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Abstract:

Earthquake gates are fault geometric complexities, common in natural fault systems, that conditionally
impede earthquake ruptures. This study centers on modeling of multicycle dynamics of the Pingding Shan
earthquake gate along the central Altyn Tagh Fault in northwest China. The earthquake gate includes three
geometric complexities: a prominent restraining bend, a 4-km wide stepover to the east, and a releasing bend
to the west. We use a 2D finite element method to simulate coseismic spontaneous ruptures with interseismic
fault stress evolutions computed by an analytic viscoelastic solution. Paleoseismic records and long-term slip-
rates are used to constrain the models. We find that fault-geometry-related heterogenous stresses accumulated
over earthquake cycles yield complex rupture patterns and help explain earthquake recurrence intervals
revealed by paleoseismic records. The three most important contributions to the heterogeneous stresses come
from dynamic ruptures passing fault geometric complexities, fault-strike-dependent tectonic loading and
relaxation, and stress history from past earthquakes. In the Pingding Shan earthquake gate, the releasing
stepover appears to impede ruptures more effectively than the restraining bend. The combined impact of the
restraining bend and the releasing stepover makes the Pingding Shan earthquake gate a very effective barrier
to 350-km model-spanning ruptures. The best-fit model yields a low recurrence interval of 4.6 kyrs for 350-km-
long ruptures, interspersed with more frequent ruptures limited to individual fault segments. A lower static
friction tends to reduce the effectiveness of the earthquake gate to impede ruptures. Local fault geometric
complexities together with rapid energy release and restrengthening of friction during dynamic ruptures help
explain the 0.66 recurrence interval coefficient of variation (COV) recorded at the Copper Mine paleoseismic
trench site on the Xorxoli segment. This study provides a method for applying heterogenous initial stresses for

single-event dynamic rupture simulations that consider the effect of past earthquakes and fault geometry.

Key words: Dynamic rupture, fault geometric complexity, earthquake cycle, earthquake gate, stress

heterogeneity, Altyn Tagh fault
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1 Introduction

Fault geometric complexities, such as fault bends and stepovers, are common in natural fault systems,
and earthquake ruptures often stop at these complexities (e.g., King and Nabelek, 1985; Sibson, 1985;
Wesnousky, 1988). However, some recent earthquakes, such as the 1992 M, 7.3 Landers (California)
earthquake (e.g., Massonnet et al., 1993; Cohee and Beroza, 1994; Olsen, 1997) and the 2016 M,, 7.8 Kaikoura
(New Zealand) earthquake (e.g., Hamling et al., 2017; Kaiser et al., 2017; Ulrich et al., 2019), break through
these geometric complexities. These fault complexities can be conceptualized as “earthquake gates” (Oskin et
al., 2015; Duan et al., 2019), which means that they may be closed (i.e., dynamic ruptures stop at these locations)
in some earthquakes while open (i.e., dynamic ruptures propagate through them) in others, depending on fault
geometry and prior rupture history. Assessing the likelihood and conditions under which earthquake gates are
open, leading to multi-fault and multi-segment ruptures and thus larger earthquakes, are important questions
in the earthquake science and seismic hazard analysis communities.

Geologic observations of mapped historic earthquakes give us first-hand data on the likelihood of fault
geometric complexities to impede rupture propagation (Wesnousky, 2006; Biasi and Wesnousky, 2016, 2017).
Wesnousky (2006) and Biasi and Wesnousky (2016) find that two-thirds of strike-slip ruptures terminate at
stepovers or fault tips and that the likelihood of a rupture jumping past a stepover decreases with increasing
stepover offset. Similarly, the likelihood of a rupture passing a fault bend decreases with increasing bend angles
(Biasi and Wesnousky, 2017). In addition, Elliott et al. (2009) and Oglesby (2008) show that ruptures may breach
a stepover when the coseismic slip gradient near the stepover is greater than 20 cm/km. However, these
empirical relations are drawn on limited observations. This was demonstrated by the 2016 M, 7.8 Kaikoura
earthquake, whose complex rupture breaks at least 13 fault segments and jumps across gaps as wide as 20 km
(e.g., Kaiser et al., 2017) and the 1992 M,, 7.3 Landers earthquake that breaks multiple fault segments (e.g.,
Cohee and Beroza, 1994).

Spontaneously dynamic rupture models are used to test the mechanical conditions behind empirical

geologic observations and evaluate the likelihood of dynamic ruptures terminating or breaking through fault
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geometric complexities. These models shed light on how fault geometric measurements and mechanical
properties, such as stepover offset, bend angle or branch angle, fault roughness, friction laws, and prestress
conditions, affect dynamics of ruptures propagating through geometric complexities (e.g., Harris and Day, 1993;
Dunham et al., 2011b; Lozos et al., 2011; Ryan and Oglesby, 2014; Luo and Duan, 2018). For example, Harris
and Day (1993) show that a strike-slip rupture is unlikely to jump a stepover wider than 5 km, and dynamically
propagating ruptures can jump both compressional and dilatational stepovers. Ryan and Oglesby (2014) test
how different friction laws, including the slip-weakening law (e.g., Andrews, 1976) and three forms of rate- and
state-dependent friction (e.g., Ruina, 1983), affect whether a rupture can jump a stepover. They find that the
functional forms of various friction laws have a secondary effect if the friction laws are scaled to give
comparable fracture energy. Fault geometric complexities and prestresses also affect rupture directivity.
Oglesby and Mai (2012) develop 3D dynamic rupture models of earthquakes on the North Anatolian Fault
system, Turkey. They find that a rupture may propagate through the entire fault system if it nucleates far from
an oblique normal fault stepover segment while a rupture may die out in the stepover if it nucleates near the
stepover. They also find that the pattern can change drastically when the prestress field is rotated by only 10°.
A limitation of these single-event dynamic models, however, is that initial stress conditions are typically
resolved from a uniform regional stress field according to local fault strike, which does not account for rupture
history and stress heterogeneity inherited from past earthquakes.

