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S U M M A R Y 

Determining when and where the next big earthquake will occur is a fundamental challenge 
in earthquake forecasting. Although it is reasonable to assume that the next major earthquake 
will occur in regions where stress has been increased by previous events, the most common 

and reliable earthquake forecasting models assume that the magnitude of next earthquakes is 
independent from what happen before and, implicitly, from the stress state. In this study, we 
investigate the correlation between stress distribution and the occurrence of large earthquakes 
using a realistic physical model. Our findings reveal that the next big earthquake is more likely 

to occur on the periphery of previous large earthquakes, where stress has accumulated but not 
yet been relaxed. Additionally, we explore how stress redistribution influences the magnitude 
distribution of aftershocks. These results can inform the introduction of correlations between 

large earthquakes in existing seismic forecasting models, potentially enhancing their accuracy 

and reliability. 

Key words: Numerical modelling; Persistence, memory, correlations, clustering; Self- 
organization; Spatial analysis; Statistical methods; Statistical Seismology. 

1

I  

a  

e  

r  

t  

f  

h  

o  

S  

h  

s  

m  

i  

i  

t  

o  

t  

2  

t  

e  

n  

t  

i  

u
 

t  

a  

b  

a
 

t  

f  

n  

i  

h  

i  

1  

f  

S  

Z  

c  

k  

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/242/2/ggaf205/8159013 by guest on 21 N

ovem
ber 2025
 I N T RO D U C T I O N  

t is reasonable to assume that earthquakes occur with higher prob-
bilities in regions where and when the stress level is higher. How-
ver, in most situations, there is significant uncertainty in identifying
egions of increased stress. This uncertainty arises from various fac-
ors, including the complexity of fault geometry and variability in
ault slip behaviour. For instance, the 2021 Maduo earthquake study
ighlights the influence of varying dip angles and fault geometries
n rupture propagation and earthquake dynamics (Wei et al. 2023 ).
imilarl y, the anal ysis of the 2022 Luding earthquake demonstrates
ow interactions with surrounding fault segments and asperities can
ignificantl y af fect stress distribution (Li et al. 2022 ). Additionally,
ethods to estimate uncertainty in coseismic slip distributions often

nvolve sophisticated statistical techniques, such as Bayesian source
nversion, to combine observational data with prior model informa-
ion, but these estimations are unav oidab ly untestab le directly with
bservations. All of these issues pose challenges for accurately iden-
ifying regions characterized by increase of stress (Duputel et al.
014 ). Fur ther more, real-time applications, like tsunami inunda-
ion forecasting based on coseismic slip models, demonstrate that
 ven with adv anced algorithms and high-resolution data, there is a
C © The Author(s) 2025. Published by Oxford University Press on behalf of The R
article distributed under the terms of the Creative Commons Attribution License (
permits unrestricted reuse, distribution, and reproduction in any medium, provided
eed for multiple models to account for the variability and uncer-
ainty in slip distributions. This approach underscores the difficulty
n pinpointing precise areas of increased stress due to the inherent
ncertainties in the models (Ohno et al. 2022 ). 

Therefore, it remains a significant challenge to determine whether
he stress redistributed by a main shock increases the probability of
 subsequent large main shock occurring in areas where stress has
een heightened. This question is central to understanding where
nd when the next big earthquake is likely to occur. 

In the face of the impossibility of providing a definite answer to
his question, the most widely used statistical models for seismic
orecasting assume that the magnitude of the next main shock does
ot depend on the past. In other words, it occurs with equal probabil-
ty at different points along a fault, independent of previous stress
istory. The Epidemic-Type Aftershock Sequence (ETAS) model
s a prime example of this approach. Since its inception (Ogata
988 ), the ETAS model has significantly improved forecasting per-
ormance and the description of earthquake clusters (Helmstetter &
ornette 2003 ; Console et al. 2010 ; Lombardi & Marzocchi 2010 ;
huang 2012 ; Spassiani et al. 2024 ). It describes earthquake oc-
urrence as a branching process where independent earthquakes,
nown as background earthquakes, initiate earthquake sequences.
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Each earthquake in these sequences can trigger its own aftershocks, 
which are localized close in time and space to the initial event. In 
its usual formulation, the ETAS model assumes that background 
earthquakes follow a time-independent Poisson process and the 
space distribution of historical earthquake and faults location. The 
most interesting aspect in terms of earthquake predictability is that 
the magnitude of triggered and background earthquakes has the 
same statistical distribution and it is independent from the state of 
stress and past history. This leads to the illogical consequence that 
the next large earthquake is more likely nucleating exactly where 
the previous large earthquake has just nucleated. This assumption 
is clearly incoherent, because it does not account for the signifi- 
cant change in the stress state and in the elastic energy available. 
Although some empirical evidence dispute the validity of such as- 
sumption (van der Elst & Shaw 2015 ; Stallone & Marzocchi 2019 ), 
a physical explanation is still lacking. 

This scenario is consistent with the observations (Schoenberg & 

Bolt 2000 ; Petrillo et al. 2024 ) that incorporating simple stress re- 
lease information can improve retrospective forecasting, reflecting 
a non-Poissonian background occurrence rate. However, these anal- 
yses often suffer from biases in parameter estimation. An incorrect 
description of the laws governing aftershock triggering can lead to 
an inaccurate estimate of the background rate. While advancements 
have mitigated these issues (Petrillo & Lippiello 2021 , 2023 ; Ross 
2021 ; Zheng et al. 2021 ; Ross & Kolev 2022 ; Petrillo & Zhuang 
2024 ), significant uncertainty remains in accurately estimating the 
background rate. 

