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Abstract:  26 

Earthquake gates are fault geometric complexities, common in natural fault systems, that conditionally 27 

impede earthquake ruptures. This study centers on modeling of multicycle dynamics of the Pingding Shan 28 

earthquake gate along the central Altyn Tagh Fault in northwest China. The earthquake gate includes three 29 

geometric complexities: a prominent restraining bend, a 4-km wide stepover to the east, and a releasing bend 30 

to the west.  We use a 2D finite element method to simulate coseismic spontaneous ruptures with interseismic 31 

fault stress evolutions computed by an analytic viscoelastic solution. Paleoseismic records and long-term slip-32 

rates are used to constrain the models. We find that fault-geometry-related heterogenous stresses accumulated 33 

over earthquake cycles yield complex rupture patterns and help explain earthquake recurrence intervals 34 

revealed by paleoseismic records. The three most important contributions to the heterogeneous stresses come 35 

from dynamic ruptures passing fault geometric complexities, fault-strike-dependent tectonic loading and 36 

relaxation, and stress history from past earthquakes. In the Pingding Shan earthquake gate, the releasing 37 

stepover appears to impede ruptures more effectively than the restraining bend. The combined impact of the 38 

restraining bend and the releasing stepover makes the Pingding Shan earthquake gate a very effective barrier 39 

to 350-km model-spanning ruptures. The best-fit model yields a low recurrence interval of 4.6 kyrs for 350-km-40 

long ruptures, interspersed with more frequent ruptures limited to individual fault segments. A lower static 41 

friction tends to reduce the effectiveness of the earthquake gate to impede ruptures. Local fault geometric 42 

complexities together with rapid energy release and restrengthening of friction during dynamic ruptures help 43 

explain the 0.66 recurrence interval coefficient of variation (COV) recorded at the Copper Mine paleoseismic 44 

trench site on the Xorxoli segment. This study provides a method for applying heterogenous initial stresses for 45 

single-event dynamic rupture simulations that consider the effect of past earthquakes and fault geometry.  46 

 47 

Key words: Dynamic rupture, fault geometric complexity, earthquake cycle, earthquake gate, stress 48 

heterogeneity, Altyn Tagh fault 49 

 50 
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1 Introduction 51 

Fault geometric complexities, such as fault bends and stepovers, are common in natural fault systems, 52 

and earthquake ruptures often stop at these complexities (e.g., King and Nabelek, 1985; Sibson, 1985; 53 

Wesnousky, 1988). However, some recent earthquakes, such as the 1992 Mw 7.3 Landers (California) 54 

earthquake (e.g., Massonnet et al., 1993; Cohee and Beroza, 1994; Olsen, 1997) and the 2016 Mw 7.8 Kaikoura 55 

(New Zealand) earthquake (e.g., Hamling et al., 2017; Kaiser et al., 2017; Ulrich et al., 2019), break through 56 

these geometric complexities. These fault complexities can be conceptualized as “earthquake gates” (Oskin et 57 

al., 2015; Duan et al., 2019), which means that they may be closed (i.e., dynamic ruptures stop at these locations) 58 

in some earthquakes while open (i.e., dynamic ruptures propagate through them) in others, depending on fault 59 

geometry and prior rupture history. Assessing the likelihood and conditions under which earthquake gates are 60 

open, leading to multi-fault and multi-segment ruptures and thus larger earthquakes, are important questions 61 

in the earthquake science and seismic hazard analysis communities.  62 

Geologic observations of mapped historic earthquakes give us first-hand data on the likelihood of fault 63 

geometric complexities to impede rupture propagation (Wesnousky, 2006; Biasi and Wesnousky, 2016, 2017). 64 

Wesnousky (2006) and Biasi and Wesnousky (2016) find that two-thirds of strike-slip ruptures terminate at 65 

stepovers or fault tips and that the likelihood of a rupture jumping past a stepover decreases with increasing 66 

stepover offset. Similarly, the likelihood of a rupture passing a fault bend decreases with increasing bend angles 67 

(Biasi and Wesnousky, 2017). In addition, Elliott et al. (2009) and Oglesby (2008) show that ruptures may breach 68 

a stepover when the coseismic slip gradient near the stepover is greater than 20 cm/km. However, these 69 

empirical relations are drawn on limited observations. This was demonstrated by the 2016 Mw 7.8 Kaikoura 70 

earthquake, whose complex rupture breaks at least 13 fault segments and jumps across gaps as wide as 20 km 71 

(e.g., Kaiser et al., 2017) and the 1992 Mw 7.3 Landers earthquake that breaks multiple fault segments (e.g., 72 

Cohee and Beroza, 1994). 73 

Spontaneously dynamic rupture models are used to test the mechanical conditions behind empirical 74 

geologic observations and evaluate the likelihood of dynamic ruptures terminating or breaking through fault 75 
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geometric complexities. These models shed light on how fault geometric measurements and mechanical 76 

properties, such as stepover offset, bend angle or branch angle, fault roughness, friction laws, and prestress 77 

conditions, affect dynamics of ruptures propagating through geometric complexities (e.g., Harris and Day, 1993; 78 

Dunham et al., 2011b; Lozos et al., 2011; Ryan and Oglesby, 2014; Luo and Duan, 2018). For example, Harris 79 

and Day (1993) show that a strike-slip rupture is unlikely to jump a stepover wider than 5 km, and dynamically 80 

propagating ruptures can jump both compressional and dilatational stepovers. Ryan and Oglesby (2014) test 81 

how different friction laws, including the slip-weakening law (e.g., Andrews, 1976) and three forms of rate- and 82 

state-dependent friction (e.g., Ruina, 1983), affect whether a rupture can jump a stepover. They find that the 83 

functional forms of various friction laws have a secondary effect if the friction laws are scaled to give 84 

comparable fracture energy. Fault geometric complexities and prestresses also affect rupture directivity. 85 

Oglesby and Mai (2012) develop 3D dynamic rupture models of earthquakes on the North Anatolian Fault 86 

system, Turkey. They find that a rupture may propagate through the entire fault system if it nucleates far from 87 

an oblique normal fault stepover segment while a rupture may die out in the stepover if it nucleates near the 88 

stepover. They also find that the pattern can change drastically when the prestress field is rotated by only 10°. 89 

