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Abstract: The seismically active Ka-Ping Block within
Xinjiang, China, represents a zone of potential earthquake
hazards, and existing surface measurements cannot fully
reflect the area’s sub-surface slip rates. To determine these
slip rates and characterize the level of hazard that the study
area may face in future years, using a cross-correlation of
waveforms, we identified 432 repeat sequences along large
faults (F1-F5) in the Ka-Ping Block between September 2009
and April 2022 and computed the annual slip rate for every
sequence with the empirical relationship of the moment and
the seismic magnitude. Spatial distribution images and tem-
poral evolution characteristics of deep deformation in fault
zones were constructed. We obtained five asperities in the
Ka-Ping Block, the western portion of the PiQiang fault (F4)
had a larger yearly slide rate than its eastern portion, and
the southwest and eastern areas of the KEP station show an
elevated risk of seismic activity within the next two years.
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1 Introduction

Generally, earthquakes with large magnitude caused sig-
nificant destruction according to the epicenter area [1]. If
we know the potential seismic risk of the region in the next
3-5 years, we can reduce a lot of unnecessary losses in
urban construction and economic development, which is
very important in our lives.

The Ka-Ping Block, which is situated on the west of
Xinjiang’s southern Tien-Shan, China, contains four large
faults, is one of the strongest areas for crustal movement,
and has been impacted by several earthquakes causing
disaster in Xinjiang since 1900 (Figure 1). Some experts
carried out a lot of research on this region. The detailed
information on each fault zone in the block has been
obtained through a large number of field geological inves-
tigations [2]. Yang found that the crust shortening on the
west side is greater than that on the east side, and the rate
of shortening of the crust is 15.4-17.3 mm/year [3]. The
paleo-earthquakes and fault slip rates in this area are stu-
died by means of trench excavation, dating, and scarp
survey [4]. GPS measurements indicated that the active
faults in this region move northward relative to Eurasia
at a rate of 10-20 mm per year (Figure 1) [5]. However, it is
difficult to determine how fast the ground is moving deep
beneath before an earthquake simply by looking at the
surface [6].

Repeating earthquakes are a group of earthquakes
that happen in the same place repeatedly. Geller et al. [7]
studied four similar earthquakes on the San Andres Fault
in Central California, and the theoretical background is
that earthquakes occur when stress is repeatedly released
at the same point, known as an asperity or stress concen-
tration, along the fault surface. Identifying these asperities
can help in understanding the series of events that lead to
the occurrence of a larger earthquake. Nadeau et al. [8]
found that the repeated earthquake is a repeated rupture
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Figure 1: Spatial distribution of the faults and the epicenter of events (M, 2

Networks Center, between 1999 and 2020) in the study area.

of a strong asperity surrounded by a stable slip area, and
the rupture is completed under stable regional stress
loading. It is very important to study the deep deformation
of a fault for analyzing its seismic risk. The discovery of
repeated earthquakes provides a new method and idea for
obtaining slip information of faults with different seismic
depths.

As a natural“Underground creep meter,” the repeat
earthquake has the advantage of “In-situ observation” of
deep deformation of faults that cannot be replaced by sur-
face observation data, the slip rate of the fault creep zone
can be studied by the size and periodicity of repeated
earthquakes, and observing the rupture rate of faults has
become a critical method for gaining insights into the
healing process of faults in the earth. This approach enables
us to understand the real-life implications of the laboratory
findings on the behavior of faults and friction [9,10]. We can
use this method to study behavioral aspects along a certain
fault zone in Taiwan, along the part of the Longitudinal
Valley fault which is between the Chi-shang and Hua-lien
[11]. This method is also used to compute slip rates along
faults and speculate on asperities within large co-seismic
slips [12-16].

Simultaneously, various seismic activities occurred near
the faults in Ka-Ping Block, and different fault deformation
rates from repeating earthquakes in the area mean different
earthquake hazard risks in this study area.