Given the great difficulty in tracking the evolution of stress in 
relay systems, earthquake simulators provide useful support. An 
earthquake simulator is a physical model for the evolution of stress 
on a seismic fault, allowing the simulation of earthquake sequences 
in a fault network (Nakanishi 1992 ; Hainzl et al. 1999 ; Mori & 

Kawamura 2008 ; Jagla et al. 2014 ; Petrillo et al. 2020 ). These mod- 
els provide an important framework for interpreting the geological 
and mechanical behaviours that lead to seismic ev ents. The y of- 
ten offer insights into stress interactions and fault dynamics that 
statistical models alone cannot capture. 

In this study, we explore the influence of stress redistribution 
on the location of the subsequent large main shock by considering 
the two-layer fault model developed by (Petrillo et al. 2020 ). The 
model integrates the interactions between brittle and ductile layers 
within a fault zone (Perfettini & Avouac 2004 ; Lippiello et al. 2019 , 
2021 ). This model accurately capture real features of seismic occur- 
rences, such as the Gutenberg-Richter law with a b-value consistent 
with instrumental findings, the occurrence of aftershocks that obey 
Omori’s law and productivity laws similar to those in instrumental 
seismic sequences. Its advantage lies in the possibility to explore its 
long-term beha viour, w ell beyond the time frame covered by data. 
The model is intentionally simple: when the goal of a model is to aid 
scientists in understanding the process being studied, it is clear that 
a more complex model can be harder to interpret. This complexity 
makes it challenging to identify which physical parameters of the 
simulator are most crucial for accurately describing specific features 
of interest inside the earthquake catalogue. Hence, although being a 
simple model, it allows us to have total control over the slip model 
and the evolution of stress on the fault, which is one of the main 
target of this analysis. An accurate analysis by Petrillo et al. ( 2022 ) 
has shown that regions with higher stress are more prone to host 
subsequent large earthquakes. Ho wever , the model also indicates 
that precise timing information for the next large earthquake based 

on stress levels is not feasible. 
This study presents a detailed analysis of the evolution of seis- 
micity along a simulated seismic fault to investigate the correlation 
between the stress released by an earthquake and the occurrence of 
the subsequent large shock. Additionally, we address other funda- 
mental questions, such as whether stress redistribution affects the 
size of subsequent aftershocks and if certain patterns can distinguish 
foreshocks from aftershocks. 

Our findings have important implications for enhancing earth- 
quake forecasting models and refining risk assessment strategies. 
The article is structured as follows: Section 1 describes the theo- 
retical framework and computational setup of our two-layer fault 
model. Section 2 introduces rele v ant quantities useful for our study. 
Section 5 discusses the results, emphasizing their implications for 
earthquake forecasting and risk mitigation. The last section con- 
cludes with a summary of our contributions and perspectives on 
future research directions. 

2  T H E  M O D E L  

3  B A C KG RO U N D  O N  C E L LU L A R  

AU T  O M AT  O N  M O D E L S  

Burridge and Knopoff (BK) were the first to propose a physical 
model for earthquake fault dynamics (Burridge & Knopoff 1967 ), 
conceptualizing the fault as two layers in frictional contact and sub- 
ject to differential driving stress, for instance due to large-scale tec- 
tonic deformation. When the local shear stress exceeds the frictional 
resistance, a sudden slip occurs—corresponding to an earthquake. 
Following the slip, the stress drops below the frictional threshold, 
and the system returns to a stable state until the external stress 
builds up again, potentially triggering subsequent events. In 1989, 
Bak and Tang (Bak & Tang 1989 ) highlighted the similarity between 
stick-slip dynamics in seismic activity and the behaviour of simple 
cellular automata, introducing the idea of self-organized critical- 
ity (SOC). Building on this, Olami, Feder and Christensen (OFC) 
(Olami et al. 1992 ) showed that the BK model can be mapped onto 
a cellular automaton model where evolution is entirely governed 
by local forces. In the OFC model, stress accumulates at discrete 
sites until a failure threshold is reached, at which point stress is re- 
distributed to neighbouring sites, possibly triggering avalanches of 
varying sizes. This mechanism leads to emergent SOC behaviour, 
with earthquake size distributions following a power law in agree- 
ment with the Gutenberg–Richter (GR) la w. Ho wever , in the broader 
context of applying SOC models to real seismicity, po wer-la w size 
distributions are only one facet of the complex space–time–energy 
organization seen in natural ear thquake catalogues. In par ticular, af- 
tershock sequences—which follow well-known empirical relations 
such as the Omori law and the productivity law—represent a fun- 
damental and arguably more distinctive feature of seismicity than 
the GR law alone. Classical SOC models like OFC fail to reproduce 
these temporal correlations, largely due to the absence of long-term 

memory and stress relaxation mechanisms. 
In recent years, a new class of SOC models has been introduced 

to address this gap. These models incorporate relaxation dynamics 
into SOC frameworks and successfully capture several key statistical 
properties of real seismicity beyond simple scale invariance (Jagla 
2010 , 2011 , 2013 , 2014 ; Jagla & Kolton 2010 ; Landes et al. 2015 ; 
Lippiello et al. 2015 ; Landes & Lippiello 2016 ; Petrillo et al. 2020 ). 
One particularly promising direction involves generalizing the OFC 

model by including stress relaxation, resulting in what are known 
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Figure 1. Schematic of the model (1-D cross-section; the other direction 
extends into the plane). The fault plane H is a 2-D layer with velocity- 
weakening friction, represented by randomly placed pinning points. The 
ductile region U has velocity-strengthening friction and is pulled at a con- 
stant velocity V D . Within U , viscoelastic interactions follow a Maxwell 
model with dashpots and elasticity k u . The two layers are elastically coupled 
with stiffness k. 
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s OFC with relaxation (OFCR) models. These models reproduce
everal features of real seismic catalogues, including spatial and
emporal clustering, as well as realistic magnitude distributions. 

