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ABSTRACT

We present a compilation of new and unpublished in situ 3°Cl cosmogenic isotope data recording the exhumation of 27 active normal fault planes by earthquake slip
for the central Apennines, Italy. We do this to constrain the characteristics of slip-rate variability and temporal earthquake clustering and anticlustering across the
entire extending orogen, and to assess why it occurs. From the 36Cl observations we report(1) the long-term slip-rates averaged since 20 ka, (2) the percentage of sites
with clusters and anticlusters in each 1 kyrs time-slice back to 20 ka, (3) regional maps showing cluster locations for every 1 kyr time-slice, (4) cluster and anticluster
durations, and (5) the amounts of slip and slip-rates averaged over the duration of clusters and anticlusters. To study why this slip-rate variability has developed we
conduct modelling of stress interactions between faults and underlying shear-zones, and between neighbouring fault/shear-zone structures. We show that the
measured slip-rate variability and temporal clustering can be replicated by a model where the transfer of differential stress between faults and their underlying shear-
zones, and between neighbouring fault/shear-zone structures, produces changes in strain-rates on underlying viscous shear-zones which drive periods of rapid or
reduced slip-rate on their overlying faults. We suggest that stress and hence strain-rate increase on an underlying shear-zone produced by coseismic slip on its
overlying fault is the mechanism that initiates an earthquake cluster. Clusters progress because the increased strain-rate on the shear-zone reloads the overlying fault
producing a positive feedback loop. The clusters also produce stress reduction on fault/shear-zones located across strike, initiating anticlusters in those locations. The
durations of anticlusters will be set by the summed coseismic and interseismic stress changes through time, because although these shear-zones develop relatively low
viscous strain-rates, eventually they will load their overlying fault to failure initiating a new cluster. These interactions cause the locations of clusters and anticlusters
to migrate across and along-strike within the fault system. Such constraints on the processes producing clustering and anticlustering should allow observations of
these phenomena to be included in probabilistic seismic hazard assessments (PSHA), and interpretations of the rheology of deforming continental crust.
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1. Introduction

It is well-known that large magnitude surface faulting earthquakes
cluster in time due a growing body of seismological, historical and
palaeoseismic data (e.g., Coppersmith, 1988; Sieh et al., 1989; Marco
et al., 1996; Rockwell et al., 2000; Klinger et al., 2000; Dawson et al.,
2003; Dolan et al., 2007; Oskin et al., 2008; Ganev et al., 2010; Scholz,
2010; Gold and Cowgill, 2011; Grapes and Holdgate, 2014; Clark et al.,
2017; Klinger et al., 2015; Dolan et al., 2016; DuRoss et al., 2016;
Lefevre et al., 2018; Verdecchia et al., 2018; Wechsler et al., 2018;
Angster et al., 2019; Cooke et al., 2020; Hatem et al., 2021; Iezzi et al.,
2021; Elston et al., 2022; Mildon et al., 2022; Zygouri et al., 2023;
Roberts et al., 2024; Dolan et al., 2024). Several large magnitude surface
faulting earthquakes can occur within relatively short periods of time
separated by longer time periods where the fault appears to be relatively
dormant with few or no large magnitude surface faulting events. This
clustering and anticlustering of large magnitude surface faulting earth-
quakes, and presumably also smaller magnitude earthquakes defined by
the b-value for individual faults, is associated with temporal and spatial
slip-rate variability (e.g. Cowie et al., 2007; Cowie et al., 2012; Pace
et al., 2016; Dolan et al., 2024).

It is also well-known that networks of brittle active faults with un-
derlying viscous shear-zones exist in deforming regions, with individual
fault/shear-zone structures working together to produce the regional
deformation due to stress interactions (Peach et al., 1888; Savage and
Burford, 1973; Sibson, 1977; White et al., 1980; Schmid, 1982; Reston,
1990; King et al., 1994; England and Molnar, 1997; Boncio et al., 1998;
Hirth et al., 2001; Stein, 2003; Ellis and Stockhert, 2004; Cowie et al.,
2005; Trepmann et al., 2007; Shimamoto and Noda, 2014; Moore and
Parsons, 2015; Cowie et al., 2013; Allison and Dunham, 2018; Mildon
et al., 2022; Roberts et al., 2024). It is therefore desirable to understand
how the slip-rate variability and temporal earthquake clustering relates
to the interaction between faults and shear-zones because this may be
the key to understanding how to interpret regional strain-rate patterns
in terms of the mechanics of continental deformation (England and
McKenzie, 1982; England and Molnar, 1997; Sonder and England, 1989;
Cowie et al., 2005; Faure Walker et al., 2012; Cowie et al., 2013), and in
terms of the geography of seismic hazard (Pace et al., 2014; Valentini
et al., 2017). Unfortunately, we lack this capability because there is a
sparsity of datasets that constrain the spatial patterns and temporal
variability of fault and shear-zone activity across entire deforming
orogens (Dolan et al., 2024). This means it is challenging to assess how
faults and shear-zones, and networks of active fault/shear-zone struc-
tures interact over time periods long-enough to have multiple large
magnitude surface faulting earthquakes on every fault in the system.

The objectives of this paper are to (1) to provide a database that
defines slip-rate variability alongside clustering and anticlustering of
large magnitude surface faulting earthquakes for most major faults in a
region of extension in the central Apennines, Italy, and (2) use this
database to see how temporal and spatial patterns of surface slip relate
to the interaction between faults and shear-zones because this may be
the key to understanding how to interpret regional strain-rate patterns
in terms of the mechanics of continental deformation. We present a
dataset for central Italy of slip versus time for 27 sites along active
normal fault/shear-zones, 12 of which have not been previously pub-
lished, and these along with an additional 6 previously-published sites
have not been modelled previously with the code presented by Beck
et al. (2018). We recover this record of slip through modelling of 479
determinations of the in situ *®Cl cosmogenic isotopic concentrations of
carbonate rock samples from the fault planes exposed due to surface
faulting produced by large magnitude (Mw 6.0-7.0) earthquakes. The
dataset constrains the slip across many of the main faults in the region
over a continuous time-period of at least 20 kyrs. We document slip-rate
variability and temporal earthquake clustering on individual faults, and
hence across the whole network of faults. Building on existing papers
that only individually studied <6 faults (Mildon et al., 2022; Roberts
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et al., 2024), we quantify the characteristics of the regional patterns of
earthquake clustering across 27 sites on 26 faults such as (1) the number
of faults experiencing surface slip in each 1 kyrs time slice, (2) the du-
rations of clusters and anticlusters, (3) the amounts of surface slip in
clusters and anticlusters, and (4) how much the slip-rate in clusters and
anticlusters is increased or decreased relative to the long-term slip-rate.
We discuss the processes that may control clustering such as (a) dynamic
topography, (b) stress interactions between faults and their underlying
shear-zones, and between neighbouring fault/shear-zone structures, (c)
microstructural annealing, (d) fluid involvement, and (e) failure related
to rate-and-state friction. We discuss what understanding of the causes
of clustering would imply for (i) the historical record of earthquakes in a
region, (ii) geodetic constraints of the regional strain-rates measured
over the last few decades, (iii) the rheology of deforming continental
crust, and (iv) probabilistic seismic hazard assessment.

2. Conceptual background

It has been shown that it is possible to recover exhumation versus
time histories on active normal faults from in situ 3°Cl cosmogenic iso-
topic concentrations of carbonate rock samples from the fault planes
(Mitchell et al., 2001; Benedetti et al., 2002, 2003, 2013; Palumbo et al.,
2004; Schlagenhauf et al., 2010, 2011; Cowie et al., 2017; Beck et al.,
2018; Mechernich et al. 2018, 2023; Mozafari et al. 2019, 2021; Tesson
and Benedetti, 2019; Tikhomirov et al., 2019; Goodall et al., 2021; Iezzi
etal., 2021; Mildon et al., 2022; Roberts et al., 2024). These exhumation
histories can be interpreted as earthquake slip versus time if sample sites
are carefully selected to exclude exhumation/burial of the fault planes
due to erosion and sedimentation (Bubeck et al., 2015; Cowie et al.,
2017). The derived slip histories are characterised by periods of rapid
slip that must contain temporal clusters of surface faulting earthquakes
because the slip increases of, for example, 7 m in only 1.25 kyrs are too
large to explain with a single earthquake (Mildon et al., 2022; Roberts
et al., 2024). The clusters are separated by low slip-rate periods, with
little or no slip, where few or no surface faulting earthquakes can have
occurred, and these time periods are termed anticlusters. The clusters
occur at different times on neighbouring across-strike faults (Mildon
et al., 2022; Roberts et al., 2024). This out-of-phase slip has been
explained by stress interactions between faults and their underlying
shear-zones, combined with stress interactions between neighbouring
across-strike fault/shear-zone structures. The idea is that slip in a cluster
decreases the differential stress on shear-zones located across strike
reducing their viscous strain-rates. The magnitude of the strain-rate
decreases implied by a typical viscous flow law for the mid to lower
crust (e.g. Hirth et al., 2001), match those measured on their overlying
brittle fault using 2°Cl data. The use of the viscous flow law for dislo-
cation creep in quartz from Hirth et al. (2001), is an assumption, because
the composition of the mid and lower crust can be uncertain. However,
given the typical quartz-rich granitic to granodioritic composition of the
upper crust, and the quartz-rich tonalitic composition of the bulk con-
tinental crust (Wedepohl, 1995), the assumption that dislocation creep
in quartz plays a major role in the rheology of continental crust may be
the most appropriate starting point. The relationship between differen-
tial stress changes and strain-rate variations is explained in Fig. 1a which
shows a hypothetical network of 35 normal faults and the upper portions
of their underlying shear-zones. Changes in differential stress have been
calculated using the Coulomb 3.4 software across four Mw 6.6 earth-
quakes on fault eighteen, with 1 m coseismic slip at the surface, and with
a recurrence interval of 1000 years (slip rate = 1 mm/yr), plus inter-
seismic loading from slip on the shear-zone beneath fault eighteen at
rate that would produce 1 mm/yr of slip on the overlying fault (Mildon
et al., 2022; figure adapted from Roberts et al., 2024). The Coulomb
stresses have been converted to differential stresses using the relations
shown in King et al. (1994) (see Mildon et al., 2022 for a full explana-
tion). Changes in differential stress on receiver fault/shear-zones are
relatively large, and of particular interest are the stress changes for the
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Fig. 1. Stress transfer concept. Cumulative differential stress changes across a grid of 35 normal fault/shear-zones, each with a dip of 60°, given (i) four Mw 6.6
earthquakes on fault eighteen (each with 1 m coseismic slip at the surface) with a recurrence interval of 1000 years, and (ii) interseismic loading from the shear-zone
beneath fault eighteen at rate that would produce 1 mm/yr of slip on the overlying fault. (a) Map view of the faults at depth assuming a transparent crust. (b)
Calculated values of differential stress change at 15.5 km depth for the centre of the fault trace of fault nineteen, given between 1 and 8 earthquakes on fault eighteen,
again with 1 m slip at the surface and a recurrence interval of 1000 years within the earthquake cluster. (c) Implied changes in slip-rate given the stress changes in
(b). Overall, this figure implies that the slip-rate reduction on any of the faults due to a cluster can be calculated given inputs on the kinematics, magnitudes of slip,

and geometry of the fault system.

viscous shear-zones because it is well-known that such stress changes
alter the strain-rates within viscous shear-zones. This is because
strain-rate, ¢, and differential stress, o, are related by the general form ¢
6", with n = ~3 (Hirth et al., 2001). In this paper we use the quartz
flow law for dislocation creep in quartz (Equation (1)), where, ¢ is strain
rate, A is a material parameter, fH,O is water fugacity, m is the water
fugacity exponent, ¢ is the differential stress, n is the stress exponent, Q
is the activation energy, R is the ideal gas constant, and T is absolute
temperature.

é:Aszo"‘(al — 0_3)n eXp(—Q/RT) (l)

Values we use as variables in equation (1) are the same as those in
Mildon et al. (2022). Using this flow law, the differential stress changes
in Fig. la imply changes in strain-rate associated with the

fault/shear-zones, which have been displayed as changes in slip-rate
(Fig. 1b and c). Slip-rates on the brittle faults are calculated by
assuming conservation of heave across the dipping shear-zones and
overlying faults, conserving strain compatibility with depth. Slip-rates
can be doubled or halved compared to the long-term slip-rate by
changes in differential stress of +2.5 or —2.5 MPa. Stress changes with
similar magnitudes to those shown in Fig. 1 have been calculated for
periods of fluctuating slip-rate implied by 3°Cl data for active normal
faults in central Italy, and the predicted slip-rate changes match those
implied by the 36Cl data (Mildon et al., 2022; Roberts et al., 2024). These
authors deliberately excluded modelling of spatio-temporal variability
in frictional properties, and effective stresses due fluid flow within
heterogeneous rock masses to focus on whether changes in differential
stress alone could reproduce the observed values of slip-rate variation
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recorded by 3°Cl data. They argued that because calculated strain-rate
and slip-rate changes on fault-shear-zones replicate those recorded by
36Cl data, stress interactions between faults and their underlying
shear-zones, and stress interactions between neighbouring
fault/shear-zone structures, could be the 1st order explanation for
temporal earthquake clustering in these examples. The question that
emerges, that we explore in this paper, is whether the characteristics of
temporal clustering across entire extending regions of continental crust,
with complex across-strike and along-strike stress interactions, can be
explained in the same way. To test this hypothesis, a dataset detailing
slip through time on multiple faults across the entire width of an
extending region are required, and we provide this herein.