Multicycle dynamic models, which place dynamic ruptures in the context of earthquake cycles and thus
take into account the effects of past earthquakes on initial stress conditions of dynamic ruptures, demonstrate
that stress heterogeneity near fault geometric complexities plays a critical role in impeding or passing
dynamically propagating ruptures (Duan and Oglesby, 2005, 2006, 2007; Liu et al., 2020). Contributions to stress
heterogeneity come from dynamic ruptures through geometric complexities, strike-dependent tectonic loading
and relaxation, and the residual stress from past earthquakes. For example, Liu et al. (2020) use a three-
dimensional finite element earthquake simulator EQsimu to model fully dynamic earthquake cycles on a bent

fault governed by rate- and state-dependent friction. They demonstrate that the zone of stress heterogeneity
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near the fault bend will widen and complex rupture patterns develop over multiple earthquake cycles on a bent
fault.

An important step forward is to apply these multicycle dynamic models to real fault systems. The 1500
km-long active Altyn Tagh Fault (ATF) in northwest China is a natural laboratory to study earthquake gate
behaviors. The ATF, a left-lateral strike-slip fault, is the major lithospheric boundary between the Tarim Basin to
the north and the Tibetan Plateau to the south (e.g., Molnar and Tapponnier, 1978). In addition, there are four
major earthquake gates along the central ATF, including the Aksay, Pingding Shan, Akato Tagh, and Sulamu Tagh
double bends from east to west (see Figure 1 for the first three). Previously, Duan et al. (2019) apply a multicycle
dynamic model to the Aksay double restraining bend of the ATF. They find that the Aksay bend is an effective
barrier to dynamically propagating ruptures from either side of the bend within a wide range of parameters.
However, roughly 10% of ruptures jump across the bend to break the entire modeled fault system. They also
find that secondary complexities in fault geometry within the Aksay bend, especially those aligned with the
regional strike of the fault system, play a critical role in permitting the occasional jumping ruptures. In this study,
we examine rupture behavior at the Pingding Shan earthquake gate, which includes a prominent restraining
bend, a 4-km wide stepover to the east, and a releasing bend to the west. This earthquake gate is bounded by
the Wuzhunxiao segment to the west and the Xorxoli segment to the east (Figure 1). We will make use of
available paleoseismic, geologic, and geodetic data to build observation-constrained multicycle dynamic
models of this earthquake gate.

The coefficient of variation (COV) of recurrence intervals at a paleoseismic trench site has been used
to characterize the complexity of earthquake recurrence in a fault system (e.g., Scharer et al., 2010; Williams et
al., 2019). COV is calculated by dividing the standard deviation of recurrence intervals by their mean. A COV
near zero indicates periodic to quasi-periodic earthquake recurrence. A COV of one describes a random,
uncorrelated recurrence. A COV greater than one suggests clustered earthquake recurrence. The Copper Mine
paleoseismic trench site to the east of the Pingding Shan earthquake gate is located on the Xorxoli segment of

the ATF (Figure 1). Yuan et al. (2018) identify nine earthquakes over the past 6000 years at the site, with a
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recurrence interval of 624+411 years and a COV of 0.66. COVs are still rarely used to constrain numerical models
but reproducing observed COVs with multicycle dynamic models would be critical to the models’ credibility to
capture complex dynamics in a fault system.

Slip rates along the ATF have been estimated from both geodetic and geologic observations (Table S1
in the supplementary material). Regional GPS network data collected from 1993 to 1998 conclude a slip rate ~9
mm/yr for the ATF (Shen et al., 2001). For a 300-km-long profile between 88°E and 91°E, Bendick et al. (2000)
and Wallace et al. (2004) determine a slip rate of 945 mm/yr based on GPS measurements. At 85°E, InSAR data
yields a slip rate of 115 mm/yr, assuming no relative vertical motion and a 15-km locking depth (Elliott et al.,
2008). At 94°E, Jolivet et al. (2008) determine slip rate of 810 mm/yr with InSAR data, assuming a locking
depth of 7-9 km using a thin-plate model sheared at its base. Geologic studies concur with geodetic analyses,
suggesting a long-term slip rate of 92 mm/yr since the initiation of the ATF aged 49 Ma (Yin et al., 2002) and
an upper bound of 10 mm/yr for post-Early Miocene slip (Yue et al., 2004). Although fast Quaternary slip rates
of 26.9£6.9 mm/yr are obtained at Cherchen He and Sulamu Tagh near 86.6°E based on fluvial and glacial
geomorphic markers (Mériaux et al., 2004), these rates are suspected to be too fast due to assumptions in
offset construction (Cowgill, 2007). Cowgill (2007) revises the rate down to ~¥9 mm/yr at Cherchen He. Cowgill
et al. (2009) determine a Quaternary slip rate of 9-14 mm/yr by tightly bracketing the age of a displaced fluvial
terrace riser at Yuemake (88.51°E). Elliott (2014) revises the slip rate at the Huermo Bulak He site on the eastern
northern strand of ATF down to 6.3+2.1/-1.6 mm/yr, which is substantially lower than some earlier estimates
but agrees with rates from geodetic models and older offset geomorphic markers. Within the Pingding Shan
earthquake gate, Mériaux et al. (2012) conclude that the slip rate of the ATF is 13.9+1.1 mm/yr at two sites
located at ~90.5°E. More recently, Prush et al. (personal communications) has revised this slip rate to 4.7+0.8
mm/yr. This latter slip rate estimate will be used in this study to constrain our model parameters. In addition to
paleoseismic and slip rate observations of ATF, we also constrain our models using slip-per-event estimates.
Geomorphic offsets show maximum surface displacement (slip-per-event) by the most recent earthquakes are

4-7 meters between 90.0°E and 91.5°E (Washburn et al., 2001) and are 3-8 m for the Aksay bend at about 94°E
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(Elliott et al., 2015).

In this study, we integrate paleoseismic records, geodetic, and geologic observations with multicycle
dynamic models to study rupture behavior of the Pingding Shan earthquake gate over multiple earthquake
cycles. We investigate the conditions for system-spanning ruptures that break the gate and assess their
probability. We first briefly review the 2D multicycle dynamic modeling method. Then we describe the fault
geometry and parameters of the finite element models. We present results from the model that can best fit
paleoseismic records, slip rate estimates, and slip-per-event observations. Finally, key parameters that influence

earthquake multicycle dynamics are explored, and remaining issues are further discussed.