The model considered in this study—schematically illustrated in
ig. 1 and first introduced in Petrillo et al. ( 2020 )—belongs to this
FCR class. It represents the fault as a two-layer system: an upper
rittle layer H and a lower ductile layer U , mimicking the brittle–
uctile transition zone commonly observed in Earth’s crust. This
nterface plays a key role in governing how stress is accumulated
nd released during seismic events. 

This model is a variant of the original OFC model, incorporating
wo crucial modifications: 

• Heterogeneous stress thresholds—In the classical OFC model,
ll sites share a uniform failure threshold. In contrast, our model
ssigns each site a threshold drawn from a Gaussian distribution
ith standard deviation σ . These thresholds are refreshed each time
 site slips, introducing spatial and temporal variability. 
• Stress relaxation via coupling with a ductile layer—We intro-

uce an additional mechanism that simulates afterslip by coupling
he brittle layer to an underlying ductile medium. This interaction
eads to stress relaxation over an intermediate timescale and is gov-
rned by a parameter � . 

Thus, the model is controlled by just two parameters: the disorder
mplitude σ and the relaxation strength � . Remarkab ly, w hen both
arameters are set to zero, the model reduces exactly to the origi-
al OFC model. For σ > 0 and � = 0 , the model exhibits critical
ehaviour belonging to the universality class of interface depin-
ing. When both σ > 0 and � > 0 , the model defines a distinct
niversality class. This latter regime is of particular interest. The
ynthetic earthquake catalogues produced in this setting reproduce
he Gutenberg–Richter law with a realistic b-value close to 1, ro-
ustly maintained across a wide range of σ and � . Moreover, the
odel naturally generates temporal clustering of events as a conse-

uence of afterslip dynamics. These clusters follow the Omori and
roductivity laws with high fidelity, capturing essential features of
eal seismic activity. 
.1 Model structure and dynamics 

ayer U , the ductile region, is subject to slow tectonic forces, mov-
ng at a constant velocity V D . It is elastically coupled to the brittle
ayer H allowing stress to transfer between lay ers, w hich enab les
his model to capture realistic patterns of stress build-up and re-
ease. Each layer consists of a set of blocks configured on a lattice
ized L x × L y , where movement is confined to the direction of V D .
he blocks within each layer experience scalar displacements, de-
oted h i ( t) for layer H and u i ( t) for layer U . These blocks are
onnected elastically only to their immediate neighbours. The total
tress on a block at position i in layer H is the sum of intralayer
tress f i = k h �h i and interlayer stress g i = k( u i − h i ) , where �
epresents the discretized Laplacian, and k h and k are the elastic
onstants for intralayer and interlayer interactions, respecti vel y. 

.2 Frictional behaviour and failure criteria 

he friction force at layer H adheres to the Coulomb failure crite-
ion; it becomes unstable and slips by a fixed amount �h once the
ombined force f i + g i surpasses the local friction threshold f th i .
onversely, layer U follows a velocity-strengthening friction model

hat adheres to the stationary form of the rate-and-state friction laws.
 slip in h i causes a corresponding coseismic slip in u i by q 0 �h

nd in its neighbouring blocks u j by q 1 �h , where j are the nearest
eighbours of i . When the total stress on block i in layer H exceeds

f th i , the stress updates are governed by the equations: 

f i → f i − 4 k h �h 

f i → f j + k h �h 

g i → g i − 4 k h ��h 

g j → g j + k h ( � − ε) �h, (1) 

here � = (1 − q 0 ) 
k 

4 k h 
and ε = (1 − q 0 − q 1 ) 

k 
4 k h 

. 

.3 Model phases: interseismic, coseismic and post-seismic

he model dynamics evolve through three phases: 

• Interseismic phase: Stress gradually accumulates due to the
low tectonic movement of U , building up on the blocks in H . 
• Coseismic phase: When the accumulated stress exceeds the

rictional threshold, blocks in H slip, releasing stress abruptly in a
apid event akin to an earthquake. This phase is characterized by
igh-speed stress redistribution. 
• Post-seismic phase: After the main slip event, stress gradually

issipates in layer U through slow afterslip, triggering aftershocks
ccording to the Omori-Utsu decay law. 

This detailed dynamic framew ork allo ws us to simulate the se-
uence of earthquake occurrences and their interactions ef fecti vel y.
o account for the natural heterogeneity of fault systems, the model
oes not assume initially a uniform failure threshold or strength. 

.4 Model parameters 

he model behaviour is largel y uni versal with respect to parameter
hoices, provided that the coupling strength θ and friction hetero-
eneity σ are both greater than zero. These parameters control the
nteraction between the brittle and ductile layers and the variability
f the frictional thresholds, respecti vel y. The role of these parame-
ers becomes evident when considering their limiting cases: 

art/ggaf205_f1.eps
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Figure 2. The main features of the earthquake simulator. (a) The Gutenberg–Richter (GR) Law, with an exponent b = 1 , together with the numerical catalogue 
(b). In the green rectangle is highlighted the presence of an earthquake sequence. (c) The productivity law for the aftershocks (black triangle) which controls 
the number of aftershock n a f t as function of the main shock magnitude, m , na f t ∼ 10 αm with the best fit α = 1 . In the panels (d) the Omori Law. Here p = 1 
for the temporal decay n a f t ∼ t −p . All the exponents are in agreement with the experimental data. 
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• When θ = 0 , the two layers are completely decoupled, and the 
system reduces to an OFC model with disorder, often referred to 
as OFC 

∗ in the literature. This corresponds to a scenario where the 
ductile layer does not influence seismicity, and stress redistribution 
occurs solely within the brittle layer. 

• When σ = 0 , the frictional thresholds become homogeneous, 
eliminating disorder in the system. In this case, the model reduces 
exactly to the classical OFC model with uniform stress redistribu- 
tion. 