3. Geological background

The Italian Apennines (Figs. 2 and 3) provide an opportunity to
investigate the characteristics of temporal earthquake clustering across
an entire extending region. This is because a network of active normal
faults is well exposed, with carbonate fault planes on many of the major
faults that have been exhumed by earthquake slip over the last few tens
of millennia. These features mean that the fault planes are amenable to
study with in situ 3°Cl cosmogenic exposure dating, that in turn can
provide slip versus time histories for the faults. Assuming strain
compatibility between faults and their underlying shear-zones, slip
versus time histories for the faults also constrain strain-rate versus time
histories for the underlying shear-zones (Mildon et al., 2022; Roberts
et al., 2024).

The region has developed active normal faults in the last ~2-3 Myrs,
following previous compressional fold-thrust belt deformation in the
early Pliocene and Miocene associated with subduction that has rolled-
back towards the east and north-east (Nijman, 1971; Bosi, 1975;
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Doglioni, 1993; Cello et al., 1997; Selvaggi, 1998; Pialli and Alvarez,
1995; Cavinato and De Celles, 1999; Piccardi et al., 1999; Galadini and
Galli, 2000; Tondi, 2000; Galadini and Messina, 2004; Roberts and
Michetti, 2004; Maschio et al., 2005; D’Agostino et al., 2011; Vezzani
et al., 2010; Gori et al., 2017; Faure Walker et al., 2021; Lavecchia et al.,
2022).

Debate exists about how active normal faults at the surface continue
to depth and how the active extensional deformation is accommodated
in the viscous middle and lower crust. In many places surface geological
mapping has shown that active normal faults cut-across pre-existing
Alpine-age thrusts and continue to depth (Nijman, 1971; Roberts and
Michetti, 2004; Lavecchia et al., 2017), whereas in other cases in-
terpretations of seismic reflection data suggest that active normal faults
in the top 10-15 km of the crust either cut across, or merge downwards
or abut against pre-existing thrusts or low-angle extensional de-
tachments (Boncio et al., 1998; Barchi et al., 2003; Finetti et al., 2001;
Collettini et al., 2006; Brozzetti et al., 2009; Lavecchia et al. 2011, 2017;
Mirabella et al., 2011). Thus, complexity exists in the top 10-15 km of
the crust with regard to the extensional structures. However, evidence
from mainshock and aftershock data from recent Ms 6.2-6.5 earth-
quakes in 2009 and 2016 suggest that some faults are relatively planar to
depths of ~10-15 km (Chiaraluce et al., 2011; Lavecchia et al., 2017;
Michele et al., 2020), and the depth of the brittle to viscous transition in
central Italy appears to occur at a depth of ~12-15 km (Lavecchia et al.,
2017), although it may fluctuate during the seismic cycle (Rolandone
et al., 2004). However, it is unclear what the geometries of the defor-
mation are at depths greater than 10-15 km, where higher temperatures
and pressures dictate that viscous processes are likely to operate. Rob-
erts et al. (2024), using the observation that mainshock and aftershock
data suggest that some faults are relatively planar to depths of ~10-15
km, proposed that underlying shear zones are likely to share similar
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Fig. 2. The relationship between strain-rate and topographic elevation in the Apennines and implications for stress modelling of earthquake clustering (adapted from
Faure Walker et al., 2012; Cowie et al., 2013; Mildon et al., 2022; Roberts et al., 2024). (a) Strain-rates averaged since 15 ka from offsets across fault scarps exposed
at the surface. Values are calculated across all 5 x 90 km boxes traversing the Apennines. (b) Strain rates from (a) are plotted against average elevations from SRTM
datain 5 x 90 km boxes. A power law relationship exists, with an exponent of 3.26. This resembles the power-law relationship for dislocation creep, where strain-rate
is proportional to differential stress raised to the power n, with n = ~3 (Hirth et al., 2001). Topographic elevation contributes to the vertical stress, implying that it
contributes to the differential stress at depth. Slip-rates on the brittle faults are driven by the viscous strain-rates on underlying shear-zones, because the strain-rates
are controlled by differences in elevation and hence differential stress in the viscous layer. (c) Brittle-elastic strain in the upper crust (spring and frictional ratchet) is
matched by visco-elastic strain at depth (spring and dash-pot) when summed over numerous earthquakes cycles. (d) The differential stress and viscosity changes with
depth for a given depth versus temperature regime (after Allison and Dunham, 2018), and stresses produced by slip on a shear-zone.
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planar geometries to the brittle normal faults in the upper crust, at least
for a few kilometres beneath the brittle-viscous transition, as seen in
other well-imaged regions of normal faulting (e.g. Reston, 1990; Phillips
et al., 2016). For this paper we have assumed that in the depth range of
~15-20 km shear-zones are likely to exhibit similar dips to their over-
lying brittle faults.

The present extension rate measured across the region of extension
with GPS geodesy is ~3-4 mm/yr (D’Agostino et al., 2011), with similar
rates recently confirmed with InSAR (Daout et al., 2023). The extending
region, which is mainly within the high topography of the Apennines,
experiences destructive normal faulting earthquakes, with many fatal-
ities and injuries, such as the Mw 6.9 1915 Avezzano earthquake, Mw
5.6-6.0 1997 Colfiorito earthquakes, Mw 6.3 2009 L’Aquila earthquake,
and the 2016 Mw 6.2-6.6 Amatrice-Norcia earthquakes. These earth-
quakes all produced surface faulting on bedrock scarps with carbonate
fault planes, with surface coseismic slip ranging from a few centimetres
up to 2.4 m, implying that such scarps grow through repeated earth-
quake slip (Serva et al., 1988; Vittori et al., 2000; Emergeo Working
Group, 2010; Wilkinson et al., 2017; lezzi et al., 2021; Villani et al.,
2018).

Palaeoseismic results from these faults, derived through trenching
and dating of colluvial wedges and event horizons, reveal numerous pre-
historic surface faulting earthquakes, with recurrence intervals that are
typically hundreds to a few thousand years, with some examples
exhibiting non-regular recurrence intervals on individual faults (Galli
and Naso, 2009; Cinti et al., 2021). The region has also been investigated
with in situ %6Cl cosmogenic dating of exhumed carbonate fault planes
(Palumbo et al., 2004; Schlagenhauf et al., 2010, 2011; Benedetti et al.,
2013; Cowie et al., 2017; Beck et al., 2018; Tesson and Benedetti, 2019;

Goodall et al., 2021; Mildon et al., 2022; Roberts et al., 2024). These 36¢1
studies have attempted to constrain slip-rates, and in some cases
earthquake recurrence for the active faults, but these parameters can
only be considered robust for sites that have been shown to be free of
erosion and sedimentation during the Holocene and late glacial, because
these processes may well have removed material covering the fault
planes or buried fault planes in the past affecting °Cl production and
hence the concentrations of 3°Cl. This problem has been addressed by
Bubeck et al. (2015) and Cowie et al. (2017) who describe how to
identify sample sites that will be free of such erosion and sedimentation.
Using these criteria, examples now exist where the timing and magni-
tude of surface slip have been constrained using °Cl, and these reveal
that slip-rates fluctuate through time, but determining the timing of
individual earthquakes can be challenging (Benedetti et al., 2013; Cowie
et al., 2017; Goodall et al., 2021; Mildon et al., 2022; Roberts et al.,
2024). Advances in the modelling of the 3°Cl data needed to retrieve slip
histories now allows us to account for uncertainties in early 3°Cl pro-
duction by drawing slip from a Brownian Passage Time (BPT) model of
earthquake recurrence, slip per event, and uncertainty in >°Cl produc-
tion parameters using a full Bayesian approach (e.g. Beck et al., 2018).
Results using this code show that surface slip is produced by fluctuating
periods of relatively rapid slip-rate interspersed with periods of much
lower or zero slip-rate lasting many millennia (e.g. Mildon et al., 2022;
Roberts et al., 2024). The periods of rapid slip must involve several
surface faulting earthquakes because measured slip in these periods is
too large to be produced by single earthquakes (Wells and Coppersmith,
1994; Wesnousky, 2008).

Where slip-rate fluctuations derived from 36Cl data have been
compared with palaeoseismic results from trenching that constrain the
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ages colluvial wedges and event horizons, there is, in general, a good
agreement in terms of timing of slip episodes. Results show that palae-
oearthquake occurrences from trenching tend to fall in the rapid slip
periods derived from the 3°Cl, with fewer or no palaeoearthquakes in the
times of low-slip-rate from 36C] (Cowie et al., 2017; Mildon et al., 2022;
Roberts et al., 2024). However, more work is required to compare
slip-rates and exact earthquake timings between these two approaches
because (a) in general, only the minimum slip per event, and hence
slip-rate, can be gained from trenching studies due to uncertainty in the
relationship between the vertical extent of colluvial wedges and the
coseismic slip magnitude that produced them, and (b) it can be chal-
lenging to gain slip per event for individual earthquakes from 36Cl data,
and these authors suggest that °Cl observations are better suited to
constraining slip-rate fluctuations across periods of time that are likely
to contain several surface faulting earthquakes rather than individual
earthquake timings (see below).

In addition to the excellent exposure of active normal faults, the
Italian Apennines also has excellent constraints on the relationship be-
tween surface faulting and deformation processes deeper in the crust.
Cowie et al. (2013) showed a power law relationship exists between
surface elevations and the strain-rates measured across normal faults
since the demise of the high erosion rates that typified the Last Glacial
Maximum (LGM) at ~15 + 3 ka. Surface slip produced by earthquakes
was produced during the cold climates of the last glaciation, but scarps
only become preserved after the demise of the LGM when erosion rates
associated with freeze-thaw action declined. The slip across scarps
therefore represents the slip since around 15 + 3 ka, allowing the
calculation of slip-rates averaged over this time-period. Elevation values
were derived from SRTM data measured within 5 x 90 km boxes ar-
ranged across the strike of the Apennines (Fig. 2a). Strain-rates averaged
over 15 + 3 ka were derived by summing slip-rates between all faults
that occur within the 5 x 90 km boxes. Elevation and strain-rate data
from the 5 x 90 km boxes were averaged along strike in 50 km wide
moving sample windows, although other sample windows produced
similar results. The resultant correlation between strain-rates and
topographic elevation exhibits a power-law relationship where the
elevation exponent, n, is equal to ~3.26 (Fig. 1b). This was interpreted
by Cowie et al. (2013) by noting that elevation differences contribute to
the vertical stress and hence differential stress at depth. Thus, the rela-
tionship between elevation and strain-rate resembles the power-law
relationship for dislocation creep, where strain-rate, ¢, and differential
stress, o, are related by é « ¢", with n = ~3 (Hirth et al., 2001) (see
above). Thus, in terms of the relationship between surface faulting and
deformation processes deeper in the crust, it is implied that the slip-rates
on the brittle faults are driven by the viscous strain-rates on underlying
shear-zones, because the strain-rates appear to be controlled by differ-
ences in elevation and hence differential stress. The identification of
viscous processes within shear-zones in controlling the rates of brittle
slip on the overlying faults for the Italian Apennines concurs with old,
but classic ideas where it has long been thought that faults are underlain
by viscous shear-zones that drive the deformation (Savage and Burford,
1973; Sibson, 1977). The question that arises is how to reconcile the
long-term strain-rates implied by strain-rates averaged since 15 + 3 ka
(Fig. 2) with observations of fluctuating slip-rate from 36Cl studies of
fault planes, and also changes in strain-rate implied by stress transfer
calculations when combined with viscous flow laws (Fig. 1).

