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of the long recurrence times of large earthquakes (hundreds to thousands of years), seismic hazard assessment based on relatively

short-term (tens of years) observational seismic catalog is difficult. Synthetic seismic catalogs provide a useful way to obtain

long-term seismic hazard. Based on Coulomb failure criterion, we apply a quasi-static physics-based earthquake simulator

(Virtual Quake) in a tectonically complicated region with several major faults, namely the Anninghe, Zemuhe, Daliangshan

and Xiaojiang faults, in the Southwestern China. Slip rates of those major faults are constrained by the GPS data, and frictions

are constrained by the laboratory experiments. Considering the stress interactions among the fault system, a synthetic catalog

over 20, 000 years is simulated. The simulated catalog shows consistence with the observed seismicity in spatial distribution
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Key points:

1. We propose a fault model for the Anninghe-Zemuhe-Daliangshan-
Xiaojiang faults constrained by GPS data.

2. We Simulate a 20ka years of synthetic seismic catalog based on present
fault behavior by applying a physics-based earthquake simulator.

3. We obtain the occurrence rate and mean recurrence interval of strong
earthquakes (� M7) on the AZDX faults

Abstract

Seismic hazard evaluation is important for urban construction, earthquake disas-
ter prevention and mitigation. However, because of the long recurrence times of
large earthquakes (hundreds to thousands of years), seismic hazard assessment
based on relatively short-term (tens of years) observational seismic catalog is
difficult. Synthetic seismic catalogs provide a useful way to obtain long-term
seismic hazard. Based on Coulomb failure criterion, we apply a quasi-static
physics-based earthquake simulator (Virtual Quake) in a tectonically compli-
cated region with several major faults, namely the Anninghe, Zemuhe, Daliang-
shan and Xiaojiang faults, in the Southwestern China. Slip rates of those major
faults are constrained by the GPS data, and frictions are constrained by the
laboratory experiments. Considering the stress interactions among the fault
system, a synthetic catalog over 20, 000 years is simulated. The simulated cat-
alog shows consistence with the observed seismicity in spatial distribution of
large earthquakes, b value and mean seismic rate. The synthetic catalog also
shows that the mean intervals of M�7.0 earthquakes for the Anninghe, Zemuhe,
Daliangshan and Xiaojiang faults are 299a, 867a, 361a and 90a, respectively.
Our results provide a helpful index to evaluate seismic hazard in such a compli-
cated region.
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Plain Language Summary

Evaluating Seismic hazard is important for building code, risk prevention and
mitigation. Because the large earthquakes are rare, the modern observed earth-
quake catalogs are too short for seismic hazard evaluation. Thus, numerical
simulations are used to obtain synthetic earthquake catalog and evaluate seis-
mic hazard. Here, we simulate earthquake sequence in the Anninghe-Zemuhe-
Daliangshan-Xiaojiang fault system, southwestern China, under a physics-based
framework, which considers stress transfer among major faults. Thus, we obtain
a long-term synthetic catalog over 20,000 years. By comparing spatial distribu-
tions of large earthquakes, b values and mean seismic rates of the synthetic
catalog and observed catalog, we find that the synthetic catalog is consistence
with the observed catalog, and the mean occurrence times of M�7.0 earthquakes
for the Anninghe, Zemuhe, Daliangshan and Xiaojiang faults are 299, 867, 361
and 90 years, respectively. Our results can help to evaluate long-term seismic
hazard in a multiple-fault system.

1. Introduction

Seismic hazard assessment is a crucial issue for science community and pub-
lic interest. Although rapid development of modern earthquake observations
is improved, the observed seismic catalog (normally tens of years) is too short
to accurately evaluate earthquake hazards (Field, 2019), especially for strong
earthquakes whose recurrences are typically hundreds or even thousands of years
for continental earthquakes (Liu and Stein, 2011). Recently, synthetic seismic
catalogs, as long as tens of thousands years, provide an alternative way to esti-
mate long term seismic hazard (Robinson and Benites, 1996; Shaw et al., 2018;
Zhou, 2008; Zöller and Ben-Zion, 2014). It is also nature that synthetic seismic
catalogs can be applied to extract spatiotemporal features of strong earthquakes,
magnitude frequency distributions (b value) of earthquakes, large earthquakes’
recurrence and earthquake probabilities. Meanwhile, multiple faults interactions
in a long period play an important role in seismic hazard assessment, especially
for regions with many active faults (e.g., California, southwestern China) (Shaw
et al., 2018; Sun et al., 2020). However, such interactions, especially for strong
earthquakes, are also rare in modern seismic catalogs. Thus, considering multi-
ple fault interactions, a reliable synthetic seismic catalog in a fault system can
be simulated to assess long-term seismic hazard.

Typically, physics-based and statistic-based methods are two ways to generate
synthetic seismic catalogs. Physics-based methods usually construct a fault
system which obeys frictional laws under tectonic loading determined by ob-
servations. Then, the timing and locations of rupture failures are determined
by Coulomb stress failure law and stress transfers among earthquakes are also
considered to simulate real earthquake interactions. With the time increases,
multiple cycles of earthquakes can be generated. Statistic-based methods apply
mathematic principles (e.g., point process) to characteristic earthquakes based
on several statistical laws which earthquakes obey (e.g., Gutenberg-Richter law,
Omori-Utsu law). Once the parameters of mathematic models are estimated
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using observed catalog, synthetic catalogs can be generated by simulating the
seismicity in a certain period. While the statistic-based simulations hardly
capture the mechanisms of earthquake rupture and interaction, the synthetic
catalogs using physics-based methods are more preferred in evaluating seismic
hazards.

Synthetic catalogs using physics-based simulation has been rapidly developed in
the past years (Ben‐Zion, 1996; Console et al., 2021; Hou et al., 2020; Sun et al.,
2020; Zhou et al., 2006). Tullis (2012) introduced four physics-based methods to
generate synthetic catalogs, namely ALLCAL (Ward, 2012), Vitrual California
earthquake simulator (Sachs et al., 2012), RSQsim (Richards-Dinger and Di-
eterich, 2012) and ViscoSim (Pollitz, 2012). Although constitutive descriptions
of fault friction vary among those four models, their simulated catalogs for the
allcal2 California fault model show agreement with each other in general (e.g.,
frequency-magnitude distribution, moment and events rate), and also match
the observed catalog (Tullis et al., 2012). Virtual Quake (Yoder et al., 2015)
is proposed as a generalization of the Virtual California earthquake simulator,
and can model any arbitrary fault system. Thus, the primary advantages of us-
ing VQ are conveniences in fault model setup, easily calculations of earthquake
probabilities and partition of the simulated catalog. VQ has been successfully
applied in several tectonic regions to investigate statistic characteristics of syn-
thetic catalogs (Yoder et al., 2015), seismic hazard forecast (Console et al., 2018;
Khodaverdian et al., 2016b), precursory seismicity (Christophersen et al., 2017)
and friction law (Schultz et al., 2018).

The Anninghe-Zemuhe-Daliangshan-Xiaojiang (AZDX) fault system, consisting
of Anninghe, Zemuhe, Daliangshan and Xiaojiang faults, locates at the east-
ern boundary of the Tibetan Plateau (Figure 1). Resulting from the collision
between the India and Eurasia plate, the AZDX faults are sinistral strike-slip
faults, with slip rates of 4.0mm/a to 13.8mm/a from the northern part to south-
ern part. A lot of major historical earthquakes have been occurred along the
AZDX fault system, and the largest one was the 1833 September 6th M8.0 event
at the Xiaojiang fault (Wen et al., 2008a). Wen et al. (2008a) has documented
rupture pattern of tens of historical earthquakes along the AZDX fault system
in details, providing a reliable catalog to assess seismic hazard in this region.
However, such historical catalog (~600 years) is still too short for long-term
seismic hazard evaluation due to the long recurrence intervals (250-600 years)
of M7.0 earthquakes in the AZDX fault system (Wen et al., 2008a). According
to GPS, InSAR, seismic observations and simulation results, recent studies have
shown that the seismic hazard of the AZDX fault system may be high (Jiang et
al., 2015b; Yao and Yang, 2021).
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Figure 1. Tectonic and topographic map in the AZDX fault system and its
surrounding regions. Fault abbreviation: ANHF., the Anninghe Fault; DLSF.,
the Daliangshan Fault; ZMHF., the Zemuhe Fault, XJF., the Xiaojiang Fault.
Dark gray lines represent active faults (Deng et al., 2003a), and black bold lines
represent synthetic faults constructed in this study. Colored circles show historic
strong earthquakes M�7; Dark gray show earthquakes magnitude from 5 to 7
(Department of Earthquake Disaster Prevention, 1999). Black rectangles include
the earthquake event time and magnitude. Grey circles mark the historical
earthquakes before 1970 and colored circles show earthquakes (M�7.0) between
500 and 2021.

