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Abstract: The existence of aftershocks in an earthquake sequence can impact the analysis of the
mainshock. In this study, we present a method for deleting an aftershock sequence based on the
spatial relationship between earthquakes and faults. This method improves the performance of space
window selection in the classical K-K method by eliminating aftershocks with an ideal fault buffer
zone. The determination of fault buffer zones is based on a trial-and-error analysis of 69,714 earth-
quake records from the China Seismic Network Center (CENC) collected between 1980 and 2020.
We selected 20 typical big earthquakes (M} 7.0-8.0 or ~Ms6.6-8.0; for earthquakes above magnitude
Ms7 or M17.2, M| is approximately equal to Ms) as the mainshocks to establish the fault buffer
zones. We also propose an empirical formula to determine the distance of the fault buffer zone by
counting the aftershock deletion effect at different buffer distances. Compared with the classical K-K
method, our method considers the correlation between the spatial distribution of aftershocks and
faults, eliminates earthquake groups that are not related to the mainshock, greatly reduces the spatial
range of aftershocks, improves the performance of deleting aftershocks of different magnitudes, and
provides a new rule and reference for aftershock deletion.

Keywords: aftershock deletion; mainshock; fault buffer zone; K-K method

1. Introduction

Earthquakes are one of the natural disasters that have a significant impact on life
and property [1,2] and are often viewed as independent events. Earthquakes’ statistical
characteristics have always been an important tool for researchers to predict earthquakes
and evaluate earthquake risk. Aftershocks are responses to stress changes produced by large
earthquakes and represent the most common phenomenon triggered by earthquakes [3].
Aftershock analysis is important for the probabilistic seismic hazard analysis (PSHA) [4,5], as
it involves a series of earthquakes that occur after the main earthquake. After the mainshock,
the stress distribution of the fault changes significantly, resulting in a series of aftershocks
with the process of stress readjustment. According to Shilen and Toksoz [6], aftershocks
are entirely inconsistent with the Poisson process, and they can obscure the statistical
characteristics of an earthquake as an independent event to some extent [7], such as the
unknown recurrence period [8]. Although the impact of aftershocks on the recurrence cycle
is small, it cannot be ignored when evaluating local earthquake risk [6]. Therefore, deleting
aftershocks is crucial for earthquake statistical analysis and earthquake prediction.

Numerous studies have been conducted to develop effective and efficient methods
for removing aftershocks. Knopoff and Gardner [9] deleted aftershocks by eliminating all
earthquake sequences within a particular distance and time period of a large earthquake
event within a square area. Shlien and Toksdz [10] considered the spatial distance, time
interval, and regional seismic activity to determine the mainshock-aftershock relationship
between two earthquake events. Console et al. [11] used an empirical formula that factors
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in the spatial distance and magnitudes of two earthquake events to remove aftershocks.
The K-K method, proposed by Keilis-Borok and Knopoff L et al. [12], adjusts the size of
the spatial and time window used to remove aftershocks based on the magnitude of the
mainshock. Davis and Cliff [13] presented a unified relationship between earthquakes and
the parameters of the space-time window, while Chen et al. [8] determined aftershocks by
considering the length of the fault and the time window specified by Console et al. [11]. In
recent years, some other methods have also been proposed, such as stochastic decluttering
based on point processes [14], nearest-neighbor distances of events in the space-time-energy
domain [15-17], narrow spatial aftershock zones [18], and nonparametric network-tree
aftershock identification [19]. Most of these methods are based on temporal and spatial
relations and can quickly remove aftershocks from the entire earthquake catalog.

The methods mentioned above typically use circular or square areas centered on
the main earthquake’s epicenter to determine the spatial range of aftershocks, without
considering the fault characteristics closely related to earthquakes. However, aftershocks
usually occur on the same fracture plane as the mainshock, and stress changes resulting
from Coulomb stress transfer can also trigger aftershocks in other fault zones. Stress
drops and normalized rupture width most strongly correlate with aftershock productiv-
ity [20-23]. Nevertheless, most earthquakes are concentrated around the fault zone near
the mainshock’s epicenter. It is important to note that earthquakes are the result of tec-
tonic movements, which release the accumulated high stress in the crust through fault
movements. Faults are a macroscopic feature of tectonic movements, and the occurrence
of earthquakes is highly correlated with the fault scale, including secondary faults, faults,
plane width, and fault types, especially its length. The fault length of an active fault is
positively correlated with the stress accumulation in the crust.

