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Abstract

Eight MI[?]7.0 earthquakes have occurred around the Bayan Har block, NW Tibet, China, since 2000, resulting in a large
number of casualties and countless economic loss. Near the western boundary of the Bayan Har block, four MI1[?]6.0 Yutian
earthquakes have occurred from 2008 to 2020. Stress interactions among them are comprehensively investigated by applying the
ETAS (Epidemic-Type Aftershock Sequence) model and calculating (Coulomb failure stress change). The viscoelastic induced
by proceeding Yutian earthquakes on hypocenters of the 2012, 2014 and 2020 Yutian earthquakes are -1.5004x107% | 3.5820x 1073
and 1.4770x10"' MPa, respectively. The background probabilities of the 2008, 2012, 2014 and 2020 Yutian earthquakes are
0.87, 0.97, 1.5x10™3 and 8.7x10°®, respectively. Combining those two independent approaches, we conclude that the 2008 and
2012 Yutian earthquakes are more like background earthquakes and that the 2014 and 2020 Yutian earthquakes were triggered
by the proceeding Yutian earthquakes.
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Key points:

1. Four MI>=6.0 have occurred on the western boundary of the Bayan Har block, NW Tibet,
China, from 2008 to 2020.

2. The 2008 Yutian earthquake may have contributed to the occurrences of the 2014 and 2020
Yutian events due to stress triggering.

3. Statistical insights provide a good cross reference for the triggering mechanism due to small

uncertainties.

1/ 23


mailto:jk@nwpu.edu.cn

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42
43

44

45

46

47

48

49

50

o1

52

53

54

55

56

57

Abstract

Eight M1>7.0 earthquakes have occurred around the Bayan Har block, NW Tibet, China, since
2000, resulting in a large number of casualties and countless economic loss. Near the western
boundary of the Bayan Har block, four M1>6.0 Yutian earthquakes have occurred from 2008 to
2020. Stress interactions among them are comprehensively investigated by applying the ETAS
(Epidemic-Type Aftershock Sequence) model and calculating ACFS  (Coulomb failure stress
change). The viscoelastic ACFS induced by proceeding Yutian earthquakes on hypocenters of
the 2012, 2014 and 2020 Yutian earthquakes are -1.5004 X 10, 3.5820X 10~ and 1.4770 X 10
! MPa, respectively. The background probabilities of the 2008, 2012, 2014 and 2020 Yutian
earthquakes are 0.87, 0.97, 1.5 X 107 and 8.7 X 10, respectively. Combining those two
independent approaches, we conclude that the 2008 and 2012 Yutian earthquakes are more like
background earthquakes and that the 2014 and 2020 Yutian earthquakes were triggered by the

proceeding Yutian earthquakes.

Plain Language Summary
Along the boundaries of the Bayan Har block, NW Tibet, China, there have been eight large

earthquakes since 2000, resulting in a large number of casualties and countless economic loss.
At its western boundary (Yutian region), four earthquakes with local magnitudes larger than 6.0
have occurred since 2008. Whether these four large earthquakes were triggered is an important
question in assessing regional seismic hazards. We combine two methods to address this issue.
One is direct calculation of stress transfer and the other is estimation of the probabilities of
them being background events (an event is driven by tectonic loading). We find that the stress
transfer from proceeding major earthquakes to the 2012 Yutian earthquake is smaller than the
earthquake triggering threshold (0.01 MPa), while those of the 2014 and 2020 Yutian
carthquakes were moderate compared with the triggering threshold. The background
probabilities of the 2008 and 2012 Yutian earthquakes are high (close to 1.0), while background
probabilities of the 2014 and 2020 Yutian earthquakes are very low (close to 0.0). Thus, we
conclude that the 2008 and 2012 Yutian earthquakes are more like background earthquakes and

that the 2014 and 2020 Yutian earthquakes were triggered by the proceeding Yutian earthquakes.
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1. Introduction

