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A B S T R A C T

Slip-rate fluctuations over multiple seismic cycles are a key factor to consider regarding the behaviour of active 
faults, as they are associated with clustering of earthquakes in space and time and may alter the earthquake 
recurrence on neighbouring faults. However, processes that produce slip-rate fluctuations are yet to be fully 
defined. This paper tests whether the interaction between neighbouring along-strike brittle faults/viscous shear- 
zones can produce slip-rate fluctuations associated with simultaneous earthquake clustering and fault synchro
nization. To achieve this, we study nine normal faults/shear zones of the Central Apennines fault system (Italy), 
organised in six different arrangements of along-strike pairs with different values of fault spacing and strike 
variation. We combine cosmogenic 36Cl dating of tectonically exhumed fault planes and modelling of the mutual 
differential stress changes within the fault/shear-zone pairs. Our results reveal a mechanism for the occurrence of 
simultaneous earthquake clusters, based on the synchronization of high driving stresses for the viscous shear- 
zones underneath the brittle faults, that is strongly controlled by the spacing and strike changes between 
faults/shear-zone pairs. In settings with low along-strike spacing and minimal strike change between neigh
bouring faults/shear-zones, earthquake clusters cause positive differential stress variations on neighbouring 
shear-zones of sufficient magnitude to induce positive slip-rate variations on their overlying brittle faults. This in 
turn produces positive feedback that sustains the occurrence of earthquake clusters that will continue to posi
tively load the neighbouring shear zones. This positive feedback mechanism contributes to the understanding of 
fault dynamics at multiple timescales and to seismic hazard assessments.

1. Introduction

Slip-rate fluctuations characterize the behaviour of active faults, 

being associated with the clustering of earthquakes in space and time 
within fault systems (e.g. Cowie et al., 2017). Understanding the pro
cesses that control such behaviour is crucial for seismic hazard 
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assessments, as slip-rate fluctuations will impose a variability in the 
earthquake recurrence rates that alters key parameters for seismic haz
ard estimations, such as the earthquake recurrence interval (Tmean) and 
its Coefficient of Variation (CV) (Cowie et al., 2012; Pace et al., 2014; 
Visini and Pace, 2014). Processes causing slip-rate fluctuations are 
debated and observations have rarely been reproduced through 
modelling, hence it is difficult to envisage mechanisms of fault syn
chronization and, more in general, to include slip-rate fluctuations into 
seismic hazard assessments. Strain release on brittle faults is largely 
controlled by viscous flow along shear-zones located on the downward 
propagation of faults underneath the brtittle/ductile transition (Ellis and 
Stockhert, 2004; Dolan et al., 2007; Oskin et al., 2008; Cowie et al., 
2013; Fossen and Cavalcante, 2017). This is supported by the notion that 
variations in the differential stress on the shear-zones coincide with 
variations in the strain-rates due to the power law relationship for 
dislocation creep that links strain-rate ε and differential stress σ by a 
coefficient n = ∼ 3: ε∝σn (Eq. 1; Hirth et al., 2001; Cowie et al., 2013). 
This power law relationship resembles the one that Cowie et al. (2013)
identifies linking strain-rates derived from slip-rate measurements on 
fault scarps averaged over 15±3 ka and the topographic elevation h: 
ε∝hn, where n = 3. The consistency between the two power laws sug
gests that slip-rates on the brittle faults are driven by the strain-rate 
associated with the underlying viscous shear-zones, implying consis
tency between the finite strain within the brittle and viscous crust over 
multiple seismic cycles. This also implies that strain-rates averaged over 
time periods containing multiple earthquake cycles, a time period longer 

than that for postseismic deformation from a single earthquake, are the 
same in the upper and middle crust (Shimamoto and Noda, 2014; Allison 
and Dunham, 2018). Dolan and Meade (2017) suggested that slip-rate 
fluctuations on brittle faults may be controlled by processes of strain 
hardening and annealing associated with viscous slip on shear-zones in 
the lower crust. Specifically, high viscous strain-rates increase the 
slip-rate of the brittle fault, but also lead to strain-hardening, that in turn 
work to halt the occurrence of the earthquake cluster on the brittle fault 
above. Slip is then transferred onto neighbouring shear-zones that 
experienced low strain-rates and hence had time to anneal. This process 
suggests therefore that slip-rate fluctuations are controlled by processes 
on a longer time scale than those of stress changes associated with single 
earthquakes. Mildon et al. (2022) and Roberts et al. (2024) suggested 
that slip-rate fluctuations associated with earthquake clustering 
encompassing multiple seismic cycles may be a result of differential 
stress changes between brittle faults and their underlying viscous 
shear-zones (Fig. 1a). In these studies, the authors show that it is 
possible to replicate measured out-of-phase clustering patterns on brittle 
faults by calculating differential stress variations on their viscous 
shear-zones due to stress transfer from the brittle faults and vice versa, 
and between neighbouring fault/shear-zone structures. Mildon et al. 
(2022) and Roberts et al. (2024; 2025) show that earthquake clusters 
can produce negative changes of differential stress on across-strike 
brittle faults/viscous shear-zones of magnitude large enough to 
decrease their activity and lead them into longer periods of no/little 
fault activity (anticlusters). However, less is known about the effect of 