To improve this hazard assessment, we analyze the
waveform recorded by the Xinjiang Seismic Station (XJSS)
and search for repeating earthquakes along the five large
faults, to compute the deep sliding rates along these faults,

5.0) with the GPS velocity field (data are from the China Earthquake

and we can deduce the asperities in spatial distribution.
This method is similar to Kate Huihsuan Chen’s, in which
she used repeating earthquake sequences to identify the aspe-
rities [11]. Moreover, for repeating earthquake sequences, we
can use the accumulated release of energy as the temporal
distributions, to determine the future seismic potential risk
over a long period. This method in temporal is similar to
Lile’s, in which she computed the Cumulative slip for the 15
repeating earthquake sequences along the Longmenshan
fault zone [14].

This article focused on the Ka-Ping Block mentioned
article used the asperity and the accelerated release of
accumulated energy to estimate where and when the risk
of a large seismic hazard may occur. In addition, the
method in spatial and temporal distributions mentioned
above makes a significant contribution to the literature
and fills this research gap.

2 Data and methods

2.1 Five faults in the Ka-Ping block

The Ka-Ping Block is located in the western segment of
South Tien-Shan, northwest Xinjiang, China. The block
spans from Wushi County of the Aksu Region to Atushi
City of the Kizilsu Kergez Autonomous Prefecture Region,
a big rectangle about 400 km long and 200 km wide (Figure
1). Several strong earthquakes have happened in this area,
such as the Atushi approximately 8.2 magnitude (M)
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earthquake in 1902, the Jiashi-Bachu M6.8 earthquake in
2003, and more than 30 earthquakes with M > 6 that
occurred between 1902 and 2003 [17].

There are numerous faults located in the above-men-
tioned block, four of which are large and widely known.
These include the South Tien-Shan fault in the north (F1), tra-
veling southward through the AoYiBuLaKe (F2), YiMuGanTaWu
(F3), and PiQiang faults (F4), and ending at the Ka-Ping fault (F5).
The respective lengths of the five faults are 325, 235, 280, 70, and
400 km.

2.2 Seismic data

For the above area, we found a total of 19,442 seismic
events from the bulletins of the X]JSS between September
2009 and April 2022, amounting to 110 GB of data with
wave-forms recorded at nine stations along the four faults
in the Ka-Ping Block (39.50—-42.50°N and 76.00-81.50°E). There
were 4,743, 5,388, 5,142, and 2,664 events within 20 km of the
above five faults (F1, F2, F3, and F5, respectively).

For these events, the magnitude is from 0.0 to 4.9 on
the Richter magnitude scale, the sampling rate was 100 Hz,
and the number of surrounding stations was nine (i.e.,
AHQ, ALR, AKS, BCH, BPM, WUS, SMY, XKR, and YPH).
Only three stations were located inside the events along
the faults; the other six stations were located in the vicinity
of the events along the faults (Figure 2).
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2.3 Similar earthquake clusters

In our study, the cross-correlation method was used to
obtain similar waveforms for the same station. However,
when identifying and analyzing “similar earthquakes,”
two empirical concepts are often considered. One is the
assumption that the cross-correlation coefficient (CCC) is
exponentially dependent on the separation distance of
the two “similarity” [18,19], and the other is a 0.5-5.0 Hz
band pass filter should be used in identifying “doublets”
or “multi-lets” [20,21]. In fact, we can use a 1-5Hz rela-
tively stable filter band in pre-processing for calculating
the cross-correlation coefficient of every two events, since
the variation of CCC is complicated when the frequency is
above 5 Hz or below 1Hz [22].

During the process of calculating the CCC, we select a
complete waveform consisting of P, S, and the coda phase
as the waveform begins 4 s (i.e., 4 seconds) before the time
of P arrives and ends at four times with the time of S-P
travel time difference. For an event of a pair, the seismic
record of its “repeater” is slipped if its waveform length is
4 s shorter than the length of the entire waveform and
slides in steps of one sample from the starting point (4s
before P arrives), taking the peak absolute of correlation
coefficient as the “final” cross-correlation coefficient (CCC).