The spatial location of earthquakes is closely related to fault zones. To reduce the
spatial range of aftershocks selected by the K-K method, a new quick method called the
“fault buffer zone” is proposed. This method is mainly based on the positive correlation
between the crustal stress and the fault length. As a quick method, it temporarily ignores
other attributes of the fault, such as fault dislocation mode and fault plane, which require
careful geological verification. The basic idea is to select the closest related fault of a specific
mainshock as the main fault and use the line elements determined by the main fault to
extend a certain distance outward to determine the buffer zone of the main fault, which is
the aftershock space. Fault length is a comprehensive response to geological structure and
stress accumulation. Therefore, this method considers the correlation between aftershocks,
main faults, and differences in geological tectonic environments in different regions.

The introductory section of this paper provides an overview of the fault buffer zone
method for deleting aftershocks. The subsequent section describes the methodology for
determining the main parameters of the fault buffer zone method. The third section presents
the empirical formula for calculating the fault buffer zone, which is based on a statistical
analysis of earthquakes in the Chinese mainland since 1980 and tests on major earthquakes.
The final section summarizes the main conclusions of the study.

2. Aftershock Deletion Algorithm Based on “Fault Buffer Zone”

The K-K algorithm [12] employs an empirical method to remove aftershocks by defin-
ing a spatial and temporal based on the magnitude of the mainshock. The mainshock
magnitude is denoted as M, the aftershock magnitude as m, the distance between two
earthquakes as r, the time interval as At, the spatial window distance as Ry, and the
time window interval as Tj. If the following condition is met, then m is classified as the
aftershock of M:

r < Ro(M); At < To(M); m < M, 1

The empirical value of the aftershock space and time window of the K-K algorithm is
presented in Table 1.
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Table 1. Aftershock space and time window of the K-K method.

M Ro(M)/km To(M)/d M Ro(M)/km To(M)/d
2.0-2.5 30 6 5.0-5.5 50 183
2.5-3.5 30 12 5.5-6.5 50 365
3.5-4.0 40 23 6.5-7.0 100 548
4.0-4.5 40 46 7.0-7.5 100 730
4.5-5.0 40 92 7.5-8.0 150 913

The K-K method’s spatial window is typically a circle centered on the epicenter. In
this study, we replace the circle with a “fault buffer zone” that considers the correlation
between earthquakes and their corresponding seismogenic faults. The fault buffer zone is a
closed polygon that extends a certain distance outward from the seismogenic fault. Figure 1
shows the flowchart of the aftershock deletion algorithm based on a fault buffer zone.

The location and magnitude

of the main shock

National earthquake catalogue Geological survey

Y

The target fault's location and length determination

¢

Buffer distance selection

Y

The buffer zone determination

Figure 1. Flow chart of aftershock deletion algorithm based on the fault buffer zone.

Figure 1 illustrates the aftershock deletion algorithm based on the fault buffer zone. The
seismogenic fault determined by geological survey or focal mechanism solution and closest
to the epicenter of the mainshock is considered the target active fault and is simplified into a
linear unit. Active faults are those that have been active since the late Quaternary and may
still be active today or be reactivated in the future. The proposed method for aftershock
deletion only requires the identification of faults and the determination of their existence
through the analysis and interpretation of aerial and satellite photos, geophysical maps,
and geological maps, without considering fault type. This is because the aftershocks are
distributed in the buffer zone, which is established with the seismogenic fault as the center,
regardless of the fault type, including normal fault, reverse fault, and strike-slip fault.

The fault buffer zone replaces the circular spatial window of the K-K method by
extending a certain distance outward from the seismogenic fault, which is simplified into a
linear unit, to form a closed polygon.

This aftershock deletion algorithm based on the fault buffer zone requires determining
the following parameters for the earthquake (mainshock) being studied:

(1) The seismogenic fault closest to the mainshock was identified through a geological
survey or focal mechanism solution, simplified into a linear unit.