Fig. 1. Background knowledge on differential stress changes between brittle faults and viscous shear-zones. a) Differential stress changes between brittle faults and 
visco-elastic shear-zones. i) shows that elastic brittle strain in the upper crust is matched by visco-elastic strain at depth over multiple earthquake cycles; ii) dif
ferential stress changes associated with 1 m coseismic slip on the brittle fault: the underlying shear-zone is positively loaded by the fault slip; iii) background 
differential stress and viscosity profiles over depth; iv) differential stress changes associated with 1 mm slip on the visco-elastic shear-zone, which occurs every year is 
the fault slip-rate is 1 mm/yr: the overlying fault receive a positive differential stress change. Panels ii) and iv) show that slip on either brittle fault or visco-elastic 
shear-zone causes positive differential stress changes on the other element, prompting a positive feedback mechanism for the onset of earthquake clusters. b) Dif
ferential stress changes associated with the occurrence of an earthquake cluster on fault 8. The earthquake cluster is characterized by four M6.6 earthquake, 
recurrence interval of 1000 years and 1 mm per year of interseismic slip in the shear-zone. This panel shows that along-strike faults receive a positive differential 
stress variation. c) Slip-rate changes implied by differential stress changes. This plot shows that positive differential stress changes are linked to a positive difference 
factor for slip-rate. The pale blue box shows that differential stress changes of 2–2.5 MPa, values that can be achieved during clusters (see Fig. 1b), coincides with 
difference factors for slip-rates of about 2, i.e. they can double the slip-rate of the brittle fault. These figures are modified from Roberts et al. (2024) and refer
ences therein.
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stress interactions between along-strike brittle faults/shear-zones over 
timescales that encompasses multiple seismic cycles. This paper explores 
the hypothesis that positive differential stress changes between 
along-strike faults/shear-zones may be responsible for the occurrence of 
simultaneous earthquake clustering and fault synchronization.

The background of this hypothesis is based on physical mechanisms 
that suggest stress transfer between neighbouring faults as the triggering 
mechanism for earthquake clusters. For instance, Coulomb stress 
changes and postseismic viscoelastic relaxation processes were proposed 
as explanations for the occurrence of decadal earthquake clusters (e.g. 
Mildon et al., 2017; Verdecchia et al., 2018). Longer earthquake clus
ters, lasting hundreds to thousands of years (e.g. Sieh et al., 2008; 
Goldfinger et al., 2013; Salditch et al., 2020 and references therein), 
have been associated with positive stress coupling between neighbour
ing along-strike faults (the “phase locking” mechanism, Scholz (2010)). 
The phase locking mechanism implies that, when two faults are posi
tively coupled during the growth/propagation/linkage history of the 
fault system, each earthquake will produce stress changes that advance 
the seismic cycle of the receiver fault until the two seismic cycles 
become synchronized and their earthquake clusters become simulta
neous. However, this mechanism does not include the role that differ
ential stress changes play on the strain-rate of neighbouring viscous 
shear-zones and how this influences the occurrence of earthquake 
clusters. For instance, Roberts et al. (2024) show that an earthquake 
cluster, formed by (i) four M6.6 1 m surface slip events and (ii) three 
intervening periods of interseismic loading each lasting 1000 years 
during which the fault is loaded by viscous flow on the underlying 
shear-zone, produces positive differential stress changes that can be 
larger than 2 MPa on neighbouring along-strike fault/shear-zones 
(Fig. 1b). To evaluate the impact of such differential stress changes on 
the fault slip-rates, Roberts et al. (2024) calculated the difference factor 
of the slip-rate during earthquake clusters by dividing the slip-rate 
implied from the strain-rates following the differential stress changes 
with the fault long-term slip-rate. The authors show that 2–2.5 MPa 
coincides with slip-rate difference factors of the order of 2, i.e. the 
slip-rate of a brittle fault can double due to positive differential stress 
changes associated with a neighbouring cluster (Fig. 1c). Hence, it seems 
plausible that differential stress changes between positively coupled 
along-strike fault/shear-zones may induce slip-rate increases associated 
with earthquake clusters that last several millennia, and this may 
explain the phenomenon of fault synchronisation.

To test this hypothesis, we use data obtained from cosmogenic 36Cl 
dating of neighbouring fault planes to constrain whether particular 
faults have clusters occurring over the same time interval (i.e. syn
chronous) or not, and whether the geometries of faults favour syn
chronisation or not. This is because multiple papers have shown the 
reliability of modelling 36Cl fault scarp concentrations, in some cases 
with Bayesian approaches, to derive continuous records of slip-rate 
covering up to several tens of millennia, unveiling periods of rapid 
slip and phases of little/no fault activity (Palumbo et al., 2004; Schla
genauf et al., 2010; Benedetti et al., 2013; Tesson et al., 2016; Cowie 
et al., 2017; Beck et al., 2018; Mozafari et al., 2019; Tesson and Bene
detti, 2019; Goodall et al., 2021; Iezzi et al., 2021; Mildon et al., 2022; 
Dawood et al., 2024; Roberts et al., 2024; 2025). These studies have 
identified periods of time lasting just a few millennia or less that are (a) 
marked by slip that is several times larger than the slip expected for a 
single earthquake given fault length to coseismic slip scaling informa
tion (e.g. Wells and Coppersmith 1994), and (b) close to or shorter in 
duration than average recurrence intervals for surface faulting earth
quakes in the given region. The implied slip-rate in these time periods 
exceed that measured over the entire Holocene or since the Last Glacial 
Maximum (LGM). The time periods with anomalously high slip-rate that 
cannot be explained by a single surface faulting earthquake have been 
interpreted as temporal clusters of surface faulting earthquakes (e.g. 
Roberts et al., 2025). We compute the differential stress changes asso
ciated with such temporal earthquake clusters on along-strike brittle 

faults/viscous shear-zones. This allows us to explore the simultaneous 
activity of faults over timescales that encompasses single events, veri
fying whether (1) neighbouring along-strike faults experience simulta
neous earthquake clustering, and (2) whether these clusters produce 
differential stress changes of sufficient magnitude to lead faults towards 
synchronization.

This study focuses on six different arrangements of along-strike 
adjacent normal fault (hereinafter defined fault pairs) located in the 
Central Apennines (Italy), each characterized by variable spacing and 
strike values between the two faults (Fig. 2). We examine whether 
earthquake clusters occur over the Late Pleistocene-Holocene and the 
degree of synchronicity between neighbouring along-strike faults. For 
every fault/shear-zone pair, we compute the differential stress changes 
associated with earthquake clustering on each fault/shear-zone. We 
identify specific fault settings and geometries that favour/penalise 
simultaneity of earthquake clusters and hence fault synchronization. We 
discuss the results of our work in terms of faulting dynamics and seismic 
hazard assessments.