In total, for the 19,442 events mentioned earlier, we com-
puted 24 million correlation measurements and obtained
45,312 similar event pairs, which satisfied the condition that
at least one station had a CCC > 0.8. If the same pair had a
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Figure 2: Spatial distribution of seismic events (0 < M, < 4.9) and the monitoring stations within the study area. Stations located within event zones are
designated with red triangles, and those outside of the event zones are designated with black triangles.
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different CCC because of different stations, we computed the
mean value as the CCC of the event pair and ultimately
obtained 37,986 similar event pairs.

Classing the pairs into similar event cluster if two
similar event pairs share a common event (i.e., A, B, and
C appear to belong to a similar event cluster, if A and B
represent a similar event pair, and simultaneously A and C
represent another similar event pair), we identified 1,245
similar event clusters. These clusters included 730 doublets
which consist of two events, and 515 multi-lets which con-
sist of no less than three events. The number of events in
the above clusters was 8,280, and the magnitudes of these
events ranged from M; 0.1 to 4.9 (Figure 3a).

To see how discrete each similar earthquake is in mag-
nitude, recurrence interval, duration (the lifetime of a
cluster or sequence), and so on, we use the coefficient of
variation (COV for short, that is, the standard deviation
divided by the mean) to represent the statistic of the degree
of data dispersion [23]. Generally, the greater the value of
COV, the greater the degree of dispersion for the data.
When COV is equal to 0 indicates perfect periodicity, which
means that all the data in the data set are the same and
there is no dispersion. Otherwise, it indicates that the data
have a certain degree of dispersion. Especially, when COV
is less than 1, it means the data have a quasi-periodic fea-
ture. When COV is equal to 1, it indicates a Poisson feature,
meaning the data are unpredictable. When COV is greater
than 1, it means the degree of dispersion is great, changing
to temporal clustering [24].

Obviously, the events in each cluster showed higher
variation in recurrence interval (Figure 3d) than in magni-
tude (Figure 3b). Figure 3c depicts that the recurrence inter-
vals range from a few days to several hundred days. Figure
3d shows that more than 80 clusters have a large COV, which
is between 1.4 and 1.5, exhibiting a temporal cluster feature;
meanwhile, there are a lot of clusters that have a small COV,
which is less than 1, which means quasi-periodic features.
Figure 3e depicts that a lot of clusters persisted for a few
days, meaning that they were either aftershocks or earth-
quake swarms. Figure 3f demonstrates that clusters with
long minimum values in recurrence interval(larger than
100 days) exhibited a relatively low variation(COV < 1) and
shows more quasi-periodic features.

2.4 Identification of repeating earthquake
sequences

Similar clusters include both repeating events and similar
aftershocks or swarm events that do not occur repeatedly
and exhibit a huge difference in recurrence intervals.
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Consequently, accurately distinguishing repeated events
from similar events is vital [25].

To identify the repeating earthquakes, we used the
following criteria: first, the average CCC was larger than
0.9. This is because the larger the value CCC, the higher its
repeatability in position. Second, the internal inconsistency
was lower than 0.5 ms in travel time [26], which can be
considered an indicator of measurement error. Third, the
value of the recurrence interval was more than 100 days so
the clusters owned a low COV. As shown in Figure 3f, the
small recurrence interval indicates a trigger or micro-
aftershock process, which occurs in the fault zone with a
close location but no overlap.

Based on the above three conditions, we identified 432
repeat sequences (sequences, distinguished from the clus-
ters in “similar clusters”) including 1,243 earthquakes, which
accounted for 6.4% of the total events (19,441). In contrast,
307 double-lets and 125 multi-lets were observed (Figure 4).

2.5 Deep slip rates of sequences

For all the above 432 sequences, we used the following
steps to determine the slip of every event in one sequence.

