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The 2020 Jiashi Ms 6.4 earthquake occurred north of the 1997-1998 Jiashi
earthquake swarm. Because of its complex tectonic environment and frequent
strong earthquake occurrence, scholars have paid extensive attention to this area.
To study the upper crustal anisotropy in the source area, we applied microseismic
event detection and shear-wave splitting techniques to the seismic data recorded
by five stations around the epicenter. First, the earthquake catalog of the Jiashi Mg
6.4 earthquake sequence was rebuilt using the “Match & Locate” method. A total of
9,695 earthquake events were obtained, and the number of newly detected
earthquakes was approximately 7.3 times the number in the officially released
catalog. The newly identified microseismic data greatly increased the number of
effective records and improved the reliability of the results. We analyzed shear-
wave splitting according to the updated catalog. The results showed that the
dominant polarizations of the fast shear waves were in NW or NNW at the stations
BPM, XKR, L6505, and L6513, consistent with the stress near the source area. There
are also blind faults with an NNW direction in the strike distributing en echelon and
parallel to the main stress direction in the Jiashi seismic area. Thus, the fast shear-
wave polarization of the four stations may also reflect the strike of multiple buried
NNW faults in the study area. The fast shear-wave polarization of station HLJ,
located at the Halajun Basin, was E—-W, with the overall trend of the Kalpin thrust
nappe structure. However, this station didn't show the same NW or NNW fast-
wave direction as the four stations previously mentioned. This finding may indicate
that the NW-trending buried faults in the Jiashi seismic area have a limited size in
both the length and the depth, only reaching northward near the second row of
the Kapingtag nappe structure. The temporal trend of the delay time at station HLJ
showed that a stress-release process occurred before the Mg 6.4 earthquake and
that stress-release occurred again after the mainshock. At station XKR, the delay
time rapidly increased and then fell in the early period after the Mg 6.4 earthquake,
indicating that stress accumulated rapidly after the main earthquake but was
released during the aftershock sequence. This study provides novel insights into
the complex structural characteristics and seismogenic environment in the
Jiashi area.
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1 Introduction

On Jan 19, 2020, an Mg 6.4 earthquake occurred in Jiashi
County, Kashgar, Xinjiang, China. Forty-5hours prior to this
event, an Mg 5.4 earthquake occurred not far away, representing
the foreshock. The Jiashi Mg 6.4 earthquake occurred in the
northern margin of the Tarim Basin on the NE side of the Pamir
Plateau, near the front fault (Keping fault) of the Kepingtag fold-
reverse fault zone, which was not far from the Jiashi earthquake
swarm that occurred from 1997 to 2003 (Liu et al., 2000; Yang et al.,
2006). The foreshock sequence of the Mg 6.4 earthquake differed
from previous foreshock sequences; for example, the p-value of the
Ms 5.4 foreshock sequence was low, and the foreshock sequence
activity of the earthquake migrated and shrank toward the
mainshock location (Deng and Jiang, 2022). The most prominent
feature was the difference in rupture properties between the
foreshock and the mainshock, where the focal mechanism of the
M 5.4 foreshock was a strike-slip fault, but that of the Mg 6.4 main
shock was a thrust fault (Cui et al., 2021; Guo et al., 2021; Li et al.,
2021; Zhang et al, 2021). Strong earthquakes with significant
foreshocks have occurred in recent years, such as the Mg
7.3 earthquake in Yutian, Xinjiang, in 2014 (Li and Wang, 2015),
the Mg 6.1 earthquake in Yingjiang, Yunnan, in 2014 (Zhao et al,,
2014), the Mg 5.9 earthquake in Shangri-La, in 2013 (Luo et al,
2015), and the M 7.1 earthquake in Yushu, Qinghai, in 2011 (Lv
etal,, 2011), where the rupture types of the foreshock and mainshock
were similar. The difference between the focal mechanism of the
Jiashi Mg 5.4 foreshock and the Mg 6.4 mainshock reflects the
complexity of its seismogenic structure. The distribution of
aftershocks of the Jiashi Mg 6.4 earthquake had two dominant
directions, with most aftershocks distributed in the E-W
direction and a small number of earthquakes distributed in the
N-S direction (Li et al, 2021). The phenomena have some
similarities with the 2014 Ludian Mg 6.5 earthquake in Yunnan
(Zhang et al., 2014; Zhang et al., 2015). It is generally believed that
the conjugate distribution sequence may have been controlled by
multiple faults (Guo et al., 2021), especially those concealed near the
epicenter that differs in nature and strike with the main faults.
Therefore, it is important to investigate the relationship between
active faults near the Jiashi Mg 6.4 earthquake and the stress
environment near the source area.