2. Geological background

The Central Appennines are a Mio-Pliocene NE-SW verging fold-and- 
thrust belt that thrusted Meso-Cenozoic limestones onto Miocene flysch 
deposits, in response to the collision of European and African tectonic 
plates (Anderson and Jackson, 1987). Since 2–3 Ma, the region has 
experienced a SW-NE oriented extensional regime that caused the onset 
of normal faulting, which dissected the existing thrust belt and gener
ated intermontane basins (Cavinato and Celles, 1999). Normal faults are 
generally 20–40 km long, have NW-SE strike and overall dip-slip kine
matics, and form a dense array showing both across- and along-strike 
arrangements (Boncio et al., 2004; Roberts and Michetti, 2004; Pizzi 
and Galadini, 2009). These faults have the potential to release 
medium-to-large magnitude earthquakes (6.5–7.0), as shown by 
instrumental and historical seismicity (CPTI15; Rovida et al., 2020; 
2022) and paleoseismological investigations (e.g. Galli et al., 2008; Cinti 
et al., 2021). The regional horizontal extension is up to 3 mm/yr, a value 
in agreement with fault slip data (Faure Walker et al., 2010; 2012), 
geodetic measurements (D’Agostino et al., 2011; Devoti et al., 2017) and 
InSAR analysis (Daout et al., 2023).

The faults studied herein are the Pescasseroli fault, the Fucino fault, 
the Scanno fault, Roccapreturo fault, the Paganica-San Demetrio (PSD) 
fault, the Mt. Marine fault, the Barisciano-Mt. Stabiata fault, the Campo 
Imperatore fault and the Laga fault (Fig. 2). Their Late Pleistocene- 
Holocene activity has been shown by combinations of recent surface- 
rupturing earthquakes, paleoseismological investigations and offset of 
post-Last Glacial Maximum (LGM) landforms (e.g. Pantosti et al., 1996; 
Galadini and Galli, 1999, 2003; Roberts and Michetti, 2004; Papaniko
laou et al., 2005; Boncio et al., 2010; Faure Walker et al., 2010; Galli 
et al., 2011; Falcucci et al., 2015; Blumetti et al., 2017; Mildon et al., 
2019; Faure Walker et al., 2019, 2021; Cinti et al., 2021; Galli et al., 
2022; Iezzi et al., 2023). Cosmogenic 36Cl dating of tectonically 
exhumed fault planes show a clustered behaviour of Central Apennine 
faults during the Late Pleistocene-Holocene (Benedetti et al., 2013; 
Cowie et al., 2017; Goodall et al., 2021; Mildon et al., 2022; Roberts 
et al., 2024; 2025). Overall, the available literature shows that faults in 
this region (i) are active during the Late Pleistocene-Holocene; (ii) can 
release surface-rupturing earthquakes, meaning that fault scarps grow 
by repeating earthquakes through time; (iii) their fault scarps started 
growing since the demise of the LGM, when warmer climate conditions 
allowed for the preservation of growing fault scarps, that were pro
gressively eroded in glacial conditions (e.g. Piccardi et al., 1999); (iv) 
their activity is clustered, with periods of rapid and no/slow slip alter
nating through time during the slip history of a fault; (v) earthquake 
clustering can be explained by fluctuations of differential stress associ
ated with the interaction of brittle faults/viscous shear-zones, but such 
fluctuations have not been modelled for the fault pairs we study.
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3. Approach and methods

The workflow is characterized by three main steps: 1- identification 
of suitable fault pairs, 2- modelling of fault slip histories through 
cosmogenic 36Cl dating of fault planes, 3- computation of the differential 
stress variations within each fault pair. The 36Cl data were collected 
during field campaigns between 2008 and 2015, with data published in 
Roberts et al. (2025).

3.1. Identification of fault pairs

We identified sets of adjacent along-strike faults with 36Cl cosmo
genic results available in Roberts et al. (2025). The selected fault pairs 
have (i) different values of fault spacing and end-on/overlapping ar
rangements, and (ii) variable strike changes between the two faults of 
the pair. The fault spacing is measured as the end-to-end distance be
tween the adjacent segments. In case two fault segments overlap, 
spacing is measured as the minimum distance between the two seg
ments. The average strike is measured from end-to-end, to avoid po
tential bias due to minor scale structural complexities and segmentation. 
The variability in the structural relationships between the two faults is 
important because it allows us to explore whether specific along-strike 
arrangements may favour simultaneous earthquake clustering and 
therefore fault synchronicity.

3.2. Cosmogenic 36Cl dating of fault planes

We performed modelling of the cosmogenic 36Cl data for the nine 
faults to retrieve slip-rate fluctuations over a time that encompasses 
multiple seismic cycles, i.e. since the demise of the LGM. The sampling 

occurred on fault planes located within scarps offsetting periglacial 
slopes, which stabilised during the last glaciation and preserved since 
then (e.g. Bosi, 1975; Piccardi et al. 1999; Roberts and Michetti, 2004; 
Cowie et al., 2017). The sampling sites were chosen to constrain exhu
mation due only to tectonic movement, excluding sites affected by 
erosional/depositional processes (See Electronic Supplement ES1). To 
do so, sampled fault scarps needed to show specific characteristics, 
following Cowie et al. (2017): (i) fault scarps are undisturbed by post
glacial erosion and sedimentation on the upper and lower slopes and 
have planar free faces; (ii) hanging-wall and footwall cut-offs are 
sub-horizontal and sub-parallel, suggesting that these have not been 
altered through time since the scarp started growing; (iii) millimetre 
scale striations are present onto fault planes, testifying very low erosion 
of the slickenside since its exhumation. Post-LGM throws were measured 
by building along-strike topographic profiles across the fault scarps 
using a 1 m solid ruler and LiDAR surveys, where possible (see Electronic 
Supplement ES1). As 36Cl is accumulated within the first 1–2 m below 
the surface (e.g. Schlagenauf et al., 2010), 1 m deep trenches were 
excavated in front of the sampled fault planes to collect sub-surface 
samples. This allows for better constraining of the sub-surface 36Cl 
production rate and of the most recent slip history of the fault. Density of 
the hanging-wall colluvial material was measured for some sites by 
weighing the extracted material of each layer recognised in the trench 
stratigraphy and measuring the dimensions of the layer itself.

