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Abstract: The 2021 Yangbi Ms 6.4 earthquake in Yunnan, China, occurred in an area where the
Global Positioning System (GPS) geodetic observations are particularly intensive. Based on a detailed
retrospective analysis of the GPS observations of about 133 stations distributed in the proximately
400 km× 400 km region that contains the area affected by the earthquake., we obtain a high-resolution
GPS velocity field and strain rate field and then derive the present-day slip rates of major faults
in the region with the commonly used half-space elastic dislocation model and constraints from
the GPS velocity field. Furthermore, by calculating the seismic moment accumulation and release
and deficit rates in the main fault segments and combining with the distribution characteristics
of small earthquakes, we evaluate the regional seismic risk. The results show that (1) there was a
localized prominent strain accumulation rate around the seismogenic area of the impending Yangbi
Ms 6.4 earthquake, although this was not the only area with a prominent strain rate in the whole
region. (2) The seismogenic area of the earthquake was just located where the strain direction was
deflected, which, together with the localized outstanding maximum shear strain and dilatation rates,
provides us with important hints to determine the potential areas of future strong earthquakes. (3) Of
all the seismogenic fault segments with relatively high potentials, judged using the elapsed time
of historical earthquakes and effective strain accumulation rate, the middle section of the Weixi–
Qiaohou fault has a higher earthquake risk than the southern section, the Midu–Binchuan section
of the Chenghai fault has a higher risk than the Yongsheng section and the Jianchuan section of the
Jianchuan–Qiaohou–Lijiang–Xiaojinhe fault has a higher risk than the Lijiang section.

Keywords: 2021 Yangbi Ms 6.4 earthquake; GPS observation; crustal deformation; crustal strain rate;
seismic hazard

1. Introduction

On 21 May 2021, a powerful earthquake with a magnitude of 6.4 struck Yangbi County,
Dali Prefecture, Yunnan Province, China, resulting in three deaths and serious damage to
some buildings. Judging from the distribution of aftershocks and the results of the GPS
co-seismic deformation field, the seismogenic fault is nearly parallel to the west side of
the Weixi–Qiaohou fault. The rupture direction is NW and the rupture pattern is dextral
strike–slip and slight tension, with a rupture length of 15–20 km. There is a significant
deviation of about 5 km from the surface trace of the Weixi–Qiaohou fault, which is a
NW-trending secondary fault or buried fracture [1–4].
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From the regional tectonic background (Figure 1), the earthquake area is located in the
tectonic dispersion bifurcation area at the northern end of the Red River fault zone, which
is densely covered with a series of quaternary active faults of various sizes. The results of
geological surveying and research show that the main active faults in the late Pleistocene or
Holocene in this region generally show weak slip rates, with typical values within 2 mm/yr,
such as the NW-trending Weixi–Qiaohou fault, Nanjian–Weishan fault and Dali–Eryuan
fault, and the NE-trending Chenghai fault, Heqing–Eryuan fault, Jianchuan–Qiaohou
fault and Lijiang–Xiaojinhe fault [5]. The current GPS crustal deformation observations
also reflect that the largest principal strain rate, shear strain rate and surface dilatation
rates in the region are 40–50, 20–30 and 20–30 nano strain/yr, respectively [6,7], which is
complementary to the low slip rate of regional faults.
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Figure 1. Schematic diagram of the distribution of active faults and moderately strong earthquakes in
northwest Yunnan, where the Yangbi Ms 6.4 earthquake of 2021 was located. The green star denotes
epicenter and the dense blue circles denote foreshocks and aftershocks before 24 May (earthquake
catalog is from Yang et al. [8]). The colored dots are historical earthquakes with M ≥ 5 from 1900 to
the present, where the radius of the dots distinguishes the magnitude and the color distinguishes the
approximate age. Seismic data were obtained from Xu et al. [9] and the China Earthquake Network
Center (http://www.cenc.ac.cn/ (accessed on 1 January 2021)). NTHF: Nantinghe fault; WTADF:
Wanding–Anding fault; NJF: Nujiang fault; LCJF: Lancangjiang fault; WX-QHF: Weixi–Qiaohou fault;
LJXJHF: Lijiang–Xiaojinhe fault; NH-CHF: Nanhua–Chuxiong fault; RRF: Red River fault; HQ-ERF:
Heqing–Eryuan fault; CHF: Chenghai fault; NJ-WSF: Nanjian–Weishan fault.

According to the historical earthquake catalogue, there were four earthquakes with
M ≥ 7.0 in the affected area of the Yangbi Ms 6.4 earthquake from 1900 to 2020, including
the Dali Ms 7.0 earthquake in 1925, Longling Ms 7.3 and M7.4 earthquakes in 1976 and
Lijiang Ms 7.0 earthquake in 1996. In the same period, there were about 120 earthquakes
with M ≥ 5.0. The distribution of these moderate to strong earthquakes shows a large
dispersion, and there is no obvious correlation with the spatial distribution of the main
faults. Therefore, it is difficult to determine the location of strong earthquakes based on
active faults in the seismic hazard assessment of this region.

http://www.cenc.ac.cn/
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This study attempts to analyze the characteristics of regional crustal deformation
before the Yangbi earthquake from the perspective of GPS crustal deformation, and then
analyze the background crustal deformation field characteristics of the location of regional
strong earthquakes (especially the Yangbi earthquake). Based on these analyses, combined
with the results of tectonic geology and geophysics studies, the potential locations of future
strong earthquakes in this region are speculated and delineated.