When a shear wave propagates along an anisotropic medium, it
splits into components with different polarization directions and
velocities. This phenomenon is called shear-wave splitting
(Crampin, 1978; Crampin, 1984). The polarization of the fast
shear wave (hereafter referred to as “fast waves”) is usually
parallel to the in-situ horizontal principal stress azimuth or the
structural fracture trend nearby, while the delay time of the slow
shear wave (hereafter referred to as “slow waves”) is slow relative to
fast shear waves (referred to as “the delay time”). The delay time
reflects the anisotropic degree of the regional medium and stress
field changes. It is affected by the stress field and micro-crack
geometry. Therefore, shear-wave splitting parameters are
important in studying fault structure, medium deformation,
regional stress, and their variation characteristics (Zheng et al,
2008; Zhang et al, 2009; Gao et al., 2010; Wu et al, 2022).
Previous studies have also shown that the shear-wave splitting
parameters of foreshock and aftershock sequences often exhibit
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certain differences. For example, the polarization of the
aftershock sequence of the Mg 6.1 earthquake in Yingjiang,
Yunnan was deflected when compared with that of the foreshock
sequence, and the delay time of the aftershock sequence was higher
than that of the foreshock sequence (Li et al., 2015). The delay time
of the slow wave at the SAU station showed a decline before the Mg
6.6 earthquake in Iceland on Jun. 17, 2000 (Voliti and Crampin,
2003), and a similar decline occurred before the Mg 5.3 aftershock in
Shidian, Yunnan, in 2001 (Gao, Liang, et al.,, 2004). In addition,
relevant research results on strong earthquakes such as the
2008 Wenchuan earthquake, the 1999 Taiwan Jiji earthquake,
and the 2021 Qinghai Maduo earthquake also showed significant
spatiotemporal differences in shear-wave splitting parameters before
and after strong earthquakes (Zheng et al., 2008; Gao et al,, 2018;
Cao et al,, 2022). Changes in shear-wave splitting parameters before
and after strong earthquakes are considered to reflect stress changes
in the source area, which is of great value in revealing the anisotropic
characteristics of a medium in a seismogenic area and changes in the
stress state.

This study used the waveform data of the Jiashi Mg
6.4 earthquake sequence recorded by three fixed stations and two
temporary stations erected after the earthquake in the source area.
First, the template matching method (Match & Locate, M&L; Zhang
and Wen, 2015; Zhang, 2015) was used to reconstruct the catalog of
the source area to expand the effective data in the shear-wave
window. Then, the shear-wave splitting parameters of each
station were calculated. Next, the anisotropic characteristics of
the crustal medium near the Kalpingtag nappe before and after
the Jiashi Mg 6.4 earthquake were discussed, the azimuth
distribution of the principal stress was inferred, and the
relationship between the polarization of the fast wave below the
station and the fracture was studied.

From 1997 to 1998, nine consecutive Mg>6.0 earthquakes
occurred in the Jiashi area within a short period, while
concentrated strong earthquake activities were rare globally.
Subsequently, in 2003, an Mg 6.8 earthquake occurred, and the
ended. All
Ms>6.0 earthquakes occurred in the foreland basin of the South

strong earthquake activity in this area
Tianshan thrust-nappe structural system (Figure 1). Studies have
confirmed a series of blind faults under the thousands of meters
thick sedimentary layers in the area, which can breed moderate and
strong earthquakes (Xu et al., 2006; Xu et al., 2006; Xu Ran, et al.,
20065 Yang et al., 2006; Zhang et al., 2008). However, no obvious
surface rupture was observed after these Ms>6.0 earthquakes, and
the seismogenic environment and structure are still relatively vague.
The 2020 Jiashi Mg 6.4 earthquake was located on the N side of the
Jiashi strong earthquake swarm, close to the Kalpingtag nappe
structure. The Kalpingtag nappe structure is composed of
multiple rows of monocline or anticline mountain systems
(nappes) that are almost E-W-trending and distributed in
parallel, with thrusting and napping from N to S and divided
into two parts by the Puchang fault, E and W (Qu et al,, 2003).
The 2020 Jiashi Mg 6.4 earthquake was located on the W side of the
Puchang fault, near the front fault (Kaling fault) of the Kalpingtag
nappe structure. The N-S-trending crustal shortening rate of the
Kalpingtag nappe on the E and W sides of the Puchang fault differ,
with 2.5-2.7 mm/a on the W side and 0.3 mm/a on the E side (Li
et al., 2020). The Puchang fault is also considered a “transform-like
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Tectonics, stations, and earthquakes in the 2020 Jiashi Ms 6.4 focal area. The light blue circle represents the 1997-2003 Jiashi earthquake swarms,

while the dark blue circle represents the Jiashi Ms 6.4 earthquake in 2020.

fault,” which represents the boundary of unequal crustal shortening
on the E and W sides of the fault. It divides and adjusts the transition
of the crustal shortening boundary between the large shortening in
the W and the small shortening in the E (Xu et al., 2006).

After relocating the Jiashi strong earthquake swarm, it was
determined that these earthquakes occurred on at least two
NNW-trending parallel rupture zones in an en-echelon dextral
strike-slip arrangement (Zhou et al.,, 1999, 2006). Moreover, the
normal fault activity in the Jiashi area promoted cyclic triggering of
earthquakes between the en-echelon strike-slip faults (Zhou et al.,
20065 Zhang et al,, 2008). Li, Jiang, et al. (2021) reported a high-dip
strike-slip fault in the Jiashi Mg 6.4 source area, which was essentially
parallel to the seismogenic structure of the Jiashi earthquake swarm
trending toward NNW. Furthermore, Cui et al. (2021) reported that
the Jiashi Mg 6.4 mainshock comprised two sub-events with strike-
slip and thrust characteristics. They speculated that the Mg 6.4 event
occurred in the middle and lower crust, below the detachment
surface of the Keping structural belt. The mainshock comprised an
NNW-trending W-dipping high-angle blind fault and the successive
breaking of an almost E-W-trending S-dipping structure.