Stress interactions among major earthquakes have received increasing attention. A number of
case studies (e.g., the 1992 Landers and 1999 Hector Mine earthquakes in the US (Freed and
Lin, 2001); the 2008 Wenchuan, 2013 Lushan and 2017 Jiuzhaigou earthquakes in China (Jia
et al., 2014; Jia et al., 2018; Wan and Shen, 2010; Wang et al., 2014b); the 2010-2011
Canterbury Earthquake Sequence in New Zealand (Quigley et al., 2016); and the foreshock and
mainshock of the 2019 Ridgecrest earthquake in the US (Pope and Mooney, 2020; Ramos et
al., 2020)) have been investigated under the framework of the Coulomb failure hypothesis,
which assumes that positive ACFS promotes the occurrence of earthquakes and negative
ACFS delays them. In addition, many researchers have shown that the calculated ACFS are
positively correlated with observed seismicity rate changes (Harris, 1998; Jia et al., 2014; Kroll
etal.,2017; Pollitz and Cattania, 2017; Stein, 1999; Toda et al., 2012; Toda et al., 2005; Zhuang
et al., 2005). This indicates that observed seismicity increases in regions with positive ACFS

and decreases in regions with negative ACFS values. However, several studies have found
that earthquakes still occurred in a stress shadow (Harris and Simpson, 1996; Jia et al., 2018;
Parsons, 2002), which cannot be explained by the Coulomb failure hypothesis. Earthquake
triggering mechanisms have also been investigated in previous studies (Freed, 2005).
Coseismic slip (McCloskey et al., 2005), postseismic deformation (e.g., afterslip (Cattania et
al., 2015), viscoelastic relaxation of the lower crust and upper mantle (Freed and Lin, 2001)),
dynamic seismic waves (Gomberg et al., 2001) and fluid-involved processes (e.g., poroelastic
rebound) (Hughes et al., 2010; Tung and Masterlark, 2018) could contribute to triggering
earthquakes. Remote triggering of earthquakes at great distances could be well explained by
dynamic triggering due to the passage of seismic waves, while distinguishing local triggering
in the near field between static and dynamic stress changes could be a challenge (Meng and
Peng, 2014). In this way, calculations of ACFS and seismicity rate changes could help to

clarify stress interactions between earthquakes and faults and further evaluate seismic hazards.

The recent June 26 (GMT+8), 2020 Mw 6.3 Yutian earthquake (hereafter 20YT) occurred in

the western Kunlun Mountains, NW Tibet, China. Three other M>6.0 earthquakes have
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occurred near the epicenter of the 20YT since 2008. The March 20, 2008 Mw 7.1 Yutian
earthquake (hereafter 08YT), one of the largest normal earthquakes on the continents, occurred
94 km to the west of the epicenter of the 20YT. The August 12,2012 Mw 6.2 Yutian earthquake
(hereafter 12YT) and the February 12, 2014 Mw 6.9 Yutian earthquake (hereafter 14YT)
occurred 25 km and 61 km to the north of the epicenter of the 20YT (Figure 1). The source
region of these four earthquakes on the western boundary of the Bayan Har block experiences
an extensive stress field bounded by two strike-slip fault systems: the Altyn Tagh fault in the
north and the Longmu-Gozha Co fault in the south (Taylor and Yin, 2009), which further relates
to the collision of the Indian plate and Eurasian plate. This area is the intersection of multiple
groups of large strike-slip active fault belts with different strikes. The 08YT, 12 YT, 14 YT and
20YT sequences provide an opportunity for a case study of the Coulomb failure hypothesis and

help to evaluate the seismic hazard of the Bayan Har block.
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Figure 1 Tectonic settings of the Yutian region and Bayan Har block. (a) The black filled circles
represent earthquakes with M>3.5 from 1 January 1970 to 31 December 2007 (from China
Earthquake Data Center, http://data.earthquake.cn/index.html). The color filled circles are

earthquakes with M>3.5 from 1 January 2008 to 23 August 2020, and colors represent their
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occurrence time. The four red stars represent the epicenters of the 2008, 2012, 2014 and 2020
Yutian earthquakes, and their focal mechanisms are from the Global Centroid Moment Tensor
(GCMT, https://www.globalcmt.org/CMTsearch.html). The black lines represent major faults
(Zhang et al., 2003). (b) Nine major earthquakes (M>7.0 except for the Yutian region) have
occurred on the boundaries of the Bayan Har block since 2000. The red dashed polygon
represents the region of (a). (¢) The red solid polygon represents the region of (b) with respect

to mainland China.

