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Natural faults feature heterogeneities in geometry, material properties, and stress distributions, posing
great challenges in predicting fault slip behaviors. Among these factors, the stress on the fault is
poorly understood due to the lack of direct measurements. Here, we estimate stress distribution from
interseismic locking models and derive earthquake scenarios along the Anninghe fault in Sichuan,
China, by conducting dynamic rupture simulations. The predicted rupture segmentation and moment
magnitudes (Mw 6.9 - 7.3) are well consistent with historical earthquakes. Besides, we have observed
models accompanied by continuous surface rupture, with surface offsets comparable to the values
identified in field surveys of historical earthquakes. In addition, the surface rupture and the shallow
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slip deficit (SSD) vary drastically among models with different hypocenters, demonstrating that the
earthquake process is indeterministic. The coseismic moment predicted in our models is ~50% of what
was anticipated from the static locking model. Our results highlight that those rupture scenarios derived

shallow slip deficit

from the locking-based heterogeneous stress can further contribute to the seismic hazard assessment.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Assessment of earthquake hazards along continental strike-slip
faults is highly demanded, particularly in densely populated areas.
In addition to earthquake magnitude and rupture extent, whether
the rupture may break the ground and/or large slip may occur near
the surface plays a key role in controlling ground motion inten-
sities in continental strike-slip earthquakes (Pitarka et al., 2009).
Although most earthquakes are buried (Biggs et al., 2006) or leave
a substantial shallow slip deficit (SSD: near-surface slip is usually
much smaller than the maximum slip at greater depths) (Fialko et
al., 2005), some exceptions apparently do not host obvious SSD and
are thus very destructive, such as the 2010 Qinghai Yushu Mw 6.9
and the 2014 Yunnan Ludian Mw 6.1 earthquakes (Yang and Yao,
2021). The mechanism controlling SSD has been attributed to the
coseismic plastic deformation of the shallow compliant fault zone
(Kaneko and Fialko, 2011; Roten et al., 2017). However, a shal-
low compliant zone may not always reduce slip at shallow depths
(Weng et al., 2016). It has also been reported that the apparent
SSD is mainly due to the neglect of spatial variations in elastic
modulus especially for the shallow compliant zone (Barbot et al.,
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2008, 2009) and the insufficient near-fault coseismic deformation
data coverage (Xu et al., 2016) in the slip inversion process. Eval-
uating the potential of surface-breaching rupture and investigating
the factors that control the shallow slip along continental faults
are critical in seismic hazard assessment.

Fault zones are complex systems with a variety of hetero-
geneities in geometry, material properties, and stress conditions
(Lindsey and Fialko, 2013; Lei and Zhao, 2009; H. Yang et al., 2011;
Goebel et al., 2012), all of which were well known to impact earth-
quake nucleation and rupture propagation. For instance, the mate-
rial contrast across the fault may give rise to a preferential rupture
directivity (Andrews and Ben-Zion, 1997). Besides, irregular fault
geometry, such as a bend, a bump, or a jump, has been evidenced
to be responsible for rupture initiation and termination (King and
Nabélek, 1985; Elliott et al., 2015; Yang et al., 2012, 2013). Despite
impacts from the structure, fault slip is indeed controlled by the
competition between the shear stress and the frictional resistance
(strength). Although the stress and the strength levels on seismo-
genic faults remain elusive, a variety of evidence suggests that they
are quite heterogeneous on faults, such as microseismicity in fault
transition zones (Jiang and Fialko, 2016), neighboring creeping or
locked segments (Wyss, 2001; Fournier and Freymueller, 2007),
complex slip and stress drop patterns in large earthquakes (Xu et
al., 2010; Shrivastava et al,, 2016), and interseismic locking mod-
els (Noda et al., 2018; McCaffrey, 2014). There is no doubt that the
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Fig. 1. (a) Map for the Anninghe fault region. The thick red line indicates the trace for the Anninghe fault (Deng et al., 2003). The green squares are the locations of identified
surface slip in the field for historical earthquakes (Yu et al., 2001; Wen et al., 2000, 2007). The gray dots are seismicity with magnitudes over 2 since 2008, provided by Data
Sharing Infrastructure of National Earthquake Data Center (http://data.earthquake.cn). (b) Historical earthquakes (Wen, Ma et al., 2008) and the locking degree (Jiang et al.,
2015) along the Anninghe fault. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