2. GPS Observation Data and Data Processing

The ‘Crustal Movement Observation Network of China’ [10] and the second phase of
the project ‘Continental Tectonic Environment Monitoring Network of China’ [11] were
major national scientific projects during the ‘Ninth Five-Year Plan’ period in China. These
projects provide large-scale and high-precision GPS crustal deformation observation data
for the region. Wang and Shen [6] published the most intensive horizontal velocity field
results of crustal movement in mainland China and its surrounding areas after processing
the GPS observation data of the ‘China Crustal Movement Observation Network’ (Phase I
and II) and other projects for many years. This paper will directly use the velocity field data
in the study area. In addition, since 2017, we have deployed a dense GPS observation array
with an average station spacing of less than 15 km within a range of about 50 km around
Eryuan County, Dali Prefecture, including 34 continuous GPS observation stations [4,12],
of which 28 stations had accumulated more than three years of observation data before the
2021 Yangbi earthquake. The combination of the ‘China Crustal Movement Observation
Network’ (Phase I and II) and our GPS observation array can enable us to produce a
regional GPS crustal movement velocity field with high temporal-spatial resolution.

For the GPS observation data of the 30 s sampling rate of the self-built observation
network, we adopt one of the commonly used strategies around the world. First, we use
the GIPSY/OASIS (Version 6.0) [13] software of the NASA Jet Propulsion Laboratory (JPL,
NASA) and the PPP (precise point positioning) model [14] to perform rigorous processing
of the daily 24 h period to obtain daily coordinate solutions with loose constraints. Then,
st_filter (spatio-temporal filtering, an upgraded version of QOCA) [15] is used to jointly
solve the daily loose constraint solutions of all stations to form a set of internally consistent
and unified solutions. Finally, we use the Helmert transformation to shift and rotate the
daily solutions of local stations to the ITRF2014 reference frame (International Terrestrial
Reference Frame) [16]. In the data processing, we set up linear combinations to eliminate
the effects of the ionosphere, with a satellite elevation angle of 15◦, using precise ephemeris,
the FES2004 model for ocean tide correction and GPT2 and GMF for the tropospheric wet
delay model and mapping function, respectively. We also consider the effects of clock bias,
phase center errors (antenna and satellite), etc. Ultimately, we obtain the coordinate time
series of each station in the ITRF2014 reference frame.

The velocity values of each observation station are obtained through linear least
squares fitting of the time series. Then, the fitted velocity values of each station are
integrated into the velocity field of Wang and Shen [6] through five public stations (YNLJ,
YNYL, XIAG, H204, H323) as a ‘bridge’ to generate a unified GPS velocity field. The
following are the specific implementation methods for integrating velocity fields:

1. Normalize the collected velocity vector data into a unified recording format;
2. Find the common data points and ‘quasi common points’. The former refers to a

point where the station name or point coordinates completely coincide; the latter
refers to two points on the same tectonic block that are not completely coincident in
coordinates, but are not far apart (within a few tens of meters);

3. Solve the Euler vector of the difference of the velocity vector at common stations. The
least squares method is used to solve the Euler rotation parameters based on the best
fit of all common or “quasi common” velocity difference vectors;

4. Eliminate outliers. For stations with large fitting residuals (greater than 2 times
the mean square error), remove them and repeat step 3 until all residuals meet
the requirements.
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After merging the two sets of velocity fields, the velocity of all common points is the
weighted average of the two data sets. Finally, the horizontal crustal movement velocity
field is formed under the stable Eurasian reference frame (Table 1; Figure 2).
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Table 1. The velocity of the self-built GNSS observation network under the Eurasian reference frame.

Site Longitude Latitude Ve
(mm/yr)

Vn
(mm/yr)

Se
(mm/yr)

Sn
(mm/yr) Cen

EYFY 99.92 25.99 3.40 −12.61 0.94 0.90 −0.04
EYNJ 99.98 26.06 2.29 −12.39 0.93 0.90 −0.06
EYSY 100.01 26.23 2.42 −15.71 0.93 0.90 −0.01
EYHH 99.73 26.00 1.88 −12.82 0.93 0.90 −0.01
EYLG 99.89 25.89 2.41 −13.14 0.70 0.69 0.09
EYTZ 99.84 26.17 2.93 −13.32 0.70 0.69 −0.01
EYXP 99.61 26.05 1.10 −14.21 0.70 0.69 −0.03
EYYX 99.70 26.12 0.99 −15.11 0.70 0.69 0.04
JCMS 99.64 26.27 −0.34 −13.63 0.58 0.58 0.10
JCXT 99.52 26.22 1.19 −13.97 0.58 0.58 0.03
JCYC 99.71 26.52 0.89 −13.31 0.58 0.57 0.00
JCHC 99.94 26.38 2.62 −13.33 0.72 0.71 −0.07
JCMD 99.56 26.39 0.64 −12.95 0.58 0.57 −0.02
JCSH 99.86 26.25 3.77 −12.62 0.58 0.57 −0.06
JCSL 99.80 26.38 2.88 −14.53 0.71 0.70 −0.04
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Table 1. Cont.