Previous studies have shown stress triggering between the 08YT and 14YT (Li et al., 2015;
Wang et al., 2017; Zhao et al., 2016) and seismicity rate changes following the 08YT, 12YT
and 14YT (Jiang et al., 2014; Zhao et al., 2016). Using a three-dimensional viscoelastic finite
element model, Li et al. (2015) showed that ACFS induced by the 08YT on the slip direction
of the 14YT exceeded 0.01 MPa (the earthquake triggering threshold) (Harris, 1998;
Reasenberg and Simpson, 1992). They implied an apparent triggering effect of the 08YT to
14YT and suggested that the 14YT had advanced 21.4-24.9 years from the O8YT (Li et al.,
2015). Zhao et al. (2016) claimed that the 14YT was located in the triggering zone caused by
the O8YT, and the observed spatial distributions of aftershocks of these two major events were
well correlated with positive ACFS distribution. Wang et al. (2017) examined coseismic,
postseismic and interseismic  ACFS induced by the 08 YT on the 14 YT hypocenter and found
a triggering relationship between them. He et al. (2020) calculated the coseismic ACFS from
the O8YT, 12YT and 14YT and found that the 20YT falls in the positive Coulomb stress region,

suggesting that previous events promoted the 20YT.

However, the roles of the 12YT in stress interactions with other Yutian earthquakes and
postseismic stress changes on the hypocenter of the 20YT have not been investigated. More
importantly, whether the occurrence of the 20YT was triggered by proceeding Yutian
earthquakes or a background event may lead to different evaluations of regional seismic hazards.
Ifthe 20YT was a triggered event, the local stress level may still be in a condition of postseismic

release or adjustment. On the other hand, an independent 20YT implies continuous tectonic

6 /23



134

135

136

137

138
139
140

141

142

143

144

145

146

147

148
149
150

151

152

153

154

155

156

157

158

159

160

161

162

loading and release. Especially for a relatively small region, occurrences of four M>6.0
earthquakes within 13 years are rare and provide an opportunity to study static stress
interactions (elastic and viscoelastic stress changes) among them. Furthermore, together with
seismicity analysis, these two independent kinds of evidence could be useful to understand the

occurrence of the 20YT and seismic hazards in the Bayan Har block.

In this study, we comprehensively investigate the seismicity rate changes in the Yutian region
from 2008 to 2020, the ACFS at the hypocenter of the 20YT induced by the proceeding Yutian
earthquakes (08YT, 12YT and 14YT), and the correlations between them. The ETAS model
and stochastic declustering method are used to obtain the background seismicity rate change.
The coseismic (elastic) and postseismic (viscoelastic)y ACFS are calculated in an
elastic/viscoelastic layered half-space. The uncertainties of ACFS are investigated by
considering different friction coefficients. Based on the results of ACFS and seismicity
analysis, we infer that the 08 YT may have contributed to the occurrence of the 14YT and 20YT

due to stress triggering.

2. Detection of seismicity rate changes by using the ETAS model
2.1 Space-time ETAS model

The space-time ETAS model, proposed by Ogata (1998), combines several classic statistical
laws in seismicity, including the Omori-Utsu law, productivity law and Gutenberg-Richter law.
The ETAS model assumes that each earthquake could trigger its own aftershocks with an ability
corresponding to its magnitude. The ETAS model has been successfully applied in many
regions and has become a standard model to analyze spatial and temporal seismicity (Jia et al.,
2014; Jia et al., 2018; Ogata, 2004; Ogata and Zhuang, 2006; Zhuang et al., 2005; Zhuang et

al., 2004). Details of the space-time ETAS model can be found in Ogata and Zhuang (2006).

After obtaining final estimations of parameters of the ETAS model, the background probability

(an event is regarded as a background event with a probability) of the jth event ¢;, can be

estimated by
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where ,u(x i Y ) is the background and total seismicity rate at the location of jth event and

A (t i1 X0 Y, ) is the total seismicity rate at the location and occurrence time of jth event.

2.2 Fitting ETAS model
The catalog used in this study was downloaded from the China Earthquake Data Center (CEDC,

http://data.earthquake.cn/index.html). A polygon region (80.0°-83.5°E, 34.5°-37.0°N) is

selected to present the Yutian region for model fitting and seismicity analysis, and events above
the cutoff magnitude were selected within the spatiotemporal range to fit the ETAS model by
the maximum likelihood method. The time range is from 1 January 1980 to 23 August 2020,
and the complete magnitude is approximately 3.5 from 1980 to 2020 (Figure S2), and we set
the cutoff magnitude to 3.5. Details of the complete magnitude check are presented in the

Supporting Information. The final estimations of the model parameters for the Yutian region

are A=0.382 (events), ¢=0.037 (day), @ =1.163 (m"), p=1.178, D=1.46x107

(deg?), §=2.396,and 7 =0.211(m™).

