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Abstract 13 

Understanding the mechanisms behind the characteristics of earthquake cycles on normal faults 14 

is challenging due to their long recurrence times. Despite their moderate magnitude, normal 15 

faulting earthquakes can produce considerable damage. We investigate the effects of fault 16 

network geometry and spacing on the seismic cycle of a system of two normal faults modelled 17 

with rate-and-state friction and elastic interactions. Our analysis examines how variable along-18 

strike and across-strike distances between faults influence cycle periodicity, synchronicity, 19 

nucleation location, magnitude-frequency distribution, and rupture characteristics. To isolate 20 

network-geometry effects from dimensional and frictional effects, we model faults with a 21 

seismogenic width (W) over characteristic nucleation length (L∞) ratio such that isolated faults 22 

produce periodic cycles with a characteristic magnitude (Mw) of 5.1. The cycle periodicity and 23 
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Mw of earthquakes change depending on the spacing and geometry of the fault network. Faults 24 

become less periodic at short across-strike distances (smaller than 0.2 km). Decreasing the 25 

across-strike spacing leads to variable hypocenter locations and the emergence of partial 26 

ruptures, producing magnitudes down to Mw 4.4 at spacings < 0.2 km. Cycle periodicity and 27 

Mw remain unaffected by along-strike spacing. The long-term synchronization state of the 28 

faults’ seismic cycle is influenced differently by across-strike and along-strike distances. 29 

Closely spaced faults (≤1.5 km) across-strike display fluctuating synchronization, whereas 30 

faults arranged along-strike tend to evolve towards persistent synchronization as along-strike 31 

separation decreases. Fault network geometry plays a prominent role, with across-strike 32 

distance having a larger effect on interevent time and rupture style than along-strike distance. 33 

 34 

Plain language summary  35 

Normal faults generally produce earthquakes smaller than Mw 7 but can still cause significant 36 

damage and loss of life. Understanding their seismic behavior is challenging due to these faults 37 

having infrequent earthquakes, leading to limited geological and geophysical observations. 38 

Physics-based models help bridge this gap by simulating multiple earthquakes, covering 39 

multiple seismic cycles. In this study, we used high-performance computing to simulate 40 

earthquakes on two normal faults, examining how their spatial arrangement and spacing 41 

(across-strike vs. along-strike) affect their combined seismic cycle. We found the timing and 42 

size of earthquakes depended on the faults’ separation and arrangement. Widely separated 43 

faults, regardless of their arrangement, show periodic earthquakes with equal magnitudes and 44 

stable synchronization between faults over time. When faults are closer together across-strike, 45 

earthquakes became less regular, and the synchronization between faults fluctuates. 46 

Conversely, changing the along-strike spacing does not affect the periodicity or size of 47 

earthquakes, but closer along-strike spacing led to more synchronized cycles. The separation 48 

of faults across-strike has a greater impact on the characteristics of the earthquake cycle than 49 

along-strike separation. We therefore expect the hazard posed by closely spaced across-strike 50 

faults to be harder to forecast than those arranged along-strike from each other. 51 
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Key points 52 

• Seismic cycles of faults far apart (>0.2 km) and across-strike are periodic, but become 53 

less periodic and out of phase when closer (<0.2 km). 54 

• Seismic cycles on faults situated along-strike are periodic and, if initially 55 

asynchronized, become more synchronized over time when close together (<1 km). 56 

• Across-strike distance impacts recurrence time, nucleation location, and magnitude-57 

frequency distribution more than along-strike distance, which mainly affects fault 58 

synchronization. 59 

 60 

Keywords: earthquake cycle, normal faults, fault interaction, recurrence time, synchronicity, 61 

rate-and-state friction 62 

 63 

1. Introduction 64 

The time interval between earthquakes on a same fault, also known as “recurrence time” or 65 

“interevent time”, alongside the Coefficient of Variation of recurrence time (CV, the ratio of 66 

the standard deviation of recurrence time to their mean), are key inputs to model seismicity 67 

rates in probabilistic seismic hazard assessment (PSHA). In its classic form, PSHA is time-68 

independent, which implies that earthquake occurrences are not influenced by previous seismic 69 

events or changes in stress states on faults (Cornell, 1968). This framework assumes that events 70 

of a similar magnitude rupture the same fault area in a quasi-periodic manner, thus faults should 71 

exhibit regular recurrence intervals (i.e., CV=0, Ellsworth, 1995). However, geological 72 

evidence suggests that this assumption may be an oversimplification and points towards the 73 

existence of periods of short interevent times alternating with periods of relative quiescence on 74 

a single fault (e.g., Kagan et al., 2012; Mildon et al., 2022; Mulargia et al., 2017). The time-75 

dependent nature of earthquake recurrence intervals and related aperiodicity of the seismic 76 

cycle is a key source of uncertainty in PSHA (Gerstenberger et al., 2020). Most time-dependent 77 

hazard models utilize a single value of the CV, commonly derived from the paleoseismic 78 

record, to account for the changes in occurrence rate of earthquakes with time (e.g., Japan 79 

NSHM, Fujiwara et al., 2006; New Zealand NSHM, Stirling et al., 2012). Only few hazard 80 
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models have considered time-dependent processes like the occurrence of aftershocks and other 81 

triggered events through the application of statistical models like the Epidemic Type 82 

Aftershock Sequence or ETAS (e.g., UCERF3-ETAS in California, Field et al., 2017). 83 

However, these are processes only considering short-term timescales (<50 years). 84 

Evidence of the aperiodic character of the seismic cycle spanning timescales of 102-104 yr are 85 

available from various geological and geophysical sources, including earthquake catalogues 86 

(Frohlich & Davis, 1990; Kagan & Jackson, 1991; Reasenberg, 1985), slip histories (Benedetti 87 

et al., 2013; Cowie et al., 2013; Goodall et al., 2021; Iezzi et al., 2021; Mildon et al., 2022), 88 

and paleoseismic trenching (Cinti et al., 2021; Goldfinger et al., 2012; Marco et al., 1996; 89 

McCalpin & Nishenko, 1996). The causative mechanisms behind the existence of aperiodic 90 

seismic cycles are debated. Heterogeneous frictional properties along the fault plane (e.g., 91 

caused by localized occurrence of weak materials) has been shown to produce aperiodicity in 92 

the earthquake cycle (e.g., Biemiller & Lavier, 2017; Dieterich & Richards-Dinger, 2010; 93 

Hillers et al., 2007; Luo & Ampuero, 2018; Moore & Rymer, 2007).  94 

An alternative explanation is that the stress on a fault can be altered due to stress interactions 95 

with other faults within a fault network (Cowie et al., 2012, 2013; Marzocchi et al., 2009; 96 

Mildon et al., 2017, 2019, 2022; Sgambato et al., 2020; Wedmore et al., 2017; Zöller & Hainzl, 97 

2007). The concept is that an earthquake changes the surrounding stress field (Figure 1a-c), 98 

stressing and advancing the occurrence of earthquakes on preferentially oriented faults, while 99 

relaxing and delaying events on other faults. The regions where stress decreases after an 100 

earthquakes are known as stress shadows (Harris & Simpson, 1996, 1998). The phenomena of 101 

stress interaction between faults have been also discussed in the context of fracture mechanics 102 