For the simulations presented in this study, we set θ = 0 . 5 and 
σ = 5 . 0 , which ensures a realistic interplay between stress accumu- 
lation, redistribution and aftershock triggering. Under these condi- 
tions, pre vious work b y Petrillo et al. ( 2022 ) has demonstrated that 
regions with higher stress are more likely to host subsequent large 
earthquakes, reinforcing the role of stress roughening in earthquake 
recurrence. The dependence of seismic memory and rupture recur- 
rence on model parameters has been also studied in Naylor & Main 
( 2008 ) where is showed that intermediate dissipation lev els preserv e 
stress heterogeneities, increasing the probability of re-rupture, while 
low and high dissipation levels erase memory effects, reducing clus- 
tering. 

While the dissipation level can, in principle, be modified in our 
model, w e ha v e v erified that the statistical properties of the results 
remain unchanged across a wide range of dissipation values. How- 
ev er, for v ery low dissipation v alues, finite-size ef fects may induce 
synchronization, leading the system towards a more deterministic 
regime. To avoid this, we have ensured that our parameter choices 
do not place the system in such a limit, preserving the stochastic 
nature of seismicity. 

3.5 General results 

The model proposed in Petrillo et al. ( 2020 ) ef fecti vel y integrates a 
velocity-weakening elastic layer with a velocity-strengthening vis- 
coelastic layer, capturing crucial features of seismicity. The results 
show that the model replicates the Gutenberg–Richter (GR) law, 
displaying a b-value consistent with instrumental findings. It also 
successfully reproduces Omori law (Utsu et al. 1995 ), depicting 
the decay rate of aftershock activity over time, and the productivity 
law, which relates the main shock magnitude to the total number of 
aftershocks. An overview of the results is shown in Fig. 2 . To obtain 
these results, an initial burn-in period was applied to ensure that 
the system reached stationarity, as discussed in Appendix A1. Ad- 
ditionally, the spatial redistribution of stress before and after main 
shocks has been analysed to quantify stress drops and localization 
effects, as detailed in Appendix A2. 

4  O B S E RVA B L E S  

The earthquake simulator allows for the precise definition of an 
earthquake sequence (see green rectangle in Fig. 2 ). Indeed, the 
simulator separates three distinct timescales, enabling the exact 
identification of coseismic, afterslip and interseismic phases. In our 
simulator, the interseismic period evolves on the slowest timescale, 
ensuring that a new seismic sequence begins only after the previous 
one has fully completed. Specifically, during an ongoing sequence, 
the tectonic drive is halted, meaning that interseismic loading does 
not progress while the system undergoes a cascade of seismic events 
followed by afterslip. Once the sequence is fully completed, marked 
by the end of afterslip, the tectonic drive resumes, initiating stress 
accumulation for the next sequence. During a rupture cascade, 
time is ef fecti vel y frozen, as the rupture propagation occurs on a 
much shorter timescale compared to afterslip. Afterslip, in contrast, 
evolves on a slower timescale, during which time increases contin- 
uously. The green box in Fig. 2 thus represents the entire duration 
of a seismic sequence, from the onset of rupture to the completion 
of afterslip, marking the end of stress relaxation before a new inter- 
seismic period begins. This mechanism inherently prev ents ov erlap 
between seismic sequences, unlike ETAS-like models (Touati et al. 
2009 ) where overlapping sequences can occur. We define a main 

art/ggaf205_f2.eps
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Figure 3. The ratio of subsequent main shocks as a function of the 1-D epicentral distance d epi 
x . The black curve represents the outcomes from the OFCR 

model simulations, the g reen cur ve depicts a random distribution of epicentres and the vertical dashed line indicates the characteristic horizontal extent of a 
main shock as defined by the model. 
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hock as the largest earthquake within a sequence. Aftershocks are
ll the events occurring after the main shock within the same seis-
ic sequence, while foreshocks are all the events that occur before

he main shock, provided that they belong to the same sequence.
pecificall y, our anal ysis will focus on large main shocks, events

hat are suf ficientl y large to rupture the entire seismogenic thickness
f the fault, or equi v alentl y, those with a fractured area A > Ly 2 .
n real-world terms, if we assume a typical seismogenic thickness
f 10 − 20 km, empirical scaling laws (Wells & Coppersmith 1994 ;
trasser et al. 2010 ) suggest that such events correspond approxi-
ately to earthquakes of magnitude M6 . 0 − 6 . 6 , providing a rough

qui v alence between our simulation results and natural seismicity.
iven that the fault geometry is assumed to be rectangular, this rup-

ure spans the full depth of the fault, clearly delineating the main
hock within the seismic sequence. Aftershocks and foreshocks
ccur post- and pre-main shock, respecti vel y. 

An earthquake event is modelled as a series of slips that begin
rom an initial block instability; these slips define the epicentral co-
rdinates. The seismic moment M k released during the k-th earth-
uake is expressed as M k ∝ 

∑ 

i n k ( i) �h , where n k ( i) counts the
lips by the i-th block. The moment magnitude, m k , is calculated
sing m k = (2 / 3) log 10 ( M k ) , assuming the constant of proportion-
lity is zero for simplification. 