(2) The length of the seismogenic fault.

(3) The buffer distance of the fault buffer zone.
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2.1. Determining the Seismogenic Fault and Its Length Related to the Mainshock

Earthquakes may be associated with a single fault, multiple faults, multisegmented
faults, or concealed faults [24]. To identify the seismogenic fault related to the mainshock,
postearthquake investigation and focal mechanism solutions can be used. If the earthquake
is related to multiple faults, the faults can be simplified into a linear unit. The next step is to
determine the length of the seismogenic fault. The empirical Formula (2) by Guo et al. [25]
shows the relationship between earthquake magnitude (surface wave magnitude) and fault
length, while Wells and Coppersmith [26] proposed a formula relating earthquake moment
magnitude (Mw) and fault rupture length. However, China’s earthquake catalog uses near
earthquake magnitude to define the magnitude (M} ) in the early stage. In this paper, we
still use the calculation formula of M} and fracture length, because China earthquakes
catalog with M magnitude by default and will introduce deviation if historical earthquakes
are converted to Mw magnitude and it is not possible to use Mw for small earthquakes.
For earthquakes above magnitude Ms7.0 or M1 7.2, My, is approximately equal to Ms. In
this formula, M represents the earthquake magnitude, and L represents the length of the
fault in kilometers. There is a significant positive correlation between the logarithm of
earthquake magnitude and fault length.

M =33+21logL, @)

2.2. Determination of Fault Buffer Distance

Based on the aforementioned methodology, the fault buffer zone is determined by
taking the seismogenic fault as the center and extending a certain distance, which is
determined by the Joyner-Boore distance. The Joyner-Boore distance refers to the shortest
distance from an observation point on the ground to the projection of the fault on the
ground. The size of the buffer zone is determined by the magnitude of the mainshock. A
larger magnitude corresponds to a larger Joyner-Boore distance and a larger buffer zone.

73.5°E 74.0°E 74.5°E 73.5°E 74.0°E 74 .5°E 75.0°E
40.0°N h h h 40.0°N h h — h
(@) (b) . — ~
39.7°N+ \
395N | A
39.5°N- | /
N 7 - Main fault
39.2°N 1 —_— % Epicenter
*. |+ Earthquakes
39.0°N+ ©. *. |0 K-Kbuffer
&3 Simulated buffer

Figure 2. Method for establishing and adjusting the fault buffer zone (The red five-pointed star
represents the main earthquake, while the black line represents its corresponding seismogenic fault.
The black line on the left of the figure above represents the seismogenic fault. The circles represent
the buffer range of each point on the fault, and the red envelope represents the buffer area of the
fault. The multiple envelope areas on the right of the figure above represent different buffer areas
corresponding to different earthquakes). (a) The buffer distance for a earthquake; (b) adjustment of
the buffer distance.

There are 69,714 earthquake records of magnitude greater than M} 3.0 collected from
the China Seismic Network Center (CENC) between 1980 and 2020. While strong earth-
quakes generally receive great attention and provide rich observation data, such as seismo-
genic faults, focal mechanism solutions, and geological observations, it is important to find
an appropriate fault buffer distance for earthquakes of different magnitudes. To accomplish
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this, we selected almost all 20 typical strong earthquakes with magnitudes ranging from
M 7.0-M}8.0(~Ms6.6-8.0) as the main shocks and carried out trial-and-error analysis.
The time and space windows provided by the K-K method were used as a reference to
determine the initial value of the spatial location and length of the main faults.

To determine the appropriate buffer distance for earthquakes of different magnitudes,
we adjusted the buffer distance, i.e., the Joyner-Boore distance, according to the magnitude
of the earthquake (Figure 2), with the initial value set to the space window distance R of
the K-K method. Proper adjustment of the buffer distance is necessary to effectively handle
the aftershocks of strong earthquakes.