Regarding the stress field characteristics in the Jiashi area,
early research results suggested that the background tectonic
stress is mainly in the NNW direction (Xu et al., 1989; Ding and
Lu, 1991). Recently, based on the focal mechanism of
Ms>3.5 earthquakes in the
maximum principal stress direction in the Jiashi area is NW

Tianshan seismic belt, the

(Li et al., 2015). However, different results have been reported
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regarding the stress field during 1997-2003. Gao et al. (2004)
reported that after discounting the strong earthquake swarm, the
direction of the P-axis in the Jiashi vicinity is dominated by NW.
Conversely, based on the moment tensor solution of moderate
earthquakes from 1997 to 2004, Zhao et al. (2008) reported that
the direction of the local stress field in the Jiashi area is spatially
inhomogeneous. That is, the stress field in the western part is
relatively stable, with the direction of 12°. In contrast, the
principal compressive stress axis in the eastern area was 321°.
Cui (2006), through the inversion of earthquakes in different
groups, considered that the modern tectonic stress field in the
area is NNW-SSE direction with an azimuth angle of 162°. Before
the Jiashi strong earthquake swarm, the direction of the
maximum principal stress in the Jiashi source area was
deflected and became NNE-SSW, with an azimuth angle of 25°
lasted for a while, and then changed to the NNW again.

2 Data and methods

2.1 Data selection and microseismic
detection

Before studying the anisotropy of the crustal medium, it is
necessary to select small earthquake data to ensure that the
incident angle of the recorded shear wave is less than the critical
angle. Seismic events within the shear-wave window are then
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TABLE 1 Station parameters in the 2020 Jiashi Ms 6.4 earthquake.

10.3389/feart.2023.1160676

Station code Network code Lat (‘N) Lon (E) Seismometer Frequency band Sampling rate (Hz)
XKR XJ 39.83 77.58 BBVS-60 60s-50 Hz 100
BPM XJ 39.88 76.84 CMG-3ESPC 60s-50 Hz 100
HLJ XJ 40.19 76.86 BBVS-60 60s-50 Hz 100
L6505 XJ 39.77 77.04 CMG-40TDE 25-50 Hz 100
L6513 XJ 39.82 77.36 CMG-40T(S) 25-50 Hz 100

selected for analysis. According to Snell’s law, the critical angle is
approximately 35°. Due to the influence of low-velocity sediment
layers on the surface and other factors, the shear-wave window can
generally be widened to 45°-50° (Gao et al., 1998). The sedimentary
layer near the Jiashi area is relatively thick, up to 8-9 km (Xu et al.,
2006). There is generally no accepted regional velocity model, so we
regarded the crustal structure as a single-layer medium when
calculating the incident angle. Therefore, we set the shear-wave
window to 45" (Crampin and Peacock, 2005).

Due to the strict data screening conditions of the shear-wave
window, the data availability in this study was limited, and the
adequate number of small earthquakes around the station
became a key factor influencing the validity of the results (Bao
and Gao, 2017). Restricted by human factors, there are a large
number of omissions in the officially released catalog, especially
for the small earthquakes recorded by only a single station. To
increase the effective data in the shear-wave window, in recent
years numerous studies have greatly expanded the catalog based
on microseismic detection technologies. Using a template
matching method, Ross et al. (2019) identified nearly ten
times more events than those in the Southern California
Seismic Network (SCSN) catalog. M&L not only derives small
events but also provides relatively high-precision spatial location
information, facilitating the subsequent crustal shear-wave
splitting step. Gao et al. (2019) and Chen (2018) used linear
temporary seismic array data to study crustal shear-wave
splitting. The microseismic events identified by the M&L
method were several times that of the seismic network catalog.
Furthermore, studying the anisotropy of the Qinghai-Tibet
Plateau, Guo and Gao (2020) obtained an approximately five
times higher number of new events using the M&L method as
compared to that in the original catalog, which greatly increased
the effective data.

After the Jiashi Mg 6.4 earthquake in 2020, the Xinjiang
Seismological Bureau quickly travelled to the source area to
set up two temporary stations, L6505 and L6513 (Figure 1),
which provided valuable near-field data for subsequent studies
on shear-wave splitting. The parameters of seismometers at
various stations are listed in Table 1. According to the
earthquake catalog provided by the Xinjiang Regional Seismic
Network, as of Dec 31, 2020, 1,864 earthquakes with Mg >
1.0 have sequence. We used
791 repositioning earthquakes of M; > 1.5 from Jan. 18 to
Aug 10, 2020 (Li et al,, 2021) and 640 M; > 1.5 earthquakes
in the 20-km range of five stations in the study area from Jan 1,
2017 to Dec 31, 2020. After removing duplicate data, a total of

been recorded in the
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1,431 seismic events were used as templates, and the M&L
method was used (Zhang, 2015; Zhang and Wen, 2015) to
scan continuous waveforms from Jan 1, 2020 to Sept 18, 2020
(L6505 and L6513 ceased observation on Sept 18, 2020). The
specific steps were as follows:

(1) We removed the mean and trend of continuous waveform data
during the above research period. A 2-12-Hz four-stage dual-
channel Butterworth bandpass filter was used for filter
processing to improve the signal-to-noise ratio of the waveform.

(2) We calculated the theoretical arrival time of S and P waves using
the Taup software (Crotwell et al., 1999) and manually corrected
the arrival time. Then, using the template time window from 1 s
before the arrival of the S wave to 5 s after its arrival and the
noise time window from 3 s before the arrival of the P-wave to
1 s before its arrival, the weight coefficients of each component
at each station were calculated using the comprehensive
weighting method proposed by Liu et al. (2000):

W, = Ssc + Dse )
2

where S is the signal-to-noise ratio term, and Dj_ is the travel time

term; specifically,

S . = loglO(Ms,c)
¥ 3T logi (M(i)
] Nl @)
Dsc: =
AT
Zi=1(N—(i)>

Here, M, and N, are the signal-to-noise ratio and S-wave travel
time calculated for the ¢ component of the template earthquake at
station s. I is the total number of components of all stations.