A limitation of these single-event dynamic models, however, is that initial stress conditions are typically 90 

resolved from a uniform regional stress field according to local fault strike, which does not account for rupture 91 

history and stress heterogeneity inherited from past earthquakes.  92 

Multicycle dynamic models, which place dynamic ruptures in the context of earthquake cycles and thus 93 

take into account the effects of past earthquakes on initial stress conditions of dynamic ruptures, demonstrate 94 

that stress heterogeneity near fault geometric complexities plays a critical role in impeding or passing 95 

dynamically propagating ruptures (Duan and Oglesby, 2005, 2006, 2007; Liu et al., 2020). Contributions to stress 96 

heterogeneity come from dynamic ruptures through geometric complexities, strike-dependent tectonic loading 97 

and relaxation, and the residual stress from past earthquakes. For example, Liu et al. (2020) use a three-98 

dimensional finite element earthquake simulator EQsimu to model fully dynamic earthquake cycles on a bent 99 

fault governed by rate- and state-dependent friction. They demonstrate that the zone of stress heterogeneity 100 
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near the fault bend will widen and complex rupture patterns develop over multiple earthquake cycles on a bent 101 

fault.  102 

An important step forward is to apply these multicycle dynamic models to real fault systems. The 1500 103 

km-long active Altyn Tagh Fault (ATF) in northwest China is a natural laboratory to study earthquake gate 104 

behaviors. The ATF, a left-lateral strike-slip fault, is the major lithospheric boundary between the Tarim Basin to 105 

the north and the Tibetan Plateau to the south (e.g., Molnar and Tapponnier, 1978). In addition, there are four 106 

major earthquake gates along the central ATF, including the Aksay, Pingding Shan, Akato Tagh, and Sulamu Tagh 107 

double bends from east to west (see Figure 1 for the first three). Previously, Duan et al. (2019) apply a multicycle 108 

dynamic model to the Aksay double restraining bend of the ATF. They find that the Aksay bend is an effective 109 

barrier to dynamically propagating ruptures from either side of the bend within a wide range of parameters. 110 

However, roughly 10% of ruptures jump across the bend to break the entire modeled fault system. They also 111 

find that secondary complexities in fault geometry within the Aksay bend, especially those aligned with the 112 

regional strike of the fault system, play a critical role in permitting the occasional jumping ruptures. In this study, 113 

we examine rupture behavior at the Pingding Shan earthquake gate, which includes a prominent restraining 114 

bend, a 4-km wide stepover to the east, and a releasing bend to the west. This earthquake gate is bounded by 115 

the Wuzhunxiao segment to the west and the Xorxoli segment to the east (Figure 1). We will make use of 116 

available paleoseismic, geologic, and geodetic data to build observation-constrained multicycle dynamic 117 

models of this earthquake gate.  118 

The coefficient of variation (COV) of recurrence intervals at a paleoseismic trench site has been used 119 

to characterize the complexity of earthquake recurrence in a fault system (e.g., Scharer et al., 2010; Williams et 120 

al., 2019). COV is calculated by dividing the standard deviation of recurrence intervals by their mean. A COV 121 

near zero indicates periodic to quasi-periodic earthquake recurrence. A COV of one describes a random, 122 

uncorrelated recurrence. A COV greater than one suggests clustered earthquake recurrence. The Copper Mine 123 

paleoseismic trench site to the east of the Pingding Shan earthquake gate is located on the Xorxoli segment of 124 

the ATF (Figure 1). Yuan et al. (2018) identify nine earthquakes over the past 6000 years at the site, with a 125 
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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 126 

but reproducing observed COVs with multicycle dynamic models would be critical to the models’ credibility to 127 

capture complex dynamics in a fault system.    128 

Slip rates along the ATF have been estimated from both geodetic and geologic observations (Table S1 129 

in the supplementary material). Regional GPS network data collected from 1993 to 1998 conclude a slip rate ~9 130 

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) 131 

and Wallace et al. (2004) determine a slip rate of 9±5 mm/yr based on GPS measurements. At 85°E, InSAR data 132 

yields a slip rate of 11±5 mm/yr, assuming no relative vertical motion and a 15-km locking depth (Elliott et al., 133 

2008).  At 94°E, Jolivet et al. (2008) determine slip rate of 8~10 mm/yr with InSAR data, assuming a locking 134 

depth of 7-9 km using a thin-plate model sheared at its base. Geologic studies concur with geodetic analyses, 135 

suggesting a long-term slip rate of 9±2 mm/yr since the initiation of the ATF aged 49 Ma (Yin et al., 2002) and 136 

an upper bound of 10 mm/yr for post-Early Miocene slip (Yue et al., 2004). Although fast Quaternary slip rates 137 

of 26.9±6.9 mm/yr are obtained at Cherchen He and Sulamu Tagh near 86.6°E based on fluvial and glacial 138 

geomorphic markers (Mériaux et al., 2004), these rates are suspected to be too fast due to assumptions in 139 

offset construction (Cowgill, 2007). Cowgill (2007) revises the rate down to ~9 mm/yr at Cherchen He. Cowgill 140 

et al. (2009) determine a Quaternary slip rate of 9-14 mm/yr by tightly bracketing the age of a displaced fluvial 141 

terrace riser at Yuemake (88.51°E). Elliott (2014) revises the slip rate at the Huermo Bulak He site on the eastern 142 

northern strand of ATF down to 6.3+2.1/-1.6 mm/yr, which is substantially lower than some earlier estimates 143 

but agrees with rates from geodetic models and older offset geomorphic markers. Within the Pingding Shan 144 

earthquake gate, Mériaux et al. (2012) conclude that the slip rate of the ATF is 13.9±1.1 mm/yr at two sites 145 

located at ~90.5°E. More recently, Prush et al. (personal communications) has revised this slip rate to 4.7±0.8 146 

mm/yr. This latter slip rate estimate will be used in this study to constrain our model parameters. In addition to 147 

paleoseismic and slip rate observations of ATF, we also constrain our models using slip-per-event estimates. 148 

Geomorphic offsets show maximum surface displacement (slip-per-event) by the most recent earthquakes are 149 

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 150 
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(Elliott et al., 2015).   151 

In this study, we integrate paleoseismic records, geodetic, and geologic observations with multicycle 152 

dynamic models to study rupture behavior of the Pingding Shan earthquake gate over multiple earthquake 153 

cycles. We investigate the conditions for system-spanning ruptures that break the gate and assess their 154 

probability. We first briefly review the 2D multicycle dynamic modeling method. Then we describe the fault 155 

geometry and parameters of the finite element models. We present results from the model that can best fit 156 

paleoseismic records, slip rate estimates, and slip-per-event observations. Finally, key parameters that influence 157 

earthquake multicycle dynamics are explored, and remaining issues are further discussed.  158 

 159 

2 Methods 160 

We apply a dynamic finite element code, EQdyna (Duan and Oglesby, 2006), to simulate the coseismic 161 

dynamic rupture process for each event over multiple earthquake cycles. EQdyna has been tested in the 162 

SCEC/USGS dynamic code verification exercise and performs well (Harris et al., 2009; Harris et al., 2018). In 163 

each interseismic period, we use a linear Maxwell viscoelastic model with an analytical solution to calculate 164 

fault stress evolution on geometrically complex faults (Nielsen and Knopoff, 1998; Duan and Oglesby, 2005). 165 

The model consists of an elastic spring and a viscous dashpot in series (Jaeger, 1969) with the stress-strain 166 

relations written as  167 

𝜎 = 𝜎𝑒 = 𝜎𝑣 ,                                                                        (1) 168 

𝜀 = 𝜀𝑒 + 𝜀𝑣 ,                                                                          (2) 169 

where 𝜎  and 𝜀  are stress and strain, respectively, and subscript e stands for elastic component while v 170 

represents the viscous component. Assuming pure shear loading, the constitutive relations can be expressed 171 

as  172 

𝜎𝑒 = 𝜇𝜀𝑒 ,                                                                               (3) 173 