Samples for 36Cl measurements were collected up the fault plane, 
following the trend and plunge of the slip vector as indicated by stria
tions. Fault samples were 2 × 5 × 20 cm in size and close to 2.7 g/cm3 in 
density. Fault samples were collected both with semi-continuous and 
discontinuous sample ladders. In the latter arrangement, the spacing 
between samples is up to 20–30 cm, with an average of about 3.5 

Fig. 2. Map of the studied faults. In red are active faults studied herein. In black are other main active faults. Fault traces are modified after the Fault2SHA database 
(Faure Walker et al., 2021). Blue markers are locations of cosmogenic 36Cl dating sites performed within this study. Site names are referred to the NERC repository 
within the National Geoscience Data Centre (NGDC) of the British Geological Society (https://www.bgs.ac.uk/services/ngdc/accessions/index.html#item128345) 
and Roberts et al. (2025). PSD fault: Paganica-San Demetrio fault. Information on fault spacing, measured as tip-to-tip distance, and strike changes between each fault 
pair are shown in the map.
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samples per metre. The different sampling approaches do not alter our 
results, because it has been shown that it is possible to obtain similar 
results (i.e. similar slip histories) by degrading continuous sampling 
down to a quarter of the samples, with sample spacing as low as 1 sample 
per metre (see Supplementary Material S3c of Iezzi et al. (2021) and 
Supplementary Fig. 14 from Mildon et al. (2022)). Hence, both the 
semi-continuous and discontinuous sampling approaches provide robust 
and reliable slip histories.

Samples were prepared following the approach of Stone et al. (1996)
and Cowie et al. (2017). Rock crushing and clean-room chemistry were 
performed at University of Leeds, and the AMS analysis to determine 
36Cl concentrations was performed at SUERC laboratory in East Kilbride.

Fault slip histories are modelled using the Beck et al. (2018) code 
(Fig. 3). This code uses a Monte Carlo Markov Chain reversible jump 
approach that iterates the slip history several million times and forward 
models expected 36Cl concentrations until it minimizes the misfit be
tween the measured and modelled 36Cl concentrations. This is achieved 
by using parallel Markov chains, whose convergence towards stable 
results is progressively quantified and eventually confirmed by a 
Gelman-Rubin test. The code requires knowledge on the chemical 
composition of the rock samples and of the hanging wall colluvial ma
terial from each site, elevation above sea level and latitude of the sam
pling sites, the fault offset, dip values of the upper slope, fault plane and 
lower slope (see Electronic Supplement ES2). The Beck et al. (2018)
code iterates colluvial densities, production parameters such as the rates 
of production and attenuation lengths associated with spallogenic and 
muonic production, as well as both the number of slip events and 
displacement sizes rather pre-defining them, and is best interpreted in 
terms of slip-rates pulses and fluctuations, rather than single slip events. 
The code iterates the aperiodicity parameter and the mean recurrence 
interval to find solutions that best fit the data, without forcing solutions 
that fits pre-fixed arbitrary parameters (Electronic Supplement ES3). We 
set the code to choose slip histories through a Brownian-passage-time 
model of earthquake recurrence interval back to 120 ka, with preser
vation of scarps through surface faulting and low erosion allowed from 
as far back as 80 ka. This is because previous papers have suggested that, 
in places, fault scarps may be older than the expected age of ~15 ± 3 ka 
(Mechernich et al., 2018; 2023; Iezzi et al., 2021), a time when the 
demise of the high erosion rates during LGM is expected to allow sta
bilisation and preservation of surface-faulting scarps (e.g. Piccardi et al., 
1999; Roberts and Michetti 2004). The presence of older fault scarps 
may suggest that locally erosional processes associated with glacial 
conditions were not strong enough to completely erase growing fault 
scarps; it also allows modelled sub-surface production to be influenced 
by possible fluctuating slip-rate prior to scarp preservation rather than a 
single imposed scenario for slip and 36Cl production.

Several other codes for modelling 36Cl concentrations are available 
(Schlagenhauf et al., 2010; Cowie et al., 2017; Beck et al., 2018; 
Tikhomirov et al., 2019; Tesson and Benedetti, 2019). We used the Beck 
et al. (2018) code because (1) it deals with early 36Cl concentrations by 
allowing the iteration of slip-rates prior to the demise of the LGM, (2) it 
iterates the slip per each event; (3) it iterates 36Cl production parameters 
described above; (4) it tests for the convergence of the parallel Markov 
Chains through the Gelman-Rubin test.

The retrieved slip histories are plotted in the form of the least squares 

solution of the modelling and the ensemble of the best 10,000 least 
squares solutions (although least squares values are calculated for all 
solutions numbering many hundreds of thousands to millions of solu
tions), plus the full posterior distribution of highest likelihood solutions 
(displayed as the median and 90 % confidence values through time from 
all solutions after 50 % burn-in with bins every 500 years). Results of the 
Beck et al. (2018) code are representative of changes in slip-rate and 
should not be interpreted to identify timings and amount of single slip 
events. We interpret these results for identifying earthquake clusters, 
during which faults cumulated a large amount of slip in a short period of 
time. Specifically, earthquake clusters were identified as short periods of 
time during which the accumulated slip is larger than the maximum 
displacement (Dmax) expected by the Dmax/fault length scaling rela
tionship of Wells and Coppersmith (1994), i.e. the amount of slip could 
not be produced by single but rather multiple earthquakes, occurring 
over a time period that indicates a slip-rate higher than that defined by 
the slip-rate averaged over the entire recovered slip history. The dura
tion of each cluster is established by identifying time windows during 
which the modelling records rapid increases for slip-rate in both the 
least squares solution and the ensemble of the top 10,000 least squares 
solutions, and these are typically supported by the median and 90 % 
confidence limits for the posterior distribution after 50 % burn-in. We 
consider the modelled slip histories as representative of the overall fault 
behaviour as they represent slip-rate variations built over multiple 
seismic cycles, hence they overcome the effects of floating partial 
rupture events. This is supported by findings of Goodall et al. (2021), 
which shows that 36Cl dating performed on multiple sites along a fault 
provide slip histories with the same long-term preservation age and 
similar patterns of slip-rate variability.