We computed the co-seismic slip of each repeating
event using the following empirical relationship and rela-
tive calculate formulas (1)-(3) [8,27-29]:

A
log —GMO] =161 + 15M;, )
2u
3
- | Mo 9
1650
M,
d=—2%. 3
umr

Here, Ms denotes the surface magnitude, M, denotes the
scalar moment, and r denotes the rupture size, Ac denotes
the co-seismic stress drop; we used a value of approximately
8 MPa [29], d denotes the slip value, u denotes the shear
modulus, and is usually taken as 3 x 10'° N/m?, 7 desig-
nates the circumference ratio.

To obtain the annual slip, we used a linear regression
of the cumulative slip for every sequence, More specifi-
cally, assuming that the sliding amount corresponding to
the ith earthquake is d;, and the sliding amount corre-
sponding to the first earthquake is 0, the horizontal and
vertical coordinates for the ith point are ¢;, and the sum of
the previous seismic sliding amounts D; =0 + d + d3 +- +
d;. So, we can obtain the annual slip rate of the sequence
using the cumulative slip De,q divided by the time differ-
ence (teng minus t;; Figure 5).
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Figure 3: (a) Histogram of the magnitude distribution of similar events. (b) COV in magnitude for multi-lets clusters. (c) Histogram for recurrence
intervals of multi-lets clusters. (d) COV in recurrence intervals for multi-let clusters. (e) Histogram of multi-let clusters’ duration (the lifetime of every
cluster). (f) COV in recurrence interval with the minimum value of every cluster. The green dashed line parallel to the X-axis corresponds to a COV value
of 1, and the green dashed line parallel to the Y-axis denotes that the minimum recurrence interval is 100 days.



6 =—— Chaojun Gao et al.

DE GRUYTER

__— fault

A station

42°N

41°N

40°N

o]

2-plet 307
3-plet 66
4-plet 24
S-plet 14
6-plet 3
7-plet 3
8-plet 2
9-plet 2
10-plet 2
11-plet 2
14-plet 1
15-plet 1
X 16-plet 1
X 23-plet 2
25-plet 1
X 34-plet 1

o]

OO

oo

76°E

79°E 80°E 81°E

Figure 4: Spatial distribution of 432 repeat sequences. Symbol size is proportional to the magnitude of the one event from every sequence. The names

of faults (F1-F5) are the same as in Figure 1.

3 Results

3.1 Spatial distribution of the repeating
earthquakes

The location of an event in the XJSS directory is usually

determined by the arrival time of P and S waves, the posi-
tioning method used is hypo71 or hypo2000, and the one-
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Figure 5: Schematic diagram for calculating the annual slip rate (the 14-
plet sequence in chronological order).

dimensional velocity model consists of two flat uniform
layers, so that the errors in position range from a few to
tens of kilometers. Consequently, it is necessary to relocate
earthquakes with high precision for further analysis.

In this study, to relocate the relative locations of the
entire events more effectively, we used a six-layer one-
dimensional velocity model derived from CRUST1.0 (Table
1) and the double-difference method(HypoDD). The HypoDD
method minimizes the residuals between the observed dif-
ferential times measured for pairs of earthquakes on the
same station and the theoretically calculated travel times
[30]. This method does not locate each event separately
but rather exports a set of positions that are most suitable
for the relative propagation time of all events, especially
when precise differential propagation time can be obtained
by performing waveform cross-correlation.

For every sequence, using the method from Section 2.5
to compute the annual slip rate, and combining the reloca-
tion, we can plot the space distribution of the slip rate for
all 432 sequences, in which the location of one solid circle
means the center of one sequence and the color of one

Table 1: Six-layer one-dimensional velocity model from CRUST 1.0

Top depth (km) 0.00 5.00 10.00 20.00 35.00 50.00 75.00
Vp (km/s) 502 589 610 640 555 797 830
Vs (km/s) 290 340 353 370 321 461 4380
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solid circle denote the value of slip rate of one sequence
(Figure 6).