(Kachanov, 1987). The fault slipping zone can be represented as a crack and the interaction 103 

between cracks may result in either a stress amplification (increase) or shielding (decrease) 104 

depending on their geometrical configuration. In stacked configurations where cracks are 105 

across-strike, a displacement on the tip on one crack causes a stress shielding effect in the 106 

neighboring one. Conversely, collinear configurations where cracks are along-strike are 107 

characterized by an amplifying effect of interaction: displacement on one crack produces an 108 

increase of the stress field on the neighboring one (Kachanov et al. 1987). For both cases, the 109 

magnitude of the stress interaction decreases with increasing distance between faults 110 

(Kachanov et al. 1987). 111 
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Knowledge of the seismic cycles in natural fault systems is limited because of the incomplete 112 

nature of the geological evidence (e.g., lack of fault exposures) and the relative short time 113 

covered by earthquake and paleoseismic catalogs (e.g., Nicol et al., 2016). Physics-based 114 

modelling of seismic cycles, including the coseismic, postseismic and interseismic phases 115 

across numerous (>10) earthquake cycles, allows us to overcome some of these limitations. 116 

Moreover, through these simulations, controlled experiments can be performed by manually 117 

adjusting the characteristics of the fault, such as its area and frictional parameters, and 118 

surrounding stress field. Previous numerical models have investigated the effects of fault 119 

network geometry on the seismic cycle (e.g., Romanet et al., 2018; Yin et al., 2023). Early 120 

studies focused on the effect of fault interaction by simulating a spring-block slider system 121 

with two degrees of freedom (e.g. Abe & Kato, 2013; He, 2003; Yoshida & Kato, 2003). By 122 

testing different friction parameters, complex fault slip behaviors, including seismic and 123 

aseismic slip, and chaotic behavior were reproduced (Abe & Kato, 2013). Although these 124 

models provided valuable insights on the seismic cycle, they assume the stability of the system 125 

depends on a single critical stiffness, whereas faults in nature have multiple stiffnesses relevant 126 

to the nucleation process (Rubin, 2008). Moreover, faults in these type of simulations cannot 127 

produce partial ruptures, thus they likely underestimate the complexity of a seismic cycle 128 

compared to a model with equivalent frictional properties but higher dimensionality (Li et al., 129 

2022). Therefore, higher-dimensional models are more suitable to explore the research question 130 

of the effect of fault interaction in the seismic cycle. Romanet et al. (2018) modelled two 1D 131 

partially overlapping strike-slip faults to study the effect of across-strike separation (among 132 

other frictional parameters) on fault slip behavior. They identify that smaller distances between 133 

faults can lead to the emergence of slow slip events and earthquake sequences with 134 

spatiotemporal complexities. Yin et al. (2023) modelled a closer analog to a natural fault 135 

system by simulating three 2D partially overlapping-strike slip faults with fixed across-strike 136 

separation but varying frictional properties. They found that an isolated fault exhibits periodic 137 

seismic cycles with full ruptures, whereas aperiodic stress patterns and partial ruptures emerge 138 

when considering stress interactions within a fault network. While these studies unequivocally 139 

show that complexities in the seismic cycle arises from fault interaction, it remains unclear how 140 

these expressions of fault interaction might be influenced by the geometry of the fault network. 141 

In this regard, geological observations from Italy suggest that the spatial arrangement of faults 142 

across and along strike might impact the earthquake cycle of individual faults in the Apennines 143 

(Sgambato et al., 2020, 2023). Areas with few faults arranged across-strike show relatively 144 
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periodic stress patterns (Figure 1e), while where multiple faults exist across-strike, the seismic 145 

cycle of individual faults deviates from its characteristic behavior (Figure 1f).  146 

With growing evidence highlighting the effect of fault interaction on seismic cycles, it becomes 147 

increasingly relevant for the assessment of seismic hazard to better understand how the 148 

geometry of fault networks influences seismic cycles on individual faults. 149 

 

Figure 1. (a) Distribution of Coulomb stress transfer (CST) at 2.5 km depth induced by an earthquake 

in a 60° dipping normal fault (green line). Receiver faults situated across- and along-strike are 

depicted as dashed white lines. CST variation along two profiles (b) perpendicular and (c) parallel to 
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Previous numerical models of the earthquake cycle have primarily concentrated on strike-slip 150 

fault systems due to geographic factors (such as heavily populated areas along the San Andreas 151 

and North Anatolian faults) and computational advantages (Barbot, 2021; Dieterich & 152 

Richards-Dinger, 2010; Robinson & Benites, 1995; Romanet et al., 2018; Ward, 2000; Yin et 153 

al., 2023). Simulating a surface-breaking dip-slip fault introduces additional complexities as 154 

normal stress changes must be computed due to the broken symmetry between hanging wall 155 

and footwall relative to the Earth’s free surface (Oglesby et al., 1998; Figure 2a). Additionally, 156 

research targeting normal faults has been limited due to their lower seismicity rate and a 157 

tendency to rarely exceed Mw>7 earthquakes (Wells & Coppersmith, 1994). However, normal 158 

faults have the potential to generate events that can cause considerable damage and loss of life, 159 

as evidenced by earthquakes like Mw 6.3 L'Aquila (Italy) in 2009, Mw 6.5 Norcia (Italy) in 160 

2016, and Mw 7 Samos (Greece) in 2020. 161 

In this study, we aim to answer the question how does the fault network geometry impact the 162 

seismic cycle of interacting normal faults? To do that, we numerically simulate many seismic 163 

cycles on two 2D normal faults embedded in a 3D medium and test how the along- and across-164 

strike spacing between them affects key parameters of the simulated earthquakes. In the 165 

following sections, we use loosely the term “fault network”, even though we model fewer faults 166 

(two) than are typically found in natural fault systems. Our intention is to study essential 167 

aspects of the process that can be captured by a pair of interacting faults. We examine three 168 

key inputs for PSHA: interevent times within and between faults, magnitude-frequency 169 

distributions, and nucleation locations. The latter might be a relevant parameter for the 170 

estimation of point-source distances (Thompson & Worden, 2017) and to consider rupture 171 

directivity effects in PSHA models (Spagnuolo et al., 2012). Our key finding is that these three 172 

inputs, alongside the seismic rupture style, exhibit a consistent variation with changing distance 173 

the fault, depicted in (a) by the blue and red lines, respectively. The grey-shaded area shows the 

distance range along which CST is negative or positive in (b) and (c), respectively. Note that this 

distance is larger in the across-strike profile, than in the along-strike profile. (d) Active fault traces 

in the central and southern Apennines, Italy, showing multiple faults across-strike for the central part 

and fewer normal faults across-strike for the southern part. Cumulative Coulomb stress transfer 

(CCST) time-series for a fault with: (e) 1 fault across strike, and (f) multiple faults across strike 