2 Methods
We apply a dynamic finite element code, EQdyna (Duan and Oglesby, 2006), to simulate the coseismic

dynamic rupture process for each event over multiple earthquake cycles. EQdyna has been tested in the
SCEC/USGS dynamic code verification exercise and performs well (Harris et al., 2009; Harris et al., 2018). In
each interseismic period, we use a linear Maxwell viscoelastic model with an analytical solution to calculate
fault stress evolution on geometrically complex faults (Nielsen and Knopoff, 1998; Duan and Oglesby, 2005).
The model consists of an elastic spring and a viscous dashpot in series (Jaeger, 1969) with the stress-strain
relations written as

0 = 0 = Oy, (1)

E=¢g,+ g, (2)
where ¢ and € are stress and strain, respectively, and subscript e stands for elastic component while v
represents the viscous component. Assuming pure shear loading, the constitutive relations can be expressed
as

o, = pee, 3

gy = Néy, (4)

where p is the shear modulus, 77 is the viscosity, and the overdot denotes time derivative.
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Equations (1)-(4) lead to the constitutive relation for the Maxwell viscoelastic model as

g + g . )
—+—=F&.
un

Assuming the strain rate € is a constant over each interseismic period, we can solve the equation (5)

for the stress and resolve it onto the shear and normal directions of a fault segment. The shear stress o,(t) and

the normal stress g,,(t) on a fault segment at time t, which is the elapsed time since last earthquake, can be

written as
or(t) = (67 — nys) exp (— % t) + 1Yz, (6)
0n(t) = (% —Myn) exp (— % t) + NV, (7)
Ve = ycos(2¢),  yn =ysin(2¢) . (8)

Here, o0, 60 are fault shear stress and normal stress at the beginning of the interseismic period (i.e.,
t=0), respectively. y;, ¥, ¥ and ¢ are fault shear strain rate, fault normal strain rate, maximum shear strain rate
in the model, and the angle between the maximum shear loading direction and the local strike of a fault
segment, respectively.

In addition to the tectonic loading, gravity also contributes to stresses on the fault. The model assumes
the fault is buried at a certain depth and the equilibrium (ambient) normal stress resulting from the lithostatic
stressis part of the total normal stress on the fault. This ambient normal stress, 6%, is assumed to be not relaxed.
Therefore, the total normal stress on a fault segment gy (t) is

oy(t) = 0,(t) + %, o% =09 + 0% (9)

Substituting equation (9) into equation (7), the total normal stress during the interseismic period is
0 a K a
on(t) = (oy — 0% —nyn) exp (—ﬁt) +nyn+ot. (10)

The viscoelastic model accounts for the effects of off-fault deformation, such as secondary faulting,
aftershocks, and topographic changes, on the fault shear and normal stresses at fault complexities to alleviate
pathological fault behavior (e.g., permanently locking or fault opening) (Nielsen and Knopoff, 1998; Duan and

Oglesby, 2005). This is a very simplified, approximate version of the interseismic phase of an earthquake cycle,
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but it captures the impacts of tectonic loading and stress relaxation on fault stress evolution between two
consecutive earthquakes.

When a critical point on the fault system reaches failure level (i.e., the Mohr-Coulomb failure criterion)
from the viscoelastic calculation, we run EQdyna for the coseismic dynamic rupture process with initial fault
shear and normal stresses calculated from equations (6) and (10) by forcing the rupture to propagate at a speed
of 1.5 km/s within 2 km of the failure point. After dynamic rupture spontaneously stops, the residual stress on
the fault from the dynamic event will be used as the initial stress conditions for the next interseismic viscoelastic
calculation, and fault friction will be reset to the static level. The process repeats as many times as needed to
obtain multiple cycle results. Typically, we run a few thousand earthquake cycles for a model.

A slip-weakening friction law is typically used in spontaneous rupture simulations (e.g., Andrews, 1976;
Day, 1982), in which fault friction decreases linearly with slip up to a threshold. The law works well for ground
motion applications but does not include a slip rate dependence of friction. The rate dependence of friction
has been observed in low-speed friction experiments (e.g., Dieterich, 1979; Ruina, 1983), and strongly rate-
weakening friction laws are proposed based on high-speed friction experiments (e.g., Di Toro et al., 2004). In
addition, rate-dependence of friction is shown to produce pulse-like ruptures inferred from seismic
observations (Heaton, 1990) because of the healing effect at the end of sliding in this type of friction laws. In
this study, we use a slip- and rate- weakening friction law (Duan, 2019) in the dynamic rupture process to control

the friction evolution during dynamic events. The friction law follows:

(f: — fa)d
A ={5"""4q d=do (49
fa d > d,
(f, — f)v
Ly =" 5, v="vo (4b)
fa v > v,
f(d,v) = max(fi(d), L,(v)), (40)

where f, is the restrengthening friction coefficient after the sliding stops. Its value is between the dynamic

friction coefficient f; and the static friction coefficient f;. d and v are slip and slip velocity on the fault,
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respectively, and dy and v, are the critical slip distance and critical velocity, respectively. The friction law
behaves like the classical slip-weakening law in the early phase of slip, with restrengthening of friction when
the slip velocity drops below vy, in the latter phase of slip. Similar slip- and rate-dependent friction laws have

been used in other earlier studies (e.g., Madariaga et al., 1998; Aagaard et al., 2001)

3 Models
3.1 The fault geometry

The ATF geometry is inferred from field and remote mapping and prior publications (e.g., Washburn et
al., 2001; Washburn et al., 2003; Cowgill et al., 2004; Mériaux et al., 2005; Cowgill et al., 2009; Gold et al., 2009;
Mériaux et al., 2012; Elliott, 2014 ; Prush et al., personal communications). Figure 1 shows the trace (white dots)
of the 350-km-long central Altyn Tagh Fault straddling the Pingding Shan earthquake gate. To focus on the effect
of first order and macroscopic scale fault gecometry on rupture dynamics along the fault system, we sample the
fault (red dots) at 4-km intervals along strike. Within the vicinity of the Pingding Shan there are three main
geometric complexities present: a 4-km releasing stepover in the east, a prominent restraining bend southwest
to the Pingding Shan, and a large releasing bend in the west. The Akato Tagh and Aksay restraining double bends
delimit the western and eastern ends of the model, respectively. The Wuzhunxiao, Pingding Shan and Xorxoli
segments are indicated in Figure 1. In this model, we exclude the thrust faults north of the Pingding Shan and

the normal fault within the stepover.