Considering the impact of depth, four profiles were
created along the strike of the fault zone (F1, F2, F3, and
F5). The following profiles and lengths were designated:
the lengths of AA’, BB, CC, and DD’ were 380, 380, 380,
and 345km, respectively. The corresponding widths of
AA', BB', CC', and DD’ were 30, 30, 30, and 40 km.

We usually combine the precise positioning results
with the above sequences to identify the asperities within
the profile among the spatial correspondence. The big
asperity was completely locked in the inter-seismic period,
the small and isolated asperities always emerge as repeat
micro-earthquakes among the seismic slipping area[31-33].
Under the above assumption, the occurrence of repeated
earthquakes often leads to co-seismic sliding in deep faults,
and we can measure the faults’ deformation in the seismo-
genic depths.

The profile AA’ provides insight into the depth distri-
bution of the recurrent earthquake for the South Tien-Shan
fault (F1 in Figure 7a). The maximum slip rates are found
with a depth range of 12-20 km, the annual slip rate was
between 0.23 mm/year at a depth of 6 km and 32.8 mm/year
at 12.8 km, with a mean of 4.57 mm/year and a median of
2.0 mm/year for these sequences. Based on Figure 7a, the
position of the asperity was identified from AHQ to WUS
along F1, and the depth section was from 0 to 15 km.

Deep fault sliding rates for Ka-Ping block of Xinjiang based on repeating earthquakes
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For the AoYiBuLaKe fault (F2), we can see the depth
distribution of the repeated earthquake on the profile BB’
(Figure 7b). The maximum slip rates are found with a
depth range of 9-17 km; the annual slip rate was between
0.24 mm/year at a depth of 5 km and 34.0 mm/year at 9 km,
with a mean of 4.08 mm/year and a median of 1.45 mm/
year for these sequences. Based on Figure 7b, the position
of the asperity was identified from WUS to SMY along F2,
and the depth section was from 0 to 20 km. If the PiQiang
fault (F4) is considered the line of demarcation, the average
slip rate in the west was higher than that in the east.

For the YiMuGanTaWu fault (F3), we can see the depth
distribution of the repeated earthquake on the profile CC
(Figure 7c). The maximum slip rates are found with a depth
range of 13-15km; the annual slip rate was between
0.25 mm/year at depth of a 7km and 27.47 mm/year at
14.3km, with a mean of 4.89 mm/year and a median of
2.97 mm/year for these sequences. Based on Figure 7c, the
position of the asperity was identified from WUS to SMY
along F3, and the depth section was from 0 to 15km.
Similar to the Aoyibulake fault (F2), if we designate the
Pi-Qiang fault (F4) as the line of demarcation, the average
slip rate of the west is higher than that of the east too.

For the Ka-Ping fault (F5), we can see the depth distri-
bution of the repeated earthquake on profile DD’ (Figure
7d). The maximum slip rates are found with a depth range
0f 13-15 km, the annual slip rate was between 0.21 mm/year

Slip rate
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Figure 6: Spatial distribution of the 432 repeat sequences; the change in color indicates the value of the sliding rate. The names of the faults (F1-F5)
correspond to those of Figure 1. The red rectangular boxes indicate the ranges of profiles AA’, BB’, CC’, and DD".
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at a depth of 8 km and 27.5 mm/year at 14 km, with a mean
of 459 mm/year and a median of 3.0 mm/year for these sequences.
Based on Figure 7d, two positions of asperity were identified: the
first is from 90 to 150 km along F5, with a depth section from 0 to
10 km; the second is from KEP station to 240 km along F5, with a
depth section was from 0 to 16 km.