Site Longitude Latitude Ve
(mm/yr)

Vn
(mm/yr)

Se
(mm/yr)

Sn
(mm/yr) Cen

YBZM 100.02 25.71 3.77 −12.24 0.71 0.70 0.01
YBZZ 99.79 25.66 2.12 −12.69 0.70 0.69 0.01
YBXL 99.91 25.64 2.52 −11.94 0.70 0.69 0.00
YLCX 99.43 26.05 0.39 −12.54 0.58 0.58 −0.13
YLZH 99.44 26.21 0.85 −11.03 1.28 1.41 0.07
YLGP 99.56 25.90 0.97 −11.18 0.58 0.58 −0.03
YLTJ 99.65 25.73 1.09 −13.84 0.58 0.58 −0.11
YSXG 100.45 26.20 5.44 −8.71 1.35 1.47 −0.04
BCHQ 100.43 25.91 5.72 −10.66 1.33 1.47 0.08
DLWS 100.28 25.83 4.65 −7.58 1.28 1.40 −0.03
HQHP 100.26 26.10 2.42 −11.67 1.28 1.20 −0.03
EYAJ 99.80 25.84 0.70 −9.33 0.67 0.69 −0.07

HQBX 100.14 26.32 5.42 −12.76 0.72 0.70 −0.10

Note: Ve: the velocity of EW direction, where eastward movement is positive; Vn: the velocity of SN direction,
where northward movement is positive; Se: error of Ve; Sn: error of Vn; Cen: the coefficient between Ve and Vn.

3. Regional Crustal Strain Rate Field and Its Characteristics before Earthquake

Compared with the GPS velocity field, the GPS strain rate field does not depend on the
reference frame, so it can reflect the tension, compression, shear of regional crustal defor-
mation more intuitively and sensitively. There are many velocity interpolation methods to
calculate strain rate fields, such as the least square collocation method, distance weighting
method, polyhedral function method, tension spline method, Kriging interpolation method
and multi-scale wavelet method [17–24]. Although these methods may produce slightly
different results due to different assumptions, the differences are insignificant. This will not
have a substantial impact on the analysis of the characteristics of the regional crustal strain
field. In this study, we employ the VISR (velocity interpolation for strain rate) method
proposed by Shen et al. [19]. This method uses the improved least squares algorithm and
the spatial weighting function to model the strain as a continuous function and re-weights
the data to give more weight to the stations near the interpolation points. The VISR method
does not depend on the assumption of a homogeneous and isotropic deformation field
or the geometry of stations near the interpolation point. The smoothing distance can be
determined based on site density, which can better balance the stability and resolution to
maximize the utilization of GPS observations, and then present more detailed strain field
features. However, a critical step in this method is to select an appropriate weight threshold
(Wt), which determines the smoothness of the strain rate field. To strike a balance between
the resolution and robustness of the strain rate field, we tested various weighted thresholds
and selected Wt = 24 as the optimal parameter to characterize the strain rate field in the
study area of 0.2◦ × 0.2◦ regular grids. Employing the strain estimation strategy outlined
above, we calculated the strain rate parameters of each grid area to obtain the strain rate
field. Figure 3 shows that the effective spatial resolution of the strain rate field in the Yangbi
earthquake area can reach 30–40 km.

The principal strain rate field (Figure 4a) indicates that the Yangbi earthquake is
situated in the region with the highest principal strain values along the Weixi–Qiaohou–
Weishan–Red River fault. The tectonic environment of this area is characterized by evident
EW extension (48.5 nano strain/yr) and weak SN compression (−23.7 nano strain/yr).
Decomposing the principal strain into the parallel and perpendicular components of the
seismogenic fault, the dextral and extensional tectonic stress (strain) background of the
seismogenic fault can be seen, which is consistent with the dextral and extensional rupture
dislocation reflected by the coseismic deformation of the Yangbi earthquake [4], suggesting
that the characteristics of the crustal deformation field before the earthquake give a clear
indication of the future seismic rupture mode.
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Figure 4. Strain rate field and rotation rate field. (a) The maximum shear strain rate (background
color), principal strain rate; (b) dilatational strain rate (background color, the negative indicates
compression and the positive denotes extension), principal strain rate; (c) rotation rate (the negative
indicates clockwise and the positive indicates anti-clockwise).