In this study, we aim to simulate a long-term synthetic earthquake catalog in
AZDX fault system, southwestern China, by applying the VQ. The 3-D fault
model of the AZDX fault system is constructed and constrained by recent GPS
and seismic observations. Then, the VQ earthquake simulator is applied in our
study region to generate a long-term (20 thousand years) synthetic earthquake
catalog. Such a long-term catalog can be used to characterize several statistics
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of earthquakes and evaluate seismic hazard. Moreover, we discuss our results
considering model uncertainties and future development.

1. Methods of the physics-based earthquake simulation

2.1 Virtual Quake Simulator

As a physical-based simulation model, VQ is formed by three major components:
a fault model, a set of quasi-static elastic interaction between faults (governed
by Okada’s implementation of Green’s functions (Okada, 1992)) and a rupture
event model (Sachs et al., 2012; Yoder et al., 2015). In the fault model, faults
with geometrical characteristic (strike, dip angles and depth) specified at each
trace point are embedded in a flat homogeneous half-space. The estimated slip
rates along a fixed rake vector, the aseismic slip and parameterization of friction
laws based on laboratory experiments are also vital to assign on each trace points
as the input. Then the fault planes are meshed into rectangle elements by setting
an appropriate element size. The element size equals to the minimum simulated
rupture area, governing the minimum magnitude of simulated earthquake.

Based on a geometrically static fault system assumption, faults don’t move
actually in the VQ model (Rundle et al., 2012). Back slip model is applied
to describe the effects of the stress buildup and release along the fault plane.
Thus, for a ruptured element has slipped, the original position is identical to
the equilibrium position. The relative position and orientation of each element
that determines the interactions between faults is invariable. That indicates the
Green’s function matrix do not change once been calculated.

2.2 Rupture model

In the VQ simulator, the process of an event model accumulated or released
stress consist of two parts: the long-term plate movement which can been de-
scribed by fault slip rate and the rupture propagation (Sachs et al., 2012). In
addition, the rupture model consists of two internal phases: (1) slip caused by
static or dynamic friction, (2) slip induced by the influence of other elements
(interaction between elements). In the first stage, the Coulomb failure function
(Stein, 2000) is employed to calculated element failures. The CFF is given by:

𝐶𝐹𝐹(𝑥, 𝑡) = 𝜎𝑠(𝑥, 𝑡) − 𝜇𝑠𝜎𝑛(𝑥, 𝑡) (1)

Where 𝜇𝑠 is the static friction coefficient, 𝜎𝑠 is the shear stress along the element
rake vector and 𝜎𝑛 is the normal stress perpendicular to the element. When
the stress loading exceed the threshold value (𝐶𝐹𝐹 ≥ 0), the elements start the
initial rupture and slip which defined as static failure. When significant change
of CFF caused by stress increasing and satisfies the formula (2), dynamic failure
proceeds. In the dynamic failure stage, ruptured elements continue to slip and
propagate rupture to the elements physically nearby.
CFFinit(𝑥,𝑡)−CFFfinal(𝑥,𝑡+�𝑡)

CFFinit(𝑥,𝑡) > 𝜂 (2)

Here, �𝑡 can be interpreted as being the time since the beginning of the earth-
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quake at time 𝑡. And the critical stress rate 𝜂, as a primary tuning parameter in
the VQ model, defined the dynamic trigger factor which is used to control rup-
ture propagation during a simulated earthquake, ranging from 0 to 1. Greater
dynamic factor promotes earthquakes propagation and induces great earthquake
with higher probability. When dynamic trigger factor (𝜂) = 0, the entire fault
is allowed to rupture together (Khodaverdian et al., 2016a) .

Based on the rate-and-state and leaky threshold laws (Rundle and Klein, 1995),
Rundle further generalize these friction laws to include two additional term as
the Eq. (3) (Rundle et al., 2006): the stable stress-dependent aseismic sliding
(the first term in Eq.(3)) and the term depended on stress increase rate (the
third term in Eq.(3)). And the stress drops �𝜎 for the element in the model is
defined by Eq.(4).
𝜕𝑠
𝜕𝑡 = �𝜎

𝐾𝑇
{𝛼 + 𝛿 (𝑡 − 𝑡𝐹 ) + 𝛽𝛿 ( 𝜕𝜎

𝜕𝑡 − 𝜂)} (3)

�𝜎
𝐾𝑇

= 𝜎(𝑥,𝑡)−(𝜇𝑠−𝜇𝑘)𝜎𝑛
𝐾𝑇

(4)

Here �𝜎 is the stress drop, 𝐾𝑇 is the total spring constant related with a fault
segment, s is slip amount and the 𝜇𝑘 is kinetic friction coefficient. The 𝑡𝐹 is the
time at which 𝜎 = 𝜇𝑠𝜎𝑛. 𝛿 is the Dirac delta function. In the first term, the
aseismic slip factor 𝛼 is related to fault creep. Stable aseismic slide can occur
with proportional to 𝛼 for non-zero �𝜎 preceding the instability at 𝑡 = 𝑡𝐹 . The
second and third term represent the unstable slip related to static and kinetic
friction. In the second term, when CFF(𝑥, 𝑡) = 0, there exists unstable slip
caused by static friction. Then stress increasing, unstable slip occurs by the
kinetic friction under the condition of Eq. (2) as the third term shows.

As another critical tuning parameter such as dynamic trigger factor 𝜂, stress
drops play a critical role in the simulation as well. On the basis of a large num-
ber of observations, Wells and Coppersmith (Wells and K. J. Coppersmith, 1994)
present the empirical statistical relationships between magnitudes and fault rup-
ture parameters which is the most widely used . Based on published empirical
scale relations between the magnitudes and the rupture area (Hanks and Bakun,
2002; Somerville et al., 1999; Wells and K. J. Coppersmith), Leonard (2010)
proposes more detailed scaling relations which are self-consistent, including mo-
ment, rupture length, width, area and displacement to be estimated. According
to Leonard (2010), when given a certain fault area, the predicted characteristic
magnitude 𝑀 , with assumption of the entire fault segment area ruptures to
generate essentially same size earthquakes (Schwartz and K. J. Coppersmith,
1984), is characterized as:

𝑀char = 4.0 + log10(𝐴) + �𝑀 (5)

Here, 𝐴 is the fault area in unit km2, �𝑀 is the stress drop factor value for
adjusting the correlative characteristic stress drop, ranging from 0.2 to 0.8 typ-
ically. Once the characteristic earthquake magnitude is settled, the mean slip
can be derived from the seismic moment definition (Kanamori and Anderson,

6



1975). Then the shear stress drop �𝜎 of given fault area in the elastic half space
can be acquired employing the analytical solution. To facilitate understanding,
the shear stress drop can be approximated as the proportional relation with
fault geometry and slip amount (Wan, 2016):

�𝜎 ∼ 2𝜇�𝑠
𝑊 (6)

Here, �𝑠 is the mean slip, as the function of fault area, stress drop factor and
𝑀char , 𝜇 is the shear module, 𝑊 is related to the characteristic rupture length.
Increasing stress drop factor tends to increase global stress in a log scale. And
greater earthquakes occur with the larger stress drop factor assigned. Through
tuning stress drop factor and dynamic trigger factor, the frequency-magnitude
relation of the simulated seismic catalog can match that of the actual seismic
record.

Study on aftershock sequence and its physical mechanism is one of the important
ways to comprehend seismic process. In addition to the physical-based rupture
model, the probability model of aftershock sequences is taken into consideration
in the VQ model as well. It has been known that the epidemic type aftershock
model (Ogata), following the similar rate with the magnitude of the father
earthquake, has been widely used to practice in earthquake forecasting and
seismicity analysis. Based upon ETAS model, Turcotte et al. (2007) proposes
the Branching Aftershock Sequence model, whose sequential time, space and
intensity distribution completely self-similar. To better describe the trigger and
attenuation of aftershocks, VQ introduces the BASS model as the aftershock
model.