We define two clusters as simultaneous when they occur during 
coincident time intervals on adjacent faults, i.e. the two faults record 
rapid slip increases during the same time interval. Specifically, we 
interpret simultaneous earthquake clusters in situations where (i) clus
ters overlap for their entire duration or where (ii) shorter clusters occur 
during longer clusters on a neighbouring fault. We define non- 
synchronous clusters when, meanwhile one fault records a large slip- 
rate increase, the adjacent fault records no/low values of slip-rate dur
ing the same time window.

3.3. Differential stress modelling – reasoning and approach

The state of stress of active faults is strongly influenced by complex 
interactions between brittle faults and their underlying shear-zones, and 
between neighbouring paired faults/shear-zones. Earthquake slip pro
duces variations in static Coulomb and differential stresses onto neigh
bouring faults and their underlying shear-zones (e.g. King et al., 1994; 
Ellis and Stockhert, 2004). Variations in differential stress for 
shear-zones produce variations of their strain-rates, as these two di
mensions are linked by the flow law for dislocation creep, for example 
for quartz, by: 

ε = AfH2Om(σ1 − σ3)
nexp

(

−
Q
RT

)

(2) 

where ε is the strain-rate, A is a material parameter, fH2O is the water 
fugacity, m is the water fugacity exponent, σ1 − σ3 is the differential 
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stress, n is the differential stress exponent, Q is the activation energy, R is 
the ideal gas constant and T is the absolute temperature (Hirth et al., 
2001). Although some of the stress changes on shear-zones may be 
dissipated by postseismic relaxation (Ellis and Stockhert, 2004; Ver
decchia et al., 2018), the finite strain accommodated by the brittle fault 
must equal the finite strain accommodated by the viscous strain on 
shear-zones over multiple seismic cycles due to the necessity of strain 
compatibility with depth, implying consistency between slip-rates of the 
brittle faults and strain-rates of the viscous shear-zones (e.g. Cowie et al., 
2013; Shimamoto and Noda, 2014). Mildon et al. (2022) and Roberts 
et al. (2024) suggest that differential stress changes on shear-zones 
produce changes in their strain-rate that in turn will drive changes in 
the strain-rate on the overlying brittle faults, producing slip-rate vari
ability and temporal earthquake clustering. They have shown that the 
magnitudes of the implied differential stress changes and related 
strain-rate changes are sufficient to produce slip-rate variations on 
overlying brittle faults observed over multiple seismic cycles using 
cosmogenic 36Cl measurements from central Italy, but not on the fault 
pairs we study. Following this, and to comply with the aim of this paper, 
we set up the following approach to test whether positive differential 
stress variations can accelerate the seismic cycles of faults up to a point 
that the differential stress increases can explain the occurrence of 
simultaneous along-strike earthquake clustering and hence be a plau
sible explanation for fault synchronization.

To model differential stress changes associated with clusters, we 
replicate the clusters derived with 36Cl dating within Coulomb 3.4 (Toda 
et al., 2005), using the codes made available in Mildon et al. (2022) (see 
Electronic Supplement ES6 for input parameters). We parametrize the 
earthquakes that form each cluster and their recurrence interval during 
clusters. We assume that earthquake clusters are formed by earthquakes 
that rupture the fault for its entire length with an earthquake recurrence 
interval typical of each cluster (clustered recurrence interval). This 
represents a simplification of the fault slip histories, as we are aware that 
they could be made of earthquakes with variable magnitudes, slip values 

and recurrence interval; however, our 36Cl dating modelling does not 
provide information on single earthquakes, hence we have no infor
mation for reproducing variability in these parameters within our 
modelling. The M and Dmax of these earthquakes are estimated using 
empirical scaling relationships with the fault length from Wells and 
Coppersmith (1994). The number of earthquakes forming a cluster is 
derived by dividing the total amount of slip cumulated during a cluster 
with the coseismic Dmax obtained from the Dmax/fault length scaling 
relationship, with non-integer results handled by adding a single 
earthquake that produces the required surplus slip and ruptures the 
whole fault length. The clustered recurrence interval is derived by 
dividing the duration of each cluster with the number of earthquakes 
forming each cluster (see Electronic Supplement ES6).

These data are used to model earthquakes on the clustered fault and 
differential stress changes on the receiver fault within the pair. Coulomb 
stress is converted to differential stress using the equations in King et al. 
(1994) and Mildon et al. (2022). The geometry of faults at depth is based 
on their surface traces, with strike-variable fault geometries being made 
of adjacent rectangular elements of 1 km2 (e.g. Mildon et al., 2016). We 
assume that the surface fault geometry continues to depth with the dip 
measured at the surface. We assume the transition between brittle fault 
and viscous shear-zone to be at 15 km depth, and we model the 
shear-zone between 15–24 km maintaining the same geometry of the 
overlying brittle fault (Cowie et al., 2013). We assume that horizontal 
strain-rates for the shear-zones match with those of the brittle faults. For 
each fault/shear-zone, we computed the total differential stress change 
produced by a complete clustered seismic cycle on the neighbouring 
fault/shear-zone in the pair, consisting of (i) two coseismic slip events 
plus (ii) their specific clustered interseismic period characterized by 
viscous flow (Fig. 3). We did this separately and in turn for both faults 
within each pair. Coseismic slip events have been modelled so that 
values of M and Dmax match with those obtained from the Wells and 
Coppersmith (1994) scaling relationships given measured fault lengths 
and the assumption of the 15 km depth for the brittle viscous transition 

Fig. 3. Modelling approach for deriving the differential stress change imparted on to a receiver fault due to earthquake clustering occurring on a neighbouring fault/ 
shear-zone. Solid green line is the fault surface trace. Dashed green line is the limit between brittle fault and viscous shear-zone. Each plot is obtained with Coulomb 
3.4 (Toda et al., 2005).
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(see Electronic Supplement ES6), except for earthquakes we included to 
model the non-integer earthquakes defined above, where slip occurred 
along the entire measured fault length and to 15 km depth, but without 
honouring the expected slip. This has a minimal effect on our results as 
we only model the first two earthquakes in a cluster and their inter
vening interseismic loading to investigate whether calculated stress 
changes can initiate a cluster on the neighbouring fault. With our 
approach we can isolate the contribution of along-strike differential 
stress changes on the occurrence of simultaneous clustering and fault 
synchronization.