𝜎𝑣 = 𝜂𝜀𝑣̇ ,                                                                               (4) 174 

where 𝜇 is the shear modulus, 𝜂 is the viscosity, and the overdot denotes time derivative.  175 
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Equations (1)-(4) lead to the constitutive relation for the Maxwell viscoelastic model as  176 

𝜎

𝜇
+

𝜎̇

𝜂
= 𝜀 ̇.                                                                            (5) 177 

 Assuming the strain rate 𝜀 ̇ is a constant over each interseismic period, we can solve the equation (5) 178 

for the stress and resolve it onto the shear and normal directions of a fault segment. The shear stress 𝜎𝜏(𝑡) and 179 

the normal stress 𝜎𝑛(𝑡) on a fault segment at time t, which is the elapsed time since last earthquake, can be 180 

written as 181 

𝜎𝜏(𝑡) = (𝜎𝜏
0 − 𝜂𝛾𝜏) exp (−

𝜇

𝜂
𝑡) + 𝜂𝛾𝜏,                           (6) 182 

𝜎𝑛(𝑡) = (𝜎𝑛
0 − 𝜂𝛾𝑛) exp (−

𝜇

𝜂
𝑡) + 𝜂𝛾𝑛,                          (7) 183 

𝛾𝜏 = 𝛾cos(2𝜙), 𝛾𝑛 = 𝛾 sin(2𝜙) .                              (8) 184 

Here, 𝜎𝜏
0, 𝜎𝑛

0 are fault shear stress and normal stress at the beginning of the interseismic period (i.e., 185 

t=0), respectively. 𝛾𝜏, 𝛾𝑛, 𝛾 and 𝜙 are fault shear strain rate, fault normal strain rate, maximum shear strain rate 186 

in the model, and the angle between the maximum shear loading direction and the local strike of a fault 187 

segment, respectively.  188 

In addition to the tectonic loading, gravity also contributes to stresses on the fault. The model assumes 189 

the fault is buried at a certain depth and the equilibrium (ambient) normal stress resulting from the lithostatic 190 

stress is part of the total normal stress on the fault. This ambient normal stress, 𝜎𝑎 , is assumed to be not relaxed. 191 

Therefore, the total normal stress on a fault segment 𝜎𝑁(𝑡) is  192 

𝜎𝑁(𝑡) = 𝜎𝑛(𝑡) + 𝜎𝑎 ,    σ𝑁
0 = σ𝑛

0 + 𝜎𝑎 .                                  (9)   193 

Substituting equation (9) into equation (7), the total normal stress during the interseismic period is  194 

𝜎𝑁(𝑡) = (𝜎𝑁
0 − 𝜎𝑎 − 𝜂𝛾𝑛) exp (−

𝜇

𝜂
𝑡) + 𝜂𝛾𝑛 + 𝜎𝑎 .          (10) 195 

The viscoelastic model accounts for the effects of off-fault deformation, such as secondary faulting, 196 

aftershocks, and topographic changes, on the fault shear and normal stresses at fault complexities to alleviate 197 

pathological fault behavior (e.g., permanently locking or fault opening) (Nielsen and Knopoff, 1998; Duan and 198 

Oglesby, 2005). This is a very simplified, approximate version of the interseismic phase of an earthquake cycle, 199 
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but it captures the impacts of tectonic loading and stress relaxation on fault stress evolution between two 200 

consecutive earthquakes. 201 

When a critical point on the fault system reaches failure level (i.e., the Mohr-Coulomb failure criterion) 202 

from the viscoelastic calculation, we run EQdyna for the coseismic dynamic rupture process with initial fault 203 

shear and normal stresses calculated from equations (6) and (10) by forcing the rupture to propagate at a speed 204 

of 1.5 km/s within 2 km of the failure point. After dynamic rupture spontaneously stops, the residual stress on 205 

the fault from the dynamic event will be used as the initial stress conditions for the next interseismic viscoelastic 206 

calculation, and fault friction will be reset to the static level. The process repeats as many times as needed to 207 

obtain multiple cycle results. Typically, we run a few thousand earthquake cycles for a model.  208 

A slip-weakening friction law is typically used in spontaneous rupture simulations (e.g., Andrews, 1976; 209 

Day, 1982), in which fault friction decreases linearly with slip up to a threshold. The law works well for ground 210 

motion applications but does not include a slip rate dependence of friction. The rate dependence of friction 211 

has been observed in low-speed friction experiments (e.g., Dieterich, 1979; Ruina, 1983), and strongly rate-212 

weakening friction laws are proposed based on high-speed friction experiments (e.g., Di Toro et al., 2004). In 213 

addition, rate-dependence of friction is shown to produce pulse-like ruptures inferred from seismic 214 

observations (Heaton, 1990) because of the healing effect at the end of sliding in this type of friction laws. In 215 

this study, we use a slip- and rate- weakening friction law (Duan, 2019) in the dynamic rupture process to control 216 

the friction evolution during dynamic events. The friction law follows:  217 

𝑓1(𝑑) =  {
𝑓𝑠 −

(𝑓𝑠 − 𝑓𝑑)𝑑

𝑑0
                   𝑑 ≤ 𝑑0

𝑓𝑑                                            𝑑 > 𝑑0

 ,              (4𝑎) 218 

𝑓2(𝑣) =  {
𝑓𝑟 −

(𝑓𝑟 − 𝑓𝑑)𝑣

𝑣0
                   𝑣 ≤ 𝑣0

𝑓𝑑                                            𝑣 > 𝑣0

   ,               (4𝑏) 219 

𝑓(𝑑, 𝑣) = max(𝑓1(𝑑), 𝑓2(𝑣)),                                              (4𝑐) 220 

where 𝑓𝑟 is the restrengthening friction coefficient after the sliding stops. Its value is between the dynamic 221 

friction coefficient 𝑓𝑑  and the static friction coefficient 𝑓𝑠 . d and v are slip and slip velocity on the fault, 222 
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respectively, and 𝑑0  and  𝑣0  are the critical slip distance and critical velocity, respectively. The friction law 223 

behaves like the classical slip-weakening law in the early phase of slip, with restrengthening of friction when 224 

the slip velocity drops below 𝑣0 in the latter phase of slip. Similar slip- and rate-dependent friction laws have 225 

been used in other earlier studies (e.g., Madariaga et al., 1998; Aagaard et al., 2001)  226 

 227 

3 Models 228 

3.1 The fault geometry 229 

The ATF geometry is inferred from field and remote mapping and prior publications (e.g., Washburn et 230 

al., 2001; Washburn et al., 2003; Cowgill et al., 2004; Mériaux et al., 2005; Cowgill et al., 2009; Gold et al., 2009; 231 