1. Parameters of simulations

3.1 Fault model of the AZDX fault system

Constrained by the previous studies (Deng et al., 2003b; He and Oguchi, 2008;
Song and Wang, 1998), the fault trace along the surface is simplified for the
fault model (Figure 2). Referring to the fault locking depth (Li et al., 2014;
Wang et al., 2011b) and fault model constructed in previous study (Jiang et
al., 2015b), the fault depth is extended to 20 km. We assume fault plane to be
upright (dip=90°) to the surface, mainly based on the following considerations:
(1) fault planes in the AZDX fault zone are almost vertically dipping (He and
Oguchi, 2008; Jiang et al., 2015a; Song and Wang, 1998); (2) the behavior of
the AZDX fault is dominated by strike slip (He and Oguchi, 2008; Jiang et al.,
2015b; Song and Wang, 1998) and the dipping slips far less than the striking
slips which indicates dipping slips can be dismissed; (3) The interaction between
elements mainly depends on the distance between the elements. When the dip
angle of the fault plane changes, the relative distance between the elements
does not change much, and it effect negligibly on the corresponding interaction.
Meanwhile, we set the rake angle 0°which means pure left-lateral strike slip based
upon the second consideration. The Lame parameter, mu (𝜇) and lambda (𝜆),
describing material properties can be derived from the wave velocity (𝑉𝑝 and
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𝑉𝑠) and the density (𝜌). The aseismic and evaluated fault slip rate are further
discussed in the next section.

After all the fault geometry characteristics are assigned, the fault plane is dis-
cretized into rectangle segments with same element size we set. In the VQ model,
minimum magnitude depends on the slip distance and element area. When the
element size increases, the minimum event magnitude increases logarithmically,
and the total number of elements in a model decreases. Accordingly, more mem-
ory requirements are needed. Linear interpolation is used for meshing the fault
plane into same size element. When the residual length after meshed is less
than the element size, the fault plane will be lengthened to satisfy the element
size. In consideration of the computational efficiency and the minimum event
magnitude, we set the element size to be 3 km. Hence there exist 7 elements
along the depth which suggests the actual depth of the fault model is 21 km
(Figure 2). All the parameters are shown in the table 2.

Figure 2. Three dimensional model of the AZDX fault plane. The dark red rect-
angle represents the element with 3km×3km size. Fault abbreviation: ANHF.,
the Anninghe Fault; DLSF., the Daliangshan Fault; ZMHF., the Zemuhe Fault,
XJF., the Xiaojiang Fault.

Table 1
Mechanical Properties of AZDX fault
model.
Parameters Value
Simulated period ,000 years
Element Size km
Stress Drop Factor
Dynamic Factor
Lame’s mu (𝜇) 3.27e+10 Pa
Lame’s lambda (𝜆) 3.27e+10 Pa
Aseismic Slip

1. Fault slip rates
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In the past decades, the Holocene and present-day slip rates of the AZDX fault
system by means of geological (Chen and Li, 1988; He and Oguchi, 2008; Ran et
al., 2008b; Sun et al., 2015; Wei et al., 2012; Xu et al., 2003) and geodetic studies
(Jiang et al., 2015b; Li et al., 2021; Shen et al., 2005) within the acceptable
difference range have been published. Li et al. (2021) reported the updated
fault slip rates inferred from the linear spherical block model based on the recent
geodetic observation. Their results, describing the long-term relative micro-
plate motions, can represent the long-term fault slip rate of the AZDX fault (Li
et al., 2021). The fault slip rates exhibit consistency with previous geological
estimates and the geodetic studies which detailed comparison is included in the
supplementary material of Li et al. (2021). Therefore, we use their slip rates in
our simulation to obtain a long-term seismic catalog of the AZDX fault system.
The fault slip rates are displayed by different colors in the Figure 3, and are
summarized in the Table 2.

The aseismic parameter of the VQ simulator, referring to the creep portion of
total fault slip, is treated to enhance the verisimilitude of simulation (Rundle et
al., 2001). In the AZDX fault zone, there’s no explicit quantification of aseismic
fault slip. Given as the eastern boundary of the Tibetan extrusion tectonics
(Tapponnier et al., 1982), the AZDX fault zone is the most seismically active
deformation zone in southeastern China. Considering the high seismicity of the
AZDX fault zone, aseismic slip can be neglected in this model.

Table 2
Fault Slip Rates of the AZDX fault
model.
Fault Name Slip Rate (mm/yr) *

Anninghe Fault ~7.6 (LL)
Zemuhe Fault ~6.6 (LL)
Daliangshan Fault ~5.9 (LL)
Xiaojiang Fault ~13.8 (LL)

*LL, left-lateral

9
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Figure 3 Slip rates of the AZDX faults. The value represented by the color
corresponding to the color scale is the fault left-lateral strike-slip rate value.
Fault abbreviation: ANHF., the Anninghe Fault; DLSF., the Daliangshan Fault;
ZMHF., the Zemuhe Fault, XJF., the Xiaojiang Fault.

3.3 The G-R relation of the historical seismic catalog

The frictional physics of earthquakes leads to self-organization of statistical dy-
namic and produces statistical distribution similar to the observed events in
nature (Rundle et al., 2004), particularly obeying the Gutenberg-Richter law,
which stated the earthquakes number 𝑁(𝑚) with magnitude � 𝑚 described in
the Eq. (9). Therefore, the synthetic seismic catalog can be employed to match
the G-R relation of historical seismic catalog for model verification.

10



log10 𝑁(𝑚) = 𝑎 − 𝑏𝑀 (9)

Here, 𝑏 value is the slope of the frequency-magnitude relation.

However, due to the relatively short period of modern observation of earth-
quakes, there is no a relatively complete and unified regional seismic catalog in
Sichuan-Yunnan region. We aim to make full use of available observed seismic
catalog and estimate a reasonable completeness magnitude 𝑀𝑐 to ensure the
integrity of catalog. The historical seismic catalog with a time span from the
23rd century B.C. to 1990 with magnitude above M4.7 has been compiled by the
Department of Earthquake Disaster Prevention, China Earthquake Administra-
tion (Department of Earthquake Disaster Prevention, 1995). From the historical
seismic catalog by CEA and the China Earthquake Networks Center (CENC),
the observed catalog (M�4) of AZDX fault zone is gathered whose time span
ranges from 647 to 2021. The frequency-magnitude distribution of this seismic
catalog with magnitude interval of 0.1 is shown in the Figure 4.

When the G-R relation can be best fitted to cumulative frequency-magnitude
distribution, the corresponding minimum initial magnitude is defined as the
completeness magnitude. In accordance with the definition, the completeness
magnitude can be rough estimated by the G-R curve in Figure 4. The Figure
4 exhibits the significant characteristic of the 𝑏-value, which varies greatly at
M=5. The 𝑏-value of magnitude less than M5 is 0.1 with flat curve. But the
curve becomes steep notably when the magnitude above M5 with the 𝑏-value of
0.66. Accordingly, the completeness magnitude of the historical seismic catalog
in AZDX fault zone is regarded as 5.0. The G-R relation of the historical catalog
larger than the 𝑀𝑐 is available for the validation in the model parameter choice.

11
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Figure 4 The cumulative frequency-magnitude distribution of historical seismic
catalog with M � 3 in the AZDX fault zone. Red dot: the cumulative number
of events; Green shadow: fitting line of the catalog with 3�M�5; Blue shadow:
fitting line of the catalog with M�3. The magnitude interval is 0.1.