stress patterns on faults largely determine the location, the extent,
and the rupture process of future earthquakes (Yang et al., 2019a;
Harris, 2004). However, unlike the fault structure that can be ex-
plored through seismic imaging, stress patterns on faults are poorly
understood due to the lack of direct measurements. In earthquake
simulations, the initial stress is commonly assumed to be uniform,
depth-dependent, or stochastic (Olsen et al., 2006; Ripperger et al.,
2008; Bydlon et al., 2019). Recently, interseismic locking distribu-
tion has been used to estimate initial stress distribution (Yang et
al,, 2019a; Li and Liu, 2021; Ramos et al., 2021; Noda et al., 2021;
Harris et al., 2021), giving a viable approach to develop physics-
based rupture scenarios.

We investigate the seismic potential along the Anninghe fault,
which is located at the eastern boundary of the Tibetan Plateau.
The Anninghe fault is a sinistral strike-slip fault that extends ~150
km along strike from Shimian in the north to Xichang in the south.
The Anninghe fault has been identified as a seismic gap that had
hosted M7 earthquakes with recurrence intervals around 400-600
yrs (Wen et al.,, 2008; Wen, Ma et al., 2008; Ran et al., 2008). The
latest large event occurred in 1536 (M 7%) (Fig. 1) (Wen, Ma et al.,
2008). Therefore, the Anninghe fault is in the late phase of the in-
terseismic period. Moreover, both the extremely low seismicity and
the high interseismic locking degree (Jiang et al., 2015) indicate
that the Anninghe fault has been accumulating elastic potential en-
ergy (Fig. 1 & 2a). Besides, evidence from the field indicates signif-
icant surface slip up to 4 m caused by historical earthquakes along
the Anninghe fault, suggesting potential surface rupture in future
earthquakes (Yu et al., 2001; Wen et al., 2000, 2007) (Fig. 1a).

Here, we conduct dynamic rupture simulations to investigate
potential scenarios for future earthquakes along the Anninghe
fault. We involve heterogeneities in stress on the fault with
the constraint from an interseismic locking model (Yang et al.,
2019a,b). We then nucleate ruptures from different locations and
analyze the earthquake magnitude, the rupture extent, and the
potential of surface rupture along the Anninghe fault. Furthermore,
we compare our model predictions with the historical earthquakes.

2. Method and model setup
2.1. 3-D fault model setup

We construct a 3-D cubic elastic model for the Anninghe fault,
which extends 210 km along-strike, 100 km in the strike-normal
direction, and 50 km at depth. The fault trace is from Deng et al.
(2003). According to the deep seismic sounding profiles (Z. Yang
et al., 2011), the Anninghe fault dips to the east with an angle
of 80°-90°. We simplify the fault geometry by assuming a vertical
fault plane. The geographical reference point of our model is at
(102.0, 27.8). We extract a 1-D depth-dependent velocity model for
the Anninghe region and adopt it to prescribe material properties
(Table S1) (Yang et al., 2020). To meet the numerical requirements,
the grid size is 150 m on the fault (See details in supplementary
materials, Fig. S1). On the ground surface, the grid size gradually
increases from 150 m on the fault trace to 3 km on the boundaries.