4. Results

We identified six along-strike fault pairs amongst a total of nine 
fault/shear-zones (Figs. 5 and 6, Table 1). These are characterized by 
spacing between 1–6 km and average strike changes between 4–45 de
grees (Table 1). Specifically: 1) the Mt. Marine and Barisciano-Mt. Sta
biata fault/shear-zone pair presents a left-stepping en-echelon 
arrangement with 1.5 km-spacing and a change in strike of 4 degrees; 2) 
the Mt. Marine and Paganica-San Demetrio faults/shear-zones have a 
left-stepping en-echelon arrangement with 4 km-spacing and a change in 
strike of 11 degrees; 3) the Paganica-San Demetrio and Roccapreturo 
faults/shear-zones have a right-stepping en-echelon arrangement with 
2.3 km-spacing and a change in strike of 17 degrees; 4) the Roccapreturo 
and Scanno faults/shear-zones have a right-stepping en-echelon 
arrangement with 6 km-spacing and a change in strike of 25 degrees; 5) 
the Laga and Campo Imperatore faults/shear-zones have 1 km-spacing, 
and an abrupt change of strike of 45 degrees; 6) the Fucino and Pes
casseroli faults/shear-zones have a right-stepping en-echelon arrange
ment with 5 km-spacing and a strike change of 10 degrees.

Cosmogenic dating of fault planes reveals that all the nine faults 
exhibit a clustered behaviour in the Holocene (Fig. 4; Electronic Sup
plement ES4). The retrieved slip histories generally fall within the last 
20 kyrs, except for the Pescasseroli fault, whose preserved slip history 
begins at ~30 ka. All faults display slip-rates that fluctuate through time, 
with periods of rapid slip accumulation alternating with periods of slow/ 
no activity. The periods of rapid slip have durations of around 
2000–4000 years, and they involve up to 15 m of slip (Table 1). The slip 
magnitudes exceed the expected coseismic Dmax predicted by the 

Dmax/fault length scaling relationship of Wells and Coppersmith 
(1994). We therefore interpret these positive slip-rate fluctuations as 
earthquake clusters, during which the rapid slip-rate is accommodated 
by multiple surface-rupturing earthquakes occurring over time scales 
much shorter than the longer-term average earthquake recurrence in
terval of the faults.

When comparing the modelled slip histories of faults within the 
fault/shear-zone pairs, two distinct patterns are observed. Three fault/ 
shear-zone pairs are characterized by the occurrence of simultaneous 
earthquake clusters: the Mt. Marine and Barisciano fault/shear-zone 
pair, the Mt. Marine and Paganica-San Demetrio fault/shear-zone pair 
and the Paganica-San Demetrio and Roccapreturo fault/shear-zone pair 
(Fig. 5 and Table 1). These three fault/shear-zone pairs have spacing up 
to 4 km and strike changes not exceeding 17 degrees (Table 1). The other 
three pairs (the Roccapreturo and Scanno fault/shear-zone pair, the 
Laga and Campo Imperatore fault/shear-zone pair, the Fucino and 
Pescasseroli fault/shear-zone pair) show instead non-simultaneous 
clustering (Fig. 6) and are characterized by larger spacing, up to 6 km, 
and/or larger strike variation, up to 45 degrees (Fig. 6 and Table 1).

Differential stress modelling associated with every cluster indicates 
that they all produce positive changes of differential stress on along- 
strike faults, as expected for along-strike interaction of faults (Figs. 5 
and 6). However, there are significant differences in the differential 
stress changes within pairs that exhibit simultaneous clustering and 
pairs with non-simultaneous clustering (Fig. 7a and Table 1). We focus 
our attention at the differential stress changes averaged along the fault 
at 15–16 km depth, where the viscously deforming material in the shear- 
zone will have the highest viscosity for each example, limiting the strain 
passing on to the overlying brittle fault. Firstly, the differential stress 
changes associated with faults/shear-zones with simultaneous clusters 
are overall larger than those between faults/shear-zones with non- 
simultaneous clusters. Secondly, the differential stress changes be
tween faults/shear-zones for each of the two individual calculations for 
two neighbours with simultaneous clusters tend to be of a more similar 
magnitude, compared to those on non-simultaneous clusters.

Overall, our results show that fault/shear-zone pairs with lower fault 
spacing and strike changes are associated with simultaneous earthquake 
clustering and larger differential stress changes of similar magnitude 
between the two fault/shear-zones. On the other hand, fault/shear-zone 

Table 1 
Table summarising the structural arrangement of each fault pair, the attributes of the earthquake clusters studied on every fault and the associated differential stress 
changes averaged at 15–16 km depth imparted on every receiver fault.

Fault/ 
Shear-zone 
pair

Fault 
spacing 
(km)

Strike 
change 
(degree)

Fault name Cluster start 
(±500 yrs)

Cluster end 
(±500 yrs)

Cluster 
duration 
(yrs)

Slip during 
cluster (m)

Slip-rate 
during cluster 
(mm/yr)

Avg. diff. stress at 15–16 
km imparted on the 
receiver fault (MPa)

1 1.5 4 Barisciano-Mt. 
Stabiata

4050 2000 2050 9 4.4 0.532026

Mt. Marine 4250 250 4000 15.1 3.77 0.606547
2 4 11 Mt. Marine 4250 250 4000 15.1 3.77 0.634251

Paganica-San 
Demetrio

2300 300 2000 5.9 2.95 0.410718

3 2.3 17 Paganica-San 
Demetrio

2300 300 2000 5.9 2.95 0.292158

Roccapreturo 2000 0 2000 6.6 3.32 0.394512
4 6 25 Roccapreturo 2000 0 2000 6.6 3.32 0.181593