The study simulates 100 000 main shocks to analyse patterns. We
efine the fractured area A k for a main shock k as the number of
attice sites that slipped at least once during the event. The overlap

between subsequent main shock areas A k and A k+ 1 is quantified
s: 

= 

( A k+ 1 ∩ A k ) 

min ( A k+ 1 , A k ) 
. (2) 

his metric reflects the spatial interaction between consecutive
arthquakes, where λ = 1 indicates complete overlap and λ = 0
ignifies no overlap. 
 R E S U LT S  

.1 Main shocks nucleation position 

n this section we focus on main shocks only, neglecting aftershocks
nd foreshocks. In particular, we try to understand how the epicentre
f a new main shock ( k + 1 ) is positioned relative to its predeces-
or ( k). We specifically investigate the 1-D distance between these
picentres, defined d epi 

x = | x epi 
k − x epi 

k+ 1 | . Given that our model has
 fault size of L x = 10 000 and L y = 200 , yielding an aspect ratio
f L y /L x = 0 . 02 , depth variations are negligible compared to the
ateral extent of the fault. As a result, we use epicentral distance
ather than hypocentral distance, as it simplifies the interpretation
ithout significantly altering the statistical properties of the results.
his choice is further justified by the fact that main shocks in our
odel rupture the entire vertical seismogenic thickness ( L y ) , mean-

ng that a 2-D spatial analysis would not provide additional insight
ut would instead introduce unnecessary complexity. 

We indicate with n E ( d epi 
x ) the number of main shock occurring at a

istance d epi 
x from the previous one and with n tot = 100 000 the total

ain shock number. Fig. 3 displays the ratio of main shocks n E /n tot ,
hat is, the fraction of the main shocks, as a function of d epi 

x . We also
lot the theoretical distribution obtained in the case that the next
arthquake occurs in a random position of the fault uncorrelated to
he previous one. Fig. 3 shows that there is an excess of main shocks
ccurring at short distances d epi 

x from the previous main shock
ompared with the random ansatz. In particular, the distribution n E 

resents a peak which roughly coincides with the characteristic size
f the main shock, marked by a red dotted line. The distribution of
he horizontal rupture length for several main shocks is shown in the
ppendix A3. In our model, this characteristic size represents the

ypical maximum extent of rupture, which is inherently constrained
y the system geometry and boundary conditions. Specifically the
upture propagates until it reaches the seismogenic thickness L y ,
ey ond w hich fur ther g rowth is suppressed due to energy dissipation

art/ggaf205_f3.eps
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Figure 4. Map of stress change following an earthquake. The green star represents the epicentre location. The slipped region shows a significant stress drop, 
indicating areas unlikely to be reactivated in the near future. Conversely, zones surrounding the rupture exhibit localized stress increases (red areas), highlighting 
potential sites for future seismic activity. 
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at the boundaries. While this does not imply that all main shocks 
hav e e xactly the same size, it establishes a natural upper bound on 
r upture g rowth, leading to the obser ved peak in the distribution. The 
accumulation of epicentre distances around this characteristic size 
suggests that new main shocks tend to nucleate near the peripheries 
of the rupture zones created by preceding shocks, indicating a spatial 
memory effect within the fault dynamics. As shown in the stress 
map following an earthquake (see Fig. 4 ), the entire region that 
has slipped is brought to a lower stress level and is unlikely to 
be reacti v ated afterw ards. Howe ver, in the areas surrounding the 
slipped region, stress tends to concentrate in specific zones and it 
is in these areas that the probability of a subsequent main shock 
becomes higher. 

To confirm the interpretation that two consecutive main shocks 
tend to occur close to each others we focus on the overlap between 
the fractured areas, A k and A k+ 1 , from two consecutive events. More 
precisel y, we e v aluate the overlap using probabilities P OFCR ( λ) and 
P RPM 

( λ) , which measure the probability to observe an certain frac- 
tion overlap λ, under the numerical model and a random placement 
model (RPM), respecti vel y. In particular, in the RPM, we simu- 
late the dynamics of the same earthquake simulator but replace the 
x-coordinate of the second main shock identified with a random po- 
sition along the fault. The histogram differences presented in Fig. 5 
quantify the overlap between the fractured areas of consecutive main 
shocks. Since P OFCR − P RPM 

> 0 for λ < 0 . 2 , the results indicate 
that subsequent events are more likely to nucleate near the periph- 
eries of the rupture zone created by the previous main shock. This 
pattern suggests that the zones closest to the most recently activated 
fault segment—those under the greatest stress—are more prone to 
e xperience the ne xt r upture. This obser vation suppor ts the hypoth- 
esis that stress accumulation and release are localized phenomena 
within the fault zone (Turcotte 1977 ; Wetzler et al. 2018 ; Spassiani 
& Marzocchi 2021 ; Rafie et al. 2023 ). To test whether a similar 
spatial clustering is also observed in global seismicity, we analysed 
interevent distances for large earthquakes ( M w ≥ 6 . 5) in the GCMT 

catalogue. The results reveal an excess of pairs at short distances 
compared to a randomized catalogue, suggesting that even at the 
global scale, large earthquakes preferentially occur near previous 
ruptures (see Appendix A4). 

In the following we will provide support to the scenario where 
the subsequent main shock nucleates close to the boundaries of 
the previous main shock but the fracture mostly propagates in a 
re gion not involv ed b y the pre vious slip. More precisel y, we expect 
a situation pictorially represented in Fig. 6 where the epicentre of the 
subsequent main shock is closer to the previous main shock border 
compared to the other points involved in the subsequent main shock 
fracture. 

To quantify this spatial relationship, we introduce an asymmetry 
factor, γ , defined as: 

γ = 

| x epi 
k+ 1 − x B k+ 1 → k | 

�x k+ 1 
, (3) 

where: 

• x epi 
k+ 1 is the epicentre of the main shock k + 1 , 

• x B k+ 1 → k is the boundary coordinate of the rupture zone of main 
shock k + 1 that is closest to the epicentre of main shock k, 

• �x k+ 1 = max ( x k+ 1 ) − min ( x k+ 1 ) represents the length of the 
rupture zone of main shock k + 1 . 