1. Choices of model parameter

Two critical tuning parameters, the stress drop factor �𝑀 and dynamic trigger
factor 𝜂 delineated in section 2.2, can affect simulated earthquake magnitude
and propagation. In this section, we chose the two parameters for matching
the frequency magnitude of the synthetic seismic catalog to the G-R relation
of observed catalog for model validation. In the VQ simulator, the stress drop
factor, not directly equivalent to the stress drop defined in the rate and state
dependent friction laws, essentially is an empirical parameter tuning scale rela-
tions between magnitude and rupture area (𝑀 ∼ 𝐴). Larger values of stress
drop factor tend to generate large earthquakes with long period. Accordingly,
the low strain regions yield to low stress drop factor. In mid-continental crust
and stable continental regions, the stress drop factor at 0.3~0.4 accounts for
an assumed higher stress drop fittingly (Somerville et al., 1999). For modeling
the eastern part of the Iranian plateau characterized by large and infrequent
earthquakes, the stress drop factor value of 0.3 is consistent with actual earth-
quake rates (Khodaverdian et al., 2016a). In the California model (Rundle et
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al., 2006), which is a large shear zone with complex faults system, stress drop
factor value is restricted within a certain range of 0.6~0.8. For the model of
AZDX faults zone dominated by remarkable left lateral strike slip with simple
fault system, reasonable stress drop factor value should be selected from 0.5 to
0.7. Furthermore, we estimate the range of the dynamic trigger factor value
based on the empirical value (Khodaverdian et al, 2016; Rundle et al., 2006).
Here, in the AZDX model, dynamic trigger factor value limited in 0.7, 0.8 and
0.9 is assigned to experiment with fixing stress drop factor value at 0.5, 0.6
and 0.7, respectively. Conclusively, the combination values of dynamic trigger
factor and stress drop factor are at 0.8 and 0.6 individually.

Assigning different combinations of stress drop factors and dynamic trigger fac-
tors to the AZDX model, we compare the corresponding frequency magnitude
distributions with the G-R relation of historical seismic catalog (Figure 8). The
final two tuning parameters (𝜂 = 0.8, �𝑀 = 0.6) which suit the observed catalog
appropriately are determined for the AZDX model. More details of choices of
those two parameters and discussion of uncertainties on simulated results can
be found in section 5.1.

1. Simulation results

We simulate a 20,000 years of synthetic seismic catalog on the basis of present
fault behavior by applying the VQ. The synthetic seismic catalog has been pro-
vided on the supplementary material. In this section, we analyze the spatiotem-
poral feature of this synthetic seismic catalog, especially the strong earthquakes
occurrence rate and the recurrence interval for evaluating the seismic hazard
risk of the AZDX fault system.

1. Seismic rates and recurrence intervals of the AZDX faults

The seismic rates of strong earthquakes (M�7), which denote the numbers of
strong earthquake per year in a specific fault, is characterized to show the spa-
tial distribution of the simulated seismic catalog. Because different parts of
faults may behave differently in terms of slip rates and geometries, seismicity
in difference sections of faults may vary accordingly. Give consideration to
that, the occurrence intervals of strong earthquakes are specified by sections in
this study. According to the empirical relationship between strike-slip rupture
length (L) and co-seismic displacement (log10 𝐷 = −0.72 + 0.72 log10 𝐿), as well
as the empirical relationship between earthquake magnitude and co-seismic dis-
placement (𝑀 = 5.1 + log10 𝐿 + log10 𝐷) derived by Deng et al. (Deng et al.),
we can roughly estimate that the surface rupture length corresponding to a M7
earthquake is about 30 km. Therefore, splitting the fault trace into sections
with 30km is reasonable (Figures 5 and Table 4). In each section, we sum up
the numbers of the earthquakes with M�7 occurring in all depths, and signifies
them with the color scale as shown in the Figure 5a. Accordingly, all the value
of the strong earthquake occurrence rate (total and annual) in each section is
listed in the Table 3.

As shown in the Figure 5a and the Table 3, we acquire the characteristics that
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the sections with large occurrence rates are mainly concentrated in the mid-
dle and the southernmost sections of the Xiaojiang fault. Remarkably, the
southernmost section (390~426km) of the Xiaojiang fault is the largest strong
earthquake occurrence rate area where exists 32 strong earthquakes (M�7). For
the Anninghe-Zemuhe fault, more strong earthquakes are located in the north-
ern section of Anninghe fault (0~60km). All sections of the Anninghe fault, the
middle-southern sections of Daliangshan fault (60~270km) and the northern
sections of Xiaojiang fault (0~90km) are with relatively less strong earthquakes
(�10) generated in the simulation. The strong earthquake occurrence rate of the
Daliangshan fault, excluding that of the northern sections (0~60km), exhibits a
low level (�5), especially the southernmost section with no strong earthquakes.

Figure 5 (a): The cumulative numbers of simulated strong earthquakes (M�7)
in each section with 30km interval of the AZDX faults. Different numbers in
each separated fault section is represented by different colors. (b): The mean
recurrence intervals of strong earthquakes (M�7) in each section. Mean recur-
rence rates in each separated fault trace characterized by color scale correspond
to the color scale. Gray color signifies lack of recurrence interval. Fault abbrevi-
ation: ANHF., the Anninghe Fault; DLSF., the Daliangshan Fault; ZMHF., the
Zemuhe Fault, XJF., the Xiaojiang Fault. City abbreviation: ShiM.: ShiMian;
MN: MianNing; PX: PuXiong; XC: XiChang; BT: BuTuo; JJH: JiaoJiHe; QJ:
QiaoJia; MG: MengGu; DC: DongChuan; XD: XunDian; SongM: SongMing;
KM: KunMing; YL:YiLiang; CJ: ChengJiang; TH: TongHai; JS: JianShui.

According to the occurrence rates of strong earthquakes (M�7) with 30km inter-
val given in Figure 5a, we obtain the mean strong seismic recurrence interval
within 20 thousand years on each section by equation (10) and display it in
Figure 5b.
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𝑅 = 𝑇last−𝑇first
𝑁−1 (10)

Here, 𝑅 is the mean seismic recurrence interval. 𝑁 is the number of earthquakes
in the specified section which is listed in the fourth column of Table 3. And
𝑇last and 𝑇first are the occurrence time of the last and first strong earthquake,
respectively.

The Figure 5b reveals the spatial feature of mean seismic recurrence interval
in different sections. In contrast to Figure 5a, deeper color represents shorter
strong seismic recurrence interval of each section. The mean recurrence interval
of the Anninghe fault ranges from 911a to 2294a, and only that of 60-90 km sec-
tion is more than 2ka. The whole Zemuhe fault behaves with a long recurrence
interval (�2.1ka). With the exception of the northern part with a recurrence
interval shorter than 2ka, the occurrence interval of the Daliangshan fault is
more than 3ka.

Due to the insufficiency of strong earthquakes number in the end two sections,
the mean strong seismic recurrence interval can’t be provided. Nevertheless, it
implies that the strong earthquakes in the end sections of Daliangshan fault may
recurred with a long recurrence interval (�20ka). Strong earthquakes recur with
a short interval (�1ka) in the northernmost (near Shimian) and southernmost
sections (south of Jianshui) of the fault model. The end section is prone mostly
to stress accumulation relative to other section, and the slip rate of the end
section is not pinched out. Therefore, we cannot rule out that this is due to
end effects. The Figure 5b also indicates that the Xiaojiang fault is character-
ized with segmentation: 1. From the northern part to the middle part, there’s a
notable trend that the strong seismic recurrence interval gradually shortens; 2.
Most sections of the middle part show strong seismic recurrence interval more
than 1ka; 3. In southern part, except for the end section (390~426 km), strong
earthquakes on other sections recur with period greater than 1ka. As the deep
red color signifying, the most active region of the AZDX fault system is the
section near the south of Dongchuan with recurrence interval of 600~800 a.

Through the mean strong seismic recurrence interval and occurrence rate on
different sections, we summarize the segmented feature of simulated catalog
that the high-seismicity sections with relatively short strong seismic recurrence
interval (�1ka) distribute mainly in the northern part of the Anninghe fault,
the middle part and the end part of the Xiaojiang fault are. Whereas, the
strong earthquakes recurrence with a relative long period (>3ka) in the middle-
southern part of the Daliangshan fault and the end part of the Zemuhe fault.