2.2. Calculation for interseismic stress accumulation and initial stress

The initial stress, as a key ingredient in dynamic rupture simu-
lations, is calculated based on an interseismic locking model that
was derived from GPS and InSAR data (Jiang et al., 2015), follow-
ing the approach in Yang et al. (2019a). The slip deficit rate on
the Anninghe fault is ~10 mm/yr with a locking depth of ~15
km (Jiang et al., 2015). Since the latest two M7 events occurred in
1536 on the southern portion and in 1480 on the northern seg-
ment (Fig. 1), we assume an interseismic accumulation period of
500 years. Based on the calculation results, the max stress build-up
on the Anninghe fault is ~ 25 MPa (Fig. 2b). Our calculation re-
sult indicates three high-stress asperities along the Anninghe fault
(Fig. 2b). The largest one is located in the northern part extend-
ing from Shimian to Mianning with a length of ~50 km (M3). The
other two reside in the south with lengths around 20 km (M2)
and 30 km (M1), respectively. The initial shear stress is given by
a superposition of the stress accumulated during the interseismic
period and a constant dynamic stress (g, i.e. 30 MPa). The effec-
tive normal stress on the fault is 100 MPa.
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Fig. 2. (a) Total slip deficit on the Anninghe fault by assuming an interseismic period of 500 yrs. (b) Stress build-up on the fault caused by the slip deficit in (a)

- (0), (d),

(e) Final slip distribution of dynamic rupture models on three segments. The red stars denote the hypocenters. The thin gray contours are the rupture fronts every second.
The thick gray dashed lines indicate the locations of segmentation in historical earthquakes (Wen, Ma et al., 2008). The pink squares stand for the sites with surface slip
identified in the field (Yu et al., 2001; Wen et al., 2000, 2007). The white box in panel (c) indicates the region with supershear rupture speed.

2.3. Frictional parameters in dynamic rupture models

We adopt a linear slip-weakening law as the constitutive law
(Ida, 1972) on the fault in dynamic rupture simulations. In this
friction law, the frictional strength linearly decreases from the
yield stress (7s) to the dynamic stress (74) with slip increasing
from zero to the critical weakening distance (D.). Due to the lack
of prior knowledge of frictional properties on the fault, we set the
frictional parameters to be uniform on the fault. The 74 and 7, are
assumed to be 30 MPa and 60 MPa, respectively.

Seismic observations have suggested that the critical weak-
ening distance scales with the final slip (Viesca and Garagash,
2015; Cocco et al., 2009), which is predicted by the thermal-
pressurization mechanism (Viesca and Garagash, 2015; Rice, 2006).
The scaling factor is around 0.1-0.2 (Yao and Yang, 2020; Weng
and Yang, 2018). As such, a Dc of 0.6 m is reasonable for M7
earthquakes. Nevertheless, the weakening distance scatters from
0.1 to 10 m and might drop down to the millimeter scale in fast-
sliding friction experiments of vast types of rock samples under
different effective normal stress, different slip rates, and different
hydro-thermal conditions (Kuo et al., 2013; Di Toro et al., 2011).
For instance, the critical weakening distance decreases with the
effective normal stress as the heating efficiency increases (Yao et
al., 2013; Di Toro et al., 2011). However, the frictional parameters
measured in lab may not be consistent with those estimated from
seismic observations potentially due to the different weakening
mechanisms (Nielsen et al., 2016). For instance, such experiments
do not involve the influence of fault structure such as the fluid mi-
gration in the fracture network. Here, we adopt a Dc of 0.6 m by
referring to the estimate of Dc from seismic observations.

Frictional parameters, including the differences between the
yield stress (t;), the dynamic stress (74), and the initial stress
(7i), as well as the critical weakening distance Dc, play critical
roles in controlling rupture propagation. Transitions of dynamic
rupture types are expected if a broad range of frictional param-

eters is explored (Gabriel et al, 2012; Xu et al, 2015). For in-
stance, decreasing the Dc or the yield stress can accelerate ruptures
and may cause the transition from self-arresting to subshear or
even to supershear ruptures. The fracture energy, which is the en-
ergy required for the rupture fronts to propagate, calculated as
Ge =0.5% D¢ * (5 — 7g), is 9.0 x 108 J/m? in our models, resid-
ing in the range estimated from seismic observations (Viesca and
Garagash, 2015) for an average slip of 2.5 m. As there are no inde-
pendent constraints on the frictional properties on the Anninghe
fault, we discuss the influence of those frictional parameters in
section 3.3.