(3) With the location of the template event as the center, we set a
search grid, calculated the arrival time difference between the
grid point and the template event to each station, subtracted the
S-wave travel time corresponding to its template from the time
corresponding to the sliding cross-correlation sequence of each
component at each station, and then subtracted the arrival time
difference between the grid point position and the template
position to each station, and completed the position correction.
Finally, based on the weighting coefficients calculated in the
previous step, by weighting and stacking the sliding cross-

of all

correlation  coefficients station components, the
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FIGURE 2

A positive detection with M 1.62, occurring on Jan 8, 2020, using the M&L method. (A) Comparison of the template earthquake waveform (red) and
detected earthquake waveform (gray). (B) Stacked cross-correlation function (blue) of the template and detected earthquakes; the maximum value is

0.5803, which exceeded the detection threshold of 0.3 (gray dashed line).

superimposed sliding cross-correlation coefficients of the grid
point position were obtained as follows:

ZnNles,c (Tn)Cs,c (t + 7T, + Ats,c)
VI T (T)T e (T)\[E0 Coe (¢ 4 7)Coe (¢ + 70 + AL,
©

sccw=y W,

5,C

T and C represent template and continuous waveform data, and N
represents the number of sampling points within the template time
window. n, s, and ¢ represent the number of sampling points,
stations, and components, respectively. At is the relative travel
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time difference between a point and the template position. We
performed the above operations on each grid point to ultimately
obtain the sliding cross-correlation coefficients superimposed on
each grid point.

(4) We then took the location of the template event as the center,
the range of 0.015° x 0.015° in the horizontal latitude and
longitude directions was searched at an interval of 0.003°,
and the search range in the vertical direction was set to
5km, with a search interval of 1km. A background
correlation coefficient of 0.0253 was used (Zhang, 2015),
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TABLE 2 Location error comparisons.

Origin time

Magnitude Longitude
(M) (E)

10.3389/feart.2023.1160676

Reference event = 2020/04/13/10:16: 2.5 77.181446
31.02

Template event 2020/04/29 07:12: 2.3 77.181350
13.63

Detected event 2020/04/13/10: 2.7 77.1800
16:31

Network event 2020/04/13/10:16: 2.5 77.191
31.37

(]
<
=
®
—
03 04 05 06 07
T T T T T T T T T T
77.178 77.180 77.182 77.184 77.186
Longitude
FIGURE 3

Spatial distribution of correlation coefficients during M&L

detection. The black star denotes the template earthquake, the red
star denotes the reference earthquake, and the blue star denotes the
detected earthquake (with the maximal CC value).

while the detection threshold used (0.3) was 12 times the
background correlation coefficient (Deng and Jiang, 2022). A
seismic event was detected when the calculated cross-
correlation coefficient was greater than 0.3.

(5) We calculated the ratio of the maximum amplitude of the
S-wave on the horizontal component of the detected event
and its corresponding template event within 2s before and
2 s after it arrived at each station. Then we calculated the average
amplitude ratio to obtain the magnitude of the detected event.

Using the M&L method based on GPU acceleration (Deng
and Jiang, 2022), 9,695 seismic events were detected and
successfully located from Jan 1, 2020 to Sept 18, 2020. A total
of 1,165 earthquake events were self-tested template events,
whereas 8,530 earthquake events were newly detected, which
was about 7.3 times the number in the earthquake catalog. In
addition, 302 foreshocks were detected, whereas the officially
released catalog only contained 68 foreshocks, and most of these

Frontiers in Earth Science

Latitude Horizontal distance from reference
N) position (m)

39.938721 9.732 —

39.941059 7.800 260.10

39,9395 7.800 150.67

39.9610 17.000 2,607.75

events were during the Jiashi Mg 5.4 and Mg 6.4 earthquakes.
Figure 2 shows the waveform and superimposed cross-
correlation function of an M 1.59 seismic event detected by
the M&L method at 7:41:9.179 on Jan 8, 2020.

The method of detecting known events was used to verify the
reliability of the M&L positioning method. The known-event
locations were taken as the reference location and compared with
the detection and positioning results. First, we selected an
M, 2.5 earthquake to be detected (Table 2) on Apr 13, 2020. We
then used other template events with the above earthquake removed
to detect and locate the earthquake. The results showed that the
M&L method effectively identified this earthquake. The template
event that detected this event was an My 2.3 earthquake on Apr 29,
2020 (Table
approximately 0.72. The distance between the detection results
and the reference location was approximately 150.67 m
(Figure 3). The location of the earthquake (39.961° N, 77.191° E)
recorded in the network catalog was approximately 2,608 m from

2). The stacking correlation coefficient was

the reference location, indicating that the M&L method had a good
constraint on the location of the detected earthquake. Excluding
waveforms with low signal-to-noise ratios and earthquakes that
could not be identified by their S-wave phases, the five stations in the
source area obtained 384 events (Table 3) that could be used for
shear-wave splitting, most of which were data obtained from
microseismic detection.