This question has been addressed for the central Apennines by two
previous papers Mildon et al., (2022); Roberts et al., (2024), but with
relatively small numbers of studied faults, and limited results. Mildon
et al. (2022) studied 6 faults with 3°Cl data (the Mt. Vettore, Colfiorito,
Leonessa, Laga, Barete and Fiamignano faults). They found a consistent
pattern of decreasing differential stress (¢) on postulated receiver
shear-zones beneath faults undergoing anticlusters with little or no
surface slip lasting several millennia implied by the *°Cl data. The
decreasing differential stress was shown to be due to stress transfer
produced by periods of rapid slip on neighbouring fault/shear-zones
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located mainly across strike lasting several millennia, again con-
strained by 3°Cl data on those faults. The modelled magnitudes of these
stress decreases on receiver faults was used to calculate implied
strain-rate (¢) and hence slip-rate decreases on receiver faults using a
viscous flow-law for quartz that has the form of ¢ x ¢" (see Hirth et al.,
2001 and Equation (1) for details of the flow law). They found that the
magnitude of the implied strain-rate and hence slip-rate decreases
replicated the slip-rate decreases on receiver faults during anticlusters
recorded by the %°Cl data. This suggested that strain-rates averaged over
15 + 3 kyrs driven by long-term patterns of topographic elevation can be
modulated by fault/shear-zone interactions lasting a few millennia,
partially addressing the question in the previous paragraph. It is only a
partial answer because Mildon et al. (2022) did not investigate or
explain how the periods of rapid slip (temporal earthquake clusters
lasting several millennia) developed on neighbouring fault/shear-zones.
To address this, Roberts et al. (2024) studied 36C] data from 3 faults
located across strike from each other in the central Apennines (the
Pescasseroli, Maiella and Frattura/Scanno faults). They studied time
periods with both rapid slip lasting a few millennia with several metres
of surface slip, that they interpreted as temporal earthquakes clusters,
and periods of relative low slip-rate lasting several millennia with little
or no measured surface slip, which they interpreted as temporal earth-
quake anticlusters. They calculated changes in differential stress and
implied strain-rate changes on postulated underlying shear-zones
implied by the surface slip recorded by the 2°Cl data. Again, they did
this using the relationship ¢ « ¢" (see Equation (1) for details). They
found results consistent with those from Mildon et al. (2022), in that the
magnitude of the implied strain-rate and hence slip-rate decreases on
fault undergoing anticlusters replicated the slip-rate decreases on
receiver faults during anticlusters recorded by the 3Cl data. However, in
addition, they showed that strain-rates on shear-zones postulated to
exist beneath faults shown to be slipping rapidly in temporal earthquake
clusters could be explained by stress increases produced by the down-
ward transfer of stress from a slipping fault. In summary, Roberts et al.
(2024) found the same explanation for anticluster formation as that
provided by Mildon et al. (2022), and also advanced an explanation for
how clusters form. However, the results in both of these papers are
limited by the fact that they studied relatively small numbers of faults
and thus could not include data on the full picture of fault/shear-zone
interaction across the entire width of the extending orogen in the cen-
tral Apennines.

The approach we have taken to address this limitation is as follows.
(1) We present new 3°Cl data from 12 faults to augment 3°Cl data from
15 faults published in our previous papers (Cowie et al., 2017; Goodall
et al., 2021; Mildon et al., 2022; Roberts et al., 2024); together the
dataset covers most of the faults within the extending orogen of the
central Apennines. (2) We remodel *°Cl data from 6 of the 15 previously
published sites because they have not been previously modelled with the
code from Beck et al. (2018). (3) We model the 3°Cl data from the 12
new sites using the code from Beck et al. (2018). (4) We test whether
changes in differential stress implied by the slip-rate changes recovered
by modelling of the 3°Cl data across the whole extending orogen are of
sufficient magnitude to explain overall observations of the characteristic
of clustering and anticlustering from the entire 3°Cl database.

4. Method

Samples in the database examined have been collected from 27 sites
on active normal faults for *°Cl analyses in a field campaign between
2007 and 2015 (see previous paragraph details of the dataset). These
36C1 data, and structural measurements made at the sample sites, are
publicly available for study, and can be accessed from a data repositories
organised by the UK Natural Environment Research Council (NERC) and
British Geological Survey (BGS) (see Acknowledgements and Electronic
Supplements 1 and 2), and also in existing papers (Cowie et al., 2017;
Goodall et al., 2021; Mildon et al., 2022; Roberts et al., 2024).
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Where possible, an attempt was made to sample the faults for °Cl
close to the centres of their map traces, and away from bends in the fault
trace (Fig. 3). Sample sites were selected where it could be shown that
carbonate fault planes at the surface had been exhumed by earthquake
slip, and not affected by local erosion/sedimentation using the criteria
developed by Cowie et al. (2017) (Electronic Supplement 1). Locations
were selected using these criteria where (1) no erosive channels/gullies
or landslide morphologies exist on the footwall or hangingwall of the
fault, (2) a clear upper slope and lower slope could be identified across
the fault which had been produced during the high erosion rates during
the LGM, (3) the contact between the lower slope and fault plane was
horizontal ruling out along-strike mass wasting, and (4) where the fault
plane was sufficiently preserved to rule out surface dissolution/plucking
of the fault plane, evidenced by the preservation of mm-scale frictional
wear striae produced by fault slip. The necessity of this approach to
exclude erosion and sedimentation contributing to exhumation or burial
means that we have not included 3Cl results from other studies in our
analysis because our fieldwork shows that those studies did not adhere
to the above criteria. The dips of the slopes, fault planes dips, and offsets
across the fault scarps were measured in the field (Electronic Supple-
ment ES1).

The fault planes were initially sampled semi-continuously with
sample spacings of only 0.12 m (see Cowie et al., 2017), but thereafter
sampled discontinuously, with sample spacing up the fault plane of
~30-40 cm. Samples were also excavated from trenches exposing the
sub-surface fault planes to help constrain sub-surface production of 36¢]
and better constrain the most recent slip. Discontinuous sampling is
appropriate because previous studies have shown that denser sampling
does not produce improved resolution of the timing and magnitudes of
slip-rate fluctuations (e.g. Beck et al., 2018). For example, Mildon et al.
(2022) carried out a progressive synthetic degradation of the data for the
densely sampled Fiamignano fault in central Italy included in this study.
They progressively reduced sample spacings from 0.12 m to 0.5 m, and
showed that after 1.3 million iterations of the Beck code (Beck et al.,
2018), and convergence between two parallel Markov chains, the results
were indistinguishable using from the top 10,000 least squares solu-
tions, and also using the posterior distribution of highest likelihood
solutions after 50% burn-in. This is because error bars from accelerator
mass spectrometry (AMS) for 36Cl concentrations overlap at sample
spacings of less than a few decimetres. Overall, the single least squares
solutions differed in detail, but the temporal changes in slip-rate from
the full results were indistinguishable. lezzi et al. (2021) produced
similar results through degradation of the densely sampled 2°Cl data
from Mechernich et al. (2018) for the Pisia fault in Greece. Thus, to
extract slip-rate variability, these studies show that discontinuous
sampling provide adequate constraints.

The °Cl samples were prepared using the method detailed in Cowie
et al. (2017), including sample inspection for alteration, crushing and
sieving, and wet chemistry at the University of Leeds, and underwent
AMS for °Cl concentrations and ICP-OES for elemental concentrations
at, and arranged by, SUERC in East Kilbride. Data for the chemistry of
the samples is given in Electronic Supplement ES2.

“In this study we modelled the 36Cl data using the Bayesian MCMC
reverse-jump code provided by Beck et al. (2018), as described in that
paper and summarised in Roberts et al. (2024). The code attempts to
replicate the measured 3°Cl concentrations through forward modelling
in an attempt to retrieve earthquake slip history of that site. The code
proposes earthquake histories and calculates the implied *°Cl produc-
tion and 2°Cl preservation within fault plane rock samples for compar-
ison with the measured values. The geometry of the fault scarp and
geochemical data for each sample site are input into the code. These data
include (a) the dips of the upper and lower slopes, and the dip of the fault
plane defined by fieldwork, (2) the offset of the slope in the plane of the
fault defined by fieldwork (see ES1 Electronic Supplement 1), (3) the
densities of rocks, and the positions of the samples and their *°Cl con-
centrations and uncertainties as determined through accelerator mass
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spectrometry, (4) the major and minor element concentrations deter-
mination by ICP-OES (see ES2 Electronic Supplement 2), (5) scaling
factors for °Cl production related to the magnetic field and how it varies
with elevation and latitude (see ES1 Electronic Supplement 1), and (6)
the composition of typical colluvium in the hangingwall of the fault. The
code proposes potential earthquake timings drawn from a
widely-accepted model of earthquake recurrence (Brownian Passage
Time model, BPT), and repeats this millions of times (see ES3 Electronic
Supplement 3). The magnitudes and timings of slip events are iterated,
as are uncertain parameters such as the density of the colluvium and 36Cl
production factors (e.g. production rates and attenuation lengths for
spallogenic and muonic **Cl production), and the timing of 6Cl initial
production. The iteration process above is achieved with a Markov
Chain Monte Carlo (MCMC) approach, including reverse jumps. The
code runs at least 2 parallel Markov chains, and assesses convergence
onto a final result using a standard Gelman-Rubin test. The results are
presented as a posterior distribution of highest likelihood results (e.g.
the median and 90% confidence results after 50% model burn in), and
also least-squares solutions, and ensembles of least squares solutions,
which represent the best-fits to the 2°Cl data (see ES3 Electronic Sup-
plement 3). The code from Beck et al. (2018) focusses on trying to
identify changes in slip-rate, rather than the timings or amounts of slip
for individual earthquakes”.

Once the modelling was complete, we interpreted the resulting slip
versus time histories produced after a burn-in period of 50% of the
model run, attempting to identify constant or conversely fluctuating
slip-rate. The results showed that fluctuating slip-rates are ubiquitous
(see ES4 and ES5 Electronic Supplements 4 and 5), so we attempted to
constrain durations and magnitudes of slip in high and low slip-rate
periods. We did this by identifying inflections in the slip-rate from
combinations of (i) the least squares solution for each site, (ii) from
inflections in trends represented by ensembles of the top 10,000 least
squares solutions for each site, and (iii) from inflections in the 90%
confidence bands and median results from the posterior distribution of
highest likelihood solutions produced after 50% burn-in. These in-
terpretations of slip-rate inflections are shown in Electronic Supplement
ES3, ES4 an ES5, which include the full Bayesian results for each site.

The results from the Mt. Vettore, Leonessa, Laga, Colfiorito (Mt. Le
Scalette), Fiamignano and Barete sites have already been modelled using
the Beck code (Beck et al., 2018), and published (Mildon et al., 2022) (6
sites). The results from the Pescasseroli, Frattura (Scanno) and Maiella
sites have already been modelled with the Beck code and published
(Roberts et al., 2024) (3 sites). The remaining 18 sites have not been
published with modelling using the Beck code, although the data from 6
of these 18 sites, that is, the Gioia dei Marsi, Parasano, Tre Monti, San
Sebastiano, Campo Felice and Roccapretruro sites have been published
by Cowie et al. (2017) and Goodall et al. (2021), and modelled using the
code presented by Cowie et al. (2017); we re-modelled them using the
Beck code for consistency. In summary, in this paper we re-use published
data and modelling using the Beck code for 9 sites, but provide more
detail on the full modelling results (Electronic Supplement ES3), and
present new >°Cl and elemental data from the other sites, and new
modelling using the Beck code where this has not previously been
conducted. We have not included the results produced by palaeoseismic
trenching studies in our analysis of slip-rate variability (e.g. Galadini
and Galli, 2000; Cinti et al., 2021), because such studies tend to
concentrate on the valuable endeavour of identifying individual palae-
oearthquakes, rather than identifying slip-rate variations produced by
temporal earthquake clusters, which is the topic of this paper. In fact, it
is rare to find time versus slip plots in publications on palaeoseismic
trenching, because (a) it is challenging to constrain both the maximum
slip per earthquake, given the uncertainty in the relationship between
colluvial wedge thickness and coseismic slip, and the timing of indi-
vidual earthquakes, due to uncertainties in finding dateable material, (b)
defining the slip-rate between individual earthquakes of uncertain
timing and slip can be challenging, and (c) palaeoseismic records from
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trenching studies are often either relatively short at just a few millennia,
or incomplete due to hiatuses in sedimentation or erosion associated
with palaeosols. However a comparison between our 3°Cl based results
and the valuable results from palaeoseismic trenching could be a fruitful
endeavour for future work.

We modelled changes in differential stress that occur when a fault or
shear-zone undergoes extensional deformation implied by the 6Cl data,
and changes in differential stress implied by the notion that strain in the
brittle crust must be compatible within strain in the viscous crust in
order to maintain extensional heave with depth (Fig. 2c and d). We
modelled the motions implied by the 3°Cl as discrete earthquakes rather
than creep, because GNSS measurements across the Mt. Vettore fault in
the central Apennines showed that metre-scale surface faulting pro-
duced by the 30th October Ms 6.6 earthquake occurred in <2 s, and that
slip had started before the arrival of strong-shaking at the surface
(Wilkinson et al., 2017). The stress modelling used the approach and
codes described by Mildon et al. (2022) and Roberts et al. (2024). A
summary of this approach is as follows. We modelled the deformation
implied by the 3°Cl results as discrete earthquakes on the brittle faults,
calculating and recording the resulting changes in differential stress on
neighbouring receiver faults and receiver shear-zones. For changes in
differential stress on receiver shear-zones, we calculated the changes in
viscous strain-rate implied by the stress to strain-rate relationship shown
in Equation (1). We then use the implied strain-rates to calculate stress
transfer onto neighbouring receiver faults and shear-zones produced by
shear-zone slip. We use changes in strain-rate on receiver shear-zones to
calculate the implied slip-rate on overlying faults by assuming strain
compatibility between the brittle and viscous crust (Fig. 2c). Overall,
this approach examines feedback cycles between faults and their
assumed underlying shear-zones, and between neighbouring
fault/shear-zone structures (Fig. 2c and d).