2.3 Background seismicity rate in the Yutian region
The background probabilities of earthquakes with Mw>6.0 are listed in Table S1, and the
spatiotemporal distributions of the background probabilities are shown in Figure S3. From
Figure S3, a number of aftershocks have been effectively distinguished. The spatiotemporal
distributions of background probabilities are not sensitive to different intervals of background
probabilities (Figure S3a-S3d). The background probabilities of 08YT, 12YT, 14YT and 20YT
are 0.87,0.97, 1.5X 107 and 8.7 X 107, respectively. This implies that the 08YT and 12YT are
more like background earthquakes and that the 14YT and 20YT are triggered events in view of

the ETAS model.
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Figure 2 (a) Estimated spatial background seismicity in the Yutian region. Black circles
represent earthquakes with magnitudes larger than 3.5 from 1970 to 2020. Four white stars
indicate the O8YT, 12YT, 14YT and 20YT. Black lines are active faults. Regions A and B are
marked with blue dashed lines for seismicity analysis. Note that the background seismicity rate
is represented by the logarithm scale. (b)-(¢) Cumulative number of earthquakes and
background probabilities for the Yutian region (b), region A (c) and region B (d) marked in
Figure 2(a). (e) A zoomed in view of seismicity changes from 2008 to 2021. The solid lines
represent cumulative numbers of earthquakes in the study region and the dashed line represents
the cumulative number of background probabilities. The four vertical dashed lines indicate the

occurrence times of the 08YT, 12YT, 14YT and 20YT from left to right.

The spatial background seismicity is shown in Figure 2a. The epicenters of the 08YT, 12YT,
14YT and 20YT suffer the highest background seismicity (approximately 0.1 M>3.5
events/degree?/yr), where the fault traces are also dense. The spatial background seismicity in
the Yutian region shows a relatively high level resulting from the complex stepover zone with

multiple normal faults (Bie and Ryder, 2014; Tapponnier et al., 2001; Xu et al., 2013).

The cumulative background probabilities of earthquakes S (t) , proposed by Zhuang et al.

(2005), are written as

St)y=>_ o, (2)

t]-<t

We assume that the background seismicity rate is time-invariant in a stable region, thus S (t)

constantly increases with time. Changes in the slope of the S (t) curve imply changes in the

background seismicity rate: an increased slope represents an activation of the background

seismicity and a decreased slope indicates background quiescence.

Figure 2b-2e shows the cumulative number of earthquakes and background probabilities in the
Yutian region and two subregions marked in Figure 2a. From £5iR!K#R %5 K. a Figure

2b-2e, it can be seen that the cumulative number of earthquakes in the Yutian region
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dramatically increases after each major earthquake, while the rate of background probability
remained stable from 1990 to 2020 and was not affected by the major earthquakes. This finding
suggests that the Yutian region experiences constant background seismicity under a stable
tectonic environment. The relationship between these four major Yutian earthquakes will be
discussed later along with the calculations of ACFS . Region A indicates the fault zone of these
four Yutian earthquakes, experiencing a constant background seismicity rate (8R! ARIRE] 5|
FH¥E . Figure 2¢). Region B shows a decrease in background seismicity after the 08YT, which

may have bene caused by a negative ACFS induced by the 08YT (Figure 3a and 3d).

3. Coulomb Failure Stress change

To further investigate the stress interaction among the 2008, 2012, 2014 and 2020 Yutian
earthquakes, we calculate the static (coseismic) and viscoelastic (postseismic) Coulomb stress
changes induced by the proceeding events using the numerical method of Wang et al. (2006).
The lower crust and upper mantle are considered to be layered and viscoelastic. The proposed

3D viscoelastic model contains an elastic upper crust, a viscoelastic lower crust with a

viscosity of 1x10"™Pass and a viscoelastic upper mantle with a viscosity value of

1x10?°°Pass (Jia et al., 2012; Wang et al., 2006; Xiong et al., 2010). The layered rheological

structure of the lithosphere is presented in the Supporting Information (Figure S4).