2.2 Shear wave analysis

Shear-wave splitting and a system analysis method (SAM) were
used to study the anisotropy of the crustal medium near the Jiashi
Ms 6.4 earthquake. SAM is an analytical method based on the
correlation function, including the calculation of the correlation
function, correction of delay time, and inspection of polarization
analysis. The method can be self-checked so that the calculated
results have high reliability (Gao et al., 2004; Shi et al, 2012).
Figure 4A shows an M 1.6 earthquake from the seismic network
catalog recorded by the L6505 station. Its epicentral distance was
9.91 km, its focal depth was 10.50 km, its incident angle was 43.50°,
and its azimuth angle was 57.02°. Figure 4B shows an M
0.7 earthquake recorded by the L6513 station identified using the
M&L method. Its epicentral distance was 8.79 km, its focal depth
was 10 km, its incident angle was 41.50°, and its azimuth angle was
10.90°.
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TABLE 3 Number of effective recording events and the average fast shear-wave polarization.

Station Total Average Delay time Number of Average Number of Average
name number polarization (At) catalogued polarization earthquakes polarization
direction (°) (ms-km™) earthquake direction (°) identified by direction (°)
events (Group a) microseisms
(Group b)
XKR 26 1317 1.50 3 120° 23 133.3°
BPM 2 130° 1.20 2 130°
HLJ 52 95.7° 1.87 3 96.7° 49 95.6°
16505 105 132.7°/29.7° 1.35 36 133.1°/27.3° 69 131.1°
L6513 199 162.7°/86.9° 2.60 23 162.8° 176 162.3785°

Figures 5A1-A6, B1-B6 shows examples of the shear-wave
parameter analysis of the two earthquakes mentioned above
using the SAM method. A fourth-order Butterworth filter was
used to filter waveforms, with a filtering range of 1-20 Hz. The
N-S component (Figures 5A1, Bl) and the E-W component
(Figures 5A2, B2) containing the complete series of S-waves were
selected to generate the trajectory of the shear-wave particles. From
the diagrams of the polarization analysis (Figures 5A5, B5), when the
slow shear wave had not arrived, but the fast shear wave had already
arrived, the angle B between true N and the trajectory of the S-wave
particle motion was the polarization of the fast shear wave. After the
slow shear wave had arrived, the fast and slow shear waves were
superimposed, thereby changing the trajectory of the particles. Fast
(Figures 5A3, B3) and slow (Figures 5A4, B4) shear waves could be
separated by simultaneously rotating the shear waves of the N-S and
E-W components by an angle of p. After eliminating the delay time,
whether the S-wave particle motion conformed to a linear trajectory
was observed—the higher the linearity, the more reliable the analysis
results (Figures 5A6, B6; Gao et al., 1998; Wang et al., 2022). The
sampling rate of seismometers used by the five stations in the source
area was 100 Hz, with each sampling point being 0.01 s. The { angle
between the particle motion trajectory of the event
(20200121050830) and the true N direction was 140°, and the
delay time was 0.04s. After eliminating the delay time, the
particle motion of the fast and slow waves reflected a good linear
relationship (Figure 5A6). Similarly, the B angle of the seismic event
(20200217110127) was 330°, and the delay time was 0.04s.

3 Results

3.1 Comparison of shear-wave splitting
results between cataloged and
microseismically detected earthquake
events

The L6505 station was selected to compare the shear-wave
splitting parameters of cataloged (Group a) and microseismic
detected earthquake events (Group b). There were 105 valid data
(seismic events) in the shear-wave window of the L6505 station,
including 36 seismic events in Group a and 69 microseismic events
in Group b. The average polarization of the fast shear wave of both
sets of data was in the NW direction—the average polarization in
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Group a was 133.1° and 27.3°, with 133.1° being the main one, while
that of Group b was 131.1°. Furthermore, the equal-area projection
rose diagrams of the polarization in Groups a and b were also widely
consistent (Figure 6). This verified that using the microseismic
detection method could effectively supplement near-field
shear-wave splitting data, and sufficient data available within the
window ensure the reliability of results.

From the total valid data of each station in Table 3, earthquakes
identified from microseisms (Group b) accounted for the majority
(except for the BPM station), especially for stations XKR, HLJ, and
L6513. The number of data in Group b was several times that of
Group a. If only data in Group a were used for analysis, the reliability
of shear-wave splitting parameters would be reduced considerably
due to the small sample size in the window. The microseismic events
detected by the M&L method provided sufficient samples for the
complete and accurate identification of the shear-wave splitting
parameters. According to the average polarization of the stations in
Groups a and b (Table 3), there was little difference between the two
groups at each station (except for the station BPM, which had only
two valid data). Although the individual stations had two dominant
polarization directions, none of their secondary polarization
directions were prominent.

3.2 Characteristics of the polarization
direction of fast shear waves at each station
in the earthquake area

Accordingto Liet al. (2021), who adopted the CAP method to
calculate the focal mechanism solution of the Jiashi Mg
6.4 earthquake sequence, the P-axis azimuth was mainly in the
NW direction, while the P-axis azimuth of a small number of
earthquakes was in the NNE direction (Figure 7). The NW
direction was essentially consistent with the azimuth of the
maximum principal stress in the Jiashi area (Li et al., 2015).
The four stations (BPM, XKR, L6505, and L6513) were all located
near the E-W-trending Kalpingtag fault (Figure 7). Furthermore,
the dominant polarization of the fast shear wave at the four
stations was generally NW or NNW, which was essentially
consistent with the orientation of the maximum principal
stress in the area. In addition, Li et al. (2021) obtained the
shear-wave splitting parameters of 33 stations in the Tianshan
seismic belt, and the dominant polarization of five stations in the
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FIGURE 4

(A) Waveform data recorded by station L6505 (Event Number: 20200121050830); (B) waveform data recorded by station L6513 (20200217110127).
Earthquake information: (A) A M| 1.6 earthquake occurred at 5:08:30 on Jan 21, 2020, with an epicentral distance of 9.91 km, a focal depth of 10.5 km, an
incident angle of 43.5°, and an azimuth angle of 57.02°; (B) A M 0.7 earthquake occurred at 11:1:27 on Feb 17, 2020. The epicentral distance was 8.79 km,
the focal depth was 10 km, the incident angle was 41.5°, and the azimuth angle was 10.9°.