From west to east of the study area, the principal tensile strain direction gradually
changes from NW-SE to NE-SW. The principal compressive strain direction also gradually
transitions from NE-SW to NW-SE. The Yangbi earthquake is in the deflection area where
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the principal strain direction changes, indicating that the properties of crustal strain (stress)
movement in this area differ from the surrounding area. The maximum shear strain rate
along the fault can directly reflect the magnitude of the shear deformation of the fault, so
it can be used to quantitatively determine the magnitude of the fault strike–slip motion.
The maximum shear strain rate field (Figure 4a) and the principal strain field show that the
Weixi–Qiaohou fault, Jianchuan–Qiaohou fault, Heqing–Eryuan fault, Lijiang–Xiaojinhe
fault and Chenghai fault are located in the high shear strain rate area. Moreover, the Yangbi
earthquake occurred at the junction of the edge of the high shear strain zone and the Red
River fault, which is consistent with the previous understanding that earthquakes usually
occur at the edge of the high-value area of the large-scale horizontal strain rate zones that
are consistent with the tectonic deformation background [25,26]. The surface dilatation
rate field (Figure 4b) shows two high-value areas in the study region, with the Yangbi
earthquake located in one of them, close to the intersection edge of surface expansion and
compression. The rotation rate field (Figure 4c) demonstrates the presence of an obvious
rotation difference boundary in the study area, with the rotation rates on both sides of this
boundary being significantly different, forming two distinct rotation units. The Yangbi
earthquake occurred in the transition zone from high rotation rate to low rotation rate,
indicating that it occurred in the area where the rotation rates on the east and west sides
differ significantly.

4. GPS-Constrained Inversion of Regional Main Fault Slip Rate
4.1. Construction of Regional Main Fault Geometry Model

In seismic hazard assessment, the fault slip rate is a critical parameter. To accurately
determine the slip rate of the primary active faults in the study area, we selected the main
complex small and large faults in the region that needed consideration and geometrically
modeled them. Based on the deformation model of thick lithosphere fracture proposed by
Savage et al. [27], each fracture was represented as a geometric and kinematic pattern of
‘segmented link, upper locking and lower infinite deep uniform sliding.’ It was assumed
that the regional crust deformation resulted from the continuous sliding of the primary
faults under the locking layer. This geometric model of fault movement has been widely
adopted globally to explain the relationship between the GPS crustal deformation field and
fault movement [17,27,28].

The main fault geometry models we constructed are shown in Figure 5 and Table 2.
These models serve as the basis for inverting the fault (segment) slip rate via GPS velocity
field constraint. During the model establishment, we assumed that the fault plane was
vertical, mainly based on the following considerations: most faults had high uncertainty
in their deep geometry, and there were few data on the fault dip angle. Moreover, the
fault shape was complex and could not be accurately described by only the fault dip angle.
Therefore, considering the influence of the fault dip angle in the model may increase the
uncertainty of the model, and the improvement of the model itself may not be noticeable.
Thus, we set all fault dip angles to 90◦ in the model. The fault slip rate obtained in
this study includes the strike–slip component and compression/tension component. The
compression/tension component on the vertical fault can approximate the thrust/normal
fault effect on the non-vertical fault plane. Similar assumptions have been adopted in many
previous studies and have been well applied [17,29–32].

Regarding the locking depth, previous research has shown that M ≥ 2.5 earthquakes
in the southeastern margin of the Tibetan Plateau mainly occur above 25 km [28]. Liu [33]
calculated the seismic depth of the northwestern Yunnan region to be above 20 km through
seismic relocation. Within this seismic depth range, setting 25 km as the a priori value of
the locking depth is reasonable.
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Figure 5. Three-dimensional fault model. F1 Nantinghe fault; F2 Wanding fault; F3 Nujiang fault;
F4 Lancangjiang fault; F5 Lanping–Yunlong fault F6 Yongping fault; F7 Weixi–Qiaohou fault; F8 south
section of Jinshajiang fault (Jidala section); F9 Deqin–Zhongdian–Daju fault; F10 Lijiang–Xiaojinhe
fault; F11 Yuanmou fault; F12 Chuxiong–Nanhua fault; F13 Honghe fault; F14 Chenghai fault;
F15 Heqing–Eryuan fault; F16 Jianchuan–Qiaohou fault; F17 Nanjian–Weishan fault.

Table 2. Inversion results of main faults.

Fault
Dip

Angle
Locking
Depth

Slip Rate (mm/yr) Extrusion/Tension Rate (mm/yr)
Inversion Geological Inversion Geological