10
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Figure 1. Fault geometry of the Pingding Shan earthquake gate of the central Altyn Tagh Fault. White dots
indicate the mapped fault trace. The red dots are model control points sampled at 4-km intervals along strike
of the fault system. The Pingding Shan earthquake gate includes a prominent restraining bend, a 4-km wide
stepover to the east, and a releasing bend to the west. The gate is bounded by the Wuzhunxiao and Xorxoli
segments to the west and east, respectively. Inset gives the tectonic setting and background of the studied
region. Thrust faults north of the Pingding Shan are indicated but not included in the model. We focus mainly
on the effect of the first order and macroscopic fault geometry on the dynamics of the fault system. The Copper
Mine paleoseismic trench site (Yuan et al., 2018) is denoted by the red star.
3.2 Model Parameters

The complexity of earthquake phenomena can be attributed to heterogeneity in fault geometry, fault
prestresess, friction, rock material properties and rheology, etc. In this study, we focus on the impact of the
realistic fault geometry on rupture dynamics, keeping other model parameters uniform in each model. For
different models we adjust 1) the static friction coefficient f;, 2) the dynamic friction coefficient f;, 3) the
restrengthening friction coefficient f,., 4) the critical slip velocity v, and 5) the viscosity 1 used for the tectonic
loading and stress relaxation. In all models we assume homogeneous rock properties with 1}, = 6000 m/s,
V; = 3464 m/s and density p = 2670 kg/m>. The maximum shear strain rate is 3.9 X 107> /yr based on a
recent interferometric synthetic aperture radar study to the west (Zhu et al., 2016). We choose a time step of
1 yr for the interseismic loading. For dynamic ruptures the time step is dt = adx/V,, where a is a constant

between 0 and 1, dx is the element size and V, is P-wave velocity. Given dx = 200 m, V, = 6000 m/s, and

a = 0.5,dt = 0.0167 s. We conservatively choose dt = 0.01 s.

11
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We choose an ambient normal stress (g,) of 100 MPa, which corresponds to the effective normal
stress at about 6 km depth, assuming hydrostatic pore pressure. We note that after many earthquakes on this
geometrically complex fault system, stresses on the fault become very heterogeneous. Although the viscoelastic
model in this study intends to avoid fault opening at fault complexities that is considered to be nonphysical at
the depth, we apply a lower bound of the absolute normal stress of 10 MPa to ensure that fault opening does
not happen in the models. The viscosity has a minimum value 1,,in = fs0,/Y (Duan and Oglesby, 2005), below
which earthquakes cannot nucleate in the models because the tectonic loading is effectively relaxed. 1,,in is
7.7 X 102 Pa e s for a fault system with a low f; = 0.3 and 2.2 X 10?2 Pa e s for a fault system with a high
fs =0.7.

Given an ambient stress field, f; determines the overall shear strength of the fault system. This
strength of the fault system affects the degree to which elastic strain energy accumulated near the fault is
partitioned to earthquake slip or off-fault deformation, which is critical to fit the models to the long-term slip
rate data. Given a specified initial stresses, f; will determine the stress drop, which is the difference between
the initial shear stress and the multiplication of normal stress and f;. Note that the heterogeneity of on-fault
stresses over many earthquake cycles on a realistic fault geometry leads to very heterogenous shear strength
and stress drop distributions. Therefore, we frame our discussions of fault shear strength and stress drop in
terms of f; and f;, respectively. We also test f,. and v, between models because a strong and rapid
restrengthening process during dynamic ruptures may increase the heterogeneity of stress along the fault
system, which is important to fit modeled earthquake recurrence to paleoseismic observations including COV.

To test the impact of various parameters on multicycle dynamics of the earthquake gate, we run eight
models using the prescribed fault geometry (Table 1). Model A has a f; = 0.5, f; = 0.43, which yields an
apparent stress drop of 7 MPa and f, = 0.49. We also run 5 variations of Model A (Models A1-A5), in which
one parameter value is different from that in Model A (Table 1). Model B represents a fault system with a higher
shear strength of f; = 0.7, typical of low-speed rock friction experiments (Byerlee, 1978). Model C represents

a fault system with a lower shear strength of f; = 0.3 following observations that mature strike-slip faults may

12
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be inherently weak (e.g., Rice, 1992; Dunham et al., 2011a). We run 2500 earthquake cycles for Model A and

1500 cycles for other models.

Table 1. Key parameters of models presented in this study. Changes of parameters relative to the reference

Model A are bolded.

Models/ Static Dynamic Restrenthe- | Viscosity Vg d,
Parameters | friction friction ning friction | 7

fs fa fo (Pas) (m/s) (m)
A 0.5 0.43 0.49 2.5x10%2 | 0.2 0.5
Al 0.5 0.45 0.49 2.5x10%2 | 0.2 0.5
A2 0.5 0.43 0.47 2.5x10% | 0.2 0.5
A3 0.5 0.43 0.49 2.5x10%% | 1.0 0.5
A4 0.5 0.43 0.49 2.5x10% | 0.2 1.0
A5 0.5 0.43 0.49 3.5%x10%2 | 0.2 0.5
B 0.7 0.63 0.69 2.5x10% | 0.2 0.5
C 0.3 0.23 0.29 2.5x10%2 | 0.2 0.5

4. Results

4.1 Best-fit Model A to observations and the statistics from Model A

Figure 2 (Top) compares long-term slip rates calculated from five models (Models A, A1, A5, B, and C).
In Model A, the maximum long-term slip rate at the Wuzhunxiao, Pingding Shan, and Xorxoli segments are
about 8.5, 5, and 12 mm/yr, respectively, which are indicated by red dots. Long-term slip rates vary along fault
strikes and they decrease to zero when approaching fault tips. The long-term slip rates from Model A match
the observed 9-14 mm/yr slip rate of the ATF of the region (e.g., Shen et al., 2001; Cowgill et al., 2009) and the

recently revised low 4.7+0.8 mm/yr slip rate east of the Pingding Shan restraining bend (Prush et al., personal
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communications). Model B, which has a higher static friction coefficient of 0.7 (high shear strength), gives long-
term slip rates less than half of Model A. Model C, which has a low static friction of 0.3 (low shear strength),
produces slip rates that are about 4 mm/yr greater than slip rates from Model A. The results support the notion
that the shear strength of a fault system affects how the elastic strain energy accumulated near the fault is
partitioned between earthquake slip and off-fault deformation. Model A1, which has a higher v, in the friction
law, shows a similar long-term slip rate to that of Model A. Model A5, which has a higher viscosity (implying

less off-fault deformation and relaxation) records larger slip rates relative to Model A.
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Figure 2. (Top) Long-term slip rates in Model A, B, C, Al and A5, respectively. In Model A, the maximum long-
term slip rate at the Wuzhunxiao, Pingding Shan and Xorxoli segments are about 8.5, 5 and 12 mm/yr,
respectively, which are indicated by red dots. The slip rates agree with geodetic and geologic estimates of the
long-term slip rate of the ATF. Model B has a high static friction of 0.7. Model C has a low static friction of 0.3.
Model Al has a higher v, in the friction law. Model A5 has a higher viscosity. (Bottom) Fault geometry for
reference. The blue and red segments indicate the Wuzhunxiao and Xorxoli segments, respectively. The
Pingding Shan segment consists of the regional releasing and restraining bends (light blue color).