3.1 Method of calculation of ACFS
Given the shear stress change A7 (positive in the sense of motion of the relevant fault) and
the normal stress change Ao (positive for extension), ACFS can be calculated by (Harris,

1998; Steacy et al., 2005),

ACFS =Az+u(Ac—(B13)Y Aty) (3)
where p is the friction coefficient and £ is Skempton’s coefficient. If the medium is

homogeneous and the fault zone materials are ductile, as discussed in Harris (1998) (formulas
(3), (4) and (5) therein), ACFS can simply be calculated using
ACFS =At+ u'Ac 4)
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where u' is the apparent coefficient of friction and u' = 1 (1— p ) .

Notably, the joint static and viscoelastic stress changes induced by the 2008/2012/2014 Yutian
earthquakes are considered in this study. Other possible mechanisms (e.g., dynamic stress
changes, stress changes driven by afterslips or fluid emigration), which may also contribute to
seismicity rate changes, have been neglected. The main mechanisms of postearthquake
deformation include viscoelastic relaxation of the lower crust and upper mantle and postseismic
afterslip on the fault plane. In the near field and the short period after the mainshock, the
postseismic deformation mainly comes from afterslip relaxing the stress perturbation by
localized deformation in the region of the fault plane (4Agata et al., 2019; Helmstetter and Shaw,
2009). In the far field and longterm after the mainshock, the viscoelastic relaxation of the lower
crust and upper mantle has a more significant contribution to postseismic deformation (He et
al., 2018; Masuti et al., 2016; Nur and Mavko, 1974; Pena et al., 2020). Because of the long
distances between the epicenter of the 08YT and the epicenters of the other three Yutian
carthquakes, the contribution of afterslips induced by the 08YT is smaller than that of
viscoelastic relaxation of the lower crust and upper mantle. Poroelastic rebound, which refers
to coseismic stress changes that drive fluid flow from undrained conditions to drained
conditions, may also alter the local stress field after a major earthquake (Freed, 2007). However,
previous studies have shown that poroelastic rebound usually occurs within several months
(Hughes et al., 2010; Jonsson et al., 2003; Tung and Masterlark, 2018) and its contribution is
smaller than that of afterslip and viscoelastic relaxation processes (Peria et al., 2020; Wang and
Fialko, 2018). Dynamic triggering due to the passage of seismic waves occurs hours and days
after the mainshock (Freed, 2005; Gomberg et al., 2001; Hill and Prejean, 2007). Thus, the
poroelastic rebound process and dynamic triggering have been neglected in our study due to
much longer time intervals between these four Yutian earthquakes (4 to 12 years). In addition,
the impact of power-law rheology on viscoelastic relaxation has been investigated in recent
years (Agata et al., 2019; Liu et al., 2021; Peria et al., 2019; 2020), and we apply linear
viscoelastic rheology in this study for simplicity. The application of power-law rheology needs

further investigation and is beyond our aims in this study.
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275

276 3.2 Stress interactions among the four Yutian earthquakes

277  We have comprehensively investigated stress transfer among the 08YT, 12YT, 14YT and 20YT,
278  which indicates that both static and viscoelastic ACFS induced by the proceeding Yutian
279  earthquakes are calculated at the hypocenters of later Yutian earthquakes (Table 1). The
280  coseismic slip model of the 2008 Yutian earthquake, provided by Elliott et al. (2010), is jointly
281  inverted by the InSAR and body wave data. The coseismic slip model of the 2014 Yutian
282  carthquake is estimated by inverting teleseismic data (Zhang et al., 2014). The synthetic slip
283  model 2012 Yutian earthquake is estimated based on the empirical relations of Wells and
284  Coppersmith (1994) because of the lack of published coseismic slip models. The resolving
285  depths of the 12YT, 14YT and 20YT are 15 km, 20 km and 15 km, respectively. The project
286  planes are selected from focal mechanisms of the GCMT. The friction coefficient is set to 0.4,

287  and Skempton’s coefficient is set to 0.5.

288
289 Table 1 ACFS of the four major Yutian earthquakes (MPa)
290
Proceeding
08YT 12YT 14YT Yutian
earthquake
coseismic viscoelastic coseismic viscoelastic coseismic viscoelastic Combined*
12YT 1.0X10% -1.5X10* \ \ \ \ -1.5X10*
S1.5X10° 3.6X10%
14YT . 2.6X107 3.1X10*  9.6X10* \ \
20YT 3.0X10° 7.3X103 3.5X10%  3.5X10? 1.1X10"  1.1X10! 1.5X10"!