Nantinghe 90 25 −2.8 ± 1.1 −3.6 ± 0.4 −1.6 ± 0.7 −1.1 ± 0.3

Wanting 90 25 −4.6 ± 1.0 −1.7–3 −2.9 ± 1.0

Nujiang 90 25 5.5 ± 1.1 −2.2 ± 1.0

Northern segment of
Lancangjiang fault 90 25 3.3 ± 0.8 1.0 ± 0.7

Lanping–Yunlong 90 25 1.4 ± 0.6 0.1–0.19 0.7 ± 0.6

Yongping 90 25 1.8 ± 0.7 0.1–0.19 0.8 ± 0.7

Yuanmou 90 25 −2.7 ± 0.7 1–2 1.9 ± 0.5 0.1–0.3

Deqin–Zhongdian–Daju 90 25 2.7 ± 0.6 −1.5 ± 0.6

South section of Jinshajiang
fault (Jirada section) 90 25 1.4 ± 0.8 1.5 ± 0.7

Lijiang–Xiaojinhe 90 25 −4 ± 0.8 −3.8 ± 0.7 0.6 ± 0.6 0.64 ± 0.14

Jianchuan–Qiaohou 90 25 0.8 ± 0.3 1.1 ± 0.5

Heqing–Eryuan 90 25 −3.6 ± 0.6 −1.8–2.0 −0.54 ± 1.0

Chenghai 90 25 −3.1 ± 0.7 −1–1.2 −0.6 ± 0.7

Chuxiong–Nanhua 90 25 5.4 ± 1.0 2.3–4 1.1 ± 0.7

Northern segment of
Red River fault 90 25 1.9 ± 0.7 1.0 ± 0.9

Middle section of
Red River fault 90 25 2.5 ± 0.7 −0.3 ± 0.6

Weixi–Qiaohou 90 25 1.1 ± 0.7 1–3 −0.75 ± 0.7
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4.2. GPS-Constrained Inversion Method of Fault Slip Rate

Based on the “three-dimensional fault dislocation model in semi-infinite elastic space”,
the slip rate of main faults (segments) is inversed with the constraint of the GPS crustal
movement velocity field [34–38]. The concise principle is that if there are multiple rectan-
gular fault sliding plates, where the strike–slip and dip–slip motion parameters of each
rectangular plate are

[
DS DD

]
i, respectively, then the three-component deformation val-

ues
[
UX UY UZ

]
P of any point P in space caused by fault dislocation can be expressed asUX
UY
UZ


P

=
n

∑
i

GXS GXD
GYS GYD
GZS GZD


i

×
[

DS
DD

]
i
=

n

∑
i

Gi ×
[

DS
DD

]
i

(1)

where the matrix Gi is Green’s function matrix, which describes the three-component
deformation value of the unit strike–slip and dip–slip at the point of the ith fault segment.
As long as the geometric parameters of the point and the fault section are determined, the
Gi is uniquely determined. Clearly, for the fault dislocation model, the three-component
deformation value caused by a series of fault dislocations at a point is a linear function of
the motion parameters of each fault segment, and the coefficients in the linear function are
uniquely determined using the geometric parameters of the point and the fault segment.
Therefore, the displacement of a point on the ground is the simple superposition of the
displacements caused by the sliding of these rectangular surfaces at each point.

For the inversion problem, when the three-dimensional velocity components of the
GPS observation points and the geometric parameters of the fault are known, the dislocation
slip rate of the fault segment can be obtained through inversion according to the least
squares fitting principle [17,28].

4.3. Inversion Results

The results of fault slip rate inversion based on the Okada fault dislocation model
are shown in Table 2 and Figure 6b,c. The fitting residuals (Figure 6a) show that the
residual values of the model are almost less than 2 mm/yr, except for a few points on
the edge of the model. Overall, the SE-trending faults in the study area show right-
lateral strike–slip characteristics, and the NW-trending faults show left-lateral strike–slip
characteristics, consistent with previous research results [31,32]. Below, we will briefly
analyze the inversion results of the main faults in the study area.
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The Nujiang fault zone is a large-scale regional deep fault, and its right-lateral slip
rate and tensile rate are 5.5 ± 1.1 mm/yr and 2.2 ± 1 mm/yr, respectively. This agrees
with the 4.3–6.4 mm/yr results from Wang et al. [39] based on GPS profiles. The inversion
results of the average right-lateral slip rate and compression rate of the northern segment
of the Lancangjiang fault are 3.3 ± 0.8 mm/yr and 1.0 ± 0.7 mm/yr, respectively, which
are consistent with the results obtained by Wang et al. [31] based on the fault element
connection model.

The Wanding fault is an essential arc-shaped fault in southwestern Yunnan [40], where
there have been many moderate to strong earthquakes in history. The inversion left-lateral
slip and tensile rates are 4.6 ± 1 mm/yr and 2.9 ± 1 mm/yr, respectively. This is slightly
larger than the 1.7~3 mm/yr obtained by Chang et al. [40] and Wu et al. [5] based on a field
investigation of active tectonics.

The Nantinghe fault is a NE-trending arc-shaped sinistral fault. According to the
inversion results, its sinistral slip and tensile rates are 2.8± 1.1 mm/yr and 1.6± 0.7 mm/yr,
respectively. This is consistent with the left-lateral strike–slip rate of 3.6 ± 0.4 mm/yr
obtained by Shi [41] through terrace offset and C14 dating.

As the northwest boundary of the Sichuan–Yunnan rhombic block, the inversion re-
sults of the dextral slip and the extrusion rate for the Jinshajiang fault are 1.4 ± 0.8 mm/yr
and 1.5 ± 0.7 mm/yr, respectively. The dextral slip rate and tensile rate of the Deqin–
Zhongdian–Daju fault are 2.7 ± 0.6 mm/yr and 1.5 ± 0.6 mm/yr, respectively, which
are consistent with the results of Chang et al. [42] and slightly smaller than the 5 mm/yr
obtained by Xu et al. [43] and 6 mm/yr obtained by Li et al. [31]. The Weixi–Qiaohou
fault is one of the branch faults of the Red River fault zone extending northward. Its
dextral strike–slip rate is 1.1 ± 0.7 mm/yr, and the tensile rate is 0.8 ± 0.7 mm/yr. The re-
version result is consistent with the 1–3 mm/yr estimated using geological methods [44,45].
As a deep large boundary fault in the Red River fault zone, this paper’s inversion re-
sults show that the middle section’s activity is stronger than that of the northern section.
The northern section’s dextral strike–slip and extrusion rates are 1.9 ± 0.7 mm/yr and
1.0 ± 0.9 mm/yr, respectively. The dextral strike–slip and extension rates of the middle
segment are 2.5 ± 0.7 mm/yr and 0.3 ± 0.6 mm/yr, respectively, which are essentially
consistent with the results of Li et al. [28] and Li et al. [46].