(modified from Sgambato et al., 2020). This example shows that relatively isolated faults have a 

simpler stress loading history than multiple faults arranged across-strike.   
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between faults. Moreover, the geometry of the fault network plays a prominent role, with 174 

across-strike separation between faults producing more spatiotemporal complexities than 175 

along-strike distance. 176 

   177 

2. Methods 178 

We performed multicycle simulations of two 2D planar normal faults embedded in a 3D elastic 179 

medium using the boundary-element method code QDYN (Luo et al., 2017). This code 180 

considers that the fault is infinite, but only applies friction conditions on a finite-length segment 181 

of each fault. Beyond this segment, a constant slip velocity is prescribed. 182 

2.1. Governing equations 183 

Fault friction in our model evolves following the classical rate-and-state friction law (Dieterich, 184 

1979; Marone, 1998; Ruina, 1983). This law considers that the fault is non-stationary, thus the 185 

shear stress (t) along the fault is equal to its frictional strength: 186 

𝜏 = 𝜇𝜎					(1) 187 

where µ is the friction coefficient and s is the effective normal stress (total normal stress minus 188 

pore-fluid pressure). Friction µ(V,q) depends on the slip rate (V) and a state variable (q):   189 

𝜇(𝜃, 𝑉) = 𝜇! + 𝑎 	ln 0
𝑉
𝑉!
1 + 𝑏 ln 0

𝑉!𝜃
𝐷"
1					(2) 190 

where 𝜇! is the reference friction coefficient measured at a reference slip rate 𝑉!; 𝑎 and 𝑏 are 191 

constants that quantify the instantaneous effect of V and evolution effect of q on µ, 192 

respectively; 𝐷" is the characteristic slip distance over which the fault evolves towards a new 193 

steady state. The state variable 𝜃 evolves following the ageing law (Eq. 3, Dieterich, 1979; 194 

Ruina, 1983): 195 

𝑑𝜃
𝑑𝑡 = 1 −

𝑉𝜃
𝐷"
					(3) 196 

In steady-state, #$
#%
= 0, thus steady-state friction µss is: 197 
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𝜇&& =	𝜇! + (𝑎 − 𝑏)𝑙𝑛
𝑉
𝑉!
							(4) 198 

The term (a-b) quantifies the velocity-dependence of 𝜇 at steady-state. When (a-b) > 0, the 199 

material is velocity-strengthening, meaning that friction increases with increasing slip rate. In 200 

this regime, sliding is stable. When (a-b) < 0, the material is velocity-weakening, where friction 201 

decreases as slip rate increases. Velocity-weakening faults are conditionally stable: they 202 

produce unstable sliding if their length 𝐿 exceeds a so-called limiting value of the nucleation 203 

length (𝐿') (Rubin and Ampuero, 2005): 204 

𝐿' =	
1
𝜋
0

𝑏
𝑏 − 𝑎

1
2 𝐺𝐷"
𝑏𝜎 		(5) 205 

where 𝐺 is the shear modulus, and aseismic behavior otherwise (Rubin & Ampuero, 2005), 206 

unless subject to large enough perturbations (Gu & Wong, 1994). 207 

QDYN solves the equation of elastostatic equilibrium under a quasi-dynamic approximation, 208 

which relates the stress and the slip rate on a point of a fault ( Rice, 1993): 209 

𝜏! + 𝜏( −
𝐺
2𝑐 𝑉 = 𝜎𝜇									(6) 210 

where 𝜏! is the initial shear stress,  𝜏( is the elastic shear stress change induced by slip, s is the 211 

effective normal stress emerging from the initial condition and the fault interaction, and  )
*"
𝑉	is 212 

the radiation damping term, which approximates the effects of stress change due to wave 213 

propagation during sliding.  𝑐 the shear-wave speed. 214 

When the slip rate of a fault element differs from the tectonic slip rate VPL, it transmits stresses 215 

to the other fault elements. The elastic shear stress in a fault cell 𝜏+( 	is the sum of the shear 216 

stress at the 𝑖-th fault cell resulting from the slip on all fault cells, and is expressed as: 217 

𝜏+( = −C𝑘+,- E𝑢,(𝑡) − 𝑉./𝑡G																		(7)	
,

 218 

where 𝑢, is the slip on the 𝑗-th cell and 𝑘+,-  is the stiffness matrix for shear stress, which contains 219 

the shear stress change on the 𝑖-th fault element induced by a unit slip on the 𝑗-th fault element. 220 

The stiffness matrix is computed using the analytical formulations of Okada (1992) for static 221 
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stresses induced by rectangular dislocations. The normal stress 𝜎 is the sum of the initial normal 222 

stress 𝜎! and the elastic normal stress (𝜎(): 223 

𝜎 = 	𝜎! + 𝜎( 											(8) 224 

 The calculation of elastic normal stress follows a similar form to that of Eq. 7 but involves the 225 

stiffness matrix for normal stress 𝑘+,0 : 226 

	227 

𝜎+( = −C𝑘+,0 E𝑢,(𝑡) − 𝑉./𝑡G																		(9)	
,

 228 

 229 

2.2 Model set up 230 

We modeled two 2D parallel normal faults of 60° dip with equal dimensions and distribution 231 

of frictional properties (Table 1). We tested a setup of two small faults of 5 km length and 3 232 

km width (Figure 2b-c), extending from 3 to 6 km depth. Despite their smaller size in 233 

comparison to natural faults causing damaging earthquakes, we opted for these dimensions to 234 

ensure that modelling of individual faults yields relatively similar seismic events (i.e., few 235 

partial ruptures). Additionally, the faults were initiated with equal stress conditions. These 236 

choices enabled us to focus on our key question of how fault spacing affects earthquake 237 

occurrence. The faults consisted of a rectangular area of velocity weakening properties (i.e., 238 

asperity or seismogenic patch) surrounded by a 500-m wide area of velocity-strengthening 239 

material introduced to smooth out the transition to the steadily creeping fault areas.  240 

The length scale setting the minimum mesh size needed to properly resolve the nucleation and 241 

propagation of rupture is the process or cohesive zone length (Lb): 242 

𝐿1 =
𝐺𝐷"
𝑏𝜎 																				(10) 243 

The element size (Dx and Dw) needs to be set at least three times smaller than Lb (Day et al., 244 

2005). We choose 𝐿1/Dx ~5 and Lb/Dw ~4 to ensure adequate resolution of the process zone, 245 

while keeping a feasible computation time. 246 
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The overall behavior of slip on a fault is controlled by the ratio of its shortest edge length (Ws) 247 

to the nucleation length (L∞, Rubin & Ampuero, 2005; Eq. 5). Faults can produce irregular 248 

cycles including both fully and partial ruptures if 𝑊&/𝐿' is high, while a Ws/𝐿' ratio 249 

moderately larger than 1 leads to regular characteristic cycles with only full ruptures (Barbot, 250 

2019; Cattania, 2019; Cattania & Segall, 2019). The exact value of Ws/L∞ above which 251 

complex seismicity is generated seems to depend on the simulation dimensionality and the 252 

shape of the asperity. For 1D faults, partial ruptures emerge with a Ws/L∞ ratio higher than 10 253 

(Cattania, 2019). For 2D faults with a circular seismogenic patch, increasing complexity arises 254 

by increasing the ratio between the radius of the asperity and nucleation length (Cattania & 255 