3. Statistical Results and Discussion

The trial-and-error analysis of aftershock deletion is carried out using earthquake
catalog data (69,714 events greater than M 3.0) collected by CENC from 1 January 1980 to
23 December 2020. Among them, there are 2772 earthquakes with magnitudes greater than
or equal to 5.0 and 461 earthquakes with magnitudes of 6.0 and above. The fault data used
in this analysis is sourced from the active tectonic map of China (1:4 million) developed
by Academician Deng Qidong [27] and provided by the National Seismological Science
Data Center. The fault data includes the geographical location and fault attributes of major
faults in China, such as fault name, length, strike, dip, dip angle, fault nature, and the latest
active age.

In Section 2, we used the fault buffer zone method to analyze the typical aftershocks
of Ms7.0~8.0 earthquakes. We obtained appropriate buffer distances for 20 great earth-
quakes with magnitudes between 7.0 and 8.0. These earthquakes were divided into six
groups according to their magnitudes: M 7.0, My 7.1, M 7.2, M;7.4, M} 7.6, and M| 8.0 (for
earthquakes above magnitude Ms7.0 or My 7.2, M| is approximately equal to Ms). The
relationship between an earthquake’s magnitude and fault buffer distance was obtained
for each group using least square error.

—A

i -

SSE:0.0003794 — -

RMSE:0.009739 -

R-square:0.992 - -

Adjusted R-square:0.9901 A, -

-~
-~
T - - logR = 0.2621M - 0.2682
/A* Coefficients(with 95% confidence bounds):
— - p1 = 0.2621(0.2296, 0.2947)
/k P p2 = -0.2682(-0.5091, -0.02734)
i -
/r
-
2 --- Fitted line
A Observation points
T T T T —
7.0 7.2 7.4 7.6 7.8 8.0
Magnitude

Figure 3. Illustrates the logarithmic relationship between the magnitude and the fault buffer distance
(The red triangle indicates the statistical optimal fracture buffer distance, while the blue dotted line
represents the fitted trend of fault buffer distance. The fitting correlation coefficient is shown in the
figure, with the SSE and RMSE being very low, and the R-square value reaching 0.99; SSE: sum of
squares of residuals; RMSE: root mean square error; R-square: coefficient of determination).

To examine the relationship between the magnitude of the mainshock and buffer
distance, and to test its effectiveness in deleting aftershocks for earthquakes of other
magnitudes, we fitted a function between the magnitude and the buffer distance (Figure 3)
and analyzed the results in Formula (3). The fitting effect was excellent, with a low SSE
(sum of squares of residuals), a low RMSE (root mean square error), and a coefficient of
determination (R-square) of 0.99. In Section 3.1, we provide a detailed statistical analysis
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of aftershock deletion for mainshocks of different magnitudes, including M;7.0, M 7.1,
M;7.2, M;7.4, M;7.6,and M[8.0.

logR = 0.2621M — 0.2682, 3)

3.1. Verification of My 7.0~My 7.1 Earthquake Fault Buffer Zone

Table 2 shows the M} 7.0~7.1 earthquakes that occurred in mainland China since 1980.
There was a total of six earthquakes, and the fault buffer zone calculated according to
Formula (3) for each earthquake is shown in the table. These buffer zones can be used for
aftershock deletion in future earthquakes with similar magnitudes.

Table 2. Fault buffer distance of the M;7.0 and M} 7.1 earthquakes.

Location Buffer
ID My Date Target Fault .
Longitude Latitude Depth Distance (km)

a 7.0 25 November 2016 74.1° 39.2° 10 Muji fault 36

b 7.1 5 November 1988 90.7° 32.9° / Chibu zhangcuo-zhasa fault 39

C 7.1 26 April 1990 100.13° 36.12° 29 Northern margin fault of Gonghe basin 39

d 7.1 5 October 2008 74.03° 39.45° 10 Kazikearte fault 39

e 7.1 7 October 2014 100.55° 23.4° 10 Sanlinyang-siyongjie fault 39

f 7.1 18 November 2017 95° 29.75° 10 Ani bridge fault 39

Figure 4 illustrates the distribution of aftershocks and target active faults of the M;7.0
and M) 7.1(~Ms6.6-Ms6.9) earthquakes. The red dashed area represents the fault buffer
zone calculated using Formula (3), while the black circular area denotes the spatial range
of the deleted aftershocks selected by the K-K method corresponding to the mainshock.
In Figure 4a, the fault buffer of a shallow strike-slip M} 7.0 earthquake near the western
end of the Muji graben basin in the northern part of the Pamir syntax [28] is shown. The
buffer distance, which is equal to 36 km, is obtained by applying Formula (3). The number
of aftershocks falls within the K-K method prediction, with aftershocks mainly between
M;3.0 and M| 4.8. The number of aftershocks decreases year by year, and the focal depth
ranges from 4 to 16 km.