Model A best fits the paleoseismic and geologic observations along the ATF in this region, including the
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recurrence interval of 6244411 years and COV of 0.66 determined at the Copper Mine paleoseismic trench site
(Yuan et al., 2018), the long-term average ATF slip rate of 9~¥14 mm /yr (e.g., Shen et al., 2001; Cowgill et al.,
2009) for the central ATF, a recent revised long-term slip rate of 4.7 +0.8 mm/yr east of the Pingding Shan
restraining bend at ~ 90.5°E (Prush et al., personal communications), and the slip-per-event about 3-8 meters
(Washburn et al., 2001; Elliott et al., 2015). Figure 3a shows modeled recurrence intervals from the earthquake
sequence of Model A that closely approximate the recurrence interval and COV reported at the Copper Mine
site (Figure 3b). An earthquake event is identified when its slip at the Copper Mine site exceeds 0.2 m. We
choose 0.2 m as the threshold because this slip amount is recognizable at paleoseismic sites but is not too large
to bar small events from the model. There are 61 such events over the 2500 earthquake cycles simulated. The
mean and the standard deviation of the recurrence intervals are 535 and 362 years in Model A, respectively,

yielding a COV of 0.68.
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Figure 3. (a) Recurrence intervals from the earthquake sequence of Model A that has a footprint at the Copper
Mine site. An earthquake event is defined when its slip exceeds 0.2 m at the Copper Mine site location. The
mean and standard deviation of the recurrence interval are 535 and 362 years, respectively. The COV is 0.68.
(b) Recurrence intervals from the paleoseismic record at the Copper Mine site on the Xorxoli segment of the
central Altyn Tagh fault (Yuan et al., 2018). The record covers a time span of 6000 years and shows 9 earthquake
events. The recurrence interval and standard deviation are 624 and 412 years, respectively. The COV is 0.66.
Model A reproduces the large variance of recurrence intervals revealed by the paleoseismic record, which
ranges from ~100-1000 yr.
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The magnitudes of earthquakes shown in Figure 3a ranges from M,, 5.8 to My, 8.0, assuming slip is

uniform to a seismogenic depth of 17 km as suggested by Bouchon and Vallee (2003) for the nearby 2001

Kunlunshan earthquake. However, Jolivet et al. (2008) suggest an 8-10 km locking depth for the ATF, which

would yield magnitudes from My, 5.6 to My, 7.9. The maximum slip for these events ranges from 0.39 to 12.66

m, with a mean of 6.70 m and a standard deviation of 4.69 m. The mean agrees with the slip amount per event

of 3-8 m inferred from geologic data (Washburn et al., 2001; Washburn et al., 2003; Elliott et al., 2015).

4.2 Dynamic rupture models from best-fit simulation parameters
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Figure 4. Slip distributions of earthquake events (maximum slip > 1 m) in Model A during the 32.5 kyrs simulated.
Panels a-e shows slip distributions every 5 kyrs and panel f shows slip distributions in the last 7.5 kyrs. The fault
geometry is shown at the bottom of each panel. A bar of 10 m slip is given for reference in each panel. Event
numbers are shown on the right edge of each panel. The paleoseismic site Copper Mine is denoted as a star on
the fault geometry. Examples of small, moderate, large, and super-large ruptures are indicated in panels b and
d (see Section 4.2 for details of these definitions). Red rectangles in panels a and c outline rupture patterns that
involve a mixture of small, moderate, and large events. Red rectangles in panels b, e and f show rupture patterns
that involve mainly ruptures combining the Wuzhunxiao and Pingding Shan segments. The blue and red
segments indicate the Wuzhunxiao and Xorxoli segments, respectively. The Pingding Shan segment consists of
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the regional releasing and restraining bends (light blue color).

Figure 4 show slip distributions of earthquake events with maximum slip over 1 m from Model A. Here,
we qualitatively define four types of ruptures in the earthquake sequence of Model A. Small events have
rupture extents less than 20 km (M, < 7.1 assuming the locking depth of 17 km). Moderate events rupture tens
of kilometers with an upper length limit of 100 km (My = 7.1 - 7.6). Large ruptures exceed 100 km (My, > 7.6)
which typically involve the whole Xorxoli segment or the combined Wuzhunxiao and Pingding Shan segments.
Super-large ruptures span the entire modeled fault system. Examples of small to super-large events are labelled
in Figure 4b and 4d, respectively. The Wuzhunxiao and Pingding Shan segments show two primary rupture
patterns. One pattern involves a mixture of small, moderate, and large events, as indicated by red rectangles in
Figure 4a and 4c. The other pattern consists of mainly large events that span the combined length of the
Wuzhunxiao and Pingding Shan segments, as outlined by red rectangles in Figure 4b, 4e, and 4f. The prominent
restraining and releasing bends contribute to the complex patterns because ruptures frequently terminate at
their ends. About every 1-2 kyrs a large rupture occurs that spans both bends but is frequently stopped by the
releasing step-over between the Pingding Shan and Xorxoli segments. In contrast, the Xorxoli segment is
relatively straight and shows less macroscopic geometric complexity. As a result, the rupture pattern is
dominated by relatively periodic large ruptures and irregularly recurring small and moderate events. We note
that if the Xorxoli segment were perfectly straight and the loading was constant over time, we would expect
more periodic ruptures of the whole Xorxoli segment, which cannot explain the 0.66 COV determined by
paleoseismology. Local fault geometric complexities and the irregularly recurring small and moderate events

therefore contribute to the high COV on the relatively straight Xorxoli segment.
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Figure 5. Details of dynamic ruptures of super-large events #792 (a) and #1159 (b), respectively. The rupture
details (top to bottom of the figure) include shear stress and strength distributions before ruptures, final slip
distributions, rupture time curves, and the fault geometry for reference.