Segall, 2019). These authors found that partial ruptures emerge with a ratio of 29.6. Following 256 

these studies, we set the Ws/L∞ ratio to be 10.2, to ensure that single faults generate mostly full 257 

ruptures. 258 

To avoid effects related to unrealistic symmetries imposed by uniform fault properties, while 259 

keeping the faults relatively similar, we introduce random Perlin noise (i.e. a type of random-260 

looking but coherent noise pattern, Perlin, 1985) with 0.1% variation  in the values of b. Both 261 

faults display a different noise distribution. We tested a broad range (0.05 – 1000 km) of across- 262 

and along-strike spacing, bringing the total number of simulations to 43 (Table 1). Although 263 

faults spaced 100 or 1000 km apart are not typically considered part of the same fault network 264 

in natural systems with equivalent fault dimensions, we included these spacings to represent 265 

cases of isolated faults. “Spacing” here refers to the closest spacing between fault tips. If we 266 

were to measure along-strike distance as the spacing between centers of the faults, an additional 267 

5 km should be considered. By this latter definition, if the along-strike distance were less than 268 

5 km, the faults would be superposed, which is a scenario that cannot be modelled and is not 269 

realistic in the natural world. One approximation of such scenario would be to model a single 270 

fault consisting of two asperities with the same size as the individual faults separated by a 271 

varying-sized velocity-strengthening barrier. However, since this scenario has been extensively 272 

studied in existing literature (Corbi et al., 2017; Kaneko et al., 2010; Molina-Ormazabal et al., 273 

2023; Wei & Shi, 2021), we opt not to model it. Consequently, our study extends previous 274 

work on asperity interactions, focusing on cases with an asperity spacing that tends to infinity. 275 

We ran the simulations for 2000 yrs and we discarded the initial warm-up cycles during the 276 

first 100 yrs (~3 cycles).  277 

 278 
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Table 1: Model set-up describing material and frictional properties, fault geometry and spatial offsets 279 
between faults. VW= velocity weakening region, VS= velocity-strengthening region; *following 280 
Lapusta et al. (2000) and accounting for the dip angle (60°, see Supplementary Text 1). 281 

Symbol Description (units) Value 

Material properties 

G Shear modulus (Pa) 3e10 

l Elastic modulus (Pa) 3e10 

c Shear wave velocity (m/s) 3000 

Frictional properties 

μ∗ Reference friction coefficient 0.6 

a Direct-effect parameter 0.007 

b Evolution effect parameter 0.014 (VW) / 0.0042 (VS) 

Dc Characteristic slip distance (m) 2e-3  

VPL loading rate (m/s) 1e-10 (3.15 mm/yr) 

V* Reference slip rate (m/s) 1e-9 

σ Initial effective normal stress (Pa) 43.3e6* 

Lb Process zone width (m) 98 
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𝐺.𝐷𝑐
𝑏. 𝜎

   

L∞ Limiting nucleation length value (m) 

1
𝜋 ,

𝑏
𝑏 − 𝑎-

"

𝐿# 

196 

Geometry  

Lf Fault segment length (km) 5  

Wf Fault segment width (km) 3 

L Velocity-weakening length (km) 4 

W Velocity-weakening width (km) 2 

Dx Along-strike element size (m) 19 

Dw Along-width element size (m) 24 

N Number of individual fault elements 31232 

Nx Number of fault elements along strike 256 

Nw Number of fault elements across strike 122 

Ratio Lb/Dx 

(Lb/Dw)   

Ratio for mesh resolution 5 (4) 

Z_corner Depth of fault bottom (km b.m.s.l.) 6 
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dy Across-strike spacing (km) 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1, 

1.5, 2, 2.5, 3, 5, 10, 100, 1000 

dx Along-strike spacing (km) 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 

0.9, 1, 1.2, 1.5, 2, 2.5, 3, 5, 10, 100 

  282 

 283 

 

Figure 2: (a) Schematic diagram of a normal fault showing the broken symmetry of the two sides of 

the fault with respect to the free surface (modified from Oglesby et al., 1998). 3D visualization of the 

model set-up for the network of (b) across-strike faults and of (c) along-strike faults. The area with 

darker colors is velocity-weakening (VW), while the area with lighter colors is velocity-strengthening 

(VS). (d) Depth profiles showing the distribution of frictional parameters a and b. (e) Schematic 

diagrams of stress-loading history of two faults showing recurrence time (Tr) for fault 2 and time 

difference between the previous and the next event on the other fault (Δ𝑇$, Δ𝑇%). 

 284 
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3. Results 285 

3.1 Periodicity and synchronicity of seismic cycles 286 

To analyze the effect of the fault spacing on the periodicity of earthquakes on a fault and a 287 

fault system, we use two key metrics: the recurrence time of events, defined as the time 288 

interval between consecutive events on the same fault (Tr, Figure 2e) and the coefficient of 289 

variation of the recurrence times on the fault (CV) defined by 𝐶𝑉	 = &%#(3!)
5(67(3!)

. If CV = 0, 290 

seismic events are periodic; if CV = 1, earthquakes follow a Poissonian distribution, 291 

independent of one another; if CV > 1, events are clustered (Boschi et al., 1995). An event 292 

is defined as ongoing if at least one fault element is slipping with a velocity larger than 0.01 293 

m/s. 294 

 295 
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Figure 3. (a-b) Variation of recurrence time (Tr) of individual faults (shown as kernel density 296 
estimation and boxplot) as a function of the (a) across-strike and (b) along-strike spacing between faults. 297 
(c-d) Time-series of the recurrence time of individual faults for selected (c) across-strike and (d) along-298 
strike spacings (0.1, 0.5, 10 and 100 km). (e-f) Variation of CV on individual faults as a function of the 299 
spacing between faults. Panels (e) and (f) correspond to the across- and along-strike system, 300 
respectively. CV depends on fault separation for faults that are across-strike, with greater CV values 301 
when the faults are closer. There is no similar CV dependence for the models with faults that are along-302 
strike. 303 

The periodicity and recurrence time are influenced by the across-strike distance between faults 304 

(Figure 3). Seismicity on isolated faults is almost periodic, as shown by CV values close to 0 305 

(F1 and F2 in Figure 3e-f), and have recurrence times of 80 and 70 years in Fault 1 and Fault 306 

2 (Figure 3a-b). As expected, in simulations where faults have large across-strike spacing (>10 307 

km), the recurrence time distribution and CV are similar to those of the isolated faults (Figure 308 

3a,c,e). As the across-strike distance decreases (0.8-10 km), models show regular recurrence 309 

times for individual faults, with values that may either match or differ from those observed in 310 

isolated faults albeit with values different than those of isolated faults (all model groups; Figure 311 

3a). With decreasing across-strike distance (<0.8 km), faults show a wider range of recurrence 312 

times, regardless of the frictional distribution of the faults, with some as small as ~3 years 313 

(Figure 3a). When the across-strike distance between faults is <0.2 km, the range is even larger 314 

and faults show recurrence times > 100 years and become less periodic (CV~0.2-0.45; Figure 315 

3a,c,e). The largest variability of recurrence time (CV~0.5) occurs when the across-strike 316 

spacing is the smallest (0.1 km, Figure 3a,c,e).  317 

Contrastingly, in the along-strike system, both distant and nearby faults have recurrence times 318 

of ~70 or 80 years with little variability, as depicted by the distributions of the individual faults 319 

and the CV~0 for most along-strike distances in all model groups (Figure 3b,d,f). For 320 

separations down to 0.5 km, Tr is equal to the smaller of the two values, while for separations 321 

smaller than 0.5 km, Tr lies between the two values (Figure 3b,d).  322 

In the following, we examine how the synchronization of the seismic cycles of the two faults 323 

varies with fault spacing (Figure 4). We compute two measures: the synchronicity coefficient 324 