Scanno 4600 2200 2400 7.2 3.03 0.542836
5 1 45 Campo 

Imperatore
5200 2900 2300 11.3 4.9 0.216720

Laga 12,000 10,000 2000 2.9 2.15 0.193899
6 5 10 Fucino 2500 0 2500 7.2 2.88 0.312346

Pescasseroli 6900 4500 2400 2.2 0.92 0.186364
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Fig. 4. Cosmogenic 36Cl dating of fault planes. a) Map of the sampling sites. b) Modelling of the 36Cl concentrations and retrieved slip histories. Panels i) show the 
modelling of 36Cl concentrations up the fault plane. In blue are measurements, blue line is the least squares solutions that represents the best fit of the modelling 
through the data, red lines are the 90 % confidence bands from the posterior distribution and the black line is the median value, both after 50 % burn-in but 
calculated over hundreds of thousands of solutions. Panels ii) are the modelled slip histories of the faults retrieved from the 36Cl modelling. In blue is the least squares 
solution, with density plot of the best 10,000 modelled solutions; red lines are the 90 % confidence bands from the posterior distribution and the black line is the 
median value, again calculated after 50 % burn-in for hundreds of thousands of solutions. In panels ii) are reported also the maximum displacement (Dmax) values 
expected for each fault from the Dmax/fault length scaling relationship of Wells and Coppersmith (1994). Site names are referred to the NERC repository within the 
National Geoscience Data Centre (NGDC) of the British Geological Society and Roberts et al. (2025). Input parameters for each fault are shown in Electronic 
Supplements S2, detailed output parameters are shown in Electronic Supplements S4.
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Fig. 5. Analysis of fault/shear-zone pairs with simultaneous clusters. Each panel shows (i) fault maps with values of fault spacing and strike change, (ii) details on the 
slip histories modelled over the last 15 ka with the studied earthquake clusters highlighted, and (iii) differential stress changes associated with clusters occurring on 
each fault within the pairs.
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Fig. 6. Analysis of fault/shear-zone pairs with non-simultaneous clusters. Each panel shows (i) fault maps with values of fault spacing and strike change, (ii) details 
on the slip histories modelled over the last 15 ka with highlighted the studied earthquake clusters, and (iii) differential stress changes associated with clusters 
occurring on each fault within the pairs.
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pairs with larger fault spacing and/or larger strike change show non- 
simultaneous clustering and either mismatching differential stress 
changes of lower magnitude and/or stress changes of relatively small 
magnitude.

5. Discussion

The key result in this study is that the structural setting of along- 
strike faults acts as a major control on the interaction of neighbouring 

faults/shear-zones and the occurrence of simultaneous earthquake 
clustering. The occurrence of coeval earthquake clustering on neigh
bouring faults is favoured when their structural setting allows for larger 
and similar differential stress changes between their two neighbouring 
fault/shear-zones (Fig. 7a). Our results suggest that differential stress 
changes can induce earthquake clusters also when the largest values of 
differential stress changes are localised on one portion of the shear-zone. 
These affect the entire behaviour of the overlying brittle fault, as 
confirmed by consistency with results provided by 36Cl dating sites 

Fig. 7. Discussion of the results. a) Average differential stress changes measured at 15 km depth induced by clustering on the other fault/shear-zone of the pair. It 
shows that simultaneous clustering coincides with larger and of a similar magnitude differential stress change, compared to pairs with non-simultaneous clustering. 
b) Slip-rate difference factors due to differential stress variations induced by clustering on the nearby fault within the pair. This plot shows that slip-rate difference 
factors are larger within synchronized fault pairs than non-synchronized pairs, suggesting that synchronicity of clusters can be prompted by differential stress 
variations induced by neighbouring clusters. c) Comparisons between strike variations and fault spacing of the multiple fault pairs. It shows that synchronized pairs 
have lower strike variations and lower fault spacing, suggesting that both characteristics are needed to trigger simultaneous clusters.

Fig. 8. The positive feedback mechanism of simultaneous clustering and fault synchronization. The occurrence of an earthquake cluster on one fault causes an 
increase of differential stress on a neighbouring shear-zone (Step 1). This causes slip-rate enhancements on the overlying brittle faults that will enter in an earthquake 
clustering phase (Step 2). The occurrence of this cluster causes a positive differential stress change on the shear-zone underneath the first fault (Step 3), which will 
prompt the occurrence of the cluster on the above fault (Step 4). This mechanism shows that synchronization of viscous shear-zones is key for fault synchronization. 
Negative changes in differential stress shown in plots are associated with the stress reduction due to slip on shear-zones in each calculation; in reality, both shear- 
zones will be slipping and being positively loaded at the same time.
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located farther from the largest stress changes modelled on the shear- 
zones. To verify the relationship between differential stress variations 
and earthquake clustering, we calculated the slip-rate difference factor 
of each receiver fault due to differential stress changes on its shear-zone 
induced by an earthquake cluster on the neighbouring fault (Fig. 7b). To 
do this, we (1) used Eq. (2) to calculate strain-rates averaged over the 
entire slip history retrieved with 36Cl dating; (2) we used the same 
equation to calculate strain-rates following the differential stress 
changes averaged over 15–16 km depth on the receiver shear-zone 
(Fig. 7a); (3) we converted the strain-rates into implied slip-rates on 
the overlying brittle faults, following the notion that finite strain on the 
brittle fault must equal the finite strain on the viscous shear-zones; (4) 
we calculated slip-rate difference factors by dividing the slip-rates ob
tained from strain-rates calculated in (2) with slip-rates derived from 
strain-rates of point (1) (see Electronic Supplement ES7). Our results 
show that fault/shear-zone pairs with simultaneous clusters have (i) 
larger slip-rate enhancement factors, and (ii) similar values of slip-rate 
enhancement factors within the pair. On the other hand, fault/shear- 
zone pairs with non-simultaneous clusters show lower slip-rate 
enhancement factors, or largely different values between the two 
paired faults/shear-zones. Hence, this is consistent with the hypothesis 
that a direct link between differential stress changes and the occurrence 
of simultaneous clustering exists. Larger and similar differential stress 
changes produce larger and similar slip-rate enhancement factors that 
we suggest will push both faults/shear-zones into simultaneous clusters, 
leading therefore towards fault synchronisation (sensu Scholz 2010). 
The consistency between larger slip-rate difference factors and simul
taneous clusters on receiver faults represents an independent control 
that reinforces the idea of fault synchronization due to differential stress 
changes between favourably oriented neighbouring faults/shear-zones. 
Our findings follow in principle the mechanism of fault synchroniza
tion proposed by Scholz (2010), which was based on mutual positive 
stress changes over multiple seismic cycles between neighbouring faults. 
We expand this mechanism by suggesting that synchronization and 
simultaneous clustered activity of neighbouring faults may be driven by 
the synchronization of the viscous shear-zones underlying the brittle 
faults. Repeated earthquakes on one fault produce large differential 
stress variations on along-strike neighbouring shear-zones that enhance 
the slip-rate of the overlying fault, which in turn promotes the beginning 
of an earthquake cluster and induces similar differential stress variations 
back onto the first shear-zone, causing the enhancement of the slip-rate 
of its overlying fault (Fig. 8). This process causes the two shear-zones to 
be positively loaded during the same time window, i.e. the neighbouring 
shear-zones move towards their synchronization. The simultaneous 
positive variation of the differential stress on the two shear-zones will 
coincide with the simultaneous enhancement of the slip-rates of the two 
overlying brittle faults, which will therefore tend to enter simulta
neously in a phase of earthquake clustering, reaching synchronization 
over timescales of multiple seismic cycles. We suggest that this positive 
feedback mechanism of synchronization of shear-zones and slip-rate 
enhancements on overlying brittle faults can be a major driver to
wards simultaneous earthquake clustering and fault synchronization. 
Nonetheless, faults with non-simultaneous clustering show positive, 
although smaller, slip-rate enhancement factors (e.g. fault pairs 4, 5 and 
6; Fig. 7b). In these cases, the differential stress changes involved in the 
along-strike fault interaction appear not to be large enough to have yet 
driven the seismic cycles of the structures towards synchronization. This 
suggests that, in order to have fault synchronization, both neighbouring 
faults/shear-zones need to record relatively large and similar values of 
differential stress change.