2.4. Earthquake nucleation

We nucleate ruptures by decreasing the strength to be 0.01
MPa lower than the average initial stress in the nucleation zones.
Considering that large earthquakes usually initiate from the deep
bound of the seismogenic zones (Das and Scholz, 1983), we nucle-
ate ruptures at the depth of 14 km. In general, the nucleation size
should be as small as possible to minimize artificial effects (Galis
et al., 2015). Here, we set the nucleation radius to be 2 km. The
model results with nucleation radii of 2 km and 3 km are very con-
sistent, indicating that the impact from the nucleation size on the
model result is negligible (Fig. S2). The time step of dynamic rup-
ture simulations is 0.005 s. We use a finite element package PyLith
(Aagaard et al., 2013) to conduct the dynamic rupture simulations.

3. Results

3.1. Predicted earthquake magnitude and rupture extent along the
Anninghe fault

By adopting different nucleation sites, we yield rupture scenar-
ios with magnitudes ranging from Mw 7.0 - 7.3. Among these sce-
narios, the max fault slip is around 4-6 m, with an average rupture
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Fig. 3. Final slip distribution in dynamic rupture models at the northernmost segment (M3) with different nucleation sites. The yield stress (7s) is 60 MPa in models 1A-3A
(a), (b), (c) and is 65 MPa in models 1B-3B (e), (f), (g). The stars indicate the hypocenter locations. The thin gray contours are the rupture fronts every second. The red box
in panel (a) indicates the area with supershear rupture speed. Panel (d) and (h) show the cumulative moment versus depth in models 1A-3A and 1B-3B, respectively.

speed of ~3 - 3.5 km/s. Due to the high stress at the down-dip
locking edge (Fig. 2b), ruptures propagate with supershear rupture
speed on some portions at depth. However, ruptures always ter-
minate at the two gaps between asperities (Fig. 2c-e), resulting
from the lack of strain energy to overcome the fracture energy in
the low-stress regions. In addition, our models neglect the nega-
tive stress perturbation on segment M2 caused by the most recent
large event in 1952 (M 6%), which is supposed to enhance rupture
segmentations. Based on our modeling results, we propose that the
present stress barriers between the asperities are strong, thus it is
unlikely to have ruptures going through the entire Anninghe fault.

Our model predictions are well consistent with historical earth-
quakes in the locations of rupture extents and earthquake magni-
tudes (Fig. 2). Based on field observations and ground motion in-
tensity reports, no historical earthquakes or paleoearthquakes were
believed to have ruptured the entire Anninghe fault at once (Wen,
Ma et al,, 2008; Yu et al,, 2001; Wen et al., 2000, 2007). The 1480
(M 73) and the 1536 (M 7%) earthquakes were inferred to be seg-

mented at Mianning, while the 1489 (M 63) and the 1952 (M 63)
were inferred to terminate at the middle way between Mianning
and Xichang (Wen, Ma et al., 2008). The magnitudes of the histor-
ical earthquakes on the Anninghe fault range from M 6% to 71,
which were derived based on the empirical relationship between
the rupture length and the magnitude (Wen, Ma et al., 2008). The
consistency between model predictions and historical earthquakes
highlights the reliability of the locking-based scenarios.

3.2. Hypocentral effects on potential surface rupture and SSD

In addition to the magnitude and the rupture extent, the sur-
face rupture and the shallow slip are critical in hazard risk as-
sessment. In our models, we observe continuous surface rupture
with large offsets, as well as considerable shallow slip along the
northernmost (M3) segment. The amount of surface slip (2-5 m) is
comparable to the estimations in historical earthquakes (Yu et al.,
2001; Wen et al., 2000, 2007). In contrast, surface rupture is mi-
nor on another two segments in the south, where the extent of the
surface rupture is up to 12 km (Fig. 2). As a result, the SSD is sig-
nificant in rupture models on the two segments in the south. Most
of the sites with surface slip identified in the field reside in our
predicted surface-breaching region (Fig. 2), except two sites near
the middle way between Mianning and Xichang that were caused
by the 1480 M7% earthquake. The reason is due to the absence of
rupture models through the entire southern segment.