The Lijiang–Xiaojinhe fault is a secondary boundary fault in the Sichuan–Yunnan
rhombic block that has been continuously active since the Holocene. The inversion results
of its left-lateral strike–slip rate and extrusion rate are 4.7± 0.8 mm/yr and 0.6± 0.6 mm/yr,
respectively, which are slightly larger than the 3.7~3.8 mm/yr obtained by Xiang et al. [47].
Recent studies based on tectonic geomorphology and field investigations suggest that the
Chenghai fault is characterized by left-slip and normal fault activity and has a maximum
left-slip rate of 1.0–1.2 mm/yr [48,49], which is smaller than the 3.1 ± 0.7 mm/yr obtained
from the inversion of this paper. The Heqing–Eryuan fault is a NE-SW extension, and the
southern section is oblique to the Red River fault zone, which is has been active since the
Late Quaternary. The research results of Fang et al. [50] and Sun et al. [51] show that its left-
lateral strike–slip rate is 1.8~2.0 mm/yr, which is slightly smaller than the 3.6 ± 0.6 mm/yr
obtained from the inversion in this paper. The Chuxiong–Nanhua fault is nearly parallel
to the Red River fault in geometric distribution. It is considered to be the southwest
boundary of the Sichuan–Yunnan rhombic block, together with the Red River fault. In this
paper, the right-lateral strike–slip rate and extrusion rate of the Chuxiong–Nanhua fault
are 5.4 ± 1.0 mm/yr and 1.1 ± 0.7 mm/yr, respectively, which are slightly larger than the
geologically given 2.3~4.0 mm/yr [52].

5. Seismic Moment Balance

During the inter-seismic period, the accumulated elastic energy of a locked fault will
eventually be released in the form of an earthquake. Therefore, the net accumulated energy
on a fault should be the difference between the accumulated elastic energy and the released
seismic energy. The seismic moment accumulation rate can be calculated based on the fault
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slip rate inverted in this study. By using historical earthquake catalogs and previously
published paleoseismic data, the seismic moment release on the fault can be obtained. Then,
the seismic moment loss of a fault can be estimated. The study of seismic moment deficit is
significant for understanding the long-term seismic risk of seismogenic faults [29,31,53].

5.1. Moment Accumulation Rate

The cumulative rate of seismic moments on a given fault can be calculated according
to formula M0 = ∑µ|s|A, where µ is the shear modulus, take 30 GPa, |s| is the total slip
rate of the fault obtained above, including the strike–slip and dip–slip on the fault (the
extension/convergence of the vertical fault) rate, and A is the locking area of the fault plane.
According to the fault locking depth set above, the cumulative rate of the moments of the
main faults in the study area can be calculated. If the time interval is given, the moment
accumulation of a fault in the period can be calculated.

5.2. Seismic Moment Release

The seismic moment release of an earthquake can be calculated by its moment magni-
tude. The formula of moment magnitude is as follows:

Mw = (2/3) log M0 − 6.03 (2)

Since most of the early earthquake catalogs give surface wave magnitudes, Ms, but
the difference between the moment magnitude and the surface wave magnitude is very
small [54], the magnitudes in the earthquake catalogs are treated as approximate moment
magnitudes to estimate the release of seismic moments. The energy released by a magnitude
5 earthquake is about 3% of the energy released by a magnitude 6 earthquake and 0.1% of
the energy released by a magnitude 7 earthquake. Therefore, the energy released by these
earthquakes can be negligible when estimating the hazard of earthquakes above magnitude
6. Therefore, only earthquakes above magnitude 6 are considered in the later estimation of
seismic moment release.

5.3. Seismic Moment Deficit

The completeness and reliability of the strong earthquake catalogs are crucial for
estimating the seismic moment release and moment deficit. In this study, the seismic
moment accumulation starting time and seismic moment release were determined based
on Xu et al.’s [9] historical earthquake catalog and published fault paleoseismic data. The
principle of determining the seismic moment accumulation starting time is as follows: for
earthquakes with a clear magnitude of≥7 in the catalog, we take the most recent magnitude
7 earthquake as the starting point in time and assign this earthquake to the closest major
fault. For faults that are not recorded in the earthquake catalog, we determine the starting
time of the last strong earthquake through paleoseismic data. Then, using the fault moment
accumulation rate obtained in the previous section, the moment accumulation of the major
faults in the study area is estimated and, finally, the seismic moment deficit is calculated
(Table 3, Figure 7).