IV, area (NW corner of the Tarim Basin) was in the NW
direction. Lai et al. (2002) obtained the polarization of fast
shear waves at stations near the Jiashi area and found that
they were mainly in the NW or NNW direction. The results
above showed that the dominant polarization of fast shear wave
at stations BPM, XKR, L6505, and L6513 could essentially reflect
the stress field near the source area.

Numerous studies have reported several NNW-trending blind
faults in the Jiashi area (Zhou et al., 2001, 2006; Lai et al., 2003; Xu,

Frontiers in Earth Science

Zhang, Ran, et al.,, 2006; Cui et al., 2021). Combining the focal
mechanism of the Jiashi Mg 5.4 foreshock and the spatial
distribution of its sequence also confirms there is an NNW-
trending fault that perpendicularly intersects with the Keping
fault T1 (Li et al, 2021). The Piqiang fault (F1) runs essentially
parallel to the NNW-trending fault, cutting the Keping thrust-nappe
structure into two parts, E and W, and is similar to a transform fault
(Xu et al., 2006). Its function is to regulate the large difference in
deformation rates of the Keping thrust nappe structure from W to E
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FIGURE 5

Shear wave splitting analysis of the seismic wave (20200121050830, 20200217110127) recorded by station L6505 (earthquake cataloged by the
network) and station L6513 (earthquake identified by microseisms). (A1, A2) indicate the shear wave waveforms of L6505; (A3, A4) indicate the waveforms
of fast and slow shear waves, where the abscissa represents the number of sampling points, and the ordinate represents the value of amplitude count. The
waveform between the vertical lines is used as the particle trajectory; (A5) represents the diagram of the trajectory of shear wave particles in the NS

and EW directions, while the splitting of S1 and S2 in (A5) indicates the arrival time of the fast and slow waves; (A6) shows the particle trajectories of fast (F)
and slow (S) shear waves after eliminating the delay time. The data processing process of station L6513 on the right is the same as that of station L6505 and

the detailed is shown in B1 to B6.

A L6505(36) N

B L6505(69)N

FIGURE 6

The polarization of the fast shear wave of cataloged (A) and microseismic detected earthquake events (B) at station L6505.

(Ran et al., 2006; Yang et al., 2006; Li, 2013; Li et al., 2016; Li et al,,
2020). The four stations BPM, XKR, L6505, and L6513 are located
near the E-W-trending Kalping fault and the dominant polarization
of their fast shear wave were all NW or NNW, which may reflect the
strike of multiple rows of NNW-trending blind faults in the area.
The polarization of the fast shear wave of some earthquakes at
station L6513 was nearly E-W, essentially consistent with the strike
of the nearby Keping fault, exhibiting a strong correlation with the
fault. In addition, the polarization of a small number of earthquakes
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at the stations L6505 and XKR was NE, which is different from the
strike of the Keping fault (F1) and the direction of the stress field;
this may be a local tectonic effect resulting from a combination of
stress and fracture (Shi et al., 2020).

Station HL] is located in the HLJ Basin, near the Kekebukesan and
Oybrak nappe on the W side of the Pigiang fault. The Kekebukesan
Mountains (T) and the Oybrak fold belt (T) are distributed in the
NEE direction, concealed within the Halajun Basin (Qu et al., 2003).
The dominant polarization of the fast shear wave at station HL] was
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Fast shear-wave polarization of each station in the Jiashi Mg 6.4 earthquake area. The inset shows the P-axis azimuth distribution of its earthquake
sequence. Fy, Pigiang fault; Ty, Kalpingtag reverse fold belt; T,, Ozgertau fold belt; Tz, Tata Ertag fold belt; T4, Tuokesan Ata Nengbaile fold belt; Ts, Yimu
Ganta Wu fold belt; Te, Pigiang Mountain bold belt; T;, Kekebukesan Mountain fold belt; Tg, Oybrak fold belt.

nearly E-W, with an average polarization direction of 95.8°, which
was basically consistent with the direction of the Kekebukesan
Mountains (T) and the Oybrak fold belt (Ts), and this may reflect
the strike of blind faults behind the Kalpingtag nappe structure. Before
the Jiashi Mg 5.4 foreshock, 23 data met the requirements of the shear-
wave splitting window, with an average polarization direction of
100.9°. After the Jiashi Mg 5.4 foreshock, there were 24 valid data,
with an average polarization direction of 91.6". The polarization of the
fast shear wave at station HLJ showed little change before and after the
mainshock, indicating that the Jiashi Mg 6.4 earthquake did not affect
the polarization of the fast shear wave at station HLJ.

3.3 Delay time of slow shear-wave

The delay time of the slow shear wave can reflect the degree of
anisotropy in the crustal medium, which is affected by the physical
properties of the fractures and fluids, and is extremely sensitive to
changes in crustal fissures caused by small changes in the crustal
stress field (Crampin and Zatsepin, 1997; Gao and Crampin, 2004).
To uniformly measure the degree of anisotropy at different stations,
the delay time (At) is usually normalized (Gao et al., 1998; Shi et al.,
2009). In other words, to calculate At on the unit ray length (in
ms-km™), the variation in At at five stations was studied. The At of
the four stations XKR, BPM, HLJ, and L6505 was relatively low,
ranging from 1.2 to 1.87 ms-km™, while that of station L6513 was
relatively high, at 2.60 ms-km™.