In addition, the shallow slip pattern varies among ruptures nu-
cleated from different locations. For instance, we nucleate a rup-
ture near Shimian in the north (model 1A) which finally breaks

the surface with surface slip around 3 m and a moment magni-
tude of 7.2 (Fig. 3a). In comparison, the rupture nucleated from
the middle of the segment results in surface slip up to 5 m with a
higher moment magnitude of 7.3 (model 3A, Fig. 3c). Another case
(model 2A, Fig. 3b) initiated from the southern part of M3 results
in moderate surface slip compared to the above two cases. Due to
such hypocenter-dependent effects, SSD in our models varies from
0 - 20% among ruptures on M3. The hypocenter-dependent effect
is minor on segments M1 and M2 mainly due to the limited sur-
face rupture extent and heterogeneities inside (Fig. S3).

Such hypocenter-dependent effects arise from the heteroge-
neous stress distribution and consequent different energy release
processes in earthquakes nucleated from different sites. Here, we
estimate the available energy, which is defined as the difference
between the total elastic strain energy release and the frictional
energy, as an index for the energy release rate (Noda et al., 2021).
It is calculated as [[ %(Aa x D)dS, where Ao is stress drop and
D is fault slip. We find that the release rates in models 1A and 3A
are higher than the model 2A at the initial stage (0-3 s), due to
the difference in initial stress inside and near the nucleation zones
(Fig. 4a). Then in the later stage, model 3A grows much faster than
the other two as a bi-lateral rupture, leading to a more energetic
rupture front when reaching the surface (Fig. S4 & S5). The strong
reflection phases and the mirror effect, as well as the systematic
change of the shape factor scaling between stress drop and slip
when the free surface is broken, enhance the shallow slip in model
3A (Shimazaki, 1986; Kaneko and Lapusta, 2010). Another potential
explanation for the difference in shallow slip is due to the shape
of the rupture front. In model 3A, the rupture goes directly up-
ward to the surface, resulting in significant overlap and interaction
between the rupture front and the reflection phases. Hence, the
amplification on shallow slip due to the free surface effect is more
significant in model 3A (Fig. S4 & S5).

3.3. Dependency on the frictional properties

Here, we test the dependency of model results on frictional pa-
rameters. We first test models by increasing the yield stress (7s) to
65 MPa. Such change depresses the rupture propagation and the
energy release. The rupture speed drops to subshear in all mod-
els (Fig. 3e-g). The available energy drops by ~20% compared to
models with t; of 60 MPa (Fig. 4b). Although the rupture process
changes, all models remain segmented at the two low-stress gaps
with moment magnitudes from 7.0 to 7.2 (Fig. S6). In addition, as
the rupture is depressed compared to the previous parameter set-
tings, we have observed buried ruptures due to the lack of strain
energy to break the shallow portion (Fig. 3e), while the surface-
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breaching cases still exist (Fig. 3f & 3g). As a result, the SSD scat-
ters from 0 to 100% among rupture models on M3 (Fig. 5).

In addition, we test models by increasing Dc to 0.8 m. Simi-
larly, ruptures are depressed and some even turn into self-arresting
(Fig. S8). We further test models by decreasing the yield stress to
56 MPa, 1.5 MPa higher than the maximum of the initial stress.
Such a decrease accelerates all ruptures on M1 and M3 to supers-
hear rupture speed (Fig. S7). Although the rupture mode changes,
the segmentation and the hypocenter-dependent effects still ex-
ist (Fig. S6-S9). The model results indicate that the hypocenter-
dependent effect is a natural outcome of the heterogeneous stress
under different rupture types.

4. Discussion
4.1. Implications on surface rupture behaviors and SSD mechanism

We attribute the hypocenter-dependent shallow slip behaviors
to the heterogeneous stress on the fault. Different hypocenters lead
to different kinetic energy at the rupture fronts, which can influ-
ence the rupture propagation at the shallow depth and the interac-
tion between the rupture and the free surface (Yang et al., 2019b).
Historical earthquakes along the Anninghe likely feature such vari-
ations. For instance, significant surface slip up to 4 m caused by
two M 7% events in 1480 and 1536 has been reported (Yu et al.,
2001; Wen et al., 2000, 2007) (Fig. 1a). However, for the 1489 M
6% earthquake, and the most recent M 6% earthquake in 1952, no
surface slip has been found.