5. Results

Fig. 3 shows the locations of sample sites and the 5Cl concentrations
for each sampled fault. It was not possible to sample all the faults in the
region because we were unable to identify suitable sites on all faults
using the criteria stated by Bubeck et al. (2015) and Cowie et al. (2017).
Nonetheless, we think that samples were obtained from most of the
faults that are thought to dominate the strain in the region (Faure
Walker et al., 2012; Faure Walker et al., 2021; Lavecchia et al., 2022).

Fig. 4 shows the slip histories derived using the Beck et al. (2018)
code. Also shown are the expected coseismic dmax derived from the fault
lengths and the relationships given in Wells and Coppersmith (1994)
(see Wesnousky, 2008 for similar relationships). For each site we show
the least squares solution which produces 3°Cl predictions that are the
best fit to the 3°Cl data, the ensemble of the top 10,000 least squares
solutions, and the highest likelihood solutions from the full posterior
distribution of the results after 50% burn-in shown as the 90% confi-
dence bands and the median (typically >500,000 solutions). Detailed
modelling results are given in Electronic Supplement 3, and detailed
interpretations for each fault are given in Electronic Supplement ES4.

The results demonstrate that temporal fluctuations in slip-rate are
ubiquitous across all the sampled sites. The amounts of slip in the pe-
riods of relatively high slip-rate are too large to be produced by a single
earthquake, given the dmax values from scaling relationships between
fault length and coseismic dmax (Wells and Coppersmith, 1994),
implying that several large magnitude surface faulting earthquakes
occurred in these time periods, and hence the existence of temporal
earthquake clustering. These clusters are separated by time periods
where surface faulting earthquakes of the slip magnitudes from Wells
and Coppersmith (1994) must have been less frequent or absent, because
the amount of recorded slip is smaller than that predicted by that scaling
relationship, and in this paper we define these low-slip-rate episodes as
anticlusters. The absolute timing of clusters and anticlusters differ be-
tween the faults, as do the magnitudes of slip and slip durations for
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clusters and anticlusters. This is the first time that slip-rate fluctuations
alongside clustering and anticlustering have been constrained over a
time period as long as 20,000 years for most of the main faults across the
entire width of an area of extension.

The magnitudes of the slip-rate fluctuations imply significant
changes to the implied earthquake frequency-magnitude distributions
and probabilities of earthquake recurrence between different time pe-
riods (Fig. 5). For one fault, the Frattura (Scanno) fault, where the slip-
rate rate fluctuates between ~5.6 mm/yr in one time period and ~0.1
mm/yr in another, we have calculated the implied annual cumulative
rates of earthquakes using the FiSH code from Pace et al. (2016). The
implied annual cumulative rates of earthquakes differ by more than an
order of magnitude between the two time periods, so implied proba-
bilities of damaging earthquakes in 50 years will differ by a similar
amount.

Fig. 6 shows which of the sampled faults, in each 1000-year time
period, were experiencing what we interpret to be high slip-rate epi-
sodes produced by the temporal clustering of surface earthquakes (this is
also shown in an animation, and we recommend this to the reader as it
may be easier to visualize the temporal variability; Electronic Supple-
ment 5). We also show two 500 year-long time periods for the most
recent millennium. The interpretations of the relatively-high high slip-
rate episodes are made using three separate approaches in Fig. 6 and
Electronic Supplement 5. These approaches are (a) using only the single
least squares solution, (b) using the ensemble of the top 10,000 least
squares solutions, and (c) using the 90% confidence bands for highest
likelihood solutions from the posterior distribution of results after 50%
model burn-in. These three approaches are important to note, because
they illustrate that the user has a subjective choice of which approach to
use to interpret the timing, amount of slip, and slip duration during
clusters and anticlusters. The three approaches also show where a
cluster can be identified using more than one approach adding confi-
dence to the overall interpretation.

In each time slice from 15 ka to the present-day, earthquake clusters
characterise relatively small numbers of the faults at any given time,
with clusters migrating around the overall fault network through time
on a millennial timescale (Fig. 6 and the animation in Electronic Sup-
plement 5). At times the activity is concentrated in the centre and parts
of the NE flank of the extending region (e.g. the last 500 years and from
14 to 8 kyrs), whilst at other times activity also occurs on the SW flank
close to the capital city, Rome (e.g. 6.0-0.5 kyrs). It has previously been
reported that faults located across strike from each other have clusters
whose timing are out-of-phase between neighbouring faults (e.g. Mildon
et al., 2022), whilst in another example activity migrates across strike in
two waves from SW to NE between three across strikes faults (Roberts
et al., 2024). These patterns are evident within the results shown herein,
because they are derived from the same dataset and modelling
approach, but in addition cluster migration in other places displays
movement between neighbouring faults that exhibit less clear spatial
patterns. Nonetheless, we suggest that valuable insights can be gained
by compiling the characteristics of the clustering across the entire region
as these may help to reveal the causes of the clustering and
anticlustering.

Fig. 7 shows a compilation of the data showing the characteristics of
clustering across the region (full results and calculations are reported in
Electronic Supplement ES4). In the following text we report results
mainly for the least squares solution, including results from the highest
likelihood results where appropriate, but in Electronic Supplement ES4
we also report the results for the median of the highest likelihood so-
lutions from the full posterior distribution after 50% model burn-in. The
results are as follows.

(1) The sampled faults have lengths ranging between 6.3 and 47 km
with a mean value of 22.5 km and standard deviation (SD) of
10.9, as reported in the so-called Fault2SHA database reported in
Faure Walker et al. (2021) (Fig. 7a). These fault lengths are used
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to define expected coseismic dmax for each of the faults, which
have a mean of 0.97 m (see Figs. 4 and 7b).

The faults all dip to the SW, except for the Leonessa fault which
dips towards the NE, and have dips in the range of 40° and 71°
with a mean value of 56° and a standard deviation of 7.9 (Figs. 3
and 7¢).

The long-term slip-rates are defined by the amount of slip over
the last ~20,000 years constrained by the modelling results of
36Cl data. These results confirm that for most faults evidence for
slip recorded by the scarps is preserved since about 15 + 3 ka,
which previous studies have suggested was the timing of the
stabilisation of slopes during the demise of the LGM. The slopes
were then offset across the scarps by surface faulting (Piccardi
et al., 1999, Roberts and Michetti, 2004; Faure Walker et al.,
2012; see Electronic Supplement 1 for slope data, scarp profiles
and photos of the fault scarps). For some faults slip has also been
preserved from before 15 + 3 ka (Fig. 4), and this has also been
reported and discussed for other bedrock faults scarps in the
Mediterranean (e.g. lezzi et al., 2021; Mechernich et al., 2023 for
examples from Greece). As described above, the absence of slip
before 15 + 3 ka for most faults is probably due to (a) relatively
high erosion rates during the LGM obscuring surface slip (e.g. see

(€]

(6))

O]

Tucker et al., 2011), but it is important to note that it may also be
that (b) some faults may have been in an anticluster at that time.
This complicates the choice of a time-period over which to
calculate long-term slip-rates. Herein, we have chosen to calcu-
late long-term slip-rates averaged over the last 20,000 years, and
these fall in the range of 0.2-1.35 mm/yr with a mean value of
0.57 mm/yr and a standard deviation of 0.26 (Fig. 7d).

In any given 1 kyrs time slice (0.5 kyrs for the last 1000 years),
the percentage of the sampled faults experiencing a cluster in
both the least squares and the posterior distribution of highest
likelihood solutions at 90% confidence is between 7 and 67%
with a mean value of 31% and a standard deviation of 17
(Fig. 7e).

There is evidence of clustering in all 2 kyrs time slices if one
considers both the least squares solutions and the median solu-
tions from the posterior distributions after 50% burn-in (Fig. 7f
and g).

The slip magnitudes in clusters are in the range of 2.5-25 m with
a mean value of 5.85 m and a standard deviation of 4.1 for the
least squares solutions (Fig. 7h and i). This magnitude of slip is
greater than is expected in single earthquakes given the lengths of
the faults and the relationships presented by Wells and
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or a both the least squares solution and the highest likelihood solutions at 90% confidence. These maps can be visualised as an animation in Electronic Supple-

ment ESS5.

Coppersmith (1994) (range of 0.27-2.12 m with a mean of 0.97
and SD of 0.5; Fig. 7b and j). This reinforces the suggestion that
the slip in a period of relatively rapid slip cannot be produced by a
single earthquake, and so must represent a cluster of surface
faulting earthquakes.
The durations of clusters are up to ~9 kyrs, with a mean of 2.83
kyrs and a standard deviation of 1.99 (Fig. 7k), although a higher
mean value of 4.26 kyrs is suggested by the median values from
the posterior distribution of highest likelihood solutions after
50% model burn-in (Fig. 7i).
The slip-rates in clusters from the least squares solutions fall in
the range of 0.24-22.0 mm/yr with a mean value of 3.63 mm/yr
and a standard deviation of 4.2 (Fig. 7m), with a mean value of
1.42 mm/yr suggested by the median values from the posterior
distribution of highest likelihood solutions after 50% model burn-
in (Fig. 7n). The slip-rate values from the least squares solutions
imply slip-rate enhancement values (slip-rate in the cluster
divided by the long-term slip-rate over 20 kyrs, SRE) in the range
of 1.21-30.86 with a mean of 6.24 and a standard deviation of 7
(Fig. 70 and p). Note that the very high slip-rates within the
distribution of up to 22 mm/yr from the least squares results (e.g
Fig. 7m) may be overestimates produced by a combination of the
limited resolution of timing recorded by the >°Cl data and the
limited ability of the modelling code to resolve the timing of in-
dividual earthquakes within very short duration clusters. How-
ever, we suggest the achieved time resolution is the state-of-the-
art at present, so the exact duration of very short-lived clusters
and hence the exact SRE values require future study.

(9) The slip-rates in clusters exceed those averaged over 20 kyrs

(Fig. 7q).

(10) Anticlusters are best constrained where we have been able to
measure both their start and end times, that is, where they have
been shown to occur in time between two clusters. Results for
such anticlusters have durations that fall in the range of 1.9-12.7
kyrs with a mean value of 7.09 kyrs and a standard deviation of
3.3 (Fig. 7r and s). The median anticluster durations for the faults
close to the SW flank of the Apennines (the Fiamignano, Leonessa
and Liri faults), although less well constrained due to the absence
of measured start times for the anticlusters, have a mean value for
anticluster duration of at least 15.33 + 1.23 kyrs, much longer
than the anticluster durations recorded for faults on the NE flank
of 6.2 £+ 3.53 kyrs (Fig. 7t).
The slip-rates in the anticlusters are lower than those within
clusters, with a value as low as zero mm/yr from the least squares
solutions for the anticlusters, or a mean of 0.51 mm/yr from the
values obtained for the median of the posterior distribution of
highest likelihood solutions (Fig. 7u). For comparison we note a
mean for the clusters of 3.41 mm/yr from the least squares so-
lutions, or a mean of 1.42 mm/yr from the median values from
the posterior distribution of highest likelihood solutions after
50% burn-in (compare Fig. 7m, n and 7u). However, we suggest
that the slip-rates in anticlusters are challenging to quantify. This
is because although they can appear as low as zero from the least
squares solutions, the smallest surface slip size we allowed whilst
using the code from Beck et al. (2018) was 10 cm, so zero slip-rate
values may be underestimates. Also, the results from the median
slip histories from the posterior distribution of highest likelihood
solutions after 50% model burn-in may be overestimates because
they include solutions that will fit the measured 2°Cl data less
well than the least squares solution. Nonetheless, the time versus
slip histories in Fig. 4 show that the trajectories for slip have
lower slopes in the times between clusters than (a) the slip-rates

@

®

an

12

averaged since 20 ka, defined by the total slip and the timing of
slip preservation defined by the 3°Cl data, and (b) the slip-rates
within clusters.