On the other hand, Figure 4b—f show the fault buffer zone of several M} 7.1 earthquakes,
with a calculated distance of 39 km using Formula (3). The dotted red line represents
the buffer zone, which basically captures the aftershock distribution range. Aftershock
magnitudes are generally small, concentrated in M 3.0-4.0.

The figure demonstrates that the distribution of aftershocks determined by the fault
buffer zone generally conforms to the structural geological distribution. In Figure 4b, a
strike-slip fault with a slight overthrust component [29] occurred between the southwest of
Qinghai Province and the edge of the Tuotuo River. The aftershocks are mainly concentrated
in the area near the fault. The mainshock (shown in Figure 4c) occurred near the Tanggemu
Farm on the southwestern edge of the Gonghe Graben Basin, Qinghai, and the magnitude
of aftershocks ranges from M 3.0 to M;4.0. The aftershocks in Figure 4d mainly occur
at the junction of China, Tajikistan, and Kyrgyzstan, with a broad range of magnitudes
from M 3.0 to Mp6.4 [30]. The mainshock in Figure 4e occurred in Jinggu, Yunnan, with its
epicenter located at the junction of various subduction, collision, suture, overlap, and strong
crustal accretion [31]. The magnitude of aftershocks is mostly M 3.0-4.0. The aftershocks
in Figure 4f are located around the mainshock and extended along the northwest and
southeast sides of the mainshock [32], with the largest aftershock magnitude being M.5.6.

In summary, the fault buffer distance of 39 km is appropriate for M;7.0-M7.1 earth-
quakes. As shown in Figure 4, the aftershocks within the fault buffer zone are more
concentrated and better reflect the correlation between the aftershock sequence and fault
strike compared to the aftershocks filtered out by the K-K method.
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Figure 4. The fault buffer zone of M;7.0 and M;7.1 earthquakes, as well as the distribution of
aftershocks (the red dotted line indicates the fault buffer zone, while the black circle indicates the
range of K-K aftershocks; the red five-pointed star represents the mainshock; and the time of the
mainshock is displayed in the upper left corner of the figure; the legend in the lower right corner
of the figure explains the symbols used in the figure). (a) The Aktau M| 7.0(Ms6.7) earthquake;
(b) the Xijji and toto river M 7.1(Ms 6.8) earthquake; (c) the Tanggemu M;7.1(Ms 6.9) earthquake;
(d) the Wugia M} 7.1(Ms6.8) earthquake; (e) the Jinggu M} 7.1(Ms6.6) earthquake; (f) the Linzhi
M17.1(Ms6.9) earthquake.
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3.2. Verification of M17.2 Earthquake Fault Buffer Zone

Table 3 displays the M7.2 earthquakes that have occurred in mainland China since
1980, with a total of six earthquakes selected for the statistics of aftershock deletion, using
them as the mainshock.

Table 3. Fault buffer distance of M| 7.2 earthquake.

Location

1D M Date Target Fault Buffer Distance
Lon Lat Depth (km)