The asymmetry factor γ helps determine whether the epicentre 
of a new main shock k + 1 is positioned near or far from the area 
influenced by the previous main shock k. A γ value close to 0 
indicates that the epicentre of main shock k + 1 is near the boundary 
of the rupture zone of main shock k, suggesting a higher likelihood 
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Figure 5. Differences in the overlap histograms P OFCR ( λ) − P ran ( λ) for two consecutive main shocks, where λ quantifies the fraction of overlap. The null 
hypothesis represented by the horizontal red line assumes random overlaps. 
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f being influenced by the residual stress or weakened fault structure
eft by main shock k. Conversely, a γ value close to 1 means that
he epicentre is near the opposite boundary, indicating nucleation in
n area less affected by the previous main shock’s stress shadow. 

The analysis of γ across many seismic events provides insights
nto the typical behaviour of fault reacti v ation. As shown in Fig. 7 ,
he distribution of γ values indicates that subsequent main shock
picentres are more likely to occur near the peripheries of the last
vent’s rupture zone. This is attributed to the stress concentrations
hat build up along the edges of a ruptured fault segment. The higher
robability of observing lower γ values (indicating proximity to the
revious rupture) confirms the hypothesis that areas near a recent
upture are more likely to fail due to increased stress and existing
ault weaknesses. 

Our results may seem to differ from instrumental data suggesting
o preferential triggering of earthquakes in regions of increased
tatic stress (Kagan & Jackson 1998 ; Huc & Main 2003 ). How-
ver, this apparent difference likely arises from two key aspects of
ur model that are not included in standard static stress analyses:
hreshold heterogeneity and stress relaxation. 

Introducing heterogeneity implies that even small stress pertur-
ations can trigger instabilities in areas already near failure. More-
ver, afterslip-induced stress redistribution gradually alters the static
tress field, so that subsequent triggering is driven more by the relax-
tion process than by the initial stress increase. These features are
onsistently reproduced in our simulations and, in our view, could
f fer v aluable insights into the underl ying dynamics of real-world
eismic activity. 

.2 The magnitude distribution of aftershocks and 

 or eshocks 

umerical simulations offer also a detailed insight for examining
he relationship between aftershock magnitudes and their spatial
istance to the main shock and how stress fields are modified fol-
owing a seismic event. 

In the hypothesis that magnitudes obey the Gutenberg–Richter
aw, P ( m ) ∼ 10 −bm , the coefficient b can be obtained by maximum-
ikelihood estimation (Aki 1965 ) 

 th = 

1 

〈 m 〉 − m th 
, (4) 

where 〈 m 〉 is the average magnitude of earthquakes with mag-
itudes larger than a lower threshold m th . When P ( m ) is a pure
xponential decay, b th = b, but this is no longer true when devia-
ions from exponential decay are present. In particular, the presence
f truncation at large magnitudes strongly affects b th . 

In laboratory experiments (Amitrano 2003 ), it has been demon-
trated that b th can act as a stress metre (e.g. Tormann et al. 2014 ),
nd many studies monitor its evolution in time and space in instru-
ental catalogues (Godano & Petrillo 2023 ; Godano et al. 2024a ,
 ). Recently, to avoid biases related to the incompleteness of instru-
ental data sets, it is preferred to focus on eq. ( 4 ) by replacing 〈 m 〉
ith the average magnitude of positi ve magnitude dif ferences (v an
er Elst 2021 ; Lippiello & Petrillo 2024 ). In numerical studies, there
re no problems of incompleteness, and we can use the traditional
stimate (eq. 4 ) using a lower magnitude threshold m th = 0 . 5 . 

As shown in Fig. 8 , the magnitude distribution of aftershocks
resents different slopes if we restrict to aftershocks with overlap
arger or smaller than λA = 0 . 5 . Here λA represents the same quan-
ity λ defined in eq. ( 2 ) but considering the second event area A k+ 1 
s the area of the aftershock linked to the main shock k. Namely 

A = 

( A k ′ ∩ A k ) 

min ( A k ′ , A k ) 
, (5) 

here k ′ is the index of the aftershock related to the main shock k.
e find that b th decreases with λA (Fig. 8 c). Conversely, a similar
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Figure 6. Illustration of the asymmetry factor γ , demonstrating how the 
epicentre of main shock k + 1 ( x epi 

k+ 1 ) is measured relative to the closest 

boundary ( x B k+ 1 → k ) of the previous main shock rupture zone. The circles 
represent a qualitative schematic representation of rupture areas to facilitate 
visualization and the definition of key quantities. In reality, the earthquake 
simulator produces irregular rupture shapes rather than perfect circles. As an 
example, the upper case, γ = 0 . 3 , indicates that rupture zone of the k + 1 - 
event is influenced by the residual stress of the main shock k. Conversely, 
the lower case γ = 0 . 9 indicates that the nucleation occurs far from the 
previous main shock’s stress shadow. 
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pattern is not observed when considering foreshocks (Fig. 8 b), that 
is, when b th remains basically unchanged for each overlap value λA . 

In our understanding the dependence on λA from the average 
magnitude of aftershocks is mostly caused by the existence of a 
maximum observed magnitude which depends on λA . This is al- 
ready evident from Fig. 8 by the comparison of the magnitude 
distributions with λA smaller or larger than 0.5 but it is better 
enlightened in Fig. 9 where we plot the maximum observed mag- 
nitude, m max , for aftershocks as a function of λA . More precisely, 
we estimate this quantity via the maximum area by considering the 
ratio 
 A = 〈 A 

2 〉 / 〈 A 〉 which if A follows a power law in the range
[1 , A max ] is proportional to A max . 

The quantity 
 A represents the mean square to mean ratio of the 
aftershock (or foreshock) area. This quantity offers more statisti- 
cally robust picture of seismic activity by highlighting the variability 
and typical magnitudes of events within a given data set respect to 
calculate directly the maximum value of the area. 