Mériaux et al., 2012; Elliott, 2014 ; Prush et al., personal communications). Figure 1 shows the trace (white dots) 232 

of the 350-km-long central Altyn Tagh Fault straddling the Pingding Shan earthquake gate. To focus on the effect 233 

of first order and macroscopic scale fault geometry on rupture dynamics along the fault system, we sample the 234 

fault (red dots) at 4-km intervals along strike. Within the vicinity of the Pingding Shan there are three main 235 

geometric complexities present: a 4-km releasing stepover in the east, a prominent restraining bend southwest 236 

to the Pingding Shan, and a large releasing bend in the west. The Akato Tagh and Aksay restraining double bends 237 

delimit the western and eastern ends of the model, respectively. The Wuzhunxiao, Pingding Shan and Xorxoli 238 

segments are indicated in Figure 1. In this model, we exclude the thrust faults north of the Pingding Shan and 239 

the normal fault within the stepover.  240 

  241 
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 242 

Figure 1. Fault geometry of the Pingding Shan earthquake gate of the central Altyn Tagh Fault. White dots 243 
indicate the mapped fault trace. The red dots are model control points sampled at 4-km intervals along strike 244 
of the fault system. The Pingding Shan earthquake gate includes a prominent restraining bend, a 4-km wide 245 
stepover to the east, and a releasing bend to the west. The gate is bounded by the Wuzhunxiao and Xorxoli 246 
segments to the west and east, respectively. Inset gives the tectonic setting and background of the studied 247 
region. Thrust faults north of the Pingding Shan are indicated but not included in the model. We focus mainly 248 
on the effect of the first order and macroscopic fault geometry on the dynamics of the fault system. The Copper 249 
Mine paleoseismic trench site (Yuan et al., 2018) is denoted by the red star.  250 
 251 

3.2 Model Parameters 252 

 The complexity of earthquake phenomena can be attributed to heterogeneity in fault geometry, fault 253 

prestresess, friction, rock material properties and rheology, etc. In this study, we focus on the impact of the 254 

realistic fault geometry on rupture dynamics, keeping other model parameters uniform in each model. For 255 

different models we adjust 1) the static friction coefficient 𝑓𝑠 , 2) the dynamic friction coefficient 𝑓𝑑 , 3) the 256 

restrengthening friction coefficient 𝑓𝑟, 4) the critical slip velocity 𝑣0, and 5) the viscosity 𝜂 used for the tectonic 257 

loading and stress relaxation. In all models we assume homogeneous rock properties with 𝑉𝑝 = 6000 m/s, 258 

𝑉𝑠 = 3464 m/s and density 𝜌 = 2670 kg/m3. The maximum shear strain rate is 3.9 × 10−15/yr based on a 259 

recent interferometric synthetic aperture radar study to the west  (Zhu et al., 2016). We choose a time step of 260 

1 yr for the interseismic loading. For dynamic ruptures the time step is 𝑑𝑡 =  𝛼𝑑𝑥/𝑉𝑝, where 𝛼 is a constant 261 

between 0 and 1, 𝑑𝑥 is the element size and 𝑉𝑝 is P-wave velocity. Given 𝑑𝑥 = 200 m, 𝑉𝑝 = 6000 m/s, and 262 

𝛼 = 0.5, 𝑑𝑡 = 0.0167 s. We conservatively choose 𝑑𝑡 = 0.01 s.  263 



12 
 

 We choose an ambient normal stress (𝜎𝑎)  of 100 MPa, which corresponds to the effective normal 264 

stress at about 6 km depth, assuming hydrostatic pore pressure. We note that after many earthquakes on this 265 

geometrically complex fault system, stresses on the fault become very heterogeneous. Although the viscoelastic 266 

model in this study intends to avoid fault opening at fault complexities that is considered to be nonphysical at 267 

the depth, we apply a lower bound of the absolute normal stress of 10 MPa to ensure that fault opening does 268 

not happen in the models. The viscosity has a minimum value 𝜂𝑚𝑖𝑛 =  𝑓𝑠𝜎𝑎/𝛾 (Duan and Oglesby, 2005), below 269 

which earthquakes cannot nucleate in the models because the tectonic loading is effectively relaxed. 𝜂𝑚𝑖𝑛 is 270 

7.7 × 1021 Pa • s for a fault system with a low 𝑓𝑠 = 0.3 and 2.2 × 1022 Pa •  s for a fault system with a high 271 

𝑓𝑠 = 0.7. 272 

Given an ambient stress field, 𝑓𝑠  determines the overall shear strength of the fault system. This 273 

strength of the fault system affects the degree to which elastic strain energy accumulated near the fault is 274 

partitioned to earthquake slip or off-fault deformation, which is critical to fit the models to the long-term slip 275 

rate data. Given a specified initial stresses, 𝑓𝑑 will determine the stress drop, which is the difference between 276 

the initial shear stress and the multiplication of normal stress and 𝑓𝑑. Note that the heterogeneity of on-fault 277 

stresses over many earthquake cycles on a realistic fault geometry leads to very heterogenous shear strength 278 

and stress drop distributions. Therefore, we frame our discussions of fault shear strength and stress drop in 279 

terms of 𝑓𝑠  and 𝑓𝑑 , respectively. We also test 𝑓𝑟  and 𝑣0  between models because a strong and rapid 280 

restrengthening process during dynamic ruptures may increase the heterogeneity of stress along the fault 281 

system, which is important to fit modeled earthquake recurrence to paleoseismic observations including COV.  282 

To test the impact of various parameters on multicycle dynamics of the earthquake gate, we run eight 283 

models using the prescribed fault geometry (Table 1). Model A has a 𝑓𝑠 = 0.5 , 𝑓𝑑 = 0.43 , which yields an 284 

apparent stress drop of 7 MPa and  𝑓𝑟 = 0.49. We also run 5 variations of Model A (Models A1-A5), in which 285 

one parameter value is different from that in Model A (Table 1). Model B represents a fault system with a higher 286 

shear strength of 𝑓𝑠 = 0.7, typical of low-speed rock friction experiments (Byerlee, 1978). Model C represents 287 

a fault system with a lower shear strength of 𝑓𝑠 = 0.3 following observations that mature strike-slip faults may 288 
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be inherently weak (e.g., Rice, 1992; Dunham et al., 2011a). We run 2500 earthquake cycles for Model A and 289 

1500 cycles for other models.  290 

 291 

Table 1. Key parameters of models presented in this study. Changes of parameters relative to the reference 292 

Model A are bolded. 293 

Models/ 

Parameters 

Static 

friction 

𝑓𝑠 

Dynamic 

friction 

𝑓𝑑 

Restrenthe-

ning friction  

𝑓𝑣 

Viscosity 

 𝜂  

(Pa s) 

𝑣0 

  

(m/s) 

𝑑0 

 

(m) 

A 0.5 0.43 0.49 2.5 × 1022 0.2 0.5 

A1 0.5 0.45 0.49 2.5 × 1022 0.2 0.5 

A2 0.5 0.43 0.47 2.5 × 1022 0.2 0.5 

A3 0.5 0.43 0.49 2.5 × 1022 1.0 0.5 

A4 0.5 0.43 0.49 2.5 × 1022 0.2 1.0 

A5 0.5 0.43 0.49 𝟑. 𝟓 × 𝟏𝟎𝟐𝟐 0.2 0.5 

B 0.7 0.63 0.69 2.5 × 1022 0.2 0.5 

C 0.3 0.23 0.29 2.5 × 1022 0.2 0.5 

 294 

4. Results 295 

4.1 Best-fit Model A to observations and the statistics from Model A 296 

Figure 2 (Top) compares long-term slip rates calculated from five models (Models A, A1, A5, B, and C). 297 