a 7.2 24 January 1981 101.17° 31° 12 Xianshuihe fault 42

b 7.2 3 February 1996 100.22° 27.3° 10 Lijiang-Daju fault 42

c 7.2 19 November 1996 78.35° 35.43° / Eslak karaur 42

d 7.2 25 August 2008 83.65° 30.93° 10 Yare fault 42

e 7.2 20 April 2013 102.98° 30.3° 17 Guanxian-Jiangyou fault 42

f 7.2 8 August 2017 95° 29.75° 10 Tazang fault 42

31.0°N |-

35.0°N

e

!
AN

31.0°N o

30.0°N{ b

Figure 5. Establishment of M 7.2 earthquake fault buffer zone. (a) The Daofu M7.2(Ms6.8)
earthquake; (b) the Lijiang M;7.2(Ms7.0) earthquake; (c) the Hetian M;7.2(Ms7.1) earthquake;
(d) the Zhongba M 7.2(Ms6.8) earthquake; (e) the Lushan M;7.2(Ms7.0) earthquake; (f) the
Jiuzhaigou My 7.2(Ms7.0).
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According to Formula (3), the fault buffer distance of 42 km is suitable for removing
aftershocks from all the M} 7.2 earthquakes. The aftershocks of the Daofu earthquake, in
Sichuan Province, shown in Figure 5a, are distributed on the northwest strip and have
generally small magnitudes and shallow focal depths, except for a few earthquakes. The
mainshock in Figure 5b occurred at the Lijiang-Daju fault, which is a normal fault with a
left-handed movement component, and the aftershocks are distributed in the north-south
direction, with the maximum aftershock magnitude of 6.3. The mainshock in Figure 5¢
occurred in the Karakoram Pass southwest of Hotan, Xinjiang. Most aftershocks are
distributed in the southwest of the mainshock with a low magnitude, and the earthquake
distribution shows no obvious characteristics [33]. The lack of earthquake data may be the
reason for this, as it is in the border area between two countries, some earthquakes may not
have been recorded.

The mainshock in Figure 5d occurred in Zhongba, Tibet, with a generally small af-
tershock magnitude. The mainshock in Figure 5e occurred in Lushan County, Yaan City,
Sichuan Province, which is similar in focal nature to the Wenchuan earthquake (in 2008).
In Figure 5f, the mainshock occurred in Jiuzhaigou County, Aba Tibetan Autonomous
Prefecture, and the northern Sichuan Province. The aftershocks of this earthquake are char-
acterized by a small number of moderate and strong aftershocks and a large difference in
magnitude between the largest aftershock and the mainshock. The sequence of aftershocks
showed a NW-SE trend [34].

3.3. Verification of My, 7.4(Ms7.4) Earthquake Fault Buffer Zone

Table 4 shows four mainshocks with a magnitude of M 7.4, all of which occurred in
Western China.

Table 4. Fault buffer distance of M} 7.4 earthquake.

Location
ID M Date Main Fault . Butfer
Lon Lat Depth Distance (km)
7.4 23 August 1985 75.6° 39.58° / Kazikealte fault 48
b 74 21 March 2008 81.43° 35.8° / Altun Mountain’s 48

south margin fault
. o o Ganzi-Yushu-
c 7.4 14 April 2010 96.58 33.22 14 48
Fenghuoshan

d 74 12 February 2014 82.52° 36.13° 10 Yare fault 48

The fault buffer distance of 48 km is suitable for all mainshocks. The mainshock in
Figure 6a happened in Wugia County, Xinjiang Uygur Autonomous Region. The mainshock
in Figure 6b is close to the Kunlun Mountain Watershed at the junction of Yutian, Cele, and
Tibet. This earthquake is believed to have been caused by a tensile rupture with a strike-slip
component of the Guozhacuo fault of the Altyn Tagh fault zone under the action of the NS
direction force [30], and the aftershock sequence attenuates quickly, mainly in Tibet, Ritu,
and parts of Xinjiang. The mainshock in Figure 6¢ occurred in Yushu, Qinghai Province,
and the largest aftershock magnitude is M} 6.6. The region with the most concentrated
aftershocks is located west of the mainshock, and the spatial distribution of aftershocks
gradually shrank westward over time [35]. The mainshock in Figure 6d occurred in Yutian,
Xinjiang, and its aftershocks are distributed in a southwest direction and spread along one
side of the fault.
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Figure 6. Establishment of M 7.4 earthquake fault buffer zone. (a) The Wuqia M 7.4(Ms7.4) earth-
quake; (b) the Yutian M;7.4(Ms?7.4) earthquake; (c) the Yushu M;7.4(Ms7.1) earthquake; (d) the
Yutian M 7.3(Ms7.3) earthquake.