Overall, the results confirm that the study of 3®Cl from fault planes
provides the opportunity to constrain the slip-rate histories of multiple
faults across the whole width of an extending orogen, with a continuous
time sample, lacking hiatuses, over a time period, in this example, of
~20 kyrs. They also allow characterisation of the slip-rate variability,
clustering and anticlustering (Fig. 7). However, note that the disad-
vantages of the 36¢1 approach are as follows. (i) The slip-histories are
retrieved from the 2Cl data using modelling, in this case using the code
from Beck et al. (2018), yet other codes exist (Schlagenhauf et al., 2010;
Cowie et al., 2017; Tikhomirov et al., 2019; Tesson and Benedetti,
2019), each with their own advantages and disadvantages. The reasons
for using the Beck et al. (2018) code explained briefly above, and in
detail in Roberts et al. (2024), but to summarise, we feel it is best suited
to studying slip-rate histories. (ii) Although the least squares solutions
reveal the best fit to the 2°Cl data, and document the timing and mag-
nitudes of slip for individual model earthquakes, there are thousands of
other solutions that fit the %°Cl almost as well, and these will have
slightly different timings for the model slip events, and also different slip
magnitudes. This is why it is important to consider results represented
by the ensembles of the top 10,000 least squares solutions, and the 90%
confidence and median solutions from the posterior distribution of
highest likelihood solutions. As mentioned above, this introduces un-
certainty into how one should interpret the data, so we have considered
all three visualisations of the results, and concentrate on studying
slip-rate variability rather than identifying individual earthquakes.

6. Discussion

The results show that deformation associated with active normal
faults in the central Apennines is characterised by fluctuating slip-rates
on individual faults on a millennial timescale, and this has been facili-
tated by interpretation of 3°Cl data. Slip on individual faults during time
periods when they experience relatively high slip-rates can be several
metres or more, and hence too large to be explained by the occurrence of
single earthquakes, implying the occurrence of temporal clusters of
surface faulting earthquakes. Although the regional extension-rate over
the last few decades has been measured to be ~3-4 mm/yr using GPS
(Figs. 6 and 8; D’Agostino et al., 2011), and more recently with InSAR
(Daout et al., 2023), slip-rates within temporal earthquake clusters on
individual faults can accommodate or exceed this value for periods of
time lasting a few thousand years whilst other faults enter periods of
quiescence. Only a relatively small percentage of the faults are experi-
encing high-slip rates in any 1000-year time-period, and the geographic
positions of the faults experiencing high slip-rate episodes change
through time.

These results are of interest in a general sense because we suggest
they represent the first time that data characterising slip-rate variability
and the temporal clustering of surface faulting earthquakes have been
compiled from across an entire extensional fault system on a timescale as
long as 20 kyrs. However, more specifically, these results have impor-
tant implications for assessing the seismic hazard in the region because
they imply fluctuations in the rate of seismicity on individual faults
(Fig. 5) and changes in the locations of seismicity through time
(Figs. 6-8; Electronic Supplement 5). They also allow us to study the
mechanics of extension because they allow assessment of the likely
mechanisms responsible for causing the fluctuations in fault activity.
Below we discuss various aspects of our results in turn.
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Fig. 7. Characteristics of Clustering in central Italy from slip-histories derived from *°Cl data. Histograms and graphs showing the distributions within our dataset of
(a) fault lengths, (b) expected coseismic dmax from Wells and Coppersmith (1994), (c) fault dips, (d) long-term slip-rate over 20 kyrs, (e) percentage of faults showing
a cluster in each 1000 year time slice, (f) and (g) cluster timings, (h) and (i) slip in clusters, (j) expected coseismic dmax from Wells and Coppersmith (1994)
compared to slip in clusters, (k) and (1) cluster durations, (m) and (n) slip-rates in clusters, (0) and (p) slip-rate in clusters divided by the long-term slip-rates (Slip
Rate Enhancement; SRE), (q) Long-term slip-rate versus slip-rate in cluster, (r) and (s) anticluster durations, (t) comparison of anticluster durations between the SW
and NE flanks of the Apennines, (u) slip-rate in anticlusters. White arrows with numbers indicate the mean values.

13



R. G.Petal

Journal of Structural Geology 195 (2025) 105391

NE =
(0
(a) (b) — :
2] 60 e | L
g - MV Extent across strike of < \
— ~ Cl active earthquake clusters 50 &35 - —+ -
T indicated by %*Cl data % o .
© 40 o o - [ L
o = & < \
= . . O © \
o L Width of zone containing 30 5 S \ o
o g faults experiencing clusters c .2 —
o = o £ fm\
= e v T
[0 P
% = 1022 | L
o a !
8- e !
N~ <F~ 0 o 4 I
(= > F o
g E 20 19 18 17 16 15 14 13 1211 10 9 8 7 6 5 4 3 2 1 0 ha GPS 'l
o o
S o i 4 . L
S 3 Time (ka) velocity —o
= highest gradient of gy | | -

—— Minimum distance across strike for the occurrence of a cluster (km)

Maximum distance across strike for the occurrence of a cluster (km)

GPS velocity change “ m N — O

Velocity (mm/yr)

F = Fiamignano fault; MV and CI = approx. positions of M. Vettore and C. Imperatore faults along strike

Fig. 8. Distance across strike within which clustering occurs. Distance across strike was measured from the Fiamignano fault along the azimuth N057°, by projecting
sites perpendicular to this azimuth. The topographic profile in (a) was derived from SRTM data and the transect is located in Fig. 3. GPS velocities are from
D’Agostino et al. (2011). Clustering was confined to a relative narrow zone from 20 to 7 ka, a wider zone from 7 to 0.5 ka, and has been confined to a relative narrow
zone from 0.5 ka to present. The highest gradients in velocity defined by GPS coincide with the relatively narrow zone of clustering that has existed since 0.5 to the

present-day.

6.1. Implications for interpreting results from in situ >°Cl cosmogenic
dating of fault scarps

Before we discuss tectonics, we cannot ignore the fact that debate
exists in the literature, and within the earthquake science community,
about the best approach for interpreting the results of sampling fault
planes for 2°Cl, and even whether such results can be used to assess slip
through time produced by earthquakes. In this section we discuss
various aspects of this debate, including (i) the role of surface erosion,
sedimentation and mass wasting, and (ii) interpreting the timing of in-
dividual earthquakes versus concentrating on slip-rate variations over
time periods that may contain multiple earthquakes. We argue that re-
sults from 3°Cl can be used to assess slip produced by earthquakes and
how slip-rates fluctuate through time.

It has been suggested that erosion and sedimentation may contribute
to the exhumation of the fault planes (Kastelic et al., 2017), and that this
may be concentrated at so called pluvial periods with high erosion and
exhumation rates accompanied by activation of landslides and mass
wasting in the European Alps (e.g. Zerathe et al., 2014). However, in this
study we emphasise that all the sample sites have been chosen specif-
ically to exclude the possibility of erosion, mass wasting and sedimen-
tation. We have done this by avoiding locations close to hangingwall and
footwall gullies, landslide morphology, and where the hangingwall to
fault plane contact is not horizontal and along-strike mass movement
may have occurred. In other words, it is the favourable geomorpho-
logical settings of our sample sites that have allowed us to interpret the
results in terms of tectonic slip produced by earthquakes. Our claim that
our choice of sample sites excludes non-tectonic processes as dominating
the exhumation is consistent with the observation that we do not see
rapid exhumation concentrated at times known to have high rates of
landscape evolution (Fig. 7f and g). For example, there is no concen-
tration of clusters at 4.2 kyrs, the time of a well-known pluvial period in
the European Alps (e.g. Zerathe et al., 2014). Therefore, we suggest that
the periods of rapid exhumation we have measured with 3°Cl are pro-
duced by temporal clusters of surface faulting earthquakes and not
erosional mass-wasting episodes driven by climatic processes. More-
over, Roberts et al. (2024) have shown that erosion rates recorded over a
few years close to published fault-plane 3°Cl study sites by Kastelic et al.
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(2017), which these latter authors suggest are responsible for the
exhumation, cannot apply to the long-term, millennial timescale exhu-
mation. This is because the erosion rates reported by Kastelic et al.
(2017) imply 3°Cl concentrations that, for the example of the Fia-
mignano fault, are 7.02 + 2.32 times lower than the measured 6Cl
values, and so do not explain the longer-term exhumation over the last
15-20 kyrs. Thus, (a) our choice of sample sites, (b) the lack of rapid
exhumation measured at known times of rapid surface erosion during
pluvial periods, and (c) the fact that measured erosion rates over a few
years cannot apply to the longer term, add to our confidence that
exhumation via tectonic fault slip since the demise of the LGM is the
dominant signal in our 3Cl dataset.

There is ongoing debate about whether 2°Cl data from fault planes
should be interpreted in terms of the timing of individual earthquakes,
versus concentrating on slip-rate variations over time periods that may
contain multiple earthquakes. We note that some research groups have
concentrated on the former (e.g. Benedetti et al., 2002, 2003, 2013;
Palumbo et al., 2004; Schlagenhauf et al., 2010, 2011; Mozafari et al.,
2019; Tesson and Benedetti, 2019) and others on the latter (Cowie et al.,
2017; Iezzi et al., 2021; Mildon et al., 2022; Roberts et al., 2024). Here
we explain in more detail why we concentrate on the latter approach.
Firstly, we have concerns about whether individual earthquakes can be
resolved within %6Cl datasets, for example by attempting to recognise
“cusps” on plots of the 36Cl concentration versus height on the fault
plane (e.g. Benedetti et al., 2002, 2003; Palumbo et al., 2004; Schla-
genhauf et al., 2010, 2011; Mozafari et al., 2019; Tesson and Benedetti,
2019). We have concerns because for densely sampled 3°Cl datasets such
as that for the Fiamignano fault (Fig. 3; Electronic Supplements 2 and 3),
36C1 concentrations show variations that appear to be non-systematic
over increments of only 10 cm difference in position on the fault
planes, in many cases with overlapping error bars, so cusps are not
obvious through visual inspection. Secondly, it is important to
remember that the 3°Cl concentration produced by an exposure history
is influenced by the calcium concentration in each individual sample,
because spallation of calcium atoms is one of the main production
pathways for 36C1 (Gosse and Phillips, 2001). In other words, higher
numbers of calcium targets for spallation within a sample means greater
361 production from this production pathway, and hence higher 3¢Cl
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concentrations within that sample. Therefore, one cannot simply assess
variations in 3°Cl concentration up a fault plane in terms of cusps, via for
example probability density functions, as solely due to a tectonic origin,
as they may be influenced by variations in calcium concentration.
Thirdly, with our current abilities to limit the sizes of uncertainties
associated with sample chemistry and AMS, and our current abilities to
model the data, studying fault planes with very high densities of samples
may not reveal extra information about the slip history. As mentioned
above, Mildon et al. (2022) and Iezzi et al. (2021) artificially degraded
densely sampled 36Cl datasets for the Fiamignano fault in central Italy
and the Pisia fault in central Greece respectively. They showed that no
extra information on tectonic slip emerges when decreasing the sample
spacing on the fault plane from ~40 to 50 cm sample spacing to as low as
~12 cm. In detail, 12 cm or 40-50 cm sample spacings provide very
similar slip histories implied by the ensembles of the top 10,000 least
squares slip versus time histories, and the median and 90% confidence
intervals from the posterior distribution of hundreds of thousands of
highest likelihood slip history solutions after 50% burn in. The single
least squares solutions may well differ between 12 cm or 40-50 cm
sample spacings, but the details of these single solutions should not be
over emphasised because many other similar solutions exist which fit the
data almost as well within uncertainty. Therefore, it is vital to consider
the distribution of slip histories within the ensembles of results
described above, and the ensemble results for 12 cm or 40-50 cm sample
spacings are essentially indistinguishable. This confirms that at present,
very high densities of samples may not reveal extra information about
the slip history.

In summary, despite the debate about the utility of 3°Cl studies in
earthquake science, in this study we attempt to recognise periods of high
or low slip-rate containing multiple earthquakes from ensembles of re-
sults, rather than solely the least squares solution, or trying to recognise
individual earthquakes. We suggest that this approach to interpretation
can advance our knowledge of earthquake recurrence because it facili-
tates testing of hypotheses for mechanistic cause(s) of slip-rate vari-
ability and temporal earthquake clustering, and we discuss this below.