Figure 7 shows that most of the main faults in the region have high seismic potential.
Particularly noteworthy are the Wanding–Anding fault (11.392 × 1020 N m) and Lijiang–
Xiaojinhe fault (10.986× 1020 N m), whose deficit has reached an 8.0 magnitude earthquake.
Wu et al. [55] found that the Wanding–Anding fault has had no earthquakes with M ≥ 7 on
the scale of nearly a thousand years through historical seismic records. They believe that it
is currently a seismic gap and has the possibility of earthquakes with M≥ 8. Ding et al. [56]
found that the last paleoearthquake of the Lijiang–Xiaojinhe fault occurred 1700 years
ago, and no earthquakes with M ≥ 7 were recorded during this period. Due to its long
accumulation time of seismic moments, the moment deficit of the Lijiang–Xiaojinhe fault
is significant. In addition, the Weixi–Qiaohou–Weishan fault (3.398×1020 N·m) and the
Deqin–Zhongdian–Daju fault (4.353 × 1020 N m) also have high seismic moment deficits,
with the equivalent magnitudes of 7.7.
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Table 3. Accumulation, release and deficit of seismic moments on faults.

Fault Elapsed
Time/a

Moment
Accumulation Rate

(1017 N·m/a)

Moment
Accumulation

(1020 N·m)

Moment
Release

(1020 N·m)

Moment
Deficit

(1020 N·m)

Equivalent
Earthquake
Magnitude

NTH 81 13.415 1.087 0 1.087 7.3

WD-AD 1022 11.171 11.417 0.025 11.392 8.0

NJ 92 20.889 1.922 0 1.922 7.5

DQ-ZD-DJ 1022 4.444 4.542 0.099 4.353 7.7

JC-QH 271 0.542 0.147 0 0.147 6.7

LJ-XJH 1700 6.576 11.18 0.194 10.986 8.0

HQ-EY 183 3.004 0.550 0 0.550 7.1
CH 507 3.310 1.678 0.054 1.624 7.4

NH-CX 342 5.748 1.966 0.025 1.941 7.5

RRN 97 1.536 0.568 0 0.568 7.1

RRM 370 2.778 0.269 0.036 0.233 6.9

WX-QH 600 5.724 3.434 0.036 3.398 7.7
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6. Discussion
6.1. Seismic Hazard Analysis

As a retrospective tracking after the Yangbi earthquake, this study will focus on two
issues: (1) what are the prominent characteristics in the regional strain rate field before the
Yangbi earthquake? (2) Based on the characteristics of the strain field before the earthquake,
according to the principle of simple analogy, the most likely location of strong earthquakes
in the future will be infered. After analyzing the seismic strain characteristics of the Yangbi
earthquake, the following four characteristics are identified:

1. Located in the transition zone where the strain direction of the principal strain field
has changed;

2. Located at the junction between the high value of maximum shear strain and fault;
3. Located at the edge of the transition between the surface dilatation and compression;
4. Located at the position where the rotation rates on both sides are quite different.

Based on the characteristics summarized above, the visual judgment method is used
to analyze the seismic risk of the area that meets the above characteristics and to delineate
the future seismic risk area (Figure 8).
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The study area is divided into several risk areas according to the above strain character-
istics. Figure 8 shows that the distribution of small earthquakes [57] has a high coincidence
with the division of seismic risk areas. Combined with the analysis of small earthquake
distribution and strain rate field, the seismic risk of the Chenghai fault, Jianchuan–Qiaohou
fault, Heqing–Eryuan fault and Lijiang–Xiaojinhe fault is relatively high. Zhou et al. [58]
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delineated the potential source area in northwest Yunnan and concluded that there is also a
potential for 7–8 magnitude earthquakes in the Chenghai fault. Cheng et al. [59] analyzed
the coseismic deformation field of the Wenchuan and Lushan earthquakes, and concluded
that the Wenchuan and Lushan earthquakes promoted the accumulation of seismic energy
in the southwestern segment of the Lijiang–Xiaojinhe fault at the junction of Sichuan and
Yunnan. Through numerical simulation, Li et al. [60] determined that the current stress
accumulation rate of the middle and southern segments of the Lijiang–Xiaojinhe fault and
the northeastern segment of the Chenghai fault is still higher than that of other faults in the
region. The division of potential source areas based on the principle of the repetition of
historical earthquakes considers that areas where strong earthquakes have occurred histori-
cally are likely to experience earthquakes of similar or higher magnitude than historical
earthquakes again in the future. Since the Lijiang M7 earthquake occurred in 1996 and
the Dali M7 earthquake occurred in 1925, and these two large earthquakes are also within
the defined seismic risk zone, there is still the potential for earthquakes above M7 in the
future. In the divided seismic risk area, there have been more than six earthquakes along
the Weixi–Qiaohou fault and the Jianchuan–Qiaohou fault. Therefore, the seismic potential
of these two areas cannot be underestimated.

6.2. Analysis of Fault Locking Degree

The fault locking degree is an essential factor to weigh the seismic risk of a fault [61,62].
The above analysis shows that there is still a high seismic risk in the Lijiang–Xiaojinhe,
Chenghai and Weixi–Qiaohou faults. In order to analyze the seismic risk of these three
faults more accurately, this paper uses Tdefnode software based on negative dislocation
theory [62,63] and inverses the locking degree of these faults.