The main reason responsible for SSD in our models is that the
material at the shallow depth is weak hence the stress build-up
is lower compared to the deep portion, which may suppress rup-
tures at shallow depths (Fig. 2b). Our model results indicate that
the SSD may naturally vary in a large range due to the indeter-
ministic rupture process under a heterogeneous stress condition,
which serves as a new mechanism to explain observed different
SSDs under similar tectonic settings.

4.2. Moment release in static and dynamic rupture scenarios

The interseismic locking models derived from geodetic observa-
tions have been widely applied in earthquake potential assessment
(Tymofyeyeva and Fialko, 2018; Ader et al., 2012). In static scenar-
ios, a complete release of the slip deficit in future earthquakes are
commonly assumed (e.g. Baranes et al., 2018; Jiang et al,, 2015).
Here, we examine the difference between the predictions on mo-
ment release from the dynamic rupture simulations and the static
estimations. We find that the moments in our dynamic models
approximate 50% of the static predictions. The max slip in the dy-
namic models is ~ 5 m, about 67% of the max slip deficit (i.e.
7.5 m). Such overprediction from static locking models has been
evidenced in observations. For instance, the Mw 7.6 2012 Nicoya
earthquake broke part of the identified locked patches with a mag-
nitude smaller than the anticipated value (i.e. Mw 7.8) (Feng et al.,
2012; Protti et al., 2014). Similarly, incomplete slip deficit release
has been reported in the 2015 Nepal Mw 7.8 earthquake (Li et
al,, 2016) and the 2010 Maule Mw 8.8 earthquake (Moreno et al.,
2010).

A viable explanation is that regions with low to moderate lock-
ing degrees usually host little slip or remain unbroken in dynamic
rupture scenarios, while they all contribute to the static predic-
tions. Due to the source scaling law that the slip increases with
the rupture extent under the same stress drop, such a decrease
in the rupture area limits the slip in the dynamic models. Such
comparison together with the rupture segmentation highlights the
necessity of dynamic rupture models in addition to the static lock-
ing models in seismic risk assessment.

4.3. Synthetic ground motions and implications on seismic hazard
assessment

Earthquakes cause severe damage by generating strong ground
shaking. In addition to rupture scenarios, we simulate the ground
motions for the region within 50 km from the fault trace. To
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illustrate the ground shaking intensity, we calculate the inten-
sity indexes including the peak ground velocity (PGV) and the
peak ground displacement (PGD) from the synthetic waveforms.
Through examining the distribution of PGV and PGD of the six
models shown in Fig. 3, we find that the surface rupture and shal-
low slip significantly contribute to the intensity distribution by
causing violent ground shaking within a short distance (~5 km)
from the fault trace (Fig. 6 & 7). If the rupture does not break the
surface, both PGV and PGD are modest (Fig. 7a & 7b). In compar-
ison, a surface-breaching rupture can generate significant strong

shaking, with PGV larger than 6 m/s near the fault trace (Fig. Ge).
Furthermore, a rupture without significant SSD is more destructive,
as the area with large values of PGV and PGD gets larger (Fig. 7e &
7f).

In addition, the rupture directivity largely impacts ground shak-
ing. For instance, the rupture that initiates from the southern edge
of segment M3 and propagates to the north causes the smearing of
the PGV pattern near where the rupture terminates (Fig. 6¢ & 7c).
Such directivity effect is caused by the concentration of the S-wave
energy radiated from the rupture front that grows with the rupture