Our simulations demonstrate a clear dependence of aftershock 
magnitudes on their proximity to the main shock rupture zone. Panel 
(a) of Fig. 9 illustrates the relationship between the aftershocks 
 A 

and the overlap, λA , with the main shock. This is consistent with the 
hypothesis that the release of seismic energy during the main shock 
leads to a significant drop in residual stress le vels, thereb y limiting 
the energy available for subsequent aftershocks within this zone. 
Conversely, areas outside the immediate rupture zone of the main 
shock, which experience less stress release, are capable of hosting 
larger aftershocks. This pattern suggests a spatial variation in stress 
accumulation and release, where the edges of the rupture zone, still 
under considerable stress, are likely sites for stronger aftershocks. 

Foreshock behaviour deserves special attention, as it sits at the 
centre of a long-standing debate. Two main interpretations exist. 
In the bottom-up triggering scenario (Mignan 2014 ), foreshocks 
arise from standard cascading triggering processes—with the key 
assumption that a smaller event can trigger a larger one. Under this 
view, foreshock–main shock pairs represent rare statistical fluctu- 
ations within the more common main shock–aftershock dynamics. 
Consequently, foreshocks are not considered reliable precursors of 
large earthquakes. This perspective is supported by several studies 
(Helmstetter et al. 2003 ; Helmstetter & Sornette 2003 ; Felzer et al. 
2004 ; Marzocchi & Zhuang 2011 ). 

In contrast, the top-down loading model (Mignan 2014 ) sees 
foreshocks as passive indicators of a larger scale tectonic prepara- 
tion process—such as aseismic slip gradually loading the fault prior 
to a main shock. In this view, foreshocks are distinct from typical 
aftershocks and may offer predictive insight into impending large 
events. This interpretation is supported by a growing body of re- 
search (Lippiello et al. 2012 ; Shearer 2012 ; Ogata & Katsura 2014 ; 
de Arcangelis et al. 2016 ; Seif et al. 2019 ; Trugman & Ross 2019 ; 
Petrillo & Lippiello 2021 , 2023 ). 

In our simulations, foreshocks display a markedl y dif ferent be- 
haviour from aftershocks. Specifically, we observe no significant 
correlation between foreshock locations and the future rupture area 
of the main shock (Fig. 9 , panel b), in contrast with aftershocks, 
which cluster where stress has been redistributed. This suggests that 
foreshocks may be governed by slow and spatially distributed stress 
accumulation rather than by localized stress interactions. Overall, 
our findings align more closely with the top-down loading hypothe- 
sis, though they do not definiti vel y resolve this complex and highly 
debated issue. 

5.3 Analysis of interevent distances in the GCMT 

catalogue 

To assess whether the spatial clustering of large earthquakes iden- 
tified in our model also manifests in real seismicity, we analysed 
the global GCMT catalogue from 1976 to 2020, focusing on events 
with moment magnitude M w ≥ 6 . 0 . For this analysis, we computed 
the pairwise epicentral distances between earthquakes in the cat- 
alo gue, considering onl y distances less than or equal to 2000 km 

to restrict the study to regional scales where interactions between 
large ruptures are plausible. 

Gi ven a catalo gue of N earthquakes, we considered all possible 
pairs of events ( i, j) , with j = i + 1 and computed the great-circle 
distance d i j between their epicentres using the geodesic distance on 
the Earth surface. The set of distances d i j was then used to estimate 
the probability density function P CMT ( d) of interevent distances. 

To e v aluate whether the observed spatial distribution deviates 
from randomness, we generated a synthetic catalo gue b y extract- 
ing randomly one of the two events from the GCMT catalogue. 
We repeated this procedure multiple times to generate bootstrap 
ensembles of random catalogues, from which we computed the cor- 
responding mean PDF 

˜ P rand ( d) and its standard deviation σrand ( d) . 
The comparison between real and random catalogues is quantified 

by the difference: 

�P ( d) = 

˜ P CMT ( d) − ˜ P rand ( d) , (6) 
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Figure 7. Probability density function (PDF) of the asymmetry factor γ for 100 000 main shocks, with the red histogram representing the OFCR model and 
the dashed blue histogram representing a uniform distribution as a null hypothesis. This figure highlights the pre v alence of asymmetric nucleation sites in 
subsequent main shocks, suggesting a tendency for new earthquakes to initiate close to the boundaries of previous ruptures. 

Figure 8. The magnitude distribution P ( m ) calculated for the aftershocks (panel a) and for foreshocks (panel b). Black circles indicate the magnitude 
distribution calculated only for the events characterized by λA > 0 . 5 , while red squares those characterized by events with λA < 0 . 5 . (c) The quantity b th 
(eq. 4 ) as a function of the overlap, λA , between aftershocks and the related main shock. 
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ith associated uncertainty estimated as: 

� 

( d) = 

√ 

σCMT ( d) 2 + σrand ( d) 2 , (7) 

here σCMT ( d) is the standard deviation of the PDF estimated via
ootstrap resampling of the real catalogue. Fig. 10 shows the func-
ion �P ( d) , representing the excess probability of earthquake pairs
s a function of epicentral distance d . The plot reveals a clear pos-
tiv e e xcess at short distances, particularly between approximately
0 km and 100 km—a range that corresponds to the typical rup-
ure lengths of earthquakes with magnitudes between M w 6 and 7,
hich dominate the data set. This suggests that large earthquakes
end to occur preferentially near previous large ruptures, deviating
rom what would be expected under a random spatial distribution. 

At ver y shor t distances ( d < 10 km), the excess vanishes, likely
ue to limitations in the spatial resolution of earthquake locations
nd inherent uncertainties in centroid determinations within the
CMT catalo gue. Conversel y, at larger distances, �P ( d) becomes
e gativ e, effectiv ely compensating for the excess at shorter scales,
s the integral of �P ( d) over all distances must sum to zero by
onstruction. 