Table 2: Repeating earthquake sequences identified in Ka-Ping Block

3.2 Temporal distribution for part of
repeating earthquake sequences

We obtained 21 sequences containing more than six events
in one repeating earthquake sequence. The spatial distri-
bution is shown in Figure 8, the time-series distribution is

Sequence N° Sequence central location M p° (days) Cumulative slip (mm) Slip rate (mm/year)
Latitude (deg) Longitude (deg) Depth (km)

S1 6 39.9591 77.2631 14.5 1.0-24 2,679 22.10 3.00
S2 6 39.9558 77.3191 141 0.4-29 3741 33.70 3.29
S3 6 40.8600 80.0300 16.0 0.6-1.0 1,186 20.75 6.39
S4 7 40.3726 77.1562 1.2 1.2-2.6 4,162 45.78 4.01
S5 7 40.3414 77.2084 12.5 1.5-2.6 4,047 59.50 5.37
S6 7 40.2409 77.4212 11.5 0.8-2.9 4,278 64.61 5.51
S7 8 40.2334 77.4358 121 0.8-3.1 4,095 95.79 8.54
S8 8 40.2195 77.6806 1.1 0.3-34 3274 99.80 1113
S9 9 39.8600 77.6800 7.0 0.1-2.0 3,519 31.85 3.30
S10 9 40.2717 77.5042 10.8 0.6-2.8 4,137 58.39 5.15
ST 10  39.8800 77.6300 15.0 0.1-3.0 3,992 54.26 4.96
S12 10  40.3975 77.5656 8.3 0.3-3.0 3,087 53.37 6.31
S13 1 40.1437 77.7266 1.3 0.2-31 3,657 48.15 4.81
S14 1 40.2322 77.2872 12.9 0.5-2.2 4,412 50.96 4.22
S15 14 40.6052 78.1339 10.9 0.1-2.4 3,948 63.32 5.85
S16 15 40.5550 78.3712 12.2 0.1-2.6 4,527 56.13 4.53
S17 16 39.9159 77.5356 13.3 0.4-3.0 4,397 95.47 7.93
S18 23 40.3437 77.2542 11.5 0.7-2.7 4,449 236.25 19.38
S19 23 40.2272 77.4426 13.3 0.2-29 4,49 175.90 14.30
S20 25 40.3924 77.1746 9.6 11-39 4,587 290.86 23.14
S21 34  40.5656 79.6987 12.0 0.1-3.0 4,627 203.53 16.06

*Number of events in one sequence.
PDuration of each repeated earthquake sequence.
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Figure 10: Horizontal and vertical coordinates of every solid circle designating the time of the earthquake and the total energy of all earthquakes
before this earthquake with (a) accumulated release of energy of repeating earthquakes for S16. The blue solid vertical line is the M5.2 earthquake
that occurred on May 9, 2020. (b) Accumulated release of energy of repeating earthquakes for S08, S11, and S17. The blue solid vertical line is the M6.4
earthquake that occurred on January 19, 2020. (c) Accumulated release of energy of repeating earthquakes for S18 and S20. The blue solid vertical line
is the M5.0 earthquake that occurred on January 10, 2020. (d) Accumulated release of energy of repeating earthquakes for S06, 512, and S21. The left
orange solid vertical line is the current time, and the right orange solid vertical line is the deadline.

shown in Figure 9, and the detailed calculation results are
shown in Table 2.

Figure 8 shows five sequences (S3, S6, S15, S16, and S21)
located on the eastern of the PiQiang fault (F4), and the
other 16 sequences were concentrated on the western of

the PiQiang fault. The annual slip rate ranged from 3 mm/
year for S1 to 23.14 mm/year for S20.

Figure 9 indicates the time distribution of the above 21
sequences, and the recurrence interval of these sequences
varies from a few days to several years. For example, S21

Table 3: Slip value(unit: mm) of one event rupture with different magnitude in different empirical relationships under the same Ac  and u used in
Section 2.5
Empirical relationship Slip value (mm)
Ms =1.0 Ms = 2.0 Ms =3.0 Ms = 4.0

AG 1.81 5.74 18.15 57.39
log EMO =16.1 + 1.5Ms
log(M,) = 161 + 1.5M; 6.62 18.33 50.79 140.69
log(My) = 17.67 + 0.905M, 9.53 17.62 32.58 60.25
log(My) = 9.8 + M, 0.026 0.05 0.10 0.20




DE GRUYTER

had a short recurrence interval of approximately 140 days,
but S16 had a long recurrence interval of approximately 4.2
years (1,536 days) from the first earthquake that occurred
in November 2009 to the second earthquake that occurred
in February 2014.