In Model A, the maximum long-term slip rate at the Wuzhunxiao, Pingding Shan, and Xorxoli segments are 298 

about 8.5, 5, and 12 mm/yr, respectively, which are indicated by red dots. Long-term slip rates vary along fault 299 

strikes and they decrease to zero when approaching fault tips. The long-term slip rates from Model A match 300 

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 301 

recently revised low 4.7±0.8 mm/yr slip rate east of the Pingding Shan restraining bend (Prush et al., personal 302 
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communications). Model B, which has a higher static friction coefficient of 0.7 (high shear strength), gives long-303 

term slip rates less than half of Model A. Model C, which has a low static friction of 0.3 (low shear strength), 304 

produces slip rates that are about 4 mm/yr greater than slip rates from Model A. The results support the notion 305 

that the shear strength of a fault system affects how the elastic strain energy accumulated near the fault is 306 

partitioned between earthquake slip and off-fault deformation. Model A1, which has a higher 𝑣0 in the friction 307 

law, shows a similar long-term slip rate to that of Model A. Model A5, which has a higher viscosity (implying 308 

less off-fault deformation and relaxation) records larger slip rates relative to Model A. 309 

 310 

Figure 2. (Top) Long-term slip rates in Model A, B, C, A1 and A5, respectively.  In Model A, the maximum long-311 
term slip rate at the Wuzhunxiao, Pingding Shan and Xorxoli segments are about 8.5, 5 and 12 mm/yr, 312 
respectively, which are indicated by red dots. The slip rates agree with geodetic and geologic estimates of the 313 
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. 314 
Model A1 has a higher 𝑣0 in the friction law. Model A5 has a higher viscosity. (Bottom) Fault geometry for 315 
reference. The blue and red segments indicate the Wuzhunxiao and Xorxoli segments, respectively. The 316 
Pingding Shan segment consists of the regional releasing and restraining bends (light blue color).  317 

 318 

Model A best fits the paleoseismic and geologic observations along the ATF in this region, including the 319 
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recurrence interval of 624±411 years and COV of 0.66 determined at the Copper Mine paleoseismic trench site 320 

(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., 321 

2009) for the central ATF, a recent revised long-term slip rate of 4.7 ±0.8 mm/yr east of the Pingding Shan 322 

restraining bend at ~ 90.5°E (Prush et al., personal communications), and the slip-per-event about 3-8 meters 323 

(Washburn et al., 2001; Elliott et al., 2015). Figure 3a shows modeled recurrence intervals from the earthquake 324 

sequence of Model A that closely approximate the recurrence interval and COV reported at the Copper Mine 325 

site (Figure 3b). An earthquake event is identified when its slip at the Copper Mine site exceeds 0.2 m. We 326 

choose 0.2 m as the threshold because this slip amount is recognizable at paleoseismic sites but is not too large 327 

to bar small events from the model. There are 61 such events over the 2500 earthquake cycles simulated. The 328 

mean and the standard deviation of the recurrence intervals are 535 and 362 years in Model A, respectively, 329 

yielding a COV of 0.68.  330 

   331 

 332 

333 
Figure 3. (a) Recurrence intervals from the earthquake sequence of Model A that has a footprint at the Copper 334 
Mine site. An earthquake event is defined when its slip exceeds 0.2 m at the Copper Mine site location. The 335 
mean and standard deviation of the recurrence interval are 535 and 362 years, respectively. The COV is 0.68. 336 
(b) Recurrence intervals from the paleoseismic record at the Copper Mine site on the Xorxoli segment of the 337 
central Altyn Tagh fault (Yuan et al., 2018). The record covers a time span of 6000 years and shows 9 earthquake 338 
events. The recurrence interval and standard deviation are 624 and 412 years, respectively. The COV is 0.66. 339 
Model A reproduces the large variance of recurrence intervals revealed by the paleoseismic record, which 340 
ranges from ~100-1000 yr.  341 

 342 
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The magnitudes of earthquakes shown in Figure 3a ranges from Mw 5.8 to Mw 8.0, assuming slip is 343 

uniform to a seismogenic depth of 17 km as suggested by Bouchon and Vallee (2003) for the nearby 2001 344 

Kunlunshan earthquake. However, Jolivet et al. (2008) suggest an 8-10 km locking depth for the ATF, which 345 

would yield magnitudes from Mw 5.6 to Mw 7.9. The maximum slip for these events ranges from 0.39 to 12.66 346 

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 347 

of 3-8 m inferred from geologic data (Washburn et al., 2001; Washburn et al., 2003; Elliott et al., 2015).  348 

 349 

 350 

4.2 Dynamic rupture models from best-fit simulation parameters 351 

 352 
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 353 

 354 

Figure 4. Slip distributions of earthquake events (maximum slip > 1 m) in Model A during the 32.5 kyrs simulated. 355 
Panels a-e shows slip distributions every 5 kyrs and panel f shows slip distributions in the last 7.5 kyrs. The fault 356 
geometry is shown at the bottom of each panel. A bar of 10 m slip is given for reference in each panel. Event 357 
numbers are shown on the right edge of each panel. The paleoseismic site Copper Mine is denoted as a star on 358 
the fault geometry. Examples of small, moderate, large, and super-large ruptures are indicated in panels b and 359 
d (see Section 4.2 for details of these definitions). Red rectangles in panels a and c outline rupture patterns that 360 
involve a mixture of small, moderate, and large events. Red rectangles in panels b, e and f show rupture patterns 361 
that involve mainly ruptures combining the Wuzhunxiao and Pingding Shan segments. The blue and red 362 
segments indicate the Wuzhunxiao and Xorxoli segments, respectively. The Pingding Shan segment consists of 363 
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the regional releasing and restraining bends (light blue color).  364 
 365 

Figure 4 show slip distributions of earthquake events with maximum slip over 1 m from Model A. Here, 366 

we qualitatively define four types of ruptures in the earthquake sequence of Model A. Small events have 367 

rupture extents less than 20 km (Mw < 7.1 assuming the locking depth of 17 km). Moderate events rupture tens 368 

of kilometers with an upper length limit of 100 km (Mw = 7.1 - 7.6). Large ruptures exceed 100 km (Mw > 7.6) 369 

which typically involve the whole Xorxoli segment or the combined Wuzhunxiao and Pingding Shan segments. 370 

Super-large ruptures span the entire modeled fault system. Examples of small to super-large events are labelled 371 

in Figure 4b and 4d, respectively. The Wuzhunxiao and Pingding Shan segments show two primary rupture 372 

patterns. One pattern involves a mixture of small, moderate, and large events, as indicated by red rectangles in 373 

Figure 4a and 4c. The other pattern consists of mainly large events that span the combined length of the 374 