These results indicate that, even on a global scale, the spatial
istribution of large earthquakes is not entirely random. Instead,
he y e xhibit clustering at characteristic distances comparable to their
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Figure 9. The 
 A as a function of the overlap λA , between the aftershock and the main shock panel (a) and between the foreshocks and the main shock 
(panel b). 

Figure 10. Difference between the normalized interevent distance PDFs of the real GCMT catalogue ( M w ≥ 6 . 0) and randomized catalogues. The curve 
shows the excess probability density of finding earthquake pairs at a given distance in the real catalogue compared to a spatially random distribution. Error bars 
indicate one standard deviation estimated from bootstrap resampling. The positive peak at short distances highlights a significant clustering of large earthquakes 
within 10 − 100 km. 
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r upture lengths. This obser vation is consistent with the mechanisms 
embedded in our model, where stress concentration around recent 
rupture zones promotes the occurrence of subsequent large events. 

6  C O N C LU S I O N S  

This study has shown how earthquake simulators can explain some 
important empirical features, providing a physical background to 
them, and, at the same time, they can stimulate the search of new 

empirical patterns. Our simulations reveal that the location of main 
shocks significantly influences the location the next big event, which 
preferentially occurs on the high stressed regions near the boundary 
of the previous main shock. This information can be very use- 
ful for improving existing earthquake forecasting models, such as 
the ETAS model, which assumes that the magnitude of subsequent 
shocks is not altered by the previous seismicity. Incorporating ob- 
served mechanisms of stress accumulation and redistribution into 
these models could lead to significant improvements in the spatial 
forecasting of large earthquakes. 

Our study also shows that the magnitude–frequency distribution 
of aftershocks is strongl y af fected b y the stress redistributed by the 
main shock, inhibiting the nucleation of large earthquakes inside the 
part of fault that has just slipped. In particular, we have established 
a quantitative relationship between the magnitude of aftershocks 
and their spatial overlap with the main shock of the same sequence. 
Conversely, similar patterns are not observed when considering the 
statistical features of foreshocks. 

While our model successfully reproduces key statistical features 
of earthquake sequences, it does not account for several complex- 
ities present in real seismicity. In natural earthquake sequences, 
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patiotemporal variations in frictional properties, and complex fault
eometries could influence stress redistribution and aftershock trig-
ering. Additionally, the assumption that large main shocks rupture
hrough the entire seismogenic thickness may not always hold, es-
ecially for smaller events, potentially affecting aftershock location
atterns. In a future work, relaxing some of this assumption could
rovide further insights into the mechanisms governing earthquake
nteractions. 

These insights could be particularl y v aluable in regions prone
o seismic activity, helping scientists improve the accuracy and
eliability of earthquake forecasting models. 
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A1 Burn-in data 

In Fig. A1 we show the catalogue produced by the earthquake sim- 
ulator. The numerical catalogue generated by our model exhibits an 
initial transient phase, during which the characteristic event mag- 
nitudes increase before reaching a statistically stationary regime. 
We show here the moment magnitude against the time. 
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his behaviour arises as the system gradually redistributes stress
nd adjusts from its initial conditions. In statistical physics, a sim-
lar process is often referred to as thermalization, where a system
 volves tow ards a steady state through internal energy redistribu-
ion. To ensure that our analysis focuses on the fully developed
eismicity, we discard the initial transient (burn-in) phase and con-
ider only the catalogue corresponding to the stationary regime (in
ur case Time > 50 000 ). This ensures that our results are not in-
uenced by artefacts related to the initialization of the simulation
ut instead reflect the long-term statistical properties of the system.

2 Mean stress analysis 

n Fig. A2 we further characterize the stress dynamics in our model,
e analysed the mean stress in the brittle layer before (green curves)
nd after (blue curves) the occurrence of a main shock. This was
one by computing the mean stress over multiple main shock events
n the simulation to obtain statistical distributions. The analysis is
erformed in four different spatial regions around the main shock
picentre. In particular within a radius r = 10 , 20 , 30 and across
he entire fault system. 
igure A2. Mean stress distribution before and after main shocks, computed in 
ultiple main shock events in the simulation. The stress is computed in four differe
 = 30 , and (d) over the entire fault system. In all cases, the mean stress before th
blue), reflecting the expected stress drop following a rupture. The difference betw
tress redistribution is more localized, while it diminishes when averaging over the 

ic.o
As shown in Fig. A2 , the mean stress before a main shock is con-
istently higher than after the event, confirming that earthquakes
esult in a significant local stress drop. Fur ther more, this stress drop
s more pronounced when focusing on smaller regions around the
picentre (e.g. r = 10 ), while it becomes less evident when av-
raging over larger areas, including regions that were not directly
nvolved in the rupture. This result is expected, as stress redistribu-
ion primarily affects the areas closest to the rupture zone. 

3 Distribution of the horizontal rupture length 

o justify the choice of the vertical dashed red line in Fig. 3 , we
omputed the probability density function (PDF) of the horizontal
upture length from our simulation. Fig. A3 presents the resulting
istribution, showing the typical rupture lengths observed in our
odel. 
The distribution exhibits a well-defined peak around 100, in-

icating a characteristic rupture size, with most events having a
orizontal rupture length concentrated around this peak. The tail of
he distribution suggests that larger ruptures are possible but occur
ith lower probability. 
different spatial regions. The distributions are obtained by averaging over 
nt spatial windows: (a) within a radius r = 10 , (b) within r = 20 , (c) within 
e main shock (green) is higher than the mean stress after the main shock 

een pre- and post-seismic stress is most pronounced for small radii, where 
entire fault system. 
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Figure A3. Probability density function (PDF) of the horizontal rupture 
length from the simulations. The distribution exhibits a well-defined peak 
around 100, indicating the most typical rupture size in the model. 
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