Super-large earthquakes that rupture all three complexities within the earthquake gate are possible
but rare. In the 2500 earthquake cycles simulated in Model A, seven events span the entire fault. Six of these
events nucleate on the Xorxoli segment, indicating it is a favorable segment for nucleation of super-large
ruptures. The seventh initiates on the Wuzhunxiao segment. The super-large ruptures exhibit two types of
dynamics. Figure 5a and 5b show details of rupture dynamics for two super-large ruptures, including the stress
conditions before rupture, coseismic slip distributions, and rupture time curves. (Rupture details of the other 5
super-large events are provided in Figure $1-S5 in the supplementary material.) They show somewhat different
dynamics, indicating the complexity of dynamic ruptures in a geometrically realistic fault system. The first type
represents six super-large ruptures that nucleate on the Xorxoli segment and propagate westward through the
Pingding Shan earthquake gate. The difference among them is the nucleation location along the Xorxoli
segment as shown by rupture details of those events in the supplementary material. Figure 5b shows the event
that nucleates on the Wuzhunxiao segment. Figure S6 includes nucleation locations of all the events presented

in Figure 4. Figure S6 demonstrates that earthquakes tend to nucleate where the fault is about parallel to the
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general ATF strike and near bends or the step-over. In addition, many earthquakes nucleate on the regional
releasing bend but nucleation on the regional restraining bend is rare.

The releasing stepover is more effective as a barrier to dynamically propagating ruptures than the
restraining bend in our models. For example, ruptures propagating from the Wuzhunxiao segment can break
the Pingding Shan restraining bend, but are often stopped by the stepover. The combination of the two fault
complexities leads to a low occurrence rate of super-large ruptures. There are 193 earthquake events shown in
Figure 4 with magnitudes ranging from My, 6.22 to M,, 8.0 (assuming a locking depth of 17 km). Given seven
super-large ruptures over the 32.5 kyr simulated, the earthquake sequence yields a low occurrence rate of

super-large ruptures at 3.6% for earthquakes over My, 6.22 and an average recurrence interval of about 4.6 kyrs.

4.3 On-fault stress states preceding super-large ruptures

Figure 6a shows shear strength distributions before super-large events #263, #391, #792, #1159, #1266
and #2172 from Model A, respectively. Figure 6¢c shows fault strikes variations along the fault. Wide ranges of
positive and negative numbers indicate regional restraining and releasing bends over tens of kilometers, which
are colored in light blue. In addition, these regional bends contain local restraining bends and releasing bends
at finer spatial scales in a few kilometers, as indicated by vertical dashed lines where strikes change sharply
over short distances. Figure 6d shows the fault geometry. The shear strengths before super-large ruptures are
very heterogeneous. The heterogeneity is strongly correlated with fault geometry, with generally high strengths
at the regional restraining bend and low strengths at the regional releasing bend. For example, the prominent
Pingding Shan restraining bend shows an overall shear strength well over 120 MPa, while the releasing bend
west to the Pingding Shan has strength below 40 MPa, with some locations reaching the minimum 5 MPa
permitted by the model (calculated by multiplying the minimum absolute normal stress 10 MPa by the static
friction coefficient 0.5). On the other hand, the local strength peaks and troughs are correlated with local
restraining and releasing bends. For example, within the Pingding Shan restraining bend, a strength trough

corresponds to the local releasing bend (indicated by the dash red vertical line).
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Second, the shear strength of the fault system evolves to become more heterogenous as more ruptures
occur, as shown in Figure 6b. We calculate ratios of shear strength of super-large events #391, #792, #1159,
#1266 and #2172 relative to the shear strength of event #263, the first super-large rupture in the earthquake
sequence, at every fault node. Figure 6b shows the distribution of these ratios. A ratio of 1 at a fault node
indicates the shear strength does not deviate from that in event #263. The accumulation of stress heterogeneity
is indicated by an increase in the ratio of shear strength at restraining bends and a decrease at releasing bends.
The on-fault stress conditions deviate substantially from the distribution calculated by simply resolving a

uniform regional stress field onto the fault based on fault geometry.
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Figure 6. (a) Shear strength distributions before super-large events. Event numbers are shown in the legend. (b)
Distributions of shear strength ratios for events #391, #792, #1159, #1266 and #2172 relative to the shear
strength of event #263, respectively. (c) Fault strike variations along the fault. Zero values, the dashed
horizontal line, indicates that the fault is parallel to the general strike of ATF. Wide ranges of positive and
negative angles, that are colored in light blue, stand for the regional restraining and releasing bends,
respectively. These regional bends contain local restraining and releasing bends at finer spatial scales, which
are indicated by sharp changes of strike angles over short distances. In general, the regional restraining and
releasing bends correspond to high and low shear strengths in panel a. The local stress peaks and troughs are
also correlated with local restraining and releasing bends, as indicated by the vertical black and red dash lines.
(d) Reference fault geometry. The Copper Mine paleoseismic site is denoted by the star.
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4.4 Mechanical effects of the key parameters
4.4.1 Static friction

Static friction affects the long-term slip rate distribution by determining the amount of elastic strain
partitioned between earthquake slip and off-fault deformation. Model B and Model C have a static friction of
0.7 and 0.3, representing strong and weak end-member fault systems, respectively. As shown in Figure 2, Model
B yields long-term slip rates slightly less than half of those determined in Model A, while Model C yields a much
higher long-term slip rate with peaks over 15 mm/yr. Low static friction reduces the degree of strength
heterogeneity caused by fault geometry during both long-term loading and dynamic ruptures. For an on-fault
normal stress ranges from 100 MPa to 200 MPa with static friction of 0.3, the shear strength would vary from
30 MPa to 60 MPa. For the same fault system with a static friction of 0.7, the shear strength would vary from
70 MPa to 140 MPa instead. A fault system with low static friction therefore tends to reduce stress
heterogeneity associated with the fault geometry.