Table 3

The occurrence rates and mean recurrence intervals of strong earthquakes (M�7)
in the simulated seismic catalog on each section of the AZDX faults.
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Fault
Name

Section
Name

Section(km)Occurrence
Rate

Occurrence
Rate(yr-1)

Recurrence
Interval(years)

Latest
Events
�M�7�

References

ANHF. Northern
Sec-
tion
(Shimian-
Mianning)

~30 1.1E-
03

~60 9.2E-
04

�M7.5±0.3(Wen
et al.,
2000)

~90 5.0E-
04

Southern
Sec-
tion
(Mianning-
Xichang)

~120 5.3E-
04

~147 5.9E-
04

�M7�1536�M7½(Department
of
Earth-
quake
Disas-
ter
Pre-
ven-
tion,
1995;
Ran et
al.,
2008a)

ZMHF. ~30 5.4E-
04

,M7½ (Wen,
1993)

~60 5.7E-
04

~90 5.0E-
04

~123 1.4E-
04

DLSF. Shimian-
Yuexi

~30 1.1E-
03

3500aBP (Song
et al.,
2002)

~60 6.3E-
04
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Fault
Name

Section
Name

Section(km)Occurrence
Rate

Occurrence
Rate(yr-1)

Recurrence
Interval(years)

Latest
Events
�M�7�

References

Puxiong ~90 3.8E-
04

24000aBP;3050±240aBP(Gao
et al.,
2016;
Song
et al.,
2002)

~120 2.6E-
04

~150 3.8E-
04

Butuo ~180 2.9E-
04

7500aBP (Song
et al.,
2002)

~210 3.5E-
04

Jiaojihe ~240 - - 4500aBP (Song
et al.,
2002)

~270 - -
XJF. Northern

Sec-
tion
(Qiaojia-
Menggu)

~30 4.7E-
04

~60 3.1E-
04

Middle
Sec-
tion
(Dongchuan)

~90 5.3E-
04

Dongchuan
M7.75

(Department
of
Earth-
quake
Disas-
ter
Pre-
ven-
tion,
China
Earth-
quake
Admin-
istra-
tion,
1999)
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Fault
Name

Section
Name

Section(km)Occurrence
Rate

Occurrence
Rate(yr-1)

Recurrence
Interval(years)

Latest
Events
�M�7�

References

~120 1.1E-
03

Middle
Sec-
tion
(Xundian)

~150 1.6E-
03

~180 1.4E-
03

Middle
Sec-
tion
(Songming)

~210 8.9E-
04

Songming
M8.0

(Department
of
Earth-
quake
Disas-
ter
Pre-
ven-
tion,
1999)

Middle
Sec-
tion
(Yiliang)

~240 2.1E-
03

Yiliang
M7¾

(Shen
and
Wang,
1999)

~270 1.1E-
03

Southern
Sec-
tion

~300 9.5E-
04

Huaning
M7

(Mao,
2001)

~330 8.4E-
04

~360 4.9E-
04

~390 5.8E-
04

Jianshui
M7.23~7.65

(Mao,
2001)

~426 1.7E-
03

Upon the Chinese strong seismic catalog, the earliest recorded of Chinese earth-
quakes can backtrack to the 23rd century B.C. (Department of Earthquake Disas-
ter Prevention, 1995 1995). However, there are only 15 determinate earthquake
records before Common Era. Besides, large amount of doubtful material and
earthquakes with unascertainable epicenters exist. Simply employing the histor-
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ical earthquakes records for comparison with strong seismic recurrence interval
of the synthetic seismic catalog seems deficient.

Paleoseismic investigations play an important role in detecting fault segmenta-
tion and paleoearthquakes recurrence interval, and period of the latest earth-
quake on individual Quaternary faults (Crone and Haller, 1991; Schwartz and
K. J. Coppersmith, 1984) and supplementing the seismic catalog. Previous re-
searchers have conducted catalogs on the rupture relics of historical earthquakes
and paleoearthquakes in the AZDX region. By recognition of preserved geologi-
cal evidence of paleoearthquakes occurred on active faults, the approximation of
paleoearthquake recurrence interval with long timescale will be revealed. How-
ever, in the absence of event dislocation, slip rates and other data, the pale-
oearthquake magnitude can’t be identified. And it has been recognized that
earthquakes less than M7 can also generate rupture on surface and be marked
in the geological record (Li et al., 2018; Xu et al., 2015; Song et al., 1998). That
is to say that not all estimated recurrence interval by paleoearthquakes are re-
lated to M7 or above. In this paper, we only concern on the strong earthquakes
with magnitude equal to or greater than M7. For the paleoearthquakes, without
approximate magnitude but given the rupture area or length, we can estimate
via empirical scaling relations such as the commonly applied WC94 (Wells and
K. J. Coppersmith, 1994).

ANHF�

Northern part�

Due to human being underdevelopment and remoteness location, the northern
part of the Anninghe fault (Shimian-Mianning) lacks seismic records before
1910, and only one destructive earthquake of magnitude 6 was recorded until
1913 (Wen et al., 2000). However, some paleoseismic studies have been carried
out along the northern part of the Anninghe fault. Four paleoseismic events with
mean magnitude of M7 preliminarily indicate that paleoearthquakes occurred
with roughly similar intervals of 940±150a (Qian, 1992). In accordance with the
calculation of the horizontal displacement of 3~4 m, the mean recurrence interval
of strong earthquakes is about 670~890a (Wang et al., 2013). Applying the
empirical scaling relation between the co-seismic displacement and the moment
magnitude (WC94), we estimate the moment magnitude of paleoseismic events
with 3~4 m horizontal displacement is about M7.5. In that case, the recurrence
interval of the M7.0 should theoretically be less than 670~890a. Similarly, on
the basis of new insights proposed by Ran (Ran et al., 2008a) the recurrence
interval of M7.0 is less 520~660a. By contrast, the simulated strong recurrence
interval of 911~2294a in the northern part (0~90 km) includes the recurrence
interval obtained by Qian et al. (1992).

Southern part�

Ran et al. (2008) conclude that the Anninghe fault is segmented in Mianning
area with relatively independent strong earthquake rupture history in the south
and north. However, the paleoseismic research degree in the southern part of
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Anninghe fault is low. Referring to Wang (Wang, 2013), we reckon that the
recurrence interval of M7.0 is less than 1400±170a via the WC94 scale relation.
In the sections of 90~120 km and 120~147 km, the simulated mean recurrence
interval are 1608a and 1559a, within the reasonable range speculated by pa-
leoearthquakes. According to the historical materials, the epicenters of earth-
quakes with magnitude above M7, occurring in 817 and 1536 respectively, are
geographically closed, and the interval between the two earthquakes was 719a,
which was much lower than the mean interval of the simulation (1559~1608a).

ZMHF:

The study of earthquake-caused landforms indicates the recurrence characteris-
tic. By the field investigations and C14 data, Ren et al. (1989) presents that the
northern Zemuhe fault has experienced at least four strong earthquakes since the
late Pleistocene and calculated the minimum recurrence interval of earthquakes
with M7.0 or above is 1000a, and the mean interval is 1800a. Based on the fur-
ther research on landforms and exploratory trench, Ren et al. (2007) conclude
three paleoseismic events and obtains the recurrence interval of strong earth-
quakes whose magnitude equivalent to the magnitude of 1850 Xichang M7.5, is
2300�3000a in northern part. Xu and Deng (1996) ascertains the longest recur-
rence interval for paleoearthquake is 6.2ka, and the shortest is 1036a with four
earthquakes (M�7) identified in the Holocene along the northern part.

The recurrence interval of strong earthquakes (M�7.0) of the synthetic seismic
catalog in the middle-northern sections (0~90 km), about 2.2ka, is closed to
that estimated by Ren et al. (1989, 2007) and within the range of Xu and Deng
(1996). Obviously contrasting with the northern Zemuhe fault, no evidence
available for surface rupture during the Holocene observed along the south (Xu
et al., 1996), and no historical earthquakes (M�7) are recorded, as well. Only
two strong earthquakes are simulated in the end section (90~123 km) with an
interval of 10 thousand years scale which illustrates inactive seismicity in this
section.