291  *”Combined” indicates coseismic and viscoelastic ACFS induced by the three proceeding
292  Yutian earthquakes.

293

294  From Table 1, at the hypocenter of the 12YT, the static and viscoelastic ACFS induced by
295  O8YT are smaller (approximately 10 to 10 MPa) than the triggering threshold (0.01 MPa),
296  implying that the stress interaction between these two events is weak. At the hypocenter of the

297  14YT, the static and viscoelastic ACFS induced by the 08YT (0.0036 MPa) are smaller than
13 / 23
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the triggering threshold (0.01 MPa), which implies a weak interaction. The static and
viscoelastic ACFS induced by the 12YT on the 14YT are insignificant (approximately 10
MPa), implying that the stress interaction between them is very weak. For the 20YT, the
ACFS induced by the 08YT is small (approximately 10 MPa), the ACFS induced by the
12YT is larger (approximately 102 MPa) than the triggering threshold, and the ACFS induced
by the 14YT is noticeable (approximately 10" MPa). These findings imply that the proceeding
Yutian earthquakes contributed to the occurrence of the 20YT. The largest triggering

contribution comes from the 14YT (approximately 71%~0.10523/0.1477).
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Figure 3 Spatial distribution of ACFS at the hypocenter of the 20YT induced by the four
Yutian earthquakes. (a), (d), (g) and (j) show static (coseismic) ACFS induced by the 08YT,
12YT, 14YT and 20YT. (b), (e), (h) and (k) show postseismic ACFS induced by the 08YT,
12YT, 14YT and 20YT. (c), (f), (i) and (1) show the combined (coseismic and postseismic)
ACFS induced by the 08YT, 12YT, 14YT and 20YT. (m) Combined ACFS induced by all
three proceeding Yutian earthquakes (08YT, 12YT and 14YT). (n) Combined ACFS induced
by all four Yutian earthquakes (O8YT, 12YT, 14YT and 20YT) after one year of occurrence of
20YT. The black lines represent major faults, black stars indicate 08YT, 12YT and 14YT, and
yellow star shows location of 20YT. The resolving depth is 15 km and the strike, dip, and rake

angles are 213°, 52°, and -66° (GCMT), respectively.

The triggering contribution from the 08YT, 12YT and 14YT to the 20YT can also be clearly
identified from the spatial distribution of ACFS (Figure 3). From Figure 3a-3g, the epicenter
of the 20YT always falls into the positive zone of ACFS , which is similar to the results of He
et al. (2020). He et al. (2020) only calculated coseismic ACFS ; the spatial distribution of
ACFS induced by the 08YT, 12YT and 14YT (Figure 12 in their paper) is different in this
study (Figure 3m and 3n) in several regions, which are dominated by a large postseismic
ACFS from the 08YT (Figure 3b). The uncertainties of ACFS impacted by resolving depth,
receiver fault parameters and friction coefficient are also investigated in the Supplementary
Information (Tables S2-S3, Figures S5-S7), and the results are similar. The 08YT and 14YT
generated a wider spatial stress disturbance than the 12YT due to their larger magnitudes. It is
also interesting that several faults between the epicenters of 08YT and 20YT experience a
positive ACFS induced by the 08YT and a negative ACFS induced by the 14YT at the same

time. The seismic hazard in this region may receive more research attention.

4. Discussion
4.1 Uncertainties of calculations of ACFS
Large uncertainties in the calculations of ACFS caused by nonunique solutions of the source

slip distribution and poorly constrained parameters (e.g., friction coefficient and resolving
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depth) may weaken the results based on ACFS (Jia et al., 2018; Steacy et al., 2004; Wang et
al.,2014a). Jia et al. (2018) have shown that large uncertainties in ACFS may lead to different
or even conflicting results in the case of the 2008 Wenchuan and 2017 Jiuzhaigou earthquakes
in China. One way to minimize uncertainties is properly choosing source models and
parameters. On the other hand, ranges of uncertainties are also investigated by calculating
ACFS using different possible parameters. As described in the calculation of ACFS | the
coseismic slip models of the 08YT (Elliott et al., 2010) and 14YT (Zhang et al., 2014) are
chosen because they are the best choices for representative models of source slip distributions.
For the 12YT, there is no other way to use a better source model than the synthetic slip model
estimated from the empirical relations of Wells and Coppersmith (1994). The uncertainties due
to different choices of friction coefficient and resolving depth are investigated (Tables S2-S3,
Figures S5-S7). Pollitz et al. (2006) explored coseismic and postseismic stress changes
following the 26 December 2004 Sumatra-Andaman and 28 March 2005 Nias earthquakes

using different friction coefficients and found that the CFS changes are similar for values of