Figure 7 shows slip distributions of dynamic ruptures in Model B (Figure 7a) and Model C (Figure 7b),
respectively. The slip patterns are characteristic in each model for the time ranges chosen. The strong fault of
Model B shows fragmented rupture patterns that include small, moderate, and large earthquakes, while the
weak fault of Model C is mainly dominated by large and occasionally super-large earthquakes. The rupture
pattern of Model B is similar to that of Model A. Figure 8 shows recurrence intervals and their statistics at the
Copper Mine site from Model B (Figure 8a) and Model C (Figure 8b), respectively. Their COVs are 0.70 and 0.54,
and their mean recurrence intervals are 896 years and 462 years, respectively. Model B is more in line with
Model A in terms of COV, while Model C yields shorter recurrence intervals and a smaller COV compared to

Model A.
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Figure 7. (a) Slip distributions of earthquake events (maximum slip > 1 m) in the high friction model (Model B),
15 to 25 kiloyears after the start of the simulation. (b) Slip distributions of earthquake events in the low friction
model (Model C) in the first 7.5 kyrs after model initiation. The fault geometry is shown at the bottom of each
panel. A bar of 10 m slip is given for reference. Event numbers are shown on the right edge of each panel. The
regional restraining and releasing bends are colored in light blue. The Copper Mine paleoseismic trench is
denoted as a star on the fault geometry.
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Figure 8. (a) Recurrence intervals at the Copper Mine site from the earthquake sequence of Model B. An
earthquake is defined when its slip at the Copper Mine site exceeds 0.2 m. The mean and standard deviation
of the recurrence interval are 896 and 631 years, respectively. The COV is 0.70. (b) Recurrence intervals at the
Copper Mine site from the earthquake sequence of Model C. The mean and standard deviation of the
recurrence interval are 462 and 251 years, respectively. The COV is 0.54.

4.4.2 The effect of apparent stress drop
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Table 2 summarizes the statistics of recurrence intervals and slips at the Copper Mine paleoseismic
trench site from Model A and Models A1-A5. The means and standard deviations of recurrence intervals and
slips from various models are visualized in Figure 9a and 9b, respectively. Here we compare the results from
Model Al and Model A to examine the effect of apparent stress drop. Compared with Model A, the only change
in Model Al is an increase in the dynamic friction coefficient (f;), from 0.43 in Model A to 0.45 in Model Al
(Table 1). Given f; = 0.5 and g, = 100 MPa, this change results in a smaller apparent stress drop of 5 MPa in
Model A1, compared with 7 MPa in Model A. The reduction of the apparent stress drop increases the COV of
Model Al to 0.81 from 0.68 in Model A (Table 2). The recurrence interval and slip are comparable with those
in Model A, with smaller mean values in Model Al. The difference in maximum long-term slip rate on the
Wuzhunxiao and Xorxoli segments is only ~1 mm/yr (Figure 2), implying a minor effect of apparent stress drop

on the long-term slip rate.

Table 2. Summary of earthquake rupture parameters at the Copper Mine site obtained from the multicycle
dynamic models.

Model name | Mean of | Std of | COV Mean of | Std of peak | Number of
recurrence recurrence peak slip, m | slip, m events with
interval, interval, peak  slips
years years over 1 m/

total cycles

modeled
A 535 362 0.68 6.70 4.69 61/2500
Al 425 344 0.81 5.27 3.98 33/1500
A2 1031 350 0.34 12.04 4.01 27/1500
A3 523 248 0.47 6.72 3.29 61/1500
A4 397 372 0.94 5.34 6.00 30/1500
A5 502 281 0.56 7.67 4.46 36/1500
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Figure 9. (a) Means and standard deviations of recurrence intervals at the Copper Mine site from Models A, Al-
A5, respectively. (b) Means and standard deviations of slips at the Copper Mine site from Models A, A1-A5,

respectively.

4.4.3 The effect of rate and slip dependence of friction

We explore the effect of rate dependence of friction in dynamic ruptures on the statistics of the fault
system by adjusting the restrengthening friction (f;-) and the threshold slip velocity (v,). In Model A2, f,. is lower
than that in Model A (Table 1). In Model A3, the threshold slip velocity v, is larger than that in Model A (Table
1). As shown in Duan (2019), a lower f,. or a larger v, favors a more gradual friction restrengthening process
during dynamic ruptures. We obtain lower COVs of 0.34 and 0.47 in Models A2 and A3, respectively, compared
with that in Model A. It suggests that more gradual friction restrengthening in dynamic ruptures favors more

periodicity of recurrence intervals.
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Model A4 has a larger d, than Model A (Table 1), which indicates a larger fracture energy and less rapid
energy release during dynamic ruptures. An increase in d results in an increase in the number of small events,
leading to an increase in rupture pattern heterogeneity (indicated by a higher COV of 0.94, Table 2). These
results indicate that a fault system with a realistic fault geometry and dynamic ruptures with a slower energy

release rate and more rapid restrengthening will yield a larger COV.

4.4 .4 The effect of viscosity.

The viscosity in our models affects the partitioning of the elastic strain energy between earthquake
rupture and off-fault deformation. Higher viscosities tend to yield higher long-term slip rates (Duan et al., 2019).
Model A5, which has a higher viscosity of 3.5 X 10?2 Pa s than Model A (Table 1), yields larger long-term slip

rates compared to that of Model A (Figure 2), agreeing with the previous study.

5. Discussion

We find that multicycle dynamic rupture models with realistic fault geometry can reproduce the mean
and COV of recurrence intervals documented at the Copper Mine paleoseismic trench site on the Xorxoli
segment over the past 6000 years. Two questions emerge: why does fault geometry matter, and how does it
affect stress state? Dieterich and Smith (2010) show that stress heterogeneity from geometric interactions at
irregularities along nonplanar faults causes the slip solutions to diverge from those of planar faults and leads
to nonlinear scaling of fault slip with rupture dimension in a purely elastic medium. The divergence increases
with the fractal features of the fault geometry and the stress heterogeneity may progressively impede slip.
Dieterich and Richards-Dinger (2010) uses an efficient, quasi-static fault system earthquake simulator, RSQSim,
to simulate earthquake catalogs with up to 10° events with magnitudes from ~M,, 4.5 to M,, 8. They
demonstrate that fault system geometry is the major driver to establish the characteristics of stresses that
control earthquake recurrence statistics. Dynamic ruptures on rough fault geometry also yield heterogeneous

stresses and slips and excite waves over a wide range of frequency that is important for ground motion
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applications (Dunham et al., 2011b; Shi and Day, 2013). Combining both the long-term earthquake cycles and
dynamic ruptures, our multicycle dynamic models demonstrate that stress heterogeneity associated with fault
geometric complexities is impacted by a feedback loop of three processes over multiple earthquake cycles. First,
dynamic ruptures passing fault bends or stepovers will induce heterogenous stresses. Second, during the
interseismic periods, tectonic loading and stress relaxation will lead to fault-strike dependent stress
accumulation and relaxation. Third, the stress history from past earthquakes will serve as the initial conditions
for the next earthquake cycle. Therefore, as illustrated in Figure 6, heterogeneous stresses preceding dynamic
ruptures evolve over earthquake cycles and are closely correlated with fault geometry.