To quantify the characteristics of these favourable settings, we 
compared values of spacing and strike variation between faults within 
the studied pairs (Fig. 7c). We refer to values measured at the surface, 
where we can reasonably define fault geometries, compared to fault 
geometries at depth, where we mostly lack natural data and they are 
only reconstructed through modelling. Fault pairs with simultaneous 

clustering seem to fall within fault spacing ≤ 4 km and strike variations 
of <20 degrees, while non-simultaneous fault pairs are more scattered 
within the plot. These findings support the observation that simulta
neous clustering is promoted on faults with low strike change and fault 
spacing, a setting that allows high stress coupling and the onset of the 
positive feedback mechanism towards fault synchronization. Discrep
ancies between the two parameters, for instance small fault spacing but 
large strike variation, appear not to allow for large stress coupling that 
will prompt simultaneous clustering on along-strike faults. Similar 
values of fault spacing and strike variation were already suggested as 
controls for fault interaction during single earthquakes. For instance, 
Biasi and Wesnousky (2016; 2017) analysed the propagation of earth
quake ruptures over steps and bends, identifying threshold values for 
simultaneous ruptures of normal faults of 7 km spacing and 50 degrees 
(although this value refers to generic dip slip faults). Moreover, 5 km 
fault spacing is commonly considered a spacing threshold for multi-fault 
earthquakes in fault-based seismic hazard assessments (e.g. Field et al., 
2014). Hence, it may be possible that fault interaction over multiple 
timescales, either that of single earthquakes or that of multiple seismic 
cycles lasting few millennia, may be driven by the similar geometrical 
constraints. In other words, the fault arrangement seems to influence 
fault synchrony at multiple timescales, allowing or not the simultaneous 
occurrence of single earthquakes and of thousand years-long earthquake 
clusters. More data are needed to verify the consistency of such struc
tural controls on fault interactions constrained over multiple timescales.

Overall, our work provides new insights into dynamics of active fault 
and shear-zone systems, with strong implications in seismic hazard as
sessments. Whilst Mildon et al. (2022) and Roberts et al. (2024; 2025) 
suggests that reduction in differential stress on brittle faults/viscous 
shear zones due to across-strike interaction may lead a fault into an 
anticluster period, this paper shows that along-strike interaction may 
lead a fault into a clustered period. All together, these findings suggest 
that it is possible to identify patterns of faults that are more likely to 
enter in either earthquake clusters or anticlusters based on their struc
tural arrangement relative to one another. This highlights the impor
tance of identifying the arrangement and geometry of faults in a network 
as this represents a major control on driving stress transfer that converts 
into likelihood patterns of seismic hazard within a network of active 
faults. We recommend more studies implying long-term slip-rate fluc
tuations and variable structural arrangements in order to improve our 
knowledge on the threshold values in fault spacing, either along- and 
across-strike, and strike changes that allow for synchronized and 
out-of-synchrony fault/shear-zone behaviours.

6. Conclusions

The combination of cosmogenic 36Cl dating and differential stress 
modelling provides key insight to investigate the processes associated 
with fault interaction over multiple seismic cycles. We can envisage a 
process for the occurrence of simultaneous earthquake clustering and 
fault synchronization based on the fault spacing and strike changes be
tween along-strike normal faults. Specific along-strike settings, with low 
fault spacing and low strike change between the adjacent faults, allows 
for larger differential stress variations between the fault/shear-zones 
during earthquakes; this converts into larger positive slip-rate 
different factors that will lead both faults into a phase of earthquake 
clustering, driving the faults towards synchronization. If faults are not 
favourably oriented, differential stress variations are lower or non-even 
between the faults, and this will coincide with positive slip-rate differ
ence factors that are not large enough to alter the seismic cycle of faults. 
This mechanism suggests that, to have fault synchronization and 
simultaneous clustering, viscous shear-zones underneath the brittle 
faults must be synchronized. This process has implications in under
standing the dynamics of active faults, the interaction processes of 
interconnected fault systems and in seismic hazard assessments.
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