S. Yao and H. Yang

(c)Average PGV

Xichahgs — mTam

Mainning

Strike—normal (km)

m‘lan\

ainning

60
Along-strike distance (km)

80 100 120 140 160

| S — T
0 2 4 6 8

180-20 O

[ — T
0o 1 2 3 4

Earth and Planetary Science Letters 578 (2022) 117296

20 40 60 80 100 120
Along-strike distance (km)

| )] | )]
0 1 2 3 0.0 0.5 1.0 1.5

140 160 180

Fig. 8. (a2 & b) The max PGVs and PGAs among our rupture scenarios with ts of 60 MPa and Dc of 0.6 m. The average PGVs (c) and PGDs (d) and the respective standard
deviations (e & f) among rupture scenarios. The red triangles denote the locations of cities near the Anninghe fault. The colored thick lines in (a) and (b) indicate the locking
degree along the Anninghe fault (Jiang et al., 2015). The colorbars on the left under each column are applied to the peak values (a & b), while the two on the right are

applied to the mean values (c & d) and the standard deviations (e & f).

propagation and attenuates outside the rupture extent (Somerville,
2005). Different from PGV, the PGD is almost solely determined by
the rupture extent and surface rupture, to which the directivity ef-
fect is minor (Fig. 6d & 6f).

To better understand the seismic risk in this region, we pick
the max PGV and PGD among all rupture scenarios as the indica-
tor for the potential highest ground shaking for models with the
yield stress of 60 MPa and the Dc of 0.6 m (Fig. 8a & 8b). More-
over, we calculate the mean values (Fig. 8c & 8d) and the standard
deviations of predictions among models (Fig. 8e & 8f). The results
indicate that the regions along the locked segments feature higher
ground shaking risk compared to the creeping zones. However, the
ground motions can be considerable at the gap between the seg-
ment M3 and M2 due to the strong rupture directivity effects from
ruptures along the M3 segment (Fig. 8a). The ground motion pre-
dictions in our models can be used in generating future hazard
maps, especially for the near-fault regions.

4.4. Segmentation and SSD in earthquake cycles

One of the basic assumptions in our models is that the pre-
earthquake stress is determined by a linear stress accumulation
since the last characteristic earthquake. However, it has been ev-
idenced that the locking state on the fault may evolve over time
(Bruhat and Segall, 2017). In addition, the locking model for the
Anninghe fault was derived based on geodetic data with a period
of ~10 years (Jiang et al, 2015), much shorter than the recur-
rence intervals of characteristic earthquakes along the Anninghe
fault (400-600 yrs) (Wen, Ma et al., 2008). Geodetic observations
with a longer observation period are required to better under-
stand the stress evolution. Therefore, such assumptions may lead
to uncertainties in estimating the slip deficit and the stress accu-
mulation.

In addition, here we assume a uniform residual stress field after
the last large event. Although characteristic earthquakes to some
degree smooth the stress field, the stress patterns may evolve
over earthquake cycles and lead to different segmentation pat-
terns (Kaneko and Lapusta, 2010; Luo and Ampuero, 2018). This
can be a potential explanation for why rupture through the entire
southern segment of the Anninghe fault is absent in our results
but was inferred to have occurred in 1536. In our models focus-
ing on the coseismic rupture process for single events, the shallow
slip deficit comes from the lack of strain energy in the shallow

zone. However, with stress accumulated over earthquake cycles,
the shallow slip deficit may be compensated by different events.
To understand such long-term behaviors, earthquake-cycle model-
ing is demanded.

5. Conclusion

We derived rupture scenarios with a locking-based heteroge-
neous stress condition along the Anninghe fault. Our model pre-
dictions on magnitudes and rupture extents are consistent with
historical events, underlining the reliability of the locking-based
scenarios. In addition, we observe varying surface rupture patterns
and the shallow slip that were controlled by the hypocenter lo-
cations. Since our prescribed initial conditions are identical, such
hypocentral-dependent shallow slip and surface-breaching rup-
tures could be a viable explanation of observations. We further
derive consequent ground motion intensities of all rupture scenar-
ios, underlining the non-linear rupture process on a fault under
heterogeneous stress. Now our models focus on single-event cases.
Understanding the long-term behaviors of the rupture extent and
the shallow slip requires further efforts on cycle modeling. Our
rupture scenarios, together with the synthetic ground motions, can
serve in future seismic hazard assessment, especially for near-fault
regions with rare observations yet severe intensities.
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