low as 0.2-0.7 mm/a, and the uplift rate of the NW sidewall is
0.3-0.5 mm/a, which is higher than the 0.1 mm/a of the NE sidewall.
Our results also demonstrate that the Yulongxi fault is a thrust fault with
a slight strike-slip component. In addition, the modeled slip sense of the
fault is reversed near Yulongxi. The northern segment is left-lateral
strike-slip, while the southern segment is right-lateral strike-slip,
which is consistent with the conclusions of Zhang et al. (2011) and
Huang et al. (2000). The change in slip sense along the Yulongxi fault is
presumed to be related to the change in its strike. The northern segment,
which trends in near S-N, is prone to have a left-lateral strike-slip under
the SE direction movement of the Sichuan-Yunnan block. While the
southern segment, which trends in NNE-SSW, is more prone to have
right-lateral slip under the E-W compression (Fig. 7a).

The Yulongxi fault has the potential to generate strong earthquakes.
Zhang et al. (2009) considered that the strong deformation of the Bayan
Har block, the high strength with a listric geometry of the Longmen Shan
fault, and the obstruction of the rigid Sichuan Basin jointly formed the
geological environment that contributed to the formation and occur-
rence of the 2008 Wenchuan Mg 8.0 earthquake. Zhang (2013) pointed
out that faults with low slip rates can also be dangerous. The geological
and geodynamic environment of the Yulongxi fault, which also slips

12

Tectonophysics 839 (2022) 229546

slowly, is similar to that of the Longmen Shan fault zone. First, field
investigations and magnetotelluric inversion results revealed that the
Yulongxi fault is a thrust fault with a high dip angle, which is around
50-70° at shallow depth (Fig. S1). Such geometry is conducive to energy
accumulation on the fault, especially when the Sy is nearly perpendic-
ular to the fault strike direction (Fig. 11). In addition, the SE-ward
crustal movement, revealed by the GPS measurements (Fig. 11), also
promotes the energy accumulation process on the Yulongxi fault. Sec-
ond, on the east side of the Yulongxi fault lies the Gongga Mountain,
which is a Cenozoic granitic massif and the highest mountain in the
eastern Qinghai-Tibet Plateau. This mountain can block the SE move-
ment of crustal materials and further effectively support the stress
accumulation on the Yulongxi fault. Finally, the Sichuan-Yunnan block,
where the Yulongxi fault is located, moves southeastward at a rate of
~17 mm/a. This strong deformation provides the source of energy
accumulation on the Yulongxi fault. This fault was developed in the
Triassic lower metamorphic rocks and there are small-scale granite or
diorite bodies outcropping along the fault, which may indicate that the
rock of the Yulongxi fault is of high strength, thus the potential to gestate
strong earthquakes. Proofs from paleoseismic investigations suggest that
the recurrence interval of strong earthquakes of the Yunognxi fault is
around 2000-2500 years (Gao, 2021), which is similar to that of the
Longmen Shan fault zone (~3000 years) (Ran et al., 2013), and the
elapsed time of the last large earthquake (~2600 years) (Gao, 2021) has
been longer than the recurrence interval, thus we speculate that the
Yulongxi fault may be of a high seismic hazard.

5. Conclusions

In this study, we have established a refined 3D geomechanical model
of the Xianshuihe fault and its adjacent area by using more detailed
geological and geodetic data. The model considers the complexity of
updated 3D fault geometry and provides a spatially continuous
contemporary kinematics and crustal background stress field for the
study area.

For the kinematic results, the modeled slip rate on the Xianshuihe
fault is as high as 11 mm/a in the northwest segment and decreases
southeastward to ~9 mm/a near Moxi. The slip rate of the Litang fault is
about 2 mm/a. The Yulongxi fault has different slip senses in different
segments and its horizontal slip is as low as <0.6 mm/a.

For the stress state, the modeled Sy is generally oriented in the E-W
direction and a transtensional faulting stress regime dominates the study
area. The normal faulting regime in the Mugecuo bend is inferred to be
caused by the extension of the Mugecuo pull-apart basin under the left-
lateral strike-slip of the Xianshuihe fault, and it has already extended to
the southwestern end of the Longmen Shan fault zone. The boundary
strike-slip faults of the Mugecuo pull-apart basin are suggested to be the
Selaha and Moxi faults.

The stress state on the Xianshuihe fault is inhomogeneous. Divided
by Songlinkou, the normal stress on its southeastern segment is much
higher than that on the northwestern segment. The thrust faulting stress
regime on the Songlinkou-Selaha segment and the Moxi fault is inferred
to result from the clockwise rotation of the fault strike. For these two
segments, the high normal stress, as well as the relatively high slip rate,
yields a relatively high seismic hazard. The similarity of the Yulongxi
fault and the Longmen Shan fault zone in the geological and geodynamic
environment suggests that the seismic activities of the Yulongxi fault
should be paid close attention.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.tecto.2022.229546.
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