DLSF:

Detailed studies for a long period on the new active characteristics of Xianshuihe-
Xiaojiang fault zone, the relationship between faults and strong earthquakes,
and the paleoearthquakes have been achieved. Abundant research conclusions
have been attained for the Xianshuihe-Xiaojiang fault zone, but the Daliang-
shan fault zone doesn’t draw enough attention. The economy and culture of
the area where Daliangshan fault zone located is relatively underdeveloped, so
historical earthquakes of M6 or above have not been recorded. However, the
Daliangshan fault zone possesses the geological conditions for earthquakes with
M7 or above which has been revealed by excavating exploratory trenches (Song
et al., 2002; Sun et al., 2019a). In the exploratory trench near the Shimian, two
paleoearthquakes with recurrence interval of 10 thousand scales are discovered
by Song et al. (Song et al., 2002) and Sun et al. (2015). Sun et al. (2015) insists
that there may be seismic events not recorded in this trench and further pale-
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oseismic studies should be conducted. For corresponding section (0~30 km) in
the fault model, the strong seismic recurrence interval averaged by 17 synthetic
earthquakes is less than 1ka.

In the middle section of Daliangshan fault, two paleoseismic events, which oc-
curred in 730±160a BP and 3050±240a BP individually, have been revealed in
near Puxiong (Gao et al., 2016). Of the two paleoearthquakes, only the magni-
tude of second last event has been confirmed above M7. In the related section
(90~120 km), the simulated recurrence interval is 3267~5199a. Even the mag-
nitude of latest paleoseismic is above M7, the simulated recurrence interval is
larger than that derived by paleoearthquakes.

For the recurrence intervals in southern sections, researchers carry out differ-
ent results. According to the exploratory trench in the north of Butuo, Song
et al. (2002) discovered three paleoearthquakes which the recurrence interval
of last two paleoearthquakes is 2.5ka. And we get a strong earthquakes re-
currence interval of 3795~4244a which is larger than that derived by the two
paleoearthquakes. In the south of Jiaojihe, Song et al. (2002) summarizes the
recurrence interval of two paleoearthquakes is 4.5ka. But He et al. (2008) re-
vealed the last paleoseismic event occurred about 1520~1950a ago by exploratory
trench. This means that the recurrence interval may be larger than 1520~1950a
in the adjacent area of Jiaojihe. By dividing average slip rate with co-seismic
displacement of three paleoseismic events, Wei et al. (2012) obtained that the
mean paleoseismic recurrence interval is about 2ka. But He et al. (2008) and
Wei et al. (2012) don’t provide the approximation of paleoseismic magnitude.
Therefore, we can’t summarize a relative uniform recurrence interval of M7 in
the south section of Daliangshan fault. From the Figure 6(b) and Table 3, there
exists only one simulated earthquake above M7 in the end two sections (210~270
km) which suggests the southernmost of Daliangshan fault is very inactive with
recurrence interval of strong earthquake (M�7) up to 10ka.

Along the Daliangshan fault, the recurrence interval of paleoseismic events ver-
ified by exploratory trenches is almost larger than 2ka. However, few pale-
oearthquakes recur in situ are ascertained. We can’t exclude the possibility of
recurring aperiodicity and record lack, so recurrence interval summarized by
small two paleoearthquakes may be partial. According to the distribution of
mean recurrence interval acquired from the simulated seismic catalog (Figure
6(b) and Table 3), we summarize that the short recurrence interval locating in
the north sections of Daliangshan fault and the long recurrence interval mainly
spreading in the middle-south part. Except the beginning section (0~30 km) and
the end 2 sections (210~270 km), the M7 or above recur with an interval of more
than 2ka. Overall, there is a risk of earthquakes M7 or above in the Daliangshan
fault but with a larger recurrence interval than that in the Anninghe fault and
Zemuhe fault.

XJF�

Referring to the studies on the fault internal structure, the Xiaojiang fault is
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divided into three segments by Menggu and Chengjiang (Shen et al., 2003; Song
and Wang, 1998). The middle section, from southern Menggu to Chengjiang,
consists of two branches, east and west. For simplification, the two branches
are unified as one in fault model. Therefore, we don’t distinguish west and
east branches in the following discussion. Due to the frequent historical seismic
activity in the north and middle sections of Xiaojiang fault, previous studies
(Li et al., 2018; Shen et al., 2003 2003; Song and Wang, 1998) mainly focused
on the middle sections. The southern segment of the Xiaojiang fault exhibits
weak seismic activity in late Quaternary and no geological evidence of activity
since late Pleistocene was found (Song and Wang, 1998; Wen, 1993). However,
researchers (Mao, 2001; Wen et al., 2008b; Zhao et al., 2015) have indicated
that potential seismic risk exists in the southern Xiaojiang fault using different
methods.

Through analysis of geological and geomorphological phenomena with age, Chen
et al. (1988) obtain the mean interval of M7~8 earthquakes recurring in situ
is about 900a in the west branch of Xiaojiang fault and the mean recurrence
interval of the whole Xiaojiang fault is about 300a. Except for the section of
60~90 km in the middle part, the mean recurrence intervals of other sections
are approximately 894a, approaching that of west branch. In the Dongchuan
section (60~120km) and Xundian section (120~180 km), Shen et al. (1998) esti-
mates the mean recurrence intervals of earthquakes M�7 is about 200~500a and
300~800a, respectively. Between Dongchuan and Xundian, Li et al. (2018) also
revealed seven paleoseismic events by exploratory trenches. Among them, last
four paleoseismic events with continuous recorded suggest that the mean recur-
rence interval is about 370~440a. Although this actual mean recurrence interval
matches well with that concluded by Shen, only the magnitude of last two events
has been determined to be more than M7. According to the simulated seismic
catalog, we note that the mean recurrence intervals of the corresponding sections
of 60~120 km and 120~180 km are about 944~2158a and 643~764a, individually.
The simulated mean recurrence interval of the Xundian section (120~180 km)
is included in the range of actual mean recurrence interval, 300~800a. The sim-
ulated mean recurrence interval of southern Dongchuan section (90~120 km),
944a, coincides with that concluded by Chen et al. (1988). From the M7¾
recurrence interval of southern Dongchuan section laid out by Song et al.(1998),
we speculate the M7 recurrence interval should be slightly less than 919~1837 a.
According to geological mean recurrence interval for the whole middle section
of Xiaojiang fault (Chen and Li, 1988), the simulated recurrence interval of M7,
944a, is appropriate. What’s noteworthy is that the mean recurrence interval
of the northern Dongchuan section (60~90 km) is greater than 2ka and is quite
different from that of the southern Dongchuan section (90~120 km). It seems
that the mean recurrence interval of the first three sections (0~120 km) has the
same characteristics of more than 2ka.

The largest earthquake in the AZDX fault zone, the 1833 Songming earthquake
of M8, occurred in the Songming section (180~210 km). The mean recurrence
interval we obtained is 1226a and noticeably larger than the 764a on Xundian
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section (150~180km) and 511a on Yiliang section (210~240 km). Neverthe-
less, Shen et al. (1998, 1999) infer that the recurrence interval of the M7±0.3
earthquakes near the epicenter of the 1833 Songming earthquake (M8) is about
300~800a. Song et al. (1998) concludes that the mean recurrence interval of M8
on the Songming rupture zone is 1073~2097 a. In the southern segment of the
middle Xiaojiang fault, the Yiliang section (210~270 km), the simulated recur-
rence interval of M7 is about 511~972a which differs from 130~222a calculated
with annual cumulative dislocations (Cheng et al., 2011) and 2~3ka derived from
trenches (Shen et al., 2003).

Attributable to the neglect of its activity, the geological landform investigation
and paleoseismological research in the southern part of Xiaojiang fault are still
deficient. Derived from the M7.5 recurrence interval, 330~556a (Cheng et al.,
2011), the strong recurrence interval of earthquakes equal to 7.0 or large is
supposed to be below 556a. We assess that the recurrence interval in the section
of 270~390 km is more than 1ka. Significant contrast with the section of 270~390
km, the recurrence interval in the section of 390~426 km is 603a which may be
due to the boundary effect.

1. Probabilities of occurrence intervals

As stated in previous section, the occurrence rate and mean recurrence inter-
val strong earthquakes (� M7) of each sections on the AZDX faults have been
given. In most sections, the recurrence intervals of strong earthquakes (� M7) oc-
curred in the same section coincide well with that revealed by paleoearthquakes.
Actually, the interaction between adjacent faults induces earthquakes swarm
in same fault. Alternatively, recovery period after strong earthquake lasts for
a long time exceeding the recurrence interval. In other words, strong seismic
recurrence interval may be not quasi-periodic in a strict sense.