S and the phase delay f. S is defined as: 325 
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𝑆 =
|𝑇𝑟89SSSSSS − 𝑇𝑟8*SSSSSS|
𝑇𝑟89SSSSSS + 𝑇𝑟8*SSSSSS

2

	(11) 326 

where 𝑇𝑟89	SSSSSSand 𝑇𝑟8*SSSSSS	are the average recurrence times of Fault 1 and Fault 2, respectively, 327 

during the entire model run. S ranges from 0 to 1, with S=0 denoting that the recurrence times 328 

are equal, while S=1 indicating that the average recurrence times of the two faults are different. 329 

The phase delay 𝜙 over time is calculated as: 330 

𝜙 = *:;<	(>3"?>3#)
$!%&''''''''($!%)''''''''

)

 (12) 331 

Where Δ𝑇+ and Δ𝑇, is the time difference between the preceding and the following event on the 332 

other fault, respectively (Figure 2e). 𝜙 is computed for each earthquake within the catalogue. 333 

This allows us to study both if synchronicity evolves over time and how the average 334 

synchronization varies with fault spacing. Despite having different recurrence times, the faults 335 

of the model groups tested so far were initialized with the same stress conditions. To analyze 336 

the effect of fault spacing in the synchronization between faults with different initial stresses, 337 

we ran a variation of the models where faults 1 and 2 were initiated with stress states 338 

corresponding to the co-seismic and the inter-seismic stage of their seismic cycle, respectively. 339 

Overall, we aim to interpret broad trends of how synchronization depends on fault spacing. The 340 

synchronization between the combined cycles of two faults can take the following forms 341 

(Figure 4): 342 

1) In-phase synchronization: if the recurrence times of both faults are the same (S~0) and 343 

there is no phase delay (𝜙 = 0), the seismic cycles of two faults will be perfectly 344 

synchronized.  345 

2) Out-of-phase synchronization: if the recurrence times of both faults are the same (S~0), 346 

and 𝜙 is constant and larger than 0, the seismic cycles will be synchronized in terms of 347 

recurrence but offset in time.  348 

3) Oscillatory synchronization: when faults are initialized with the same stressing 349 

conditions but have constant and different recurrence times, S ¹0 and 𝜙 will show a 350 

periodic oscillation, indicating more and less in-phase cycles; e.g. if fault 1 has a 351 

recurrence time of 70 years, fault 2 has a recurrence time of 80 years, the faults will 352 

appear to be in phase at 560 years, but then will gradually become out of phase. 353 
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4) Asynchronized: when the recurrence times of the two faults are different and 𝜙 varies 354 

over time, the seismic events on the faults will not align regularly.  355 

 356 

Figure 4: Schematic diagrams showing the possible synchronization states of the seismic 357 

cycles of two faults.  358 

When the faults are sufficiently far apart so there is no interaction, they are expected to exhibit 359 

oscillatory synchronization with periodic shifts in phase delay (Figures 5 and 6). However, 360 

when the faults are close enough to interact, this behavior is expected to evolve throughout the 361 

simulation. The long-term synchronicity behavior between fault seismic cycles is affected by 362 

across-strike and along-strike distances differently (Figures 5, 6, S1). In the across-strike 363 

system, closely spaced faults (<= 10 km) display a different trend compared to those further 364 

apart: for spacings between 1km and 10 km, the cycle of the two faults is synchronized (S~0, 365 

Figure 5a, 6a) and out of phase, with constant phase delay between cycles (Figure 5c, 6c, S1a); 366 

for spacings further smaller spacings, S~0 (Figure 5a, 6a), but the phase delay fluctuates over 367 

time with alternating, non-periodic, intervals of higher and lower phase delay, meaning that the 368 

seismic cycles of the two faults are asynchronized (Figure 5c; 6c; S1a). Contrastingly, in the 369 

along-strike network, with decreasing spacing (< 10 km) faults with equal initial stress 370 

conditions tend to evolve from a state of out-of-phase synchronization (S=0, Figure 5b; f>0, 371 

Figure 6b, S1b) to a state of in-phase synchronization (S=0, Figure 5b; f = 0). Interestingly, 372 

faults with different stressing conditions also become more synchronized behave similarly to 373 
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those with equal initial stressing conditions, but with spacings < 0.2 km, they become slightly 374 

out-of phase (f = 0, Figure 6b).  375 

To summarize, our results indicate that fault geometry (i.e., the across- and along-strike 376 

separation between faults) affects the recurrence intervals, CV and synchronicity of 377 

earthquakes. For across-strike faults, when the faults are close together, the recurrence times 378 

and synchronization are highly variable indicating faults are rupturing at different times with 379 

no periodic behavior. When across-strike faults are far apart, the recurrence times are more 380 

consistent and the phase delay between seismic cycles is oscillatory. Conversely for along-381 

strike faults, faults with different recurrence time tend to converge to the same value, with CV 382 

close to zero indicating periodic behavior. Finally, as along-strike distance decreases, the 383 

combined seismic cycle of faults with different initial stress conditions transitions towards an 384 

in-phase synchronization state, resulting in co-rupture at short distances. 385 

 386 

 387 

Figure 5. Synchronicity for the model group where individual faults are initialized at the same stage of 388 
the seismic cycle. (a-b) Variation of the synchronicity with increasing separation for the (a) across-389 
strike and (b) along-strike system for all model groups. (c-d) Variation of phase delay f with time for 390 
specific fault separations (0.1, 0.5, 5 and 100 km; color legend is depicted in (b)) for the (a,c) across-391 
strike and (b,d) along-strike systems. The seismic cycles of across-strike faults display variable degrees 392 
of synchronization as separation distance decreases, while cycles of along-strike faults turn consistently 393 
more in-phase with decreasing distance (<=0.9 km).   394 

 395 
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 396 

Figure 6. Synchronicity for the model group where individual faults are initialized at different stages 397 
of the seismic cycle. (a-b) Variation of the synchronicity with increasing separation for the (c) across-398 
strike and (d) along-strike networks. (d-c) Variation of phase delay f with time for specific fault 399 
separations (0.1, 0.5, 5 and 100 km) for the (d) across-strike and (c) along-strike networks. 400 

To summarize, our results indicate that fault geometry (i.e., the across- and along-strike 401 

separation between faults) affects the recurrence intervals, CV and synchronicity of 402 

earthquakes. For across-strike faults, when the faults are close together, the recurrence times 403 

and synchronization are highly variable, and the synchronization is relatively low indicating 404 

faults are rupturing at different times. When across-strike faults are far apart, the recurrence 405 

times are more consistent and the synchronization is greater. Conversely for along-strike faults, 406 

the recurrence time is mostly independent of along-strike distance between the faults, with CV 407 

close to zero indicating periodic behavior. Finally, as along-strike distance decreases, the 408 

combined seismic cycle of faults with different initial stress conditions transitions towards a 409 

persistent synchronization state, resulting in co-rupture at short distances. 410 
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3.2. Magnitude-frequency distribution 411 