Wuzhunxiao and Pingding Shan segments, as outlined by red rectangles in Figure 4b, 4e, and 4f. The prominent 375 

restraining and releasing bends contribute to the complex patterns because ruptures frequently terminate at 376 

their ends. About every 1-2 kyrs a large rupture occurs that spans both bends but is frequently stopped by the 377 

releasing step-over between the Pingding Shan and Xorxoli segments. In contrast, the Xorxoli segment is 378 

relatively straight and shows less macroscopic geometric complexity. As a result, the rupture pattern is 379 

dominated by relatively periodic large ruptures and irregularly recurring small and moderate events. We note 380 

that if the Xorxoli segment were perfectly straight and the loading was constant over time, we would expect 381 

more periodic ruptures of the whole Xorxoli segment, which cannot explain the 0.66 COV determined by 382 

paleoseismology. Local fault geometric complexities and the irregularly recurring small and moderate events 383 

therefore contribute to the high COV on the relatively straight Xorxoli segment.   384 

 385 
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 386 

Figure 5. Details of dynamic ruptures of super-large events #792 (a) and #1159 (b), respectively. The rupture 387 
details (top to bottom of the figure) include shear stress and strength distributions before ruptures, final slip 388 
distributions, rupture time curves, and the fault geometry for reference.  389 
 390 
 391 

Super-large earthquakes that rupture all three complexities within the earthquake gate are possible 392 

but rare. In the 2500 earthquake cycles simulated in Model A, seven events span the entire fault. Six of these 393 

events nucleate on the Xorxoli segment, indicating it is a favorable segment for nucleation of super-large 394 

ruptures. The seventh initiates on the Wuzhunxiao segment. The super-large ruptures exhibit two types of 395 

dynamics. Figure 5a and 5b show details of rupture dynamics for two super-large ruptures, including the stress 396 

conditions before rupture, coseismic slip distributions, and rupture time curves. (Rupture details of the other 5 397 

super-large events are provided in Figure S1-S5 in the supplementary material.) They show somewhat different 398 

dynamics, indicating the complexity of dynamic ruptures in a geometrically realistic fault system. The first type 399 

represents six super-large ruptures that nucleate on the Xorxoli segment and propagate westward through the 400 

Pingding Shan earthquake gate. The difference among them is the nucleation location along the Xorxoli 401 

segment as shown by rupture details of those events in the supplementary material. Figure 5b shows the event 402 

that nucleates on the Wuzhunxiao segment. Figure S6 includes nucleation locations of all the events presented 403 

in Figure 4. Figure S6 demonstrates that earthquakes tend to nucleate where the fault is about parallel to the 404 
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general ATF strike and near bends or the step-over. In addition, many earthquakes nucleate on the regional 405 

releasing bend but nucleation on the regional restraining bend is rare.  406 

The releasing stepover is more effective as a barrier to dynamically propagating ruptures than the 407 

restraining bend in our models. For example, ruptures propagating from the Wuzhunxiao segment can break 408 

the Pingding Shan restraining bend, but are often stopped by the stepover. The combination of the two fault 409 

complexities leads to a low occurrence rate of super-large ruptures. There are 193 earthquake events shown in 410 

Figure 4 with magnitudes ranging from Mw 6.22 to Mw 8.0 (assuming a locking depth of 17 km). Given seven 411 

super-large ruptures over the 32.5 kyr simulated, the earthquake sequence yields a low occurrence rate of 412 

super-large ruptures at 3.6% for earthquakes over Mw 6.22 and an average recurrence interval of about 4.6 kyrs.  413 

 414 

4.3 On-fault stress states preceding super-large ruptures  415 

Figure 6a shows shear strength distributions before super-large events #263, #391, #792, #1159, #1266 416 

and #2172 from Model A, respectively. Figure 6c shows fault strikes variations along the fault. Wide ranges of 417 

positive and negative numbers indicate regional restraining and releasing bends over tens of kilometers, which 418 

are colored in light blue. In addition, these regional bends contain local restraining bends and releasing bends 419 

at finer spatial scales in a few kilometers, as indicated by vertical dashed lines where strikes change sharply 420 

over short distances. Figure 6d shows the fault geometry. The shear strengths before super-large ruptures are 421 

very heterogeneous. The heterogeneity is strongly correlated with fault geometry, with generally high strengths 422 

at the regional restraining bend and low strengths at the regional releasing bend. For example, the prominent 423 

Pingding Shan restraining bend shows an overall shear strength well over 120 MPa, while the releasing bend 424 

west to the Pingding Shan has strength below 40 MPa, with some locations reaching the minimum 5 MPa 425 

permitted by the model (calculated by multiplying the minimum absolute normal stress 10 MPa by the static 426 

friction coefficient 0.5). On the other hand, the local strength peaks and troughs are correlated with local 427 

restraining and releasing bends. For example, within the Pingding Shan restraining bend, a strength trough 428 

corresponds to the local releasing bend (indicated by the dash red vertical line).  429 
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Second, the shear strength of the fault system evolves to become more heterogenous as more ruptures 430 

occur, as shown in Figure 6b. We calculate ratios of shear strength of super-large events #391, #792, #1159, 431 

#1266 and #2172 relative to the shear strength of event #263, the first super-large rupture in the earthquake 432 

sequence, at every fault node. Figure 6b shows the distribution of these ratios. A ratio of 1 at a fault node 433 

indicates the shear strength does not deviate from that in event #263. The accumulation of stress heterogeneity 434 

is indicated by an increase in the ratio of shear strength at restraining bends and a decrease at releasing bends. 435 

The on-fault stress conditions deviate substantially from the distribution calculated by simply resolving a 436 

uniform regional stress field onto the fault based on fault geometry.   437 

 438 

 439 
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 440 

Figure 6. (a) Shear strength distributions before super-large events. Event numbers are shown in the legend. (b) 441 
Distributions of shear strength ratios for events #391, #792, #1159, #1266 and #2172 relative to the shear 442 
strength of event #263, respectively.  (c) Fault strike variations along the fault. Zero values, the dashed 443 
horizontal line, indicates that the fault is parallel to the general strike of ATF. Wide ranges of positive and 444 
negative angles, that are colored in light blue, stand for the regional restraining and releasing bends, 445 
respectively. These regional bends contain local restraining and releasing bends at finer spatial scales, which 446 
are indicated by sharp changes of strike angles over short distances. In general, the regional restraining and 447 
releasing bends correspond to high and low shear strengths in panel a. The local stress peaks and troughs are 448 
also correlated with local restraining and releasing bends, as indicated by the vertical black and red dash lines. 449 
(d) Reference fault geometry. The Copper Mine paleoseismic site is denoted by the star.  450 
 451 
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 452 
4.4 Mechanical effects of the key parameters  453 

4.4.1 Static friction  454 

 Static friction affects the long-term slip rate distribution by determining the amount of elastic strain 455 

partitioned between earthquake slip and off-fault deformation. Model B and Model C have a static friction of 456 

0.7 and 0.3, representing strong and weak end-member fault systems, respectively. As shown in Figure 2, Model 457 

B yields long-term slip rates slightly less than half of those determined in Model A, while Model C yields a much 458 

higher long-term slip rate with peaks over 15 mm/yr. Low static friction reduces the degree of strength 459 

heterogeneity caused by fault geometry during both long-term loading and dynamic ruptures. For an on-fault 460 

normal stress ranges from 100 MPa to 200 MPa with static friction of 0.3, the shear strength would vary from 461 