Li et al. [34] analyzed the repeated earthquakes detected
in the central and northern sections of the Longmenshan
fault zone and inferred that before the Wen-Chuan earth-
quake, the characteristics of deep sliding acceleration (“accel-
eration synergy”) appeared in both the northern section
(main earthquake source area) and the southern end (non-
source area). Furthermore, the phenomenon of acceleration
moment release can be judged as a mid-term precursor
before strong earthquakes [35].

Similarly, we used the approximate formula E = 101
for the relationship between the earthquake surface magni-
tude and energy to compute the accumulated release energy
for each sequence. For the sequence, S16 (Figure 10a), before
the M2.0 earthquake occurred on September 26, 2019, S16
owned an obviously accelerated release phenomenon, and
226 days later, the M5.2 earthquake occurred in the north-
east direction of the location of S16. Based on sequences S08,
S11, and S17 (Figure 10b), before the M6.4 earthquake occurred
on January 19, 2020, the earthquake energy showed an accel-
erated release, and the time intervals were 1,274, 542, and 777
days, respectively. Based on sequences S18 and S20 (Figure 10c),
before the M5.0 earthquake occurred on January 10, 2015, the
earthquake energy release accelerated, and the time intervals
were 1,036 and 280 days respectively.

According to the results mentioned in the previous
paragraph, we obtained a mean time interval was approxi-
mately 690 days, and the longest time interval was approxi-
mately 1,300 days. As shown in Figure 10d, until February 2025,
there will be a high major seismic risk near S06, S12, or S21.

4 Discussion

We identified 432 repeat sequences composed of 307 double
lets and 125 multi-lets from a total of 19,442 events wave-
forms, which were recorded at nine stations along the large
faults (F1-F5) in the Ka-Ping Block between September 2009
and April 2022.

Relocating the relative locations of every event in each
sequence, we obtained the spatial distribution of the annual
slip rate and depth distribution along the profiles, the
average of the annual slip rate along F1, F2, F3, and F5
was 4.57, 4.08, and 4.89, 4.59, respectively, and the slip rates
from deep were usually larger than those of the shallow
ones. In addition, the slip rate in the western side of the

Deep fault sliding rates for Ka-Ping block of Xinjiang based on repeating earthquakes
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PiQiang fault was higher than in the eastern portion, which
was consistent with the GPS observations [36].

There are five asperities within the Ka-Ping Block, and
they are AHQ to WUS along F1, from WUS to SMY along F2
and F3, from 90 to 150 km along F5, and from KEP station to
240 km along F5; they may be the higher seismic risk areas.
Meanwhile, the locations near S16 (i.e., southwest of KEP
station) and S21 (i.e., east of KEP station) will have a higher
risk of moderate seismic until February 2025.

Due to the cause of the asperity, in which there are
almost no repeat earthquake sequences that occur within a
long time, we cannot know the urgency in time, and this is
one of the limitations. The other limitation is the selection
of some key parameters, which is the appropriate is very
important in this study. For example, there are many
empirical relationships between magnitude (M or M)
and moment (M), such as formulas (4)-(6) [27,29,37]:

log(Mp) = 161 + 15M;, @)
log(My) = 17.67 + 0.905M,, 5)
log(Mo) =9.8 + M. (O]

Combining the formula (1) (in Section 2.5), we obtained
the results for comparison (Table 3). According to the
actual situation, formula (1) is more suitable, which is
also an important reason for adoption.

Our observations of repeating earthquakes along faults
have limited implications for assessing the risk of seismic
hazards because of limitations such as short time periods
and positioning accuracy, and the above results may not
necessarily match the actual situation.
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