412 
Figure 7. Magnitude-frequency distributions of events for different fault separations. Panels a-b and c-413 
d belong to the across- and along-strike network respectively. Panels a and c correspond to the 414 
histograms of Mw (shown as kernel density estimation and boxplot) of individual faults, while panels 415 
b and d show the survival function (defined as the number of events with magnitude larger than a certain 416 
Mw, normalized by the total number of events in the fault) color-coded by the spacing between faults. 417 
Left, middle and right subpanels correspond to Fault 1, Fault 2 and the fault system, respectively. The 418 
general trend is that there is a greater range in the frequency-magnitude distribution for the across-strike 419 
fault network than for the along-strike fault network.  420 

We analyze the effect of changing spacing between faults on the earthquake magnitude-421 

frequency distribution. The shape of distributions differs for the across- and along-strike fault 422 

networks (Figure 8). In the across-strike network, faults with spacing >0.2 km show a 423 

characteristic magnitude Mw 5.1, while faults with decreasing spacing display a skewed 424 

distribution featuring an increasing number of smaller events with a lower limit of magnitudes 425 

of Mw 4.4 (Figure 8a-b). In the along-strike fault network, faults showed a characteristic-426 

earthquake behavior with magnitude of Mw 5.1 irrespective of spacing (Figure 8c-d). In 427 

summary, changing fault separation affects the earthquake magnitude distribution only in cases 428 

of small across-strike spacing. 429 
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3.3. Nucleation and propagation of seismic events 430 

 431 

Figure 8. (a,c) Location of nucleation point color-coded by selected fault spacings. The spacing of 432 
faults displayed in the panels a and c is fixed for visualization purposes even though a range of spacing 433 
values is considered. (b,d) X and Z coordinates of nucleation points of individual faults for all modelled 434 
fault spacings. Panels a and b correspond to the across-strike network, and panels c and d to the along-435 
strike network. For models with isolated faults (iF1 and iF2, blue and green dots in panels a and c), 436 
nucleation locations are consistently near one lateral edge of the fault. In contrast, for all models with 437 
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two faults, the nucleation locations are more spatially distributed and vary with fault spacing and from 438 
one cycle to the next.   439 

We analyze the effect of the spacing between faults on the nucleation and propagation of 440 

events. For isolated faults, events initiate on the middle-left edge of the asperity (region of 441 

velocity-weakening material). In the across-strike network, nucleation of events appears to be 442 

more evenly distributed along both right and left edges (Figure 8a-b). Moreover, these events 443 

nucleate both above and below the central part of the fault. Notably, for across-strike distances 444 

< 1 km, few seismic events nucleate towards the center of the asperity (Figure 8a). In the along-445 

strike network, while most events nucleate on the left side of the faults, the nucleation on the 446 

right side of the fault starts to emerge when the along-strike spacing is less than or equal to 5 447 

km (Figure 8c-d). 448 
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 449 

Figure 9: Evolution of the slip rate along a horizontal profile taken at the middle of the fault for a) the 450 
individual fault 2, and both faults at across-strike distances of b-c) 5 km and d-e) 0.1 km during the last 451 
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1000 years of the simulation. The plots show the increasing complexity in the rupture front of the fault 452 
with decreasing across-strike spacing. Note that, due to QDYN's adaptive time-stepping, in the co-453 
seismic period timesteps are smaller than in the inter-seismic period. VS = velocity strengthening, VW 454 
= velocity weakening.  455 

 456 

 457 

Figure 10. Variation of the rupture length (mean and standard deviation) with increasing separation for 458 
the (a) across-strike and (b) along-strike network for individual faults. 459 

 460 

To depict how decreasing fault spacing promotes greater complexity on the nucleation and 461 

propagation of events, we investigate the variation of slip rate over time along a horizontal 462 

cross-section at the middle of the fault for selected models (Figure 9). An isolated fault exhibits 463 

a relatively straightforward seismic cycle, characterized by events initiating at the boundary 464 

between velocity weakening and velocity strengthening material at the left of the fault, 465 

followed by right-directed propagation and eventual full rupture of the locked patch (Figures 466 

9a). The capability of single faults to generate partial ruptures depends on the 𝑊&/𝐿'ratio. The 467 

isolated fault modelled here has a  𝑊&/𝐿' of 10.2, a value that exceeds the threshold estimated 468 

in the 1D fault simulations by Cattania (2019), but that is smaller than the threshold identified 469 

in the 2D models by Cattania & Segall (2019). Our results align with the findings of Cattania 470 

& Segall (2019) indicating that partial-rupture emergence require a higher  𝑊&/𝐿' in models 471 

with greater dimensionality (e.g. by increasing the fault area, using more velocity-weakening 472 

materials or reducing the characteristic distance).  However, our results also show that partial 473 

ruptures can occur in faults with smaller ratio than the one determined by Cattania and Segall 474 

(2019) due to interaction with another fault across-strike. 475 
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Faults positioned 5 km apart across the strike of another fault exhibit distinct seismic behaviors 476 

compared to isolated faults. While one of these faults maintains a seismic behavior similar to 477 

the isolated fault (Figure 9c), the other fault displays events originating on either side of the 478 

fault, yet still resulting in full and periodic ruptures (Figure 9b). As the across-strike spacing 479 

decreases to 0.1 km, both faults exhibit increasingly complex seismic cycles, encompassing a 480 

combination of full and partial ruptures originating from either side of the fault, bilateral 481 

ruptures initiating at the fault's central region, as well as seismic ruptures with secondary 482 

propagation fronts (Movie S1, Figure 9d-e). A few slow slip events are observed at the borders 483 

of locked asperities in between full-rupture earthquakes (Movie S1). Regardless of the along- 484 

or across-strike separations, faults do not rupture together, nor do we observe multievent 485 

sequences in the same fault. A more general analysis of the variation of rupture lengths with 486 

increasing across- and along-strike separation is depicted in Figure 10. While isolated faults 487 

exhibit mean rupture lengths of ~4.5 km with small standard deviation (i.e. full ruptures), the 488 

standard deviation of the rupture lengths increases (i.e. full and partial ruptures) with 489 

decreasing across-strike distance (Figure 10a). Faults do not exhibit significant changes in 490 

rupture length with decreasing along-strike distance, with events consistently rupturing the full 491 

fault area (Figure 10b).  492 

4. Discussion 493 

Our study shows that the seismic cycle of faults within a small and simple fault network 494 

depends on the fault network geometry and separation between faults, giving rise to distinct 495 

patterns of rupture behavior, nucleation location, recurrence intervals and synchronicity 496 

between faults.  497 

Stress heterogeneities induced by fault interaction change the propagation style and nucleation 498 

location of earthquakes (Figures 8-10). In across-strike faults with interaction, we additionally 499 

observe more complex slip behaviors, such as slow slip events. The contrast between isolated 500 

faults vs. faults arranged across-strike in terms of rupture extent and slip modes was also 501 

observed by other numerical models of fault interaction (Romanet et al., 2018; Yin et al., 2023). 502 