30 MPa to 60 MPa. For the same fault system with a static friction of 0.7, the shear strength would vary from 462 

70 MPa to 140 MPa instead. A fault system with low static friction therefore tends to reduce stress 463 

heterogeneity associated with the fault geometry.  464 

 Figure 7 shows slip distributions of dynamic ruptures in Model B (Figure 7a) and Model C (Figure 7b), 465 

respectively. The slip patterns are characteristic in each model for the time ranges chosen. The strong fault of 466 

Model B shows fragmented rupture patterns that include small, moderate, and large earthquakes, while the 467 

weak fault of Model C is mainly dominated by large and occasionally super-large earthquakes. The rupture 468 

pattern of Model B is similar to that of Model A. Figure 8 shows recurrence intervals and their statistics at the 469 

Copper Mine site from Model B (Figure 8a) and Model C (Figure 8b), respectively. Their COVs are 0.70 and 0.54, 470 

and their mean recurrence intervals are 896 years and 462 years, respectively. Model B is more in line with 471 

Model A in terms of COV, while Model C yields shorter recurrence intervals and a smaller COV compared to 472 

Model A.  473 

 474 
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 475 

Figure 7. (a) Slip distributions of earthquake events (maximum slip > 1 m) in the high friction model (Model B), 476 
15 to 25 kiloyears after the start of the simulation. (b) Slip distributions of earthquake events in the low friction 477 
model (Model C) in the first 7.5 kyrs after model initiation. The fault geometry is shown at the bottom of each 478 
panel. A bar of 10 m slip is given for reference. Event numbers are shown on the right edge of each panel. The 479 
regional restraining and releasing bends are colored in light blue. The Copper Mine paleoseismic trench is 480 
denoted as a star on the fault geometry.  481 
 482 

 483 
Figure 8. (a) Recurrence intervals at the Copper Mine site from the earthquake sequence of Model B. An 484 
earthquake is defined when its slip at the Copper Mine site exceeds 0.2 m. The mean and standard deviation 485 
of the recurrence interval are 896 and 631 years, respectively. The COV is 0.70. (b) Recurrence intervals at the 486 
Copper Mine site from the earthquake sequence of Model C. The mean and standard deviation of the 487 
recurrence interval are 462 and 251 years, respectively. The COV is 0.54. 488 
 489 

4.4.2 The effect of apparent stress drop 490 
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 Table 2 summarizes the statistics of recurrence intervals and slips at the Copper Mine paleoseismic 491 

trench site from Model A and Models A1-A5. The means and standard deviations of recurrence intervals and 492 

slips from various models are visualized in Figure 9a and 9b, respectively. Here we compare the results from 493 

Model A1 and Model A to examine the effect of apparent stress drop. Compared with Model A, the only change 494 

in Model A1 is an increase in the dynamic friction coefficient (𝑓𝑑), from 0.43 in Model A to 0.45 in Model A1 495 

(Table 1). Given 𝑓𝑠 = 0.5 and 𝜎𝑎 = 100 MPa,  this change results in a smaller apparent stress drop of 5 MPa in 496 

Model A1, compared with 7 MPa in Model A. The reduction of the apparent stress drop increases the COV of 497 

Model A1 to 0.81 from 0.68 in Model A (Table 2). The recurrence interval and slip are comparable with those 498 

in Model A, with smaller mean values in Model A1. The difference in maximum long-term slip rate on the 499 

Wuzhunxiao and Xorxoli segments is only ~1 mm/yr (Figure 2), implying a minor effect of apparent stress drop 500 

on the long-term slip rate.  501 

  502 

Table 2. Summary of earthquake rupture parameters at the Copper Mine site obtained from the multicycle 503 
dynamic models.  504 

Model name Mean of 

recurrence 

interval, 

years  

Std of 

recurrence 

interval, 

years 

COV Mean of 

peak slip, m  

Std of peak 

slip, m 

Number of 

events with 

peak slips 

over 1 m/ 

total cycles 

modeled 

A 535 362 0.68 6.70 4.69 61/2500 

A1 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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 505 

Figure 9. (a) Means and standard deviations of recurrence intervals at the Copper Mine site from Models A, A1-506 

A5, respectively. (b) Means and standard deviations of slips at the Copper Mine site from Models A, A1-A5, 507 

respectively.  508 

 509 

4.4.3 The effect of rate and slip dependence of friction 510 

We explore the effect of rate dependence of friction in dynamic ruptures on the statistics of the fault 511 

system by adjusting the restrengthening friction (𝑓𝑟) and the threshold slip velocity (𝑣0). In Model A2, 𝑓𝑟 is lower 512 

than that in Model A (Table 1). In Model A3, the threshold slip velocity 𝑣0 is larger than that in Model A (Table 513 

1).  As shown in Duan (2019), a lower 𝑓𝑟 or a larger  𝑣0 favors a more gradual friction restrengthening process 514 

during dynamic ruptures. We obtain lower COVs of 0.34 and 0.47 in Models A2 and A3, respectively, compared 515 

with that in Model A. It suggests that more gradual friction restrengthening in dynamic ruptures favors more 516 

periodicity of recurrence intervals. 517 
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Model A4 has a larger 𝑑0 than Model A (Table 1), which indicates a larger fracture energy and less rapid 518 

energy release during dynamic ruptures. An increase in  𝑑0 results in an increase in the number of small events, 519 

leading to an increase in rupture pattern heterogeneity (indicated by a higher COV of 0.94, Table 2). These 520 

results indicate that a fault system with a realistic fault geometry and dynamic ruptures with a slower energy 521 

release rate and more rapid restrengthening will yield a larger COV.  522 

 523 

4.4.4 The effect of viscosity. 524 

 The viscosity in our models affects the partitioning of the elastic strain energy between earthquake 525 

rupture and off-fault deformation. Higher viscosities tend to yield higher long-term slip rates (Duan et al., 2019). 526 

Model A5, which has a higher viscosity of 3.5 × 1022 Pa s than Model A (Table 1), yields larger long-term slip 527 

rates compared to that of Model A (Figure 2), agreeing with the previous study.  528 

  529 

5. Discussion 530 

 We find that multicycle dynamic rupture models with realistic fault geometry can reproduce the mean 531 

and COV of recurrence intervals documented at the Copper Mine paleoseismic trench site on the Xorxoli 532 

segment over the past 6000 years. Two questions emerge: why does fault geometry matter, and how does it 533 

affect stress state? Dieterich and Smith (2010) show that stress heterogeneity from geometric interactions at 534 

irregularities along nonplanar faults causes the slip solutions to diverge from those of planar faults and leads 535 

to nonlinear scaling of fault slip with rupture dimension in a purely elastic medium. The divergence increases 536 

with the fractal features of the fault geometry and the stress heterogeneity may progressively impede slip. 537 