The overall shear strength of the fault system, parameterized by the static friction level (f;) in our
models, affects both the long-term slip rate of the system and the details of rupture dynamics. A moderate
value of f;=0.5 (Model A) best fits geologic and paleoseismic observations. We also examine two end members
of static friction levels at 0.7 (Model B) and 0.3 (Model C) representing a very strong and a very weak fault
system, respectively. The weak fault, Model C, tends to yield large earthquakes because the low static friction
smooths the fault geometry-related stress heterogeneities, favoring unimpeded ruptures. Based on empirical
relations from fault mapping of past earthquakes (Biasi and Wesnousky, 2017), the Pingding Shan restraining
bend should be a strong barrier to ruptures. But in the case of Model C, it barely stops dynamically propagating
ruptures. The strong fault model (Model B) shows a more fragmented rupture pattern than Model A.

The initial stress condition, which is a key ingredient in dynamic rupture models, is poorly constrained.
As shown in Figure 6, on-fault stresses become rather heterogeneous after many earthquake cycles on the fault
system with realistic geometry. Our results imply that, to prescribe a heterogeneous initial stress field for single-
event dynamic rupture models, stresses resolved from a regional stress field based on fault geometry should
be increased/decreased at regional and local restraining/releasing bends where substantial strike changes
occur to take into account stress heterogeneity inherited from past earthquakes.

There are still disparities between paleoseismic records and the best fit Model A in terms of recurrence

intervals and the COV. Two possibilities may explain the disparity. First, the limited sample size of paleoseismic
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records, subject to uncertainties in dating, affects the mean and COV of recurrence intervals. Second, the
realistic fault geometry in the multicycle dynamic rupture models alone may not account for all the
heterogeneities in earthquake processes. Given the uncertainties in paleoseismic datasets, we aim to capture
only the major features, rather than fine-tuning our models for a perfect fit. The key message from the models
is that a realistic fault geometry can account for much of the complexity in earthquake recurrence intervals

revealed by the paleoseismic record.

6. Conclusion

In this study we simulate multicycle dynamic ruptures of the Pingding Shan earthquake gate along the
Altyn Tagh Fault in northwest China. We adopt a 350 km-long fault geometry and run 2500 earthquake cycles
in our best fit model. The mean and COV of recurrence intervals from the model at the Copper Mine site of 535
years and 0.68, respectively, compare favorably with the 624 years and 0.66 obtained from the paleoseismic
record at the site on the Xorxoli segment. The maximum long-term slip rates on the Wuzhunxiao and Xorxoli
segment of about 8.5 and 12 mm/yr, respectively, match estimates of geodetically and geologically determined
slip rates along the ATF of 914 mm/yr. In addition, our model yields a slip rate of about 5 mm/yr east of the
Pingding restraining bend, agreeing with a recent geologic estimate of 4.7+0.8 mm/yr (Prush et al., personal
communications) and suggesting a reduction of slip affected by the restraining bend and fault tips. The average
slip-per-event from the model is 6.7+4.69 m for earthquakes that break the Copper Mine site, in agreement
with the slip-per-event estimates from geomorphic offset measurements of 3-8 m in the region (Washburn et
al., 2001; Elliott, 2014).

The earthquake sequences on the fault system from the best-fit model show complex rupture patterns.
The Wuzhunxiao and Pingding Shan segments show a mixture of small and moderate earthquakes that are
segmented by the regional releasing and restraining bends and large earthquakes that break the combined
Wuzhunxiao and Pingding Shan segments. The Xorxoli segment, which lacks major geometric complexities,

tends to serve as the nucleation location of super-large earthquakes that rupture the span of the model. Both
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the Pingding Shan restraining bend and the releasing stepover impede dynamically propagating ruptures. The
Pingding Shan step-over is more effective as a barrier to ruptures in the simulations, but the combination of
the two makes the Pingding Shan earthquake gate an effective barrier to super-large, system-spanning ruptures.
Super-large ruptures have a recurrence interval of ~4.6 kyrs and a rate of 3.6% for earthquakes over M, 6.22 in
the fault system. The Aksay bend that is east of the Pingding Shan gate is an effective barrier to dynamically
propagating ruptures and passes only about 10% of ruptures. If we assume that the Pingding Shan earthquake
gate is independent of the Aksay bend, we could estimate that even larger earthquakes are vanishingly rare.

The overall static friction level of the fault system, i.e., fault strength, affects strain partitioning
between on-fault slip and off-fault deformation and, consequently, the long-term slip rate of the fault system.
It also affects rupture dynamics. Lower static friction, i.e., a weak fault, tends to reduce the effectiveness of the
restraining bend as a rupture barrier and increases the proportion of energy partitioned to on-fault earthquake
slip. The weak fault favors large ruptures and occasional super-large ruptures.

Our models illustrate the critical role of realistic fault gecometries to the dynamics of a fault system. The
feedback loop of stress heterogeneity inherited from past earthquakes, dynamic ruptures, and interseismic
deformation, leads to fault-geometry-related stress heterogeneity. Complex rupture patterns arise from the
heterogenous stress condition, which evolves continuously over earthquake cycles. In addition, rapid and
strong restrengthening during dynamic rupture is necessary to explain the 0.66 COV of recurrence intervals at
the Copper Mine paleoseismic trench site, especially on the relatively straight Xorxoli segment, which tends to
favor unimpeded rupture propagation. Our models indicate that the on-fault stress conditions before
earthquakes are much more heterogeneous than the stresses calculated by simply resolving a uniform stress
field onto a geometrically complex fault based solely on local fault geometry. The fault-geometry-related stress
heterogeneity presented in this study may provide a guidance to set up initial stresses for single-event dynamic

rupture simulations that accounts for the effect of past earthquakes.
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