In their numerical experiment of two 1D faults, Romanet et al. (2018) found that, for a fault 503 

spacing Δy/𝐿' (0.51) and a/b ratio (0.5) equivalent to ours, faults generate earthquakes with 504 

spatiotemporal complexities, but slow slip events only arise with a smaller 𝐿@/𝐿' (0.5-1.5) 505 

than that of our study (𝐿@/𝐿' = 25  or 𝑊@/𝐿' = 15.3). Yin et al. (2023) also found that 2D 506 
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faults in en-echelon array can generate slow slip events with larger 𝑊@/𝐿' (10.82-32.47) than 507 

the one in Romanet et al.’s simulations. These observations suggest that slow slip behavior can 508 

arise with either a larger fault size or a smaller nucleation length in 2D configurations compared 509 

to 1D faults. This could be attributed to the absence of rupture arrest in the missing dimension 510 

for the 1D faults, making them less likely to generate slow slip events when contrasted to 2D 511 

faults (Li et al., 2022). Despite the observed trends, we do not identify other complex behaviors, 512 

such as slip-bursts (i.e. full destabilization of the fault without rupture propagation, Romanet 513 

et al., 2017) or multi-segments events (i.e., earthquakes propagating from one fault to the 514 

other). The latter may be achieved with decreasing along-strike separation (Michel et al., 2024).  515 

Different rupture extents and magnitude-frequency distributions in the fault system emerge due 516 

to the spatial arrangement and the spacing between individual faults. The fact that partial 517 

ruptures only occur with fault interaction and not in single faults, has been also observed in 518 

strike-slip systems of 2 or 3 partially overlapping faults (Romanet et al., 2018; Yin et al., 2023). 519 

Our study expands on these results by showing that partial ruptures do not occur when faults 520 

are arranged along-strike. Although the simulated across-strike faults with reduced separation 521 

are able to generate events with Mw smaller than the characteristic value of single faults, the 522 

range of possible Mw is small compared to the Gutenberg-Richter distributions frequently 523 

observed in instrumental, historical and paleoseismological records. Expanding the range of 524 

modelled Mw values may involve incorporating greater geometrical complexities and frictional 525 

heterogeneities into the system or by decreasing the characteristic distance Dc, which increases 526 

the W/Linf ratio(Catannia, 2019). 527 

While isolated faults show periodic cycles, periodicity changes as the separation between faults 528 

varies. Far-apart faults (> 3 km) show periodic cycles (Figures 3c,d, 4a,c) and, at intermediate 529 

across-strike distances, the recurrence times form either, unimodal or multimodal distributions 530 

(0.4-3 km) and they transition into less periodic with small distances (<0.4 km). An even 531 

greater variation of recurrence time could be achieved with a higher 𝑊@/𝐿' ratio (Yin et al., 532 

2023). In contrast, the seismic cycle of normal faults remains periodic with decreasing along-533 

strike distance (Figure 3a-b). Overall, our results show that the coefficient of variation, a key 534 

ingredient in PSHA models, is affected by the fault network geometry. This is currently not 535 

considered in PSHA models globally (Gerstenberger et al., 2020). Therefore, this implies that 536 

future PSHA models may wish to consider fault network geometry and the associated 537 
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interactions, especially for time-dependent models where earthquake triggering may be 538 

considered. 539 

The synchronization state of the combined seismic cycle of the faults varies in the presence of 540 

fault interaction compared to the isolated case. Regardless of the different recurrence times of 541 

isolated faults and the initial stress faults, the seismic cycle of across-strike faults that are close 542 

together (<1.5 km) becomes more out-of-phase on average and with variable degree of 543 

synchronization over time with decreasing distance. Along-strike faults that are close together 544 

(<0.7 km) tend to be more synchronized with decreasing distance. The differences in 545 

synchronicity within the seismic cycle of the fault system can be attributed to the static (or 546 

Coulomb) stress changes occurring on a fault due to an earthquake on the neighboring fault. 547 

The coseismic Coulomb Stress Transfer (CST) induced by an earthquake in a source fault to a 548 

receiver fault is depicted in Figure 1b for a generic case where faults are initialized with equal 549 

stress conditions and in Figure 11 for representative seismic events in selected simulations. The 550 

static stress change due to a full-rupture event in the source fault is positive on the along-strike 551 

direction (i.e., the receiver fault is stressed, Figure 1b; F2 in Figure 11d-e), while negative on 552 

the across-strike direction (i.e., the receiver fault is relaxed; Figure 1c; F2 in Figure 11a-c). A 553 

full-rupture event on a source fault located across-strike leads to a stress decrease in the receiver 554 

fault and delays the occurrence of the next event on the receiver fault, contributing to the 555 

desynchronization of the system (Figure 12). Full- and partial-rupture events also induce a 556 

heterogeneous stress decrease on the receiver fault, promoting the development of partial 557 

ruptures onto this fault where across-distance is small. These partial ruptures of variable rupture 558 

length produce additional stress concentrations within the velocity-weakening region of the 559 

receiver fault, which ultimately modifies the rupture propagation of subsequent events (Figure 560 

11b). The combined interaction effects of clock-delay and heterogenous stress field contribute 561 

to the less periodic behavior of the seismic cycle in faults where across-strike distance is small. 562 

Conversely, an along-strike receiver fault would be positively stressed after an event on the 563 

source fault (Figure 1b; F2 in Figure 11d-e), bringing the former closer to failure, and 564 

ultimately leading to the synchronization of the system (Figure 8). The latter results are in line 565 

with theoretical (Scholz, 2010) and historical and paleoseismological observations (Bell et al., 566 

2004), which suggest that synchronization is plausible between evenly-spaced along-strike 567 

normal faults with similar slip rates, as observed in the extensional regions, such as Basin and 568 

Range in Central Nevada. Additionally, the degree of synchronization and asynchronization in 569 

along- and across-strike fault pairs respectively, intensifies as the separation decreases (Figure 570 
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10). The switch between more synchronized and less synchronized cycles occurs at a larger 571 

across-strike spacing (~10 km) than along-strike (~3 km) spacing (Figure 4g,h). This is 572 

consistent with the fact that the range of influence from a coseismic change on the stress-field 573 

of a receiver fault that is across-strike varies with respect to a fault that is along-strike (3 cy et 574 

al., 1987). Coulomb stresses decrease over a larger across-strike distance compared to the stress 575 

increase over along-strike distances (Figure 1b-c). In the framework of PSHA, probabilistic 576 

models of recurrence times could be refined by including this component of stress change 577 

dependent of the fault network geometry.  578 

Previous modelling work has studied fault interactions in strike-slip systems (Romanet et al., 579 