Dieterich and Richards-Dinger (2010) uses an efficient, quasi-static fault system earthquake simulator, RSQSim, 538 

to simulate earthquake catalogs with up to 106  events with magnitudes from ~ 𝑀𝑤 4.5  to 𝑀𝑤 8 . They 539 

demonstrate that fault system geometry is the major driver to establish the characteristics of stresses that 540 

control earthquake recurrence statistics. Dynamic ruptures on rough fault geometry also yield heterogeneous 541 

stresses and slips and excite waves over a wide range of frequency that is important for ground motion 542 
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applications (Dunham et al., 2011b; Shi and Day, 2013). Combining both the long-term earthquake cycles and 543 

dynamic ruptures, our multicycle dynamic models demonstrate that stress heterogeneity associated with fault 544 

geometric complexities is impacted by a feedback loop of three processes over multiple earthquake cycles. First, 545 

dynamic ruptures passing fault bends or stepovers will induce heterogenous stresses. Second, during the 546 

interseismic periods, tectonic loading and stress relaxation will lead to fault-strike dependent stress 547 

accumulation and relaxation. Third, the stress history from past earthquakes will serve as the initial conditions 548 

for the next earthquake cycle. Therefore, as illustrated in Figure 6, heterogeneous stresses preceding dynamic 549 

ruptures evolve over earthquake cycles and are closely correlated with fault geometry. 550 

The overall shear strength of the fault system, parameterized by the static friction level (𝑓𝑠 ) in our 551 

models, affects both the long-term slip rate of the system and the details of rupture dynamics. A moderate 552 

value of 𝑓𝑠=0.5 (Model A) best fits geologic and paleoseismic observations. We also examine two end members 553 

of static friction levels at 0.7 (Model B) and 0.3 (Model C) representing a very strong and a very weak fault 554 

system, respectively. The weak fault, Model C, tends to yield large earthquakes because the low static friction 555 

smooths the fault geometry-related stress heterogeneities, favoring unimpeded ruptures. Based on empirical 556 

relations from fault mapping of past earthquakes (Biasi and Wesnousky, 2017), the Pingding Shan restraining 557 

bend should be a strong barrier to ruptures. But in the case of Model C, it barely stops dynamically propagating 558 

ruptures. The strong fault model (Model B) shows a more fragmented rupture pattern than Model A. 559 

The initial stress condition, which is a key ingredient in dynamic rupture models, is poorly constrained. 560 

As shown in Figure 6, on-fault stresses become rather heterogeneous after many earthquake cycles on the fault 561 

system with realistic geometry. Our results imply that, to prescribe a heterogeneous initial stress field for single-562 

event dynamic rupture models, stresses resolved from a regional stress field based on fault geometry should 563 

be increased/decreased at regional and local restraining/releasing bends where substantial strike changes 564 

occur to take into account stress heterogeneity inherited from past earthquakes. 565 

There are still disparities between paleoseismic records and the best fit Model A in terms of recurrence 566 

intervals and the COV. Two possibilities may explain the disparity. First, the limited sample size of paleoseismic 567 
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records, subject to uncertainties in dating, affects the mean and COV of recurrence intervals. Second, the 568 

realistic fault geometry in the multicycle dynamic rupture models alone may not account for all the 569 

heterogeneities in earthquake processes. Given the uncertainties in paleoseismic datasets, we aim to capture 570 

only the major features, rather than fine-tuning our models for a perfect fit. The key message from the models 571 

is that a realistic fault geometry can account for much of the complexity in earthquake recurrence intervals 572 

revealed by the paleoseismic record.  573 

 574 

6. Conclusion 575 

In this study we simulate multicycle dynamic ruptures of the Pingding Shan earthquake gate along the 576 

Altyn Tagh Fault in northwest China. We adopt a 350 km-long fault geometry and run 2500 earthquake cycles 577 

in our best fit model. The mean and COV of recurrence intervals from the model at the Copper Mine site of 535 578 

years and 0.68, respectively, compare favorably with the 624 years and 0.66 obtained from the paleoseismic 579 

record at the site on the Xorxoli segment. The maximum long-term slip rates on the Wuzhunxiao and Xorxoli 580 

segment of about 8.5 and 12 mm/yr, respectively, match estimates of geodetically and geologically determined 581 

slip rates along the ATF of 9~14 mm/yr. In addition, our model yields a slip rate of about 5 mm/yr east of the 582 

Pingding restraining bend, agreeing with a recent geologic estimate of 4.7±0.8 mm/yr (Prush et al., personal 583 

communications) and suggesting a reduction of slip affected by the restraining bend and fault tips. The average 584 

slip-per-event from the model is 6.7±4.69 m for earthquakes that break the Copper Mine site, in agreement 585 

with the slip-per-event estimates from geomorphic offset measurements of 3-8 m in the region (Washburn et 586 

al., 2001; Elliott, 2014). 587 

The earthquake sequences on the fault system from the best-fit model show complex rupture patterns. 588 

The Wuzhunxiao and Pingding Shan segments show a mixture of small and moderate earthquakes that are 589 

segmented by the regional releasing and restraining bends and large earthquakes that break the combined 590 

Wuzhunxiao and Pingding Shan segments. The Xorxoli segment, which lacks major geometric complexities, 591 

tends to serve as the nucleation location of super-large earthquakes that rupture the span of the model. Both 592 
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the Pingding Shan restraining bend and the releasing stepover impede dynamically propagating ruptures. The 593 

Pingding Shan step-over is more effective as a barrier to ruptures in the simulations, but the combination of 594 

the two makes the Pingding Shan earthquake gate an effective barrier to super-large, system-spanning ruptures. 595 

Super-large ruptures have a recurrence interval of ~4.6 kyrs and a rate of 3.6% for earthquakes over Mw 6.22 in 596 

the fault system. The Aksay bend that is east of the Pingding Shan gate is an effective barrier to dynamically 597 

propagating ruptures and passes only about 10% of ruptures. If we assume that the Pingding Shan earthquake 598 

gate is independent of the Aksay bend, we could estimate that even larger earthquakes are vanishingly rare.  599 

The overall static friction level of the fault system, i.e., fault strength, affects strain partitioning 600 

between on-fault slip and off-fault deformation and, consequently, the long-term slip rate of the fault system. 601 

It also affects rupture dynamics. Lower static friction, i.e., a weak fault, tends to reduce the effectiveness of the 602 

restraining bend as a rupture barrier and increases the proportion of energy partitioned to on-fault earthquake 603 

slip. The weak fault favors large ruptures and occasional super-large ruptures. 604 

Our models illustrate the critical role of realistic fault geometries to the dynamics of a fault system. The 605 

feedback loop of stress heterogeneity inherited from past earthquakes, dynamic ruptures, and interseismic 606 

deformation, leads to fault-geometry-related stress heterogeneity. Complex rupture patterns arise from the 607 

heterogenous stress condition, which evolves continuously over earthquake cycles. In addition, rapid and 608 

strong restrengthening during dynamic rupture is necessary to explain the 0.66 COV of recurrence intervals at 609 

the Copper Mine paleoseismic trench site, especially on the relatively straight Xorxoli segment, which tends to 610 

favor unimpeded rupture propagation. Our models indicate that the on-fault stress conditions before 611 

earthquakes are much more heterogeneous than the stresses calculated by simply resolving a uniform stress 612 

field onto a geometrically complex fault based solely on local fault geometry. The fault-geometry-related stress 613 

heterogeneity presented in this study may provide a guidance to set up initial stresses for single-event dynamic 614 

rupture simulations that accounts for the effect of past earthquakes.  615 
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