3.4. Verification of My 7.6(Ms7.6) Earthquake Fault Buffer Zone
There are two mainshocks with M} 7.6, and the fault buffer distance is 54 km (Table 5).

Table 5. Fault buffer distance of M7.6 earthquake.

Location
ID My Date Target Fault _ Buffer
Lon Lat Depth Distance (km)
a 7.6 18 November 1997 87.3° 35.2° / Altun Mountain’s 54
south margin fault
b 7.6 6 November 1988 99.72° 22.83° 13 longling-lancang fault 54

The mainshock in Figure 7a, which occurred in Mani, Tibet, has a buffer distance of
54 km. The aftershocks have small magnitudes, and the sequence decays faster with time.
The mainshock in Figure 7b occurred in Lancang County;, at the junction of Gengma and
Cangyuan Counties in southwest Yunnan. The aftershocks are densely distributed along
the Longling-Lancang fault, which includes the surrounding dense earthquake clusters. It
was found that the maximum aftershock magnitude was 7.2. This earthquake can also be
considered a double mainshock aftershock type.
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Figure 7. Establishment of M]7.6) earthquake fault buffer zone. (a) the Mani M} 7.6(Ms?7.9) earth-
quake. (b) the Lancang-gengma M| 7.6(Ms7.6) earthquake.

3.5. Verification of My, 8.0(Ms8.0) Earthquake Fault Buffer Zone

Since 1980, there have been two earthquakes in mainland China with a magnitude
greater than M 8.0(Ms8.0). The first was the M| 8.1(Ms8.1) earthquake that occurred west
of Kunlun Mountain Pass in 2001. The second was the Wenchuan earthquake on May
12, 2008, which caused many casualties. The Wenchuan earthquake occurred in Sichuan
Province; its epicenter was at 103.4°E, 31°N, and had a focal depth of 14 km [36]. The main
fault responsible for this earthquake is the Yingxiu-Beichuan fault [37].

Figure 8 shows the buffer distance of the M} 8.0 Wenchuan earthquake, which is 66 km.
Aftershocks mainly occurred in areas near the mainshock, such as Wenchuan, Beichuan,
Mianzhu and the number of aftershocks was large. However, the magnitude of aftershocks
was generally small, and it decreased slowly over time. The aftershocks were densely
distributed along the decreased direction of the mainshock.

102.0°E 104.0°E 106.0°E
T . . : —

32.0°N

31.0°N

30.0°N

Figure 8. Establishment of M} 8.0(Ms 8.0) earthquake fault buffer zone.

4, Test of Fault Buffer Zone of Mainshock and Discussion

Formula (3) was obtained using the trial-and-error method based on an earthquake
with a magnitude range of M;7.0-M|8.0(~Ms5.6-Ms8.0). Tests have shown that the im-
proved algorithm, based on the fault buffer zone, is also suitable for different magnitudes,
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such as M 8.1(Ms8.1), M6.8((Ms6.6)), and M;5.9(Ms5.6) (Table 6). The results of af-
tershocks selected by both methods are presented in Figures 9 and 10. When compared
with the original K-K algorithm, the fault buffer zone method selects aftershocks that are
clustered and centered on the target fault, which is consistent with the correlation between
earthquake occurrence and geological structure. The earthquake shown in Figure 9a oc-
curred in the west of the Kunlun Mountain Pass, and it is the largest earthquake in China
in 70 years. Formula (3) was used to calculate the buffer distance, which was found to be
71.58 km. The earthquake shown in Figure 9b occurred in Xiaojin County, Aba Tibetan, and
Qiang Autonomous Prefecture, Sichuan Province, with a buffer distance of 32.67 km. The
earthquake in Figure 9c occurred in Hejing, Xinjiang, with a buffer distance of 18.98 km.
Figure 9d is the aftershock deletion of Changning earthquake, Sichuan, China. The after-
shock sequence has a low magnitude and a concentrated distribution, indicating that this
method can accurately and quickly delete aftershocks, even for earthquakes with lower
magnitudes. The three applications demonstrate that our method takes the fault strike
into account. Figure 10 shows the precise location of the recent Changning earthquake in
Sichuan and the range of deleted aftershocks using this algorithm. The figure shows that
this algorithm can effectively distinguish between aftershocks of different mainshocks.