4" ranging from 0 to 0.8. In this study, a higher (0.8) or lower (0.2) value of the friction

coefficient does not noticeabl influence the results of ACFS for this case (Tables S2 and S3,
Figures S5 and S6). Calculations using different resolving depths (10 km and 15 km) show that
the resolving depth also does not change the results of ACFS much (Figure S7). Thus, our
conclusions based on ACFS are still valid considering the uncertainties. Because the focal
mechanisms of the 20YT from different data sources (e.g., GCMT and NEIC-USGS) are similar,
uncertainties of ACFS using different receiver fault parameters (strike, dip and rake) are small

(Figure S8).

4.2 Validation of the Coulomb failure hypothesis
Stress interactions among multiple faults in a local-scale region provide a good opportunity to
test the Coulomb failure hypothesis. Previous case studies have shown some successful
examples from the view of stress transfer (Freed and Lin, 2001; Jia et al.,2014; Jia et al., 2018;
Pope and Mooney, 2020; Quigley et al., 2016). However, as mentioned above, calculations of

ACEFS suffer large uncertainties, and the results are subjective to some degree (e.g., choices of
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source models and parameters are subjective). It is necessary to verify the results of ACFS

from another perspective. Statistical insight (e.g., ETAS model) provides a good cross reference
for its objectivity and small uncertainties. Background probabilities estimated from the formula
(1) provide information on whether earthquakes are triggered aftershocks or tectonic
background events. A low value (close to zero) of background probability indicates a triggered
event, which usually experiences a positive ACFS induced by other major earthquakes. A high
background probability value (close to 1.0) represents an independent event, which usually has
no stress interaction with other earthquakes and results from tectonic loading. Jia et al. (2018)
conducted a statistical analysis in the Jiuzhaigou region, southwestern China, to clarify the
triggering relationship of the 2008 Wenchuan and 2017 Jiuzhaigou earthquakes, which cannot
be well deduced from the results of ACFS . In this study, the background probability of the
12YT (0.97) coincides with the positive ACFS calculated on its hypocenter induced by the
other major earthquakes (-1.5 X 10* MPa). Background probabilities of the 14YT (1.5X107?)
and 20YT (8.7 X 10”%) coincide with positive ACFS calculated on their hypocenters induced
by the proceeding Yutian earthquakes (0.0036 MPa for the 14YT and 0.18 MPa for the 20YT).
From these two different kinds of perspectives, the stress interaction among multiple faults or

earthquakes can be comprehensively investigated.

5. Conclusion

The June 26, 2020 Mw 6.3 Yutian earthquake, which occurred on the western boundary of the
Bayan Har block, is the fourth M6+ earthquake in this region since the occurrence of the 08YT.
We have investigated the stress interaction among the 08YT, 12YT, 14YT and 20YT by
applying the ETAS model and calculating ACFS . The joint application of these two
independent methods provides insight into earthquake triggering mechanisms from both
physics-based and statistics-based views in our study region and worldwide. From a statistical
view, the background probabilities of the 08YT, 12YT, 14YT and 20YT are 0.87, 0.97, 1.5 X
10 and 8.7 X 107, respectively, implying that the 08YT and 12YT are more similar to
background earthquakes and that the 14YT and 20YT are triggered events. The epicenters of
the 08YT, 12YT, 14YT and 20YT are located in the highest background seismicity arecas

(approximately 0.1 M>3.5 events/degree?/yr), which is a complex stepover zone with multiple
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normal faults. From a physical view, the combined ACFS induced by the proceeding Yutian
earthquakes on hypocenters of the 12YT, 14YT and 20YT are -1.50X10*, 3.6 X107 and 1.5
X 10! MPa, respectively. These two kinds of evidence are consistent with each other, implying
a triggering effect from the 08YT to the 14YT and the 20YT. Thus, a cross check of using the
ETAS model and calculating ACFS together provides a robust and reliable way to investigate

earthquake triggering mechanisms.
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