6.2. Implications for deformation across entire networks of normal faults

Our results agree with Benedetti et al. (2013) in that strain accu-
mulation on individual faults occurs during relatively short time periods
marked by temporal clusters of surface faulting earthquakes. However,
we do not find evidence for the occurrence across the whole fault system
of the three time periods that they interpret to represent high activity
rates during so-called “supercycles” of clustered earthquakes (1.5 + 1
ka; 4.5 + 1 ka and 11 + 1 ka; see their Fig. 6), separated by times of
relative quiescence. For example, we find high activity rates between 2-4
ka and 12-20 ka at times when their results suggest relative quiescence
(Fig. 7f and g). This may be because they sampled a relatively small
percentage of the faults in the region. It may also be because the absolute
timing of their proposed slip periods is influenced by their use of
“pre-exposure” in their attempt to constrain early 3°Cl production. They
use a wide range of pre-exposure values of 0.6 kyrs, 2.7 kyrs, 3.0 kyrs,
1.5 kyrs, 28 kyrs, 5 kyrs and between 2.5 and 13.0 ka for the seven faults
they study. The values chosen for pre-exposure influence the in-
terpretations of the absolute timings of slip events because such values
dictate how much of the total 3°Cl concentration in a sample is produced
early in the exhumation history at depth, prior to exposure of the sam-
ples to 36Cl production close to or at the surface, which in turn influences
the amount of 3°Cl remaining to constrain the ages of slip events. In
contrast, we use the Beck et al. (2018) code which does not require the
input of a value for “pre-exposure”, but instead draws potential slip
histories from a Brownian Passage Time model of earthquake recurrence
to investigate the slip, including slip that influenced early 3°Cl produc-
tion at depth (see Beck et al., 2018; Roberts et al., 2024 for details of how
this is accomplished). We could re-model the 36Cl data from Benedetti
et al. (2013) using the Beck code, but we prefer not to do this because
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their dataset was collected and published prior to the publications of
Bubeck et al. (2015) and Cowie et al. (2017), and hence does not adhere
to the sampling criteria suggested by these authors to exclude erosion
and sedimentation and mass wasting, and our own fieldwork confirms
that such surface processes have affected those sites. Thus, although we
agree with the valuable and pioneering work of Benedetti et al. (2013)
about the existence of activity clustered in time, we prefer our in-
terpretations of the distribution in time of the clusters shown in Fig. 7f
and g.

We also emphasise that, in addition to the timing of clusters, the
spatial changes in positions of clusters through time provide important
insights into the tectonics (Figs. 6 and 8; Electronic Supplement 5). Some
time periods exhibit clustering along a relatively localised zone in the
central part of the relatively high topography of the Apennines, without
activity on the SW and NE topographic flanks of the Apennines (e.g. time
periods 19-7.0 ka and 0.5 ka to present). This is reminiscent, at least in
terms of geometry, of zones of localised extensional deformation caused,
for example, by evolving crustal thermal structure and rheology that
developed over millions of years, such as in the late-Jurassic of the North
Sea or the Gulf of Corinth, Greece (Cowie and Roberts, 2001; Cowie
et al., 2005). Other time periods exhibit clustering that is spread across
the whole width of the Apennines extensional orogen (e.g. 5.0-1.0 ka;
Fig. 8). This is reminiscent, at least in terms of geometry, of orogen-wide
extension interpreted via deformation of a continuum, for example, the
Quaternary deformation in Tibet (England and Molnar, 1997). Thus, the
results herein reveal that both localised and orogen-wide deformation
exist in the same location separated in time by only a few millennia. This
suggests that exploring the rheology of the deformation using only a
localised model, or alternatively using only a distributed model, may not
reveal important aspects of the deformation that occur on a millennial
timescale. In fact, for the central Apennines, the position of clusters
across strike defined by 3°Cl for the last 500 years matches the location
where geodetic data from GPS and InSAR suggest that there is an
increased gradient in velocity due to extensional faulting (D’Agostino
et al., 2011; Daout et al., 2023) (Fig. 8). It is encouraging that GPS,
InSAR and %6Cl data agree in this regard. However, before 500 years ago,
when three > Mw 6.0 earthquakes occurred on the 9th September 1349
AD, of which two were certainly on the SW flank of the Apennines (Galli
and Naso, 2009; Cowie et al., 2017; Galadini et al., 2018), results in this
paper confirm that high fault activity rates were more widely spread
across the entire width of the deforming extensional orogen (Electronic
Supplement 5; Figs. 6 and 8). We will never know if geodetic rates would
have recorded more widespread extension across strike before 500 years
ago, but one interpretation of their agreement after this time suggests
that geodesy may well have recorded more widespread extension before
500 years ago. Overall, fluctuations in the width of the deforming zone
on a millennial timescale have important implications for seismic hazard
and the implied mechanics of the deformation as discussed below.
However, first we investigate the process(es) that are responsible for the
slip-rate variability and temporal earthquake clustering.

6.3. Implications for the causes of temporal earthquake clustering

Above we stated that the results in this paper provide a dataset that
can be used to test hypotheses suggested to explain earthquake clus-
tering, such as (i) least work arguments if slip in a cluster is limited by
dynamic topography (Cowie et al., 2017), (ii) strength variations in
underlying shear-zones due to annealing and/or fluid interactions (e.g.
Dolan et al., 2007, 2016), (iii) stress interactions between neighbouring
fault/shear-zone structures (Mildon et al., 2022; Roberts et al., 2024), or
(iv) rate and state friction (Biemiller and Lavier, 2017).

In terms of testing hypothesis (i), that is, least work arguments,
Mildon et al. (2022) showed that synchronous clusters can occur on both
the NE and SW flanks of the Apennines, and our results reinforce this
finding (e.g. the time period between ~5.0 and 0.5 ka shown in Fig. 8).
This observation is contrary to the model suggested by Cowie et al.



R. G.Petal

(2017) whereby clusters on one flank are accompanied by flexural
restoring forces that increase the rate of work, so to minimize energy
dissipation in the system as a whole, the locus of fault activity shifts to
the faults on the opposite flank. Thus, the observations do not match
model the prediction from Cowie et al. (2017), so, following Mildon
et al. (2022), we discount least work arguments as the dominant cause of
clustering in the Apennines.

In terms of testing hypothesis (ii), that is, strength variations in un-
derlying shear-zones due to annealing and/or fluids, a direct model test
would require access to samples from within an actively-deforming
viscous shear-zone beneath a fault undergoing the transition from an
anticluster to a cluster, to enable measurements of the nature and rates
of microstructural change and fluid flux, and this is not currently
possible. An indirect test may be possible in an experimental rock
deformation laboratory, but even with this it is challenging to quantify
microstructural evolution within a sample during the experimental run,
and the experiment would need to be scaled correctly to simulate the
strain-rates during the transition from an anticluster to a cluster. Thus, a
hypothesis test for (ii) is challenging.

In terms of testing hypothesis (iv), that is, the effects of rate and state
friction, similar problems exist in that a direct model test would require
access to samples from within an actively-deforming frictional gouge-
zone along a fault undergoing the transition from an anticluster to a
cluster, to enable measurements of frictional properties, and again this is
not currently possible. Again, an indirect test may be possible in an
experimental rock deformation laboratory, but even with this it is
challenging to quantify microstructural evolution within a sample dur-
ing the experimental run, and again the strain-rates would need to be
scaled correctly to simulate the transition from an anticluster to a
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cluster. In other words, it is challenging to directly test the applicability
of hypotheses (ii) and (iv) because of the challenges of accessing
actively-deforming samples to make measurements to compare with the
documented clustering characteristics (Fig. 7).

However, for (iii) stress interactions between neighbouring fault/
shear-zone structures, although we cannot measure stresses directly
from within an active shear-zone, we can conduct an indirect hypothesis
test by modelling stress transfer because the dominant factor controlling
this variable is the geometry of the interacting fault system, with relative
stress changes varying with distance, azimuth and depth (Figs. 1, 2, 9
and 10). To test hypothesis (iii), we compare measured slip-rate
enhancement implied by the %°Cl data with that predicted by stress
modelling combined with a widely used quartz flow law for continental
crust from Hirth et al. (2001). We note that the mean value for measured
slip-rate enhancement (SRE) in clusters for the least squares solutions
from the 36Cl data is 6.24, and from the median slip history solutions is
2.43 (Fig. 70 and p, and Fig. 9). Using the flow-law for dislocation creep
in quartz from Hirth et al. (2001), and values to use in this flow-law
given by Mildon et al. (2022) plus their approach, values of 2.43-6.24
for slip-rate enhancement can be produced by 3.13-7.53 MPa increase in
differential stress within a viscous shear-zone deforming at depths of
15-16 km (Fig. 9; calculations shown in Electronic Supplement ES6).
Values of 3.13-7.53 MPa increase in differential stress on a shear-zone
beneath the viscous-brittle transition are within the range expected at
15-16 km given an earthquake with 1 m of slip on typical normal
fault/shear-zone like those we study, e.g. the Pescasseroli fault (Fig. 9d).
Thus, the predicted values would produce slip-rate enhancement factors
(SRE) large enough to match the values of 2.43-6.24 implied by the 36Cl
data. In other words, we suggest that a single earthquake rupture on a
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solution divided by the long-term slip-rate over 20 kyrs (b) Histogram of slip-rate enhancement values calculated from the slip-rate in clusters, from the median slip-
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(2001) (see Mildon et al., 2022 for the flow law calculator used herein). (d) Changes in differential stress at 15.5 km depth within a shear-zone beneath, and with the
same dip, as the overlying fault which has experienced a 1 m dmax earthquake with 40% of the slip at depth making it to the surface (e.g. the Pescasseroli fault
located in Fig. 3). Overall, this figure shows that values for differential stress change needed to produce the slip-rate enhancements implied by the 3¢Cl data are

similar to those produced by a surface faulting earthquake in central Italy.
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Fig. 10. Proposed explanation for clustering and anticlustering. (i) Time 1 - Slip on shear-zone A loads its overlying fault, and vice versa (ii). This positive feedback
on fault/shear-zone A produces a period of rapid slip-rate containing large magnitude surface faulting earthquakes. Stress on shear-zone B is reduced by coseismic
slip and interseismic shear-zone slip on A (i and ii), and the reduction becomes more intense during repeated rupture and shear-zone slip on A. This reduction in
differential stress reduces the strain-rate associated with shear-zone B. However, the differential stress on shear-zone B is not zero and is being increased by regional
tectonics and topographic loading, so although it slips at a reduced rate, eventually it will load fault B enough for it to rupture. The period of rapid slip on A ends and
rapid slip will transfer to B. (iii) Time 2 - Slip on shear-zone B loads its overlying fault and vice versa (iv). This positive feedback on fault/shear-zone B produces a
period of rapid slip-rate containing large magnitude surface faulting earthquakes. Coseismic slip and interseismic slip on B have opposite effects in terms of stress
changes on shear-zone A, with the former increasing the differential stress and the latter decreasing the differential stress. The differential stress on shear-zone A is
not zero and is being increased by regional tectonics and topographic loading, so although it slips at a reduced rate, eventually it loads fault A enough for it to
rupture. This causes the situation to revert back to that shown in Time 1. The durations of clusters and anticlusters will be determined by the interactions between the
two structures which will be controlled by aspects of the fault geometries such as the fault spacing, and fault dip directions. For example, differential stress on shear-
zone B, which is located in the dip direction of A, is reduced by both coseismic slip on Fault A and interseismic slip on shear-zone A (see i and ii). In contrast,
differential stress on shear-zone A, which is located in the opposite direction to the dip direction of B, is increased by coseismic slip on Fault B, but reduced by
interseismic slip on shear-zone B (see iii and iv). Thus, over time, shear-zone B experiences more intense stress reduction than shear-zone A, and hence a greater
reduction in strain-rate, and this will produce longer anticlusters on shear-zone B. This implication of the proposed model is consistent with the observation that
anticluster duration is relatively long on the SW flank of the Apennines compared to the average for the whole system of sampled faults which predominantly dip to
the SW (compare Fig. 7i and u).

brittle fault transfers a positive differential stress change down to the repeated re-rupture of the overlying fault, and hence repeated differ-
underlying shear-zone (see also Ellis and Stockhert, 2004), with a ential stress increases and strain-rate increases on the underlying viscous
magnitude large enough to increase the strain-rate to extent that is shear-zone. Indeed, this must occur to maintain strain compatibility
consistent with the measured slip-rate fluctuations implied by the 36Cl between brittle faults and their underlying shear-zones (Cowie et al.,
data. We suggest that this could be the mechanism that initiates an 2013; see inset in Fig. 2c¢). By strain-compatibility, we mean that the
earthquake cluster. Although the strain-rate on a shear-zone will horizontal extension accommodated by a shear-zone, over a time period
decrease in the post-seismic phase, the increased strain-rate on the containing multiple surface faulting earthquakes, must match the hori-
shear-zone after the overlying earthquake will in turn increase the stress zontal extension accommodated by the overlying brittle fault (Fig. 2c).
on the overlying fault (Fig. 2d), leading to positive feedback loop and This time-period includes multiple coseismic, postseismic and
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interseismic episodes, and the 2°Cl data record the summed strain from
all these episodes. So, even though the raised differential stress and
hence viscous strain-rates will decay in the postseismic period, the total
strain in the viscous shear-zone during a cluster will match that across
the brittle fault recorded by the 3°Cl data (e.g. see simulations of this by
Shimamoto and Noda, 2014; Allison and Dunham, 2018). In summary,
over a time-period containing numerous earthquakes and intervening
postseismic and interseismic deformation, the predicted increase in
slip-rate on the brittle fault, that is, the SRE, would match the SRE
predicted for the underlying viscous shear-zone, given the modelled
changes in differential stress on the underlying shear-zone and the
dislocation creep flow law. Overall, we suggest that the initiation of a
cluster and its continuation through time are caused by earthquakes
increasing the differential stress on their underlying shear-zones fol-
lowed by positive feedback between shear-zone slip, upwards stress
transfer, earthquake slip and downwards stress transfer.