90.0°E 92.0°E 101.0°E  102,0°E  103,0°E

@

37.0°N+:

36.0°N{ [l

35.0°N1 )

34.0°NL

83.0°E

83.5°E  84.0°E  84.5°E 104.5°E 105.0°E 105.5°E

(B) 796070122

28.5°N {4

Figure 9. Establishment of three earthquakes’ fault buffer zones in Table 6. (a) the Kunlun Moun-
tain Pass M;8.1(Ms8.1) earthquake. (b) the Xiaojin M| 6.8(Ms6.6) earthquake; (c) the Hejing
M 5.9(Ms5.6) earthquake; (d) the Changning M; 6.3(Ms 6.0) earthquake.
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Table 6. Fault buffer distance of other earthquakes.
ID My Date Location Target Fault Intercehption
Lon Lat Depth Method
a 8.1 14 November 2001 90.53° 35.93° 10 Mugziluk-Whale Lake Far-end
b 6.8 22 September 1989 102.38° 31.55° 10 Malkang fault Far-end
o o Southern margin fault of .
c 59 30 August 2008 83.85 42.72 6 Greater Yuludus Basin Both sides
d 6.3 17 June 2019 104.97° 104.97° 16 104.97° Far-end
104.5°E 105.0°E 105.5°E

2019/6/17 o R

28.5°N.

28.0°N+,

s -'1 Py -:\; Bty oo . . i i
-\\ ‘—_h e Ty - ! \_;.._ 1.
:it}rj)h z ot B .'\.'. i"{\'h\' AT T Q.‘

Figure 10. The aftershock deletion of Changning earthquake, Sichuan, China using the fault buffer
zone algorithm.

The improved K-K aftershock deletion algorithm based on the fault buffer zone is more
effective and accurate than the original K-K method. It selects aftershock sequences that are
more concentrated and distributed along the effective faults, leading to a reduction in the
number of aftershocks with time while the magnitude of the aftershocks is generally small.
This approach is applicable to earthquakes above M; 6.3 and provides a more accurate
aftershock sequence.

5. Conclusions

Removing aftershocks, that is, separating clustered events (i.e., aftershocks) from
background earthquakes in the epicenter area. Accurately obtaining the aftershock of a
mainshock can reveal changes in seismic activity in time and space [38]. Based on this, the
accurate Coulomb stress and b value can be calculated, and the change characteristics of
the fault stress and subsequent earthquake occurrence trend can be obtained.

In this paper, we propose a novel method for removing aftershocks based on the fault
buffer zone. Our method builds on the basic assumption that there is a high correlation
between earthquake magnitude and a seismogenic fault. Instead of using a circular area
centered on the earthquake epicenter, our approach employs the fault buffer zone to
accurately identify and remove aftershocks. The conclusions of this paper are as follows:

1.  We conducted a statistical analysis of earthquakes with magnitudes of M;7.0~8.0 in
mainland China since 1980 and divided the 20 earthquakes into six groups for analysis,
ranging from M;7.0, My7.1, M 7.2, M 7.4, M1 7.6,and M[8.0 (or ~Ms6.6-8.0 and for
earthquakes above magnitude Ms7 or M 7.2, M| is approximately equal to Ms). By
using a trial-and-error method, we established an empirical formula for the fault buffer
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distance. Our trials on the aftershock deletion of other magnitude earthquakes above
M15.9 show that this empirical formula is also effective, and the deleted aftershock
sequences are accurately clustered using the fault buffer zone-based spatial window
method. We compared our method with the K-K method and found that our method
is applicable for deleting aftershocks at different magnitudes.

2. The test results show that the proposed fault buffer zone-based method improves on
the traditional K-K method by taking into account relationships between earthquake
magnitude and fault rupture length, increasing the accuracy of aftershock selection.
The results of aftershock deletion using this method show good agreement with the
actual earthquake occurrence distribution.

However, this method still has room for improvement, as the presence of a concealed
fault may affect the accuracy of aftershock deletion. Furthermore, it is necessary to verify
the applicability of the empirical formula in other regions of the world.
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