2018; Yin et al., 2023), whereas we focus on normal fault systems. A remaining question is to 580 

what extent our results can be extrapolated to strike-slip systems. Although a quantitative 581 

analysis of strike-slip fault networks is out of the scope of this study, we have shown in this 582 

section that the effects on interaction in normal faults are qualitatively comparable to those in 583 

strike-slip faults, with differences between the two fault types being smaller to those related to 584 

model dimensions (3D vs. 2D simulations). We speculate that normal stress changes due to 585 

free surface effects are not as impactful as those due to the network geometry except for shallow 586 

depths. At such depths, two main differences with regards to the nucleation and propagation of 587 

events could be highlighted. First, the decrease in normal stress due to the free surface condition 588 

ahead of the rupture front, compared to the strike-slip case, brings the normal fault closer to 589 

failure in this area, allowing the rupture front to jump ahead near the free surface (Oglesby et 590 

al., 1998). Therefore, secondary propagation fronts such as those observed in some of our 591 

simulations (e.g. Figure 8d) might be inhibited for the strike-slip case. Second, the free-surface 592 

effect implies an increase in normal stress behind the rupture front in comparison to the strike-593 

slip case (Oglesby et al., 1998). This would make it more likely to nucleate shallow events in 594 

strike-slip faults than in normal faults with the same initial conditions.   595 

Finally, our study not only shows the critical role of fault separation in shaping the seismic 596 

cycles of a fault system but also highlights the importance of the fault-network geometry in 597 

modulating changes in stress-loading history of individual faults. The latter aspect was 598 

previously noted by Sgambato et al. (2020) in the southern Apennines by means of Coulomb 599 

stress transfer modelling. We show that static-stress delay resulting from interaction between 600 

across-strike faults have a larger effect on the earthquake cycle than static-stress triggering 601 

between along strike-faults.  While the topic of earthquake clustering and clock-advance of 602 
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seismic events in highly stressed areas have received considerable attention, there has been 603 

relatively less focus on event delays occurring within faults subjected to stress shadows (Harris 604 

& Simpson, 1996, 1998). This imbalance is partly due to the inherent challenges behind 605 

proving that delayed events are indeed related to stress shadows, compared to well-documented 606 

triggering events in highly stressed regions (Freed, 2012; Kroll et al., 2017). However, previous 607 

work has highlighted the role of stress shadows on decennial (Harris & Simpson, 1996, 1998; 608 

Kroll et al., 2017; Toda et al., 2012) and millennial timescales (Sgambato et al., 2020; 609 

Wedmore et al., 2017). In this context, our research provides evidence that the influence of 610 

stress shadows may be even more significant than stress increases on varying timescales. These 611 

aspects should be included in future time-dependent statistical models used in probabilistic 612 

hazard assessment.  613 

 614 
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 615 

Figure 11: Coseismic Coulomb stress transfer (CST) for representative events for across-strike 616 
spacings of (a-b) 0.1 km, (c) 0.5 km and along-strike spacings of (d) 0.05 km and (e) 0.5 km (see Text 617 
S2 for derivation). The coseismic phase is considered as the time interval in which at least one element 618 
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slips at a higher rate than 0.01 m/s. The CST introduced by an event in a neighboring fault is negative 619 
for across-strike faults and positive for along-strike faults. For the same fault separation, the magnitude 620 
of CST is smaller for the along-strike network than for the across-strike network. The color-scale has 621 
been adjusted between -1MPa and 1MPa to better visualize the small CST of faults separated by an 622 
along-strike distance of 0.5 km. 623 

 

Figure 12. Schematic diagrams showing the effect of the fault network geometry and spacing on the 

earthquake cycle’s periodicity (depicted by CV) and synchronicity (S) of each fault 

5. Conclusions 624 

We conducted numerical simulations of the earthquake cycle of two normal faults to explore 625 

the effect of a simple fault network geometry and spacing between faults in their combined 626 
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seismic cycle. Our findings illustrate that far-apart across-strike faults (> 3 km) behave as single 627 

isolated faults showing periodic cycles; they show either periodic or less periodic behavior with 628 

intermediate distances (0.4-3 km) but become less periodic when close together (<0.4 km).  629 

Faults show cycles with varying degrees of synchronization when the across-strike spacing is 630 

small (< 0.2 km). Moreover, while single faults produce full ruptures with a characteristic 631 

magnitude, reducing the across-strike spacing leads to more complex sequences with 632 

variability of the hypocenter location and emergence of partial ruptures, which ultimately gives 633 

rise to a wider range of magnitudes.  634 

Unlike faults situated across-strike, the cycle periodicity and characteristic behavior of faults 635 

situated along-strike remains unaffected irrespective of their spacing. However, closely spaced 636 

faults situated along-strike (≤0.9 km) tend to display similar recurrence times and to evolve 637 

towards a state of persistent synchronization, with their combined seismic cycles becoming 638 

increasingly in phase as their separation decreases. Moreover, there is less variability of the 639 

nucleation location compared to the across-strike case. Altogether, we show that across-strike 640 

distance between faults has a larger effect on recurrence time, synchronicity, nucleation 641 

location, extent, and propagation of the seismic rupture than along-strike distance. We suggest 642 

that fault network geometry and the effects on key earthquake occurrence parameters (e.g. CV, 643 

mean recurrence time) should be considered when undertaking seismic hazard assessment. 644 
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Additional Supporting Information (Files uploaded separately) 

Movie S1: Upper panel shows the evolution of the slip rate over time of one fault for model 
group ‘noise in b’. Lower panel shows the time-series of the maximum slip rate for that fault. 

Movie S2: Upper panel shows the evolution of the slip rate over time of two faults separated 
by an across-strike distance of 0.1 km for model group ‘noise in b’. Lower panel shows the 
time-series of the maximum slip rate for those faults. 

Movie S3: Upper panel shows the evolution of the slip rate over time of two faults separated 
by an across-strike distance of 5 km for model group ‘noise in b’. Lower panel shows the time-
series of the maximum slip rate for those faults. 

Movie S4: Upper panel shows the evolution of the slip rate over time of two faults separated 
by an along-strike distance of 0.1 km for model group ‘noise in b’. Lower panel shows the 
time-series of the maximum slip rate for those faults. 



Movie S5: Upper panel shows the evolution of the slip rate over time of two faults separated 
by an along-strike distance of 5 km for model group ‘noise in b’. Lower panel shows the time-
series of the maximum slip rate for those faults. 

 

 Introduction  

This file includes: the description of the calculation of the initial normal stress in the 
simulations (Supplementary text S1); a figure with the time evolution of the synchronicity 
(Figure S1) and a description of the calculation of the coseismic coulomb stress transfer for 
selected events of the simulations (Supplementary text S2). 

 

Text S1. Calculation of initial normal stress 

Lapusta et al. (2000) proposes that the variation of effective normal stress with depth 
in a strike-slip fault is as following: effective normal stress is equal to the lithostatic 
pressure minus the hydrostatic pore pressure at shallow depth (up to 2.6 km), with a 
transition to lithostatatic pore pressure gradient with a 50 MPa offset at depth (z): 

𝜎"! = 𝑚𝑖𝑛 ' 50	𝑀𝑝𝑎
2.8 + 18 ∗ 𝑧/𝑘𝑚 

We account for the dip angle of the normal fault (a) in our simulation: 

𝜎" = 𝜎"! ∗ 𝑠𝑖𝑛𝛼 

 
 
Figure S1: Time evolution of phase delay as a function of the (a) across-strike and (b) along-
strike spacing between faults. 
 
 
Text S2. Calculation of Coulomb stress-transfer 
 



The coseismic coulomb stress transfer (DC) can be calculated as (King et al., 1994): 
 

∆𝐶 = 	∆𝜏 + 𝑓∗∆𝜎 
 
Where ∆𝜏 is the shear stress-change, ∆𝜎 is the normal stress change before and after the 
earthquake and 𝑓∗ the friction coefficient. 
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