In the inversion process, the fault slip rate obtained above is used as the prior value
input of the inversion model, and the locking depth is still set to 25 km. Li et al. [64]
determined that the inversion results were not sensitive to the fault dip angle by setting
different parameters, and the setting of different fault dip angles had little effect on the
inversion results. Therefore, the Lijiang–Xiaojinhe fault, Jianchuan–Qiaohou fault, Weixi–
Qiaohou fault and Chenghai fault are set to 70◦, 70◦, 60◦ and 50◦, respectively, and the
locking degree is gradually reduced along the dip direction. The inversion results show
that most of the fitting residuals are less than 2 mm/yr (Figure 9), which is within the
GPS observation error. In general, the model can properly describe the crustal movement
characteristics of the study area.

Figure 9 shows that the locking degree of the Weixi–Qiaohou fault is unevenly dis-
tributed along the strike. The sections with a higher locking degree are located in the
northern, middle and southern sections of the Weixi–Qiaohou fault, which seems to form
three asperities. The locked area in the middle section is consistent with the red dangerous
area obtained through the previous division, and the strong locked area in the southern
section is consistent with the blue dangerous area. Combined with the dangerous area
obtained through the previous division, it is considered that the seismic risk in the mid-
dle section of the Weixi–Qiaohou fault is stronger, followed by the south section. This
result is consistent with the higher rupture risk zone through the coseismic Coulomb stress
change [65,66].

The locking distribution of the Chenghai fault shows the characteristics of uneven
variation in the locking degree along the strike. The strongest locking occurs in the south
segment, the locking depth in the middle and north sections is gradually reduced and then
it increases again in the north segment. Moreover, the inverted slip rate of the Chenghai
fault gradually decreases from south to north. Combined with the distribution of small
earthquakes and the division of seismic hazard zones, it is considered that the seismic
hazard is higher in the southern segment, i.e., Midu–Binchuan segment, than in the northern
segment, i.e., Yongsheng segment. This result is consistent with Xu et al.’s [66] finding that
the Coulomb stress changes induced by earthquakes have a more significant impact on the
Chenghai fault.
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The overall locking strength of the Lijiang–Xiaojinhe fault and the Jianchuan–Qiaohou
fault is not high. The locking degree is higher in the northeastern segment of the Lijiang–
Xiaojinhe fault, while the locking degree is lower in the Ninglang section, as a boundary
segment, and then increases in the Lijiang segment. The Jianchuan–Qiaohou fault shows
the characteristics of increasing locking degree from southwest to northeast, but the overall
locking degree is not high. Combined with the analysis of the divided seismic hazard
zone, the seismic hazard in the Jianchuan section is currently higher than that in the
Lijiang section.

7. Conclusions

In this paper, the strain rate field is calculated based on the GPS velocity field solved
by Wang and Shen [6] and the data of regional self-built continuous observation stations.
The characteristics of crustal movement in the area of about 400 km × 400 km and the
characteristics of strain rate field before the Yangbi earthquake are discussed. The results
show that the Yangbi earthquake was located in the high-value area of principal strain
along the Weixi–Qiaohou–Weishan–Red River fault, which is in a tectonic environment
of EW tension and SN compression. By analyzing the seismic strain characteristics of
the Yangbi earthquake, four characteristics are identified. The study areas meeting the
characteristics and combined with the distribution of small earthquakes are analyzed for
seismic hazard and delineated for future seismic hazard zones. It is considered that the
seismic risk of the Chenghai fault, Jianchuan–Qiaohou fault, Heqing–Eryuan fault and
Lijiang–Xiaojinhe fault is relatively high. The locking coefficients of the Weixi–Qiaohou
fault, Chenghai fault, Jianchuan–Qiaohou fault and Lijiang–Xiaojinhe fault are inversed
according to the negative dislocation method. Combined with the divided risk areas, it
is considered that the seismic risk in the middle segment of the Weixi–Qiaohou fault is
stronger, followed by the southern section. The seismic hazard is higher in the southern
section of the Chenghai fault, i.e., the Midu–Binchuan segment, and lower in the northern
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section, i.e., the Yongsheng segment. The locking strength of the Lijiang–Xiaojinhe fault
and Jianchuan–Qiaohou fault is not high as a whole. Combined with the analysis of the
divided seismic risk zones, it is considered that the seismic risk in the Jianchuan segment is
higher than that in the Lijiang segment.

In this paper, the semi-infinite space elastic dislocation model is used to invert the
current slip rate of the main faults in the Yangbi earthquake-affected area. Combining
this with the reliable historical strong earthquake catalogs, the moment accumulation,
seismic moment release and seismic moment deficit of the main faults are estimated.
The results show that the Wanding–Anding fault, the Lijiang–Xiaojinhe fault, the Weixi–
Qiaohou fault and the Deqin–Zhongdian–Daju fault have apparent deficits. Moreover, the
Wanding–Anding fault and the Lijiang–Xiaojinhe fault have the potential for earthquakes
with magnitudes above 8.
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