Before the Jiashi Mg 6.4 earthquake, the source area experienced
weak seismic activity, and of the three regionally fixed stations, only
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station HLJ recorded valid data. In addition, station XKR recorded
more detailed information on the shear wave splitting parameters
after the Jiashi Mg 6.4 mainshock. Therefore, the two stations were
used to study the change in At of the Jiashi Mg 6.4 earthquake
sequence. The seismic events in the shear-wave window could be
divided into two groups according to the intersection angle a
between the ray direction and the fracture surface, where o
angles between 15° and 45° were referred to as the 1-corner area
while a angles less than 15° were referred to as the 2-corner area. At
in the 1-corner area is sensitive to the aspect ratio of the fracture
(Gaoetal., 1998; Gao et al., 2004; Wu et al., 2006), which can be used
to monitor changes in micro-stress.

The seismic events in the shear-wave window of station HL]J
were grouped according to the above criteria, and 49 events in the 1-
corner area were obtained, including 24 events before the Jiashi Mg
6.4 earthquake and 25 events after the earthquake. According to the
change in At over time at station HL] (Figure 8A), the value of At in
the early stages after the mainshock was still low. Therefore, the
change in At over time was divided into three stages for research
purposes—before the mainshock (period I, 2020.1.1-1.19), early
after the mainshock (period II, 2020.1.19-2.16), and the sequence
decay stage (period III, after 2020.2.16). The At in periods I and II
was relatively concentrated and distributed between 0.6 and
2.32ms'km™', with average values of 1.62 and 1.17 mskm,
respectively. Conversely, the Af in period III was relatively
scattered, ranging from 0.69 to 5.45ms-km™', with an average
value of 2.14. Multiple seismic events At value in this period was
higher than 3.0 ms-km ™. Before (period I) and after (period II) the
Ms 6.4 mainshock, At exhibited low values, while the average value
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before the earthquake was higher than that after the earthquake. The
two periods with low At values above correspond to the stress release
stage. Studies have shown that stress release begins tens of minutes
to several months before the earthquake, and the process
corresponds to a decrease in At (Gao and Crampin, 2004). In
period III, as the sequence develops, the delay time exhibits a
fluctuating process from its early high-value state, reflecting the
characteristics of stress release. Moreover, relatively high At values
appeared correspondingly
aftershocks (Figures 8A, C).

From the At results of station XKR (Figure 8B), in the early stage

during some periods of strong

of the M 6.4 earthquake sequence (roughly corresponding to period
I in Figure 8A), the delay time underwent a rapid phase of increase
and a subsequent phase of decrease; this shows that within a short
period after the Mg 6.4 earthquake, the vicinity of station XKR
exhibited Following the
occurrence of aftershocks, it began to exhibit stress-release
characteristics.

The At of stations HLJ and XKR exhibited different
characteristics in the early stage after the Mg 6.4 earthquake. In

stress accumulation characteristics.

other words, the increase in At within a short period was not
observed at station HL]J after the mainshock. In addition, the
starting times of the decline in At at both stations were
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sequential. On the one hand, these results can attribute to the
small amount of valid data at station HL]. During the early post-
earthquake period, the temporal distribution of data from station
HLJ was relatively concentrated over a short time; therefore, the
data lacked sufficient time resolution to resolve the stress
accumulation process during the short period following the
earthquake. On the other hand, these results may be attributed
to the location difference between the two stations. Station HL] was
far from the mainshock and located behind the Keping nappe
structure. In contrast, station XKR was located near the front fault
of the Keping nappe structure, and therefore, was closer to the
mainshock. The difference in the spatial positions of the two
stations may have led to some differences in local stress
accumulation and release after the mainshock.

4 Discussion and conclusion

In this study, we used the waveform data recorded by five
stations (three regional fixed stations and two temporary stations
erected after the earthquake) around the Jiashi Mg 6.4 earthquake
and studied the anisotropic characteristics of the earthquake
sequence.

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1160676

Li et al.

(1) Near-field shear-wave splitting data were limited by the shear-

~

~

wave window. Some stations didn’t record sufficient data and,
thus,
characteristics. Researchers have attempted different methods

could not fully or accurately reflect anisotropy

to expand valid data. For example, data without depth in the
catalog were selected for research by combining them with the
dominant depth of earthquakes in the study area (Shi et al,
2009). Guo and Gao (2020) used the single station positioning
method to locate seismic events without a given depth and
confirmed that the obtained data could be used for shear-wave
splitting research. In the present study, M&L was used for
microseismic detection to rebuild the earthquake catalog of
the Jiashi Mg 6.4 earthquake sequence, which expanded the data
volume 7.3-fold compared with the original catalog. Through
microseismic detection, 302 foreshocks were detected, while the
regional seismic network only contained 68 events; this provides
valuable data for studying the anisotropy of crustal media before
and after strong earthquakes.

After comparison, we found that the shear-wave splitting
parameters obtained by the earthquake catalog (Group a) and
the events identified from microseisms (Group b) were well-
aligned; this verified the feasibility of supplementing data
through microseismic detection and subsequently extracting
anisotropy parameters below stations. In some areas with few
or weak earthquakes, valid data obtained by the microseismic
detection method are particularly valuable. This method serves
as an effective strategy to increase data availability and promote
the study of shear-wave splitting.