In this section, we count the intervals between two successive strong earthquakes
of each fault and obtain the probability of occurrence interval (Figure 6). Con-
sidering the long extension of the Xiaojiang fault and its obvious segmentation
characteristics, the Xiaojiang fault is divided into three segments for statistics.
As shown in the Figure 6, our main conclusions are summarized as following:

1. Occurrence intervals between successive strong earthquakes range with a long
period span. Such as the northern segment of Xiaojiang fault (Figure 6c) and
Zemuhe fault (Figure 6f), the intervals extent of adjacent strong earthquakes
covers from hundreds to thousands of years, and that of other faults also extend
to thousands of years. This explains why the mean recurrence period of strong
earthquakes varies greatly between adjacent sections on the same fault.

2. The recurrence intervals of the Anninghe fault (Figure 6a), Daliangshan fault
(Figure 6b), middle and southern Xiaojiang fault (Figure 6d and 6e) occupies
great portion in the section of 100~400a. The recurrence intervals of the Zemuhe
fault hold a significant proportion in 200~1000a. In contrast, recurrence intervals
of the northern Xiaojiang fault spreads distribute dispersedly.
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3. As mentioned above, the seismic recurrence interval on the Xiaojiang fault
appears segmental features distinguishingly for the northern section and south-
middle section. For the middle section and south section of Xiaojiang fault
(Figure 6d and 6e), the intervals of �200 years account for the largest propor-
tion, which also indicates frequent seismic activity in the middle and south part
of Xiaojiang fault. However, there’s no notable difference in slip rate between
the northern and the south-middle part but there is a visible difference on the
fault strike. Thus, we hypothesized that the differences of recurrence intervals
in different sections might be induced by the fault geometry. The specific influ-
encing factors still need further work.

Figure 6 The probability of occurrence intervals of strong earthquakes (M�7)
on each fault. Red lines show the mean recurrence interval of each section.
Abbreviation: MRI: Mean Recurrence Interval; ANHF., the Anninghe Fault;
DLSF., the Daliangshan Fault; ZMHF., the Zemuhe Fault; XJF N., the North
Section of Xiaojiang Fault; XJF M., the Middle Section of Xiaojiang Fault; XJF
S., the South Section of Xiaojiang Fault.

In general, Figure 6 indicates that the occurrence intervals of strong earth-
quakes vary in time scale with different recurrence pattern. For the same fault,
occurrence intervals can range from tens to thousands of years, which are char-
acterized by short-term strong earthquakes recurrence and long quiet period
recovery.

1. Frequency-magnitude relation
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Figure 7 The cumulative number versus magnitude distributions of each fault.
(a): normalized number; (b): original number. The magnitude interval is 0.05.
Fault abbreviation: ANHF., the Anninghe Fault; DLSF., the Daliangshan Fault;
ZMHF., the Zemuhe Fault, XJF., the Xiaojiang Fault.

In section 3.4, the G-R relation of the synthetic seismic catalog has been ascer-
tained by optimizing the model parameter whose b-value consistent with that
of the historical earthquakes. For validation of the synthetic seismic catalog,
we also acquire the frequency-magnitude relation of each fault (Figure 7). As
shown in the Figure 7a, the differences in b-values of four faults are well within
the acceptable limits. Meanwhile, the frequency-magnitude relation of single
fault is compatible with the historical G-R relation of AZDX fault zone, which
further suggests the rationality of the simulated seismic catalog. From the Fig-
ure 7a, what we can obtain is that the maximum magnitude earthquake occurs
in the Anninghe fault as well. And the maximum magnitude earthquake of
Zemuhe fault is the smaller than that of other faults. In the Figure 7b, the
number of earthquakes on the Xiaojiang fault is significantly larger than other
faults, which may be related to the strong seismicity and the long fault span.
The length of the Zemuhe fault is almost similar to that of the Anninghe fault,
but the number of earthquakes in the Zemuhe is the least, indicating lower seis-
micity. The cumulative number-magnitude distribution of the Anninghe fault
is closest to the Daliangshan fault, while the length of the Daliangshan fault is
twice as long as that of the Anninghe fault.

1. Discussions

(a) Model parameters uncertainties on simulation results

In section 3.4, we defined that reasonable value range of dynamic trigger factor
and stress drop factor, which are 0.7~0.9 and 0.5~0.7. Tuning the value of dy-
namic trigger factor �𝑀 corresponding to fixing stress drop factor value, the Fig-
ure 8 illustrates their effects on frequency magnitude distributions of synthetic
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catalogs. In order to facilitate comparison, curves in Figure 8 have been nor-
malized. All the frequency-magnitude distributions using different stress drop
factors and dynamic trigger factors setting are in agreement with the historical
seismic catalog under the M7.

With the stress drop factor value of 0.5 (Figure 8a), varying the value of the
dynamic trigger factor 𝜂 from 0.7 to 0.9 seems to have slight influence on the fre-
quency magnitude distributions of synthetic catalogs. The cumulative number
of earthquakes larger than M7.5 drops dramatically. When fixing the stress at
0.6 (in Figure 8b), the distribution curves of the frequency magnitude with dy-
namic trigger factor value of 0.7 and 0.8 almost coincide and suit the historical
seismic catalog well below M7. And the frequency magnitude curve of the stress
drop factor value at 0.6 harmonizes better below M7.5. In the Figure 8c, with
the stress drop factor value of 0.7, fixing the dynamic trigger factor at 0.8 and
0.9 fits the distributions of M7~M7.5earthquakes in historical seismic catalog
well, but diminishes the amount of M6~M6.5. The earthquake number lager
than M6.5 displays in a steeper slope. Through the Figure 8, we also notice
that the dynamic trigger factor also affects the maximum magnitude in some
degree.

Figure 8 the normalized frequency magnitude distribution with different com-
binations of stress drop factor and dynamic trigger factor. Subplot (a), (b), (c)
correspond to the stress drop factor value of 0.5, 0.6 and 0.7, respectively. The
blue diamonds symbolize the normalized cumulative number of observed seismic
events, which is represented by the green bold line. The thin lines with markers
are the frequency magnitude distributions of synthetic catalogs associated with
different values of dynamic trigger factor 𝜂. The magnitude interval of synthetic
catalog is 0.1.

The frequency magnitude distributions with different tuning parameter (𝜂, �𝑀)
combinations generally approximate the G-R relation of historical seismic cat-
alog properly in the straight section of frequency magnitude curve, but exhibit
deviation from the curve corner to the maximum magnitude. As stated above,
the stress drop factor governs the maximum magnitude of the synthetic cata-

26



log. Increasing the stress drop factor, the maximum magnitude in the frequency
magnitude distribution also increases.

For earthquakes before 1900, the magnitudes can’t be measured instrumentally.
When compiling the historical earthquake catalog, the epicenter intensity is
determined according to historical material, and the magnitude is evaluated by
the magnitude-intensity empirical equation (Department of Earthquake Disaster
Prevention, 1995). However, due to a variety of factors, the historical intensity
recorded may be larger than actual one. For example, the disaster situation may
be exaggerated in record, which leads to the overestimations of the historical
earthquake magnitudes. In the historical seismic catalog of AZDX fault zone,
17 earthquakes are greater than M7, 13 of which are recorded before 1900. The
largest magnitude earthquake in the AZDX fault zone is the 1833 Songming
M8 (Shen et al., 2003). Considering that magnitude evaluation derived from
historical records may be larger than actual, the combination of a stress drop
factor of 0.6 and a dynamic trigger factor of 0.8 is acceptable reasonably for the
AZDX model.

1. Seismic Hazard Assessment

Assessing seismic hazard of future strong earthquakes is a critical problem in
seismology. Based on the synthetic catalog simulated by the VQ, we have eval-
uated seismic hazard of the AZDX fault system. We have collected the latest
earthquakes verified by paleoearthquake investigation or historical record, and
refer to the occurrence interval probability of successive strong earthquakes.
Typically, a relatively short occurrence interval and a long elapsed time favor a
higher seismic hazard, and vice versa. We have qualitatively analyzed seismic
hazard of each fault as follows. It should be noted that this kind of qualitative
analysis may underestimate seismic hazard due to stochastic process of earth-
quakes.