To further test hypothesis (iii), we now discuss what may control the
nature of anticlusters. The duration of anticlusters across all the 36Cl
sites we study has a mean value of 7.09 kyrs, but we note that lower
values of 6.2 kyrs exist for the NE flank of the Apennines, with higher
values of 15.33 kyrs for the SW flank (Fig. 7r and t). We suggest that this
difference is produced because there is a structural control on anticluster
duration produced by the fact that most faults in the region dip towards
the SW (Fig. 3), and stress transfer across strike for dipping normal faults
is asymmetric (Fig. 10). For the fault/shear-zone spacings in Fig. 10,
shear-zones in the hangingwall relative to slipping fault/shear-zone
structures receive stress decreases from both coseismic slip on brittle
faults and interseismic slip from viscous shear-zones (Time 1 in Fig. 10).
In contrast, shear-zones in the footwall locations relative to slipping
fault/shear-zone structures receive stress increases from coseismic slip
on brittle faults across strike, but stress decreases from interseismic slip
on viscous shear-zones across strike (Time 2 in Fig. 10). Thus, because of
the predominant dip of faults to the SW in the Apennines, cumulative
stress decreases will tend to be larger in hangingwall locations like the
SW flank of the Apennines. To test whether stress transfer associated
with this asymmetry can produce slip-rate changes of sufficient magni-
tude to match those from the 3°Cl results, we calculate the changes in
earthquake recurrence intervals on the SW flank for times when clus-
tering is localised ~12-25 km to the NE in the high topography of the
Apennines, for example between 20-7 ka and 0.5 ka to the present-day
(Fig. 8). The mean long-term slip-rate averaged since 20 ka from the
entire 2°Cl dataset is 0.57 mm/yr (Fig. 7d), and assuming a mean
coseismic dmax of 0.97 m (Fig. 7b), this implies a recurrence interval of
1701 years for such earthquakes. For the SW flank, an increase of a
recurrence interval to about 15 millennia from about 2 millennia rep-
resents a slip-rate enhancement factor of 0.13, and this can be produced
by a stress reduction on the SW flank shear-zones of —4.6 MPa (Fig. 9;
Electronic Supplement 6). A stress reduction of —4.6 MPa at 15.5 km
depth on a shear-zone in a hangingwall location is achieved after 11 m
slip on a fault/shear-zone structure located 12.5 km into its footwall
(Fig. 1b). The 36Cl data show that slip magnitudes in each cluster from
the least squares solutions are in the range of 2.5-25 m, so 11 m of slip in
a cluster is not implausible (Fig. 7h). Therefore, it is plausible that
clusters of 11 1-m earthquake slip events with intervening interseismic
slip on underlying viscous shear-zones occurred in the centre of high
topography of the Apennines and produced the anticlusters lasting 15
millennia on the SW flank. We suggest that this could be the mechanism
that produces longer anticluster durations for faults on the SW flank of
the Apennines close to Rome, and the initiation and continuation of
anticlusters in general, and hence the observations are consistent with
the hypothesis in Fig. 10. Overall, reductions in differential stress on
viscous shear-zones underlying brittle normal faults produced by
deformation across strike appears to be a plausible explanation for the
formation of anticlusters, with anticlusters terminating when their un-
derlying shear-zone loads the overlying fault sufficiently to induce
coseismic slip (Fig. 10).
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In summary, we can explain the observations of clustering and
anticlustering we have made in the Apennines by appealing only to
stress interactions between faults and their underlying shear-zones, and
between neighbouring fault/shear-zone structures, without including
least-work, annealing and/or fluid interactions, or rate and state fric-
tion. Therefore, we suggest that stress interactions must be the first order
control on temporal clustering of surface faulting earthquakes in our
examples because we can explain our observations without appealing to
other processes. Annealing, fluid interactions, and frictional variations
are also likely to occur, but we suggest that they may be secondary ef-
fects and/or controls, but these hypotheses are challenging to test
directly because they require measurements from samples from within
actively deforming viscous shear-zones and frictional fault-zones.

6.4. Implications for probabilistic seismic hazard assessment (PSHA)

If the explanations for clusters and anticlusters described above and
in Fig. 10 are correct, it would be desirable to include this knowledge of
clustering and anticlustering into probabilistic seismic hazard assess-
ment (PSHA). This is because probability estimates for the timing of the
next earthquake show a strong dependence on the chosen slip-rate
(Fig. 5), and on whether fault activity is ongoing, and whether a clus-
ter is treated as ongoing or over (Salditch et al., 2020). One way to
include this in PSHA would be to express the conditional probabilities of
a fault/shear-zone structure being in a cluster or an anticluster, or
exiting an anticluster. Our results provide the opportunity to do this
because we have constrained the distributions of cluster and anticluster
durations, and hence their mean values and standard deviations, and
also the measured timings of cluster and anticlusters on individual
faults. Conditional probabilities of a fault/shear-zone structure being in
a cluster or an anticluster could then be used, for example, to decide
whether to use the high slip-rate from a cluster or a low slip-rate from an
anticluster to calculate an expected earthquake frequency magnitude
distribution upon which to base probabilistic calculations of future
ground shaking (e.g. see Fig. 5).

As an initial test of the utility of using information on clustering and
anticlustering in PSHA, here we compare the results of probability cal-
culations of being in a cluster in the recent to present-day with occur-
rences of earthquake surface rupture confirmed by the historical record,
which is thought to be complete for earthquakes >~Mw 5.8 for the last
~500 years (Roberts et al., 2024; Galadini and Galli, 2000) (Tables 1
and 2). Our approach is to compare the timing and duration of clusters
for each of these individual examples with the mean and standard de-
viations for these parameters measured across the region from all 27
sample sites. For the regional dataset, we assume a normal distribution
around the mean cluster duration of 2828 years, with a standard devi-
ation of 1994 years (although see Fig. 7k which shows that the data are
not perfectly normally distributed). The probability that a
fault/shear-zone structure (P) is in a cluster (or anticluster) is given by P
= 1-normcdf(Z), where Z represents how many standard deviations from
the mean a value lies in a normal distribution (Fig. 11a). Data and cal-
culations for individual faults are shown in Table 1.

The data reveal 12 examples of fault/shear-zones where a rupture
has occurred in the last 500 years and we have °Cl data for these
structures. From these 12 examples, 9 were interpreted to be in a cluster
from the 3°Cl data (75%). These 9 fault/shear-zones also had relatively
high probabilities of being in a cluster (a mean probability of 46% +
27%), compared to fault/shear-zones that did not experience earth-
quake surface ruptures in the last 500 years (a mean of 24% =+ 20%)
(Fig. 11 b and 11c¢). With hindsight, one interpretation could be that for
faults interpreted to be in a cluster, high slip-rates characterising clusters
should have been used 500 years ago to calculate the expected frequency
magnitude distributions, and hence probabilities of future earthquake
shaking.

Using the same approach, it is also possible to calculate the proba-
bility of being in an anticluster, and also exiting an anticluster, using the
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Table 1
Probabilities of a fault being in a cluster.
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Fault Mean STD Start Z normedf  Probability to  Rupture Interpreted to Date of Probability of Probability of
cluster time of (vA) beina since bein a cluster ~ Rupture being in a cluster being in a
duration last cluster =1 - 1500 from 36Cl slip  (years A. for faults that have  cluster for
(kyrs) cluster normcedf(Z) AD? history? D.) ruptured since faults that have

(ka) 1500 AD and were  not ruptured
interpreted to be since 1500 AD
in a cluster from
36ClL

Assergi 2828 1994 4400 0.79 0.78 0.22 No 0.22

Barete 2828 1994 2900 0.04 0.51 0.49 Yes Yes 1703.00 0.49

Barisciano 2828 1994 15000 6.10 1.00 0.00 No 0.00

Campo 2828 1994 4200 0.69 0.75 0.25 No 0.25

Imperatore

Campo Felice 2828 1994 3300 0.24  0.59 0.41 No 0.41

Caporciano 2828 1994 2700 —0.06 0.47 0.53 No 0.53

Colfiorito 2828 1994 5700 1.44 0.93 0.07 Yes No 1997.00 0.07

Colle Enzano 2828 1994 1600 -0.62 0.27 0.73 Yes Yes 2009.00 0.73

Collebrincioni 2828 1994 5600 1.39 0.92 0.08 No 0.08

Costa 2828 1994 3000 0.09 0.53 0.47 Yes Yes 1997.00 0.47

Corgnetto

Fiamignano 2828 1994 5000 1.09 0.86 0.14 No 0.14

Frattura 2828 1994 4500 0.84 0.80 0.20 No 0.20

Gioia dei 2828 1994 2500 -0.16  0.43 0.57 Yes Yes 1915.00 0.57

Marsi
Laga 2828 1994 2200 -0.31 0.38 0.62 Yes Yes 1639 and 0.62
2016

Leonessa 2828 1994 3300 0.24  0.59 0.41 No 0.41

Liri 2828 1994 5700 1.44 0.93 0.07 No 0.07

Maiella 2828 1994 13500 5.35 1.00 0.00 Yes No 1706.00

Mt d’ Ocre 2828 1994 2000 -0.42 0.34 0.66 No 0.66

Parasano 2828 1994 3200 0.19 0.57 0.43 Yes Yes 1915.00 0.43

Pescasseroli 2828 1994 4600 0.89 0.81 0.19 No 0.19

Poggio di Roio 2828 1994 16000 6.61 1.00 0.00 No 0.00

Roccacasale 2828 1994 4200 0.69 0.75 0.25 No 0.25

Roccapretruro 2828 1994 1300 -0.77 0.22 0.78 Yes? Yes 2009? 0.78

San 2828 1994 3800 0.49 0.69 0.31 Yes Yes? 1915.00 0.31

Sebastiano
Tre Monti 2828 1994 900 -0.97 017 0.83 Yes? Yes 1915? 0.83
Mt Vettore 2828 1994 4400 0.79 0.78 0.22 Yes No 2016.00 0.22
Total Total
9.00 12.00
Average 0.34 0.50 0.24
Std 0.24 0.20

mean and standard deviation values for anticluster durations, again
assuming the data are normally distributed around the mean (see Fig. 7r
and s which show the distributions are not perfectly normally distrib-
uted). We calculate probabilities of being in an anticluster for the three
faults that were interpreted to be in anticluster from the 3°Cl data, yet
experienced an earthquake in the last 500 years. We also calculate the
probabilities of exiting an anticluster, which is the inverse of the prob-
ability of being in anticluster once the mean anticluster duration has
been achieved (Fig. 11a and d). These three faults are on the NE flank of
the Apennines, so we use mean and standard deviation values of 6233 +
3529 years for anticluster durations (Fig. 7t) (see Table 2 for these
values plus an alternative where the mean and standard deviation values
for the whole dataset were used). Using the values for the NE flank, the
Maiella fault had a relatively low probability of being in an anticluster
(14%), and hence a high probability of exiting an anticluster (86%). The
high probability of exiting an anticluster is due to the measured 10,000
year long duration of its anticluster compared to the mean anticluster
duration for the NE flank of the Apennines 6233 years. With hindsight,
for the Maiella fault we suggest that probabilities of future ground
shaking should have been considered for both high (cluster) and low
(anticluster) slip-rate scenarios, because it had a high probability of
exiting an anticluster. Indeed, perhaps this approach should be used for
all faults within an anticluster if the worst-case scenario is to be
considered. Therefore, for fault/shear-zones ruptured in the last 500
years, 10 out of the 12 examples (83%) were either suggested to be
within a cluster by the ®6Cl data or exhibited a high probability that they
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were about to exit an anticluster and hence enter a cluster.

We admit that we do not have a full explanation for the other 2 ex-
amples. However, we note that Mt. Vettore fault had been quiescent for
up to 4690 years (Galadini and Galli, 2000), so perhaps this exceeds
typical anticlusters durations on that particular fault/shear-zone. We
also note that the Colfiorito fault has accommodated ~6 m slip in the
last ~4 kyrs, and so perhaps we are mistaken, and it is actually within a
cluster, despite the indication that there appears to have been no slip in
the last ~2000 years (Fig. 4). Moreover, the Colfiorito fault is only 3.5
km from the Costa Corgnetto fault which the 3°Cl data suggest was in a
cluster (Fig. 6), so perhaps they are part of the same fault/shear-zone
structure experiencing a cluster. If these ideas are correct, then the
occurrence of all 12 historical ruptures are consistent the differential
stress change hypothesis and the approach for probability calculations in
this paper. Nonetheless despite the uncertainty of these preliminary
results, going forward we suggest that our approach could provide in-
formation to help to decide what slip-rate to use when calculating the
earthquake frequency-magnitude distribution needed to constrain
probabilities of future earthquake shaking. In other words, it could
provide information on whether to use slip-rates that characterise
clusters or anticlusters (e.g. Fig. 5), providing additional constraints for
PSHA.