According to the results of the present study, the dominant
polarization of fast shear wave at stations BPM, XKR, L6505,
and L6513 exhibited NW or NNW directions, which were
aligned with the direction of the stress field near the source
area. These directions were also essentially the same as the
polarization of the five stations in the NW corner of the Tarim
Basin obtained by Li et al. (2021). This finding is also
fundamentally consistent with related prior knowledge that
regional principal compressive stress often induces an
arrangement of fractures in the same direction, thereby
affecting the polarization of the fast shear wave parallel to
the stress field (Crampin, 1978; Crampin, 1984; Gao et al,
2018, 2020). Therefore, the polarization of the fast shear wave at
station HL] may reflect the strike of E-W-trending blind faults
in the back of the Kalpingtag nappe structure.

The tectonic environment of the Jiashi area was relatively
complex. Numerous studies have shown that there are many
blind faults with NNW strike-slip properties in the area (Cui
et al, 2021; Li et al, 2021), which have an en-echelon
distribution (Zhou et al., 2001), are parallel to the principal
stress direction, and share properties with transform faults (Xu,
Zhang, Ran, et al., 2006). Their significance lies in the division
and regulation of the crustal shortening boundary transition
between the E and W (Ran et al.,, 2006; Yang et al., 2006; Li et al.,
2016; Cui et al.,, 2021). The NNW- or NW-trending polarization
of the fast shear wave at stations BPM, XKR, L6505, and
L6513 may also reflect the strike of multiple rows of NNW-
trending blind faults in the area. At the same time, studies have
shown that for stations near strike-slip faults, the dominant
polarization of the fast shear wave is easily affected by the strike
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of the fault. As the station moves away from the fault, the
influence of the polarization may differ (Cochran et al., 2006;
Gao et al, 2011). For thrust faults, the principal compressive
stress direction is roughly perpendicular to the fault strike, and
the polarization of the fast shear wave is less affected by the fault
strike (Shi et al., 2009); this can also reasonably explain that,
although stations BPM, XKR, L6505, and L6513 were located
near the E-W-trending Kalpingtag fold belt, their polarization
of the fast shear wave was less affected by the fault. The
polarization of station HL] was basically consistent with the
strike of the Keping thrust-nappe structure before and after the
Jiashi Mg 6.4 mainshock. The polarization did not change,
exhibiting completely different directions from the other four
stations; this may indicate that the NNW-trending blind fault in
the Jiashi area was small in scale and did not extend northward
to the back of the Kalpingtag nappe. Research on the deep
structure of this area also found that NW-trending blind faults
were relatively small. For example, the depth of the XiaSuhong-
Magaiti fault zone was reported to be 4-8 km, and no features
showed the fault passing through the basement or extending to
the surface (Xu et al,, 2006; Yang et al., 2006; Xu et al., 2007).
Furthermore, the spatial distribution of the Jiashi Mg
6.4 earthquake sequence in the NNW direction was relatively
limited, at approximately 20 km, and the aftershock activity was
essentially limited between the first and second rows of the
Keping nappe (Li et al., 2021). Therefore, we infer there might
have been numerous NNW- or NW-trending blind faults in the
Jiashi area that were not large in scale. Towards the N, they only
extended to the vicinity of the second row of the Kalpingtag
nappe structure. Towards the S, they were also distributed near
the Jiashi strong earthquake swarm.

At reflects the overall effect of the propagation path from the
source to a station and can indicate the anisotropic degree of the
sub-surface medium (Gao and Crampin, 2004, 2006). Using the
valid data recorded by stations HL] and XKR, the At before and
after the Jiashi Ms 6.4 earthquake were studied. The At at station
HLJ showed that the stress release process might have begun
before the mainshock, and as the sequence developed (period III
Figure 6A), the state of stress release reappeared again after the
mainshock. In addition, a few events with higher At values
occurred only in some periods of strong aftershocks. However,
the At of station XKR (Figure 6B) experienced a rapid phase of
increase in the early stage of the M; 6.4 earthquake sequence and
then declined again; this indicated that stress accumulation
occurred rapidly after the mainshock and following the
occurrence of aftershocks, it began to exhibit stress release
characteristics. ~Relevant studies have confirmed the
phenomenon in which the value of At increased after strong
earthquakes. For example, the At of the foreshock sequence of
the Mg 6.1 Yingjiang earthquake in 2014 was generally low,
while that of the aftershock sequence was relatively high (Li
et al, 2015). Chang et al. (2014) showed that At increased
rapidly after the Lushan Mg 7.0 earthquake in 2013 and then
decreased. In addition, an increase in At was observed
approximately 2 months before the Etna volcano eruption in
Iceland in 2001. In contrast, the delay time began reflecting a
decrease only a few days before the eruption (Bianco et al,
2006).
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(5) Due to the complex structural environment in the Jiashi area, in
addition to the known Keping thrust-nappe structural system,
there are also NNW-trending blind faults. In such areas, the
polarization of the fast shear wave is often the result of the joint
action of stress and local structures (Gao et al., 2018). Since only
station HL] obtained valid data before the Jiashi Mg
6.4 earthquake, the At calculated by the two fixed stations
was relatively limited, and the resolution of research on

the  Jiashi

Ms 6.4 earthquake was evidently insufficient. Furthermore,

changes in stress before and after
due to the limited number of stations in the source area, the
study of the crustal structure and anisotropic characteristics

requires more observational data.
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