ANHF

Researchers has prospered that the Anninghe fault is in the strong seismic risk
with the accumulated moment magnitude is larger than M7 (Wen et al., 2008a;
Yao and Yang). Some studies suggest that the southern section of Anninghe
fault identified with remarkable inter-seismic fault slip deficits (Li et al., 2021).
But it’s believed that the risk of strong earthquakes in the southern section
of Anninghe fault is not as high as that in the northern section (Ran et al.,
2008b). In the north section of the Anninghe fault, with average strong seis-
mic recurrence interval more than 1000a, the latest strong seismic event has
been identified occurring in the 1480 with magnitude M7.5±0.3. Therefore, the
seismic hazard of the Anninghe fault is moderate.

ZMHF

The last strong earthquake on the Zemuhe fault occurred in 1850 (He and
Oguchi, 2008; Ren and Li, 1993; Wang et al., 2013; Wang et al., 2014). Accord-
ing to the co-seismic displacement, the magnitude of the latest strong seismic

27



event is estimated larger than M7 via empirical scaling relation (Wen et al.,
2000). Considering the long recurrence interval of the Zemuhe fault, the seismic
hazard of the Zemuhe fault is relatively low.

DLSF

Four exploration trenches were excavated along secondary faults of the Daliang-
shan fault zone, and nine paleoseismic events of magnitude 7 or above were
revealed by these trenches (Song et al., 2002). In the section of Shimian-Yuexi
and Zhaojue, the elapsed time is far less than the simulated mean strong seis-
mic recurrence interval. It is proposed that the penultimate paleoseismic event
occurring in 3050±240aBP yields an estimated magnitude of 7.5 by empirical
scaling laws between magnitude and slip (WC94). For the Puxiong section
corresponding to 60~120 km section, the mean recurrence interval of strong
earthquakes is about 3267~5199a which suggests that the elapse time is closed
to the lower bound of the mean strong recurrence interval.

Only one simulated earthquake in the Jiaojihe section is obtained and the mean
strong seismic recurrence interval cannot be obtained, which indicates that the
mean strong seismic recurrence interval of the Jiaojihe can reach up to ten
thousand years scale.

However, the seismic hazards of faults with low seismic activities are typically
underestimated, such as for the Longmenshan fault which generated the unex-
pected M8.0 Wenchuan earthquake. Based on slip rates and the elapsed times
since the most recent events along the Jiaojihe and Butuo sections of the DLSF,
seismic energy equivalent to M ~ 7.6 may be accumulated, suggesting a signifi-
cant seismic hazard to the DLSF (Sun et al., 2019b).

XJF

The Xiaojiang fault has experienced a lot of strong earthquakes in history. The
latest event is the 1733 M7.75 Dongchuan earthquake on the middle northern
part of the Xiaojiang fault, and the 1789 Huaning M7 on the southern part. The
largest one on the Xiaojiang fault is the 1833 Songming M8.0 earthquake, which
located on the middle part of the Xiaojiang fault. Due to the relatively short
recurrence interval of the Xiaojiang fault, the seismic hazard of the Xiaojiang
fault should be high. However, considering the elapsed times of latest events are
short, the seismic hazard of the Xiaojiang fault should be relatively low. Thus,
a more comprehensive investigation of the seismic hazard of the Xiaojiang fault
is needed to draw a reliable conclusion, but is beyond the scope of this study.

1. Scaling relation plots

For regional and global seismic hazard analyses, various visions of empirical re-
lationships related magnitude to fault rupture parameters have been developed
(Konstantinou, 2014; Leonard, 2010; Wells and K. J. Coppersmith, 1994). It has
been known that the WC94 are commonly applied in previous studies. However,
the purely empirical WC94 relations are not self-consistent especially for re-
verse (thrust) faults (Leonard, 2010). And for the intraplate regions, the WC94

28



dataset doesn’t include plenty of earthquakes (Cheng et al., 2019; Leonard,
2010). Leonard (2010) proposes new self-consistent scaling relations which all
the rupture parameters are consistent with the definition of seismic moment
(hereafter Leonard2010). The dataset of the Leonard2010 and WC94 are col-
lected worldwide. In the view of the special tectonic environment, some scaling
relations within mainland China have been presented (Cheng et al., 2019; Deng
et al., 1992; Wang et al., 2011a). Among them, Cheng et al. (2019) develops
the more detailed magnitude rupture parameters scaling relations distinguishing
the western and eastern China.

For model validation, we also derive the moment-rupture and the rupture area-
slip regression relations from the synthetic seismic catalog (M�4.8). In the Figure
9, the scale relation from the simulated seismic catalog appears as two parallel
gray dotted branched lines. For western China, Cheng et al. (2019) presented
detailed scaling relation with segmented linearity. From the M4.8 to M6.7, the
above gray dotted line shows excellent consistency with the regression relation
of strike-slip fault. The slope of the scaling relation with M�6.7 is less than that
in the interval of 4.8� magnitude <6.7. It means that the scaling relation of
the simulated seismic catalog does not match with that developed by Cheng et
al. (2019) for earthquakes with M�6.7. The below gray dotted line coincides
great with the WC94 scaling relation. For the same moment magnitude, the
corresponding rupture area concluded from the simulated seismic catalog is
obviously larger than that regressed by the Leonard (2010).
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Figure 9 Scale relations of Rupture Area (RA) relative to Moment Magnitude
(M) from different researchers. The gray dot is scale relation of rupture area ver-
sus moment magnitude from synthetic catalog. The formulas in the lower right
corner indicate the empirically mathematical expressions with different sources.
Leonard2010 is the regressed scaling relation by Leonard (2010). WC94 all
styles indicates the scaling relation from all types of earthquake dataset includ-
ing Strike-Slip (SS), reverse-slip and normal-slip (Wells and K. J. Coppersmith,
1994). Cheng2020 represents the empirical scaling relation regressed by Cheng
et al. (Cheng et al.).

There are two branches in the statistical curve of scaling relations from the
simulated seismic catalog (Figure 9). The reason of this phenomenon is due
to the boundary effect of the fault model. The slip rates of elements nearby
the fault geometry boundary are adjusted equally to that of the center element
when constructing the fault model. When earthquake occurs closed to geometric
boundary of the model, the rupture cannot propagate freely. In the further work,
special treatment should be carried out on the fault geometry boundary, such
as weakening the slip rate on the element neighboring the boundary.
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1. Limitations

To valid our simulation, we compare the synthetic catalog with pale-
oearthquakes. However, this comparison is limited by several issues related
to records of paleoearthquakes. Due to missing and small number of pale-
oearthquakes, uncertainties of occurrences of the paleoearthquakes are typically
as large as tens to hundreds of years, which are comparative to recurrence
intervals of synthetic earthquakes. Such large uncertainties weaken the
validation of simulation using paleoearthquakes.

In our simulation, the rupture model is straightforward and simple. However,
several studies have shown that the Anninghe fault exhibits complex rupture
behavior, such as cascade rupture(Wang et al., 2014). Besides, heterogeneities in
fault geometry, crust properties, and stress distributions along the fault system
are also critical factor controlling the rupture process (Yao and Yang, 2021).
However, for a long period simulation in a multiple-fault system, considering
all factors above mentioned is difficult. This study aims to provide statistical
features of strong earthquakes in a complex region and we ignore those factors
for simplicity.

1. Conclusion

Based upon the fault slip rates and geometry in the AZDX fault system, south-
western China, we construct a 3D fault model for the AZDX fault zone. By
applying the physic-based model (VQ) which considers the interaction between
faults, we get a 20,000a synthetic earthquake catalog. Then the recurrence
intervals of strong earthquakes (M�7) in the simulated catalog are extracted,
which are mostly in good agreement with those of paleoearthquakes and histor-
ical earthquakes. Subsequently, the occurrence interval probability of succes-
sive strong earthquakes in each fault is also presented to help evaluate seismic
hazards. Our results show that the simulated catalog is consistence with the
observed seismicity in spatial distribution of large earthquakes, b value and
mean seismic rate. The mean intervals of M�7.0 earthquakes for the Anninghe,
Zemuhe, Daliangshan and Xiaojiang faults are 299a, 867a, 361a, and 90a, re-
spectively. Our results provide a useful tool to evaluate seismic hazard in a
complicated region.
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