In summary, the probability calculations in Tables 1 and 2 provide
intriguing insights into why particular faults may have ruptured in the
last 500 years and hence also why velocity vectors measured with GPS
and InSAR show an increase in velocity across the relatively narrow
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Table 2

Probabilties of existing an anticluster.

Calculated with mean values for all faults

Calculated mean values for the NE flank for anticlusters

e.g. Mt Vettore Fault
Mean anticluster
duration (years)

7088

e.g. Maiella Fault
Mean anticluster
duration (years)

7088

e.g. Colfiorito Fault
Mean anticluster
duration (years)

7088

STD Start time
of
anticluster
(years BP)

3290 4100

STD Start time
of
anticluster

(years BP)

3290 10000

STD Start time
of
anticluster

(years BP)

3290 1400

zZ normedf Probability —Mean
@) that a fault is anticluster
in an duration
anticluster  (years)
=1- divided by 2
normedf(Z)
—0.91 0.18 0.82 3544
zZ normedf Probability —Mean
(¢4) that a fault is anticluster
in an duration
anticluster (years)
=1- divided by 2
normedf(Z)
0.89 0.81 0.19 3544
zZ normedf Probability —Mean
(z) that a fault is anticluster
in an duration
anticluster  (years)
=1- divided by 2
normedf(Z)
—-1.73 0.04 0.96 3544

Residence
time in
anticluster in
excess of the
mean
anticluster
duration
(years)

556

Residence
time in
anticluster in
excess of the
mean
anticluster
duration
(years)

6456

Residence
time in
anticluster in
excess of the
mean
anticluster
duration
(years)
—2144

Use inverse of Probability
probability of of exiting an
being in an
anticluster
not? (Yes if
excess value
is positive
number)
Yes 0.18

anticluster

Use inverse of Probability
probability of of exiting an
being inan  anticluster
anticluster

not? (Yes if

excess value

is positive

number)

Yes 0.81

Use inverse of Probability
probability of of exiting an
being inan  anticluster
anticluster

not? (Yes if

excess value

is positive

number)

Yes 0.04

e.g. Mt Vettore Fault

Mean STD Starttime Z normedf(Z) Probability ~Mean

anticluster of that a fault is anticluster

duration anticluster in an duration

(years) (years BP) anticluster  (years)
=1- divided by 2
normedf(Z)

6233 3529 4100 —0.60 0.27 0.73 3116.5

e.g. Maiella Fault

Mean STD Starttime Z normedf(Z) Probability ~Mean

anticluster of that a fault is anticluster

duration anticluster in an duration

(kyrs) (years BP) anticluster ~ (years)
=1- divided by 2
normcedf(Z)

6233 3529 10000 1.07 0.86 0.14 3116.5

e.g. Colfiorito Fault

Mean STD Start time Z normedf(Z) Probability ~ Mean

anticluster of that a fault is anticluster

duration anticluster in an duration

(years) (years BP) anticluster  (years)
=1- divided by 2
normedf(Z)

6233 3529 1400 —1.36950977614055 0.0854199905090472 0.91 3116.5

Residence
time in
anticluster in
excess of the
mean
anticluster
duration
(years)

983.5

Residence
time in
anticluster in
excess of the
mean
anticluster
duration
(years)
6883.5

Residence
time in
anticluster in
excess of the
mean
anticluster
duration
(years)
—-1716.5

Use inverse of Probability
probability of of exiting an
being in an
anticluster
not? (Yes if
excess value
is positive
number)
Yes 0.27

anticluster

Use inverse of Probability
probability of of exiting an
being inan  anticluster
anticluster

not? (Yes if

excess value

is positive

number)

Yes 0.86

Use inverse of Probability
probability of of exiting an
beinginan  anticluster
anticluster

not? (Yes if

excess value

is positive

number)

Yes 0.09

DI dD Y

[6€S01 (S20Z) S6T A30]02D pmNAS fo [PuMnor
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Explanation of how to calculate probabilties for
normally-distributed cluster or anticluster durations
Increasing probability
of beingina
cluster or anticluster
-

Deceasing probability
of beingina
cluster or anticluster

>
z-score

O
@)

Fault 1
Fault 2

Distribution of
clusters or
anticlusters from
a palaeo-seismic
dataset

Fault about to exit
a cluster or anticluster

N\

Frequency —>
Fault with high
probability of being in

-

a cluster or anticluster >~

Time (Duration of clusters, or anticlusters, in a region) —»

Probability of being in a cluster for faults that

C
© have not ruptured since 1500 AD

7
6

Frequency
n w S o

0.6-0.7999

o

0-0.1999

0.2-0.3999

0.4-0.5999 0.8-0.9999

20% probability bins
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Probability of being in a cluster for faults that

b :
(b) have ruptured since 1500 AD
4.5
4
35 Mean
- 3 0.46
v
c 25
(]
> 2 ¢
o
L 15
w
1
0
0-0.1999 0.2-0.3999 0.4-0.5999 0.6-0.7999 0.8-0.9999
20% probability bins
(d) Probabilities of exiting an anticluster for
faults in an anticluster that have ruptured in
the last 500 years
|
0.9
o
0.8 % =] =
> o7 ) >
2 o6 2 v &
v S S o]
3 05 = £ =
O 04 NS 2 5
L 03 5 = =
0.2 v S
0.1

0-0.19

0.2-0.39

20% probability bins

0.4-0.59 0.6-0.79

0.8-0.99

Fig. 11. (a) Probability calculations of a fault being in a cluster or anticluster. (b) and (c) probabilities of being in a cluster for faults that have ruptured since 1500
AD, and have not ruptured since 1500 AD. Calculations in Table 1. (d) Probabilities of a fault exiting an anticluster for faults judged to be in an anticluster (Table 2),
yet rupturing in the time period since 1500 A.D. The probability of exiting an anticluster is the inverse of the probability of being in an anticluster once the mean
anticluster duration has been achieved. The probabilities indicated in this figure, although preliminary and hence not yet suitable for use in seismic hazard
assessment or for use in civil protection, should prompt discussion in these communities about the effects of clustering and anticlustering of surface faulting

earthquakes.

region containing the ruptured faults (Fig. 8). Another insight into the
seismicity provided herein, is that it appears that some earthquakes that
have occurred in the last 500 years in the central Apennines may be
examples of earthquakes within clusters, whilst other earthquakes may
be examples that terminate an anticluster after a relatively long period
of quiescence in seismicity. The probabilities in Tables 1 and 2 are
preliminary, and certainly not yet suitable for use in the real world for
seismic hazard assessment or civil protection purposes. However, the
utility of such probability calculations for clustering and anticlustering
needs to be discussed amongst the seismic hazard community, as does
the way that this information should be communicated to end-users, but
critically, more information on temporal earthquake clustering behav-
iour is needed from both natural systems and physics based models that
include fault to shear-zone interactions and also fault/shear-zone to
neighbouring fault/shear-zone interactions.

6.5. Implications for continental deformation

Turning to implications for continental tectonics, our findings show
that clusters and anticlusters can co-exist in the same fault system, with
clusters producing positive stress feedback and clustering along strike
associated with in-phase slip, and negative feedback and anticlusters
across strike associated with out-of-phase slip (Fig. 12). Moreover, the
positions of clusters and anticlusters can fluctuate on a millennial
timescale (Electronic Supplement 5; Figs. 6 and 8) and this has impor-
tant implications for how we should interpret the rheology of the
deforming zone. An example is the use of geodetic datasets that attempt
to constrain the regional velocity fields and hence the geography and
hence rheology and dynamics of the deformation. Geodetic datasets
commonly study periods of time lasting a few decades at most and these
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time periods do not necessarily contain large magnitude surface faulting
earthquakes within the studied regional active fault network. None-
theless, geodetically measured strain-rates have been interpreted as
representative of the regional long-term strain-rates because they are
thought to constrain the surface expression of deep-seated interseismic
deformation on underlying viscous structures. However, to gain the
long-term geography of such interseismic deformation this assumes that
all the underlying viscous structures are deforming at a constant rate
over the long-term. It is suggested herein that, instead, the clusters and
anticlusters lasting many millennia indicate that the underlying viscous
structures are also undergoing fluctuations in deformation rate that can
be higher or lower than the long-term average rate (Roberts et al., 2024).
Roberts et al. (2024) suggested this idea of time-varying strain-rate on
underlying viscous structures because (a) it is implausible that during
anticlusters, the brittle active faults can store increases in differential
stress exceeding 100 MPa, along with the elastic strains such stresses
would induce, without rupture in large magnitude earthquakes, and (b)
during clusters, when many metres of surface slip can accumulate, it is
implausible to suggest that underlying viscous shear-zones would not
also accommodate similar anomalously large strains and hence
strain-rates, due to strain compatibility arguments (Fig. 2c; Cowie et al.,
2013; Mildon et al., 2022). In turn, we suggest that millennial timescale
variations in strain-rates on individual fault/shear-zone structures
within a fault/shear-zone network would produce time-varying spatial
patterns of strain-rate measured over decadal timescales (e.g. geodetic
timescales) if they could be measured over different decadal time pe-
riods. This produces uncertainty in the width of the deforming zone that
should be chosen to calculate the rheology of the deforming lithosphere
if for example one chose to consider the deformation as a continuum (e.
g. England and Molnar, 1997) as opposed to narrow zones of localised
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Fig. 12. Summary of stress/strain relationships for active normal fault systems with temporal earthquake clustering.

deformation (e.g. Cowie et al., 2013; Moore and Parsons, 2015). This
suggests that strain-rate patterns measured with geodetic approaches
should not simply be interpreted in terms of representing the long-term
strain-rates, and hence the long-term mechanical/rheological properties
of the lithosphere. Instead, the insights provided by 3¢Cl should be
interpreted in terms of the millennial timescale variations in the posi-
tion, rates and rheology of the deformation that is an inherent part of the
dynamics of interacting systems of fault/shear-zones.

7. Conclusions

We present a%%Cl dataset for central Italy that constrains slip versus
time over tens of millennia for 27 sites along active normal fault/shear-
zones,12 of which have not been previously published, and these along
with an additional 6 previously-published sites have not been modelled
with the code presented by Beck et al. (2018). We also present
stress-modelling results that we suggest can explain both the initiation
and termination of temporal earthquake clusters and anticlusters,
whereas our previous papers have mainly restricted interpretations to
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the initiation of anticlusters. Our conclusions are as follows.

1) Measurements of the concentrations of 3°Cl from fault planes
exhumed by fault slip in earthquakes can be used to measure the
regional characteristics of slip-rate variability, and earthquake
clustering and anticlustering.

2) Slip-rates vary on millennial timescales producing fluctuating widths
for the actively-deforming zone.

3) We suggest that the stress increase on an underlying shear-zone
produced by coseismic slip on its overlying fault could be the
mechanism that initiates an earthquake cluster. The increased strain-
rate on the shear-zone after the overlying earthquake will in turn
increase the stress on the overlying fault (Fig. 10), leading to positive
feedback and repeated re-rupture of the overlying fault. The
measured increase in slip-rate on the brittle fault, i.e. the slip-rate
enhancement (SRE), matches that predicted for the underlying
shear-zone by the dislocation creep flow law. In summary, we sug-
gest that the initiation of a cluster and its continuation through time
are caused by earthquakes increasing the differential stress on their
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underlying shear-zones followed by positive feedback between
shear-zone slip, upwards stress transfer, earthquake slip, and
downwards stress transfer.

We suggest that stress reductions on shear-zones from coseismic and
interseismic slip located across strike could be the mechanism that
controls the nature of earthquake anticlusters. The positive stress
feedback and repeated re-rupture of a fault in a cluster progressively
reduces the stress on fault/shear-zones across strike, placing them
into anticlusters, but they are still active and building up to failure
which eventually terminates an anticluster, in turn reducing stress
across strike, and starting this cycle on a neighbouring structure.
Thus, there is feedback both up and down dip between faults and
their underlying shear-zones and crucially across strike between
neighbouring fault/shear-zone structures. The observations of clus-
tering and anticlustering we have made with 36Cl can be explained
by a combination of stress interactions that occur both up and down
dip between faults and underlying shear-zones, and across strike in
systems of neighbouring fault/shear-zones.

If the characteristics and causes of clustering and anticlustering are
constrained, observations of these phenomena should be included in
probabilistic seismic hazard assessments (PSHA), and also in in-
terpretations of regional deformation rates and crustal rheologies
based on geodetic data. Clustering and anticlustering should gain
more prominence in discussion within those scientific communities.
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